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Initialization Method for Batch Structure from Motion

for Entire 3D Shape Recovery from a Building Image Sequence
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Abstract

We propose a method of setting the initial values of shape and camera parameters for structure
from motion based on non-linear optimization method. The initial values of the parameters in
the optimization process is crucial in solving the problem. Thus the direct application of the
non-linear optimization process has not been fully used in shape recovery. In this paper, first,
we investigate an initialization method, which is very simple and relatively generic to the entire
shape recovery problem. Then, we propose a method for restoring the optimization process
from a local minimum. Experimental results using synthetic and real images have shown that
our algorithm stably recover 3D shapes.

1 ELsIc ABID, BAKBRSh TN,

o WEFI 5 OTRETT T, WikOTBRIE,
PEOZYGTPREIMET 5 2 LIk, COF g 1o s 7o SHMARRIIC & > TRBLS D
TNOERCIRNE, SUSTIINT N g e, A EORAD 2K
ATRES COPTTCRLBLE TG, NE - Sy, 2 ORI 3 YGTHEERL R
PRI Tk, V=P S TRITDAT gy 35 fifl - g8k FRACRO B L
VA EGEHERR Y, HUEI (e 2RE A B3 TERATE D, 7 OMEOEANZ EBIL,
SR D, PRRENEHRD D85, 1y omgsy, ZoRBAOREL 7 3
L, BEHROIRDDRIGRD £ 910, S ystppm Wi LI FHRIOL 12 MY OBEDR
BRE TSRS D ORBMETHL (0 h 2 k585 A= SRR RS 20O HE
T, ZLDAFEENTREY, Ky RiE Bosst il b DEZ RS NT N,
ERHWENBETCH T2, 20k D RRE FiE et sy MU, TR O % e
IZXL, PREHRL KEESIN S EOMIED | fvn, BAMEEOZ o R T
SRITBIREEICT 5, EEIN S TEikET B5 1. HATORBEFN E L TERRY
DOFHIE, KA Y 2B LIRS T



EET AL, ZoFREEERMUL, R
FRELRIEE 22 5 2], 2 OIEIEREILR
Bz I REGETRIC LV EBRE, BA
HEDBKR CTRIEENFRGES N S 78, EIEE
REEMBRON D, £z, Bo#E{to BHBEENL,
BREBEER/MUDOER 2 ZOE EFHL 2
DEID. TOFKRT, RIS K
LIEEL, B OFRR AL VR B.

Z 0k DRI IRRE, N RV (bun-
dle adjustment) & HEINILELFJH I T3,
N RIVIERIPER, MOFETHES T
WROKEL M LT 5700 “FEAE &L
TEICHHINTERLL 3, Zhik, Zodk
WM IS RN CR TR B 2 D
F[3H 5—705, TFORERDH B0 &R
55,

o MENTHZR RN <, # 0 RL AIRIC &
LIRD AR B LE 728, JPLERE
AEW,

o REXAROYHMEDEZ FITLY, KD
JeWIEELSN O JBFTED G 6 1 S 550
H5.

ZDHL, AILFEEICOWTE, Ed{kE B
L 72Beht2 S TBY [4, 5, 6], 5
DmEEHE - T, BIRTITZNITE RIEICZ
5o TETWA, BFfREC>WTIE, R
RETLHEED I S AREEL, WY HHA
EEREEZITO Z & CHEBRREETH DL L EX S
nb,

2T, KFETE, £RIRE BRI 618
T2V 75 AOREICHL , I RE
{b% EHEH T 5 BRo i ER gIHEERE Hik%
BRL, ZoHEATRMREIC DWW TRETT 5.
ZDIDIT, £REMED Y b, BEESTOmE
1 MICHN 5 OEE L RTIEGHIIRICEER
T5. ZOEN—EULETHIE, 1ZLAYD
BE, REL AEHEY S EMCIRT 52 &
PEBICEVRT., £7-, BFAEICH- 2588
12, ROBIEEREC LY IERE B2 /20 0FHE
IDWTHIRET L, Zhicky, oFEET
BoN RN 2 “HHIEAE & BT
SN TN NY ROVEEE (R LETEIC

K BEE) A3, 2RETCOREICKL TUIER)
RERETH B L BRT.

PAF, 2. T, KETHR>£ABROET
i & ARG T BT A PER RIS DTN
5. 3. TiE, FEMVERBALETEIC L B IEIC
DWTEHIAT S, 4. TIHARTRERT 224
Hoeo 1= OfEL OIHHER Ek Y, RATRC
Moo 7B ODBIEHRIC DWW RN S, 5. T
3, BRL - wIMERE O ] RERERIC D
W, EBEITY. 6. Tlliiame SHoBE
oW S,

2 E&IMhS OEBEERIET
2.1 2B1EhIE

FEEGTIIHS, SRR TH @0
5 JEBH 360 B % B L - &Y% T, IR
T—iEETY SRR D. BI1IORT k31T,
e eT Ve LG THERR) & TRREUL AR
1 D2O%FAT S, M1(a) D TMHEHRE]
i, BHASNET 1 ROEREZEREL 2035
MALE—HMcBETHb0THS. —,
X 1(b) @ T@ELULART ] &, MERE L H
MROBEN LIRS, ZEAATMETHATH
Mz 2L 3 THEBOBELZITOUDOTHY,
KV IRCHEAGHOIEREZHLZ LN TE S,
SEULATRFZ O T, EBROHTRT.

FE o T, EHeMEALZBET L0
T2 <, BYohR% mEan s ey
TH5M, TOEIRBEELEDT THEAER
[SECUL AR ] CIESbD e T 5,

EIETHEDORE T, BYHEFCLLE
B0, 1 ROEE, SITFATLLE DY
SEEOFERL NMELNRW, FHIZ, BYET
ISR D IEEINEET B0, BEH»S
wE C &Y, BUNIEL AE, SHREL /-
EGS|E D Z 2B, F0-0, L5
D5 1 MOBEHRMEN S Soiddis <
25, FRACEN WSO Z & 2N
& &S, BESCTHR D 2RAE TR, B
MEZVRTERETH D, 20X HIREE, #HT



AN
&
LN

Cameras
(a) MAEwR
1:

W

Cameras
(b) BEALUL e

BREET )

TARSHMHL T, FHTEERHEL 7=
W, —HIETTVEE S 2.

2.2 HESREASR

BHRFD & DTERIETTIT DOV TE, k> 5
S OZEN T EhTnab,

SR OEGE —FEL TROBIRET T 2 Tk
LT, RS [T23H 5. RT-nREE,
BUIL 7= 858055 70 & NI EHANTHIAS, s
D 3RFTNERS & T AT DALE - BRI
STHERIRE R Z L 2HHL T 5, AIFD 250
TGRS ST 2584, RRES Y F
T, —BOBEERIIKRDDLZ LN TES,
(a) AN LEBRTHERIN TN S,
(b) H AT DREGINT 7 4 VIRETHELITE 5,
HREEER/MLOBEN O R D L, ZOFE
13, FEo#RDb & ToNEREE T2
EMTED, N AT & YRR OR8N
TWBEE, 2oL Sh s, Eho
EREETTTIE T 2N S OFTREz S iz
Vv, IS ORI E BT 2FIC LT, &Y
AR TGS % R, ZRRIERECR BiE
THIZEL ZHIThh T 5 [8, 9, 10, 11, 12] A8,
BN EDS SRR ERDOBRSIT LY 90
MRS, B E L HgERIC BRIk
WF BT ENEEL Wiy, £FETTADOFEHIC
EARMETH 5.

Mokike LT, Bikomgr s ok
RRLBE SO GREmZET, Thi i
fEE L Oy ROV GEEREL) 1Ic kD,

10

HwmErR/MUT 2 5B bH 5. 2%
7ok 3 MO MEERD & DFIRETTTIE, I AT
DALIE - RO R L BIELTRETH Y,
BHREPEL 2V EERoEREZ NS
(13, 14]. Zh b DFEREZ 2FICTE > TREL,
I RELOMIMEE T2 ik, —&
DIREIE S N DA S Y, BIERER R
RSN L IFFRON A% FhH A =T
MTA D Z L6, KEBEREERZ ik
WETEATOHED 1 2OBENHHFEL W&
5. WHEALEZITORWERTY, BEiffE ZERD
WL 223 6 IEERRE R B T 5 2 2ic &
0, LHEREE ORER LT 2R &
TW5[4,15). LAL, ER4EASID S DR
TG EE{RE WG N, ROEEA
(KL 2 BHHAN S B [16]. < 2 OB E
DG, R ET AR
RWIET 52 L b SN T 5 [17], a81g,
ZEREOTIE T, FIELEME Y, F—%
BN e B b, BEOEHIC LY, Y
RUBMEHEEDMTA RV L b EX NS, K
T, 2RETEREL 2SS, 20k
PR MBI AT bR WS & %
SERT K VR

AEC L FRRIC, BREEEOR/MUE IR
TR GRS & O EEAE S kb v oR
HEhTWD, R (21, BRI ESTH
W7 — & DR S HHHEZHERT 5 AL -
TIEREIC LV IBRETITA L Z &
ZRU 7z UL, 2RO — i ETExis
ELTBLT, Eiz, BARNI2RETOMEE
DFERTHEMEIC DWW T Y, OB S Ty
220,

3 BEREEES/MUC LSRRG
=
3.1 TERAL

RIS P HOBEATEREHIN S, &
RlE, ke h AZ I HEOH 52 e
F (MAEER) Eich Y, BEHO 3 IRTTEE
sp (p=1---P)%¥>, ZhboHIHEKF



WO LICBRE SN Sh S, 5 fEfk
(f=1-F) ETHIIN T, Hp FESD
FERE" upp & T 5. RS p DB £ TR
INTORWEE up, HEHEShR L,
FEBREREL 12 A5 OfLE - B8,
R BT 5 3IRITO R & A (Ry, ty)
TRIND, WATMNEITEHFEDNRT A—-FT
13724, —Rft; oXThEx 6h 5, BPET
WITERBF L,
HBOBFDMEL & T 5.

INSDNT A= & HT, IRETTHIE
R kS icERLEh 3 [2].

arg n%énE(m) 4]
E(x) = Z |P[Rrsp +t5] — “fp12
(f:p)

x = (8p, g5, Ly EMANT2ND F V)
2L, Pz, y,2)T = é(m,y)T

ZZT Ry ISEHE3 ONEITITHY, q;
W& Ry DRI A=F%UNRTINTH L.
F /e, R ORERIEE Y 7 OBERRET O
upp FTOEABNTNEHO LT 5,

ORI, HEEL K s, ZHEEL 720 R
T 8T A =5 Ry, ty TREL GE ORI
EPL &, BEuy, & 0EE (ThiFEER
B IEL) D 2RIV LDBIINENE 22
LHZLERERTAHLOTHY, B ES
PEIERST OEEE FUEL 1258 ORAHEE R
BEZBATHE., ZoXNeRMETAZ ick
Y, BAHERE ORI T RERIIRE T TA 5
Tk b,

LR, 2 MU L OB/ TSN T
RN, TONEBLHEETHIENTER
V., BN AT ONE - EBERD BT, 27
BUALTNIGT a8 6 JLA L, E7213,
3 EHRUA L THIG S 4 EEAY 4 s LA BRI
NTWLRENH L, FHETELHEDDIT
i, ShoDOTRELY BZ L OEETH LD
T EPEIN SN B TR H 5.

11

3.2 mBIL7ZINITYXL

2ETOMBEICHL T, X (1) % BHIRIEK
& LI RELERIC R Y, MERD S,
—iiz, R T, BV EL A &
O e BIREHTY 2 EEN 6N S, BT
k& L T, Levenberg-Marquardt 722 OfF
B ONHIHERE TN FATE 2038, [
BOFENREVGE, KVFHEREO DR,
AR & AR BB [4, 5) ASEL T 5,

BTALER & G WEGEE, ATORTERE
nas.

xy = WIHE
dy = C'gg

Tyl = @ — oud;

diy1 = C_lgi+1 + Bid;

7L o = arg min E(z; — od;)
g = (C'9i11)" (9ir1 — 94)
ngC“lgi

9; = VE(zi)

Z 2T, CIEHBLBITHTHY, ~yEiTF]
T=HATE R iV, 16 REEEHCEETEEZITH. K
FE o RETIE, A F = 30 ~ 90,
RSB P = 100 ~ 1200, RENEHY 1000 ~
5000 FEEEL 22 B8, = OEE, FHEEERENT Pen-
tiumIIl 1GHz @ PC % BT 0.1~10 P18
b,

4 HHAMEL IR ETHERE
SEREREC & 2 H1E

BYEGS 6 ORFEITTTIE, B ATIHE
VEORELEE I AEL , AR T
BEIL 23 Toh b L EA BN D, %
2, AAZTHEMITHL T, FEIEL T1HHA
KBEIL TBY, BBINHRPIEFICH-TE
ZA6NBbl 5. ZommRIRE kL
REL 1B B2 OIS X TSR ES) &
L7273 6 My B3 HEAREERC XV E7 L

4.1



Sequence
Direction

Cameras

2: EREIRIC & 5 FHE

E5 (K2). 22T, hASNELEmNTIL
TR—¥E k) FchrboL T 5.
ML LU TRAEDOEMITIE, B AT DL
B, WBVEHL, HExNROFRERD 3 &
b s, 2056, PRERT—IRNT
HU, PHEE L TSP OREREAT S
LITBEA TR, 22T, BikowiiEs L
T RFRHESEMFICAIE T 5 & WO RHERL /=
REER VD, H AT ONE, BEMEHRIC DN
TiE, AREEGEEZ REL TRETS. 2 0P
& (AT, FHREERC & A 8 25
REETERARDL DI B.

Ry
Sp

Rng ty =(0,0,7)T forall f
(0,0,0)

ZIT, RipiE, y#h (2 OREESHRETA)
EY) OfEwf ORERZ RS §5. F,
riIA A OMFEOEETH 5%, FHEZM
D 3IRFCBEARIITYIBEAEZ ST
vz, r=1& L TRW -7, REK
PUTIGEL THABRENS X— 713, LEEEE
wF (E72E, EEREOZHEEEE®E W) O
Heled, EREITCCE, Bk H XS H
DFi (wF DFFE) ©ERL T, wF =360 &
3 wF = -360 oW kRS,

Z O KD RYHMERREIC LV, & ORBHOR
BRI LN TEIVNEETH LN, I
D=0, TEREHIREECH 5. KR
NS S Nl A% AT HERT 5.

o XHEMEDERIIT T E RERT, 1
RICHHEL 729 HED & IEfRE /5 2 &

3 (2)

for all p

12

MTED,

o XIRMIRIEEL TR T 5138 BFT#
IR D 9 <, HEITARIRT 2 algetEns
m@mlRb.

o X 1(d) DEHULARE TIE, SIREHAT
MR KA KIBCET T 50, Zh
LT, X (2) 2ofifEe L CIEMR
nEohb, 7, BURAIRE O HN
MEER LY bLEL TRPEONS.

o RAMEKEDRZFSICHLFNITES BEP T
Favn, EEOREREN 270 B TH - T
b 360 EXWIEL U CIEMMB A 6N 5.

o NASHBADHFNIELET, Rpks &
ROWEET B L, RIS ahel
A,

5. DEERCBWT, LEtodiconwTyria
V—3 a3 i B2 1T 9.

4.2 HHHEE

ORARE MY AW 27X v i [z VARE (2 S A g L
FHELC L VT B2 DN, FIMEO R TR
2T, H AT AR, YisiERo
Midh, FF S 2GR, FHESRBR e A
FRICHET B, ZheRBEaMIcRTHEL L
T, FEAOPGIRER b, SEYHIRE
i, AR RERO S BM% CERlSN B
WERTET, X7 THVWORTHS T#H
#4730 fill-ratio) LEfiRbDTH D, £4F
BADEEL CLEHO rBTERI S 2858,
SPHHRIERIE v % £ T 5. ZhlE, KEfucE
HL TRBEED Db r % Bl S 5 L #X
LU TEDL, Thbb, EHHERI, H
BET OREEOXIG, B AT Sz &
DEEGERL TWn5,

A OEAN—EDE £ H A T-YRREEE
BEDSHRE UL, EGRANORMSRITEDL, W
BHHBERIIET T 5. BERRC, BRERO MY
METNY, Bhat JED, Y ERSRIT
BFT2. ok, BHHRRL, 5256



N7z 2IRTCERA & OFRETCO REE S % [k
THEEZLND,

4.3 BRODOEIE

HREERIC LY, 2 < O5ATIEMR
BBAHZLNTEL, LU, BhAEMIERIC
LRI DGR, RRTRICHS 2 2 0d
B, 2o ko, R(1) ofgiodT,
FESOHIBRE BENE 0 RT Z 212 kY,
R EIEL T, B OHIT T AT
LEEDNH L. FOREDICLANTOEEE L 5.
(1) PHEOEERD BN DR A R RET 5.
(i) Bo RSO A2 VT, iR EE%x
BHEET L.

(iil) BREL B Rz FEMNT 5.
EAF, ZoOFIEIOWTEHAT 5.

X (1) 0 BRBERIC B TR R % [RE

L7RAZEANT S,

2

(fp)ES(L)
ZZT, S(L)ITEBERINERFOEST, L
BHIBE ST A2 Th D, RS p»Y LA
LoBEGICENSGE0H S(L) I (f,p) 28
DEZLDET D,

R BI, REAT 2 BB E BRI N T
WIS (L = 2) HTHHETH 5708, DHOmER
TL BN R WRHESEE - i@ fEE s h
52 EIE-T, HATBERLEEN B TH
EIN, BiRE RAEAMNZ G, FIEE) T
3, L2WNSE522Ic&-1T, RAROK
HeloTnd ok RS #) 2—B
BRETSH. FE (1) T, BolzmEz AT,
FEARETEITO Z 210 kY, h ASNE, BB
RHEL BT, ZHROBEGHTERUNShTHS
BEonre b e, I ASNE, KERE
KZIEL {HEETE H{fmAH 5. FIHE (iii) T
i, FIE G THEESNAZIEL WER B 2L
T, REL RS S0 2 ToRSE
AT (1) 2B/MET 5. Zhick-T, B
s SHIHT 5. —ETHREZBIEL Ehin
56, L OB, e EERY KT LT
BIEZLTS.

E(x,L) = |P[Rysp+ 5] — ufp|2

13

—fc, BATRETIE, E(x, L) OfEATAE
DKL T, RFROFE & 72 - T S55EE,
MREETE 2L, E(z, L) OESABICIKDT
%. Lo, BN, E(x,L) DMk BEL
S, FAMICTFEINC EVITHIN, UTFO7
WA VXL E-T, BERICRET ALY
ZZoN5, FlEEBRICBNTUL, FTons
A—% L OBERERICOVTHIHIT 5.
V35 A—4 L DEABREH]

* BB CAER O G —E DRV L [EEEIC LA
ToOYEERITD
(a) L>2 Chhid, L% 1@6 T,

(b) L = 2 G, E(z,L')/E(z,2) > T(L
3,...,9, T VXBMHE) %2800 L'\ L%E
5, fERHETOONRTNE, L=2
DEFET 5,
fRDOIBIETIL, AT 2B, L2
T Z LI & o TG BRI B RS 0 2
672 B EEER T WD, Z O
WICOREL Y VARGREREL IR Tn 5729,
[EfEELN L REMNE V. ZORREE ]
T2, RFEPOIRTETI e TEd e
BIRTEDL., COFIEOAZHNTLTLYLE
AR & 5T R B TR VDS, X5 A—
5 LExBEMIETL 5RO ENES
E&RIITH, EfPBONL LHIFTES.

5 BB

RETIE, 2RETCRECHL T, BRL &
WIHEERENE OBRERNTH IO 572
D, BEANTAERL - BUEEY® v 7o g
EER, WO, EEHRTOERBRELRT.

51 YIalb—YarvEBRICEDET

Mo H 58 EIEL , IREDE I
ANOMmE RE L T5., 72720, z-z V@
PHEEER B,

[l — v+ pcos(p(p — 7/4))] - cosbcosyp
D|[1-71 ]-siné
1 — v+ pcos(p(p — 7/4))] - cosfsinp
0l <m/2, lo|<m



ST
R

ETRR]

AN ST 0N
P AN ST
If y i ¥ \a
s R L
SO m;,%%\!&'; “Qﬂ%ﬁ\\@,""

SR SN AN

7

p=4,u=008 p=5u=018 p=7u=0.28

X 3: W&k (v =0.2,7 =D = 1.0)

Z O 0-p RERE AL b D¢, v, 7l
Wt - M - BATOLLERD B85 X =, pid M
MO, pwlIMMOES, DIYkoks
ERL, HABWECOWTEID=10275.
v=T=p=00EZDmIE s, EK
AL TCREEMIT—EL 25 & OIS %
REL, LoRIW->TERT L, F|ic,
MEREAT 3 AR CME 2 FRL , Hso
FRHCHIEIC v 5,

B & HREHEN 1 ) XS 8% BT
L1012, HHoBEcY FoimmoRz fHv
D, NRPMKCNTEIL BT A= F & {NT,
MEME LY b RERHEEEZEY, § =0T
Y- Mmoo hiiir EROHMTBE s b o
WK THREERRET S, S AT, = ol
MOBIUIC Lo THD b DL T3, 2ok,
SHDH TNIAT U B PMEFOE I THZR W,

TR, HHEEEE LI O L HIc B L s+, 135
WY DY TINEH, Z0Hb, EERITHE
TUS DB ILA O RS SIEAYE S N H R
N — BRSO ARy IV B R T= b
O (MEARRY 98380, REULARE 115589 )
DWW, o),/ LilE FNT.

FR: H3ITRT 438, 5AFk, TAEELH
Wie, ABOBEK L HicHko My B0 & ¢
2728, A AEOEEITE A S MM WS,
TAEOYSE, WRITEEL MATB Y EikhsiE
ZORT . BRI LRSI AR <
7Y, ExR#HEE s,

REAE: 2RI & 300,600,1200 & 254k
ST BBV IR OIE BRI T o Xt
JSENRY, BocR#Ee 5.

E&RE: WEREBEE —@ET5 5 8K (p =
5,1 =0.03,r = 0.1) DEERIA-T 30,60,907

14

-\'\'!T?F)la

.
CY |
.- \.

e

ddddaas
(a) B Nearest (D=1.25)
at? e
\'\‘"\T- .?F"’

o
i

et

a
.
T

” IS
/ bk b

(b) BEHRFS Farest (D=1.45)

4: 5Tk gL =4l

/

G, 22.5 B B BT A A ECHEG&RERL
7z, ZEROKE S 600x450pixel T, 5
PRI EGROBIEL FU (HEEAL53°) L L
7z, EBEAS DI Y BEEE SR O THheh >
T {METCREEL 72 5.

7 AS - RERE: BEMEANR OB S GIEA
5T, A ASBYERIED T ON B
TOXIGHIRY B 2 5. T, &
TORRIHRNIRE BT B L 5% 5 B (D =
1.45,1.40,1.35,1.30,1.25) DEREE% Fv /=,
4ICTHGB L OBE L T XS PO IR o 4
ZY. SEMo S bRV EVGEHOBETY,
BEERIIIWEO—IL D AS RN Z 2 2th
5. RSB TR OO ST H #
TR K2R, ZoRMloEOEEITY
COMTEL R TRHMETH L. 2B, EHEF|o
2 B BICEN 2 W AR RS h ok
W, R RIS oBERCEHRL Tn
. FEEREICI N A SR, 57~427 &
& 753 Al fC.

FoUTl, RIEEEEDS 360 BE DRI 2 {}
TEL 7EMEE Fv e, BN ST A T,
R R OB R RMS 8 0. 1pixel Ko
SEREITCRIN L HIEL /2. BT o RS

- >
— e



D 3RTTEEL L I al —Y a Ve BT AED
SRTTHEENS —ET B LD, SIRTT 74 V&
U LV ETEREMNESDEL 222 A, K
e HEL TR T, SRR
HKoKRkEE (D=1.0) ICHL TI%LATTH Y,
FERMIEL {ETGTETNBE 2 & 2 FERL /-,

M 5 M AEREc BT, Hl% PR
T, HhE b AT e L - S0
TN MEIEIC & 2 3/ RRD A% - s,
HHIRED 15% LA LD LT o4 TR HEEx
DOYEED S IEEMR RO NIz, h A T -WER
FREEAGE K R BICON T, EHIRRLETL
TLBA, 9% BETY, MoBIEIC LY IER
BESNBEENH 5T, F = FIYHBRNTF
D35 L BICHEHRL TR L EAND Y, 525
NI-FEEVRT BInE Sk RTHEe LT
HHIRRASEYI CH D L bIEERTE 5. B
TR I T & 2208, Tomasi and Kanade 13,
Wo DFHEZ 16% ORI EMAL T2 (7).
S ER OB LN 6 RFHEL, RETol
BRI ORI L C, @l =80 E
6 I RGE IC X EEREs D 2 e
REhE,

ERRIC X 6 12 BRLULAIRFATEIC BV S8
HMELEIC £ BT/ KBS EZ R, EEE
13 3 x 10(107 FAA 6% 34K), 3 x 20, 3 x 30
D33@Y, O/NT A—FIFHERERE FL
THho, FA—ME» S EROE&RE kgL T
Bh, Rt b, BRI AEL B
57, FIMELHERKELEL bok vk,
TR FENO—fER TIRY. A
RN 12% LA EOL T oS EHREEO)
HED & B E o N . F/z, SEHRIREN
6% RETY, ERXELNIBENH 7.
AR &0 b REULATRRE OB, BEL &
HHED D S L VBN REE > TS
A3, FERINTE, FHHIREBEL, B RAT-Y
WREEEEEASE VAT Y, MEREOBE LY
BEEE N, 2 Y, R ESHRIEERTY,
SHCUL ARG O S E-—RLED & 51 X 5 W3 s
T HREO TR DAIILL 2 B Iz OITEL A5
HEEZEZONA,

BB, T2 TIHAGERD SN, RS

16

x)o()i XXX K MR KX K X
*

ES
o

XX X XXX XXX X X

g
8

ot
k]
Q X XXX XXX X
B13s e w  tx
£
Q
g e TGPHOX X
8130 R
©
© x

H+ +

I & 3 3

x Success
+ Success with Modify

* Failure
§{6 1T 42 13 14 15 16 A7 8

Mean appearance ratio[%]

N
.o

B 5: #ICEE/MBIEIC & % )/l 45 AF
(M A wR)

G, BB S REL REROE RO
ATMEIIKL T, H ATMEVE—THDZ
LEFIAL TERMLTHZ 2Ic kY, #HETA
ENT A= FEBEAL, BB ShOEBE
WP RLZENHETED, 2ok, £
AL TE, MARE LD bR AR
WMOEN, KVEYIThEEEIALND.

FHERCBWTUL, BOBIEEIAT A2 Lo
FEREIC L V1T, BOBIEIC &Y EFEN?
Bohizplooh, 43HIRLNRT A—F
L OHEREEOAZ LV FENEOND b D
3, HAEARZOSE 148d 2/, SHULfAR
EOES 40T 0 FITh 7. 2ok, BE
T=2.0 LBEL, BN EELFETH
IERATHI O BHETEEZIT D 16 )KEEIC, HEk
1To7z. BOBIEEEL, B8R T
TeDICHHRREAEEZILNDN, NT X—
5 L OEABREEIOVTIE, S8 EVE
TR T 2 REND S,

Wi, HAREERC L 2HHHE S B oTh
DK E SIEFTORI) /RN 52 H58% &
T 27012, |BEITBWT, EEOERERED
360 BELAT OE B OETTERE1T- 2. A
600 &, H ATNIE 60, H AZ-WikiE
PEEEDS 5 B 0 3 H (D=1.35) DERED b
&T, ERICHWAEEHE F=2,...,60
DRITE{LE®, EBROR2EEEEE 360 x F/60
WL VRREL, EREERIC &5 E (2EE
360 ) D oRETE T, YIEE



MM X X X MK M X KMKX X OKX
* *

'y
@

XXX XK o KK MOXX X XK X

>
S

X X X KM X
ok *

WX X X

X XXX XXXX XX X KX
+
*

X

Camera-Object Distance[D]
P P
o o

XX XX X X XX XX
+ + o+

*xSuccess
-+Success with Modify|
*Failure
10 1 12 13 14 18
Mean appearance ratio[%]

I
o

7 8 9

6: EICHIN/MBIEIC X 2 B/ KR 554
(BELUL AR

7 BRLULATRFARIC & S ETTRR

16

“ - .-/.
=2 ky; ‘:::3

(a) HIHE (b) HTTHER:

X 8: [El#sfY 180 EOIRE T

Success | AddkKK H
X
Success
with HH A
Modification{ X XX
* Heptagon
Failure * + Pentagon
a ')"( X Quadangle
2 10 20 30

40 50 80

Number of Used Images

M 9: LD EEEER L HITTO T DO B%

THEROHIE K 8ITRT. Eoic V2 EEH
230 MBS, wE (K8Z4) Tid, 304
DR AZIEHAE LICERRICIA TW A, —7,
HIHER (K-8AE) Tit, A AZIXMEDFES
INEL CBY, #HHES EfRe oy, [
AR TRAKSLEOTIAED 5.
A%, 5K, TAEThZEhOBETO,
BTN JIBIEIC & B 83 [ R 53 K 912
AT, EEIETCHERL REERTH L. »
THNOHAETYH, WEHK 18 ML L (iHfEE
DEAEIFEKR 109 &) THEHEIHL Tns, %
7z, 1THEATTY, EEHN 3HUAL (&
BRK 114 ) o8, BOEIEIZ & HEH
L Tna, $hbh, HEREERC X 2008
i, 2AUTOERHEEOWEL L TYH
BHRCEBRIC BRI ATREL VR 5.

248 TCRIRELC XS B f D B {22 T HE O ]
LTI, B SICHRL TBY, »
D, WASMED 1 HICHRL, FESowi



BHEZNTHEE NI bONEILND.
I, FEREERC LA BT, H R
SBREBOMEEY w =0 HREL RESICE
L, AEEEOY 32— 3 vy EERICBW
T, ETBRIIL 72 82 i o, Z DI
B2 6 Huk T 2B 1T 1208, ROBIEE:
1T TOHEITTOINT B HI I -7z, FRRIC,
FERED A X5 OB HE & FERIERRC & 57
EOBEYFME I REL 1285580, #HU1 K
T AT 57z, Z2h s ofITiE, PIEE
CIEMRD A AF B OEETHE O L T
R 180 B 172 208, Z ok H e, 15
TEHMTRLNZ 2D, 202 e, 28
HECHEETI, WIHEZ BYNCERET D 2 &t
HETHY, MoBILERIBHE, SHRTHT
=& ORI FB e BT 5B Z &%
",

HASHERORY, YEEORY Ry, f
DHEHBETOMEIC 52 LB OWTL,
SRS SITHETT 20BN S 5.

5.2 KE&KZHAWZET

2 2T, EEGID S oBETuERE 2 R
T RSO B L ORISR
K & WA

1012, FER —L2BEL 2 29 &
o 2 e R FENE RT. Z 0%
BT, B SN B SRR 1T
BY, WHHIREr T 17% L B0, il
[EER D PNHRED & JBFTRICKE S 2 272 < B
I & O ZERETHERMNE SN, ROBIFIER
BTH o7z, EIHERICBY 5 FREEE,
RMS=1.3 WiZRAKHETH - 7=,

X 11 OF T, BT ED S REL
THEY, BHoZ &L PiRE I TN
Hi{gE S, Z0k20, YRR 6% LK
v, E 7z, EEEEE O IREBE R T 520,
Yol Z L TR EHICKE SEHMNL s g
ThY, BULAREE T, ZOHT
W, BolfbEEIC BT, FiRpEENAE
7208 (RMS=67.8 &) O @bl 72 <b,
JORTRICB- 7z 2 Hrs i (11 AET). %

X 10: RO F & EehEE FIB;E — L (P =
122, F = 29,7 = 17%)

B 11 FE GO —5h & HRIEER, EookhRHE
% (P =189, F = 280,r = 6%)



D%, FETHROBEXIT-7 25, K11
LETFOBETHEREMEON . ZoBoERpE
#13 RMS=5.62 HizZ &, ZORERETH D
7, AL RO EE L AN BIACETS
NThBRE, BYLENRRIFACETTETH
BHZENFERTE D,

Z DA, 100 MLA LD S 72 B2 GRS 5
PR BNTY REFREEENEO N,

6 BbhbUIC

KRFETIE, BEGERII S o2 FRRE T
A R MLoEXICET X, IR
Bl &V EER L 0T, HHEEE VD
LT T )V & W TREAIE & BB O FIHI#E
PRETDFERREL - &1, 2ok
EJTCIIEEREs N2 WEEE2EEL T, @
DBIFIC LV BRED» ST L Ff%2 555
RIC DN TRz,

HEROFER, REL LOiEL, ZofiEs
22 B EEED & BN - EGSITRL T Y, IE
REFHLZEWARETH -2, DL &, JER
Rl b BT AN Thn T b
SNTEOVIHEEAIRII & RER o2, &
=, Yalb—varERNS, 2RAETO L
IRBENEOZOEEICKL TH, £F0 12
~15 Y%IRENIRE SN2 E&HD 572 5 HE S
D EIRETTA D EWHERTE/Z, 20
Z e, R HEREEDS, 2RETOIL
WHBHO BRI EARTRETH U, 6k, FERVE
BB LA ORI e L T el i e
i, NIEICERLT X 2REEMLH 5 2 & 2R
LTna,

Bric B, HARE LY, SREUAAR
EoHh, EHERRIMEL THIRETTHEK
I AEMBH Y, 2FEETICEL T,
i, BEOREO TN, KRS REH
MEIREL, WISz TH D, RFXLT
1, SPHIRRE EEOML SE2RTIEEL L
THWM, J AT REOAERIEE 4 DR
BOFHYEO HHROFEL E OFEE Y EA
T5Z IR, BREFTHIEL <ATA 554
RACL, &Y BRWREHEEZHREGIL Tl

18

RENH L. Eiz, KRR EREICAT
BE#EfATL2 s, BLY, RSO et
ST 2 BEILT 52 2 bSROFBETH 5.
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Large Object Shape Recovery from Uncalibrated Camera Motion
by Non-Linear Optimization

Abstract

3D recovery of object shape and camera motion from 2D image sequence is formulated as a non-linear
optimization problem. Such a non-linear approach indeed ensures the most precise solution, but it
involves computational difficulties, i.e. complexity and instability.

This paper describes a practical procedure to solve the non-linear optimization problem for object
shape and camera motion recovery. First, we discuss the imaging model for large objects such as
buildings; one shot and pseudo wide angle models, where the camera motion is modeled as a uniform
motion along circular path with gazing at the center. Then, the generalized initial values for circular
motion is proposed and “mean appearance rate (MAR)” of feature points is defined as a measure of
stability.

Experimental results with synthetic images show that 3D recovery was stably performed from image
sequences with MAR over 15%, quasi-stable with over 8.5% for one shot model, and stable with
over 10.3%, quasi-stable with over 4.4% for pseudo wide angle model. 3D shape and motion using
real images were recovered successfully from MAR, 17% for one shot model and 6% for pseudo wide
angle model. These results have demonstrated the robustness of the generalized initial values and
effectiveness of MAR for large object shape from uncalibrated camera motion problem.

Key Words
3D shape recovery, non-linear optimization, uncalibrated camera, circular motion.

1 Introduction

3D modeling of real objects is the central con- O O %“ : .
cern in computer vision, and many works have o— Object Object
been done so far to recover 3D information from 5 c‘é" 4&)
image sequences. 3D recovery of object shape o J $ \o \Q‘

and camera motion is formulated as a non-linear

optimization problem [1]. Such a non-linear ap- Cameras Cameras

proach indeed ensures the most precise solution, () one shot (b) pseudo wide angle
but it involves computational difficulties, i.e.

complexity and instability. The iterative search Fig.1 Imaging r.nodel for circular
in solution optimizing process often falls into a motion.

local minimum unless appropriate initial values
are given. Thus, the non-linear method is used
as a bundle adjustment [2, 3] of a “good” approx-
imation given by linearized methods [4, 5, 6].
This paper describes a practical procedure to
solve the non-linear optimization problem for
object shape and camera motion recovery. The
target of our study is large objects such as build-
ings, thus the image sequence is generally taken
from a camera that moves around the object.

observed in each image. This kind of image se-
quence includes poor information for 3D recov-
ery, thus the non-linear computation becomes
seriously unstable.

This camera motion is modeled into two types; In this paper, we propose simple initial values
one shot and pseudo wide angle imaging models which is robust for shape recovery from circular
as shown in Fig. 1. These camera motions, es- motion image sequence, and define “mean ap-
‘pecially close to the object, necessarily pose the pearance rate” of feature points as a measure of

occlusion problem; that is, the object is partially stability.
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Sequence
Direction

Cameras

Fig.2 Generalized initial values for

circular motion.

2 3D Recovery by Non-Linear
Optimization

Suppose objects are represented by a set of
feature points whose 3D coordinates s, (p =
1---P) is defined in the world coordinates, and
those feature points are projected onto the fth
image (f = 1---F). 2D coordinates of the pro-
jected pth point on the fth image is denoted by
us,. Note that when the pth point is not ob-
served form the fth camera, the corresponding
ujp, is undefined in the fth image.

The pose and position of the fth camera
are represented by the rotation matrix Ry and
translation vector ¢y, and the perspective pro-
jection operator P is defined by P(z,y,2)T =
L(z,y)T, where [ is the focal length of the cam-
era. Using these notations, 3D recovery of ob-
ject shape and camera motion is formulated by
minimizing the error function E(x), as follows.

E(x)= > [PlResp+tsl —upl”
(fp)

where & denotes a composite vector consisting
of 8p, gy, ty, where q; is a quarternion rep-
resentation of the rotation matrix. Since Eq.
(1) includes non-linear representation such as
perspective projection, the problem is solved
by using non-linear optimization method, e.g.
Levenberg-Marquardt algorithm [7], precondi-
tioned conjugate gradient one [8] and so on.
Note that this paper focuses on the stability of
solving the non-linear problem, thus we assume
for simplicity that the feature point correspon-
dence between images is given properly.

In order to solve the non-linear optimization
problem stably, we need appropriate initial val-
ues that lead to the global minimum of error
function E(x). Large objects such as buildings
are the target of our study, and thus the image
sequence is generally taken from a camera that
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moves around the object. This camera motion
is modeled as a uniform motion along circular
path with gazing at the center where the object
is located. Based on this idea, we define the
generalized initial values for circular motion, as
follows.

Ry = R(wf)
tf = (OaOaT)T (2)
s, = (0,0,0)

where Ry and t; denote the pose and position
of the fth camera which is located on a circle of
radius r with gazing at the center, and w indi-
cates the motion direction and step of every one
frame, as illustrated in Fig. 2. Since the object
shape is unknown at the beginning, the initial
shape is given by s, = (0,0,0) which means all
feature points meet at the center of the circle;
that is, object is reduced to a point. While this
setting of initial values is very simple, it works
successfully for many image sequences taken by
the circular motion, as mentioned below.

Here, we introduce a measure of stability
called “mean appearance rate (MAR)” that is
defined by the mean ratio of each feature point
observed throughout the image sequence. This
measure is similar to the fill-ratio of measure-
ment matrix used in factorization [6]. When the
camera is closer to the object, the smaller part
is observed with more occlusions, thus MAR de-
creases. In such a situation, since the feature
points include poor 3D information, shape and
motion recovery becomes unstable.

3 Experiments

We have performed experiments with synthetic
and real image data. In the simulation study,
object shape is defined by the following curved
surface whose complexity is determined by v, 7,
p and pu.

x [1 — v+ pcos(p(p —m/4))] - cosfcosy
y | = [l —7]-siné
z [1 — v+ pcos(p(e — 7/4))] - cosfsinp

where |0| < 7/2, |¢| < 7, and the z-z plane is as-
sumed as the ground. v and 7 define the ratio of
height to width, p and ¢ denote the number and
depth of the concavity, respectively, and thus the
object becomes a sphere when v =7 = p = 0.
Figure 3 shows three examples of rectangu-
lar, pentagonal, and heptagonal star shapes with
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Fig.4 Camera path around the
rectangular object and an image nearest
to the object.

black feature points on the surface. We gener-
ated 135 kinds of image sequences from the com-
bination of 3 object shapes, 3 numbers of feature
points, 3 numbers of frames, 5 distances between
object and camera, as follows.

shape : three kinds of shapes shown in Fig. 3
are used. Note the deeper concavity makes
the more occlusions.

feature points : 300, 600, and 1200 points are
spread over the surface. Note the fewer
points represent the less 3D information.

frames : 30, 60, and 90 images consisting of
600 x 450 pixels are taken on the pentago-
nal path around the object with 22.5 degree
angle of elevation. Note the fewer frames in-
clude the less corresponding points between
images.

distance : 5 different radii are used to draw
the camera path. Figure 4, 5 show exam-
ples of the nearest and farthest images of
rectangular and heptagonal objects. Note
the whole shape is not observed even in the
farthest case shown in Fig. 5.

The stability of each image sequence is eval-
uated by using Eq. (1) with the initial values
for circular motion, and we classified the results
into three categories;
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Fig.5 Camera path around the
heptangonal object and an image
farthest to the object.

stable : the correct solution is obtained by au-
tomatic convergence, where the criterion of
success is that RMS error of Eq. (1) become
less than 0.1 pixel.

quasi-stable : the correct solution is obtained
by retrial, where the first recovery is per-
formed by using the higher MAR, subset of
feature points, then the result is used as
initial values for the next recovery using all
feature points.

unstable : there is no way to obtain correct
solution from the initial values for circular
motion.

Figure 6, 7 show the results of 3D recovery using
one shot and pseudo wide angle imaging models,
respectively. The abscissa denotes the mean ap-
pearance rate (MAR), and the ordinate shows 5
distances between object and camera.

From Fig 6, we found that the image sequence
whose MAR is over 16% yield correct shape sta-
bly, and that the lower MAR makes the lower
success rate. This suggests that the MAR is
available as a measure of the stability. In the
pseudo wide angle imaging case, Figure 7 shows
almost the same distribution of stable, quasi-
stable, and unstable but the stability is im-
proved in comparison with the one shot imaging
case. The MAR over 10.3% becomes stable, and
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we can obtain the correct solution from MAR at
least 4.5%.

Experiments with real images were performed
by using seven image sequences, two of which
are shown in Fig. 8, 9. Figure 8, the Hiroshima
atomic bomb dome, includes two images in 29
frames and the top view of recovered shape with
camera motion. In this case, images were taken
from outside of the security fence, and MAR was
17% which is high enough to recover the 3D in-
formation stably even using the one shot imag-
ing model. Figure 9, the university auditorium,
shows two image in 280 frames and the recovered
shape with camera motion. In this case, images
were taken from close positions, and thus MAR
was 6% which is quite low for stable recovery.
However, we have the correct solution by using
the pseudo wide angle imaging model. All of the
other five image sequences consisting of over 100
frames yield correct solutions successfully from
the generalized initial values for circular motion.

4 Conclusion

This paper described a practical procedure to
solve the non-linear optimization problem for re-
covering large object shape from image sequence
taken by a camera moving around the object.
We proposed the generalized initial values for
circular motion and defined mean appearance
rate (MAR) of feature points as a measure of
stability.

Using the proposed initial values, we have per-
formed experiments with synthetic and real im-
age data, and have had the following findings;

o In the simulation study, 3D recovery was
stably performed from image sequences
with MAR over 15%, quasi-stable with over
8.5% for one shot model, and stable with
over 10.3%, quasi-stable with over 4.4% for
pseudo wide angle model.

¢ In the real image case, 3D shape and motion
were recovered successfully from MAR 17%
for one shot model and 6% for pseudo wide
angle model.

e In most objects even with complicated
shape, 3D shapes are recovered successfully
from the simple initial shape reduced to a
point.
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3D information is recovered from inaccurate
total angle of rotation as initial setting, but
the counter rotation tends to failure. For
example, 270 degree, the true angle of rota-
tion, is converged from 360 degree as initial
angle.

The pseudo wide angle imaging model
yields stabler results than the one shot
model.

These results have demonstrated the robust-
ness of the generalized initial values and effec-
tiveness of MAR for large object shape from cir-
cular motion problem. In future, we plan to in-
vestigate the stable recovery procedure from low
MAR image data.
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Fig.9 TUniversity auditorium: two
images in 280 frames and recovered
shape with camera motion

(top view).
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3D Model Generation from Image Sequences
using Global Geometric Constraint
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Abstract

This paper describes a method for generating a three-dimensional model from an uncalibrated image
sequence taken around an object. Our method is based on feature tracking and minimization of
re-projection errors. To cope with mis-matches in the result of feature tracking, we introduce two
types of global geometric constraints. The one is “affine constraint” which imposes the positional
relationship between pixels on the images. The other is “depth constraint” which imposes the three-
dimensional structure of the object. First, we use the affine constraint to reconstruct the object
roughly and then we refine the feature tracking and shape reconstruction using the depth constraint.
Experimental results show that our method can automatically generate accurate three-dimensional
models from real image sequences.
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3D Model Generation from Image Sequences
using Global Geometric Constraint

Abstract

This paper describes a method for generating a three-dimensional model from an uncalibrated image
sequence taken around an object. Our method is based on feature tracking and minimization of
re-projection errors. To cope with mis-matchings in the result of feature tracking, we introduce two
types of global geometric constraints. The one is “affine constraint” which imposes the positional
relationship between pixels on the images. The other is “depth constraint” which imposes the three-
dimensional structure of the object. First, we use the affine constraint to reconstruct the object
roughly and then we refine the feature tracking and shape reconstruction using the depth constraint.
Experimental results show that our method can automatically generate accurate three-dimensional

models from real image sequences.

1 Introduction

Generating 3D models of real objects is the cen-
tral concern in computer vision, and many works
have been done to recover 3D information from
image sequences. When intrinsic and extrinsic
camera parameters are known, 3D shape infor-
mation of the object can be recovered using the
geometric relationships between cameras[1],[2].
When the extrinsic camera parameters are un-
known, they must be also recovered from the fea-
ture points extracted from images|3],[4],[5]. We
focus on the latter cases. Most of the methods so
far assume that the result of calibration is cor-
rect. However, the matching of feature points
usually include several errors because of the fea-
ture extraction errors, tracking errors, quantiza-
tion errors of pixel sampling, and so on. As the
result, the extrinsic camera parameters and the
object shape are poorly reconstructed.

In this paper, we describe a method for gener-
ating a three-dimensional model from an image
sequence taken around an object, where the ex-
trinsic camera parameters (camera motion) are
unknown, while the intrinsic ones are given. Our
method is based on feature tracking and mini-
mization of re-projection errors. The method
using the minimization of re-projection errors is
quite robust for small amount of errors in the
feature tracking. However, if the tracking re-
sults contain large errors, we cannot reconstruct
the object shape. We additionally introduce two
types of global geometric constraints. At first,
we introduce the “affine constraint” which ap-
proximate the transformation between two im-
ages by affine transform and restrict the search
area for feature tracking within the neighbor of
transformed position of the point. Secondly, we
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reconstruct the object shape and camera mo-
tion from the feature tracking result by minimiz-
ing the re-projection errors. Then we eliminate
the feature points that have large re-projection
errors since such feature points can be wrong
matching and decrease the accuracy of the re-
construction. Thirdly, we apply the “depth con-
straint” which imposes the three-dimensional
structure of the reconstructed object. We repeat
the second and third stages and refine the fea-
ture tracking and shape reconstruction. Finally,
we generate a three-dimensional model with tex-
ture mapping.

2 3D Model Generation

2.1 Initial Feature Tracking using
Affine Constraint

First, feature points are extracted from each im-
age by Harris operator[6]. We denote the two
images of interest as I and I’(Fig.1). Each fea-
ture point P extracted from I is compared with
the feature points @ from I’ using the Sum of
Square Differences (SSD).

)

(u,0)EQ, (W v)e¥

SSD(P,Q) = T (u, 0)—I'(u/, "),

where 2 and €' are neighboring region of P and
Q respectively, and I(u,v) and I'(v/,v") are pixel
values at the (u,v) and (v/,v’) of image I and I’
respectively.

These points are corresponded in the order of
SSD. Here, we introduce the affine constraint.
The 2 x 3 affine transform matrix A is calculated
using the global matching of the images.

arg min > (u,v) = I'(u, )2,

(uw)
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Figure 1: Feature tracking using affine con-
straint.
where [ o 1] =Afu v 1].

We calculate above equation by two steps. In
the first step, only the translation parameters
are changed all over the image and the optimum
parameters are obtained. Then the all 6 param-
eters of the affine transform is optimized using
the gradient descent algorithm where the initial
parameters are set as the obtained translation
parameters.

A feature point @ are corresponded to P only
when @ has within the m-th smallest SSD and
@ is transformed by affine matrix A within the
d-pixels away from P. In the experiments, we
use m=>5 and d=15.

2.2 Shape Reconstruction

When the result of feature tracking is given, we
reconstruct the object shape and camera motion
by minimizing the re-projection errors[7][8].

Suppose objects are represented by a set of
feature points whose 3D coordinates s, (p =
1--- P) are defined in the world coordinates, and
those feature points are projected onto the fth
image (f = 1---F) (Fig.2). 2D coordinates of
the projected pth point on the fth image are
denoted by wuy,. Note that when the pth point
is not observed from the fth camera, the corre-
sponding u, is undefined in the fth image.

The pose and position (motion) of the fth
camera are represented by the rotation matrix
R; and translation vector 7. The perspective
projection operator P is defined by P(z,y, 2)T =
L(2,y)T, where [ is the focal length of the cam-
era. Using these notations, reconstruction of ob-
ject shape and camera motion is formulated by
minimizing the re-projection error E(x), as fol-
lows.

E(z) = Z |P[Rssp +tf] — “fp|2

1
(£:p) M)
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Figure 2: Shape Reconstruction

where x denotes a composite vector consist-
ing of s, gy, tf, where gy is a quater-
nion representation of the rotation matrix.
Since Eq.(1) includes non-linear representation
such as perspective projection, the problem is
solved by using non-linear optimization method,
e.g. Levenberg-Marquardt algorithm, precondi-
tioned conjugate gradient one.

The principle of shape reconstruction by min-
imizing the re-projection errors is very simple
but it gives the optimum result in terms of
maximum likelihood estimation for the pixel er-
rors. The method is same as the so called “bun-
dle adjustment[8]”, and widely used for refining
and/or integrating the initial and/or partial re-
construction result obtained by other method.
We directly apply this method for both of initial
reconstruction and refinement steps since it can
reconstruct reasonable shape and camera mo-
tion even when a small amount of errors exists
in the feature tracking result.

On the other hand, the result of feature track-
ing contains several mis-matchings, which leads
to large amount of errors. In general, robust
estimation method, such as LMedS estimation
or M-estimation[9], is used to cope with this.
However, when we use these methods, the con-
vergence of the nonlinear optimization becomes
worse and it takes more computational cost. We
use the affine constraint for initial feature track-
ing,'which suppresses the outliers. Thus, we
directly apply the nonlinear optimization. Af-
ter the optimization is converged, we calculate
the re-projection error for each feature point and
delete the point if its re-projection error is large.
After that, we again apply the nonlinear opti-
mization to the rest feature points and obtain
the object shape and camera motion.



2.3 Refinement of Reconstruction us-
ing Depth Constraint

Once the object shape and camera motion are
reconstructed, we refine them using the depth
constraint.

In order to calculate the depth from the cam-
era to the object at each pixel, we make a surface
model from the reconstructed feature points.
Suppose the feature points are expressed by the
3D coordinates that are centered at the object
center and the z-axis is along the object height
direction. The feature points are projected to
the cylindrical coordinates in order to apply the
2D Delaunay method. When a feature points
is expressed (z,y, z) in 3D coordinates, its pro-
jection to the cylindrical coordinates is (R,#),
where

R==z ¢ = tan

-1 g

-

In cylindrical coordinates, ¢ and 6 + 27 denotes
the same position. Considering this, feature
points projected near the § = —7 and 0 = «
are also projected to the 6 + 27 and 6 — 27 re-
spectively. Then we apply 2D Delaunay method.
Finally, we delete the duplicated surfaces and
generate the surface model.

Once the surface model is generated, the
depth for each pixel can be calculated. The
search area of feature tracking is limited within
the following area:

o S 0
=P RA v |+t |+
v ] o

where A€ A= A+4] (2)
R’ and t’ denotes the camera motion of image I’
relative to image I and [ is the focus length. A
is the depth of the feature point in the image I
and 0 is the search area along the depth. Theo-
retically, the matching feature points lies on the
epipolar line. However, the estimated camera
motion contains some errors. To cope with this,
we also search the feature points along the verti-
cal direction to the image. a denotes this search
area. (Note that this should be vertical to the
epipolar line, but for simplicity we employ this
setting. Epipolar lines are usually horizontal to
the image in our camera motion.)

Feature points are extracted from image I and
the matching is searched from image I’ of the
area restricted by the depth constraint using the
SSD. This is done to all the successive pair of
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Figure 3: Feature tracking using depth con-
straint. '

images and the new feature tracking result is
obtained. The shape reconstruction and the fea-
ture tracking are repeated until the number of
extracted feature points is converged.

2.4 Texture Mapping

In order to generate 3D model, texture is
mapped onto the surface model. For each patch
of surface, the texture is extracted from the im-
age where all the vertexes of the patch can be
observed and the area of the projected patch is
the maximum.

3 Experiments

In order to evaluate the applicability and char-
acteristics of our method, we apply our method
to a real image sequence. The object is a-model
house with 10 x 8 x 12¢m large. We take 25
images around the object, each of which has
720 x 480 pixels.

Fig.4 shows the number of tracked feature
points for each image. For comparison, we
applied Zhang’s method[10] and Kanazawa’s
method[11] to the same image sequence. The
mean number of tracked feature points was 113
points by our method (with affine constraint)
and 78 points by Zhang’s method and 87 points
by Kanazawa’s method. Fig.5 is another ex-
ample for demonstrating the characteristics of
our method. Zhang’s method can track smaller
number of feature points and the points are not
uniformly distributed on the object. The opti-
cal flow obtained by our method shows that the
result of our method does not contain obvious
outliers. Although Kanazawa’s method does not
contain obvious outliers as well, it apts to track
smaller number of feature points.
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Figure 4: Number of tracking points by Zhang’s
method, Kanazawa’s one and the proposed
one(affine constraint).
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Figure 5: Feature points and optical flow.

Fig.6(a) shows the initial reconstruction result
using affine constraint. The result consists of
1,294 unique feature points. The initial result
holds the substantial object shape and camera
motion although it contains some errors and the
generated model is rough.

Fig.6(b) shows the final reconstruction re-
sult using depth constraint. The result consists
of 15,751 unique feature points. Fig.7 shows
the generated 3D model with texture mapping.
Fig.8 shows the other results of generated 3D
models. We can automatically generate these
3D models from the given image sequences.
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4 Conclusion

We have proposed a stepwise refinement ap-
proach for 3D shape reconstruction. We em-
ployed the minimization of re-projection errors
for shape reconstruction method and introduced
two types of global constraints. We could sta-
bly obtain initial reconstruction using affine con-
straint and refine it using depth constraint. Our
procedure has applied to several kinds of real im-
age sequences and we can obtain fine 3D models.
We think our method is applicable to relatively
wide variety of real image sequences.

At present, we assume that the camera motion
is circular around the object. The texture on
the top of the object cannot be obtained under
this camera motion. It is remained as future
works to use the images from every direction for
reconstruction and 3D model generation.

References

(1] L. Matthies, T. Kanade and R. Szeliski:
“Kalman filter-based algorithms for estimat-
ing depth from image sequences,” International
Journal of Computer Vision, vol. 3, pp. 209—
239, 1989.

G. L. Gimel’farb and R. M. Haralick: “Terrain
reconstruction from multiple views,” Proc. 7th
Int. Conf. on Computer Analysis of Images and
Patterns (CAIP’97), LNCS 1296, Springer, pp.
694-701, 1997.

[3] P. Beardsley, P. Torr and A. Zisserman: “3D
Model Acquisition from Extended Image Se-
quences,” Proc. ECCV’96, Cambridge, UK.,
vol. 2, pp. 683-695, 1996.

R. Koch, M. Pollefeys and L. V. Gool: “Multi
Viewpoint Stereo from Uncalibrated Video Se-
quences,” Proc. ECCV’98, LNCS, Springer, pp.
55-71, 1998.

[5] R. Hartley and A. Zisserman, : “Multiple View
Geometry in Computer Vision,” Cambridge
University Press, Cambridge, U.K, 2000.

[6] C. Harris and M. Stephens: “A Combined Cor-
ner and Edge Detector,” Proc. Alvey Vision
Conf., pp. 147-151, 1988.

R. Szeliski and S. B. Kang: “Recovering 3D
Shape and Motion from Image Streams us-
ing Non-Linear Least Squares,” CVPR, pp.752—
753, (1993).



(a) Initial result (b) Final result

Figure 6: Reconstruction result

Top view Side view Front view

Figure 7: Generated 3D model

Top view Side view Top view Side view
(a) Small model of lion (b) Outdoor object of stone lantern
(30 images, 10,210 points) (35 images, 4,587 points)

Figure 8: Other results

90



(8]

9l

(10]

1)

B. Triggs, P.F. McLauchlan, R.I.Hartley, A. W.
Fitzgibbon: “Bundle Adjustment — A Mod-
ern Synthesis,” Vision Algorithms: Theory
and Practice, LNCS 1883, Springer, pp.298-375
2000.

Z. Zhang: “Determining The Epipolar Geome-
try And Its Uncertainty: A Review,” IJCV, 27,
pp. 161-195, 1998.

Z. Zhang, R. Deriche, O. Faugeras and Q.-
T. Luong : “A robust technique for matching
two uncalibrated images through the recovery
of the unknown epipolar geometry,” Proc. 8rd
Artif. Intell., 78, pp. 87-119, 1995

Y. Kanazawa and K. Kanatani: “Robust Im-
age Matching Preserving Global Consistency”,
Proc. 6th ACCV, pp.1128-1133, 2004.

91



BATEFHIIC & 2R I0 SRR ZE ALV
BRSNS D 3 RTETIVERK

1 [FC®IC

EURD 3 IRITCET VAL, FIEZERICBIT S Y
TN MERFUCHIETE 125 L, Xtito
FUINT —hAT R SESERENITHNSZ
EMTELHEMWMTHE 1], 2Dk®d, 3KILET
VAT S X EFRFEMBRRESh TS, 20
— DRV =YL VP SHOFHESEEIC X
D ENEL SIRTTETF NV R ERT A2FENH S, L
MU, ZOWEMSHIEMZRIT TR, Nk
DREIVBRSNTNWY, MEHoa, KHTE,
TEEIWEICET 200 OFIL S, Fo)k
¥, ek 5 FBIC SIRTET N2 ERT 5FHED
WRMTONT WD, ZO—DORSRETHESSHh
T BEEI S 3IRTCETFT N R BT 2 FHE0H 5.
BRI & TIRETCR AT O AT, R i
TETHY, Mo kE SICHRENIZne
Vo 2SR 570, £ OMEMThN TS
2, 3, 4].

IN 5 DFETHEROBEGZRRL, BERET
AT T2 0FNH 5. MG TERIC R
ST, BEREOETNVICE ISR AD 31K
TUEREMETEARTH S, L, Aoxefid
WRAF OB, 7V —L7 7 harick
EXMIGEEL DL WEETH L, T2 T,
Zhang[5] 65X & « 8 6] 13, FHEOT L F L
HIR BTG ORER & 1T, S o st
T RAT)FERBEL TS, £/, HATNE -
LB HIE, TNVFR—AF (Y RT VA
[7] R SREHAHT 8] REIC LY, HEED S 2R BES
EFNEERTEDL, EL, HEIKEOEGY]
T, A AR (R—ATFAV)WRELRD
720, RNVFR=A5 42 AF UVAEIFETER
V. e, R ORIGIC & 2 RN HEEREE
MRELRY, FHEFNVOHEIES TR,
Z D & DI A DR D W TR SO TN T
NTWa, —%, FES (9 1FFHEL R 5540
FZRHEL 22, L OERIEENL 2538 Soxt
JSAIT & 3IRITEIR %R FRINCSEET 5 2 & ThA

92

DB E P L LEHRSD OSSR 3 ke ET
NWEENT B5FHEERREL T3,

RES OFEEHND L, MROLHBAEIRRL
1z 20 70 5 40 BAZEE D BIRF & U mfEifile 3 WkocE
FNEERTES, LML, mERORMEICLY,
HE7e & OREREE ZLHRPL, MBROMGID
WU 3RITTET NV OERPBIFITA 2, flx
3, B2 EMERTRE L R REL E
S old, #HimzEFE 3RTEFNOEREITD 2
EMTERh T,

AREFSETIE L2 SR SN BBRI» S b 31K
TCETNEERTEL LD, REAS OFHEIH -4
FHEENL, BRT S, LM, HICHERFEL &
NTWBSEHEIREAS OFHEDZ & & T5, AF
TIXEBIN S SIRTET NV AT B2 ETERD
3 BRI B,

1 BB ECIAERTEFR B, 774 U H%E A
WA L 2B RET R 1T ). 2BME
Tl 1 R E THUBL 2RS0T BT, 5
Tl RO BATE R WET 5 2 1T L0 B
DRISIT 24T D T & TRISTHC L 28 IRE
JTCEATI. B, 2BEEITEDEL 1T, kD
R ETCE BiE Y. RIS 3BBE Tl —F
Fa—TEe HOTEZ ERL, mOERNZ by
ZRFAL T 7 2AF ¥ 0FR, NE{TH>227T3
WTETF VEREITD.

LA, 28I CIIBERz Y O#ER L (ERBZRD
TS DT B 5. HiT 3HITHE E2REH
GBI DK - BB L RS 5720 Ol 2 FHEo
BE, AETCIIARTEEEROWRN & il FEoH
HICDWTGRR S, 5 BICIT &R B 2501
DI B L P FE—OBEHRS % H ek okt
2T, BIBCECETCIARIOE LD ERT.



2 BRI S ORRET
2.1 EERORE

B 1IRT &9, MEFEEEZETNVLL 72 3K
TRMEEZ D, T IICHEE SN EER S R
BERET5, WIS, FO3WICERMEZARICE XHE

DHATREZDL, 22T, HhASOELENEC
EEEC L -BREERE A ASEERE T 5.

BATERS
[}

L AT EERER & iU ER o B 6R

BB EDA AT BERBY EEx = (z,y,2)"
&, HREERICBIZEE 2 = (¢/,¢,2) &
OBRIFIRD & SRS h 3.

=Rz +1t (1)

Z 2T, HINENY NV, RILEELTHITCH B,
IS B HREERICBIT 2 h X5 DNE L Kok
RING A= THSE, BEINLEDNT A—-F%
A AT NIE - BB S,

Wi, Yike, A AT THREIhEDEORE S
NOEGRPHOBZREN 2ICRT. I AT DEANM
& C 2 6B [ £ ToOMEE f % A0 17
C, AASOELNE C %@ Y BEEEE [ EE
TafiE JeER, el e EESEE I & O E ¢ R E
b & A,

FREHEFOcEFESEL, vl vl ThT
NEGOEROEICEbE 7 2 K TEERE
BEREEER L WL, THEEICKL TAREIC u
i, TRXICvElR L 5. HATHEBERL, EAENM
BCRFRICEE Zie L, ZH#eEITTS X
e YElI T T hEREZERD vl & v E#c—
Y 5.

SRR O H M A3, BEERYE I BT mIlE
gahie 32, AMEHASOREANE C,
EGFE [ Eofmid—ERECH D, ZoB%
% FtR1%% (Perspective Projection) & V> 5. ik
DEZERE AL L, 3RAEMADR M DA R
T EREAR T DR (z,y,2)T & ZD 2RTE m O

> >
—

93

2: H7 TR R R B N D HE R B AR

TG (u,v) T & ORISKRRD & 5 R BHRAK Y

VAN
T
y
z

ZITPIERREEZRTERTTH 5.

RM 2 HRBEERTOERE (o, ¢, 7)) TRT
&, 2Woet m S HFREERD 5 A X T EEERAN
DEHE ZLIRATREIN S,

) H

m/
v o

ZIZTC, REWGHASNE  BBATHS,

=P

3)

2.2 XBEWEME%E BV 3 RTEST
IVERK

GESRBIZET B 2 KRR % AV e 31RTE
T IWVAER 9] DFNIELAT DEY TH 5.

L. E{RIIDmRE
HWRMOEY % @Y RIS EITD. D
B, WEOMREHEVATETRNEII
¥5.

2. FERoBE
MREBEL LEGIE AL, SEE,
& Harris DFFESMRIETE [10] 2 BWT, 4
BREBEERET 5.

3. 77 4 VEIMIC & BFE S ORISHT
D & BRI SN B EEIC R L T, s
2EET T 4 VERTEPETI LW IR



MR E DT, ST 2475, 2h
2774 Cilfge K&,

4. BRETE W ASHNE - BROKHE
R OIS RERICHL T, RoTRE
TEATD. ROETHRERE FV TR ED
PR EL AL, EEORS VAL
BRET S, B RS0 3 IRTTEER TtIc
LTHASE - AL HERET 5.

5. 2R Or—iKE ALV 3 AEAR
3Rt LRSI Y, MEEICHREL -
FRACHL T, 2kTh B x -2 8AL, 3
AmEEKT 5.

6. 3 AEDRITEFIIC & ZRISADR T
RS TSN 3AMEE, B ATME -
REEFANDLZ LT, TER—-FE Eoxm
HBEREERREL, &V EREMSoR
FOTITT Z1TD. 405 6 £ T2 &S
BNRETHETHIET,

7. EAER
BAEEYR 3 IRTCEBECRIL T, 5 & FEREOAL
HIZkY 3AmEEERT S.

8. 7Y AF v E{GEIR
Johiz 3AmED 3 IRITHEKE & PR %
W, 2REE &S] &Y & 3 A EYR T
D AF % EifRE #RT 5.

2.3 _LEZRRCERSIOFFH

HERFHETHRE L T =BT H_ED S B
IR, §7eb b REHONE L L 7= Hi%
FICHd, Tokw, HIFIIELALEENTES
7, BROVIBEUAARETH S, L, HM3ITRT
EOTEET 2EMOLE, #ES BRI E,
SIRICET N & L TERRELRHREEX 2T,

T ITC, LErOREINIZEGY R FERT LS
CEREXDL, ZHITLY, HIEISTIHEETER
o L HIER BIRE SA LEGS AL, HiFEY
BIRDODWz 3IRTCET NV OERNITR 5.

LL, EZEP»SREEIT-RE RS, #ET
w2 AT - TN HIEC A 0 BRSNS b
RKEWEBNDRD D, ThEIF4ITRT LIk

94

R L HiEH v

X 3: #EOHES LS HEMEL

IRIMED RN D B & 9 2R MFR OB A 364
¥5.

B 4: o sz ¥piEns B TR

M4 1R ERE T ST 554, b
D OWE DA ERET 5728, FORMPLEH AL
W Snenied, B TERy, L, F4en
LRFEL 256, NMIOBRE AL SN 5 /-
B, HEITONRE 5.

HERFETIE 3RTOSHEER 5 D & S ITHE
AICHRFL, 2IRTR B2 —JRIC LV ER ERKL T
W3, ko7, 4Dk IRBIRICHEREKT 5 &
X 6 D & 1 Nl oWk & SRR b FEDYAERR &
N, BROFIREIZELR LR E 25,

X 5: GERTHED TEA

WERFETIIHEOERE, BITEHIKE 3RTE
FINANDT I AF 2 NS BOTHEL Tz, 2
DHB, BITESHFENCEL CUTER S -mEHc
DISRETHERT DL DB R BATENHE S
N5, FHEEADOEMENRET 5, BHSo®
RISELET 5 & IEHERTARE IR ARETH 5.



P EYS 1 ]
l:! EH A

=
Hizﬁﬁéhkiﬁé
TR

ELG ST R

i %F";O f:%?ﬁ%

Z OBRITEHIE B IRETSE 1T O 2 2 TS
DR EZTEL TWA D, EMIGEORET 3
WITET NV ORI R TCROREEIC K E e 5.4
b, £oTC, HEOEENRLETH D, 72 THREF
FTCITEMMOEMEEERE LT, Z0afEh & 556
SEEORITE R HEET 5 (X 8).

3Rt
» 7

Kb HBUTE

HiR
Hf§ R R

B 8: AHFZE0 BAT & HEE L

F72, SIRTETNVADT 7 AF ¥ N BT
1, AR CIEERFEHELL (—F v Fa—7
HBEHWS, <—FrFa—THERHWD L BHEL
ROERNCTEZ RS Z 21372 L, MIRoE T E
LTwWa, LL, v—FrFa—FiEITHC SR
I L BRETICIFERTET, RICHEHAL TY+
PREEERTHZ LI TERY, koT, BRE
TMTA - BRI D e —F 2 ¥ 2 — T ihk iR
T5., INEOFHECONTKETIHT 2.

3 3RTETIVDERRNE
3.1 4£MABEDFN

AFHEIC & D5 FEREEBGS LY 3RTET NV
ERT D ETOFHRIIOVTRT. AFHEOLHED
F & BT B ANT — 7, HhT — & OBk
X 9IRL, IRETABETHERFIE L VEEL /2
FoFMEZRT. 2B, KIITBWT, NATHE
NNEBPEEERL, FEMICEENNEB AT
T—=F e WHT —FERL Tb,

95

C £uEHRA

HREOREARE

SSDi 2 ANHILIH

RGN ms AR

FRAGEE ) A 7 - BRolE

BRI S S BRER

BALADY Bl

EHITALEHELL
BRREOIEER

HHHE
i

HYA
LR
—FrXa—-THRILIEER

L 72 2% OBIR K

ComETT ¢

X 9: 3IRFTETFNERE TOTEN

L. BRI DIRE
WRYDEY Z [\ 2B HREEIT). 0
B, BRFZOMREHEVIRTES R0 L DI
T 5.

2. FER OB
RNREMPL ZERIZ AL L, &l
5 Harris ORHERBREFE [10] 2 NT,
BREHEARET 2.

3. 77«4 VEIWIC & B4 EORIET
ZHE G SR SN REAIT L ¢, B
2hET 7 4 VERTHEEEIT) L W IKFE
M Z AT, ST 217 9.

4. PRETE W ASWUE - BEOKHTE
FEROTISAITRERICHL T, ROBIRE
TCEAT ). ROBTRERE AV TR RO
BREEL ML, FEEORSVREAE
BRET 5. B I RO 3 IR TR Z Tl
L TH AR - BB MEHET 5.



5. FHHADEHBICLIRITEHHZBVERER  3.2.2 RTSHH
%
WAL 2 3IRTTAFER oMLY, K
FEHORITERHEL, HEAONGT %2
119, ZHhICTXVEEL ZREE0 3 IRckE

ANTBF~—5 BXONEEHRICHL T, R
i, 77 1 AR ORISR, R
FERaBII & BIREITR AT, 3IRTRHMEE R K

EETICL TH ASWME - Bty 5. P
6. MRS Ak E1EBE DLEBGIICOWT, 3R Ss 7
SRS RE L VINZL B s 2 sk d QEBREIREL LI ASOBENEC 2 RAL T
5. 5, 63V ELBEIT. BH AT EERICEMT 5,
7. 7—9"~/=FJ_75£’&H§L\TCEE& % 2 EEB‘E Harris O)*ﬁﬂjE [10] LC J: V) E{%ﬁ\qu%
Bohlz 3IRFTTFFESIRIHL, =—F % 1 s % R B :
2 =7 HEE RO THEE £RT 2. SR 7 RSB 4 m(u, v) 1D, 101
8. 79 AF v EEER RT LI, BEELEmZ2ELEME 3R

ERL RENCED G T 7 AT 28T H, FNE0,2) ETOLT DRITD SHFHAN &
RROMEA LVRD B,
23 ETORL LERFHROTh e HET52, 1 s s s e s o
B 4 ETRRRFEL A—ThH Y, sorzE  A=Wetw [ @ +0"+ )"+ +2" %) (4
LT0d, ko RMLBETHESUTICOWTUER - -, @AM 0LLEDR, EHERIShs 2

WKEE Y LERL, Eri3ROERTHY, @EIEHX5D
EAFMTHD.

3.2 A DS & A BRITESIME WIS, FEUE N Zrbe T5IRE, AL R
KM DR RATERIOE R E BB ERRE ORA MY, 2'), M2(2",y", 2")

W RRETT BIRIT £ O R B
3.2.1 FHHSOFERT ERRET ;U
REHEOBYT S HETIL, BEAID 3 KITH y U, ;
b R I T BRSO BT S IR & He = 3% ()
WCEBZ L 2FFALELOTH L, WEIUFO 1Yy 7
V=7 (7)
BOTH B, :
y/I — _lel (8)
1. 3RFTCLEDBRFHEL DD —BOF L HD ‘
Ry , fluz+oy+ f2)+ A/A 0
' 2= u? + 02 + f2 ©)
2. EED» LR ERIL, 20 3G EDTH s fluz+vy+ f2) — A/A "
EDRITERIRE S B L TRd 5, ey S B (10)
3. RE-BYTEOED L BERBEL L, Wi N
R 2435 B T B EIEBRM E M1, M2 AT EEROMEL DT
faDH AS EERICHRETCE L LT HE0, &
4. BE SNIMEED S B EAE T 5. AT &0 HAREEDRIC B RS M1 (21,11, 21),
5. BEEOMHER kO ke a it s, M2 (@2 2) KBTS,
6. THERBSEVLZETDHETHRYIET, o oz
PATFIC 1~4 022 57T (yl)—fll((y’)t) (11)
21 Z

96



HOERRREA

ML(x',y" 2') M2(x",y",2%)
e .;Ax,y,ﬂ
iy 1w ?t "

z
. 2y
e TEER T

10: 7 7 RE B R ABAH LD HE e IR AR

T2

Y2
22

(12)

Z 2T R IZEERTH R DTS TH 5.
L ER T — 1,14+ 1 Dh AT EERE KD
5, Tk, RI1LISRT L DICHEE T DR
SRR OIS M1, M2 2R T — 1,1 +1
ki 5.

‘gi%;m{

X 11: FERO RIS

BEABRE Rl k2 AEESEYENARE T
B RFAEE R BATE OHEEMRKE 5. HEHR T -
LI+ 1ZnZhoRITE OREEEIRA O SITD0n
T SSD Z HWTHHLIEZFHEL, BHEEML &
HLATO%5E, RlEeosZERT 5. Zhick
0, 3EHTOREEOMSNT 2175 Z L2225,

L2 ZDFETHE, UTOMI12 DX HICE#
I, I+ 1 OFRHESERD & FH A ORI 2 17>
TR, BRI+ 1 TIEE—O SO E &R I Tl
BRDBEeDIeBHb, ZITCTIENTNLDOED
WEEAEZ SSD 1T L V) F#sL , KV fED/NS 2%
BL, B oBmEHIRT 5.

97

Hiel-1 L2 L WRIs2

B 12: L I2REE okRE

3.3 3 RTIFEASDEEEIC L A EEAD
kRE

PARIC K VBB 7R VT 3IRTTRE S,

HICKARETEITY. R I13IIETELT- 4

Ro—fITH 5.

B 13: 3 RTCRHEREFIC & B TERECHER

13 &Y, MAZL 7z 3 IRTHHMAN B 25 Z L8
DB, ZOINIL 72 3 IRTCAFH S % G %
FoltBEBRETRTEH 4 FbDEL Y, 32
XHG T3 HANEL VRIS R Ty B
R 5, Zh &Y, (ERMZETRENIG O REAR
FITHEAL TN R MEETIIRRENHL .

B 14: FEAIGR

EOM SRS ER T HERL TORBEVR L4 S
IR, 3IRTUFBAEFED R TIFINZIL T b,
Z 2T 3 RoCR R D BB & R DR E %
Tolz. UTFIKZDOFFEERT.

L & 2K S BERES L S OE M LUT 0%
BEHZHA S,



2. TORBRENL SVl N AT A% hE
T5.

ZOFEREUTOR 1517, (a) MBRERT, (b)
WEREERETH S, 2 kb, IZL 7= SokREIFT
Ao, LAL, ZOFRIIMIZL =845 chu
IEMER RS Y BREL TL £ 9720, HROSKHD
H 5.

(a) BRERT

(b) BrEH#
B 15: 3 RIThIEIC & 2 Wil

834 Y—FrXa—TEICLIEER

341 T—FUFa—-T%

HEERTEFELL T, v—F > Fa—TEr
EHT S [12]. v—FrFa—THELIIRY 2—L
VY H VU THEO—DT, 3IRTATHINCERSh
12T =506, —EOREORR % SATE CELT
LDFETH D,

BMDR I LN RTEHSEL THFERITHL TR
CIVED NG — > % FIOC TSl %2 HEL Ex £K
T2, 57, ERTI2EMEHROL S MEL &R 7&
AEZ L Z 0 KNS LV BR 2 2V % 2 filE
KT 5. IRICENHEDOTESOR 7 2V EDH
BEDENY — VI G SEHD 35y F DN —
YERDD., 20k ENHED 8 HOMAEDEN
=38 D26V THSL, LL, @G- K
KERIGEE, H16IGRTEIIC 15 Y~ TH

Z3

FTIEMTES, ?—FrFa—THEEAVLZ L

'.l'

X 16: v —F > Fa—Tk

LY, RTINS AR HET L &

98

WTCEDH, LML, BHET 35k offladbe
WKEY, MITIORT L OREE, ~—F o Fa—
THEIFET DD ERORHEMEN S, Hh Ak
SNTRVBELCTL EH) LW IHRIEND 5.
COMBEEERET L1018, YHEE 4 HKC
FENT D A EER VWSS L THEHOEKD
IRORTERMELZ BV BR< [13] . 4 FES KL, 4
HEOTHEDOR 7 VS —F > X o — Ty [
DHECHERHEERT D, ~—F v Fa—THC
FHEEMSAEL 2FRE LT, BT 237 5ke o
HEERAAETHLZ EBBFohs. 72T,
ATERICHEL, BT 2 4T ONERE 3 A
BICTHZeT, ZoME2%ET S (K 18).

B 17: v—F %2 —7 K 18: 6 k% 4 @k~
VRO RIS,

£z, ¥ —F U Fa—TETIILHEOTHSOR
JENEBETH LI LS THADR 7 V)V EDIN
F— 328 D 2563FY TH-7n, 4K EIE
ZRAVSZ T AHRBDTESOR 7 2 )VIT 4 I
RBT=DR I RIWVAEDINE — 1324 D 16 @Y ©
HY, HEE - HRERLEFI9ITRT 2380 ©F

AL

X 19: 4 mESENEICB W TAER SN LE

3.4.2 EEMNSOD 3 KRTEFINVER

R=F U Fa—THRIRZEMIIEZ SN2 H
T EICESEIHEAKT D, & o T 3IRTIFM A
T =IO HEAERT B Z0IC1E 3 IRTTRM ST —
BRI ENVERREL, RN AH T —(E
BEXBRENH D, SENIRETLFELL T,
AR OFEZ Fv:,



o 3RTEEMNSRY IV ENDER
SIS T2 ECEFHZEME 2, 9, 2
VDR ARMEL BUMETEES I, x I, x I,
ICHEIT A, 510, WHKRZTEOEEICY
HEXERIN BT TRDOT, z,y,2 DEAIC
IRV EMA, R VIIVERT (I, +6) x
(I +6) x (I, +6) £ L. 22T, Rr¥
NVENEND AR T —(l% vozel(i, 5, k) &T

5. 4L, klEENENGEL RNV Df
ETH S,
o R

SIRTTHRHEEIRIGT R 7 2 1.0 2 A
b, LAME, [EEMNMADZ & 2HET L LS,
I6IC, [EEREL 2R Z2VOTESELS E
TEARED 6 2DR 7 2IVOTESIC 0.5, &
DICBEHET 5 8 2DR 7 NIC 0.2 2 BET
5.

UEZTRTo IIRFTHFHEIC DT TOIZ &
T, RIZVWVICAAN T — B2 BERADZEMNTE 5,
IHICLEWES ZEL, AWT—fELL &n
BORNLY 2 —F U Fa—THE2ERTHILT
HxEKT 5.

RIZT—F v Fa—THLVERBINET —
FXT B, T 7 AF v DIRY FPRFICOWTEEAT
b, RFETIEHEOIERNRZ MV ) ATHAE? S
HENDRZ MV ONEDEIC L O T 7 AF ¥ %3EIR
T5, UTICFEEZRT.

1. ABL TWAHEEZHFOE L &R OFERA 7

NV 20 WRTERAMPFIC LV INEL, #
DEDERXZ MV T 5,

L ETNTOE VT,

HASHBEPOSEADONY MVE, TOHER
NI MNVORNBEDOEE KD 5.

L3 EIRTDOHATNEBEITDOWTT .

BEICDOWT, NEWNENE RS2 ASHL
BICNISTAEHR LY T 7 2AF v 2BET 5.

PARICE O ER SN SIRTEFNVELTON
21 15/,

99

X 20: EHRAHT M 21: 7 7 AF v (ks

R

4 EER
4.1 BITEHIRIC & B4 S RIS

R A DR L B BATEFIE OV THRIFL 7=
Hil IR A LTI B L RS % oAt
I oEREITo /. BYTSHEETETCHEAL T
LR HFOE L ZBROFFE 5/ f, MSEFITICBYT
% SSD D/MEIRIE 5 x 5, L & @l 10000 1< [#H
ELz, 22T fLIdESHEHTHVERES/f o
KL, SEEOHOMHIICERE BB E G BT
FE5EHROM LD,

MNRWEILLEDFRR — L TH 5. EHRITFUR
N =L EZE2EmRL T 41 &V gL /=&
2650 1k 0, 40 HAI A THERIL 7= 66 15 (480 x 320
) REAL 2. X221 HHL E&o—E %
~Y.

5 A4 E 5 55 B

22: FRAL ZERI:FHER — L

EAFL 7RSS L B T SR C AR e —EB
DR 23,241RT. 2B, HFD (a) 1% UsHIc
o fzBER EIS, BHO (b) 1R — LG & A
5RIEBRFTHA, £z, ThZh o sier R
1 &E2BITRT. 72720, PIHABMI I a N & K #E
EIC LY, 250 HOHIRE 8EIT-7-bDTHY



PABEIIERIS U 7 R3S & 3 IRThBilc o &
(5/f) DEEHEC 2 SUAT DRSS 2 BREL /- fER
THb.

B&Y, 2@ HETITERSEHTH Y, FH
HEINL TV 328, 3EIED ST (a) Tl LN
BRL TR REEH £ 229, (b) TR — LDEp
DOFRMEEL THWB I b hs, 1LY,
3[EH E TIHHMAHDBEML THh 528, 4EE
WAL T, £z, HIBRL 72 B8s s E % &
RZEEEMT 2 HEN D 5.

IhED, MELIRYETZ & TRESH T
W< DT TR L, HIBREASEIIL 722 2205 bIE
WOEE T DA SRR e N D, ko TRAEL 124
BRERE AN LU TBYTSHEET R IRV ET - &
VL, 2 EREREZR B FRAH 208, FRULTO &
PREEL 720, FESEIRAT 27208 ofSE):
FETDHZ Lhhhro 1z,

@ o ..

AT e e

£ i ] i iy

‘.:'j':'a~ Ll “&3“ N\

R ey 8 A s anki
(a) (b)

X 23: 77 1 HIHNC & DHIHABS T D ThE

R 1 ABMEOR SR

. 4

"

4 [0 H O EIORER

X 24: #YRUIC &k Btk oZe{L

“Plﬁaoﬁiﬁ%

(b
2 HOBTAER

U R TR A TREOTBIT FEr 2NEL T D AR T e £
) 7C | 3538 2000 1538 N _ R -
Lo Lt 0 DB I gets, r=2/f ¥ CRIBINT BIERE 2 o .
2 Eg T268 T8 14510 =AU e AVRE OB BT EHEEN B S T TR
i i 036 e
Pl 14681 1900 12781 JRfEREANIEL < BRATEDHEE &N, ST Hisk =

RIS, ROERr OEFEIC LB, BROEFICS
WTHGRET 5. AHT — 2 13R1EERD 2 EEOF —
SEMEAL, ROFZEr 2EERL THETL 2. R
2B 26, 27 L R2ITRT. 2B, Kb (2)12 U
FENC I o 1B B2 5, B (b) XK — A4
RS RIARTTHY, HIBROSKMIIRIFEER L F
—TH 5.

WKL FTARD &, FEMN 1/ CIIBIH E
FIAT, BIEBRTRE 2R — LG5 OFIROZER
LIZEALY RSN, —F, Bsid e
2/ DETRL 1 B2 L NS4 B,

IeBREERXBND,

LU, HIREORBREIL TR THAL T

5, PREEEFL CFIELZEVIEL THRNRZE
B2, RS LIS 2 &0 B RO E I
TAROBFBITITEI ClE VW EZZ2 5 Nh 2,

K2 PR L REARK

728 | 14540
4/t 14909 1912 12997
& 3/F 15361 1725 13636
P2/t 15929 1541 14388
R 1/T 15753 1469 14284

100




18000
16000 AL S Tt
14000

§§12000

10000

8000
6000
4000
2000

HIBRA% ORI

0
i 1mAE PACIE] 3 H LIE ]

X 25: & Bl RS EL

4.2 TEHERO T

4.1 BICHER - BUSL RS & s iR R A
L, BERCOWTRILT 5., ~—F > Fa—Tik
IS RSN I-EEITERT 2FRE, 3 IRThH:
BRER T VERCERT b0 nERKe, L&
VMESICE VBT B, 22T, SEBE L XM
SEIZINTNEFEL 0L KERELRT, LML,
SRTCHEE S E N x N x N IHET 554,
SEIIN T 5.

DEROERIZ L DROZEEK 281, L&
VME SIS kBB LR 29 1RT. E72, HEEE
L SVMEOBREMICOWTIKREET 57-%, B b5
FFUC LV AR SN BRICDONWT, L EWERZE
BT 52 TRASDEIRIERLBONDIVHGEL /=
(12 30).

X 28 &V, HEERADT 5 &R AR DN
B & VIMINCRE S 22, BERALT 2H%HE 5 L ofihs
HEY, BRVEICRBEEE DS Z EnbND
—7, K29 kY, LEWES»HENT 5 & EIR
0, BARIZEE 5L OREBEANEN Y, BRIC7Z2 2 {EHTA
MHsZehbhrbd

“%ﬁat%w@Skowf X 30 kY &E®D
DEMOBETIIL FVMER Y DL HITELERT
b E—ORERITESNIRND, TR BRI
FIIBONDLZ e ootz 618, HrEEc
L, LEWHEEZES T HBLZBMMOBL WK
IC72 0, WIHBEHES L, L EWERESCT L
BRIZISIE & 0T L SIIRE TR e B 2 e
Can/ Y

WICHENZ T 7 ZAF v AL 75 A DV TRRGE
T5, LEWES % LOICEEL, HEMEEFL
THEML 2HREZF31IRT. K31 &Y, 2EH

101

r=1/f

X 26: F1F r OEWIC & BEIRZEL

18000

16000 g ABN AL ST b
14000
12000 RllBR R O R
“10000
ﬁt 8000

6000
4000
2000

0
T R 4 CHR3E R KRR Uf

B 27: 4% r & 4FHE



(b)
S EIE 200

B 28: SEEOEEIC &k 2FROZEAL

(a) (b)
L & E 5=0.5

(a) (b)
L &VME S=1.5

X 29: L W ME S OBEFEIC L 2IRDOZL,

INREVCETHEDHEEL , BWEMICH E Y R0,
=75, DEEE NS T 5 L EHHEERE T 3 7
0, REIRIFEL ERE2S, LHL, K—L4
BN SIEE SN2 B EET 5.
ZDZEMD, T 7 AF % 2 AHNT B35
NI EROI AN S < L, FEasEsEL T 24
PANTCT OB R K& QL Aadss, BETHOLRE L

102

(a) (b)
SEF 200, L XV ME S1.0 DRk

(a) (b)
STEIEL 100, L XV ME S5.0 ok

X 30: S7EIF L U &Ml S ok

ETHITROEHHIT x5,



P E#:50 DEHLT5

SEIB:125 5}3ﬂ§i150 S E %0200

X 31: HEEOEFEICBT 55 7 AF v SR

4.3 3RTEFIVDERKEER
—YavER

PERBIZEDTHRIC & DIETCHER & ARFHRIC L 518
TEREZRT., EERTIIN 21TRT & DIk e
A AT EHEL 2.

431 ¥3al

10 cm.

S0em._ | Sem 10 & \
i 10 cm
10 J§
. 30 cm—| /

B 32: MBIk e h AT OfIERMM%, EEE (£),
MEE (4)

XMEWEIT 10cm DI HED EIT 5em DI E
MENTHY, LTONHFEDOT I AF v 3R -
Twa, M32(%) 1, = omER Wik S 5
EETCHY, B 32(4) EEoME» S BizHT
H5. £z, HHRIINEYE 10 EZ A TREEL 2
N5 36 4K (720 x 480 HiFR) mE T 5. Bohily
Ralb—¥ 3 VEBO—#HERITRT.

9, 1E{&ICD ¥ Harris OfHIEIC L Y 300 &
ORISR BEL, 1939 &0 6722 2R OFIRE T

/\EIJ%[ 100

5512 Eif

%18 524 H
X 33: L 7=

55 30 H %

E&H: 32— g

2470, AR MERIC KLY 100 SokREER 4 ELT
HZ T, 1539 AN SR LIRETTEIT- .

ZDOIETHERZ AL, WFEIC L 2RE
JCE BTz 3IRTTRHEAEREL 3IRTET VR
34,35 1Y, (a) MMERTFE, (b) AFETH S.
Fle, FRIIHEEHERT

(a) PERFH: (b) AFk
X 34: ¥Iab— 3 v ER - 3IRTTFESE

(a) HERTF

X35 YIalb—YavER: 3IRTTETINV

(b) &RFik

X34 &V, 3RTCFFHAEIHC LDBRICITKRE
RETIRONER 3 LV ATEO HRHRETE T
Wb, LML, M35 &Y, T2 2F v &AL 7=

103



3RICET NV CIIERFED FEN Eh IR
hTns, ZhiE, ~—F o Fa—THE AR
SNEEHNESTES Y, 77 255 bE—Mic
R BEORELTREINS,

4.3.2 KEE:F =L/ R

10 x 8 X 12cm O ORI RNH L L=, 1B,

BRI R L AEL 2285 35 2 (720 x 480 [
EONE KO ERT.

R) T H, X361

%18 %24
36: AL =z

%%
EHRBI: R — LNt 2

9, 1 E&RICD & Harris O#HEEIC LY 300 &
DRBEERAEL, 3048 S5 2 A OIRE T
2TV, BARMEEIC LY 250 SokRER 3 ELT
VY, 2298 SR BIRETCE T 5 7.

Z OFRETCRERICE D EmMFEELEHL <4
AL T TERETRE SR & 3 IRTTET IV % [ 37,38 1251
T (a) BERFEE, (b) WRFHEIC L BHERTH
5. EFSICHEMAKERT.

X 37 £V, FRRETTICBY 2RIZERTE
EDFIMEVNKREREETI RN, —F, £33
Rab—¥aryEReEC EMAIIAREED
MNE, LLl, M38 &0, 3IRTEFNOAR
FER T S MR THED F BN /=R L 72 o

(b) AF
[ 37: KGR - HaRE T

(a) fEF:

104

(b) AFik
X 38: KEGRER - 3 IRTTET NV

(a) PERFE

3 MFEO RS

TERFEORBAT | AFEOREAR |

yRabsirgu 8965 27503

FElRk TR 5665 14493

TV, ZhidvIabv—yaryERe AR,
DEAEVEE S TORNZD, T 7 2F % OFE—Mh
BN EIOND,

—%, B3B8 DETOEMNE, KFETIIEYL
DI TERRTETHLM, ERFIETIIEY L o%
MoTLESTWSE, T KD, KRFEETCIIREICZ
ME2ROERE DT TRRTELZ LMDbND

4.3.3 KREG:ER (NSIVRFFTATH)

15 x 8 x 3cm D BHOEARE MNHRE L /=, b,
BT RP % FEL 22586 35 4 (720 x 480 i
FR)RET 5. BICESN-EHRO—LE R,

14

%21 T 55 28 [ 35
39: SERL ZEBBI: R (~NT 2V 2AFHT R

£, 1EEHICD & Harris O HEIC LV 300 A
DRBREBRL, 2397 H5h 5 R A ROFRE T



2ITV, anNAMEEIC LY 50 SokkEE 7 ELT
VY, 2047 f 62 BIIRE TR AT 5 1.

Z OFARETGOC L VBB 7= 3 IR st e 3t
WWARFEE 2EEHL, BRETEZITo2. 2k,
2EIEICHL U RESEE, LEBCEREL -5
AR S 4 MU OB TS HT ST 55
WaEHEAL 2. BIGL R IRETHR %X 4012,
SIRFTCET VR ALIRT., £/, FHEss1E
HE AR 18664 &, 2 [ HEARNIE 18977 /&
WAL 7z,

1[EH 2[EH
40: FHEEEHIC L BRI

41: 3IRITCET IV

RSB0 2 B VR THIFL AL BL 22
Moz, LL, 3RTERIIFC DD L DS
HOET W, 1EIETIIERL TH iR
2 [HEH TIEAROIR L 72 5 72, BRHEO R DOESIC
DWW, T AFPIHEEEREREL CL £/
F=DRE EHMVIC VD, 6 RDRTRTHMN
TRBMTETN S, BHOFEIIFE SN2 L, 3
WITET N TURERRMENTND, ZhITHE R
L CHRERIC RS ERIN D 5 T2 D TH 5.

4.3.4 [FBR —LDETER

41 EICHEAL BB LY, 3IRTETNVOE
Ek%’_'ﬁ—‘o f:.

F£9°, 1 E{HRIZD X Harris OFEEIC LY 300 &4
DRSS EERIGL , 3538 &b 6722 B RDTERET
RITV, OXNZMEEIC LY 250 HopRER 9 BT
vy, 1175 6 R A TERE TR 4T - 72,

2 OFRBTIERICHD X ERTFrk L BRTHL
ZNZENEAL TERL = BRE TR 2 5] 4212
R, (o) OERTFEE, (b) WAFHIC L 2EERT
5.

g % .
RIS CE e .

(a) PERFIE (b) &Fik
42: JFURE — L JRRE TR

42 1V, (ERFETIIRETIYTA 2D -
7. L2L, RFETIIRECE/TO 2 T
7z, PERFFETIHINETHMTA 2D 5 7= D1, X 43
WCRT &I RECENSHEEB Sh, I ATHL
B - CROHENEMTA RN 512/ TH 5.

X 43: A% S

BFETRETCL 7R & 0 ERL & 3kTE
TNV 44 1R

X 44: FIER — L3 RITET IV

105



5 Fe&®

AHFFE LI 72 & D IFE R MR DRI D
WT3RITCET NEERTHFEERREL 2. 20
FIETIE, TTICRDAE 3R ERZIRE EX
52 & TR K Ei RS RO BT E B3R
®, PRGN 2179 2 & TH2 3R
SERDRE, £z, 203 RTEEEEFVTe—
FrFa—THETLY 3IRITCETNEERL /2.

FRTCIE IR FHMEBMEERVELITOIZ L
TR DB 3IRTHFM SR BB T X 20 BEL /=,
ZORER, 2EBETIF LY ROEENEIN L 2
E&RL 7z, LL ZNLABEESRME 2 EEL
BRI 220 2 & RTERBIARREIC R B2 Y
DRIEMNFEL 12,

X —=F X2 — TR K BEERTIE, SEEL
EEMOHEUEL 2L SWES 2EHEL ZBOHE
DEBSEROFEZ FEL 7z, S SITERL LIS
FORAF ¥ RAMTHZ LT 3IRTEFN R AR
L, 77 AF ¥ ZRIFI O LY Rne—F
Fa—7IBIT 2 HHEEICONT HEEL /-,

RFHRIZ LY MIERICOWT, BEh-kRE o2
MO EEBICHEZRS TIC 3IRTET NV R AN T &
DI LRHRTER. LL, 2E0BREIEAL
U TS EFMNSHETET 5130, L 725 2
2F v BT RIT 5720, Zh b ORIES R
TLRENRSH D, BAOBHTH - HifERE DK
SEmOERICOWTIE, FEEMICITRGEE o Tz,
&0, Rz b oMmIIETTRETH 5. Ll
B oo /D7 WHITENZ 1Y Harris O A C LR 4R S
MEELIC K L, USRS 2 BUE T & T RS
IS B TEMNISEEBICRAE T - 0ETTTER
Mole, TOEIC, FHEEEZEELIC WES %
b ORRD 3IRTCET N 2 KT 5 FEOBERIS
BOBFHETH 5.

SEI

(1] T. Oishi and T. Masuda and K. Ikeuchi:
“Digital Restoration of the Cultural Her-
itages,” Proc. VSMM pp. 934-941, 2002.

[2] P. Beardsley, P. Torr and A. Zisserman: “3D
Model Acquisition from Extended Image Se-

106

quences,” Proc. 4th ECCV’96, Cambridge,
UK., vol. 2, pp. 683-695, 1996.

Reinhard Koch, Marc Pollefeys and Luc Van
Gool: “Multi Viewpoint Stereo from Uncal-
ibrated Video Sequences,” Proc. ECCV’98,
LNCS, Springer-Verlag, Freiburg, pp. 55-71,
1998.

[4] BT, MURGZ, BRER, FrAbsE:
RNVFR—=25 4 gEEFIHL -8 G
5 DHEARIFDOZIRTGET VAL, FHHEH,
PRMU2001-233, pp. 1-8, 2002.

143

Z. Zhang, R. Deriche, O. Faugeras and Q.-
T. Luong : “A robust technique for matching
two uncalibrated images through the recovery
of the unknown epipolar geometry,” Proc. 8rd

Artif. Intell., 78, pp. 87-119, 1995

BT, SO BNy F Uk BE
BEY A 7R, (555 D-11, J86-D-I1, pp.
816-824, 2003.

[6]

M. Okutomi and T. Kanade:

baseline stero,” IEEE Transactions on Pat-

“A multiple-

tern Analysis and Machine Intelligence, vol.
15, no. 4, pp. 353-363, 1993.

L. Matthies, T. Kanade and R. Szeliski:
“Kalman filter-based algorithms for estimat-
ing depth from image sequences,” Interna-
tional Journal of Computer Vision, vol. 3, pp.

209-239, 1989.

(9] PREEFIEE, ¥REMD: “KBRHEHINE Fv iz
BRI 6 OEFEM 3 RTET VAR, 2004
FERELBTH N KRR EHBE e ae
TR A7 LT HEER B3, 2004

[10] C. Harris and M. Stephens: “A Combined
Corner and Edge Detector,” Proc. Alvey Vi-
sion Conf., pp. 147-151, 1988.

[11] AHEEE: ARERE BEAEROBEIC
ﬁbéﬂﬂﬁ 3 79(71:::” f:%Fﬁjkiﬁ("—?—‘ﬁ
Bl geRHE £33, 2000.

r2
£

I



[12] William E. Lorensen and Harvey E. Cline:
“Marching cubes: A high resolution 3D
surface construction algorithm” SIGGRAPH
’87Proceedings, ppl63-170, 1987

(13] MEHER, A, BREN: ‘g dBikE
7 U7 DD oEEEE Y v AR
HITS 27 &7, EEE SRR SCGEE, Vol42,
No.5, pp.1151-1160, 2001

107



WA ERO BBRISMT ICEDVVEEIIN S DBRE 3 RTERET

1 EE®»IC

FIED 3IRTCET MALEANE, REZEEIC B 5
U7 NVEBRFE L TR SRR, 3t
MR ZEMHER DT 4 P2 NT — AT ZRIR B
WHWONTWAEELFNTH S, BaTiE, L—
PV It B TERB R 3IRTET VR £
TBHZeMBThN TR, HEDOIHIEENLET
HY, HFYDOKE SRREFHELE WL oD%k
B S TRV WHIBEND L, 207
DHERP &, Bt > T 3IRTERE LK TE B
VAT LRGEL &N, AV Ea—FeY g v Eifio
JCRAMBIZEEN TS, 20128 L T, SHAE G
5 AT LR OMAEEY B LU R RGO 3 KT
WEETTT RSN S D 3 IRTTIARETT (Structure
from Motion) % v 7 3 IRITTET NV AERICEI T 21}
% L ATON TS [1].

E&FI 6 OIRETCE VT 3IRTCEFT VERKT
i, £, BRORRLERETHIET 5 8% EHL,
A AT DONE - LY 3IRTIEROE TR ITS 4%,
BRIV 3IRFTCET VR TN D, Z O SED
SIS B E EREICIT Y 2 e M TELgE, FH
BEET NCE D EEED 3R EBEOETH AEE L
5. FORD, AR ESORIGHT B 3
RICET NVERICHET 2 FENREIN TS, E/-
AL, ZhoEa oL ORREhOBEL
AL 22, HAHOBEBEIINS 3IRTET V& B84
Y5 —EOMIRY 25 AERRL TS 1], L
L, 3K (1] o FETUE, ERET NV ORSERICE
HRELECRTVE WO MENDH S, 2T, XM (2
TlE, ERROBmIE Y - ATWRHHREL, W
YOO ERL B L L TR 2 2T, BRrodix
WETFNBERTELFELRREL Tnb, LL,
[E R T ORI O B B IS X EEECH 5.

AW TIE, R [2) & ARICERROBIBE b -
T ANIHERNRE L T, ZO2ABEPIREL ZEES
o, WEoAPTHSTRSNZBR 3 IRuER0#E
TR BNE T 5. RBIFETHRY L 20849 3kt
EFNVEERT D58, BETEMRFRETCEIT) &
3R, BB EERT A RENRAPTHSIC L 58K
RIGRETT T TH L, BRBRETOEE, —i%
IT Tomasi-Kanade 512 & & FFo % 3] A HW 61
5. LU, RFDMRECII LA LEGE TR
MENRTNTR S0 I EIRDH 5. KIFZET

108

1%, £2FEEGHNEEL T15729, BiEP 7L —
L7 N OEELZTTRT L, REDMEERE
HTHs., Tk, BREEER/MUFEHEICES
FERETEITD. £z, RS OBHMERINETIN /-
B, B—MEBICHEET ST ORMSEN, B4 0k
B e U THEELTL £ AR H Y, EookERc
AR EX 5. AHZETIE, BRMEH RS 0 EaB T
24792 2T, BER&TINIC X 2R E BT 5.
AT, £7, PEoACTHS R R TEME L
LT, oy V288G 2 HEGN S ML 8o 038
BERWS, RIS, 771 H0C LY 2 BiER% K
R EHE, FEEOICMNT OfEE RET 5 2
& TR REIEZAT . & OBHER & Bik%
b LICHEH 1T 2 & T, INHOBEBEFRIC BT
B BTN TSR LR T 5, Bohi:
FREBMERE b 210, IEMERELHTEIC LY, R
BB N ATNE BELHET S, HEShE
MED b, 3RTMEMEEL ZAELE2HEESL,
HEHELITI 2 L TRIANRETHER L T5.

2 WNEFRZHAL CRET

EGR, S H SN RO ERLFIAL 2BRE T
DAFRIC DWW FEICHRNS, 7, YEoLEH%
30 ~ 40 MIEE TR L ZEGINEX 50 5. B
LA A 0EAEMIBMTHL T2, £7, B
HORERTAPTHAZRNT 5720, HE» LY
BOMNEREZMILT S, TONELL T, y—w N
T4 BRI R WD, RIS, Hi S h s &
THEOREEWEOREE L L TRD 5. KRIZ, 7
74 UHEHC XY, EfREKEMICIESDEL, &
HME OIS B2 1TS. /2, BE&HHEIC
B 2RSS 0EIREN 2 ZEBL , /INKOEERE
3B HEAT L RFHEEOBHSERE L 72 5 & O BB
2179, ZORMAEORBINERE W, HikpHE
ER/MUIC L O BEE O 3IRITCAEE H AT E - &
BriEl, ROBRETE T5. 20K, BOEE
ERESELD, BonEEREN S 3RTMNE
EEL FREEARLERET 5. BRI, BiEsh
ToREEICNL , BEBRECEITOZ 2T, Yko
FRTHENEEL RETHRE2ES.



2.1 NIEHRZE RO RS

ABZETIE. EE SRS T 5 0FKE
LTS E WS, NI, 2 iR
U CHEMSHE BT 2FETHY, EARWRa-b
NTEHRR, — RN L AV SENG p— 0 NTEH
NRHb. a—b NTEHIIEEL RO 558, NT A—
B EEDOREENHHTIN, £, p— 0 NTEH:
T 4 U IVEGSRE R UIZEE, N5 A0
DEMTL Y ENVICERBR SN ARERRVZEL T
L¥D. ZICAHIETE, NI A—-FEEOERE
WETLHZHEELT, y—w NXTA—=FEFHL f=n
TEBRE) VD, TDy—w NTEHT, RE
IR Y 2%, REBBXOMRERTH L 0D
e b, UTFICZOMEFIEL RT.

£

X+Y X

<
E&
<

10y —w NT A—F RN BT IR EEH

1. B&HOSOEE (z,y) ZUATORX (1), (2) 24
WTC oy —w NT A—F ERICRET 5,
FOUIEBROHFNCAET S, 72, o lFREEL
B E &7 14 O FIVEIRO 4 EDRREE D 5
FETH Y, RFETE 1/(EROEDY A X) &
T 5.

> e
— e ’

(1)

y=(aw —2)z + v <é£w<%> 2)

BREGHFOMER 1IRT. 22T, X (EE
DS A X/2), Yid (EEOWES A2/2) LT 5.

AR O ERL, BAREHET 5.

ESVNEOHI NGRS TVNCR S U E L DR A
V—=h75.

- BARROBREHOLZVIEIC TN TN ORI
THEMRO FEALES.

109

Ubofic kY, ERoOFEASELNS, —&
12, NTEHUS XS ERRHEIIE - 2 IICEDS W T
Waew, ERROWSEZEERD S & v o LRoRE
ISR W MR HIASTE R0, KBRS T, Rk
FEETEZ %L, MOOBEEITHIZEMNTESD
FEFIMEETL [6] 2 AV CTHEBOMBD LT .

2.2 T4 VTR ERESORIGH
y

T 7 4 BEHATS

A=

a b t,

, c d i,

EEAVWS e, W1 EoEE (u,v) LEE T EoE
B (/o) ORI, RISk VR Sh D,

W v 1 =Au v 17

®3)

2 EGHEOBREY 7 4 EHATH] AV, MIET HE
REDED 2FHPENE 25 KRN K -TR
Wb,

. 2

argngn(ugv:) | (u,v) = I' (v, ")
22T, I(u,v), I’ (W) xZhzh, &I, I o
JEAZ (u,v), (u/,v') COEHRME T 5. LEOFHED,
ETWMERS [to, ty]T PROEMAE | EHREORHER
W EVRD, RICZOFEEGIMEL LT, 6{&TO
NI A=FRAFREC LV RD 5 2 BEOHRICT LY
1Tolz. 728, FEFREET 57D EGEEELLUK
BN LBy F U 7 21T). EROLIFIEL,
TROBEVTHS (H2).

4)

1. B I, OWFITBNT, 21EHTRRZ HEC
UL RERERSMEL, SRRSO LD
REERD D, 2 ORI EE WHEO RS
LTHIAT .

77 4 YEHREIOEBRIC BN T, BB 012D
RS PICHL T, BRI ofEoHT, A
AEFRE T OEREOFKZE 2 5 (SSD) % i
HUer LT, RHBELL T 2502 5)EKE m
B R Q1 ~ Qm EEIRL THKL.

L QEBECRD =T T 4 BT R T, B
I OFUE P R Hifk I' FICAHT 5, L
I-d% P 2§5,

Q1 ~ QD OB, P OGFHEEICEEND L
ONBHLEGE, ThEMGHRL TEH, ¥HH L5



pas

&, €O SSD OFHMEAEIC L R IALIL
T B EEMIGAIT 5, AEEEIC S EN 5 HM
RO, AP OMIGEERNbo L L, R
B SRINT B,

DD 1.~ 4, $TOLME, BRI 02TORY
HITHU TIBICATS. Z o, B I OSSP I,
RIS 2R DOE 1545 Q1 o SSD I & 5 5T fan®
BYEO FELL T02) o s IlOBIRT 5. £/,
RS P 2 ISR SN TR E Qi-(i* € 1---m)
i, DO 2 5 13kRET 2. ZoFHRE, &’
R ST TV B EEKIS, 77 4 U HlfEEmL
LborthoTnd, Zhit kY, KW MEEHY
ZERL RHEREH% 1T .

{1

e I’

i Bl 038R

T4 R

B 2: 77 4 HIE B RESE MG

2.3 FHHEROmER

2.2 HiOHIRIT & - THE S NS 0B IE R,
5, BERETEIN - E2ERET L2 L TRHESOH
BHEAT.

£7, A EOEBRENC BV 280K T E# 1
EEXDEPICHERT S (K3). WIS, BEHRINE n ik
FOBHRIZBNT, MORESE P2 & 2880 %H
B I OFHELHET L, KEEGNEFEET 54,
BERIOEPE I OEPITHL, 2288 AL
HEAT, WS EEEET S, MEEANROD 5 25
B, AP L THRAET S, BROEBIB O THIGA
BREVFET 556, BEEMICBT 28880 B KD
bOEXIGHE L THRHT S, 22T, MISHADEH
DR THEBVE P 2 ELEBGREBA 8BS, MIGA
WORET D, Fiz, KHEHEMNEEL RVEE, A
P OBEHAIGETRWb 0 L, BEMEICBT 545 P
DEBNY 3K Y DRSS, SOV RS
LTSN 5. DLEofil%y, £R5805E0EIHMERIC
DWTHED KT

ZHIT XY, AR OEHN BHEE RS T RE
ST, IBOEREEY S 2B BT LEIT
LI eMWTaREL b, ¥z, F—AEORES R A

DFHERE L THEEIND Z B 1%, LEL /-
TR TE 2,

110

3 NI O BRI L 72 RS o BLEDS

24 BREAERMULLLSERET

LA LI X - TS N = EHERY SR O S50
Ik FANT, PHRDTARETC & SR E HREL 72 A
DNIE - EBNT A—F#EELTH. Zhid, HEEN
50RETT) RIS L TH L oW s T b
2%, AWFZETIE, TR [4] o B AR/ MU
EI L HEE HCTHERIRE 1 ASME - B8R
MR 1T .

£, 23 ESE SN F A O BBV R N
LT, ROBRETEITY. KIZ, HoETERCE
V5RO 3IRTNIBR M T 5. BEC 2.3 &
I LY, FHEOECEEEND A RRERESH
TV EREL 125G, BIEED O b 3IRThEN
L FREEELERET A LT, Eushz 3
RFTAE N BT A— SO YLD & Y D7 {7n
L. MEL AL, BERRETEZITIZ L
&Y, FHEENTIR AN, MR AR TSN LEL
TSR EBDLIEMTE S,

3 YIalb—YarvER
3.1 RERRIRE
B 4ICRT & DI h A5 R REL 1=

10 cm.

.
;;ES‘S em_ | 7eom

"
125 cm

10 %

35 em—

10cm

X 4: YERR & h X5 O ERR



(RABRYZ2 28RN, RESAIRIE 158 10 em DI D eSS TS T
FIC 1587 cm O EHEMBWTHY, FTFOIMHE <3 &
pAF R B STVD, XS EENME L Wk

dOMLE £ TORMEL 35 cm £ 3. BIA(R) 13, 2 . 3 ¥ 8z
DRGEE PE LWL S RIEFTHY, HAGH) I, 9 8 )

EOMEN S RIHTH B, H AT, MEzHiL w; 49

U CH#uE L2 BBIL 2hts, —EMIECRIELTD. da .6

HASGMEBIETE?S 12.5 cm FICH Y, Bkl ﬁiiﬁ?i;ﬁ(iﬁﬂ) fiif?ﬁ;ﬁ(WﬁH)
WA T I ETRATHD., 2B, YWEo&mIeT

B3l Tn5. Iyl 10 el @ ¥
LAEOBSHCBWT, 2% 10 EXIAT 36 1% : ;
BT 5. B, BEHY A XL 720 x 480 HiFR, @ik : T A
74—y MIPPMERTH L. Bo5Nh/v Ial — =
vV EGO—HEE 5 IRT. Thb OB F 3 5 : -
WTRDOERZ AT 12
s (EHE) HEICHRES (W)

TISRT., 20K, Bioxtc s RS 5 EE&RIT 2
EfEETLLZ 2EEBREVZVES, Thbbh
ASHEEN 20 E LY KE L RDBEGE, FIGFHT O

B 6: 77 1 il % AR TR (48 K)
TWb, £z, W ASHMETIBEBEZHIMRICR 5T
BY, LEICETTETND,
RIS, 774 vliE B iiEcg, EEREC
- - PR 25Tl ¥ D 1T B,
%12 %18 ..L.m.....:.\.{xr.'.,..” " S O

BT R FREIRL , BRI R 17 - R 2 [
I 5: SZERER M ik s

‘l\\\‘l\ Ter 20 PR 2 1NNNNG,

1
SN B,
e b

3.2 EEER : 4
7 » \
77 4 VIR O TS O RIS BB AT TR
W, ERETCL HERER6I1RT. Z OEERTI, 73 A 7/\7. P Z (@) 73{ :’7“1_\“?_ A & (fER)
Ty ORI SN 2 EEED S L SR 05
B MEORHA L L TR, 77 4 YIS LR % 25 s %
J6 % SR = HSEDN & 30 BSRLAN O HIBH GRS o0 Rt i .
S 24T 72, B, £ToOEEN ST Sz
DORBUL 516 A, ThoDKED > bE#E L L T s ' i ;
Wb AR EOBEUNE 436 He -T2, RSN 3 :
IR DRSS 2 EL, AEO I DS A s .
4 fit 3 P $i i S
SR, AT RIEN S FR O REGEERC D 5 s oohaR (L) BookER ()
N AT HlE TENRL T, 5 7: R o FREBIE R & PV = TBARIETORE R (30 45)

6LV, 774 HEC KD EEEOEYWESR

LT a8 BN, = OMEBIRREFIAL 1A
R AT 1R, OB B B O BRI ACERBROmEIER L

SN TSN, SRoKEMERIET S D T AR BG L R, O

111



HRMBRERRICHEEIN TS0, FE LY b E
— (LB ORE SN L, EoARIC A
Rons, £, AATMED HIMRICE L 25T
5728®, BIHERMEIVELEEL TWhdHE WA D,

B 8121, WiffFI% iV THRBHIL 725
FERD Db, E#EL 72 SIRTER L2 AL, BE
HeEL IofERE R, 72, B9ITIE, H8 ofERIC
XU, S oBEERE VT 3 AmmE HRL /-
ERERT. 20, FESHEoBERBRE, H#ies
NIFERZER ETHEL TS E2HALZ L
THEAb6ND,

o @ v

.._..\.‘WT..;'
W £y

~

\\‘|7I,

,l
11

HAS NG A—H (L)

Ao me v

\

.
.. o

EckER (EmX) kR (EX)
8: AL A ORETTHESR (16 &)

NaliEy =

X 9: 3 A EHERNHER

8 & X7 DfERAEHIL 258, HATMNE &
BNCRERBUTIRSNRDS, HEE SN =450 5
1216 S WNRMOTESIE %L L, REESONE

ARG N A Y2 S ags

N AT NS A= (W)

112

FHI BOTHEB DR AN EEL TR Z 2 hvhbh
b, £/, MIFEEMNS L, BEMD L -ETHE
RRBOENTHDEZ b5, ULofERNS, K
FHEIC KU E{RENC B 2 RS 0B EHE R o Ih
BN ESRE T E TV A Z E R T & 1=,

4 HDLYI

AW TIE, EMROWIBE b -7 AR SR e
LT, ZoMEoaPTHETRIN BRI RETCE
ITOFEZREL 1=, EBIERK Y, BREEMICRS
R EEIIL EEET 5 2 2 T, FEL RBRETER Y
Bl 2HRATE. SHOFELL T, SEIFY
Ral—YaVEiffiEANEEBRORTH 57208,
FEGRI| % HRICL TEBREZITH Z & TEAFEOER
M2FET L LR, ThIHY, REOFELYE
FTrZ M EToND, £z, BIKEYR 3IRTE
TNWVOERBICEL TRETL T BEDH 5.

SEUM

(1] fREFIRE, FORHEZ, RHEMK: “KBH%MS
Hil# % O RSB BRC J D L E&RIIN S o
3IRTTETFINVAERK”, CVIM15, Vol.47 No.SIG10,
pp.96-106, 2006. 7.

(2] BEA—iz, fRARHEZ, EHEM “WRoOERIC
O {HEBRI» S D 3 IRTTIEIRET NV DR,
FIT2006, 1&#HEERAT L ¥ — X, vol.5, LI-012,
pp205-206, 2006.

[3] C. Tomasi, T. Kanade: “Shape and motion from
Image Stereams under Orthography — A Factor-
ization Method,”, Int .J. Comput. Vision, 9-2,
pp. 137-154, 1992.

[4] EEHWJ%, Eﬁ %v Yiml‘é’jf(f‘a “3 (}‘\’iﬁgh ﬁ
BT o -0 OEEIRERE T EE, HL
i, vol.44, No.11, pp.2864-2872, 2003.

(5] #EARMEZ, HHEIL, FLEA, REMR: 9k
MR BOEAIC & 2 EDE GRS & O 2 FIR—
T -0 OPIIERER, L CVIM i,
vol.45, no.SIG13(CVIM10), pp.64-73, 2004.

(6] FoE{eFn, BEHEIL, MILRER: ¢y —w NTE
BT BAEARIIC K D p— 0 NTF A= FEF DOV
THORE & REMPOBEML”, 52# (D-1I),
Vol.J75-D-11, No.1, pp.21-30, 1992.





