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Abstract

Since the ommnidirectional camera system with a very large field of view could take many information about
environment scene from few images, various researches for calibration and 3D reconstruction using omnidirectional image
have been presented actively. Most of line segments of man-made objects are projected to the contours by using the
omnidirectional camera model. Therefore, the corresponding contours among images sequences would be useful for
computing the camera transformations including rotation and translation. This paper presents a novel two step
minimization method to estimate the extrinsic parameters of the camera from the corresponding contours. In the first step,
coarse camera parameters are estimated by minimizing an angular error function between epipolar planes and
back-projected vectors from each corresponding point. Then we can compute the final parameters minimizing a distance
error of the projected contours and the actual contours. Simulation results on the synthetic and real images demonstrated
that our algorithm can achieve precise contour matching and camera motion estimation.
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Fig. 1.

Block diagram for proposed algorithm.

g Has duFE Attt Ad" dudEe

ghellel AA7ER e 339 W] YAt A7]e) wE

49 FHoRRH Add g g A

g #34% o, 4 9P EAse ARE T

e} AP GAGE 349 )

Ae5E Hastshe 50 R A4 AR

HARET o83 AR Ao A

AR AFeel Ag exE Hisbehs

=3 W ARE FF AAQY. Agd &2
a9 19 2T

£

=
dub# el Y (perspective) AFGEEL ofqtA =2
=9 Awe A AGBRAE BIAT F fled,
EQd wet dapoz diAE AR
%O] g g 3} 58% Fheigt 2de g A OF &2
AT AR E FHE

r=ftan@, (1)
Q71 A @, r, fi= 27 FHlE) F4 E(principal axis)

3 JArE Aole] ZtE, gA4te] FA A (principal point)
ozxnee Az, =@AH{ocal length)elth WAF

ol 20 dghe Fiolat A

Al_od_l;l_':é
Fig. 2. Orthogonal projection model of omnidirectional
camera.

Frad] A AN AT ribg Hold FAe YA}
HE Ps} Tolgt 22 FAHE di(orthogonal) AHS
248 1y 2 YepATh

A ()9 92 Aarde 0719009 9 r gl F
o7} Eof AwE AvE Bdz ALY g7 A
o dutzoz the 4 (2)~(B)9 AtFdRDo| A
=N

r=2ftan(6/2) (ZElFL2eFALSR), 2)
r=/0 (578 A9), 3)
r=2fsin(6/2) (TYAZAD), (4)
r=fsind (An A}R) 5)

Je) skl Tae 9
o preE WR4E 2
4 @ o] BevlE kz

12l
) =kO+k,0° +1k,0° +k,0 +k6° +..., (6)

CCDel 28 ol PR gstsEs AANA izt
o] A3} F3H](aspect ratio) 2 X WFE I
B E # F39ch & AIEDES A% 5749 I
gl el o} Fheate] 4709 W7 dereE 2§

>
08

0{ﬂ1212>.fl°.11)l-rﬂ

o M
of

L

[

ft

A shleh 2] o3 Al AT
gae wat 3 3 At }%E%‘

PP ot ok
4 dn = e
2 2 o
-

117—‘1—% ﬁ]’&f—i} F len, o 47%741% 7}
2 3A gng 34 5ol fréstA A

- T R P (A o

®
IS
o

€k

a9 3& 3349
¥+ (hemi-sphere) *&01] L
plane)dl] AFAZ . A3
AN AR ghg FAez TAHEE MM #HH
(interpretation plane) [1& A&, ©

}
WE m = (my, my, m) & ¥ 27 $FUY p 3 py



38 MY 750{E O0[8F
4D line segment
plane [1
m P2
Py s
7 rh 1 surface §
i t i AR
mage contour ¢ ,‘.t;‘q A
a2 3 2o HFHER @ ALE o 37
KA ME
M- O
Fig. 3. 3D line segment projected as the contour on

the image plane.

(xcurva Y curve)

3z 4 F 2Eol wAn FHE mEe| WMol A
Fig. 4. Relation of intersection curve between sphere
and estimated projection model.

1°)

o] 93 (cross product: pixp)& 3 AETh 44
o4 Bl c= B IMe q—ml siel el A
AgE groln, T Aol W 33U WE
pg WAEEH me T1Eoz pﬂm 33 Wsstel 7

El

L

r

a2
.—Yl

A Fhvieke] AldBAE <
9257 %7) Wi B3 11
zdo] AASE WH panes
237 e AA, 7 Ao Aoy o Five FA
02REY A reE PNELE i T4 2A
e WE pored TH 13T Eia B9 11
o] HAME m& 208 3HsH
2o Fgste) AFoje] AXe AUD
o] AnF el vlAAg AREstY TEE
el FHE sig AdRgel FIsto
A4& 7 £ goh. F3E AHg A

ojetA=E o]&3
75'

(537)

283 9

YA O U rned F3H2, B 98 D
zoje] 249 HuE 4 (N2 AAVT
ycme = i 2ur\nz xzuwe ;xcurve xx( curve here) (7>

3. MY 72t il"d

s A AN JHoZRH 7}“113}«1 343
ArjEd X BBE —’F"és}ﬂ A& 2z gl i
¥ Ze Fu3 dargdd 334 HEe 4R 24
A3 A& T :%71«1 A 7‘3 g F4sha, B
o Aug HE A2 g A" AR A 2
A5 Hiasste side deuEE @7‘35}—‘8 294
(coarse-to—fine) &3} Fo] AtdT.

ol
S8

of Fhugtel X<} A HAEE
W] Aetec) oy e A
Ao NHg 4= FEAY LM HFate 7IE
(base view) 2.2 AAZ o]F TPk =1,
228 2749 S&a(ske
sk x
A] A (reference
Feh A7ldA 71E
g RoE 44 (000)% IO]‘:]'
7 29 78t 4741—
28 mAY A

o7 AA% g, 7z X]xé."ﬂ

3}

of
o
S
>
B
N

A

AEDICENe
% AAD m 2% A
5 UERiSIT T
F ZHE om e eHL
Aol 2% 0 AE A @)

O:

2z AAA WA WS

BEXASE

NET BT AEZI 7|5 B

between base

a8 5 I|IE
Fig. 5. Geometrical
reference view.

relation and



20074 98 TABE3 =BX M 4 HSPEHHS = 39

ol sl Jard e 334 Wejols, & Pio s} Gio
oyl AEaE 42 AXE Fz Al TS ©F
Za 99, YAUHE nilolth 42 7]E AlFel o
g o= Ze Pu Moo JAHE ek AUT & 3
ot #Az Aol iE FAFE R 71T APLESR
Bo] o9 WHy go] ABTFE 4 @) LA
0o @k, wdie] A$-E 10 A

2m
Z(ﬁ'o'f"o+ﬁ'1'f"1) (
- i i i i 8)
E 0,P) == ,
angular( ) 4m

od7)lA] = 7+ uEe] weMeE vehie, 09
®x 247t R 4,9 yE B ddgelch B =
GME Fuae Aztde Axste ARe A5
o] FuEE wBBANA ol EEH yEd e 3
Auto] e dTh 4 9% 2ol 4% X7 H2Y o
o @9 ®= R,3 o BE tFH 27 AL
@, Doz AR 4 (1009 B Gnex ol 2
A g,

(®init > (Dinit ) = arg Iggl Eangular (®’ (1)) * (9)

{R,:R, =R, " [w]<6,.,) (10)
{t,:t, = elbty, Jw] < 0..)

o, [ < e

oF o E,

0 E 30

= - o ¥

~0 \ A0

N 5

O W R 2MYS o -0... T R ZMES o

8. Bnn

: | [

50 E 50

= z - #22q99

A0 &0

ﬂ-‘ i-—

N

-6, R ZMYS g -6, R ZM% 4

Fig. 6. Case n=3, search for rotation angle with
minimum angular error.

E 1. HA 4z 2WR[E #
(pseudo) 2=
Table 1. Pseudo code to search for minimum anguiar

eror.

sz AN oAl

rir

n=1

I Z7) AA KN ZE 23 En AN

£, = Eurgu©0)

angular
Loop
B 0 /2nAl
Search range R = “max
7oA a9 #9zt4n 4= L& E (=1,2,3,4714
Ei = Eoguar (£R, £R)

En = min{ En, B }, A48 94X ©7
n=n+1
loop end

Az, whke 4z wegg 2% o3
(skew-symmetric) B2& Yehi#, e FB A
o AbH(exponential operator)©]th £ =R E y5l
g3 slale] BAS mednE wo Gy wE

©1001z, we 27 We yze Eez e
gaztoltt, 27 HAHE R, 15 W ti, Onax T
27t 1, (100), 72 AAsE, 1Y 63 go| BE o
A4 ZE o AE AN Hage e AHAA
9 09 g A7 R uel YAZGeE YFA 2
7] BRE B,

Aora A4 WS E 16 AU X n
W, AN R5E 14nold AARAL o) Gl
b /2" 2 ZOIETH

=5
TS

Lt 2%

AN

mn

Al
Aw Fioete] sl ds ol Tl hat
9 e 2RE oS A8T Hdg AX JEE
£ 23} 24 "ol Agtdth 374 F3F gl
Aolar] aiME Aa A A 4ol ot
B 27) @A F4E uel oo 2Ad s F
HA 94 Cg ARSHE F AANM dEHE AF
q AJEe] AAH, o A4 A

22 o|Fe] Az A QA ARR A7 A
Aok A ge] AW G4 saEy dAE 19
79 YRR

a9 73 2ol R WA Fx: AR A Col 24

W 5 g@u L9 I o] F3ts 2de 4= 2EA

ue
X
ol
2
R
o
il
vt

o
tlo ot



40

a8 7. 3% Myg

Hate| 7|5t A

Fig. 7. Geometrical relation of 3 omnidirectional images.

Arol HHEkME] P, (= Pwi-Puwo)7t 2RHY, 7 HA F
Z AA9 3x4 7 P Pooll o oF
Zol A ARAZ WPt p, g AU I
20 $HE AT ZRE HH Lo HA
T & don 4 (1Dg o&s 4 (12)8 =g
a8 A 12 mle) ts AToldl gz Lwrats}
o AZEE A (13)F zow me] 128 ZAY &
A9 A-g A5t svd(singular value decomposition)
uwoz Tus F2 AHdAY s FEE 78

+ ok
p,=Pp,, P, = [R2|_ chz], an
p,-n, =([Rzl"RzCz]Pw)'n2 =0 (12)
Rp,. + R,p, +R,p, — R,G, | | 7,
R,p, +Rp, +Rp, ~R,C, |- n, 1 =0 13
R7px,- + Rﬁpy,- + R9pz,~ - RZCZZ nz,-

239 SHA Fz AP vz PFBEZFE ALY
2 A%ole AL Az, AA Gl EAde
AR 4 M2y ADD, AU Il s
= AT o) e A

A A% cls)9 F3€
)‘gl.

2AHD)E B A (142 Ao

(®,,®,,P,)=arg g}migD(Q, @,P),

D(@,@,P):ia, D,.=£||c‘.(s)—c,.(t)uds (1)
q7]lM P Wz O Pof o3
Zz AgllAe st BT, i
A2 F mA7t EAEH, o=

N HEOIB 0133 WYY Fu2tel S3Y

(639)

33wy

Qlo
olo
fol

= < (monotonic non-decreasing function) 24 H0)
= 09 H1) = 1 &g #ed™ ANd o3 De

}aF FimEke) AT Y3 AR HFEE
A % (measure) 2 AH&-ATH 27
w Qnit 9“' ®init% %‘)8_9_?&
g2 ApAY A AEH
D7t 743 A& W A
ANFel g4 2 9x AR O, P9 F
Ao side B8 P2 474 HE AHE H2A

z‘,s;d

O:

o|X

_V:L
o
o
oL
N
0

ofN

4
RY

oy oy
=

N

e )
2 N
BN o

T
2
>

o

ps

2

o,

V. &8 23t 2 48

N

9 AFREE HSIH. 2 2 (Coolpix) 995 HA
g ghojgte] Alobzto] 183°¢] of¢t7iBiE] FC-E8S &
Zate] Abdo] FulE 23 HEE 1600x1200 ==
stk a8z 9o seteez P AE¥
she mde 2RFPon w gue Ae npg
W 60mme 8 952 TAE 23m'A7Y BRE
ol &Frh.

AtdE ATl A3

% 24 #E% 339 7
A4e 39 8 BT
g0z EAY
A%o] AHe
oje] AFo] 4

Ho
8719
A5

Rdoz A AR
T, Ak el o3 F
e ARClZ UEhigT,
A

o) AFoist AT dAFE 3

a8 8 E=xE Algzdol wetl AME HFEA
Fig. 8 Calculated contours from  endpoints  with
estimated projection model.
E 2 Adzdd mF HEO Ha| 2 (S
Al)
Table 2. Average contour distance error on  each
projection model.
AEEE A B c
Ag 1 420 0.10 0.05
A¥ 2 6.70 0.15 0.07




20074 9% MAZEE =2X H 44 A SPE A 5=

@ ZIEME

a7 9 S7iEl AlgaY Huw ey

Fig. 9. Input omnidirectional images of equidistance projection model.

(D)BF=AHE 2 © A ¥ FHE HFO
a8 10 ASof o EXEANT FME ofmlEal JH(HAM)EA; AR (M) Y FHE HFo{(BM)2cHA
Fig. 10. Contours’ endpoints and epipolar curves; Real contours(blue) and estimated contours(red).

(a) ZIEAIH

a8 11, AR Mus ol g

Fig. 11. input real omnidirectional images.

(@ 7[EAH b) =AY 2
g2 12 AS0| o TE(MANDE FHE of TSt SMEAIEA,; AF(EA) ¥ FHE dFoi(HA)2eA

Fig. 12. Contours’ endpoints and epipolar curves; Real contours(blue) and estimated contours(red).

(540)

41



42

o, A4 A%l Add AT MR A A=
AP oz FAY) 98 247 e F2dAM A5

=X

=

&5 e A dael 9E AR 4E B A
2ol 72) A & 2o R

Ago o]4d AtdRd FoM Ax FAY AHY
doln, B ol E¢ 715k ol fats AUE BY &
g gl cu 3o A A 2az A 9o et
1 shgolth. E 1A HolE st 2ol
| A aie Cubgol 93 FA9 7
1 Agg Aot 2ol B
Jo ARE EAsE AR
olg8) o B HEIS
9o o ot vA

e

@
2

W

o

Y
e o
et

EAN N
-t o&o
2 rot,

NG}

© o

%4

4
bl
e

. 2 o

o
414
T
FH

2
1o

= 01%611 ?}ﬂﬂa}~ 92 3
A A Ao Mgk JAH768x768)
E}“”. Z 20 NS AFAE
ad 9ol vetllen 49 dxe
c a3 e Axe] HAsE olf

e Age o, dfole &
13 t1-°4 sdze) o) ALY AAE
g9 (o L}E‘r“‘r«} 0171 o 1

9‘1_A
¥R

PN

ﬂ-?‘-‘
5 o
oo
_!
L
lo
,ﬂ

°§

gael A%e] AYE aﬁ}s}% sz 922 H
£ seplez 2R e el AA EAsks AFol
9 3% 249 s 2ol e g8 AFolE

Z389 13 10 (0o Bgen, d7jdM F AR

@749 A7t A ol BALEE A 3\t
B w2o) SueZEe A4 Gael 3830 A8 v

2 292906 yAE FeEl OiOJﬁHmFC—Es% %
zalo] mMAe] AW GA1600x12000& HASH

0719 g AFE AT (28 1. FiSE
gAskx @3 Zal(dolly) EFol AX 5t yFo= o]
EARoH, 7|2 A¥eRREHY Fx A1 29 A
Bl 122 24k 12k 27 A F
= 93]gen, 7Fold

dgol dEEet %4 Al

= Z
T
n
=3
= A

>&4 UZ’L 0_1.4

2 o ¢

oo}:
i o}

DA

3 Jinjetel SRe FFE WY 3835 9
E O3 gMgao] oisk S0 ofd A%
Table 3. Contour matching results on synthetic images.
R] (0) Cl RZ (O)
Q1= -10.00 {60.00, 0.00, 0.00) -15.00°
N PRaa k=
=R . TSR
Sl B (1.00, 0, 0.02)
22 4| -10.13 {60.00, 0.00, -0.06) -15.01°
C; EEEE e
48 ](80.00, 0.00, 20.00) -
1 = = Q HE):
=2 + o
12} 374 10,70 001
o % 1Al
23k 27 (7879, 0.95, 19.80)  £0.01° ﬂﬂ“‘jﬁ% 2
E 4 AF Zabol cfst HEFO| ofE ZHt

1)

Table 4. Contour matching results on real images.

RORO S 2t

galoo 000 12

f; 40 - - 10700 ZEQAKE): 00
T 0

Zt 000 040 L1% +001° AKD, B4 091
T

vmd A EATE 238 12404 154,

239 R 8 2UReE F498 g A
3 SRR 0702 G 100 skl AT
Rgsigon Qe AA EHste AT AF F
A7 sl setuiEs) A 9ol A AFIE
¥ 49 38 120] 27 dEpRdth F AR 3 A
Qab7h BAGA Hlsl AUHeR Bekew, ol 7
ugbe] 4 &), Jhvete] A 28 AF F& X

P A 94 BG4I L Aelekel A9 Rd F43
4 SN AV 2 AgEARRE JFHe
2 1 94 olatel o}F me ATl WY
on, 29 12 @A F AFol7t Ae A
SETCS

000 3

V.4 &

=
=2

C b sl wg SeEHE
9% 297 A2 FuZol ALAYT

3
, WA HES O]%SH 7} el A}o:‘iug_i z,szg

S rE ~{N‘

TE 5]5:5}3}~ ﬂ“ﬂr’«} I} E S
Adstgct agm el ALz vt XS

AR} 3342 A4 ARE AT, olF A WA



20074 98 HX3%3E

g ol ALANA AT Y AR 2AE Hadete oF
2 A Fuge FFH s JAE 2RI
AT ofotal 2z HASE AA 9] HEdA=R
nEl Aord SugFEo] sivet ARE A&
S FARlstnh. B AFole A gl
Aol x7] d$#AI} ov] A asAh
o] Fol= ARl Y@AA HA sl A &
A7 7 AFsrd, 33490 Iz AT o
3 AFE JgF dAo|tt

[o]
8 348

A

L=

OE’_

’é,"

e

HO

A

[1] C. Brauer-Burchardt and K. Voss, “A New
Algorithm to Correct Fish-eye- and Strong
Wide-Angle-Lens-Distortion from Single
Images,” Proc. ICIP, pp. 225-228, 2001

F. Devernay and O. Faugeras, “Straight Lines

have to be Straight” Machine Vision and

Applications, Vol. 13, No. 1, pp. 14-24, 2001.

[3] A. Basu and S. Licardie, “Alternative Models for

Fish-Eye Lenses,” Pattern Recognition Letters,

Vol. 16, pp. 433-441, 1995,

Y. Xiong and K. Turkowski, “Creating image

based VR using a self-calibrating fisheye lens,”

FProc. IEEE Conference on Computer Vision

and Pattern Recognition, pp.237-243, 1997.

I Sato, Y. Sato, and K. Ikeuchi, “Acquiring a

radiance distribution to superimpose virtual

objects onto a real scene,” IEEE Trans. on

Visualization and Computer Graphics, vol5, nol,

pp.1-12. 1999.

S. Shah and J. Aggarwal, “Intrinsic Parameter

Calibration Procedure for a (high distortion)

Fish-Eye Lens Camera with Distortion Model

and Accuracy Estimation,” Pattern Recognition,

Vol. 29, No. 11, pp. 1775-1788, 1996.

[7] H. Bakstein and T. Pajdla, “Pancramic Mosaicing
with a 180° Field of View Lens,” Proc IEEE
Workshop on Omnidirectional Vision, pp. 60-67,
2002.

[8] B. Micusik,
Omnidirectional Cameras,”
Technical University, 2004.

[9] S. Thirthala and M. Pollefeys, “Multi-View
Geometry of 1D Radial Cameras and its
Application to Omnidirectional Camera
Calibration,” Proc. ICCV, pp. 1539-1546, 2005.

[10] D. Claus and A W. Fitzgibon, “A Rational

Function Lens Distortion Model for General
Cameras,” Proc IEEE  Conference on

(2]

(4]

(5]

(6]

“Two-View  Geometry  of
PhD. Thesis, Czech

=2X H 44 A SP H

(642)

[11]

[12]

[13]

[14]

[15]

[16]

[17]

H5=2 43

Computer Vision and Pattern Recognition, pp.
213-219, 2005.

J. P. Barreto and K. Daniilidis, “Fundamental
Matrix for Cameras with Radial Distortion,”
Proc. ICCV, pp. 625-632, 2005.

J. Kannala and S. S. Brandt, “A Generic
Camera Model and Calibration Method for
Conventional, Wide-Angle, and Fish-Eye

Lenses,” IEEE Trans. on Pattern Analysis and
Machine Intelligence, Vol. 28, No. 8, pp.
1335-1340, 2006.

J. Han and J. Park, “Contour matching using
epipolar geometry,” IEEE Transactions on
Pattern Analysis and Machine Intelligence, Vol.
22, No. 4, 358-370, 2000.

C. Schmid and A. Zisserman, “Automatic line
matching  across  views,” Proc  IEEE
Conference on Computer Vision and Pattern
Recognition, 666-672, 1997.

R. Hartley and A. Zisserman, “Multiple View
Geometry in Computer Vision,” Cambridge
Univ., 2000.

7Z. Zhang, R. Deriche, O. Faugeras and Q.
Loung, “Arobust technique for matching two
uncalibrated images through the recover of the

unknown  epipolar  geometry,”  Artificial
Intelligence Journal, Vol. 78, pp. 87-119, 1995,
http://www.ignorancia.org



44 A HEOE 0|88 MY JiHzte XY 7Y Y 322 9

o R A 7Y

of A B3I
2006 = *Eﬂﬁ}”’

AFE T 4 2.
<FFAEL AR A>

@4*&4@H}§@

B A gt

xﬁz]-—T’—é-l-_‘,} )\-1/\} zcd

d 149 ~20003 3€ (&

C&C $AHATA 474

20001 9€ ~2003d 7€ (F)FHA&H
NEATs FYATL

2003 9¥€ ~dA FLHstw %ﬂ%%"z}tﬂﬁi}%
Oi/‘g—‘g—b‘h} \:ll—}\]__\,};(—]

<FoARor - AFEHMA, AFEHIAHS 5>

Of
o

N
o8
o2
&

1993‘51 %%Eﬂﬁh—l’- 7‘41}%"3}7% AL &4,

1995 FLdign AAFEI HAF 4.

119989 Fdoistw MAE st 2 £

1998 99 ~1999d 8€ Aguigu AFASAT A A7
19999 99 ~20009 2¥¢ F4Ugy FRFUATE ATy
2000 29 ~2003d 1% Univ. of Colorado at Denver ®& 37 4.
20009 39 ~&8A Fgdstn FagAosd 4R Faus HH T

<ZHA Rl AFEHUA, AFH2YH = 5>

643



