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3D Measurement of Objects in Water Using Fisheye Stereo Camera
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Sensing in aquatic environments is important to maintain underwater structures and
research aquatic life. This paper proposes a 3D measurement method of objects in water using
a fisheye stereo camera which enables underwater robots to execute its task safely with a wide
field of view. However, sensing in aquatic environments meets the difficulty because of effect
of refraction of light due to the difference of refractive indices of air and water and distortion
of fish-eye image. The proposed method removes distortion of fish-eye image and the effect of
refraction to realize accurate 3D measurement. Experimental results show the effectiveness of

the proposed method.

Key Words. Fish-eye Camera, Stereo Measurement, Underwater Sensing

1 O O

00000000000000000000000
000000000000000000000000
00000000000000000000000O
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000000 3000
000000000000000000000000
000000000000

ooooooooooooooooo®oooo
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
Oo000O000ooo

0000000000000000O000000O0

1 0D000000000000 432-856100 000000
00 3-5-10 {f0810114, tmtkanp@ipc.shizuoka.ac.jp

2 0000000000000 00000000 113-8656
0ooooOoOo0 7-3-10 {yamashita, asam@robot.t.u-

tokyo.ac.jp

Fig.1 0000

gboooboooooboobooooobooobooon
oboboooooooooobooboooboooooo
gboboobboooboooooboobobooooboo
oooooogooil1ooooooooooooooo
gbooooboooboooooboboooboobooonoo

obooboobooboobobooooooooooonog

000000000000000000000000
00000000000000O00000000OO
0ooooO

000000000 30000000000000
000000000000 200000000000
Oo0O00ooooooooooooooooo®oo
00000 100300000000000000



oooooooooooooo®Ioooooooon
Doooooooooo“ooooooooooo
000000000000000000000000
000000000000000000000000
000000000000000000000000
Doooooooooooooo®®oooooo
no”ooooo00O0O00O0O00OO0DOO0ODOO
000000000000000000000000
000000000000000000000000
000000000000
00000000000000000000000
00000000000 0000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
Dooooooooooo®ioooooooooo
000000000000000000000000
000000000000000000000000
0000000000000 00000000000
000000000000000000000000
0000000000000000000000
0000000000 3000000000000
00000 O Structure from Motiord 0 00 00 ©0
EPO Epipolar-Plane Image0 0 00000000
00000000000000000000000 3
000000000000000000000000
0000000000000 00000000000
D000 300000000000000000%g
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000 000O0 20000000
000000000000000000000000
000

00000000000 000000000000
000000000000000000000000
000000000000000000000000
0000000000 00000000

2 0 0 0O O

00000000000000000000000
00000000000 2000000000000
000000000000000000000000
000000000000000000000000
noooooooooo®pg

00000000000000000000 300

Fig.2 O0OOO0OOOOOO

TER] 2 A

!

i 1F i B

i

S P AR RER

A 4

3 IeEHH

Fig.3 0000

goooboboobooooooobooobooooboo
gbooooooboooboooooobooboobooo
goooooboobooboooboooboboboo
oooooooooooboooooooooooono s
gbooooooooon

21 00000 obooooooooooo
gbobooboooboooboooboooboooo
obobooooboooboooooobobooooooo
oboboobooooboooboboooboooboboo
ooboooooobooobbooobooooooog
gboboobooobooboooboobboooobooo
oboboooboooooobooooboooboooo
gobooboooooobooooobobooooooo
gboboobobooobooobboooobooboo
gboooobooooooboo

ooooooooOoooDoooOoooooobog 4
0000000ooDO000oobo eOODOOroooOoO
gooooOoOoQoOoOoooo0 )opoooooooo
oo e00O0OrOoOOOOOODODOO

r=fo 1)

0000f0000000000000
000000 (%,Yp) 00000000 r00 (2)0



z
g/
R
1 X ]
mgEfy
(X, Yo)

Fig.4 00000

r=1/Xp2+Yp? (2)

000 60 9degd 000D O ROIODDOOODODODO
0000000600 (1)0D0O0 (3000000

goooo

mr
-2 = ®)

00000000 (X,Y,) 00000000000
(I,bmn'0O0 4000000
Xp

/po +Yp2+ZV2

Yo
Zy

6

m=

—— 4)
lpo + Yp2 4 ZVZ

0000z 000000000000000000
(50000000 500

n=

W
Z =
Y72 tan$

(5)

0000OWOOOOO0O0000QO0O000000
0000000000000 (X,Y,) 000000
000000 (%,yp) 00 6)000000

Xp=F(n,R)-I
Yp=F(n,R)-m (6)
oooo L
2Rcos *n
F(nR) = "—=_— 7
N @)
oooo

gooooooooooooooooooenbonodg
06@000D0D0000O0ODODO0O0O 6Mbb)ODDODODODO
oooobooog

(@000

Fig.6 0000

(b)yooo

22 00O00®  poooODOOOOOOOO
000000000000000000000000
000000000000000000000000
0000000000 7000000000000C0
000000000 0000O000

0000000000000000000 ng0np0
00000000000 6,00000 60000
000000000 (a,B,n) 000000000
00000 (A,u,v)TO0000,000000000
good (az,Bz,Vz

'O,
ar n ag
1
B2 = B | ta (8)
2
Yo i
go00oooo0oOoaOnO

n\ 2 n A
a= 1-— (l) sinGl——lcosel u 9)
no no
v

000000000000000000000000
00000 (as,Bs ) 00
as n ar
2
Bs = B | +b
3
¥ |

(10)



0000000 bOO

o\ 2 n A
b= 1—(2) sin@z——zcosez u (12)
n3 n3
v

000o00ooobOooooo60 6000
_ n .
%:sml<1sm&)
n

0000000000000000000000000
00000000000000 (MwYwz)' 00000
000000000000000000 (Xp,Yp,Zp)"
0o

(12)

Xp CI3 XW
Yo | =S| B |+ |w (13)
Zp Y3 Zy

gbogbgobdsobagboaboodan

(A1, 0)"

(oppzp) "
O
7k (.55, 75)" i(xw DusZ) T

ooy (Bl

=5 ;ﬁ\\\
(a.f.71)"

Fig.7 0000

23 00000 gbOoooooooooan
oooobobooooooooooooooooooon
O0D00O000000000 sAbDOO00O0O0oooo
goboooboooboboooboobooboobooooo
oooobooooboooooa

gobooOoobooooboobooobooooooboon
gobooboooobooobbooooooooooo
goboboooboooboobobooobooooo
oobooboooooooboooooboooooo
goboooboooboooooobbooooboooo
oobobobooobooooboobobooobooooo
goboboooboooboobobooobooooo
oobooobooobooooooooboooooo
goooooooooooooooooooo soo

goobooobooboooboboooboboooboooo
0000 sADO0ODOOO0O0O0OOO0O0O0DOO0DO
oono

A TR
FH AT AR

TER—FH

A AT R
B AT HL

Fig.8 000000

EH AT B AT H#R

Fig.9 00000

24 30000 23000000000000
0O00o0oooo0o0oO0o0ogoono 2200000000
ooooooOooOoOoOoOoOoOoOoOoOoooooooD 2
oo0o0oooooooooooboooDooO 30000000
oboooooboooobooobooboooboooobooo
gooooobOOo0o0oOoooo 20000000000
gbooooboooon

o0ooooooooOoz200000000LO00
ooooooooooooooooobob 30000
goooooooOooouooooLOoooooo
gboooobooooogoboo

3. 0O g

00 300mnd O 870mnd 00 270mmOC 000
o0o0o0ooO0o0o000oo0ooDOoO0000oDoO00oOgsn
O0000000O00O0O0OO0O0O0O 1600x 1200pixel
gbobobooo,0o0ob0ooooooooooog
gboboobobooooooboooboooooo
gboooood

31 0000 oooDo0 100 2o0mmOd OO
0000000 10 100mmO 00000000 10(a)
gbobooobooobooobooobooooooo
O0000000ooo3coooooogd 1o(b)
oO0O0op0o0o0O00 1203000 AOBOCODOO
ooooooogooooooooooD 80mmOO
OO000090degd DOODOODOOOODOODOOOO
ooooooooooboooooil10oboo0oooo
0003000000 110000



goboooobi1oo000oobo0ooboobooooDo
ooboooooooobooboooooooooo
0000 76mnm 000 11.9dedd 000 O00OO0O
O0o00oopooooooooogos8smnmOnnO
18deg O OICODODODO /100O0ODOOODODOOO
ooood

(@000

(yooono

Fig.10 000D 1

-1000 1000 3000 5000 7000 9000 1100
2800

2600-100 100 300 500 700 900 1100

2400

2600

2200

w 2400

- - L - o
2000 . | 200 1

1800 . . . 2000

1600 L] 1800

1400 1600

(@00000ooooog (pyOOOOoOooooo

4000 3000

6000 e 5000
.

.
8000 ajm= 2000

1000 -t 9000

1200 = 1100
-

. .
1400 = "e 1300

1600 1500
1400 1600 1800 2000 2200 2400 2600 1600 1800 2000 2200 2400 2600 2800

(00000000OoOo
Fig. 11 300000

(d)0ooo0oooooo

Tablel 0O0O0O0O0O0O0OO0OOOO

00 [mm] 00 [deg]
D0 |ooo| oo |[oo [ooo| oo
1 68.2 | 801 || A [ 109.9] 89.3

2 70.2 | 81.1 B 98.0 | 93.2
3 78.8 | 76.5 C 979 | 92.8
ood 724 | 79.2 | OO 101.9| 91.8

y 3RFTEHRI R ‘
1600 - T =
\\ g . L‘-'“ =t~
1200 g .. $ par
£ ) —
E 80.00 y 4
4000 ‘ Eﬁg ‘ \ -\/
0noo | ‘
-2600 -2000 -1600 -1000 -50.00 0.000 50.00 1000 1500 2000 2600 3000 3600

[mm]

Fig. 12 DOOOOOO

32 0000000 obOoooooooon
obobooobooooboooobooobooooooo
goboooboobooooooooobbooooooog
ooooo30ooooooo,coooooooo
oo0oooooooooooo3goooooboo
o0oo0o0o0ooooooooooobooooooo 2
gooooboobooooooooboooboooboo
gbobooboooboboboooboobboooobooo
obobooobOooboooOoobooobbooooOooo
0000000000 140de@ 0000000 30deg
gboooon

012000000000 30000000000
ooooOobDooooogooogoommboonon
0200000000000COO0O00OO0CDOO
gbooboboooboobobobooooooobann
gbobooobooobooooboooboooobooooo
oboboooooooboooobooobooooooo
goboooboobboooobooobbobooooboo
ooo4ommi0O0OoO00O000O0COO0ODOOOO
gbobobooooboooboobooobooooooo
oboboooobooobooooooobooooooobooo
goooooooo

gobooboooboobooboooobooooon
130del 0000000000 OOOODOOO 23deg
gooopoooDooOoOoooboooboooseboODO
gboboobooooooooobooboobodog
gboobooboooboooooooobooboo
oooooOooOooD 3s0ooooooobooDbOooo
ooog

33 0000 O 1wB000ooooooooo
gbooooobooobobooooooboooban
ooboooooboooobooboooboboooooo
gobooooobooobooooboobbooooboog
oo00oOoooooOooooooooooso0oOd
goboooO000o0o0o0 140000100 30000
goopoooOooooooooboooosooooon

U1400o00boobooooooooooooon
gboboooboobbooobooobobooooboo
gboooooobooooooo



Fig.13 0OOO 2

-
-2600

0000

2600

-1.!!

1000 ] | |
o.ooa 2000 4000 60.00 8000 1000

Fig. 14 0000

4. 0O U

go0oooooooooooobD 20000000
goopoOoOoOoo300ooooooooooogo
goboobooboooooobooboooooo
ooooboooobooobooboboooboooooo
goooboboooooooboooooobobobooooo
gobooooooboobobooooboooooo
Oo00o0o0o0oooooooooooobooDbooOb 300
ooboooooobooooboboooboooooo
ooooboobooonog

gboooobobobobooobobooboooo
ooboooboooboooooobbooooooo
goooooobooooooobooooboooooo
ooooboooobooboooboooooo

g U

oo0o0O0ooOooOooooOO (A)226800170 O
ooooooboooog

@

@

©)

)

®)

6

)

®

©

(10)

(11)

o ooaod

Behzad Kamgar-Parsi, Lawrence J. Rosenblum and
Edward O. Belcher, “Underwater Imaging with a Moving
Acoustic Lens” |IEEE Transactions on Image Processing
Vol.7, No.1, pp.91-99, 1998.

Rongxing Li, Haihao Li, Weihong Zou, Robert G. Smith
and Terry A. Curran, “Quantitative Photogrammetric
Analysis of Digital Underwater Video ImagerlEEE
Journal of Oceanic Engineering/ol.22, No.2, pp.364-
375, 1997.

00 O00,0000,0000 000000000
000000 3000000 ", 000o0ooooo
00, Vol.32, No.4, pp.607-609, 1996

00 00,000,000, 00000000000
000000000 30000",0 15000000
00000000000, pp.220-225, 2010.

Atsushi Yamashita, Hirokazu Higuchi, Toru Kaneko and
Yoshimasa Kawata, “Three Dimensional Measurement
of Object's Surface in Water Using the Light Stripe
Projection Method”, Proceedings of the 2004 |IEEE
International Conference on Robotics and Automation
(ICRA2004, pp.2736-2741, 2004.

0ooo,000,00,0000,000,0000,
00000000000000000000000
000000000000000000000 *,0
0000000000000000000000'040
0000 (ROBOMEC'03, 2A1-L2-28, ppl-4, 2004.

Ryohei Kawai, Atsushi Yamashita and Toru Kaneko,
“Three-Dimensional Measurement of Objects in Water
by Using Space Encoding MethodProceedings of the
2009 IEEE International Conference on Robotics and
Automation(ICRA2009, pp.2830-2835, 2009.

Atsushi Yamashita, Ryosuke Kawanishi, Tadashi Koketsu,
Toru Kaneko and Hajime Asama, “Underwater Sensing
with Omni-Directional Stereo CameraRroceedings of
the 11th Workshop on Omnidirectional Vision, Camera
Networks and Non-classical Camer@®@MNIVIS201},
pp.304-311, 2011.

gooo,0ooo,cooo,0000,00 00,

* 000000000 Structure From Motiod O O 3D

gooobr,0 1400000000DO0OODDOO,
pp71-76, 2009.

gbobo,oocoo,oooo, oboooooboooo
O EPIDOOOO 3000000, 000000
gboooooooooboobobob1rooooo
(ROBOMEC'1), 1P1-D08, ppl-4, 2011.

0000,0000,0000 000000000
00000000”,013000000000000
00000, IN2-13, pp.1-6, 2007.

(12) Kenro Miyamoto, “Fish Eye LensJournal of the Optical

Society of Americavol.54, No.8, pp.1060-1061, 1964.



