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Abstract To generate a wide dynamic range image (WDRI), a system which consists of a camera and a liquid
crystal filter has been proposed. The system can adaptively control scene radiance using the liquid crystal filter
placed in front of the camera. Although the masking effect of the filter blurs, the blurring function was not strictly

analyzed. In this paper, the blurring function is estimated using an experimental system. We have confirmed that

WDRIs are clearly generated using the blurring function.

Key words

1. 0000

gobobodooooobooooocooobooobooooooa
000 8bit,256 000000000. 0000O00OOOOO
gbooooboobooooobooooooobooo,oooa
gobobooobooooobooooooooooboooooboo
goboooboooobooooooooooboooooboa
goboooboooooooooooooooboooooboo
,oooooocoooooocooooo.cooooboooboo
gobobooobooooobooboooooooooobooooooooboo

gobooooboo,cobooooboooobooooooooon.

gbooooboooboooooobooobooooo,booooo
gboboobooooooobooobooobooo.oobooooo
goo.
gobooooooooo Oooboooooboooboooooboo

1208

Wide dynamic range, Liquid crystal filter, Blurring function

000000000000000,000000000000
0000000000000 [1,[2,[8. 000000,000
00000000000000000000000000. O
00,0000000000000000000000000
00000. 0000000000000000000000
00000000,0000000000000000000
0000000000000, 00000,00000000
0000000000000,00000000000000
00D0. 000000000000000000000000
0000000,00000000000000000000
oooooooo.

00000000000 O000000000000000
00000 10000000000000 [4),[5],[6],[7). 0O
0,0000000000000100000000000,0
0000000000000000000000000000



0000,00000000000000000000000
000,000000000000000000000000
000D00000. 0000000000000000000
0000000000000000000000,00000
00000000000000000000000000,0
0000000000000000000. 00000000
0000000000000000000,00000000
0.000,000000000000 1000000000
000000,000000000000000000000
0oo0O0D0000o0o00.

0000000 0000D000D0000D000D000000
00,00000000000000000([8),[9. 00000
0000000000000000000000000000
0000000000000000000000. 00000
0,000000000000000,00000000000
000D0D000000000000D000. 00,00000
0000000000000000,00000000000
000000000 D000000D000. 000,00000
000000,00000000000000. 000000
0000D0000D000000,0000000000000
000000000000000.

000000 O00000000D0000000000000
0000000000000000000000000000
000000000D0000000000000000000
000000000015 00DLPO0OODODOO0OO [16]0
0000000000000000000000000000
0000000000000D000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000000000000000000
000000000000, Nayar 00000000000
00000000000000([150,0000000000
0000000000000000000000000000.
00,0000000000000000000000000
0000000000, 00000000000000000
000D0. 000,0000000000000000000
000000, 0000000000000000000. 0
000,000000000000000000000000
0000000,00000000000000. 000 [15]
00,0000000000000000000000,000
0000000000000000000000000000.
00,0000000000000000000000000
000,000000000000000000000000
oog.
00000000,000000000000000000
000000, 00000000,(15)0000000000
00000000000,0000000000000000
00.00,0000000000000000000,000
000000000oO0Oooo.
000000000000000[150000000,00

1209

filter

camera

T;+l
controller

01 0O0Oo0Oooooo

gooooodooooo.ooooooooooobooog,2d
gooooobooboboobobooboobooobgon, 3o
ooooooooooooboooooobooooo,40000
gooooooooooooooobo.s00o0,00o0000
gbooooooooobdoo,boooobooo0oboooa
gbooooooo,0oobooboooboobooboooboooono
gooooooooooon.

2. bob0obOobOOobOobOobOobOoDbOooD

gbooo,b00bo0ooocoooboooocoooboooa
gbooooooooobooo. 0oo,0b000000000
goboooooocoobo,booouooobooooboobooona
gobooooobooooooooon.

2.1 0OO00OO0OO0OobOOooooooo

gobobooooooooooooooobooooobooobooo
goboooooooooooooooo. booo,booobood
gobooooboooobooooboooooooobooooboo
gobood.ol1ooooooooooooocoooooa.

gobooooooboooooo,oboboboooboooo
gbooooooooobooobooo.oooboooooooboo
gbobooobooooobdooooboooobooo,ocooa
gboooooooooboooobooo,bocoboooooboooo
u.gbo,oboc0oooocooboooooooob,oobd
goboboooobooooobooooooooooobooooboo
gbood. boooooooooooooboocOooobooooboa
goooo,0ooboooobooooooooboooooboon.

ubo,b0ooobooooobooouoooboooooonoo
gooooooooboooooboooobooobo,oooo
gooogd.

2.2 0JO000OO0O0OOOoOooOoboOoo

glooboooo,oboobooooocobobooobooooa
gbooooooooo. cooocobooooooooooboa
gboboooo,ooooocooooboooooooooboooboo
ooooo0o. oo +oooooooobooobo0o ,oooo
gbooooooooo L, 000000000 700000
gooooooo.



I =L Ty (1)

obo:o0oboooooooooobobb oooo, I
gobooobodooocoodoooo,booo0obo0ooooooo
oooo vy, 0ooooo. ODooboo0 Iy, 0OOODOO
oooooooo 000, 0000000O00DO00DO00
ooo w000 o, O0000O000.000,00000
goboooobooooobooooooooooboooooboo
0,000 Ty, 0000000 Iyooooboooooooo
go.oo0oo,00 roobooboooobo vy, oonoo
go,0o0oo0oooboocoobooooooo.oboo,bd
oboboooo0n L 00b000o0ooOoobooboobooo
ooo, L, 0OOOooooooooooooooooo. oo
oooo vy, oooooooooooooooooooo.

(1 — Q)Tt (It g Isat)
Tt+1 - Tt (Isat > It > Ilow) (2)
A+8)T:  (Liow 2 It)

000 ,4000000000000,0<qa,83<10000
0.00,q,A00000000000000000,0000
oooo,0000000000.
000000000000000000000,00000
0000000,000000000000000000. O
00000000000000000000,0000000
0000000000000000000000. 00000
00000000000000000,0000000000
0000000000, 00000000000000000
0000000,00000000000000000000
0ooo0O0.30,40000000000000.

3. DOoooboboOooobbboooobobooo

000000000000000000000,000000
000D000000O0. 000000,000000000
000000000000000000,000000000
00000,0000000000000000.

3.1 00000000D0000000
000000000000000000000,000000
0000000000000000.02000000000
00000D00000000000.
0000,0000000000000000000000
000000000, 000,020000 20000000
000000000000,002000000000000
0000000000000000000000000000
0.0000,200000000000000000000
0000000000000000.

0000 2000000000000 x(z,y), u(y,v) 00
00,20000000000000 HOOOOOOOOOO
ooo.

st = HR (3)

00,%x00000000,%=[z,y17000.00,s00

1210

lens

Image

detector filter

camera

02 O0000O0COOO0OO

oooooOoOOO0O00000000,HO0 3x3000000.
Ublb x,uboooobooboo, 0 wdboooooad
O x0O0000O000OO00000000 hy OODOOOOOO
gooogd.

w— hi1x 4 hi2y + his v — h21x + ha2y + has (4)
hsiz + hsay + has’ haiz + ha2y + hss

HOOD20000004000000000000000
000 [10).

3.2 00000000000000
00000000000000000000000. 000
000000000000D000000000000,000
0000000000000000000000. 00000
000000000000000000,000000000
00000. 0000000000000000000000
0000000000000000000000000.
0000000000000000000,0000000
0000000000000000000000. 00000
0000000000000000 (z,y), 00000000
00000000 (3,4) 0000,000000000000
00ooooooo (1.

(& — o) [k1r? + kar® 4 -]

o (5)
=y + (y—yo)[k1r? 4+ kar* + -]

i
¥
00000 (z0,50)0,00000000000000000
0000000000, 0 (z,y), (zo,y) 0000000,
0()0000,r,* 000000 /0000000000
0000000000000, 000,0 (5)0000000
000003000000000,0 (5)000000000
oooooooo.

(x —z0)r? (x — x0)r? k1 _ -
(—yo)r* (y—yor' || ke iy

0300000000000000000000000000
0000 ([12][13, 0000000000000.
00000000D000000000,0 (6000000
0 k,k, 0000,0 ki,ke 000000000000000
000000. 00000 Zhang[14 00000000000
00000D0000000000 ki,ke 000D,



4. JDOO0OO0DOOoDOOoDOoD

0000000000000000,0000000000
000D0DD000000. 000000,0000000000
0000000000000000,00000000,000
000000000oOoOooo.

4.1 00000000D000D00000000
000000000000000000000000000
000.000000000000000000000000
000D00000. 0000000000000000000
00.0000000000000000000000000
00000,0000000000000000000000
0000,00000000000000000000000
000D0. 00,00000000000000000000
0000000000000000000000000000
0000. 00000,00000000000000000
00o0O0D00000O0Oooo.
0000000000000000000. 000,000
00000D00000000000000000000000
00000000000000000. 0000000000
00000000000000 5.200000.

4.2 000000

00000000000000000. 000000000
00000000000D00000D000 (02). 00000
00000000000000000,0000000000
0000000000000. 00000000000000
000,0 (1)00000000000000000000 I,
ooooooo.
000,00000000000000000000000
00000000000000000000,0000000
0000000000000000000000000000
0,00000000000000000000000000
000D00000. 00000,000000000000
000,00000000000000000000. 000
00000000000 b00,0000000 (z,y) 000
000000000 b(z,y) 0000,00000000 (u,v)
00000 (5,7) 00000000 T(,) 000000 (u,v)
0000000000 f(uwe) 0000000000,

T(u,v) =blu —i,v—j) *T(i,5) (7)

oo0,00000 «00000000DO.
gboooo,obcooobooooobobooobooooa
ooooO0oOo ())oooooooooo.

jt = Lt : Tt (8)

gbooooooooooooooooooobooo,boooboo
goboooboooobooooooooooboooooa
goboboooooooobooobooooooooobooon. o
000 s000D00D0O0OOO,O0 (OO T0Ob0OTODO
gooboooooo,oobcoobooooooogo 70000

1211

lens

i

lens

object

/
i

Image

detector filter

camera

03 ODoOooooooooo

oooooooboon0o rooooooooooooobooooon
gooooooo.

T=Tx"b (9)

00,00000 « ' 000000000000.
0000000 (9)000000000000000000
00000 7T0,00000000000000000000
0. 0000000000000000000,000000
000D0000D000000,00000000000000
000000000000000000. 000000000
000000000000000000000,000000
0000D00000000000. 0000000,0000
00 (u,0) 0000 T(u,0) 0000000000 [15].

T(u,v) = min T(u+i,v+j) (10)

~N<ij<N

o0,000 NOOOOooooooooooooooooo.
goboooooobooooooooooooooboooooon
gooo.

goboooooooooooobooboooobooobooobooobooo
ob0.000o0o00300oooboooooboboooooooo
goboooooooooobooooooobooooob. osodg,
goooooooooob2000000000000D000
gbobo1l1bodooo,00b0o0ooo0obobo. ooooo
goooooooooooooobooooon.

4.3 00O0O0O00OO

0o0o0ooooooooooo s0OooooooOoOO. O
goboooooocoo,bcoboouoooooooobooona
gooooooooooboooboobo.oboobooooo
gobodooboooobobooooooooooboooooboa
o,0000b0o00oooooo10000o00o0oo0oo0oo
gbobboooboodooodoooobooooobodoooobooon. d
g,00o0ooo0oboooooo coooobooooooboo
goboooooooooooo.

I
L_b*T (11)

O (rmnoo,000000o00o rooooooo, 0o
000000000 7000000000000.

b=Tx'T (12)



04 DOODODO (0O)

05 0000000 (00)

0000 (1), 8)0000000000000000000.

I 1
b= st L
" I
000000,000000000000000000000
00000000000000000000,0000000

oooooooooo.

=1« (13)

5. bOobobobobobooboob

O000,Nayar O [15)000000000O0O0OOOOO
gbooooooocobdoooooboo,oboobooboooo
Nayar 00000000 OCOOOOCODOOOOOOOCCODOOO.

5.1 OJO000O0O00OO0OoO0oooo

oooooooooooooooo4,5000. 00000
gooo,0o0o0o00000o0o0o,0b0bo0oo00oooobooo
OO0O0OO0. 0DooooooooO SONY DCR-VX2000 000,
goo,000o0oco0oo0ooooboooooooboooooog,
oo0opCOOO0O0DODOOOOOOOOO. ODOOOODOOO
00 XGA(1024x 768) DODO0OOUO,8bit 0ODODOOO
gooa.

Os50000,000pPCOOOOOOOCOOOOOOO
gooob.oboooooobocooooooooooooo
gboooboooooooooobooo. oo,0b0b000000
ooo 300x 2000000000000000O0COOOO.

goboooooooboooooboooooobooooobooo
goboboooobooooooooooooooobooooboo
ooooooooooOoe, 700000 YO000O00OO0OCOO

1212

T

06 ODOO0OOOOCOOOOOOO

07 OO0OOO0COO

08
08

04

rate of light intensity

02

~——
255 192 128 64 0
control information for filter

lower part of

the camera

_upper part of
The camera

08 ODOOOOOOoOooooo

0000000000000000000000000000
ooooooo

00 220,0 (2)0000000000000,0000
0000000 (1—a)=1/(1+b)=07500000.000
3.000000000000000000000000000
oo.

1.616 x 107°
0.001294
6.132 x 1078

0.8824
0.4706
0.002849

0.001116
H=| —-1555%x107°
—9.160 x 1078

(k1,k2) = (—0.2074,0.1117)

5.2 JU00O0OO0O0OOOOobOoOoooo

gobooooooooooooboooobooobooobooobooo
gboooooooobo. oboboooosooo. oboboooo
gobodoobooooboooooooooooboooooboa



180

1680

1401

120F

100F

80F

60F

40F

20F

200 300 400 500 600 700 800

09 0DooOoOOooOooooooooobooog

180

160

140F

120F

100

0f

80F

4o}

20F

0 100 200 300 400 300 600 700 800

010 OO0Oooooo

gboooooooooo,0booboobooboboooo
gbobooobooooooooobooooooobooooboo. oo
gboooooobobooooooboo,0bo00bo00obo0oooo
O8bhitDODDOOOOOODOO2600000000. O
gobooooooboooooooobooooboooob. oooboo
gobooobooooboobooooooooboooooa
goooo,00boocobo 1000000,

gsbuobooooo,bobcobooooboooboood
gbooooooooooboooboo.oooboobooooboo
goboooooooooooon.

5.3 0DO0O0OOO0OO0O0ODOO

oboo4.300000,000000000000000
ooooUoo0.oooo (B¥)yooouooo.ooooooo
gooooooboobooooobooboo9no,ooooooboo
oo rooooooboobooooooboobobooo0,00000
o.obobobooooobooooogo,booooboooboooo
o000o. 0 (B¥)UooooooUoooUuoooooo 1
O00.0(13)0000o0oooUooooooooo,oo
OO0 (booo)oooUooUoUoUOoOooooooo. O
gbooooooooobooooo,0obooboobooboooo
gboooboooocooboo,oboobouoboobooboooo
gboo.0nooobooooboogoooboonbo2,1300

1213

.07

Q06+

Qosp

Qo4

Qo3r

002k

001 p

-001F

002

003

200 300 400 500 800

011 000000000

0.06

olvag 3

004

Qo3

Qo2 r

0

200 300 400 500 600

012 O0OO0OOOOOOOCOOOO

ATV
A

013 0000

u.011o0,0000o0300ooo0ooobooouooooa
gooo. 012, 1300,0000000010000000
ooooooobooooob 4000000000DDODO,00O
goboooobooooboobooooooooooboooooboo
goooooo.
gobooooobooooobooooo,oobo0boobooo
gboodooboooooobooooo. ooooocooooooboa
oobob4ooo.ooooooooooooo, o o,140d
gbooooooodoo wooo. go1oo,boooooa



180

180} S
140}
120}
100}
sof
gof
af

20F

o
- e
-

1
1
1
1
1
1
1
1
1
L
1
1
1
1
1
1
1
i
-

0 100 200

400 500 600 700 800

[
=1
(=

014 0O0O0O0O0O0OO

180

160 i

140F

120F

100

0f

80F

ant
2of E
0 m_

0 100 200 300 400 300 600 700 800

015 O00OoOoOo

gbooooooooobooooobooooboooboobo, o
goboooooobooooooooa.

Nayar 0 [15]0,0000000000000DO0OO0OOO
gboooboooboooooboooobooo,o0boooa
gooooboooo. oooooooo,ooob0b0o0o0o0o
gobobooooooboboobooo,coboooooooo.

5.4 0000

gbooo,boobcobooboobooooboobooboooa
O000.00 0000000000 oUooUoo
gooooooooo,boo,bobcooooocooooboooo
goboooooooobooooooon.

5.4.1 OO0000O0O0OOOOOOCOOO

gobobodoooobobooooocooobooobooooooa
gobO.ooooooooobooooobooooobooooobooog.
01600000000.0000D00000 (epOOOOO
dooooooooooo, bhyooooooooooooo
00, (¢cg0000O0UDO0OOO0OUOUDOODOOOOUD. OO
()0 00000000 0D,0D0000D00DOO0DOOOOOO
goboooooocoodooocooooobo,oboooooooboa
gobobooobooooobooooooooooboooooboo
goboboooooooooboooo.oo,obooobooa,d
gobooooooooooooooooboooboooooooog.

1214

0000000000000000000000000000
oooo.

5.4.2 000000000

0000000000000000000. 0000000
0 (1)000O0Doooo.

0 16(b)(c) 0000000000000 D0D0O000000
000 1674 00000,000000000000 11 bit O
0000000000000000. 11bit00000000
00000,0000000000000000000000
0000000. 0000000000000000000,
00000D0D000000000D000000000000.
01700 16(b)(c) 000000000000000000O0.
00,0 1700000000000000000000,00
00000000000000000.

017000000,000000000000000000
0000000000000000000000000000
0.0 170000000,0000000000000000
0000000000000,00000000,000000
0000000000000000000000000. 00
0000000,00000000000000000000
000,00000000000000000. 000000
00000000D0000000000,000000000
0000000000000000000.

6. 0000

ooob0O,Nayar OO OOOO,00000000COCODOO
goboooooooooobooooooobooobooooooooa,
0000000000000 oOOUoOoDOoUooOoOO. Oo [15]
go,0bobooooooocobo,oobooooboobooa
gbooooooboo,oboboooooooooboobooooo
goboooooo,boboooocboodo. cooooooboa
gbobooooo,ocooocoobooooooooobooboooo
gbooooooobodobo. ooo,boo0ocoo0000od
g,0oocoooooooooooooobooooob,oooobo
gbooooooooobobobooooooo. oo, o
goooooooooboooooboooob,b0boooo
goboodooobooooooooooooooo.

gbooooooo,0oboobobobooob. obooo
gobooooboooooobooooooboobooo, oo
gboooooooocooboodooo. oooooooobooooboo
goo,00o0oooooooooboooooobooo,boobooo
goooo,bcobdboocoboooobo.bo3boooa
go,00000b0o00o0o0oobooboooooboobooooa,
oo0ooooOooopoooooroPOOOOOODOOOOOO
goooooooooboooooobo,00bo0oobo0booobo
gooo.

g g
[1] B. Madden, “Extended Intensity Range Imaging”, Techni-
cal Report, MS-CIS-93-96, Grasp Laboratory, University of
Pennsylvania, 1993.
[2] P. Debevec and J. Malik, “Recovering High Dynamic



(11]

[12]

[13]

)

ERTT A |

=

(b) 00000000000

[ ——

(00000000

16 ODOO0OO0OOOOOOOOODOOOOOOO

017 00000000000

Range Radiance Maps from Photographs”, Proc. of SIG-
GRAPH97, pp.369-378, 1997.

T.Mitsunaga and S. K. Nayar, “Radiometric Self Calibra-
tion”, Proc. of CVPR99, vol.1, pp.374-380, 1999.

R. J. Handy, “High dynamic range CCD detector/imager”,
U. S. Patent 4623928, 1986.

M. Konishi, M. Tsugita, M. Inuiya and K. Masukane,
“Video camera, imaging method using video camera,
method of operating video camera, image processing ap-
paratus and method, and solid-state electronic imaging de-
vice” U. S. Patent 5420635, 1995.

S. K. Nayar and T. Mitsunaga. “High dynamic range imag-
ing: Spatially varying pixel exposures”, Proc. CVPROO,
vol.1, pp.472-479, 2000.

gooo, «svEUOU0ooooooooooooooor,ooo
ooo0ooo CVIM-147, pp.155-162, 2005
0oo0,0,00,0,00000007,000 8-223491, 1996.
M.Aggarwal, N. Ahuja, “Split Aperture Imaging for High
Dynamic Range”, IJCV, vol.58, no.1, pp.7-17, 2004.
oo0o0o,0000,0000,“00000000000000
oooooooooor,0o0oooooOoog CVIM-111-5,
pp-33-40, 1998.

D. C. Brown, “Close-range camera calibration”,
togrammetric Engineering, no.8, pp.855-866, 1971.
R. Y. Tsai, “A versatile camera calibration technique for
high-accuracy 3D machine vision metrology using off-the-
shelf tv cameras and lenses”, IEEE Journal of Robotics and
Automation, no.4, pp.51-58, 1987.

G. Wei and S. Ma, “Implicit and explicit camera calibra-

Pho-

1215

[14]

[15]

tion: Theory and experiments”, IEEE Trans. PAMI, no.5,
pp-469-480, 1994.

Z. Y. Zhang, “A Flexible New Technique for Camera Cali-
bration”, IEEE Trans. PAMI, no.11, pp.1330-1334, 2000.
S. K. Nayar, V. Branzoi, “Adaptive Dynamic Range Imag-
ing: Optical Control of Pixel Exposures Over Space and
Time”, Proc. ICCV, pp.1168-1175, 2003.

Shree K. Nayar, Vlad Branzoi, Terry E. Boult, “Pro-
grammable Imaging using a Digital Micromirror Array”,
Proc. CVPR, vol.1, pp.436-443, 2004.



