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Abstract

This paper proposes a low-complexity processor to correct vignetting and barrel distortion for wide-angle cameras. The
proposed processor calculates the required correcting factors by employing the piecewise linear approximation so that the
hardware complexity can be reduced significantly while maintaining correction quality. In addition, the processor is
designed to correct the two distortions concurrently in a singular pipeline, which reduces the overall complexity. The
proposed processor is implemented with 18.6K logic gates in a 0.11gm CMOS process and shows the maximum correction
speed of 200Mpixels/s for correcting an image of which size is 2048x2048.
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II. vDC & BDC

1. HUE 4= 2F (VDC)
VDCE olul)e) 4eiAe W) FEE #Ashl 5
= Bgog olmx o 7+ Ao t)$3l= shading



5t

38

o
N

M etE

<
o

i}
03]

factor® T8t o] & Al gho] Fslo] th3} o] 5

SR

I ([u, v]) s y([u, v)]) - 1([u, v]) 1)

(Dell A 1(« )= L I'(e)
= 9= 2 $9 s ‘)rE}‘)fWr. sy(lu,v])
FNA [, v]0ﬂ z‘sﬂu‘rs}b
shading factorg ¢
factors =435}, é"é% Shadmg factor?] J]%
Tgtt ZF gAe| diste] VDC 3 Alnprh 99
5 ALESEe] shading factors <ARSHe] &b W
2o] Qe wulEl gjzto] UubH oz WAL th o]
2t 7148t ;}.0_1} Zol REw+07o %
MRE = shading factor?] ¥ & 32 &9
[5]

DEICE IR R
3] Al

1=

-
.

om A

PN
s
=

oo

0

R

oZi

FAR)=ES 0 B! @)

n=1

A9 fR)AA a,2 HUE AGZ, Nelder-Mead
downhill simplex method o] 2] }01 FA3 4
filR)2] X}/\E ﬁX40}~ Dﬂ} =

7}5s
7kt VDCe owA 9 BE
o] 83}o] shading factors 3] (1)=
HA G

S
£

2. HiE 4= 23 (BDC)

BDCE B olnx| 9] 7 Ao gy o=
ojnx|o] YA g nigo R ou|A & A|FATTh K
Ay oA A Ao &= gfpE oA
g4 A5 Fohs HH4E o Wioldt s, o W3
o 7]9kS & BDC #4&

I ([u, v])«—I([u', v']) (3)

°
[

ANA [u/,v'] & BA
[u',v']7F 9
VDCell A ¢} m}3171A]
2717] 918 27|12 AHEE R o VDC BDC ©
o A7t &4 o}E}L AL otk 19 2%
HgE oAe o R widE 941* Wl
9] A=t W } FO R o]

oS4z H4E

(1606)

ZZMAM

o
rx

U W 943 =

[Lu'd, Lo'141]
[Lu'd +1, Lo'd+1]
u, 1] s NN
v = : [ 17 ’l}/]
, d 17, 4
[ C) /Ut‘} [u',a 71"
\ J
l
/ [Lu/d+1, Lo']]
[Lu'd, Lo'] ]

a2 2. BDC: o ®En ol MY =27 (F [u, 0] et
[u, v]E 22t o} FEl olo|x| ZZtzt 2HE 0]
o|xX] SZtollMe] SA)

Fig. 2. BDC: backward mapping and interpolation
([u',v']and [u,v] are distorted image space
and corrected image space center, respectively).

o ,mEb 19 20 F AL

5_01][(>~10] 9 = 0 o]
S Aotk 1%1011"1 F

-

A2t el wherlQl scaling

factor= spz([u,v]) 2w /u=0v"/vE AoFH, o]
we o Wge ot gol S,
[u',v'] = s 5([u, v])-[u, v] (4)
VDCol A&} FALgE Bk o7 ZAE scaling factor
o] g d¢= e 3} o] fz(R -%Eofyﬂr[‘”(’]
fB(R)%ZjﬁnR"” )
fRAA B, & 9 WP AFE, 0E G ART
ol Ue o) 4 Sste] Ak A% FAo o
sto] Ao o] W, (k)2 A5 A= Dyt
245 Aud wgol FsaAw Y B A
7) 9% A BEst Sk
o WY 34 el T 94 AL 457} ok
T 7] woll, sld Al o] HA ghs A7) sl
Ar Bt 2ol Fu 94 g olgde] nies
o] B asith
I'([w,o) =1L 1, [0 ]])
A=+ L)) Q=0+ Lo 1]
+ (] Lo ] +1, L] D
(W= Lu ] )a=v+ Lo ])])
+I([Lu' ], Lo ] +1])
(A—u'+ L )@= 1d11])
+7(( Ll ] +1, Lo ] +1)])
(W= Lu )= 1o 1))



20154 98 X33 =X M52 M9 39
Journal of The Institute of Electronics and Information Engineers Vol.52, NO.9, September 2015

714 | k| & kR} A% &e Ao AGFE on
g},

3. 71E A7s9 BT

AA G NeHg ol st FAT omAelA =
LR EIEEEREIDEL-E o E L R
WE mgo] B e B, 7€ ATE
AT T AR AMAew el P o 4
o A 7 3ol g g PPe S@How
Agate] T oARe HAT FE Jou, oF S84
£ VDC7H BDCHTE A##ojo} @tk o1 0§, BDC

]

< 53 olm A 7F A
=, o] FHAeA 7%94 fH olm| x| F7hel| A 9
7t ¥ o A4 o] d om Aol A
of 7} HA $A] JHE ol 3§ shading factor®] 74t
B7bsa A7) wiolth. ARt 7]l VDC
BDCE A&3t7] Ysixe (2), 6), 6)7 22 At
ojn#] ko] mE Ao djste] Frefaof o}‘ji,
& BREE 2] "ok gEia B3=
F7] 913k &9 7ol uigk FaAol rﬂ%%

NL He o wE

. AQFsh= ZZAMIA

AerskE ZZA|A A= VDC2 BDColA D&
shading factor®} scaling factorE +38}7] ¢J38fe] H3¢
st vkl o) HY 45 AH AtelA &, 99 &
75 T A 2Ae B S ]3}‘5/‘13
EE A ST =8 1)
@Y gho]zedl & %Oﬂ/ﬂ
2ot s A7ste] A Al B

= J9n.

N

0

o ore o

érLru

. JFI—H
)

_‘m m]o

1. 72t M 2AM Z1gket vDC 2 BDC

71%2] VDC 4 BDC W° el Az, 7t Ao of
53} shading factor ¢} scaling factor® T3}7] ¢35}
2), B} 2L filR), fpR)ol 3t 233k thala]
Atol Fgsitt tso], ojm|x|e] A7|7}F FThete] K
dlof & Al ¢7F FlebH, olo] e A ERE
A 3A FrreteE &4 FaE el s A
&+ 24 whge] Hg st

(1607)

fr(B)

offseti)eem--g
offset;}
» R
Rl Rl Rl;l R‘wl
a2 3 VDCOlM =g el Tk ME 2AL
Fig. 3. Piecewise linear approximation of the fitting

function in VDC.

factor® T d, 53 9 V\g 2 AR
o, YUY s A 2
S giAstke] AlLksitt 7]Ee] B A “c}‘?é[&m]oﬂfﬂ%
Folxl =74 dHeolHE wEorE AR P
MR), (RS ATE F483ch 294 o3 =
olHE 11 AAR o= 3
ojm®E o]E 1A} E}f%“ﬁ]*o‘ L]isto] wig- Aulst
AR "= A
AlQteh= 1A
¥ 9 s
gk 2oz thAstal, o2 AXsle] shading
factor®} scaling factor® T3tth. BDColA 9] scaling
factore] & g3 71 AE ZAEE 3L VDC
oA 2] shading factor®] & shoAel FASIRR
o]7)X & shading factor?] 3|8 g5 3+ A8 A}

>
>
m&m
O
%
\l
N
1
o,
o,
2l

st YATRS Adsit) oy 3& ::_jl_}‘\jvg_ zd3
shading factor®] & g fR)E T3+ AY :‘_1/\]—?“5_}
AR, f(R)& & NAN9 F3ros L&) o]

o, i
WA P 1<i< N, & % A [R,offset;]
ol Ao s Agojum o]

[Rz+1a0ff3€t +1 ]% S
A9 (R Tk o] ArE = QT
fv(R) = slope, < (R— R;) + of fset,; 7

A2} Fee] 7127l gk Aol olsto], segment;
oA AbE J” el 7127 slopes that 2ol
slope; = (offset,,, —offset;)/ (R, ., — R;) &
gk R =0, Ry.q = Ryax°l3, ofset ™ R

Apolelle offset, = fy(R;) Q1 BAF WEHFTL 7]



40

A Ruaxe Ri©
=

[e]

=

offseti, sloper==VDCH BDC o]#e] 1]

S|

Ae e ghe wEAoE A

vA)s] =717 Frksd g

A

st 4 2AbE gl

=0
o= T,

Rl MER A3

oA

T

RS oA HY B84

o 4z op

= g

Aotz W E F3F A FAf 7)uke
shading factor$} scaling factorZ F-3h=t], o]zl
s TR AR ARk Aol et s factor

9
ol

d

=]. A~
s A

tisto] 8 A Ak ket n)alste]

i

@A 1 @A 2 A3

@A 4

o
rx

Ty
of et
i
i)

2
>

rl
>~
iRad
=2

o

Lo
f
o
=

=
ofN o Kl
10 O Hn ot lo

o =
©

oft
o,
o,

R
oot

S oﬁl‘ﬁ
EORI
O
o &

|

o o,
n %

A
ok
o
ol
Qo
i
&
2y

=2
R

rlr

rr 4
4 e

2y £
2o NYRT
¥
rE X Y

T 2

bl
2
>
Lo i
e o
[o ]
3
o~
fU ook
ey

of
2L
3R
M
ol
o
>
o
e
oy
e
M

%
ok
oL i
o
ok

pou)
o
o
i
o 5
il
Mo

i

Lo

v
i

rd
>~
el

t1

4 ot rlr
4

2
T

o

‘
-
s

2. §¢tst= VDC & BDC ZEMAMQ &

oF Aol A A|Qtst WHel| V|WhS o], AAzto R
VDC¢ BDCE AHelshs = B4 Z2AAE A}
Atk AotelE ZR2AME @A o]zl FRE
A Rem, VDC #F43 BDC frilez FAd
4% Adtele Z2AA Y WA FRE Bl B,

&l
bl

A5 GA6 GAT

1]

-
L 9
£EE
—(

g B
u—lN
=}
g £
Do
- p—

p_(&

=

ROM1

approximation

Piecewise linear

B ]

a3
Fig.

BDC

4. M eotst= VDCRF BDC Z=ZAM|Me| M| #+=
4. OQverall architecture of the proposed processor for VDC

(1608)

and BDC..



2015 98 XMAZ=ts| ==X HM52H HIE

4

Journal of The Institute of Electronics and Information Engineers Vol.52, NO.9, September 2015

d= wge & Tasd 24 F9En. @A 159014
= BDC7), @ 474 VDO S35 S8,
Al 4-594 = VDC BDC7F A o2 F-sidrt),

BDCE F35}7] flste], @A 1o4% ue] 2714k
uenSt Vo] 271889 ve W WS T u B 09 F

B2 3 JAA o]BA7E BAlY 72 FHEANA RS
Askett Abe Ry Ryao AXES $18] AIAFE- =,
R.®] 27182 Rl 2 FolXth @A 2-30AM e &
Al 1ol Ate Ree vtEo®, $ NS 3t 5 R,
ol &gk 17t fr(R)S ab7] 9t 3 Ad AL
& g ol #s 7 M R, offset;
slope; 55 949 read-only memory (ROM) A ¢

5
2 5 7} 3g o] 83k scaling factorg T3 & W
< SR G 45004, 9 W RS Sl T
g =4 FZxelAe g s 6] flske], ¢i=d
olm| Ao Al WA LA} sk s A FHo I gt

S 9459 random access memory (RAM)o A ¢1oi<}
o]& o]gsto] HIHg

VDCE +a3l7] 9k, @A 4-5o4 = o #E&
o 73 g4 HE 4 % ve HEeR, o] o] §a}
of R& T8tk 9714, RS Bul" ¢ =3 wjd o=
o] R HRAIgE o|m| x| FIHLoA e A WA ES 9
njgtt ojxd VDCE a1 o, wjd =] 34
oju|A] Tt WA FS VIFORE st olfve, %
Zt FhetE E3 I5% o|n A A= F dj=to]

120 e 4= B A O}Ui shading factorg FAsl= 3
ol wiH =] s 7] wEolth ©A 6-79
A=, T 2-39 4 9} U}ZW}X]E CHA 4-5001 4] AlLkE
He o= 9)Fo] ROMe| A% AHE o]&3t
o shading factorZ AAHsHt) HAEH o2 A 7oA
BDCE Fag & =98 IA4 33} ¢hA ¢ shading
=] WA gE olmx o] A

L
o,

L
B

-

(1609)

afel A AzH

o
-
Lo,
o
o
[&l
o
o
o ox
2,
ol

o,

e
b
t

[rt

rir i

. il
Y

~
o

=

=2

- T
¥e.
+ i

Y
=
ol
o,
[l
ft
>,
2
o
il
of.
o
IR )

rx
ol
rd
ﬁé
i
o,
oo
i
055
)
2
N
=
tlo
= P
)
i,
¥ —
> Jo

, shading factor ¥ scaling factore] w3k & &t
TF7E Ay EAbe] §1e ARE 9] ROMONA]
ofer) 3t AE AE
scaling factorZ AAs=
°.2 A3 Y. VDCS BDCE
@A 6-73 Al 2-301A4 7} J]
A}sle] shading factor 2

ALl 719k F

R
PN
U]—T

DT A T = F e

a9 40lA ‘31%
] #13te] 7]
77 A3
scaling factorZ -3t}

Aotsts ZRAM = F
of tiate] 3+ A8 AR ) ofu ek vk

A3t
g

ot

:
‘B e
2 Z ©
o,
u
N
S

ol

7k oloF gt}
&, ZAA = 95 ROMS| A7]9F 338
AERoBRE ofof gk F7}AQl ZEAA ] -2
sith, AEHom AjtehE ZEAAE o
WA st BAY

TbFed T2 A

3L (e}
FAE

At

4

X

R

BA

Ao MelA Agker o= it o
el Bg ZAAe] st=dlo] Bmsl Aol
| wZsta, A4 7E ARE nfgom v)Ee

]

Astsh wastel B AT $54E Btk

2

a9

7]

ol
ol
re

fo e

e

o
:'.L
. SIERO] SE

ﬂJ St ZRAMAME
o] shading factor ¥ scaling factorE 2% AAHHA]
@, T AE SARE B olE AR
B 5 Al 7o
o RAS 9 aTEHe
o7 ¥E F
arithmetic) §2)&
‘0‘40}»\3} A QFah=

ol tisto] 7zt
1ol g8kttt

4G 2 ol

T =

°ol& &,

At HEF A%

[e2

0

2A Ji*ﬂfﬂg é‘i?}"ﬂ
SESE

42 ALgEE uE



42 2t 2E 9et N SET HUE L HE A5 2F ZEAA =0t 2|
E 1. HMotste dlm 2N ZRMAMe ZH Mg W o
EE
Table 1. Bit width for each signal in the proposed
processor.
A% L B
d dyY 23bits Obit
0, 05 1bit 30bits
s, s Obit 13bits
Uieft, Viop 11bits Obit
Rii 23bits Obit
Ainity, Ainie ” 4bits Obit

VR EE (R 59 WS
D A Pl A offsetio offsetina
Vo A 2kl A slopeist slopein
Y ROMO, ROM19] %7] F23k

2. 77e & 45 A

T3F AE Akl 719kS o AQtehe BA W
712 Wb To) ajole] BA EFAL waslr] 9%

ARG Fastgt B AFoAE, 712 Wl o

w2} shading factor % scaling factor®] I8 4+=

247 RI Rel #g 62 vekror mER st

(Dy=Dp=6). °ol¢ #2 ¥" 3+E wEoR vg ©

g=at v e BAT A g5, 74 a8 5 H|UE 4TI W HZ olnjxle BN Hn
98 52 Aokst= W o3 7k A3 ARSH Bl (a) HIUE ef=xh uiE o= OIDIXI, (b)
SR 5 22 23 3822 238 33, 6 1
signal—to—noise ratio (PSNR)% Tokal ol & & 20 4 Fig. 5. Comparison of the correction results: (a) original
gttt Z 20 Bl A7E By AgtetE whES image, (b) the result corrected by the
E3 98 35 fi(R) TE RS T2 A8 2k conventional method [5], [7] and (c) the result
DAL e Ao 717 2abgae] Fbe] 27k 4 7 corrected by the proposed method.

Enk HdeiE Fat PSNR F217F 30dB o] d<ls & ATE Fole, BDCE A A By ol g
T ATk S, 7 AR 7] 7 4 o]l A ZEAAE v EAEE B, VDCE s 24 3
g s A4 Axtels 71 WA g 24 $4 el gk A7 Ay A B o] E FrdlolE T
o] A3yt A4 F5s & Ak 17 55 & A At A= FEei) 3 304 Bl AT ol V&
A 7158 B Aljksks WS VIvro R BTG o] of A [7], (8], 9]¢ A#=2 BDCHF =33 4 3=
A Hlag Aelth of Bla), Atets Z2AME= BDCY tEo] VDCE

AFstE ZZAAE 0.11um CMOS FA <] Al o] 7hsetth g AlolE ¢ B A stEdo] EREE
BejElE AMEshe] A lor, 186Ke =8 ACE ek o AQtels ZEAAE 7 g3 HAo] B
2 FEHth Adtste Z2AAN 7d A3 B 7 el Etstal 7] A4t AdsE v &84
& =wo 2ds vaste] ¥ 30l Aeleidith 715 o% BIEE gE s & 7 Atk AlRbee ZEA

(1610)



20154 98 X33 =X M52 M9
Journal of The Institute of Electronics and In

e Z Xl

¥ 2. PSNR #EoMel EM EA dW (THe] @ dB)
Table 2. Comparison of the correction quality in terms of

PSNR in dB.
Number of segments

Image” N=2, Ny=3, Ny=4,
N5'=3 Np=3 Np=4

01 26.112 28.187 31.154
02 25642 21.270 35.646
03 28521 29.904 35.081
04 31.680 33.650 34.545
05 28.680 29.399 37485
Average 28127 29.682 34.782
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