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Method for Eliminating LCD Motion De-blurring Model′s Pole

ZHU Xiong-Yong1 ZHOU Jie2 TAN Hong-Zhou1

Abstract The sinc−1 model can reduce the LCD motion blur effectively, however, it can not restore the correct frequency

components on the pole and is hard to implement on hardware. This paper presents a novel method which is trying to

improve the LCD motion blur phenomenon from the view of system identification. The method uses the Volterra nonlinear

system that is based on the VSSLMS (variable step size least mean square) algorithm to fit the sinc−1 model, which is

a non-perfect inverse system to the LCD motion blur system for the pole problem. Simulation results demonstrate that

the performance of the proposed simple method can avoid the pole problem of sinc−1 model and can be implemented on

hardware easily.
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òvªJ,� 240 Hz �, Ǒ�±3é�§Ýþ�Ø
LCD $Ä�
�y�, �Ù�5�õÑ!�°!Z6�¯KØN�À. �[ CRT óÀ°Ä��Yé$Ä�
Ǒk�½�Uõ�J, �Ù¥��1ð
Eâ[5] N´���Ýeü�¯K; �1
×£Eâ[10]K�3 LED �1¤��p, �ÝØþ!�¯K; çv�\Eâ[11] N´�)�1y�, O\éêâ�ÇÚ�°���, l
O\Eâ�JÝÚ¤�. ��,üXæ^Ôn�YǑ,U���½�$Ä��
��J, ��dLp, J±�.)ûT¯K.
3æ�þãÔn�Y�Ä:þ, |^ã�?nEâ�±�?�ÚUõ LCD $Ä�
y�.
Klompenhouwer �[12] JÑ�«Äuª��$Ä�þýÖ�_ÈÅ (Motion compensated inverse
filtering, MCIF) ��{, éw«A5�<ú�$ÏÈÅA5?1ýÖ�, U3é�§Ýþ¡E LCD$Äã��b|Ý. Har-Noy �[13] JÑ�«Uõ
LCD $Ä�
��{, Ò´3Ñ\&Ò� LCD �
, ò&Ò©)¤VÏ�, ©Oæ^p���S�ÈÅì¥?1 FIR (Finite impulse response)ÈÅ,,�2Ü¤x\ LCD w«ìÑÑ, �� IIR (Infinite
impulse response) ÈÅì��J. �le©�©Û��, LCD �$Ä�
y��u)3$Ä��þ,
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y�, þã�Yé¤k��Ñ?1Ö�, ù¢Sþ´�«LÖ�. Har-Noy ��JÑ,�«�{[14] , =ò LCD $Ä�
y�w�´�«ã��òz¯K, æ^�ëêS��{
Richardson-Lucy (RL) �òÈ�{, éÑ:*Ñ¼ê (Point spread function, PSF), 2ÏL�½�S�-ÑÑã�Âñ�Óý¢ã��C���q,ã�, l
��ü$ã��
�8�. Xia �[15] 3
Har-Noy ��Ä:þ, JÑ�«$Äg·A��
ÈÅì±��ã���{. �:*Ñ¼êJ±é�,XJ°ÝØv�
N´Úåã��{¡E�y�,
�Ǒ�U¬Ñyã�>Æ�ý¯K[16]. þã�YÑ´3é$Äã�w«
?1ýÖ�, ù´�^'��1�g´, ¿Ǒ��
�½�Uõ�J. �du
LCD $Ä��
�ª�3M�þ¢y, �þã�{¿Ø·^.Ù¢, �ò LCD $Äã���
w���XÚE£�¯K, =- LCD $Ä�
�.Ǒ�XÚ, òÙ_XÚ��?é|Ü, KÑÑ&Ò YYY (n) ò�Ñ\&Ò XXX(n) �Ó[17], l
�� LCD $Ä��
�8�, Xã 1 ¤«. du sinc �.´ LCD $Ä�
�ª�êÆ�., �òÙ_ (sinc−1 �.) �Ǒã 1¥� LCD $Ä�
_XÚ, ��XÚ?é|Ü, =�¢y LCD $Ä��
��J. � sinc−1 �.�34:¯K, �{¡E4:?�ªÇ, ¤±ÙA^É�4����. u´, ¨�è�[18] JÑ�«ÏLïá���4:ÈÅì�4:à�Eâ, �â�Çæ^ØÓ�Xê��O�
������ sinc−1 �.4:�# �, l
¡ET:�ªÇ±�Ǒ4:�ªÇ. T�{3pª?U��k��Uõ, �J±M�¢y. ã 1 LCD $Ä��
XÚ�nã
Fig. 1 The diagram of LCD motion de-blurring system¢Sþ, LCD $Ä�
¯K�w�´��üÑ\üÑÑ��5�Ä��ØCXÚ, 
8
|^

Volterra ?ênØ5ïÄ��5XÚ�5�É�<��­À, ®3��5ª�©Û!��5E£!&Ò?n9�æ�ä��¡Ñ��
­��?�, �N´3M�þ¢y[19] , §U±?¿°Ý%C;8þ�ëY¼ê, ïáå��5!�ØC!Ä�XÚ�êÆ�.[20], �l��5XÚE£�ÆÝÑu, À^��5XÚ� Volterra �.5[Ü sinc−1 XÚ, l
�ï���én�� LCD $Ä�
XÚ���5�_XÚ, ò´�^�1�g´.�©Ù{Ü©�(�Sü´: 1 1 !©Û LCD$Äã��
�êÆ�.; 1 2 !©Û sinc−1 �.

�A5; 1 3 !�é sinc−1 �.�Øvl��5XÚE£�ÆÝÑu, JÑæ^ÄuCÚ� LMS �
Volterra �.[Ü sinc−1 �.��{, l
�ï���4:� LCD $Äã��
XÚ���5_XÚ; 1 4 !´�'��ý©Û; 1 5 !´(Ø.

1 LCD$Äã��
�êÆ�.
LCD $Ä�
y�´d LCD �w«A5Ú<úÀúXÚ (Human visual system, HVS) �A5�Ó�^
Úå�[3] ,Xã 2¤«,=ã 1¥� LCD$Ä�
XÚ. Ù¥, forg(x, y, t) L«Ñ\� LCDw«����Àªã�&Ò, t ´ã�S���m�I, (x, y) ´ã���m ��I, fout(x, y, t) Ǒ<ú¤aÉ���
Àªã�&Ò.ã 2 LCD $Äã��
�XÚµã
Fig. 2 The diagram of LCD motion blur systemdu�X LCD¡�Eâ�ØäU?, 8
 1 msǑA�Ý� LCD ¡�Ǒ®í�
½|, LCD �úǑAA5é LCD $Ä�
�KǑ®C��5��,��©Ø2�Ä LCD �úǑAA5, =�ÙǑA�mǑ 0, $Ä�
�ÜÑ5g LCD �æ��±A5�<úÀúA5, u´k:

fout(x, y, n) =
1

Th

∫ Th

0

f((x, y, n) + vt, n) dt (1)Ù¥, f(x, y, n) ´�©ã�, n ´ã��vSÒ,
fout(x, y, n) ´ LCD ÑÑã�, Th Ǒw«ì�×£±Ï, v = [vx, vy] ´Àª¥ã��$Ä�Ý¥þ.òª (1) C/:

fout(x, y, n) =

∫ 1

0

f((x, y) + αvTh, n) dα =

∫

∞

−∞

f((x, y) + αvTh, n)h(α) dα (2)Ù¥, h(α) =

{

1, 0 ≤ α < 1

0, Ù� , éª (2) ü>���Fp�C�, �:

Fout(u, v, n) =
∫

∞

−∞

fout(x, y, n)e−j2π[u,v][x,y]T dxdy =

F (u, v, n)H(u, v) (3)ª¥, F (x, y, n) ´�Ǒ n ��©ã�����mFp�C�, [u, v] ´�mªÇ. Ïd, <ú¤*	�� LCD $Äã�¢Sþ�w�´�ã�²L��
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sinc �mÈÅì
�ª���ã�[6, 12]. u´, n��¬w«ìw«$Äã��ª��.Xe:

H(u, v) = sinc(πTh[vx, vy] × [u, v]T) (4)ÏL�mæ��, ÙlÑ���L�ªǑ
H(m,n) =
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m,n=−∞

sinc
[

πTh

(

vx

(m

M
fMS − mfMS

)

+

vy

( n

N
fNS − nfNS

))]

,

m ∈ {0, 1, 2, · · · ,M − 1} ,

n ∈ {0, 1, 2, · · · , N − 1}

0, Ù�
(5)Ù¥, fMS!fNS ´w«ì��mæ�ªÇ, M!N´ã��°ÝÚpÝ.Ǒ
��
y��²w, �©æ^��Ǒ 60 �� × 40 ���é'Ý�����ã�, ¶4M#ÇǑ Th = 1/15, -ã 3 (a) ã�± 85 ��/���Ý©O�Y²�mÚR��e�$Ä, LCD �$Ä�
y�©OXã 3 (b) Úã 3 (c) ¤«.

(a) �ã�
(a) Original

image

(b) Y²��$Äã�
(b) Left moving

image

(c) R��e$Äã�
(c) Downward moving

imageã 3 LCD $Ä�
y�
Fig. 3 LCD motion bluringdã 3 ��, duã��$Ä, �ã�3>Æ��ÝaC?�)�$Ä���'��
y�, 
Ù���Ø¬u)�
y�. Ïd, Ǒ�Bå�, e©�©ÛY²��$Ä��
�¹.�±ò sinc �.w��XÚ, òÙ_XÚ��?é|Ü, Xã 1 ¤«, ÑÑ&ÒÒ¬�Ñ\&Ò�Ó[17]. nØþ, sinc−1 �.ò´��'�·Ü�Ǒ_XÚ��..

2 sinc_�.�A5©Ûdu LCD $Ä�
�ª�´ sinc �., Ïd,ò sinc−1 �.�Ǒ§�_XÚ, ��?é|Ü�, <ú¤w�� LCD ÑÑ$Äã�&ÒÒ¬�¢SÑ\�ã�&Ò�Ó, l
��Uõ LCD $Ä�
�8�, Ù�nXã 4 ¤«.

ã 4 sinc−1 �.Uõ LCD $Ä�
�nã
Fig. 4 The diagram of LCD motion de-blurring by sinc−1

model

sinc−1 XÚ�ª�êÆ�.Xe¤«:

sinc−1(u, v) =
1

sinc

(

K[vy, vx]

[

1

M
u,

1

N
v

]T
)

(6)Ù¥, K = πTh, u = 0, 1, 2, · · · ,M − 1, v =
0, 1, 2, · · · N − 1.d�Ó�± 85 ��/���Ý-ã 3 (a) �ã� Y²��$Ä, $Ä�
�ã�Xã 3 (b) ¤«. æ^ sinc−1 �.�Ǒ_XÚéÙk?1ý?n,,�2��Ǒ�XÚ� sinc �.?é, �ý(JXã 5 ¤«. lã 5 ¥��, æ^ sinc−1 �.�Ǒ_XÚ, ����ã���ã��m��éØ�°Ý�~�, ã��þ�~�, ��/�Ø
 LCD $Ä�
y�.

(a) sinc−1 XÚÑÑ&Ò
(a) The output

signals of the system

of sinc−1

(b) �ã�
(b) Original image

(c) sinc �XÚÑÑ���ã�
(c) The restored

image of the original

system of sinc

(d) ��ã���ã���éØ�
(d) The relative error between the restored image

and the original imageã 5 sinc−1 XÚ� LCD $Äã���

Fig. 5 LCD motion de-blurring by the system of sinc−1



762 g Ä z Æ � 38ò�dª (5) ��, ��� sinc XÚ3$Ä�ÝǑ Th (M#Ç) ��ê��, XÚò�U¬Ñy
sinc(kπ) = 0 ��¹, ùò��Ù_XÚ sinc−1 �.Ñy,
�I��4�, �Ñ LCD L�����Ý�y�, =BéÙ?18�z?n, T¯KE,¬�3, ·�¡�Ǒ “4:” ¯K. 34:?�ªÇ�{¡E, l
é�Ìã�E¤î­��ý.-ã 3 (a) �ã�± 60 ��/� (Th � 4 �) ��Ý Y²��$Ä, d� sinc �.,
/��U¬Ñy sinc(4π) = 0 ��¹, ½= sinc−1 �.3,
�I¬ÑÑ4��. d�ý(J��, d�XÚÑy
4:y�, <ú�ªa��ã�Xã 6 (c) ¤«.8�z����ã��þ4�, ��ã���éØ��~�, Xã 6 (d) ¤«. �du4:��3, ��ù
:�ªÇ�{�(��, E¤<úa��ã��þ4�, Ǒ<ú¤J±�É.

(a) sinc−1 XÚÑÑ&Ò
(a) The output

signals of the

system of sinc−1

(b) �ã�
(b) Original image

(c) sinc �XÚÑÑ���ã�
(c) The restored

image of the

original system of

sinc

(d) ��ã���ã���éØ�
(d) The relative error between the restored image

and the original imageã 6 sinc−1 �.�4:¯K
Fig. 6 The pole problem of sinc−1 model

LCD $Äã��
XÚ¢Sþ´����5XÚ, 
 sinc−1 �.%´�5ëY�XÚ, J±M

�¢y, ��34:¯K, Ïd, sinc−1 �.¿Ø·Ü�Ǒn�� LCD $Ä�
XÚ�_XÚ, 7L�é���äk sinc−1 �.A5, 
qØ�34:¯K���5XÚ�_XÚ. du Volterra �.U±?¿°Ý%C;8þ�ëY¼ê, ïá��5!�ØC!Ä�XÚ�êÆ�.[20] , �N´3M�þ¢y,�3 LCD $Äã���
¥, æ^ Volterra �.�Ǒ��5_XÚ±[Ü sinc−1 �.l
;�Ù4:¯K´�^�1�g´.

3 Volterra�.��
�A5©ÛÏL�O Volterra �.�A�ëê, -Ù�
sinc−1 �.k�Ó�	ÜAÆ, =�[Ü sinc−1 �., l
�Ñ sinc−1 �.�":, �ïå�� LCD$Ä�
XÚ���5_XÚ. -ÎÜ�½^��
sinc−1 �.�ÑÑ�Ǒ[ÜXÚ�ÑÑ YYY (n), XÚ�Ñ\XXX(n) ®�, d�, �IÔö� Volterra �.�Ø¼ê=�[Üù� sinc−1 �.XÚ. w,, ù´��;.���5XÚE£¯K, Xã 7 ¤«.

ã 7 Volterra XÚE£�nã
Fig. 7 The diagram of the Volterra system identification��lÑÏJ��5 Volterra XÚ�Ñ\
XXX(n) 9ÙÑÑ YYY (n) �m�'X�^ Volterra ?êL«Ǒ[21]

YYY (n) = h0 +

∞
∑

m1=0

h1(m1)XXX(n − m1)+

∞
∑

m1=0

∞
∑

m2=0

h2(m1,m2)×

XXX(n − m1)XXX(n − m2) + · · · +

∞
∑

m1=0

∞
∑

m2=0

· · ·

∞
∑

mp=0

hp(m1,m2, · · · ,mp)XXX(n − m1)×

XXX(n − m2) · · ·XXX(n − mp) + · · · (7)Ù¥, m ´PÁ�Ý; hp ¡Ǒ p � Volterra Ø, Ǒ¡ p ���5À-ǑA, ��XÚ��k'
�&Ò�Cz�'.�e��ÜE£ Volterra �Ø, KéN´��¤¢� “�ê/J” �¯K, O�þ�~
�. Ïd,�±|^Ø¼ê�é¡5, Ø�Ä�6©þ�KǑ,
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~�O�þ. d�Ø¼êÝ
Ǒ��nÆÝ
, Ù�êǑ
m +

p
∑

i=2

Ci
m+i−1 (8)Ù¥, p Ǒ�ê, m ǑPÁ�Ý. u´, ª (7) �±�¤:

YYY (n) =
N−1
∑

m1=0

h1(m1)XXX(n − m1)+

N−1
∑

m1=0

N−1
∑

m2=m1

h2(m1,m2)XXX(n − m1)XXX(n − m2) +

· · · +
N−1
∑

m1=0

N−1
∑

m2=m1

· · ·
N−1
∑

mp=mp−1

hp(m1,m2, · · · ,mp)×

XXX(n − m1)XXX(n − m2) · · ·XXX(n − mp) + · · · (9)éuü´Õá�&Ò¥þ XXX(n) Ú YYY (n), À�Ø¼êëê¥þ WWW (E) = [h0, h1, h2, · · · , hp],Ñ\&Ò¥þ XXX(n) = [x(n), x(n − 1), · · · , x(n −
N +1), x(n)x(n), x(n)x(n−1), · · · , x(n)x(n−N +
1), x(n − 1)x(n − 1), · · · , x(n − 1)x(n − N +
1), · · · , x(n−N + 1)x(n−N + 1)]T, Kª (9) �ÑÑ&Ò¥þǑ

YYY (n) = WWW (E)
T
×XXX(n) (10)u´, sinc−1 �.�^ Volterra �.£ãXe:

sinc−1 ≈ YYY (n) = WWW (E)
T
×XXX(n) (11)dþª��, ò,��Ýe� sinc−1 XÚÑÑ

YYY (n), Ñ\XXX(n) Ǒ®�, d��I�âÑ\ÑÑêâÔö� Volterra �Ø¼êëê¥þ WWW (E), =�¼�ã 7 ¥[Ü sinc−1 �.���5 Volterra �.. éu Volterra Ø¼ê�¼�, ;[Æö�JÑ
Nõ�{. Ù¥, ��þ�Ø� (Least mean
squares, LMS) �{´�~��g·AÈÅ�{, T�{�n{ü, Bu¢�¢y, ":´Âñ�Ýú,Ä��l5U�; 4í���� (Recursive least
squares, RLS) �{é�OØ�æ^�ê\�, Âñ�ÝÚ�l5U��`u LMS �{, ¤GÑ��d´�æ^Ý
�_4í, O�þ��[22]. C
5, ¯õ�Æöé LMS �{�5U©ÛÚ�{U?�¡?1
�þ�ïÄó�, JÑ
Nõ LMS �{�U?�{, -ÙÂñ�Ý��\¯. �©æ^
CÚ�� LMS �{Ôö Volterra �Ø¼êWWW (E), -Ùþ�Ø� (Mean square error, MSE) Âñ�Ý�

¯, �{Xe[23]:

e(n) = d(n) −XXXT(n)WWW (E)

µ(n) = β(1 − exp(−α |e(n)|2))

WWW (n + 1) = WWW (n) + 2µ(n)e(n)XXX(n) (12)Ù¥, WWW (n) Ǒ�Ǒ n ��¥þ, XXX(n) Ǒ�Ǒ n�Ñ\&Ò¥þ, d(n) ǑÏ"ÑÑ�, e(n) ´Ø�&Ò, µ(n) ´Ú�Ïf. LMS �{Âñ�^�Ǒ
0 < µ(n) < 1/λmax, λmax ´Ñ\&Òg�'Ý
���AÆ�. 3÷v�{Âñ��¹e, α, β A�â�©Ø� |e(n)| ����5ÀJ, ���©Ø�
|e(n)| éA� µ(n) ���U�
. T�{3�©Âñ�ã� |e(n)| ��, éA� µ(n) Ǒ��, Âñ�ÝÒ�¯. ��{?\­��, |e(n)| ����, d� µ(n) Ǒ����, dd���ZWiener ).±þ�Ǒ 0, ��Ǒ 1, ã���Ǒ 100 �� ×
10 ��, Ñlpd��©Ù�xD(&Ò�ǑÑ\&Ò X(n). -ã�±Y²�� 30 ��/���Ý$Ä, IO LMS �{�Ú� µ = 0.0005 (��ý�Z�), VSSLMS (Variable step size LMS) �{�
α = 200, β = 0.0022 (��ý�Z�), Volterra ��êǑ 2, PÁ�ÝǑǑ 2. æ�:êǑ 50, ©O�
100 gÕá�ý��ÚO²þ(JXã 8 ¤«. Ù¥, î¶�IǑS�gê, ü Ǒã�oê�Ú 103;p¶ǑØ�, ü Ǒ©�.

ã 8 ü« LMS �{�Âñ­�
Fig. 8 The convergence curves of LMS algorithmslã 8 ��, æ^CÚ�� VSSLMS �{, ²L 3 × 103 gS��=Âñ�­½e5, 
IO�½Ú�� LMS �{KI�²LC 20 × 103 gS�âU��ÂñG�. �½Ú� LMS �{z�#�gØ¼ê, �I� 2n + 1 g�{Ú 2n g\{, Ù¥, n ǑØ¼ê��ê. ǑÒ´`, �½Ú� LMS�{�zg�#Ø¼ê�O�E,ÝǑ O(n), o�O�E,ÝǑ O(mn), Ù¥, m ǑS�gê. �'



764 g Ä z Æ � 38ò�e, CÚ� LMS �{I�O�Ú�, �zg�#Ø¼ê�O�þ'DÚ LMS �{Ñp, �)üg�ê$�!üg�{$�Ú�g\{$�, �ÙO�E,ÝEǑ O(n). duCÚ� LMS �{é¯=�Âñ, �§�o��{O�E,ÝǑ O(kn), Ù¥, kǑS�gê, k << m. Ïd, æ^CÚ� LMS �{Ôö Volterra ��{�!� O((m − k)n) �O�þ. Ïd VSSLMS �{�5U²w`uIO�½Ú�� LMS �{, ��/)û
Âñ�ÝÚ­�Ø��gñ.Ó�, du Volterra ?ê´d�¡õ�Ú�¡õ�ëê5%C��5XÚ�, 
y¢¥Ø�U��. ¯¢þ, du¢S?n�$Äã��$Ä¥þÑ3��Ün���S, �IÀJ��Ü·��êÒ�±��Uõ$Ä�
�8�, ��éÙ?1�ä?n±?�Ú~�O�þ. ù�9é�ê p ÚPÁ�Ým �ÀJ¯K, §����AT÷veª:
∣

∣

∣

∣

∣

sinc−1

(

K[vy, vx] ×

[

1

M
u,

1

N
v

]T
)

−

WE × XT
n

∣

∣

∣

∣

∣

≤ k (13)ª¥, k ´°Ý~ê, (½
 Volterra XÚ[Ü�ê
p ((½°Ý) ÚPÁ�Ý m �ÀJ^�. 3y¢¥,
2 �½ 3 � Volterra XÚ®²U[Üý�õê��5XÚ
, æ^�p�� Volterra XÚ¬-O�þ-O, �Ø¬�5�����
�J. Ïd, �©æ^ 2 � Volterra XÚ. ,	, �þ��ý(JL²,PÁ�Ý�Ñ\ã�°Ý�Ó=�¼������
�J.

4 �ý©Û�©��ýXÚµeXã 9 ¤«. du�X�Ý�O\, sinc−1 �ÑÑ¬�5��, AO´Ñy4:��ÿ, l
�� MSE ­��5�JÂñ, 
æ

^8�z?n�, �ò¤I�?n�êâ�½3�½���S, l
-§S$1�U\¯Âñ��Ý.

ã 9 Volterra XÚ�Ø LCD $Äã���
4:�nã
Fig. 9 The diagram of eliminating the pole of LCD

motion de-blurring by the Volterra systemæ^ 2 � Volterra �Ǒ_XÚ, PÁ�Ý©OǑ 20!40!80, =©OǑã�°Ý� 1/2!1 �Ú 2�,d�Ø¼ê��ê©OǑ 230!860!3 300�.±ã 3 (a) Ǒ�ã�, -ã�± 85 ��/���ÝY²�m$Ä, VSSLMS�{� α = 8 000, β = 0.0025,�ý(JXã 10 ¤«. Ù¥, î¶�IǑS�gê,ü Ǒã�oê�ÚǑ 2.4 × 103; p¶ǑØ�, ü Ǒ©�.l�ý(J��, MSE­��Âñ�Ý�~¯,CÚ� LMS �{�­�5��Ny, PÁ�ÝéÂñ�Ý�KǑØ�. PÁ�ÝǑ 20 �, Volterra ÑÑã�� sinc−1 ÑÑã��m�Ø�, 9²L sinc�XÚ����, <úa��ã���ã��Ø�Ñ�~�, Ù��ã��Jé�, `²TPÁ�Ý�Øv±LÆ sinc−1 �.. �PÁ�ÝǑ 40� 80 �,ü«Ø�Ñ�~�, ���ǑØ�. l��ã���þw, PÁ�ÝǑ 40 ����ã�®²'��, N´Ǒ<ú¤�É, ·��Ǒd� Volterra XÚ®v±LÆ sinc−1 �.. dª (8) ��, PÁ�Ý��,KØ¼ê�ê�õ, ��O�þìO. Ïd, �©�ý�PÁ�ÝǑ 40.

(a) sinc−1 ÑÑã�
(a) The output image of

sinc−1 model

(b) PÁ�ÝǑ 20 �, Volterra�ÑÑã�
(b) The output image of

Volterra when m = 20

(c) PÁ�ÝǑ 40 �, Volterra�ÑÑã�
(c) The output image of

Volterra when m = 40

(d) PÁ�ÝǑ 80 �, Volterra�ÑÑã�
(d) The output image of

Volterra when m = 80
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(e) �ã�
(e) Original image

(f) PÁ�ÝǑ 20 �, Volterra��ã�
(f) Restored image by

Volterra when m = 20

(g) PÁ�ÝǑ 40 �, Volterra��ã�
(g) Restored image by

Volterra when m = 40

(h) PÁ�ÝǑ 80 �, Volterra��ã�
(h) Restored image by

Volterra when m = 80

(i) MSE Âñ­�
(i) The convergence curves of MSE

(j) PÁ�ÝǑ 20 �, Volterra ÑÑã��*	ã���éØ�
(j) The relative error between the output image of Volterra

and the observed image when m = 20

(k) PÁ�ÝǑ 40 �, Volterra ÑÑã��*	ã���éØ�
(k) The relative error between the output image of

Volterra and the observed image when m = 40

(l) PÁ�ÝǑ 80 �, Volterra ÑÑã��*	ã���éØ�
(l) The relative error between the output image of Volterra

and the observed image when m = 80

(m) PÁ�ÝǑ 20 �, Volterra ��ã���ã���éØ�
(m) The relative error between the restored image of

Volterra and the original image when m = 20

(n) PÁ�ÝǑ 40 �, Volterra ��ã���ã���éØ�
(n) The relative error between the restored image of

Volterra and the original image when m = 40
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(o) PÁ�ÝǑ 80 �, Volterra ��ã���ã���éØ�

(o) The relative error between the restored image of

Volterra and the original image when m = 80

(p) sinc−1 ��ã���ã���éØ�
(p) The relative error between the restored image of sinc−1

and the original imageã 10 Volterra XÚE£ LCD $Äã���

Fig. 10 The Volterra system identification for LCD motion de-blurring�ã�± 60 ��/� (4Th) ��ÝY²�m$Ä�, sinc−1 �.Ï�34: (ã 11 (g)), <úa���ã��þ��, Xã 11 (d) ¤«. d�^

Volterra XÚ?1E£��, �ý(JXã 11¤«.lã 11 �±wÑ, Ñy4:�, MSE ­��Âñ�Ý�ú�
, Volterra ÑÑã�� sinc−1 ÑÑã��m��éØ� (Ø4:	) A�Ñ�±�ÑØO. d�<úa����ã���ã��Ø�X
ã 11 (h), �éuã 11 (i) (sinc−1 �.��ã��Ø�) 5`, Ø��
 3 �êþ?, �ØX�4:�$Äã�����J (eü
 2 �êþ?). d�ý(J��, Volterra ��5XÚ[Ü sinc−1 �.�,Pk
§�A5, %;�
§�4:¯K, Ó�ǑvkÑyÄu RL �_�òÈ�{�ã�>Æ�ý¯K[16]. ��, æ^ Volterra ��5XÚ�Ǒ LCD$Ä��
XÚ�_XÚ�g´´�1�.

(a) sinc−1 ÑÑã�
(a) The output image

of sinc−1 model

(b) Volterra ÑÑã�
(b) The output image

of Volterra

(c) �ã�
(c) Original image

(d) sinc−1 ��ã�
(d) Restored image by

sinc−1

(e) Volterra ��ã�
(e) Restored image by

Volterra

(f) MSE Âñ­�
(f) The convergence curve of MSE

(g) Volterra ÑÑã��*	ã���éØ�
(g) The relative error between the output image of

Volterra and the observed image
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(h) Volterra ��ã���ã���éØ�
(h) The relative error between the restored image of

Volterra and the original image

(i) sinc−1 ��ã���ã���éØ�
(i) The relative error between the restored image of sinc−1

and the original imageã 11 4:� Volterra XÚE£ LCD ã���

Fig. 11 The Volterra system identification for LCD motion de-blurring on the pole

5 (Ø�©lXÚE£�ÆÝÑu, JÑ
�«æ^ÄuCÚ� LMS �$� Volterra ��5XÚ[Ü
sinc−1 �.±�Ǒ_XÚ��{, l
;� LCD $Äã���
�.¥Ñy�4:¯K. �ý(JL², T�{U^�$�� Volterra XÚ%C sinc−1�., �Ø sinc−1 �.¥�4:¯K, l
��
sinc−1 �.�Ǒ����5�_XÚ, �{{ü!$��Ý¯. sinc−1 �.Ǒ�5ëY��., M�J±°(£ã, Ï~æ^�L�ª5¯�¢yÙO�?nL§, M��d��. 
æ^ Volterra ��5�.[Ü sinc−1 �., �^�$��õ�ª5£ã,ØI��L, ��^���M�℄
¢y LCD $Äã����
?n.�du Volterra ��5XÚ�Ø¼ê�ê¬�X�ê�PÁ�Ý�UC
¥�ê�Cz, �©�ý¥æ^ 2 � 40 PÁ�Ý, �+|^Ø¼ê�é¡5~�
Ø�êþ, �Ǒ��
 860 �Ø, ùEIÓ^'�õ�M�℄
. Ó�, 3éõ¢S|µ¥, u)$Ä��´
µ�8IÔN, �µ�Cz�~�ú, 
�, 3äk¯õ8IÔN�|µ¥, �8IÔN�$Ä����ÝǑ�U¬Ø��. Ïd, e�Ú[é$Äã�?1©¬��
?n, ±?�Úü$Ø�êþ, ~�M�℄
.
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