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1 Ú ó

Ü¤�»X� (synthetic aperture radar, SAR) ´
�«ÌÄª�Å�aX�, ÏLu��Z>^Å,

�Â5g/Ô8I���£Å?1¤�, äkp©
EÇ!�U�!�Uÿ!Bß5r!CX¡È�
�A:. SAR ã�®²2�A^u�¯�	!�Â
8Iµ�!/�Ú¶�]t&!/�µ�!°
�iÿ!//ÿ±!Ü��¸iÿÚà�Ô)�
G¹i��+� [1−8].

du SAR ã�¥�k��Z�D(, � SAR

ã��)ºÚA^�5
(J. �Z�D(�³
�¤� SAR ã�)ºÚA^�Ä:Ú'�. SAR

ã��Z�D(³��{Ì��): ÄuÛÜ
ÚOA5�ÈÅ�{, X Lee ÈÅ [9]!Kuan È
Å [10]!Frost ÈÅ [11] Ú Sigma ÈÅ [12] �; Äu
C���ÈÅ�{, X^K�{ [13] Úg·A Sig-

moid K�{ [14] �; Äu �©�§�ÈÅ�{,

X SRAD[15], DPAD[16], OSRAD[17] Úg·AI�
���É5*Ñ�{ [18] �. ÄuÛÜÚOA5�
ÈÅ�{¡����Ì�¯K´ÈÅëê (~XÛ
ÜI�þ�!��½ö��Xê) ��O. wÄI
����AT¦�U/�±B¼��õ�æ�ê
â, l������ÚOëê; �´�
�Ð/
�±ã��>�!«n�A�, I�AT¦�U/
�. w,ùü�8I´gñ�, Ã{Ó�÷v. Äu
C���ÈÅ�{?n���äk`É�A5, �
´?n��½ö�p��, d���ÅÜ¤��©
l�Å�äkk���� (Y²!R�Úé��),

ØUk��ÓPã��>�!«n�&E. Äu 
�©�§�ÈÅ�{, ò��É5*ÑÚS�²w
�VgÚ\�ã�?n¥, ³�D(�Ó�, �3
$�Orã�¥�>�!«n&E. �´, *ÑX
ê�(½!«n>��uÿ±9S�gê�Ï�
Ñ��XTa�{��ªÈÅ(J.
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V>ÈÅ [19] ´�«��ÈÅÚ��ÈÅ�
(Ü���5ÈÅ�{, U
1w SAR ã��Ó
�, �±>�&E, ÏdÉ�
2��'5Úï
Ä [20−27]. V>ÈÅ�(JdAÛål�� (σd) Ú
�Ý�Cq�� (σr)[19] ü�ëê|�, �´�Ñ
ùü�ëê��`���~(J. Ü©�� [20] Ä
kòV>ÈÅA^u SAR ã��Z�³�, ¿�
JÑ
�«DÚëê���{, ��
�Ð��
Z�³��J. �´, T�{��� σr Ø���,

�
Jp σr �°Ý, O��m¥�5O�, ù�
�5�¢� SAR ã��Z�³��5
(J. ©
z [28] Äu8�z��Àê (equivalent number of

looks, ENL)[29] �Ú8�z>��±�ê (edge

preserving index, EPI)[30] ��üNA5Ú�`ò
©��b� [20], JÑ
�«S��{, T�{�D
Ú�{�', 3O��m����¹e, �Ý�C
q��°ÝJp
��êþ?; ��Ý�Cq��
°Ý�Ó�, O��m~�
��êþ?. �´, T
S��{�3S��Øª��¯K, � SAR ã�
?n�5
�½�ºx.

�©Äu8�z ENL �Ú8�z EPI �
�üNA5Ú�`ò©��b�, JÑ
�«U?
�ëê���{, ¿��Ñ
T�{Âñ5�y².

T�{Ø=)û
S��{ [28] ¥S��Øª��
¯K, U
(�¼��`ò©���ëê; 3S�
°Ý�Ó��¹e, Ø=U
¼��S��{��
��À�J, ��Ý�Cq��ëêäk�p�
°Ý; �XS�°Ý�Jp, U?�{'S��{
k�¯�Âñ�Ý.

2 V>ÈÅ

V>ÈÅ´ Tomasi Ú Manduchi[19] JÑ��
«��5ÈÅ�{. TÈÅ(Ü��ÈÅìÚ
��ÈÅì, Ó��Äã���&EÚ��&E,

éã�?1ÈÅ. ¤±31wã��Ó�, U

�±ã��>�&E. éu�� N × M � SAR

ã� f(xi,j)(1 6 i 6 N, 1 6 j 6 M ), ÈÅI�
� (2m + 1) × (2n + 1), V>ÈÅ�lÑ/ª�±
L«Xe [31]

h(xi,j) =k−1(x) ×
i+m∑

p=i−m

j+n∑
q=j−n

f(xi,j)

× c(xp,q, xi,j) × s(f(xp,q), f(xi,j)), (1)

k(x) =
i+m∑

p=i−m

j+n∑
q=j−n

s(f(xp,q), f(xi,j))

× c(xp,q, xi,j), (2)

Ù ¥ f(xi,j) ´ Ñ \ ã �, h(xi,j) ´ Ñ Ñ ã �,

xi,j ´ � c � � :, xp,q ´ xi,j � � � � � :.

c(xp,q, xi,j) ÿþ xi,j Ú xp,q �m�AÛål§
Ý, s(f(xp,q), f(xi,j)) ÿþ xi,j Ú xp,q �Ý�Cq
§Ý. éuäk²£ØC5�pdÈÅ, c(xp,q, xi,j)

Ú s(f(xp,q), f(xi,j)) �±L«� [31]

c(xp,q, xi,j) = e
−1
2

(
d(xp,q,xi,j)

σd

)2

,

d(xp,q, xi,j) = ‖xp,q − xi,j‖, (3)

s(xp,q, xi,j) = e
−1
2

(
δ(f(xp,q),f(xi,j))

σr

)2

,

δ(f(xp,q), f(xi,j)) = ‖f(xp,q) − f(xi,j)‖, (4)

Ù¥ σd ´AÛål��, σr ´�Ý�Cq��. σd

^uN���¥é�c��:�ªÈÅ(JkK
����:, σd ������Ø�L min(m,n) �
g,ê. Ï~, ÈÅI������/, Q m = n.

σr ^uN���¥é�c��:�ªÈÅ(J
kK����:, éu8�z�ã�, σr ���
� (0, 1).

SAR ã�ÈÅ(J�µd�IÌ��): ��
Àê [29] Ú>��±�ê [30]. ENL[29] Ú EPI[30] ©
OL«�

ENL =
µ̄2

σ2
, (5)

EPI =

∑ √
[ps(i, j) − ps(i + 1, j)]2 + [ps(i, j) − ps(i, j + 1)]2∑ √
[po(i, j) − po(i + 1, j)]2 + [po(i, j) − po(i, j + 1)]2

, (6)
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Ù ¥ µ̄ L « ã � � þ �, σ2 L « ã � � � �;

ps(i, j) �ÑÑã�3: (i, j) ��Ý�, po(i, j)

�Ñ\ã�3: (i, j) ��Ý�. ENL ��`²�
{ã�1w�J�Ð, EPI ��`²�{>��±
Uå�r. éu N × M �ã�, µ̄ Ú σ2 �O�ú
ªXe [32]:

µ̄ =
1

N × M

N∑
i=1

M∑
j=1

x(i, j), (7)

σ2 =
1

N × M

N∑
i=1

M∑
j=1

(x(i, j) − µ̄)2, (8)

Ù¥ x(i, j) L«: (i, j) ��Ý�.

3 S�ëê���{

é SAR ã�A^V>ÈÅ?1�Z�³�,

8�z ENL �Ú8�z EPI �ÑäkXã 1

¤«�üNA5. ENL �´þàüN4O, EPI

�´eàüN4~. ¤k� SAR ã�Ñäkù
��5�. ¿�, lã 1 �±wÑ, ENL � EPI ´�
é���ëê, ¤±é σd Ú σr ���, I�?1
ò©. ©z [20] @�8�z ENL �Ú8�z EPI

���:´���`ò©��.
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ã 1 8�z ENL Ú8�z EPI � σr �Cz

©z [28] �â8�z ENL �Ú8�z EPI

��üNA5, Äuü^��:��`ò©�
��b�, JÑ
�«S�ëê����{. T�
{�DÚ�{ [20] �', 3O��m����¹e,

�Ý�Cq��°ÝJp
��êþ?; ��Ý�
Cq��°Ý�Ó�, O��m~�
��êþ?.

¦) σr �6§Xã 2[28] ¤«.
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ã 2 S��{¦) σr «¿ã

T�{Äk�½��Ð©: s Ú����þ ε,

Uì_����, L: s, �g��î�I¶²1!
R�!²1!R����, � ENL ���u: a,

�ä: s �: a î�I��´Ä÷v^� (9), X
J÷v, KS�¥�; ÄK±: a �Ð©:, Eþ
¡�ö�, � ENL ���u: b, �ä: a �: b

î�I��´Ä÷v^� (9), XJ÷v, KS�¥
�; ÄK±: b �Ð©:, Eþ¡�ö�, ��^
� (9) ÷v��.

|sx − ax| 6 ε, (9)

Ù ¥ e I L « : � î � I. � [ � { � ë
�©z [28].

4 U?�S�ëê���{

S��{ [28] �,äkp°Ý!p�Ç�A
:, �´T�{�3S��Øª���¹. Xã 3

¤«, d�: s Ú: a Ü, ÷v^� (9), S�ª
�, d���� σr w,Ø´�`ò©���
� σr. �éS��{¥S��Øª���¹, �©
JÑ
U?�¦) σr �S��{, Ù6§Xã 4

¤«.

�½ σr �ü�Ð� s1, s2 Ú����þ ε, X
ã 4 ¤«. 8�z ENL �Ú8�z EPI ��A
�:� a1, b1, a2 Ú b2. ± a1, b1, a2 Ú b2 �Ð©:,

��� a1a2 Ú b1b2, ü^����u: p1, p1 �A
� σr �� s3, σr � s3 �, ENL �Ú EPI ��
A�:� a3 Ú b3, �ä s3 � s1 Ú s2 ´Ä÷v^
� (10), X÷vK s3 Ò´¤¦�`ò©�� σr; Ä
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K± a1, b1, a3 Ú b3 �Ð©:Eþ¡�ö�, �
�^� (10)÷v.

min(|s1 − s3|, |s2 − s3|) 6 ε. (10)

ã 3 S��Øª�«¿ã

a

b

a

p

b

b

a

s s s
0.2

0.4

0.6

0.8

1.0
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ã 4 U?�S��{¦) σr «¿ã

σr �O��[�{Xe:

(i) �½�� σd Ú�Ý�«m [v1, v2], �½�
���þ ε;

(ii) ò�Ý�«m¿©� N �©, �� N + 1

� σri(i = 0, 1, · · · , N); N �������, '
X 10;

(iii) ± σd Ú σri(i = 0, 1, · · · , N) �ëê, éã
�?1V>ÈÅ, ¿O�8�z ENL Ú8�z EPI;

(iv) é8�z ENL Ú8�z EPI ?1õ�ª
�[Ü;

(v) �½ σr �Ð©� s1 = v1 Ú s2 = v2. σr

� s1 �, 8�z ENL �Ú8�z EPI �éA
�:� a1 Ú b1, σr � s2 �, éA�:� a2 Ú b2.

�� a1a2 Ú b1b2 �:éA� σr �� s3, �ä s3

� s1 Ú s2 ´Ä÷v^� (10), e÷v, KS�ª
�; ÄK± s1 Ú s3 � σr �Ð©�, Eþ¡�ö
�, ��^� (10) ÷v.

Uìþã�{�±¦��`ò©���� σr.

du σd �êþ��, ¤±�½�`ò©� σr �,

σd �dDÚ�{O�.

U?�{Âñ5�y²
Ún � f(x) ´þàüN4OëY¼ê, g(x)

´eàüN4~ëY¼ê. f(x) Ú g(x) ��u
: P , : P �î�I� s. ∀x1, x2, x1 < s < x2,

f(x1) éAu: a1, f(x2) éAu: a2, g(x1) éA
u: b1, g(x2) éAu: b2, K�� a1a2 � b1b2 �
�: P1  u: P �mý.

y² � f1(x) L«�� a1a2, g1(x) L«�
� b1b2, P: P1 �î�I� s1. �y²: P1  u
: P �mý, �duy² f(s1) > g(s1). du P1

´�� a1a2 � b1b2 ��:, ¤±

x1 < s1 < x2, f1(s1) = g1(s1), (11)

du f(x) ´þàüN4OëY¼ê, ¤±

∀x ∈ (x1, x2), f(x) > f1(x)

⇒f(s1) > f1(s1), (12)

du g(x) ´eàüN4~ëY¼ê, ¤±

∀x ∈ (x1, x2), g1(x) > g(x)

⇒g1(s1) > g(s1), (13)

d (11), (12), (13) ª, �� f(s1) > g(s1), ¤±: P1

 u: P �mý. y..

·K � f(x)(x ∈ [v1, v2]) ´þàüN4O�
�ëY¼ê, g(x)(x ∈ [v1, v2]) ´eàüN4~�
�ëY¼ê. f(x) Ú g(x) ��u: P , : P �î�
I� s. KUìU?�{)¤�S� {sn} Âñu s.

y ² P l(sn) = |f(sn) − g(sn)|, L « �
ã anbn ��Ý. �âÚn, � n > 1 �, sn > s,

K f(sn) > g(sn), l l(sn) = f(sn) − g(sn) > 0.

du: P ´ f(x) Ú g(x) ��:, ¤± l(s) = 0.

� 3 � g S � L § ¥ σr � � � sk Ú sk−1,

P f(sk) = fk, g(sk) = gk. Kd
y − fk−1

x − sk−1
=

y − fk

x − sk
,

y − gk−1

x − sk−1
=

y − gk

x − sk
,

(14)

189501-4
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���� ak−1ak � bk−1bk �:�î�I:

x = sk − (fk − gk)(sk − sk−1)
fk − gk + fk−1 − gk−1

= sk − l(xk)(sk − sk−1)
l(xk) − l(xk−1)

, (15)

l
sk+1 = sk − l(sk)(sk − sk−1)

l(sk) − l(sk−1)
, (16)

P

l[sk, sk−1] =
l(sk) − l(sk−1)

sk − sk−1
,

l[sk+1, sk, sk−1] =
l[sk+1, sk] − l[sk − sk−1]

sk+1 − sk−1
,

(16) ªü>~� s, Kk:

sk+1 − s = sk − s − l(sk)(sk − sk−1)
l(sk) − l(sk−1)

, (17)

sk+1 − s = sk − s − l(sk) − l(s)
l[sk−1, sk]

, (18)

sk+1 − s = (sk − s)
[
1 − l[sk, s]

l[sk−1, sk]

]
, (19)

sk+1 − s =
(sk − s)(sk−1 − s)l[sk−1, sk, s]

l[sk−1, sk]
, (20)

Ï� f(x) Ú g(x) ´��ëY¼ê, ¤± l(x) �´
��ëY¼ê, l

l[sk−1, sk] = l′(η), η ∈ (sk−1, sk), (21)

l[sk−1, sk, s] = l′′(ξ)/2, ξ ∈ (sk−1, sk), (22)

d u f(x) ´ þ à ë Y ¼ ê, K k f ′(x) > 0,

f ′′(x) < 0; d u g(x) ´ e à ë Y ¼ ê, K
k g′(x) < 0, g′′(x) > 0. l  � � l′(x) > 0,

l′′(x) < 0, ¿� l′(x) ´k.¼ê. K

1 − l[sk, s]
l[sk−1, sk]

= 1 − l′(ηk)
l′(ηk−1)

6 1 −
min l′(x)
x∈[v1,v2]

max l′(x)
x∈[v1,v2]

= M < 1, (23)

Ù¥ ηk ∈ (sk, s), ηk−1 ∈ (sk−1, sk). �âU?�{
)¤ sn �5K��, 3zgS�L§¥ sk−1 < s,

(Ü (20), (22) ª, ��:

(sk−1 − s)l[sk−1, sk, s]
l[sk−1, s]

> 0, (24)

�= 0 < M < 1. -:

ek = sk − s > 0, k > 1, (25)

Kk:

ek 6 Mek−1 6 MMek−2 6 · · · 6 Mk−2e2, (26)

¤±, � k → ∞, ek → 0, �=´S� {sk} Âñ
u s. y..

5 ê�Á�

ã 5 ´ Ku Åã{Iæ|Ò@²�Z�dNC
�àXÅ1 SAR ã� [33], ©EÇ� 1 m. ©O¦^
DÚ�{!S��{ÚU?�{éã 5 ¥� SAR

ã�?1ÈÅÁ�. ��ÈÅI���� 11 × 11.

�½ σd = 2, �Ý�«m� [0.1, 0.55], N = 10, � ε

©O� 0.005, 0.002, 0.001 Ú 0.0001 �, æ^og
õ�ªé8�z ENL Ú8�z EPI ?1�[Ü,

S��{ σr �Ð©��� 0.1, U?�{ σr �Ð
©�� 0.1 Ú 0.55. �`ò©�� σr �(J!O
��mÚS�gêXL 1 ¤«. Ù¥$1�m´
Äu Matlab g� tic, toc ·-ÿþ��. Á��¸
� Intel i3 2.93 GHz ¥
?nìÚ 4 GB S�.

ã 5 Ku ÅãÅ1 SAR ã�

lL 1 �±wÑ, 3�`ò©��b�e, d
�� σr ATªu 0.1969. ¤±� ε �Ó�, U?�
{�°ÝpuS��{�°Ý. AO/, U?�{
3 ε = 0.001 � σr �(J�S��{ ε = 0.0001

��(J�Ó.

¯ ¤ ± �, é u n g õ � ª f(x) = anxn +

189501-5
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an−1x
n−1 + · · · + a1x + a0, � n > 2 �, õ�ª_

O��O�þ��uõ�ª�O��O�þ. ÏL
éü«�{�©Û��, S��{3�gS�L§
¥I�?1õ�ª�O�ügÚõ�ª_O�ü
g, U?�{I�õ�ª�O�ogÚü^��¦

�:�O��g. lL 1 �±��, �S�°Ý�
Ó�, U?�{�S�gêØõuS��{�S�
gê. ¤±, �XS�°Ý�Jp, S�gê�O
\, U?�{�Âñ�Ý��5�¯uS��{,

Xã 6 ¤«.

L 1 n«�{ σr �(J!O��mÚS�gê'�

ε
σr �m/s S�gê

U?�{ S��{ DÚ�{ U?�{ S��{ DÚ�{ U?�{ S��{

0.05 — — 0.1500 — — 14.397770 — —

0.005 0.1972 0.1955 0.1950 14.671510 14.648361 133.608195 4 4

0.002 0.1972 0.1964 0.1960 14.708495 14.741817 333.604471 4 5

0.001 0.1969 0.1964 1960 14.715242 14.765275 653.336362 5 5

0.0001 0.1969 0.1969 0.1965 14.770480 14.854389 6615.838385 6 8

ã 6 ü«�{Âñ�Ý�'�

�O��m���, ¦^n«�{éý¢ SAR

ã � È Å � � � À 5 ? 1 ' �. � ε = 0.005,

N = 10, DÚ�{�Ú�� 0.05 �, n«�{�
O��m��. d�, DÚ�{���ëê��
� σr = 0.1500, σd = 2, S��{���ëê��
� σr = 0.1955, σd = 2, U?�{���ëê��
� σr = 0.1972, σd = 2, ©O¦^ù
ëêéã 5

¥� SAR ã�?1ÈÅ, ���ã�Xã 7 ¤«,

�±wÑU?�{ÚS��{ÈÅ(J��À5
��, �Ñ`uDÚ�{ÈÅ(J��À5.

L 2 �Ñ
n«�{ÈÅ�, µd�I�½þ
'�. lL 2 �±wÑ, U?�{�S��{��
J��, ¿�(J��`ò©b����.

L 2 µd�I½þ'�

�{
ENL

EPI
«� I «� II

(1:80, 1:80) (1:128, 129:256)

�©ã� 8.3599 9.3954 1

DÚ�{ 21.3948 22.0810 0.6320

S��{ 33.4531 32.9946 0.5078

U?�{ 33.9929 33.4675 0.5024

6 ( Ø

�©Äu8�z ENL �Ú8�z EPI �
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Ñ
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ÈÅëê���{, T�{)û
S��{¥S�
�Øª��¯K, U
(�¼��`ò©���ë
ê, ¿�lnØþ�Ñ
T�{Âñ5�y². é
ý¢ SAR ã��ê�Á�(JL², 3S�°Ý
�Ó��¹e, U?�{Ø=U
¼��S��
{����À�J, � σr äk�p�°Ý; �
XS�°Ý�Jp, U?�{'S��{k�¯�
Âñ�Ý. T�{·Ü�5�¢� SAR ã�?n,

é SAR ã��)ºÚA^äk�¿Â.
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Abstract

Bilateral filtering can effectively smooth synthetic aperture radar (SAR) images with preserving the edges, but it is difficult to

configure the parameters of bilateral filtering to the optimum. The iterative method to configure the parameters with high precision and

efficiency has been presented, but the iterative process may be aborted incorrectly. In this paper, we present a modified configuration

method to get the optimal trade-off parameters, and give the proof of the convergence of the method. The experimental results on real

SAR images show that the modified method can not only obtain equivalent visibility as the iterative method, but also higher accuracy

of the gray value similarity variance than that under identical iterative precision. With the iterative precision improved, the convergence

rate of the modified method is faster than that of the iterative method.
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