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 7

 2 

.

 (spatial 

resolution)  (dynamic range) 

 image super-

resolution

(high resolution image)  (low resolution image) 

 (image fusion)  (noise) 

 (field of view: FOV)  (stabilization) 
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 (blur)  [1] 

 Super-resolution 

[2]  [3] 

 Huang  Tsan  [4] 

 (alias) 

 (continuous Fourier transform: CFT) 

 [5]  Kim  [6] 

 Irani  Peleg [7]  iterative back-projection (IBP) 

Keren  [8]  1988  IBP 

 back-projection 

 Irani  Peleg  (non-

uniform)

Elad  Feuer [9] 

-  (steepest 

descent  gradient descent)  (conjugate gradient) 

 video-to-video 

 (Kalman filter)  Nguyen, Milanfar  Golub [10, 11] 

 Elad  Feuer 
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 (preconditioned conjugate 

gradient)  (ill-posed problem) 

 (Tikhonov 

regularization)  general 

cross validation (GCV)

 Farsiu  Milanfar [12] 

 (median-based)  Zomet [13] 

-  (bilateral-total variation: BTV) 

 BTV 

-

 (median shift-and-add+BTV) 

 (speckle noise) 

 (medical 

ultrasound image)  (synthetic aperture  radar: SAR) 

 [12, 14] /
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 [12, 14] 

 [10, 11, 15] 

-  (Savitzky-Golay 

filter)
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 (perfect registration) 

, -

 1  2 

 3 

 2 

 1 

 5

 5 

 7 

 8 
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(image restoration) 

 (degradation) 

 ( )

 (blur)  (motion blur) 

 charge-coupled device 

(CCD)
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 (system 

identification)

 (restoration) 

1)

(lexicographic order),   (operation matrix of 

degradation function)  (sparse)   

      

 (operation matrix) 

2)

 ,   (Shifting) 

 (Down-sampling)  [16] 

3)
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 (motion vector)

 (distortion) 

 (perfect registration) 

 (distortion) 

 (point spread function: 
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PSF)

Toeplitz

 (periodic boundary conditions)  (Neumann 

boundary conditions  reflected boundary conditions) [17, 18] 

 [18] 

 [12, 14, 19] 

 [19] 

 [19] 

 (upsampling) 

    [12, 14] 
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 (direct method)  LU (

[20] )  (indirect method) 

 [21] 

 [21] 

 (steepest descent) 

(local minimum)  [22] 

(cost function) 

4)

5)

 (step size) 

 (line search) 
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 (exact line search) 

 (inexact line search) 

 (analytical expression) 

 (interpolation) 

 (conjugate gradient) 
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1.

2.

3.

4.

5.    

(neural network training)  (nonlinear regression) [21] 
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 Fletcher-Reeves 

 (global convergence) [21, 23] 

 Polak-Ribière 

 Fletcher-Reeves 

 [23] 

1.

2.

3.

4.

5.    

 Fletcher-Reeves [24] 

 Polak-Ribière [23, 25, 26]
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 [27] 

6)

7)

8)

9)

10)
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-

-  [12, 14] 

11)

-

12)

-
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13)

,

, ,

14)



 2549 433  30  2550 

 (phantom image) 

 16 

 4  0.7979 

 BTV 

 Polak-Ribière+ 

 50 

 1

 16-look 

 -look 

 A 

 B 

 C  B 

 A 

( )
 PSNR (dB) 

16-look - - - 10.02 

 A 0.1 9 8963 15.97 

 B 0.25 17 39 13.35 

 C 0.1 5 4752 15.23 

 16-look, 

 A,  B  C 
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) ) )

) ) )

)

)

)  16-look 

)

)

) ) )
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-

1.

 (number of scatterers per resolution) 

 Fully Form Speckle : FFS 

 Speckle 

Noise  [1] 

 (Low-pass Filter) 

 (Mean Filter)  (Median Filter) 

 (Adaptive Weighted 

Median Filters : AWM)  (Adaptive Speckle 

Reduction Filters : ASR)  AWM [2] 

 SNR 

 ASR [3] 

 ASR  AWM 

 (2-D 

Savitzky-Golay Filters: SG)

 [4] 
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-  (Regularied 

Savitzky-Golay Filters : RSG) -

- -

2.  (Tikhonov Regularization) 

a fA (1)

A m n , a 1n f

1m  (1) A

m n a

A A

 (least square solution)

 (least square) 

 (minimization)  (objective 

function) 2l
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 (normal distribution) 

m n

2

2
arg min

a
a fA (2)

 (2) 

1T Ta fA A A (3)

 (3) 

 (ill-conditioned) 

 (Tikhonov)  (Regularization 

method) [5, 6]  (prior-knowledge) 

 (smoothness term) 

 (minimization) 

2 22
22

min a f aA (4)

 (trade-off) 

 (objective term)  likelihood term 

 fitting term  (constraint term) 

smoothness term  penalty term,  (regularization 

parameter)

 (constraint term)    
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2.1  (Solution of Tikhonov 

Regularization)

 (4) 

 (ordinary least square problem) 

 (augmented matrix) 

2

2

min
0
fa

I
(5)

n

 (5)  (full rank) 

0
T T faI I

I
(6)

2T Ta fA A A (7)

1T Ta fA A I A (8)

 (8)  “zero-order 

Tikhonov regularization” 

2.2  (Higher-Order Tikhonov Regularization) 

2
a

aL L  (linear differential 

operator)
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1 1
1 1

1 1
1 1

L (9)

A

 “roughening matrices”  (10) 

a

2
aL

2 2 2
2 2arg min || || || ||

a
a f aA L (10)

 (10)  “first-

order Tikhonov regularization”  “second-order Tikhonov regularization” 

L

1 2 1
1 2 1

1 2 1
1 2 1

L (11)

L

a  penalizes 

 (10) 

 (normal equation) 

2T T Ta fA A L L A (12)

L
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 L-curve [7, 8], cross validation [9, 

10]

-  L-curve (L-curve method)

 (12) 

1

2
a fA

2aL

110

310

210

110210310

 1  L-curve 

2
a

2
a fA  (10) 

 L  “L-curve” 

 1  L 

 smooth-ness term 
2

a

fitting term
2

a fA  overfitting 
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-  (cross-validation)

1
2H

j

jCV ( ) T
j ja x

2
( ) jf (13)

j

j

jx ( ) jA
T

jA
12

jI AT
jf (14)

j  (14) 

jA jx jf (15)

 (15) 

jA

1

1

1

,

T

T
j

jT
j

T
K

a

a
f

a

a

1

1

1

j

j

K

f

f
f

f

(16)

arg minCV jCV
1

( )
K

j
(17)

CV

 (17) 
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3. -

-

p

(Best Fit) 

(Least Square Solution) 

, ( , )i jw m n (2 1) (2 1)M N

( , )i j I

m ,...,0,...,M M n ,..., 0,...,N N

( , )ip m n K L , ( , )i jw m n

, ,
0 0

( , )
M N

k l
i j k l

m n
p m n a m n (18)

,k la , ( , ),i jp m n

, ( , )i jw m n , ( , )i jf m n

, ( , )i jp m n

, ( , )i jf m n

, , ,( , ) ( , ) ( , )i j i j i je m n p m n f m n (19)

, ( , )i jp m n

A a

, ,( , ) ( , )i j i je m n a f m nA (20)

2

2
arg min

a
a fA (21)

f , ( , )i jf m n  (21) 
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0
T

a f a f
a
A A

2 0T T Ta a a f f f
a

A A A

2 2 0T Ta fA A A

(22)

a

1T Ta fA A A (23)

†a fA (24)

1† ,T TA A A A -

, ( 0, 0)i jp m n

a  [11] 

†
, 0,0 ,1

( , )i j i jg a f m nA (25)

,i jg ( , ),i j
1

† ,A A

, ( , )i jf m n -
†

1
A , ( , )i jf m n †

1
A

, ( , )i jw m n I

†

1
A (26)

-

Î I (27)

Î

- I
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4. -  (Regularized Savitzky-Golay Filter) 

-  (SG) 

 RSG  SG 

 (match) 

,i jp  minimized  (10) 

 (first-order Tikhonov regularization) [5] 

22
2 , 2

arg min || || | ( , ) |a i ja f p m nA (28)

2 2
, , ,| ( , ) | | ( , ) | | ( , ) |i j m i j n i jp m n p m n p m n (29)

m n  (18)  2 

2
, , , ,

2
, , ,

2 2 2 2
, , ,

( , ) (0,0) (0,1) (0,2)

(1,0) (1,1) (1,2)

(2,0) (2,1) (2, 2)

i j i j i j i j

i j i j i j

i j i j i j

p m n a a n a n

a m a mn a mn

a m a m n a m n

(30)

,| ( , ) |m i jp m n ,| ( , ) |n i jp m n

2
, , , , , ,| ( , ) | (1,0) (1,1) (1,2) 2 (2,0) 2 (2,1) 2m i j i j i j i j i j i j ip m n a a n a n a m a mn a

2
, , , , , ,| ( , ) | (0,1) 2 (0, 2) (1,1) 2 (1, 2) (2,1) 2n i j i j i j i j i j i j ip m n a a n a m a mn a m a

(3

1)

 (29) 
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,| ( , ) |m i jp m n =

,

,
2 2

,

,

,

,
2 2

,

,

,

(0,0)
(0,1)
(0, 2)0 0 0 1 2 2 2
(1,0)
(1,1)
(1, 2)
(2,0)0 0 0 1 2 2 2
(2,1)
(2,2)

i j

i j

i j

i j

i j

i j

i j

i j

i j

a
a
an n m mn mn
a
a
a
an n m mn mn
a
a

=

aQ

(32

)

,| ( , ) |n i jp m n =

,

,
2 2

,

,

,

,
2 2

,

,

,

(0,0)
(0,1)
(0, 2)0 1 2 0 2 0 2
(1,0)
(1,1)
(1, 2)
(2,0)0 1 2 0 2 0 2
(2,1)
(2,2)

i j

i j

i j

i j

i j

i j

i j

i j

i j

a
a
an m mn m m n
a
a
a
an m mn m m n
a
a

=

aR

(33

)

m n  (column) Q R

,..., 0,...m M M ,..., 0,...n N N

 (29) 

,| ( , ) | T T T T
i jp m n a a a aQ Q R R

,| ( , ) | ( )T T
i jp m n aQ Q R R

(34)

2
, 2( , ) || ||i jp m n aL (35)

L ( )T TQ Q R R  (32), (33)  (34) 

 minimized  (28) 

2 2
2 2arg min || || || ||a a f aA L (36)

 minimized  (36) 
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1T Ta fA A L A (37)

a

 SG  (23) 

RSG , (0,0)i ja ,i jf

qe

1
, , , , , , 1(0,0) {( ) }T T

q reg i j reg i j i j i j qa eA A L A (38)

1{ } ,i ja  (38) 

 RSG  SG 

2(2 1)

, , , ,
1

(0,0) ( )
L

i j reg q reg i j
q

p f q (39)

 RSG 

-

5.  RSG 

 RSG  3 

 (38) 

RSG  (pre-processing) 

 SG  (30) 0m 0n

, ,(0,0) (1,0)m i j i jp a

, ,(0,0) (0,1)n i j i jp a

(40)
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, (0,0)i ja  (25) 

, (1,0)i ja , (0,1)i ja

2 2
, , ,(0,0) ( (1,0)) ( (0,1))i j i j i jp a a (41)

 (41) 

 SG 

 8  SG m n

 0-40  (step 

edge)

K

 RSG 

 (flat) 

 RSG 

6.

 RF 

 (scatterers) 

 [12] 

( , ) ( , ) ( , )T x y t x y G x y (42)
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( , )T x y , ( , )t x y

( , )G x y  (multiplicative white 

Gaussian noise)  

 PSF (Point Spread 

Function)  (space-

invariant)

( , ) ( , ) ( , )V x y h x y T x y (43)

( , )V x y  pass band ( , )h x y  PSF 

1 2( , ) ( ) ( )h x y h x h y (44)

1( )h x

2 2
1 0( ) sin( ) exp[ /(2 )]xh x k x x (45)

2 ( )h x  (spatial response) 

2 2
2 ( ) exp[ /(2 )]yh y y (46)

2 1( , ) ( ) ( ) ( , )V x y h y h x T x y (47)

( , )V x y  pass band 

 (envelop detection) 

 base band  (Hilbert Transform) 

ˆ( , ) ( , ) ( , )aV x y V x y jV x y (48)
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ˆ ( , )V x y ( , )V x y x

( , )aV x y

 envelop detection 

 (log-

compressed)

( , ) log ( , )aA x y V x y (49)

( , )A x y  (intensity) 

7.

 [13] 

2 ( )  ( )  200x200 1,..., 200i

1,..., 200j  6 
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( ) ( )

( )  ASR ( )  AWM 

( )  SG ( )  RSG 

 2

( )

( )  ( )

( )  ASR 

( )  AWM 

( )  SG 

( )  RSG 
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 3

 15x15 

 2 

 ASR  RSG  2 ( )  ( )

 ASR 

 RSG 

 AWM 

SG  2 ( )  ( )

 AWM 

2 ( )

 ASR, SG  RSG  2 ( ) ( )  ( )

 ASR 

 SNR  (Coefficient of Variation) 

 SNR 
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 SG  RSG 

 RSG  RSG 

 SG 

 3 

 RSG 

 RSG 

 RSG 

-

 (restoration) 

 Pratt 

 Pratt’s Figure of Merit (PFOM) [14] 

 objective evaluation 

 PFOM 

2
1

1 1
1 /max{ , }

N

i iideal

PFOM
dN N

(50)

N , idealN

, id

i



 2549 454  30  2550 

 9,  PFOM 

 0  1  0 

 1 

-

 4

 1  PFOM  1 

 Unfiltered ASR filter AWM filter 
Original SG 

filter
RSG filter 

PFOM 0.4952 0.6516 0.6004 0.5227 0.8705 

 4  PFOM 

 1  PFOM  RSG 

 ASR, AWM  SG  RSG 

 objective evaluation  2 

 subjective evaluation  PFOM 



 2549 455  30  2550 

( ) ( )

( ) ( )

( ) ( )

 4

( )

( )

( )  ASR 

( )  AWM 

( )  SG 

( )  RSG 
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 5( )

 5( )

( ) ( )

( ) ( )

( ) ( )
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( ) ( )

( ) ( )

 5

( )  AWM

( )  AWM

( )  ASR

( )  ASR

( )  SG

( )  SG

( )  ASG

( )  ASG
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 6 

 AWM  ASR 

 SG 

 RSG 

 5 ( )

8.

 ASR  AWM  ASR 
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