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,    : ( ) T
e T TV T M e e=  

–       ˆ
T Te f f= − ; 

( )E T I T= −  –  ,   Te    

( )Te E T f= , TV Mη = ηη  –    -

     .η   

 3.3.1.     -

    T,  Tf T f= , 

 f f= + η ,    

                            ( ) ( )T
eV T V E Tη= ,                   (3.3.3) 

  Vη  –     η .   

,          -

  f      f f T
fV =  -

  f. 
 (3.3.3)     -

    optT ,     

 ,     T.  
      :    

   T ?   (3.3.3) 
      

 T. 
      -

 optλ     ( )T λ  ( -

       ) -
   . 

- ,     ( )eV λ ,  

     ( )ˆe f f f fTλ λ= − = − λ , -

    (3.3.3) -    -
.  

- ,     T  (3.3.3) 
  . ,   , 
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  ,        -
  (3.3.3). ,    

optλ     Wλ ,     -

 : 

                    ( ) ( )0 : T
eH V V Eηλ = λ .                        (3.3.4) 

       

                         ( ) ( )1 : T
eH V V Eηλ ≠ λ .                        (3.3.5) 

  ,    (3.3.4) -
   ,  -   

( )eV λ    ,  ,   

  .  ,  

Wλ        -

 optλ . 

   (3.3.4)   [2, 4,  
10, 12] 

                     ( ) ( )
1

e eT T
W V E

−

λ η λρ λ = λ .                       (3.3.6) 

  ( )
1TE

−
λ    ( )Wρ λ    

                             ( ) 1f eT
W V −

η λρ λ = .                  (3.3.7)  

       optλ  

  wλ ,      

( ) 2
1

i
N

W
i

if e

=

λ
ρ λ =

σ
                            (3.3.8) 

 
   

                              
, 1 ,

2 2

, ,
N Nγ γ−

ϑ ϑ                             (3.3.9) 
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 ˆ
i iie f fλ λ= −  – i-     eλ , 

, 1 ,
2 2

,
N Nγ γ−

ϑ ϑ – 

 2χ -      N  
2

β
, 

1
2

β
−   (      

0.05β = ); N –    if . 

 
3.3.2.         
           

      ( . . 
      )   

 .  
 ,     -

  ( )Wρ λ  ( .  (3.3.8))   

 -  [21, 61]: 

•   soft 

( )

0

0

, , ,
1

2

( ( ; ))
j J

j k j k S j k
j j k

W

d d T d
+

= +

− λ

ρ λ =
σ

;                 (3.3.10) 

•   hard 

( )

0

0

, , ,
1

2

( ( ; ))
j J

j k j k H j k
j j k

W

d d T d
+

= +

− λ

ρ λ =
σ

.               (3.3.11) 

      optλ  (   

    )  -
 Wλ ,   ( )Wρ λ     (3.3.9). 

 3.3.1.  30N > ,    (3.3.9)   
= 0.05    : 

0.25, 1.96 2N N Nϑ = − ,  0.975, 1.96 2N N Nϑ = + .     (3.3.12) 
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 3.3.1.  ,    -
  . 2.1 ,   ( )Wρ λ   ( )fδ λ    

  0.023  0.12    soft. 

.  60  λ    [0.001, 60]  
  (   soft),  -

   ˆ( ) f f ff λδ λ = −     

( )Wρ λ .  . 3.8    ( )Wρ λ  (  )  

   0.023ηδ = ,   . 3.8  – 0.12ηδ = . 

   (  )   (3.3.9), 
    (3.3.12). ,   , 

  ( )Wρ λ     (3.3.9) ( . .  Wλ ) -

     (  . 
3.8  ).  ,   Wλ  -

    optλ .  

,   Wλ      

 

( )W mρ λ = ,                              (3.3.13) 

    m N=  –    
.    ,   

( )( )n
Wρ λ     (3.3.9).  ,  

 ,  ,      -

    8 610 ,10− −ε∈ .   -

   « »  -
 ( ,   –   ). 
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                 )                                                     ) 

. 3.8.   ( )Wρ λ    soft 

 
3.3.3.         
            

    -

 U
jλ ,      j-    

   [19, 21]: 

                   ( ) 2 ln( )j j jN cλ β = β ⋅ = β ⋅ .                      (3.3.14) 

     optβ ,  -

       (3.3.14).  

 ,      

 ( )Wρ β     -

: 

•   soft 

( )
0

0

, , ,2
1

1
( ( , ( )))

j J

W j k j k j k j
j j k

d d soft d
+

= +

ρ β = ⋅ ⋅ − λ β
σ

; 

•   hard 
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( )
0

0

, , ,2
1

1
( ( , ( )))

j J

W j k j k j k j
j j k

d d hard d
+

= +

ρ β = ⋅ ⋅ − λ β
σ

. 

    optβ    Wβ ,   

  

( ), 2 ,1 2m W W mγ −γϑ ≤ ρ β ≤ ϑ .                         (3.3.15) 

   ,    -
 ,    

2 ln( )W
j W jNλ = β ⋅ .                                 (3.3.16) 

   ( )Wρ β .   -

,  ( )Wρ λ    : 

•   soft 

0 0

0 0 ,,

2 2
, ,2

1 1

1
( )

j k jjj k

j J j J

W j k j k j
j j j j d cd c

d d c
+ +

= + = + >β⋅≤β⋅

ρ β = + β ⋅
σ

; 

•   hard 
0

0 ,

2
,2

1

1
( )

jj k

j J

W j k
j j d c

d
+

= + ≤β⋅

ρ β =
σ

, 

  
0

0 ,

2
,

1
jj k

j J

j k
j j d c

d
+

= + ≤β⋅

     -

 ,j kd ,        

j
cβ ⋅ . ,   ( )Wρ β    soft  -

    ,     ( )Wρ β    

hard         -
    .  

,   Wβ      

 

( ) ,W mρ β =                                (3.3.17)  
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 m N=  –    .  -

  ,   ( )( )n
Wρ β    -

 , 2 ,1 2,m mγ −γϑ ϑ .  ,   , 

 ,        -

  8 610 ,10− −ε∈ .    

  « »   
( ,   –   ). 

 3.3.2.   

2
,1 /22

1

1
( )

N

W i m
i

f −β
=

ρ ∞ = > ϑ
σ

,      (3.3.18) 

 
,

2
Nγϑ –  2χ -      N 

 
2

γ
,     Wβ ,   -

   (3.3.15). 

.    (3.3.18),   
β = ∞        -

   (3.3.17).  0β → ,  ( ) 0Wρ β →  0β =  -

      . -
 ,    (3.3.18)  -

     0 ≤ β < ∞ ,   ( )Wρ β  -

  (3.3.15). 

  (3.3.18) ,   if -

   iη , . .    ( ) 0if x ≡ .  

  Wβ = ∞     ˆ 0.if ≡   

,      Wβ   

optβ     -  .   

    m ( .  (3.3.17))  
 x ym N N= ⋅ ,  ,x yN N  –   . 
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 3.3.2.    Wβ   

    2.   ,  
    (2.3.11).  

 
3.3.4.    

     Wβ   -

     -
   .     -

  -  ,   
    (   . 3.2) -

 . 
        

LENA  TARGET  256×256 ,   . 
3.9.  

 

          
                )                                                               ) 

. 3.9.   : 
 – LENA;  – TARGET 

 
      -

      
 : 

•   .    
1 2,i iη   

 ,   2   
1 2,i iη    
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      , . .   
 « ». 

•   .    
1 2,i iη   

 ,   2     
       0.2, . . 

   « ». 
      -
    

                              F

F F

F

−
δ = ,                              (3.3.19) 

 ⋅  –    ,   ,F F  -

 256×256       -
  ,     2 -

  
2

2 max( )

2
F Fδ ⋅

σ = .    -

       2  -
 (       ),   -

    (2.3.11). 

      Wβ . 

     : 

ˆ
( )

F F

F

β −
δ β = ,                                     (3.3.20) 

 F̂β  –  -     

(3.3.14)    .  . 3.10    

( )Wρ β (  1)   hard ( . 3.10 )   soft ( . 

3.10 ),     -  -
 LENA,  « »     

0.10Fδ = .  
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                              )                                                          ) 

. 3.10.     ( )Wρ β    ( )δ β  

 
 . 3.10      

 (  2)   ,0.025 ,0.975,m mϑ ϑ   

256 256 65536m = ⋅ =  (   3),  -   -

    . ,    ( )Wρ β   

 3 ( . .  Wβ )    -

   ( )δ β .  

,       
 Wβ     optβ .    -

     -
 .  
     -

 -      -

:  U
jλ , S

jλ , B
jλ , W

jλ ( . . 3.2)      0.05, 0.10, 

0.15.         
  ( ),   

                           
ˆ

ˆ( )
F F

F M
F

λ

λ

−
δ = ,                                  (3.3.21) 
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  .   ˆ ˆ( )Fλδ   -

   30   ( )ˆ lFλ ,  ( )ˆ lFλ  –  

  ( ) ( )l lF F= + η , ( )lη – l-     

, . . 
( )

30

1

ˆ
ˆ ˆ( )

l

l

F F
F

F

λ

λ
=

−
δ =  

    minδ     -

   :  

( ) 2 ln( )OPT
j j opt opt jNλ = λ β = β ⋅ , 

    optβ     -

       ( )lF . 
  ,      -

 F  (  ). ,     
 optβ  ,  minδ      

« »    - , -
   .     

 

min

ˆ ˆ( )
E

Fλ

δ
=

δ
.                                    (3.3.22) 

,         , 
       

-      - , 

    OPT
jλ . 

 . 3.1      

   : U
jλ , S

jλ , B
jλ , W

jλ ,   

  LENA.    H  
 hard,   S  –  soft. ,   

   U
jλ     (  1.5–2 ) 
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  (    soft).  B
jλ , S

jλ   

   10–25 %   minδ  (     

 hard  soft),   W
jλ    -

        hard,  
    soft.  

 
 3.1 

 
 

   
 

0.05 0.10 0.15 

U
jλ  

H 0.681 0.786 0.798 
S 0.444 0.561 0.632 

S
jλ  

H 0.803 0.812 0.814 
S 0.857 0.923 0.946 

B
jλ  

H 0.854 0.859 0.861 
S 0.861 0.855 0.880 

W
jλ  

H 0.928 0.975 0.995 
S 0.991 0.993 0.998 

                                                                                                                      
 . 3.2      

   TARGET.    -
  ,  . 3.1,   -

       -

  B
jλ  (  15–30 %).     

 W
jλ .  

,    , -
   (     

   0.2)    
  (  3–8 %),   -

       ,    
  . 
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                                                                           3.2 

 
 

    
 

0.050 0.100 0.150 

U
jλ  

H 0.725 0.742 0.786 
S 0.443 0.536 0.610 

S
jλ  

H 0.766 0.795 0.782 
S 0.887 0.923 0.936 

B
jλ  

H 0.675 0.721 0.807 
S 0.681 0.723 0.824 

W
jλ  

H 0.906 0.934 0.963 
S 0.966 0.992 0.996 

 
- ,     -

    -   , 
 « »       

  .     -
     -
 – « » LENA  « » TARGET.   -
       -

      -

,     W
jλ , -

  (3.3.16)     -
 .  

  
3.3.5.    -     

          MathCAD 

    -  
1_ _ allD Filter λ ,    -  -

    Wλ ,     -

,  1_ _ allD Filter λ . 

  -  1_ _ allD Filter λ   : 

1_ _ ( , , , , )all fil wavD Filter f J J wav Numηλ . 
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 : 

fη  –    02 jN = ,  -

  ; 

filJ  –       

 ; 

wavJ  –     -  (  

  0fil wavJ J j≤ < ); 

wav  –    . ,  
(8)daublet ,       

8; 
Num  –    :  1Num = ,   

hard;  1Num > ,   soft. 
     N,  -

  . 
 

!   2,    
(3.3.10), (3.3.11),    -

. 
 

     -
        -

 . 
 
3.4.     

 
 

     
       

    ,   . 3.3. 
 
3.4.1.      

 ( . . 3.1)     
hard  soft.   : 

•   soft  -     
      ( ) -
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   ,    
; 

•   hard        -
     (  

)    .  
      ( , [38]) 

   ,   
       

(       semisoft   firm): 

 ( ) ( )
( )

1

2 1

1 2 1 2
2 1

2

0, ;

, , , ;

, ,

SS

d

d
T d sign d d

d d

≤ λ

λ − λ
λ λ = λ < ≤ λ

λ − λ

> λ

      (3.4.1)             

       1, 2.   
   . 3.11 (  ).    -

      
  hard (  )    soft  ( -

 ). 
  ,      semisoft  

(   )   hard, soft. -
   semisoft     -

 .    [38],   -
     

( )
2

( ) ( )R M Tλ λθ = θ − θ ,                               (3.4.2) 

    ,  -

 ( )  θ    -
  (0,1)N .    . 3.12   -

 ,    –   ( )Rλ θ .  

    :  hard – 
3.312λ = ; soft – 2.045λ = ; semisoft – 1 22.331, 7.259λ = λ = . 
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. 3.11.     

 

 
 

. 3.12.       ( )Rλ θ  
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  : 
•          

 ( )Rλ θ ; 

•   semisoft      ( )Rλ θ . 

       -
   semisoft    -

 - . 
  semisoft      1, 2, 

    ,  -
   .    1, 2  

       -
 -  (  )  

   , . .    
.    1, 2   

     . 
 
3.4.2.         
           

,       -
 (  ,   )   -

   1, 2,     
   opt1, opt2,    

.     opt1, opt2   
 [22, 63]      . 

  ,     -
 opt1, opt2. 

      (3.4.1).  
   (3.3.14)  1, 2    

( ) ( )1 2 ln jNλ β = β ⋅ ;                              (3.4.3) 

( ) ( )2 , 2 ln jC C Nλ β = β ⋅ ,                          (3.4.4)  

   > 1    2 > 1  -
 (3.4.1).  ,    Wβ , WC   -
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  optβ , optC ,     -

.   

( ) ( ),2
1

1
, e

N

W iC i
i

C f
β

=

ρ β = ⋅
σ

,                          (3.4.5) 

 ( ),e C iβ
 –    ( ) ( ), ,

ˆe f fC Cβ β
= − ; ( ),f̂ Cβ

 –  

 ,     
(3.4.3), (3.4.4).       

    Wβ WC ,   -

 

              ( ), 2 ,1 2,m W W W mCγ −γϑ ≤ ρ β ≤ ϑ ,                  (3.4.6) 

   Wβ , WC     

 

( ),W C mρ β = ,                                (3.4.7) 

    , C,   -
  

( ) ( )
2

, ,WF C C mβ = ρ β − .                      (3.4.8) 

,          -
     .  -

 Wβ , WC     ( ) ( ){ },n nCβ  -

 ,     
(3.4.6). 

 ,      

 ( ),W Cρ β     -

: 

( ) ( ) ( )( )( )
0

0

, , , 1 22
1

1
, , , ,

j J

W j k j k F j k
j j k

C d d T d C
+

= +

ρ β = ⋅ − λ β λ β
σ

.   (3.4.9) 
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     (   -
 )    - , 

  (   Wβ , WC    ,
ˆ

j kd )    

  -     
 . 

   ( ),W Cρ β ,    

(3.4.9): 
•  ,    (3.4.9),   

(    0  2
,j kd )   ( ), 0W Cρ β ≥ ; 

•  0β →   C < ∞    ( ), 0W Cρ β → ; 

•  β → ∞   C < ∞     

( )
0

0

22
,2 2

1

1 1
, f

j J

W j k
j j k

C d
+

= +

ρ β → =
σ σ

.                     (3.4.10) 

       
    .   

   . 

 3.4.1.    

( ) 2
,1 22

1

1
,

N

W m
i

C f −γ
=

ρ ∞ = >ϑ
σ

,                      (3.4.11) 

    Wβ , WC ,    

 (3.4.6).  

  (3.4.11) ,   i if = η , . . 

0if ≡ .    Wβ = ∞      0. 

,      Wβ , WC  

   -  .  
      m ( .  (3.4.6)) 

  x ym N N= ⋅ ,  ,x yN N  –   

. 

     Wβ , 

WC      2σ .  ,  
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,   ,      ,    
    ( . . 2.3),    
  

2

1,2 (| |)
ˆ ,

0.6745
kmedian d

σ =                         (3.4.12) 

  1,(| |)kmedian d      

    0 1j +  (  

  N/2).  

 

3.4.3.     
   

     
     Wβ , WC . 

        -
,     . 3.13  (    

1)   . 3.13  (  2).   2048N = .  
       -

 ,     
. 

 

   
                     )                                                         ) 

. 3.13.      
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 if       iη , -

   ,  -
 ,     2.  

      

f f

fη

−
δ = , 0.05, 0.10, 0.15ηδ = .  . 3.14  -

   1, 2  0.10.fδ =     

       

( )
( ),f̂ f

,
f

C

f C
β

−
δ β = ,       (3.4.13) 

 ( ),f̂ Cβ
 –   ,   -

  ,   (3.4.3), (3.4.4). 
 

   
                     )                                                         ) 

. 3.14.    
 

 . 3.15    ( ),f Cδ β ,  

     1    0.10.ηδ =   

  –  ,    – .   -
 ,       ,  -

    . ,   optβ  
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optC .  

    :   Wβ , WC  

    optβ , optC    

     Wβ , WC   -

   ? 
 

 
. 3.15.     

 
        -

 ,     2  0.10ηδ =  

  . 3.3.    . 3.3   
,     –  ,  
  ,        
     ,    

 ( ),f Cδ β .     ( , ),  

   (3.4.6), . .    -

      ( ),W WCβ . 
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                                                                  3.3 

 
 

  : 
•         

     (    -
     . 3.15); 

•   ( )    
  ,    -

 (     10 %).  
        

   0.05, 0.15,ηδ =      1. 

,       
   soft   15 25 %÷  

      -
 .       -

  . 

   ( ),f Cδ β    -

 (       iη ). -

       
   . 
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    ( ),W WCβ  -

 

( )
min

,f W W

E
C

δ
=

δ β
.                                (3.4.14)   

,         ,  
        

( ),W WCβ        minδ  ( -

 ( ),opt optCβ ). 

       -
   E    -

  ( ) ( )l lf f= + η , 1,..., Sl N= ,  ( )lη  – l -    -

 .   ( )lf    -

   ( ),W WCβ ,   ( )lE .  

  ( ){ }lE    ,E  -

 minE ,  maxE     . -

  50.SN =   . 3.4   -

        . 
   E  ,   -

   ( ),W WCβ       

 8 %,       -

 ( ),opt optCβ .  

 . 3.16      ( -
    0.10ηδ = ,   1). -

,        -

 

1

, 1,...,j
k M

k
k

n
k M

n
=

ω = = ,  M -   , 

kn -    ,   k -  .  -

 ,       -
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    0.975E =      
  .  

  (    . 3.4)     
   Wβ , WC      

   Wβ , WC      -

 -     
.  

                                                                                             3.4 

 

 
. 3.16.    

 
 3.4.1.     -

     0.93  . 
    (3.3.4)    

ηδ  
 1  2 

minE  E  maxE  minE  E  maxE  

0.01 0.823 0.937 1 0.782 0.918 1 

0.05 0.852 0.958 1 0.806 0.927 1 

0.10 0.915 0.976 1 0.811 0.931 1 

0.15 0.883 0.968 1 0.804 0.929 1 
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0.05γ =     , . .   0 

 ,   .     -
 ,     -
    .  
 
3.5.      

 
 

     
       

    ,   . 3.3. 
 
3.5.1.      

     
( . . 3.4)  :      

 ?  .   [53]  
   (   custom), 

  : 

( )
( )

1

2

1 1

2
2 1 2 11 2

1 2

2 2

0, ;

3 4 ,
, , ,

;

( )(1 ) , ,

C

d

d d

T d

d

d sign d d

≤ λ

− λ − λ
αλ ⋅ ⋅ α − ⋅ + − α

λ − λ λ − λλ λ α =

λ < ≤ λ

− − α λ > λ

(3.5.1) 

  1 2, 0 1λ < λ ≤ α ≤ .  

 . 3.17    (3.5.1)  1 21, 2λ = λ =   

   :  1 –  
 = 0;  2 –  = 0.2;  3 –  = 0.5;  4 –  = 0.7; -

 5 –  = 1.0. ,    = 0.0  1 2λ → λ   (3.5.1) -

   (3.1.2).   
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. 3.17.    (3.5.1) 

 
:      ?   

,   ,     , 
   –   (    )  
          

  .   -
  [23, 25, 65] 

 
3.5.2.         

   

  μ  ,    -

 .       -
   

2ˆ( ) || || ,M f fμΔ μ = −                               (3.5.2) 

 [ ]M  –      -

 ; f , f̂μ  – ,    -

 « »  « » (    
 )  .  optμ , -

  (3.5.2)       
       .  
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   ˆe f fμ μ= −    

ˆ , 1,...,
i iie f f i Nμ μ= − = ,   N –    

.  : 

2 2
1

1 1
( ) ,

i

N

W i
i

e f e fμ μ
=

ρ μ = =
σ σ

.                  (3.5.3)                         

    optμ    Wμ ,   -

 ( )Wρ μ     

( ), 2 ,1 2m W W mγ −γϑ ≤ ρ μ ≤ ϑ ,                     (3.5.4) 

 , 2m γϑ , ,1 2m −γϑ  –  2
mχ -   m  -

  2γ , 1 2− γ  ;  –   -

        
  (   = 0.05), m N=  –   

  (   f ).    

 30m > , ,       = 
0.05,     ,   -

 (3.5.4): 

,0.025 1.96 2m m mϑ = − ; ,0.975 1.96 2m m mϑ = + .          (3.5.5) 

   Wμ     

 

( ) ( )
2

WF mμ = ρ μ −                    (3.5.6) 

      .     
     .  

 Wμ     ( ){ }nμ   -

,     (3.5.4).   
 ,      

 ( )Wρ μ     -

: 
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( ) ( )( )
0

0

, , ,2
1

1
,

j J

W j k j k j k
j j k

d d T d
+

= +

ρ μ = ⋅ − μ
σ

.          (3.5.7) 

  -    -
  :   

, ,j n mad ,    , ,j n mda , -

   , ,j n mdd .  

 
 

( )
( )( )

( )( )

( )( )

0

0

0

0

, , , , , ,
,

2
1

, , , , , ,
,

, , , , ,2
1 ,

,
1

,

1
,

j n m j n m j n mj J
n m

W
j j

j n m j n m j n m
n m

j J

j k j n m j n m
j j n m

ad ad T ad

da da T da

dd dd T dd

+

= +

+

= +

⋅ − μ +

ρ μ = +
σ + ⋅ − μ

+ + ⋅ − μ
σ

.  (3.5.8) 

 

     ( )Wρ μ  ( -

      (3.5.6))  
  - ,   (  

  Wμ     ) 

     -   -
     .  -

       -
 Wθ ,    . 

       

 (3.5.1).     C

β

μ =

α

,   -

 1 2,λ λ   : 

( ) ( )1 2 ln jNλ β = β ⋅ ,  ( ) ( )2 , 2 ln jC C Nλ β = β ⋅ , 

       [ ]0,1 . 
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  Wβ , ,W WC α     

optβ , ,opt optC α       

(3.5.6)  : 

0 ≤ β < ∞ ,   1, 0 1C > ≤ α ≤ .                   (3.5.9) 

   ( )Wρ μ      

(  ): 
•  ,   (3.5.7),   (  -

  0  2
,j kd )   ( ) 0Wρ μ ≥ ; 

•  0β →   , 0 1C < ∞ ≤ α ≤    ( ) 0Wρ μ → ; 

•  β → ∞   , 0 1C < ∞ ≤ α ≤     

0

0

2
2
,2 2

1

1 1j J

W j k
j j k

C d f
+

= +

β

ρ → =
σ σ

α

.            (3.5.10) 

       
    .   

   . 

 3.5.1.     

2
,1 22

1

1 N

W m
i

C f −γ
=

∞

ρ = > ϑ
σ

α

,                     (3.5.11) 

    Wμ ,    -

 (3.5.4).  
   ,    

      .  
  Wβ = ∞        

 0. 
      

   -  ,   ( )Wρ μ  

  (3.5.8).       
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m   x ym N N= ⋅ ,  ,x yN N  –   

. 
     Wθ  -

    2.  , 2 , 

       2σ̂  
( .  (2.3.11)). 

 
3.5.3.            

 -  

   :        
  ,     -

,     . 
        

LENA (   )  TARGET (  -
 )  256×256 ,   . 

3.9.     ,    . 3.3.4. 
       -

   ,    
ˆ

( )F

F F

F

θ −
δ θ = ,  F̂θ  –    -

     .θ   
   ( )Fδ θ    -

   (3.4.1), (3.5.1).  . 3.18  

  ( ),F Cδ β ,     

   ηδ  = 10   (3.4.1), (3.5.1) (   

   = 0.10).      ,  
  – . ,     (3.4.1)  

    ,      
.   
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) 

 
) 

 

. 3.18.     
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   (3.5.1)    

   ,    ,     -
    optC       

       (3.4.1). 
      
     (3.4.1), (3.4.5). -

   ( )lη ,  l  –    

(  )      
( ) ( )l lF F= + η , 1,...,50l = ,    -

  (3.4.1), (3.5.1)    ( -
)     

( )

( )
ˆ

opt

l

l
opt

F F

F

θ −
δ = .                            (3.5.12) 

   ,     -
   ( )  F.  

    

( )
( )

( )
SS

C

l
optl

l
opt

O
δ

=
δ

,                               (3.5.13) 

         
(3.4.1),   –   (3.5.1).    

 1,      (3.4.1),  

  –  (3.5.1).    ( )lO  

(    50)   min,  O   
 max .    -

  . 3.5         (  
(3.5.1)).  
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                                                                                                     3.5 

ηδ   

 
LENA 

    
TARGET 

min O  max min O  max 

0.02 
0.2 0.743 0.811 0.911 0.758 0.805 0.857 
0.5 0.801 0.862 0.971 0.799 0.843 0.891 
0.9 0.971 0.986 0.992 0.970 0.989 0.994 

0.05 
0.2 0.813 0.866 0.923 0.793 0.831 0.871 
0.5 0.863 0.909 0.982 0.816 0.865 0.908 
0.9 0.978 0.995 1.005 0.972 0.992 0.999 

0.10 
0.2 0.888 0.945 0.982 0.848 0.893 0.941 
0.5 0.921 0.935 0.996 0.869 0.914 0.958 
0.9 0.981 1.002 1.011 0.979 0.999 1.006 

 
 . 3.5 ,     0.9α ≥  -
      

 (3.4.1), (3.5.1) .      -
   (3.4.1). ,    

        (   
   )    

     (3.4.1),    
  .  

     -
       

   (3.5.6). ,   -

   
ˆ

( )F

F F

F

θ −
δ θ =    

 (      ). -
       -
   . 

   Wθ   optθ   -

 

( )
min

F W

E
δ

=
δ θ

.                            (3.5.14) 
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, ,        ,  
        

Wθ       (   -

  F )  minδ  (    -

 optθ ). 

       
       

 ( ) , 1,...,50lF l = .    ( )lF  -

: ( )
min
lδ ,  ( )( )

F

l
F Wδ θ  (   (3.4.1)), ( )( )

C

l
F Wδ θ  (  

 (3.4.5)   0.9α = )    

( )
( )

( ) min
( )

F

l
l

F l
F W

E
δ

=
δ θ

, 
( )
( )

( ) min
( )

C

l
l

C l
F W

E
δ

=
δ θ

.    -

 { }( )l
FE , { }( )l

CE     -

:  ,E   min,  max   

    ( . .  -
 / 50j jnω = ,  jn  –    

,   j-   ).  . 3.6 
     

      .  -
       

     (3.5.1);  -
  –   (3.4.1). 

   E  ,   -
        

       (3.4.1),   
  (3.5.1).      

     (3.4.1)   6 %. 
  (3.5.1)    (   9–12 %). -

 ,       
  max  (3.5.1)   .   -

       
 (3.4.1).     ,  
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 . 3.19  (   FE )  . 3.19  (  -

 CE ),    TARGET    0.1.  

                                                                             
                                                                           3.6 

ηδ  

  LENA    TARGET 

min E  max min E  max 

0.02 
0.785 0.945 1 0.831 0.948 1 

0.746 0.879 1 0.812 0.925 0.976 

0.05 
0.813 0.961 1 0.873 0.965 1 
0.797 0.929 1 0.857 0.932 0.989 

0.10 
0.831 0.976 1 0.946 0.991 1 

0.781 0.942 1 0.928 0.969 1 

 
,     (3.5.1)   

      ,  -
        

. 
   ,   

         -
        (3.4.1), 

    (3.5.1).   -
  (3.4.1)    -  -

  . 
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) 

 
) 

 

. 3.19.    
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 4.  :   
  -  

 
       

   . 
 
4.1.    
 

  ,    -
  ,    . 

 
4.1.1.    

      -
,  ,      : 

•     ; 

•     . 
      

     , -
   ( )  [1, 2, 27, 32].  -

     ,   -
   ( ,    
 ,    ).  -

     « »  -
 .  

     « » -
  .    -

    ( ,  ) -
,    ;    

     ,    -
 « »    .  

     (     -
)          

 ( . .   ).    
        
   .  
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        , 
     (    

 )      : 
    ( ,  ) -

  ;   « »  
(    )   -

.      ,  -
       

( , [5, 6, 9, 11, 58, 59]).  
   (   ,   
 )     -

   ( ). 
       -

      -
   .    -

     - ,  
    - .  -

      , 
        .  

       
-  ( ).  

 ,    -  
  -      -

     –  -
.       -
  (    -

) . ,   [13, 16]   -
  ,  -

       -
    .   [24, 

52]      
. 

          
   ,    -

       -
   « »     
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 .   ,     -
      -
       

(   « » ).     -
  . ,     -

    ,    
    .   

        
  (    ) , -

    : ,  
 . 

 
4.1.2. -     

      ,  
      

j j jf f= +η , 1,...,j N= ,    jη  –   ( )  -

    2 (      -
 ).       

 -    ( -
 . [3, 27, 34]). 

  .   jf    

    

1
1

( , ,..., ,..., )
2 1

K

j K j K j K j j K j i
i K

f aver f f f f f
K− − + + +

=−

= =
+

,         (4.1.1)                         

 ( )Kaver   – ,      

2K + 1 ,   .  K  -
      . « -

»      jf ,  -

 jf      .   -

       

.    jf  ( . . -

 « » )  
2

2 1jD f
K

=
+

σ
. ,  
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  ,   .    
      , -

     .  -
       -

    . 

   .    
 : 

( : , )j K i i jf aver f j K i j K f f= − ≤ ≤ + − ≤ β ,       (4.1.2) 

. .      if ,    

 ,j jf f− β + β .    -

    « »  fj.  
        

.        «  
»: 

 = 2 ,                                       (4.1.3) 

   ,     -
       2    
  0.95     [– , ]. 

 .   jf    

  

  1( , ,..., ,..., )M
j L j L j L j j Lf med f f f f− − + += ,             (4.1.4) 

 ( )Lmed   – ,    2L + 1 , -

  .    : 

•    ; 

•       
  fj;  

•        -
 jf ,    . ,  -

    « »   , 
    ,  -
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. 

 .    
 ( ) «   +   -

 »    , -
  [ ]1,...,j N∈ : 

 1.   

( ,..., ,..., )M
j L j L j j Lf med f f f− += .              (4.1.5) 

 2.   

( : , )M M M
j K i i jf aver f j K i j K f f= − ≤ ≤ + − ≤ β ,  (4.1.6) 

 L, K –   ,  K  L. ,   
 2     M

if ,    -

  ,j jf f− β + β .    -

      fj. 

       

. ,   jf    

 ,  « »    
 2.       «  » 

(  (4.1.3)). 

 
4.1.3.  -   

 

      -
   .  

, 1,..., 1024,jf j N= =      

   jη  (   

),      104,  -

     
f f

0.115
ff

−
δ = = ,  
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f ,f  – ,    « »  « »  

 .     -

   jη ′    106 (  -

 ).  . 4.1    , -
      . -

   ,   -
.       -

  0.299f =δ .   

 

. 4.1.    

 
      

 L = 5.     . 4.2   -

   
f f

f

−
 = 0.06.   -

   ,    , 
     . 

       
  K = 100,  = 200.     

. 4.3.     

f f

f

−
 = 0.285. ,      -

 . 



 141

 

. 4.2.      
  

 . 4.4      
   L = 5, K = 100.   -

   (4.1.3)   200. ,    
  ,    ,  -

    ( . . 4.2).  ,  
   (  )   

. 

 
. 4.3.     
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. 4.4.     
 

   :   (4.1.5), (4.1.6) 
      -
,      -

 (      ).  -

   
f f

f

−
 = 0.029.  -

,       ,   
 . 

      
    (  ).  

   ,    

   
1 2,i if ,    , -

  . ,    – -
  (2L1 + 1) × (2L2 + 1),     – 

  (2K1+1)×(2K2 + 1). 
,      , 

          
, . .     « -

 ».  ,     
:     ,    
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   ( ,    . .).  
        -

     .   -
        -

   ,    -
  –  « »  « » . -

        
 .   

       
      . 

  [5, 6, 7, 11, 56, 59]    -
,      -

.     ,  ,  
     20–30 %  

   [5, 6]. 
 
4.2.      
 

     -
    -  -

    -  [20, 62]. 
 
4.2.1.    

     -
      .  

        
LENA  TARGET  256×256 ,   . 
3.9.       -

      
 : 
1.   .    

1 2,i iη   

 ,   2     
    , . .    . 

2.   .    
1 2,i iη  

  ,   2    
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0.5, . .    . 

3.   .    

1 2,i iη     0.99  0.95   2   -

 0.01  0.05 –  400 2.     -
   .  ,   65536  
  655 (  0.01)  3275 (  

0.05)    ,    
20       2. 

 2      

F

F F

F

−
δ = ,   ⋅     , . . 

1 2

1 2

1
2

2
,i i

i i

F F= .  ,F F   256×256  -

       -
.      0.05, 0.10.   

       

 ( ),   
ˆ

ˆ( )
F F

F M
F

−
δ = ,  F̂  

    ,  -
       

 .      

 30  ( )lF ,  ( )lF  –    
( ) ( ) ,l lF F= + η   ( )lη  – l -    .  

        

     ˆ( )Fδ   -

 -  (    -
 8),      -

     « / », -
     . 
,      ,    



 145

   « »      
 .  

 
4.2.2.      

 . 4.1  4.2    -

 
ˆ( )

ˆ( )

F
E

F

δ
=

δ
     –    

 ,      -
        

- ,    -
 .      L = 0 (   

), K = 4 (     -
 81×81).       (3.1.1) 

(         -
   (3.1.2)).  . 4.1     

  LENA,  . 4.2 –  TARGET 
        (0  0.5) 

   .   
                                                                                 4.1 

 
 

  
 

 

  0.05 0.10 0.05 0.10 

ˆ( )Fδ  0,029 0,046 0,038 0,069 

  ˆ( )Fδ / ˆ( )Fδ     

 0,243 0,383 0,317 0,548 

KF 0,743 0,696 0,883 0,920 
 

 
0,453 0,501 0,717 0,742 

SURE-  0,508 0,502 0,745 0,697 

 
 

0,630 0,589 0,760 0,690 

 
 

0,724 0,709 0,825 0,784 
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                                                                                4.2 

 
 

  
 

 

 
 

0.05 0.10 0.05 0.10 

ˆ( )Fδ  0,021 0,035 0,030 0,056 

  ˆ( )Fδ / ˆ( )Fδ     

 0,183 0,318 0,297 0,494 

KF 0,833 0,786 0,967 0,965 

 
 

0,444 0,454 0,683 0,614 

SURE-  0,588 0,393 0,612 0,571 
 

 
0,417 0,443 0,598 0,603 

 
 

0,794 0,775 0,856 0,843 

 
 . 4.1, 4.2    ,  

    , . . -
  « »  . 

  . 4.1, 4.2 , : 
•    (  - ) 
      30–50 %; 
•     ,     

    (4.1.5), (4.1.6) (   -
  ); 

•       -
     (2.3.5). 

 . 4.3      
   LENA  TARGET,  -

 ,     0.01  0.05.  
                                                                               
 
 


