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,  
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cos 0.5 exp exp

sin 0.5 exp exp

j j

j j j
 , 

 j – .  
exp cos sin cos Re expj j j  . 

 (x,y,z)  t  
 

, , , , ,s x y z t v x y z u t  , 

 

tjtu
jzkykxkjEjjEzyxv zyx

exp
;expexp)exp()exp(),,( kr
. 

  –  k – , 
 

c
nkkkk zyx

2 ,   – , =2  –  

, n – ,  –  t=0. 
 

 exp x y zE j k x k y k z . 

 
 f(x) : 

-  f(x) ; 
-  f(x)  

; 
-  f(x) . 

 f(x)  

exp 2F f x j x dx , (2.1) 

  – .  
, 

.  f(x): 
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expf x F j x d  .  (2.2) 

 F d F d  2dF F F
d

,  

1 exp
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F f x j x dx  .   (2.3) 

,  
.  

.  
 – ,  

 
. 

 
 –  

, ,  
,  

.  
.  

. 
,  

 
. , 

,  
 (2.1), .   : 

, , exp 2F f x y j x y dxdy . (2.4) 

, 
, . 
,  
. 

 ( ) 
,  

,  
. ,  

 f(x,y)=f(x)f(y)  
,  ( )  

 F( , )=F( )F( ). 
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 f( , )=f( )f( ), 

 . 
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1.  
. ,  

 
. ,  

.: 
1 ,

,
0 ,

1exp exp

exp exp 2Sin
2 Sinc

x y

x y

L
x

x x
xxL

x x x x x x
x x x

x x

x L y L
A x y A x A y

x L y L

L
FA x A x j x dx j x

Lj

j L j L L
L L

j . 
 F(A(y)), 

.  
: 

, 2 Sinc 2 Sincx x x y y yF A x y L L L L . (2.5) 

2. .  
,  
, . A( , )=A( ).  
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2

0 0

2

0 0

, ( , )exp 2 cos

12 exp 2 cos
2

F A d A j d

A d j d
 

 
 

2

0
0

12 exp 2 cos
2

J j d ,  

 ,  
 , .  
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0
0

2 2F A J d  (2.6) 

 
 

.   

 0

0

1
0
if

A
if

,  

:  
0

2 1 0
0 0

00

2 2J
F J d . 

, ,  (2.5) 
 (2.6), , , , , 

. ,  
 

 2L: r0= f/2L,  0: r0=1.22 f/2 0. 
,  

–  
.  

: 

 

0 0 0

0 0 0

0 0

1cos exp exp
2

1 1cos exp exp -
2 2

Sinc Sinc

x j x j x

F A x x F A x j x F A x j x

L L L L

   (2.7) 

 (2.7)  – 
. -

 
, ,  

.  
, ,  

 ( )  
) ,  

 
.  

 ( ), , 
,  (2.7)  
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,  ( -1).  
,  

 (2.7),  
) . 

 
 
 
 
 
 
 

f f 

r= f  +1  
 

.2.1.  – ,  
 

-r= f(- ) –1  
 

 
. 

: 
*

* * *exp expF f x f x j x dx f x j xdx F  

 ( .2.2): 
1exp ( )expF f ax f ax j x dx f j d F
a a a a

   (2.8) 

 
 
 
 
 
 
 

f f 

r= f 2 +1  
 

.2.2.  

-r= f(- 1) –1  
 

2  

1  
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 ( .2.3): 

0 0

1 1 0 1 1 0

0

exp

exp exp

)exp

F f x x f x x j x dx

f x j x x dx F f x j x

F j x

.           (2.9) 

 
 
 
 
 
 
 
 

f f 

r= f  +1  
 

.2.3.  

-r= f(- ) –1  
 

 
 

: 
1

0 0

1 1 0 1

1 1 0 1 0

1( ( )) ( )exp
2

1 )exp
2

1 )exp( )exp exp
2

F F F j x d

F j x d

F j x j x d f x j x

.                (2.10) 

 
,  

 ( ) 
: 

1 2 1 2 1 2f fConv f x f x f x f x dx  .  (2.11) 
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 ( ). 
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. 
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,  
 .  

 X(t) = Y(t),  ( ). 
 t = s : 

2,
0XX XR t t X t X t X t X t . 

 (  
) :  

*,XYK t t X t Y t . 

, . 
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.  
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0
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 . 
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 (  
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lim 0K  . 

, ,  
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, : 
–  (  

), ,  
 (  

0; 0,1r , . ); 

– ,  0  
:  

*0XYK X t Y t . 

 
, .  

,  
: 

1 2

*
1 2 1 2f fK f x f x f x f x dx .           (2.12) 

 (2.12) ,  – -
.  

 
 

: 

1 2 1 2 1 2 2 1f x f x f x f x dx f f d f f  . 

: 

1 2

2 1

*
1 2 1 2

*

* * *
1 2 2 1

f f

f f

K f x f x f x f x dx
x z

f z f z dz f z f z dz K
.        (2.13) 
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 ( ),  

1 1 1 1f f f fK K  .  
1 1 1 1

*
f f f fK K . 

  ,  (2.12)  
1f x  2f x    

 ,  (2.13)  1f x  
, .  

, 
 

 – . 
 –  

: 

1 2 1 2

1 2

1 2 1 2

exp

exp exp

exp exp

F f x f x f x f x dx j d
x z

f x f z dx j x j z dz

f x j x dx f z j z dz F F

. 

 –  
- 

: 
*

1 2 1 2

*
1 2

*

*
1 2 1 2

exp

exp

exp exp

F f x f x f x f x dx j d
x z

f z f x dx j z x dz

f z j z dz f x j x dx F F

.  (2.14) 

, ,  
: 

*
1 2f x f x dx ,  

 
 (2.13)  .  
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1 2 1 2
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exp exp f f

F f x f x f x f x dx j d
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f x j x dx f z j z dz F F K
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 «Certain topics in telegraph transmission theory» [6]  
 

,  
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».  
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.  
, ,  

1949  [7],  16 . 
,  

,  –  
 1897    

,  [7]. 
 f(x)  F( ),  

 max: 
max

max

exp 2f x F j xd .             (2.15) 

,  
 F( )   

 2 max.   :  
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max

1 exp 2
2 2

k

k
k

kF F j  ,            (2.16)  

 
max

maxmax max

2 exp 2
2 2k

kF F j d .             (2.17) 

 (2.16)  (2.15), : 
max

max

max

max

maxmax

1 exp 2 exp 2
2 2

1 exp 2
2 2

k

k
k

k

k
k

kf x F j j xd

kF j x d

. 

,  x=-k/2 max  
max

maxmax max

exp 2
2 2

k kf F j d , 

: 

max max

2
k

kF f ,  

 
max

max max

max max
max max

max

max max
max

exp 2

exp 2 exp 2

2

Sinc 2

kj x d

k kj x j x

kj x

kj x

. 

: 

max
max max

Sinc 2
k

k

k kf x f x . 

 k  -  + ,  k  
,  1/2 max  x,  
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, , , 
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. , ,  
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? , . 
 

, . , , . 
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, .  
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 [14],  
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L1 L2 H 

X 

f f f f 

L1 L2 H 

 

X 

CÄA*B 

C*A*B*
 

 

A(x,y) 

B(x,y) 

.3.1. 4f  
 

 4f .  In 
.3.1. ,  

 A(x,y)  B(x+x0,y),  
,  x0.  In  

 L1.  
.   

,  X  1.  
 L1   

0A , B , exp 2F x y F x y j x . 
 H, 

 ( ) . 
, 

,  ( )  

0

*

0

A , B , exp 2
,

A , B , exp 2
x y

F x y F x y j x

F x y F x y j x
 , 

  –  ( ).  
, ,  

 In  A(x,y) ,  
(x,y) ,  H 

: 
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0

*

0

*

*
0

*
0

*

, ,

A , B , exp 2
,

A , B , exp 2

, A , A ,

, A , , exp 2

, , exp 2 A ,

, , ,

x yF C x y

F x y F x y j x
F C x y

F x y F x y j x

F C x y F x y F x y

F C x y F x y F B x y j x

F C x y F B x y j x F x y

F C x y F B x y F B x y

.  (3.1) 

,  (3.1),  
, , :  

,  
*, A , A ,F C x y F x y F x y   

 

 *, , ,F C x y F B x y F B x y    

 F(A(x,y)), . 
;  

,  
*

0, A , , exp 2F C x y F x y F B x y j x     

,  
 0, exp 2F B x y j x  

 –1- ;  
,  

*
0, , exp 2 A ,F C x y F B x y j x F x y     

 
 0, exp 2F B x y j x , .  +1- . 

, -
 L2  – : 

 
*, A , A ,F F C x y F x y F x y  
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 *, , ,F F C x y F B x y F B x y  

, ; 
1 : 

*
0, A , , exp 2F F C x y F x y F B x y j x  , (3.2) 

 +1 : 
*

0, , exp 2 A ,F F C x y F B x y j x F x y  .  (3.3) 

 B(x,y) , . B(x+x0,y)= (x0,0),  
 .  

.3.1  
, ,  

.  (2.1)  (2.2)  
 – .  

,  (2.2), 
 –  

 
 (2.2),  

 x: exp 2 x x y yj . ,  

,  – ,  (3.2)  (3.3), : 
*

0

0 0

, A , , exp 2

, A , ,CA x y

F F C x y F x y F B x y j x

C x y x y x Conv x
 ,  (3.4) 

*
0

0 0

, A , , exp 2

, A , ,CA x y

F F C x y F x y F B x y j x

C x y x y x Corr x
 ,  (3.5) 

  .  
,  

 –  
.  

 –  
. 

 4f , .3.1, 1-  
 (3.4), ,  

 +1-  (3.5),  (Van der 
Lught Correlator),  –  

 ( ), (HMF – Holographic Matched Filter),  
 +1-  

: *H A AF . 
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.  
 4f-

. ,  (3.2)  (3.3), 
,  

, ,  
 . ,  

 ,  – .  
 ( )  B(x,y),  

(x,y).  
*

0

0 0

, A , , exp 2

A , , ,AB x y

F F C x y F x y F B x y j x

x x y B x y Conv x
 , (3.6) 

*
0

0 0

, A , , exp 2

, A , ,BA x y

F F C x y F x y F B x y j x

B x y x y x Corr x
 .  (3.7) 

, 
. 

,  
.  (  

– ) ,  
,  

 (Joint Transform Correlator). 
 

. 
 (3.2)  (3.3) ,  

 ,  ,   
, .  

.  
 – ,  

,  
, , .  

, , , 
 –  

 
f

  ( .3.2).  

 
– . 

.3.2).  « », .  
   , ! , 

 
,  1. 
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.3.2.  

: : 1, 2 –  
 (1)  (2) , 3 – , 

 
), 4  5 –  

, 6 –   
, .  

 ( ) , .3.3. 
 

 –  1-2 . ,  
. 

 
.3.3. .  

  
 (  

Sb2S3) : 1– 6.5 
, 2 – 10 , 3 – 15  

.3.3. .    
-

-24  
 1 – 10 ., 2 – 

15 ., 3 – 25 . [4] 
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 ( .3.3),  

,  
,  
.  

,  
 –  

.  
.3.3.  

.3.2  
: 

- ; 
- ,  

; 
-  

, . 
 
 

, .3.4.  
 

 –  
). , 

. ,  
» , . 

 
,  +1  –1  

 4f  
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, , 
, ,  

 .  
, ,  

, .  
,  

), , 
. ,  

,  
. 

? 
 ( .3.1)  

.  
, . 

.  
, ,  

. ,  
, ., .    

, , , .  
 

 –  
 

.  
 

.  
,  

. 
 ( ,  

, ) ,  
 

. .3.5,  
 

,  f/D,  D –  
)  

. .3.5 ,  
 – 

,  
, . 

 
. . 

 

0 

1 

-1 

2> 1 

-2> -1 

.3.5. 
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1. , , , 
. , 

, : 

1 1

0

j jM j , j E x, y x y dxdy . 

,  y,xg  ay,axg :  

1 1
1 1

1 1
0 0

1 1

0

j j
j j

ax j j
by

j j j j j j

M E ax,by E ax,by x y dxdy E , dxdy
a b

a b E , y d d a b M E x,y

, 

. .  
E(x)  E(exp( )).  

, , :  
–  

 g(x,y),  
; 

–  
.  

, , ,  
. 

2. .   
,  

.3.6), ,  
, .  r   

 ,  , 
 l . 

  
, .  

,  
 r  l. ,  

.  
, ,  

. 
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3. . 

,  
 ( )  

, ,  
, ,  

 « » ( ), 
 « » , . 

, ,  « », 
. ,  

.  
 N ,  N – 

.  – 
 « »  

.  
 N . , 

, ,  – 
.  

,  
 – . 

,  
,  ,  

 – , 
.  

 

r+1= l  

f 

l 

r-1 l  

Im 

.3.6. . 
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,  SIMD-  –  

.  
 

 –  « »,  
. , ,  

. ,  
 

. ,  
. 

, ,  
. ,  

.  
,  

.  
 

.  
 

3 
 

1.  4f . 
2.  4f  

 
? 

3.  4f  
 

? 
4.  

? 
5. ,  4f  

 +1-  
.  

6. ,  4f  
 +1-  

? 
7. ,  4f  

1-  
. 

8. ,  4f  
1-  

? 
9.  

? 
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 4.  
 

 ( )  –  
, ,  

,  
.  

. 
 1011 ,  

 1015 .  
. ,  

, 
.  –  

, , , ,  
 

.  
, . 

 

.4.1. . .  « » 
,  

 — ,  
 70  100 .  – 

 « », « » .  
 « »  « ». 

 
: 

,  , .  
, ;  

 – , .  
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– .  –  
– . 

 
.   

 
, .  

,  
« »  « ».  

 
 

.  
 

. 
.  1943 .  

, »,  
 

, .  
,  

, .  
,  

 
InNlOut , 

 Nl –  (  
– !), In –  ( .4.2. ).  

, ,  
. 

  
.4.2. .  

 
.4.2. .  

: 
 ( )  

 ( ) 

 Nl Out In 
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. 

• ,  «  
».  

• ,  ( ) .  
• ,  

.  
, . 

• , . 
• .  

. 
• . 

,  
, , , 

. , 
, ,  

.  
 

, .  
, . ,  

:  
, , , ,  

, . 

 (1973) , 1
exp

f x
x

 ,  

 S-  ( )  
 .  

 
 – , , , 

,  
 ( , )  

.  
:  

. , 
 

 –  
 ( .4.2. ). 

.  
,  

,  



48 
 

, . : «  
, ». 

,  
, . 

 
 [2-4]: 

1.  ( ); 
2. . 

, 
, ,  

, ., 
.  

,  
,  

,  –  –  
, . ,  

, ,  
 

.  
,  

.  
 

.  
, .  

 
,  

, . 
 – ,  

. . 
 – , .  

 ( ) [4].  
 40  

200 . ,  
, ,  « ».  

 – 
. 

.  
,  – 

,  W=ATB,   –  
,  m , 

 n – . , wi,j –  ,  
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 i  j . ,  
 B,  Out 

,  B = AW. 
-

: 

wij(n+1) = wij(n) + OUTi OUTj, 
 wij(n) –  i  j , 

wij(n+1) –  i  j ,  – 
 « », OUTi  OUTj –  i  j. 

 «  “Instar”» .4.3. 
 

  
.4.3.  “Instar” .4.4.  

 “Instar”  
“Outstar” 

,  
 – , ,  

. 
 «Instar – Outstar» -

, ,  
 ( .4.4). ,  

,  
.  «Instar»  «Outstar» ,  -

,  
. 

 
 “Instar”.  

, .  
, , , 

,  « ».  
, . 

4.5.1.  d1  
  a1  

Out  in3 

 in1 

 in2 

 in4 

 in5 

 w3 

 w2 

 w1 

 w4 
 w5 

out5 

 in3 

in1 

in2 

 in4 

in5 

 w3 

 w2 

 w1 

 w4 
 w5 

out4 

out3 

out2 

out1 

 w3 

 w2 

 w1 

 w4 
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 f.  
,  

. ,  
 

 – . 
:  

1
1

d
f

,  

 
 ( ): 

 1 1max min
1

max min 1 1

a aI IV
I I a a

.  

 – , 
 –  

 1,   a1 .  

 
 

 a2  d2,  
2  

V2.  A  ai 
),  

.   

a1 

a2 

.4.5.1.  
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 ( -
)  

 
. , ,  
,   

 –  
,  – . 

,  
, . , 

 « »  
.4.5.2),  –  

. 
 

, ,  
 

, . 
,  

.  – ,  
, . ,  

,  
. 

 « », -
 – , . , , 

 
, , , 

 I-  «outstar». ,  
 ( ) NA,  – NB,  
, : NA+NB–1. 

 
 ( .4.6)  

: «instar»  «outstar». -
,  –  

), , ,  
,  –  – , 

.  
 

«outstar»   
.  

 « »  
 WTA 
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In 

H L1 

L2 U 

Out 

 
.4.6.  « » 

 – . 

 

 
 

 – , 
,  

 ( .4.6).  
,  

,  
,  

. 
 
 
 

 –  
 ( ) ,  

 
,  

 
 –  

.   
.4.7. –  C I  

,  
. 

 Nl ,  
 

 ( ) 

 Nl(B(x) A (x)) (x0),  

 (x0) -
.  
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 Nl – , -
 C H Out 

, 
 L2 , ,  

 Out ,  
,  A (x) 

Nl(B(x) A (x))** A * (x) = * (x0)* A * (x) = A * (x). 
 Nl , , 

,  –  
. 

,  ImA,  
 H,  

,  
 

. 
 «Boeing»  

 [8]:  
-

,  
 –  

,  
, ,  

,  –  
. 

 
4 

 
1. . 
2. . 
3. ? 
4.  « »?  

 « »? 
5. ?  

? 
6. ? ? 
7.  « » ? 
8.  «  

» ? 
9.  

 « » ? 
10.  

? 
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12.  «  

»? 
13. , - -

? 
14.  4f  

? 
15. ? 
16.  

) ? 
17.  –  

 –  
? 

18. -
,  – -

? 
19.  –  –  

? 
20.  
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 5.  
5.1. .  

 « »  
, ,  1.  

 
.  « » , 

, .  
.  

, , 
, . , 

, ,  
,  

 ( ),  – 
, ,  

.  –  
. 

, 
 1928  (1957 

– , 1963 –  [1])  
 –  ( . perceptio – ).  

, . 
, .5.1,  

, .  
 

,  
,  

.  (In)  
,  (A)  

,  –  

A B V W C 

.5.1. . In – , B – 
, C – , V, W –  

In 
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.  
,  ( )  ( ) 

.  
(hidden) ,  (B). ,  

 In, .  ( )  
 V  

, .   
,  

. ,  
, . :  

 t + 1  
 t.  

.  (  
), .  

,  
, .  1969 . 

.  
» [2],  

 
, ,  

 
 , 

 
. 

 
 « »:  

 x  y  
 0  1.  w1  w2   

. .5.2. , 
:  (  

) :  OUT = xw1 + yw2 , . 
 xy , ,  

 0,1  1,0,  – 0,0  1,1.  
,  

 – . 
, ,  

 .  
,  

 ( , )  
. ,  

, ,  
 ( ).  

,  – ,  
. 

 

x 

y 

1,0 

0,1 

0,0 

1,1 

xw1 + yw2 

.5.2.  
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5.2.  
 – , .  

, .  
,  

.  
, ,  

 –  .  

: 
1.  – ;  
2.  –  (  

) ; 
3. : 

a. ,  
; 

b. , ; 
4.  2-3  ( )  

, : 
a.  

 – ; 
b.  –  

; 
c.  –  

. 
 4.b  4.  –  

 – .  
,  

,  
.  

.  
,  ,  

, , . . 
 ( ) . 

 
. , 

.  
 –  (A ,B ),  W =A TB .  

 –  
.  

 W  A ,  B  
 B’ =  A W.  B ,  

 = B’  B  
:  

Wt+ t = Wt – h A T ,  
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 h – , , h [0,1].  
.  

,  
,  « »  

. 
, : 

) , . ; 
) ,  

, . 
 

 .  
 

 W : 
2

i
BWABWAE  .            (5.1) 

: 
)  E=E(W) –  W,  (5.1)  

;  
)  (5.1)  E(W)  

 W*. 
,  
 (5.1),  

,  
.  

 –  
 B.  

, .  
 

 
 

 1974 . .  [3] 
b  [3]  

 (error back propagation),  1986 . , 
 [5].  

 
.  
, .  

.5.1 : 
-  W,  

,  – V.  
-  i; 
-  –  j;  
- , ,  k;  
-  (A ,C ),  =1..p.  
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 ( ) ,  
 – x .  

: 
1.  –  

; 
2.  A ,  C ’  C . 

: 
 B ( ):  :  j ij i

i
x w a  , 

    : j jb f x ; 

 ( ): :   k jk j
j

x v b  , 

    : k kb f x  .  
: 

21
2 k k

k
E c c  . 

: 

( 1) ( ) k
jk jk

jk

Ev t v t h
v

 ,                      (5.2) 

 h – .  ( )  
 v , :  

k k k k

jk k k jk

E E c x
v c x v ,  

 ( )k
k k k

k

E c c
c

 –  k- ,  

: (1 )k
k k

k

c c c
x

.  k
j

jk

x b
v

,   

(1 )k
k k j k

jk

E c b c
v

 ,  

: 
( 1) ( ) (1 )jk jk k k j kv t v t h c b c  . 

3.  (B),  
 – : 

 
( 1) ( ) j

ij ij
ij

E
w t w t h

w .  

: j j j

ij j j ij

E b xE
w b x w

 . 

: 
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(1 )j k k k k k
j k k k jk

k k kj k j k k j

E E x E c x c c V
b x b c x b . 

: 

 
(1 ) (1 )j j j j

k k k jk j j j
kij j j ij

E E b x
c c v b b a

w b x w . 
,  

 j  
,  

. ,  
.  

: 

(1 )j k k k k k
j k k k jk

k k kj k j k k j

E E x E c x c c v
b x b c x b . 

. 
1. , , 

 
.  « »  

,  « »  –  
, , . 

2.  
,  

.  
, , ,  
, .  

 
.  

, , .   
 . , 

,  
 ( .5.3).  

, ,  
 

, .  
.  

 « »  « », 
 
 

, .  
, ,  

, . ,  
» , , « » .  



61 
 

,  « » , , 
,  

, ,  
  

exp EP E r
kT

,  

 k – , T – , E – 
, r [0,1] – 

.  
 
 

 « » 
: 

0

lg 1
TT t

t
, 

 t – . 
 « » 

, 
, 

:  

2 2

T t
P E

T t E
. 

 
 «  

»:  
0

1
TT t

t
, 

.  
, ,  

 ( .5.4). ,  
, . 

 
.5.4.  [2] 

 E 

W 

W* WL
* 

.5.3.  
. W* - 

, 
 

, WL
* -  

, ,  
»  
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.  
: 

1.  – , 
, ,  

, ; 
2.  

. 
,  

[7,8] . 
 

. 
 « »  

 –  
.  

 –  
,  

.  
  

 – ).  
,  

.  
 

. 
 
 

 – .  
 ( ), 

.  
,  

 “model free” –  ( )  
, , , 

, .  
“model free”, , ,  

! 
.  

,  
.  

1. . 
2. .  n (  

),  

maxfx , D
fd

.  
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:  

n
x

D
f

Df
d
x

2
222 max

, 
.  In ,   – , 

 
 ( ). 

, .  
 2D, , 

,  4D,  
. ,  1-D 

 – .  
) -

 2-D . ,  
 2-D  

. 
 
5.3. . ,  

 
,  1975 .  [9] 

 1980  –  [10]. . , 
 
 

,  
. 

 
 [11],  

,  –    
), : , , 

. [11]. , 
,  

 (BA 17 –  17  
).  

 (~ 1 000 000),  BA 17  – 
 538 000 000.  

 – , 
. , 

 on-  off , .  
,  

,  
 

,  
 

. -
, ,  



64 
 

, etc.  
, . ,  – 
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