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jV     

  thV ,  jτ  .   

  (3.3):       

,     –    

 α .  

 (3.4)  (3.5)       

    .      jτ  

  ,     

      . 

 (3.3) – (3.5)  

     ( ) ( )( ) ( )int int int1, 1

max 1 1
m

i i j
th ij thi m i

V V V V Vθ α δ δ
= =

− − − −∏   

  (3.2)      G 

( . 3.2).  ,   int
iV   i -    

  thV , int
iV  ,    

   α   (    -   

 ). 

,   (3.2) (  )    

    (3.1) (  ).  
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. 

       

 .      

  k -     ( 1)k + -  : ( 1) ( )
g out( ) ( ),i k j kV t V t i j+ = = . 

 ,       

  . 

       

     (2.3). , 

 ( , , )XF I V x   ( , )RF V x ,     (3.1) – (3.5), 

  : 

( )

( ) ( )

2

2

1 1 , ,

( , , ) 1 , ,

0, ,

( , ) .
sinh exp 1

bround
V c

thr

brounds V c
X thr

thr thr

R n
M

x V V

F I V x a V x V V

V V V
VF V x

x V Vβ α χ γ

+

+

− − ≤ −

= ⋅ − >

− < ≤

=
+ −

 

 ,     ( 1m = ,   

j    )  64  ( . 3.4).  

 
. 3.4.  ,     
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    :  

[ ]

g

te int
te int g

g

int te int int
int int

1int int
( ) 0

int

te int

( ) , ( ) , , ( ) 0,

0, ( ) 0,

ˆ ( )1 ( ) ,

1 ( ) ,

( , ( ) ),
(0) rand 0,1 ,

i

i
X ii

i

i

n

th
i i

V t

th

i R i

i

V VF V V x V tdx R
dt

V t

dV V V V V V V
dt C R R

d V V
dt
R F x V V
x

τ τ

τ δ

τ δ τ

τ

=
>

− − >
=

=

−= − − −

= − −

= −
= int (0) 0, (0) max( , ),

1, .
r outV

i n

τ τ τ= >

=

     

   (3.4)  (3.5).  

 : 64n = , int 1R = , int 45C = , te 1.5V + = , 

te 1.6V − = − , 0
te 10V = , out 2V + = , th 3V = , 20rτ = , 2sτ = , 10outτ = . 

 intR , intC   ,    ( R C= ⋅ ) 

  45 ,   ,    [44]. 

    10    ( )gV t  

        ( i
gV   

  ( . 1))    , 

       ( . 3.5).  

  ( )gV t      : 

 
. 3.5.   

g

0, 0, 0, 0, 0, 0, 0, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 2, 2, 0, 0, 0, 2, 0,
0, 2, 0, 2, 0, 0, 2, 0,
0, 2, 0, 0, 2, 0, 2, 0,
0, 2, 0, 0, 0, 2, 2, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 0, 0, 0, 0, 0, 0, 0

V =  
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i
gV 0  2  

P 0.85 0.15

. 1.     
      

 

       

    ( . 3.6, 3.7  3.8).  

 

. 3.6.      50-   100-   
 

    10 ,    ,   

       . 

       .  

      .  

      (3 ,   

   3 ),      

  .   (input) ,  

       . 

 1−   ,   1  .  
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. 3.7.      390-   440-   

 

 

. 3.8.        
 

     ( . 3.6)  

        

(     ),      

( . 3.7)          

.     ( . 3.8)      

   ,         
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        . , 

           

,   . 

 . 3.9      

  .     

 :  ,   ;  

,  .       

        

 .   750-     

,    :   

  .  

 

. 3.9.       
 

     .  

. 3.10    .    

 ,     . 

        

     0.4α = . 

  th 4V = ,     .  
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. 3.10.  ,     

 

  ,  10    ( )gV t     

    ( i
gV     

( . 2))         , 

    (  « »  ): 

(1)

0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 2, 2, 2, 2, 0, 0,
0, 2, 2, 0, 0, 2, 2, 0,
0, 2, 2, 0, 0, 2, 2, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 2, 2, 0, 0, 2, 2, 0,
0, 0, 0, 0, 0, 0, 0, 0

gV = (2)

2, 2, 2, 2, 2, 2, 2, 2,
2, 0, 0, 0, 0, 0, 0, 2,
2, 0, 0, 0, 0, 0, 0, 2,
2, 0, 0, 0, 0, 0, 0, 2,

,
2, 0, 0, 0, 0, 0, 0, 2,
2, 0, 0, 0, 0, 0, 0, 2,
2, 0, 0, 0, 0, 0, 0, 2,
2, 2, 2, 2, 2, 

T

gV =

2, 2, 2

T

 (3.6) 

i
gV 0 2

P 0.8 0.2

. 2.     
      

 

 . 3.11  3.12       

 .   (input)    
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:  0 – ,  1 –  ,  1 –  

.        , 

          

.  

 
. 3.11.      50-   100-   

 

 
. 3.12.        
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    ,     

( . 3.11)  :         

      .    

 ( . 3.12)       

  . 

 . 3.13      

  .     ,  

     600-  . 

 

. 3.13.       
 

,  ,     

 ,    , 

   [44, 49–53]. 

     

        

         

  ( . 3.14) 5m =   8 8 64n = × = .   

   ,    (   

r / 2 ),   Vg (t)       

  ( i
gV    ),   
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      ,   

    .   Vg (  

   )    : 

(1)
gV =

0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 2, 2, 2, 2, 0, 0,
0, 2, 2, 0, 0, 2, 2, 0,
0, 2, 2, 0, 0, 2, 2, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 2, 2, 0, 0, 2, 2, 0,
0, 0, 0, 0, 0, 0, 0, 0

T

 , (2)
gV =

0, 0, 0, 0, 2, 2, 0, 0,
0, 2, 2, 2, 2, 0, 0, 0,
0, 2, 0, 0, 2, 0, 0, 2,
0, 2, 0, 0, 2, 2, 2, 2,
2, 2, 2, 2, 0, 0, 2, 0,
2, 0, 0, 2, 0, 0, 2, 0,
0, 0, 0, 2, 2, 2, 2, 0,
0, 0, 2, 2, 0, 0, 0, 0

T

 .  

 

. 3.14.   
 

       

    (3.1) – (3.5).   (2.1), 

       (TiO2),  

  : 200intR =  , 45intC =  , 0.7teV + = , 

0.9teV − = − , 0 10teV = , 2outV + = , 9thV =  , 3rτ =  ,  50sτ =  , 1.5outτ =  

.  teV +   teV −    ,   

 ,       ,  

   .   s  

       :  

 ,    .  

   thV       

    0
teV ,    .    

    0
teV      , 



80 

      . intR   intC  

       

        

 ,      

   .  outτ   outV +     

    . 

 i
gV    : 0i

gV =    0.73  

2i
gV =    0.27.  . 3.15    

    .   

    :  , 

  ;  ,  .    

     ,    

   .   700-    

 ,    : 

    . 

 
. 3.15.        
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    (2.3),   

  (HfO2).     : 

 1intR =  , 45 intC =  , 1.55teV + = , 1.6teV − = − , 0 10teV = , 2+
outV = , 

 2.5thV =  , 15rτ =  , 1sτ =  , 7.5outτ =  .   

         . 

0i
gV =    0.85  2i

gV =    0.15.  . 3.16 

       . 

 

. 3.16.        
      

 

        . 

,        

          

  .       

  ,      

,       , . 
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3.2.      

       

    .   

     , 

    ,   

   .  , 

        

.  ,    ,   

           

      . 

       

   (3.1) : 

( )

te int
te int , g

,, ,

g

, te int ,

, , , ( ) 0,

0, ( ) 0,

, , 1, , 1,

j j
j j i

X i j
i ji j i j

i

j j
i j R i j

V VF V V x dt V t
Rdx dW

V t

R F V V x i n j m

η
− − >

= +

=

= − = =

  

 n  –  , m  –  , i
gV  –   

  i -    ; j
teV  –   

    j -  ; j
intV  –   

 j -  ; ,i jR  –    i -  

 j -  ; ,i jx  –   i -   j -  

; η  – ,   ; ,i jW  – 

 ,   i -   j -  . 

      

,       

.  

 ,     ( 1m = ,   

j    )  64 .  : 64n = , 
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1intR = , 45intC = , 1.5+
teV = , 1.6-

teV = − , 100
teV = , 2+

outV = , 

3thV = , 20rτ = , 2sτ = , 10outτ = .    

       . 

 +
teV , -

teV , 0
teV , rτ , sτ   ,   

        

    STDP.     

  (2.5) (  ). 

   ,    (  r / 2 )  

  ( )gV t     ( . 3.17) 

   (     : 

0i
gV =    0.81  2i

gV =    0.19 ).  

  gV ,   ,   

  :  

 
. 3.17.   

g

0, 0, 0, 0, 0, 0, 0, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 2, 0, 0, 0, 0, 2, 0,
0, 2, 0, 0, 0, 0, 2, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 0, 0, 2, 2, 0, 0, 0,
0, 2, 2, 2, 2, 2, 2, 0,
0, 0, 0, 0, 0, 0, 0, 0

V =  

       

      ( . 3.18  3.17).  

     , 

  ,    

  ,    –   

   0.05η = .   ,  

         . 

 1  ,   0 –  . 
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,     –     

.        . 

       , 

  :       

   . 

          

 (           

).   ,    ,  , 

       ,  

       .  

. 3.20       

   .  ,   

         

:  ,       

   1500-  ,     –  

 2000-  . 

 

. 3.18.       .   
 0η =  (  )   0.05η =  (  ) 
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. 3.19.         
  0η =  (  )   0.05η =  (  ) 

 

 

. 3.20.       
 

      (3.6) 

( . 3.21).      ,  

 4thV = .       



86 

,     0.1α =   

(         

     ). 

  ,       ( )gV t  

   ( . 3.21)    

(     : 0i
gV =    

0.8   2i
gV =    0.2 ).  

 

. 3.21.   

 
 . 3.22  3.23       

          .  

 . 3.24     

   . 

 
. 3.22.        
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. 3.23.        

       
 

  ,       

   .  1  ,  0 – 

  ,  1 –   

.  

 

. 3.24.         



88 

       

 ,        

  ,     

.    ,       

    .   , 

    ,     

          .  

       . 

             

   .   

     ,  

   ,    

   .        

        

 :        

 .    – 100 .    

 ,         

  ,      

         .  

      ,    

   :    

        

  . 

  . 3.25  3.26       

    .    

       

 .       

     ,   

. ,     η     

 ,    .    η 
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      ,   

      0.25η = .  

 
. 3.25.        

     
 

 
. 3.26.        
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  ( . 3.14)     (2.4) 

(  ): 0.05η = , 200intR =  , 45intC =  , 0.7teV + =  , 0.9teV − = −  , 
0 10teV =  , 2outV + =  , 9thV =  , 3rτ =  , 50sτ =  , 1.5outτ =  , 

(  ,         : 

0i
gV =    0.73  2i

gV =    0.27). 

 . 3.27      

  .     

  :  ,   

;  ,  .       

  ,      

 .   1200-    

 ,    : 

    .   

 – 1.5 . 

 
. 3.27.     
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      ,     

   ,      

,      

.         

    .  

       , 

     , 

    .  

 

3.3.     

       

      . 

        

    .    

     . 

      (2.6)   

  LiNbO3: max 100I =  , 74 10D −= ×  , [ ]14.46, 29.46onR ∈  , 

[ ]209.6, 210.8offR ∈  , [ ]5.2, 4.66nV ∈ − −  , [ ]2.88, 3.04pV ∈  , 

14 143.77 10 , 5.03 10vμ − −∈ × × , [ ]0.01, 0.012δ ∈ − . 

    , 

     (3.6) ( . 3.21). 

  : 64n =  –     ; 

2m =  –  ; 14.3intR =  , 261.5intC =   –  

 ,   ; 3.84+
teV =  , 5.72-

teV = −  , 

200
teV =   –       

(  ); 15thV =   –   ; 

0.83rτ =  c, 41.5sτ =  , 415outτ =   –  ,  

   .  
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 . 3.28      

    .    

       ,  

   ,    

     . 

 ,       

         

 ,   ,  

  .  

 

. 3.28.       
 

 . 3.29       

   . 

 
. 3.29.       
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. 3.25  3.26.    ,      

  ,      

  .  , ,   

     (  

       

  ), ,      

.      

  .  
 

3.4.      

       

  ,     

   ,   .  

       , 

        .  

        

  .     

    OpenMP (Open 

Multi-Processing) [54],        

     . 

OpenMP –    ,    

 ,     

       

 [55].  

 OpenMP     1997 .    

         

   .  

  ,     

,  90%     10%  

,   10%  .      



94 

 ,   ,   

    : #pragma omp parallel for,    

      .  , 

,      -    

  sum,     

reduction(+:sum).       

. 

      

  ,      

 ,     .   

        

,      OpenMP  

    i  j    

. 

     

        

 [56] ( . 3.30)  128  128 ,   

  81930  (128 128 5 2 5× × + × )  . 

    Intel(R) Xeon(R) CPU E5-2620. 

       (2.6) 

 ,  LiNbO3. 

 

. 3.30.   
 

      

  : 10.9intR =  , 4.1intC =  , 1.55teV + = , 

1.6teV − = −  , 0 10teV =  , 2outV + =  , 2.5thV =  , 15rτ =  , 1sτ =  , 1outτ =  

, 0.1α = . 
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 . 3.31      

  .  

 
. 3.31.       

 
      

:  ,   ;  ,  

.      

  ,        

. 

 

. 3.32 
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 . 3.32      

  ( 1 pS T T= ,  1T  –    

 ; pT  –      

  P  ).    

    . 



97 

 4 

   

   

 

     

 -       

      

 .       

          

.  ,      

 .     

    .  Hewlett-

Packard    « »  ,   

  -   [36, 37].   

     6  (   

  64  ).      

      

     . 

       

 .  ,      

 ,      

  (    ).   

       , ,  

   -  , 

     .  , 

       . 

      .   

        

   ,  .   

 ,       
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,   ,     

 . ,      

    .    

       

     . 

        

   ,      

  .      

  .  

       

           

  . 

    .    

   (conv),    (maxpool)   

  (dense) ( . 4.1),      

,        ( . 4.2). 

 
. 4.1.     (MNIST) 

 

 
. 4.2.     (CIFAR_10) 
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  (conv)     ( . 4.3).   

  (    )   (   

,  3×3  3×3×3)  « »    

      

  . ,     

     .   

    ,        

,         

  ,        

 . 

   (maxpool)     

 ( . 4.3).       

     – .  

,       

      . ,  

         

,  ,       

 ,        . 

 
. 4.3.     
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    (   )  

   ReLU ( . 4.4):  

( ) max(0, )f x x=  

         

 . 

 
. 4.4.   ReLU 

 

        

    . 

        Keras, 

   Python,     

 Deeplearning4j, TensorFlow  Theano [57].  

   ( . 4.1)      

MNIST      ( . 4.5) [58].  

  ( . 4.2)   CIFAR_10,   , 

,   . ( . 4.6) [59].    

     :  MNIST – 

99.16%   CIFAR_10 – 74.86%. ,   CIFAR_10  

    ,     

      ,   

   . 
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. 4.5.   MNIST 
 

    :     

(1  )   1024  (10  ).  

     .  . 4.7  4.8  

        

 .      .  

 

 

. 4.6.   CIFAR_10 
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. 4.7.      
    (MNIST) 

 

 

. 4.8.      
    (CIFAR_10) 

 
 

 ,   MNIST’ ,    

 (98–99%)  3–4  .    , 

  CIFAR_10,  6–8 .  ,  , 

 6-      Hewlett-Packard, 

      

 .  



103 

 5 

    

   

  

 

5.1.    

     

    

        

     , 

     [60, 61].      

 ,      , 

  c    -  

 [62] ,  ,    

   [63, 64] –   ( ) 

      .   [61]   

 ,      

 .   «  -

 ( )»     -  

.     – : j
iMC , 

 i –   ,  j –      

  [60, 61].  

     [60, 61]    

  -  ,   

         

 .         

  ( /  ,   , 

).   (    )  
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  –    -   

.       -

   [65].   

  ,     

  ,    

    . 

,        

      

,        -

    ( ) – 

   ,  

   .  

 

5.2.    

      

     

 ,      

  –  -   ,   

  ,    ,   

     .   

      

 . 

     -  

  ,     

   5.1.  

 

 

 

 



105 

      5.1 

 
. 
 

    -
 

 
 

 
0 «  »  

.
1 «  

» 
 « -  

» 

-
 

 

2  «  - » 
«  - » 

 

3 «  /  
     (GR-

model)» 
«  -   

 (DD-model)» 
 «    (E-model)» 

 «    
(  ) (J-model)» 

 «   (HT-model)» 

 
 
 

 
 

( ) 

4  «  . » 
 «C  » 

 
 
 

 
5  «  »   

  
 

 
 

,    ,  

  ,       

   . 

       -

 «  » (i –      

( ))       , 

   ,     
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(     ,  ,  ,  , 

 ,  , ).    

   -   «  »  

 «  ». 

      -

  «  »  

 « -  ». C   , 

       «  »  

 «  »,   -   

   «  »,  

       ,  

  -   ( -  

, )     

(    ,   

, ).        

 (  «  »    Materials 

Studio [66]. 

 ,       

    -   « -

 ».       

  (   VASP [67]     

  Quantum Espresso [68].      

        

  ,   

 [69],       . 

    , ,  

,   ,  , 

. 

    ,  ,  

  ,     
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,       (   

  ). ,     

(embedded atom model, EAM [70],    

 MEAM [71].    -  

 «  - »   

   .   

      -

     -  

 «  - ».    

    ,     

,  ,     

     .    

 ,      , 

,       

  . 

       

 /    ( ) 

      .   

«    ».  ,  

         

        . 

   [72]   ,  

         SiOx  

  (RRAM).   ,   

 ,   , 

     ,    

    - :  «  

/        

(GR-model)»,  «  -    (DD-model)», 
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 «    (E-model)»,  «    

(  ) (J-model)»,  «   (HT-model)». 

         

.    i=3,    ,  

   ,   ( )  

       .  

 4-        

     -  

 «  . »    « ».   

   ( )    

( )      ,  

       .    

   . ,   

    « »,      

  . 

 5-       

    «  ». 

,      (  , 

 ,    , ),   

        

   «  ».     

    .    

       4. 

 

      

       

,    ,  
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 ,     

,     .  

       

     , 

    ,  

 [60].    -  , 

    ,  

    –  -  

(  ).    -   

     

-   [60, 61],   

   .  

- ,     , 

       – 

   .  

 ,      

   ,     

 ,      

  -  ,    

 .        

 ,    

    .    , 

        

        

  «   » [73],  

  ,   , 

   –   

 -  .   

        

   . 
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    ,    

.     BPMN [74] , 

     

,          

 . 

    ( . 5.1)     : 

1.        

    .    

     CIF [75].  CIF   

     [76],     

 ,       

.  CIF (Crystallography Information File) [75]   

        

 .     

,       

   .     

        

     .  : 

-    (    

); 

-        ; 

-   ; 

-   ,   

. 

 

,         

        

    ,    

  -  . 
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 5.1.     
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2. -       

 VASP [67].        

      ,    

   .   

    ,    

   ,    

       

  ,    

. 

3.     (« »)  

   ,    5 -

 .        

    -     

   .     

  ( ) ,   

 . 

4.        

  ,     .  

 5.2        

 . 

5.       

   ,    4.   

       ,   

    . 



113 

 

. 5.2.       
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5.3.  

      

   : - , 

 ,      

,      .   

   ,   ,  

    . 

      

 -     , 

   -  ,   

        

.    ,      

    ,    

.       

   ,   

        

    ,    

      

 ,      

     .     

          

 .  ,  -   

       

, ,       

   . 

      

       

  (     

).   ,      
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    ,    
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K.K. Abgaryan, D.L. Reviznikov, A.A. Zhuravlev, A.Yu. Morozov, E.S. Gavrilov 
Multiscale modeling of neuromorphic systems 
   Multiscale approaches, models and algorithms for designing neuromorphic devices for the 
memory of new generation computers are presented. The developed approaches make it possible 
to solve problems associated with simulating modeling of the work of neuromorphic networks in 
intellectual analysis modes of data and machine learning. 
   The issues related to the construction of a computing model of formation/destruction of 
conductive channels in memristive elements underlying neuromorphic networks are considered. 
New algorithms for modeling the work of the neuromorphic network have been created, taking 
into account stochastic effects, as well as original methods and means of simulating modeling of 
teaching a neuromorphic network. 
   The main approaches are presented when creating software for simulating modeling of 
neuromorphic networks based on the integration platform of multiscale modeling, combining 
information flows at various large -scale levels, including the level of a new resistive memory 
element, the level of neuromorphic network and the level of simulation of the neuromorphic 
network on precedents . 
   The book is intended for scientists, specialists in the field of computing electronics, senior 
students and graduate students of technical universities. 
   Key words: mathematical modeling, neuromorphic systems, analog neural networks, 
memristive elements, stochastic dynamics, filament, multiscale modeling, hybrid software 
systems, high performance systems 
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