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       ( ., -

, [Scholz, 2002; Ohnaka, 2013]).    . 
      ,  

     .    -
     10%   . 
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  .        
,    . 

         
      . 

         
       , ,  

      . 
      

ETAS [Ogata, 1989, 1999],     -
 .  ETAS  ,    

       
.        -

    ,    
     .  -

   ETAS  , ,   
      ,   
 .      

:        -
-     , , -

     - , -
 .  ,    

  ,       .
      -
  .  ,    

     ,    
          

 10  100 .  ,  -  
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     -
 .        

.   :     
         -

     .    
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 .     -
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 1.   

      
,       . 

 ,      , 
     ,   

       ,    
      -

.
       . -

 [Benioff, 1951],     -
        -
.      .  [Dieterich, 1992, 1994], 

       -
  ,       
 (rate-state friction model).     

   ,    
  ,      .

        -
     .    -

,      -
 ,     . .  

[2018] (  1),     [Lindman, 2009].  -
         

     [Scholz, 2002].
       

     (    -
 ).      ,  

    .  -
 -  [Lindman, 2009; , 2018]  -

      .
• ,    .   -

        
         
,  ,  .  
        , -

   ,      -
.       .

•   ,      -
    (rate-state friction model).   

–         
.         -
,    .  ,  

   ,      
       .  -
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   ,    -
     (    ) . 

  (     )  
  -     p = 1.   -

    .
•   .      

       , 
 ,         -

  .  ,   -
         

   -     1.1 < p < 1.4.
•    .   –  -

       ,  -
       .  -

         . 
         -

,  , , .   
 –      .  

       -
,    p = 0.5,      

 p  1   .
•      -

  .     ,  -
        

    ,   
  .  ,     
,       -   -

  p  0.8  1.5,    .

       -
         -

,    p  1.     
 p   1. ,   [Scholz, 1968],  -

     ,   -
         

p  1.    ,  
   ,  rate-state  [Dieterich, 1994]  

        
     .     -
       p  0.8 

[Dieterich, 1994].
,       -

   ,      [Ruina, 
1983], ,    rate-state    -

     (afterslip)  -
     p   1 

[Helmstetter, Shaw, 2009].
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SOFT-  (scaling organization of fracture tectonics),   -
       

[Narteau et al., 2000],     -
 ,      . 

       -
      -   -

  p   1.1-1.5. 

1.1.     

  30   ,     -
  ( )    -

   (stress changes),    -
  .

 ,     -
     , -

 . .   .  [Kostrov, Das, 1982],    -
,        

[Das, Scholz, 1981].       
       -

 [Stein et al., 1992],    ,     17 
   1992 .    ( , )  

M7.3           -
 .  ,      , 

   .   
     -

         
( .   [Harris, 1998; Steacy et al., 2005; King, 2007; Hardebeck, 
Okada, 2018]).

       
 .     

   ,       -
 .      

 /      -
  .

   ,   -
   ,      

  . ,    -
 1992 .  .  ( , ), M7.3  

 ,    [Wald, Heaton, 1994].  
 -        -

    [Stein et al., 1997; Nalbant 
et al., 1998],        

.       1999 .  20    
    M7.4.   -
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     2004 .  M9.1 -
     [McCloskey et al., 2005].,    2005 . -
    M8.7.     

       
   (21.03.2011, .91).   [Ishibe 

et al., 2015],        -
   .   -

         
        [Wu et al., 

2017].
,      -

  (Coulomb stress map)     
     ,   , -

    ,  ,      -
   .    
       -

  (     ).  
,   ,    , 

     (rate-state) [Dieterich, 1994].  -
,         -

    12.11.1999, M7.1  -
  17.08.1999, M7.4 [Parsons et al., 2000].   

   18 . .
     ,  -

       , 
,   ,    .  , 

    [Freed, Lin, 2002]   
      (afterslip)  
         

    [Chan, Stein, 2009; Helmstetter, Shaw, 2009; Wang et al, 2010a; 
Sun et al., 2014],     - .     

    ,     
    [Scholz, 1998]. ,   

 ,       -
 [Freed, 2005; Felzer, Brodsky, 2006; , , 2016; 

, 2016;   ., 2017;   ., 2018],   -
  [Hill et al., 1993; Brodsky, 2006].   [   ., 

2019]  ,    ,  
 ,     -

         -
 .

    ,     
      

[Belardinelli et al., 2003; Felzer, Brodsky, 2006].  ,  -
      ,   
       .
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   CFF [Harris, 1998; Scholz, 2002; 
Steacy et al., 2005; King, 2007; Cocco et al., 2010]:

   (1.1)

  –      ; 
n –    (   ); 

p –   ;  –    ;  

= (1  B) –    (0  B  1 –  
).

  CFF > 0,  ,    -
  .     CFF 

  (1.1)    [Hainzl et al., 2010a; Cocco et al., 
2010].   ,      -

    .   
     ,   

 ,   [Hainzl et al., 2010a]: (1) -
    ,   

[McCloskey et al., 2003; Steacy et al., 2005b]; (2)   
         

[Steacy et al., 2004]; (3)   ,  
        

 [Marsan, 2006]  (4)   -
    .

     
 (   . [Hainzl et al., 2010a]). ,  -

  (1)    .   
        

  [McCloskey et al., 2003]     -
   .      

    -     ( ., -
, [Nostro et al., 2005]).       

  (OOPs – Optimaly Oriented Planes)   
 .     ,   -

 ,        
    ij

r [King, Cocco, 2001; Cocco et al., 
2010].          

   strike, dip, rake,    
  ij

tot = ij
r + ij.  , OOPs-  -

        -
.         -

    .    
         

. ,   , -
   ,     -
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 ,     .  , -
         -
   ,    OOPs   

   .
        -

 ,      . 
,     .  

   [Hainzl et al., 2010b]   -
       , 

        
  .     

      -
.  ,       -

      -
,     .
  (2).   ,   

      
,  ,   .  ,  

         
     ,    

  [Hainzl et al., 2010a].   -
          

     ( ., ,    -
    [Mai, Thingbaijam, 2014]). , -

   ,   5  
    1992 .  .   M7.3,   

 ,     ,   
   100% [Hainzl et al., 2009].

  (3).      
       

      [Hainzl et al., 2010a; 
Mai, Beroza, 2002].      -

        -
 .       -
 ,      ( . [Hainzl et al., 

2010a]).
  (4).      -
       .   -

       
   .      

  ,     -
   .  ,   -

         
.     [Harris, 1998; King, Cocco, 2001], -

        -
    .      
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  .
      

      -
   ,    

.         
 .   –   -

  .  1992 ., M7.3:    -
     6.4 (  3.5    

),     [Hainzl et al., 2010a].  
,  ,    ETAS [Ogata, 1988],  

      , , 
 , ,      -

,     .   
:    ,  ,  

  ,    , -
     .

      -
       [Kagan, 

1994; Marsan, 2005].   ,     -
        

 ,    ,   
        Mm  1.5 (Mm – -

  ).   ,     
 ,       

  .    -
  ,    ,   

,         .  
      
 ,    -

 [Kagan, 1994].   ,   
      -

 ,        
.  ,    ,  -

        -
   .   -

       [Sornette, 
Werner, 2005]. 

1.2.   ,  
   

  ,   - , -
        

 (  ).        
     .  , 
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     ,  -
 [Scholz, 1998].

       
(constitutive)   ,    -

 ,      
,    .    – . 

[Scholz, 1998; Stein, 1999; Scholz, 2002; Dieterich, 2007; Ohnaka, 2013].
  rate-state    -

        [Ruina, 1983; 
Dieterich, 1992].        -

 [Dieterich, 1994; Marone et al., 1991; Marone, 1998].  -
   ,    -

   ,     
[Dieterich, 1994; Beeler et al., 1994; Marone et al., 1991; Marone, 1998; Scholz, 
1998; Liu, Rice, 2005, 2007; Helmstetter, Shaw, 2009]:

  
 (1.2)

  
 (1.3)

 (t) –      t;  –  
  (     -

); (t) –  ; V (t) –    ; V0 – 
  (reference velocity); 0 –     

 V = V0; (t) –  ; Dc –   
.  A  B    -

,       .
  (1.2)     (t)    

  V (t),      (t). -
      .

 B/A   ,  -
  (1.2).  B/A > 1     

   , ,    
 (stick-slip).     -

     [Dieterich, 1994].  B/A < 1  
        -

 [Ranjith, Rice, 1999; Helmstetter, Shaw, 2009].
         -

 ,        
  (        -

 [Gomberg et al., 2005]).      
     r. -

  [Dieterich, 1994],     -
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       , -
        r:

  
 (1.4)

  
 (1.5)

  –   ; A –  -
,    ,  A  0.01 [Dieterich, 1994]. S 

    ,  
  [Dieterich et al., 2000; Dieterich, 2007]:

   (1.6)

  –     = n + P;  > 0 – -
 ,    . 

 ,   S = CFF =  + eff ,  eff = 
   –  .

        -
 ,       -

     (1.4)  = r.  ,   
      

    .
   rate-state   -

    [Dieterich, 1994]    
 ,    -

 S.   ,     
,  ,    -

      , -
  .  ,  
           -

,        ,  
, .      

     S (    t = 0)  
 [Dieterich, 1994]:

  

 (1.7 )

  
 (1.7b)

    t = 0  
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 (1.8)

     (  -
 ).  ta       -

,      .  
 ( e –      , tr 

–      ), 

  
 (1.9)

 ,     ,   
     tr ,   (1.9),  

   [Dieterich, 1994].
 (1.7)    :

   
 (1.10)

 (1.7b)     ,   
[Dieterich, 1994]:

  

 (1.11)

 0 –     t = 0.
   /r   -

 1/t      ( . 1.1). -
  te,   /r   1/t  -

  0 c    (1.7b)     
[Dieterich, 1994]:

  
 (1.12)

 (1.12)    c   (1.10) 
      -
.
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. 1.1.     ,    
  (1) ,  (1.7a)  (2)  = 0,  (1.7b) [Dieterich, 2007].  

        S,   A . 
      
 te

  (1.7a)       
 t << ta   [Cocco et al., 2010]: exp( t/ta)  1 t/ta,  = exp( S/

A ).   (1.7a)  (1.8) :

  
 (1.13)

, 

   (1.14)

  .
 (1.14) ,   K     

   ,      -
 r   A . ,     , 

   K    A   S [Catalli et al., 2008].   
 S   A ,  1-   1    K  c  

   (1.11).
 ,   (1.7a)  (1.7b), -

  ,    t  ta     
     ,    = 0 -



19

 
   

      ( . 1.1) [Dieterich, 
1994].     (1.7a) ,  (1.7b) 

   .
 (1.11),    K,     c, 

    1/t ,    
  S,        

  .   [Helmstetter, Shaw, 2006],  -
     c,  -
  ,   p < 1   -  (19).

  (1.7),     -
 S      ( .  . 1.1). 

 ,     ,  -
          

  (clock advance).  ,  –   
,     ,   

  ,   -   .  -
       . 

     (te, ta)    .

1.3.    

      
   .    

      -
,      (t), ( ., 

, [ , , 1974]):

   (1.15)

P(t,t+h) –  ,   ( )   -
  (t,t+h); Ht –      

(0,t), 0    .  ,  
(t|Ht)   (t). C   ,  (t) –  

   .   , -
    t,    0  t   

.   (t)   . C   
,  (t) –     . -

  ,     t, -
 

  
 (1.16)

  (t)   .
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     -
       

       -
 . ,  ti –  , -

    [S, T].      
[Ogata, 1983]:

  

 (1.17)

 (1.17)      
 ,       

 (ti 1,ti)  ,   (ti)dti ,  
    (ti,ti+dt)   .  

       -
 –      .
       -
       

 (1.17):

  

 (1.18)

       
        

[ , , 2012 , ; , 2013;   ., 2013; , 
, 2015].

 -

 .  [Omori, 1894], ,    -
      ,  

     t  ,  
1/t (1.10).   .       

   [ , , 2018].  -
       -

       
   ,      

   (1.10),       -
 -   ,   , 

      (  -
   )   .

    1891 .  , -
, Ms = 8.0  [Omori, 1894],    -

    100     [Utsu et al., 
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1995].      ,  
         

.        -
    .

.  [Utsu, 1961] ,       
  ,  1/t,     

,   -     
:

  
 (1.19)

 t –    ; (t) –   -
    t; K, c, p –   .

       
      p  1  

(1.19),      . .
 K  (1.19),  ,    

  M0  ,     -
 p  c     (1.16)     M0 
       .

,         -
 ,      .  

   ,        -
    ,     -

   ,       
 .     , -
        -

     [Dieterich, 1994; , 
2004; Narteau et al., 2002].       

 [ , , 2004;   ., 2010].  
         c 

[Utsu et al., 1995].     –   
   .    

       {tstart,Mc},  tstart 
–    ,     -

   Mc.
  K, c  p    -

  M0   [Utsu et al., 1995]  -
  12.07.1993, Mw = 7.7,   - -

  ,      
Hokkaido-Nansei-Oki.  ,    M0, -

    N,   K   -
.     tstart   

M0.   p      ,  -
  .
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     50 ,   
      [Utsu et al., 1995],  -

 p     0.6  2.5,    1.1. 
 , ,  ,    -

,    ANSS [ANSS...]  1975-2017 .  -
 . .   . .  [ , , 1991; Molchan, 

Dmitrieva, 1992],    (  3,  3.4, . 
3.2).

     0.1,    -  
     c  rate-state  

[Dieterich, 1994, 2007] –  (1.11).  K   -
     c   -

  ,   , -
  ,      

   .  p,   
,       -

    (afterslip) [Helmstetter, Shaw, 2009].
  [Narteau et al., 2002]    c   

     ,   -
   [ , 2004; Narteau et al., 2003],   

      [Narteau et al., 2009]. -
  ,   c     [Shebalin, 

Narteau, 2017],     c -
 .

        
       - -

   [   ., 2019].  ,  , 
     ,   -

 ,   p     
;     c   
        -

 .    ,    b  
-       -

.    b  p   -
       [Wang, 1994; Ogata, Guo, 

1997; Gasperini, Lolli, 2006].
    p      -

,  c   [   ., 2019].  -
     c   -

     ,     
  ,   ,  

 .      
 c   rate-state [Dieterich, 1994],  -

 (1.11),   c    -
 .    (1.11)    

 [   ., 2019]   -
 c     .  . . -
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  . [2019] ,     -
        

       rate-state 
.  [Dieterich, 1994].

 , ,     -
   -     -

 ,      , 
  ,     

    .
,        

        -
-  [Hainzl, Ogata, 2005; , 2013; , , 2015]. 

  [   ., 2018;   ., 2018],  -
         -

       
,    .     -

          
    .

   -     
      , -

 (1.19)  (1.18)  , .  [Ogata, 1983; Utsu et 
al., 1995].

     -   
 .       

       -
    [Holschneider et al., 2012],    

     [ , , 2018 ].

ETAS-

      -
     ,  

      .   
        -

  .    
        -
       ,  

 -  (1.19).      -
   . ,  . ,   -

  ,  ,   
ETAS (Epidemic-type aftershock sequence –   

 ) [Ogata, 1989, 1999].    -
 ,     ,    

        . -
  .  ( ., , [Sornette, Helmstetter, 2002]). ETAS 

,    ,    
[Zhuang, et al., 2004],      -
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 ,        
 [Hainzl, 2016].     ETAS -

    , -
  - ,     « »  

  ,   :

  

 (1.20)

 ti  Mi –    i-  ; r –    -
  ; K1,  – ; c, p –   
- .   r, K1, , c, p     

 .
  (1.20)    , -

    t.    ETAS -
       (1.20) 

 (1.18)    (  . [Ogata et al., 1993]).
       -

 ETAS   « »  [Kagan, Jackson, 2000]. 
      -    

(          -
)    .   -

      ,  -
   ( ,    

 )       
.  , ,   ,    
    ,   . 

         
   .

- ,        
   .     -

      -
,    ,      

[Helmstetter et al., 2006; Shebalin, Baranov, 2017;   ., 2019].
- ,     (1.20),   

 (      )  -
         -
  ,    K1    -

.        ETAS [Marsan, 
Helmstetter, 2017].     ,   -

       [Marsan, Helmstetter, 
2017], ,  ,     -

 ( . . 3),      -
        

       [Shebalin et al., 
2018].        (1.20) 
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  .

- ,   ETAS ,   -
         

    « » .    
  ,     

   [   ., 2010].      
,        -

        ,  
,   .    ,   

  « »  ,    
   .      -

  ,       -
          

  [ , 2018].   
        

       -
      [ , , 2019 ]).

 ,  ETAS,      
        
,        ,  

 ,      .

LPL-

     , -
     [Scholz, 1968]    
-       -

,  LPL (Limited Power Low)  [Narteau et al., 2002]:

  
 (1.21)

 (t) –       t  
 ; ( ,x) –  - ; A, q, a, b – -

  .
 (1.21)   [Narteau et al., 2002],   

 .       
      -

  [Narteau et al., 2002].    -
  ,       -
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  .    ,  
 ,     ,   

 . ,    , 
    0,     

     . -
         -

   /    , -
       [Das, Scholz, 1981]. 

        
   [Scholz, 1968].
  LPL a, b    

   ,     
      ,    -
 [Narteau et al., 2002].  1/ b   -

 c   -  (1.19) , ,   , 
     .

   q, a, b LPL-  (1.21),   
 te, ta ,   0 < t < te    -
 ,  ta < t < te –    1/tp,   t > te -

   [Narteau et al., 2002]. ,  -
     rate-state  ( . . 1.1).  

,       
 (te,ta),  LPL- ,      

-  (1.19) .
 ta   ,  -

 ,         
[Narteau et al., 2002].  ,     

   [Narteau et al., 2003],   a ( , -
,  ta)   o  (maturity   -

)  .  a ,  0,  , 
,  .   a (    -

   )   
 .

,        -  -
       1 [Utsu 

et al., 1995],      
[Souriau et al., 1982; Kisslinger, 1993; Mignan, 2015].   
LPL          -

  .
   LPL    

   (1.21)  (1.18)   -
.         

  {tstart,Mc} –   ,     -
  [Helmstetter et al., 2006; Shebalin, Baranov, 2017;   ., 

2019].

1 
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-   LPL  .  1/ b  LPL -

   c   -  [Narteau et al., 2002; -
, 2004]).   ,  ,   

,         
,  ,        

 .      ,   -  
 ,   . -

      -
    -  [Holschneider et al., 2012].

  

       
    [   ., 2010; , 

2018].       -
         

[   ., 2010].      , 
   ;  –  -

 .        
.       

     , , 
   .    -

        -
,     .   ,    rate-state 

,      . , 
   ,    

  (       -
 ).

       -
    ,     

 - - ,  (  .    [ -
  ., 2010]).

      
      . -

        [   ., 2010; -
, 2018]:

  

 (1.22)

 f(t) – ,    , 
:
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 n –       t; a – 
 « »    ;  –   

(        -
   dn/dt,  n ); r –  ; 

b – ,  –     -
.

   (1.22)  , , f(t), – -
.    (1.22)  [   ., 

2010],      f(t) (   b) -
 dn/dt   ,     

  « » a ( , ,  -
 ).   a     

    ,      
   a. ,    -

,       -
  [ , 2018].

     f(t)  (1.22)  -
  ,    
     [   ., 2010; 

, 2018].   lna     
     (  -

),        
,   a,      -

  c   -  (19)    
 .

 ,     . .  (1.22) 
     ,   

      ,  
,   .      

 ,   - .    ,  , 
  -   ,   -

.     -
      -  

[Holschneider et al., 2012].
. .  [2018]     

 (1.22)    ,    
s ,      .

 ,     -   
      

       .
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 2.   
    

    ,     
       ,  

   –     
,    .   70-   XX   

     ,  
     [Stiphout et al., 2012;   

., 2016].
      30  40%  -
     [Molchan, Dmitrieva, 1992]. -
     ,    -

    -   , , 
          

 -    
    .   -

          -
,     .       

      
 ,   -

      (  -
) [ , 2009].

        
    .  ,   

[Gardner, Knopoff, 1974]  ,    -
      -

.
,       -

      [Knopoff, Gardner, 1972]  
       . -

    -   
 ,     . -

       [Gardner, 
Knopoff, 1974].

       -
  :    

(   )  .  
      . -

       
  ,     -

  .        
 ,     

    .     -
     .
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2.1.  
      

  ,      -
   -     

,         
       -

. -     -
     ,     
.   -     

 [ , , 1991; , 1986; , 2009; Felzer 
et al., 2004; Gardner, Knopoff, 1974; Molchan, Dmitrieva, 1992; Keilis-Borok 
et al., 1980; Knopoff, Gardner, 1972; Reasenberg, 1985; Uhrhammer, 1986].  

       , 
    .     

  .      
          

  .     -
 ,    , -

  ,     (     ). 
     , -

 –  ,       
 ,       

   [Molchan, Dmitrieva, 1992].
 , ,   ,   

   ,   ,  -
  (  ),  ,  -

 (  ).  -   -
       ( . 2.1).

. 2.1.   ( )   ( )  d    
  [Stiphout et al., 2012]
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   .       -

 M     ,   
      T(M)     

 L(M).      . 
        -

 ,     .  
-       -

      .
       -

  .  ,     
         

 .      -
       -
    .  ,  « »  

 ,        -
 ,     . (    

      ,   
     .)

2.2.  
      ,  -
     - -

 ,       -
  ( ) –      . 

      ( )   
 .      
 [Molchan, Dmitrieva, 1992; Zaliapin, Ben-Zion, 2013, 2016].  
      , -

,    , – ,   
 – . 

 

       
.  [Reasenberg, 1985],      

        -
.     ,  -
        ds:

   (2.1)
 k = 1,      -    

      ,  k = 0, –   
   ; M –    ,  
   .
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  (t,t + ),       -
 ,    [Reasenberg, 1985]:

  
 (2.2)

 t –     ; M –   
     .   = 0.95 -

  (2.2)  3t.     -
     -  

[Gutenberg, Richter, 1956]   [Utsu, 1961] –  -
 [Reasenberg, Jones, 1989]. ,      

1 ,   – 10 .
      -  -

  ds (2.1)     -   -
     dt (2.2),  -    

.  ,        
 ,      ,  -

   .   .
  [Reasenberg, 1985]     

 (      2.1):
• min –   ,     

   (     );
• max –   ,     

  ;
•  –      , -

       (2.2);
• xk –       

 : xmef = xmef + xkM,  M –      
;

• xmef –    ,    -
   ;

• rfact –  ,   ,   
 [Kanamori, Anderson, 1975].

 2.1.      [Reasenberg, 1985] 
   (Min – , Max –  , 

         -
 2     )

Min Max

min, 1 0.5 2.5

max, 10 3 15
0.95 0.9 0.99

xk 0.5 0 1
xmef 1.5 1.6 1.8
rfact 10 5 20
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        4 

 .         
 .     -

   ( . 2.1).       
         

  .   2.1   -
 ,     RELM (Regional 

Earthquake Likelihood Models) [Schorlemmer, Gerstenberger, 2007].
       

 , . .   -     -
      c     -

.        -
  , . .    -

      .
       -
   min, max  rfact ( . 2.1),    -

   (     
    [Schorlemmer, Gerstenberger, 2007]).  

     . . , . .  [ -
, , 1991; Molchan, Dmitrieva, 1992],    -

         . 

   

      
,  . .   . .  [ , 

, 1991; Molchan, Dmitrieva, 1992],    
     .   

  : 1)    
; 2)         

   .
  ,   
  [Molchan, Dmitrieva, 1992]. , -

  -       
        ( ). 
       ( ).  -

       ( )  
     .

   .    
    GT    ,  

      (Mm, xm, 
ym, tm).   ,     -

   ,   «  » ,   
  :
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      .
        -

    .     : 
  .   -

    «   »  
«  ».     :

   (2.3)

   :

   (2.4)

           
  , .   =  

        -
   : ,     -
    .      (2.4) -

      : .   
= 0 (  = 0),         

 (  ).
        -

    (2.3)  (2.4),      
        
.

   .    
       b(x,y,t) 
 a(x,y,t), ,      

      (2.3), (2.4) 
     :

  

 (2.5)

 L(x,y,t) = a(x,y,t)/ b(x,y,t) –  -  
     , .

 ,       -
       -

 ,        
  –    .

   C = / ;    C -
  .  ,  T = (0, )  -
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 G   2-  , ,  . .  
[2009], :

   (2.6)

   (2.7)

  = (Mm) –   ,   -
   Mm;

  
 (2.8)

   (2.9)

 
 (2.10)

  
 (2.11)

 p(x,y)      -
    (x,y),    
;  x*  y* –  , x  x –  
;  –    .  

f(t)     ,   -
 ,  –      t  t0.

  L  (2.5),   (x,y,t) 
 ,   [ , 2009]:

  
 (2.12)

 C   [ , 2009]:

  
 (2.13)

     (2.4).

 ,       -
      -

-        L (2.12) 
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   C (2.13).     C,  -
,     t    

(x,y),  ,    –  .
   . .   . .   

 . .  [2009]    AftIdent.exe. -
    ,    
     (2.4).   

 . .  [2009],    ,  
  ,     .  -

  ,       
   .

   ,  
  [ , 2009].

1.  -    .   « -
»         . 

     1.5-2   , -
   .  « »   

    .   -
   « » ,    .

2.   (   ) -
.       ,   -

  ,      
  -     « -

»   .       -
     [ , 2009]:

   (2.14)

  

 (2.15)

 Em – , l0 –    .
3.        

        Rmax × 
Tmax   « »   .

        
   ,   « » -

   , . .     .  
  « »     ,  
        

« »   .
  H0 –      -

    ,   
 .       

      ,   
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  Nb ,  P(n > Np) = ,  Np –   
 .  Np > Nb,     -

    ,     -
    ,   -
 « »    .   

AftIdent.exe  = 0.02.    P(n > Np)  
,       .     -

 AftIdent.exe    .
4.       

.
  (2.6)  (2.7)    -

-     -
     C   (2.13).   -

 (2.12)        
   b.  ,   

,   ,  .
 ,    3–5 .   -

      , « » 
    .  ,    -

      .    -
   ,    

   .   AftIdent.exe  -
        

    .
  ,       

 ,       
  ( ., , [   ., 2016]). ,  

 (2.14), (2.15),       . 
    ,        
      ,   -

         
-    [   ., 2016].   

,   (2.10)  (2.10),    -
    ,   -

 ,       ,   
     .
        -

         
    .    -

          
    ,    -
.    (2.12)    
-        -

  .        
  - ,   .  

 . .   . .      
,        
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,       -
.  ,       -

       . 

   – -

       [Zaliapin et al., 2008] 
      [Zaliapin, Ben-Zion, 2013, 2016]. 

        -
,   .      -

    [Baiesi, Paczuski, 2004]:

  

 (2.16)

 tij = tj  ti –   ,  , 
  j    i,     

; rij  0 –      
   ; mi –  i-  -

; b -   -  [Gutenberg, Richter, 1956]; 
df –       

.      D2  
box counting [Goltz, 1997].

        
(2.16)       :

    (2.17)

    (2.16) [Baiesi, Paczuski, 
2004]    ,   ij  

 ,   j     -
 i,      ,     -

 i  j.     ,  
N(m)     m     

  df-    ,   -
-  lgN(m) = a bm.     

  m    t   r    
  t×rdf 10 bm,    

(2.16).  ,  (2.16)    (  
  )   m,   

   t   r   j   -
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 .   ij    
   ,  ,   j  

   i.    i    j. 
,     ,    

  .  2.2 [Zaliapin, Ben-Zion, 2013] -
    Tij    -

    .

. 2.2.    Tij (2.17)      
    -  m = 1,2,5 (    

[Zaliapin, Ben-Zion, 2013]).     : 1 , 
7 , 1   1 

    j    –  -
  ij,  i      . -

   i,     , 
 « »    j,  j – « »  

i.           
 ij ,       (2.16).

        -
 (         -

).          
  ,   , ,   ,  

    [Zaliapin et al., 2008].  -
   ,  ,  

 ,        
,   .       -
     .
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       -
     [Zaliapin, Ben-Zion, 2013]   

   [Hauksson et al., 2012],    
2.3.         -

.  ,     ,     
,        -

.  logR + logT = 5 ( . 2.3 c, d)   (  )  
  (  ).     

log  =–5,       2.3   
.   (   )  -

 ,   (   ) – .

. 2.3.         [Zaliapin, 
Ben-Zion, 2013]. ( , ) –    Rij   Tij 

 (2.17). ( , ) –      ;   
 1.  ( , )    M  2, 111981 ; (b, d) – 

  M  3, 12105 

 ,    – -   : 1) 
        -

 ; 2)         
  ( . . 2.3)   ,    

     ,   .
   j       

( ) i    ,    , 
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   .     ,  -
-      (   

    - ). -
  ,    [Zaliapin, BenZion, 2013],  -
     4      2.4.

. 2.4.       [Zaliapin, Ben-Zion, 2013],  
 c M  4      [Hauksson et al., 2012]. 

      . ( ) –   . 
( ) –   ,      .  

  ,     ( ),  
  ,     ( ). ( ) –   

-      , , 
10.04.2010, M 7.2
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      -
   [Baiesi, Paczuski, 2004],   ,   -

      ,  ,   
  . ,  i  j  

,  i (ti < tj). ,     -
 j  ,        

i,     i  . .       
  j.  ,    

.  , ,     -
,  -       

     ,   
   (2.16).     -

,      –   -
  .

       , -
     (  

  ).      
  « »  « »     -

 .  ,   (  ) -
    0;   ( . 2.3)   

  (T,R).   (  ) 
   < 0;     -

  (T,R).   2.3,   -
    0 = 10 5.   -

 ,    2.3,  
    (Gaussian mixture model),  ,  

 0 = 10 5       
 [Hicks, 2011].

  (  < 0)    (   0)    -
 ,     ( ., , . 2.4 ).  
   ,     -

. ,     ,  
 (singles).   2.4    -

. ,    ,   
(   2.4   ).    

      ,    
  .     
 ( . 2.4)  1146   M  4   

[Hauksson et al., 2012], 685 (60%)       -
  461 (40%)   .   373 (33%) -

,  773 (67%)   89 .  
   2  166  [Zaliapin, Ben-Zion, 2013]. 
  ,    2  ,  ,   

2.4   ,       
(  ),    (  ) -

   .     ,   
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      -
  ,        -

  .      2.4  
     M7.2 10.04.2010 

.   , ,    
- - .     

  ,    -
  ;      .

  ,  , -
    – - .    

  ,  ,    
     .

     – , -
  .  ,     -
  .      -
    .    , 

      . , -
   ,  ,  – . 

 ,      –   .  
      –  ,   -
.      2.5.

2

3 4

1

 

. 2.5.      – -  [Zaliapin, Ben-Zion, 
2013]. 1 –  (  ); 2 –  ; 3 – ; 4 – . 

,     ,  ;  
     

 – -        -
     (   -

),    (   ).  -
     .  -

-       ,   
    ( . 2.5)  . .  , 
       . 
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       -
 (mc). ,     mc    

   (      -
   ).       mc  

    .     
 .
       -

      -
    [Zaliapin et al., 2008; Zaliapin, Ben-Zion, 2013]  

  ,   -
 ETAS-  [Ogata, 1988]:

  
 (2.18)

 ti,xi,yi,Mi – , ,   i-  ,  
  t.  g  :

     ETAS:  = 
0.003 ( 2 ) 1, b =  = 1, K = 0.007 ( 2 ) 1, c = 0.00001 , p = 1.1, q 
= 1.7, d = 30 2.      500  
500      10 .   ( . 2.6) 

  29761 ,   7545 (25%)   
.  ,   ETAS- , 

       -
,    « - »,  

,      .  
  ,    ( ,  

  . .),     (   -
).          

   .      –  
    , ,    

– ,  – .     , 
  ETAS- ,   ,  

   ,   – -
.
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. 2.6.   ,    ETAS-   
  = 0.003 ( 2 ) 1, b =  = 1, K = 0.007 ( 2 ) 1, c = 0.00001 , p = 1.1, q = 

1.7, d = 30 2 (    [Zaliapin, Ben-Zion, 2013]). ( ) –  
    (29671 ). ( ) –   (9536 ), 

  – -

  [Zaliapin, Ben-Zion, 2013],   
 ,     ( . 

2.7),  ,      ( . 2.3): -
      logT+logR = 4.47,  

( ),       ( );   
       .  

,     , 0 = 10 4.47.

. 2.7.     ,    
 ( . 2.6) [Zaliapin, Ben-Zion, 2013]. ( ) –   

    (T,R)     (2.17). 
( ) –        (2.16)
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 2.2   2.8    , -
  ETAS-      

    .  88%  M  3  ( -
 , , )  ,   

  (7%)     
  ( . 2.2).     7% -

    ,  -   
      - .   -

   ,   ETAS-  (2.18).

 2.2.    c  (M) 3    5 
     ( . 2.6),  -

 ETAS-  ( )    – -  
( ) [Zaliapin, Ben-Zion, 2013].      

 

 
M  3
2760 (9%) 77 (0.2%) 157 (0.5%)

 331 (1%) 7007 (24%) 2198 (7%)
242 (0.8%) 461 (2%) 16438 (55%)
M  5
31 (11%) 1 (0.4%) 1 (0.4%)

 6 (2%) 90 (32%) 11 (4%)
- 4 (1%) 135 (48%)

. 2.8.      ( . 2.6)   
 M (    [Zaliapin, Ben-Zion, 2013]). 1 –  

 ; 2 –     ; 3 –  
   (  , , ); 4 –  ,   3,  
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        -
          

 .      -
   .   2.2  -

   279    5  .  -
,         

 .  2.8    -
         

. ,       -
   40%  M < 6,   ,    

 .        
88% ;      ,  -

   5.8.  , ,    
       

,       .
        -

      -
  M  M0    ( . 2.6).    

        
.      , -

  ETAS- .   [Zaliapin, Ben-
Zion, 2013],         
   M0 ( . 2.9)  11.57%    M0 

 0%  M0 = 5.7.    ,   
 2.8,   ,       -
      ,     

   .       
    .

. 2.9.       (et)  
– -       M0   

  ( . 2.6) [Zaliapin, Ben-Zion, 2013],  
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         -
        

[Zaliapin, Ben-Zion, 2013] (   )  -
 .    ,   

    3  M  5    P(M) = 
(5-M)/2,    1  0  :    M = 
3 ,   M = 5    .  -

     20%  ( . 2.10 ).  
   100   .  

       
.   (2.10 ),     -

          1.17  
    .

. 2.10.         
    ( . 2.6)   

(    [Zaliapin, Ben-Zion, 2013]). ( ) –   
  (1)     (2). ( ) –  

     (et)    . 
          

  

 ,      
(  ,  ,    ) 

      ,  
     .   
 ,       ,  

   .

   .    
– - ,     -

,  ,    .
  :  ,   
   .  : b –   -
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, df –   , M0 –  -
  .
 1.    j > 1    (2.16)  

   i < j.
 2.    j > 1      

   i*,    -
.     .  –  n[j],  

   ( )   j; n[1] = 0,  , 
       .   d[j]  

       j    
; d[1] = ,        ,   

   .
 3.       -

,    d[j], j > 1–    -
 2.3 ( , ).  [Baiesi, Paczuski, 2004],    

.      log 0, -
    ,     

  .
 4.   B,    -

,    ,       
   0: B[k] ,  d[k] > log 0.
 5.  ,   -  a[k] 

= j : d[j]  log 0,        p[k] = n[a[k]].
 6.     -   
 p    . C     
.     -     
     a.   :

   p[k]      , 
  –  .

  ,   . .  ( . 2.5) -
    , ,    
  .
 7.     Ck   

 –       ,    
  – ,      -
 .  ,  Ck    :

 Mk –      , Afk –  -
  , Fk –   .   -
     .
 8.  -       -

    B,     .
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,        
 b, df, M0 [Zaliapin, Ben-Zion, 2013].    -

          -
,         

   ( ,   ANSS ComCat 
[ANSS...]), .    ,     

  0,     , 
     .

2.3.  
       -

    ,    
   ,      -

       .
     

,       -
      (  ,  
  ).      
      [Kagan, Jackson, 1991].

     ETAS

      [Zhuang, et al., 2002]   
  ETAS- .      -

  (     )   -
,       ,   

    ,  -
 . ETAS- ,    ,  :

  

 (2.19)

 , p, c, d,  –  ; M0 –   -
 ; (x,y) –   ,  

 ,   x, y; tk, xk, yk, mk – -
, ,    k-  ,   
 t; g(t) –    ( , ), 

   t; f(x,y|mk) –   , -
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  .  g(t)  f(x,y|mk)   , 
   t.  (mk)  -

  ,     mk.
       

   1  N. ,  (2.19),  ij 
,   j   i    -

  i-          -
,  j-  :

  
 (2.20)

 j ,   j  ,  :

  
 (2.21)

  j ,   j      
   :

  
 (2.22)

 ,    j   ij, j  j 
,     ,  -

 i,     , -
.    (2.19), ,   

 [Ogata, 1988],      -
,  ,       -

  [Zhuang, et al., 2002].

  ETAS-   -
.
1.   j = 1,2,...,N  i = 1,...,j  1  ij  j   (2.20) 

 (2.21), .
2.  j = 1.
3.   Uj    -

   [0,1].
4.  Uj < j,     j   .
5.    I ,  .   -
 ,     j     

I.
6.  j = N,   ;   j = j + 1    
 3.
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     2.11.  ,  -
       , , 

  – - ,     -
       ,     

     , -
.         

        [Zhuang, et al., 
2002]. ,   ,    , 

,          
,    .   -

     [Zhuang, et al., 2002, 2004; Zhuang, 
2006].

. 2.11.    ETAS-     
    [Zhuang, et al., 2002]

    ETAS-   -
 , ,  ,    -

      ,  
      .  

      j (2.21) 
 ij (2.22)    .    

   [Zhuang, et al., 2004; Zhuang, 2006].

  ,    

      [Marsan, Lengline, 2008, 2010]  
    ETAS-  [Zhuang, 

et al., 2002, 2004].
   ,      -

-    (Model-Independent Stochastic Declustering, 
MISD).    :  
A  ma   [mi,mi+1],     
ta,     x   t > ta c  

  

 (2.23)

 ijk –   (    i  
, j – , k – ); (P) = 1,   P -

,  (P) = 0; [tj,tj+1]  rk,rk+1 –      



53

 
       

; ra(x) –   -   -
 x.

   ETAS-  (2.19)    (2.23) -
   ,   ,     

 . ,     
-   .  ,  

   ,  -
       -

 .
   MISD    -

   ,   .   
    ijk    -

  .
   ijk    EM-  

(Expectation maximization),     -
 ab  0b [Marsan, Lengline, 2008],   -

 ij  j   ETAS- , -
   .   MISD ab  0b  -

:

  

 (2.24)

 (2.25)

     (2.23).
  ,     

 ijk    :

  

 (2.26)

  
 (2.27)

 ni –       [mi,mi+1], nijk – -
   (a,b),    ab, ,  a 

   [mi,mi+1],    tb  ta  [tj,tj+1],  
  rab  [rk,rk+1]; Vk –   rk < r < rk+1; T –  

 ; V – ,   ;
 –   .

   (2.24)–(2.27)    
 ,  ijk       .   -
      ijk  ,   -

.      ,   
     .
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    ,  ,  -
         

ETAS-  ( .  ),  ij = ab, j = 0b.

 ,       
    . .   . .   -

 (     )   -
      ,  

   - ,   .  -
        

     .  
         

       . 
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 3.   
 

      ,   
      , -

         
  ,      -

,      [ , 1996].  -
    «  » -

 [Gutenberg, Richter, 1956].      
     [Utsu, 1961; Utsu 

et al., 1995].     . ,    -
    [Utsu, 1970, 1971].   -

       -
   [Båth, 1965],        

       1.1-1.2. 
       -

 [Helmstetter, Sornette, 2003; Lombardi, 2002; Saichev, Sornette, 2005; 
Shcherbakov, 2004; Vere-Jones, 1969, 2008],      

,      .
       -

       . -
      .   .  

[Reasenberg, Jones, 1989].     -
      
   -  [Gutenberg, Richter, 1956].  

    b-   -
-      .

    -    
.         

b-    ( ., , [Molchan et al., 1999; , 
2006; Papadopoulos et al., 2006; Nanjo et al., 2012; Rodkin, Tikhonov, 2016]). 

,  ,     -
    .     -

      [   
., 2010; , 2018;   ., 2019; Sobolev et al., 1996],   

      [Knopoff 
et al., 1982; Helmstetter, Sornette, 2002; Ogata, Katsura, 2014; Tamaribuchi et 
al., 2018].        

  .
      (  

 ,     -
 ,     )  

        
    ,   -

     -  . 



56

   
    

       -
  –  ,   

.    [   ., 2018]   -
 . .  . .  [1962]    

        . 
       (M  6.5). 

         
 . 

        -
       -

    .    
 ,        

   ,     .  
        -

    - .  ,   
      -

,    b  - .   
     .  

       -
    ,     .
        

        
(11.03.2011, M9), , - ,   

,       
  (afterslip). ,     

    -   -
      . 

3.1.   : 
   

       -
       . -

     .   .  [Reasenberg, 
Jones, 1989].      -

       
 -  [Gutenberg, Richter, 1956].     
     [Gerstenberger et al., 2005; 

, , 2016; Scherbakov et al., 2018].    -
  -    .    

      b  -
 ( ., , [Molchan et al., 1999; , 2006; Papadopoulos et 

al., 2006; Nanjo et al., 2012; Rodkin, Tikhonov, 2016]). , -
 ,        -

 .      -
 [   ., 2010; , 2018;   ., 2019; Sobolev et 
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al., 1996],        -
 [Knopoff et al., 1982; Helmstetter, Sornette, 2002; Ogata, Katsura, 

2014; Rodkin, Tikhonov, 2016; Tamaribuchi et al., 2018].  , , 
     ,     -

,     [Helmstetter et al., 2006; Hainzl, 2016; , -
, 2016; Shebalin, Baranov, 2017]. 
  ,       

 ,     -
     .   ,   

,   . .         
      [Utsu, 1961].  -

,        
  .       

   .
       ANSS 

ComCat    (USGS) [ANSS...]    1975  
2017 .

          
    [ , , 1991; Molchan, 

Dmitrieva, 1992]    . .  [2009].    
1975  2017 .   526      6.5 

        15 ( . 3.1).

. 3.1.     M0,     
    ANSS  1975-2017 .

      –  
    ,   -

     .   -
        
           -

       ,  
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     .      
 ,        -

     .  , 
        -
 ,         

.           
 .       

        .
        

.  ,        -
      [Helmstetter et al., 2006; Hainzl, 2016; Shebalin, 

Baranov, 2017].      
  .     -
      .

        -
         -

,        
 ,      -  [Utsu, 1961; 

Utsu et al., 1995]. ,       
         -
       , , -

,       -
.  ,    ,    

         
     , -

  .
        

   .     -
 -     ,   

  ,     -
    .

 Mj,k  tj,k       
      j = 1,...,N,  N –  -

 :
Mj,1  Mj,2 ,...,  Mj,K 1  Mj,K.

   Mj,k = Mj,k+1,   k   -
 tj,k < tj,k+1 . ,    ,    
 j  tj,k, k = 1,...,K.

,       -
 -  [Utsu, 1961; Utsu et al., 1995]:

  
 (3.1)

       -
       c 
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 p [Holschneider et al., 2012] (     bayMOL 
[ , , 2018 ]).     -

       .
      (tstart,tstop). -

  tstart ,       -
    .   tstop     

   365 .   c   
   (tstart/2,2tstop),   p –   (0.5, 1.5).

       3.2. 
    tstart = 0.005 ,   

 7 .

. 3.2.       526 . a) 
   c tj,1 < t( )     -  

(  ). )      
 c  p  -  [Holschneider et al., 2012].    

  ,      

    3.2,    -
       -    

p,  1.  ,    c   
     ( . 3.2 )   -
  tstart = 0.005 .   ,    

     ,  
     c [ , 2004; 

Shebalin, Narteau, 2017],     -
    [Helmstetter et al., 2006].

  –   ,      
      -  (3.1),     

         
      , -

  .     -
    ,  ,    
 ,        
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  .     
     4.5.    

      ,     
5.0.  526         -

   5.0.      .  
  t1,j        3.3. 

 t1,j    526 ,    8309 -
.     (  -

- )  0.046.       
  0.06 [Smirnov, 1948].  ,   -

      t1,j     
       5%.

. 3.3.    t1,j     
    M  5.0   526 . a)  
    F(t) = P(t1,j < t) (  )   

     M  5.0 (  ). )   
    c  p  -  [Holschneider et al., 

2012]  ;  .   3.2

   ,    
         -

. ,      -
  [   ., 2010; Narteau et al., 2000]     

    ,  
        

      -
   .

     

  3.4    Mj,k   tj,k 
    k = 1,...,K. ,     

Mj,1,  1.2,    [Båth, 1965].   -
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    (tstart,365) .     
 (K = 5) ,    tstart = 0.005    

     Mj,k, k  5    
 .       tj,k ( -

 0.01 .)       ( . 3.4 ), 
  .  K = 15  tstart    

0.05 .    3.4   3.4       
   ,    ,    

  ,    -  -
   .   3.4   3.4  ,   

Mj,15            Mj,1. 
 ,      .

. 3.4.   Mj,k ( , )   tj,k ( , )    
 k = 1,...,K: K = 5 ( , ); K = 15 ( , ).     

 M0   .   K = 5  
 tstart   0.005 .,   K = 15 – 0.05 .    

 ), )      M0  
 ,      –  ,  – 

 . 

     tj,1,...,tj,15.   -
  -  (3.1)       

   ,    «    
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   ».    -
   3.1.    ,   c   k  

 0.1,    p       
   1.04  1.11,    95%   

–    0.99  1.15.  ,  ,    
 tj,k, k = 1,...,15   - ,  

     .

 3.1.   c, p  -  (3.1)  -
    j  tj,k, k = 1,...,15,    maxDk 

  -  (   -
  )   ;   k -
      tj,l,  l = argmaxDk.   

- ,    526,    -
   5%  ,   maxDk -

 0.083 [Smirnov, 1948]

k c p argmaxDk maxDk

1 0.03 (0.001, 0.066) 1.05 (1.00, 1.10) 5 0.06
2 0.10 (0.036, 0.100) 1.11 (1.05, 1.14) 3 0.06
3 0.05 (0.002, 0.091) 1.05 (0.99, 1.10) 6 0.07
4 0.10 (0.027, 0.100) 1.09 (1.02, 1.12) 10 0.05
5 0.06 (0.002, 0.095) 1.08 (1.01, 1.12) 10 0.07
6 0.06 (0.003, 0.095) 1.10 (1.03, 1.15) 14 0.07
7 0.07 (0.003, 0.096) 1.10 (1.03, 1.14) 8 0.07
8 0.05 (0.002, 0.088) 1.07 (1.01, 1.12) 7 0.07
9 0.08 (0.012, 0.098) 1.11 (1.04, 1.14) 5 0.07
10 0.05 (0.002, 0.090) 1.09 (1.02, 1.14) 5 0.07
11 0.08 (0.014, 0.098) 1.11 (1.04, 1.14) 12 0.06
12 0.05 (0.002, 0.091) 1.05 (0.99, 1.10) 10 0.07
13 0.03 (0.001, 0.070) 1.04 (0.99, 1.09) 10 0.07
14 0.06 (0.003, 0.093) 1.06 (1.00, 1.10) 6 0.07
15 0.06 (0.004, 0.096) 1.06 (0.99, 1.10) 7 0.06

 ,     -
     3.4      

  ,     
    -  [Smirnov, 

1948].   –   , -
  –    .   k  

  ,  l = argmaxDk,   -
    , Dk,   

   maxDk.      3.1. 
            

  5%  ,    -
     .  , 

         
     .   -
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     b   -
  ,       -  

    .    -
 ,         
   . 

    ETAS

       -
       
 ETAS [Kagan, Knopoff, 1981; Ogata, 1988].    

    ,    
      ,     -

.  ,    ETAS -
     .     

        . -
     .    

 -   ,    
     -  (3.1).  

    b  -     
ETAS ( .  1):

 r –    (     -
 ); t –    ; ti – , Mi –  i-  

; M0 –  ,    -
; r, c, p, K1,  –    .

,      ETAS  -
        -

   tstart,       
 .   ,  -

  [Ogata, 1981]     Mj,k  
 tj,k     k = 1,...,5,   -

  tj,k   .    
 ,      .

       
2000.11.16, M7.8       tstart = 0.1  365  

   c M  M0 = Mc = 4.7 ( . 3.5a, ).  -
       -  

3.5 , .  : b = 1.13 ( . 3.5 ), r = 0, c = 0.068, p = 1.273, K1 
= 0.02,  = 2.4.        

 3.6 , .   3.6 ,     -
    ETAS    .
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. 3.5.   2000.11.16, M7.8   . ( ) –  
    (      

tstart = 0.1 ,  – Mc = 4.7). ( ) –     (0.1,365) 
 (   – Mc = 4.7;   –   -

   a = 7.67, b = 1.13). ( ) –    
   c  p  -  [Holschneider et al., 2012] 

(  .   3.2). ( ) –     
 M  4.7,    (0.1,365)   -  (  )

. 3.6.     ETAS    2000.11.16, 
M7.8   . ( , ) –    365   M  4.7; ( , ) –  

   -    b = 1.13,     ETAS  
 r = 0, c = 0.068, p = 1.273, K1 = 0.02,  = 2.4
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    tj,k    -
 k   ,    -
-    ETAS  ,  .  

  526  –       -
    3.4   .   

     tj,k, k = 1,...,15.
  3.7     tj,k, k = 1,...,K, 

  K = 5, tstart = 0.005 ( )   K = 15 ( ), tstart = 0.01 – -
 tstart  ,      ( . 3.4).  -

     ,    tj,k 
  .  -  ( . 3.2), -

      tj,k , ,  
    . ,    

  ,       
  ,    tj,k  

 ,   , . .   -
.      -  -

    ETAS     .

. 3.7.   tj,k, k = 1,...,K  K = 5 ( )  K = 15 ( ),   
 ,    -  ( . 3.5)  ETAS 

 ( . 3.6 )

 3.2.   c, p  -  (3.1)  -
  526  j  tj,k, k = 1,...,15,   Dk  -
-  (     ) 

  ;     l,   Dk > 
0.084 (   - ,    526,   

    5%  ,  -
 maxDk  0.084 [Smirnov, 1948])

k c p Dk

1 0.083 (0.0456, 0.1397) 1.1 (1.06, 1.17) 0.0856 (2), 0.0894 (4), 0.0932 (5),
0.1331 (6), 0.1084 (7), 0.1236 (8),
0.1350 (9), 0.1255 (10), 0.1027
(11), 0.1084 (12), 0.1065 (13),
0.1388 (14), 0.0970 (15)

2 0.097 (0.0490, 0.1643) 1.1 (1.00, 1.11) 0.0856 (1)
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3 0.147 (0.0798, 0.2535) 1.1 (1.05, 1.18) 0.1008 (8), 0.0875 (9)
4 0.087 (0.0448, 0.1501) 1.1 (1.01, 1.12) 0.0894 (1), 0.0951 (9)
5 0.083 (0.0416, 0.1474) 1.0 (1.00, 1.11) 0.0932 (1), 0.0932 (9)
6 0.105 (0.0499, 0.1933) 1.0 (0.97, 1.08) 0.1331 (1)
7 0.167 (0.0858, 0.2982) 1.1 (1.02, 1.15) 0.1084 (1)
8 0.125 (0.0642, 0.2194) 1.0 (0.97, 1.08) 0.1236 (1), 0.1008 (3)
9 0.108 (0.0494, 0.2041) 1.0 (0.97, 1.09) 0.1350 (1), 0.0875 (3), 0.0951 (4),

0.0932 (5)
10 0.097 (0.0486, 0.1704) 1.0 (0.97, 1.08) 0.1255 (1)
11 0.086 (0.0424, 0.1585) 1.0 (0.99, 1.10) 0.1027 (1)
12 0.107 (0.0522, 0.1933) 1.0 (0.99, 1.10) 0.1084 (1)
13 0.089 (0.0416, 0.1643) 1.0 (0.99, 1.10) 0.1065 (1)
14 0.132 (0.0654, 0.2358) 1.0 (0.98, 1.10) 0.1388 (1)
15 0.112 (0.0587, 0.2004) 1.1 (1.01, 1.13) 0.0970 (1)

        -
        -

         
  -  [Reasenberg, Jones, 1989],  -

       
-  [Utsu, 1961]  -  [Gutenberg, Richter, 1956]. 

        
   - .      

    ETAS ,    -
   ,     -  

  . 
       -

     , , -
,      .   -

       . 
       -

    .
       -

       ETAS 
[Kagan, Knopoff, 1981; Ogata, 1988],        

 .       -
   .   ,   -
       .   

     ,   , 
   ,      -

     - :    
 ,    .  -

     [Felzer et al., 2004], 
  ,  ,     -

         
     .    

 ,      -
.        
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. ,     ETAS  
  .       
    ,    
   (10 )  , -

    (60 ) [Hardebeck, Hauksson, 2001].  
       , 

   ,      
       ,   -

        
  .      ,   -

  , ,   [Narteau et al., 
2002].       ,  -

 ,     ,   . 
,   ,      

   [   ., 2019;   ., 2018; , 
2016; , , 2016; Freed, 2005],     

,    . -
         ,  

        -
  .

         -
       -

       -
        

 [ , , 2016; , , 2017].   
    -   -   

        ,  
  ,   ,  -

   ,     
   . 

3.2.  
       -

     , 
       ,     

  .     -
       - -

       -
  ,      

   .    -
       -

      .
       -

 ,   .    , 
        -

,     ,   . 
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[   ., 2018]    . .  . . -

 [1962]      
      .   

     (M  6.5)   
 .

  ,     ,  
,       

    .   
  ,    . -

        
        -

,   ETAS.
      -

        
 ,       

 -   .   
    (  -  

[Gutenberg, Richter, 1956]),    , 
       

b,     .  , 
   ,  –  

   ,     
 ,   ,   -

.        -
     [Utsu, 1970].  

      -  (3.1),  
   ,     

,      Mm,   
, p,         -
      [Shcherbakov, Turcotte, 2004; 

Holschneider et al., 2012; Davidsen et al., 2015].
       

    ,   -
  ,    -

    [Kagan, Knopoff, 1981; Ogata, 1989; 
Helmstetter, Sornette, 2002].      , -

  c  m,    -
   

    0.5  2.3 [Felzer et al., 2004; Hainzl, Marsan, 
2008; Hainzl et al., 2013; Marsan, Helmstetter, 2017; Wang et al., 2010b; Werner, 
Sornette, 2008; Zhuang, et al., 2004],       

    b.      -
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  -      
   .

     ( .  2), -
 ,  -    

        
,      .   

  ,      -
   ,   , -

       
[Zhuang, et al., 2002].     ,   

    ,    
        

  [Marsan, Lengline, 2008]. ,  -
       -

     - -  [Baiesi, 
Paczuski, 2004; Zaliapin et al., 2008; Zaliapin, Ben-Zion, 2013].    

     - -
.          

-  [Marsan, Helmstetter, 2017]   . 
         (2.16) 

 ,       –  
-  ( . . 2.2).

 . .  . . 

      -
          

 . .  . .  [1962].      
        -
    ANSS ComCat [ANSS...]  1975-2018 

.        . .  
 . .  [ , , 1991; Molchan, Dmitrieva, 1992] 
   . .  [2009].     

 850      M  6.5. -
     Mm  2  ,    

  ,  4.5.
 , ,   ,   -
    ,    -

        -
- .         

  ,    - ,  
    ,    .  -

      .
  ( . 3.8),    -

, ,    k    -
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     - .  -
  –      , 

   = 6.7.

. 3.8.  ( )     
 c M  Mm  2    Mm  6.5.   –  

.      ,  
 –   

     -
     .  [Utsu, 1970] 

(       -
).      , -
  ,    , , ,  -

   ,   , 
       . -

  ,     -
   ,      -

,  ,      -
.     0.    

  ,      .
  –     -

        Mc = 
2, 1.7, 1.4, 1.1, 0.8.  ,     -

      Mc      
   ( . 3.9).
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. 3.9.       
     Mc

  –      
     Mm.  ,  -

        
 ( . 3.10).  ,     , 

    Mm ,    
      .

. 3.10.       
       Mm
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    –     -
 :

•     –     
 , URL: http://www.emsd.ru/sdis/earthquake/catalogue/catalogue.php;

•    –      , 
URL: http://seis-bykl.ru;

•      , URL: http://eqru.gsras.ru/ 
afcast_cat/run/index.php;

•     [Hauksson et al.,, 2012], URL: http://
service.scedc. caltech.edu/ftp/catalogs/hauksson/Socal_DD/;

•   –  Geonet, URL: https://quakesearch.geonet.org.nz.

    -     
   .   -

      –
- ,   [Shebalin, Narteau, 2017]:  

   ,   , 
     (2.16),    

   10-4 (    2.16  ). -
  2.16  : b = 1, df = 1.6.   

( . 3.11),       -
 .

. 3.11.       
   :   ANSS, , , , 

 ,  
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 ,      ,  
       

     ,    
  .  ,    
     .

  

     ,  
   .     

   .     -
 .     ,   

       ,  
        -

.       
 ,   . ,   

 ,       -
       

   ,      -
        -

 .       
     [Zaliapin, Ben-Zion, 2013, 

2016]     -  (2.16) [Baiesi, 
Paczuski, 2004].

     -  -
         

  .    
     0,   ,  

,      « ». 
    0 ,  -

       -
 ,       -

 [Zaliapin, Ben-Zion, 2013, 2016].  0    
      .  

 -      -
   [Bayliss et al., 2019],     -
  . ,   0   . 

,       
.

    0  -  . 
   ,        

 .     ,   
       -

    ,  
       -
   .    , 
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  ,    ,    
  -  .  

  ,       
 ,   .    

  .
 1.   .    -

  « »  «  »,    -
,       

 .      -
 .       m   

     1/2.  0 = m ( 1/2  m).  
        

.       .
 2.   .   
       -
  .   Frandom( )   

   .
 3. ,  Freal( )    -

 ,    
Freal( )          [Zaliapin, 
Ben-Zion, 2013, 2016]:
 Freal( ) = (1  )Fclustered( ) + Frandom( )  (3.2)

      
preal( ), pclustered( ), prandom( ).

   ,    prandom( )  
  preal( )     80%    -

 ( . 3.12 ).     -
      (    ) 

   ,      
  prandom,      pclustered.
 4.   0     (  
   )     

    0     -
   > 0 ( . 3.12 ):

 1  Fclustered( 0) = 1  (Freal( 0)  Frandom( 0))/(1  ) = Frandom( 0).  (3.3)

 3.12       -
 ANSS Comcat    (3.2).
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. 3.12.   0        ANSS 
ComCat  1981-2019 ., M  4.5. ( )     (3.2) 

      preal( ) (  )      
 (  3  ): prandom (  )  (1- )pclustered = preal - prandom (  ). 

  ,     (  1  2). ( )  
 0:   Freal (  ), Frandom (  ), Fclustered (  

)    1-Fclustered (   ).  0 –   
Frandom  1-Fclustered (   )

 ,      , -
       ,  

  0 ,       -
.  ,   -     

> 0   ,     < 0 .  
      - -

     ,  -
      ( )  

 .      
   ( ),       

  . ,    -
     - ,  

(3.2)   .   , - -
       ,   

    .  ,  
    ,   - .  
,      ,  

   «  – ».
  -    -

     ,   
  M.     -

.       -
-       -

 ,    M.
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   ANSS ComCat    
[ANSS...]    1980  2018 . 1464   M  6.5  

  - .    7587 -
     M = 2  

.     Mc = 4.5,  -
      (Mm  M  2). 

      -
          

 2 = 7587/1464 = 5.2    3.13.  -
    ,   

  

   (3.4)
 

  
 (3.5)

   .  (3.5) –   -
. 

. 3.13.      ANSS ComCat.  
 ,  -   Mm  6.5 ( ).  
 –   .  –  

.        
 2.  –       

  

,       
  - .      -
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        - -
       .     3.13 

,      
   .  ,  

     -    
,   , - ,  -
    M  6.5.

   ,  -
   M   1  2.6 ( . 

3.14a).   ,   M   -
  b-     ( . 3.14 ). 
 ,      

M = 2,        
2      - -

 Mm ( . 3.14 , ). ,   
       -

    .

. 3.14.         
 ANSS ComCat. ( ) –     M  M = 1, 1.2, ..., 

2.6,  -  c Mm  6.5. ( ) –   
    M. ( ) –    
  Mmin  M < Mmax  M = 2,  Mmax = Mmin + 0.2  Mmax = 6.5,6.7,...,8.1.  

    M. ( ) –     
2   -  ( . .   , 

 )
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  ,   
    .   3.15    

    2   -
.      ,  -

 2  ,   10  100 , .  
  ,      -

    .     
      -  

( . 3.15 ).

. 3.15.         
ANSS ComCat. (a) –       M 
= 2       -   M  6.5. -  

       100     50 
.       , 

 –   2. (b) –   , 
 -     .  

  

    

      -
     .     

 (2.16),   [Baiesi, Paczuski, 2004],   -
 .

       -
 [Frohlich, Davis, 1990] c   , 

  - :
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 (3.6)

    ; c1 = 1 / . [Frohlich, Davis, 1990], c2 = 0.3.
      

« »  ( .  2.1),    -
  [Gardner, Knopoff, 1974].    -

  -    (1)    , 
(2)    , (3)    « -

 » [Frohlich, Davis, 1990]  (4)   -
:

  

 (3.7)

  

 (3.8)

 

 (3.9)

  

 (3.10)

     (2.16)  (3.7),    
(3.8)–(3.10)        

 . 
      (3.6)  ,  

      . , -
  ,      ANSS 

ComCat  1981–2019 ., Mm  6.5, M = 2,   . 3.16. -
   = 0.67, 

 
= 0.81,  = 0.72,  = 3.55,  = 3.39 (0.68  0.52 

  ).
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. 3.16.       
   (3.6)    ANSS  1981–2019 ., M  4.5. 

(a)     (3.6)      
 preal( ) (  )       (  3  ) ): 

prandom (  )  (1 - )pclustered = preal- prandom (  ).    
 ,    . 3.12.    = 0.67. ( )  : 

  Freal (  ), Frandom (  ), Fclustered (  )   
 1 - Fclustered (   ).  0

(0)  –   of Frandom  
1 - Fclustered (  ). ( )    , 

M = 2,   ( )   ( ) 

       -
           -

 .     ,  -
 tc, tp, rc, rp  .     
    .     -

,     -    
,     .  ij

(3)   c1 = 
1 / .   tc, tp, rc, rp,    
(Freal - Fshuf  ed),  Freal  Fshuf  ed –     -

     -  , 
   .   ANSS  

1981–2019 ., M  4.5,   = 0.67,    -
 ct = 0.75 , pc = 0.3, cr = 0.137   pr = 0.44. ,   , 

      ,  
   M = 2,     M  

6.5,       .
  3.17    -

  ,    
 (1), (2), (3)  (4)     .  

      2   ,    
  ( . 3.3).  3.17   3.3 -

     .  
  ,     (0),      

  , , .  
  ( . 3.17)    0    0  -
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   ,      
. 

. 3.17.     M  6.5    
 ANSS     : ) (3.7), ) (3.8), 

) (3.9), ) (3.10)    . 3.3.  M = 2.   
          

, 

 3.3.   2   ANSS ComCat  1981–2019 .  
       -

.  -  M  6.5
   

(1) 2.64 1.20
(2) 2.48 1.21
(3) 2.43 1.21
(4) 5.23 1.23

 ,   ,  -
      

   ,    .  
      -

 ,      -
       . 
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      -
     :

•   , 1960–2014 .,    
  , URL: http://seis-bykl.ru;

• , 2008–2018 .,      
, URL: http://cnt.rm.ingv.it/en?timezone=UTC;

• , 1997–2018 .,  JMA, URL: https://hinetwww11.bosai.
go.jp/ auth/;

•    , 1994–2018 .,   
   , URL: http://www.emsd.ru/sdis/earthquake/catalogue/

catalogue.php;
•  , 1984–2018 .,     

   , URL: http://www.ncedc.org/ncedc/catalog-
search.html;

•  , , 1981–2018 .,    
     [Hauksson et al.,, 2012], URL: http://

service.scedc.caltech. edu/ftp/catalogs/hauksson/Socal_DD/;
•  , 1991–2018 .,  Geonet, URL: https://quakesearch. 

geonet.org.nz.

       -
,        

.       
  M = 2    ( 2)   -

  ( '2)    3.4.

 3.4.       
  M = 2    ( 2)   -

  ( '2)
Mm b df 106

0 2 106
1 '2

ANSS ComCat 6.5 1.2 1.79 0.64 2.6 4.32 1.7 4.05
3.9 1.2 1.85 0.35 6.5 5.02 11.0 5.1
4.2 0.9 1.2 0.7 90.0 1.31 54.0 1.18
5.5 1.1 1.98 0.62 32.0 5.28 23.0 5.04
5 0.9 1.83 0.335 85.0 2.8 140.0 2.93

. 5 1.1 1.78 0.73 2.2 3.72 1.0 3.38
. 3.8 1 1.4 0.52 13.0 3.06 12.0 3.04
. 3.8 1 1.6 0.37 21.0 3.46 30.0 3.54

Mm –   - .  -
 Mc   MAXC [Wiemer, Wyss, 2000]: Mm = Mc + M 

= 2.
b –   ,    [Aki, 1965].
df –  ,   box counting [Goltz, 

1997].
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  ( . 3.18),    
    ,     -

 2       ( . 3.18 ).    
   ,    -

 ,   ,     -
.    ( , ,  )   

    -   10  100  ( . 
3.18 - ).     2     5  
13 ,     ( . 3.18 ).

. 3.18.      . ( ) –
       . 

( )-( ) –          
 ( ),    ( ),  ( )   ( )

       -
 M = 2.   M = 0  0    -
 ,         

.    0   M  
4.5   .       8 -

  ,   0   3.4. 
   ( . 3.5)   0.1,  -

 0.06   ,   0.115  . 

 3.5.   0 (  ,   -
      )     -

  
0

  ANSS ComCat 0.068
0.087
0.087
0.115
0.100
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 0.060
 0.097

 0.100

      -
 

    -
     .   

   ,    2  
,  ,    .

    0   
    - ,  

  .       -
      ( . 3.19 - ).  -

        
   0,  ,  -

 ,  .

. 3.19.       0: ( ) 
0 = 2.6 10 6; ( ) 0 = 10-5; ( ) 0 = 10-4.      M  

6.5      M = 2   ( )-( ) 
    (  )   

(  )   (  )    
  2.  –       . ( ) 

  2    0    ( ) 
   ( ).      

 ,    
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  3.19     2   -
 0        -

.  2     0,    
       0, -

    :     
      ( . 3.19 ).

    ,    
      . -

   ,  -
        . -

,      (2.16),   
,     0  -  

   .     
 ,       

 .
   ,  

    ,    -
,    .  ,  -

     .  -
       , 

        -
 .      ,  -
     , -

 -  .
          

        -
    ,    -

  .   ,    
   ,  -

         
,    .

  ,     -
  –   –    

         
      .

      -
       -

    ,  
   - .    

        
       (  , 

.  ),      
 .
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    -
      .  ,  

      -
 (   ),    -
.        

  .  ,     
       .

     -
   ETAS [Ogata, 1989, 1999],   

 1.3,         
     (  -

        -
).   ,    ,   

   , ,   
   .    ETAS,  -

,      .  -
        

  ,      -
,  .      

        -
  ETAS.

3.3.      
 

       [Båth, 1965], 
         

      .    
    ,  ,   

.        
    .  -
         -

 ,       
 .      

  ,      
  ,  .    

      -
         

   ,      -
.       , 

     ,    
      . -
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     «  
 ».

        -
 ETAS       [Helmstetter, 

Sornette, 2003].       -
,    ,      

  ,      -
     [Shearer, 2012].    

      ,   
   ,   .

       
    t = 0    -
        

[Vere-Jones, 1969, 2008; Lombardi, 2002; Console et al., 2003; Helmstetter, 
Sornette, 2003].         -

 ,   1.2,       -
    .     
         -

   t = 0,     -
        -

 t > 0.       
  t.        

     ,  
,   ,      -

,      .
 .     -

  777       -
 6.5      1980  2016 .     

   ANSS ComCat  -
  (USGS) [ANSS...].       

      ( .  2.2.2) [ -
, , 1991; Molchan, Dmitrieva, 1992]    

. .  [2009].

    
   (   )

      : 
Mm –      ; 
t –    , ;
T –  ,     , .,  

     T = 365 .;
M1(t,T) –      (t,T).
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,      Mm  M1(0,T) 
    .     

    [Båth, 1965],     
     1.2.  -

 t        
Mm  M1(t,T).

 ,       -
  ( .  3.2)  , ,  -

 -  [Utsu, 1961] (3.1)   -  [Gutenberg, 
Richter, 1956]:

   (3.11)

  = bln10; Mc –  ; F(M) –  -
  .    (t,T)  -

 (t,T)  :

       

 (3.12)

 K, c, p –   -  (3.1).
 (3.12)      -

 (t,T)   (0,T)  (t,T).    (t,T),  
     [ , , 2016; , , 

2017]:

   (3.13)

    ,   -
      M,   (3.11); 

 ,   n     M,  
F(M)n.    n   (t,T)  -

 (3.12). ,      , 
         n 

[Vere-Jones, 2008; Zöller et al., 2013],    
 M1(t,T)    :

 (3.14)

 (3.11)  (3.14),      -
:
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   (3.15)

        
( .  3.1)  ,  (3.13),    

:

   (3.16)

  
 (3.17)

 , ,     
M1(t,T)      ,      

     M(t,T),    
 ,   c, p  -  (3.1)   

b  - .    -
          

Mm  M1(t,T).        -
  Mm  M1(t,T)    .   
  b, c  p    ,    
 Mm  M1(t,T)       ,    
   (3.17).

      M(t,T)  
    ,      -

    .    
  (3.17)       

 .  , ,   -
  Mm  M1(t,T),     t 

  ,   .    -
,     Mm– M1(t,T)    

     t,      
 (3.17)     . -

,    Mm– M1(0,T),    
(3.17)     Mm– M1(t,T)   
t.  ,      Mm– 
M1(t,T)       -

   Mm– M1(0,T)     -
 b  - ,    c  p  

- .

  b, c  p

  Mm -M1(0,T)       -
  777     Mm  6.5 c 1980  2016 

. ( . 3.20).      
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   EM0 = 1.19    
M = 0.66.

. 3.20.     Mm  M1(0,T)    
  (  )

     b, c  p -
   [Shebalin, Narteau, 2017]    777 -

     ,    
  M     M  Mm 

       . -
  b  -     

  ,       
       ,   

      -
 -       

  [Shebalin, Baranov, 2017; Vorobieva et al., 2016].  
 3.21      

  M  Mm  .   b  
   [Bender, 1983]   [-2,-0.5]   b = 

1.0.      -0.5   -
     -    

 [Romanowicz, 1992].
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. 3.21.   b  -     777  
.  (  )   (  )  

  M  Mm.    ,  
– .      

   -0.5,       b. 
  b = 1.0

    p  -  (3.1) -
   [Holschneider et al., 2012]   bayGR [ -
,  2018 ]     tstart = 0.01  tstop = 365  

c     c   
[tstart/2,2tstop]  p   [0.5, 1.5].   3.22  -

   c  p,      
  .
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. 3.22.   c  p  -     777  . 
( )     c  p.    

   ,      
. ( )   .     

     777 ,    –  
  -      c = 0.04 , p = 1.016

   EM0 = 1.19, M = 0.66, b = 1.0, = 0.04 -
, p = 1.016     Mm M1(t,T) 
  t   .   3.23  -

 10%, 50%  90%    .

. 3.23.      Mm  M1(t,T) 
  t.       ,  

 10%  90%  .     
 ,   t = 0.25, 0.5, 1, 2, 4, 8, 16, 32  64 . ( . 

 3.6)
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 ,      -
 ,     t  

0.25   64  c     . -
    777  , -
  –      

 M = 0.66  ,   :

   (3.18)

 EM0 –    Mm  M1(0,T); M(t,T)   
 (3.17)     b, c, p.

     t    -
       -

.     3.6.    
   3.23.    ,   -
       t.  -
   ,   M(t,T)   

(3.17)      ,     -
        
   -   - .

 3.6.     -
  Mm  M1(t,T)      -

   

t, .    
   Mm 

 M1(t,T)

    
 

 
0.25 1.3 0.66 0.032
0.5 1.4 0.66 0.037
1 1.4 0.65 0.035
2 1.4 0.66 0.042
4 1.5 0.67 0.048
8 1.6 0.66 0.046
16 1.6 0.66 0.037
32 1.7 0.67 0.043
64 1.9 0.67 0.067

      -
 Mm  M1(t,T)    3.24. ,   -

  t   ,     (t,T)  
 ,    -

  Mm  M1(t,T)     1 ( . 3.24 ).  -
 ,         
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  .     
       (-1, 

2.5).     c    6.5. -
     ANSS   

4.5 [Kagan, 2002].      -
     ,    -
   Mm  M1(t,T) = 2.5.

. 3.24.        Mm  
M1(t,T). ( , ) t = 0.5 , ( , ) t = 16 .  ( , )   , 

 ( , )     Mm  M1(t,T).  
     ,  – 

 .

  9      -
      . -

    3.6.     (777)   -
      

  0.05    , -
 0.0488 [Smirnov, 1948].  8     

      5%.   t = 64 
     -

   (0.067)    (0.0488). 
  , - ,    -

   Mm  M1(t,T) < 2.5.         
     .
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      -
 ,     M1(t,T)   

   ,        
  M(t,T),     ,  -

 c, p  -    b  - .  
        ANSS.

       , 
   3.2,     -
    . 

  ,     -
    , M-Mm,   -

     0.   k  
   M1 (    

)        -
 (3.11).   [Vere-Jones, 2008; Zöller et al., 2013], 

  M1     (3.15).
,        -

    ,      
  ,     

M1     [VereJones, 2008; Zöller et al., 2013]. 
         M1  

  ,     ( -
  )  .   3.2   

   ,  -
      (3.5).  2   
      .   

  (  ANSS ComCat)     -
  Mm  6.5  Mc = 2   2 = 6.7. ,   

         -
 Mc = 4.5.

C  (3.5)  (3.15)  M1     
:

   
 (3.19)

 

  :

  
 (3.20)
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 (3.20)      -
 (t,T).     2  (3.20)     -

    2(t,T).      
  -  (3.1):

  

 (3.21)

 c, p –   - ;  D(t1,t2;c,p)  
:

   
 (3.22)

 ,  M1(t,T)      -
  ,  ,    

:
  

 (3.23)
 

  

 (3.24)

,         :

    
 (3.25)

 Mc+lg( 0)/b  (3.25)     -
     E[M(0,T)];   -

 M  (3.17)  ,      .  
,  (3.25)     (3.18).  
 3.4.2    ANSS ComCat  Mm  6.5  Mc = 2 

  : 0 = 6.7, b = 1.0.     (3.25)  t 
= 0,  E[M1] = 1.1,    .

        (3.23) -
 ,     b, c, p  0  -

  ANSS ComCat    ,  
(      3.2)   [ , 

, 2018].     . .   . . 
 [ , , 1991; Molchan, Dmitrieva, 1992]  -

  . .  [2009].    
 (3.23),   ,     ,  

  3.7.   ,     
       
   E[M1(t,365)-Mm]   (3.25)  [M1(t,365)-Mm], 
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,   tj (j = -2,-1,...,8)    . 
      ( . 3.25),  

     (3.23)    
   ,     .

 3.7.     (3.23),   
     .     

  tstart = 0.05 
Mm Mc b c p 0

ANSS ComCat 1975-2017 6.5 -2 1.02 0.1167 1.064 7.5
1969-2017 6 -2 1.2 0.08 0.9 16.3
1960-2014 5.5 -2.5 0.84 0.02 0.87 7.1
1962-2015 5 -2 0.81 0.123 1.014 5.2

Mm –    .
Mc –    (M-Mm  Mc).
b –   ,    Bender, 1983] 
    -0.5    -
  [Romanowicz, 1992].

c, p –   - ,    
[Holschneider et al., 2012].

0 –        (0, 365)   
 .

. 3.25.         
     E[M1(t,365) – Mm],   

   (3.23)    (a)   ( ),  ( )   
( ) c    3.7.  ( ) –   E[M1(t,365)  
Mm] ( /    );  ( )  
–   E[M1(t,365) – Mm] ( /    )
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   , ,    
        -
  -  [Utsu, 1961]  -  [Gutenberg, 

Richter, 1956],      -
      -

    .    ,   
     , -

 .       -
        

,      -
.      1.2,  -
     [Båth, 1965].   

       -
  .      -

 Mm– M1(t,T). ,  ,     -
   ;         

       .  
    (3.17).  ,  -
    ,  
         

 ,      
, ,     -

        .
       

–   ,   -
 .        

 ,     -
 ,  .    -
  ,   .   -
     . 

       Mm  M1(t,T)   
  ;          

      .
,       (3.16)  (3.23) -

 .
 ,       
   ,    

. ,      -
       -

        -
  .

        -
      ,   -

 3.2.        , 
       ,  

      
  .
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        -
   ,    -

      .   
       « -

»       
        -

     ,     
 ,       

    .
    Mm – M1(t,T)  -

       
   .     -
      -

 AFCAST (www.afcast.org/afcast).      
       ,   

.         -
,      . 

3.4.   
     ,   -

 ,    ( . -
, [Heimpel, Malin, 1998; Murray et al., 2001; Sun et al., 2014]).  -
       

.  ,     
         -

,     .
  . .    [Vorobieva et al., 2016]  -

     - ,     -
    ( . 3.26 )    

[Narteau, 2007],     ( . 3.26 , ) [Narteau 
et al., 2009].

. 3.26.        ( , ) 
   ( ). ( ) –   - . ( ) –  

-      1,    
       ( ). ( ) –  

-      2,    
      ( )



100

   
    

  - ,    3.2, 
,   -     

 .         -
  50%      

 [Wang et al, 2010a].      
     , , 

 ,   ,   
     (afterslip) 

      [Sun et al., 2014]. 
     ,   -

 ,        
  . 
  [Shebalin, Baranov, 2017]  ,    

  1  2 ( . 3.26),    
 b,         -

 ( . 3.27).    b (   )  b1, b2, 
 ,    [Vorobieva et al., 2013, 2016], -

   3.8.  ,     b 
,   b1  b2 ( . 3.8).      

       b,    
     b1  b2. , -

   (  2  3  . 3.26 , )   -
      b ( . 3.26 ).

. 3.27.           
   0.01-75     [Shebalin, Baranov, 2017].  

 ,    b ( . 3.8)
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   (11.03.2011, M9),    

  100     ( . 3.28);      
  100-1000   .     

 100        -
 ,      -

 [Sun et al., 2014].  ,    GPS- , 
 ,        , 

   ,    GPS-
.

 3.8.  b-       
,        

[Shebalin, Baranov, 2017] (b –     ; b1, b2, Mr – -
     , ,   

  . . ; c, p –    
 -    )

 b b1 b2 Mr c p
02/05/2095 1.11 ± 0.09 1.06 ± 0.03 1.58 ± 0.04 5 3.74 ± 0.70 2.46 ± 0.18
08/21/2003 1.17 ± 0.16 0.93 ± 0.05 1.51 ± 0.05 4.5 0.01 ± 0.01 0 1.05 ± 0.07
07/15/2009 1.23 ± 0.20 1.13 ± 0.08 1.97 ± 0.03 4.8 0 1.15 ± 0.10
09/03/2010 1.65 ± 0.31 1.06 ± 0.03 1.91 ± 0.03 3.7 0.33 ± 0.43 1.18 ± 0.11
09/01/2016 0.99 ± 0.05 0.93 ± 0.02 1.22 ± 0.04 4.5 0.07 ± 0.06 1.09 ± 0.02
11/13/2016 1.06 ± 0.08 0.98 ± 0.03 1.31 ± 0.01 4.7 0.30 ± 0.24 1.43 ± 0.09

. 3.28.        
(11.03.2011, M9),     0-100  (1)   100-1000  (2)  

 .    0-100    M = 6.2 
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   ,  -
      ,  -

       
  -      

    ( . 3.8).   -  
[Reasenberg, Jones, 1989]     

   -   - . -
        -

  (  - ),   -
 3.2. ,         

      -
 [Reasenberg, Jones, 1989; Gerstenberger et al., 2005].   

       [t1,t2] 
 :

  
 (3.26)

 A, b, c  p –  .  (3.26)   
   ,      -

  .   (3.26)   
    b  - -

   c, p  - .  ,   
,    Mc,    -

      ,  
:

  (3.27)

     (3.26)    
 . - ,  b      

.     b   
     ( .    

).     b    -
  . ,     ,  

   b   .  ,  -
   ,    b1, b2. - -

,       ,  -
, .        

[Helmstetter, Shaw, 2006; Hainzl, 2016; Shebalin, Baranov, 2017]. -
,    -    

  ,      [ , 
, 2016].
   -     

[tstart,ttstop = 75] .      tstart, -
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   (tstart,Mc),    [Shebalin, 
Narteau, 2017].        -

  b [Aki, 1965].    -    -
     . ,   

Mc (      )  
    ,   n -

 ,    tstart,    
     (tstart,tstop).    

      ,   
     [1,tstop]     -

.   3.29       -
   2010 . c M7.2   (   

n = 10).        [Helmstetter et 
al., 2006]      [Shebalin, Baranov, 2017].  

    2003 . c M7.1,    
  3  . ,      7.8 

tstart   0.1 .

. 3.29.   tstart    Mc    
 Mc     10   2010 . c M7.2  . 

        1  75 .  
   tstart ( .  )

  (ttstart,Mc)    3.30.
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. 3.29.  (tstart,Mc)       . a)   
1995, 2003  2016 .  M7.1; )   2009  2016 .  M7.8.   

  Mc = M  4.5  0.67lg(tstart) [Helmstetter et al., 2006]

   (tstart,Mc)   .
 b-     [Aki, 1965]:

  
 (3.28)

 E[M] –     M  Mc   [tstart,tstop].
  A, c  p   [Holschneider et al., 2012] c 

  bayMOL [ , , 2018 ].
     M  Mi    [tstop,t2] 

  (3.26)  (3.27).
    ,   b1 

 b2      Mr ( . 3.8, . 3.27),   
 (3.26)  :

 
 (3.29)

 b2    (3.28)   ,   b1 -
    .

      (    
  ),     -  «  

1»,      – «  2».
   (tstart,Mc) ( . . 3.30)     -

  [tstart,tstop = 75]    M  Mc   -
 b, b1, b2, p  c.        -

  (tstart,Mc)     (STD).  
      3.8. ,   b -

   1,   Mr, b1, b2   2.  b1  
b2    (tstart,Mc)     Mr  
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 .  A  (3.26)       
  ,        
   3.8.
,     (tstart,Mc),    
   M  5.5   ,  75  180   

 75  3 .   tstop = t1 = 75     -
       -

 2016 . c M7.8   [Shebalin, Baranov, 2017].
  3.9   ,   -

  ,         
 .  ,      

 (  2)    (  1), ,    
  M  5.5   2,   ,  1.5-2   

    .    
  2         

 1.      Mr = 3.7. , 
  ,   2016 .,   

   5       . -
  , ,      

   M  5.5  M  6   t2 = 3   0.5  
0.14 .

 ,      -
 (   )    (3.29)  -

         
 -  (3.26).      -

 . 

 3.9.     M  Mi = 5.5    75 -
  t2    .    -

 ,         
   (tstart,Mc).     -

,         -
; ,     ,  -
 «?».    ,     

 t2 = 180 t2 = 3 
05.02.1995, M7.1 -1 

-2 
0.160 ± 0.066
0.093 ± 0.021
0

0.225 ± 0.097
0.130 ± 0.035
0

21.08.2003, M7.1 -1 
-2 

0.414 ± 0.062
0.223 ± 0.083
0

1.151 ± 0.150
0.635 ± 0.283
0

15.07.2009, M7.8 -1 
-2 

0.315 ± 0.179
0.093 ± 0.018
0

0.813 ± 0.484
0.240 ± 0.060
0

03.09.2010, M7.2 -1 
-2 

0.019 ± 0.027
0.114 ± 0.055
3

0.049 ± 0.069
0.272 ± 0.146
3
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01.09.2016, M7.2 -1 
-2 

0.337 ± 0.054
0.216 ± 0.018
?

0.906 ± 0.145
0.582 ± 0.056
?

13.11.2016, M7.8 -1 
-2 

0.459 ± 0.123
0.310 ± 0.045
?

0.953 ± 0.238
0.649 ± 0.128
?

         -
   .

        
(  - ).     -

       -
.        -

,   -      . 
        -

 .
    . 

     ,  
     . -

,       
      .  ,  -

    ,   -
 .     

        
   ,    -
    -   -

.        
        

 .
     -

        -
,     ETAS,    1.3.2. 

  ,     
, ,        

 .
,      -

          ,   
    .     

        
   ,    b  -

-    c, p  - .
     -

         – -
  .       

,  b  -    c, p  
- .      

   ,    . -
     ,  
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  - ,     -
,      - .  -

      [Båth, 1965],    
        

    ,     -
  .    

        
     .

       
     (11.03.2011, M9),  

  ,    
     (afterslip). -

,         -
-        

 .
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 4.   

      , 
         

  ,  ,      
   .

      .  –  
        

.  –       -
     12    . -
       -

,         -
  ,     

      .
      -

    ,    
,     .  

    ,    -
        -
,       .   

   ,  -
   ,     -

       ,  
       ,  

       -
       ,  

      .
        -

     12    .  
      .  
 ,       

 ,  , ,      -
,    ,    .   

,       ,  
    ,      

.  ,      , -
   . ,     

   .      
     ,   -

       
   .      
      , , 

        , 
      .
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4.1.      

,      -
         

.   .  [Utsu, Seki, 1954],    . 
     ,  -

      :

 lgA = aMm + b, (4.1)

 A –   ; Mm –   ; a 
 b –  ,    . , -

    39     6.5 
 8.5     1931–1953 . [Utsu, Seki, 1954], ,   

    a  b    -
   (     ).  : a 

= 1, b = 3.4.
  (4.1)   -  [Gutenberg, 

Richter, 1956]       

 lgE( ) = 1.5M + 4.86, (4.2)

 [Tsuboi, 1956]     -
      :

 E  A1.5. (4.3)

  . .  [1974]

E = 0.5 M0/ ,

(  –  ;  –  ; M0 –  -
 ) ,  E  M0.  ,   (4.3)  (4.2) 

:

 E M0 A1.5 10 1.5M. (4.4)

       , : M0  L3.
 ,  L –    ,     

   :

 M0  Lp, (4.5)
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 p = 3    , p = 2  , p = 1   (M 
> 8.5) .

 (4.5)      [Kanamori, 
Anderson, 1975]       
(constant stress drop model)    .    

    (simple dislocation model)  -
 -  (4.2),     

 . ,     [Miller, 
2002],  (4.5)       
    .

   p  (4.5)   ,    
        , 

   ;        
         [Kagan, 

2002; Kanamori, Anderson, 1975].
    (4.5)   -

         
.       . -

        
[Kagan, 2002],      -

    91   7  M  8.5, 
      1977–2000 . (  

      ).  , 
      ,   -

 [Kagan, 2002],       
  (4.5)  p = 3    -

     -      M > 
8.       4 1,  1 –  

    2  , 
   . ( ,    

    4 1  4 2  ,    
 ,  86%  .)

       -
       

        -
   [Wu et al., 2013] –    -

  (4.5)    p = 3.
 ,   (4.4)   (4.5),  p = 3 -

,        
    : lgL  Mm/2. -

       -
         

 .
    ,   , 

         -
2     e1   ,  -

     v1  .
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 ,       -
.         

   ,       
  .      -
   .

  (4.4)  (4.5)  p = 3 

 lgRm  Mm/2, (4.6)

 Rm –         
; Mm –   .

       
    .  [Kagan, 2002],  -

    (4.6)    
        -

 .     .

 

   (4.6)    ANSS 
ComCat ANSS...,     (USGS),  

  1975  2016 .     
   6.5       80 . -

      CMT [Ekström et al., 
2012].

        . . -
  . .  [ , , 1991; Molchan, Dmitrieva, 1992] 

   . .  [ , 2009].
  1975–2016 .   ANSS   383 ,  

  24        10 -
. ,        -

       S  P 
     (  )  .   

        
 . 

        
 slip: 

• 135 < slip < -45 – , 
• 135 < slip < -45 – , 
• 45 < slip < 135 – , 
•  – .

       -
,        -

  .  383  , 111  -
   , 51 – , 221 –  ( . 4.1).
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. 4.1.       
,       [ , , 1991; 

Molchan, Dmitrieva, 1992]   ANSS  1975–2016 .

    (4.6)    -
         
    

 lgR = A + BMm (4.7)

      (t0 = 0)    -
  : t1 = 2k , k = 1, 0.5,0,...,8.5 (20 -

),        .
  ,       ,  -

     [Utsu, 1961],  
   .      

 (   -  [Utsu et al., 1995],   -
  ),      - -

 [Narteau et al., 2003, 2002]      -
  ,        

  [ , , 2016].  ,  -
          

  .
   (4.7)    -

 4.5  ,  ,    ,  ANSS 
   .

  B  (4.7)     
          

 4.2.   4.1  ,  -
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  (4.7)   (   -
 ,      

      ). 
      .  [Kagan, 2002], 

          -
  .

 ,   B      
      0.5     ( . 

4.2).      (4.7)   
      .  

,   (4.6)    , 
         -

      .  , -
 (4.6)       -

     .      B 
= 0.5.  ,      

        -
 (4.7)  B = 0.5.

. 4.2.   B  (4.7)       
   ,      

(   –  B,   –  95%  
).    M  4.5.    

     4.1
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 4.1.    (4.7)   
      (rmin –  -

  ; max –   ; 
emax –        

 )
  

rmin 0.86 0.80 0.79 0.87
max 0.12 0.14 0.11 0.12

emax 0.53 0.53 0.26 0.49

 (4.6), R  10Mm/2,  ,    10Mm/2,  
    ,    -
   .   R  , -
   :

 100 × d/10Mm/2, (4.8)
 d –   ( )      -

  ; Mm –   ;  100 
     .

 Q(q)     (4.8), -
  q (   ).   -

        ,   
  q    ,  :

 R(q)[ ] = 10 2 × Q(q)10Mm/2. (4.9)

, ,          
,  1  q.

 (4.7)          
  ,   ,   

 (4.8)   , ,    
  ,    Q(q).    

 Q     ,  -
    .

  ,    (4.6) -
          -

 ,       ,   
      . 

,        -
  , ,     

  [Tajima, Kanamori, 1985].
        -

    (4.8),   -
     ,    -

   .   – ,   -
  (4.8)   ,     

  R(q) (4.9)  q = 0.95,0.99.
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  4.3     -
   (4.8),     -

  ( , , )   (  
  ,     ). 
,           -

   0.03×10Mm/2   ,    
. ,    0.02 × 10Mm/2  [Tsuboi, 1956; Wu et al., 

2013]   ,       
,   0.32.

. 4.3.      (4.8),  
          ANSS 

(     ,      
 )

       
     ,   -

  ,   0.03 × 10Mm/2     -
  .        -

     ,    
,       .

       -
       -
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   .

       -
   (4.8)      -

.      (  ,    
  4.2).  : Mth = 4.5,6  Mm  1.1 (Mm – 

  ).  Mth = 4.5  , ,  
  ,  ANSS    ; 

Mth = 6 ,       . 
 Mth = Mm  1.1    [Båth, 1965],  -
        -

    1.1  1.2;     
 1.1,    0.6.  ,    

       ,    
        , -

   4.4.

. 4.4.  ,         M  4.5 ( ), M  6  ( )  M  
Mm  1.1 ( ) (Mm –   ),       

     

   ( )    ( ) -
  (4.8)    M  4.5     

   t     .  -
 ( . 4.5),   ,     log2(t)    

 .      -
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       [Tajima, Kanamori, 
1985].        

   .        
log2(t)   ,         

 .         log2(t)  
          -
,          

  .

. 4.5.   ( )    ( )   (4.8) 
           , 

    M  4.5

      ,     
   :

 f = U + V log2(t), (4.10)

 f –  ,  ; t –      ; U  V – 
 .     2  (4.10) 

 ,          -
        
: t = 2k ( ), k = 1, 0.5,0,...,8.5 ( . ).
      ,    

  (4.10).   ( . 4.2),   
    0.82,    
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(emax)   0.02    ,     
      .      

     (4.9) -
  10      Mm = 9.   

      .

 4.2.   (4.10),    -
     M  4.5      
 . s –      -

  (    % ); U, V –   
(4.10)   95%  ; r –  -

; e –       -
; emax –       

s U V r e emax

 . . 0.03 (5.8%) 0.531 ± 0.0029 -0.003 ± 0.0006 0.91 0.004 0.01
0.04 (7.3%) 0.582 ± 0.0046 -0.003 ± 0.0010 0.85 0.01 0.02

C 0.07 (13.4%) 0.516 ± 0.0093 -0.006 ± 0.0020 0.82 0.01 0.02
0.03 (5.2%) 0.507 ± 0.0037 -0.002 ± 0.0008 0.76 0.005 0.01

 ,        -
     –    r = 

0.76 ( . 4.2).            
    0.03     

    ,  0.5.    -
      (4.9)   

 10 .
       4.3  

   ,   Q(0.95)  Q(0.99)   (4.8), -
     ,  0.5, 1, 16, 

32, 128  362          
.      ,    4.5.   

      ,   
,      4.2;    
  = 0.5.  ,      4.5 -

 Q(0.95)  Q(0.99)      10 – 14%  8 – 
13%, .     

 (4.9)   10  (    
    ANSS 10–15 )  Mm  7,    

   .

 4.3.  /  / Q(0.95)/ Q(0.99) 
  (4.8),    M  4.5   

      (  = log2(t))    
 .      %  -

     
t   .
-1 1.53/ 0.53/ 2.4/ 2.8 1.56/ 0.58/ 2.5/ 2.9 1.40/ 0.52/ 2.3/ 2.6 1.55/ 0.50/ 2.4/ 2.7
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0 1.61/ 0.53/ 2.5/ 2.8 1.62/ 0.58/ 2.6/ 3.0 1.48/ 0.52/ 2.3/ 2.7 1.63/ 0.50/ 2.5/ 2.8
4 1.83/ 0.52/ 2.7/ 3.0 1.80/ 0.57/ 2.7/ 3.1 1.73/ 0.49/ 2.5/ 2.9 1.88/ 0.50/ 2.7/ 3.0
5 1.86/ 0.52/ 2.7/ 3.1 1.82/ 0.57/ 2.7/ 3.1 1.78/ 0.49/ 2.6/ 2.9 1.91/ 0.50/ 2.7/ 3.1
6 1.87/ 0.51/ 2.7/ 3.1 1.82/ 0.56/ 2.7/ 3.1 1.81/ 0.48/ 2.6/ 2.9 1.92/ 0.50/ 2.7/ 3.1
8.5 1.91/ 0.51/ 2.7/ 3.1 1.88/ 0.55/ 2.8/ 3.2 1.83/ 0.47/ 2.6/ 2.9 1.94/ 0.50/ 2.8/ 3.1
% 19.9/ -3.9/ 12/ 10 17.0/ -5.5/ 10/ 8 23.5/ -10.6/ 13/ 10 20.1/ 0.0/ 14/ 13

       
     .     

,   .   -
  R(0.95) (4.9)  Q(0.95)   4.3   -

    ,  Mm  6.5  9   0.5. ,  
 R(0.95) c      R(0.95) 

     .   -
  dR(0.95).      Q(0.99)  

 dR(0.99).  dR > 10  (    -
    M  4.5   10 ),  
 ,        

    .
  ,      -

   dR(0.95)  dR(0.99)  10 , -
  Mm = 8;     dR(0.99)  

  Mm = 9.   ,      
     .  ,  

  ,     M  4.5, -
         Mm  8.

   ( )    ( ) -
  (4.8)    M  6    -

          
.   ( . 4.6),      

         log2(t).  
,      (M  6)   (M  4.5) -

 ,    .

. 4.6.   ( )    ( )   (4.8) 
           , 

    M  6
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     (   –  0.21,   – 0.14), 
          

 (4.10).   U  V  (4.10)   
 4.4,   4.4    ,   -

 . ,  (4.10)   -
      ,    -

  r  0.9,     
    e  0.03,   

emax  0.06.

 4.4.   (4.10),     M  
6       .  – -

  ( )    ( )   (4.8); s 
–        (  

  % ); U, V –   (4.10)   95% 
 ; r –  ; e –  

     ; emax –  -
     

s U V r e emax

  
0.31 (29.3%) 0.833 ± 0.0079 0.035 ± 0.0017 1.00 0.01 0.02

s 0.14 (22.9%) 0.489 ± 0.0062 0.015 ± 0.0013 0.99 0.01 0.01

0.34 (32.7%) 0.714 ± 0.0203 0.036 ± 0.0043 0.97 0.03 0.06
s 0.14 (23.8%) 0.453 ± 0.0117 0.015 ± 0.0025 0.95 0.01 0.04

0.21 (21.3%) 0.814 ± 0.0201 0.024 ± 0.0042 0.94 0.03 0.04
s 0.17 (30.8%) 0.428 ± 0.0166 0.016 ± 0.0035 0.91 0.02 0.05

0.36 (31.0%) 0.871 ± 0.0124 0.038 ± 0.0026 0.99 0.02 0.03
s 0.15 (22.9%) 0.506 ± 0.0088 0.015 ± 0.0019 0.97 0.01 0.03

    4.4,    
, , Q(0.95)  Q(0.99)    (M  6)  12 , 1, 

16, 32, 128  362         
 ( . 4.5).  ,    -

         24% 
    .     Mm 

= 6.5       10 ,  
      -

   ANSS. ,    -
  (4.9)    M  6   -

         
 Mm = 6.5.
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 4.5.  /  / Q(0.95)/ Q(0.99) 
  (4.8),     6   -

      (  = log2(t))    -
 .      %  -

     

t   .
-1 0.80/ 0.47/ 1.6/ 1.9 0.68/ 0.44/ 1.4/ 1.7 0.79/ 0.41/ 1.5/ 1.7 0.83/ 0.49/ 1.6/ 2.0
0 0.83/ 0.49/ 1.6/ 2.0 0.71/ 0.45/ 1.5/ 1.8 0.81/ 0.43/ 1.5/ 1.8 0.87/ 0.51/ 1.7/ 2.0
4 0.97/ 0.55/ 1.9/ 2.3 0.86/ 0.51/ 1.7/ 2.1 0.91/ 0.49/ 1.7/ 2.1 1.02/ 0.57/ 2.0/ 2.3
5 1.01/ 0.57/ 1.9/ 2.3 0.89/ 0.53/ 1.8/ 2.1 0.93/ 0.51/ 1.8/ 2.1 1.06/ 0.58/ 2.0/ 2.4
6 1.04/ 0.58/ 2.0/ 2.4 0.93/ 0.54/ 1.8/ 2.2 0.96/ 0.52/ 1.8/ 2.2 1.10/ 0.60/ 2.1/ 2.5
8.5 1.13/ 0.62/ 2.2/ 2.6 1.02/ 0.58/ 2.0/ 2.4 1.02/ 0.56/ 1.9/ 2.3 1.20/ 0.64/ 2.2/ 2.7
% 29.2/ 24.2/ 27/ 26 33.3/ 24.1/ 29/ 28 22.5/ 26.8/ 24/ 25 30.8/ 23.4/ 27/ 26

  

       
     .  , 

         
 dR(0.95)  dR(0.99)  10 ,   Mm = 7.5; 
  dR(0.95)  56  63 , dR(0.99) – 64 

 79 , .     dR(0.95) 
 dR(0.99)  10 ,   Mm = 8.5;  -

 dR(0.95)  30 , dR(0.99) – 32 .    
     ANSS  10 ,   

    Mm  7.5    -
     M  6    

 .
      -

    (4.8)    M  Mm  1.1 
           

.   ( . 4.7),     
,         -

  ( )    ( )   (4.8) 
    log2(t)    

 .       
  (4.10).
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. 4.7.   ( )    ( )   (4.8) 
           , 

    M  Mm  1.1

       ,  -
    (4.8).     1-  

    (   0.04),   – 0.19 
(28%).     :      

   ,   .  
         -   -
  (28)        M  

Mm 1.1,    1-      ( . 
4.4).            -

, . .   R (4.9)  q = 0.95,0.99   10 . 
,    ,     
  = 0.65 (     [20.5,28.5] ).

         
 16    ,   . 

      -  ,    
        M  Mm 1.1 

 (  15  29; . 4.4 ). ,     
,  ,  ,   = 0.92 (   
  [22,28.5] ).      (  0.45 
 0.53,       0.05),    

= 0.5 ( ).



123

 
   

            
      M  Mm  1.1    6   

  (4.10).     ,  V = 0.

 4.6.   (4.10)    M  Mm  1.1 (Mm – 
  )       

.   ,     4.4

s U V r e emax

  
m 0.32 (27.8%) 0.876 ± 

0.0088
0.032 ± 0.0019 0.99 0.01 0.03

s 0.14 (21.8%) 0.541 ± 
0.0071

0.013 ± 0.0015 0.97 0.01 0.02

m 0.41 (34.9%) 0.851 ± 
0.0351

0.035 ± 0.0074 0.92 0.04 0.07

s 0.19 (28.0%) 0.65 0 - - -

m 0.14 (15.3%) 0.92 0 - - -

s 0.08 (15.6%) 0.5 0 - - -

m 0.33 (28.1%) 0.888 ± 
0.0127

0.036 ± 0.0027 0.99 0.02 0.03

s 0.14 (20.6%) 0.537 ± 
0.0094

0.014 ± 0.0020 0.96 0.01 0.03

  4.6,    , , Q(0.95)  Q(0.99) 
  c  Mm  1.1  12 , 1, 16, 32, 128  362   

       ( . 4.7).  
,      R (4.9) 

 q = 0.95,0.99        22%   
         

 .    Mm = 6.5  8 ,   Mm 
 7  14 .     R(0.95)  R(0.99)  

    14  12% .   
  (  10 ),   Mm = 7.2.   

      R  . 
 ,       

  ,   -
          Mm  7,  
     Mm  7.2.    

M  Mm  1.1,    ,  -
        .



124

   
    

 4.7.  /  / Q(0.95)/ Q(0.99) 
  (4.8),     Mm  1.1  -

       (  = log2(t))   
  .      %  

     

t   .
-1 0.84/ 0.53/ 1.7/ 2.1 0.82/ 0.65/ 1.9/ 2.3 0.92/ 0.50/ 1.7/ 2.1 0.85/ 0.52/ 1.7/ 2.1
0 0.88/ 0.54/ 1.8/ 2.1 0.85/ 0.65/ 1.9/ 2.4 0.92/ 0.50/ 1.7/ 2.1 0.89/ 0.54/ 1.8/ 2.1
4 1.01/ 0.59/ 2.0/ 2.4 0.99/ 0.65/ 2.1/ 2.5 0.92/ 0.50/ 1.7/ 2.1 1.03/ 0.59/ 2.0/ 2.4
5 1.04/ 0.61/ 2.0/ 2.4 1.02/ 0.65/ 2.1/ 2.5 0.92/ 0.50/ 1.7/ 2.1 1.07/ 0.61/ 2.1/ 2.5
6 1.07/ 0.62/ 2.1/ 2.5 1.06/ 0.65/ 2.1/ 2.6 0.92/ 0.50/ 1.7/ 2.1 1.11/ 0.62/ 2.1/ 2.6
8.5 1.15/ 0.65/ 2.2/ 2.7 1.14/ 0.65/ 2.2/ 2.7 0.92/ 0.50/ 1.7/ 2.1 1.20/ 0.66/ 2.3/ 2.7
% 27.0/ 18.5/ 23/ 22 28.1/ 0.0/ 14/ 12 0.0/ 0.0/ 0/ 0 29.2/ 21.2/ 25/ 24

        
        M  Mm  

1.1    (4.7),    ,     
.  ,      dR(0.95) 

= 11   Mm = 7, dR(0.99) = 13   Mm = 7.5.    
 dR(0.95) = 11   dR(0.99) = 11  Mm = 7.   – dR(0.95) 

= 11 ,  dR(0.99) = 12   Mm = 8.5. 
 ,    ,     -

      Mm  7.
   .     
        

   ,    .    
  ,  ,  ,  

,    ( ., , [Tajima, Kanamori, 
1985; Henry, Das, 2001; Wu et al., 2013; , , 2017].  

     [Kaku, 1985]  -
    ,      

   3:4,      -
  . ,      

   , ,     
[Tajima, Kanamori, 1985] 54       

  1963 ., Mw = 8.5.
       

 ,        .   
 ,        12  

   [ , , 2017].   -
 ,   ,     
          -

  (  strike)  ,    , 
,       .   

   ,    -
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,        
  [Delouis, Legrand, 1999].

,   ,   -
,       , -

    [Marsan, Lengline, 2010].       
         -

 ,     [ , -
, 2017].         

        
     ,    
.   (     ) -
          -

     [ , , 2017].
        -

  ,      , -
          

[Wells, Coppersmith, 1994],  ( . 4.8),   -
       (  

   ),       
          -

  .

 4.8.         
       , -

    [Wells, Coppersmith, 1994],   -
    

    
C . . C . .

0.51 0.33 0.61 0.53
0.43 0.32 0.51 0.42

C 0.52 0.34 0.76 0.48
0.54 0.32 0.64 0.58

   ,     -
,        ,   -

       , -
 :

  

 (4.11)

 (4.12)

 (4.13)

 Mm –   ; dL, dP –    
      ,  -
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 strike    strike, ; d –   
     ; E[·] –  ; 

S[·] –  . (E[dL10 Mm/2] = /100, S[dL10 Mm/2] = /100.) 
  dL10 Mm/2  dP 10 Mm/2   -

  (4.8),       -
     .
   (4.11)–(4.13)    -

    ,     
,  strike’       
.         

       ,     
    [Delouis, Legrand, 1999].

 (4.12)       -
.  (4.11)  (4.13) ,    -
          

(4.8),         
.

 (4.11)–(4.13)     -
       -
 Mth       (t0 = 0)   

   : t1 = 2k ( ), k = 1, 0.5,0,...,8.5. 
    r1, r2, r3   Mth = 4.5 ( . 4.8), -

         
 4.9.

. 4.8.   r1 (4.11), r2 (4.12)  r2 (4.13)      
      ,     M  4.5
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 4.9.  /  /   / -
   r1 (4.11), r2 (4.12)  r2 (4.13),   -

    Mth     
 

M0 r1 r2 r3

  
4.5 0.85/ 0.88/ 0.01/ 0.89 0.72/ 0.74/ 0.01/ 0.76 1.00/ 1.02/ 0.01/ 1.03
6 0.79/ 0.82/ 0.01/ 0.84 0.61/ 0.63/ 0.01/ 0.66 0.93/ 0.96/ 0.02/ 0.99
Mm-1.1 0.75/ 0.78/ 0.01/ 0.80 0.68/ 0.70/ 0.02/ 0.74 0.90/ 0.94/ 0.01/ 0.96

4.5 0.89/ 0.91/ 0.01/ 0.92 0.56/ 0.58/ 0.01/ 0.60 1.01/ 1.03/ 0.01/ 1.05
6 0.78/ 0.82/ 0.02/ 0.85 0.47/ 0.55/ 0.04/ 0.63 0.84/ 0.90/ 0.04/ 0.99
Mm-1.1 0.81/ 0.84/ 0.02/ 0.88 0.43/ 0.49/ 0.04/ 0.55 0.98/ 1.01/ 0.02/ 1.06

4.5 0.87/ 0.90/ 0.01/ 0.91 0.70/ 0.73/ 0.02/ 0.77 1.01/ 1.04/ 0.02/ 1.07
6 0.71/ 0.77/ 0.02/ 0.81 0.67/ 0.71/ 0.03/ 0.79 0.94/ 1.02/ 0.08/ 1.22
Mm-1.1 0.76/ 0.79/ 0.02/ 0.83 0.59/ 0.69/ 0.03/ 0.74 0.98/ 1.04/ 0.04/ 1.09

4.5 0.83/ 0.85/ 0.01/ 0.87 0.79/ 0.82/ 0.01/ 0.84 0.97/ 1.01/ 0.02/ 1.04
6 0.79/ 0.83/ 0.02/ 0.84 0.59/ 0.63/ 0.02/ 0.67 0.93/ 0.97/ 0.03/ 1.01
Mm-1.1 0.71/ 0.76/ 0.02/ 0.78 0.74/ 0.78/ 0.02/ 0.82 0.84/ 0.90/ 0.02/ 0.92

  ( . 4.8, . 4.9),   (4.11)–(4.13) -
          -
  . ,    r2 (4.12)   

      -
            

  3:4,     -
 [Kaku, 1985].       

     .  
r3 (4.13)   1,       
(4.8)          

 strike  .
   M  4.5  (4.11)–(4.13)   

     Mth      
 ( . 4.9).   (4.11)–(4.13)  Mth = 4.5  

   .   ,    
      -

  ,  

Mth = 4.5.

      ,  -
      -

.       ,  
       .  

   E[dL] = E[r1],   –    
(4.8), E[r1] –  r1 (4.11)   4.9,    -
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 (S[dL]  ).      -
  Q(0.95)  Q(0.99)    (4.9)   

 .       , 
    r2 (4.12)   4.9.  r1, r2 
   4.9  Mth = 4.5     -

   .        
 ,        
     4.3, 4.5, 4.7.

,    S[dP] (   
        -

  )       
     ,    -

 ,    dP  10Mm/2.     
 ,  dL  10Mm/2 , , ,   ,  

  dL10 Mm/2   .   
      (4.11)–(4.13), 
    M  4.5,     

       ( . 4.9).
 « »  « »   -

,     [ , , 2017]  ,  -
    « » –  

 ,    ,  . 
,      ,    

 .      -
 –       .  

       , -
      ,     
    .

     
    

       
       . 

 :    Mm,    
 (   ),       

t = 2k, k = 1, 0.5,...,8.5,    ,  -
  Mth = 4.5,6  Mm  1.1,   q = 0.95  

0.99,         M  Mth.
  Mth,  = log2(t),     -

  q   Q(q)   4.3 (Mth = 4.5), 4.5 (Mth = 6)  4.7 
(Mth = Mm 1).   (4.9)     
R(q).

        , 
,       ,    

      .     Mth, 
 = log2(t),       q  -
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         (4.8) 
  4.5 (Mth = 6) ,  4.7 (Mth = Mm  1).    4.9  

Mth = 4.5        r1, r2.  
       

    L(q),   r1 ,   
 .        P(q) = 

r2L(q).        -
 .   ,  .

4.2.     
   

        -
      -

   « ».      
   ,    .  

       -
  .     -

,        
  120         -
 6.5  .       -

      
       -

 .

    

       . -
         -
  (   )    

 .       
  ,     

  ,     .  
           

    ,      
  –     .  
      :     
 (   . .  [Molchan, 1991, 2010]).

       -
 .    G.   

        ,   
,  ,  .   -

,     ( . . 4.3),    
       0.03 × 10Mm/2 .
      -
   (  ,    ),  
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         , 
   .        -

     G;  ,    
   q .   G,    -
    ,     

 0.         
  CSEP       -

  (   )    
  [Schorlemmer et al., 2007]. ,   

        -
 .       

    (    -
  )  :

  
 (4.14)

      ;  –  
  (  ); N –   

.      L  -
 .   L (        0),  

 .     S-  [Schorlemmer 
et al., 2007],      L- ,   S-  

     L- .
   ,  (4.14)  

  :    G    G.  G:

 G:

  –    , SG  S  –   G   -
.  ,   G     

,     ,         
 .

        
U =  N,  V –   ,    G.  

 (4.14)     ,  -
   ,    [ , -

, 2017]:

  
 (4.15)
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 L-      ,   -
 ,     .    -

          ,  
  L- ;       

     ,    L- .   
        -

   .   -
      ,   

 L (4.15).
         
 [Molchan, 1991, 2010]     
:  G     -

  –  « ».     -
    ,   –  .  «  

»,       G   
      .  , -
 « »,        

G  ,   .   ,  « » -
  ( , )     (0,1;1,0).    
   .   -

  « »    ,  
 , ,        

,  =  + ,  « » ,  = min(max( , )) [Molchan, 1991]. 
        :

 =  + .

   ,   .
      -

-         -
  .       
-      -

      ,    
  ,       

. ,   « »    -
    .      
 ,       , 

       ,  
        , 

     .
      -

   ,     -
  ,      . 

        
         

  .     -
     ,   L-   
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  [Shebalin et al., 2014].

      -
       -

         -
 [Daves et al., 2010; Molchan, 1991; Shebalin et al., 2000].   

 (  ,   )    
 ,       

 .         
,       -

 /   .
        -

 (    ),     
     .  L-  

     (4.15)    -
.         M 

 6   G     M  6 (  
  )        G  

  .

       
      

     4.1,  ,    
   ,        -

  ,    :

  (4.16)
 Rm –    ; Mm –   . -

      4.1.1.  Rm  -
  50%   [Tsuboi, 1956].     

 .
        

 ,   12    
   .   Mc  

   5    12    .
   Mc.    -

   ,       
 ,     . 

        
Mc     .   ,  

        -
   -   ,   -   
   [   ., 2010; Narteau et al., 2009; 

Shebalin et al., 2011].     12   -
    Mc,    Mc  -
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,   5    12    .  , 
     Mc   20,    

   .
     Mc,    

    [Mignan, Woessner, 2012; Vorobieva, 1999].  
           

        -
  [Wiemer, Wyss, 2000; Woessner, Wiemer, 2005], -

 Maximum Curvature (MAXC). 
       -

,     6   (  -
)    12   1    .  657 

 ,        
 ANSS, 124    ( . 4.9).

. 4.9.       
   ,       

[ , , 1991; Molchan, Dmitrieva, 1992]   ANSS  1980–2016 .,  
  

        -
  ,   .   

  q.      .
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      -
,   ,   

  .       
 .       -

     (    Mc),  
     12 ,    -

    Rm (4.16).
       -

 : ,    (   , 
     ,    

). ,    « », -
         

 .       -
        -

 ,      -
    .

      ,   
 (    ).

      :  -
 ,      (    -
      ):

 
 

 (4.17)

 ( 0, 0) –     ; ( i, i) –    i-  
    (i = 1,...,N); wi –  -

,  ;      .
 ( )     -

,      :

  

 (4.18)

   

   (4.19)

   

  

 (4.18)
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      ( i, i)   -

 10Mi/2,    –     
   ( 0, 0)   , -

  –  ,   –  wi.
,       

      ,    
 ,      
 .       

   Mw = 9.1,  26.12.2004   -
 ( . 4.10).     (wi = 1/N  (4.17), (4.18), . 

4.10 )         
,         , -

 95%      .      
 (4.17), (4.18)  ,     

 ,      ( . 4.10 ).

. 4.10.     ( ), ,   
 12      ,     

,    ,    26.12.2004 
c M = 9.1. ( ) –         

, ( ) –   . : 1 –  ; 2 – , 
   12    ; 3 –    

(4.16); 4, 5 –     ; 6 –  ,  95%  
.

         
          

,       -
   ,      q  
  «  ».     « -
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»;    q = 0.95.     
   .

        -
     [Tsuboi, 1956]    -

 ( . 4.10, [Gardner, Knopoff, 1974]),    . 
       «  », «  

- »  «  », . ,  
   -    -

 ( . 4.10) RL = 0.124+0.983,    -
-        8.

 4.10. -   -  
[Gardner, Knopoff, 1974]

Mm RL ( ) T ( )
2.5 19.5 6
3 22.5 11.5
3.5 26 22
4 30 42
4.5 35 83
5 40 155
5.5 47 290
6 54 510
6.5 61 790
7 70 915
7.5 81 960
8 94 985

        
  ,        [Wells, 

Coppersmith, 1994]:

lg(LR) = 3.22 + 0.69Mm,    (4.21)
lg(LR) = 2.01 + 0.50Mm, (4.22)
lg(LR) = 2.86 + 0.63Mm, (4.23)
lg(LR) = 3.55 + 0.74Mm, (4.24)

 Mm –   , LR –    .  -
   ,       [Wells, 

Coppersmith, 1994]         
(4.21).

        
.      ,  -
    (4.18),     

 .      -
        (4.21)–

(4.24),      .
       .  -

        , 
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      (4.17)  (4.18), 
   (4.21)–(4.24);  RR (    

)   .   ,  
  «  »,     .  

        -
    ,    (1 + q)/2 
   .       

    ,   
, ,          

  (1 q)/2 .
   4.11  4.12    -

 ,      
,       

(26.12.2004, M = 9.1),   (27.02.2010, M = 8.8)  -
  (11.03.2011, M = 9).      

    (4.17),      
(4.18),     (4.19).

. 4.11.   –  (    [Tsuboi, 1956])   
(  , q = 0.95)    ( ),    ( ) 

   ( ). : 1 –  ; 2 –  c M  6, 
  ; 3 –  ; 4 – ; 5 – 
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.4.12.   –     (q = 0.95)  
  ( ),    ( )    

( ). : 1 –  ; 2 –  c M  6,   ; 3 – 
 ; 4 – , 5 –  

 ,    19    
   .    -

   .   –      
  ,      -

   (4.17)       
12  –       (4.19)      

,      (4.19).

   

  L-       -
      4.11   19 -

 .    (     -
)      .  

 L-     (4.15)    -
 ,     q  -

        -
    ,       M  
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Mc   ,       M  
Mc   .         

 q = 0.955,    q = 0.989,    q = 0.987. 
           q = 

0.814,    q = 0.909,    q = 0.9.

 4.11.   L-     -
 .  124      -

 6.5  .     
L  + 

    
 -4508.85 0.05 0.44 0.49
   -4599.51 0.34 0.13 0.47

 –   
 -4534.30 0.06 0.44 0.50
   -4530.62 0.27 0.13 0.40

 -4499.20 0.26 0.15 0.41
,   -4451.84 0.28 0.11 0.39
,   -4674.94 0.42 0.09 0.51
,     -4406.69 0.23 0.13 0.36
,    -4373.52 0.23 0.12 0.35

 -4589.92 0.36 0.10 0.46
   

 -4508.85 0.05 0.44 0.49
   -4490.27 0.03 0.44 0.47

 -4439.51 0.21 0.18 0.39
,   -4400.03 0.24 0.12 0.36
,   -4640.53 0.39 0.11 0.50
,     -4366.89 0.19 0.15 0.34
,    -4368.12 0.20 0.15 0.35

 -4497.14 0.30 0.11 0.41

      (4.11),  
     M  6   c 

  ,    .    
  L-  ,    +  . -

         
    .    -

     .     
  L-    +        

 ,       0.1. ,   
     7.2  8.7   -

 ,          
(4.17), (4.18), (4.20) ( . 4.13).      «  

».    7.2       
,         (« -

 »)    .    L-   -
     7     .
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. 4.13.        
    (Mm)       
. (a) –   L-    (L)     (L0); ( ) 

–   + ; ( ) –   ,    

     L-     q 
= 0.95.    ?  4.14 ,  

  , ,  L-    q = 
0.93,    ,   .     -

 ,       L-   
    0.9-0.95.

. 4.14.   L-   q    ( )   ( ), 
      (4.17), (4.18), (4.20)
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 ,       -
       G.   

  [Shebalin et al., 2014],  L-     
         

  ,        G. 
 ,       L-    

   ,     -
    .   

        ,  
       - -

.       6.5  7.2   
    ,     

    ,       
7%.  ,         

      .
,    (     
,       5    -

  12     «  »  20)   
      ,  

   M < Mc       -
  (4.20) .

  

 q       
:   q,     RR   
 . ,  1  q   -

  ,     .  , 
    q    -

   ( . 8 ),    -
  :  q    ,  

    ,  .   
q,  ,    «  » [Zechar, 
Jordan, 2008; Shebalin et al., 2014].

    q    .  
       ,   

 .   ,     -
       

 .       -
         -

 .    ,    
 q.         -

 («  »),    q   
     , ,    = 

 +       = minmax( , ) [Molchan, 1991].  
         

   ( . ),    
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   =  +  ( . 4.15),      . 
     q = q0 = 0.95.  ,  
 L-       ( . 4.14 ).

. 4.15.   ( ),    ( )       1 
 q    ( ).     ( )   , 

 « », « »  «  »   ( . )

    ,    
   , ,    -

.   q       -
     :  = a  +b .    
  a >> b,   b >> a [Molchan, 1991]. ,  

a = 0.8, b = 0.2,     q = 0.99,   a = 0.2, 
b = 0.8 –   q = 0.87.     

      , -
        . 

     ( . 4.15a),    
   q   .
    q,     q2, 

        ( . 4.15 , 
  ).    q2 = 0.99  -

    ,    -
   («  »).

    q (    -
  )       . 

 ,         -
 q        [Shebalin et 

al., 2014].        («  
»)   q = q1 = 0.87,   -

   . ,  -
  q,  q0, q1  q2,   ( . 4.15 ).
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,        -

         . -
   ,  ,    ,  

 ,     1 q,    , 
 , –       12  
  ,    –    c M  6   

    0.5–365    .   
, ,      1 q ( . 4.15 ).

    ,   -
  1 q      9  124 ,    

    :     -
        -

  -      
. ,     

26.12.2004, M = 9.0  28.03.2005, M = 8.6.     
     - -

     ( . 4.16 ).   –  
   29.03.2015,  = 7.5    

       -
 05.05.2015, M = 7.5 ( . 4.16 ).

 ,   ,    1 q   -
  « »    . -

  ,        
       .

. 4.16.    : ( )  
 26.12.2004, M = 9.0  28.03.2005, M = 8.6; ( )     

 29.03.2015,  = 7.5  05.05.2015, M = 7.5.1 –    ( -1); 
2 – ,   12   -1   ; 3 –  
 M  6,      -1; 4 –    ( -2); 5 – 

 -2,       -1; 6 –  
; 7 –  ; 8 –  
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      -

.       , ,  
  . 

  ,      Mm,   
    ,      

        (   
 )  ,   , -

   4.1.
         12 
   .    -
   .

1.      5    12    -
  «  »   -

 Mc    ,    0.1. 
      20,     Mc 

        12 
  .   M  Mc,   12  
  ,   «  » 

  .   12     -
 ,     12 .    

,          2 
.

2.       -
    (4.17)     (4.20).

3.   (4.18)     L.
4.     (4.18)  ,   

 (4.20),     ,  
     .

5.    –  –  ,  
      RR.  RR ,   

    95%     
(   ,    95%    

 ).

  ,    ,  -
  ,  « » –  ,  
          

   .  « »   
        

 12     .     
       (« , 

« »  « »),     . 
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       -
     ,   

 « » ,    
   (   ).    

        
     .    -
 « » .       

  ,  « » ,  
     .

      ,  -
  ,      , 

        
,   ,    

   .
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 5.   

       , -
   ,  .    -

  ,     ,   
     ,   -
     .   -

        -
  .      ,  -

      .
      -   

  -   - ,  -
        -

,      ,    
   .     

    ,     -
  .     -
    (  3.3)    -

 .      , -
 –   .

    ,   , 
       

  [   ., 2017; Holschneider et al., 2012; 
Kijko, 2004; Knopoff, Kagan, 1977; Pisarenko, Lyubushin, 1996].   -

      .   
,        

        
    ,     -

    ,    
       -

  .
       -

       3.    -
       –   
,        . 

        
 .   ,  ,  «  -

»,       -
       ,   

     .  ,   -
,       . 

 «  »      
      ,   

,      -
   AFCAST (https://afcast.org/afcast/).



147

 
   

       ,   -
 . - ,     

 -  [Reasenberg, Jones, 1989]   -
    -  [Gutenberg, 

Richter, 1956]  -  [Utsu, 1961]    
 [ , , 2016]. - ,    

. -  [Vere-Jones, 1969, 2008]    -
       . 

       -
         

     (  - ).  
 [ , , 2016]     

  .
  . -  (3.15)   -

  -  ( .  3.2)     
      -

    (      
)       -

     [Shebalin et al., 
2018].         [Båth, 1965], 

       -
 ,       -

.   3   [ , , 2018 ] ,   
      (  -

 )     -  (3.15), 
 -  (3.1)     (3.5).  

,     ,   -
   t,      t,   

        -
    -   - ,  -
    . - .  

       -
  :    -

 ,      b -
 - .     

     -     
,   .  ,    

         
-   - .      -

   [ , , 2016]. 
       

  .       
     . 

  ,        
 -        -
.     -    
         -
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.       -
       -

  ,      .  
           

.        
         

,          
      .  , 

      . -
         -

        .
      -

    .      
       -

        
[Schorlemmer et al., 2007].      
. .  [Molchan, 1991]    , 

  - .
 ,      -

        -
       [Shcherbakov et al., 

2018],     - ,  -
-   -    .   -

     . - ,   
       ,    

   ,      -
,        -

. - ,       
      . - -

,         
  -   - ,     

   .    -
        [Shcherbakov et al., 2018].

,    ,  ,  
,         

     .   
       -

.
       

      -
  ANSS ComCat    (USGS) 

[ANSS...].       -
 777        

6.5      1980  2016 .      
       [1992]  -

  . .  [2009].
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 -  ,       
  [ , , 2019 ]  , -
,   -  [Utsu, 1961]:

  (5.1)

 -  [Gutenberg, Richter, 1956]:

  (5.2)

 t –    , ; (t) –    -
  (   ); c, p, b – -

; F(M) –    .
  : Mm –    

  ; T –  ,     
, ;       T = 365 ; M1(t,T) – 

    (t,T) .
   M1(t,T)       

 ,     (tstart,t).  
tstart > 0 ,      -

   [Helmstetter et al., 2006; , , 2016; Hainzl, 
2016; Shebalin, Baranov, 2017];    ,  

    tstart   . -
  (5.1)   (tstart,t)  (t,T)   -

,  [Holschneider et al., 2012]:

  
 (5.3)

 (t,T)  (tstart,T) –     M  Mc  -
  ; D(tstart,t;c,p)   (3.22); 

c, p –   - .
  (tstart,T)    

  (tstart,t)  .     p -
,   (5.3)  (3.22)      

 (t,T)   (t,T).   -
  ,       -
  M,   (5.2);  ,  k -

    M,  F(M)k. ,   
     ,   

       k,  -
   M1(t,T) [Vere-Jones, 2008; Zöller et al., 2013], 

  (3.15)    .
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    M1(t,T)  , 
  (3.15)  (t,T)   (5.3)  (3.22),  -

   c, p  b     -
    (tstart,t)     

(tstart,t).
   (3.15)   , -

      :

  
 (5.4)

     (3.15)    -
 -         -

   ,    . 
    c, p  b    -

    (c,p)   [Holschneider 
et al., 2012]   b   [Bender, 1983],   

 - ,     ,  
    (3.15).    -

   [Shcherbakov et al., 2018],    -
       -

        
  M1(t,T).        

       
 -        -

    .   
        c, p  b. 

 ,    [Shcherbakov et al., 2018],     -
    ,   -

    .
        ( . 

 ) ,     -
        M1(t,T).  

        
  ,      

  ( . ).   ,   
      . -

    (       
     ) 

 .

   

      
 ,        -

 ,   .     
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[Båth, 1965],        -
         1.2 

      .   3.3   -
      

       
    (3.23) –   .

 [ , , 2018 ],      -
       , 

       (  -
,    )      -

     0.65.
    (  3.3)  -

         
 (t,T)  :

  
 (5.5)

 Mm, M1(t,T) –       -
    (t,T)    ; b –  

 - ; M –     
 ; 0(t,T) –      -

 (t,T),   (3.21).    , 
 :

  
 (5.6)

 0 = 0(0,T); c, p –   - ;  D  
 (3.22).

  3 (  3.3)      -
  : b = 1.02,  = 0.117 ., p = 1.06.  5.5  

    0 = 7.5     -
 ,     ( . 3.24); 

        
  [ , , 2018 ].   -

   ,   (5.5)  -
 -      ,  

    .     -
     pdynBath(M,t):

  
 (5.7)

   ,   (5.5).
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  [ , , 2016]     -
       -

  M1(t,T).       -
 [Schorlemmer et al., 2007],  –    [Molchan, 

1991, 2010].
 N –   ,    -

; M1,i, i = 1,... ,N –  ,     
 M1(t,T); g(M;t,T) –    -

  .
   LG(N)    

  -      
        :

  

 (5.8)

 LG(N)  ,     M1,i(t,T) 
        -

     -        
  .

       -
.      ,    -
  ( )    -
,         

 M  . ,      
   ,     (  

)     M1(t,T)   [EdynBath(t) 
 M,EdynBath(t) + M],    (   ) –  , 

 Mi,1(t,T) < E(t)  M  Mi,1(t,T) > E(t) + M,  E(t) –  -
   ,      
  EdynBath(t)   (5.6).    

   M  «  ».    
      ,    

   « »     .
 ,       , -

   (0,1)    ,  -
  (probability gain) [Molchan, 1991; Shebalin et al., 2014]. 

     t      
  = 0.5,   PG0.5.     1 , 
    M1(t,T)    , 
      ,     -

    .   1 ,  
     - ;   

1 – , ,   .
,       , -

  .   [Shebalin et al., 2014] ,  
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 (     )   -
,        -

 . ,   , , 
        

(   ).  ,   , 
 ,        -

.        ,   -
  , ,      , 

    .  « »    
         -

  .      
     :   -

    .    -
  ,   .  

 LG       g(M1,i;t,T), 
 0.001.

   

  ,    ,   
 , ,   ,   

    M1(t,T)    -
    ( )  -

.    , -   -
       

      ,   
        M1(t,T).  

       -
   .     

      .  
777    ,      20  
    ,   0.1  

   –  334 .   Mc 
  Maximum Crurvature (MAXC) [Wiemer, Wyss, 2000; 

Woessner, Wiemer, 2005].
  b     [Bender, 1983] 

(       [Vorobieva et al., 2013]).  
     . .    -

    [ , , 2018 ],  -
    ( )  

 ,     -
 .         

   b,     
    [0.5, 1.5].  334  

        
    ( . 5.1).
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. 5.1.     b.  f(b) ( ) 
  334       Mm  6.5.   

–      Eb = 1.12   
 b = 0.3

     -
   p  -     

[Holschneider et al., 2012].    ,  -
       lg(c). 

      . .   -
     [ , , 2018 ], -

      
(        

   ).   -
 b       -

  p   [0.5, 2.5]  lg(c)   [–3, 1.7]. -
  334      

        5.2.

. 5.2.     lg(c) ( )  p ( ). 
   334       Mm  6.5. 

  –      Elg(c) = 2.3  Ep = 1.05, 
 lg(c) = 1.706  p = 0.25
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    M1(t,T)   -
      -

   b, c, p     -
   (tstart,t)    .

  tstart 

      M1(t,T)   
 tstart. ,       

       -    
        
 . Helmstetter et al. [2006]    

      
 Mm,    Mc   tstart,  

    M  Mc :

Mc = Mm  4.5  0.76lg(tstart),

       .  -
      ,   , 

    . Hainzl [2016]   
    (Mc,tstart),     
,    ,      -

  .      , 
      .

    .    -
      Mc   

(0.01,t)  Maximum Curvature (MAXC) [Wiemer, Wyss, 2000; Woessner, 
Wiemer, 2005].  0.01 .   ,   -

  Mc          
.  tstart     Mc.

 ,    [Shebalin, Baranov, 2017]   
   [ , 2018],    -

  tstart,     b  -
.        

   ,   
 10  ,   

 ,       -
  (0,t).         

[Aki, 1965],      
  b,   ,     b ( , 

,    )    -
       .
   .    ,  -

  c       -
         -
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     Mc [Holschneider et al., 2012].  
  c,  ,     

tstart    Mc.   (0.0001,t)   M 
 Mc    p  -  (5.1).   

tstart = c     [tstart,t]  M  Mc    c, p, -
      M1(t,T).  

   [Holschneider et al., 2012].
       -

    M1(t,T)     
[tstart,t]   777    9  t (0.25, 0.5, 1, 2, 4, 
8, 16, 32  64 .).    T   1 .   

     9  LG  9 -
 PG0.5,    t;    

LPG.       ( . 5.1). 
     ,    tstart -

    [Helmstetter et al., 2006].  -
     ( . 5.1).

 5.1.      -
    (t, 365 .) ,   

9   ,      
 tstart

  tstart   
(1)   5 

  (tstart,t)

   9  (t, 365 
.), t=0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 .

 LG PG0.5 (LG+ PG0.5)/2
  [Shebalin et al., 2017] 409 1.288 1.081 1.184
    402 1.282 1.102 1.192
  [Helmstetter et al., 2006] 401 1.277 1.121 1.199

343 1.273 1.172 1.223

(1)     ,  
     tstart.

 ,       , 
       tstart, 

     .  
,       -

 tstart,     Mm,   Mc.    
      .    tstart 

. .    0.01. - ,  tstart  -
   M t,T    

.   ,  tstart      
        ,  
  -      Mm Mc 

( . 5.3 ).   ,     -
     c,    

    ,   .
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    tstart  -
     .   , 

, ,    ,   -
    Mm Mc ( . 5.3 ).    -

          
 [Helmstetter et al., 2006],   ,   

      ,   -
  .   , ,  

   .       
    ( . 5.3 ),   :

  (5.9)

. 5.3.    tstart    Mm  Mc,  
   ( )      c ( ): )  

 , )       Mc     100.  
Mc   MAXC   [0.01, 4]

  –    ,   
lg(tstart) = (Mm  Mc  3.5)/0.7,     

 [Helmstetter et al., 2006] lg(tstart) = (Mm  Mc  4.5)/0.76.
  (5.9)    

  ( . . 5.1).      -
    tstart.

  .    
        

777        Mm  6.5  -
 t,      0.25 .  64 . c 

    : t = 2j, j = 2, 1,... ,6.
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 ,     -
   (tstart,t)    N0.    -

     .   -
    -     
,     .  N0  

   .     
 N0    4  20     N0 

= 5.        .
       5.2. 

    t   LG  PG0.5  
 1     1.22.  ,   

,        -
,          

       -
    .      

  22%.

 5.2.      
 M1(t,T)

t, . N(1)  
(    

)

   
  

  M1 (t,T)

  [Scherbakov 
et al., 2017]

LG PG0.5 LG PG0.5 LG PG0.5

0.25 107 1.392 1.337 1.222 1.215 1.081 0.743
0.5 180 1.354 1.292 1.224 1.006 1.078 0.756
1 257 1.243 1.218 1.136 1.007 1.036 0.812
2 318 1.273 1.146 1.176 1.034 1.084 0.839
4 362 1.266 1.155 1.201 1.103 1.121 0.929
8 407 1.302 1.093 1.203 1.056 1.116 0.923
16 447 1.148 1.096 1.139 1.045 1.096 0.961
32 486 1.216 1.055 1.178 1.033 1.155 1.014
64 523 1.265 1.159 1.220 1.147 1.206 1.062

343 1.273 1.172 1.189 1.072 1.108 0.893
1.223 1.130 1.000

(1) N –  ,     (tstart, t)   
   5  .

     M1(t,T)   
        , 

          -
  ( . 5.4).      -

         ,   
   (3.15)   M1(t,T) ( , 

,        0.9  0.1) 
    (5.5)   

.     5.5     -
      ,  

       M1 . 
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 LG,       

   .   (0.25 ., 365 .), , 
    1.392,     -

      ( . 5.6 ). -
        5.6 .  

   ,   -
,       M1(t,T)   

.         
    ( ) ,   -

  –   ,     M1    
 (5.5)   ,    –  -

   M1      -
 (5.5).  ,     5.4,   -
 M1        , 

        
  .     -

 PG0.5.  9    5.4  PG0.5  -
   5.7 (  ).  PG0.5, , 

   ,   (0,1)  ( *, * = 0.5).

. 5.4.        
(t,365)      ( )    

   9   t.   , 
     .     
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. 5.5.    M1(0.25, 365) .    
 7.7,  07.07.1990.   –    

   ,    (3.15),  
 –    ,    (5.5). 

      

. 5.6.     M1(0.25, 365) .  
  .       

   (3.15)      (5.5)   
   ( );   ( )

. 5.7.         
       «  »,   

        (t,365) 
.     .     LG, 

 PG0.5,  – (LG + PG0.5)/2.  ,  
«  »
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    ,    
       ,   

       -
     .    

   2018 . [Shcherbakov et al., 2018].  -
          . 

         
,      M1(t,T);   

     5.2.     -
       

 ,      . 
         
        [Scherbakov et al., 2018]. 

      5.2.  ,   
 [Shcherbakov et al., 2018]        -

    ,     
.

    tstart    
    .    -

      tstart , 
       -

    ,  ,   -
   Mm    Mc.  -

,    [Helmstetter et al., 2006]  , 
 ,     tstart.   
       ,  -

   (5.9)   . -
  tstart,    ,   

   M1(t,T).
      – -

        -
      

    lg(c), p, b -
 .      

     (    , 
     ,     

   ),    -
        

,         -
  ( . 5.3).      

      
.
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 5.3.      -
    (t,365) . ,   9 

  ,      -
     b, c, p

        9  (t, 365 .), 
t=0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 .
 LG PG0.5 (LG+ PG0.5)/2

   
 

1.273 1.172 1.223

  1.229 0.976 1.103

 ,        
        

   M1(t,T).
      -

    -    
. - ,     

        -  
   [Romanowicz, 1992].    , 

          
   ,    .

   –     ( . 
 3.4),       -

.         (3.15)  (5.4), 
       -

  .       -
        

M1(t,T),         
.      -

   .
       -
   -  [Utsu, 1961].    ,  

      [Narteau et al., 
2002].        « » , -

      -
 [Narteau et al., 2003],    .   

        -
       

 ,     [Narteau et al., 2002]. 
,       -

        -
  ,     1.

       -
        20%.  

 -     ?     
    «  »,    
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       -
    .  ,   c  p 

 .  b   ,     -
.   «  »   

 5.7.    LG  PG0.5   
 ,        

M1(t,T)    .
 «  »     

 1.8.   ,      .  
    20%    40%    -

.    ,       
 t   .  , - ,  , 

      (3.15),     (5.5)   
 t [ , , 2019 ].

 5.7      
     . -

    , - ,   -
       -

.       -
        -   

 .
          

       M1(t,T).  
,      ( , - , -

        
      -

 )       
      M1(t,T),  -

   . ,     
       ( . 5.8 ) -

 ,       ( . 
5.8 ),      (0.21  0.39). 

        
M1(t,T)  ,  ,  

  ,   0.45.   
        -

   ,    M1(t,T),   
 « »         

  ,    -
 0.66.

 ,     (  -
     )  -

         
M1(t,T).       -

      -
   (t,T)   (3.15).  ,   
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        -
    1%.

. 5.8.     (4,365)   
   (4, 365 ) .   (5.3)  (3.22)    

N(4,365)   362  ( . . 5.2). )       
    (    

); )    100   -    
 

      -
       -

       . 
       -

    AFCAST (www.afcast.org/afcast).
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 6.   
  

      ,   -
      ,  

   .    
  ,     . -

         
       

  .      
    .   -

  (  3.3),    -
         

 ,       
  .      

      .   
        
    .   -

    .    -
        -

,     .
        

    , ,   , -
       

   AFCAST (www.afcast.org).  
        

 ,     ,  
     .

      ,  -
        

.       Mm  2 
  (Mm –   ).     -

         
   .

        -
   .       

       
 .    , 

   ,      
,        -

     .  ,  
,          

   (  -  [Utsu, 1961];    -
   5.1):
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 (6.1)

,   p  1    
 ,   ,   -

      .    
       -

   , ,   -   
1811–1812 ., M = 7.0 7.4 [Stein, Liu, 2009].    

     . -
,     , T,      

 ,   ,    (t,T)  -
    .

      -
.         

         -
 ,   -  (6.1).  -

   .  [Ogata, 1989, 1999]   -
  ETAS (1.20).     -

   .   ,     1.3.2, 3.2 
 3.3,  ETAS,       -

       , 
       ,     

    .
       -

  ,     (rate-and-state 
friction) [Dieterich, 1994],     1.2. -

         
S    (1.7a),     -  

 p = 1    K  c,   (1.14). 
   ta,   (1.8), -

     : ta = A / .  
 t  ta      .  

,   (1.14), ,     , 
   c.   [Shebalin, Narteau, 2017]  -

,   c    .  ,  -
      .
  ,     

     rate-state, –   -
.   [Toda, Stein, 2018] ,    -

       
     ,      

   .      -
       -
,     .
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 .      -
     -

      :
•    ANSS ComCat  -
  (USGS) [ANSS...];
•       -

     [   ...];
•      ,    -

      1971-1986 . [ -
...]    [   ...];

•         
  [   ...].

        
        

    6.5      1980  2017 ., 
    –  1962   2018 .   6 

 ,    –  1960   2016 .   5  , 
   –  1960  2014 .   5.5  .

   

        
   .    -

     [Saichev, Sornette, 2005; Tahir 
et al., 2002; Shcherbakov et al., 2018].     -

       [Shcherbakov et 
al., 2018].    ,   ,   

        -
  ,     ,    

     .
       -

 ,     -    -
    .      

    ,      
  - .    

         
       -

   .
       
          -

 ,     .
  ,     
 .       ,  

      .  ,  
      -

 [Utsu, 1961] (6.1).      t -
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    ,   -
     T (      

T = 365 .)   ,   [Holschneider et al., 2012]:

  
 (6.2)

  

 (6.3)

  ,        
 (0,T)      :

   (6.4)

 ,   k     , 
   < T,  F( )k.   (6.4)  -

 k,       -
       (    

< T):

  

 (6.5)

 (6.5)     :

   (6.6)

,   (6.5)    0   = 0.    
,     ,      

    ,   ,  
  .        -
          [Marsan, 

Helmstetter, 2017].     3 (  3.3),  -
      -

       
    :
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 (6.7)

 0      .  -
  (  3.2), 0     -

   ( . 3.15)   ( . 3.18) .  -
        

 .
 ,  0      , 

  0.          
     .  -

 , ,    (6.7). -
  (6.5)  (6.6),       

    (    < T):

  
 (6.8)

  
 (6.9)

    (6.8)   0, -
       = 0.   

 0,        -
 .  0     

    .   -
  –2.0.       

     (   [Båth, 1965; -
, , 2018 ]),   ,    -

     .   
          

. ,   0    (6.8)  (6.9)  -
  2  0.   ,    -

 ,          
,    .   [ , 

, 2019 ],       
       - , -

  0         
 ,        

   (6.5), (6.8).

   

       
    ,      

.         -
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  .      
 ,       

.      ,  -
   2,        

       Mm  6.5, -
  .

 1.  . .   . .  [ , -
, 1991; Molchan, Dmitrieva, 1992].      2.4,  

       -
.        -

     ( ) .  
      . 

    –    -
 (    )     ,  

   .
 2.   .    ( . 

 2.1)  ,      -
   ,     .  

     ,    
    .  ,    

  12         
.       .  

      « » -
,     12 .      -

      « »   
,        -

        
 .       

 r0 = cf100.5Mm.        -
  0 < t  T.

    ,   -
   M  6.5,      

    .   
       

 r0.
 3.  «  » –   –

-  [Zaliapin, Ben-Zion, 2013, 2016] ( .  2.2.3). -
  i  Mi  6.5     ij 

(2.16),    0.    -
       -

  rij  cf100.5Mi.      j  
 kj < ij,     k,    

 i,  tk < tj  Mk > Mj.       
[Shebalin, Narteau, 2017; Shebalin et al., 2018].

 4.        – 
  – -  [Zaliapin, Ben-Zion, 2013, 2016]. 

       .  -



171

 
     

  ,       -
  0   ij (2.16).        

   12 .   ,     3, -
   rij  cf100.5Mi.    

       
     (2.16).    -

     ,   
    3,       -
          

 ,   .
  6.1        

   2    M  Mm  2  
 (0,365)     M  Mm  2,   -

     t   -
 r       -

     K2   M 
 Mm  2.  cf  0   2, 3  4   , 

   t   r    
    1.

. 6.1.        
2 ( ),  ( )    ( )     

        
   M  Mm  2      ( ). 

    K2   M  Mm  2. 1 –  
   1; 2 –   2; 3 –   3; 4 –   4 ( 0 = 0.000002, cf = 

0.02 ., b = 1, df = 1.3)
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    6.1,   2  , 
   ,  .  2 > 

20     , ,  , -
      .  , -

 2           
.  3  4      2.  

         
0.     3     -
 [Zaliapin, Ben-Zion, 2016],    4  0    -
 .    4     

    ,       
  ,       -

,   .

  

   ,     -
  .      M  Mm  2 -

  (6.8) ,       
 - ,   (6.2)    : 

2, c, p.    2,      
      M  Mm  2 

(   (6.8)  2 = 0).
 c  p    :   p /  

 c,      (6.8) -
  1         

  (0,T) .  ,      
 c    [Dieterich, 1994],  

  1.2,    ,   c   
  .

  3.2  ,   2   
 .    ,   -

           
  .   6.2    -

   2      
  (Mm  6.5)      (Mm  

6.0).     2      
     M  Mm  2. -

, ,    2     
    .      ,   -

        10  
100 .
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. 6.2.   2       
( )     Mm  6.5, 1980–2018 .; ( )    Mm  6.0  -

 . 1 –   2   ,  
       50    5  (  

      50 ); 2 – -  
    ( . )

        -
 -   (6.10a)  -

   (6.10b)      ( . 6.2).

  

 (6.10a)

  

 (6.10b)

 ,   (6.8)    -
   ,   4    

    2 ( . 6.1).     
      2   -
,          

   ( . 6.1).

 6.1.       
  

      2 , . p   

0-10 5.0 0.01 1.25 233
10-30 8.5 0.005 1.14 674
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30-50 6.6 0.001 1.06 410
50-100 1.75 0.01 1.00 401

- , Mm  6.0 12.0 0.002 1.20 218
, 
 
Mm  5.0 2.8 0.001 1.05 152

, Mm  5.5 3.2 0.001 1.11 443

    c    -
     ,   

   ,    
,      [Narteau et 

al., 2009].   [Shebalin, Narteau, 2017]    
 c    .  , ,  -

 c       ,   . 
       c   -

 10 4  10 1 ,      
    2–15 ,      -

   .      
         ( . 

6.3 )    40 ,    c   10 2  10 3 

.          -
  -   [   

 ...] ( . 6.3 ). ,      40  -
 c      10 2    

10 3 ,     40  100    . 
 ,       c  

        . -
        , 

        c  
    .       

 c    ,    
 ( . 6.1).

. 6.3.    c  -      
,     [Shebalin, Narteau, 2017]: )    

  , )  -  .   
    ( )     

 95%
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   c  ,     

[Shebalin, Narteau, 2017]      ( . 6.1).
   p  -  (6.1)  -

         
     .   -

  -       
p    ( . 6.4).   ,  ,  

       
 ( . 6.1).      

 M  Mm  2.       -
 ,    t = 10(2 3.5)/0.7 = 0.007 . ( . ).  

 p       [Holschneider 
et al., 2012]   [0.01, 365] .    , 

        
[Narteau et al., 2009].

. 6.4.   p      : 
( )    Mm,  6.5, 1980–2018 .; ( )   Mm  6.0  -

 . 1 –   p   ,  
       50    5  (  

      50 ); 2 – -  
    ( . )

    p    
-       

 (6.11a)     (6.11b)    
  ( . 6.4).

  

 (6.11a)
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 (6.11b)

         
     p.   

     -   ( . 6.1).
    2    -

        
          -

  ( . 6.5).    
  (6.8)      6.1.  

      ,    
     -

    .    
 h  50     (   0.99  -

 ),   h = 30 50  (   
0.52).   ,       -

      -  (6.1)    
 (6.8)   c  p     , 

      . 
       

    (    
)   c,      

 .

. 6.5.        
  2   , Mm  6.5 (   )   : 

0  h < 10, 10  h < 30, 30  h < 50, h  50 ;    ( ): -
 , Mm  6.0,  , Mm  5.5,  , Mm 

 5.0.    (6.8)    . 6.1  
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 ,       
     .  

tstart,       ,   -
    Mm     Mc 

[Helmstetter et al., 2006;   ., 2019].   [   ., 2019] 
   ANSS   ( .  -

 5,  5.3):

   (6.12)

    (6.4)       
    [Holschneider et al., 2012].  -

      .    
 (6.5)    [0,T].     

      . 
     (  )   b  

-          
   .  ,    -

 nc(tstart,t0)   M  Mc   [tstart,t0],   -
    (6.5)    Mm  2  

 :

  
 (6.13)

  Dc,p   (6.3).
 c  p       -

 [tstart,t0]     [   ., 2019]. ,  
 ,   c     ,  

       .  
 b     [Bender, 1983] (  -

     [Vorobieva et al., 2013]) c  
      [  

 ., 2019].        
[ , , 2018 ].      -

      c, p, b.   
        

    (6.13),      c, 
p  b.    ,       -

 .
       -

    [   ., 2019]   -
  LG      -

-  ( .  4).   LG  
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    [Schorlemmer et al., 2007]:

  

 (6.14)

  (6.14)   -  (  ) -
   (6.9),      -

.
     2   

  t0 = 0.5 .     -
    .      

-    2  -    
p       (6.10a)  (6.11a)  
(6.10b)  (6.11b) ,    c   -

       6.1.      
     c   -  -
 2    6.1.   ,  -
 [   ., 2019],       

nc(tstart , t0)  5.   (6.14)   -
    .     6.2.

 6.2.      -
   M  Mm  2     -

   [0, 0.5] .
  N  nc(tstart ,t0)  5 LG(N)

  ANSS, Mm  6.5 181 1.48
-  , Mm  6.0 32 1.59
, Mm  5.0 10 1.39
, Mm  5.5 4 1.64

    6.2,      -
   0.5 .      -

,      50%.
      -

  2.          
   .    

[   ., 2019],       
« », « »  « »   10%, 90%  50% -

.
  ,        

       -
         
 .  ,     .  -

 ,    ,   
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   2.     -
     .    -

.      2      
   , ,    12  

 .        -
     ,  ,   

       , 
     ,   

   .       
      .

        
      - , 
   .       

     .   
       -

     2.   
  ,     ,  

,      
   50%.

         
   , ,   ,  -
     -

   AFCAST (www.afcast.org).      
  ,     -

   .  ,   
        -

  .     
 ,     .

        -
   ,   -

  ,  ETAS     
 .    ,     
      , 

         , -
  ,    .

       -
.     – -  [Zaliapin, 

Ben-Zion, 2013, 2016],       
     .   

   ,   
    c ,   

 -  [1991],      -
    . , ,  -

           
 .   ,  « »  

    – -     
 « – »      
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,   -  .  , 
 – -      
   .
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 7.   
  

       
     (AFCAST).  -

   ,    3–6.    
 ,   ,    -

 ANSS ComCat [ANSS...]    (USGS), -
   .      

     4.5.      ,  
  ,     

 .   AFCAST    3.
 AFCAST  4  (  )  -

   ANSS ComCat.     
      6.5  ,  

  .       M 
 6.5   ,     -

   :
•  ,      , 

   4,  4.1.4;
•    ,    

(t,365)     (t = 0.01,2j, j = 2,...,7)   
10, 50  90%;

•        Mm  2  
 (Mm –   )   10, 50  90% ( . 
 6.4).

  12        -
  (   10    -

     )  
 ,     M  5.5    

 4.2.6.     (   ), -
    « », « »  « -

» . « »    ,  
       

     –   
 .  ,     -

        ,  -
  « » .     

          
,     « » .

       -
 (2j, 365)         2j, 

j = 2,...,7     5.    -
 10, 50  90%.      

3 URL: https://afcast.org/afcast/



182

   
    

 (   5      
 ),      

  ( .  3.4).
       -

  12         6.5. -
      (   5 -

      ), 
    ( .  6.4).

    AFCAST,   , -
        2004 . 

         
       .

 AFCAST    :   -
.   (    MATLAB)    

   ANSS ComCat,      
     .   

  WEB-    .    
       

     ,  -
 ,   . WEB-  AFCAST    

Internet, URL: https://afcast.org/afcast/.
       

       AFCAST,   
-       -

.

7.1.    AFCAST
   AFCAST    AFS, 

   MATLAB ( . 7.1).

. 7.1.    AFS.  «START», «STOP»     
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   AFS  ,    
     MATLAB  Mathworks4 

   R2016a   (toolboxes) Statistics and Machine Learning 
Toolbox, Mapping Toolbox, Database Toolbox.    

    MySQL Server Community Edition5. 
  MATLAB  MySQL   

(        -
 ),        

    .  
    Intel :   

 Intel Core I5,     4 ,    -
 100 .  : Microsoft Windows 7  , Ubuntu 

14.04 LTS – 15.10, Red Hat Enterprise Linux 6  7, SUSE Linux Enterprise 
Desktop 11  12, Debian 7.x, 8.x  Mac OS X 10.11 (El Capitan)  Mac 
OS X 10.10 (Yosemite).

 AFS       
    :    -

      ANSS ComCat [ANSS...],  
    ,    

 ,      
 « », « »  « » ,  -
   ,     

          -
 .

       
4  (     )   ANSS 
ComCat  6    (USGS),   

      -
 CMT7.    1      

    USGS.   12   -
        Quick CMT 

(   CMT,  « »  ).
        -

 .         
  6.5,     ,   

   ( ,    -
)        ,  

   (Mm): Rm = 0.03×10Mm/2  ( .  4.1).  
     ,   

    .

4   Mathsoft: https://nl.mathworks.com.
5   MySQL: https://www.mysql.com.
6   ANSS ComCat: http://earthquake.usgs.gov/data/comcat/.
7    CMT [Ekstro¨m et al., 2012]: http://www.globalcmt.org/.
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      12  (  
),      0 –  12  

  ;   12   365 ,   1;  
 365 ,   3 (  ).

       : 
estArea –  ,     -

 c M 5.5; est_rM1 –    ; 
estDuration –       M  Mm 

 2.
     estArea.  

       
 .  estArea   -
,   [ , , 2018 ] (  -
 2018660099).      

  M  5.5.
 estArea     .   

 12    ,      -
        -

    ,     (Mm): 
Rm = 0.03×10Mm/2  ( .  4.1).      

.
   12    ,   -
   Mc  MAXC [Wiemer, Wyss, 

2000; Woessner, Wiemer, 2005]    5    12   -
    .     -
   .     12   -
    7 (  )  

 M  Mc,   ,    , 
 ,      .

     12     -
   7   M  Mc,   ,   
 365     M  5.5     

4.2.    –   ,    
      (« », « » 

 « »).  ,     -
 ,  ,    -

   . « »  –   
 ,    q = 0.95 (    12 

   ,  ). , -
  , ,      -

   . « »   -
 ,     q    -

   –       0.99. « » 
 ,       

. « »    , -
           

q        [Shebalin et al., 
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2014] –       0.87. ,   -
       -
     ,  -

  ,    ,   
  .

      
est_rM1.        -

   .  est_rM1  
 ,   [ , -

, 2018 ] (   2018661090).
 est_rM1     .    
  6    ,     -
      

     (3.23),    3.4. -
     (t,365)    

,  t = 0.01,2j  j = 2, 1,...,7.
      0.25  (6 )   

, ,     (   10   
 Mc    5   M  Mc    

 -   - ),   
   , rM1,    

   ( .  5,  5.3).   
,    rM1    

 (3.23).
   est_rM1    

rM1    (    (t,365) 
     rM1   10, 50, 90%, -
  ,    

.
  est_rM1   ,  

:
*      -  

    (bayGR),  -
 2018618074 [ , , 2018 ];

*      -   -
   (bayMOL),   

201866049 [ , , 2018 ].

     estDuration. -
    ,      

   M  Mm  2.     
.      12    ,  

       (6.8), -
         

(6.10a)  (6.11a), .  6.4.
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  12       
        -

       (6.5).   
     (t,365)    -

       -
 ( .  ),    ,   

   Mm  2   (6.13)    p, -
    ,  (6.10a)  (6.11a).   

       , 
       

.
   estDuration   -

      M  Mm  2    
  (t,365)   ,   rM1   10, 50, 

90%,   ,   -
 .

7.2.    AFCAST
   AFCAST   WEB-

,   WEB- ,    
    php   -

      MySQL.    -
    ftp-    MySQL Server 

Community Edition.
   AFCAST    :

• index – ,       
    (   M  6.5) –  

  AFCAST;
• aseq – ,       

 ,     (M  5.5) ;
• m1 – ,       

    ;
• tau – ,       

      M  Mm 2 (Mm – -
  ).

   .   index ( . 7.2) -
   ,     , -

   .  index ( . 7.2) 
   :   

     (    2004 .); 
        

       .   
     -

   8 ,      -
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   Open Street Map,    
.

. 7.2.      AFACST. ( ) –   
      (  - ); ( ) –   
  ,   :   –   (   

  ),   –   (    
 ),   – ,      

     (     ); 
( ) –     :     

  ( ),      ; ( ) – 
       ( ); ( ) –  

   ( )

     ( . 7.2 )    -
  ( . 7.2 )     ( . 7.3)  

      . -
       .   

  ( . 7.3 )      -
    ( .1),   -
  ( .2)     ( .3).
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. 7.3.     AFCAST c ,   
     . ( ) –    

       ,     
 Mc,  ,      

      ; ( ) –      USGS 
c    ; ( ) –       

   ( .1),     ( .2)  
   ( .3)

     aseq.  -
  ,     , -

        ( .1)   
 ( . 7.3 ).   aseq    ,   

  ,   -
 .

    ( . 7.4)   -
    :     -

  ,     
Mc ( . 7.4 ).    ,  

   ( . 7.4 , ).    
 ,          

   png.

. 7.4.    aseq  AFCAST c     
. ( ) –         

; ( ) –       ; ( ) – 
       .  

     ,   
( . 5),        
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,    ,     

( . 7.5).   ( . 7.5 )  ,   -
 .      , -

 ,     ( . ). 
       

      ( . 7.5 ).   -
 ( . 7.5 )        

AFCAST ( . 7.2 ).        
( . 7.5 ),        

  (  , ,  , 
,       USGS  GCMT )  

 .      -
   ( . 7.5 ).

. 7.5.    aseq  AFCAST c   ,  
  ,   ,  

  . ( ) –       
(         ); ( ) – 

 ,     ,   ,  
  ; ( ) –  ,     

       ( )

 aseq ( . 7.4, 7.5)    -
:     ,    
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      ANSS ComCat;  
        -

      ;  -
  ,       -

   .     -
      8 , 

        Open Street 
Map,    .

      
m1.          

 ( .2)    ( . 7.3 ).   m1   
 ,     ,  

  .    ,    -
   ,    -

, aseq ( . 7.4).        
,         -

 .
       -

 ,       -
  rM1     ( . 7.6).  

    (t,365)      
  10, 50  90%,    

,   .    -
       (t,365)  
       ,   

 .

. 7.6.    m1  AFCAST c    
  rM1    .   –  

    rM1    (t,365)    
     ,    . , 

,    – ,     
     (t,365)     (t – 

starting time),    10, 50  90%



191

 
     

  ( . 7.7)      
       -

  ( .  7.1.2).

. 7.7.    m1  AFCAST c    
  rM1      . ( ) – 

   [0,t],        
:  Mc,tstart –   ,      ; NMc –  

   [tstart,t];   -  (a,b)  -
 (,p). ( ) –        

NMc,     rM1   (t,365) ,   
        

10, 50  90%. ( ) –      ,  
  [0,t]     :   

 Mc,    – tstart. ( ) –   
 ,    [0,t] :   , 

 –    - . ( ) –    
  :  –  ,   –   

 -       ( ). ( ) –  :  
   ,   –     

[0,t] ,   –     (0,365) ,  
 –   

  m1    ,    -
 ,    . 
   ,       ,  

  , aseq ( . 7.4).    
    ,    -

      .
     ( . 7.7 ) ,  

  .    -
   ( .  5.3):  (Mc, tstart) –   , 

     ; NMc –   
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   [tstart, t];   -  (a,b)  
-  (c, p),     . -

 ( . 7.7 ):       
   (t,365) ;  (  )  

     rM1;  
 (  )      

    10, 50  90%.
     :  -
    ,    [0,t]  

    ( . 7.7 ):   
 Mc,    – tstart;  -

   ( . 7.7 ),    [0,t] 
;       ( . 

7.7 ),          
-       ( ).    

 ( . 7.7 ):   ;  -
   t ,    ;  

    (t,365) ,   -
  (  ),   (t,365)   

 .

      -
  M  Mm  2 tau     -

    ( .3)    ( . 7.3 ).   
tau    ,     , 

   .    
,       ,   -

 , aseq ( . 7.4).      -
  ,       -

   .
  ( . 7.8)      

    M Mm ,    -
  ( . 7.8 ),      ( . 7.8 ), -

         
png.       ( . 
7.8 ),   10, 50  90%.
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. 7.8.    tau  AFCAST c    
   M  Mm  2. ( ) –      

     ,    
 (Pa)  ,     12     (Ps). ( ) – 

   ,    10, 50  90%  
  (t, initial)  ,     12    

. ( ) –       
,     (  )   ,   
  12     (  )

7.3.      
    

   AFCAST     
     (    -
      ,    

 ,    ,  
      ) 

    .
         

AFCAST     MySQL 
Server Community Edition8 c   .

 MySQL Server Community Edition     
AFCAST   . - ,   -

, MySQL   ,    -
         

(Microsft Windows, Linux, MAC OS X  . .).    , 
       -

 AFCAST   -  . -
,   AFS     IBM PC c  

8   MySQL: https://www.mysql.com.
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 Microsoft Windows,    –    
   Linux,     -

    WEB . - ,  
   MySQL Server Community Edition   

    ,     
  (MariaDB, Percona Server)   

 .  ,     
       Community Edition -
 Oracle,    . , - , MySQL 

         
 WEB ,    KeyCDN9.  ,  -
        -

  ,        
        .

  .  ,    -
    ,  « »,  

,       , -
 « ».  ,    AFCAST  

   –   .    .
   AFCAST   6   ( . 7.9): 

catalog, mains, aftersh, regions, m1, tau.     
     .

. 7.9.        AFCAST 

9  KeyCDN, https://www.keycdn.com/blog/popular-databases.
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 catalog ( . 7.9)   (  -
  Id,   ,  , ,  , 

URL     USGS  URL     
)    c 2004 .   ANSS ComCat. -
   Id    . 

       T   -
     .

 mainsh ( . 7.9)      ( -
  M . ):    Id,  (Place), 

 (Status),    (Mc),  -
    Global CMT (gcmtMT),   
   ANSS ComCat (anssMT).  gcmtMT  anssMT -

      JSON;     
       MySQL, -

    JSON.   Id -
   ,      «  

 »   catalog.       
        Id.

 aftersh ( . 7.9)    :  
    (rId),    

(IdM),      (Id),    
   (RTime).  aftersh    mainsh 

 «   » (     
 )   IdM-Id, .   -

        .  
mainsh   «   »   catalog   Id 

        .
 regions ( . 7.9)    ,  
  (M . ) :   -

   (Id),    (IdM),   
(Code),   (Name),     (RusDescr)  -

 (EngDescr) ,   (Reg),  -
  (Coord),   (Area),    

 (InReg)   (OutReg) , ,    
 (Quantile),  L-  (LTest),    

 M .  ,       
(nu).     .  Reg  Cord  

     JSON;     -
       MySQL,  

   JSON.    -
    (IdM)    «  

 »     mainsh.    -
     .

 m1 ( . 7.9)     -
  :    (Id), 

   (I),   (Code),  -
,     (rT0, rT1),  -
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  (Info),     (RusDescr)   
(EngDescr) ,   (Name).  Rating  -

.  Info       JSON; -
          

 MySQL,     JSON.  -
      (IdM)  -

  «   »     mainsh. 
        .

 tau ( . 7.9)     
    M Mm :   

 (Id),    (IdM),   (Code), 
 ,     (rT0, rT1), -

   (Info),     (RusDescr) 
  (EngDescr) ,   (Name).  Rating -

 .  Info       
JSON;         -

   MySQL,     JSON. -
      -

 (IdM)    «   »    
 mainsh.        

 .

  .     
     MySQL Server Community 

Edition.       -
 :

•      mainsh,  -
  (Id)    catalog;
•     aftersh,   -

 (Id)    catalog;
•      aftersh,    

   (Id)    catalog;
•       (  

regions),    (  m1),  
  (  tau)   ,  -

  (IdM)      (mainsh) /
   catalog.

        -
   (   ).   

         AFCAST 
   (FOREIGN KEY)    

 (ON UPDATE CASCADE)   (ON DELETE CASCADE) 
  «   » /  «  -

  ».
      , , 

    (mainsh),    



197

 
     

      catalog.    
   ,   .   -

      (regions, m1  tau)  
  .  ,   -

     mainsh,     -
 (  catalog).       

  mainsh       -
   c  (regions, m1  tau).     

    (  catalog)   
 .  ,      

(   )     (mainsh),     
         
 (regions, m1  tau).

       
.         ANSS 

ComCat       AFCAST  -
        .   -

         , 
         

WEB .       -
     .  ,   

         -
.   –     AFCAST 

     c    
 .   –       -

    .
         php, 

    .    
          

 (        ).    
,    ,    

      .   
      -

 .          -
,          .

        -
  ,      . 

    ,    -   -
. ,   12     -

       .
    (      

     )   . , 
    ,    -

    zip-    .   
       sftp- .  

       php- ,  
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       -
      .    

  -        -
           -

   .
  ,         

   ,      -
 AFCAST.      ,  AFCAST 

 4  (  )    (  
 ,         ).  
   -    ,   -

 AFCAST       -
      .    

 AFCAST    4-  .  
 AFCAST    .

   ,    AFCAST 
    ,   2016 .,  -

        -
     ,  

   ,   -
 3,          

(  5, 6).
   AFCAST    -

          -
.
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     -  -

     . 
     -

    -     
     (  .   . ). 

   .   
     -

. ,    , -
       -

  ,   -
.     ,  

    , ,    
  :      

 ,     - ,     -
.  , ,    -

        - . 
   .     -

    ,       
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  ,     -
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 .  ,     

,   ,     .  
      �-   -

,  c, p  -     
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       -
       ,   

       -
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    ,   -
       .  

         -
   ,    .    

     ,   
      ,    -
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,   .

   ,    -
,       12    
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  ,    
12    .      -

  « » –   , -
        , -

         
.       – -

         -
 .

      
         

    .   -
         -
 .        

     .  
        -

 ,      -
 . 

      20  40%   
 ,     .   -

  80%  «  » (  -
  ,      

)    .  -
 ,          

       -
.        -

        
          

.
       -

     .     -
        -

        
     .    

        -
,      -    

       -
.   « »      -

    .
       -

      12   -
 .       

      .  
  ,    ,  -
 ( )     . 

         -
   .    .  
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      .    
      -

 .
     -

 ,       AFCAST 
     , 

  2017 .   ,   . -
          

  ANSS ComCat    (USGS); 
      -

 CMT.    AFCAST    , 
URL: https://afcast.org/afcast/.       

      
  6.5  .

      
       -

,   ,    -
,         

    .
       , -

 « », « »  « » , -
    . « »  (  «  

»)     ,  
       (  , 

 ,   )    
   . « »   

  . « »  («  ») 
    ,    

          
. « »    ,   

    . « »  
 ,       -

      
 –    .     

          
,   « » . 

   AFCAST    -
          -

     .



202

   
    

  :   -
     -

  «      » 
(   ),      -

     «  »  
«   »,      

 :   , -
  ,   ,   

,   ,   -
,   ,   , 

  ,   . 
     (   ), -

      « -
    » (  )   -

   ,    «   
»,        -

,         
«   »   ,   

      . 
       -

   :    
 (USGS),     ANSS 

ComCat;       (Northern 
California Earthquake Data Center);     -

  (Southern California Earthquake Data Center);  
  (JMA);  GeoNet,  ,  

  EQC, GNS Science  LINZ;   -
    (Istituto Nazionale Di Geo  sica E Vulcanologia); 

 The Global Centroid-Moment-Tensor (CMT).
      -

  (   16-17-00093 –    7), -
   :   17-05-00749 

«        
» (    1–3)   19-05-00812 «  

     -  -
» (    4–6)       

   - 19-119011490127-6 «   -
,      »,  

      14.W03.31.0033, 
       AAAA-A16-116070550057-7 

«   ,   
   ,    

,         
      ». 
       , -

     .
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