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�Q=}O=DU=� u=}r}rH xrr=O@a
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QO C=aiO x@ xRQrTB w xrRrR 'xRQrV}B x@ |}xRQr nwr=D=m l} uOQm =RHt =} |Ov@xWwN
QO '|}xv=}=Q |=yOm uOw@ TQDUO w CrwyU p}rO x@ "CU= xOW xO=iDU= xrRrR Q]N p}rLD
� QvOQ=o |=ysD} Qwor= R= QDW}@ uwvm =D Qw_vt u}O@ '|QDt=Q=B |=y|UQQ@ uwO@ OQ=wt ?re=
xwqa =yxrRrR |Ov@xWwN |=Q@ 'Q[=L |xar=]t QO "CU= xOW xO=iDU= nQ@vR} Q w hwB wv
xO=iDU= �ETAS� =yxRQrTB Q}oxty |r=wD |v=tR � |}=[i pOt R= |DvU |=yVwQ Q@
"Ovm|t ?aWvt =Q OwN |=yxN=WQ} R 'O=ONQ l} xvwoJ OyO|t K}[wD xm CU= xOW

=yxRQrTB Q}oxty |r=wD pOt |q=@ |}=v=wD w |Dq=tDL= C}y=t p}rOx@ xm OvO=O u=Wv G}=Dv
|UOvyt Cw=[k |=Q@ u; R= xO=iDU= '=yxRQrTB Q=DiQ Q@ |[=} Q |x]@=Q l} j}@]D QO
"CU= ?U=vt Q=}U@ |}xRQr nwr=D=m l} R= xDU@=w |=yxrRrR hPL Qw_vt x@ QDxv=y=o ;
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Q}oxty |r=wD pOt '|}xQHvB pOt '|Ov@xWwN 'xrRrR nwr=D=m %|O}rm u=oS=w
"|Qwt; |x]@=Q '=yxRQrTB

xtOkt "1
R= =yxrRrR |Ov@xWwN |=Q@ [3]'�2002� u=QoWywSB |NQ@ "OwW|t s=Hv= |r=tDL=
Q}oxty |r=wD pOt l} VR=Q@ =@ QwmPt VwQ QO "OvOQm xO=iDU= |Q=t; |=ypOt
|rY= |xrRrR l} xrRrR Qy xmv; p=tDL= '=yxrRrR |=yxO=O x@ 8�ETAS� =yxRQrTB
Ov}=Qi pOt |=v@t Q@ pOt u}= "O};|t CUOx@ 'OW=@ |Qo}O |xrRrR |xRQrTB =}
'O=ONQ l} xvwoJ xm OyO|t K}[wD w O@=}|t xaUwD |v=tR � |}=[i |}xN=W
|=yVywSB x@ O}v=wD|t QDW}@ |xar=]t |=Q@� Ovm|t ?aWvt =Q OwN |=yxN=WQ} R

[12�4]�"O}vm xaH=Qt 'xOWs=Hv=
CQwY |v=OvJ C=ar=]t uwvm =D u=Q}= |}xRQr nwr=D=m |Ov@xWwN XwYN QO
nQ@vR} Q |xrRrR |Ov@xWwN |=yVwQ [13]'2014 p=U QO|WywSB QO "CU= xDiQov
w d=O |xB wm CN=Uu}tR |}xRQr |x}L=v pt=W� u=Q}= Cqi p=tW |=Q@ p=Dv�wQo w
xO=iDU= 'ZMAP Q=Ri=sQv R= u; QO w OvOW xU}=kt Qo}Om} =@ �u=H}=@ QP; � RQ@r=
u=Q}= |=Q@ xOW|Ov@xWwN nwr=D=m G=QNDU= x@ [15]'2015 p=U QO u}vJty [14]"OW
42�22 w |kQW |xHQO 66�42 |}=}i=QeH |xOwOLt |va} u; Qw=Ht |L=wv w
xOt; CUOx@ pmWr=OLDt nwr=D=m "OW xDN=OQB 2012 p=U =D "s 4 uQk R= |r=tW
hwB wv-QvOQ=o |v=mt � |v=tR |xQHvB VwQ R= |a=O@= w |@}mQD |WwQ R= xO=iDU= =@
VwQ G}=Dv =@ pY=L |Ov@xWwN G}=Dv 'xU}=kt |=Q@ w OW |Ov@xWwN Qt=y VwQ w
xm |OQwt =yvD O}=W "OvOW xU}=kt ZMAP |Q=Ri=sQv |xDU@ R= xO=iDU= =@ nQ@vR} Q

|=yxrRrR "2 &pkDUt |=yxrRrR "1 %OQm |Ov@s}UkD xwQo wO QO u=wD|t =Q =yxrRrR
=} 1xv}W}B |xrRrR uwJty |v} w=va =@ =Q pkDUt |=yxrRrR "Qo}O |xrRrR x@ xDU@=w
'4xRQrV}B '3xRQrTB =Q xDU@=w |=yxrRrR xm |r=L QO "OvQ@|t s=v 2|rY= |xrRrR
|Ov@xWwN R= |}=yv hOy u}=Q@=v@ "Ovt=v|t 6xOW?aWvt =} 5xOWxWwN |=yxrRrR
QvOQ=o "CU= xOWQmP |=yxDUO x@ QwmPt |=yxrRrR |Ov@xk@] 'nwr=D=ml} |=yxrRrR
x@ xDU@=w |v=mt w |v=tR pY=wi u}}aD R= xO=iDU= =@ [1]'1974 p=U QO hwB wv �
OQ@ Q=m QB sD} Qwor= "OvOQm `=O@= =Q |v=mt � |v=tR |xQHvB VwQ '=yxrRrR |=oQR@
|}xRQr |xWwN l} QO =yxRQrTB |=y?=aWv= =D OyO|t =Q xR=H= u}= [2]'nQ@vR} Q
xrRrR u} QDnQR@ \ki C}=yvQO 'xWwN l} h} QaD u=tR QO "O=O p=YD= Qo}Om} x@ =Q
VwQ syt Q=}U@ |xaUwD "OwW|t xDiQo Q_v QO xWwN u; |rY= |xrRrR u=wvax@
u=}@ xm CU= 7|Qwt; uwv=k |=v@t Q@ |v=mt � |v=tR pY=wi R= xO=iDU= 'QwmPt
=yxRQrTB O=OaD '|rY= |xrRrR ẁkw u=tR x@ C@Uv u=tR uOW |QBU =@� Ovm|t
w OvDUy |v}aD nQ@vR} Q w hwB wv � QvOQ=o |=y sD} Qwor= �"OQ=Po|t p=wR x@ wQ
I}y uDiQoQ_vQO uwO@ xRQrTB w |rY= |xrRrR x@ =yxrRrR |Ov@xDUO =yu; QO

pw�Ut xOvU} wv �
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WwN|va} 'OwW|t pta j} Q] u}ty x@ R}v =yxRQrV}B OQwt QO "OvwW|t xDiQo Q_v

xRQrTB l} x}@W QwmPt |xRQrV}B 'OyO MQ |r=wD QO ,=Oa@ xrRrR u} QDnQR@ Qo =
|r=wD QO xrRrR u} QDnQR@ |=oQR@ =@ j@=]t |v=tR |xQHvB ,=@k=aDt w Ow@ Oy=wN
R}=tD s}kDUtQ}e w s}kDUt |=yxRQrTB u=}t sD} Qwor= u}= "OwW|t h} QaDR=@
=Pr "�=yxRQrTB |=yxRQrTB =@ =yxRQrTB pUv u}rw= u=}t |va}� OwW|tv p�=k
hrDNt |=yxar=]t |=Q@ Ovv=wD|t =yxRQrTB |=Q@ QwmPt |Y}NWD |=yxQHvB
"OQw; CUOx@ =Q =yu; |@=}xv}y@ |=yVwQ =@ u=wD|tv ,qwtat w OvW=@ Cw=iDt
� QvOQ=o |x]@=Q =@ j@=]t xOWQmP |=yxQHvB |v=tR |xR=@ w pw] '1 pwOH QO
QvOQ=o |x]@=Q =@ j@=]t =yxQHvB |xR=Ov= R= |@} QkD [1]"CU= xOW x�=Q= 'hwB wv
w 2 |=yxrO=at QO 'u}= Q@ xwqa [1]"CU= xOW x�=Q= 1 |x]@=Q QO 'hwB wv �
xOW x�=Q= 'Qt=y w p=Dv�wQo \UwD =yxQHvB |=Q@ xOWx�=Q= u} Ro}=H |=yQDt=Q=B '3

[22]"CU=
l = 100 1238�M+0 983 [km]

t [days] =

8<:100 032�M+2 7389M > 6 5
100 5409�M�0 547M � 6 5

(1)

l = e1 77+(0 037+1 02�M)2
[km]

t [days] =

8><>:
���e�3 95+(0 62+1 7 32�M)2 ���M > 6 5
102 8+0 0 24�M M � 6 5

(2)

l = 100 804�M�1 024 [km]

t = e1 235�M�2 87 [days] (3)

nQ@vR} Q 10|Ov@xWwN VwQ "2"3
|}=[i|WvmQOv=|L=wv T=U=Q@|}=yxWwN x@ =yxrRrR 11Ovw}B R= xO=iDU= =@ nQ@vR} Q
'QwmPt VwQ QO "OQm `=O@= =yxrRrR |Ov@xWwN |=Q@ =Q |O}OH VwQ '=yO=ONQ pwL

[1]"hwBwv � QvOQ=o VwQ QO =yxQHvB O=a@= "1 pwOH
(M) L(km) T (days)

�=oQR@� �QDtwr}m x@ pw]� �RwQ ?UL Q@ u=tR�
2 5 19 5 6
3 0 22 5 11 5
3 5 26 22
4 0 30 42
4 5 35 83
5 0 40 155
5 5 47 290
6 0 54 510
6 5 61 790
7 0 70 915
7 5 81 960
8 0 94 985

xOW xO=iDU= u=Q}= |=yxrRrR |Ov@xWwN |=Q@ =yxRQrTB Q}oxty |r=wD pOt R= u; QO
u=Q}= |=yxrRrR nwr=D=m |UQQ@ =@ u; QO xm OW=@ [16]'2016 p=U QO |WywSB 'CU=
=yxRQrTB nwr=D=m w ?=NDv= xrRrR 15 '2013 |r= 2002 |=yp=U pY=i OL QO
|}xQHvB VwQ "1 %Cw=iDt |Ov@xWwN VwQ 3 R= xO=iDU= =@ QwmPt |=yxrRrR |=Q@
[17] 'C}tU= QB wm w Rrw |}=[i |}xQHvB |xOWKqY= VwQ "2 'hwB wv � QvOQ=o
|v=tR |=yxQHvB ?=NDv= Q=F; w xOQw; CUOx@ [18]'p=Dv�wQo w OQ=NQw@ VwQ "3 w
|UQQ@ Cw=iDt |v=tR |=yxQwO ?=NDv= =@ hwB wv � QvOQ=o VwQ QO hrDNt Ckwt

"OvOW

xar=]tOQwt |x}L=v "2
lQDWt pYi QO u; |Q}oQ=Qk w u=Q}= ?wvH QO u=oRtQy u=DU= |}=}i=QeH x=o}=H
u=DU= =D CU= xOW ?@U |RmQt u=Q}= w u=Qmt 'TQo =R |@ wUQ |Q=DN=U |xvyB xU
ẁkw [19]"OW=@ xDW=O |}xS} w |DN=Uu}tR |}xRQr w |U=vWu}tR x=o}=H 'u=oRtQy

\=@DQ= |xOvyOu=Wv 'u=oRtQy u=DU= QO sy x@l}ORv j]=vt QO OOaDt |=yxRQru}tR
|=yxRQrTB l}miD '`k=wt |Q=}U@ QO w xOw@ xk]vt u}= QO hrDNt |=yxRQru}tR
VywSB QO "CU= Q=wWO Q=}U@ |Oa@ |xRQru}tR |=yxRQrV}B w xRQru}tR l}
|}=}i=QeH ZQa |x}L=v QO xO=ONQ QDW} Q 4 R= QDnQR@ |=yxrRrR |t=tD 'Q[=L
u=oRtQy u=DU= |xOwOLt xm|kQW |xHQO 59�53 pw] w|r=tW |xHQO 29�26
|y=oDUO |=yxrRrR� 12016 =D 1964 |v=tR |xR=@ QO 'OvyO|t VWwB ,qt=m =Q
xm CU= xrRrR 1504 pt=W QwmPt |xawtHt "�1 pmW� Ov=xOW |UQQ@ �j}kO
w 1990 06 11 |=yM} Q=D QO QDW} Q 6 5 |=oQR@ =@ |}=yxrRrR '=yu; u} QDnQR@

[20]"Ov=xOw@ 1999 04 03

=yxrRrR |Ov@xWwN |DvU |=ysD} Qwor= "3
9|}xQHvB VwQ "1"3

Qo}Om} R= =yxRQrTB w |rY= |=yxrRrR R}=tD |=Q@ xO=U VwQ l} '|}xQHvB VwQ
|v=tR |xR=@ QO xm |}=yxrRrR 'nwr=D=m QO m |=oQR@ =@ xrRrR Qy |=Q@ "CU=
QO u; |=yxRQrTB u=wvax@ 'OvyO MQ l(m) |v=mt |xR=@ w �(m) XNWt

xar=]tOQwt |xQDUo QO QDW} Q 4 R= QDnQR@ |=oQR@ =@ |=yxRQru}tR RmQt wQ "1 pmW
|UOvyt w |U=vWxrRrR |rrtr=u}@ x=oWywSB� 2016 |r= 1964 |v=tR |xR=@ QO

"�[21]xrRrR
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|xDU@ |HwQN� xO=iDU= OQwt nwr=D=m QO OwHwt |=yxRQru}tR RmQt wQ "2 pmW
"�ZMAP |Q=Ri=sQv

"�ZMAP |Q=Ri=sQv |xDU@|HwQN�|}xQHvB |=yVwQ R= pY=L G}=Dv "3 pwOH
|=yxrRrR O=OaD |=yxrRrR ẁtHt O=OaD OQwt VwQ

pkDUt =yxWwN QO OwHwt =yxWwN xO=iDU=
467 1037 217 hwB wv � QvOQ=o
304 1200 191 p=Dv�wQo
868 636 191 Qt=y
1203 406 105 nQ@vR} Q

u=@ R x@ w [14] ZMAP |Q=Ri=sQv |xDU@ ?r=k QO |}xQHvB |Ov@xWwN |=yVwQ
|=yxRQru}tR RmQtwQ '2 pmW QO "CU= xDiQo Q=Qk u=QoWywSB TQDUO QO ?rDt

"CU= xOW s}UQD ZMAP R= xO=iDU= =@ |}xRQr nwr=D=m QO OwHwt
|=yO=ONQ O=OaD w =yxrRrR O=OaD '=yxWwN O=OaD %pt=W� |Ov@xWwN G}=Dv
|=yxQHvB Q@ |vD@t |DvU |=yVwQ R= xO=iDU= =@ 'OwHwt |}xRQr nwr=D=m �xDU@=w
VwQ u}vJty w Qt=y 'p=Dv�wQo 'hwB wv � QvOQ=o |=yVwQ %pt=W '|v=mt � |v=tR

"CU= xOW x�=Q= 3 pwOH QO nQ@vR} Q |Ovw}B

=yxRQrTB Q}oxty |r=wD 16|Ov@xWwN VwQ "4
'CU= xOW EL@ =yu; OQwt QO uwvm =D xm |Ovw}B |Ov@xWwN VwQ w |}xQHvB VwQ
?=NDv= "CU= p=YD= |xrY=i =} =yxQHvB |xR=Ov= |=Q@ |}=yQDt=Q=B ?=NDv= pt=W
Cw=iDt |xOW|Ov@xWwN |=ynwr=D=m x@ QHvt QwmPt |=yQDt=Q=B |=Q@ Cw=iDt Q}O=kt
,qwtat xOWQmP |=yQDt=Q=B ?=NDv= "OwW|t xv}W}B |R}NxRQr Cw=iDt |=yu}tND w
Cw=iDt w Qo}O pLx=Q "OQ}o|t CQwY =]N w |aU =} w |UOvyt Cw=[k T=U=Q@
MQv uOQw; CUOx@ |=Q@ |Dq=tDL= |=yVwQ R= xO=iDU= 'xOWQmP |v}aD |=yVwQ R=
|Ov@xWwN VwQ [3]'2002 p=U QO "CU= |}=RxWwN |=yxir-wt w xv}W}B |R}NxRQr
pOt Q}_v |rOt R= xO=iDU= =@ |Dq=tDL= |=yQDt=Q=B u}vJ uOQm =O}B |=Q@ |Q=t;
Qy xmv}= p=tDL= u=wD|t pOt VR=Q@ R= TB "OW O=yvW}B =yxRQrTB Q}oxty |r=wD
VwQ "OQm x@U=Lt =Q 'OW=@ xOW?aWvt O=ONQ l} =} xv}W}B O=ONQ l} 'O=ONQ
|v=tR |xrY=i ?=NDv= "1 %CU= xO=O Ow@y@ j} Q] wO x@ =Q j@=U |=yxw}W 'QwmPt
u}=Q@=v@ w O};|t CUOx@ xOWVR=Q@ Q}oxty |r=wD pOt T=U=Q@ xOWxv}y@ |v=mt �
C=@U=Lt xD@r= "CU}v =yQDt=Q=B |=Q@ |Q=}DN= Q}O=kt uDiQo Q_vQO x@ |R=}v Qo}O

[2]"nQ@vR} Q VwQ QO OQ=Ov=DU= |=yQDt=Q=B Q}O=kt "2 pwOH
xv}W}@ xv}tm OQ=Ov=DU= Q=Okt QDt=Q=B
2 5 0 5 1 RwQ �min

15 3 10 RwQ �max

0 99 0 9 0 95 p1
1 0 0 5 xk

1 8 1 6 1 5 xxmeef
20 5 10 rfact

|xaUwD "OW Oy=wN QDnQR@ =yxrRrR O=OaD uOW QDW}@ =@ xrRrR |=yxWwN |xR=Ov=
?=NDv= |rY= |xrRrR l}ORv QO VvD `} RwD T=U=Q@ |WvmQOv= |x}L=v |}=[i
|tD} Q=or |xv=DU; R= xO=iDU= =@ =Q |}=[i VvmQOv= |x]@=Q [2]'nQ@vR} Q "CU= xOW

%CU= xOQm h} QaD 4 |x]@=Q j@=]t
Log d (km) = 0 4M0 � 1 943 + k (4)

0 Q@=Q@ =yu; u} QN; |=Q@ w 1 Q@=Q@ xrRrR u} QDnQR@ x@ C@Uv xrY=i |=Q@ k 'u; QO xm
x@U=Lt u; |=Q@ |WvmQOv= |x}L=v xm CU= Q_vOQwt |xrRrR |=oQR@ M0 w CU=

"OwW|t
|=yO=ONQ |t=tD "CU= |Qwt; uwv=k T=U=Q@ |WvmQOv= |x}L=v |xaUwD
|rY= |xrRrR 'xrRrR u} QDnQR@ u; QO xm Ovvm|t h} QaD =Q xWwN l} 'xOWpYDt
|=yQDt=Q=B Q}O=kt "OvwW|t s}UkD =yxRQrTB w =yxRQrV}B x@ QDlJwm |=yxrRrR w
|=ypOt RmQt QO xm|}=yQDt=Q=B |xvt=Ou}vJty wnQ@vRQ |Ov@xWwNVwQ OQ=Ov=DU=
"CU= xOW x�=Q= 2 pwOH QO 'Ov=xOW xO=iDU= 12�RLEM� =}vQi}r=m |xrRrR u}tND
QO =yQDt=Q=B Q}}eD =@� OUQ|t Q_v x@ |Q=}DN= QwmPt |=yQDt=Q=B ?=NDv= 'u}= OwHw =@
R= QwmPt VwQ QO �"Ovvm|tv |v=OvJ Q}}eD xOWpY=L G}=Dv 'xOWh} QaD |xvt=O

%OwW|t xO=iDU= |v=tR |xR=@ u}}aD |=Q@ 5 |x]@=Q
� = � ln (1� p1) t=102(�M�1)=3 (5)

|=Q@ wQ V}B |xOy=Wt u=tR |xv}W}@ w xv}tm ?}DQD x@ �max w �min u; QO xm
|Qwt; |x]@=Q p=wR MQv QO u=wD CU= p1 XNWt p=tDL= u=R}t =@ |Oa@ |xrRrR

"CU= �M = Mmax � xxmeef w 1 Q@=Q@
=D xk Q=Okt x@ s=o Qy QO xxmeef QF-wt |xv=DU; |=oQR@ '=yxWwN |] QO
"(xk;Mmainshoch) O@=}|tV}=Ri= xWwN QO O=ONQ u} QDnQR@ |=oQR@ x@ uO}UQ
'xWwN l} CN=U |=Q@ wHwCUH u=tR |xv}tm %�min %5 |x]@=Q QO u}vJty
wHwCUH u=tR |xv}W}@ Q=Okt %�max 'OW=@ xOWv xWwN pw= O=ONQ xm |r=L QO
Qw_vt x@ |Oa@ |}xWwN O=ONQ uOW =O}B p=tDL= %p1 '=yxWwN CN=U |=Q@
%M '=yxWwN QO =oQR@ u}}=B |xv=DU; V}=Ri= %xk '� |xOy=Wt u=tR |x@U=Lt
QDt=Q=B "OvDUy nwr=D=m QF-wt u}}=B u=Qm %xxmeef 'xWwN QO O=ONQ u} QDnQR@ |=oQR@
xm CU= |O}OH O=ONQ |] QO xrRrR Qy pwL 13|a=aW |=ys}UkD O=OaD rfact

"OwW|t xDiQo Q_v QO xWwN R= |DtUk u=wvax@
xDi=} xaUwD |OOaDt |Q=Ri=sQv |=yOm 'xOWQmP |Ov@xWwN sD} Qwor= |=v@t Q@
sD} Qwor= V}=Q} w u} QN; "Ovvm|t xO=iDU= =yu; R= u=QoWywSB u=vJty w CU=
w 14?rDt u=@ R x@ CLUSTER2000 |Q=Ri=sQv |xDU@ ?r=k QO '|Ov@xWwN
p@=k 15�=m} Qt; |}=}i=QeH C=aq]= |xUU-wt� USGS x=o}=B R= R=@ Om CQwYx@
Qo}O x=Qty x@ |Ov@xWwN sD} Qwor= Qo}O hwQat |xNUv u}vJty "CU= Ci=} QO
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WwN?Q[pY=L R= CQ=@a xm CU= u=tR � =[i pOt |twta sQi 'xOWu=}@ pOt

\@=wQ uOW QD|OQ@ Q=m |=Q@ p=L "CU= uOW |}x]kv Ov}=Qi w uOW |}xN=W Ov}=Qi
%OwW|t xO=iDU= 9 |=yx]@=Q j@=]t X=N `@=wD R=

u (x; y) = �u0 (x; y)

k (M) = Ae�(M�M0)

g(t) =

8<:(P � 1)CP�1(t+ c)�P t > 0
0

f(x; yjM) = 1
2�de
(M�M0) exp

�
�1

2
x2 + y2

de
(M�M0)

�
(9)

|wQ |Q=wty `@=D u0(x; y) Qo = 'xOW xORu}tND COW `@=D l} |=Q@ '=yu; QO xm
u=wvax@ ,qwtat w CU= C@Ft w pwyHt QDt=Q=B l} � 'OW=@ xar=]tOQwt |x}L=v
pwyHt |=yQDt=Q=B =@ k(Mi) u}vJty "OwW|t xDiQo Q_v QO xv}W}B |R}NxRQr MQv
R= �=yxRQrTB� xOW?aWvt |=yO=ONQ Q=_Dv=OQwt O=OaD u=wD|t =Q A;� > 0
|=oQR@ p=tDL= |r=oJ `@=D R= xO=iDU= =@ xm CiQo Q_vQO Mi |=oQR@ =@ |O=ONQ
u}= xmv; ZQi =@ w �QDW} Q � nQ@vDwo p=tDL= |r=oJ `@=D u=ty =}� O=ONQ l}
CUOx@ 10 |x]@=Q R= 'CU= u=Um} =yxRQrTB w =yxrRrR |=Q@ p=tDL= |r=oJ `@=D

%O};|t
kA;� (Mi) = A exp [� (M �M0)] (10)

=@ |O=ONQ R= xOW?aWvt O=ONQ l} u=tR p=tDL= |r=oJ `@=D g(t) u}vJty
11 |x]@=Q j@=]t w |Qwt; uwv=k R= xO=iDU= =@ xm CU= ti u=tR QO Mi |=oQR@

%Ov=pwyHt P > 1 w C > 0 u; QO w O};|t CUOx@

gc;p (t� ti) =

8<: (P�1)
C

�1 + t�ti
C

��P ! t� ti > 0
0!t� ti � 0

(11)

R= xOW?aWvt O=ONQ l} u=mt p=tDL= |r=oJ `@=D R}v f(x; yjM) QDt=Q=B
pwyHt |=yQDt=Q=B R= xO=iDU= =@ w CU= (xi; yi) u=mt QO Mi |=oQR@ =@ |O=ONQ

%OQm |U} wvR=@ 12 |x]@=Q CQwYx@ =Q u; u=wD|t D; 
 > 0 w q > 1
fD;
;q (x� xi; y � yijMi) = q � 1

�D exp [
 (Mi �M0)]�
1 + (x� xi)2 + (y � yi)2

D exp [
 (Mi �M0)]

��q
(12)

|O=ONQ =} xv}W}B O=ONQ l} xrRrR Qy '=yxRQrTB Q}oxty |r=wD pOt QO
uwU;wB pOt R= xO=iDU= =@ xv}W}B |=yO=ONQ "OwW|t xDiQo Q_v QO xOW?aWvt
xJ |r@k |=yO=ONQ w OvwW|t O}rwD 'CU= C@=F u=tR QO xm u(x; y) COW =@
xOWu=wva COW =@ =v=t=v uwU;wB Ov}=Qi R= xO=iDU= =@ 'OvW=@ xOW?aWvt xJ w xv}W}B
'xrRrR u}t)=j xmv; p=tDL= pj Qo = [11]"OvwW|t O}rwD 8 |xrO=at CU=Q CtU QO
j@=]t '8 |xrO=at swO CtUk R= 'OW=@ Ov}=Qi u}= QO xOW?aWvt |xtWJ l}

[3]%O};|t CUOx@ 13 |xrO=at

pi;j = pi;j =

8><>:
k(Mi)g(tj�ti)f(xj�xi;yj�yj jMi)

�(tj ;xj ;yj jHtj) ! tj > ti

0! tj � ti
(13)

Q=wWO w Q@u=tR Q=}U@ Ov=wD|t ,qta =yxO=O x@ Q}oxty |r=wD pOt VR=Q@ x@ \w@ Qt
VwQ QO 'OW=@ xDW=O \@=Q |xRQrTB l} \ki xrRrR l} xmv; |=H x@ "2 OW=@
=} xRQrTB VOwN xm OQ=O OwHw |Y=N p=tDL= 'xrRrR Qy |=Q@ '|Q=t; |Ov@xWwN

[3]"OW=@ Qo}O O=ONQ l} ?@Ut |xrRrR
(i =xRQru}tR N =@ ZwQit |}xRQr nwr=D=m l} |=Q@ xm O} Q}o@ Q_v QO

w pw] 'u=tR |xOvyOu=Wv ?}DQD x@ Mi w yi 'xi 'ti %|=yQDt=Q=B &1; :::; N)

QwmPt nwr=D=m "OvW=@ nwr=D=m u; QO O=ONQ u}t)=i |=oQR@ w RmQtwQ |}=}i=QeH ZQa
f(ti; xi; yi;Mi) : i = 1; :::; Ng |}x]kv |wor= u}vJ u=wvax@ u=wD|t =Q
|} wor= u}vJ O=H}= "CiQo Q_v QO [0; t]� s� [M0;1] |xOy=Wt |xQHvB QO
u=mt QO =Q =yxRQru}tR O=ONQ Ov=wD@ xm 'OQ=O |}x]kv Ov}=Qi l} R= xO=iDU= x@ R=}v
� |}=[i |}x]kv |=yOv}=Qi "Ovm pkDvt xOWQmP |xOy=Wt |xQHvB x@ u=tR w
xO=O xaUwD |}xRQr C}r=ai uOW|}xWwN |xO}OB K}[wD |=Q@ |OOaDt 17|v=tR
xYqN C=Q=@a u}= ?r=e QO u=wD|t =Q =yu; |xOta |=y|oS} w xm CU= xOW

[3]%OQm
u=wvax@ =yO=ONQ |xv}W}B '=yxrRrR O=ONQ 18uOW |}xN=W Ov}=Qi QO �hr=
|a@=D =yu; O=ONQ MQv xm OwW|t xDiQo Q_v QO 19xDU@=wQ}e OQivt |=yO=ONQ

"CU}v xDU@=w u=tR x@ w CU=oQR@ w |}=[i u=mt R=
OQwt O=OaD "Ovm|t O}rwD |}=yxtWJ ,qkDUt OwN |=Q@ 20xN=WQU O=ONQ Qy �?
x@ xDU@=w XNWt |xN=WQU l} R= xOW?aWvt ,=t}kDUt |=yxtWJ Q=_Dv=

"CU= xN=WQU |=oQR@
|tD} Q=or `@=D 'O}OH |xOW?aWvt |xtWJ l} Qwy_ =D u=tR p=tDL= `} RwD �G

"CU= pkDUt =oQR@ R= w xOw@ u; |xN=WQU x@ C@Uv u=tR R=
xDU@=w 'xOW?aWvt |xtWJ l} M |=oQR@ w �x; y� u=mt |Dq=tDL= `} RwD �O

"CU= u; s}kDUt |xN=WQU �; � u=mt w M� |=oQR@ x@
=Q =yxrRrR O=ONQ |=Q@ |}x]kv uOW |}xN=W Ov}=Qi R= Cr=L u}= ' ẁtHt QO

%OQm u=}@ 6 |x]@=Q j@=]t 21|]QW COW `@=D l} R= xO=iDU= =@ ,qt=m u=wD|t
� (t; x; y;M jHt) dt dx dy dM = Pr� (t; x; y;M jHt)

dt dx dy dM = Pr
�
X \ (t; t+ dt)� (x; x+ dx)

��y; y + dy
�� (M;M + dM) jHt	 (6)

"CU= t u=tR =D =yxrRrR O=ONQ |xJN} Q=D u=tR � =[i |=oQR@ u}@t Ht 'u; QO xm
OQwt |v=tR |xR=@ QO xm CU= |}xOWC@F |=yxrRrR |xJN} Q=D Ht xm OwW xHwD
|]QW COW `@=D 'xOWu=}@ C=}[Qi |x}=B Q@ "Ov=xOW C@F u; R= p@k w xar=]t

%CWwv 7 |x]@=Q CQwYx@ u=wD|t =Q |v=tR � |}=[i pOt |=Q@
� (t; x; y;M jHt) = �� (M)�� (t; x; y;M jHt) (7)

p=tDL= |r=oJ `@=D ��(M) = � exp[��(M �M0)]; � > 0 'u; QO xm
8|x]@=Q R=��(t; x; y;M jH) wCU= �QDW} Q �nQ@vDwo |x]@=Q� =yO=ONQ|=oQR@
`tH R= w CU=yxrRrR ẁkw |v=tR � |}=[i |]QW COW `@=D xm 'O};|t CUO x@
=yxRQrTB |=Q@ |}xWwN COW w pkDUt |=yxrRrR |=Q@ xv}W}B COW |xir-wt wO

%O};|t CUOx@
�� (t; x; y;M jHt) = u(x; y) +

X
fi:ti<tg

kA;�(Mi)gc;p(t� ti)

fD;
;q(x� xi; y � yijMi) (8)
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pOt u=wvax@ 'AIC Q=Okt u} QDtm =@ pOt "OW x@U=Lt Q=QmD Qy |=Q@ xm}�=m ;
"OW ?=NDv= =yxRQrTB |r=wD |xOvvmh}YwD

\=kv |=Q@ |}=RxWwN ?} Q[ w xv}W}B |R}NxRQr MQv '6 w 5 |=ypmW QO
xOW s}UQD =yxRQrTB Q}oxty |r=wD pOt R= xO=iDU= =@ Q_vOQwt |x}L=v hrDNt
Q}oxty |r=wD pOt QO OwHwt pwyHt |=yQDt=Q=B w |]QW COW `@=D u}tND =@ "CU=
|xrRrR l} O=ONQ Qy xmv; p=tDL= 15 w 14 \@=wQ R= xO=iDU= =@ u=wD|t '=yxRQrTB

|xDU@ |HwQN� xO=iDU= OQwt nwr=D=m QO OwHwt |=yxRQru}tR RmQtwQ "3 pmW
"OvDUy QDnQR@ |=oQR@ =@ |=yxrRrR |xOvyOu=Wv QDnQR@ Q}=wO '�R |Q=Ri=sQv

R= 'OW=@ s)=i O=ONQ R= xOW?aWvt |O=ONQ 's)=j O=ONQ xmv; p=tDL= u}=Q@=v@
%O};|t CUOx@ 14 |x]@=Q

pj =
NX

i:ti<tj

pij (14)

xDW=O jraD |xv}W}B x@ O=ONQ u}t)=j xmv; p=tDL= u}=Q@=v@ 'CU= pj � 1 xQ=wty xm
%O};|t CUOx@ 15 |x]@=Q R= 'OW=@

1� pj = u (xj ; yj jHtj)
� (tj ; xj ; yj jHtj) (15)

xO=iDU=R|U} wvxt=vQ@ u=@ R x@ETAS |Q=Ri=sQv |xDU@ R= 'Q[=L|xar=]t QO
|xOWx}yD |x}=B Om R= xm CU= R u=@ R x@ |W}=Q} w |xDU@ l} xm CU= xOW
[24]'2016 p=U QO OwHwt Om [23]"CU= xOt; CUOx@ [3]'u=Q=mty w nv=wS
http://CRAN.R- QO 22�CRAN�R u=@ R |DvQDv}= `t=H w}WQ; QO w x}yD
p@=k 23 GPL 2 RwHt CLD w xOw@ OwHwt project.org/package=ETAS

"CU= swta |=Q@ xO=iDU=
R= xO=iDU= =@ '|}xRQr nwr=D=m QO OwHwt |=yxRQru}tR RmQtwQ '3 pmW QO
Q}O=kt R}v '3 pwOH QO "CU= xOW s}UQD R u=@ R x@ ETAS |Q=Ri=sQv |xDU@
QO |}=tvCUQO p=tDL= |xv}W}@ u}tND R= xO=iDU= =@ xOW xORu}tND |=yQDt=Q=B
R= xO=iDU= =@ xm CU= xOW x�=Q= Q_vOQwt |x}L=v |=Q@ =yxRQrTB Q}oxty |r=wD pOt
25|}=tvCUQO p=tDL= |xv}W}@ u}tND w 24pw=B � QJri � uwO} w=O |@=}xv}y@ VwQ
Q}O=kt =D CU= xOW s=Hv= |Dw=iDt |=yQ=QmD '=yu; pwYL |=Q@ w Ov=xOt; CUOx@
u=Wv 4 pmW QO xt=vQ@ |}=Qoty |=Q@ sRq |=yQ=QmD O=OaD "OwW =Qoty =yQDt=Q=B

"CU= xOW xO=O
|} wm}v VHvU |=Q@ Q[=L VywSB QO xOWxO=iDU= Q}oxty |r=wD pOt QO
Q=}at ltm =@ "CU= xOW xO=iDU= 26�AIC� xm}�=m ; |D=aq]= Q=}at R= VR=Q@
=Q =yxO=O R= |}xawtHt |=Q@ xOWG=QNDU= |Q=t; pOt |@Uv C}i}m u=wD|t QwmPt

%OwW|t h} QaD 16 |x]@=Q CQwYx@ xm}�=m ; Q=}at "OQm |@=} RQ=
AIC = 2k � 2 ln(L) (16)

|}=tvCUQO `@=D |xv}W}@ Q=Okt L w |Q=t; pOt |=yQDt=Q=B O=OaD k 'u; QO xm
VywSB QO [25]"CU= pOt u} QDy@ 'AIC u} QDtm =@ QwmPt pOt 'h} QaD j@] "CU=
XN=W '|}=tvCUQO p=tDL= |xv}W}@ u}tND w =yQDt=Q=B |@=}xv}y@ R= TB 'Q[=L
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"|}xRQr
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w nQ@vR} Q VwQ =@ xU}=kt QO =yxRQrTB Q}oxty |r=wD pOt '4 pwOH w 7 pmW
pkDUt |=yxrRrR O=OaD "Ovm|t OQw;Q@ QDtm =Q pkDUt |=yxrRrR O=OaD 'Qt=y VwQ
p=tDL= uDiQoQ_vQO =@ 'xDU@=w |=yxrRrR hPL R= Oa@ |}xRQr nwr=D=m QO xOv=t}k=@
l}ORv Qt=y |}xQHvB VwQ x@ |@U=vt ?} QkD =@ pkDUt |=yO=ONQ |=Q@ 0 5
pY=L G}=Dv x@ QwmPt pOt QO pkDUt |=yxrRrR O=OaD '0 8 p=tDL= <=R= x@ "CU=
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Q=_Dv= xm Qw]u=ty "CU= l}ORv QvOQ=o � hwB wv pOt R= pY=L G}=Dv x@ QwmPt
Q=}U@ pOt QO pkDUt |=yxrRrR O=OaD '1 x@ l}ORv Q=}U@ p=tDL= <=R= x@ 'OwQ|t
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"hrDNt |Ov@xWwN |=ynwr=D=m |=Q@ |R}NxRQr |=yQDt=Q=B "6 pwOH
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<=R= x@ xm p=tDL= hrDNt Q}O=kt uDiQo Q_vQO =@ u=wD|t p=L "OvOt; CUOx@ OwHwt
xRQrTB =} pkDUt |}xrRrR u=wvax@ nwr=D=m QO xrRrR l} u; R= QDW}@ =} QDtm Q}O=kt
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R= w OQ=Po@ Q}F-=D G}=Dv QO Ov=wD|t xv=DU; |=oQR@ 'CU= XNWt xm Qw]u;
�=]N C=m} QLD =} |awvYt |=yxO=O R= |Q=a� |QDj}kO nwr=D=m xJ Qy |iQ]
'|}=yxQwO QO CU= umtt u}vJty "Ow@ Ovy=wN QDj}kO G}=Dv 'OW=@ TQDUO QO
|=Q@ "Ov=t@ C@=F u}}=B K]U l} QO |R}NxRQr MQv w OyOv MQ nQR@ |=yxrRrR
|=yxWwN R=|r=N|}=yxQwOu}vJ 'nQ@vR} Q w hwB wv � QvOQ=o %Ovv=t|DvU |=yVwQ
|rw "CU= uwvm =D xOW|Ov@xWwN |xv}W}B MQv Q@=Q@ '|R}NxRQr MQv w xOw@ xrRrR
|}xN=W Ov}=Qi R}v |t=Q; |=yxQwO u}vJ |] QO nv;wS |xOWx�=Q= VwQ |=Q@
xOWxO=iDU= |}xRQr nwr=D=m x@ C@Uv CU= umtt QF= u}= "CU= u=} QH QO uOW

=yCWwv=B
1. background
2. mainshock
3. aftershock
4. foreshock
5. triggered earthquakes
6. o�spring
7. Omori
8. epidemic type aftershock Sequence
9. windowing
10. Cluster method
11. link
12. regional project aims to produce and evaluate earthquake like-

lihood models (RELM) alternate models of earthquake poten-
tial (probability per unit volume, magnitude, and time) for
California

13. crack radii
14. Matlab
15. United States geological survey
16. stochastic decllustering
17. space-time point process models
18. branching
19. immigrant
20. ancestor
21. conditional function intensity
22. comprehensive R archive network
23. general public license
24. Davidon-Fletcher-Powell
25. maximum likelihood estimation
26. akaike information criteria
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