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Delaunay-based linear interpolation for function
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Spatial non-homogeneous Poisson Process

Pr{cm event in[x,x+dx)X[y,y+ dy)} = A, (x, y)dxdy + o(dxdy)

A, (x,y) = Intensity function
{(x;,y.);i=1,2,---,N} Point coordinates

2’9 ('xi > Vi )dxidyi ~ I =

1= 2, (x. y)dxdy = ¢
Likelihood function :

N - X X
L(9) = {H A (x, y,-)}e [ o (x.y)dvdy
i=1

Log-likelihood N
log L(B) =) log A,(x,,y,) — ”A A, (x, y) dxdy

maximize . i=1
|:rr'> @  Maximum likelihood principle




1926-1995, Bayesian setting

dep<100km

prior(01w) o< exp{ —penalty (61w) }

L(@)- prior(81w)
A(w)

[ A(w) = I~--IL(9) - prior(@1w)d@ ]

(Likelihood of a Bayesian model; Good 1965)

posterior(6 |1 w) =

¥ 2w
...

Spatial Poisson model and occur-
rence data {(z;,v;); i=1,---,n} in A are
given. Then Log Likelihood is

log L(0)
"
= Z log Ag(z;,y;) — //4 Ag(z,y)dzdy.
i=1 =

Penalized Log Likelihood
4 Q0| w) = log L(0) — penalty(0) -ur)\

where the penalty is Choose w that maximize the A,
and then maximize the

2 . 2
. w f /A d:rdy{ (%) + ((;—)j) }) penalized log-likelihood




Bayesian smoothing
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Earthquakes of M>= 5.0 occurred during 1926 - 1995

N




Cumulative number (N)

Penalized log likelihood
] N
E Q(9|W):Zlogf9(M|xay)
= i=l1
% — penalty(681w)
o 4 T
L. T d :Be d ,Be
Magnltude
Gutenborg Richter Law:  \_ Flatness constraints y

n=10" =10 e ™, B=pm10

£, =B, pm>p B =h,Inl0

Location-dependent b-value

fe (M | x, )’) = ,39 (x, y) e—ﬁe(x,y)(M—Mo)
IBH(X’ y) - bg(x, y)lnlO

Bayesian setting
prior(81w) o exp{ —penalty (61w) }
L(O)- prior(81w)
A(w)
[A(w)= [ [ L) prior61w)de ]

posterior(6 |1 w) =

Choose w that maximize the A,
and then maximize the
penalized log-likelihood
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Magn itude frequency F(M 1) = B(x, y)e Poin=53)

M >54,b M
In10
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Harvard global CMT catalog; Mag >= 5.4

Penalized Log Likelihood

Q(8| w) = log L(0) — penalty(8| w)
where the penalty is

N2 [N\ 2
w// dxdy (—9) + b
A Ox dy
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Delaunay-based function

\ an illustration J

Likelihood based on
location-dependent
exponential distribution

F(M 1) = B(x, y)e PorM=539

L(x,y)
M2>254,b(x,y)=——
(%, ) In10
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TSEIS format

Catalog - Data

59.00 -7.3 \

1976 01 01 00 00 00.00 182.360 -28.610
1976 01 01 0129 39.60 182.360 -28.610 59.00 7.3
1976 01 0502 31 36.30 285.100 -13.290 95.00 5.7
1976 01 06 21 08 19.30 159.330 51.600 33.00 6.1
1976 01 131329 19.50 343.420 66.160 33.00 6.3
2005 1222 04 28 23.60 224.340 -54.500 10.00 5.5
200512221220 2.90 224.130 -54.720 10.00 6.4
200512261348 1.80 140.650 26.820 7.40 5.6
20051230 18 26 43.90 277.730 7.530 10.00 6.1
\\200512 312400 00.00 277.730 7.530 10.00 -6.1 /
tseis2etas
ETAS format s
/ formatted for etas \
1 182.36000 -28.61000  -7.C 0.00000| -59.00 1976 1 1
2 182.36000 -28.61000 7.3 0.06226|-59.00 1976 1 1
3 285.10000 -13.29000 5.7 4.10528-95.00 1976 1 5
4 159.33000 51.60000 6.1 5.88078 |-33.00 1976 1 6
5 343.42000 66.16000 6.3  12.56203/-33.00 1976 113
10562 224.34000 -54.50000 5.5/10948.18638 |-10.00 2005 12 22
10563 224.13000 -54.72000 6.4/10948.51392 -10.00 2005 12 22
10564 140.65000 26.82000 5.6/10952.57502 | -7.40 200512 26
10565 277.73000  7.53000 6.1/110956.76856 -10.00 2005 12 30
\10566 277.73000  7.53000 -6.1/10958.00000 -10.00 2005 12 31/
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Mtz y)=p+ Z ‘w d}_q

(t—1;+¢ al;
{j: t3<t} ) _ g

Using all detected earthquakes during a short period
after a large event, we identify:

Isotropic kernel
2 2 1 0)f x—x,
Qj(x,y) :(X—Xj) +()’—)’J-) =(x—xj,y—yj)( j( )
0 1){ly-y,
OR

Anisotropic kernel

1
— _ _ o o0 X—X,
Qj(x,y) — 0-120-22 1_P2(X—xja)’_yj)( 1 P 12 2} L _]j

pPo,0, 0,
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formatted_for_etas

©CoNOOOhA~rOWN =

878626
878627
878628
878629
878630
878631
878632
878633
878634
878635
878636
878637
878638
878639
878640
878641
878642
878643
878644

142.00000
139.00000
143.00000
141.00000
142.00000
146.50000
145.00000
139.00000
139.00000

131.37880
137.60930
140.38950
140.38680
140.39000
140.38680
140.38470
141.69300
140.38500
140.91420
129.89900
135.88000
138.19130
134.98520
130.82330
140.84020
131.02080
134.99270
139.11430

| ETAS format |

37.50000
35.50000
40.50000
35.00000
42.00000
43.00000
42.50000
34.00000
34.00000

33.31280
35.12800
39.87070
39.86650
39.86970
39.86670
39.86680
45.06570
39.86880
39.06220
32.58320
34.42550
36.96350
33.83080
32.98950
39.09670
31.88720
33.85970
35.02220

6.0 39.08333 -50.00
6.0 78.54167 -20.00
6.9 161.38889 -50.00
6.5 165.06944 -50.00
6.0 209.22917 -50.00
6.5 247.82639 -50.00
6.0 250.97222 -50.00
6.8 268.50000 -20.00
6.7 270.22917 -20.00

0.0 45836.91136
0.0 45836.91890
0.5 45836.92130
0.3 45836.92144
0.9 45836.92151
0.9 45836.92157
0.3 45836.92242
0.8 45836.92817
0.4 45836.92949
0.9 45836.93190
0.4 45836.94384
0.7 45836.94456
0.3 45836.96106
1.0 45836.96420
0.3 45836.96595
0.7 45836.97037
0.5 45836.97579
0.5 45836.97898
0.2 45836.98698

-7.42
14.48
-1.81

-2.28
-2.12
-3.98
-3.83
25.53
-5.29
-6.58
10.85
-9.40
15.29
12.10
-9.20
10.16
-9.48
10.41
-6.79

etas2aniso

1885 2 9
1885 320
1885 6 11
1885 6 15
1885 729
1885 9 5
1885 9 8
1885 926
1885 928

2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630
2010 630

610591
613215
657732
657733
658447
658973
665556
678354
684230
684639
692806
736597
736660
736963
739547
786017
817808
844846
845846

142.00000
139.00000
143.00000
141.00000
142.00000
146.50000
145.00000
139.00000
139.00000

139.19984
139.33080
136.69450
136.72380
136.83950
136.48930
136.41345
136.65470
138.59066
138.64450
140.35014
140.85768
140.67300
140.94020
140.83970
136.31936
138.42956
139.13254
139.11717

I etas2aniso format I

37.50000
35.50000
40.50000
35.00000
42.00000
43.00000
42.50000
34.00000
34.00000

34.93534
34.91680
37.23236
37.25580
37.30430
37.16680
34.79063
37.24420
37.45124
37.50400
35.35289
39.00530
38.88630
39.14130
38.99720
35.65924
34.82938
34.96575
35.01632

6.00000 39.08333 §1.0000
6.00000 78.54167 §1.0000
6.90000 161.38889 §1.0000
6.50000 165.06944 §1.0000
6.00000 209.22917 §1.0000
6.50000 247.82639 §1.0000
6.00000 250.97222 §1.0000
6.80000 268.50000 §1.0000
6.70000 270.22917 | 1.0000

5.80000 44305.11851 §0.0473
5.10000 44316.76703 §1.0000
6.90000 44643.40414 §0.1109
5.10000 44643.40501 §1.0000
5.30000 44643.75816 §1.0000
5.30000 44644.30320 §1.0000
5.40000 44664.51354 §0.0135
5.00000 44721.15641 §1.0000
6.80000 44756.42596 ]0.1464
5.80000 44756.65116 §1.0000
5.20000 44789.70496 §0.0348
7.20000 45090.36372 §0.0899
5.70000 45090.38903 §1.0000
5.20000 45090.51913 §1.0000
5.30000 45092.96850 §1.0000
5.20000 45339.28272 §0.0095
6.50000 45513.21326 0.0711
5.00000 45641.98987 §0.0108
5.10000 45642.36501 §0.0226

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.0462
1.0000
0.0863
1.0000
1.0000
1.0000
0.0134
1.0000
0.0975
1.0000
0.0309
0.1320
1.0000
1.0000
1.0000
0.0084
0.0518
0.0070
0.0123

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000§

-0.5593
0.0000
0.6213
0.0000
0.0000
0.0000

-0.5479
0.0000

-0.2300
0.0000
0.2955
0.2104
0.0000
0.0000
0.0000
0.3103

-0.4588

-0.4183
0.4680




K Qmﬁay) ¥
M, z,y) =p+ Z (t—tj—l—c)i"{ ian +d}

Immediately after a large event, we adopt:

Isotropic kernel within 1 hour

Qj<x,y>=<x—xj>2+<y—y,->2=<x—x,-,y—y,->Sj[x_xfj where s:(l Oj
Y=Y, / 0 1

Anisotropic kernel after 1 hour

1 2 2

0,(x.y) = F[(’z(x—w—2p<x—f,.)(y—yj>+(’—g<y—y,->2j
-p

0, 0,

-1
_ _ X=X, o; 0,0
= (x—x,-,)’—)’,-)Sj( _’J where S, = 0'120'22\/1—/)2[ ! P L 2}

y—J; po,0, O,
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Space-Time ETAS model L Ogata (1998,A/SM)

A, z,y) =p+ >

where

Qj(&‘?a?})h(mmj?@/yj)sj( . J_)
i ey

Program etaspaSelecAniso maximize the log-likelihood function

log L(0) = Z log 4, (t,,x,,y,) —LT HA A, (t, x,y) dtdxdy

1 S<t; <T
U S<ti<T') where 6= (u,K,c,a,p,d,q)
Earthquakes (ti,xi,yi) Space-time ETAS model

1926 - 1995; magnitude >= 5.0 Isosurface of an occurrence rate A(¢ x, y)
Latitude | /Y




Space-Time ETAS model

AlL.e 7 = = p+ Z

{J: t5 <t}

Qj(=, 'Q) g
(t —; +c).2.{ e@; +d}

where

Qilz, y)z(ﬂ?ﬂ?j?y—yj)sj( o "f)
¥ = U

‘Heterogeneity in Space
B = p(z,y);
o= K () o= 0lz, 0
p=p(z;v); 9= q(zj,y;)

Hierarchical) Space-Time (HIST) ETAS model

loeatlon dependent parameters
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1926 - 1995, M >= 5.0, depth<100km

Hi i

Delaunay-based function
an illustration




1926-1995,
dep<100km

i
o
Aftershock
Background productivity K(x,y) ) 1528
activity 45 | ¢ =
K(x,y) =
Mt x, y | Hp)=pu(x,y)+ 2, — X -
{Jjst;<t} (t—tj +¢) 40 -
(X—XJ,y_y])S](X—xJ,y_yJ)t _q 3514 :\\A‘\ = B
a(M ;M) +d , l
L e J | .10—3.5

——> | Simultaneous estimation of u(x,y), K(x,y), ¢, &, p, dand q
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Log likelihood

logL(@)= > logh(t,x,y)

{i;S<,<T} T 4 | ‘ | =
B .[ s j j o8, x, y) didxdy Delaunay-based function:
where 6= (i K.c.a. p.d.q) \_ an illustration )
Penalized log likelihood posterior(81py = LO  Prior©1p) (W, W)
0(61w) =log L(6) — penalty(61w,, w,) Adp)
A(p) = j j L(6)- prior(61p)do
penalty(@1w,,w)=w, | dxdy (d”jz{dﬂ]x Likelihood of a Bayesian model;
g dx dy Good (1965)

b [ ey ( dK jz +( dK jz Choose P that maximize A(p)
A in addition to optimize the base-line

\ Flatness constraints / parameters
9 — (ﬂ()aKoaéada ﬁad’é)

or minimize

[ABI(-‘ = (—2) mg,x{log A(p)} + 2 x (lim(p)]

Akaike Bayesian information criterion (Akaike, 1980)
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Estimated from M>=5.0 for 1926-1995
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Space-Time ETAS model

At z,y) =g+ )

{q: fj-fii}

K Qi(z, ) o d =
(t — ﬁj + c)l gaﬂ{rj




hypo.ts (tseis format)

Delo2d-*.R

colorpoints.pdf

interporation

v tseis2etas * _omap >

work.etas (etas format)

simulation

@ etas2aniso
st—etas

etas2aniso.out3 > st-etas.prt

JVL Delonel ¢

hist-etas-mk.conf

delone1.out
delone2 4
hist—-etas—mk
N
’ /
delone2.out

image.R

Lattice-data image.pdf

work.etas (etas format)

hist-etas-mk7.omap

6 ; hist-etas5pa

hist-etas5pa.omap

deloZd—poisso&

delo2d-poisson.omap

delo2d-bvalues

delo2d-bvalues.omap




Location Dependent Space-Time (
ETAS model and occurrence data
{(tiy iy, M;);, i=1,---,n} in [0,T] x A
are given. Then Log Likelihood is

log L(#) = log L (tbelﬁ Ko,: g, Pos: 997)

lirg

n T i
= gl log Ag(ti, i, yi) — ]0 ] | ot z, y)dtdrdy. Delaunay-based function:
where 6 = (01,62, 04, 05, 67) \ an illustration J

Penalized Log Likelihood
- w w. w W W
QO] wy, wg, wa, wp, wq) p ( H K o p q)
= log L(#) — penalty(0| wy, wi, wa, wp, wq) L) - prior(6]
posterior(01p) = (0) prior(01p)
A(p)

A(p) = j j L(6)- prior(61p)do
(Likelihood of a Bayesian model; Good 1965)

where the penalty is

/] [ dedy {w1(x2 + 13) + wa (K2 + Kf)h

wa(o3 + of) + wa(p: +p7) + ws (a3 + a7) |

onstrai
\Flatness const amts/ Choose f) that maximize A(p)

or minimize

[ABIC = (—2)1113X{10g Alp)} + 2 x dilll(p)]

Akaike Bayesian information criterion (Akaike, 1980)
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For the detall, see

Ogata, Y. (2010). Significant
Improvements of the space-time
ETAS model for forecasting of
accurate baseline seismicity, Earth,
Planets and Space,
doi:10.5047eps.2010.09.001.

Also, softwares already available for the time
domain ETAS fitting, diagnostic analysis and
its manual. Please visit

WEB home page of our project team:

http:www.ism.ac.jp~ogataSsgssgE.nhtml




