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Abstract. Scveral space-time statistical models are constructed based on
both classical empirical studies of clustering and some more speculative hy-
potheses. Then we discuss the discrimination between models incorporating
contrasting assumptions concerning the form of the space-time clusters. We
also examine further practical extensions of the model to situations where the
background seismicity is spatially non-homogeneous, and the clusters are non-
isotropic. The goodness-of-fit of the models, as measured by AIC values, is
discussed for two high quality data sets, in different tectonic regions. AIC also
allows the details of the clustering structurce in space 1o be clarified. A simula-
Lion algorithm for the models s provided, and used Lo confinm the numerical
accuracy of the likelihood calculations. The simulated data sets show the simi-
lar spatial distributions to the real ones, but differ from them in some features
of space-time clustering. These differences may provide uscful indicators of
directions for further study.

Key words and phrases:  Centroid of aftershock epicenters, INTAS model, n-
verse power laws, maximum likelihood estimates, magnitude based clustering
(MBO) algorithm, medified Omori formula, thinning simulation.

1. Introduction

The Epidemic Type Aftershock-Sequences {ETAS}) model {Ogata (1988)) is a
point process representing the activity of earthquakes of magnitude My and larger
in a region during a period of time. The model includes background activity
of constant occurrence rate p in time (i.e., stationary Poisson process) and also
includes aftershocks as described below. Bach earthquake, including aftershocks of
another earthquake, 1s followed by 1ts aftershock activity, although only aftershocks
of magnitude My and larger arc included in the data. The aftershock activity is
represented by a nonstationary Poisson process according to the modified Omori
formula (Utsu (1961)) in such a way that the occurrence rate of aftershocks at
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350 YOSIHIKO OGATA
time ¢ following the é-th earthquake (#;, M;) is given by

7 Ky
b () = palMi=Ma)
(1.1) vi(t) (t =t~ c)p e

for ¢ > ¢;, where the paramcters Ky, o, ¢, p are constants common to all . The
rate of occurrence of the whole earthquake series at time ¢, called the conditional
intensity function based on the history of occurrence Hy = {{#;, M;};#; < t}, then
becomes

(1.2) Nolt | HY =+ 3 w(t).

{ik,<i}

The ETAS model can also be written in terms of a stochastic integral (e.g. Daley
and Vere-Jones (1988)), namely

o0 et
, Ky M-
1.3 At H) = - MM N A,
(L3) 1 H) =t -/M., /u {(t — 54+ r)p € (ds, i
where N(ds,dM) = 1 if an infinitesimal element (ds,dM) includes an event

(#., M) for some 4, otherwise N{ds, dM) = 0.

The five parameters {u, Kg, ¢, e, p) in {1.3) represent some characteristics of
seismic activity of the region. The parameters may correlate with tectonophysical
conditions {e.g. structural heterogeneity, stress state, temperature, cte., cf, Cuo
and Ogata {(1997}). Therefore, they vary spatially, and also temporally in some
cascs. Among the parameters of ETAS model, o and p are particularly useful
for characterizing the temporal pattern of seismicity, The p value indicates the
decay rate of aftershocks, and the a value measures an cfliciency of magnitude
of an carthquake in genecrating its offspring, or aftershocks in a wide sense (e.g.
Ogata {1987, 1992)). For example, swarm-type activity has a smaller ¢ value than
that of ordinary main shock and aftershock activity, and o is large if there are no
conspicuous secondary aftershocks in an aftershock sequence, or the magnitude of
the main shock is much larger than the maximum magnitude of its attershocks.

From the estimated E'TAS model, we can predict the expeacted occurrence rate
of carthquakes in normal sequences. Comparing the predicted rate with that of ob-
served occurrence data, periods of relatively decreased or increased seismic activity
can be recognized (Ogata (1988, 1989, 1992)): for instance, a significant decrease
in scismic activity of a region below the level predicted by the ETAS model, which
we call Relative Quicscence, is sometimes followed by a large earthquake in the
game or neighboring region.

Spatial aspects of earthquake prediction have also been developed in seismol-
ogy to some extent. From studies of the seismicity of the northwestern Circum-
Pacific seismic belt, Fedotov {1965) and Mogi (1968) found that seismic gaps in
activity have been successively filled, within several tens of vears, by a series of
great earthquakes without significant overlap of their rupture zones. According
to the studies a seismic gap roughly corresponds to the aftershock area of the
forthcoming carthquake, that is, the size of the gap leads to an estimation of the
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magnitude of the predicted earthquake. The gap theory gave successtul predictions
in some cases (Utsu (1972) and Ohtake ef al. (1977), for instance). However, this
is not frequently the case and gaps do not always appear very clearly, especially
in areas where the background activity is high. Further, the seismicity pattern is
usnally very complicated, showing various clustering features which make it dit-
ficult to evaluate the significance of smaller gaps. Thus, the scismic gap theory
seems still under development and even controversial (c.g., McCann et al. (1979),
Kagan and Jackson {1991, 1995) and Nishenko and Sykes (1993)).

The ultimate objective of our study for earthquake prediction is to indicate the
location of the anomalous arca as well as the corresponding temporal anomalies. In
the similar manner to the application of the E'TAS model for detection of relatively
auiet perind (Ogata (1988), (1089} and (1992)), we helieve that the sensitivity in
detecting such anomalies can be amplified by contrasting the observed with the
predicted seismic activity of the considered space-time volume. In other words,
we need a suitable statistical space-time model for the detection of relatively gquiet
periods and regions from hypocenter data of carthquakes. Such a model has to be
good enough to represent the seismicity of the considered wide area throughout
thie whole period of the available data.

In this paper, several possible extensions of the ETAS model to space-time
data are considered, based partly on classical empirical studies of aflershocks,
and partly on a number of contrasting specuiative hypotheses about the physical
nature of the space-time clustering, as specifically described in Subsection 2.3.
Thus, our main goal here is the discrimination of the models. For such purpose,
goodness-ol-fit. of the models is compared by the aid of the AlC for two data sets
from tectonically distinetive areas in and around Japan (Section 3). In Section 4,
lurther practical extensions ol the models are suggested for the realistic but com-
plex features such as non-homogencous background secismicity and occasionally
anisotropic clusters, and further model comparisons are made. A simulation algo-
rithm for these models is deseribed and implemented in Section 5 to compare the
space-time patterns with real data sets. The last section describes the conclusions.

2. Space-time models

2.1 Self-exciting processes

If we denote by Pagara,{t, 2,y | Hy), the history-dependent probability that
an earthquake occurs in a small time interval between £ and {4 At and in a small
region [r,x + Ax) X [y, y + Ay}, where Hy = {(¢;, 2, 9:, M) t; < 1} is the history
of oceurrence times {#;} up to time #, their corresponding epicenters {{x,,y;)} and
magnitudes {M;}, then the conditional intensity function A(¢,z,y | Hy) of the
space-time point process can be defined ags

P ooty | T
At ey | ) —  lim sravayth 2y | 1)
At A, Ay—D AtAzAy
As far as stationarity is assumed, Hawkes' type self-cxciting point-process
model (Hawkes (1971)) is naturally extended to the following formn

(20} Mbmy [ H) = pleg) 4 Y glt- e 2y -y M)
(i< b}
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Zu(w,y)+///f git = s,z —&y—mM)
Jo JJSA S M

- Nids,de, dn, dM),

for (t,z,y) € [0,T] x A, where N(ds,d&,dn,dM) = 1 if an infinitesimal element
{ds,ds, dn, dM) includes an event (f; @, y, M,) for some 1, athorwise N{de, df,
dn,dM} = (.

2.2 Seme models from previous studies

An important aspect for space-time statistical modeling is the parametric form
of the response function g(-,-,-;-) of an ecarthquake described in (2.1). Musmeci
and Vere-Jones (1992) suggest a diffusion type function

Ce™ M C*Bt 1 $2 yQ
gslt. o MY = ———exp 57 =

2ra, oyt 2t y

2

with ¢ = (C, &, 3,02, o), and also a product-Cauchy form

CeMe=Ble ¢,
g(p(t:ma?;ﬂ/f): G B B .‘Ly. 5
T2+ t2e2)(y? + t5c2)

with ¢ — (C, v, 5, ¢4, ¢,). For the estimation, they first carried out a kernel-type
smoaothing filr o) for p{z, y) in (2.1) nsing the whaole data of locations {(x;, %) €
A}, and then introduced an additional paramcter p such that 0 < p < 1 in order
to adjust itself and the remaining parameters ¢ simultaneously in the conditional
intensity function

Noltm,y) = (L=p)ia(e,g) +p D golt—ti,@— i,y — v M)
{e:t; <t}

with 8 = (p; ¢). This was applied to the Italian historical earthquake data. Due to
the decreased activity in the margioal and outer part of the region, the boundary
effect in the likelihood calculation is negligible in this particular data.

At about the same time, Kagan {1991) suggested other paramctric forms of
g(-,-,-; ) based on investigations of the second-order statistical features in time
and space of various hypocenter catalogs (c.g., Kagan and Knopoff (1978, 1980}).
One of those, for 2-dimensional space, assuming a linear fault model, is given by

g
AT,
$+3

9o (t, z,y; M) = Tjtyy 00y (1) - K1013/28M

R X’p{ @ ) }

T2 L g10M— M 2(e? + g LOM—Mo)

where the parameters ¢ = (3, K,é,¢,¢) are to be estimated. Ipp,, ~o)(t) is the
indicator function taking value 1 when £ > Ty, otherwise 0; its purpose is to take
accouut missing events i & wave duration time 2y in the seisinogram, such that
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T o LOY2M for cach carthquake with magnitude M. The parameter € stands for
the standard error of epicenter determination. In this model, Kagan (1991) used
the scalar seismic moment M, translated into the magnitude M by the relation
{Kanamori and Anderson (1975))

log o M = 1.5M + conat.

Among a variety of spatio-temporal models of marked point processes in ecol-
ogy and seismology, Rathbun {1993) applicd the model

e*ﬁiHrBU\/T*IWﬂ) ( /$2+y2)
W

gl @,y M) = - (t+ ) o

to California earthquakes with A/ > 5.0 betwoen 1932 and 1992, whore the pa-
rameters are ¢ = {3y, 81, ¢,p,0) and () is the standard Normal density function
N(0,1%). Further, Rathbun (1996) provides regularity conditions justifying the
standard large sample theory of the maximum likelihood procedure for spatio-
temporal point-process models.

2.3 Extensions of the ETAS model
Among many reported empirical laws for aftershock statistics, one of the most
important with a spatial nature is the Utsu-Seki formula (Utsu and Seki (1955),
Utsu (1969)),
logp & = 1.02M + const.,

giving the relation between the magnitude M of the main shock and the arca of
aftershock region 5. The aftershock region in their sense is defined as the narrowest
convex set that includes almost all the aftershocks within a certain time span from
the occurrence time of the main shock. The aftershock region is approximated by
an ellipse to calculase the area (Utsu (1969)). Nowadays, the aftershock region
is known to correspond to the ruptured fault region of the main shock, and the
aftershock area is closely related to the scismic moment cited in the last section.
Also, the number of aftershocks N in a certain time interval after the main shock
is considered to be proportional to the aftershock area S, so that a similar relation
to the Utsu-Scki formula holds (Yamanaka and Shimazaki (1990)). The number
density of aftershocks N/S and also the constant terms in both the Utsu-Seki
formula. (TTtsn (1969)) and the moment versus magnitude relation (Kanamori and
Anderson (1975)) take significantly different values for earthquakes within a plate
and on a plate boundary.

On the other hand, remember that the ETAS model iz not concerned with
the discrimination between main shocks and aftershocks, but with the appropriate
form of the response function for the causal relation with subsequent events (Ogata
(1988)). In a similar manner, we arc concerned here with the response function
for space-time causal relationship, taking the above mentioned quantitative studics
into consideration. Specifically, we are concerned with the following questions of
physical interest.
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I. What is the form of the spatial terms in the model? Ave the clusters restricted
to well-defined regions, such as aftershock areas, or do they extend beyond
the traditional aftershock regions? Can one discriminate between a model
with a fairly sharp boundary, and one with a much more diffuse boundary?
Are there perhaps two components (near field and far field) with different
characteristics?

2. How do the cluster regions scale with magnitude? Do they increase with
magnitude, or are they more or less independent of magnitude?

As extensions of the KTAS model we confine oursclves to space-time responsce
functions gz (t, x, y; M) such that the superposed conditional intensity

At) = [fA Alt, x, y)drdy

coincides with the conditional intensity of the ETAS model in (1.3). That is to
say, the response functions must satisfy

K”OEQ (M AT
aslt, z, y; Mdedy ~ ot x s Mdedy = ———
'[//1._}¢(, y; M)dudy /fRzgt(, y; M)dady s op

Such response functions for the isotropic (i.e. rotation invariant) spatial cius-
tering include:

) ‘ Ky 1 a2 442
(2.2) 96t 2,1 M) = (t +c)P EXp {_5 deo(M My [
) ol M —Mo)
(23) g(_.:)(t,l', Y, Aﬁr) = - .

(t+c)r (224 42 +dye’
and

' K, x? oy o
sty MY = TSy (GQ(M_MO) +d ,

where ¢ — (Ko, e, e, p,d) for (2.2), and ¢ = (Ky,c,a,p,d,q) for (2.3) and (2.4).
The models (2.2} and {2.3) are presented in Ogata (1993).

The diseriminating features amang the ahove models can be summarized as
follows. All the above response functions can be rewritten in the common standard
form

; Ay ey DT [ [y
(2:5) golt, x.y: M) = k(M) x (t+ e LGU‘J) f{ a (M) H ,

where £{M} x e®* is a cluster size factor (cxpected number of aftershocks for the
event of magnitude M), (p— 1)e? 1 /(£ 1 ¢)” is time probability density distribu-
tion, and %~ o (MY f{(w? + y?) /o (M)} is space probability density distribiution
(equivalently [[¥ f(2)dr = 1 holds) in which the scale factor o(M) is allowed
to depend on magnitude M. Then the main contrasts in modeling the response
function taking the points of our questions into consideration are:
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1. between the functional torms allowed for f{-); short range decay {i.c. normal
etc.) versus long range decay (i.e. inverse power law), and

2. between cither ¢ (M) = const. (independent of M) or o(M) = ¢

It should be noted that the exponential form for «(M) is due to that the

superposition of the present space-time intensity models with respect to space is

the ETAS model in time, and that the exponential form for o (M)} is based on the

Utsu-Seki law of the aftershock area relative to the magnitude of the main shock.

o M

24 FEstimation and model comparison
Given occurrence titnes and space coordinates of carthquakes with their mag-
nitudes {(£;, z;, v, M;); My > My, i = 1,....n} during a time interval [0, 77 and in

a region 4, the log-likelihood of the ):nodel (2.1) is given hy

(2.6 log L, @) = Zlorf)\ tors s | Hy) —f / M,z y | Heldtdady.

The first term can be computed straightforwardly. For the numerical calculation
of the second term we have to prepare the following notations; first assume, for
simplicity, that pu(z,y) = u = const. (cf. Subsection 4.2}, and that the study region
Ais aconvex set. Let A (£,0) = {{(z =&, y—n); (x,y) € A} for any location (&,7)
in A. Further, for each event i with location (2, ¥, ), suppose the region A —(;, y:)
is radially divided into K subregions {Ag:k = 1,2,..., K} by the radial scgments
connecting between the origin and each of the K knots on the boundary of the
convex region A — (&, y;) such that

A 1“% . UAH)

Let the angles of the dividing line sogments of the k-th subregion A‘(;) be 8 and
Ori1 (0 <8 <0 < B < By < --- < fg < 2m) at the origin anti-clockwisc
from z-axis, and let Ap = #iyr — 0. Then, changing the order of the integrals,
the second term is ealculated as follows.

"
(2.7) / // Alt,z,y | Hy)dtdzdy
S0 . A
T p oo
=uTiA + / // f Nids, dg. dn, dM)
Jo JJA S,
T—s
. [ // dtdzdy g4tz y; M)
JU S A=)

Tty

Gt .z, y; M)

=ul'A

n T,
A+ Z/u (’
i=1

A
P Wi M, ) Ny
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In the last (approxmmate) equality, we have transtormed and approximated the
integral of g,(-) with respect to Cartesian coordinate dzdy over the subregion AE;')
by the integral with respect to the polar coordinates rdrdf over the partial disc
centered at the origin with radius 7, which is a distance between (xz;,4;) and a
point on the segment in boundary of the subregion Af:). Here, K is taken to he
sufficiently large for the accurate numerical approximation of the integral in (2.7},
This is important for the accurate log-likelihood calculation avoiding the boundary
effect. Specifically, Si(-,-;-) is the integration of the spatial factor of gg{t, z,y; M)
over the disk with the radius rg such thal

2ddexiMi—Ma)

2
(2.8Y Sulzi,y; M) = Ve (Mi=Mo) [] — exp {#}} for (2.2),
Wf,a(ﬂ/fifi‘/fn)

SEE 0 ) for (23), and

(M — M) 2 1—¢
== H - )+d} —d"q] for (2.4).

1 g o (M, — Mo

The maxinmum log-likelihood and its maximizing parameters § = (,&,é)) in
(2.6) are coputed by @ standard nonlinear optimization procedure such as the
Davidon-Fletcher-Powell algorithm which uses gradient vector values of the func-
tion in (2.6) with respect to the parameters as the inputs {(see Fletcher and Powell
(1963) and Kowalik and Oshborne (196%}). For our models the shape of the log-
likelihood function in (2.6) can be complex, so that the initial values of the pa-
rameters to maximize the function should be taken carefully. For instance, u is
taken as a quarter of N/(1T'|A|); Ky, ¢, and d are taken small positive values such
as 0.01; pre 1.3, g = 2.0 and & = 1.0,

To compare the goodness-of-fit of the models, we usc the Akaike’s Information
Criterion (AIC; Akaike (1974)) which is defined by

(2.9  AIC = -—2mélx(log'—likelihood) + 2 x (number of adjusted parameters).

A model with a smaller AIC value is considered to be a better fit.
3. Comparison of the models

3.1 Applicetion to the JMA data

We use the hypocenter data compiled by the Japan Meteorological Agency
(JMA), and consider two dafa sets from tectonically distinctive areas. The first
data are chosen from the wide region 36~42°N and 141~145°E (off the east coast
of Tohoku District; see Figs. la and 1b) for all depth and for the time span 1926
1995. From now on, we rofer to this region as Region A. The majority of large
earthquakes in Region A took place on the plate boundary between the North
Aumerican and subducting Pacific plates. The same region was discussed in Ogata
and Katsura (1988) for the estimalion of the intensicy rate of an event with respect
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Fig. 1. Earthquakes with M > 5.0, off the east coast of Tohoknu hstrict {Reglon A},

northern Japan, for the time span of 1926-1995; (a} distribution of epicenters and (b)
space {latitude) versus time plot. Size of circle and plus sign corresponds magnitude of

carthquake.

to location only: a similar method will be used to fit the background seismicity in
Subsection 4.1.

Ilere, we consider several data scto for carthquales with M; > M, to examine
the stability of the results, where the threshold magnitudes My are taken as 6.0,
5.5, 5.0 and 4.5.

Another area of interest is the region 34~38°N and 131~137"
and western part of onshu Istand, Japan, shown in the Fig. 2a, hereafter referred
to as Region B, where the majority of earthquakes are considered to be intraplate
events within the Eurasian, Nerth American and Philippime Sea plates. Shallow
earthquakes (h < 45 km) are considered for the time span 1926-1995 (see Fig. 2b
for longitude versus time plot of the seismicity). Again, we consider several data
scts for earthquakes in this area with M; > Mg, where the threshold magnitudes
My are taken as 5.5, 5.0, 4.5 and 4.0.

The AIC comparison and parameter estimation of the models are carried out
for each data set. We here note that, in calculating epicenter separation (distance
between carthquake epicenters), the difference in longitudes is reduced by a factor
cos{myg/180°) relative to the difference in latitudes (one degree corresponds to
about 111 km), where 1o is taken to be the latitude of the center of the area.
Table 1 lists the estimated parameters and the AIC values of the respective models.
According to the table, the goodness-of-fit of model (2.4) is significantly better

7, Lhe central
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1926-95(M>4.5)
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Iig. 2. Shallow earthquakes with M > 4.5 in central and western Honsho area (Re-
gion B). central Japan, for the time span of 19261995, (a) epicenter distiibution, aod
(1) time versus space (longitude) plot.

than the others for moss of the cutoll magnitude levels from both arcas. This gets
cloarer as the threshold magnitude My increases. Concerning the questions on
the clustering features raised in Subsection 2.2, the best model {2.4), in contrast
with the othoers, suggests that the clustering shows long-range decay with distance,
and that the size of the spatial cluster scales sharply with the maguitwlde of the
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Table 1. Bstimated paramelers and the ATC values for the models with the bomogeneous Fois-
son field for the background selsmicity and the isotropic clustering.

Madel 1é Y 5 tx I o t ALC
(shock/day/degreez) (days) (M'_l) {depree}
OIl the cast coast of Tohoku District M 2> 6.0, 334 shocks
(2.2) 182 % 1073 172 g0 <1071 1ess 0.08% 211 107! ADER.G
(2.8) 137 x107% 86 % 107% 077 x 1072 1388 0971 573x 1070 1712 AD356
(2.4)  140x 107%  17Ax 1073 9n2x 1077 1636 0965 1643 1071 1880 4008.0

O the cast coast of Tohoku Disteict A > 5 5 O00 shocks
(2.2y 337 % 1073 425 124 %1071 1E2T 0 0064 627 x 1072 HHTA5
(2.3 251 x 1073 700 x 107% 122 1071 1247 0470 160 x 1071 1471 #9105
(2.4) 282 x107% 668 = 107 20k 107 1781 0865 620x 1072 1852 8798.1

—

Off the east coast of Tohoku District M > 5.0, 2104 shocks
(2.2 661 x 1073 566 A10x 1071 1584 0.937 454 x 1672 18995.2
(2.3) A2 x 1073 549 % 107% 415 % 1070 1176 0.949 156 x 107! 1482 18220.3
(2.4 BOZ x 107% 931w 107 214w 1070 1881 0.943 265 x 10 £12 TKO.T

—_

Off the east coast of 'Tohoku District M > 1.5, 4333 shocks

(2.2) 111 x 1072 780 7T 107% 1360 0.900 365 x 1072 33314.2
23] bR x 10— aaax 107  s7zx 1o~ 0949 0917 .640 x 1077 138 33124.9
[

(247 707 x107F 967 x 1077 836 < 1072 19281 0.909 184 x 1077

—_
]}
o
o

32897.4

Central and Western Honshu Island M > 5.5, 157 shocks
(2.2)  .861 = 107% 349 A2 1072 0orTe 0.873 8Bl < 1077 2906.8

(2.3 669 x 1074 3azx 107 310 1077 0055  0.044 055 x 1077 1506 22795
(a4) 670x 1071 277« 107F 315 x 1072 0002 0941 393x 1072 1430 22815
Clentral and Western Honehu leland A7 = 5.0, ARG shocks
(2.2) 176 x 1077 1.226 AT8 % 107% 0932 0.062 318 x 1072 5030.1
(2.3) 120 %1077 254 %107 072 x 1077 0.843 0911 402 x 1077 1548 49753
(24) 127 x 1077 a2k 107% 72 x 1072 0871 0946 225 x 1077 1584 40727

Ceniral and Westorn Honshu Isiand M > 4.5, 1285 shocks

(2.2) 320 % 107% 1926 369 % 107%  0.853 0074 251 x 1072 0592.3

() 217 x 1073 2431073 406 x 1072 0800 0.967 .102x 1072 1490 9395.5

(2.4} 226% 107° 152 x 1077 408 x 107F  0.950 0968 845 x 10 7 142 946l
Central and Western Honshu [sland M > 4.0, 3007 shocks

(2.2 633 x 1077 3562 AR3 % 1072 0972 0966 121 x 1072 16510.6

(233 sl x 0% zve x 10TF 517 x 1072 0822 0962z LT2ZO X 1077 1382 159044

(2.4) 335 x107% 167 x 1073 514x 1077 0410 0,961 341 x 1077

—_

A05 15836.7

earthquake. We see that o for the plate boundary region is systematically larger
than for the intraplate events. Further, p in both regions has a value slightly
smaller values than 1; the reason will be suggested in Section 4.

According to the estimate 1 in the model (2.4), the background seismicity rate
in the Region A (plate boundary) relative to the whole scismicity rate is about
twice as high as in Region B (rcgion of intraplate carthquakes) for cach of the
gane threshold magnitudes Mp = 5.5, 5.0 and 4.5, Since the total numbers of
carthquakes in Region A 1s about three to four times as large as the one in Region
B for each magnitude threshold, this shows that clustering activity of clusters is
higher in Region 4 than in Region B.
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4. More realistic models

4.1  Cluster identificotion and centroid of aftershock epicenters

It is often the case that the cpicenter of a main shock is located at the margin
of its aftershock area, because the epicenter listed in the catalog corresponds to
the location of the rupture initiation. In such cases, the epicenter location in the
catalog is not quite suitable for the present models with spatial response functions
given in {2.2)-{2.4). Instead, we will consider the centroid of aftershock epicenters
defined as follows using the JMA hypocenter catalog. In order to cstimate the
centroid, we have to identify clusters of aftershocks. Then, we use the average of
the locations of the aftershocks in a cluster to replace the catalogue’s epicenter
of the main shock. The following algorithm for identifving aftershock clusters is
a modification of the magnitude-based clustering (MBC) algorithm introduced in
Ogata et al. (1995) which is based on Utsu-Seki empirical law of the aftershock
area in space and the modified Omori law in time.

The MBC algorithm for the present purpose starts with selecting the largest
shock in the catalog for the main shock. If there are plural largest shocks, the
carlicst one 1o adopted for the main shock. Then, to form a cluster, we set a space
time window where the bounds of distance and time depend on the magnitude of
the main shock as explained below. All the earthquakes within the window are
considered to be the cluster members, and removed from the catalog. Then the
largest events in the remainder are selected to continue the same procedure. This
procedure lasts until only isolated events remain. The time span of the window is
taken to be max(100, 10%°* 1} days (l.e. 100 days for M = 4 ~ 6 and 1000 days
for M = B8) after the main shock. The side length of square area for the space
window centred at a main shock epicenter is taken to be 2 x (0.015 x 109-5M =2 4 ¢)
degrees (l.e., about 70 km tor M = 4 and 400 km for M = ). hecre, we took
€ == (1.3 degrees for the error of cpicenter determination in early years of the JMA
catalog.

The difference of the present {modified) MBC with the original MBC in Ogata
et al. (1995} is that here the clusters include aftershocks only, while the original
definition included any ‘preshocks’ in addition. Examples of the main shocks thus
identified at their superposed locations are shown in the maps of Figs. 3a and 3b
for both areas.

4.2 Non-hoemogeneous background seismicity

Instead of the constant ji estimated in Subsection 2.4, we will estimate the
function pfz. ) in (2.1} indirectly as follows. Expanding the function log pu{z, 4)
by the bi-cubic B-splines, its coefficients are estimated by maximizing the penal-
ized log-likelihood where we assume the non-homogeneous Poisson field for the
likeliband and a smanthness penalty for p(z ¢) Ogata and Katsura (1988) de-
scribes the detail of the modei and of the objective Bayesian estimation procedure
to determine the weights for the penalties. In the present case, the data for the
estimation ic not the whole data but only the main shocks identified by the MBC
algorithm in Subsection 4.1. The intensity function thus estimated is denoted by
Lolz, ). This function is estimated for each data sct for cach of the different mag-
nitude thresholds. An example of the estimated intensity funciions of location is



SPACE-TIME MODELS FOR EARTHQUAKE OCCURRENCES 391

Fig. 3. ‘Main shocks’ identified by the algorithm of Magnitude based clustering (MBC;
see text) in (a) Region A and (b) Region B for the earthquakes with M > 5.0 and
M > 4.5, respectively. The contours for both (a) and (b) show the height of the spatial
intensity functions for the non-homogeneous Poisson fields for the ‘nain shock’ locations
{+-signs) in the respective regions; the contour lines increasc exponcntially such that

shown in Figs. 3a and 3b for Regions A4 and B with the threshold magnitudes 4.5
and 5.0, respectively.

We then assume that the background intensity rate per unit space-time vol-
ume at location {z,y) is given by

(4.1) plz.y) =v-jolz,y),

where I 1s a constant to be estimated.

4.3 Anisotropic clustering

Usually, estimated epicenter locations of aftershocks are approximately eliip-
tically distributed {see Utsu (1969), for instance), for several reasons such as the
dip angle of the slipped fault of an earthguake, proportion of the slipped length of
the fault to its width, and the location errors of aftershock hypocenters. There-
fore, aiming at a better fit of the models to an earthquake catalog, each response
function in {2.2}, (2.3) and (2.4) is extended in such a way that the isotropic term
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@ 4+ y* in the response functions is replaced by

1 2 .
(4.2) — (02:1:3 — 2pay + ﬂyz)
Vv1-p? \oy T2

50 that the corresponding iso-circle and iso-ellipse as a cross-section of the [unction
at the same height have the same arca as each other. Then the numerical integral
in (2.7) with (2.8) for cach of the extended models of (2.2), (2.3) and (2.4) for
(1.2) is carried out in the same way, cxpect that the Fuclidian distance ry, from
(7, 1) to the boundary’s k-th knots (&, m) in (2.7) is replaced by

jo"z S — @) - 20(& w)lme w) | o (n% %)2}
\f — p? lffl a2

In (4.2) and (4.3), the paramecters are restricted to satisfy o1 > 0, o3 > 0 and
=1 < p < 1, but these arc allowed to take distinct values depending on the
clusters as follows.

Suppose that events in space-time data are decomposed Into a number of
clusters by the MBC algorithm described in Subsection 4.1. Assume that the
locations of the main shock and its aftershocks {{z;,y;) € C;é = 1,...,n} in cach
cluster C € Carne are distributed according to one of the following fonr madals of
bivariate Normal distribution;

~ w0\ &2 0 ~Ni(T 70
" ) o g2 ) ) g/ 0 &%) )
(4 ’ Ll g LR
N (il), (Mglu '0011202 and N f , ( MU'-; pO};J';g
Y1 g o Ty i PO [

where (1, 7) is the epicenter location of the main shock in the cluster, (z,7) is
the centroid of aftershock epicenters (i.o. the sumple average of the locations over
the cluster members), and

(1.3)  »2—

5= Z( T; — 1) +Z — 1) 2 /2n;
% = Z(‘LI - ?)2 1 Z(U} 9)% b /2n;
j J

ot = ey —m)i s E =) )

7 i
p=> (x5 —x){yy — 1)/ (nd152);

J

52 = Z(mj £ /n, &3 - Z(yj )2 /n,

J 4
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where every sum is taken for j = 1,...,n.
Then, for cach cluster, the goodness-of-fis of these models are compared by
using
AIC = nlog

S+ 2K + const.

in the present case; where n is the number of cluster members, S 13 the estimated
variance-covariance matrix of the model, || - | is the determinant of the matrix, and
K is the number of adjusted parameters. Here, K = 1,3,3 and 5, respectively, in
Lthe order of the above models of Normal distribution in (4.4). The model with the
smallest AIC is selected for each cluster. However, it is found that extremely high
correlation p == =1 takes place for a number of clusters with only a fow members.
Tha reason is that in early years the epicenters were determined on a coarse spatial
lattice. Therefore, to avoid this difficulty, the four models in {4.4) are compared
only in the case where cluster size 1s equal to or greater than 6; otherwise, one of
the first two models in (4.4) is selected.

If AIC selects any of the models in which the centroid of aftershock epicenters
(Z,7) is used, then the epicenter coordinate (zy, 3 ) of the main shock in the catalog
is replaced by (7,9). Also, if AIC selects any of the last two models for anisotropic
clusters in (4.4} then the corresponding estimates of o3, 5 and p are used for the
eliiptic form in (4.2} in the response function of the corresponding main shock;
otherwise they remain the same as tor other events which are not identiflied as
main shocks by the MBC algorithm. In this way, the data sets used in Subscction
3.1 for various cut-off magnitudes arc modified to compare the goodness-of-fit of
the extended versions of those in (2.2)-{2.4).

4.4  Model comparison among the extended models
Using the centroid locations and the anisotropic deformation based on the
procedure deseribed in the previous sections, we can compare the extended models
of {2.2)-(2.4),
(4.5) Atz,y LH) =v-fisley)+ Y gelt — ti,x — xy — yi M),
{at, <t}

where the response functions are of the form

16 ey gy o @ LT 1 NER0) H
(4.6)  ga(t,z.ys M) = w{M) x * [71’0("‘\»{) I {aw)

(t+ c)p
where
P ] Ts [2 N
4.7 20N = — _“,-2_2,.4__.2
ek 0 = s (2t - 2om+ 2y

with @ — tan~'(y/2). Then the same caleulation as in (2.7) with the same Sg(-, 5
as (2.8} are carried out, except that the Euclidian distance vy, between the origin
and the k-th segment on the boundary of the set A - (r,, ;) is replaced by the
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Table 2. Fatimated paramecters and the ATC valuca for the models with the nen-homeogencous
Poisson lleld for the background scismicity and the isotropic clustering.

Madel L K 13 a » a q AIC
(shock/day,/degreez) {davs} (M~ L} (degree)
Off the east coast of Tohoku District M > 6.0, 3341 shocks
AT % '|ﬂ74 210 2R3 % 101 1 730 T 004 149 % 1071 2ROT1.ND

2. A10 x 1 816 % 3 304 % 167 456 1,122 501 x 107 721 3008
2.3 140 x 107 816 x 1079 304 x 1671 1.4 122 501 x 1075 172 31008.3
2. A3T % 10 BO8 x 1 266 x 10 1.831  1.098 .230 x1 2327 3RGK.
2.4 43 —4 08 x 1074 i6 -1 3 0 25 o~! 23 5.8
Off the east coast of Tohoky District M > 5.5, 900 shocks
2. 626 % 10 L48: 311 % 10 1783 1.101 608 x : 8597.5
(2.2) .62 0~ 483 g 0! : 608 x 1072 9
" G227 = 10 G109 x : 304 % - 1.41¢ 1360 226 % 10T 1.567 651,
2.3 3127 % 1074 510 % 1079 354 x 1071 419 1.136 .22 ot 4 8651.4
) 606 x 1 262 x 1 313 % 10 L0 1.1 TEex 1072 2126 540.
2.4 506 % 1070 262 x 1071 313 x 107! {60 1.104 =2 212 8540.1

Off the east coast of Tohoku District M > 5.0, 2104 shocks
(2.2) 805 x10”% 77 318 2 1071 1760 1.084 281 x 1072 17657.0
(2.3) 81 x 1071 488 x107% 333 x107' 1407 1121 139 x 1071 1513 17620.2
(2.4) &1 x 1071 b0l x 107t BzTx 10! 1801 1.094 204 x 1072 1668 174774

OfF the east coast of Tohoku District A = 4.5, 4333 shocks
(2.2y 139 x 1073 1.027 219 1071 1588 1.031 175 x 1072 32216.4
2.3 03 = 167 346G = 107k 266 x 107 1.308 1.072 .792 x 107I 1.433 32095.1
3 3 1 2
) 131 x A16 230 % 605 043 103 x 1077 1.587 59.
2.4 130 x 1673 416 x 1071 230 % 1071 1605 1.043 103 x 1072 1.587 318507
Jentral and Western Honshu Island M > 5.5, 167 shocks
(2.2)  .500 % 1074 1.972 828 < 1072 1,967  1.108 881 x 1073 2100.4
(2.3) 461 % 107%  419x107* anrx107l 1584 1109 116 x 1071 2001 2168.2
. 459 x 259 x 963 x . . L1565 x 2 T T2,
24) 480 x 107% 250 % 1071 963 x 1072 1464 1097 185 x 1072 1731 21720

Central and Western Honshu Tsland M 2> 5.0, 489 shocks

22y 503 x 071 Laol AT X 1072 1072 1.043 242 % 1072 4746.5

3y 479 x 107% 844 x 107% 371 x 1072 1121 1041 358 x 1072 1726 4707.9

2 A0 % 1074 235 % 1074 402 x 1072 1109 10468 135 x 1072 1818 46ER.A
Jentral and Western Honshu island M > 4.5, 1285 shocks

(2.2} 697 x 1074 2481 T45 % 1672 0574 1056 17T x 1073 9114.6

(2.3) 83 x 1074 919 107 7O3x 1077 1120 L0532 204 x 1072 1.660  8046.8

(z4) 645 % 107% 42d % 1077 s1aw 10T? L0 LOs4 678 X 1072 668 5928.0
Central and Western Honshu [sland M > 4.0, 3007 shocks

{22y 11 w1073 4747 883 x 1072 1032 1.031 850 x 1073 15708.5

(2. 606 < 1077 28 x 1073 830 x 1072 0971 1.026 804 x 107 1nto 15209.4

(2.4) 047 x 107 51Tk 1074 EBR x 1072 1040 1.027 316 % 1073 1568 IA1TA6

metric defined in {4.3). The case where oy = o4 and p = 0 reduces to the isotropic
clustering in (2.5},

The extended models are fitted to each modified data set as described in
Sitheection 4.3, Table 2 summarizes the results for the three models with non-
hemogenecous background intensity (4.1) and isotropic spatial clustering (2.5), and
Takle 3 summarizes the results for the three models with non-homogencous back-
ground intensity (4.1) and anlsotropic spatial clustering (4.6}, Fhe goodness-of-fit
of the extended versions of the model (2.4) is again far better than the other two
for all the data sets in both Tables 2 and 3. The estimated parameters for cach
wodel and dala sel are rather similar to the corresponding ones in Table 1. It is
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Table 3. Estimated parameters and the AIC values for the inodels witly the non-]
Poisson ficld [or the background seismicity and the anisotropic clustering.

Model " N t 7 Iy d g AlLC
(thck/day/c,legreeg) (days) (M~ (degree)
Off the east coast of Tohoku Listrict A > 6.0, 334 shocks

AAT x 10_4 BBT AT % 1071 1.802 1.088 .131 ~ '1.071 3RO1.2
Ad6 % 1071 817 x 1077 303 x 1071 1472 1119 474 % 1071 1693 39106
432 x 107% 576 x 1071 266 x 107%  1.860  1.093 219 x 107! 2318 38685

—

,\mﬁ
AT
3w

EC L
e

O Lthe east coast of Toholon District M > 5.5, 900 chocks
(22y 624 x107% 193 311 x 1070 1789 1,100 .592 x 1072 8504.8
(2.3) 626 x 1074 614 % 1073 a57x 1070 1425 1136 220 x 1071 169 RES1E
(24) 605 x 1071 2028 x 107 Bmex 1071 1873 1103 762 x 1072 2,165 8536.8
OfT the east coast of Tohoku District A > 5.0, 2104 shocks
(22) 884 x10”* 804 322% 1071 1782 1.084 966 x 1072 17640.1
(2.3) 850 x 107 470 1073 349 <1071 1411 1120 56 x 070 1,513 17608.2
(2.4) 845 % 1077 433107 327 < 1071 1809 1094 208 % 1077 L1698 1TAEN.T

b =

—_— -

Off the east coast of lohoku District M > 4.5, 4333 shocks
(22) 139 x 107% 1050 220% 1075 1A9F 1031 .170 x 1072 32195.0
(2.3) 133 x 1073 336 x 107F 267k 10T 1323 Lo7z 799 x 1077 1441 320644
600 31838.1

(2.4) .13l x 1073 382 x 1071 231 % 107F (612 1043 102 x 1072

—

Central and Western Honshu Island M > 5.5, 157 shocks
(z.2) 405 = 1071 1013 882 % 1072 1463 1,110 .170 x 1072 21947
(2.3) 466 x 1071 257 x107% w0k 107 1641 L1l6 avsx 107! 2267 21725
(2.4) 462 x 1071 200107 077 x 1072 1400 1102 217 x 1072 1843 21778

—_ I

Central and Weastern Honshu Island A > 5.0, 480 chocke
(22)  510x10"% 1514 A64x 1072 1065  1.045 224 % 1072 4734.9
A%3 x 1074 65l x 107 374x 1077 1129 1L.043 448 x 1072 1,825 4705.4
(24) 495 x 1074 234 %107 408 x 1072 L1106 1048 171 x 1072 1,960 48821

Central and Western Houshu Island M > 4.5, 1285 shocks
(2.2) 697 x 1071 2519 752 % 107 0850 1056 177 x 1072 0097.1
(2.3)  63%x 1079 4321074 RIZx 1072 1147 1054 212 x 1072 1.682 89207
(2.4) 647 % 107" 407 x 1070 826 x 107% 1106 1.055 673 x 1077 1676 K909.7
Central and Western Honshu Island A > 4.0, 3607 shocks
(2.2) 110 x 10 4.739 886 x 1072 1.065 1031 .843x 107 15695.9
(2.3)  .607 x L0 gz x 107 816 x 1077 pwuy 1026 BI8 X 1072 16t 1n2hale
(24) 016 x 1071 arrx 1071 866 x 1072 1057 1.027 316 x 1072 1577 151581

-3
—1

noteworthy that each AIC in Table 2 is remarkably smaller than the correspnnding
AIC in Table 1, although the justification is not established for the straightforward
comparison by AIC with the models which include the function jg(z, %) adjusted
beforchand. The p values which are less than 1 in Table 1 now become larger
than 1 for the extended models, suggesting the stationarity of the models. This
is consistent with our experience in estimating the ETAS model o the various
seismicity data. The nou-homogencous background intensity models also made
the estimate of g larger by comparing Tables 1 and 2. We feel that the inclusion of
the non-homogeneous background intensity in the space-time modelling provides
the significantly better performance for the both two sesmic areas.
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Comparing between "lables 2 and 3, we see that the parameters of the corre-
sponding models are quite similar and also that the decrease of the AIC is not very
large in spite of the implicitly adjusted many parameters for the anisotropic clus-
tering in (4.4). Therefore, we cannot clearly see whether the anisotropic modelling
remarkably improved the goodness-of-lit or not. However, throughout Tables 1,
2 and 3, it is clearly confirmed that model (2.4) for the spatial clustering is the
best, which provides the answers to the questions raised in Subsection 2.2, Finally,
by estimating the quantity [ Dy (z, y)dady for the comparison of seismic features
between in Region A (plate honndary) and in Reginn B {region of intraplate eavth-
quakes), we see that the same statements as in the last paragraph of Subscction
3.1 hold.

5. Comparison between simulated and real catalogs

2.1 Simulation procedisre

As is briefly described in Musmect and Vere-Jones (1992), a simulated catalog
can he developed foliowing the thinning simulation procedures outlined in Qgata
{1981}). In particular, the example algorithm for the Hawkes' mutually-exciting
(multivariate) point processes provided in the paper can be developed for the
present space-time models. Given the intensity (2.1) with (2.2)-(2.4), cvents in
a realization arc simulated sequentially in such a way that, for cach point, first
the time coordinate (steps 1-7 below), and then the space and magnitude values
arc obtained (steps 8 11}, starting from the form of the intensity function at the
time of the proceceding event, and recalculating the intensity after the addition of
the current point. Incidentally, although there is an alternative and more gencral
thinning method which simultaneously simulates time and space coordinates, this
takes much more ¢.p.au.-time because the rejections are dominant in the procedure,

Consider the superposed intensity with respect Lo locations

J
(5.1) Aalt) = wo + ) wy(t),
=1

whero

vy — f ple, yydedy,  J = max{yt; <t}

A

and
(5.2) vty = S {(t — t;,w,y: M;)drdy = K . My =)
e _;x,._c,chb I j{“"'ji(t—tj.—l—c)p i

where K is a constant due to the spatial integration over R?. Notice that A4 {t) is
monotonically decreasing in time except increasing jumps from At} to A (f4+)
at any occurrence time ¢;, where AM# 1) denotes the right-limit of the function (the
left-continuity is generally agsumed), and the jump size at each @ is »,(¢,). Then
the algorithun to simulate {(7;, z;, v, M,)} follows:

1. Set the integers ¢ = b =¢=0and i — 1.
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2. Set 5, = 0; generate a uniform random number Uy in (0,1], and put A, — 1y
and w, — - log(Uy)/A..

3. If w, > T then stop; otherwise put £; = wu,, put J = 0, and go to step 8.

4. Set b equal to b | 1 and generate a uniform random number Uy in (0,17 sct

>

Put s, = 8.1 + .. If 5, > 1, stop; otherwise set b equal to b+ 1, and

generate U,

6. LT, > Aa(sa)/Ag, set cequal to e+1 and put A, = Aa(s,); and go to step 4.

7. Put #; — s, set b equal to b+ 1, gonerate U, and select the smallest J such

that Z_}Lo vit) = Upha(ty).

If .7 = 0 then generate {x;, 1) € A according to the non-homogeneous Poisson

intensity (o, y) {(using the thinning), and go to step 11

9. Otherwise {l.e., if J > 0), set b equal to b 4 1, generate uniform random

aumbers Uy and Vi in (0, 1), set z; = a5 + r(Us, ) cos(2rV3) and y; = ys +
(U, J)sin(2mVy) where the function #(-, ) is defined below.

10, If {2y, 4:) 18 not included in the bounded region A, then go to step 4.

11. Generate a magnitude M;, set ¢ equal to e 1 and put A. = Aa(f 4 )i set i
equal to 44 1, and go to step 4.

tn step 9, the distance v{Uy, J) between {z;,y,;) and (z7,ys) is given by

o

P, 5) — dV/2e7 o= Mol 2 0 g lae )4 for  (2.2),
= VD Y2 for (2.3),
_ rll/:)i: (M - Mn)/?(()ﬂ/f]*fﬁ _ ]_)!/2 for (2-4),

respectively,  For the gencration of magnitudes {3} in step 11, we can either
use the same magnitude series as the data or independently sample from the
magnitude series. Since I have the strong suspicion that the magnitude sequence
is not independent but rather long-range dependent (see Figs. 9 and 10 in Ogata
and Abe (1991)), we adopted the former to concentrate on the space-time aspect
of the models. Thercfore, we terminate the generation of events when we get
the same number of the events as the data instead of providing the time span
Leforehand as deseribed in the above algorithm.

52  Implementotion of the simulation

We performed simulations of space-tiine events using the selected model (2.4)
with the parameters in Table 2 estimated for both Reglon A with M > 5.0 and
Region B with M > 45 Figires 4a and Sa show the superposed locations of
space-time events, and Figs. 4b and 5b show plots of events” latitudes and longi-
tudes against occurrence times, respectively. Comparing Fig. 4da with Fig. la we
feol e pimilar pattorn in location, The same impression is given by Figs. 2a and ba.
But, from the comparison of the space-time plots in Figs, 1b and 4b, we sce dis-
criminating features between these. That is, synchronous and intensive clusters
in Ligh contrast with the rest are seen i 1eal selsinicity, while the clusters scoms
to occur independently and somewhat weakly in the simulated date. A soine-
what simiilar impression is gained from the real and simulated selsmicity shown
m Figs, 2h and bb. These distinctive features scenl important for the ulthnate
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[ig. 4. Simulated events by the selected model {2.4) in Table 2 (M > 5.0) for Region A
(Fig. 1); (a) locations, and (b) space-time plot.

objective of our study, and there are several possible reasons for them. Firstly,
the long range dependence of the cccurrences muy be stronger than that expected
from the model, which assumes a stationary Poisson process for the background
seistnicity. Sceondly, in the model, we have assumed that the magnitude sequence
is independent of origin times, spatial locations and the position within a clus-
ter; this is the basic assumption justifying the use of the partial log-likelihood for
the estimation of the models. Such cross-correlations may not be negligible. Tt
is also possible that the real seismicity may include forms of the quicscence and
activation not present in the seismicity expected from the model. In reality, the
scismic activity depends on the dynamical change of the underlying stress-field of
an area owing to various geophysical factors, many of which are not considered in
our models. Their study is certainly for the next step.

Now, we here fit the model (4.5) with the fixed vo(2, 7) to the simulated data
in order to examine the likelihood ratio test statistic

(—2) log L{D) /L{8o).

Under the null hypothesis 6y = (1, Ko, ¢o, &, pa, do, 90) by which the space-time
point procoss data is sinulated, we can expect that the likelihood ratio statistic
should be distributed according 1o the chi-square distribution with 7 degrees of
freedom if the simulation algorithm in Subsection 5.1 and the numerical likelihood
calculation are both correct: the same approach was used by Ogata {1981) iu Lhe
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Fig. 5. Simulated events by the selected model (2.4) in Table 2 (M > 4.5) for Region I3
(Fig. 2); (a) tocations, and {b} space-tume plot.

first demonstration of the thinning simulation of intensity based point processes.
Actually, in the present case, we found that the log-likelihood ratio values vary
around 7.0 for the independent sets of simmlated data. This eventually justifics
the accuracy of the numerical integrations in {2.7) and also of [, po{z,y)dzdy in
the log-likelihood calculations,
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6. Concluding remarks

Amaong the possible space-time extensions of the ETAS model in {2.2)-{2.4},
the model with the response function (2.4) and its extensions to location dependont
background intensity and anisotropic clustering all give the best fit to the data
scts from both the plate boundary {Region A) and intraplate region (Region 13).
The results are stable for the data sets with different threshold magnitudes of
earthquakes. The difference of AIC increases as the size of the data increases,
suggesting that the above result gets clearer for the data with the lower threshold
magnitude levels. The model (2.4}, in contrast with the others, indicates that:

L. the functional form for f(-) in (2.5) and {4.6) extends long range {i.c. inverse
power law) rather than short range (i.e. normal ete.), and

2. the scale factor depends on the magnitude in the form o{M) = e*M

Thus, conclusions and consequence of this study are as follows:

1. The clusters in space extend beyond the traditional aftershock regions, show-
ing a much more diffuse boundary with power law decay rather than a more
clearly defined region with a fairly sharp boundary converging faster than the
exponential decay.

2. There may be perhaps two components (near field and far field) with differ-
ent. charactoristics; the near field component eorresponds to the traditional
aftershock area around the ruptured fault, and the far ficld component may
relate to the so called the ‘aftershocks in wide sense’ such as immigrations
of earthquake activity or causal relations between distant regions, caused by
tectonic changes of the stress-ficld due to the rupture.

3. The cluster regions scale with magritudes firmly owing to the Utsu-Seki for-
muda.

Further practical extensions of the models have been suggested to include
non-homogencous background seismicity but anisotropic features of earthquake
clustering, but the above conclusions are unchanged for the extended models.
Among the extensions, the location dependent intensity rate for the background
seismicity is found to be effective for ensuring the stationarity of the maodels in
time.

An efficient and practical simulation algorithm by thinning is provided, and
the simulations from this revealed some diseriminating space-time features between
the real and simulated data, which may possibly relate to the ultimate aim of our
study for carthquake prediction. The simulated data also justify the accuracy of
the approximations used in the likelihood computation.
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