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Introduction

While the examination of seismicity patterns in
separate zones has been the long aimed task of many
studies, interaction between seismic activities in
neighbor zones is a more difficult purpose as it needs
a more profound physical hypothesis underlying the
possible realization of such a process. The spatial
aspect of this problem is being approached in recent
years with the help of the Coulomb stress technique
(CST), which depicts the areas of increased static
stress after a strong earthquake. They could reveal
the locations of the aftershock activity or the epicentral
zone of a future strong event. The temporal features
of a possible relation between seismic activities of
two zones can be studied by modeling of these
phenomena by stochastic models which incorporate
eventual interaction (Ogata et al., 1982). This is most
easy to be done for stationary processes and it is
reasonable to exclude known deviations from
stationarity (clusters, trends etc.) for any zone. The
purpose of our study will be to verify a hypothesis of
statistical independence between the seismic activities
in two neighbor zones by considering them as
stochastic point processes. The interpretation of such
results can be supported by using available data on
the seismotectonic features of the zones — tectonic
structures, active and passive faulting, fragmentation,
creep, etc. In this paper we shall analyze simulated
data, which has been generated to follow the
stationary Poisson process in time.

Methodology

The interaction between seismic activities of neighbor
zones can be analyzed by examining the cross-
correlation of some continuous variables like seismic
energy release in the zones. In this paper, however,
we apply a different approach using stochastic point
processes to model the realization of earthquakes in
the zones. Utsu & Ogata (IASPEI, 2000) have
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developed and offered a self- and externally excited
point process model to consider possible dependence
between the occurrences of events in the neighbor
zones. The corresponding software program is called
LINLIN and is included in the IASPEI Software
Library Volume 6. This program computes the
maximum likelihood estimates (MLEs) of the
parameters of a point process model for seismic
activities (Ogata et al., 1982) from a set of data on
the occurrence times of earthquakes in a region. This
region is called region A, and the process representing
the earthquakes occurring in region A is called ‘master

process’. The seismic activity in region A may be
affected by the earthquakes occurring in another

region (called region B and ‘external process’).
The data analyzed are the occurrence times

t; (i =12,...) of earthquakes in region A during a
certain time interval. Optional data are the occurrence
times U; (j :12,...) of earthquakes in region B in

the same time interval. The rate of earthquake
occurrence in region (intensity function) is
represented by

f(t)=P{t)+Q(t)+ D> g(t—t)+ > h(t-u;). (1)

In this equation, P(t) is a polynomial representing a
trend in activity inregion, A, Q(t) is a Fourier series
(K =24,...) representing a periodic variation in
activity in region A with a fundamental period P,
g(s)is a Laguerre type polynomial representing the
effect of an earthquake at time t in region A on the
seismic activity in the same region at time t +S (self-
exciting effect) and h(s) has a similar form as g(s)
but it represents the effect of an earthquake at time
t in region B on the activity at time t +S in region



A (external effect). The two summations . in
equation (1) extend for all i satisfying t; <t andall j

respectively t; <t . The external process is not neces-

sarily a series of earthquakes in region B . Other point
events (e.g., volcanic eruptions in region A ) may be
considered as an external process.

Another statistical technique to verify the
independent realization of earthquakes in neighbor
zones was developed by Gospodinov (1998). By the
probability theory this problem could be considered
as follows:

Let’s have two sequences of events z2 k =12,...,N,
and z7,1=1.2,.,N, which occurred in two neighbor
zones A and B in the same time period T, +T,. We
form a sequence z, ,m=12..,N wWith N=N, +Ng
arranging the events chronologically. The aim is to
verify whether a realization of an event in one of the
zones is independent of the occurrences of events in
the other zone. We can extract information about that
by the distribution of the random variable
i,j=AB denoting by z,, i an event
with a sequential number m+1, which occurred in

Zm+1 Eilzm € j;

zone | while the previous one occurred in zone j .
This is a discrete random variable with four possible
states. Its distribution shall be determined following
the assumption that the zones are independent that is
an event realization in one of the zones does not
change the probability for event occurring in the other
zone. In the probability theory this problem is identical
to the one of finding the distribution of all pairs of

balls from a box with N, white and N, black balls.
The probability of a certain combination is determined
by the ratio of possible states for this combination
N; = N,N, versus the total number of possible states

N? (Rozanov, 1989)

N, NN, 2

Formula (2) gives the distribution function of the
variable we are interested in. Applying it we may
calculate the expected number for each possible
combination (assuming independent zones)

o . NiNj ..
Y, = P(ij)N = I for i,j=A4,B. (3)

Then we can form the statistics used by Paradyne
and Rivette (1967)

(v -Y§)?

Yy

for i,j=AB, (4)
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where Y,] denotes the theoretical number of cases

Z..<€ilz, e i,j=AB. The statistics defined by
formula (4) follows the 2 -distribution and it is used
to verify the hypothesis of independence of the
seismic activities in neighbor zones (no interaction);
the hypothesis is rejected for N2 > N2, where x is

the chosen significance level and v is the degrees of
freedom number (y =1 for two zones).

Data and results

In this paper we tested the above methods on two
simulated data samples. Both samples were generated
following the stationary Poisson process with constant

intensities; A ,=.25 for the master process with
N, =898 events and 1 ,=.08 for the external
process with Ny =300 events. The simulation was
done using the conditional intensity function (Ogata,
1999). Let F(t|t,,...,¢,) is the conditional distribution
of an event occurring at time t, given a history of

events which occurred at times ¢,,¢,,...,¢, . The time

t,,; of the next event can be simulated by solving the

equation
F(t|t,...t,)=U,,, , (5)

where U ,, is a uniform random variable. As in our
case the conditional intensity is constant then the
distribution function of the intervals is exponential and
times are simulated by the formula
t; =ty —log(U;)/ 1. (6)
We first applied the LINLIN software to analyze
possible interaction between both samples. We verified
different cases including (or excluding) self-excitement,
external effect (interaction), periodicity and trend. As
the samples were generated to follow the stationary
Poisson process it is expected that data would best
support the model with no interaction (external effect),
no self-excitement, periodicity and no trend. The

variations of the model were compared using the Akaike
information criterion (AIC), (Ogata, 1999)

AIC = —2max log L + 2k, (7)
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Table [

Self-excitement External effect Periodicity Trend AlIC
Yes No No No 4241.738
No No No No 4238.417
Yes Yes No No 4243.630
No Yes No No 4241.598
Yes Yes Yes Yes 4242.265
Table 11
A B ) )
Zones A-B Yij Yijo Yij Yijo N E N],'0.05
A 678 672.19 218 .
224.81 1.14 3.84
B 217 224.81 82 75.19

where L is the maximum log-likelihood function and
k is the number of parameters used in the model.
The minimum AIC value identifies the best fit model.
The results are presented in 7able I. It can be seen
that the LINLIN software correctly recognizes the
best fit model for the simulated data. The model with
smallest AIC is the one for which we have no self-
excitement, no interaction, no periodicity and trend.
The two simulated samples were also analyzed with
the help of the model offered by Gospodinov (1998).
They cover one time period and the null hypothesis was
that the two samples are independent that is a realiza-
tion of an event in one of the zones does not change the
probability for an event occurring in the other zone.
Following this assumption and formula (3) we calculat-

ed the expected Y;* values and compared them to the
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real Y; values. The results are shown in Table II. As

one can see the calculated value 82 <N%; o5 of the used

statistic is smaller than the theoretical one which re-
veals that the data does not reject the null hypothesis at
a significance level of x =0.05. In fact both methods
applied identify correctly the independence of the two
simulated sequences and can be used to analyze possi-
ble interaction between real sequences of earthquakes
in adjacent zones. One should use all existing on the
geotectonic characteristics of the seismic zones (tec-
tonic structure, faulting, faults interaction etc.) to make
a most adequate interpretation of the results by such a
study.
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CTATUCTUYECKHA AHAJIN3 HA B3BAUMOJENCTBUETO MEXIY CEU3MUYHUTE
AKTHUBHOCTH B CbCE/IHU 30HU: ITPUJIOKEHUE 3A CUM YJIMPAHU KATAJIO3U

Hpazomup Tocnoounos’, Boiiko Panzenos', Enegpmepus Ianaoumumpuy?, Bacunuc Kapaxocmac

MHoro u3cnenBaHus MOKa3Bat, 4e P U3CIIeNBaHe Ha
CEM3MHUYHOCTTA B ONPE/IETICHA CEM3MUYHA 30HA TPsIOBa
Jla ce uMa MPEABUIl U B3MOKHOTO B3aMMOJICHCTBUE
MEKTy MIPOLIECUTE B ChCETHU 30HU. B mpocTpaHcTBeH
aCIeKT TOBA B3aUMOJCHCTBUE Ce M3y4yaBa C MIOMOIITA
Ha Taka HapeueHaTa TexHuka Ha KyioH 3a onpenensize
Ha MpoMsHATa B MOJETO Ha HAMpPEXKEHHUE CIe]
peanu3anusTa Ha CUIIHO 3eMeTpeceHue. Ta3u TeXHUKa
odepTaBa 30HaTa Ha a)TEPIIOKOBA aKTUBHOCT WU
SIUIIEHTPaITHATA 00J1acT Ha OBJICIIIO CHITHO CHOUTHE.
XapakTepuCTUKUTE Ha €BEHTYaJTHO B3aUMOJCHCTBUE
BBB BPEMETO MOTaT Jia c€ aHAIM3UpPAT Ype3 MOJACIHU-
paHeTo My C MOMOIITa Ha ciaydailHu mpouecu. OT
MaTeMaTH4YecKa IJIeAHA TOYKAa TOBAa € Hal-JIECHO
OCBILIECTBUMO 32 CTAllMOHAPHU MPOLIECH U 3aTOBA €
nenech00pa3HoO MPEABAPUTEIIHO JIa CE OTCTPAHSAT
W3BECTHUTE OTKIIOHEHUSI OT CTAIlIOHAPHOCT (TPYITHPAHE,
Hajgu4ue Ha TpeHxa u Ap.). llenta Ha Hacrosmara
paboTa e 1a ce MPOBEpH XUIIOTe3aTa 32 CTATUCTUYECKA
HE3aBUCUMOCT MEXK]y CEM3MUUHUTE aKTUBHOCTH B
CBCEIIHU 30HU Upe3 pasmIeKIaHETO UM KaTo CIyYaifHu
nporecu. M3non3Banu ca ABa MOAXOAa, KOUTO ca
TIPUJIOKEHH BBPXY JIBE CITy4allHO TeHEpHpPaHH TTOCIIe-
JIOBaTEITHOCTH OT CHOMTHSL, creaBaty mpocT [loacoHoB
rpoiiec BbB BpemeTo. MHTepnperanusaTa Ha pe3yaTa-
TUTE 3a PEATHH 30HU TPsOBa J1a ce MPaBH C MOMOIIA
Ha HaJTMYHATa TeOTEKTOHCKa MH(OpMAaIs 3a 30HUTES
— CTPYKTYpa, pa3lioMsBaHe, KPUTI U JIp.

[Ipu egmuusa nomxon Utsu & Ogata (IASPEI,
2000) mpemraraT caMOBB30yXJall ce MPOoIec ¢
OIIIMY 3a BKIIOYBAaHE HAa BBHHIIEH eeKT (B3auMo-
nericTBHE ¢ Jpyra 30Ha). Pa3paboTeHa e u KOMITIO-
ThpHa nporpama LINLIN 3a oueHka Ha MOAETHUTE
TapaMeTpH 10 METOIa Ha MAaKCHMATHOTO MTPaBJIOIO-
nobue. Copen monena WHTEH3WBHOCTTA Ha
CEM3MHUYHHUSA MPOIIEC B JaJIeHa 30Ha A C€ JaBa C

ft)=PO+Q)+ Y glt—t,)+ > h(t-u;) (1)

kato ¢, (i =12,..) ca BpemeHaTa Ha CHLOUTHATA B

30Ha A, u; ( Jj= ],2,...) ca BpeMeHaTa Ha ChOUTHsITA
B 30Ha B, P(t) e momuHOM, OTpa3sBail TpeHIa B

aKTUBHOCTTAa Ha 30Ha A, Q(t)mpeacraBsa mepuo-

2

JUYHOCTTA, a g(S)- BB3ACHCTBHETO HA MPEIUIIHH
3eMeTpeceHus BbpXy akTuBHOCTTA. [lomobna opma
nMa u h(s), kaTo Toi oTpa3siBa BIUSHUETO HA TIpe-
JUIIHY 3eMETPECEHH OT 30Ha B (B3aumopelicTBHe)

BbPXY CEM3MHMYHOCTTA Ha 30Ha A

Jlpyra cTaTHCTHUYECKa TEXHUKA 3a aHAJIU3 Ha
HE3aBHUCHMATA PEATH3aIis HA ChOUTHS B ChCETHH
30HHM ¢ pa3paboreHa ot ['ocmogunos (1998). B
TEOpUATa Ha BEPOATHOCTHTE TO3U MPOOJIEM MOXKE
Jla ce TpeTupa Mo cienHus HaunH. Heka umame mBe

MOCNE0BATEITHOCTH OT 3eMETPECEHUS 2,k =12,.. N,
" zF k=12,.,N,, KONTO Ca Bb3HUKHAIN B 30HU 4 u B
B €/lUH BpeMeBH nepuoz T, +T,. O6pasysame obma
W3BagKa Z,,m=12,..N C N=N, +N,, IOApPeKIANKH

m?

CcHOUTHATA XPOHOJIOIrMYHO. 3a Aa C€ NpOBCpU Nain
nma B3aHMO£[€fICTBPIG MCKIY 30HHUTC CC U3IIOJI3BA

i,i=AB.

O6o3nauaBame ¢ Z,,, €i cbOuTHE C HOMEp M +1,

clydaiiHaTa BEIMYMHA Z_ . €ilZ € j;

CTaHaJo B 30HA |, JOKATO IPECAUIIHOTO € CTaHAJIO B
30Ha ] . PaBHpeI{CHCHI/ICTO Ha Ta3u OJUCKpPCTHa

cnyqaﬁHa BCIIMYMHA ITPHU XUIIOTEC3a 34 HE3aBUCUMOCT
CC naBa C

N. N.N.
P =—5=—5" bi=4B @

2 N2

kato P(ij) e BeposATHOCTTa 3a peaiau3anus Ha

CbOTBCTHATa KOMGI/IHaI_II/IH. PaBFJ'IeI[aHI/ITG mo-rope
JABa METOJa 0s1xa IIPUJIOKCHU 3a aHAJIN3 Ha Bb3-
MOXXHOTO BSaHMOHeﬁCTBHG MCXKAY ABC CJ'Iy‘IafIHO
TCHEPUPAHU TTOCICAOBATCIHOCTH CJICABAIIN ITPOCT
IToaconor nponec € pa3jniHa MHTCH3UBHOCT. n
ABaTa METOAa KOPECKTHO I/I,HGHTI/I(i)I/ILII/IanZl JINIICA Ha
BBaHMOHeﬁCTBHG MCXKAY MOCICAOBATCIIHOCTUTC,
KaKTO MOXE [1a C€ O4YaKBa OT MCETOAAa HA I'CHCpHU-
PAaHETO M. FopHaTa MCTOANKA MOXC a CC€ TPUIIOKHN
1 3a aHaJIM3 Ha pCalHu CCU3MUYIHHU 30HU, KATO IIpU
HUHTCpIIpETaliuATa Tpﬂ6Ba Aa c€ UMaT NpEABUN
CEM3MOTEKTOHCKHTE CBOMCTBA HA 30HUTE — HATMYHE
Ha aKTHBHU/TIAaCUBHH pas3jioMu, KpHUIl, BEPTUKAJIIHU U
XOPHU3OHTAJIHU ABMXXCHUA U JIP.
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