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1. Introduction

Internet opens wide posshiliies for goecidids to access the remote daabases. Due to
condderdble interest of society to ecology and its importance for vita activity it is ressonable
to supply Internet with databases on regiond naua hazards and information tools for
processing and andyds of geologicd and geophyscd daa The tools have to hdp the
pecidigsin gpatid data mining of natural phenomenaand processes.

GeoProcessor” [1] is an andyticd Web GIS for presentation, moddling and andyds of
environmenta and in paticulaly sssmologicd data The sysem supports remote access to
geologicd, geophyscd and geogrgphical databases and processng, moddling, andyss and
goatid data mining. It helps to edimate and detect properties of geologicd environment using
the st of the plaugble inference methods, such as amilaity with precedents, smilarity with
expat expressons in fuzzy logic condructions, membership functions and nonparametric
regresson.

The motivation of this paper is devdopment of the sasmologicd problem doman for
information technology in scope the IST Proect SPIN! [2]. The paper outlines the basc
problems of saismic impact forecadting, gives specification of WWW users of seismologica
Gl, condders four basc methods of data mining referring to sesmologicd applications, and
discusses the peculiarities of sesmologica data mining in conclusion.

2. Seismological problem domain

2.1. General methodology

There are three principa problemsin seismic impeact forecasting:
1 Sdasmic hazard assessment;

2. Eathquake prediction.

3. Induced hazard assessmen.

Generd methodology for the solution of these problems consgts of three main seps
() Assessment of the rdationship between selsmo-tectonic attributes or between naturd and

man-made objects,
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(i) Prediction of the target ssismologica attributes or detection of the target seismologica
objects,
(ili) Representation of the result for cartographic exploration.

2.2. Seismic hazard assessment

Sdgmic hezard assessment condgdts in two problems esimation of ssismic regime parameters
and edimation of sdsmic shekesbility (Fig. 1). Sasmic regime according to Gutenberg
Richter modd [3] is detemined by the following 3 parameers intendty of saismic flow,
coefficient of decreasng linear reationship between the logarithm of a number of events and
ther magnitudess and maxima possble magnitude (Mmax) of expected earthquake.
Shakedhility defines saigmic impact on the earth surface in the MSK-64, EMS98 [4] intengty
sades or in acceeration scde. Shakeability a the point is caculated as a sum of sasmic
impects of al sesmic sources teking into account Spetid damping of sdsmic energy with
distances from seismic sources.

The following initid deta are used for sesmic hazard assessment: earthquake catdogue, data
about dae and tendences of evolution of geologicd  environment,  expert
knowledge’hypotheses about the geodynamic regiona modedls and expert solutions,

The mogt difficult and important problem is edimation of Mmax spatid distribution [5, 6].
Complexity of the problem is necessity to etimate rare and extreme event under the condition
of incomplete information. Economy and socid consequences due to  underestimation or
overesimaion of Mmax define importance of the problem. Problem solution is based on
historical facts about earthquake repetition and on suggestion about relationship between Mmax
and seismo-tectonic earth crust properties, which are very dowly changed in time.
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Fig. 1L Sesmic hazard assessment

2.3. Earthquake prediction

The problem [7, 8, 9, 10, 11, 12, 13] congds in detection of effective earthquake precursors
and in udng the precursors for edimation of time, place and energy of expected earthquake



(Fg.2). There ae no effective solutions of this problem till nowadays in spite of the grest
common activity of specdigs of different disciplines. Earthquake catdogues, geo-monitoring
time series, daa about dationary seismo-tectonic properties of geologicad environment, and
expert knowledge and hypotheses about earthquake precursors are used to solve this problem.
Complexity of the problem consds in the grest uncetanty in the modd of eathquake
preparation process, limited volume of the messurements, high leve of noise in daa and
presence of different effects, which trigger the earthquakes.
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Fig. 2. Earthquake prediction
2.4. Induced hazard assessment

Eathquake can induce another naturd and mantmade catastrophes (Fig. 3). The modd of
induced hazard assessment was proposed in [14, 15]. It congders a system that conssts of
interacting subsystems, such as different dements of the environment, economica Sructures,
or nodes of energetic or information networks. Each of these subsystems can be in severd
dates the normd date and a number of dates representing some degree of damaege. It is
upposed that damage in a certain subsysem can cause damage in another one. The modd
dlows to incorporate the following dataa a set of hazard objects expert knowledge about
possble damage daes of the objects expet knowledge about pared links between the
objects, edimations of probabilities of spontaneous catastrophes, the expert evduaions of
probabilities for one caadrophe to induce directly another catastrophe. The modd is
presented as the oriented graph nodes of which are dl possible catastrophes and arrows are
probabilities of induced catastrophes.



I nduced hazard assessment
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Fig. 3. Induced hazard assessment
3. Usersof seismological Web GIS

Sdgnologicd Web GIS [17] have two dasses of usas sdgmologicd Gl suppliers and
sagmologicd Gl consumers.

The objectives of sasmologicd Gl suppliers are the following:

1. Dissemination of knowledge on higtoricd and current saismicity.
2. Traning of actions on sEismic disaser mitigation for individuds.
3. Support of adminidrative solutions for seigmic risk mitigation.

4. Support of scientific research.

Gl consumers can be divided in four groups citizens, adminidration, students, and experts.
The queries of seaismologicd GI consumers are the following:

Citizens
1 Current and higtoricd seismicity
2. Documents on seismic hazard and saismic risk mitigation for individuas
Adminigration:
1 Sasmic hazard and induced hazard assessment
2. Acdionson sagmic risk mitigation and insurance policy
Students:
1 Traning in ssmic hazards assessment
2. Traning in earthquake precursor andyss
3. Traning in edimation of seismologica parameters
Experts
1 Sagmic hazard assessment and devel oping the seismic zone maps
2. Invedtigation of new earthquake precursors
3. Eathquake predictionin red time



4. Induced hazard assessment
5. Saamic risk assessment

4. Spatio-temporal seismic data analysis.
4.1. Seismological data and types of data analysis

Sagnological  database contains information about saismological and  seismo-tectonic  entities,
atributes and rdationships between entities and dtributes. Entities are represented by
geogrephicd objects and 2D or 3D grid daa The objects incdude the polygons for
representation  of geologicd and adminidrative zones, the points for representation of
eathquake cadogues, dities, dangerous manmade objects sasmologicd dations, the lines
for representation of geologicd faults, lineaments, roads, topographica dements, the network
of geo-monitoring data dations for measurement of seigmo-tectonic time series. Grid data are
used for spatid and spatio-tempord  presentation of seismo-tectonic  properties of geologica
media

The following four types of Gl andyss ae usd in sHismologicd GIS for solution of the
problems specified in the previous part of the paper.

Edimation of the rdationships between the attributes.

Egtimation of the relationships between the objects.

Egtimation and prediction of the target Gl attribute.

Detection of the target Gl objects.

4.2. Edtimation of the relationships between the attributes

There ae two basc methods for andysing the reationships between the seismo-tectonic
atributes

(i) Correation and factor andyss of the atributes.

(i) Statigtical and logicd inference of the relationships between the attributes.

Corrdation and feactor andyss hdp to discover the peculiarities of ssismo-tectonic  structure
and tendency of evolution for the region under study. Plausble inference methods are amed
to determine the relationships, which could be gpplied for the solving the forecast problems.

An example of the infared rdationship between the maxima magnitude of expected
earthquake Mmax and geologicd and geophysicd atributes for the Caucasus region [5] is
presented in graphica formin Fg. 4. Therdationshipis F(X) = 4.1+] 1 (X,) +] 5(%,) +] 5(Xs) ,
where:

i 10%), 0 2(%), ] 3(X) areincreasing piece-linear functions;

X1 is a sodid dtribute of the faults which is equd to hdf sum of the cdoseness to thruss
active in Cenozoic period (Y1) and closeness to drike-dip faults (Y2) active in the same
period Xy =(Yy +Yx)/2, ¥, =100(1- r,/R), i=12 t is the raster point number, I, is the
distance from the grid paint t to the nearest thrust (fault), R=50 km;

X2 is the absolute vdue of the post-Sarmdian verticd tectonic movement veocity gradient in
10 /year



x3 is the anomdy of the upper mantle P-wave run time vaidion in seconds,
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Fig. 4. Relationship between Mmax and themétic attributes for the Caucasus region,
F(X) =41+ () +] 2(%) +] 3(Xs)

4.3. Estimation of the relationships between the objects

Three methods of analys's the rel ationships between the seismo-tectonic objects are the most

typical:

(i) Object cassfication and dustering.

(i) Edtimation of geometric properties of SeiSmic rocess.

(i) Induced hazard assessment (modelling of scenarios and estimation of probability of
induced catastrophes).

Method of dassficaion and duder andyss are usudly goply to sdect out homogeneous
groups of eathquekes or to andyse eathquake migration. Geometric properties of sasmic
process describe spatio-tempord variations of the rdationship between the earthquekes. The
paameter of fractd dimenson of the earthquakes (D-vaue) is usudly measured for this am.
D-vdue is close to 1 in the aea where earthquakes form the linear groups and it is dose to 2
in the case of diffudve gatid eathqueke didribution. The methods of induced hazard
assessment use the pared links between naturd and manmade objects in order to modd
scenarios of catastrophe evolution.

An example of catastrophe chain induced directly by the eathquake is presented in Fg. 5.
The earthquakes with energy €1, €, €3 induce the landdides with body rocks M1 and M2. The



Iandslldes creste dams and water body. Probabilities of earthquekes are given by vector

p'=(p1, P2, P3). Probatilities of & earthqueke induces a landdide M is given by the 3x2 matrix
Pem—(P(a ). Two catastrophes of water body are possible: dam overfilling or dam crush. Let
us Do(M) is 2x2 diagond matrix, probability of dam ovefilling after the landdide m;
probability of not overfilling for the dam is Dn(m)=E-Do(mM); probability of mudflow after
overfilling is Qo' (M)=(Qo(M) Qo(M2)); probability of mudflow after the dam crush is
Qn' (M)=(Qn(M1), Qn(M2)); U is probability of the sructura damage after mudflow. Then the
probability of indirect dructurd damege dter the earthquake in marix notation is given by
the following expresson:

L=p "Pem(Do Qo+Dn Qn)U
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Fig. 5. An example of chain of catastrophes

4.4. Edimation and prediction of thetarget Gl attributes

(i) Generation of new geographica object attributes or layers.
(i) Edimation of patio-tempord digtribution of seismo-tectonic attributes.
(iii) Forecasting of the seismic parameters.

Generdtion of new geogrgphicad object atributes or layers is caried out by the attributes and
geometry of another layers For example, it is possble to cadculate sesmologicd dtributes of
the polygon or paint by the earthquake epicentres located & the polygon or point buffer zones.

An example of edimation of gpatio-tempora didribution of sasmo-tectonic atribute is the
vaigion of minima representative earthqueke magnitude Mmin for the East Mediterranean
region. The result presented in Hg. 6 was obtained in cooperation with G. Pgpadopoulos in
scope of EC Copernicus Project ASPELEA (contract IC 15 CT97 0200). The less Mmin then
the sendtivity of sdsmic network is higher. The vaiaions of Mmin manifested that sengtivity
of sasmic nework was sgnificantly improved firdly in 1988-1991 years and the second time
in 1997-2000 in the north-west area of the region.



Fig. 6. The sections of 3D raster of Mmin variation from 1967 to 2000 with 3-year interval

Another example refers to forecadting the properties of seismic process. It is an agpplication of
the RTL criterion [8] for detection of earthquake precursors made in scope of ASPELEA
project. Cleaned from aftershocks earthquake catdogue with 1551 events occurred from
01011964 till 06.09.1999 (one day before the eathqueke) within the drde with 100 km
radius and the centre in the Athens eathqueke, M=59, 7091999, latitude=38.15,
longitude=23.62 was andysed The RTL time series is presated in Fg. 7. The dgnificant



postive anomay before the Athens earthquake detects a set of foreshocks, which could be
interpreted as earthquake precursor.
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Hg. 7. Edimation of time seriesfor the Athens earthquake, m=5.9, 7.09.1999, 1at=38.15,
long=23.62, by RTL -criterion

45. Detection of thetarget Gl objects

Two types of seismologica object detection can be consdered:
() Ddinestion of seismic source zones.
(i) Earthquake prediction.

In the fig case the problem condds in esimation of seismic source geometry by dl avaldble
saismologicd, geophyscd and geologicd data In the second case the predictive problem
condsing in assessing the time, coordinates and earthquake energy is solved with the hdp of
preceding data only.

An example of eathquake prediction made retrospectivey refers to Tangshan earthquake
with magnitude M=7.8 occurred a northreastern China on July 28, 1976 [13]. Daly time
series of geophyscd and hydrogeologica parameters measured a@ 10 dations based on the
observation period ranging from the beginning of 1972 till July 27, 1976 (24 hours before the
Tangshan eathquake) were andysed. Four sections of 3D grid daa corresponding to
eathquake precursor and the seismic dations shown by triangles are presented in Fg 8. It
adso shows tectonic faults and epicentres of the future Tangshan earthquake and of the two
drongest aftershocks with magnitudes 6.9 and 7.0. The anomay corresponding to earthquake



precursor is evolved from Bejing and Tangshan areas and located a the vicinity of Tangshan
epicentre,
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Hg. 8. Precursor evolution in 60-7 days before the Tangshan earthquake,
China, M=7.8, 28.07.1976. The vaue of anomdy is measured in values
of slandard deviations of gationary process multiplied by 100

5. Some peculiarities of seismological data mining

0]

(i)

(iv)

Two types of ssismologica predictive data mining are congdered:

A) Prediction based on spatid and paio-tempord geodata @ the vicnity of the
target object under study: Y(I ,j ,t) = F(x(l ,j ,t))

B) Prediction based on the ratio between the objects
y(n) = F(ql’qZ""’qN’u12""’unm""’u(N—l),N)

There are the following peculiarities in sesmologicd predictive data mining:

A) Incomplete information (incomplete data, absence of mathematica mode)

B) Uncetanty in data and expet knowledge (noise in data ambiguity in expert
knowledge)

There are the following peculiaritiesin sasmologicd Gl:

A) May types of spdio-tempora data (grid data, points lines, polygons, images,
time series, documents)

B) Huge earthquake cata ogues involving up to tens and hundreds thousand events

Principle peculiarity of sesmologica GIS architecture condds in integration of vector

and grid daa processng. This integration is essntid for three following types of

operdions.

A) Edimation of gpatio-tempord propeties of geographica objects with the hdp
trandformations their geometric and thematic datainto 2D and 3D grid data

B) Edimaion of the dtributes of geogrephicad objects usng evauaion of the
functions of 2D and 3D grid datawithin the geographica object buffer zones

C) Detection of target geographical objects from 2D and 3D grid data

10
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