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Abstract. We try to obtain a spatio-temporal model of earth- molecules. The knowledge of atoms and their structure has
quakes occurrence based on Information Theory and Cellulaexplained important properties of solids, fluids and plasmas,
Automata (CA). The CA supply useful models for many in- and has been used to transform the world in what we know
vestigations in natural sciences; here, it have been used to esaday. However, with this reductionistic scheme one cannot
tablish temporal relations between the seismic events occurexplain why a metal is so different from a cell, as both of
ring in neighbouring parts of the crust. The catalogue usedhem are built with the same atoms. Other frameworks are
is divided into time intervals and the region into cells, which needed, that of complex and/or non linear systems, where
are declared active or inactive by means of a certain energyhe whole is more than the sum of its parts. Until recently,
release criterion (four criteria have been tested). A patterrthe paradigm of science was to consider that simple systems
of active and inactive cells which evolves over time is given. (with a few variables) behaved in a simple manner (ordered),
A stochastic CA is constructed with the patterns to simulateand that complex systems (with many variables) behaved in
their spatio-temporal evolution. The interaction between thea complex manner (disordered, at random). However, it has
cellsis represented by the neighbourhood (2-D and 3-D modbeen discovered that simple nonlinear systems can behave in
els have been tried). The best model is chosen by maximiza chaotic form. This implies that if one observes a disordered
ing the mutual information between the past and the futureand complex behaviour in a system, it could effectively be a
states. Finally, a Probabilistic Seismic Hazard Map is drawncomplex system or it could be a simple one, whose dynam-
up for the different energy releases. The method has been ajies is chaotic. On the other hand, one could have a complex
plied to the Iberian Peninsula catalogue from 1970 to 2001 system with simple dynamics, due to a nonlinear synchro-
For 2-D, the best neighbourhood has been the Moore’s onaization and/or auto-organization.
of radius 1; the von Neumann’s 3-D also gives hazard maps Even if the relation between the low-dimensional and the
and takes into account the depth of the events. Gutenbergspatially-extended systems is too close, the former has a fun-
Richter’s law and Hurst's analysis have been obtained for thejamentally different property, and this is the formation of
data as a test of the catalogue. Our results are consistent wiffatterns. Spatially-extended dynamical systems in general
previous studies both of seismic hazard and stress conditiongre described by state spaces of infinite dimensionality. If,
in the zone, and with the seismicity occurred after 2001. however, some emergent pattern or regularity in the config-
uration of a system can be found, this pattern can be used to
reduce the evolution of the system to some effectively low-
dimensional, and therefore easier, dynamics. Discovery and
identification of emergent patterns is therefore a crucial first
The origin of modern science is based on the idea of reducSteP in the analy_sis of a system. If no such pgtterns can be
found, the analysis must fall back on an approximate stochas-

tionism. Since Democritus and Epicure, the macroscopic be- el of th \uti thouah hat d ds for i
haviour of matter has been explained in terms of its final con-lIc model of the evolution, although even that depends for its

stituents. This first approximation is a natural way to start SUCC€SS On SOme statistical regularity in the behaviour (Han-

the difficult challenge of understanding nature. Indeed it hassoln’ 1993)'_ _Corm;:ex systemﬂs are not predict_at_)le with ab-
been successful: with such a scheme we have understood tH& ute precision; however, after a coarse-graining (on not

structure of the matter by using simple elements as atoms antgagrgftgg%%)a scale) a system becomes predictable (Keilis-

Correspondence toA. Jiménez A spatially-extended system can be modeled by
(ajlloret@ual.es) using “Cellular Automata” (CA), a simple class of
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Fig. 1. Elements of Cellular Automata.

idealized-discrete systems, which evolve in discrete spacdéal differential equations used to describe natural systems.
and time, and whose states are discrete too (AdamatzkyTheir discrete nature also allows an important analogy with
1994). Each site value is updated according to rules thatligital computers: CA may be viewed as parallel-processing
specify their values in terms of the values of neighbouringcomputers of simple construction (Wolfram, 1983).

sites. In spite of its extreme simplicity, CA exhibit a wide A formal definition of CA is as follows (Delorme, 1998):
range of behaviour (Wolfram, 1983): stationary uniform g 4-dimensional Cellular Automata (a@f-CA), is a 4-uplet
states, periodic ones in time and space, spatially disorderegzd s 5, §), whereZ? is a regular lattice (the elements of
states, with turbulent behaviour, or in continuous evolution. 74 are called cells, or), S is a finite set, the elements of
For these reasons CA has been studied extensively in natur@fhich are the states af n is a finite ordered subset (with
sciences, mathematics, and computer science. m elements) ofZ¢, called the neighbourhood @f and s
Earthquakes have been represented in terms of discretgsm+1_; g) is the local transition function or local rule of

spatially-extended systems, being each part of the crust in¢since the rules are homogeneaiis the same for the whole
teracting with its neighbouring parts; this approach repro-|attice).

duces the same characteristics of self-affinity and power laws |, the construction of a CA to simulate a specific problem
as earthquakes show (Burridge and Knopoff, 1967; Otsukamany choices have to be made. Firstly, the available set of

1972; Bak et aI.,- 1988; Bak and Tang, 1_989; Carlson andgates for each cell (the set); for simplicity, only two states
Langer, 1989a, b; Nakanishi, 1990, 1991; Barriere and Tur-4re ysyally chosen, active or inactive (represented by black

cotte, 1991; Olami et al., 1992; Christensen and Olami,onq \white, respectively, Fig. 1). However, there are other

1992). CA with intermediate states between these two. A reason

The discrete approach has been also used by Hirata ang; preferring small state sets is that only when there are few
Imotq (2997), Posada§ et al. (2000), Posadas et al. .(2.002?§cates is it possible to specify the CA rules explicitly and store
Gonzlez (2002) and Jignez et al. (2004) for characterizing  them in a table, which is important for simulation. A reason

the evolution of the seismicity in a region, and for providing o, using large numbers of states could be that these CA can
maps (Probabilistic Seismic Hazard Maps) where the level ofgtter approximate a continuous system.

the future seismic activity is predicted in a probabilistic way.

In the present paper this seismic hazard model is developeq Another choice is the selection of a specific lattice geome-
b ty (Z4 geometry, given by the cell geometry). The definition
taking into account the methods and tools of these authors y (2 geometry, given by the cell geometry). The definitio

) . . 5f CA requires the lattice to be regular. For one-dimensional
First, some basic concepts about CA as well as importan . T
. . automata, there is only one possibility: a linear array of cells.
results of the Information Theory will be presented. Next

the seismic hazard model will be exposed and apolied to, For two dimensions, three cell geometries can be selected:
P PP X %riangular, square and hexagonal. The first has the advantage

fiﬂﬁgIzaéecggﬁzl'u;?gnlsb\?vﬂf‘gezz%r:zglr?z'eg'nally’ the main of having a small numb_er of neare;t.neighbours; but, it is
' difficult to represent or visualize (as it is the hexagonal one).
So, the square geometry is the most commonly used, and, if
2 Cellular automata a higher isotropy would be needed, the hexagonal one is the
best. There are many possibilities in three dimensions; the
CA supply useful models for many investigations; in partic- €asiest to handle and represent is the cubic one.
ular, they represent a natural way of studying the evolution The lattice ¢9) is defined as infinite in all dimensions.
of large physical systems (Toffoli and Margolus, 1987). They For considerations of computability and complexity, this
are simple mathematical idealizations of natural systems, ant reasonable and necessary; but, of course, it is impossi-
consist of a lattice of discrete identical sites, each site takingble to simulate a truly infinite lattice on a computer (un-
on a finite set of integer values; values which evolve in dis-less the active region always remains finite). Therefore it
crete time steps according to rules that specify the value ofs necessary to prescribe some boundary conditions; in gen-
each site in terms of the values of neighbouring sites. CAeral, there are three kinds of them: periodic, reflective and
may thus be considered as discrete idealizations of the paffixed value. All three conditions can be combined, so that
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Fig. 2. Neighbourhoods, from left to right, the von Neumann'’s with radii 1 and 2, that of Moore, of Smith and two of Cole, all in 2-D; and
von Neumann’s neighbourhood radius 1 in 3-D.

different boundaries can have different conditions. Not onlyif it only depends on the sum of the states of all cells in the
the boundary conditions have to be specified, but also the inineighbourhood. It is called outer totalistic if it also depends
tial conditions. They can be very special (constructed fromon the state of the cell to be updated. Another classification
data, for example), or they can be generated randomly. is to distinguish between deterministic or probabilistic rules.
Next, a neighbourhood:f must be selected. The neigh- In the first case, the transition rule is a function which has ex-
bourhood of a celt (including the cell itself or not, accord- actly one result for each neighbourhood configuration. This
ing to the convention used) is the set of cells which will corresponds to a Markov chain. However, probabilistic rules
determine the evolution aof. It is finite and geometrically provide one or more possible states with associated proba-
uniform. A neighbourhood can be any ordered finite set,bilities, whose sum must be one for each input configuration
but some special ones are mainly considered. Classic neigiWWeimar, 1998). In this case a model which is equivalent
bourhoods are those of von Neumann and Moore. They aréo a hidden Markov chain is obtained (Upper, 1997). Other
known as the “nearest neighbours neighbourhoods”, and declasses are the so-called fuzzy CA, the hierarchical ones, or
fined according to the usual normig||; , [zl , @nd the as-  the exotic CA (Adamatzky, 1994).
sociated distances. More precisely;#(z1, ..., z4):

Izl = 27_1 i 3 Information theory
Izlloo = Max {|zi| /i € {1, ..., d}} Information Theory confronts the problem of constructing
models from experimental data series. These models are
with d1 andd their associated distances. used to make predictions, but the underlying dynamics is
This gives for the von Neumann’s neighbourhood: unknown (or known but with a high dimensionality and
4 ) ) thus incomputable). The limits of the predictive ability im-
nvn(z) = {x/x € Z%y di (z, x) < 1} with a given order, ply a loss of information, and motive the use of the for-

malism and concepts of “Information Theory”. This the-
ory, widely developed by Shannon (1948) and Shannon and
nu(z) = {x/x € Z%y dy (z, x) < 1} with a given order. Weaver (1949), often provides a natural and satisfactory
framework for studying the predictability. Shannon studied

Other interesting neighbourhoods appear in literaturethe basic problem in sending and receiving messages, and
(Weimar, 1998; Delorme, 1998) and some of them are reprereglized that it was a statistical one. If messages are com-
sented in Flg 2. Together with a modification of the rUleS, thEposed of an a|phabé¢ with n Symbo|s having the transmis-
extension of the neighbourhood sometimes leads to a muchjon probabilities f1,. . ., p.), the amount of information in
better isotropy, and is therefore often used when natural pheg message is defined as:
nomena have to be modelled. Note that a large neighbour-
hood is usually very inefficient to simulate. "

The most important aspect of a CA is the transition rule 1(X) = —K ZP" log pi. @
or transition function§. It depends on: the lattice geometry, =t
the neighbourhood, and the state set. Even though the transivhereK is a positive units-dependent constant. Shannon ar-
tion rule most directly determines the evolution, it is in many rived at this expression through arguments of common sense
cases not possible to predict the evolution of a CA other tharand consistency, along with requirements of continuity and
by explicitly simulating it. The transition function can be additivity. Because information is often transmitted in strings
expressed in many different ways, being the most direct toof binary digits, it is conventional in Communication Theory
write down the outcome for each possible configuration ofto take the logarithm to the base 2 and meagiiria “bits”.
states in the neighbourhood. Further simplification can of-Thus,H quantifies the average information per symbol of in-
ten be achieved by grouping states together according to thput, measured in bits. Later, Jaynes (1957a, b) made a rigor-
symmetries of the lattice. Also, they can be implicit, in that ous connection between Information Theory and the Physics.
the detailed rule has to be evaluated from some formula. InWhereas Shannon envisioned the {ggt as given in Com-
classical Cellular Automata Theory a rule is called totalistic munication Theory, Jaynes turned the interpretation around

and for the Moore’s neighbourhood:
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Fig. 3. Driscretization process at each interval of time. 4 The method

4.1 The model

to utilize available information to determine the probabili- . ) ) o
ties. There is sustantial evidence of complex dynamics in the

The problem here is describing and quantifying the pre_Earth’s crust. Following the “Te(_:tonic Plate_s" theory, ad-
dictability of a stream of numbers obtained from repeated’@nced by Wegener (1912), the lithosphere is composed by

measurements of a physical system. Shannon restricted hf network of blocks (plates) which float over a viscous zone
discussion to the transmission of information from a trans-(@sthenosphere) and interact between themselves. There are

mitter to a receiver through a channel, each with known stafhree main plate tectonic environments: extensional, trans-

tistical properties;p(x) describing the distribution of possi- [0'™M, and compressional. Plate boundaries in different lo-

ble transmitted messages X, p(y) the distribution of pos- f:alltles are subject to different inter-plate stresse;, produc-
sible received messagesY, and the properties of the chan- g Several types of earthquakes. The system lithosphere-
nel connecting the two distributions is contained in the con-2Sthenosphere, with the different plate interactions, forms a

ditional distributionp (x| y), the probability of receiving mes- dynamical system of non linear, coupled equations, which
sagey given that message was transmitted. A dynamical consist in both internal plate equations (stresses, deforma-

system communicates some information, but not necessaryfons: ruptures, etc.) and relative plate movements. Such a

all, about its past state into the future; the conditional dis-SYSt€m presents an extremely complex behaviour, although

tribution describes the causal connection between past antf€ €quations are deterministic, because of their non lin-
earity and coupling. This leads to a chaotic and/or com-

future, given by the system dynamics. Then, the problem ! > ) ) 4

of prediction, formally at least, becomes simple: giyem) plex approach to the seismologic studies, as in Crutchfield

andp(x|y), computep(y). et al. (1986), Keilis-Borok (1990), Sotolongo et al. (2000)
i for example, or to consider the crust as blocks which interact

The amount of information that a random varialZleon- ) _ _
tains about other random variatifecan be expressed by the (Burridge and Knopoff, 1967; Carlson and Langer, 1989a, b;
Rundle et al., 1996).

“mutual information”. To explain its meaning, it is neces- / ) ) )
sary first to define the Kullback-Leibler's distanbep||p’), Here we deal with a discrete representation of the seis-
also called relative entropy, which represents the distance beiC région, where each site is interacting with its neighbour-
tween two probability distribution functionp,andp’, ofthe ~ INg Sites; the model is a CA, and it simulates the spatio-

same variable (Cover and Thomas, 1991): temporal eyolutipn (_)f the different seismic pqtterns obtained
from the discretization process. More precisely, the model

D(pllp) = Z plog, ﬁ/ 2) is a stochastic CA outer totalistic, whose boundary condi-
p tions are fixed (inactive edges) and whose initial conditions

This distance can be interpreted as a measure of the imprél® given by the data. The class of CA chosen is the stochas-
cision made by assuming a distributiphwhen the true dis- tic one because there are only two available states, and it is a
tribution is p. With this quantity the mutual informatiop,;, ~ 9eneralization of a deterministic CA. _

is then defined as the relative entropy between the joint prob- The seismic model proposed has four basic elements: a
ability distribution p(x, y) and the distribution given by the ~coarse-graining of the data, both spatially (the lattice is con-

marginal probabilities (x) and p(y) (Fraser and Swinney, Structed) and temporally; an activation criterion for the cell,
1986): that will lead to a simplification of the seismicity by assign-

ing one of the two available values for each cell, active or
p(xi, y;j) inactive (theS set), and that will provide the seismic pat-
pr (X3 Y) = Z Zp(xz‘, yj)log, PCDPO)) ) tern, or lattice configuration, for each time; the template or
=ti=t neighbourhoody, (2-D or 3-D) that determines how the cells
Note that wherk andY are independeng(x, y)=p(x)p(y) interact; finally, the transition functios, which best repro-
(definition of independence)t;(X; Y)=0. This makes duces the pattern series.
sense: if they are independent random variables, Yheuil The first two elements cited before, which lead to the
not tell us anything about. pattern construction, are made by following the proposal
If X represents the seismicity of a region at a certain timeof Hirata and Imoto (1997), Posadas et al. (2000, 2002),
andY the seismicity at the same place but at a next intervalGonzlez (2002) and Jidnez (2004): the seismic catalogue
of time, they will be related; the mutual information between is divided intor’ time intervals of length; a coarse-graining
them is an appropriate measure of how independent they arés carried out for each, by dividing the region intav? cells,

n m
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Fig. 4. Correlation functions of the simulations made for the 2-D von Neumann’s neighbourhood of radius 1 withdtieerion and the
abridged catalogue. The Hamming distances are 12 and 9, respectively.

with N being the number of bins, or number of cells in one inactive in the future (Jitenez et al., 2004); two neighbour-
spatial dimension, and the selected dimension; a state (ac- hood configurations are considered equivalent if they have
tive or inactive) is assigned in function of a determined acti- the same number of active neighbouring cells. The real prob-
vation criterion. ability distributions can be obtained directly from the data,
The activation criterion homogenizes the information con-by using the Laplace probability concepi(f)=favorable
tained in each cell at each interval of time, and determinesases/possible cases). Thus, the CA rules are the dynami-
the pattern series to be fitted. In the works previously cited,cal model of the system, and characterize its spatio-temporal
a cell is declared active in a time intervalif the number  evolution.
of events in that cell is greater than or equal to the average Since there is no a priori knowledge of the best neighbour-
of the whole region at that interval. However, four different hood to be used in the particular case of the seismic activ-
activity criteria have been here evaluated to give an adequatgy, some of them have been tried: those denoted as “nearest
importance to the areas with less number of events, but witheighbours neighbourhoods”, in 2-D (von Neumann’s radius
high magnitudes. A cell will be considered active if: 1, and Moore’s) and 3-D (von Neumann’s), and those of in-

teraction at a longer distance (von Neumann'’s radius 2, in
«1) the accumulated energy of the events at a time intervab_py

7; is greater than or equal to the average of the whole

. ) Having fixed the activation criterion and the neighbour-
region at the same interval;

hood, thes function depends on the number of time intervals,
«2) the accumulated energy is greater than or equal to & + @nd the number of celly“. For choosing the best config-
threshold energy: uration qf both of them, itis necessary to use tlhe results Qf the
Information Theory. The mutual information is the function
«3) the maximum magnitude is greater than or equal to awhich measures the dependence between two variables, and
threshold magnitude; its maximization gives the maximum dependence between
these two variables. In this work, it is made by a grid-search
a4) the accumulated energy of the events until a time inter-in »” and N. As an example, for the von Neumann’s neigh-
val 7; is greater than or equal to the average of the wholebourhood of radius 1 in 2-D, the mutual information can be

region. expressed as:
The data set has been then translated to a CA representa- L
tion, where time, space and states are discrete (Fig. 3). Thg, — Z Z Zp(, j. k) log, ——2—"_ PG j. k) (4)
a1 anda4 criteria provide an approach of the places where 20 i20k= p@)p(j, k)

the maximum activity is foreseen. More precisely, ddecri-

terion would be similar to the macroseismic studies, wherebeingp(i; j, k) the joint probability of past and future states,

the seismic hazard is evaluated from the whole catalogue irand p(i) p(j, k) a distribution of independent stat€s) rep-

a zone. Thex2 andw3 criteria mark the areas where cer- resents the central cell in the future, atd k) the central

tain energy is expected to be surpassed (accumulated or pead neighbouring cells in the past. For the Moore’s neigh-

energy). bourhood, the& index is extended to 8, which is the maxi-
The problem of obtaining the transition rules is an inversemum number of neighbouring cells. Once havingithand

one: given a pattern series, thiefunction which best fits N which maximizeu;, the stochastic CA rules are calcu-

them has to be found. For each neighbourhood configuratiofated from the histograms of occurrence for each transition.

there is a certain probability for each cell of being active or Finally, this function is applied to the last real pattern for
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45 : — : encoded information, and is a particularly simple metric of
comparison. A complete study about tests and simulations
was carried out for all the cases; as an example, the cor-
relation functions of the simulation made for the 2-D von
Neumann’s neighbourhood with tlel criterion are shown

(Fig. 4).

Latitude

5 Data

The crustal deformation in the Iberian Peninsula, northwest-
ern Africa and the adjacent offshore areas is controlled by
the Africa-Eurasia plate collision and extensional processes
in the western Mediterranean Basin and Alboran Sea. The
Ter SOl B regional seismicity is characterized by a diffuse geographi-
-15 -10 -5 ] g .. . .
" Langitude cal distribution and from low to moderate magnitudes. Only
in the Atlantic Ocean and northern of Algeria, seismic-
Fig. 5. Epicenter distribution of the earthquakes occurred in theity appears to be focused around a linear plate boundary,
Iberian Peninsula between 1970 and 2001. and moderate to large earthquakes occur with a certain fre-
quency. Earthquakes are rarely exceeding magnitude 5.0 on
the Iberian Peninsula, northern Morocco, the westernmost
constructing a Probabilistic Seismic Hazard Map for each enediterranean Sea and the Atlantic Ocean south of Portugal

ergy level (or magnitude) at the nexin the future. (Stich et al., 2003).
_ _ The data used here has been recorded by the Geographic
4.2 Simulations and tests National Institute, which runs the National Seismic Network

with 42 stations, 35 of them of short period, connected in real
The pattern recognition technique previously exposed needsime with the Reception Centre of Seismic Data in Madrid.
to be complete, to include some tests which will inform about The catalogue, with more than 10 000 earthquakes in the re-
its fitness and will quantify the error levels in the method. gion between 35north and 45 north latitude and between
These tests are used here for the first time in this kind 0f15° west and 5 east |Ongitude, contains all the seismic data
analysis, and are based on the simulation of the patterns ang the Iberian Peninsula and northwestern Africa collected in
their comparison with the real ones. First, it is necessarythe period 1970-2001 (Fig. 5). Their depths range from 0 to
to obtain the simulated patterns from the previous ones, and46 km, and the magnitudes are between 1.0 and 6,5. (m
then to compare them with those that actually occurred. ToThe averaged error in the hypocentral localization at the di-
generate the simulated patterns-at from the real ones at  rections X, Y and Z are-5 km, 5 km and=10 km, respec-
time, the CA rules of the model chosen have to be applied tvely, for the data recorded until 1985, agdl km, +1 km
and an activation probability is obtained for each cell. Then,and+2 km for those acquired since then.
the cells have to be declared active or inactive regarding these Ty tests have been made, to describe the nature of the
probabilities. One possibility for deciding the value of the ata series (Gutenberg-Richter's law) and their predictability
threshold probability is to simulate the patterns for several(qyrst's exponent). In first place, the frequency-magnitude

densities of active cells, and the nearest value to the real ongjstribution of earthquakes is expressed by the Gutenberg-
is chosen as the cutting probability (Posadas et al., 2000). Rijchter's relation (Richter, 1958):

Once the real and simulated patterns for each time are
obtained, some mathematical tools are needed to comparpgs = a — bM, (5)
them. Those selected here are the correlation function (Vic-
sek, 1992) and the Hamming distance. The first representa/heresis the number of shocks of magnitusteor greatera
the probability of finding two points in the same sphere of andb are constants. This relationship shows that the number
radiusr, by measuring the number of pointghat are con-  of earthquakes declines logarithmically with the increase in
tained in a sphere of radiuscentered at the point (Grass-  magnitude. The extent of this decline is expressed bythe
berger and Proccacia, 1983). The comparison between thealue which is normally close to 1.0 (Mogi, 1985). Studies
real and simulated correlation functions informs about theof Mogi (1963) and Scholz (1968) reveal that thevalue
similarity of both patterns. The Hamming distance is a com-depends on the percentage of the rate of the existing stress
mon way to compare two bit patterns, and it is defined asto the final breaking stress within the fault. Also it depends
the number of bits different in the two patterns (Ryan andon the mechanical heterogeneity of the rock and increases
Frater, 2002). More generally, if two ordered lists of items with the increase in heterogeneity. The high values afe
are compared, the Hamming distance is the number of itemsonsidered as a result of the low stresses in the zone, so that
that do not identically agree. This distance is applicable tosmall earthquakes rather than large ones are more likely to
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occur. The exprt.assion of the Gutenberg-Richter’s law for theTable 1. Von Neumann'’s neighbourhood (r=1, 2-D): activation cri-

used data set is: terion, threshold energy-magnitude){ number of time intervals
. (n"), with the corresponding time length and number of binsX)

logs (m) = (6.45+ 0.08) — (0.982+ 0.018 m (6) for the maximum of the mutual informatiomf) in bits; n’ and N

with a correlation coefficient of 0.985. Thevalue can be used for the simulation, and its error. (*) With the abridged cata-

interpreted as the result of a region where the stresses allggue.
relatively low. However, the seismicity can better be charac- Criterion m  w (11 )N . Simulation
. . . . n 1n years 1
terized with the value od /b (Yilmaztirk and Burton, 1999) Y TN T Error
which is of 6.540.20, and corresponds to a seismic area — 4 (.4) 5(6) 10 1 007 5 0 1 6%
with high activity. o2 2.0 8 (3.75) 1| 038 | 8 1 20%
. 0,
Another analysis has been made: the rescaled range gé §3 84((37‘755)) }é 8'§Z § }(1) 3(1)02
statistical analysis, or “R/S analysis”; it was initiated by o2 35 2(15) 15 | 038 2 15 | 19%
Hurst (1951) to describe the long-term dependence of wa- 2 4.0 2(15) 10 1038 | 2 101 20%
T . X " o2 45 3(10) 10 | 023 | 3 10 | 20%
ter levels in rivers and reservoirs. It provides a sensitive 5 50 2(15) 0 o3l 2 10| 1%
method for revealing long-run correlations in random pro- 03 2.0 8 (3.75) 11 | 038 8 1| 19%
cesses. There are two factors: the ramgehe difference gg gg 84((37-755)) L}) 8§Z g }(1) 5‘1’2;”
. . . . . . 0
between the minimum and maximum accumulated values or ;3 35 2(15) 12 | 033 2 12 | 19%
cumulative sum ofX (z, T) of the natural phenomenon at a3 4.0 2(15) 10 | 033 | 2 | 10 | 22%
: : ) ; ; o3 45 2(15) 10 | 018 | 2 10 | 23%
discrete mteger. vaIued' timeover a time sparf’, and the - e 215 5 e | o5 w | o
standard deviatiot§, estimated from the observed valués od (4.8)  198(0.15) 10 | 022 | 198 | 10 | 02%
(#). Hurst found that the rati/S is very well described al* 1 (4.6) 3 (10) 101013 | 3 |10 | 11%
. ad* | (40)| 100 (0.3) 10 | 048 | 100 | 10 | 0.5%
for a large number of natural phenomena by the following
empirical relation:
R/S = (aT)", (7) are the followings: if a cell is inactive, it will continue inac-

tive with a high probability £90%); an active one has 80%
whereT is the time spary is a constant and/ the Hurst's  probability of becoming inactive if there is one or no neigh-
exponent. bouring active cell, and 50% for inactivity if it has two neigh-

Lomnitz (1994), using Hurst's method to study the earth- pouring active cells. The error, in terms of cells failed, is of
quake cycles, found that these have the behaviour of the s@9; the correlation functions are very similar; and sudden
called “Joseph effect” (Mandelbrot and Wallis, 1968): quiet changes in the patterns could not been modeled as well as
years tend to be followed by quiet years, and active years byequired.
active years. This corresponds to a Hurst's exponent greater By using thex?2 criterion andn=2.0-3.5, for an initially
than 0.5. However, Ogata and Abe (1991) obtained valuesnactive cell the probability of continuing inactive is around
of H of about 0.5, with data from Japan and from the whole 85609 if it has less than three neighbouring active cells,
world. This means that successive steps are independent, aRghd with three cells, it is more probable (60%) that it will be
the best prediction is the last measured value. The best fifctive at a next interval of time. For four neighbouring active
for our data set give$/=0.48£0.02, with a correlation co-  cells, the probability of activity is around 80%. When a cell
efficient of 0.93. This result is in agreement with the one is |n|t|a||y active’ there is a 60% probabmty of remaining ac-
obtained by Ogata and Abe (1991). tive with only one neighbouring active cell. This probability
rises until 97% in the case of four neighbouring active cells.
If there is none, the probability of future inactivity is 70%.
For m=4.0-4.5, the calculated model estimates higher prob-
The method is applied for the neighbourhoods, arranged acabilities of in_activity for_ initially inactive ce!ls (80%), and_
cording to the complexity of their analysis: 2-D von Neu- for those active ones W|thll.ess than_tv_vo nelghbourmg active
mann's templater€1), 2-D Moore’s templater&1), 3-D gells (610%). The probab|llty of actlylty for. the con_ﬂgura—
von Neumann's template£1) and 2-D Neumann's template t|qns with more than two nelghbourlng active cells is 90%.
(r=2). For a further comparison, the minimum numbeof W'th m:5'0'_ 'the propoged model est|.mates'that 'therg IS a
bins evaluated is 10 for every case. This is necessary, becauligh probability that an inactive cell will continue inactive,

there are some neighbourhoods like that of von Neumann'¥vhereas an active one will continue being active if it has two
with radius 2 in 2-D. or the one in 3-D. which need more N€ighbouring active cells. Due to the high magnitude thresh-
cells to be statisticallyy representative. ' old value, the other configurations with more neighbouring

active cells have not been catalogued.
6.1 2-D von Neumann’s neighbourhoaod;1 With the a3 criterion we have: for a threshold magnitude
of 2.0, the results are the same as those fowtheriterion,
The main results obtained with this neighbourhood (Fig. 2a)because:=2.0 is the lowest magnitude of the events; also for
are summarized in Table 1. The rules for thg criterion m=2.5-3.0 the results are the same as#rHowever, there

6 Results
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Table 2. Moore’s neighbourhood (r=1, 2-D): activation criterion, of their occurrence .the_se zones are considered as seis!’nically
threshold energy-magnituderf, number of time intervalsn(), active with thex4 criterion. But, due to the general continu-
with the corresponding time length and number of binsX) for ity behaviour in the activity of the central cell, and to the fact
the maximum of the mutual informatiop{) in bits;»’ andN used  that the goal of this study is to provide a Probabilistic Seis-
for the simulation, and its error. (*) With the abridged catalogue. mic Hazard Map for the Iberian Peninsula, the events of the
two areas previously cited (Algeria and Lisbon) have been

Criterion m  n’(tinyears) N m Simulation always removed from our analysis for both criteria (abridged
n' N | Error catalogue). The main results are shown at the bottom of Ta-

‘22* (‘2‘~g) ;(gl% ‘ }‘1’ 8-3? 3 }(1) 199"{; ble 1; for thea1 criterion, the transition function predicts a
@ 25 8 (3.75) 1M 045 @ 7 1| 19% high probability of inactivity (90%) for cells initially inac-
a2 3.0 8(3.75) 111 044 | 8 1 20% tive, and a moderate one (60%) for the cells previously ac-
a2 3.5 2(15) 12 | 040 | s 1| 21% . ;
o 1o 215 5 | 047 | > 2 | 1% t|v9, the avera_geq energy corresponds to a magmtudg of 4.6.
a2 4.5 2(15) 10 | 034 | 2 | 11 | 18% With the x4 criterion, the CA rules show that the activity or
02 5.0 2(15) 10 | 011 2 1| 16% inactivity of the central cell does not change. The averaged
o3 2.0 8(3.75 | 11 | 045 7 11 19% diff bet tive int Is of ti
3 25 $G75 | 11 | 044 | 8 | 11 | 20% energy difference between consecutive intervals of time cor-
o3 3.0 8(3.75) | 11 | 043 8 11| 21% responds to a magnitude of 4.0.
a3 3.5 2¢15 | 10 | 039 | 2 10 | 19%
a3 4.0 2(15) 10 | 044 | 2 | 12 | 19% o _
03 45 2(15) 2 034 2 13| 13% 6.2 2-D Moore’s neighbourhood=1
a3 5.0 2¢15 10 | 011 | 2 12 | 11%
ad* |40 |  98(03) 10 | 048 | 98 | 10 | 0.6% For this template (Fig. 2c) the results can be found in Ta-

ble 2. For the first activation criterion, if a cell is inactive,
it will remain inactive with a probability of 80%; an active

are some differences for=3.5: the CA rules calculated esti- cell with only one neighbouring active cell has a 50% prob-
mate that there is a high probability (80%) for a cell remain- ability of continuing active; if it has two neighbouring active
ing inactive if it is initially inactive. If it is initially active, it cells, it is more likely to remain inactive, and, if it has three
has an increasing probability of continuing active with an in- or four, it will continue active with complete probability. The
creasing number of neighbouring active cells (60% to 90%).characteristic energy corresponds to approximateiy.6.
Form=4.0, the most probable is that the cell remains inactive For thea?2 criterion: withm=2.0-3.0, an inactive cell is
(between 70% and 100%), if the cell is not initially active and more likely to continue inactive (80%) if there are less than
has one or more neighbouring active cells; in such a caseseven neighbouring active cells; otherwise, it has a higher
the probability of activity is of 60—-100%, increasing with the probability (60%) of becoming active. For an active one,
surrounding activity. Withn=4.5 the preceding behaviour is there is a higher probability (80%) of continuing active in
reproduced, although it is necessary that the active cell has ahe future, unless it has got less than two neighbouring ac-
least two neighbouring active cells to continue with its activ- tive cells. In this case, it is more likely to become inactive
ity in the future. Form=>5.0, the transition function obtained (70%). Form=3.5, the probability of continuity in the origi-
is the same as for the2 criterion. nal state is 80%. For=4.0, the behaviour is similar; but, if

The a4 criterion behaves in a different manner from the the cell is inactive and has 5 or 6 neighbouring active cells,
others: the information is higher with the increase ofthe it has a higher probability of becoming active in the future
values, tending asymptotically to a value of 0.22 bits. Also (80%). This also occurs for=4.5 andn=5.0 with an inac-
its average along the’ axis tends to a value of 0.16 bits. tive cell and 6 and 5, respectively, neighbouring active cells.
The average along th¥ axis is maximum atv=10. The  The other configurations behave the same as with.0.
errors are low (0.2%). According to the simulation, there isa With regard to thex3 criterion, for thresholds of 2.0 and
probability of 90% of continuity in the seismic activity of the 2.5, the results are similar to the criterion, as it was for
cell, and a probability of 99% for an inactive cell remaining the von Neumann’s neighbourhood. From the CA rules, it
inactive. can be deduced that, for an inactive cell, the probability of

For bothal anda4 criteria it is necessary to know the remaining inactive in the future is high if it has four or less
average energy of all the cells, as the activity of a cell is de-active neighbouring cells (90% to 60%, decreasing with the
termined by comparing the energy released in the cell withincrease of the number of surrounding active cells). If it has
the average one at the same interval of time. This energynore than four, the probability is 50%. Likewise, if a cell
is characteristic for each analyzed zone, being higher in reis initially active, it will continue active at least with 60%,
gions whose earthquakes present a higher magnitude. Witincreasing up to 100% with the increase of the number of
theal criterion, the averaged energy is the one correspondneighbouring active cells (more than two). If it has less than
ing to a magnitude of 5.4; far4 it is the one for a magnitude two, it is more likely that it becomes inactive-{0%). With
of 4.8. In fact, the places more likely to have activity are a threshold magnitude of 3.0, for an inactive cell there is
those of higher energy releases: the northern Algeria, and around 60-90% probability for continuing inactive, increas-
a region of the Atlantic Ocean, near Lisbon. There are seving this probability with the decrease of the number of neigh-
eral events whose magnitude is higher tharb.0; because bouring active cells. However, if a cell is considered active,
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for staying actlvg need; two o.r more. nelg_hbolurlng actiVeapie 3. von Neumann's neighbourhood (r=1, 3-D): activation cri-
cells. Form:_3.-5' if a cell !s_con_S|der.ed Inactive, it has 100- terion, threshold energy-magnitude)( number of time intervals
60% prObabI|Ity of remaining |naCt|Ve, with less than four (l’l/), with the Corresponding time |ength and number of bms{\()
neighbouring active cells. The higher the surrounding activ-for the maximum of the mutual informatiom) in bits; »’ and N

ity the lower the probability of continuing inactive. If it is used for the simulation, and its error. (*) With the abridged cata-
previously active, it is more likely to continue being active. logue.

With m=4.0, an inactive cell with five or six neighbouring

active cells has a probability of 75% and 100%, respectively, Criterion . m | n’(tinyears) N m Simulation

of becoming active. For the other cases, the cell remains | n' N Error
; ; ; o ; 0 al* [ (43) 2(15) 1007 [ 2 [ 10 | 45%
inactive with a p_rol_)qpmty tha_t oscillates bet_vyeen 80% a_nd o 20 2015 o | 038 | 2 10 | 19%
100%. If the cell is initially active, the probability of desacti- a2 25 2(15) 10 | 038 | 2 10 | 19%
vation is 70% if it has less than two neighbouring active cells. @2 3.0 2(15) 10 1 040 | 2 11 19‘;/0
With two or more, itis more likely the activity, increasing the Zg Z:(S) ;82; {8 8?; ; }? %gf
percentage with the number of neighbouring active cells. The 2 45 2(15) 10 | 0.06 2 10 | 7%
results form=4.5 are: the only configurations which predict “i ;‘8 g(i? ig | 8-22 ; ig 1%‘;//0
at_:tivity are th_ose Wh_ere the_ central cell is previously inactive 23 25 5 21 5; 10 | 044 | 2 1| 10%
with three neighbouring active cells, and those where the cell o3 3.0 2 (15) 10 ‘ 040 | 2 11| 11%
; ; : ; i ; ; a3 3.5 2(15) 10 029 | 2 | 10 9%
|s.act|ve but with 3, 4 or 7 nelgh.bounn.g active cells. Fmall_y, o 20 2(15) o | o | 3 O | o
with m=5.0, the transition function estimates that a cell will o3 45 2(15) 10 | 006 by 10 | 4%
be activated (70%) if it is previously active with three neigh- a3 5.0 2(15) 10 | 003 | 2 | 10 | 2%
o4* (3.6) 91 (0.3) 10 | 0.18 91 10 1%

bouring active cells. If there are less than three, the proba
bility of being inactive in the future is of 90%, on average.
As with o2 criterion, there are no configurations with more

active cells, because of the high threshold magnitude. With thea3 criterion the results are: if a cell is initially in-
With the o4 criterion: the behaviour is similar to that of &ctive, has a 98% probability of remaining inactive if there is

the von Neumann's neighbourhood (2+B:1). The time in- no neighbouring active cell. This percentage diminishes and,

tervals averaged energy is the one of a magnitude 4.0. witiihen there are three or more surrounding active cells, the
regard to the transition function, its trend is to conserve theProPability of activation is of 60%, increasing with the in-

state of the central cell, with independence of the surroundCréase of the surrounding activity. Otherwise, if a cell is pre-
ing activity; the error is of 0.6% of failed cells. viously active, has 80% probability of desactivation if there

are less than two neighbouring active cells; if there are two or
6.3 3-D von Neumann’'s neighbourhoad:1 more, the probability of remaining active increases with the
number of neighbouring active cells (from 70% to 100%).

As an example of interaction in three dimensions, the vonThis behaviour is carried out uni=3.0; for higher mag-

The catalogue, is this case, is divided not only for the latitudecontinue inactive. Also, the probability of activation for the
and longitude, but for the depth too. Firstly, according to active cell decreases with an increasing magnitude.

the o1 criterion (Table 3), if a cell is inactive, it will go on ~ Finally, according to the:4 criterion, the mean energy to
being inactive with a 85-99% probability; an active one hasbe surpassed is calculated to be the one corresponding to a
more than 50% probability of activation in the future if it has magnitude of 3.6, and the seismicity is clearly clustered. The
three or more neighbouring active cells. Otherwise, it will most probable is that an inactive cell remains inactive, and an

remain inactive at a next interval of time. The characteristicactive one continues being active, with a probability around
magnitude isn=4.3. 95% in both cases.
For thea 2 criterion, and for any magnitude, a cell remains ’ ]
inactive with about a probability of 98% if no other cell in 64 2-D von Neumann’s neighbourhooe:2
its neighbourhood is previously active. The probability of

activation increases with the number of neighbouring activeS© far. the analysis (in 2D or 3-D) of interaction has cor-
cells; if it has three or four, there is a 50% probability for résponded to the so-called “nearest neighbouring neighbour-

activation, and 90% if there are six. This occurs umtid4.0, ~ hoods”. Here we study other neighbourhood where there is
where an inactive cell is more likely to remain inactive, inde- 0 interaction of longer range. It is composed by two parts:
pendently on the number of neighbouring active cells. Thisthe nearest one, similar to the Moore’s neighbourhood of
can be interpreted as that the higher energy releases occur 42dius 1, and other, the far-out one, with four cells cross-
ways at the same sites. However, if a cell is active, the nexgiSPosed (Fig. 2b). The expression for the mutual informa-
interval of time will be more likely to be inactive if there are tion in this case is:

less than two neighbouring active cells; with two active cells, 1 1 8 a4 ol kD)

the estimated probability of activation is 70%, and increases,, — it j. k. D)log, —2 L7 8

until 100% where there are six. W ; ;;; P J, K, D00 p@p(j, k. 1) ©)
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Table 4. Von Neumann’s neighbourhood (=2, 2-D): activation cri- tivation oscillates around the 50% probability. If the central
terion, threshold energy-magnitude)( number of time intervals ~ Cell IS active, it needs, at least, other nearest and two exter-
('), with the corresponding time length and number of binsX) nal neighbouring active cells to continue being active. As the
for the maximum of the mutual informatiom.{) in bits; »” and N number of neighbouring active cells increases, the probabil-
used for the simulation, and its error. (*) With the abridged cata- ity rises too, until 100%, when all the cells are active. For

logue. m=3.5, one inactive cell will go on being inactive with high
probability (70%), unless there were four nearest and three
Criterion  m  n’(Tinyears) N ] Simulation external active cells (70% probability of activation). When
A% $(10) 0 | 026 | l; % E;/or the central cell is active it does not go on being active until it
o d b 0 . .
0 20 18(1.7) 0 1 059 | 18 1 10 | 19% has two_near_est and t\_No exte_rngl act_lve (_:ells. Witkd.0—
o2 2.5 18 (1.7) 10 0 059 | 18 | 10 | 19% 5.0, an inactive cell will remain inactive, independently on
a2 3.0 6(5) 10 7058 | 9 | 11 1 21% the surrounding activity (80% probability in average); if the
o2 3.5 2(15) 12 | 060 | 6 1| 20% I L likel b ) Ve (60%%). if i
o 40 2(15) 10 065 7 | 10 | 20% cell is active it is more likely to become |nact|ve.( 0), i it
o2 45 2(15) 10 | 047 @ 6 10 | 15% has less than two nearest and one external active cells. With
gg ;'8 128((115;) }g 8;3 - }g 19901; these magnitudes there is difficulty in choosing an adequate
o . . 0 .
o3 25 18 (1.7) 10 059 | 18 | 10 | 20% model, because these energy levels are reached in set places,
03 3.0 6 (5) 10 | 0.8 6 11| 18% and the configurations with high number of active cells are
a3 3.5 2(15) 10 060 | 8 11| 24% ; : Lo - 0
- o 2015 o | oea | o 0 | 20% not pre.s.ent. In general,. mgcm{e cells remain inactive (90%
03 45 2(15) 12 | 042 6 10 | 17% probability), and the activation is produced when the central
a3 5.0 2(15) 10 7019 |5 | 10 | 9% cell is active, and there is a total of four neighbouring active
ad* | (@41) | 48(0.6) 10 | 048 | 48 | 10 | 1% cells

And for the «3 criterion we have: withn=2.0-2.5, the

] ] o - simulation for the global maximum predicts that if a cell is
with p(i: j. k. 1) being the joint probability of past and future jnitially active, it will continue active with high probability
states, angh(i) p(j, k, 1) a distribution of independent states; (80-909%) in most of the cases. However, when the central
i represents the state of the central cell in the future And ¢ has five or more nearest and three or more external active
its past state, with nearest andfar-out neighbouring active  cejis, the probability of activation in the next time interval is
cells, in the past. 70%. With regard to the initially active cells, they do not set-

With the a1 criterion, it can be observed that the cells are tle on activity until they have more than three nearest active
clustered, and there is not much interaction with the fourcells. Thus, the activation probability increases with the total
cross-disposed cells. This can be due to the low number ohumber of active cells (60-95%). With=3.0, if a cell is
cells involved, but the models with more cells behave theactive, it is more likely £80%) that it changes to inactive. If
same. So the model fo¥=10 is chosen (Table 4). If acellis the central cell has seven or eight nearest and more than two
inactive, it will continue inactive with an averaged probabil- external active cells, the probability of activation is 80% in
ity of 90%; an active cell with a nearest active and one or twoayverage. However, if a cell is previously active, it will not be
far-out active cells has 100% probability of continuing active active in the future if it has less than two nearest and two ex-
(if there is no far-out active cell, it will be inactive); if there  ternal active cells. The probability of activation is, then, 90%
are two active cells it is more likely that it remains inactive, in average. Fom=3.5, in most of the cases, when the central
and, if it has three or four, with complete probability it will cell is inactive, it goes on being inactive (70-100%). This
continue to be active. The characteristic magnitude=¢.6,  does not occur with: four nearest and three external active
approximately. It has to be noted that the best model is equatells (60% probability of activation), five nearest and three
to the one obtained with the Moore’s neighbourhood. external ones (100% to be active), six nearest and one ex-

For thea?2 criterion, andn=2.0-2.5, if a cell is inactive, ternal active cells (70% for the activation), six nearest and
and it has less than five nearest neighbouring active cells, ithree external ones (100%), and with seven nearest and two
will continue inactive in most of the cases (80%); when thereor four external active cells (70% and 100% probability of
are active five nearest cells and also three or more externaictivation, respectively). It should be noted that the number
ones, it will activate in the future with 60-80% probability; of involved cells is high (seven or more). Likewise, an active
starting from six nearest neighbouring active cells, in mostcell will remain active (more than 80% probability) if there
of the cases the configurations have more probability of ac-are five or more neighbouring active cells, either nearest or
tivation in the future. If a cell is active, it will be inactive external ones. If this does not occur, it is most likely the in-
if it has less than one nearest and two external active cellgctivity, mainly with the low number of neighbouring active
(70% probability of desactivation); otherwise, in general, thecells (two or less). Whem=4.0, an inactive cell will remain
cell will go on being active, with high probability~70— inactive, independent of the surrounding activity, with a high
90%). Form=3.0, an inactive cell, with less than four nearest probability (~80%); if it is active, it will be inactive for less
and three external active cells will remain inactive (60—-90%than three neighbouring active cells. It is necessary at a min-
probability, diminishing with the increasing of active cells); imum that an external active cell to be active in the future. In
for most of the other configurations, the activation or desac-general, this occurs when the total number of active cells is



A. Jiménez et al.: A probabilistic seismic hazard model based on cellular automata and information theory 391

six or more. Foim=4.5, an inactive cell will go on being in- the higher amount of information, the Moore’s is considered
active with 80-100% probability; an active one will continue to be the best neighbourhood for the 2-D models, and the
active if it has two nearest and one or two external active celldProbabilistic Seismic Hazard Maps for the Iberian Peninsula
(100%). Otherwise, it is more likely to be inactive in the fu- (Fig. 6) correspond to those obtained with this neighbour-
ture. It has to be noted that the configurations with five orhood.
more active cells has not been presented, because of the highWith regard to the 3-D neighbourhood, the resolution
magnitudes involved. Finally, witm=5.0, if a cell is inac- found is poor (Y=10), and the interaction time is around
tive, it remains inactive (90% probability), and if it is active, 15 years. The advantage of this template is that it provides a
it will continue active with three nearest neighbouring active finer localization of the seismicity (the depth). However, the
cells, or with only one external neighbouring active cell. For simulations are worse than those of the 2-D neighbourhoods.
the other cases, it is more likely that the cell will be inactive In general, the Probabilistic Seismic Hazard Maps ob-
(80% in average). Neither this magnitude presents situationgined by taking into account the complete catalogue indi-
with too many cells active (always three or less). cate that the main activity (with energy releases higher than
With the o4 criterion, a cell will go on being active or the average) is predicted in northern Algeria, northern Mo-
inactive (95% probability) independently of the other cells. rocco and the Atlantic Ocean near Lisbon. If these zones are
Configurations with more than five active cells have not beenexcluded (abridged catalogue), the maximum activity is lo-
presented. The characteristic energy corresponds to a magated in the south of Iberia (mainly, the gulf o&diz, the
nitude of 4.1. coasts of Milaga and Alméa, and Murcia), Galicia, and the
coastal Catalonian range, over the next 7-10 years, accord-
ing to thew1 criterion. Taking into account the4 criterion,

7 Discussion and conclusions the western Pyrenees is also a zone of high activity. These
zones are, effectively, the main seismogenetic regions in the
It can be seen that the best configuratiorisand V) for all Iberian Peninsula.

the neighbourhoods studied have the lowest resolution tried: With the three-dimensional template evaluated, from the
N isregularly 10 or 11 (only a few are 12 or more). With re- 1 andw4 criteria (with the abridged catalogue) it can be de-
gard to the number of interaction times, they are quite  duced that the main activity will occur at the same sites as
similar for both von Neumann’s and Moore’s neighbour- in the two-dimensional cases. The important difference be-
hoods of radius 1. The time intervalincreases, within each ing that this analysis shows that this activity is concentrated
criterion, with the threshold energy-magnitude. The mutualin the first 15km of the crust, and that the deepest activity
information rises with the number of cells in the neighbour- is found at Tarifa. Fromx2 and«3, it is seen that the ac-
hood (in order: von Neumann’s radius 1, Moore’s radius 1, tivity is mainly shallow; starting fromm=4.0, the maximum
and von Neumann's radius 2, in 2-D), but the errors are simprobability of seismic events deeper than 30 km is found in
ilar. the southern Iberian Peninsula. In the Pyrenees and Galicia
With the von Neumann'’s radius 2, the configurations andthe probability is that only shallow earthquakes occur up to
maps are very similar to those of Moore’s radius 1 (Fig. 6); a depth of 30 km and with a magnitude upag4.0. This is
and that tell us that the nearest activity to the cell is the mosin agreement with the observed seismicity (NEIC; Henares
important for the future of the state of the cell. Since the et al., 2003). For a magnitude threshold of 5.0, the region of
simulation errors are similar, as well as the results, we carhighest seismic hazard is the northern Algeria and the Mo-
say that it is better to use Moore’s, because, on the one handpccan coast, with a maximum depth of 15 km. Two impor-
the computation time is smaller and, on the other hand, it istant earthquakes have occurred in these places, with a magni-
simpler than the von Neumann’s, and so the interpretatiortude higher than 6.0: the Algerian, in May 2003, with a depth
is easier. Also, bearing this in mind, a study with anotherless than 20 km, and the one of Alhoceima, in February 2004,
template with a higher number of cells, as the Moore’s radiuswith a depth less than 5km.
2, would not contribute to obtaining better results. The maps obtained from thel anda4 criteria with the
However, it is very difficult to decide between the Moore’s abridged catalogue (whose characteristic magnitude was 4.0,
and the von Neumann'’s of radius 1. First, the errors are simapproximately) are similar to those calculated from &g
ilar, and also the values far and N, so that the best neigh- anda3 criteria for a magnitude threshold of 4.0; the maps are
bourhood would be the simpler one (von Neumann'’s); but thealso similar using the complete catalogue (but with a magni-
mutual information is always higher in the Moore’s; for ex- tude threshold of 5.0 for the2 anda3 criteria, because the
ample, with thex 1 criterion (using the abridge catalogue) the characteristic magnitude for thel anda4 criteria was 5.0
maximumy; is 0.13 bits for the von Neumann’s, and 0.22 using the complete catalogue). So both kind of criteria are
bits for the Moore’s. This behaviour is the same in generalconsistent.
for all the criteria, the reason being that the Moore’s neigh- An interesting result for all the templates is that the high-
bourhood is larger. Because of the addition of the energyest transmission of information is found at the lowest reso-
from all the cells involved, if the von Neumann’s were cho- lutions. This is the consequence of modelling a large and
sen, the preferred directions would be N-S and E-W, and thatomplex area with regions of different tectonic behaviour.
could not be realistic. Therefore, because of the isotropy and’he models have to fit the whole area, so the most reliable
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information is present when the cells represent zones of hoage in the whole area). On the other hand,dhecriterion
mogeneous seismicity and the local effects are removed bynly takes into account the amount of energy in a time in-
making an average. A similar result was obtained by Lom-terval, so that the patterns are more dynamic, and not all the
nitz (1994), who showed that the Hurst's analysis should notzones interact synchronically (and because of that the mu-
be applied to large complex regions, because the localizetual information has to be used); therefore, the errors have
effects superimpose each other in such a way that statistics i® be higher. The other criteria® and«3) try to predict
destroyed. To avoid this, smaller areas should be studied bahe energy release in an absolute way, so that the errors are
cause, as it has been shown, more complex neighbourhoodke highest. It is well-known that the prediction of events
do not improve the results. This could be the reason for theof a certain magnitude is, for the present, unreliable in most
different time interaction between the 2-D and 3-D models.of the cases, although some successful predictions have been
In 3-D, when considering the depth, the statistics of the cellsmade (Sykes and Nishenko, 1984; Scholz, 1985; Nishenko,
is shown to have more differences. The seismicity is mostly1989; Nishenko et al., 1996; Wyss and Burford, 1985; Pur-
shallow, contributing more to the energetic weight; the deep-caru, 1996; Kossobokov et al., 1997; Tiampo et al., 2002;
est earthquakes happen to have higher characteristic time biteilis-Borok, 2000).
there are few so that, for 2-D models, these events have no In spite of the errors, the recorded seismicity after the
influence on the statistics. data used coincides to a large extent with the seismic hazard
The time intervals increase when higher energies are maps proposed in this paper. Comparing them with the ESC-
considered, as could be expected. The models obtained ter®ESAME Unified Seismic Hazard Model for the European-
to continue the activity, in agreement with the observed clus-Mediterranean Region (Jiemez et al., 2001), it can be seen
tering of the seismicity (Aki, 1956; P& et al., 1993). The that they indicate the same sites where the highest magnitude
Hurst's analysis, by using the accumulated energy, shows aevents are more likely to occur, and that these are of a mod-
inherent unpredictability in the future states. The Hurst’s ex-erate magnitude. The4 criterion is the closest one to other
ponent found is of 0.480.02, in agreement with the one ob- macroseismic studies found in literature. With regard to the
tained by Ogata and Abe (1991). This means that the besbther criteria, they provide a more dynamic seismic hazard
prediction is to repeat the last state, and it is related to theassessment.
inability of the CA calculated for predicting sudden changes So we can conclude that a simple model based on stochas-
in the patterns. tic Cellular Automata for estimating the seismic hazard in
From the calculated anda/b values from the Gutenberg- a probabilistic way is developed. The activity of a zone is
Richter’s law, it can be deduced that the region under studytalculated from its previous activity and from the surround-
is highly active, and that the events with a lower magnitudeing one. The released energy has been processed as a dis-
are more likely to occur. This is due to the high hetero- crete variable, both spatially and temporally, to predict, from
geneity of the crust and is in agreement with the previousa probabilistic point of view, the energy to be released in the
results, which show that most of the earthquakes are bellowuture at that zone. From a theoretical point of view, the
magnituden=5.0, and with other studies made in the zone maximization of the mutual information between previous
(Bezzeghoud and Buforn, 1999). and future states at a site is an adequate and consistent way
It has to be noted that our proposed method includesn choosing the highest dependence between them.
the possibility of quantifying the errors (other probabilistic  The method has been applied to the seismic catalogue of
methods used for seismic hazard studies do not provide thes@e |berian Peninsula (from 1970 to 2001). Different acti-
error estimations), because of the discretization of the probvation criteria have been evaluated. Tk anda4 provide
lem and the use of the Hamming distance. Although the corg rough prediction of sites where the main seismic activity
relation functions from real and simulated patterns are a googll be presented. The2 anda3 criteria delineate the areas
way to establish differences between them, they are morguhere a certain energy will be surpassed. In all cases, the
qualitative than the Hamming distance, which has resultednclusion of the energy of the events is crucial for the regions
in a powerful tool, mainly because the former functions havewhere there are few earthquakes, but with a high magnitude;
been found to be very close to each other in most of the caseser these regions, 2-D and 3-D neighbourhoods have been
The errors of the presented models (neighbourhood and conested. For 2-D, the Moore’s of radius 1 has been chosen,
figurations) are different for each activation criterion. For the because of the h|gher amount of information and isotropy;
a1 one, it oscillates between 5% and 10%; 10-20% for thewith the 3-D (von Neumann'’s of radius 1) the Probabilistic
a2 anda3 criteria and 1 or 2% for the4 one. This is due  Sejsmic Hazard Maps can be calculated taking into account
to the fact that the seismicity events are located almost alg|so the depth of the events. Therefore, our method is truly
ways at the same sites, and thk anda4 criteria signal the  adequate for the study of the seismic hazard in a probabilis-

main seismogentetic zones, as explained before. Besides, thg way:; it is solid and logical in characterizing the spatio-
a4 criterion is built from the whole catalogue (complete or temporal evolution of seismic activity.

abridge) until the time considered (as macroseismic studies
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