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Glossary

Grid Virtual metacomputer, which uses a network of geo-
graphically distributed local networks, computers and
computational resources and services. Grid Comput-
ing focuses on distributed computing technologies,

which are not in the traditional dedicated clusters.
Data Grids - represent controlled sharing and man-
agement of large amounts of distributed data.

Problem solving environment (PSE) A specialized com-

puter software for solving one class of problems. They
use the language of the respective field and often em-
ploy modern graphical user interfaces. The goal is to
make the software easy to use for specialists in fields
other than computer science. PSEs are available for
generic problems like data visualization or large sys-
tems of equations and for narrow fields of science or
engineering.

Global seismographic network (GSN) The goal of the

GSN is to deploy permanent seismic recording sta-
tions uniformly over the earth’s surface. The GSN
stations continuously record seismic data from very
broad band seismometers at 20 samples per second,
and to provide for high-frequency (40 sps) and strong-
motion (1 and 100sps) sensors where scientifically
warranted. It is also the goal of the GSN to provide for
real-time access to its data via Internet or satellite. Over
75% of the over 128 GSN stations meet this goal as of
2003.

WEB-IS A software tool that allows remote, interactive

visualization and analysis of large-scale 3-D earth-
quake clusters over the Internet through the interac-
tion between client and server.

Scientific visualization is branch of computer graphics

and user interface design that are dealing with present-
ing data to users, by means of patterns and images.
The goal of scientific visualization is to improve un-
derstanding of the data being presented.

Interactive visualization is a branch of graphic visual-

ization that studies how humans interact with com-
puters to create graphic illustrations of informa-
tion and how this process can be made more effi-
cient. Remote-visualization - the tools for interac-
tive visualization of high-resolution images on remote
client machine, rendered and preprocessed on the
server.
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OpenGL A standard specification defining a cross-lan-
guage cross-platform API for writing applications that
produce 2D and 3D computer graphics.

Sumatra-Andaman earthquake An undersea earthquake
that occurred at 00:58:53 UTC (07:58:53 local time)
December 26, 2004, with an epicenter off the west coast
of Sumatra, Indonesia. The earthquake triggered a se-
ries of devastating tsunamis along the coasts of most
landmasses bordering the Indian Ocean, killing large
numbers of people and inundating coastal communi-
ties across South and Southeast Asia, including parts
of Indonesia, Sri Lanka, India, and Thailand.

Earthquake catalog Data set consisting of earthquake
hypocenters, origin times, and magnitudes. Additional
information may include phase and amplitude read-
ings, as well as first-motion mechanisms and moment
tensors.

Pattern recognition The methods, algorithms and tools
to analyze data based on either statistical informa-
tion or on a priori knowledge extracted from the pat-
terns. The patterns for classification are groups of
observations, measurements, objects, defining feature
vectors in an appropriate multidimensional feature
space.

Data mining Algorithms, tools, methods and systems
used in extraction of knowledge hidden in a large
amount of data.

Features denoted f; or F; (i, j - feature indices) - a set of
variables which carry discriminating and characteriz-
ing information about the objects under consideration.
The features can represent raw measurements (data) f;
or can be generated in a non-linear way from the data
F; (features).

Feature space The multidimensional space in which the
Fj. vectors are defined. Data and feature vectors repre-
sent vectors in respective spaces.

Feature vector A collection of features ordered in some
meaningful way into multi-dimensional feature vec-
tors F; (F; where [ - feature vector index) that repre-
sents the signature of the object to be identified repre-
sented by the generated features Fj.

Feature extraction The procedure of mapping source
feature space into output feature space of lower di-
mensionality, retaining the minimal value of error cost
function.

Multidimensional scaling The nonlinear procedure of
feature extraction, which minimizes the value of the
“stress” being the function of differences of all the dis-
tances between feature vectors in the source space and
corresponding distances in the resulting space of lower
dimensionality.

Data space The multi-dimensional space in which the
data vectors fj exist.

Data vector A collection of features ordered in some
meaningful way into multi-dimensional vectors fy
(fi, k - data vector index) and f, = [my, zk, X, tk]
where my, is the magnitude and xy, zx, t - its epicen-
tral coordinates, depth and the time of occurrence, re-
spectively.

Cluster Isolated set of feature (or data) vectors in data and
feature spaces.

Clustering The computational procedure extracting clus-
ters in multidimensional feature spaces.

Agglomerative (hierarchical) clustering algorithm The
clustering algorithm in which at the start the feature
vectors represent separate clusters and the larger clus-
ters are built-up in a hierarchical way. The procedure
repeats the process of gluing-up the closest clusters
up to the stage when a desired number of clusters is
achieved.

k-Means clustering Non-hierarchical clustering algo-
rithm in which the randomly generated centers of
clusters are improved iteratively.

Multi-resolutional clustering analysis Due to clustering
a hierarchy of clusters can be obtained. The analysis
of the results of clustering in various resolution levels
allows for extraction of knowledge hidden in both local
(small clusters) and global (large clusters) similarity of
multidimensional feature vectors.

N-body solver The algorithm exploiting the concept of
time evolution of an ensemble of mutually interacting
particles.

Non-hierarchical clustering algorithm The clustering

algorithm in which the clusters are searched for by

using global optimization algorithms. The most repre-
sentative algorithms of this type is k-means procedure.

Definition of the Subject

Earthquakes have a direct societal relevance because of
their tremendous impact on human community [59]. The
genesis of earthquakes is an unsolved problem in the earth
sciences, because of the still unknown underlying phys-
ical mechanisms. Unlike the weather, which can be pre-
dicted for several days in advance by numerically integrat-
ing non-linear partial differential equations on massively
parallel systems, earthquake forecasting remains an elusive
goal, because of the lack of direct observations and the fact
that the governing equations are still unknown. Instead
one must employ statistical approaches (e. g., [61,72,82])
and data-assimilation techniques (e. g., [6,53,81]). The na-
ture of the spatio-temporal evolution of earthquakes has
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to be assessed from the observed seismicity and geodetic
measurements. Problems of this nature can be analyzed by
recognizing non-linear patterns hidden in the vast amount
of seemingly unrelated information. With the prolifera-
tion of large-scale computations, data mining [77], which
is a time-honored and well-understood process, has come
into its own for extracting useful patterns from large inco-
herent data sets found in diverse fields, such as astronomy,
medical imaging, combinatorial chemistry, bio-informat-
ics, seismology, remote sensing and stock markets [75].
Recent advances in information technology, high perfor-
mance computing, and satellite imagery have led to the
availability of extremely large data sets, exceeding Ter-
abytes at each turn, that are coming regularly to phys-
ical scientists who need to analyze them quickly. These
data sets are non-trivial to analyze without the use of
new computer science algorithms that find solutions with
a minimal computing complexity. With the imminent ar-
rival of petascale computing by 2011 in USA, we can
expect some breakthrough results from clustering analy-
sis. Indeed, clustering has become a widely successful ap-
proach for revealing features and patterns in the data-
mining process. We describe the method of using clus-
tering as a tool for analyzing complex seismic data sets
and the visualization techniques necessary for interpret-
ing the results. Petascale computing will also spur visual-
ization techniques, which are sorely needed to understand
the vast amounts of data compressed in many different
kinds of spaces, with spatial, temporal and other types of
dimensions [78]. Examples of clusters abound in nature
include stars in galaxies, hubs in airline routes and centers
of various human relationships [5]. Clustering comes from
multi-scale, nonlinear interactions due to the rock rheol-
ogy and earthquakes.

Introduction

Earthquake clustering is automatically implicated by
the classical Gutenberg-Richter relationship [40], which
specifies the frequency of earthquakes between some
small magnitude cutoff and a certain large magnitude
around 8 [39]. This empirical finding with a broad magni-
tude range implies that the largest seismic events are sur-
rounded by a large number of smaller events. This clus-
tering may have both spatial and temporal dependences.
One of the goals of earthquake clustering studies is to find
these special points in a high-dimensional space related to
the nature of the dimensional space associated with earth-
quake dynamics [24,25]. One major goal of this chapter
is to introduce the reader to the notion of searching for
clustering points in dimensional spaces higher than the

3D physical space we are used to. This concept is cru-
cial to our understanding of the clustering points of earth-
quakes in these higher-dimensional spaces, which may en-
able progress in forecasting earthquakes. Information in
seismicity data sets can be both relevant and irrelevant
from the point of view of deterministic earthquake dynam-
ics. It can be also “entangled” and impossible to be inter-
preted with normal human perception. The role of data
mining is to have a mathematically rigorous algorithm for
extracting relevant information from this deluge of data,
and make it understandable. Clustering techniques, which
are commonly used today in many fields, ranging from bi-
ology (e. g., [26]) to astrophysics, allows us to produce spe-
cially crafted data models that can be employed for pre-
dicting the nature of future events. In more complex cases,
these special data models can work in concert with formal
mathematical and physical paradigms to give us deeper
physical insight.

The concept of clustering has been used for many years
in pattern recognition [2,50,78]. The clustering can use
more (e. g. [54]) or less mathematically rigorous principles
(e.g. [33]). Nowadays clustering and other feature extrac-
tion algorithms are recognized as important tools for re-
vealing coherent features in the earth sciences [32,65,66,
67], bioinformatics [51] and in data mining [37,43,44,57].
Depending on the data structures and goals of classifica-
tion, different clustering schemes must be applied [36,55].

In this chapter we emphasize the role of clustering in
the understanding of earthquake dynamics and the way
to visualize and interpret the computed results from clus-
tering. All the seismic events occurring over a certain re-
gion during a given time period can be viewed as a sin-
gle cluster of correlated events. The strength of mutual
correlations between events, such as correlations in spa-
tial and time positions along with magnitude, cause this
single cluster to have very complex internal structure. The
correlations - the measures of similarity between events —
divide the global cluster into variety of small clusters of
multi-scale nature, i. e., small clusters may consist of a cas-
cade of smaller ones. Coming down the scale we record
clusters of more and more tightly correlated events. Ex-
ploring the nature of events belonging to a single cluster,
we can extract common features they posses. Having more
information about events belonging to the same cluster we
can derive hidden dependences between them. Moreover,
we can anticipate the type of an unknown event belonging
to a certain cluster from the character of the other events
of this cluster.

In the following sections we describe the idea of clus-
tering and the new idea of higher dimensions associated
with data sets. We also demonstrate the results of cluster-
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ing analysis of both synthetic and real data. Long synthetic
data were derived by using a model for a segmented strike-
slip fault zone in a 3D elastic half-space [7]. The real data
represent short time (5 years interval) seismic activities of
the Changbaishan volcano (the north-east frontier of the
North China craton) and the Japanese Archipelago. Lastly,
we also highlight the role of visualization of clusters as an
important tool for understanding this type of new data ar-
rangement, and we describe the role played by remote vi-
sualization environment specially devised for visualization
of earthquake clusters.

Earthquakes Clustering

Statistical Laws as Elementary Building Bricks
of Earthquake Models

The earthquake prediction problem is of fundamental im-
portance to society and also geosciences. Progress in this
field is hampered, mainly because many important dy-
namic variables — such as stress — are not accessible for
direct observations. Moreover, instrumental observations
of seismicity are possible only for a fraction of a single
large earthquake cycle. Overcoming these difficulties will
require combining analyzes of model and observed data by
using knowledge extraction instruments. The fundamen-
tal process of knowledge extraction is finding dependences
between data and/or between model parameters. They can
be revealed as patterns (clusters) in time, spatial and fea-
ture (parameter) space domains. The most elementary de-
pendences can be expressed in the form of semi-empirical
functional laws.

There are a few basic statistical laws which represent
the basis for earthquake models development. The fre-
quency-size statistics of regular tectonic earthquakes (ex-
cluding swarms and deep focus earthquakes) follow the
Gutenberg-Richter relation [39,80,84]:

logN(M) = a—bM (1)

where N is the number of events with magnitude larger
than M and a, b are constants giving, respectively, the
overall seismicity rate and relative rates of events in differ-
ent magnitude ranges. Observed b-values of regional seis-
micity typically fall in the range 0.7-1.3.

Aftershock decay rates are usually be described by the
Omori-Utsu law [71,79]:

AN/At =K(t+¢)? (2)

where N is the cumulative number of events, ¢ is the time
after the mainshock, and K, ¢, and p are empirical con-
stants. The epidemic-type aftershock-sequences (ETAS)

model combines the Omori-Utsu law with the Guten-
berg-Richter frequency-magnitude relation for a history-
dependent occurrence rate of a point process in the form
(e.g., [61])

MtH) = p+ )

ti<t

Ko expla(M; — M,)]
(t—t; +c)P

(©)

where o is a constant background rate, M; is the magni-
tude of earthquake at time t;, M. is a lower magnitude
cut-off, H; denotes the history, and the productivity factor
Ky exp[ar(M; — M.)] gives the number of events triggered
by a parent earthquake with magnitude M;. The ETAS
model is used widely in analysis of seismic data, owing to
its built-in clustering associated with the incorporation of
the Gutenberg-Richter and Omori-Utsu laws. Examples
of recent applications can be found in [45,62,68].

These results can be used to derive additional prop-
erties such as average recurrence times (e.g., [4,18,19,20,
68,89]). It is usually defined as the number of years be-
tween occurrences of an earthquake of a given magni-
tude in a particular area. For example, the probability of
a devastating earthquake striking the greater San Fran-
cisco Bay Region over the following 25 years (2007-2031)
is 0.62 [68]. Corral [18,19,20] proposed the existence of
a universal scaling law for the probability density function
H(7) of recurrence times (or interevent times) t between
earthquakes in a given region:

H(t) 2 Ax f(A7) . (4)

The function f(x) appears to be similar for many different
seismic regions, which suggests some universal properties.
The average rate A represent the region specific constant,
whose reciprocal is the only relevant characteristic time
for the recurrence times. Molchan [58] showed that un-
der general conditions, the only universal distribution of
inter-event times in a stationary point process is exponen-
tial. Hainzl et al. [42] and Saichev and Sornette [68] dis-
cussed relations between statistics of interevent times, the
ETAS model of triggered seismicity, and the Corral [18,19]
distribution of Eq. (4).

In the context of earthquake prediction it is impor-
tant to analyze earthquake cycles with repeating sequences
of events such as foreshocks, mainshocks and aftershocks
(e.g., [9,74,80]). Apart from qualitative tendencies re-
flected by statistical laws, the earthquakes exhibit vari-
ous types of more subtle spatio-temporal clustering, i.e.,
grouping of events of the same type both in time and in
spatial coordinates. The recognition of these patterns fol-
lowed by the analysis of the reasons of their appearance
may lead to the development of improved prediction algo-
rithms.



Earthquake Clusters over Multi-dimensional Space, Visualization of

2351

In the following section we present a closer look of
clustering as a knowledge extraction technique and a pos-
sible way of its application to earthquake data analysis.

Basic Concepts of Clustering

Clustering analysis is a mathematical concept whose main
useful role is to extract the most similar (or dissimilar) sep-
arated sets of objects according to a given similarity (or
dissimilarity) measure [2]. Clustering is one of the most
fundamental processes generated by nature. For example,
people gathering in groups, tribes, demonstrations, par-
ties, cities, produce clusters. Similarly, towns and cities are
clusters of buildings while galaxies are clusters of stars.
The local computer networks and bacterial colonies are
also clusters. The objects forming clusters can be the clus-
ters of smaller objects, which in turn, are clusters of even
smaller and smaller building bricks. The complexity of
cluster structure reflects the complexity of the real world.
The clusters of various shapes, densities and sizes, with
additional attributes as colors, transparency etc. built up
patterns, which are the fingerprints of all multi-scale pro-
cesses and phenomena. The clusters are the primitives of
the patterns.

The same notion of clustering concerns geograph-
ical locations and other properties of earthquakes. In
Fig. 1a we present a spatial distribution of earthquake

CNSS Earthquake Catalog
04/01/1997 — 06/30/1997 M = 2.0
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epicenters in the western hemisphere of the Earth (data
from http://quake.geo.berkeley.edu/cnss/maps/cnss-map.
html). One can see with the naked eye that their distribu-
tion is far from being uniform. We observe both elongated
and oblate structures - the earthquake clusters - separated
at this resolution by large holes of seismically quiescent
area.

Properties of the clusters result from properties of the
generating processes. The shape and structure of clus-
ters are visual representation of information on these pro-
cesses. Therefore, detection of clusters and their analysis
is the first step for knowledge extraction from this infor-
mation. For example, as shown in Fig. 1a, the earthquake
clusters on Earth are located in geologically active regions,
mainly, on the edges of colliding tectonic plates. The dis-
tribution and shape of the earthquake clusters follow the
borders between the plates. In Fig. 1b we show the large
earthquake cluster from Fig. 1a located at the US western
coast. One can distinguish here many smaller clusters of
different density separated by geologically inactive area.
A similar pattern (see Fig. 1c) is observed by zooming-
in one of denser clusters from Fig. 1b. This multi-reso-
lutional and self-similar system is characteristic for many
critical phenomena » Jerky Motion in Slowly Driven Mag-
netic and Earthquake Fault Systems, Physics of [3,9,16,74].
The worldwide fault network has a fractal structure (or
multifractal) [22,27,79]. Wavelet-based multi-fractal anal-

Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 1
Multiscale character of the earthquake clusters. The epicenters of earthquakes of various depth and magnitude are displayed.
The data come from the CNSS Earthquake Catalog (http://quake.geo.berkeley.edu/cnss/maps/cnss-map.html). a the western hemi-

sphere, b the US western coast c California and Nevada
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Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 2

Seismic activity of the Changbaishan volcano during 5 years time span from 07.1999 to 05.2004 (the north-east frontier of the North
China craton) [47]. The plates represent the seismic events in 3-D feature space attributed by eruption time (blue axis), magnitude (red
axis) and distance to the epicenter (green axis) coordinates. The clusters are rendered using the wrap point technique (the Amira vi-
sualization package www.amiravis.com). Two different positions of coordinates are shown. The large cluster representing the earth-
quake swarm is preceded by the small precursory cluster of seismic activity and quiescent time period

ysis [27] shows clearly several distinct scaling domains
in earthquake catalogs revealing rich self-similar multi-
scale structure. However, the spatial structure of earth-
quake clusters alone is inadequate to formulate plausible
hypotheses about earthquake dynamics. More informa-
tion is required.

As shown in Fig. 1, besides the geographical location,
earthquakes have additional features such as the time and
depth of occurrence and the amount of energy released
(proportional to 10 with o ~ 1.5 and m the magni-
tude). These attributes can be used as additional coordi-
nates of, so called, feature space (e.g., [78]). In Fig. 2 we
display the earthquake clusters representing the seismic
activity nearby the Changbaishan volcano in an abstract
3-D feature space. Apart from geographical location - rep-
resented by the distance from the epicenter - other coordi-
nates (features) are employed: the time of occurrence and
the magnitude of the earthquake. As shown in Fig. 2, the
large cluster of seismic activity is preceded by the small
precursory cluster and low activity region. The larger clus-
ter is characterized by the seismic events from broader in-
terval of magnitudes and with satellite earthquakes more
distant from the epicenter than in the preceding smaller
cluster.

The dynamics of the volcanic earthquakes covers only
a period of 5 years. The time is too short to conclude about
the long-time earthquake dynamics. To obtain data cover-
ing much longer time period we used synthetic data gen-
erated by numerical simulations of seismicity on a hetero-
geneous fault governed by 3-D elastic dislocation theory,
power-law creep and boundary conditions corresponding
to the central San Andreas Fault [7,28,29]. In Fig. 3 we

represent seismic activity during 150 years. This period
contains My ~ 1 —3 x 10* events (represented in Fig. 3
by colored dots) in the magnitude interval [3.3-6.8]. Un-
like in the Changbaishan case, the seismic events have one
more feature - the earthquake depth. Thus the feature
space has now four dimensions. In Fig. 3 we display the
data distribution in time-depth-position 3-D space. The
fourth dimension - the magnitude - is displayed in Fig. 3
by the size of dot. To make the situation clearer only the
large earthquakes with magnitudes m > 6 (large dots) and
the smallest ones m < 4 (small dots) are distinguished in
Fig. 3. As shown in Fig. 3 and in [24], the synthetic seismic
events with magnitudes m < 4 produce stripe-like clusters
in the data space. They precede large earthquakes (m > 6)
and are separated in time by the regions of mixed type of
events (i.e., with4 < m < 5).

Another system of earthquake clusters are shown
in Fig. 4 The synthetic data (M; ~ 10° events) corre-
sponding to the seismic activity during 1500 years were
generated by the same model [7] for similar geological
and boundary conditions. Only medium size events with
4.5 < m < 6 were taken for clustering. In addition to the
local strip like clusters of smaller events (m < 4) detected
for 150-years data, one can observe in Fig. 4a distinct spa-
tio-temporal patchwork structure of clusters of medium
sized events (4.5 < m < 6). These clusters follow spatio-
temporal changes in strength-stress properties of the fault
in the region simulated.

In summary, we can highlight very fundamental prop-
erties of earthquakes, multi-resolutional clusters are built
up by the earthquake epicenters. The clustering is a dy-
namical process involving many spatio-temporal scales.
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The plot reconstructing seismic activity during 150 years from synthetic data [7] (horizontal distance - X, depth - z; visualized by
using the Amira visualization package [1]). Large events (with magnitude m > 6) are shown as distinctly larger dots on the back-
ground of the lowest magnitude events (m < 4). There are visualized patches of low magnitude events preceding larger events [24].

The separate clusters are marked in colors

Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 4
The plot reconstructing seismic activity during 1500 years from synthetic data [7]. The largest clusters obtained for events with
magnitudes 4.5 < m < 6. Large events (m > 6) are shown as distinctly larger plates. The separate clusters are marked in colors

The dynamic nature of earthquake clusters in a very long
time horizon is obvious because everyone can expect that
tectonic plates will change dynamically the geo-mechan-
ical properties of the Earth crust. In a long time pe-
riod covering thousands years, the patterns from Fig. 1
will evolve following the changes in the fault network.
More mysterious is the character of earthquake dynam-
ics in spatio-temporal scales allowing for making realis-
tic predictions. We show that in the medium-time period
lasting more than a hundred of years the seismic events

may produce periodic system of clusters in approximately
equal time intervals with increasing and decreasing seis-
mic activity. The large earthquakes, preceded by the qui-
escent time periods, appear. The short-time dynamics re-
veal additionally, that the earthquake swarms are signaled
by the smaller precursory cluster of seismic activity. The
earthquake attributes such as the magnitude, and the epi-
center depth, allow for better interpretation of emerging
clusters and exploration of hypotheses space. Therefore,
for studying various aspects of earthquake dynamics, in-
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cluding their prediction, we have to analyze the cluster
structures in multi-dimensional feature space, to be sure
that none of important information will be lost or ne-
glected.

Multidimensional Feature Space

In Fig. 1 every point i representing one out of My earth-
quakes has two dimensions - the geographical coordinates
x; = [x1, x2] of the epicenter. The point can be treated as
2-D vector f; in the feature space where f; = x; . Assum-
ing additional coordinates, at the highest level of resolu-
tion, a single seismic event i can be represented as a five-
dimensional data vector f; = [m;, z;, x;, t;] where m; is
the magnitude and x;, z;, t; - its epicentral coordinates,
depth and the time of occurrence, respectively. The spa-
tio-temporal clusters can be extracted by 3-D visualization
similar as those of Figs. 3, 4 distinguishing extra dimension
by the size of dots and colors. Only clusters in the three
spatially visualized dimensions can be extracted, while the
other attributes associated with the earthquake character-
istics are used for discriminating among the different types
of clusters.

As shown in Figs. 3, 4 and in [24], at the lowest reso-
lution level we can analyze the data locally by looking for
clusters with similar events. However, considering a sin-
gle event on a given area as a feature vector [78] can-
not be a good approach from a generalization point of
view. The number of events is usually large. There are
many noisy background events, which destroy the relevant
clusters or produce artificial ones. Moreover, the cluster-
ing of raw data neglects the important statistical informa-
tion, which concerns the entire inspected area. An alter-
native approach exists in which the entire seismic area can
be described as a multidimensional feature vector evolv-
ing in time. In the following these features will repre-
sent descriptors a; (seismicity parameters) correspond-
ing to different statistical properties of all the events mea-
sured in a given time interval. The number of descrip-
tors N defines the dimensionality of the feature vector
F; =lay,a2,...,an],i = 1,2,..., M. The vector repre-
sents not a single seismic event but it corresponds to seis-
mic situation on the whole controlled area in the subse-
quent time interval indexed by i. The number of feature
vectors M is equal to the number of time intervals in which
the descriptors are computed. The index i is a discrete
equivalent of time. We expect that the features vectors
representing different moments of time also have the ten-
dency to produce clusters in the abstract N-dimensional
feature space. Monitoring changes of these time-series in
abstract N-dimensional space may be used as a proxy for

the evolution of stress and a large earthquake cycle on
a heterogeneous fault [9].

To explain this approach better, let us assume that we
have to analyze the client behaviors in a hypermarket. We
can watch every client separately assuming that it can be
defined as a feature vector consisting of only two coordi-
nates: the time he entered the shop, money spent. Then we
can try to find clusters emerging with time during a shop-
ping day. This cannot be easy due to both a large num-
ber of feature vectors (clients) producing statistical noise
and lack of correlations between them. Another approach
consists in treating as a feature vector not a single client
but every subsequent time interval t; = i x AT(i =
0,1,2,...,Mp; t; < te; Mg = (t, — tp)/AT and t;, - be-
ginning of the working day and ¢, - closing time). Let the
coordinates of the subsequent feature vector define the fol-
lowing descriptors averaged in At: the number of people
inside the shop (crowding), the flow, items bought, money
spent per person. We note that now the number of feature
vectors will be substantially smaller than in the previous
approach but the dimensionality of feature space is larger.
Let us assume that as a result of clustering we extract
two distinct clusters. The first one consists of feature vec-
tors (time intervals) from between 10.00-11.00 and 13.00-
14.00. The cluster is characterized by very small values
of the first three descriptors (crowding, flow, numbers of
items sold) and relatively large expenses. The second clus-
ter consists of time intervals from between 8.00-9.00 and
16.00-18.00 with all descriptors large. We could conclude
that the first cluster consists of time intervals from shop-
ping hours that are the favorite for wealthy retired peo-
ple from the rich village in the neighborhood, while the
second cluster is associated with the rush in shopping just
before before the beginning and after the end of working
hours.

In the same way, the clusters of feature vectors (time
intervals) consisting of seismicity parameters should re-
flect the similarity between seismic activities in various
time intervals. As we show before the large seismic events
are preceded by precursory events, reflected by an abnor-
mal seismic activity in the whole area. We suppose that
these moments of time are similar in the context of the
set of seismicity parameters selected. Thus the feature vec-
tors corresponding to precursory events should belong to
the same cluster. The idea of predictive system based on
clustering consists in detecting the clusters of former fore-
shocks and signal if the current feature vector — which rep-
resents current seismic situation over the area - is or is not
the member of this clusters.

The seismicity parameters are computed as time and
space averages in a given time and space intervals within
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Earthquake Clusters over Multi-dimensional Space, Visualization
of, Table 1
Definition of seismicity parameters

NS | Degree of spatial non-randomness at short distances. The
differences between distributions of event distances and
distances between randomly distributed points.

NL | Degree of spatial non-randomness at short distances.

CD | Spatial correlation dimension calculated on the basis of
correlation integrals and on interevent distances.

SR | Degree of spatial repetitiveness represents the tendency
of events with similar magnitudes to have nearly the
same locations of hypocenters.

AZ | Average depth of the earthquake occurrence.

Tl | Inverse of seismicity rate — time interval in which a given
(constant) number of events occurs.

MR | Ratio of the numbers of events falling into two different

maghnitude ranges = M¢(m > Mg)/M¢(m < Mp).

TIME (1)
.

I Ll

Earthquake Clusters over Multi-dimensional Space, Visualization
of, Figure 5

The exemplary set of seismicity parameters {M, NS, NL, CD, SR, AZ,
Tl, MR} in time (i - subsequent number of the feature vector) for
afile from the 1500-years synthetic data catalog (from [25]). The
green and red strips show the time moments belonging to the
two different clusters. The green cluster corresponds to the time
intervals of lower while the red cluster of higher seismic activi-
ties. The time series represent about Mr = 103 feature vectors F;

a sliding time window with a length AT and time step dt.
The values of aj represents one of the following seismic-
ity parameters: NS, NL, CD, SR, AZ, TI, MR. The value
of dt was assumed to be equal to the average time differ-
ence between two recorded consecutive events while AT
is equal to about 1/10 of the average time distance between

two successive large events (m > 6 or m > 5). By increas-
ing the values of dt and AT one can obtain smoother time
series due to better statistics. On the other hand, poorer
prediction characteristics can be expected then. We define
the seismicity parameters as shown in Table 1 [28,29].
The seismicity parameters produces seven time series
and create the abstract 7-dimensional feature space of time
events Fi = (NSi, NLi, CD,‘, SR,‘, AZ,‘, TI,‘, MR,‘) where i are
discretized values of time t = t, + iAT. In Fig. 5 we dis-
play an example set of seismicity parameters (with average
magnitude M) for synthetic data [25]. The precise location
of the clusters and the visualization of the clustering results
are significant challenges in clustering over multi-dimen-
sional space. In the following section we present briefly the
basics of clustering and algorithms needed in this venture.

The Detection and Visualization of Clusters
in Multi-Dimensional Feature Space

Our main challenge is to devise a clustering scheme which
can divide the M feature vectors x; i = 1,2,... M into k
separate groups (clusters). More formally, assuming that
X= {xi}i=1’___,M and x € RN; X = {xil,xiz, . ,xiN} we
define as an k-clustering of X, i. e., the partition of X into k
clusters Cy, ..., Cx provided three conditions are met:

o C;#0,i=1,..., k- the clusters are non empty sets,

e Uj—1,.,mCi = X - the sum of elements inside clusters
is equal to the total number of feature vectors,

e C;NCj=0,i# jj=1,..., k- each feature vector
belongs to only one cluster.

The computational problem with clustering is that the
number of possible clustering of M vectors into k groups is
given by the Stirling numbers (very large numbers) of the
second kind:

1 ¢ k=1 (kY m
S(M,k):EZ(—l) A (5)

i=1

Some values of S(N, k) are: S(15, 3) ~ 2 x 10°, §(20, 4) ~
45 x 10°,8(25,8) ~ 7 x 10'7,5(100,5) ~ 2 x 10%.
Knowing that the value of N in typical clustering prob-
lems can be 102 to 10° and more we see that the clustering
problem is intrinsically hard and exhaustive search - look-
ing through all possible clusterings — cannot be consid-
ered. The special clustering schemes based on the prox-
imity measures between feature vectors have to be ex-
ploited. The basic steps must be followed in order to
develop a clustering task are the following:

1. Feature selection — Features must be properly selected
to encode as much information as possible. Parsimony
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and minimum redundancy among the features is a ma-
jor goal.

2. Proximity measure — This is the measure how “similar”
(or “dissimilar”) two features vectors are.

3. Clustering criterion, which depends on the interpreta-
tion of the term “sensible”, depending on the type of
clusters expected in the data set e. g., oblate, elongated,
“bridged”, circular etc.

4. Clustering algorithms. Choose a specific algorithmic
scheme that unravels the clustering structure of the data
set.

5. Validation and interpretation of results are the final pro-
cesses of clustering.

There are two principal types of clustering algorithms:
non-hierarchical and agglomerative schemes [2,50,78].

Clustering Techniques

The non-hierarchical clustering algorithms are used
mainly for extracting compact clusters by using global
knowledge about the data structure. The well known k-
means based schemes [78], consist in finding the global
minimum of the following goal function:

Jw2) =3 3 | =zl (6)
j i€C;

where: z; is the position of the center of mass of the clus-
ter j, while x; are the feature vectors closest to z;. To
find a global minimum of function J(), one repeats many
times the clustering procedures for different initial con-
ditions [48]. Each new initial configuration is constructed
in a special way from the previous results by using the
methods from [48,87]. The cluster structure with the low-
est J(w, z) minimum is selected.

Agglomerative clustering schemes consist in the subse-
quent merging of smaller clusters into the larger clusters,
basing on proximity and clustering criteria. Depending on
the definition of these criteria, there exist many agglom-
erative schemes such as: average link, complete link, cen-
troid, median, minimum variance and nearest neighbor
algorithm. The hierarchical schemes are very fast for ex-
tracting localized clusters with non-spherical shapes. The
proper choice of proximity and clustering criteria depend
on many aspects such as dimensionality of data. For ex-
ample, a smart clustering criterion based on linked-list
scheme for finding neighbors used for molecules cluster-
ing is completely worthless for clustering N-dimensional
data for which it has extremely high computational com-
plexity. All of agglomerative algorithms suffer from the
problem of not having properly defined control param-
eters, which can be matched for the data of interest and

hence can be regarded as invariants for other similar data
structures.

Majority of the classical clustering algorithms require
knowledge on the number of clusters. However this num-
ber is usually unknown a priori. Furthermore, these meth-
ods do not perform well in the presence of heavy noise or
outliers. Recently, new methods have been proposed that
can: deal with noisy data, discover non-spherical clusters
and allow for automatic assessment of number of clus-
ters. Some important examples are the Chameleon [55],
DBSCAN [70] and CURE [38] algorithms. Unfortunately,
these methods are suited only for low dimensional data
and are rather inefficient limiting their use for data mining
of large-scale sets. For clustering of large data sets of mul-
tidimensional data other approaches are in great demand.
In the innovative work by Frey and Dueck [33] the authors
use the concept of “affinity propagation,” which takes as
input measures of similarity between pairs of data points.
Real-valued messages are exchanged between data points
until a high-quality set of exemplars and corresponding
clusters gradually emerges. Affinity propagation promises
to find clusters with much lower error than other methods,
and it can do this in less than one-hundredth the amount
of time.

Clustering schemes do not produce univocal results.
For low dimensional 2-3-D spaces human eye can decide
whether the clustering result is optimal or not. However,
it becomes hopeless for higher dimensions. There exist
many techniques for visualization multidimensional clus-
ters. One of them is the multi-dimensional scaling (MDS)
(see overview of mapping techniques in [73]) - the most
powerful non-linear mapping technique. This method al-
lows for visualization of the multidimensional data in 2-D
or 3-D and for interactive extraction of clusters.

Multidimensional Scaling

Multi-dimensional scaling or MDS is mathematically
a non-linear transformation of N-dimensional data
onto n-dimensional space, where n > N [23,73,78]. The
MDS algorithm bases on the “stress function” criterion.
The goal is to maintain all the distances between points
R; €  C RN in the Euclidean 3-D (or 2-D) space with
a minimum error. The “stress function” can be written as
follows:

E(w,0) = Zs}‘:}"’i ~(si,j—$; )" = min
j<i

where: s;-j]- = (yi —yj)-(yi —y]-),i,j =1,...,M,
™)
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and D;; - is a squared distance between points R;,
RijewC RN and r;, rj € ®' C E? - coordinates of the
respective points in 3-D Euclidean space. The values of w
and mi are the parameters of transformation.

The result of mapping depends on the quality of the
minimum obtained for the “stress function”. Usually the
dimensionality of the “stress function” domain is very high
and is equal to N - M, i.e., thousands, in the smallest and
billions in large problems. For more than M = 10° feature
vectors, the high dimensionality of source space and data
complexity may cause the resulting low dimensional pat-
terns to be completely illegible. The application of stan-
dard numerical algorithms for finding global minimum
of this multimodal, non-linear and complex criterion be-
comes hopeless. Therefore, for visualization of M > 10°
multidimensional data samples, more reliable minimiza-
tion techniques extracting global minimum of the “stress
function” are required. In [23] we proposed N-body solver
by ODE’s as a heuristic means. The algorithm is as
follows:

1. The initial configuration of M interacting “particles” is
generated in E2,

2. Every “particle” corresponds to the respective N-di-
mensional point from RY,

3. The “particles” interact with each other with ®@; ; parti-
cle-particle potential:

i k (r{ i—al j)2 8)

(k - is the stiffness factor) and the energy produced is
dissipated by the friction force proportional to the ve-
locity of the particles.

4. The system of particles evolves according to the New-
tonian equations of motion.

In this way the interactions between each pair of particles
are described by various spring like potentials, dependent
on the separation distance between particles r;; and the dis-
tance Dj; between respective multidimensional points in
RN, If the distance between particles i and j in the output
2(3)-D space is smaller than the distance between respec-
tive i and j feature vectors in the source N-D space these
points repel one another. Otherwise, i.e. the distance is
larger, the particles attract one another. By using the leap-
frog numerical scheme for time-integration [41] the fol-
lowing formula for velocities and positions of “particles”
can be derived from the Newtonian equations:

12 (1-9¢) Lyl

b Oty
K
*ore D <[ ©)
P = it Ay
o= % , o= % <At
where v!, — the particle i, n - the time-step number,

m = 1 - particle mass.

CLUSTER 1

“stress function™

| Static N-D structure, i

Initially dynamie structure evolves to static <“lrozen™-
system of particles representing minimum of the

1. N-particles interact via the f; = -grad((Dyry)™ Dy™ ) two-body forces.

2. The total force acting on a single particle is Fr=Xf.

3. The system evolves in time due to the Newtonian equations of motion.

4. Friction removes energy from the system.

5. Eventually, the particles stop reaching minimal ial energy = mini of z
criterion

a

Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 6
a The conceptual diagram of MDS transformation, b The clusters from Fig. 6 mapped by using multidimensional scaling into 3D

space for synthetic seismic data catalog A covering 1500 years
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As it is common in molecular dynamics [41], the sys-
tem of “particles” evolves in time until the global (or close
to the global) minimum of Eq. (8) (the total potential en-
ergy of the particle system) is gained. Two free parame-
ters, A and k, have to be fit to obtain the stable state, where
the final positions of frozen “particles” reflect the result of
N—-D to 3-D mapping. The conceptual scheme of MDS
exploiting N-body solver is shown in Fig. 6A. In Fig. 6B
we present the feature vectors shown in Fig. 5, using the
7-dimensional feature space which has been transformed
by using the MDS procedure and mapping onto the 3-D
space. Take a look on the movies (Movie 1 and 2 in Sup-
plementary Materials), which shows how rotation in the
3-D space can help in cluster recognition.

Description of the Data
Natural Datasets

We analyze the observed and synthetic earthquake cata-
logs for three time intervals of 5, 150 and 1500 years re-
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Earthquake Clusters over Multi-dimensional Space, Visualization
of, Figure 7

Seismic activities around the Japanese Archipelago with a time
period of 5 years. We use the hypocentral data provided by
the Japan Meteorological Agency (JMA). The magnitude of the
earthquakes (JMA magnitude) and their depths are represented
by differences of the radius of the circle and colors, respec-
tively. The red stars symbolize large events such as: Chi-Chi Tai-
wan earthquake (21/9/1999 M7.6 latitude 23.8 longitude 121.1),
Swarm at Miyakejima (7/2000-8/2000 latitude 34.0 longitude
139.0), Western Tottori earthquake (6/10/2000 M7.3 latitude
35.3 longitude 133.4) (from [25])

spectively. The observed data (Fig. 7) represents seismic
activities of the Japanese islands collected by the Japan Me-
teorological Agency (JMA).

The JMA Catalog consists of 915,829 events detected
in Japan Islands between 1923 and January 31, 2003. The
original catalog includes also events with magnitudes less
then 1.0. The lowest magnitudes were determined by using
a detection level, estimated from the Gutenberg-Richter
frequency-size distribution. We have assumed that the
cutoff magnitude of earthquake is equal to 3 (m > 3). We
do not use any cutoff depth of hypocenter events. The
seismic events shown in Fig. 7, were recorded during the
5 years time interval from October 1, 1997 to January 31,
2003. The data set processed consists of M = 42370 seis-
mic events with magnitudes m, position in space (lati-
tude X, longitude Y, depth z) and occurrence time ¢.

To analyze the seismic activity in longer time periods,
we use data from synthetic catalogs generated by numeri-
cal earthquake models [7].

Physical Model of Earthquake Dynamics

The synthetic catalogs are generated by the model of Ben-
Zion [7] for a segmented strike-slip fault zone in a 3D elas-
tic half-space, based on earlier developments of Ben-Zion
and Rice [10,11]. The model attempts to account for statis-
tical properties of earthquake ruptures on long and narrow
fault zones with bends, offsets, etc (Fig. 8a), represented by
a cellular structure in a 2D plane with discrete cells and
spatial variations of frictional parameters (Fig. 8b). The
model contains a computational grid (region II of Fig. 8b)
where evolving stress and seismicity are generated in re-
sponse to ongoing loading imposed as slip boundary con-
ditions on the other fault regions. Regions III and V creep
at constant plate velocity of 35 mm/yr, while regions I and
IV follow staircase slip histories with recurrence times of
150 yr. The stress transfer due to the imposed boundary
conditions and failing grid cells is calculated by using a dis-
cretized form of a boundary integral equation and employ-
ing the static solution for dislocations in a 3D elastic half-
space [10,63].

Deformation at each computational cell is the sum of
slip contributions from brittle and creep processes. The
brittle process (Fig. 8c) is governed by distributions of
static friction 7, dynamic friction vy, and arrest stress
7,. The static friction characterizes the brittle strength
of a cell until its initial failure in a given model earth-
quake. When stress 7 at a cell reaches the static friction,
the strength drops to the dynamic friction for the remain-
ing duration of the event. The stress at a failing cell drops
to the arrest level 7,, which may be lower than 74 to ac-
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Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 8
The schematics of the model of Ben-Zion [7] for a segmented strike-slip fault zone in a 3D elastic half-space

commodate dynamic overshoot, producing local slip gov-
erned by dislocation theory [17,63]. The static friction, dy-
namic friction, and arrest stress are connected via a dy-
namic overshoot coefficient D = (t; — 7.)/(ts — tq). If the
stress transfer from failing regions increases the stress at
other cells to their static or dynamic strength thresholds,
as appropriate, these cells fail and the event grows. When
the stress at all cells is below the brittle failure thresholds,
the model earthquake ends and the strength at all failing
cells recovers back to 5. The creep process is governed
by a power-law dependence of creep-velocity on the local
stress and space-dependent coeflicients that increase ex-
ponentially with depth and with distance from the south-
ern edge of the computational grid. The chosen param-
eters produce an overall “pine-tree” stress-depth profile
with a “brittle-ductile” transition at a depth of about 12.5
km, and variable stress-along-strike profiles with a grad-
ual “brittle-creep” transition near the boundary between
regions IT and III (see Ben-Zion [7] for additional details).
The model generates many realistic features of seismic-
ity compatible with observations, including frequency-size
and temporal event statistics, hypocenter distribution with
depth and along strike, intermittent criticality, accelerated
seismic release, scaling of source time functions and more

(e'g-’[> > ])

Synthetic Catalogs

Synthetic data generated by computational models can
comprise many events covering large spatial areas and ex-
tremely long time spans. Moreover, the synthetic data re-
tain the statistical reliability of the results. The data are free
of measurement errors, which occur in estimating earth-
quake magnitudes and hypocentral locations, and do not
suffer from incomplete recording of small events, which
exist in natural catalogs. These are significant advantages
for our study, which attempts to illustrate clearly the per-
formance of clustering analysis and visualization tech-
niques.

In Sect. “Description of the Data” we analyze synthetic
catalogs generated by two model realizations (A and M)
of Ben-Zion [7]. The catalogs contain the time, location
and magnitude of earthquakes calculated by the model
for 150 and 1500 years. Extensive numerical simulations
with several different classes of models, summarized by
Ben-Zion [8] and Zoller et al. [9], suggest that the de-
gree of disorder in fault heterogeneities is a tuning pa-
rameter of the earthquake dynamics. Catalog A is gener-
ated by a model realization tailored to the Parkfield sec-
tion of the San Andreas fault. Catalog M is generated by
a realization of a more-disordered system like the San Jac-
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into fault or the Eastern California Shear Zone in South-
ern California. In both data sets the time interval cov-
ers all events (M ~ 1 — 3 x 10%) that have occurred in the
last 150 years of simulated fault activity. These simulations
were repeated for ten times larger time scale i. e. 1500 year
interval (the number of events M ~ 10°) covering hun-
dreds of large earthquakes (m > 6) and correspondingly
wider time window.

The seismicity parameters were obtained by averaging
the data using a sliding time window of constant width
AT and shift dt. We employ AT = 10 days and dt = 2
days for the Japanese data, AT = 10 months and dt = 2
months for the 150-years synthetic data and AT = 30
months and df = 6 months for the data covering 1500
years time period. Each parameter in the clustering was
normalized with respect to the standard deviation.

Earthquake Visualization by Using Clustering
in Feature Space

Short-Time Period

Results of clustering of the observed Japanese seismic cat-
alogs (see Fig. 7) both in raw data and in feature spaces
are shown in Fig. 9. At the data resolution level a single
seismic event i can be represented as a multi-dimensional
data vector f; = [m;, z;, X;, Y;, t;] where: m; is the mag-
nitude, X; - the latitude, Y; - the longitude, z; and ¢; -
the depth and the time of occurrence, respectively. The
seismic events are visualized with the Amira package in
Fig. 9a,b as irregular clouds of colored dots with (z, x, t)
coordinates.

In accordance with the Gutenberg-Richter relation-
ship, we find that the number of events from various

d

Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 9

Real seismic data [49] analyzed by using clustering in both the data a,b and the feature (c,d) spaces. In panels a and b one can see the
results of clustering in the data space (from two different perspectives, X-Time and Depth-Time) for small (3 < m < 4) and medium
magnitude (4 < m < 6) events, respectively, represented by small dots. The different colors of the dots denote different clusters.
Large events are visualized by the larger spheres. Their colors show the difference in magnitudes m (red - the largest, green - the
smallest). The clusters in panels a,b encircled in red display the places with the largest seismic activity, while those in white represent
the clusters of small precursory events. The red, white and green stripes in panel c and d representing 4 (out of 7) seismic parameters
and maximum magnitude M show the clusters of similar time events for situations corresponding to panels a and b, respectively.
The Amira visualization package was used (http://www.amiravis.com)
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ranges of magnitudes differs considerably, and divide the
entire set of data onto three subsets. The first one com-
prises the small, the second medium and the last one rep-
resents the largest earthquakes displayed in Fig. 9a,b as
big dots. The deepest earthquakes z >150 km are not dis-
played in the Fig. 9. The various shades represent the
magnitudes of earthquakes from m = 6 (green) tom =7
(red). In Fig. 9 we present the clustering results in both
the data f; and the feature F; spaces. We look for clus-
ters of similar seismic events (data space) and time events
(feature space). The dots (data vectors), belonging to
the same clusters, have the same color. The Fig. 9a,b is
very rich in cluster-like forms, some of them hard to in-
terpret. Correspondence of the cluster structure of data
f j( j=1,....M f) with the clusters of averaged events
F;(i =1,..., Mp) in the feature space can reveal interest-
ing information. As one can see from the panel C, only
three clusters are obtained in the feature space consist-
ing of small data events (3 < m < 4). The green clus-
ter corresponds to two relatively large time intervals of
small events preceding Miyakejima earthquake and many
smaller post shock periods. The time events F; from this
cluster represent averaged data events f;, mainly shallow
(AZ) of high degree of spatial repetitiveness SR and small
diversity of magnitudes (MR). The red cluster consists of
deeper events of smaller repetitiveness, and more diversi-
fied in magnitudes. The larger time interval of this type of
behavior is recognized just after Miyakejima shock. The
white cluster is not interesting in this scale of small events
and includes all other events (including the earthquake
swarm).

In panel D we display the seismicity parameters, which
form three clusters of time events obtained for seismic
events of larger magnitude 4 < m < 6. Clusters of these
events have different structure than in the previous case.
They are parallel to X-depth plane. The borders between
clusters roughly correspond to the borders of successive
showers of the earthquakes. The red cluster comprises only
the earthquakes corresponding to the Miyakejima swarm
encircled in red in Fig. 9b. As we can see by the MDS vi-
sualization displayed in Fig. 10a, this cluster is made up
from a needle of time events sprouting away from the two
remaining and oval clusters. The green cluster in Fig. 9d
represents the deep events, diversified in magnitude of
high repetitiveness and rather high degree of spatial non-
randomness at short distances (NS). As shown in Fig. 9,
these time events represent mainly the post-swarm series
of shocks. The white cluster, as before, includes all the
other events.

Time Period of 150 Years

In Fig. 11 we display the time series of seismicity param-
eters computed for the complete synthetic data catalog A.
These time series follow the situation from Fig. 3 where
dots represent separate data events. The green, red and
white strips in Fig. 11 separate 3 clusters of similar time
events represented by 7-dimensional feature vectors. In
Fig. 10b these clusters are visualized due to the MDS trans-
formation of 7-dimensional feature space into 3-D space.
In Fig. 10b each dot represents a 7-dimensional feature
vector mapped into 3-D space by MDS transformation.

CLUSTER 1

CLUSTER 3

CLUSTERZ |

Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 10
The clusters from feature space mapped into 3D space for a realistic short-time interval seismic data. The small blue cluster at the
bottom represents the events at the end of the time interval, which are averaged within a shrinking time window. b The synthetic

seismic data catalog A covering 150 years
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Earthquake Clusters over Multi-dimensional Space, Visualization of, Figure 11
The seismicity parameters {M,NS,NL,CD,SR,AZ,TI,MR} in time for synthetic data catalog A (from [25])

From the top panel of Fig. 11 displaying the largest events
M in the sliding time window, we may conclude that the
white (blue in Fig. 10b) and red clusters from Figs. 10, 11b
comprise time events, which correspond to the aftershock
effects. The white cluster represents the net aftershock
events, while the red one includes the earthquake effects
averaged in sliding time window. Conversely, the green
cluster (yellow in Fig. 10b) contains the time events pre-
ceding the earthquakes.

The selectivity in time of the seismicity parameters de-
pends on the width AT and shift d¢ of the sliding time
window. Due to space and time averaging, it is impossi-
ble to correlate precisely the appearance of an earthquake
with the rest of the seismicity parameters when two earth-
quakes are too close to each other. Therefore, the sequence
of green-red-white cluster events can be broken (Fig. 11)
into time domains with many large earthquakes. As shown
in Fig. 11 the occurrence of the largest events correlates
well with the minima of NS, CD, SR, TI, and maxima of
AZ, MR parameters. This means that the occurrence of
large earthquakes is preceded by increasing spatial diffu-
sion of events and increasing seismicity rate. Moreover,
the results confirm the some findings from the real data
in a shorter time-scale:

1. The events preceding large earthquakes are shallow
and have small magnitudes. They have also higher de-
gree of spatial repetitiveness than events from different
clusters.

2. The earthquakes accompanying and following the
mainshock are rather large in magnitude, deep, have
high seismicity rates and low spatial correlation dimen-
sion (this drops off rapidly at the onset of large events),

The analysis of synthetic data shows clearly that the clus-
ters in the feature space reflect well the periodicity of in-
creasing and decreasing seismic activity in a given area.
For this scale, however, the fine scale characteristics of pre-
cursory and after-shock effects become fuzzy.

Time Period of 1500 Years

In Figs. 4, 5, 6b and Figs. 12, 13 we visualize the feature
vectors for data covering 1500 year period for two mod-
els: the A model with a Parkfield-type asperity and the M
model with multi-size-heterogeneities. In Fig. 4 and Fig. 12
one can recognize two types of clusters with different sizes.
The larger cluster comprises feature vectors forming ap-
proximately 150-year long periodic time intervals, which
are represented by red strips in Fig. 4 and by green strips
in Fig. 12. The second cluster consists of feature vectors
from periodic gaps colored in green in Fig. 4 and in white
in Fig. 12. This anomalous cluster corresponds to the pe-
riodic changes in the character of seismic activities. The
third cluster (see Fig. 13), marked in red for M type of data
in Fig. 12, consists of periodic and short time intervals rep-
resenting rapid bursts of seismic activity within every 150-
year interval.
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The seismicity parameters with time for synthetic (catalog M) for
seismic data representing time interval of 1500 years. The red
and green strips depict the events belonging to red and green
clusters from Fig. 7b, respectively

In both A and M models the gaps between 150-year
long intervals are correlated with decrease of: the correla-
tion dimension (CD), degree of spatial repetitiveness (SR)
and seismicity rate. These gaps are preceded by large earth-
quakes. The simulations used for generating the datasets
incorporate imposed large earthquakes on regions (I) and
(IV) of Fig. 8b that bound the computational grid (re-
gion II), as staircase boundary conditions with a step at
every 150 years. The analysis detected the effects of these
boundary conditions on the seismicity that is calculated in
region IL.

There are also evident differences between the A and
M data in the time intervals belonging to the second clus-
ter. For A environment the gaps between 150-year in-
tervals are greater and the secondary periodicity within
them is less clear. Moreover, within time intervals from
the second cluster, the degree of spatial non-randomness
decreases at long distances (NL) for M model while for
A data it decreases at short distances (NS). In addition, the
average depth of earthquakes (AZ) is then clearly larger for
A model, while for M data it remains on the average level.

In sum, by means of analyzing earthquake clusters in
feature space over long time-scale, we can investigate im-
portant characteristics of seismic activity such as:

CLUSTER 3

CLUSTER 2

CLUSTER 1

Earthquake Clusters over Multi-dimensional Space, Visualization
of, Figure 13

The clusters from Fig. 12 mapped by using multidimensional
scaling from a 7-dimensional feature space into 3D space for syn-
thetic seismic data catalog M covering 1500 years

1. The occurrence of hierarchical time-periodicity in seis-
mic activity caused by increase of short-time correla-
tions and their destruction, respectively. Correlations
can be broken both due to short-wave and long-wave
resonances of the Poincare type (e.g. during largest
earthquakes) [Sornette, 2004].

2. The dependence of seismic activities on the ambient
rheological and geological properties of the environ-
ment, which strongly modify the cluster structure of the
feature vectors.

Remote Problem Solving Environment (PSE)
for Analyzing Earthquake Clusters

Need for Remote Visualization and Analysis

We need fast access to large databases in order to fore-
cast earthquakes by observation of similarities between
thousands and millions of seismic events by visualiza-
tion of earthquake clusters. The largest earthquake cata-
logs comprise TBytes of data. Taking into account also the
data from tsunami earthquakes and micro-earthquakes
in mines, the total amount of data collected by seis-
mic centers spread all over the world is humongous.
Moreover, knowledge extraction of earthquake precur-
sors may demand exploration of cross-correlation rela-
tionships among many different catalogs. Therefore, both
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Worldwide distribution of earthquake seismographic stations (© USGS)

fast communication between data centers and large disk
spaces are sorely needed.

As shown in Fig. 14, earthquake seismograph stations,
which collect earthquake data from regions with high seis-
mic activity, are distributed worldwide. Therefore, the un-
processed data needs to be stored and then transferred
to a dedicated remote server for data processing. After
processing, the results must be returned to data acquisi-
tion centers and/or other clients. Broadband access to re-
mote facilities dedicated specifically to pattern recognition
and visualization allows for scrutinizing local data cata-
logs by using peer-to-peer connections of data acquisition
centers to data preprocessing servers. Clients in the net-
work can automatically compare various types of earth-
quake catalogs, data measured in distant geological re-
gions, and the results from various theoretical and compu-
tational models. By comparing data accessible in the net-
work we have a chance to eliminate the environmental fac-
tors and to extract the resultant earthquake precursory ef-
fects.

Integration of a variety of hardware, operating sys-
tems, and their proper configuration results in many com-
munication problems between data centers. Efficient, reli-
able, and secure integration of distributed data and soft-
ware resources, such as pattern recognition and visualiza-
tion packages, is possible only within the GRID paradigm

of computing [13,31]. The GRID mode of computing has
flourished rapidly in recent years and has facilitated collab-
oration and accessibility to many types of resources, such
as large data sets, visualization servers and computing en-
gines. Scientific teams have developed easy-to-use, flexible,
generic and modular middleware, enabling today’s appli-
cations to make innovative use of global computing re-
sources. Remote access tools were also produced to vi-
sualize huge datasets and monitor performance and data
analysis properties, effectively steering the data process-
ing procedures interactively [21]. The TeraGrid project
(http://www.teragrid.org) is a successful high-perfor-
mance implementation of such a GRID infrastructure and
is being used as an integrated, persistent computational
resource at universities and laboratories across the USA.
The Teragrid development impacts also the earthquake
science. The National Science Foundation has awarded the
Southern California Earthquake Center 15 million service
units of computer processing time on supercomputers na-
tionwide [Grid Today, August 2007]. These computational
resources will be used for simulating thousands of possi-
ble earthquakes scenarios in Southern California, includ-
ing the largest breaks on the San Andreas fault (www.scec.
org/cybershake). SCEC will be able to simulate the most
disastrous earthquakes (M > 7), such as events that could
produce Katrina-scale disasters.
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We discuss the idea of an integrated problem-solving
environment (PSE) intended for the analysis of earthquake
clusters for the prediction of earthquakes. A simplified
scheme for data acquisition and visualization of earth-
quake clusters is displayed in Fig. 15. This system pro-
motes portability, dynamic results on-demand, and collab-
oration among researchers separated by long distances by
using a client server paradigm. This is provided through
a lightweight front-end interface for users to run locally
while the a remote server takes care of intensive process-
ing tasks on large databases, oft-screen rendering, and data
visualization.

Grid Environment

In general, large datasets and high-performance comput-
ing resources are distributed across the world. When col-
laboration and sharing of resources are required, a compu-
tational GRID infrastructure needs to be in place to con-

nect these servers (see, e.g., [15]). There must exist pro-
tocols available to allow clients to tap into these resources
and harness their power. The computational grid can be
seen as a distributed system of “clients”, which consists of
either “users” or “resources” and proxies. A GRID can be
implemented using an event brokering system designed to
run on a large network of brokering nodes. Individually,
these brokering nodes are competent servers, but when
connected to the brokering system, they are able to share
the weight of client requests in a powerful and efficient
manner. Examples of this include GRID Resource Broker-
ing [30] and NaradaBrokering.

These GRID architectures are well suited to the func-
tionality of a PSE for earthquake cluster analysis and as an
integrated computational environment for data exchange
and common ventures. The seismic data centers from the
networking point of view represent a complex hierarchi-
cal cluster structure. They are located geographically in
the regions of high seismic activity within heavily popu-
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lated areas of economic importance. Therefore, the seis-
mic data centers create distant superclusters of various
“density” of computational resources corresponding to the
size and importance of the regions. These superclusters
are sparse in the sense of computational resources devoted
for earthquake detection and data acquisition. However,
these same structures contain important computational,
scientific and visualization facilities with strong interest in
the analysis of earthquake data and earthquake modeling.
The efficient interconnection of these sites is of principal
interest. Due to the “small world network” structure of
GRID architectures it is possible to select the most effi-
cient routing schemes, considerably shortening the aver-
age communication path length between brokers. GRID
architectures are appropriate to link the clients, both users
and resources, together. Construction of efficient and user
friendly Problem Solving Environments requires integra-
tion of data analysis and visualization software within the
GRID environment, in such a way that it can be easily
accessed via the Internet. We created an integrated data
interrogation toolkit to act as a PSE for visualization and
clustering of seismic data, which we call WEB-IS.

Example of Remote PSE

WEB-IS is a software tool that allows remote, interactive
visualization and analysis of large-scale 3-D earthquake
clusters over the Internet [85] through the interaction be-
tween client and server. WEB-IS acts as a PSE through
a web portal used to solve problems by visualizing and ana-

o — e T T E—— — S — T E— E— —

lyzing geophysical datasets, without requiring a full under-
standing of the underlying details in software, hardware
and communication [34,52]. As shown in Fig. 16, the pri-
mary goal of WEB-IS in the geosciences is to provide mid-
dleware that sits between the modeling, data analysis tools
and the display systems that local or remote users access.
In the case of large and physically distributed datasets, it is
necessary to perform some preprocessing and then trans-
mit a subset of the data to one or more processes or visu-
alization servers to display. The details of where and how
the data migrates should be transparent to the user. WEB-
IS makes available to the end users the capability of in-
teractively exploring their data, even though they may not
have the necessary resources such as sufficient software,
hardware or datasets at their local sites. This method of
visualization allows users to navigate through their ren-
dered 3-D data and analyze for statistics or apply earth-
quake cluster analysis. To the client, the process of access-
ing and manipulating the data appears simple and robust,
while the middleware takes care of the network communi-
cation, security and data preparation.

Complete realization of an earthquake clustering PSE
consists of:

1. Data analysis tools to implement earthquake clustering
techniques;

2. High performance visualization techniques using
OpenGL or Amira;

3. The Grid environment;

4. Integration toolkit, such as WEB-IS.
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WEB-IS is an example of a remote earthquake clustering PSE
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These exist and can work both independently and coupled
in a single special purpose system. This system can be de-
veloped creating the backbone of the sophisticated com-
putational data acquisition environment, which can be de-
vised specifically for earthquake clustering or for general
needs of the geophysical community. Equipped with only
PDAs or laptops, and working on location in unreachable
desert terrains with remote data acquisition centers or per-
haps just analyzing data in one of the many computation
facilities located around the globe, geophysicists will be en-
abled unlimited access to data resources spread all over the
world.

We see the principal goal of our work in contribut-
ing to the construction of a global warning system, which
can be used for prediction of catastrophes such as var-
ious types of earthquakes along the circum Pacific belt,
where there is a great concentration of people. For exam-
ple, similar methodology can be used for tsunami earth-
quake alerting. Theoretical models of faulting and seismic
wave propagation used for the computation of radiated
seismic energy from broad-band records at teleseismic dis-
tances [14] can be adapted to the real-time situation when
neither the depth nor the focal geometry of the source
is known accurately. The distance-dependent approxima-
tion was used in [60]. By analyzing some singular geo-
physical parameters such as the energy-to moment ratio
H [60] for regular earthquakes, the results obtained from
the theoretical models agree well with values computed
from available source parameters (e.g., as published by
the National Earthquake Information Center). It appears
however that the so called “tsunami earthquakes” - char-
acterized by the significant deficiency of moment release at
high frequencies - yield the values of H considerably dif-
ferent the regular earthquakes. Thus H value can be used
as a suitable criterion for discriminating various types of
earthquakes in a short duration of time, like an hour. How-
ever, this hypothesis holds only for a few cases. For, so
called, “tsunamigenic earthquakes” this difference is not
so clear. Moreover, the value of the moment computed on
the base of long-period seismic waves can be underesti-
mated. For example, analysis of the longest period normal
modes of the Earth, 0S2 and 0S3, excited by the December
26, 2004 Sumatra earthquake [76], yields an earthquake
moment of 1.3 - 1030 dyn-cm, approximately three times
larger than the 4 - 1029 dyn-cm measured from long-pe-
riod surface waves. Therefore, instead of a single-value dis-
crimination we recommend using more parameters (di-
mensions) for detecting tsunami earthquakes. As shown
in [64] and [83], one could employ other T-phase charac-
teristics such as its duration, seismic moment, and spec-
tral strength or even similar features associated with the

S-phase. We believe that the lack of success in predicting
earthquakes still comes from the lack of communications
between researchers and difficulties in free and fast access
to the various types of data. Therefore, we hope that glob-
alization of computation, data acquisition and visualiza-
tion resources, together with fast access through a scale-
free network, will provide a triumphant solution to this
problem.

Future Directions

In this chapter we endeavor to bring across the basic con-
cept of clustering and its role in earthquake forecasting.
Indeed we find that the clustering of seismic activities re-
flects both the similarity among them and their correla-
tion properties. As discussed in, e. g., Ben-Zion et al. [9],
Saichev and Sornette [68] and Zéller et al. » Seismicity,
Critical States of: From Models to Practical Seismic Haz-
ard Estimates Space, there exists an evolutionary process
or memory between successive earthquakes, which im-
pact the distribution of the inter-event times. We believe
that by means of earthquake clustering we can capture
the essence of this predictive information [27]. Therefore,
in order to carry out real-time earthquake forecasting for
short-time scales, it is necessary to derive a thorough un-
derstanding of all families of earthquake clusters produced
over an earthquake-prone region.

We stress here that in obtaining this type of infor-
mation one must first be able to detect the precise loca-
tion of the significant clusters, by filtering out simultane-
ously the noise and the outliers. While the existence of
spatial-temporal clusters is important, they do not reveal
the subtle information hidden behind the relations among
the data events, such as: spatial-temporal correlation di-
mensions, correspondence between the numbers of small
and large magnitude events, degree of spatial randomness,
repetitiveness at different distances and other factors. The
features — “descriptors” or seismicity parameters — con-
structed from the empirical knowledge of the researcher
should be largely independent and should represent aptly
distinctive features, which are useful for the purpose of
pattern recognition. Unlike single events described only by
spatio-temporal features (and magnitude), the N-dimen-
sional feature vectors can represent better the dynamics of
the seismically active area in different moments of time. By
following the basic rules of learning theory, we may be able
to arrive at the number N and quality of features, which
can assure the generalization power of the data and allow
us to construct reliable data-models or classifiers.

We have shown that clustering, as a well-honed tool in
data mining and pattern recognition, represents the clas-
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sifier without the teacher, which means that the nature of
the clustering is unknown and its exact background must
be guessed at from expert knowledge and analysis of the
cluster properties. Clustering is a process based on a pri-
ori knowledge extraction for constructing the hypothesis
space needed for reliable classifiers that can be taught and
used for forecasting [25]. However, the quality of these
data models depends strongly on the quality of hypoth-
esis space constructed. Consequently, it depends on the
quality of clusters extraction. The major problem comes
from the lack of a universal clustering scheme, thus mak-
ing the clustering process somewhat subjective. In this case
we must visualize the multidimensional feature space. Vi-
sual confirmation gives one a confidence concerning the
validity of the clusters and we can then adjust for the opti-
mal clustering procedures by removing the noise and out-
liers. Among the major goals of earthquake clustering, we
can include the following salient points:

o classification of the chaotic properties of seismicity pat-
terns [35], for example to recognize the three main
groups of shocks: foreshocks, mainshocks and after-
shocks or to remove the temporary clustering to esti-
mate the background seismicity;

e understanding the correlations between observed
properties of earthquakes in different domains (e.g.,
space, time, number, size);

e understanding the relations between various physical
parameters of the models and properties of the gener-
ated earthquakes;

e investigating the multi-scale nature of the cluster struc-
ture and reconstructing the important and hidden in-
formation associated with the stress characteristics.

Classification of type of shocks seems to be an unresolved
problem because there are no observable differences be-
tween foreshocks, main shocks and aftershocks [68]. Each
earthquake is able of triggering other earthquakes accord-
ing to the basic laws from [46,69]. Despite this difficulty,
as shown in [9], it is possible to construct some sort
of stochastic classifiers based on theoretical footing. The
method proposed here closely related to the epidemic-type
aftershock sequence (ETAS) model [61]. It is important
that the principal characteristics of ETAS-based models
correspond to experimental verifications, i.e., they treat
all earthquakes on the same footing and there is not dis-
tinction between foreshocks, main shocks and aftershocks.
The key points of the method are the probabilities of
one event being triggered by a previous event (e. g., [82]).
Making use of these probabilities, we can reconstruct the
functions associated with the characteristics of earthquake

clusters to test a number of plausible hypotheses about the
earthquake clustering phenomena.

As shown above by our results on seismicity cluster-
ing for the three different time epochs, clustering can be
truly regarded as a coarse-graining procedure. We can see
details from the smaller scales are erased, thereby expos-
ing the general trends associated with the long correlation
length. For large data bases covering long time intervals
we can unveil the shorter timescale characteristics by re-
moving the background events, using successive cluster-
ing. Eventually, we can build up the strong classifiers. In
the case where the long-time data catalogs are missing, we
can employ the stochastic classifiers advocated Ben-Zion
et al. [9] for prior thresholding of the background data
or what is sometimes called “fuzzification” [86]. By this
procedure we can construct the hypothesis space for data
models by clustering (or fuzzy clustering) procedures.

The results discussed in this paper contribute to the
development of improved software infrastructure for anal-
ysis of seismicity. A combined clustering analysis of ob-
served and synthetic data, aided by state-of-the-art visual-
ization of multidimensional clusters, undoubtedly lead to
improved earthquake forecasting algorithms with shorter
time windows of increased probability of large seismic
events.
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Glossary

Structural health monitoring Is the process of determin-
ing and tracking the structural integrity and assessing
the nature of damage in a structure. It is often used in-
terchangeably with structural damage detection.

Inter-story drift Is the ratio between the relative horizon-
tal displacements at two levels of the structure and the
distance between them. It is important to distinguish
between drift resulting from deformation of the struc-
ture, which is directly related to damage, and drift re-
sulting from the deformation of the soil and rocking of
the structure as a rigid body. It is also important to esti-
mate reliably the drift due to permanent displacement
(its “DC” component), which cannot be done reliably
using data from vibrational sensors unless six degrees
of freedom of motion (three translations and three ro-
tations) are recorded.

Soil-structure interaction (SSI) Is a process occurring
during vibration of structures founded on flexible soil,
in which the structure and soil interact, and their mo-
tions are modified. Kinematic interaction refers to the
effects of scattering and diffraction of the incident seis-
mic waves from the soil excavation for the foundation.
Dynamic interaction refers to the effects caused by the
inertia forces of the structure and foundation, which
lead to deformation of the soil, and results in modifi-
cation of the resonant frequencies and damping of the
response of the structure, foundation and soil acting as
a system.

Resonant frequencies of vibration Of a structure on
flexible soil are those of the soil-structure system, and
the energy of the vibrational response is concentrated
around these frequencies. They depend on the stift-
ness of the building and that of the soil. Fixed-base
frequencies of vibration are the resonant frequencies
of the structure on rigid soil, and depend only on the
stiffness of the structure. Loss of stiffness of the struc-
ture due to damage results in reduction of the fixed-
base frequencies, and indirectly of the system frequen-
cies. Monitoring changes in the fixed-base frequencies
is most reliable because it eliminates the effects of the
soil, which can exhibit (recoverable) nonlinear behav-
ior during strong shaking.

Definition of the Subject

Structural health monitoring and structural damage de-
tection refers to the process of determining and tracking
the structural integrity and assessing the nature of dam-
age in a structure. Being able to detect the principal com-
ponents of damage in structures as they occur during an
earthquake or soon after the earthquake, or the absence
of it, before physical inspection is possible, is an impor-
tant and challenging problem. Considering the challenges
faced and the potential benefits for safety and for minimiz-
ing disruption of productivity, structural health monitor-
ing has the elements of a grand challenge problem in civil
engineering [12].

Structural damage can be described by the following
five attributes: existence, location, type, extent, and prog-
nosis for the remaining useful life. Structural damage is
a complex state, which can occur on different time scales,
suddenly during some catastrophic event such as earth-
quake or explosion, or gradually over the life of the struc-
ture, due to deterioration of the structural materials by
aging, service, and exposure to environmental influences.
This article is concerned primarily with identification of
the most significant components in the space of complex
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patterns of damage caused by earthquakes. Damage in
structures also can be described on different spatial scales,
e.g. from small defects and localized damage in a compo-
nent, to global state of damage of the structural system.
Hence the damage detection methods are classified as lo-
cal and global. The local methods are those for nondestruc-
tive testing (NDT) of materials, which can determine the
location of the damage in a structural component. They
involve use of actuators (radiating ultrasonic waves into
the structural element), and require access to the element.
The global methods assess the overall state of damage of
the structural system (as it reflects on its overall perfor-
mance during an extreme event). The focus of this review
is on the global methods, and intermediate scale methods,
which can point to the part of the structure that has been
damaged.

Structural damage detection and early warning in-
volve: (1) recording some sensory data, (2) identification
of some structural parameter(s) sensitive to damage (e. g.
natural frequencies of vibration, or wave travel times),
some characteristic of response (e. g. levels of inter-story
drift) that can be correlated with damage, or some other
patterns (e. g. abrupt changes in the response detected as
novelties), (3) comparison of the result of the identifica-
tion with some knowledge base of correlation of such pat-
terns with levels of damage, and (4) decision making (e.g.
whether to evacuate or continue occupancy). Because of
various uncertainties, the answer can be only expressed
probabilistically, and the decision will also depend on the
nature of the use of the structure and level of tolerance of
the user.

The earliest and most wide-spread methods of struc-
tural damage detection are those based on data from vi-
brational sensors. In fact, the hope to eventually be able
to detect hidden damage has been one of the motiva-
tions for the development and deployment of seismic
sensors in structures. The first strong motion record-
ings in a building are those during the M = 5.4 South-
ern California earthquake of October 2, 1933, obtained in
the Hollywood Storage Building, the instrumented struc-
ture in US with the longest history of recording earth-
quakes [63]. The earliest identification methods consisted
of estimation of the building resonant frequencies and
damping, from energy distributions of small amplitude
ambient noise and forced vibration tests [3], as well as
from earthquake records [63]. These studies identified the
resonant frequencies and damping of the soil-structure
system, which depend on the properties of the soil, and
can change significantly even when there is no damage.
Detailed system identification studies from full-scale test
vibration data that separate the effects of the soil-struc-

ture interaction appeared in the 1970s, following theo-
retical developments that helped understanding the phe-
nomenon of soil-structure interaction [13,32,33,34,71].
Thirty years later, such studies are still rare, due to
a combination of factors, one of which is the inade-
quate coverage of this topic in the graduate curricula, and
the other is the emphasis of earthquake engineering re-
search on laboratory experimentation and numerical sim-
ulations, rather than on the full-scale testing of struc-
tures [63].

Despite the progress made to date in instrumentation
of structures as well as in development of theoretical meth-
ods, structural health monitoring systems are deployed in
structures only on an experimental basis. The main ob-
stacles to the routine practical deployment of such sys-
tems are: (1) the high cost of sensors and monitoring sys-
tems, which limits the number of structures that are in-
strumented and the detail of the measurements (spatial
resolution, e. g.), (2) the low sensitivity and robustness of
the methods, and ability to discriminate between changes
in the damage sensitive feature caused by damage from
changes caused by other factors (e. g. age, level of excita-
tion, and weather), and (3) the paucity of data recorded in
damaged structures necessary to calibrate the health moni-
toring methods. Consequently, the main challenges for fu-
ture research are: (1) to design low cost but high perfor-
mance sensors and monitoring systems, making it possi-
ble to densely instrument many structures, (2) to develop
methods that are robust and sensitive enough to detect
also light damage (in particular one that is not visible), and
(3) to build a knowledge base that can help reliably relate
observed patterns in the data with actual observations of
damage.

Recently, structural identification and health monitor-
ing of buildings by detecting changes in wave travel time
through the structure has received revived attention and
has proven to be very promising [20,24,25,37,39,41,42,
53,54,65]. Exploratory applications to data from damaged
buildings [53,54] showed that the method (1) is robust
when applied to damaging levels of earthquake response
data, (2) is not sensitive to the effects of soil-structure in-
teraction, and (3) is local in nature (i. e. gives results con-
sistent with the spatial distribution and degree of the ob-
served damage).

Introduction

This volume would not be complete without addressing
the catastrophic consequences of earthquakes, and dam-
age in soil-structure systems, which is a complex, multidi-
mensional, and highly interrelated set of phenomena.
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Since the early days, the mathematical formulation of
practical earthquake engineering problems has been dom-
inated by linear differential equations [58], which can-
not lead to chaos. Nevertheless, cost and the increasing
needs of society have pushed the design into the nonlinear
regimes of large deformations increasing the possibility of
encountering chaotic dynamic phenomena in structural
response, and have increased the complexity of the pos-
sible damage outcomes. However, working with parame-
ters that produce chaotic output reduces the ability to pre-
dict the outcome. The chaotic behavior of nonlinear sys-
tems does not completely exclude the possibility to predict
the response, but introduces an upper bound (prediction
horizons) [30]. Then the remaining question is over what
time-scales can the predictions still be reliable. Also, the
prediction of response requires a realistic physical model,
while the practical outcome of most work in engineering
remains empirical. Consequently, there is a conflict in the
classical engineering description of the world. This conflict
is in part due to the assumption that nature is moving for-
ward, according to a deterministic law, and in part due to
the fact that engineers model the world based on incom-
plete data, and thus working with unverifiable representa-
tion. This leads to the question what models are good for.
The problem is further aggravated by the fact that the art of
dynamical modeling tends to be neglected in discussions
of nonlinear and chaotic systems, in spite of its crucial im-
portance [2]. In the following review of structural health
monitoring in earthquake engineering, it is accepted that
there is a modeling problem, and the success of a method
is gauged by the degree to which its predictions match the
observed outcomes.

During the last several decades, stochastic processes
have been used to help analyze the irregular behavior of
deterministic systems with too many variables to be de-
scribed in detail. Stochastic processes have been used also
to model the deterministic response of structures to earth-
quake and wind forces, and as an approximate descrip-
tion of deterministic systems sensitive to their initial con-
ditions. In some analyses, random noise is added to the
model to account for the differences between the behaviors
of model and prototype. This noise represents no more
than lack of knowledge of the system structure or inade-
quacy of the identification procedure [23].

Following a damaging earthquake, buildings, bridges,
dams and other structures are physically inspected for
damage, and their safety is assessed. To assess the safety
of buildings, the city departments of public safety (or
their equivalents) dispatch inspectors to the field to “walk
through” each building and write a report on the observed
damage and safety concerns to its occupants. On the ba-

sis of such assessments, a color tag can be assigned to the
building: (1) green if the structure is safe, (2) yellow if it
has been damaged and needs to be evacuated, but is safe
for the occupants to return to retrieve their belongings,
and (3) red if it has been damaged to a degree that it is un-
safe for the occupants to return to the structure [1]. When
the affected area is relatively large, such inspection takes
time (several weeks or longer), and the tagging is often
first preliminary, to be revised at a later time after a pre-
liminary inspection of all buildings has been completed.
Such walk-in inspections can detect only damage that is
visible, and there is always considerable subjectivity in the
assessments. The major problem with such inspections is
however the timeliness, as aftershocks following the earth-
quakes can further damage a structure that has survived
the main event but is weakened, and endanger the occu-
pants. Another problem is the loss of function of a struc-
ture that may be safe, until a more detailed inspection and
assessment is possible. This is particularly important for
critical facilities, such as hospitals, as well as for major
businesses, such as banks, for which interruption of work
can cause major financial losses. Without a doubt, the abil-
ity to detect damage in structures early, as it occurs or soon
after the earthquake, using some structural health moni-
toring system, and assess the state of safety of the structure
before physical inspection is possible, can benefit society
immensely. Ideally, based on instrumental data, such sys-
tems would be able to detect also hidden damage that is not
visible to the naked eye. There would be benefit even when
the damage is obvious, if that information is available
immediately after the earthquake. To be effective, how-
ever, such systems must be sensitive enough to detect at
least the significant damage, and also be accurate enough,
to avoid false alarms and unnecessary and costly service
interruption.

The objective of this article is to review the basic prin-
ciples on which such systems operate, and to present some
illustrative examples of several robust methods applied to
full-scale buildings. This is followed by a discussion of re-
maining critical issues and directions for future research,
in the view of the author.

Literature Review

Earthquake Damage Detection
in Structural Health Monitoring Research

Earthquake damage detection in civil structures, such as
buildings and bridges, is closely related to structural health
monitoring of structures such as light aerospace struc-
tures, rotating machinery and offshore platforms, for ex-
ample, that are of concern to other disciplines. A review
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of recent developments in this broader field, as applied
to civil and mechanical systems, can be found in Chang
et al. [7] and Liu et al. [31]. The earliest, and still the most
popular methods for civil structures are those that use data
from vibrational sensors, and detect changes in the vibra-
tional characteristics of the structure - frequencies of vi-
bration and mode shapes. Detailed reviews of vibrational
methods in the general area of structural health monitor-
ing can be found in a report by Doebling et al. [11], its
shorter version as a journal paper [10], and a follow up re-
port by Sohn etal. [40]. Another recent review of the vibra-
tional methods can be found in Carden and Fanning [4].

These detailed reviews conclude that the currently
available vibrational methods can determine if the struc-
ture has been damaged, but cannot indicate precisely the
location of the damage, and are therefore referred to as
global. Most vibrational methods monitor changes in the
modal properties of the structures (modal frequencies and
mode shapes). The stated difficulties associated with these
methods include: (1) the presence of other factors than
damage that produce similar effects on the monitored pa-
rameters not easy to isolate (e. g. the effects of soil-struc-
ture interaction on the measured frequencies of vibration,
as well as environmental influences such as temperature
and rain; [8,46,47]); (2) the redundancy of the civil engi-
neering structures, which results in low sensitivity of the
method (i. e. small change of the overall stiffness and con-
sequently of the measured frequencies) when the damage
is localized; and (3) dependence on detailed prior analyt-
ical models and/or prior test data for the detection and
location of damage (supervised learning), which may not
be readily available for a structure, may be outdated, and
even when available represent only an idealization of the
real structure [7,11]. Further critical issues identified are
(4) the scarcity of objective comparisons of different pro-
cedures applied to a common data set, and (5) the number
and location of sensors (techniques to be seriously consid-
ered for implementation in the field should demonstrate
that they can perform well for small numbers of measure-
ments). Finally, Doebling et al. [11] conclude that “while
sufficient evidence exists to promote the use of measured
vibration data for the detection of damage in structures,
using both forced-response testing and long-term moni-
toring of ambient signals, the research needs to be more
focused on the specific applications and industries that
would benefit from this technology... Additionally, re-
search should be focused more on testing of real struc-
tures in their operating environment, rather than labora-
tory tests of representative structures.”

In the follow up review, Sohn et al. [40] mention as
outstanding problems: The reliance on analytical models

to obtain the structural parameters from the data, not only
in methods involving direct inversion, but also in those
that use neural networks; and that the damage sensitive
features are also sensitive to changes of the environmental
and operational conditions of the structures. They men-
tion as one of the most significant improvements since
the previous review [11] the signal processing methods
that do not rely on detailed analytic models, such as nov-
elty/outlier analysis, statistical process control charts, and
simple hypothesis testing (unsupervised learning), shown
to be very effective to identify the onset of damage growth,
and the presence of damage but not the damage type. In
this article, one such method - based on detection of nov-
elties using wavelets — is reviewed and illustrated. An-
other significant advancement is the availability of more
affordable MEMS sensors, as well as fiber optics, and
piezoceramic sensors, and of wireless data communication
technology.

In structural health monitoring literature, the vibra-
tional methods are referred to as global, due to the rela-
tively small number of sensors typically installed in struc-
tures, and can detect only significant damage [11,40]. The
cost of seismic monitoring systems is still high, and trade-
offs have to be made between the detail of the instrumen-
tation of a particular structure and the number of struc-
tures that are instrumented. The truly local methods are
those for nondestructive testing (NDT) of materials, which
can detect the location of cracks or some other defects
in a structural member. These methods typically use: (1)
ultrasonic waves, which are attenuated quickly along the
wave path, (2) need an actuator to create such waves, and
(3) require direct access to the structural member, usually
not readily available. Consequently, they are used to detect
the location of the damage in a particular structural mem-
ber, known or suspected to have been damaged, but are too
costly and impractical for structural health monitoring of
an entire structure [7]. To make a difference for society,
structural health monitoring and early warning systems
have to be reasonably priced so that they can be installed
in many structures.

Earthquake Damage Detection
in Earthquake Engineering Research

In the earthquake engineering research, earthquake dam-
age detection emerges from system identification studies
of full-scale structures (typically involving identification of
their frequencies of vibration and damping) from ambi-
ent and forced vibration test data, or earthquake records.
Consequently, it is data driven, in contrast to the structural
health monitoring research, which focuses on methodolo-



Earthquake Damage: Detection and Early Warning in Man-Made Structures

2375

gies, validated mostly on “clean” numerically simulated
data, and sometimes on laboratory data or small ampli-
tude full-scale data. In the US, the earliest system identifi-
cation studies from full-scale data follow the first deploy-
ment of strong motion instruments in structures [3], and
continue through the 1960s [9,19,70]. More sophisticated
studies from the system identification point-of-view using
earthquake response data appear in the 1970s, following
the San Fernando, California earthquake of 1971, which
produced strong motion records in many buildings in the
Los Angeles metropolitan area [66,67,68,69]. A significant
finding of these studies is that the building frequencies of
actual structures vary significantly as a function of the level
of the response. The variation is such that the fundamen-
tal frequency decreases during the largest shaking, but re-
covers afterwards during the remaining smaller amplitude
shaking, or during subsequent shaking from aftershocks
or small amplitude tests. The recovery may be partial or
complete, and a large reduction of frequency of vibration
during the earthquake is not always associated with visible
damage. This is an important fact, as the decrease of the
fundamental frequency of vibration is used as one of the
global indicators of damage in structural health monitor-
ing research, and also because many sophisticated struc-
tural identification methods are based on the assumption
of stationarity and time invariance of the response.

Further, system identification studies of structures us-
ing earthquake records, considering the effects of the in-
teraction of the structural vibrations with the vibration of
the surrounding soil, appear in the 1960 and 1970s. The
most detailed such full-scale studies are probably those of
the Millikan library in Pasadena [33,34,71]. Understand-
ing and consideration of the effects of soil-structure inter-
action in system identification and health monitoring of
structures is of fundamental importance for the develop-
ment of reliable methodologies, as this phenomenon is an
integral part of the seismic response, and affects the esti-
mation of both the frequencies of vibration and the inter-
story drift, both used to infer about the state of damage.
Nevertheless, these effects are typically ignored in struc-
tural health monitoring research. A detailed literature re-
view on full-scale studies of soil-structure interaction can
be found in Trifunac et al. [63], and a discussion of crit-
ical issues in recording and interpreting earthquake re-
sponse of full-scale structures can be found in Trifunac
and Todorovska [60,61].

Damage and Damage-Sensitive Features

The damage of a structure can be described by the fol-
lowing five states: (1) no damage, (2) repairable (light and

moderate) damage, (3) irreparable damage, (4) extreme
damage, and (5) collapse [14].

Damage is associated with large deformations of the
structural elements (usually expressed via the inter-story
drift), which cause yielding of the structural steel or steel
reinforcement and cracking of the structural concrete.
Also, damage causes changes of the structural vibrational
characteristics (frequencies of vibration), and wave prop-
agation characteristics (wave velocities/travel times). This
section presents the rationale for damage detection algo-
rithms based on monitoring such changes. The concepts
are illustrated on a simple soil-structure interaction model.

Structural Models and Identification
Structure as an Oscillator

From an elementary vibrational viewpoint, a structure re-
sponds to earthquake shaking as an oscillator character-
ized by its frequencies of vibration. The fixed-base fre-
quencies are those of free vibration of the structure on
rigid ground. They are the eigenvalues of a boundary value
problem, and the associated eigenfunctions are referred to
as mode shapes in structural engineering. The fixed-base
frequencies depend only on the properties of the struc-
ture, i.e. on the structural stiffness and mass, while their
dependence on the structural damping is small for most
structures, which are lightly damped. In the linear range,
the response of an n-degree-of-freedom system to earth-
quake shaking is a superposition of the modal responses.
The contribution of the fundamental mode is usually the
largest, and in engineering design structures are often rep-
resented by an equivalent single degree-of-freedom oscil-
lator. For a single degree-of-freedom oscillator, the natural
frequency of vibration is

kim , (1)

w)] =

where k is its stiffness and m its mass. The frequency of
such an oscillator is affected little by typical fluctuations of
the mass due to variations in the life load of the structure,
and is mostly affected by changes in the stiffness. Damage
would cause loss of stiffness, and consequently reduction
of the fixed-base frequency of vibration. If w; r is a ref-
erence frequency corresponding to reference stiffness ki.f,
then for the damaged structure

(wl/wl,ref)2 = k/kref . (2)

As the fixed-base frequency depends on the overall stift-
ness of the structure, it is by definition a global prop-
erty, and would not change much due to localized dam-
age of civil structures, which are designed to be highly re-
dundant. One advantage of detecting damage by monitor-
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ing changes in fixed-base frequency of vibration is that,
in the ideal case when the ground is practically rigid (as
compared to the structure), and the excitation is relatively
broadband, the fixed-base frequency can be determined
using only one sensor, on the roof, as the frequency of the
peak of the Fourier transform of the roof response. The
availability of recorded response at ground level would
produce a more accurate estimate, as a transfer-function
can be computed between the roof and ground level re-
sponse motion. Changes in the frequency versus time can
be estimated from the Fourier transform in moving win-
dows in time.

Buildings are founded on soil, which is flexible and de-
forms under the action of forces from the incident waves
and from the vibrating structure. Even if rigid, a struc-
ture founded on soft soil will vibrate, with the soil act-
ing as a spring. The soil adds both flexibility and dissipa-
tion mechanism to the vibrations of the structure and soil,
which act as a coupled system. Two sources of dissipation
are (1) scattering of the incident waves from the founda-
tion and (2) radiation of energy into the soil (through vi-
bration of the foundation, which acts as a source of waves
radiated in semi-infinite medium). The third source of dis-
sipation is in the structure, and includes a distribution of
frictional sources, and hysteretic damping during nonlin-
ear response. The soil-structure system has its own reso-
nant frequencies and “damping”, which is a combination
of the contributions from the structure and from the soil.
The fundamental frequency of the system is always lower
than the fundamental fixed-base frequency of the struc-
ture, but the associated system damping can be larger or
smaller than the damping of the structure alone, depend-
ing on the radiation damping and relative stiffness of the
structure with respect to the soil.

In conclusion, the difficulties with Fourier-type anal-
yses for identification of the building frequencies are that
these give the resonant frequencies and equivalent damp-
ing of the system, which depend on the soil, and that they
are global properties. Also, there is no knowledge base of
changes in such frequencies (for different types of struc-
tures and different types of soils) related to different de-
grees of damage.

Structure as a Wave Guide

Alternatively, the seismic response can be represented as
a superposition of waves that propagate through the struc-
ture, reflect from its exterior and interior boundaries and
interfere [22,39,41,48,49,50,56,57]. Loss of stiffness due to
local damage would cause delays in the wave propagation
through the damaged part, which could be detected using

seismic response data recorded on each side of the dam-
aged area, along the wave path. A change in wave travel
time would depend only on the changes of the physical
properties between the sensors. Hence, the wave methods
are more sensitive to local damage than the modal meth-
ods, and should be able to point out the location of damage
with a relatively small number of sensors. Additionally, the
local changes in travel time are not sensitive to the effects
of soil-structure interaction (as demonstrated in [44,45]),
which is a major obstacle for the modal methods based on
detecting changes in the structural frequencies.

The basic principles of the method are as follows. It
is based on D’Alambert’s solution of the wave equation,
and representation of the structural response as a su-
perposition of waves traveling through the structure. In
contrast, the modal methods are based on representa-
tion in the Fourier domain, as superposition of modes of
vibration.

The wave travel time between two pints

T =dlVg, (3)

where d is the distance traveled and V; is the equivalent
shear wave velocity in the part of the building between the
two sensors. The latter is related to the rigidity via

Vs = Vulp, 4)

where p is the shear modulus and p is the density. Hence,
reduction of rigidity due to damage will produce a re-
duction of the equivalent shear wave velocity, which will
produce an increase in the pulse travel time, relative to
the travel time for the undamaged state. Let i,f be refer-
ence rigidity, and V; ;r and 7, be the corresponding shear
wave velocity and wave travel time. Then their changes are
related as follows

T 1 1
Tref h Vs/Vs,ref h VvV N//ﬂref '

Global changes can also be detected by monitoring the to-
tal wave travel time from the base to the roof of a build-
ing. Let 7o be the travel time of seismic waves from the
point of fixity (ground level) to the roof. Then the build-
ing fundamental fixed-base frequency f; = 1/(4tiot) as-
suming that the building as a whole deforms like a shear
beam. Based on this relation, f; can be estimated using
data from only two horizontal sensors. While the goodness
of this approximation of f; may vary from one building
to another, the changes in f; = 1/(4tot) will still depend
only on changes in the building itself, and not on changes
in the soil, and monitoring of changes in such an esti-
mate of f; can be used as a global indicator of damage in
a building [44,45].

®)
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Earthquake Damage: Detection and Early Warning in Man-Made
Structures, Figure 1
Layered building model

Figure 1 shows a conceptual model for the analysis, in
which the building is a horizontally layered medium, with
the interfaces between layers at the floor slabs. For verti-
cally incident waves, or/and a narrow building, the layered
medium will be traversed by waves propagating upward
and downward. Let the excitation be a pulse. At each in-
terface, an incident pulse will be split into a reflected pulse,
and a transmitted pulse, and at the roof total reflection will
occur. The transmission and reflection coefficients will de-
pend on the impedance contrast between the layers, in par-
ticular on the shear wave velocities, which will change due
to loss of stiffness caused by damage. Because of reflec-
tions and material damping, an incident wave pulse will
attenuate as it propagates through the structure, and will
be also modified in a dispersive medium. This is schemat-
ically illustrated in Fig. 1. The total wave motion propa-
gating upward in a layer will be a superposition of all the
pulses, those from direct incidence and those from dif-
ferent generations of reflections. The same applies for the
pulses propagating downward. The downward propagat-
ing pulses that are reflected back into the building, from
the interface with the soil, will interfere with the newly in-
cident pulses just transmitted into the building. Eventu-

ally, constructive interference will occur, and the standing
waves will be formed, which are the fixed-base modes of
vibration of the building.

The wave travel times can be detected by tracing the
propagation of a pulse. Such a pulse can be created by sig-
nal processing of recorded earthquake response data, i. e.
by deconvolution of the recorded response, which results
in the system impulse response functions. These can be ob-
tained by computing the transfer-functions between the
motion at a particular level and the reference motion, and
then computing inverse Fourier transform. The location of
the virtual source would coincide with the location of the
sensor that recorded the reference motion. Let u..¢(t) be
the reference motion, u;(t) be the motion at level i. Then
the impulse response at that level, /;(t), can be computed
as

ﬁi(w)ﬁref(w)
|aref(w)|2 +e

hi(t) = FT~! { (6)

where the hat symbol indicates Fourier transform, the bar
indicates complex conjugate, and ¢ is a regularization pa-
rameter, used to avoid dividing by a very small num-
ber [39]. At the reference level, the transfer-function is
unity, and its inverse is a Dirac delta function.
Proof-of-concept applications to two buildings dam-
aged by earthquakes, and to an analytical model of a build-
ing-foundation-soil system showed that the method (1) is
robust when applied to damaging levels of earthquake re-
sponse data, (2) is not sensitive to the effects of soil-struc-
ture interaction, and (3) is local in nature (i.e. gave re-
sults consistent with the spatial distribution and degree of
the observed damage) [44,45,53,54]. The damaged build-
ings are the former Imperial County Services Building -
a 6-story RC structure in El Centro, California, damaged
by the 1979 Imperial County earthquake and later de-
molished [52,54], and the 7-story RC building in Van
Nuys, damaged by both the 1971 San Fernando and the
1994 Northridge earthquakes [53,62]. Another application
is to a building in Banja Luka in former Yugoslavia, us-
ing records of 20 earthquakes, one of which led to lev-
els of response that might have caused structural dam-
age, but no damage was reported following a detailed in-
spection [65]. This study was aimed at learning about the
threshold change in the building fixed-base frequency, es-
timated from wave travel time, associated with damage.
While this method is local, its spatial resolution is lim-
ited by the number of sensors. A minimum of two sensors
(at the base and at the roof) are required to determine if
the structure has been damaged, and additional sensors at
the intermediate floors would help point out the part of
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the structure that has been damaged. For example, one ad-
ditional sensor between these two would help identify if
the damage has been in the part of the structure above or
beyond that sensor.

There have been only a few publications in the liter-
ature on wave propagation methods for structural health
monitoring and damage detection in civil structures other
than the NDT methods [20,35,37,41,53,54,64]. Similar
wave travel time analyses (using deconvolution or the
NIOM method) of buildings that have not been damaged
include Kawakami and Oyunchimeg [24,25], Snieder and
Safak [39], Kohler et al. [26], and Todorovska [44,45].
These studies show that the wave travel times reflect well
the characteristics of the buildings studied. A recent review
can be found in [53,54].

In conclusion, the advantages of this wave method are
its local nature achieved with a relatively small number of
sensors, its insensitivity to the effects of soil-structure in-
teraction, and the ability to estimate the structural fixed-
base frequency using data from only two sensors (one at
the base and one at the roof), which will extend the usabil-
ity of old data. An outstanding issue to its implementation
is the lack of a knowledge base relating changes in wave
travel times (and fixed-base frequency) with different lev-
els of damage for different types of structures.

Inter-Story Drift

Structural damage of a building under seismic loads oc-
curs primarily due to large lateral deformations of its
columns and shear walls, as they are by design much
stiffer in the vertical direction to carry the static gravity
loads. A measure of the lateral deformations is the inter-
story drift. The inter-story drift is also a good indicator
of the damage to the architectural (nonstructural) compo-
nents (partition walls, facade, windows, etc.), which can
be costly. As the value of the structure is only about 10—
25% of the total construction cost of a building, the dam-
age to the nonstructural components represents a signif-
icant portion of the total repair cost following an earth-
quake. For these reasons, the inter-story drift is one of the
performance parameters considered in design. It is impor-
tant to note that the structural and nonstructural dam-
age are related only to the drift caused by deformation of
the structure, and not by the drift caused by rigid body
motion.

The level of structural damage (to a particular element
and to the structure as a whole) associated with a particu-
lar level of inter-story drift varies depending on the type of
structure, height and ductility, among other factors, and
is still not a completely resolved issue in structural engi-

Earthquake Damage: Detection and Early Warning in Man-Made
Structures, Table 1

Drift ratios (in %) associated with various damage levels (based
on [14])

State of damage Ductile MRF Nonductile MRF

No damage < 0.2 < 0.1
Repairable damage
Light 0.4 0.2
Moderate < 1.0 < 0.5
Irreparable damage > 1.0 > 0.5
Severe damage, life safe, partial 1.8 0.8
collapse
Collapse > 3.0 > 1.0

neering [14]. To illustrate this correlation, Table 1 shows
some values of drift associated with different levels of dam-
age (simplified from [14]) for ductile and nonductile mo-
ment resisting frames (MRF), and based on experimental
data, field observations and measurements and theoreti-
cal analyses. (Ductile are those structures that can undergo
large nonlinear deformations before failure as opposed to
the nonductile ones, which experience quick brittle failure
soon after exceeding the linear range of response). It can
be seen from Table 1 that, roughly, inter-story drift > 1%
for ductile and > 0.5% for nonductile moment resisting
frames causes damage beyond repair, and drift > 3% and
> 1% for the same type of frames is significant for life
safety.

Drift-based assessment of the state of damage of
a building following an earthquake would require: (1)
measurement of the drift during the earthquake shaking,
and (2) knowledge base of values of drift associated with
different states of damage for the particular structure. The
accuracy of the assessment would depend on the accuracy
of both the measurements and knowledge base, as dis-
cussed in the following.

The drift is commonly estimated from the difference of
displacements obtained by double integration of recorded
velocities in the structure [28]. While in the past these cal-
culations were performed by specialists, after the data had
been manually collected, at present, such calculations can
be done in near real time either using telemetry or at the
site by “client” software supplied by the instrument man-
ufacturer. Such estimates of drift however are limited by:
(1) the inability to estimate reliably the static component
of the drift associated with permanent deformations (i. e.
the drift at w — 0), which is not negligible for structures
experiencing large deformations in the nonlinear range
of response, when damage occurs, and (2) the inability
to separate the drift due to deformation of the structure
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(which is directly related to damage) from the drift due to
rigid body rocking because of inadequate instrumentation.

The inability to estimate reliably the static part of the
displacement (and drift) is due to the fact that the tra-
ditional (translational) sensors are sensitive also to rota-
tional motions of their support [16,59], which produce er-
rors in the recorded translations and the integrated dis-
placements mimicking permanent displacement [16]. This
problem can be solved, by deploying sensors recording all
six components of motion (three translations and three
rotations) and performing appropriate instrument correc-
tion. Such future deployments and their assessment are of
interest to and have been advocated by the International
Working Group on Rotational Seismology [29].

The dynamic (at @ > 0) drift due to deformation of
the structure only is not simple to estimate, especially for
structures on soft soil, with significant rocking response
of their foundation. The rocking motions of the founda-
tion are due to the wave nature of the incident seismic
waves, and also due to feedback forces from the struc-
ture acting on the soil. The foundation rocking results in
relative horizontal displacement between two floors and
is not related to damage. Such excessive relative displace-
ments, can affect the stability of the structure, which may
collapse before yielding occurs in its members, but that is
out of the scope of this article. The average dynamic floor
rocking can be calculated from the difference of vertical
motions recorded by two sensors on that floor, assuming
the floor slab is rigid, but such sensor configurations are
not routinely installed even in recent denser deployments
in buildings. If the building foundation is fairly rigid, the
rigid body rocking of the structure can be estimated from
two vertical sensors at foundation level. Unfortunately,
even such data is lacking for most of the significant earth-
quake records in buildings, and even in recent dense de-
ployments (e. g. in [6]). It is noted that vertical sensors are
also less sensitive to rotation of their support and to cross-
axis motion [15,43].

It should be noted here that permanent displacements
can be measured directly using GPS (Global Positioning
System), and there have been such deployments in long
period structures [5]. While GPS measurements are not
contaminated by rotation, they are limited by the fact that
what is measured are only the roof absolute displacements,
which makes it impossible to separate the displacement
due to deformation of the structure from the rigid body
horizontal translation and rocking. The other two limita-
tions in the presently available systems are the small sam-
pling rate (10-20 Hz) and the limited resolution of GPS
for civilian applications (%1 cm horizontally and £2 cm
vertically; [5]).

Damage estimation algorithms based on published
damage versus drift relationships (e. g. in [1]) started to be
implemented by manufacturers of strong motion instru-
ments in structural seismic monitoring systems but there
is no data yet of their performance. Despite errors in the
assessment resulting from the mentioned difficulties, such
algorithms are robust when applied to earthquake data
and can be useful within a suite of methods.

Matrices like the one in Table 1 [14] can serve as
a knowledge base in assessing the class of damage state for
a given maximum drift reached. Such matrices are asso-
ciated with scatter, due to the variability from one struc-
ture to another within the same class. Another source of
scatter is the source of the data. Because of the limited
amount of full-scale earthquake response data, informa-
tion for such relationships is complemented by laboratory
data (e. g. pushover tests). While the drift in the former is
the total drift, which includes the drift due to rigid body
motion, the drift in the latter is only due to deformation of
the structural elements.

In conclusion, outstanding issues in measuring the
drifts are: (1) separation of the drift due to deformation
of the structure only, and (2) estimation of the static com-
ponent of the drift. It may be possible to resolve these is-
sues by deploying six degrees-of-freedom sensors. An out-
standing issue in the knowledge base is more accurate drift
versus damage state relations for specific buildings.

System Identification Considering the Effects
of Soil-Structure Interaction - Example

As mentioned earlier, both for frequency-based identifica-
tion and for damage assessment based on drift, the effects
of soil-structure interaction have a significant effect on the
reliability of the estimation. This section presents a sim-
ple soil-structure interaction model, in which the build-
ing is represented as a shear beam. It illustrates the dif-
ferent contributions to the inter-story drift, the difference
between fixed-base and apparent building frequencies and
their relationship, and the relationship between the model
fixed-base frequencies and wave travel times. More de-
tailed analysis can be found in [44,45].

The model is shown in Fig. 2. It consists of a shear
beam of height H and fundamental fixed-base frequency
of vibration f, representing the building, and a rigid foun-
dation of width 2a embedded in elastic half-space. The
excitation, in general, is an incident wave (plane P and
SV or a Rayleigh wave). The motion on the surface of
the half-space in the absence of any structures and ex-
cavations, acting as scatterers, is commonly referred to
as “free-field.” The effective motion at the base of the
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Earthquake Damage: Detection and Early Warning in Man-Made Structures, Figure 2

Soil-structure interaction model

building differs from the free field motion at the half-
space surface, because of two phenomena: (1) scattering
and diffraction of the incident waves from the excava-
tion for the foundation, (2) differential displacements due
to feedback forces from the building and foundation act-
ing on the half-space through the contact with the foun-
dation. The former phenomenon is referred to as kine-
matic and the latter as dynamic or inertial interaction. For
the linear problem and a rigid foundation, the two prob-
lems can be solved separately and their effects superim-
posed. The apparent frequency, which is the one estimated
from peaks of energy distributions of the response, is af-
fected mostly by the dynamic interaction, while the ap-
parent drift is also affected by the type of incident waves,
and the point rotation they produce on the ground sur-
face, and the size of the foundation relative to the wave-
length of the incident waves. To consider only the ef-
fects of the dynamic interaction, it suffices to take excita-
tion consisting of only horizontal foundation driving mo-
tion.

The building foundation has three degrees of free-
dom: horizontal translation A, vertical translation V, and
rocking angle ¢. In the linear approximation of the solu-
tion, only the horizontal and rocking motions are coupled,
while the vertical motions are independent of the other de-
grees of freedom. Let the excitation be horizontal driving

motion Ajyp. Then, the foundation response will be

A= Ainp + Ap (7)

© = ¢n, Ginp=0, (8)

where Ag, and ¢y, are the feedback horizontal displace-
ment and rocking angle, which depend on the stiffness of
the foundation and on the forces with which the structure
and foundation interact with the soil, and are the solution
of the dynamic equilibrium equations of the foundation.
The building horizontal displacement u(£), as a function
of the height £ measured from ground level, is a sum of
three terms

u(§) = A+ gt + u™l(g), )

where the first two terms are from the translation and rota-
tion as a rigid body, and the third term is relative displace-
ment from deformation during the vibration. The damage
in the building will depend only on urel(f;‘ ). It is noted here
that including the coupling between horizontal and verti-
cal motions turns a linear elastic system into a nonlinear
elastic system [21].

For the shear beam, u(£) can be computed as a solution
of the wave equation for moving boundary conditions. It
can be represented as a sum of motions ux (&), which is
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due to translation of the base only, and u, (£), which is due
to rotation of the base only, where

ks(H —
ua(§) = A% (10)
_ ¢ sinksE
ug(8) = ks cosksH ’ (D)

where ks = w/Vs and Vs = /p/py is the shear wave ve-
locity in the building. Equations (10) and (11), reflecting
the interference conditions in the building, imply funda-
mental fixed-base frequency of the structure f; = Vs/(4H)
and overtones at f, = (2n — 1) Vs/(4H), n > 1. If 7 is the
time it takes for a wave to propagate from the base (at
& = 0) to the top (at £ = H), the interference conditions
in the shear beam imply

fi = 1/(47). (12)

Let us now consider the frequencies of vibration. If the
building did not deform, the foundation and the building
would oscillate freely as a rigid body with frequency frp
such that

N
s fa R

where fy; and fg, referred to as the horizontal and rock-
ing foundation frequency, depend on the stiffness of the
foundation and on the system mass [33]. If the building is
flexible and would freely vibrate on a fixed base with fun-
damental frequency f;, on flexible soil it would freely vi-
brate with fundamental frequency fqys, which is the soil-
structure system frequency, and is a result of the coupling
between the vibration of the building and the vibrations of
the foundation. The following relationship holds approxi-
mately

(13)

L] + ! (14)
fszys f }%B f 12 '
This relationship implies that fss < min ( fi, fRB), i.e. fos
is always lower than both f; and frp, and that if f; and frp
differ significantly, then f;,¢ would be closer to the smaller
one of them. How much f; would differ from fs, would
depend on the relative stiffness of the soil compared to the
building. The energy of the response of vibrating systems
is concentrated around their resonant frequencies, which
are measured from the frequency of the peaks of the cor-
responding transfer-functions. The energy of the building
roof response (absolute and relative) will be concentrated
around f = fs.

Of interest is how to estimate the relevant quanti-
ties from recorded response during an earthquake. If the
building foundation is fairly rigid, and there are at least
two appropriately located vertical sensors to compute the
foundation rocking ¢ (average value), then urel(é ) can be
computed. To measure fgs, the driving motion Ay, is also
needed, so that the transfer function between the build-
ing response and Aj,p can be computed. Motion from
a nearby free-field site can be used for that purpose, but
such sites are often not available, and truly free-field sites
practically do not exist in urban areas. Also, for most in-
strumented buildings, the foundation rocking cannot be
estimated because of the lack of two vertical sensors even
under the ideal conditions that the foundation behaves as
rigid.

Consequently, in reality, for most instrumented build-
ings, the true relative roof displacement cannot be esti-
mated from the recorded data, but only the apparent rela-
tive displacement

|
u;;P(H )

u(H)— A

= u"(H) + pH (15)
which includes the contribution of the roof displacement
due to rigid body rotation, and only the transfer-func-
tion |u§;lp(H)/A| can be computed, the peak of which
gives the apparent building frequency f.pp, which is dif-
ferent from both the fixed base frequency and the system
frequency.

What is of interest for structural health monitoring is
that the energy of the roof response will be concentrated
around f = fy, not around f = f;. It is also significant
that the damage will depend on urel(f;‘ ), while what is usu-
ally measured is u™'(§) + @ H.

Figure 3 (redrawn from [45]) shows a comparison
of model and measured transfer-functions for a model
of the NS response of Millikan library. The model has
f1 = 2.5Hz, height H = 44 m, shear wave velocity in the
soil 300 m/s, and Poison ratio 0.333, while the data are
from the Yorba Linda earthquake of 2002. Figure 4 shows
the corresponding impulse response function for a virtual
source at the ground floor. It can be seen that there is a very
good qualitative agreement despite the model simplicity
and roughly chosen parameters.

Novelty Detection in the Recorded Response

Novelty detection is used in data mining to detect unusual
events in data. The unusual events are outliers deviating
from the trend. Within the framework of multi-resolu-
tion analysis, the trends and novelties are determined by
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Earthquake Damage: Detection and Early Warning in Man-Made Structures, Figure 3

Model (thick line) versus Yorba Linda, 2002, earthquake (thin line) NS response: transfer-functions of roof response (top), and base
rocking response (middle) with respect to horizontal response of ground level. The plot in the bottom shows the model horizontal
response at ground level for unit driving motion (thick line), and the Fourier spectrum of the earthquake response at ground level

(thin line) on a relative scale

splitting the signal in two subbands, one smooth (low fre-
quency) and the other one containing the detail (high fre-
quency). By consecutively splitting the smooth subband,

trends and detail are obtained at different resolution lev- J NP
els. If J is the last level, then there will be J detail sub- Z djk¥jkln]
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The coefficients of the expansion, d;x and sy, can be
computed using the fast wavelet transform. The pyramid
algorithm on which it is based [36] is shown in Fig. 5.
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Model (thick line) versus Yorba Linda, 2002, earthquake (thin line) NS response: impulse responses of roof (top), and base rocking
(middle) to input impulse at ground level (bottom), i. e. roof horizontal motion, foundation rocking and ground level horizontal mo-
tions deconvolved with the resultant horizontal motion at ground level

The wavelet functions v/, x[n], where j is a level and k
is the time shift, are localized both in frequency and in
time, and each wavelet is a projection of the signal onto the
corresponding tile of the phase plane. For a wavelet basis
that is orthonormal, the square of a wavelet coefficient rep-
resents the energy of the signal in the corresponding tile of
the phase plane.

The damage detection method is based on the assump-
tion that, when damage occurs and there is a sudden loss
of stiffness, there will be some abrupt change in the re-
sponse that would produce novelties. These would be seen
as spikes in the time series of the square of the detail co-

efficients (e.g. df , k = 1,..., N/2 for the highest detail
coeflicients) plotted versus the central time of the corre-
sponding wavelet. These spikes indicate high frequency
energy in the response. For data with Nyquist frequency
25 Hz, the novelties can be best seen in the highest detail
subband (12.5 to 25 Hz), which is away from the frequency
of the first few modes of typical buildings, where the re-
sponse is amplified by the structure.

Applications to numerically simulated response of
simple models with postulated damage [17,18] have shown
that this method can point out very precisely the time of
damage, but the changes are detectable only if the spikes
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The pyramid algorithm for the fast wavelet transform

b C

Earthquake Damage: Detection and Early Warning in Man-Made Structures, Figure 6
Imperial County Services (ICS) building: a view (towards north); b photographs of damage: columns F1 and F2 at the ground floor;
and c column F1
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in the wavelet coefficients are above the noise. Further, the
magnitude of the novelties is larger if the sensor is closer
to the location of the damaged member, and may be dif-
ficult to detect if the sensor is far from the location of
damage. There have been only few applications to earth-
quake response records in buildings. Rezai et al. [38] and
Hou et al. [18] have shown that there are novelties (spikes)
in earthquake records of damaged buildings, but have not
discussed and extracted other possible causes. Todorovska
and Trifunac [51,55] presented a detailed analysis of the
correspondence between the spatial distribution and am-
plitudes of the detected novelties and the observed damage
for the Imperial County Services building (see illustrations
in Sect.“Examples”), and also analyzed the “noise.” Their
study shows that: (1) the spatial distribution and magni-
tudes of the novelties were generally consistent with the
spatial distribution and degree of the observed damage, (2)
the timing of those suggesting major damage agreed with
the time of significant drops in frequency and of large in-
ter-story drifts, and (3) were much larger in the transverse
response, in which the building was stiffer.

In summary, the method of novelties is very effective
in determining the time of occurrence of damage, and
can reveal the spatial distribution and degree of damage
if there is sufficiently dense instrumentation. Unresolved
issues are how to distinguish novelties that are not caused

by damage, and small novelties due to larger damage far
from the sensor from those due to small damage close to
the sensor.

Examples

In this section, the methods previously described are il-
lustrated for the former Imperial County Services (ICS)
building - a rare example of an instrumented building
damaged by an earthquake, for which description of dam-
age and the strong motion data are available. The build-
ing is first described and the strong motion data of the
Imperial Valley earthquake, which severely damaged the
building.

The ICS building was a 6-story reinforced concrete
structure located in El Centro, California (Fig. 6a). It was
designed in compliance with the 1967 Uniform Building
Code, and its construction was completed in 1969. It had
plan dimensions 41.70 x 26.02 m, height 25.48 m, and pile
foundation. Up to depth of 9 m, the underlying soil con-
sisted of soft to medium-stiff damp sandy clay with organic
materials, with inter-layers of medium dense moist sand,
and beneath 9 m it consisted of stiff, moist sandy clay and
silty clay [27].

The building was severely damaged by the Imperial
Valley earthquake of October 15,1979 (M = 6.6), and was
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Earthquake Damage: Detection and Early Warning in Man-Made Structures, Figure 7
ICS building: schematic representation of the damage following the 1979 Imperial Valley earthquake (reproduced from [27])
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ICS building: layout of the seismic monitoring array

later demolished (Fig. 6b,c). Figure 7 shows a schematic
representation of the observed damage. The major failure
occurred in the columns of frame F (at the east end of the
building) at the ground floor. The vertical reinforcement
was exposed and buckled, and the core concrete could not
be contained, resulting in sudden failure and shortening
of the columns subjected to excessive axial loads. This in
turn caused an incipient vertical fall of the eastern end
of the building, causing cracking of the floor beams and
slabs near column line F on the second, third and higher
floors. Columns in lines A, B, D, and E also suffered dam-
age. Columns in frames A and E did not suffer as extensive
damage as shortening and buckling of the reinforcement

in line F at the east side, but large concrete cracks and ex-
posed reinforcement could be seen near the base. In the
columns in interior frames B through E, visible cracks and
spalling of the concrete cover were also observed [27].
The building was instrumented by a 16-channel seis-
mic monitoring array (installed by the California Geo-
logical Survey, formerly the California Division of Mines
and Geology) consisting of a 13-channel structural ar-
ray of force balance accelerometers (FBA-1), with a cen-
tral analog recording system, and a tri-axial SMA-1 ac-
celerometer in the “free field,” approximately 104 m east
from the northeast corner of the building (Fig. 8). Fig-
ure 9 shows the accelerations (corrected) during the Impe-
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ICS building: accelerations (NS and EW components) recorded
during the 1979 Imperial Valley earthquake

rial Valley earthquake. The peak accelerations at the roof
and ground floor were 571 cm/s* and 339 cm/s” in the NS
direction and 461 cm/s* and 331 cm/s? in the EW direc-
tion.

Figure 10 shows the NS (top) and EW (bottom) in-
ter-story drifts computed from band-pass filtered displace-
ments (between 0.1-0.125Hz and 25-27 Hz) (redrawn
from [52]). Hence, they represent only a limited view of
the actual drifts — through a tapered window in the fre-
quency domain, and a combination of the drift due to rigid
body rocking (one of the effects of soil-structure interac-
tion) and drift due to relative deformation of the building.
The horizontal lines show 0.5%, 1%, and 1.5% drift levels.
The plotted drifts suggest: (1) “soft” first story in both NS
and EW directions, (2) larger flexibility in the EW direc-
tion, and (3) significant torsional response, probably am-
plified by the wave passage, and by the asymmetric dis-
tribution of stiffness in the NS direction at the soft first
story (see Fig. 8). It can be seen that during the most se-
vere shaking, the inter-story drifts exceeded 0.5% for NS

and 1.5% for EW motions, consistent with irreparable to
severe damage (Table 1).

Figure 11 shows results of time frequency analysis
(using Gabor transform) for the EW response (redrawn
from [52]). Parts a and b show the ground floor acceler-
ations, and the roof relative displacements (at the center
of the building), both included as background informa-
tion. Part ¢ shows the skeleton (the thicker line), which is
a smoothed estimate of the amplitude envelope of the es-
timated signal, which is the relative roof response near the
first system frequency. The thin line is the actual amplitude
envelope (that for the broad-band signal), determined by
Hilbert transform. This plot is included to help monitor
rapid changes in the amplitude of the signal and artifacts
in the estimate of instantaneous frequency caused by vi-
olations of the asymptoticity condition. Part d shows the
Fourier spectra of the relative roof displacement (the solid
line), and of the ground floor acceleration (the dashed
line, on a relative scale), both included as background
information. Part e shows the variations of the system
frequency as a function of amplitude of response (esti-
mated from the ridge and skeleton of the Gabor trans-
form), with the arrows indicating the direction of increas-
ing time. Part f shows the variations of the system fre-
quency versus time, estimated from the ridge of the Ga-
bor transform. The missing segments and the dashed lines
in parts e and f correspond to time intervals where the es-
timates cannot be obtained or are not believed to be re-
liable, due to rapid variations of the envelope of the am-
plitude, and/or very weak “signal.” The rectangle in part f
with sides 20; = 1.42s and 20, = 0.22 Hz illustrates the
theoretical uncertainty of the estimates due to the finite
resolution of the Gabor transform. In practice, the uncer-
tainty is larger due to violations of the asymptoticity as-
sumption. Finally, the numbered open dots (occurring at
different times in parts b, ¢, e, and f correspond to some
characteristic points in time associated with changes in
amplitude or frequency, as well as a few other points in-
between. It can be seen that the EW frequency dropped
rapidly from v ~ 0.88 Hz at t ~ 3.5s to v ~ 0.67 Hz at
t ~ 7s (Av &~ 0.21Hz > o0,; Av/v &~ 24%), and then
continued to drop graduallyto v &~ 0.53Hz att ~ 17s
(Av ~ 0.14Hz ~ 0,; Av/v ~ 20.9%).

Figure 12 shows results of impulse response analysis
for the EW response (redrawn from [53]). The different
types of lines correspond to different time intervals of the
recorded motion, before, during, and after the major dam-
age occurred: t < 7s,7 <t < 13s,and t > 13 s (based on
novelty analysis, discussed below). The plots on the left
correspond to an input impulse at the ground floor, and
those on the right — to an input impulse at the top. The
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ICS building: inter-story drifts during the Imperial Valley earthquake

latter plots show two waves propagating downwards, one
acausal (in negative time, representing the wave going up)
and one causal (in positive time). The delays in the pulse
arrival during the second and third time interval are ob-
vious, and are consistent with the occurrence of damage,
as determined using other methods. The wave travel times
suggest, for EW motions initial wave velocities of 201 m/s
through the first floor, 183 m/s between the 2nd and 4th
floors, and 111 m/s between the 4th floor and roof. The
velocity of an equivalent uniform shear beam is 142 m/s.
Figure 13 shows the corresponding reduction of stiffness.
It can be seen that, for EW motions, the reduction was the
largest in the first story (80% during the second time win-
dow), but was also large in the upper stories (72% between
the 2nd and 4th floors, and 60% between the 4th floor and
roof). This is consistent with the spatial distribution of the
observed damage (Fig. 6), which was the largest in the first
story.

Figure 14 shows the results of novelty analysis, for the
EW accelerations (part a) and for the NS accelerations at
the east side of the building, where the most severe dam-
age occurred (part b) (redrawn from [55]). The inter-story
drifts (in %) between the corresponding stories are also
shown, by a solid line for NS and by a dashed line for EW
motions. Selected novelties are identifies by letters. Novel-
ties T1-T3 are believed to be caused by damage, and are
seen in all channels. Novelties G1-G3 and gl-g4 originate
in the ground motion, and L1-L6 are possibly caused by
local damage close to the sensor, or by other causes. By
far the largest novelty is T3, which has amplitude more
than an order of magnitude larger than all other novelties
in the NS acceleration at the 2nd floor at the east side of
the building, where the most severe damage (failure of the
first story columns of frame F) occurred. The timing of T3
suggests that the collapse of the columns of the first story
occurred at about 11.2 s after trigger. The other two large
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ICS building: time frequency analysis for EW response

novelties consistent with the observed damage, T1 and T2,
occurring at about 8.2s and 9.2 s after trigger, indicating
damage that weakened the structure, before the collapse of
the first story columns.

Figure 15 (redrawn from [54]) shows a comparison
of different values of frequency for EW motions: f; from
wave travel times (the gray line), system frequency fsys es-
timated from time-frequency analysis (the red line; [52],
and f; using ETABS models [27]. T1, T2, and T3 mark the
times of occurrence of major damage, as indicated by nov-
elties in the response [51,51]. It can be seen that f; from
wave travel times is consistent with the results of other in-
dependent studies.

Finally, Fig. 16 shows results for another building,
the Van Nuys 7-story hotel, which has been damaged by

earthquakes [53]. It shows a comparison of fixed-base fre-
quency f; during 11 earthquakes estimated from wave
travel times, and system frequency f;s during the same
earthquakes estimated by time frequency analysis (Gabor
transform), as well as estimates of fys during ambient vi-
bration tests. The analysis shows that, during the San Fer-
nando earthquake, f; decreased by about 40% (relative to
its value within the first 5s from trigger), which corre-
sponds to a decrease in the global rigidity of about 63%.
During the Northridge earthquake, f; decreased by about
22% (relative to its value within the first 3 s from trigger),
which corresponds to a decrease in the global rigidity of
about 40%. The analysis also showed that, although fqy
was always smaller than f, their difference varied, con-
trary to what one could expect from a linear soil-structure
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interaction model. It also showed that while fy, was sig-
nificantly lower during the Landers and Big Bear earth-
quakes, compared to the previous earthquakes, f; did not
change much, with is consistent with the fact that these
earthquakes (which occurred about 200 km away from the
building) did not cause any damage. The study concluded
that monitoring changes in fs can lead to false alarms
about the occurrence of damage, and that 1, as estimated

from wave travel times by the proposed method, is a much
more reliable estimator of damage.

Future Directions

A successful system for earthquake damage detection and
early warning would involve applications of technologies
in fields other than structural mechanics and engineer-
ing, such as sensing, data communication, signal process-
ing, artificial intelligence, and decision analysis. The end
of the 20th and the beginning of the 21st centuries have
been marked by a revolution in the development and af-
fordability of the technologies in these other fields. Much
research in structural health monitoring for civil struc-
tures has been directed towards adaptation of these tech-
nologies to civil structures. The remaining challenge is to
develop a system that is robust, redundant and well cal-
ibrated, which will neither miss significant damage nor
produce many false alarms. Achieving this would require
focusing the efforts and resources to further develop those
methodologies that are robust when applied to real struc-
tures and data, and to calibrate them using documented
full-scale data. Further enhancement of the spatial resolu-
tion of such methods would benefit from inexpensive and
reliable new sensors.
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All this will have to be accomplished by continuously
expanding our experience in dealing with the complex-
ities of metastable damage states of engineering struc-
tures, which will gradually become more feasible with
the formulation of realistic physical models. Neverthe-
less, the practical outcome of most approaches in en-
gineering will probably remain empirical. Also, the art
of dynamical modeling will have to be further devel-
oped, especially for the assessment of the damaged states
of engineering structures that are highly nonlinear and
chaotic. In the end, in structural health monitoring, and
in design of earthquake resistant structures, the fact that
some modeling problems will remain will have to be ac-
cepted. However, considerable progress will be achieved
if the success is gauged by the degree to which the pre-
dictions match observations in the full-scale structures,
contributing towards safety and minimization of disrup-
tion and productivity of society in seismically active re-
gions.
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Van Nuys Hotel

Data: 11 earthquakes and 5 ambient vibration tests in 24 years

fsys — form time-freq. energy distribution, f1 — from wave travel times.
f1 decrease: 1971 San Fernando - by ~40%. 1994 Northridge - by ~22%.
Difference between f1 and fsys is not constant (see Landers and Big Bear).
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Variations of f1 and fsys in the Van Nuys building during the 11 earthquakes, between February of 1971 and December of 1994. Mea-
sured values of fsys during five ambient vibration tests: (1) in 1967, following construction, (2) in 1971, after San Fernando earthquake
and before repairs, (3) in 1971 after the repairs, (4) in January of 1994, 18 days after the Northridge earthquake, and (5) in April of
1994, after the building was restrained by wooden braces
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Glossary

Data transmission system A multi-component device
aimed at the transmission of seismic signals over a dis-
tance, also denoted as a telecommunication system.
Each data transmission system consists of two basic el-
ements: a transmitter that takes information and con-
verts it to an electromagnetic signal and a receiver that
receives the signal and converts it back into usable in-
formation.

Modern telecommunication systems are two-way and
a single device, a transceiver, acts as both a transmitter
and receiver. Transmitted signals can either be ana-
logue or digital. In an analogue signal, the signal is
varied continuously with respect to the information.
In a digital signal, the information is encoded as a set
of discrete, binary values. During transmission, the in-
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formation contained in analogue signals will be de-
graded by noise, while, unless the noise exceeds a cer-
tain threshold, the information contained in digital
signals will remain intact. This represents a key ad-
vantage of digital signals over analogue signals. A col-
lection of transmitters, receivers or transceivers that
communicate with each other is a telecommunication
network. Digital networks may consist of one or more
routers that route data to the correct user.

Earthquake early warning system (EEWS)

A real-time, modern information system that is able
to provide rapid notification of the potential damag-
ing effects of an impending earthquake, through rapid
telemetry and processing of data from dense instru-
ment arrays deployed in the source region of the event
of concern (regional EEWS) or surrounding the tar-
get infrastructure (site-specific EEWS). A “regional”
EEWS is based on a dense sensor network covering
a portion or the entirety of an area that is threatened
by earthquakes. The relevant source parameters (event
location and magnitude) are estimated from the early
portion of recorded signals and are used to predict,
with a quantified confidence, a ground motion inten-
sity measure at a distant site where a target structure of
interest is located. On the other hand, a “site-specific”
EEWS consists of a single sensor or an array of sen-
sors deployed in the proximity of the target structure
that is to be alerted, and whose measurements of am-
plitude and predominant period on the initial P-wave
motion are used to predict the ensuing peak ground
motion (mainly related to the arrival of S and surface
waves) at the same site.

Earthquake location An earthquake location specifies

the spatial position and time of occurrence for an
earthquake. The location may refer to the earthquake
hypocenter and corresponding origin time, a mean or
centroid of some spatial or temporal characteristic of
the earthquake, or another property of the earthquake
that can be spatially and temporally localized.

Earthquake magnitude The magnitude is a parameter

used by seismologists to quantify the earthquake size.
The Richter magnitude scale, or more correctly, lo-
cal magnitude ML scale, assigns a single number to
quantify the amount of seismic energy released by an
earthquake. It is a base-10 logarithmic scale obtained
by calculating the logarithm of the combined horizon-
tal amplitude of the largest displacement from zero on
a seismometer output. Measurements have no limits
and can be either positive or negative.

Introduced by the Japanese seismologist Aki in 1962,
the seismic moment is the present-day physical pa-

rameter used to characterize the earthquake strength.
It represents the scalar moment of one the couples of
forces producing the dislocation at an earthquake fault
and it is measured from the asymptotic DC level on
displacement Fourier spectra of recorded seismic sig-
nals.

Probability density function - PDF A function in one or

more dimensional space X that (i) when integrated
over some interval Ax in X gives a probability of oc-
currence of any event within Ax, and (ii) has unit in-
tegral over space X, where X represents a space of pos-
sible events.

Seismic data-logger A core element of a digital seismic

station, whose aim is to record the analogue signals
from seismic sensors and convert them in digital form
with an assigned sampling frequency. Ground motion
signals acquired by seismic sensors are pre-amplified
and anti-aliasing filtered in a data-logger before they
are digitalized through an AD (analog-to-digital) con-
verter. The main technical features of a modern data-
logger are the number of available channels, the al-
lowed sampling frequencies, the dynamic range, the
digitizer clock type, the storage capacity (PCMCIA, in-
ternal flash and/or hard disk, USB, ...), network inter-
faces (ethernet, wireless lan, or ppp) and power con-
sumption.

Seismic hazard The probability that at a given site,

a strong motion parameter (generally the peak ground
acceleration) exceeds an assigned value in a fixed time
period. When the seismic hazard is computed for an
extended region it is generally represented as a map.
The hazard map is commonly computed for a constant
probability level (10%, 5% or 2%) and a given time
window (50 years). It represents the spatial variation of
the peak ground acceleration (expressed in percentage
of gravity g) to be exceeded in the given period with
the chosen probability level.

Earthquake early warning systems can provide a mean
for the evaluation of real-time hazard maps which
evolve with time, as new information about source lo-
cation, magnitude and predicted peak ground motion
parameters are available soon after the earthquake oc-
currence.

Seismic sensors Instruments used to record the ground

vibration produced by natural and artificial sources,
generally denoted as seismometers. A seismometer
measures the relative motion between its frame and
a suspended mass. Early seismometers used optics, or
motion-amplifying mechanical linkages. The motion
was recorded as scratches on smoked glass, or expo-
sures of light beams on photographic paper. In modern
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instruments the proof mass is held motionless by an
electronic negative feedback loop that drives a coil. The
distance moved, speed and acceleration of the mass
are directly measured. Most modern seismometers are
broadband, working on a wide range of frequencies
(0.01-100 Hz). Another type of seismometer is a digital
strong-motion seismometer, or accelerometer, which
measures soil acceleration. Due to its relatively high
dynamic range, the accelerometer can record unsatu-
rated strong amplitude signals at close distances from
a large earthquake. This data is essential to understand
how an earthquake affects human structures.

Definition of the Subject

The origin of the term “early warning” probably goes
back to the first decades of the last century. However, the
first practical use of an “early warning” strategy was mil-
itary and it was developed during the “cold war” years
as a countermeasure to the potential threat from inter-
continental ballistic missiles. The objective of these sys-
tems was to give an alert to target areas as soon as a mis-
sile was detected by a radar system or a launch was de-
tected by a satellite system. In this context the term “lead
time” was defined as the time elapsing between the de-
tection of the missile and the estimated impact on the
target.

In the last decades the use of the term “early warn-
ing” greatly expanded. It is used with small, but significant,
variations in various types of risks, from epidemiological,
to economic, social, and of course all the types of natural
and environmental risks.

In fact, in these contexts, including some natural risks
such as hydro-geological and volcanic, the warning is not
given at the onset of the catastrophic phenomenon, but af-
ter the occurrence of some precursory phenomena which
can trigger a catastrophic event (for instance intensive
rainfall for hydrological risk, earthquakes and/or ground
deformation for volcanic risk). The main consequence of
this difference is an increase in the probability of issuing
false alarms.

The case of earthquake early warning is similar to mis-
sile early warning. The alert is given after an earthquake
is detected by a network of seismometers. An earthquake
early warning is based on the fact that most of the radiated
energy is contained in the slower traveling phases ( S- and
surface waves traveling at about 3.5 km/s or less) which ar-
rive at any location with a delay with respect to small am-
plitude higher velocity phases (P-waves, travelling at about
6-7 km/s) or to an electromagnetically transmitted (EM)
signal giving the warning.

Introduction

Many regions in the world are affected by natural hazards
such as earthquakes, tsunamis, volcanoes, floods, storms,
landslides, etc., each of which can have devastating so-
cio-economic impacts. Among these natural events, earth-
quakes, have been among the most recurrent and dam-
aging hazards during last few decades, resulting in large
numbers of casualties, and massive economic losses [30].

The problem of earthquake risk mitigation is faced us-
ing different approaches, depending upon the time scale
being considered. Whilst over time scales of decades it is
of utmost importance that land use regulations and build-
ing/infrastructure codes are continuously updated and im-
proved, for time scales of a few years, the main risk mit-
igation actions are at the level of information and edu-
cation in order to increase individual and social commu-
nity awareness about potentially damaging hazards. Over
shorter time scales (months to hours), it would naturally
be of great benefit to society as a whole if the capability to
accurately predict the time, location and size of a poten-
tially catastrophic natural event were available. However,
due to the great complexity of the natural processes of con-
cern, such predictions are currently not possible.

On the other hand, on very short time scales (seconds
to minutes), new strategies for earthquake risk mitigation
are being conceived and are under development world-
wide, based on real-time information about natural events
that is provided by advanced monitoring infrastructures,
denoted as “early warning systems”.

Regional and On-site Early Warning Systems

Earthquake Early Warning Systems (EEWS) are modern,
real-time information systems that are able to provide
rapid notification of the potential damaging effects of an
impending earthquake through the rapid telemetry and
processing of data from dense instrument arrays deployed
in the source region of the event of concern. Such systems
allow mitigating actions to be taken before strong shaking
and can significantly shorten the time necessary for emer-
gency response and the recovery of critical facilities such
as roads and communication lines.

Advances have been made towards the implementa-
tion of operational systems in Japan, Taiwan, and Mex-
ico using two different approaches, i.e., “regional warn-
ing” and “onsite warning” [25]. A regional warning system
is based on a dense sensor network covering a portion or
the entire area that is threatened by earthquakes. The rel-
evant source parameters (earthquake location and magni-
tude) are estimated from the early portion of recorded sig-
nals and are used to predict, with a quantified confidence,
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a ground motion intensity measure at a distant site where
a target structure of interest is located. Alternatively, “on-
site warning” systems consist of a single sensor or an array
of sensors deployed in the proximity of the target struc-
ture that is to be alerted, and whose measurements on the
initial P-wave motion are used to predict the ensuing peak
ground motion (mainly related to the arrival of S and sur-
face waves) at the same site.

Implementation of Early Warning Systems Worldwide

In Japan, since the 1965, the JNR (Japanese National Rail-
way) has developed and operated the Urgent Earthquake
Detection and Alarm System (UrEDAS), which is an on-
site warning system along the Shinkansen (bullet train)
railway. UrEDAS is based on seismic stations deployed
along the Japanese Railway with an average distance of
20km. An alert is issued if the horizontal ground ac-
celeration exceeds 40 cm/s”. In the 1996, the UrEDAS
was combined with a new seismometer called “compact
UrEDAS” [31,32,33].

On the other hand, for about one decade the Japanese
Meteorological Agency (JMA) has been developing and
experimenting with a mixed single station and network
based early warning system to generate immediate alerts
after earthquakes with JMA Intensity greater than “lower
5” (approximately M > 6) [24]. During a testing period
from February 2004 to July 2006, the JMA sent out 855
earthquake early warnings, only 26 of which were recog-
nized as false alarms [40]. On October 1, 2007 the broad-
cast early warning system developed by the Japanese Mete-
orological Agency (JMA) became operative. In this system,
the first warning is issued 2 s after the first P phase detec-
tion, if the maximum acceleration amplitude exceeds the
threshold of 100 cm/s?.

In the United States the first prototype of an early
warning system was proposed by Bakun et al. [4] and
developed for mitigating earthquake effects in Califor-
nia. It was designed to rapidly detect the Loma Prieta
aftershocks and send an alert when the estimated mag-
nitude was greater than 3.7, in order to reduce the risk
of the crews working in the damaged area. The system
is composed of four components: ground motion sen-
sors deployed in the epicentral area, a central receiver, ra-
dio repeaters and radio receivers. The prototypical system
worked for 6 months, during which time 19 events with
M > 3.50ccurred, 12 alerts were issued with only 2 missed
triggers and 1 false alarm.

Based on pioneering work by Allen and Kanamori [2]
seismologists across California are currently planning
real-time testing of earthquake early warning across the

state using the ElarmS (Earthquake Alarms Systems)
methodology [1]. The approach uses a network of seismic
instruments to detect the first-arriving energy at the sur-
face, the P-waves, and translate the information contained
in these low amplitude waves into a prediction of the peak
ground shaking that follows. Wurman et al. [47] illustrated
the first implementation of ElarmS in an automated, non-
interactive setting, and the results of 8 months of non-in-
teractive operation in northern California.

Since 1989, in Mexico, the civil association CIRES
(Centro de Instrumentacion y REgistro Sismico) with the
support of Mexico City Government Authorities, devel-
oped and implemented the Mexican Seismic Alert System
(SAS) [15]. The SAS is composed of (a) a seismic detec-
tion network, 12 digital strong motion stations deployed
along 300 km of the Guerrero coast, (b) a dual commu-
nication system: a VHF central radio relay station and
three UHF radio relay stations, (c) a central control system
which continuously controls the operational status of the
seismic detection and communication system and, when
an event is detected, automatically determines the magni-
tude and issues the alarm, and (d) a radio warning system
for broadcast dissemination of the alarm to end users. Af-
ter 11 years, the SAS system recorded 1373 events in the
Guerrero coast, it issued 12 alerts in Mexico city, with only
one false alarm.

In Taiwan, the Taiwan Central Weather Bureau
(CWB) developed an early warning system based on
a seismic network consisting of 79 strong motion sta-
tions installed across Taiwan and covering an area of
100 x 300 km? [44]. Since 1995 the network has been able
to report event information (location, size, strong motion
map) within 1 min after an earthquake occurrence [39].
To reduce the report time, Wu and Teng [44] introduced
the concept of a virtual sub-network: as soon as an event
is triggered by at least seven stations, the signals coming
from the stations less distant than 60km from the esti-
mated epicenter are used to characterize the event. This
system successfully characterized all the 54 events occurrd
during a test period of 7 months (December 2000 - June
2001), with an average reporting time of 22 s.

In Europe, the development and testing of EEWS is be-
ing carried out in several active seismic regions. Europe is
covered by numerous high-quality seismic networks, man-
aged by national and European agencies, including some
local networks specifically designed for seismic early warn-
ing around, for example, Bucharest, Cairo, Istanbul and
Naples.

In Turkey, an EEWS is operative, called PreSEIS (pre-
seismic shaking), to provide rapid alert for Istanbul and
surrounding areas. It consists of 10 strong motion sta-
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tions located along the border of the Marmara sea along
an arc of about 100 km, close to the seismogenetic zone of
the Great Marmara Fault Zone with real time data trans-
mission to Kandilli-Oservatory [7,14]. An alarm is issued
when a threshold amplitude level is exceeded.

In Romania, the EEWS is based on three tri-axial
strong motion sensors deployed in the Vrancea area with
a satellite communication link to the Romanian Data Cen-
ter at NIEP in Bucharest [7,42]. The system is based on
first P wave detection and prediction of the peak hor-
izontal acceleration recorded in Bucharest, allowing for
a warning time of about 25s.

On 2006 the European Union launched the 3-year
project SAFER (Seismic Early Warning for Europe), which
is a cooperative scientific program aimed at developing
technological and methodological tools that exploit the
possibilities offered by real-time analysis of signals com-
ing from these networks for a wide range of actions, per-
formed over time intervals of a few seconds to some tens
of minutes. The project includes the participation of 23 re-
search groups from several countries of Europe. The pri-
mary aim of SAFER is to develop tools that can be used by
disaster management authorities for effective earthquake
early warning in Europe and, in particular, its densely pop-
ulated cities.

The Development of an Early Warning System
in Campania Region, Southern Italy

The present article is focused on the description of tech-
nologies and methodologies developed for the EEWS un-
der construction in southern Italy.

With about 6 million inhabitants, and a large num-
ber of industrial plants, the Campania region (southern
Italy), is a zone of high seismic risk, due to a moderate to
large magnitude earthquake on active fault systems in the
Apenninic belt. The 1980, M = 6.9 Irpinia earthquake, the
most recent destructive earthquake to occur in the region,
caused more than 3000 causalities and major, widespread
damage to buildings and infrastructure throughout the re-
gion.

In the framework of an ongoing project financed by
the Regional Department of Civil Protection, a prototype
system for seismic early and post-event warning is being
developed and tested, based on a dense, wide dynamic seis-
mic network under installation in the Apenninic belt re-
gion (ISNet, Irpinia Seismic Network).

Considering an earthquake warning window ranging
from tens of seconds before to hundred of seconds after
an earthquake, many public infrastructures and buildings
of strategic relevance (hospitals, gas pipelines, railways,

railroads, ...) in the Campania region can be considered
as potential EEWS target-sites for experimenting with in-
novative technologies for data acquisition, processing and
transmission based on ISNet. The expected time delay to
these targets for the first energetic S wave train is around
305 at about 100 km from a crustal earthquake occurring
in the source region. The latter is the typical time window
available for mitigating earthquake effects through early
warning in the city of Naples (about 2 million inhabitants,
including suburbs).

This article illustrates the system architecture and op-
erating principles of the EEWS in the Campania region,
focusing on its innovative technological and methodolog-
ical aspects. These are relevant for a reliable real-time es-
timation of earthquake location and magnitude which are
used to predict, with quantified confidence, ground mo-
tion intensity at a distant target site.

The system that we describe in this article uses an in-
tegrated approach from real time determination of source
parameters to estimation of expected losses.

This problem must be dealt in an evolutionary
(i. e., time-dependent) and probabilistic framework where
probability density functions (PDFs) for earthquake loca-
tion, magnitude and attenuation parameters are combined
to perform a real-time probabilistic seismic hazard analy-
sis.

Earthquake Potential and Seismic Risk
in the Campania Region

The southern Apennines are an active tectonic region of
Italy that accommodates the differential motions between
the Adria and Tyrrhenian microplates [23]. The major-
ity of the seismicity in this region can be ascribed to this
motion. These earthquakes mainly occur in a narrow belt
along the Apennine chain and are associated with young
faults, with lengths ranging from 30 to 50 km, and mainly
confined to the upper 20 km of the crust [28,41].

Recent stress and seismic data analyzed by [29] using
earthquake locations and fault mechanisms show that the
southern Apennines are characterized by an extensional
stress regime and normal-fault earthquakes. However, the
occurrence of recent (e.g., 5 May, 1990, Potenza, M 5.4;
31 October - 1 November, 2002, Molise, M 5.4) and his-
toric (e. g., 5 December, 1456, M 6.5) earthquakes do not
exclude other mechanisms such as strike-slip faulting.

There have been numerous large and disastrous events
in the southern Apennines, including those which oc-
curred in 1694, 1851, 1857 and 1930. The location of his-
torical earthquakes retrieved from the CFTI (Catalogo dei
Forti Terremoti in Italia, Catalogue of Strong Earthquakes
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Earthquake Early Warning System in Southern Italy, Figure 1

Location of the main historic earthquakes retrieved from the CFTI database using as region of interest that defined by the external
rectangle. The box dimensions are proportional to magnitude. The best constrained historic earthquakes are reported along with

their date of occurrence

in Italy) database [6] is shown in Fig. 1. The most recent
and well documented event is the complex normal-fault-
ing M 6.9 Irpinia earthquake of 23 November, 1980 [5,43].

As recently indicated in the study by Cinti et al. [9],
the southern Apennines has a high earthquake potential
with an increasing probability of occurrence for M > 5.5
earthquakes in the next decade. The new national haz-
ard map (Gruppo di lavoro MPS, 2004), indicates that the
main towns of the region fall in a high seismic hazard area,
where it is expected that a peak ground acceleration value
ranging between 0.15 and 0.25g will be exceeded in 475
years.

These aspects make the Campania region a suitable ex-
perimental site for the implementation and testing of an
early warning system. A potential application of an early
warning system in the Campania region should consider
an expected time delay to the first energetic S wave train
varying between 14-20's at 40-60 km distance to 26-30s
at about 80-100km, from a crustal earthquake occurring
along the Apenninic fault system. Based on those delay
times, a large number of civil and strategic infrastructures

located in the Campania region are eligible for early wan-
ing applications, as shown in Fig. 2.

Seismic Network Architecture and Components

The Irpinia Seismic Network (ISNet) is a local network of
strong motion, short period and broadband seismic sta-
tions deployed along the southern Apenninic chain cov-
ering the seismogenic areas of the main earthquakes that
occurred in the region in the last centuries, including the
Ms = 6.9, 23 November 1980 event.

The seismic network is composed of 29 stations orga-
nized in six sub-nets, each of them composed of a max-
imum of 6-7 stations (Fig. 3). The stations of a given
sub-net are connected with real-time communications to
a central data-collector site called the Local Control Center
(LCQ).

The different LCCs are linked to each other and to
a Network Control Center (NCC) with different types of
transmission systems. The whole data transmission system
is fully digital over TCP/IP, from the data-loggers, through
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Distribution of the sensitive structures, potential candidates for an early warning system in the Campania-Lucania region

Earthquake Early Warning System in Southern Italy, Figure 3

Topology of the communication system of ISNet showing the extended-star configuration of the seismic network. Symbols expla-
nation: green squares - seismic stations; blue squares - Local Control Centres (LCC); yellow lines - WLAN radio linkconnecting seismic
stations and LCC; white segments — SDH carrier-class radio; red triangles - radio link repeaters; red circle - Network Control Centre

RISSC in Naples; yellow squares — main cities

the LCC, to the NCC, located in the city of Naples, 100 km
away from the network center.

To ensure a high dynamic recording range, each seis-
mic station is equipped with a strong-motion accelerom-

eter and a three-component velocity meter (natural pe-
riod =1s). In five station locations the seismometers are
replaced by broadband (0.025-50 Hz) sensors to guaran-
tee good-quality recording of teleseismic events. Data ac-
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quisition at the seismic stations is performed by the inno-
vative data-logger Osiris-6, produced by Agecodagis sarl.
The hardware/software characteristics of the system allow
it to install self-developed routines to perform real time
specific analysis.

The data-loggers are remotely controlled through
a configuration tool accessible via TCP/IP, managing sam-
pling rate, gain, application of calibration signal to the re-
sets of disks, GPS, etc. Furthermore, a complete station
health status is available, which helps in the diagnosis of
component failure or data-logger malfunction. The data-
loggers store the data locally or send it to each LCC where
the real-time data management system Earthworm (devel-
oped at USGS-United State Geological Survey) is operat-
ing.

A calibration unit is installed at each seismic station to
automatically provide a periodic calibration signal to seis-
mic sensors in order to verify the correct response curve of
the overall acquisition chain.

The power supply of the seismic station is provided
by two solar panels (120 W peak, with 480 Wh/day), two
130 Ah gel cell batteries, and a custom switching cir-
cuit board between the batteries. With this configura-
tion, 72-h autonomy is ensured for the seismic and ra-
dio communication equipment. Each site is also equipped
with a GSM/GPRS programmable control/alarm system
connected to several environmental sensors and through
which the site status is known in real time. With SMS
(Short Message Service) and through the programmable

Earthquake Early Warning System in Southern Italy, Table 1
Specification of the ISNet data communication links

GSM controller, the seismic equipment can be com-
pletely reset remotely with a power shutdown/restart. The
GSM also controls the device start/stop release procedure
when the battery goes over/under a predefined voltage
level.

Unlike the seismic stations, LCCs, which host the
data server and transmission system instruments, are AC
power supplied with back-up gel batteries guaranteeing
72-h stand-by power.

Real-Time Data Transmission System

ISNet has a distributed star topology that uses different
types of data transmission systems.

The seismic stations are connected via spread-spec-
trum radio bridges to the LCCs. Data transmission be-
tween LCCs from the local control center to the network
control center in Naples is performed through different
technologies and media types as shown in Table 1.

To transmit waveforms in real time from the seismic
stations to the LCCs, a pair of outdoor Wireless LAN
bridges operating in the 2.4 GHz ISM band are used. Our
tests have shown that these instruments operate continu-
ously without any radio link failure due to adverse weather
conditions (snow, heavy rain).

The two primary backbone data communication sys-
tems of the central site use Symmetrical High-speed Dig-
ital Subscriber Line (SHDSL) technology over a frame-
relay protocol. Frame relay offers a number of significant

# Number of

Frequency (GHz) Bandwidth (Mbps)

Stations

Comments
LCCs

over Frame Relay

Spread spectrum | 2.45 54 273 - Throughput around 20-24 Mbps for links between

Radio 10-15 km (based on ethernet packets with an average
size of 512 bytes).

Ethernet - 100 23 Stations connected with ethernet cable to LCC
infrastructure.

Wireline SHDSL - 2.048 - 2 At the central site (RISSC) the CIR" is maximum 1.6 Mbps

depending upon number of PVCs2. At the remote (LCC)
site the bandwidth is 640/256 kbps with CIR of 64 kbps in
up and download, over ADSL with ATM ABR service class.

Microwave Radio |7 155 - 6 Carrier-class microwave link. Connect six LCC with

SDH 155 Mbps (STM-1) truly full bandwidth available. First link
constructed for early warning applications.

Microwave Radio | 5.7 54 - 2 The true usable maximum throughput of HyperLAN/2 is

HyperLAN/2 42 Mbps.

T CIR Commited Information Rate.
2 PVC permanent virtual circuit.
3 Not included stations hosted by LCCs.
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benefits over analogue and digital point-to-point leased
lines. With the latter, each LCC requires a dedicated cir-
cuit between the LCCs and NCC. Instead, the SHDSL
frame relay is a packet-switched network, which allows
a site to use a single frame-relay phone circuit to com-
municate with multiple remote sites through the use of
permanent virtual circuits. With virtual circuits, each re-
mote site is seen as part of a single private LAN, simplify-
ing IP address scheme maintenance and station monitor-
ing.

Each seismic site has a real-time data flow of 18.0 kbps
(at 125 Hz sampling rate for each physical channel), and
the overall data communication bandwidth that is needed
is around 540 kbps for 30 stations. ISNet supports this
throughput under the worst conditions seen and it has
been designed to guarantee further developments, such as
the addition of further seismic or environmental sensors,
without the need for larger economic and technological in-
vestment.

Network Management and Data Archiving

The Network Manager Application
and Implementation Overview

As seen in the previous paragraphs, ISNet is a complex in-
frastructure, and thus needs a suitable software application
in order to be effectively managed: a front-end to users
and administrators with an interface that is simple to use.
To this aim we developed a server-client database-driven
application, dubbed SeismNet Manager, to keep track of
the several components that comprise or are produced by
the network, such as stations, devices and recorded data.
This application, whose front page is shown in Fig. 4, lets
the administrators manage (insert, edit, view and search)
the details of (a) seismic stations and Local Control Cen-
ters (sites), (b) data communication links between sites
(wired or wireless), instruments and devices (sensors, log-
gers, network hardware), and (c) recorded and computed
data (waveforms, events). SeismNet Manager also keeps an

Sites Status “ Data Communication
Local Control Centers (7) Operating (27) ||—— Wired Links {4)
Stationa (31) (4) || Wireless Links (18)
Repeaters (0) Operrating (27) “
Out Of Order (1) 11
i (2) “
Dismissed (0) || L] Off Line Sites (18)

Earthquake Early Warning System in Southern Italy, Figure 4

The front page of SeismNet Devices Manager. This page is meant to convey the state of the whole network at a glance. Each node
(station or LCCs) is shown along with its operating state, data links of different types to nearby nodes, whether it’s currently on-line

or not, along with eventual alarms still pending
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historical record of the installations and configurations of
the above elements.

All of the mentioned components are handled by
leveraging an instrumental database, a flexible reposi-
tory of information that was implemented by using Post-

tool where, at the top level, the network is modeled as
a set of sites, with installed loggers, sensors, data acqui-
sition servers, network hardware and generic hardware,

in a given configuration. Each of the mentioned entities
is mirrored by a different class of objects in the database,
where the relevant details are stored and then presented to
the users as interactive web pages. As an example, see the
page for a typical seismic station in Fig. 5.

The instrumental database was implemented with
a layer of abstraction that lets one easily to perform com-
plex queries and hides the actual implementation details
of the underlying structure to a possible client. There
are both stored procedures, i.e., functions that perform
complex tasks given simple inputs, and views, i. e., virtual
database tables that collect the most important pieces of
information about an abject, physically scattered in many
tables, in a single place and make it possible to easily query,

Status . ) Photo
[ state | Operating
Privats
o | @
_Description
Code (4+ char.) SNR3
[ Newen | ISNET
_Location -
Extended Location Name Senerchia
Longitude E [deg.) 15.1925 SAR
Latitude N (deg. 407361
o e_ Lol upload’site3Sfilename_sar doc
598
GSM terminal ;M"'m May
= SIM telephone number +39 3358023209 | View SMS :--.Wavo!anns.-—
BEly [ Date | Mag | Files ]
Begin Date {yyyy-mm-dd) 2005-11-11 2007-03-15 1M 6
End Date (yyyy-mm-dd) 2007-03-14 25Mi 12
[Dat 2007-03-11 18M 6
riData Link:
| b 2007-03-08 0&M &
|
i Disance (k) Downilp s LR
| LCCO3 Contursi Terme 99 WiFi 802 11g 54 L Z1M 12
! 2007-03-03 oam [
| 2007-03-02 2m 6
= 2007-02-28 26Mi &
I woser | Podaess | Sedatmumber | Stomgemedum | Recouingiype o A
! OSIRISE 10.37.37 20 370020 CompactFlash Continuous 740 mare files)
riNotes & Fllasi

[ oo [ e [ Seimmber | Comeowsn | Componens |

OSIRIS6 370020 channel 5 EastWest

TiipleComponant
Vertical
HorthSouth

In data 11-01-06 & stato sostituito Il cave S13J

[ 2006-11-10

Sostituito cave 5-13) quello attuale permette la
i da remoto @ ha resistenza di smo

|
|
|
| CMG-5T Accelerometer T5744 0OSIRISE 370020 channels 0.1.2
| 513 Valocimetet viar QSIRISE 370020 channel 3
| 513 Welocimatar H490 0SIRISE 370020 channel 4
| 513 Velocimeter H505
| Components History
Model
| AIR-BR1310G-A-KIR 192 168.3.37 BRIDGE WIRELESS

Instaliato 513J proveniens da USA Bloccati i caw
di $13J ¢ GURALP La stazione osins é st

e
FTX0305U0DE | é) Logger OSIRIS Accelerometer Guralp
| CMG-5T Velocimeter Geotech S13J

Earthquake Early Warning System in Southern Italy, Figure 5

The page relative to a seismic station. This page is a collection of all the pieces of information linked to a particular site: location
details and map; some pictures and notes; recently received warning messages; currently installed devices and their configurations
and mutual connections; data links to other stations; most recent waveforms recorded. Every device at a site also has an associated
installation object, that records the configuration parameters and the physical connections to other nearby devices, valid over a pe-
riod of time. Some elements, such as the data storage servers and the loggers, also need some further configuration parameters,
that are independent of their actual physical installation, for things like firmware release and versions of the software packages run
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for example, for all the details of the correctly operating
sensors installed one year ago at stations with a working
wireless link to a given LCC server.

This abstract interface makes the devices database
a central repository for effectively cross-correlating the
seismic data recorded at any given place and time with the
details of the instrument(s) that recorded them, and the
configuration details of the systems that ultimately made
them available. The interface approach also makes it eas-
ier to change the implementation details without the need
to update the web application, or any external client proce-
dures that need to interact with the instrumental database.

Automatic Monitoring of the Devices
and Automatic Data Retrieval

All of the details about the network described so far are
provided by the administrators of the system and are man-
ually updated every time the configuration of something
in the network changes, e. g., after installing a new sensor
or replacing some faulty hardware at a station. This man-

ual input is needed for “dumb” devices, such as sensors.
“Smart” devices, i. e., computers with an IP address (log-
gers, bridges and Earthworm servers), on the other hand,
can be queried about their actual configuration from time
to time. The web application can plot the temporal evolu-
tion of some selected parameters as graphs, spanning a pe-
riod ranging from hours to years (Fig. 6). This is useful to
correlate issues spotted on the recorded seismic data (typi-
cally, “holes” in the stream of data) to hardware problems.
It is possible to inspect the whole chain of data transfers
to pinpoint the source of the problem (e. g., low batteries
on a logger due to a faulty inverter, low signal of a wireless
connection due to harsh weather conditions).

There are both automatic and manual procedures to
insert new events and data files in the system. The auto-
matic procedures make use of several sources of events
to process, such as: INGV (Istituto Nazionale di Ge-
ofisica e Vulcanologia, Italy) bi-weekly bulletins; INGV
real time alerts; our early warning system. Likewise, they
exploit several sources of recorded seismic data in order
to provide a SAC file (SAC - seismic analysis code from

r| Graph for IP: 10.37.05 |
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Health graphs of the devices. A device can be marked for monitoring and its internal state, or “health”, gets polled at regular intervals.
Several of its internal variables are then retrieved and stored into the database, and their temporal evolution can be plotted as
a graph. In this case both the internal temperature and CPU load of an OSISRIS data logger are shown, over periods ranging from

one hour to one year
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Earthquake Early Warning System in Southern Italy, Figure 7

Visualization of the seismic data. This is the graphical presentation of data recorded by ISNet. The waveforms matching the user’s
search criteria can be viewed on-line via Seisgram2K (where they can also be processed), while the events are rendered via VRML as

a fully interactive 3D scene in the browser itself

Lawrence Livermore National Laboratory) spanning the
period from just before the arrival time, up to the end of
the event.

Sensor data are retrieved from: (1) a repository of files
from the internal mass storage of the loggers; (2) a local
Earthworm Wave Server that caches older data collected
from all the LCCs; (3) the most recent real time recording
from the remote Wave Servers. The instrumental database
is used to determine which sites/sensors/configurations
recorded each event and to fill the headers of the files us-
ing the standard SAC format. The waveforms and events
database, on the other end, is used by the automatic pro-
cedures to know which pieces of data are still missing for
already recorded events (due to e.g., the temporary un-
availability of one or more seismic data sources) and need
to be collected.

The Waveforms and Events Database:
Searching and Visualizing the Seismic Data

We also built a waveform and event database, the natural
complement to the instrumental database. It keeps track of
the events detected by the network and the relative wave-
forms recorded by the sensors. This database stores ob-

jects for events, origin estimations (time and location),
magnitude estimations and waveforms. Several origins can
be attached to a single event, as different algorithms and
different institutions provide different estimations. Like-
wise, several magnitude types and estimations are attached
to each origin. A waveform object for each sensor that
recorded the earthquake is also linked to the event object,
and stores a pointer to a SAC file, and its source (site and
channel). The latter records are then used to gather, from
the instrumental database, the actual details of the instru-
ments that recorded the data.

An interface for searching both events and waveforms
is provided, as pictured in Fig. 7. Events can be filtered
on origin time and location, magnitude, and distance to
the stations. Waveforms can be filtered on station, com-
ponent, instrument and quality.

Real-Time Earthquake Location
and Magnitude Estimation

Real-Time Earthquake Location

Previous Related Studies There are many methodolo-
gies for standard earthquake location, performed when
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most or all the phase arrival times for an event are avail-
able. Standard analysis techniques are generally not suited
for early warning applications, since they typically need
the seismic event to be fully recorded at several stations,
leaving little or no lead time for the warning [25]. For this
reason, a different strategy is required, where the compu-
tation starts when a few seconds of data and a small num-
ber of recording stations are available, and the results are
updated with time.

Previous work on earthquake location for early warn-
ing includes several approaches to gain constraints on the
location at an earlier time and with fewer observations
than for standard earthquake location.

In the ElarmS methodology [47], when the first sta-
tion triggers, the event is temporarily located beneath that
station; after a second station trigger the location moves
to a point between the two stations, based on the timing
of the arrivals; with three or more triggered arrivals, the
event location and origin time is estimated using trilatera-
tion and a grid search algorithm.

Horiuchi et al. [18] combine standard L2-norm event
location, equal differential-time (EDT) location on quasi-
hyperbolic surfaces, and the information from not-yet ar-
rived data to constrain the event location beginning when
there are triggered arrivals from two stations. The two ar-
rivals times define a hyperbolic surface, which contains
the event location. This solution is further constrained by
EDT surfaces constructed using the current time (fpow) as
a substitute for future, unknown arrival times at the sta-
tions, which have not yet recorded arrivals. The constraint
increases as fhow progresses, even if no further stations
record an arrival.

Rydelek and Pujol [36], applying the approach of Ho-
riuchi et al. [18], show that useful constraints on an event
location can be obtained with only two triggered stations.
Cua and Heaton [12], generalized the approach by Rydelek
and Pujol in order to start the location with one single trig-
gering station.

The real-time location technique described in this pa-
per is based on the equal differential-time (EDT) for-
mulation [16,27] for standard earthquake location. The
EDT location is given by the point traversed by the max-
imum number of quasi-hyperbolic surfaces, on each of
which the difference in calculated travel-time to a pair
of stations is equal to the difference in observed arrival
times for the two stations. The EDT location determina-
tion is independent of origin time and reduces to a 3D
search over latitude, longitude and depth. Furthermore,
EDT is highly robust in the presence of outliers in the
data [27]. This robustness is critical for the problem of
earthquake location for seismic early warning, since we

will often work with small numbers of data and may
have outlier data such as false triggers, picks from other
events, and misidentified picks from energetic, secondary
phases.

Assuming that a dense seismic network is deployed
around the fault zone, we define as the “evolutionary ap-
proach” a type of analysis where the estimates of earth-
quake location and size, and their associated uncertainty,
evolve with time as a function of the number of recording
stations and of the length of the portion of signal recorded
at each station.

A direct implication of the evolutionary strategy is that
each algorithm must be capable of real-time operation,
i.e,, its computational time must be smaller than the rate
at which data enters the system.

Furthermore, since each algorithm starts processing
alimited amount of information, the estimated earthquake
parameter must be provided, at each time step, as a prob-
ability density function (PDF) which incorporates in its
definition the uncertainties related both to the model em-
ployed and to the available data.

The Real-Time Earthquake Location Method The
methodology is related to that of Horiuchi et al. [18],
which has been extended and generalized by (a) starting
the location procedure after only one station has triggered,
(b) using the equal differential-time approach proposed by
Font [16] to incorporate the triggered arrivals and the not-
yet-triggered stations, (c) estimating the hypocenter prob-
abilistically as a PDF instead of as a point, and (d) applying
a full, non-linearized, global-search for each update of the
location estimate.

We assume that a seismic network has known sets of
operational and non-operational stations (Fig. 8a), that
when an earthquake occurs, triggers (first P-wave arrival
picks) will become available from some of the operational
stations, and that there may be outlier triggers which
are not due to P arrivals from the earthquake of inter-
est.

Let’s denote the operational stations as (So. ..., SN),
and consider a gridded search volume V' containing the
network and target earthquake source regions, and the
travel times from each station to each grid point (i, j, k)
in V computed for a given velocity model.

The standard EDT approach states that, if the
hypocenter (i, j, k) is exactly determined, then the differ-
ence between the observed arrival times ¢, and t,, at two
stations S, and S, is equal to the difference between calcu-
lated travel times tt, and tt,, at the hypocentral position,
since the observed arrival times share the common earth-
quake origin time. In other words, the hypocenter must
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Schematic illustration of the evolutionary earthquake location algorithm. For clarity, only a map view with the epicentral location
is represented. a Given a seismic network with known sets of operational and non-operational stations, we can define a priori the
Voronoi cell associated to each station. b When the first station triggers, we can define a volume that is likely to contain the location,
this volume is limited by conditional EDT surfaces on which the P travel time to the first triggering station is equal to the travel-time
to each of the operational but not-yet-triggered stations. c As time progresses, we gain additional information from the stations
that have not yet triggered, the EDT surfaces move towards and bend around the first triggering station, and the likely-location
volume decreases in size. d When the second station triggers, we can define a true EDT surface; the hypocenter is on the intersection
between this surface and the volume defined by the conditional EDT surfaces, which continues decreasing in size. e When a third
station triggers, we can define two more true EDT surfaces, further increasing the constraint on hypocenter position. f As more
stations trigger, the location converges to the standard EDT location composed entirely of true EDT surfaces

satisfy the equality:

(ttm — ttn)i,j,k =tm—tp; m 75 n (1)
for each pair of triggering stations S, and S,,. For a con-
stant velocity model, this equation defines a 3D hyper-
bolic surface whose symmetry axis goes through the two

stations. Given N triggering stations, N(N — 1)/2 surfaces
can be drawn; the hypocenter is defined as the point
crossed by the maximum number of EDT surfaces.

Following an evolutionary approach, the method eval-
uates, at each time step, the EDT equations considering
not only each pair of triggered stations, but also those pairs
where only one station has triggered.
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Therefore, when the first station, S,,, triggers with an
arrival at t, = thow (tnow 1S the current clock time), we
can already place some limit on the hypocenter position
(Fig. 8b). These limits are given by EDT surfaces de-
fined by the condition that each operational but not-yet-
triggered station S; will trigger in the next time instant,
t; > t,. Thatis:

(ttp — tty)ijk = t1 —ty 2 0;

I#mn. (2)

On these conditional EDT surfaces, the P travel time to
the first triggering station tt, is equal to the travel-time
to each of the not-yet-triggered stations, tt;, [ # n. These
surfaces bound a volume (defined by the system of in-
equalities) which must contain the hypocenter. In the case
of a homogeneous medium with constant P-wave speed,
this hypocentral volume is the Voronoi cell around the
first recording station, defined by the perpendicular bisec-
tor surfaces with each of the immediate neighboring sta-
tions.

As the current time t,,, progresses, we gain the addi-
tional information that the not-yet-triggered stations can
only trigger with t; > to,. Thus the hypocentral volume
is bounded by conditional EDT surfaces that satisfy the in-
equality:

l#n. 3)

St is the time interval between the arrival time at station
S, and the latest time for which we have information from
station §;,

(ttr — ttn)ijk = Otus

Stn,l = thow — tn , (4)

where t, is the observed arrival time at station S,,.

The system (3) defines the volume, bounded by the
conditional EDT surfaces, in which the hypocenter may
be located given that, at current time fy,4,,, only the station
Sy has triggered. When §t = 0 the system (3) reduces to
the system (2); for §¢ > 0, the hypocentral volume will be
smaller than the previous one, since the updated, condi-
tional EDT surfaces tend to fold towards and around the
first triggered station (Fig. 8c).

We interpret the hypocentral volume in a probabilis-
tic way by defining, for each inequality in (3), a value
Pn,1(i, j, k) which is 1 if the inequality is satisfied and 0
if not. Then we sum the p,, ;(i, j, k) over stations / at each
grid point, obtaining a non-normalized probability density
P(i, j, k), where P(i, j, k) = N — 1 for grid points where
all the inequalities are satisfied and a value less than N — 1
elsewhere.

When the second and later stations trigger, we first
re-evaluate the system (3) for all pairs of triggered sta-
tions S, and all not-yet-triggered stations S;. Secondly, we

construct standard, true EDT surfaces (see Eq. 2) between
each pair S, S, of the triggered stations, by evaluating for
each grid point the quantity:

[(tty — ttm)ijk — (ts — tw)) |
202 ’

Qn,m(i,ja k) = €exXp 4§ —

n#m.
(©)

The expression between square brackets at the exponent is
the standard EDT Eq. 2 whose solutions are quasi-hyper-
bolic surfaces; in practice all true EDT surfaces are given
a finite width by including the uncertainty o in the arrival
time picking and the travel-time calculation.

The quantity g, (i, j, k) has values between 0 and
1. We sum the g, (i, j. k) with the p, ;(i, j, k) obtained
from the re-evaluation of (4) to obtain a new P(i, j, k).

Starting from P, we define a value:

.. N

Qu.jk = (F50) ©

Pmax
which forms a relative probability density function (PDF,
with values between 0 and 1) for the hypocenter location
within the grid cell (i, j, k). The function Q(i, j, k) may be
arbitrarily irregular and may have multiple maxima.

At predetermined time intervals, we evaluate (3) and
(5) to obtain Q(i, j, k) in the search volume, using the Oct-
tree importance sampling algorithm ([13,27], http://www.
alomax.net/nlloc/octtree). This algorithm uses recursive
subdivision and sampling of rectangular cells in 3D space
to generate a cascade structure of sampled cells, such that
the spatial density of sampled cells follows the target func-
tion values. The Oct-tree search is much faster than a sim-
ple or nested grid search (factor 10-100 faster) and more
global and complete than stochastic search methods al-
gorithms such as simulated annealing and genetic algo-
rithms [13]. For each grid point, an origin time estimate
can be obtained from the observed arrival times and the
calculated travel times.

As more stations trigger, the number of not-yet-trig-
gered stations becomes small, and the location converges
towards the hypocentral volume that is obtained with stan-
dard EDT location using the full set of data from all oper-
ational stations (Fig. 8d-f).

If there are uncorrelated outlier data (i.e., triggers
that are not compatible with P arrivals from a hypocen-
ter within or near the network), then the final hypocen-
tral volume will usually give an unbiased estimate of
the hypocentral location, as with standard EDT location.


http://www.alomax.net/nlloc/octtree
http://www.alomax.net/nlloc/octtree
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Earthquake Early Warning System in Southern Italy, Figure 9
Location test for a synthetic event occurring at the center of the Irpinia Seismic Network (ISNet). The three orthogonal views show
marginal values of the probability function Q(i, j, k). The true hypocenter is identified by a star. t is the time from the first trigger,
At is the time from event origin. For each snapshot, stations that have triggered are marked with a circle

However, if one or more of the first arrival times is an out-
lier, then the earliest estimates of the hypocentral volume
may be biased. Synthetic tests have shown that, if Ny is
the number of outlier data, the bias reduces significantly
after about 4 + N,y arrivals have been obtained, and then

decreases further with further arrivals, as the solution con-
verges towards a standard EDT location [37].

We performed several synthetic tests using the geom-
etry of the ISNet network. For each simulated event, we
computed theoretical arrival picks using travel times ob-
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Earthquake Early Warning System in Southern Italy, Figure 10

Location test for a synthetic event occurring outside the ISNet network (see Fig. 9 for explanation)

tained by the finite difference solution of the eikonal equa-
tion [35] for a 1D, P-wave velocity model. To reproduce
uncertainties introduced by the picking algorithm, we add
to each arrival time a random error following a Gaussian
distribution with a variance of 0.02s.

Here we use only P picks since currently most net-
works have poor capability to perform real-time S pick-

ing. Our tests consider an earthquake occurring at the cen-
ter of the network at a depth of 10km (Fig. 9) and an
earthquake occurring outside the network at a depth of
10 km (Fig. 10). Each panel in Figs. 9 and 10 is a snapshot
at a given time showing the marginal map (i. e., summed
over i, j or k) for Q(i, j, k) along the horizontal (x,y) and
the two vertical (x,z and y, z) planes. The star shows the
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Correlation between low-pass filtered peak ground motion value and moment-magnitude for earthquakes occurred in the Euro-
Mediterranean region (after [49]). The panels show the logarithm of peak ground displacement normalized at a reference distance
of 10 km as a function of Mw in time windows of (left) 2s length from the first P-arrival and (middle) 1- and (right) 2-s from the
first S-arrivals. P- and S-data are measured on vertical and root-squared sum of horizontal components, respectively. Each panel
shows the best fit regression line (solid line) along with 1-WSE limits (dashed lines)

known, synthetic hypocentral location. In the first case,
two seconds after the first trigger (5.03 s from the event
origin), 9 stations have triggered and the location is al-
ready well constrained for early warning purposes.

In the second case, at At = 11.765, 25 after the first
event detection, the constraint on the location PDF im-
proves further, but the PDF retains an elongated shape be-
cause of the poor azimuthal coverage of the network for
this event. The event depth is only constrained by an up-
per bound, but the depth range includes the true value.

Real-Time Magnitude Estimation Using a Bayesian,
Evolutionary Approach

Previous Related Studies  The problem of magnitude es-
timation from early seismic signal has been previously ap-
proached and analyzed by different authors.

Nakamura [31] first proposed the correlation be-
tween the event magnitude and the characteristic period
of P-phase defined as the ratio between the energy of the
signal and its first derivative.

Allen and Kanamori [2] modified the original Naka-
mura method and described the correlation between the
predominant period and the event magnitude for South-
ern California events. Lockman and Allen (2007) studied
the predominant period - magnitude relations for the Pa-
cific Northwest and Japan. They also investigated the sen-
sitivity of such relations using different frequency bands.

Using a complementary approach, Wu and Kanamo-
ri [45] investigated the feasibility of an on-site EEWS for
Taiwan region based on prediction of earthquake damage,
based on measurements of the predominant period and
peak displacement on early P-wave signals detected at the
network.

Odaka et al. (2003) proposed a single station approach
for the real-time magnitude estimation. The authors fit the
initial part of waveform envelope and showed a relation
between the final event magnitude, the envelope shape co-
efficient and the maximum P amplitude measuredina 3s
time window.

Wu and Zhao [46] and Zollo et al. [49] (Fig. 11)
demonstrated the existence of a correlation between the
event magnitude and the peak displacement measured
a few seconds after the P arrival based on massive analysis
of Southern Californian and Euro-Mediterranean earth-
quake records. In particular, Zollo et al. showed that
both P and S wave early phases have the potential for real
time estimation of magnitude up to about M 7. Zollo et
al. [50] and Lancieri and Zollo [26] extended this observa-
tion to Japanese earthquake records, showing that a pos-
sible saturation effect may exist at about M 6.5 for P mea-
surements in 2 s windows while it vanishes when a larger,
4s window is considered. The scaling of displacement
peak with magnitude, instead, appears at even shorter (1 s)
time lapses after the first S-arrival.

Using an alternative method, Simmons [38] proposed
a new algorithm based on discrete wavelet transforms able
to detect first P arrival and to estimate final magnitude an-
alyzing first seconds of P-wave.

The Real-Time Magnitude Estimation Method The
real time and evolutionary algorithm for magnitude es-
timation presented in this paper is based on a magni-
tude predictive model and a Bayesian formulation. It is
aimed at evaluating the conditional probability density
function of magnitude as a function of ground motion
quantities measured on the early part of the acquired sig-
nals [19].
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The predictive models are empirical relationships
which correlate the final event magnitude with the loga-
rithm of quantities measured on first 2-4 s of record.

The first prediction model, based on the predominant
period of P-phase (zp), has been introduced by Allen and
Kanamori [2]. Recently, Wu and Zhao [46] showed the
existence of a correlation between magnitude, distance
and peak displacement measured in a 2-4s window af-
ter P-phase.

Zollo et al. [49,50] refined this correlation and ex-
tended the observation on the peaks measured in 2s af-
ter the S-phase arrival through the analysis of the Euro-
pean and Japanese strong motion data-bases (Ambraseys
et al. [3], K-NET www service of NIED - National Re-
search Institute for Earth Science and Disaster Prevention,
Japan).

The method therefore assumes that the linear relation-
ship between the logarithm of the observed quantity and
magnitude is known, along with standard errors of the
predictive models.

At each time step ¢ from the first station trigger, the
conditional PDF of magnitude M given the observed data
vectord = {dy,d,, ..., d,} is expressed via the Bayes the-
orem as:

flmld) = — f(d|m)f(m)

; 7)
Jar® f(d|m) f(m)dM

where f(m) is the a priori distribution which incorpo-
rates the information available before the experimental
data are collected through a truncated exponential func-
tional form, derived by the Gutenberg-Richter recurrence
relationship,

_ BePm
e~ BMmin —e—BMmax

0 m ¢ [Mmin, Mmax]

Mmin =mz= Mmax

flm): . (8)

where {B, Mpin, Mmax} depend on the seismic features
and on the detection threshold of the seismic network of
the considered region.

The conditional probability f(d|m) contains all the in-
formation concerning the magnitude as retrievable from
the data acquired at time ¢.

Assuming that components of the observed data vec-
tor d have a lognormal distribution, and that they are
stochastically independent and identically distributed ran-
dom variables of parameters fi1o4(4) and Oiog(4), then the
likelihood is written as:

! 1 _1 (“‘g(di)*“log(d) )2
fdm)=]]——=——e "\ @ )
i1:[1 A/ Zﬂdlog(d)di

where v is the number of stations acquiring at the instant ¢;
Hilog(d) and Olog(g) are the mean and the standard deviation
of the logs of d;, respectively..

Substituting Eq. 8 and Eq. 9 into Eq. 7, f(m|d) re-
sults as in Eq. 10 where it depends on data only trough
Z:‘}=1 log(d;) and v, which therefore are jointly sufficient
statistics for the estimation of magnitude [21]:

f(m|d) = f (ml Zlog(d,-))

i=1

v
<2/'Llog(d)<‘z log(di))_vﬂlzog(d))/zoﬁjg(d)
e i=1 e—ﬁm

= - .
Mpiax (mlog(d)( > log(di))—vuﬁ, ) / 20,
A 8(d) log(d)
f e i=1 e=Bmam

MmN

(10)

As just outlined, f(m|d) depends on ZLI log(d;) and on
the number of stations triggered, v, at the time of the esti-
mation and, consequently, on the amount of information
available. As more stations are triggered, and provide more
measures of d, the estimation improves.

The described technique is evolutionary in the sense
that f(m|d) depends on time, i.e., as time passes, ad-
ditional stations provide new observations (predominant
period and/or P-, S-peaks), which are used to refine the
probabilistic estimation of magnitude.

Magnitude Estimation
from Peak Displacement Measurements

The empirical relationships between low-pass filtered, ini-
tial P- and S-peak displacement amplitudes and moment
magnitude (e. g. [49]) can be used as predictive models for
the real-time estimation of magnitude using the Bayesian
approach described above.

While the P-wave onset is identified by an automatic
picking procedure, the S-onset can be estimated from an
automatic S-picking or from a theoretical prediction based
on the hypocentral distance given by the actual earthquake
location. At a given time step after the first P-wave de-
tection at the network, progressively refined estimates of
magnitude are obtained from P- and S-peak displacement
data. These are preliminarily corrected for distance ampli-
tude effects through an empirical attenuation relationship
obtained from available strong motion records [46,49]:

(11)

where the constants Aphase; Bphase and Cphage are deter-
mined through a best-fit regression with a retrieved stan-

dard error of SE}ljﬁgfe and R is the hypocentral distance.

f(Ms R) = Aphase + BphaseM + Cphase log(R) ,
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Synthetic seismograms for a M 7.0 earthquake at the center of the network (see Fig. 9). The seismograms are computed using a line
source, rupture model (constant rupture velocity) while complete wavefield green’s functions in a flat-layered model are computed
by using the discrete wavenumber summation method of Bouchon [8]. Each vertical line indicates the 1 s signal packets examined
at each time step. This plot allows us to understand seconds after seconds which stations are acquiring and what sort of input (P
or S peak) they are giving to the real time system. For example after three seconds to the first P phase picking thirteen stations are
acquiring, the 2 s S-phase peak is available at the nearest stations. This observation motivates the use of the S phase information in
areal time information. If a dense network is deployed in the epicentral area the nearest station will record the S-phase before the P
phase arrives to the far ones, as seen in previous example, and this is perfectly compatible with the real time analysis

Following the procedure described in [49], the rela-
tionship (11) is used to correct observed peaks for the
distance effect, by normalizing them to a reference dis-
tance (e.g, R = 10km) and to determine a new best
fit regression between the distance corrected peak value
(PDphase)10km and the final magnitude:

log (PD;E;‘S?) = log (PDﬁhase) — Cphase log (%) (12)

ki
lOg (PDI})EasI?) = A/phase + B;haseM . (13)
Assuming a standard error of SEP}f\;Ise on peak displace-

ments retrieved from (13) and combining the Eqgs. (11)
and (13), the mean values and standard deviation of quan-

tity 1og(PDphase)> can be written as:
/ / R
'ulOg(PDphase) = BphaseM + Aphase + Cphase IOg E

R
Olog(PDyphase) = SE}I:lffse + lOg (E) ACphase (14)

1
+ Cphase EAR s

where R is estimated with an error of AR and ACpa is
the error on the Cpp,ee coefficient in Eq. (12).

The values of coefficients in (14) used for real time
magnitude estimates at ISNet are obtained from the re-
gression analysis based on records from the European
Strong Motion Database [49] and given in Table 2.

Figure 12 illustrates an example of real time magnitude
estimation on a simulated event with M = 7.0, whose epi-
center is located along the 1980 Irpinia earthquake faulting
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Earthquake Early Warning System in Southern Italy, Table 2
Coefficients of the empirical regression relationships between
low-pass filtered P and S displacement peaks and magnitude

PM
Phase A;)hase B;)hase Cphase SEphase ACPhase
2P -6.31 (0.70 |-1.05 [0.22 0.30
2S -577 (0.71 |-0.71 [0.13 0.16

system. Synthetic seismograms have been computed by us-
ing the discrete wave-number method of Bouchon [8] and
Coutant (1989) for a extended source model in a flat-lay-
ered velocity model.

Figure 13a shows the probability density function de-
fined in Eq. (8) evaluated at each time step. Time zero is
assigned to the first P detection at the network. As time
evolves the PDF tightens around the predicted magnitude
value, indicating a more refined, probabilistic estimate of
magnitude.

By defining F;(m) as the cumulative PDF at time ¢,
it is possible to estimate a magnitude range of variation
[Mmin; Mmax] whose limits are defined based on the shape
of the F;(m) function:

Mmin
M - / fi(mld)dm = a
—00

Mn]a)( (15)
Mimax : f ft(m|d)dm =l—-ou.

—00

- — =3sec

6.5
Magnitude

Earthquake Early Warning System in Southern Italy, Figure 13

For example, if we assume o = 1%, then M, and M,y
will be, respectively, the F;(m) evaluated at 0.01 and 0.99.

In Fig. 13b the estimates of magnitude uncertainty
bounds are reported as a function of time. After three iter-
ations (corresponding to a time of 9 s from the event origin
time and 4 s after the first P-phase arrival at the network)
the magnitude estimation converges to the true magnitude
value. In fact, due to the high density of seismic station
in the epicentral area, at that time most of seismic station
contributes to the magnitude estimation with peaks read
on P-phase windows (Fig. 14), while a further refinement
of magnitude estimate is due to the near source S-wave ar-
rivals.

Real-Time Hazard Analysis
for Earthquake Early Warning

The Real-Time Hazard Determination

Using the methods previously described for estimating in
real-time the event magnitude and location, it is possible
to perform a real-time hazard analysis [19]. This analysis
is based on the extension of classical Probabilistic Seis-
mic Hazard Analysis (PSHA) proposed by Cornell [11]
that is generally used for long-term probabilistic hazard
assessment. Classical PSHA integrates data from existing
seismic catalogs both in terms of magnitude, location and
recorded strong ground motion values in addition to the
information concerning seismogenic areas of interest (ex-
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Application of the method for real time magnitude estimate to a M 7 simulated event occurring within the area covered by the ISNet
network. Left panel. PDF distribution at several time steps measured from the first P-phase picking. Right top, magnitude estima-
tion with uncertainties as a function of time. The dashed line refers to the actual magnitude value, the errors represent the 95% of
confidence bound evaluated as cumulative PDF integral in the 5-95% range. Right bottom, probability to exceed magnitude 6.5 and
magnitude 7.5 thresholds in function of time. The dashed line is the 75% probability level
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Earthquake Early Warning System in Southern Italy, Figure 14

Real-time estimation of spectral ordinates’ distributions as function of the number of stations triggered for a M 7.0 event with an
epicentral distance of 50 km from the early warning target site. The parameter nyiq in the figure is equivalent to the number of
stations v in the text. The acceleration spectrum (black curve) was obtained by choosing at each period the spectral value with
20% exceedance probability according to the corresponding distribution, so it is analogous to a uniform hazard spectrum with the
exception that it is computed in real-time. The grey dashed line is the Italian code spectrum assigned for building design in the target
location at the town of Avellino, 40 km distant from the earthquake epicenter, and is reported for comparison purposes (after [10])
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pected maximum magnitude, b-value of the Gutenberg
Richter relationship, etc.) to provide the hazard curve as
the final outcome. Each point on that curve corresponds
to the value of a ground motion intensity measure (IM)
(e.g., peak ground acceleration, PGA, peak ground veloc-
ity, PGV or the spectral acceleration, Sa), having a given
probability or frequency of exceedance in a fixed period of
time for a site of interest.

The probabilistic framework of the PSHA, specifically
the hazard integral, can be used for real-time hazard if
the PDFs of magnitude and source-to-site distance are re-
placed with those depending on the data gathered by the
EEWS during the occurrence of a specific earthquake.

This is the case, for example, of the PDF on the source-
to-site distance whose statistical moments evolve with
real-time earthquake location. As a consequence, this PDF
does not depend on the seismic potential of the area of in-
terest (as in the case of the classical PSHA, which accounts
for the occurrence of all the earthquake in a fixed range
of magnitude), but rather depends on the time evolving
event location provided by the EEWS. The same consider-
ations apply to the PDF on the magnitude as described in
the following sections whose statistical moment, at a given
time, depends on the number of triggered stations at that
time.

In this theoretical framework the real-time hazard in-
tegral can be written as:

f(IM|g,§)://f(IM|m,r)f(m|g)f(r|§)deR, (16)

M R

where f(r|s) is the PDF of distance r, which eventually de-
pends only on the triggering sequence of the stations in the
network, where s = {s,..., sy} is such a sequence. This
renders also the PDF of r time dependent.

Given that for each point in a volume containing the
earthquake hypocenter, the probability of that point be-
ing coincident with the true hypocenter is calculated via
a rapid location technique, a simple geometrical transfor-
mation allows one to obtain the probabilistic distribution
of the source-to-site distance.

The PDF f(IM|m, r), is given, for example, by an or-
dinary attenuation relationship. It is worth to recall that
the computed hazard refers to a particular set of triggered
stations and, consequently, it depends on the information
available at time  from the first detection of the event.

Figure 14 illustrates, as an example, the estimation of
spectral acceleration ordinates for different periods, for
a M 7.0 event located at an epicentral distance of 50 km
from the early warning target site [10].

We note the evolution of Sa predictions via the cor-
responding PDFs. The different panels correspond to in-
creasing times from the earthquake origin and, therefore,
to different numbers of stations triggered.

The False Alarm Issue

Once the EEWS provides a probability distribution of the
ground motion intensity measure (IM) at the target site
(e.g., peak ground acceleration or velocity), a decisional
condition has to be checked in order to decide whether to
alert or not.

Several options are available to formulate a decisional
rule, for example the alarm may be issued if the probability
of the predicted IM exceeding a critical threshold (IMc) is
greater than a reference value (P.):

IMc
Alarm if : f F(IMId, )d(IM) = P[IM > IMc] > P. .
0

(17)

The efficiency of the decisional rule may be evaluated in
terms of false and missed alarms probabilities (known as
the “cry wolf” issue, e.g., [20]). The false alarm occurs
when, on the basis of the information processed by the
EEWS, the alarm is issued while the intensity measure at
the site IMy (T subscript means “true”, indicating the re-
alization of the IM to be distinguished from the prediction
IMc) is smaller than the threshold IM¢c. A missed alarm
corresponds to not launching the alarm if needed,

Missed Alarm : {No Alarm N IMt > IMc}

False Alarm : {Alarm N IMt < IMc}. (18)
It has been discussed above how the information and the
uncertainties on earthquake location and magnitude are
dependent on the number of stations triggered at a certain
time.

Therefore, in principle, the decisional rule may be
checked at any time after the first station has triggered and,
consequently, the false and missed alarm probabilities are
also time dependent.

Using the decisional rule of (18) and considering PGA
as IM, the time evolution of false/missed alarm probabili-
ties has been simulated for the Campania EEWS, given the
occurrence of a M 7 earthquake, and a target site at an epi-
central distance of 110 km.

Figure 15 reports the missed and false alarm probabil-
ities as a function of time from the first trigger at the ISNet
network.
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Earthquake Early Warning System in Southern Italy, Figure 15

Example of estimation of false and missed alarm probabilities as
function of the time from the first trigger for a M 7.0 event with
an epicentral distance of 110 km from the early warning target
site. For the decisional rule adopted in this case the threshold is
PGAc = 0.3 m/s? and the limit probability is P. = 0.2 (after [19])

A Loss Estimation Approach to Early Warning

Magnitude and distance distributions conditioned to the
measurements of the seismic network can also be used for
a real-time estimation of risk, which includes losses pro-
duced by the earthquake [21]. Based on the real-time risk
assessment, a security action aimed at risk mitigation is
undertaken if the alarm is issued.

For example, some critical system could shut down or
people in buildings may shelter themselves if the warn-
ing time is not sufficient to evacuate the dangerous build-
ings. More complex security measures may be related to
the semi-active control of buildings [22].

Therefore, if an EEWS exists, it may trigger a security
procedure in case of warning. The estimation of the ex-
pected losses for a specific building may be computed, for
the case of warning issued and not issued respectively:

iwld.s) = [ [ [ 17 aamsamed)

L DMEDP IM

x f(edp|im)f(im|d, s)JdLdADMJEDPdIM , (19)
where f"(I|dm) is the PDF of the loss (L) given the struc-
tural and non-structural damage vector (DM) reflecting
the risk reduction in the case of warning; and f" (I|dm)
is the loss function if no alarm is issued (no security action
is undertaken); f(dm|edp) is the joint PDF of damages
given the Engineering Demand Parameters (EDP), proxy
for the structural response; f(edp|im) is the joint PDF of

the EDPs conditioned to a vector of ground motion in-
tensity measures (IM); f(im|d, s) is the real-time hazard
expressed by (16) in the case of a scalar IM.

Being able to compute, before the ground motion hits
the site, the expected losses in case of warning (W) or not
(W), is relevant for taking the optimal decision, i.e., to
alarm if this reduces the expected losses and to not issue
any warning otherwise:

to alarm if EV[L|d,s] < EV[L|d,s]

Optimal decision: (20)

to notalarm if EV[L|d,s] > EV[L|d, s]

which is a better decisional rule in respect to that of (18).

Computing and comparing expected losses, condi-
tioned to the real-time information coming from the
EEWS, in the case of alarming or not, allows the determi-
nation of the alarm threshold above which it is convenient
to issue the warning according to the optimally maximum
criterion.

Assessment of average loss reduction determined by
issuing an Early Warning provides a quantitative tool to
evaluate the efficiency and feasibility of an EEWS.

Other potential advantages given by this approach are
that: (a) the threshold may be set on a statistic (i.e., the
summation of the logs) inferred from seismic network
measurements, dramatically reducing the required com-
putational effort for real-time decision making; (b) it min-
imizes the cry wolf issue reducing the probability of false
and missed alarms thanks to threshold optimization. In
fact, although the number of MA and FA depend on the
decisional rule adopted to issued the alarm, the approach
developed in Iervolino et al. [20,21,22] avoids explicitly
considering the missed and false alarm rates associated
with the decision, as the choice to alarm or not is taken
based on the expected economic loss (not on the estima-
tion of peak ground motion). In other words, if in comput-
ing the expected loss one accounts for the costs of false and
missed alarms, there is no need to optimize the cry wolf is-
sue, and MA and FA rates are at their values determined
by the respective costs, and in this sense are optimal.

Future Directions

We have analyzed and illustrated the main scientific and
technological issues related to the implementation and
management of an earthquake early warning system under
development in the Campania region of southern Italy.
The system is designed for early warning alert notifi-
cation at distant coastal targets based on a dense, wide-
dynamic seismic network (accelerometers, seismometers
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and broadband sensors) deployed in the Apenninic belt
region (ISNet — Irpinia Seismic Network). It can therefore
be classified as a regional Early Warning System consisting
of a wide seismic sensor network covering a portion or the
entire area which is threatened by a quake’s strike.

According to [25], real-time estimates of earthquake
location and magnitude are needed for regional warning
systems (EEWYS), i. e., dense seismic networks covering all
or a portion of an area of interest. However the alarm deci-
sion in an early warning system is based, rather, on the pre-
diction, with quantified confidence, of a ground motion
intensity at a distant target site (where a sensitive structure
is located). This problem needs an evolutionary (i. e., time-
dependent) and probabilistic frame where pdfs for earth-
quake location, magnitude and attenuation parameters are
combined to perform a real-time probabilistic seismic haz-
ard analysis (e. g., [19]).

Considering the peak displacement amplitude and/or
predominant frequency measured in the early portion
of P-waves, we have shown that suitable probability den-
sity functions for the earthquake location and magnitude
parameters can be constructed and used for real-time
probabilistic assessment of false alarms and loss estima-
tion, which are the key elements based on which automatic
actions can be undertaken to mitigate earthquake effects.

Based on the analysis of acceleration records of
Euro-Mediterranean and Japanese earthquakes, Zollo et
al. [49,50] have shown the advantages of using near source
strong motion records for real time estimation of earth-
quake magnitude. In fact they provide unsaturated record-
ings of moderate to large earthquakes and, in case of dense
station coverage of the source area, the combination of
both P- and S-wave amplitude information can be used to
get fast and robust earthquake location and magnitude es-
timates.

We support the use of S-waves recorded in the near-
source of an impending earthquake for earthquake early
warning, especially in view of the excellent correlation
that S-peaks show with magnitude up to about M = 7 for
Euro-Mediterranean and Japanese earthquakes [49,50].
Dense accelerometric networks now operating in Europe,
USA, Taiwan, Japan and other seismic regions in the
world can provide a sufficient number of records at dis-
tances smaller than 20-30 km from potentially damaging
crustal earthquakes so that S-P times are expected to be
smaller than 2-3s. A magnitude estimation using S-waves
could be therefore available 4-5 s after the first P-wave is
recorded, which is still useful for sending an alert to distant
target sites.

Although relatively few magnitude 7 and larger earth-
quakes have hit the Apenninic belt, and generally the

Mediterranean region, during the last century, there have
been many instances of damaging quakes in the magnitude
6 range.

Earthquake early warning systems have the poten-
tial to mitigate the effects of moderate size earthquakes
(M = 6-7), which can produce severe damage in densely
urbanized areas and places where old structures were
not built to current standards. This has been the case
for a significant number of earthquakes occurred in
the Mediterranean basin during last decades: the 1976
Friuli (M = 6-6.5) and 1997 Colfiorito (M = 6) in Italy,
1999 Athens (M = 5.9) in Greece, 2002 Nabhrin, in
Afghanistan (M = 6.1), 2003 in Algeria (M = 6.7), 2003
Bam (M = 6.3) in Iran, 2004 in Morocco (M = 6.4).

An earthquake early warning system can be effective
for mitigating the effects of moderate earthquakes. For
moderate size events, early warning systems could also
mitigate earthquake effects in terms of infrastructure op-
erability (e.g., hospitals, firchouses, telecommunication
hubs, ...) during the post-event emergency phase and res-
cue operations. For instance, in tall buildings, the higher
floors generally sway much more than those near ground
level, so that even a moderate earthquake could cause se-
vere damage to a high rise. Therefore, even at 70-80 km
distance from its epicenter, a magnitude 6 quake could af-
fect hospital operating rooms and other critical installa-
tions.

Installations as close as 50 km from the epicenter could
receive an earthquake warning 10s prior to the arrival
of the more energetic waves (S and surface waves) of an
earthquake. To take advantage of this brief warning pe-
riod, automated systems would have to be created that
respond instantly to notification alert signals, and they
would have to be carefully calibrated to avoid false or
missed alarms. Closer to the epicenter, a magnitude 6
or higher earthquake can damage critical infrastructures,
such as telephone lines, gas pipelines, highways, and rail-
roads, as well as airport runways and navigation systems.
These disruptions would have a domino effect in more dis-
tant areas, which could be mitigated by an early warning
alert system, based on the earliest primary wave data to ar-
rive at recording stations close to the epicenter.

Finally, we note that earthquake early warning sys-
tems can also help mitigate the effects of such earth-
quake-induced disasters as fires, explosions, landslides,
and tsunamis, which can in many cases be more dev-
astating than the earthquake itself. Systems could be in-
stalled at relatively low cost in developing countries, where
moderate sized earthquakes can cause damage comparable
to that caused by much larger earthquakes in developed
countries.
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