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ABSTRACT

In this work, the development of an on-site early warning system for
Bishkek (Kyrgyzstan) is outlined. Several low cost sensors equipped with
MEMS accelerometers are installed in eight buildings distributed within
the urban area. The different sensing units communicate each other via
wireless links and the seismic data are streamed in real-time to the data
center using internet. Since each single sensing unit has computing ca-
pabilities, software for data processing can be installed to perform de-
centralized actions. In particular, each sensing unit can perform event
detection task and run software for on-site early warning. If a descrip-
tion for the vulnerability of the building is uploaded in the sensing unit,
this piece of information can be exploited to introduce the expected
probability of damage in the early-warning protocol customized for a

specific structure.

1. Introduction

Nowadays, early warning systems are envisioned as
an important component of risk management and mit-
igation procedures in regions exposed to various natural
hazards. Examples are the earthquake early warning
(EEW) systems currently in operation in countries like
Japan [Doi 2011], Mexico [Espinosa-Aranda et al. 2011],
and Taiwan [Hsiao et al. 2009] or the tsunami early
warning system running in the Pacific and Indian Ocean
[Lauterjung et al. 2010]. Recent earthquakes, such as the
March 20, 2012, Mw 7.4 Ometepec earthquake (Mexico)
showed the effectiveness of EEW through the issue of
an alert to the population, and actions such as an orderly
shutdown of the subway system [e.g., Yamasaki 2012]. In
Japan, the EEW is in operation since 2007, with many
alerts issued to a population having a high level of aware-
ness and preparedness, which are fundamental ingredi-
ents of any successful early warning system. The recent

2011 M 9 Tohoku earthquake shook large areas of Japan
with JMA intensity 7 (largest value in that scale) and pro-
duced ground acceleration exceeding 1g even at dis-
tances larger than 300 km from the epicenter. Although
with an underestimated magnitude of 7.2, the early
warning was issued to public about 8.6 s after the first
trigger, and before the S-wave arrival [Hoshiba and Ozaki
2014]. The warnings were, therefore, issued rapidly but
underestimating the effect of the earthquake due to its
large size, with a rupture time much longer than the S-
P time observed at those triggered stations which mainly
control the outcome of the early warning system. Since
the usefulness of the EEW was anyway confirmed,
those responsible for the Japanese EEW started the de-
velopment and implementation of methodologies to
cope both with size of earthquakes large enough to lead
to saturation in the magnitude scale, and with false
alarms issued during the aftershock sequence [Hoshiba
and Ozaki 2014]. Among the many elements composing
an EEW system, the network configuration determines
which approach is applied to determine the early warn-
ing information.

Two main configurations are generally imple-
mented, namely the regional (or network based) and
on-site (or single station based) approaches. In the for-
mer, a network of stations is deployed close to the source
area in a way to detect the occurrence of an earthquake
early enough to characterize its location and magnitude
before the destructive S-waves hit the target location(s).
The warning- (or lead-) time is computed as the differ-
ence between the arrival time of S-wave in the target
site and the time at which the event was detected. The
network generally computes the location and magni-
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tude of the event, and uses empirical ground motion
prediction equations to provide probabilistic estimates
of the ground motion at the target site.

In the on-site approach the stations are installed
close to the target. The early warning procedure is then
generally based on using parameters estimated over few
seconds of recorded P-waves to predict the ground mo-
tion for S-waves, avoiding the location of earthquake and
its magnitude estimation. Combination of the two ap-
proaches has been also proposed [e.g., Zollo et al. 2010].

The on-site early warning benefited from the rapid
technological developments of the last decades. Low
cost sensing units with embedded computational power
and wireless communication have been continuously
developed since "80s [Lynch and Kenneth 2006], allow-
ing the deployment of dense urban strong motion net-
works, [e.g., Fleming et al. 2009, Fisher et al. 2012]. The
possibility of the sensing units to query the data allows
for decentralized operations and the communication
link between several stations can be exploited to im-
plement coincidence trigger algorithms that can limit
the number of false-positive detections. Furthermore,
simplified structural models can be uploaded in the sys-
tem to estimate, in real-time and on-site, the behavior
of nearby buildings. When the units are installed for
building monitoring, the recordings can be used to up-
date the vulnerability model, following the perform-
ance based approach [Iervolino 2011] accounting for
time-dependent hazard [lervolino et al. 2014].

Considering the advantages of early warning sys-
tems, many other countries are developing and evalu-
ating them, like USA [Bose et al. 2014], Romania
[lonescu et al. 2007], Italy [Zollo et al. 2014]. Besides
the above mentioned regions, where efforts for devel-
oping EEW are ongoing for a long time, many other
regions of the world exposed to high seismic hazard
and risk are not monitored by strong motion networks
and EEW system are not developed. An example of
such region is Central Asia, including the countries of
Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan, and
Turkmenistan. If, on one hand, several previous studies
quantified the hazard of this area as one of the highest
in the world [e.g., Ulomov and the GSHAP Region 7
Working Group 1999, Bindi et al. 2012], on the other
hand almost no strong motion monitoring is per-
formed in this area after the end of the Soviet Union.
The aim of this article is to present the results of a first
attempt to create an urban strong motion network in
Bishkek (Kyrgyzstan) for early warning, rapid response
and building monitoring purposes.

We first briefly recall the technical characteristics
of the sensing unit [Fleming et al. 2009], as well as the
software for on-line early warning installed inside each

unit. Then, we outline the installation in different build-
ings of the town and we conclude with the envisaged
installation of a regional EEW to be coupled with the
on-site ones [Pittore et al. 2014].

2. Sosewin wireless sensing unit

One of the first wireless sensing units (WSUs) for
structural health monitoring was proposed by Straser
and Kiremidjian [1998]. Since that first application,
WSUs have been improved following the technological
advances [e.g., Lynch and Kenneth 2006]. In particular,
the possibility of equipping these sensing units with mi-
crocontrollers and computational units has allowed
users to optimize the WSU performance and to run de-
centralized damage analysis programs [e.g., Lynch et
al. 2004]. Within the framework of the EU-FP6 SAFER
(Seismic Early Warning for Europe; http:/ / www.safer-
project.net/) and German EDIM (Earthquake Disaster
Information system for Marmara region, Turkey; http://
www.cedim.de/EDIM.php) projects, the Helmholtz
Centre Potsdam GFZ, German Research Centre for
Geosciences, in collaboration with the Department of
Informatics of the Humboldt University-Berlin, devel-
oped a WSU called SOSEWIN, Self-Organizing Seismic
Early Warning Information Network [Fleming et al.
2009, Picozzi et al. 2010, Fischer et al. 2012]. Several
aims drove the development of the GFZ-WSU, among
which the main are:

- each seismological sensing unit or sensing node
(SN) is made of low-cost “off-the-shelf” components;

- SOSEWIN is a decentralized, self-organizing ad-
hoc wireless mesh network (WMN);

- each SN undertakes its own, on-site seismological
data processing, preliminary analysis, archiving, and
communication of data, as well as the issuing of early
warning messages;

- the early-warning decision-making is carried out
within the WMN of sensing units, taking advantage of
their communication capability and the design of suit-
able alarming processes; thus, the alarming itself can
be done both inside the network (i.e., flooding the alarm
to every node) and outside it (i.e., routing the alarm to
the nearest gateway node, and then toward some ex-
ternal administrative center);

- its self-organizing capability allows it to adapt
continuously to changing circustances; e.g., the addi-
tion/removal/ malfunctioning of nodes, interference in
communications due to local (and possibly time-vary-
ing) phenomena, loss of sections of the network fol-
lowing an earthquake, etc.

These characteristics made SOSEWIN suitable for
a dense, self-organizing and decentralized seismic mon-
itoring network for both structural health monitoring
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(i.e., working in near-real-time) and also for earthquake
early warning (i.e., working in real-time) applications

The main components of the SOSEWIN sensing
unit are shown in Figure 1. The communication of seis-
mic data and information amongst the GFZ-WSU
within a network is based on the routing concept. The
term routing refers to the procedure of selecting within
a network the paths along which data can be sent from
a source to a sink. Routing activities within a wireless
network are complicated by the fact that all nodes act
contemporarily as sources, sinks and routers of data.
GFZ-WSUs rely on the OLSR (Optimized Link State
Routing) protocols as the routing strategy, and are de-
signed to form, as described above, a self-organizing ad-
hoc WMN. The OLSR that the GFZ-WSU employsis a
proactive routing protocol, where every node has a
map of the complete network topology, allowing data
to be immediately sent along the optimal path towards
the users or gateways (i.e., other nodes that will then
transmit the information to, for example, an early warn-
ing center). This leads to each node having a routing table
that describes the most efficient way to reach every
other node. It makes use of advanced metrics; i.e., meas-
urement methods, for the evaluation of a multi-hop
path within the network.

The WSU of SOSEWIN was used in many appli-
cations, both for structural monitoring [Fleming et al.
2009, Oth and Picozzi 2012], and for geophysical sur-
veys based on surface-wave data analysis [e.g., Picozzi
etal. 2010]. In particular, SOSEWIN installations were
used to monitor a building in Italy during the 2009
L’Aquila sequence [Picozzi et al. 2011]. Soon after the
April 6, 2009, Mw 6.3 main shock, the German Earth-
quake Task Force was involved in the installation of a
temporary seismological network to support their
Italian colleagues. In particular, under the request and
coordination of the Italian Government Department of
Civil Protection (or DPC), SOSEWIN accelerometric
sensing units were installed within selected strategic
infrastructures, both damaged and undamaged, for
the recording of aftershocks and the real-time deter-
mination of characteristic building parameters. The
city hall building of Navelli village, located about 30
km south of L’Aquila, was instrumented to monitor
the damage generated by the main shock [Mucciarelli
et al. 2010]. Among other outcomes, an interferomet-
ric approach applied to the SOSEWIN recordings al-
lowed to follow the changes in the fundamental
frequency of resonance of the building during the se-
quence [Picozzi et al. 2011].

In conclusion, the self-organizing character allows
GFZ-WSU to automatically adapt to changes in the net-
work configuration, and guarantees the functionality

F

Figure 1. Main components of the SOSEWIN sensing unit. A:
MEMS sensor; B: microcontroller; C: GPS receiver; D: Main board;
E: GPS antennas; F: WLAN antennas.

of the network, even when some of the sensing units
malfunction, or cannot be seen by the external user.
Moreover, the possibility of deploying dense networks
allows for the realization of on-site earthquake early
warning/rapid response deployments within mega cities.
On the other hand, the possibility of analyzing the data
at the sensing unit level and broadcasting the results not
only to a data management center, but also to the other
nodes of the network, allows one to set up decentral-
ized protocols for structural health monitoring and
early warning.

3. Software for decentralized analysis

The computational power of each WSU allows
each node to query and process the recorded data and
to disseminate the results through the network. In par-
ticular, a data processing and analysis module for on-
site early warning is installed in each node, performing
the following actions:

- the real-time data streams are filtered using a 4th
order recursive Butterworth bandpass filter (typically
0.075-25 Hz);

- the filtered data are integrated to both velocity
and displacement using the recursive scheme of Kana-
mori et al. [1999];

- an event detection algorithm based on short-term
average/long-term average (STA/LTA) is applied; when
the ratio exceeds a predefined threshold, a trigger con-
dition is declared

- once triggered, the node computes several pa-
rameters over a P-wave window with pre-defined dura-
tion (typically 3 seconds); the most relevant parameters
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are the maximum acceleration (PGA), velocity (PGV),
displacement (PGD) and the predominant period (t_);

- the parameters measured over the early P-wave
arrivals are used to predict some parameters for the S-
wave, by using empirical relations. In particular, the
PGD measured over the early vertical P-wave is used to
estimate the PGV for the horizontal S-wave by applying
the Zollo et al. [2010] relationship, calibrated consider-
ing earthquakes occurred in Taiwan, Japan, Italy and
valid for distances up to 60 km;

- a combination of parameters (e.g. PGD and T_)
can also be exploited to estimate the magnitude [e.g.,
Kuyuk and Allen 2013].

The procedure implemented in each sensing unit
is sketched in Figure 2. The predicted ground motion
for S-waves is the input information for an alert scheme
based on thresholds in ground acceleration or seismic
intensity values [Pittore et al. 2014]. The exact defini-
tion of the alert scheme requires a strong interaction
with end-users (e.g., local Ministry of Emergency Situ-
ation).

The software has been implemented using the
SeiscomP3 libraries (www.seiscomp3.org), compiled in
each sensing units. The CAPS (Common Acquisition
Protocol Server, http:/ /www.gempa.de/caps/) is used
to manage the communication of the data streams in

real-time, directed toward the other sensing units, when
present, and to a server located in the data management
center. The advantage of the CAPS server over the more
common Seedlink protocol (http:/ / www.seiscomp3.
org/wiki/doc/applications/seedlink) is the possibility
of handling multi-parametric streams in one unified
protocol, allowing to efficiently transfer information
from different sensors, such as seismic sensors, images,
or hydro-meteo sensors. A messaging system is also im-
plemented and managed through SeiscomP3, allowing
the sensing unit, after the occurrence of a trigger, to re-
port about the status of the measurements and the rel-
evant prediction.

The sensing unit can also upload a physical de-
scription of the vulnerability of the hosting building,
moving toward the direction of implementing the per-
formance based EEW [lervolino 2011]. If fragility curves
suitable for the hosting structure are available, the sys-
tem can predict the probabilities of different damage
levels using the ground motion predicted for S-wave
from the P-wave parameters recorded at the ground
level (Figure 2). Note that, in principle, these fragility
curves may also be updated, accounting for post-event
damage conditions of the structure, for the early warn-
ing during a potential next event (e.g., an aftershock),
which is no more hitting an intact structure.
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Figure 2. Sketch of the single station on-site EEW algorithm. A: real-time data processing; B: trigger based on short-time over long-time av-

erage; C: estimation of strong motion parameters over 3 seconds after triggering; D: estimation of parameters over velocity integrated sig-

nal; E:estimation of parameters over displacement integrated parameters; F: prediction of PGV for S-waves using the PGD over P-waves and

using empirical relations; G: when available, the fragility curves of the building are used to compute the probabilities of damage using both

the PGV predicted from P-waves and observed. See text for details.
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4. Installation in Bishkek

Several previous studies showed that Bishkek, cap-
ital of Kyrgyzstan (Central Asia) is exposed to high seis-
mic hazard and risk [e.g., Ulomov and the GSHAP
Region 7 Working Group 1999, Erdik et al. 2005, Bindi
etal. 2011, Bindi et al. 2012, Wieland et al. 2012, Pittore
and Wieland 2013]. Among the actions for mitigating the
seismic risk in Bishkek, a regional early warning system
is under development [Picozzi et al. 2012, Stankiewicz
et al. 2013, Pittore et al. 2014]. Since the regional early
warning system is conceived for earthquakes generated
at some tens of kilometers from Bishkek while Bishkek
is also located in close proximity to the Issyk-Ata fault,
an on-site system is under development to complete the
regional one. It is worth noting that, while the on-site
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system can produce a useful lead time for distances at
which the regional one is blind [e.g. Satriano et al.
2011], an earthquake occurring over the Issyk-Ata fault
could be close enough to Bishkek to show a travel time
difference between S- and P-waves smaller than 3 sec-
onds. In such a case, only threshold based approaches
can be exploited.

The aim of the on-site network is twofold: on the
one hand, to realize a prototype for on-site EEW as de-
scribed in the previous sections; on the other hand, to
continuously monitor buildings in Bishkek to improve
the knowledge about the seismic response of the for-
mer Soviet time building stock. With these objectives in
mind, eight buildings have been selected and equipped
with sensing units installed at different floors, for a total
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Figure 3. Top: location of the 8 buildings monitored in Bishkek. The communication link for the building tagged with the red symbol is under
development. Bottom: example of distribution of sensing units in one building (CAIAG institute). In the yard of the institute a vertical array

equipped with 6 accelerometers is also operating [Parolai et al. 2013].
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Figure 4. Examples of sensing unit installed in the Institute of Seismology (left) and KSUTA University (right).

of thirty-two instruments. From each building, the data
are transmitted to the data center located in CAIAG
(Central Asian Institute for Applied Geosciences), where a
vertical array (6 strong motion sensors down to a depth
of 150 m) is also operating in real-time to study the ef-
fects of seismic wave propagation in the uppermost lay-
ers [Parolai et al. 2013]. The location of the monitored
building is shown in Figure 3, while examples of instal-
lation are shown in Figure 4. Among the selected build-
ings, five are public buildings (i.e., two universities, two
research institutes, one building belonging to the Min-
istry of Emergency Situation) and three residential build-
ings, representative of different construction types. The
recorded data are transmitted from each building to the
CAIAG institute internet connection. A buffer com-
munication link based on long range WIFI communi-
cation is currently under test.

5. Conclusions

Earthquake early warning systems can provide in-
formation, which in turn can be used to mitigate the
consequences of an earthquake in real-time. The tech-
nological advances of the last thirty years allow the in-
stallation of sensing units with computational power
to run a decentralized early warning system. Moreover,
new developments in EEW are moving towards at per-
formance-based systems and the embedding of the
EEW into rapid assessment of risk. Bishkek is a test site
in Central Asia for developing both a regional and an
on-site EEW system. Although designed to react to dif-
ferent situations, these two systems will work together,
each providing useful constraints to the other. For ex-
ample, the regional EEW system implements modules
for the rapid dissemination of loss maps in Bishkek [Pit-
tore et al. 2014]. The availability of not only the ground
motion recorded in Bishkek by the on-site system but
also an estimate of the probabilities of damage when a

fragility description is uploaded in the sensing units, can
allow for the addition of valuable information to the one
already avaialble from the regional system. The on-site
EEW in Bishkek is currently under development and
testing, with the major open issues related to the stabil-
ity of the communication link and the power supply.
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