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INTELLIGENT SEISMIC-ACOUSTIC SYSTEM FOR IDENTIFYING THE LOCATION OF THE
FOCUS OF AN EXPECTED EARTHQUAKE

Analyzed the results of the noise monitoring of anomalous seismic processes (ASP) performed from
01.07.2010 to 01.03.2014 on nine seismic-acoustic stations built at the head of 10 m, 200 m, 300 m and
1400-5000 m deep wells. Based on the results of the experimental data obtained in the period covering over
three years, an intelligent system has been built, which allows for identifying the location of the focus of an
earthquake 10-20 hours in advance, using the combinations of time of change in the estimate of the correla-
tion function R, () between the useful signal X(iAt) and the noise g(iAt) of the seismic-acoustic information

received from different stations. In the long term, the system can be used by seismologists as a tool for de-
termining the location of the focus of an expected earthquake.
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1. Introduction. It is known that much research has been carried out on the causes and nature of earth-
guakes [1-3]. The possibility of receiving various types of seismic information from the deep strata of the
earth also remains a popular research subject [3-7]. Methods, such as wavelet transform and finite elements
[4, 8-11], are employed in analysing seismic signals received during earthquakes. In all of these research
papers, the problems associated with earthquake prediction are the basic research trend [12—24]. Different
models and technologies have been and are being developed [25-29]; numerous population-oriented early
warning systems, models and technologies for the rapid response of rescue groups of relevant agencies have
been developed and commissioned [30-38]. Regardless of the aforementioned research papers, earthquakes
are not predicted in good time, which leads to massive disastrous consequences.

Papers [39-44] propose a seismic-acoustic system for monitoring the earthquake origin process. The
system consists of a network of nine seismic-acoustic stations for the robust noise monitoring of anomalous
seismic processes (RNM ASPs). The experiments that have been conducted on these stations since
01.07.2010 establish that a cross-correlation emerges between the useful signal and the noise of the seismic-
acoustic information during the ASP origin.

The results of the operation of these stations have demonstrated that each of them separately performs
reliable indication of ASP origin processes that precede earthquakes based on the variation of the cross-
correlation function between the useful signal and the noise. However, it is impossible to determine the co-
ordinates of an expected earthquake with sufficient accuracy by using these stations. The experimental re-
search has demonstrated that it is possible, however, to create an intelligent neural network system, which
would allow locating the ASP focus by means of these stations. We consider one possible way to create such
a system in the following paragraphs.

2. Problem statement. It is known that in seismically active regions, after a certain period To of the
normal seismic state and at the end of a certain period Tl, an earthquake usually occurs due to originating
ASPs.

Despite the difference in duration of To and T , the problem of monitoring the beginning of the ASP

origin comes down to providing a reliable indicator of the beginning of period T, .
This matter has been considered in detail in [39-41].
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Research [39] sets the problem for creating a technology and a system allowing one to register the

starting instant of the period Tl. However, the experimental research [39—41] demonstrated that the begin-
ning of Tl does not take place only during the ASP origin. For this reason, besides the registration of the

beginning of the period Tl, the monitoring of the beginning of the ASP origin also requires an indication of

the change in the estimate of the cross-correlation function Ry.(u) between the useful signal X (iAt) and the
noise e(iAt).

Thereby, the present paper sets up the problem of using the estimate Ry.(u) of the seismic-acoustic
signal g(iAt) as an informative attribute for indicating the beginning of the ASP origin, which requires cal-
culation of the estimate Ry, (u) during the monitoring process.

Furthermore, the practical application of a network of RNM ASP stations also requires developing a
technology for determining the location of the earthquake focus. For this purpose, we should first consider
the existing methods of calculating earthquake focuses [19-22, 45, 46] based on seismic information ob-
tained by means of the network of existing standard ground stations.

It is known [19-22, 45, 46] that, in such cases, the difference between the amount of time it takes for
the basic seismic waves P and S to reach the ground seismic stations is used to determine the earthquake fo-
cus. The propagation velocity of the P wave is higher than that of S wave. The P wave velocity in a homoge-
neous isotropic medium is determined by the expression

k+£y
Vp = _ 3
P, 1)
where k is the volume coefficient, 4 is the shear modulus and o is the density of the material penetrated
by waves.
S wave propagation velocity is calculated by the following expression
P @)

where £ is the shear modulus and o is the density of the material penetrated by the waves.

The distance from the standard ground seismic station to the focus is found by multiplying the time
difference by the velocity difference:

S=AT(v, V). 3)

After the distance between the epicentre and the different seismic stations has been determined, the
coordinates of the focus are found geometrically. Unfortunately, in all known cases, the coordinates of epi-
centres and hypocentres in seismic monitoring systems are determined after actual earthquakes [19-28].

Our experimental research showed that, for many reasons, it is practically impossible to use the ob-
tained results to calculate the coordinates of the ASP focus on RNM ASP stations by means of the said tech-
nology.

Therefore, the present paper poses the problem of developing an intelligent neural network system for
monitoring the ASP origin, identifying the location of the focus and determining the approximate magnitude
of an expected earthquake.

3. Technology for determining the informative attributes of the latent period of ASP origin. Our re-
search demonstrated that when ASP arises at the start of period T, , estimates of the cross-correlation func-

tion RXE (,U = 0) between the useful signal X (iAt) and noise g(iAt), the noise variance Dg and the noise
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correlation RxéX (,u = 0) change in the first place [39-41]. The reason is that in the beginning of period T,,
noise g(iAt) forms due to the influence of the ASP. Therefore, in period T, correlation arises between the

useful signal X (iAt) and noise &(iAt) and the estimate Rxg(,u) grows sharply. For this reason, the esti-

mate Rxg(,u) can be regarded as the main informative attribute, whose use is reasonable during the monitor-

ing of the latent period of ASP origin.

Since 01.07.2010, both conventional technologies and robust noise technologies have been used to
register the beginning of the latent period of ASP origin on RNM ASP stations. We were unable to register
period T, with sufficient reliability and authenticity by using estimates of conventional correlation and spec-

tral technologies. When robust noise technology was put into practice, the estimate of the cross-correlation
function Rxg(,u) would change abruptly in the beginning of period T, . This turned out to be the crucial fac-
tor, which allows the monitoring of the beginning of ASP origin with sufficient reliability. With this in mind,
the estimate Rxg(,u) was taken as an informative attribute in solving the problem of monitoring the ASP
origin during the building of the network of RNM ASP stations.

The expression for determining the estimates of the relay correlation function R;g (,u = 0) between

the useful signal X (iat) and the noise £(iat) is given in [39] in the following form:
N

R, (1 =0)=~ %;[sgn g(iat)g(iat)-2sgn g(iat)g((i +1)at)+ ”

+sgn g(iat)g((i +2)At)].
It has also been shown that, with the estimates R; (,U = 0), R;g (1=1),R,,(#=1) available and

using the equality of the relationship between Ry (#=1) and R, (#=1) and R (2=0) and

Ry, (1=0)

R (4=1) R (u=0)
R (u=1) R_(u=0). ®)

99

and the estimate RXE (/l = 0) can be determined by the formula:
R, (u=1R (1=0)
R, (1=0)=——gpr> (6)
Xe Rgg (,U - 1)
Our experiments demonstrated that to raise the reliability and authenticity of the monitoring results, it

is reasonable to also use the estimates of the noise correlation value RXEE (,u = 0) and the noise variance Dg,
which are determined by the following expressions [39—-44] as additional informative attributes:

Reee) = Ree0 + . = D040 + 9140 (i + 24D - 20ADg(G +9a0] 1)

D,s = RX&: (:u = O)_ RXS (,Ll - O) (8)



Transaction of Azerbaijan National Academy of Sciences, Series of Physical-Technical and
Mathematical Sciences: Informatics and Control Problems, Vol. XXXIV, No.3, 2014
www.icp.az/2014/3-01.pdf

Thus, it is possible to use formulas (4), (6), (7) and (8) to determine the estimates R; (ﬂ = 0),

Rxg (,u = O), Ry, (,u = 0), and D,, by means of which the monitoring of the ASP can be undertaken with
sufficient reliability.

4. Intelligent technology and systems for identifying the location of the focus of ASP origin. It is
known that when an ASP enters its critical state, an earthquake occurs. Boundaries of the earthquake’s focus
and magnitude depend on the structure and nature of the strain—stress distribution in the rocks in the particu-
lar place. Rock deformation is uneven and transmits elastic waves. The volume of deformed rocks is an im-
portant factor determining the strength of the seismic impact and the formation of seismic-acoustic noise
g(iAt) . Each main burst is preceded by quite a long period of time T, of earthquake preparation. This pe-
riod can last up to several dozens of hours [39].

The analysis of seismic information, received by means of acoustic sensors installed at the heads of
suspended oil wells, has demonstrated that when ASPs arise, seismic-acoustic noise spreads in the deep stra-
ta of the Earth for several dozens of hours T, before the expected earthquake [39-41]. It has been experi-

mentally established that monitoring the beginning of time T, by means of the technology described above

is carried out quite reliably by RNM ASP stations (Figs. 1, 2) [39, 40]. In the following paragraphs, we dis-
cuss the possibility of developing intelligent technology to identify the location of the ASP focus by means
of the information received from the stations built in nine (9) seismically active Caspian regions

(Fig. 1).
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Fig. 1. Map of the locations of RNM ASP stations in the Caspian seismically active region.

Those stations have the following geographical coordinates and their wells have the following depths:

1. (Qum Island): 40.310425° 50.008392° 3500 m July 2010
2. Siazan: 41.046217° 49.172058° 3145 m November 2011
3. Naftalan: 40.609521° 46.791458° 4000 m May 2012
4. Shirvan: 39.933170° 48.920745° 4900 m November 2011
5. Neftchala: 39.358333° 49.246667° 1430 m June 2012
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6. Nakhchivan: 39.718000° 44.876000° 1800 m March 2013
7. Qazakh 41,311889° 45,108611° 200 m August 2013
8. Turkmenistan 40,223252° 49,800833° 300 m August 2013
9. Baku Cybernetic 38,530089° 56,654472° 10m February 2014

The experiments carried out on the RNM ASP stations (Fig. 2) have demonstrated that the seismic-
acoustic noises received by hydrophones from the deep strata of the Earth are direct precursors of the earth-
guake preparation process.

e o o é
RNM ASP station 1”*

Fig. 2. Intelligent seismic-acoustic system for identifying the location of the focus of an expected earthquake

ESILF- Expert System for Identifying the Location of the Focus

The results of the measuring and analysis of those noises were sent from each station to the server of
the seismic-acoustic monitoring centre (MC) via a high speed radio channel with satellite communication.
The system is also capable of transferring received data to servers of other MCs in the neighbouring coun-
tries of seismic-acoustic regions.

To carry out large-scale experiments on ASP monitoring, as Fig. 1 shows, since 01.07.2010 RNM
ASP stations have been made operational, one by one, at Qum Island, in Shirvan, Siazan, Naftalan, Neftcha-
la, Nakhchivan (on the borders with Turkey and Iran), Kopetdag (Turkmenistan), Qazakh (on the border with
Georgia), and Cybernetic (Baku). The last three stations have been built on 300-m, 200-m and 10-m deep
water wells, respectively. The stations were built on the wells, in which pipes are naturally filled with water.
Hydrophones were placed inside at the depth of 10-20 m from the water level. The analysis of seismic-
acoustic signals received by these stations has demonstrated that seismic-acoustic noises emerge during ASP
origin. Those noises spread within a radius of 300-500 km dozens of hours before the seismic waves are reg-
istered by ground seismic stations.

Synchronous robust analysis of seismic-acoustic signals received from all stations via satellite com-
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munication is undertaken in the process of the network operation. Estimates of the noise characteristics
Ry (1), Ryee(1t), D, are transmitted to the server of the MC from the stations every 5 s (Fig. 2). The chang-

es in them are used to indicate, for instance, the beginning of the ASP origin Tli and le for the i-th and j-th

stations.

The operating experience of the stations demonstrates that each of them separately allows for reliable
indication of the process of origin of ASP, which precedes an earthquake [39]. It also demonstrates that the
results obtained by means of the network of those stations opens the way to developing an intelligent tech-
nology for identifying the location of the focus of an expected earthquake. To do that, we first determine the

combinations of moments of indication T; and Tli by means of the network of these stations. Those combi-

nations and the coordinates of their location are source data to solve the problem of identifying the location
of ASP origin. To raise the level of authenticity and reliability of the obtained results, it is reasonable to use

time differences Tli -le for each selected pair of stations, alongside the combination of time of indication. In
other words, solving the problem at hand requires determining not only the combination T; , le but also the

time of indication of ASP between the stations, i.e. the difference Afij = (Tli - le ) as source data.
Our experiments have demonstrated that it is difficult to determine the beginning of the time of indica-

tion Tli with sufficient accuracy using the values of the estimates of noise characteristics. Thus, considering
the importance and necessity of enhancing the accuracy, the proposed system provides for duplication of the

process of determining AT ij - It was also found to be reasonable to use the extreme value of the estimate of
the cross-correlation function Ry g (£ ) between the signals gi(iAt) and gj(iAt) obtained through dif-

ferent combinations of the RNM ASP stations to determine the time difference ATU- = (Tli - le) by the fol-
lowing expressions:

13 . .
Ry, (Hnax) = NZ g; (iAt)g (i + w)At ©)
i=1
. 18 . .
Ryo, (tome) = WZ g7 (IAt)g; (i + w)At (10)
i=1
. 1 . .
Ry, () = 15 261 (A1) (A1) (12)
i=1

In that case, the procedure for determining the difference in the time of monitoring between different
stations on the MC server comes down to the following:

1. determining when the beginning of period T;; of the ASP origin is registered by the first station

Qum Island;
2. determining the time of monitoring for the second (Shirvan), third (Siazan), fourth (Naftalan), etc.
stations;

3. determining the sets of estimates of cross-correlation functions Rngj (iA'[), R: (iAt) by the ex-

V0 j
pressions (9-11) and further, selecting from the obtained estimates those time shifts .,- At, at
which the curve of the cross-correlation function has the peak value, i.e. the extreme value; these
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time shifts are used to determine Afij = (Tli —le), i.e. the time difference in registration of ASP
by the i-th and j-th stations, respectively;

4. using the found time differences A7, = (Tli —le) as source data to identify the location of the
ASP focus.

Thus, in the proposed system (Fig. 2), the estimates of the noise characteristics Rxg (,u) RX&C (,u) and

Dg obtained as a result of ASP monitoring performed by the Qum Island, Shirvan, Siazan, Naftalan,

Neftchala, Nakhchivan, Kopetdag (Turkmenistan), Qazakh and Cybernetic (Baku) RNM ASP stations are
synchronously transmitted via satellite communication to the MC server. The obtained results are used to

form the combination of sequences of indication times T le and the combinations of time differences A7 ij

which are used as source data to identify the location of an expected earthquake.

The experiments on the said stations carried out in the period from 01.07.2010 to 01.06.2014 have
demonstrated the following active earthquake focuses in Azerbaijan and neighbouring regions within a radi-
us of 500-600 km around the network of the RNM ASP stations.

1. Turkmen coast of the Caspian Sea;

2. in the Caspian Sea south of the Apsheron peninsula;

3. in the Caspian Sea north of the Apsheron peninsula;

4. in the Shirvan region of Azerbaijan;

5. in the north-western regions of Azerbaijan;

6. in the southern regions of Azerbaijan;

7. south of the Caucasus region of the Russian Federation;

8. in the north-eastern regions of the Republic of Iran;

9. in the north-western regions of the Republic of Iran (near Tabriz);

10. on the Iranian—Iraqi—Turkish border;

11. in the northern regions of Iran;

12. in the eastern regions of Turkey;

13. in the western regions of Georgia (Black Sea).

Some of the results of the registration of ASP in those focuses by the RNM ASP stations are given in
[39].

Numerous earthquakes with magnitudes of 3,4 have occurred in those regions in the last 1.5-2 years.
For each focus, the combinations of the sequence of the times of the ASP registration by Qum Island, Shir-
van, Siazan, Neftchala, Naftalan and Nakhchivan by the RNM ASP stations practically repeated themselves.
Our analysis of the recorded charts has demonstrated that each sequence combination of the time of the indi-
cation of the current ASP corresponds to one of the concrete earthquake focuses. After studying the problem
of interpretation of the experimental materials for over 2 years, we have learned to identify the location of
the focus of an expected earthquake, error-free intuitively, using these combinations of time. It then became
obvious that the problem of identifying the location of an expected earthquake can be solved by using expert
systems (ESs). This, in its turn, demonstrated the possibility of creating an ES which will allow seismologists
to use the network of the RNM ASP stations as a tool to determine the focus of an expected earthquake.

The experimental version of the ES for identifying the location of the ASP focus (ESILF) proposed in
this paper is based on the knowledge base (KB) comprising the totality of the sets W,, W,, W5, ...W;; of the
locations of the respective focuses. The elements of each of these sets are formed from the data of the charts
recording the parameters of all earthquakes registered by the RNM ASP stations in all 13 focuses from
01.07.2010 to the present day. Each element of the KB consists of the combination of the sequence of times
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of the ASP indication by the stations Tli , T“- , the combination of the differences in times of the indication

At;;, and from the combination of the estimates of the cross-correlation function Rxg (,u = 0). Each element

of the KB also contains the value of magnitude M; determined during the corresponding earthquakes by
ground seismic stations. The date of the earthquake is also specified in each element. In the case when there
is only one element, the KB appears as follows:

1(2) T202) T6(2) M,
W, A'rlzl Ari Afi M,
R®(u=0) R*®(u=0) ... R (u=0)M,

1(23) T2(13) o -|-6(13) M s

Wi, Ar® Ar® AT My,

11 21 61

Rlx(i3)(ﬂ:0) sz(js)(ﬂzo) Ri(gm)(ﬂzo)Mn

Each set W, — W, 5 of the experimental version of the KB consists of several dozens of such elements
and new elements are added during each new earthquake. During the operation of the ES, after the monitor-
ing and indication of the time of the beginning of the current ASP has been completed, the stations form the

current combinations of the sequence of times of indication Tli , le , the combinations of differences in times

of indication Az;;, and the combinations of the values of estimates Ry, (u).

On 05.01.2014, the experimental phase of the identification of the location of earthquake focuses by
ESILF was launched. This phase is carried out as follows. The current element is formed based on the results
of monitoring of the network of RNM ASP stations. After that, the current element is compared with all ele-
ments of the sets Wy, W,, W, ... W, in the identification unit of the expert system (IUES). If it matches any
element of any set, the location of the focus of an expected earthquake is identified based on the number of
the current element. The number of the ASP focus is saved in the decision-making unit (DMU) of the ES. At
the same time, the current element is entered into the set of the KB. Thus, new elements are continuously
written into the KB during the ESILF operation and the network of RNM ASP stations and ESILF operate as
a single system.

To check the authenticity and reliability of the identification of the location of the ASP focus, the de-
scribed ESILF was tested during all subsequent earthquakes. The obtained results have demonstrated the real
possibility of practical application of the experimental version of ESILF to identify the location of the ASP
focus, which creates prerequisites for using the system in question as a tool in determining the location of the
focus of an expected earthquake. Taking this prospect into account, a function of forming the following in-
formation and providing it to seismologists was included in the list of basic functions of the DMU of ESILF:

1. date of the current ASP and the number of the focus of the expected earthquake;

2. results of the current monitoring performed by the RNM ASP stations;

3. estimated lead time at the beginning of ASP monitoring compared with the time of registration of

10
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the expected earthquake by ground seismic stations;

4. list of all elements previously registered in the corresponding set during the origin of the previous
ASP in the estimated location of the focus of the expected earthquake (with dates);

5. the amount of elements matching the current elements;

6. magnitudes of previous earthquakes;

7. minimum magnitude of the expected earthquake;

8. if the KB contains no elements matching at least some of the elements in the sets W1 +W13, infor-

mation on the impossibility of identifying the earthquake focus is formed in the DMU.
5. Technology for determining the approximate value of magnitude of an expected earthquake us-
ing a neural network. The analysis of the results of the experimental identification of the location of the

ASP focus has demonstrated that, with the current estimates Rx=(1), Rxe(1), D¢ and knowing the dis-
tance from the focus to the RNM ASP stations, it is possible to determine the approximate value of the min-
imum magnitude of an expected earthquake using a neural network. Research shows that neural networks
can be used for this purpose [47, 48]. It was found that it is appropriate to use the information contained in

the sets W1 +W13 to train neural networks. Fig. 3 shows the block diagram of the neural network (N3=1)

functioning in the following way. The content of the corresponding elements of the sets W, W,, Ws,...W;5
is transmitted to the outputs X;, X, ..., X1 Of the neuron, i.e. the combinations of times of the ASP indica-

tion Tm, differences of indication time Az;; and the estimate Ry, (u = 0) are received at the inputs of the

neuron one by one; the magnitude M; of the earthquake registered by ground stations is established at the
output of the neuron. The training is carried out successively from earthquake focus | to earthquake focus
XIII. For instance, during the training of the neuron on focus Ill, i.e. during the earthquake with the focus in
the Caspian Sea, the monitoring results obtained at the stations in Siazan, Qum lIsland, Neftchala and Kopet-
dag (Turkmenistan) are successively transmitted from the KB to the inputs of the neuron. The value of the
magnitude M3 is given to the output.
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Fig. 3. Structure of the neural network of the intelligent seismic-acoustic system
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During the training of the neuron to determine the magnitude in focus XII, i.e. in East Turkey, then the
monitoring data of Qazakh, Naftalan, Shirvan and Nakhchivan are sent to the input of the neuron and the
magnitude Mi» goes to the output. Thus, the parameters of the ASP monitoring previously registered by the

11
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RNM ASP stations are used for the neural network training. At the same time, the coordinates of the location

of the earthquake focus are used in the DMU to determine the approximate distance S| between the stations
and the focuses, which are also transmitted to the inputs of the neural network. Based on the source data

written in the elements of the sets W1 —W13 and the distances 31 - 59 from the ASP focus to each station,

the neural network learns to determine the approximate magnitude of an expected earthquake. Owing to this,
after the training stage and in the process of the current monitoring of the ASP, when the current combina-
tions of corresponding estimates are transmitted to the neuron outputs, the code of the corresponding magni-
tude M of the expected earthquake forms on the output y,[1]. The result is sent to the input of the DMU of
ESILF.

During the operation of the neural network and the ES, every time the coordinates and approximate
magnitude of every expected earthquake have been identified, the obtained results are compared with the
coordinates and magnitude of actual earthquakes registered by ground seismic stations. The obtained differ-
ence is further used to correct the KB and in the training of the neural network. Therefore, the KB is im-
proved in the course of time, with the training level of the neural network constantly improving. This results
in increased reliability, authenticity and adequacy of identification of the location and magnitude of expected
earthquakes.

Analysing the experience of the use of the ES in identifying the location of the focus of the expected
earthquake and of the neural network in determining its magnitude has demonstrated that improved reliabil-
ity and authenticity of the obtained results requires increasing the number of RNM ASP stations. Taking this
into account, since the beginning of 2013, a station in the Nakhchivan Autonomous Republic near the border
with Turkey and Iran (Fig. 1) and Kopetdag station in Turkmenistan (Fig. 1) have been commissioned. On
01.07.2013, another station was built in the Qazakh region on the border with Georgia (See Fig. 1) and at the
Institute of Cybernetics (Baku).

It should be noted that the results of the experimental monitoring of the station built in the basement of
the Institute of Cybernetics in a 10-m deep well practically match the readings of the Qum Island station
built in a 3500-m deep well.

6. Results obtained by the intelligent system identifying focuses of expected earthquakes from
01.01.2014 to 02.07.2014. As was mentioned earlier, the test operation of the system under discussion started
on 06.01.2014. In this period, some identification errors were detected during weaker earthquakes (less than
2.5+3.5 points). Besides, we also detected erroneous identification results at 2-3 RNM ASP stations simulta-
neously during a malfunction of the power supply system, communication systems and hydrophone, control-
ler and other units. In the normal state of operation of all RNM ASP stations, no errors were detected in the
results of the identification of the location of focuses of expected earthquakes with strength exceeding 5
points.

The list of the location of focuses of expected earthquakes identified from the archived monitoring re-
sults in 2013-2014 is very long, which is why Table 1 below contains only the results of 11 identified focus-
es of expected earthquakes with magnitude over 5 points from 01.01.2013 to 06.07.2014. Figs. 4-13 are the
recorded ASP charts that preceded those earthquakes. The data in the first column in Table 1 are taken from
the website of the Euro-Mediterranean Seismological Centre (EMSC) (http://www.emsc-csem.org/#2).

The time of the earthquakes in Table 1 is given in UTC as provided by the EMSC website. The charts
show the local time (Baku time), which is UTC+4 in the winter and UTC+5 in the summertime.

Column 22 of Table 1 provides information on the locations of the identified focuses of expected
earthquakes. To demonstrate the validity of those results, each row of the table is accompanied by relevant
charts (Figs. 4-13) recorded by the RNM ASP stations during the origin of the respective ASPs.

In column 2 of the table, the earthquake magnitudes are given in ML, mb, Mw. (In 1935, Charles
Richter developed the local magnitude, ML scale for moderate-size (3 < ML < 7) earthquakes in southern
California. The ML scale is often called the “Richter scale” by the press and the public. Other units are de-
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termined relative to the Richter scale for different situations.

ko

Sign

in Table 1 means that the station gave a weak reaction to the origin of the ASP of the ex-

pected earthquake. Sign “-” means that the value of the registered value of Rxg (,U) is lower than the thresh-
old level.

Table 1. Identified focuses of expected earthquakes

Date, time,
coordinates, magnitudes and
depth of earthquake epicenter

AT,

ATy,

Aty

AT, -

ATig

At

Atig

AT, g

Rl,‘gz

2

10

11

12

2013-03-26
23:35:24.0 UTC
43.219 N;41.637 E
mb 5.1; 10 km

-120

135

*

300

2013-05-28
00:09:52.0 UTC
43.22 N; 41.58 E
mb 5.2; 2 km

-115

-150

-250

150

2013-09-17
04:09:14.0 UTC
42.17 N; 45.89 E
mb 5.0; 10 km

-150

390

120

100

2013-09-17
04:09:13.0 UTC
42.13 N; 45.80 E
Mw 5.1; 2 km

-150

390

120

100

2013-11-24
18:05:41.0 UTC
34.06 N; 45.52 E
mb 5.6; 2 km

160

2014-01-10
00:45:32.0 UTC
41.77 N; 49.31 E
ML 5.0; 87 km

20

110

-10

110

2014-01-14
13:55:02.0 UTC
40.38 N; 52.97 E
mb 5.1; 50 km

-120

160

2014-01-28
23:47:38.0 UTC
32.52 N; 49.98 E
ML 5.1; 33 km

-135

100

-300

120

2014-02-10
12:06:48.0 UTC
40.23 N; 48.63 E

Mw 5.4; 55 km

-300

45

75

75

13
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10 [2014-06-07 145 20 -70 - - - 120 | 80
06:05:32.1 UTC
40.32 N; 51.55 E
mb 5.6; 50 km
11 [2014-06-29 305 | -85 - - 315 * - 100
17:26:10.4 UTC
41.62 N; 46.68 E
mb 5.1; 20 km
Ne Ry, | Raye | Raye | s, Re,. | R7,- | Raye | Roy- | Number and location of the focus of
expected earthquake
13 14 15 16 17 18 19 20 21 22
1 50 100 - 140 - - - - Georgia (Sak'art'velo)
2 150 | 160 | 250 - - - - - Georgia (Sak'art'velo)
3 - 40 - 80 - 80 - - Caucasus Region, Russia
4 - 40 - 80 - 80 - - Caucasus Region, Russia
5 - - - 150 | 250 - - - Iran-Irag Border
6 - 110 - 110 - - 40 - Caspian Sea, Offshore Azerbaijan
7 - 100 - 120 - - - - Turkmenistan
8 110 - - - 180 - - - Western Iran
9 130 - - - 260 | 230 - - Azerbaijan
10 25 40 - 100 - - - 80 Offshr Turkmenistan
11 20 120 - - - 25 - - Azerbaijan

The first row of the table shows the results of the identification of the focus of the earthquake that oc-
curred in Georgia on 26.03.2013. It follows from Fig. 4 that its beginning was indicated by the RNM ASP
stations in the following order: Siazan — 04:15; Qum Island — 04:30; Shirvan — 06:50; Neftchala — 08:30.
Even though the Naftalan station was not operating at the time, the system identified that such an indication
corresponded to focus VII. The indication was 8-10 hours in advance of the earthquake.
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Fig 4. VIl — Siazan, Qum Island, Shirvan, Neftchala 2013-03-26 Georgia-Russia

Row 2 of the table gives the results of the identification of the focus of the earthquake that occurred in
Georgia on 27.05.2013/28.05.2013. According to the chart, the RNM ASP stations Siazan, Naftalan, Shirvan
and Qum Island registered the ASP origin more than 20 hours before the earthquake, despite the malfunction
of the Naftalan station. It is clear from the charts that the northern (Siazan) and north-western (Qum Island)
stations detected an anomaly earlier than the rest of the stations. The beginning of the anomalous processes
was indicated by the RNM ASP stations in the following order: Naftalan — 07:30; Siazan — 09:10; Shirvan —
09:45; Qum lIsland — 11:40. Thus, the earthquake focus was identified by the system by approximately 18:00
Baku time, which is almost 10-11 hours earlier than the time of registration by the ground stations.

150

100

50

o

Fig. 5. VII — Siazan, Naftalan, Shirvan, Qum Island 2013-05-27 2013-05-28 00:09:52.0 UTC mb 5.2
Georgia (Sak'art'velo)

Rows 3 and 4 of the table show the results of the identification of the focus of the earthquakes that oc-
curred in South Russia on 16.09.2013.

According to the charts of the third and fourth earthquakes (Fig. 6), the ASP originated in the south-
east of the Caucasus region and registered in the following order: Siazan — 05:30, Qum Island — 08:00, Qa-
zakh — 10:00, Neftchala — 14:30. Based on this sequence of registration times, the system identified earth-
guake focus VII, which corresponds to the north-east of Azerbaijan, where an earthquake actually occurred
at 16:00/17:00 Baku time. The time of the focus identification was approximately 15 hours in advance of the
earthquake.

22:30 -
23:004-
23:30
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Fig. 6. VII - Qazakh, Siazan, Qum Island, Neftchala 2013-09-16 42.17 N ; 45.89 E Russia

According to the chart in Fig. 7, based on the combination of times of registration by the stations Na-
khchivan — 08:00; Qum Island — 09:00; Neftchala — 08:50, the system identified the focus of the expected
earthquake on the Iran—Iraq border 12 hours beforehand.

700
w30
g:00
2:30
9:00
2:30
.00
0:30
1:00
1:30
200
230
300
3:30
4:00
4:30
S:00
5:30
B:00
6:30
700
w30
800
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2:00
2:30
20:00
20:30
21:.00
21:30
2z2:00
22:30
2300
2330
.00
0:30
1:00
1:30
2:00
230
300
3:30
4:00

Fig. 7. X - Qum Island, Neftchala, Nakhchivan 2013-11-21 Iran-lraq border

Fig. 8 shows the results of the identification of the focus of the earthquake that occurred on 2014-01-
09, at about 12:00, in the Caspian Sea, Offshore Azerbaijan, and was registered by the stations Turkmen01 —
09:15, Qum Island — 09:25, Siazan — 09:45, Neftchala —-11:15, 16 hours in advance of the earthquake.
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Row 7 of the table shows that the system identified the focus of the expected earthquake in Turkmeni-

stan. According to the chart in Fig. 9, based on its sequence of registrations by the stations Neftchala — 09:30,
Siazan — 10:45, Qum Island — 11:30, the system demonstrated that the location of the expected earthquake
was in Turkmenistan, i.e. in focus | east of Azerbaijan. The focus of the expected earthquake was identified

more than 24 hours before the earthquake was registered.
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—
N
o

- Siazan, Neftchala, Qum Island, Turkmen01 2014-01-13 Turkmenistan

Row 8 of Table 1 shows the results of the identification of the focus of the earthquake that occurred in
Western Iran. According to Fig. 10, the sequence of registrations by the stations Qum Island — 09:45, Shirvan
— 07:30, Nakhchivan — 04:50 and Neftchala — 11:20 (TTTT), allowed the system to identify the location of
the earthquake in focus IX — Western Iran.

Flg 10. IX - Qum Island, Shirvan, Nakhchivan, Neftchala 2014-01-28
2014-01-28 23:47:38.0 UTC ML 5.1 WESTERN IRAN

Row 9 of Table 1 shows the results of the identification of the focus of the earthquake that occurred in
Azerbaijan. According to the charts in Fig. 11, the stations registered the corresponding ASP in the following
order: Qum Island — 17:45, Shirvan — 12:45, Qazakh — 19:00 and Nakhchivan — 18:30, which allowed the
system to identify the number (1V) of the focus of the expected earthquake with a lead time of 19 hours.
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Row 10 of Table 1 shows the results of identification of the focus of the earthquake that occurred in
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Fig. 12. | - Siazan, Qum Island, Cybernetic, Neftchala, Shirvan, Turkmen01 2014-06-06
2014-06-07 06:05:32.1 UTC mb 5.6 CASPIAN SEA, OFFSHR TURKMENISTAN

Row 11 of Table 1 contains the information on the identification of the location of the expected earth-
quake that occurred in focus | in Azerbaijan. It follows from Fig. 13 that the anomaly was indicated by the
stations in the following order: Siazan — 00:50, Qum Island — 02:15, Shirvan — 07:20, Qazakh — 07:30, which
allowed the system to identify the location of the focus of the expected earthquake (Azerbaijan).

Fig. 13. Siazan, Qum Island, Shirvan, Qazakh 2014-06-29
2014-06-29 17:26:10.4 UTC mb 5.1 AZERBAIJAN

7. Conclusions.

1. The intelligent system based on the network of the RNM ASP stations and an ES combined with a
neural network system can be used as a tool for identifying the location of the focus of an expected earth-
guake. The seismologist is supplied with the information containing the direction and the number of the fo-
cus of the expected earthquake, current combinations of the ASP, and amount, list, date and magnitude of
similar combinations registered in the given focus during previous earthquakes. This information will allow
the seismologist to evaluate the degree of authenticity of the obtained information on the location of the fo-
cus of the expected earthquake. Having enough time before the earthquake occurs, the seismologist can in-
volve other specialists in the decision-making process if there is any doubt, ruling out an accidental error.

2. The RNM ASP stations in the network of the proposed system are built on wells with different
depths and, consequently, different characteristics. These characteristics are difficult to take into account in
identifying the location of the focus of an expected earthquake and in determining its magnitude.

Moreover, as the depth of a well increases, its cost increases sharply, too. For instance, to drill a 4000—
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5000 m deep well costs 20-30 million dollars; this makes the building of the RNM ASP stations in the coun-
tries that have no suspended oil wells quite challenging.

Considering the above-mentioned arguments, we recommend forming a network of stations built in
50-100-m deep water wells in the future, with hydrophones placed in the water column at a depth of 10-20
m. To improve the authenticity and reliability of the identification of the location of the focus of the expected
earthquake, we found it appropriate to build a network consisting of a large number of stations (over 10-15)
in wells of equal depth located at an equal distance from one another. Integration of the network of the RNM
ASP stations of the countries in several seismically active regions via satellite communication can, in the
long term, allow for increasing the authenticity and reliability of determining the coordinates of the location
of an expected earthquake.

3. Our experiments have demonstrated that the reliability of the ASP monitoring results and the validi-
ty of the results of identification of the location of the focus of an expected earthquake grow with the growth
in earthquake strength. With the strength exceeding 5 points, the results of the identification of the earth-
guake location proved to be valid in almost all cases. The value of the estimate of the cross-correlation func-

tion Rxg(,u) between the useful signal X (iat) and the noise s(iat) decreases as the distance from the
earthquake focus grows. The value of the estimate of noise variance Dg increases as the distance from the

focus grows; the correlation Rx5 (,u)/ Rxg (,u) decreases with distance and Dg/ Rxg increases. The propa-

gation velocity of the seismic-acoustic noise in different types of medium, e.g. water, sand or clay, signifi-
cantly varies. There is a correlation between the well depth and the radius of the ASP monitoring.

4. The experiments at the Qum Island station in the Caspian Sea have demonstrated that the monitor-
ing range of that station is much wider than that of the stations located far from the Caspian Sea. Other sta-
tions in Siazan and Neftchala located near the Caspian Sea also have a wide monitoring range compared with
other stations. Practically all seismic processes reaching the Caspian Sea are clearly registered by those sta-
tions. Therefore, in building networks of new stations, one should consider the fact that the sea is a “perfect
conductor” for seismic-acoustic noises emerging during ASP origin in the region.

5. The results obtained from the experimental data allow for the assumption that the lead time of the
registration of the ASP origin by a seismic-acoustic RNM ASP station over standard seismic equipment is
due to two factors.

First, seismic-acoustic waves that arise in the beginning of the ASP origin do not reach the Earth’s sur-
face due to the frequency characteristics of certain upper strata, which furthers their horizontal spread in deep
strata as noise. Reaching the steel pipes of the well, seismic-acoustic waves transform into acoustic signals
and go to the ground surface at the velocity of sound, where they are detected by a hydrophone. At the same
time, low frequency seismic waves from seismic processes are perceived at the surface after a certain amount
of time, when the earthquake is already in progress, and are registered by seismic receivers of standard
ground equipment much later.

Second, the use of noise technologies by analysing seismic-acoustic noise allows one, with the emer-
gence of correlation between the useful signal and the noise, to register the ASPs in the beginning of their
origin. These two factors make it possible for RNM ASP stations to indicate the time of the beginning of the
ASP origin much earlier than is done by stations of the seismic survey service.

6. Seismic-acoustic stations of ASP monitoring can also be used for monitoring the latent period of
volcano formation well before the eruption. Their use will also allow the monitoring, on a regional basis, of
the testing of minor and major nuclear bombs and other experiments related to the manufacture of military
equipment.
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A.M. Pasayev, A.A. 9lizada, T.A. 9liyev, A.M. Abbasov, Q.A. Quluyev, F.H. Pasayev,

U.E. Sottarova. Gozlanilon z3lzalo ocaginin toyin edilmasi iiciin Intellektual Seysmoakustik Sistem.
Anomal seysmik proseslarin 10, 200, 300, 1400-5000 m dorinliyinda quyular iizarvinda qurulmus doqquz
seysmoakustik stansiyada  01.07.2010 tarixindon 01.06.2014 tarixino qadar aparilan monitoringinin
naticalari analiz edilmisdir. Ug ildon cox miiddatds alda edilmis eksperimental malumatlar asasinda faydali

signalla X(iAt) kiiy E(iAt)arasmda qarsithqli korrelyasiya Rxg(y) funksiyasinin giymotlorinin dayismo

vaxtlarimin kombinasiyalarina gora ASP ocaginin koordinatlarint zalzalodan 10-20 saat avval miiayyon
etmaya imkan veran intellektual sistem yaradilmisdir. Sistem golocakds seysmologlar tarafindan gézlanilon
zalzalonin ocaginin yerinin tayin edilmasinda instrumental vasita kimi istifado edilo bilar.

Acar sozlor: seysmoakustik signal, zalzolo ocagy, kiiy dispersiyasi, garsiligl korrelyasiya funksiyasi, bilikler
bazasi, ekspert sistemi, intellektual sistem, neyron sabako

YK 004.891.2+550.343.3

AM. ITamaes, A.A. Aum3ana, T.A. AaueB, A.M. AGbacos, I'.A.I'yayes, ®@.I'. [Iamaes,

¥.3. CarrapoBa. UHTeN1eKTyadIbHasl celicMOAKyCTHYECKAS CHCTeMAa BbISIBJEHUSA MeCTOHAXO0KIEeHHSA
04ara 0KuaaeMoro 3emMJieTpsiceHus .

Ananusupyiomes  pesyniomamul  NOISE  MOHUMOPUHeA AHOMAALHBIX — ceticmudeckux npoyeccos (ACII),
npogodumvix ¢ 01.07.2010 no 01.06.2014 na Odesamu celucmoaKycmuieckux CMaHyusx, nOCMpOeHHbIX HA
yemwe ckeasicunvl enyounou 10, 200, 300, 1400-5000 m. Ilo pesyrvmamam 9KCnepumMeHmanbHblx OaHHBIX,
NOJIYYEeHHbIX 8 meyeHue Oonee mpex Jjem, cO30aHA UHMENLNeKMYAlbHAs CUcmemda, No380AAI0WdAs HO
KOMOUHAYUAM 8DeMeHU USMEHEHUs OYEHKU 63AUMHOKOPPENAYUOHHOU (DYHKYUU Rxg(ﬂ) MeAHCOy NONe3HbIM

CUSHATIOM X(iAt) u nomexoi g(iAt) celcMoaKycmuyeckol uHgopmayuu, NOIYYEHHOU OM pPaA3TUUHBIX

cmanyuii 3a 10-20 uacosé 0o 3emaempscenus, Gvla8UMb MecmoHaxodcoenue e2o ouaza. Cucmema, 6
nepcnekmuse, Moodcem Oblmb UCNONb308AHA CEUCMON02AMU, KAK UHCMPYMEHmAapuii npu OnpeoeieHuu
MECMOHAX0IHCOCHUSL 0YA2A OAHCUOAEMO20 3eMICMPCEHUS.

KuroueBble cjioBa: celiCMOaKyCTUUECKUI CUTHAJI, OYar 3€MIIETPSICEHUM, AUCTIEPCUs IIyMa,
B3aMMHOKOPPEIIALMOHHAs QYHKIMS, 0a3a 3HAHUM, SKCIIEPTHAS CHCTEMa, MHTEIICKTyalbHas CUCTEMA,
HEHpOHHas CEeTh
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