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Abstract— Technologies and systems are offered, in which 
seismic-acoustic information from deep strata of the earth is 
received by means of acoustic sensors (hydrophones) installed at 
heads of suspended oil wells. The information on the state of 
seismic stability of construction objects is sent from sensors to 
local systems. Robust noise analysis of both seismic-acoustic data 
and the data received from all local systems carried out on the 
system server is used to perform monitoring of the beginning of 
origin of anomalous seismic processes and change in seismic 
stability of most vulnerable construction objects. Dealing with the 
problems of monitoring of seismic stability and identification of 
change in seismic processes facilitates minimization of damage 
caused by destructive earthquakes. 
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I.  INTRODUCTION 
Numerous scientific research works [1, 4, 10, 14-16] on 

earthquake forecasting and estimation of technical condition of 
construction objects have been carried out in the recent years. It 
is known that currently used seismic systems do not allow 
forecasting earthquakes with disastrous consequences. There is 
also a lack of inexpensive and sufficiently reliable systems for 
control of seismic stability of construction objects. 
Combination of these two factors during earthquakes leads to 
numerous accidents with disastrous consequences [1-9]. 

It is also known that weak earthquakes often occur in the 
countries located in seismically active areas as a result of 
originating anomalous seismic processes (ASP). To provide 
safety of the population after each of such earthquakes, it is 
efficient to use them to detect the beginning of the latent period 
of change in seismic stability of residential buildings and 
strategic objects. The importance of the problem increases 
manifold, when seismic hazard is complicated by a possibility 
of landslides [10, 11]. 

II. PROBLEM STATEMENT 

First, In real life, after a certain period of time 0T  of 
normal operation of construction objects in seismic regions, 
period of time 1T  of their latent transition into the emergency 
state begins due to different reasons. It is often a result of weak 
earthquakes, which leads to changes in their seismic stability. 
Subsequent weak earthquakes, hurricane winds with rain 

showers cause them to go into time interval of expressed 
emergency state 2T .  

Despite the difference in duration of 0T , 1T , 2T , 
monitoring problem in the cases in question comes to providing 
reliable indication of the beginning of time 1T  of the period of 
latent change in the seismic stability of the object or the 
beginning of the period of origin of anomalous seismic 
processes [7-13]. 

Thereby, let us consider the matter in more detail.  

Assume that in the normal seismic state in the period of 
time 0T , the known classical conditions hold true for noisy 

centered signals ( ) ( ) ( )titiXtig Δ+Δ=Δ ε  received as the 
output of corresponding acoustic sensors, for instance, 
hydrophones, i.e. the equalities [2,3] are true: 
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where ( )[ ]tigT Δ
0

ω  is ( )tig Δ  signal distribution law; εD , 

XD , gD  are the estimates of variance of the noise ( )tiΔε , 

the useful signal ( )tiX Δ and the sum signal ( )tig Δ  

respectively; ( )μXXR , ( )μggR  are the estimates of 

correlation functions of the useful signal ( )tiX Δ  and the sum 
signal ( )tig Δ ; εm , Xm , gm  are mathematical expectations 

of the noise ( )tiΔε , the useful signal and the sum signal; 

( )0=μεXR , εXr  are the cross-correlation function and the 

coefficient of correlation between the useful signal ( )tiX Δ  
and the noise ( )tiΔε . 

However, when the latent period 1T  of origin of anomalous 
seismic processes or the period of imperceptible change in 
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seismic stability of the object begins, the condition (1) is 
violated [1-3, 11-13], i.e.:. 

 ( )[ ] ( )[ ]tigtig TT Δ≠Δ
° 1

ωω , 0≠εD , Xg DD ≠ , 

 ( ) ( )μμ xxgg RR ≠ , xg mm ≠ , ( ) 00 ≠=μεXR , 

 0≠εXr .  (2) 

The period of the normal state 0T ends and the period 1T  
begins. As a result, due to the violation of the equality (1), 
statistical estimates of the signal ( )tig Δ  are determined with 
certain inaccuracy. Therefore, timely detection of the initial 
stage of the above-mentioned processes in control systems is 
complicate in the period of time 1T  [14]. Then the period 1T  

ends and the period 2T  begins, when processes assume a more 
expressed form. The known monitoring systems mainly 
register violation of seismic stability of objects in the period of 
time 2T . The same happens when an ASP reaches its critical 
state, when the earthquake occurs, since only this moment is 
registered by standard seismic stations [13].  

The above-mentioned explains the delay in results of 
monitoring of seismic stability of construction objects and the 
beginning of ASP. Registration of those processes in the period 
of time 1T  therefore requires development of a technology and 
systems, which would allow one to detect the moment of 
violation of the equality (1). 

To minimize the damage from destructive earthquake, it is 
therefore necessary to create a city-wide system for both 
permanent monitoring of the latent period of changes in 
seismic stability of housing stock and ASP beginning alarm for 
cities located in seismically active regions. It is also reasonable 
to create the information technology and system allowing to 
combine them. 

III. NOISE TECHNOLOGIES FOR MONITORING OF THE 

BEGINNING OF TIME 1T  

Our research demonstrated that in the latent period of 
time 1T  of ASP origin and at the start of time 1T of violation of 
seismic stability of construction objects, estimates of noise 
variance εD , noise correlation ( )0=μεεXR , cross-correlation 

function ( )0=μεXR , coefficient of correlation εXr between 
the useful signal )( tiX Δ and the noise )( tiΔε  change in the 
first place [7].  

In this respect, let us consider one of possible methods of 
approximate calculation of the indicated estimates. For that 
end, let us represent the known expression  
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It is obvious that by opening the brackets we will get the 
following 
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Assuming the following notations 
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we get 

( ) ( ) ( ) ( )00200 =+=+=== μμμμ εεε RRRR XXXgg

   (8) 

where ( )0=μεεXR  

 ( ) ( ) ( )0002 ===+= μμμ εεεεε XX RRR  (9) 

can be called the estimate of noise correlation value.  

Thereby, the approximate estimate ( )0=μεεXR of cross-
correlation function between the useful signal and the noise can 
be determined by means of the following expressions 
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It is known [7, 8, 11-17] that with the equality (1) being 
true and with the corresponding sampling interval tΔ , the 
following approximate equalities can be regarded as true: 

 ( ) ( )11 =≈= μμ XXgg RR  (11) 
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 ( ) ( )22 =≈= μμ XXgg RR  (12) 

 ( ) ( )33 =≈= μμ XXgg RR  (13) 
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Taking into account expressions (10)-(14), the following 
may be written  
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Expression (8) can therefore be represented as follows 
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whence the expression (10) can be reduced to the following 
form 
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and the expression (9) can be represented as follows: 
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This expression can be used to calculate the estimate 
( )0εεXR , i.e. the value of noise correlation. The experiments 

showed that the values of estimates ( )0εXR , ( )0εεXR  change 

sharply at the start of time 1T , and they become carriers of 
diagnostic information both on change in seismic stability and 
on the beginning of ASP origin. 

The experiments also showed that the estimate of noise 
variance εD can be used as a reliable indicator in the 
monitoring of seismic stability of high-rise buildings, which is 
due to the fact that estimates of characteristics of the noise 

( )tiΔε  at the start of time span 1T  change sharply both in the 

presence and in the absence of correlation between ( )tiX Δ  

and ( )tiΔε . When ( ) 00 ≈εXR , the estimate of noise 

variance εD can be determined from the formula [2, 3]: 
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It is obvious that, knowing the estimate εD , it is also 
possible to determine the estimate of useful signal variance 

xD from the expression 

  εDDD gx −=      (20) 

It is only possible to determine the estimate of noise 
variance εD cross-correlation function ( )0=μεXR  from the 
expressions (17), (19) when there is no correlation between 

( )tiX Δ  and ( )tiΔε . To calculate them in the presence of 
correlation, a technology for determination of the estimate of 
relay cross-correlation function ( )0* =μ

εX
R  must be 

developed. It is also reasonable to use the estimate of relay 
cross-correlation function ( )0* =μ

εX
R  as a carrier of 

diagnostic information to increase the reliability and adequacy 
of monitoring results of the start of time 1T . Taking the above-
mentioned into account, let us consider the matter in more 
detail. For that end, let us first assume the following notations: 
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The formula for determination of estimates of relay 
correlation function ( )0* =μggR  in the presence of 

correlation between ( )tiX Δ  and ( )tiΔε  here can be 
represented as follows: 
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In the presence of correlation between ( )tiX Δ  and 
( )tiΔε , the following expressions can be regarded as true: 

 

( ) ( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( ) ⎪
⎪
⎪

⎭

⎪
⎪
⎪

⎬

⎫

≈=Δ−=Δ≈=Δ−

−=Δ≈=Δ−=Δ

≈=Δ−=Δ≈=Δ−

−=Δ≈=Δ−=Δ

=Δ−=Δ≠=Δ−=Δ ∗

0433
221

0433
221

2110

***

***

***

***

***

μμμ

μμμ

μμμ

μμμ

μμμμ

gggggg

ggXXXX

gggggg

gggggg

gggggggg

RRR
RRR
RRR

RRR

RRRR

 

  (24) 

 It follows from the equality (21)-(24) that the estimate 
of relay cross-correlation function ( )0* =μεXR  can be 
determined from the formula: 

 ( ) ( ) ( )000 *** =+=≈=Δ μμμ εXXXgg RRR   (25) 

where 

 ( ) ( ) ( )000 *** =−=Δ≈ μμε XXggX RRR  (26) 

Therefore, to calculate ( )0* =μεXR  by means of the 

expression (26), ( )0* =μXXR must be calculated. The 

equalities (24) imply that the estimate ( )0* =μXXR  can be 
calculated by means of the following expression 
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Thus, the expression (26) can represented as follows:  
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The expression for calculation of the estimate of relay 
cross-correlation function ( )0* =μεXR  between the useful 

seismic acoustic signal ( )tiX Δ  and its noise ( )tiΔε  can 
therefore be written as follows:  
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As was indicated above, it is possible to calculate the 
estimates of εD  when ( ) 00 ≈=μεXR , using the expression 
(19). It is, however, impossible to use this expression in the 
presence of correlation between ( )tiX Δ  and ( )tiΔε . 
Accordingly, let us consider the possibility of determining 

εD when ( ) 00 ≠=μεXR , using the estimates 

( )0=μεεXR , ( )0* =μεXR , ( )0=Δ μggR  and 

( )0* =Δ μggR . in more detail.  

Taking into account the conditions (24) and equalities (25) 
– (29), the following can be written: 
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The correlation between the estimates ( )0* =μεXR ; 

( )1* =μXXR  and ( )0=μεXR ; ( )1=Δ μXXR , as well as the 

correlation between the estimates ( )0* =μεXR ; ( )1* =Δ μ
gg

R  

and ( )0=μεXR ; ( )1=Δ μggR  allow one to assume that the 
following approximate equalities are true: 
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In this case, we obtain the following equality: 

 ( ) ( ) ( ) ( )1010 ** =Δ=≈=Δ= μμμμ εε ggXggX RRRR  (32) 

Thus, in the presence of correlation between the useful 
signal ( )tiX Δ  and the noise ( )tiΔε , the estimate ( )0εXR  can 
be determined from the formula: 
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It is clear that after the estimate ( )0εXR  is determined, the 

estimate of noise variance εD  can be determined both by 
means of the expression: 
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and by means of the expression: 

 ( ) ( )00 =−== μμ εεεε XX RRD  (35) 

where εεXR  is determined from the formula (18). 

IV. ROBUST CORRELATION INDICATORS OF THE BEGINNING 
OF ASP ORIGIN  

Let us consider the possibility of registration of the 
beginning of the period 1T  of change in seismic stability of 
construction objects from estimates of auto- and cross-
correlation functions ( )μggR  and ( )μ

vj ggR . Analysis of the 
peculiarity of calculation of those estimates demonstrates that 
their inaccuracy depends on the change in the spectrum of the 
noise ( )tiΔε , which is why they do not meet the conditions of 
robustness [2,3]. However, with increase of time shift tΔ⋅μ  
between ( )tig Δ  and ( )( )tig Δ+ μ , as well as between 

( )tig j Δ  and ( )( )tig Δ+ μν , there comes a moment when 
obtained estimates turn out to be equal to zero. If we denote 
that time shift by tΔ⋅′μ , the following obvious equalities will 
take place: 
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With the time shift tΔ⋅′μ , inaccuracy of estimates 

( )μggR  forms from the sum of errors of products 

( ) ( )( )tigtig Δ′+Δ μ  with positive and negative signs in the 

quantity +N , −N respectively. Only in that case, the equality 
−+ = NN takes place. Owing to that, the condition of 

robustness holds true, positive and negative errors of products 
practically compensating one another. The following equality 
can therefore be regarded as true: 
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It is clear that estimates of cross-correlation functions, i.e. 
( )μ

ν
′gg j

R , will also have robustness property and the 
following can also be written for them: 

 ( ) ( )μμμμ
νν

′==′= −+
gggg jj

RR  (38) 

With the reference to the above-mentioned, the equalities 
(32), (33) will be violated at the moment of start of the period 

1T  of ASP, i.e. 

( ) ( )μμμμ ′=≠′= −+
gggg RR

, 
( ) ( )μμμμ ′=≠′= −+

vjvj gggg RR
 

Estimates obtained in the time shift tΔ′= μμ  will 
therefore be different from zero at the start of ASP origin, i.e. 

 ( ) ( ) ( ) 0≠′−′=′ −+ μμμ gggggg RRR  (39) 

 ( ) ( ) ( ) 0≠′−′=′ −+ μμμ
ννν gggggg jjj

RRR  (40) 

Thus, in virtue of the equalities (37), (38), the influence of 
the noise on the obtained estimates in the period of time 0T  is 
compensated, thereby ensuring their robustness. Estimates 

( )μ′ggR  will be different from zero due to violation of the 
condition (1) only in the beginning of change in seismic 
stability and at ASP origin, i.e. at the start of the time span 1T . 

Estimates ( )μggR , ( )μ
ν

′gg j
R  can therefore be regarded as 

reliable indicators, calculation of which can be easily 
parallelized with determination of estimates ( )0=μεεXR , 

( )0=μεXR , εD . 

Accordingly, in the process of the system operation, 
estimates of signals ( )tig Δ1  calculated from the expressions 
(36) are used to form estimates of robust correlation 
indicators ( )μ′

11ggR , which are equal to zero in the original 

state of seismic stability 0T . They will be different from zero 

when this state changes, i.e. at the start of 1T . 
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V. ROBUST TECHNOLOGY FOR IDENTIFICATION OF 
TECHNICAL CONDITION AND SEISMIC STABILITY OF 

CONSTRUCTION OBJECTS  
To solve the problem of identification of seismic stability, 

let us first of all consider the possibility of applying methods of 
theory of random processes for that end. It is known that that 
[17] the state of seismic stability of construction object in the 
period of time 1T  in the general case is described with matrix 
equalities of the following type 

( )μXYR
r

= ( )μXXR
r ( )μW

r
, 

 ( ) tNtt Δ−ΔΔ= 1,,2,,0 Kμ , (41) 

where 
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( ) ( ) ( ) ( )[ ][ ]T

XYXYXYXY tNRtRRR Δ−Δ= 10 K
r

μ      (43) 

    ( ) ( ) ( ) ( )( )[ ]TtNWtWWW Δ−Δ= 10 K
r

μ        (44) 

( )μXXR
r

 is the square symmetric matrix of auto-
correlation functions with dimension NN ×  of centered input 

signal ( )tX ; ( )μXYR
r

 is the column vector of cross-

correlation functions between the input ( )tX  and output 
( )tY ; Xm , Ym are mathematical expectations of ( )tX , 

( )tY  respectively; ( )μW
r

 is the column vector of impulsive 
admittance functions.  

Matrices (42), (43), equations (41) are formed from the 
estimates of useful signals ( )tX  and ( )tY . However, in the 
process of solving of real tasks, these matrices are formed from 
estimates of technological parameters, which represent noisy 
signals ( ) ( ) ( )tigtigtig m ΔΔΔ ,,, 21 K . Thus, they contain 

errors from noises ( ) ( ) ( )tititi m ΔΔΔ εεε ,,, 21 K . With 
estimates of noise variances and cross-correlation function 
between the useful signal and the noise changing, their errors 
change as well. To ensure adequate results of identification of 
technical condition and seismic stability of objects by means of 
matrix equation (41), it is therefore first of all necessary to 
ensure robustness of estimates of elements of those matrices 
[17]. There is a good reason to use the technology of 
calculation of robust estimates of auto- and cross-correlation 
functions from the following expressions: 
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where 
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 )1()]1(1[)1( ====Δ − μλμμλ N  (48) 

( )1=μggR , ( )1* =μ
gg

R , ( )1=μηgR , ( )1* =μ
ηg

R  are 
the estimates of auto- and cross-correlation functions of 
centered and uncentered signals ( ) ( )titig ΔΔ η,  
respectively. 

( )μ+N , ( )μ−N  are the quantities of products 
( ) ( ) tigtig Δ+Δ μ  or ( ) ( )titig ΔΔ η  with positive and 

negative signs respectively. 

It is obvious that when elements of matrices (42), (43) are 
formed from robust estimates from expressions (45), (46), 
matrix equation (42) can be represented as follows. 
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Elements of matrices ( )μR
ggR , ( )μη

R
gR  here are robust 

estimates of noisy signals, i.e. 
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 ( ) ( ) ( ) ( )[ ][ ]TR
g

R
g

R
g

R tNRtRRR
g

Δ−Δ= 10 ηηημ
η

K   (51) 

According to [18], in calculation of correlation function 
from expressions (45), (46), errors from noises are virtually 
excluded from robust estimates of elements of matrices (50), 
(51). The following equality can thereby be regarded as true 
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( ) ( ) ( ) ( )[ ][ ]
( ) ( ) ( ) ( ) ( )[ ] ( )[ ]⎭
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  (52) 

Thus, it can be assumed that adequacy of the results 
obtained in the process of identification of seismic stability by 
means of matrix equation (49) will be satisfactory. 

At the same time, sensors are also often used for real 
objects, in which signals at the output are various physical 
quantities. For the cases when sensors are installed at 
construction objects for measuring of various physical 
quantities (vibration, pressure, motion etc.), estimates of 
correlation functions of signals 

( ) ( ) ( )tigtigtig n ΔΔΔ ,,, 21 K  must be reduced to 
dimensionless quantities. 

This is realized by using the procedure of normalization of 
matrix elements (42), (43), (50), (51) [17, 18]. Only values of 
auto-correlation function here prove to be accurate when time 
shift is equal to zero μ =0. In all other cases, i.e. normalization 
for estimates of auto-correlation functions at time shifts ≠μ 0 
and for estimates of cross-correlation functions at all time shifts 
μ , unfortunately, leads to emergence of additional errors from 
the noise. In the presence of correlation between the useful 
signal and the noise, normalization of the value of estimation 
error results in even greater inadequacy of solution of the 
above-mentioned problems. In this respect, a technology is 
required that ensures elimination of estimation error caused by 
normalization.  

VI. ROBUST TECHNOLOGY FOR NORMALIZATION OF 
ESTIMATES OF AUTO- AND CROSS-CORRELATION FUNCTIONS  

It follows from the above-mentioned that to ensure 
adequate results of monitoring and identification of change in 
seismic stability of construction objects, a technology must be 
developed, which is oriented to eliminate the noise errors that 
arises at normalization of the estimate of correlation function 
both in the absence of correlation between the useful signal and 
the noise and in the presence of such. 

Let us consider one of possible methods of solving this 
problem. It is known that normalized auto- and cross-
correlation functions of useful signals ( )tX , ( )tY  are 
calculated from formulas [18]: 

 ( )μXXr = ( )μXXR / ( )xD  (53) 

 ( )μXYr = ( )μXYR / ( ) ( )YDXD  (54) 

( )xD = ( )0XXR , ( )YD = ( )0YYR  ― where ( )μXXR , 
( )μXYR  are estimates of auto- and cross-correlation functions, 

estimates of variances of signals ( )tX , ( )tY ; μ =0, μ = tΔ , 
μ =2 tΔ , μ =3 tΔ , … .   

Accordingly, normalized auto- and cross-correlation 
functions ( )μggr , ( )μηgr  of noisy signals consisting of the 

sum of random useful signals ( )tX , ( )tY  and corresponding 
noises ( )tε , ( )tϕ  

 ( )tg = ( )tX + ( )tε , ( )tη = ( )tY + ( )tϕ  (55) 

are calculated from the following formulas 

 ggr = ( )μggR / ( )gD   (56) 

 ( )μηgr = ( )μηgR / ( ) ( )ηDgD  (57) 

where 
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where ( )gD = ( )0ggR , ( )ηD = ( )0ηgR  are estimates of 

variances of signals ( )tg , ( )tη ; gm , ηm  are mathematical 

expectations ( )tg , ( )tη  

Comparing expressions (53)-(54) with expressions (56)-
(57), we can note that estimates of normalized auto- and cross-
correlation functions of useful signals differ considerably from 
estimates of normalized auto- and cross-correlation functions 
of noisy signals, i.e. 

 ( )μggr ≠ ( )μXXr  (60) 

 ( )μηgr ≠ ( )μXYr   (61) 

It is therefore required to develop robust technologies for 
calculation of estimates of normalized auto- and cross-
correlation functions ( )μR

ggr , ( )μη
R

gr , which would ensure 
that the following equalities hold true 

 ( )μR
ggr ≈ ( )μXXr  (62) 

 ( )μη
R

gr ≈ ( )μηgr   (63) 
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both in the presence of correlation between the useful signal 
and the noise and when the correlation is equal to zero.  

For that end, let us first consider the sources of errors that 
emerge in the process of calculation of estimates of normalized 
correlation functions.  

Seeing that the values ( )tiΔε  and ( )( )ti Δ+ με  do not 
correlate when ≠μ 0, i.e. 

 ( ) ( )( )∑
=

Δ+Δ
N

i
titi

N 1

1 μεε ≈ 0 ωηεν ≠μ 0  (64) 

and the mean-square value of the noise is equal to the estimate 
of variance ( )εD  of the noise ( )tiΔε , i.e. 

 ( )εD = ( ) ( )∑
=

ΔΔ
N

i

titi
N 1

1 εε  (65) 

then in the presence of correlation between the useful signal 
( )tX  and the noise ( )tε  at time shift μ =0 and in the 

absence of correlation at time shift ≠μ 0, i.e. 

 ( )0=μεXR ≠ 0, ( )0=μεXR ≠ 0   

 ( )0≠μεXR =0, ( )0≠μεXR =0 (66) 

The expression of calculation of ( )μggR  can be 
accordingly written in the following form: 

 ( ) ( ) ( )∑
=

ΔΔ==
N

i
gg tigtig

N
R

1

10μ =  

 = ( )0=μXXR +2 ( )0=μεXR + ( )εD  (67) 

 ( )0≠μggR = ( ) ( )( )∑
=

Δ+Δ
N

i

tigtig
N 1

1 μ =  

 = ( )0≠μXXR  (68) 

where  

 ( )0=μεXR = ( ) ( )∑
=

ΔΔ
N

i

titiX
N 1

1 ε  (69) 

It is obvious from formula (67) that in the presence of 
correlation between the useful signal and the noise, estimation 
error of correlation function when μ =0 is equal to the sum of 

double estimate of cross-correlation function ( )0=μεXR  

between the useful signal ( )tiX Δ  and the noise ( )tiΔε  and 

variance ( )tiD Δ  of the noise ( )tiΔε . At any other time shift 

≠μ 0, estimates of auto-correlation function ( )0≠μggR  of 
noisy signal agree with the estimates of auto-correlation 
function ( )0≠μXXR  of the useful signal ( )tiX Δ , i.e. the 
following equality holds true 

 ( )0≠μggR ≈ ( )0≠μXXR  (70)  

Normalization at zero time shift μ =0 here results in 
equality of normalized correlation functions of both the useful 
signal ( )tiX Δ  and the noisy signal ( )tig Δ , which are equal 
to one: 

 ( )0=μXXr = ( )0=μggr =1 (71) 

Taking into accounts expressions (53), (56), (67), it is 
obvious that when ≠μ 0, the formula for determination of the 
estimate of normalized auto-correlation function of the noisy 
signal ( )tig Δ  is as follows: 

 ( )0≠μggr =
( )
( )gD

Rgg 0≠μ
= 

  

 =
( )

( ) ( ) ( )εμμ
μ

ε DRR
R

XXX

gg

+=+=

≠

020
0

 (72) 

Thus, in the presence of correlation between the useful 
signal ( )tiX Δ  and the noise ( )tiΔε , estimates of normalized 

auto-correlation function ( )0≠μggr  of the noisy signal 

( )tig Δ  at time shifts μ ≠ 0 are different from estimates of 

normalized auto-correlation function ( )0≠μXXr  of the useful 
signal ( )tiX Δ  by a double quantity of cross-correlation 

function ( )0=μεXR  and a quantity of noise variance 

( )tiD Δ  in the radical expression of denominator, due to 
which inequality (60) takes place. 

It is obvious from formula (59) that estimates of cross-
correlation functions ( )μηgR  of noisy signals ( )tig Δ , 

( )tiΔη  in the absence of correlation between useful signals 
( )tiX Δ , ( )tiY Δ  and noises ( )tiΔε , ( )tiΔϕ , as well as 

between noises ( )tiΔε  and ( )tiΔϕ  themselves, i.e. when the 
following conditions hold true: 

 ( )μεXR ≈0, ( )μϕYR ≈0, ( )μεϕR ≈ 0 (73) 
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equal estimates of cross-correlation function ( )μXYR  of useful 
signals at an time shift, i.e. the following equality holds true: 

 ( )μηgR ≈ ( )μXYR  (74) 

However, in the presence of correlation between useful 
signals ( )tiX Δ , ( )tY  and noises ( )tiΔε , ( )tϕ  at time shifts 
μ =0 and ≠μ 0, the following correlation holds true: 

 ( )0=μϕYR ≠ 0, ( )0=μϕYR ≠ 0  

  ( )0≠μϕYR =0, ( )0≠μϕYR =0 (75) 

In that case, formula (57) for calculation of estimates of 
normalized cross-correlation functions takes the following 
form: 
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  (76) 

Estimates of normalized cross-correlation function ( )μηgr  

of noisy signals ( )tig Δ , ( )tiΔη  at any time shift μ  
therefore differ from estimates of normalized cross-correlation 
function ( )μXYr  of useful signals ( )tiX Δ , ( )tiY Δ  by a 

double quantity of cross-correlation functions ( )0=μεXR , 

( )0=μϕYR  and a quantity of noise variances ( )εD , ( )ϕD  
in the radical expression of denominator, due to which 
inequality (61) takes place. 

In the presence of correlation between the useful signal 
( )tX  and the noise ( )tε , the formula for calculation of robust 

estimates of normalized auto-correlation functions at time 
shifts K,3,2,,0 ttt Δ=Δ=Δ== μμμμ  can be 
represented as follows: 
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Xgg
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R
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RR
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In the presence of correlation between useful signals ( )tX , 
( )tY  and noises ( )tε , ( )tϕ , formula (76) for calculation of 

robust estimates of normalized cross-correlation function 
( )μ

η

R

g
r oo  at time shifts 0, tΔ , 2 tΔ , 3 tΔ , … can be 

represented as follows: 

 ( )μη
R

gr = ( )μηgR / ( )( ) ( )( )ϕε η DDDgD −−  (78) 

or 

 ( )μη
R

gr =
( )

( ) ( )[ ] ( ) ( )[ ]0000 ϕϕηηεε

η μ

gXgg

g

RRRR

R

−−
 

   (79) 

Thus, application of the developed robust technology for 
calculation of estimates from expressions (77), (79) practically 
eliminates errors of normalization caused by noise both in the 
presence of correlation between the useful signal and the noise 
and in the absence of such. As a result, a possibility arises to 
form correlation matrices from estimates of normalized 
correlation functions, where error from noise effect is 
eliminated. 

In this respect, in the case when technological parameters 
are represented by various physical quantities, to ensure 
adequacy of results, it is expedient to solve the problem of 
identification by means of matrix equation of the following 
type: 
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where 
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 ( ) ( ) ( ) ( )[ ]tNrtrrr RRR
R

gggg Δ−Δ= 10
ηηηη μ K  (82) 

 ( )μ*W
r

= ( ) ( ) ( )( )[ ]TtNWtWW Δ−Δ 10 *** K  (83) 

Application of the offered technology for normalization of 
elements of these matrices by means of expressions (77), (79) 
in this case practically eliminates errors caused by noises. 

The following equality can therefore be regarded as true: 

 ( ) ( ) ( ) ( ) ( ) ( ) tNWtNWtWtWWW Δ−≈Δ−Δ≈Δ≈ 11,,,00 *** K  
  (84) 
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We can thereby assume that adequacy of results of 
identification by means of matrix equation (80) will agree with 
the result obtained from equation (36). 

VII. INTELLIGENT DISTRIBUTED SYSTEM OF NOISE 
MONITORING OF SEISMIC STABILITY OF CONSTRUCTION 

OBJECTS  
As Fig. 1 shows, the system under consideration includes 

the monitoring center (MC), seismic-acoustic station for robust 
noise monitoring of anomalous seismic processes (RNM ASP) 
and local devices for noise monitoring of seismic stability 

(LDNS) nmn LLLL ,...,,...,, 11211  installed at all controlled 
construction objects. In Fig. 1, the totality of LDNS with 
transmitting antennas is the distributed system for noise 
monitoring of seismic stability of construction objects. 

 Creation of the system implies that every socially 
significant and strategic object is equipped with LDNS built on 
the basis of controllers and corresponding sensors installed in 
most vulnerable structures of the object. 

LDNS operate independently. In the process of operation of 
the monitoring system, characteristics of signals 

( ) ( ) ( )tigtigtig m ΔΔΔ ...,,, 21  received from the 
corresponding sensors are determined from expressions (18-
19), (29) and used to form the combination of estimates 

( ) ( ) ( ) εεεε ε
DRRR

XXX ,0,0,0 * , which will be equal to zero in 
the original state of normal seismic stability. When the original  

Figure 1.  Intelligent distributed system of noise monitoring of seismic 
stability of construction objects most vulnerable structures of the object.   

state of seismic stability changes in the beginning of period 1T , 
they will be different from zero. Similarly, they will be 

different from zero at the moment of ASP origin in the 
beginning of period 1T  as well. Thus, in the period of time 0T , 
sets of informative attributes used as convenient and reliable 
indicators are formed from the above-mentioned estimates in 
the LDNS of each object. 
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  (85)  

If seismic stability of the object changes, certain elements 
of those sets will be different from zero. Such a moment will be 
registered and sent via radio channel of corresponding LDNS 
to the server of the monitoring center.  

Besides, to increase accuracy of monitoring results from 
(31), (32), it is also reasonable to form sets of indicators from 
robust estimates of auto- and cross-correlation functions of 
signal ( ) ( ) ( )tigtigtig m ΔΔΔ ,,, 21 K  in the following form: 
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   (86) 

where μ′  is time shifts between ( )tig Δ  and ( ) tig Δ′+ μ , 

when estimates ( )μ′R

jgig
R  in the period of time 0T  will be 

equal to zero. 

At that moment of violation of seismic stability, even one 
element of those sets being different from zero is perceived as 
the beginning of time 1T  in LDNS of each object. In that case, 
the number of the set, column and line of the nonzero 
informative attribute can be used to identify the location and 
nature of deformation in the object. At the same time, LDNS 
also alarms the server of the monitoring center.  

Furthermore, in each cycle, readings of signals 
( ) ( ) ( )tigtigtig m ΔΔΔ ,,, 21 K  in each LDNS of each object 

are used to form files, which are transmitted to the modem of 
the server of the monitoring center via modems and wireless 
communication together with sets (85), (86). In the operation 
process, in addition to sets (85), (86), robust normalized 
correlation matrices form during the period of time 0T at the 
server for each object on the basis of expressions (77) - (79). It 
is also possible to form a set consisting of position-binary and 
spectral indicators on the server.  

The technologies of their formation are given in detail in 
[17,18]. Thus, pattern sets and correlation matrices form in the 
training process, which carry information on the state of 
original seismic stability of all controlled objects. 

In the operation process, current readings of signals 
( ) ( ) ( )tigtigtig m ΔΔΔ ,...,, 21  in each cycle of monitoring 

mode are used to form current estimates of elements of the 
mentioned sets and matrices and compare them with the 
estimates of corresponding pattern sets and matrices set in the 
training process. If their difference does not exceed the 
permissible minimum range, seismic stability and technical 
condition of the object are regarded as unchanged. Otherwise, 
the signal forms from the result obtained on the server, which 
shows the beginning of change in seismic stability of the 
object. In repetitive cycles, if current estimates differ from 
patterns again, the decision is made on the server to refer the 
object to the group that requires involving of mobile control 
and diagnostic systems to perform the final analysis and 
decision-making. 

If deviation from the normal state of seismic stability is 
detected simultaneously at closely-spaced groups of objects, a 
landslide alarm is formed on the server.  

The system also provides for safety threat control. For 
instance, in case of elevator failure, short circuit in power 
supply, etc. in monitoring object, a corresponding alarm is 
formed on the server with specification off the nature of failure 
and object number. 

VIII. INTELLIGENT SYSTEM FOR RECEIVING SEISMIC-
ACOUSTIC INFORMATION FROM DEEP STRATA OF THE EARTH 

AND NOISE MONITORING OF ASP  
The diagram of the station of robust noise monitoring of 

ASP is given in Fig. 2. Suspended oil wells are used as 
communication channels to receive information from deep (3-6 
km) seismic processes. Unit 1 consists of acoustic sensors 
(hydrophones) installed at the head of a 3-6 km deep well. 
Seismic acoustic signals received by hydrophones installed at 
the head of the well are analyzed by means of expressions (17-
20), (29) and corresponding estimates 

( ) ( ) ( )0,,0,0 * === μμμ
εεεε ε XXX

RDRR are determined in 

Unit 2. This unit performs the function of noise analysis of 
seismic-acoustic signals. Unit 3 is standard seismic equipment, 
which allows one to register and assess the intensity of seismic 
vibrations at the moment of the earthquake. The function of 
Unit 4 is intelligent identification of anomalous seismic 
processes using the results of earthquakes registration in Unit 3 
and at the stations of the seismic survey service [15-14].  

At the initial stage, training mode is on in Unit 4 of the 
system. For that end, corresponding estimates of seismic 
signals received from hydrophones of Unit 1 are determined by 
means of algorithms (17-20), (29) in Unit 2. At the initial stage 
of its operation, pattern sets of the specified estimates are 
formed and saved during the period of time 0T  in Unit 2. 
Subsequently, , current estimates of informative attributes are 
determined by means of analysis from algorithms (17), (20), 
(29) in each cycle of the system operation. Estimates of signals 
of ground seismic equipment are also determined in the same 
period of time 0T . They are registered as pattern sets of 

estimates. When the period of time 0T  ends, the process is 
rerun until current estimates of the signal are different from the 
estimates of pattern sets by a quantity larger than the set 
threshold levels.  

In the process of operation of the seismic-acoustic station, 
corresponding information is forwarded to the server of the 
monitoring center, where the above-mentioned process of 
formation of the set (80) and monitoring of the start of ASP 
origin is rerun. Thus, information on the beginning of ASP is 
formed in the system in the beginning of time 1T , using the 
estimates of seismic-acoustic signals received at the output of 
hydrophone installed at the head of the steel bore of the well. 
At the same time, estimates obtained from the signals by 
standard ground stations only in the beginning of time 2T  
(major seismic vibrations) are used to determine magnitudes of 
seismic vibrations in Unit 3. Corresponding information is sent 
to Unit 4, where difference in time between receiving of 
corresponding signals in Unit 2 and Unit 3 respectively. 
Identification of ASP is carried out simultaneously both in Unit  
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Figure 2.  Network of RNM ASP stations 

4 and on the server in the training process, with known 
technologies of recognition being used, including neural 
network technologies. The experiments demonstrated that each 
of such stations allows registering ASP preceding earthquakes 
more than 10-15 hours before the beginning of earthquake 
within a radius of 300-500 km, which makes it possible to use 
those stations for monitoring of changes in the seismic situation 
in the controlled territory. It should be noted that determination 
of the coordinates of ASP focus requires creation of a networks 
consisting of at least four such stations and their integration 
with standard seismic stations. For that end, another three 
stations were built in 2011 in addition to the station at Qum 
Island in the Caspian Sea: in the town of Shirvan in the south 
of the country, in the town of Siazan in the north and in the 
town of Naftalan in the west.  

With all four stations operating, results of processing of 
seismic acoustic signals will be sent at the moment of 
monitoring of ASP origin, i.e. in the transition from the time 
span 0T  into the time span 1T , from each station to the server 
of the monitoring center by means of all the proposed 
technologies. 

 

 

 

IX. RESULTS OF EXPERIMENTS OF SEISMIC-ACOUSTIC 
MONITORING (ASP) AT THE RNM ASP STATION AT QUM 

ISLAND IN THE CASPIAN SEA  
An experimental version of seismic-acoustic station was 

installed at the head of 3,500 m deep suspended oil well No 5 
on 01.07.2010. The well is filled with water and, for this 
reason, a BC 312 type hydrophone is used as a sensor. The 
structure of RNM ASP station is given in Fig. 3. Fig. 4 shows 
the external appearance of RNM ASP station. A building was 
constructed afterwards to protect the station from the sun, wind 
and other external factors. 

1. The station includes the following equipment: 

2. System unit of personal computer; 

3. Fastwell Micro Pc controller; 

4. GURALP LTD CMG 5T seismic accelerometer; 

5. BC 321 hydrophone, made in Zelenograd; 

6. Reinforcing and normalizing elements; 

7. Siemense MC35i terminal forming an Internet channel. 
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Figure 3.  Structure of RNM ASP station 

 

Figure 4.  Appearance of the station after installation 

The following earthquakes have been registered by 
Azerbaijan seismic stations during the operation of the station 
from 01.07.2010 to 15.01.2011. 

09.10.2010, town of Masally 00:58:11, M:3.5, d:12 kм 

11.10.2010, town of Shirvan, 22:50:23, M:3.9, d:37 kм 

17.10.2010, town of Imishli, 07:20:38, M:3.4, d:18 kм 

20.11.2010, Caspian Sea, 05:05:48-08:29:29, M:3.5, d: 50 
km 

25.11.2010, Baku, Sangachal, 09:15:21, M: 3.04, d: 36 km 

Given below in Fig. 5a, 5b, 5c, 5d, 5e are the results of ASP 
monitoring by means of RNM station. The records show that 
the estimates of noise variance of the seismic acoustic signal 
received at the output of the hydrophone increase sharply over 
5-10 hours before the earthquake, which continues till the end  

of the earthquake. It should be noted that the distance from an 
RNM ASP station to remotest earthquakes in the town of 
Masally is about 200 km. 

Fig. 5f demonstrates the record of the estimate of cross-
correlation function ( )μεxR  between the useful signal 

( )tiRx Δε  and the noise ( )tiΔε  related to the earthquakes in 
Azerbaijan (21.01.2011, 01:58:54), Georgia (23.01.2011, 
07:51:23), Tajikistan (24.01.2011, 06:45:29) and on the border 
with Turkey, Armenia and Iran (3 earthquakes - 25.01.2011, 
03:56:12, 04:02:32, 07:40:04). The lead of all the charts over 
the beginning of the earthquakes is 2-5-7 hours and more.  

Fig. 5g gives the expanded record of the estimate of cross-
correlation function during the earthquake in Georgia (near 
Kutaisi) on 23.01.2011. Time 07:51:23 was clearly registered 
5-6 hours before the beginning of the earthquake.  

On 23.01.2011, Azerbaijan seismic stations registered an 
earthquake that occurred in Van, East Turkey at 16:00:25, with 
magnitude 5.6. Fig. 5h gives the record of the estimate of 
cross-correlation function during the earthquake that lead to 
human losses and great destructions. The charts show Baku 
time. 

Analysis of algorithms of noise analysis shows that only 
estimates of characteristics of the noise ( )tiΔε  detect the 
beginning of origin of anomalous seismic processes reliably 
and adequately. 

Thus, the results of experiments carried out from 
01.05.2010 to 20.02.2012 show that it is possible to perform 
monitoring within a radius of over 200-300 km 10-20 hours 
before the earthquake by means of RNM ASP. Those results 
imply that the difference in time between ASP origin and the 
moment of its critical state that leads to the earthquake changes 
depending on the location of the earthquake focus. One can 
assume, based on the obtained results, that, when spreading 
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from the earthquake focus, seismic acoustic waves are reflected 
due to the resistance of certain upper strata of the earth and 
change horizontally. One can also assume that it is sufficient 
intensity of those waves that allows them to travel to long 
distances [9,19] 

 
Figure 5a. 08.10.2010 Masally 00:58:11 M:3.5 d:12 km Noise variance 

Start of ASP approximately at 04:30, 08.10.2010, earthquake at 00:58:11, 
09.10.2010 

 

Figure 5b. 11.10.2010 Shirvan 22:50:23 M:3.9 d:37 km Noise variance 

Start of ASP approximately at 00:30, 11.10.2010, earthquake at 22:50:23, 
11.10.2010 

 

Figure 5c. 16-17.10.2010 Imishli 07:20:38 M:3.4 d:18 km. Noise variance 

Start of ASP approximately at 15:30, 16.10.2010, earthquake at 07:20:38, 
17.10.2010 

 
Figure 5d. 19-20.11.2010 At sea 05:05:48--08:29:29 20.11.2010 M:3.5 d: 50 

km. Noise variance. 

Start of ASP approximately at 12:20, 19.11.2010 г., two earthquakes at 
05:05:48, 08:29:29 20.11.2010 

 
Figure 5e. 25.11.2010 Baku, Sangachal 09:15:21 M: 3.04 d: 36 km. Noise 

variance 

Start of ASP approximately at 12:10 24.11.2010, earthquake at 09:15:21 
25.11.2010 

 
Figure 5f. In Azerbaijan (21.01.2011, 01:58:54), in Georgia (23.01.2011, 

07:51:23.0), in Tajikistan (24.01.2011, 06:45:29.0) and on the border between 
Turkey and Iran (3 earthquakes 25. 01.2011, 03:56:12.; 04:02:32.; 07:40:04.) 

 
Figure 5g. 23.01.2011 Georgia, near Kutaisi 07:51:23 M: 4.5 d: 10 km 

Estimates of cross-correlation function 

 
Figure 5h. 23.10.2011 East Turkey, Van 16:00:25 M: 5.6 Estimates of cross-

correlation function 

The given experimental results show the expediency of 
construction of RNM ASP stations. Creation of another three 
stations is near completion at the present time, one at well No 
427 of Shirvan Oil, one at a well of Siazan Oil, and one in 
Naftalan. Four RNM ASP stations will obviously make it 
possible to determine the direction of the earthquake focus.  

In the future, integration of RNM ASP stations with 
standard seismic stations will allow one to create intelligent 
systems, which after a certain training period and a long 
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operational testing period can be used for determining the 
coordinates and the magnitude of the expected earthquake. 

X. CONCLUSION  
The paper considers the possibility of minimization of 

damage from major earthquakes by means of interrelated 
solution of problems of control of microchanges in seismic 
stability of construction objects during frequent weak 
earthquakes and monitoring of the latent period of ASP origin. 
Given below are basic results offered for solution of the 
problem. 

1. To minimize damage from earthquakes, a system is 
offered that allows to combine monitoring of the latent period 
of violation of seismic stability of objects with monitoring of 
ASP origin. Taking into account the peculiarity of formation of 
noisy signals in the systems, noise is used as a carrier of 
diagnostic information, making it possible to solve the problem 
of monitoring of seismic stability of objects and ASP. 

2. Dealing with applied problems with application of 
statistical methods, difference in measurement units of 
different technological parameters leads to the necessity of 
reducing it to dimensionless quantity by means of 
normalization. This procedure is carried out through dividing 
the estimates by variance of noisy signal. In that case, at zero 
time shift, 0=μ additional errors are introduced in all points 
but the initial point of correlation function. This is due to the 
fact that the value of noise variance must be subtracted from 
the summary variance in the devisor in estimates of these 
points, which is, unfortunately, not taken into account during 
normalization at present. This results in considerable deviation 
of obtained normalized estimates from true values. The offered 
technology allows one to eliminate the mentioned difference by 
subtracting the value of noise correlation from the divisor. 
Owing to that, errors of eventual results of monitoring, 
diagnostics, identification, etc. decrease considerably in the 
offered system. 

3. The offered distributed system allows performing 
uninterrupted monitoring of microchanges in seismic stability 
of socially significant construction objects by means of LDNS, 
assessment of the original state of their seismic stability being 
determined indirectly. For that end, seismic stability of several 
fundamental objects is taken as pattern on the server of the 
system, and the above-mentioned sets and matrices are formed 
for them. In the process of continuous monitoring of seismic 
stability of objects, they are compared with patterns. If the 
difference exceeds a certain threshold level, they are referred to 
the group that requires monitoring by mobile diagnostic 
equipment.  

Reliability and adequacy of monitoring results are achieved 
through use of the noise as a carrier of diagnostic information, 
formation of sets and matrices from robust normalized 
estimates of correlation functions as well as application of 
robust, spectral and position-binary indicators. 

At the same time, if conventional technologies and systems 
are used, results of changes in seismic stability of construction 
objects are registered only when they take an expressed form. 
The offered technology and system allow one to detect a 

change in seismic stability at the initial stage, enabling 
organization of timely precaution measures and prevention of 
further grave deformations, which will make it possible to 
reduce the total volume of repair works and amount of finance 
and sudden failures. 

4. In case of discovery of simultaneous changes in 
corresponding estimates of the noise received from a group of 
closely-spaced objects, the offered distributed noise monitoring 
system allows detection of initial stages of landslide, forming 
the alarm to warn the corresponding city services about the 
possibility of a dangerous and destructive ecological process. 

5. Results of the experiments at the seismic-acoustic station 
at Qum Island demonstrated that it is possible to detect the time 
of ASP origin within a radius of more than 100-250 km several 
hours before the earthquake by means of estimates of noise 
variance, noise correlation and cross-correlation functions 
between noises and useful signals. However, identification of 
coordinates and magnitude of the earthquake requires creation 
of another three such stations and their integration with 
standard seismic stations. 

6. The results obtained from experimental data allow 
assuming that the time lead in registration of ASP origin by the 
seismic-acoustic station over standard seismic stations is due to 
two factors. 

First, seismic-acoustic waves that arise in the beginning of 
ASP origin do not reach the earth’s surface due to frequency 
characteristics of certain upper strata, which leads to their 
horizontal spreading in deep strata as noise. Reaching steel 
pipes of the well at the depth of over 3-6 km, seismic-acoustic 
waves transform into acoustic signals and go to the surface at 
the velocity of sound, where they are detected by the 
hydrophone. At the same time, low frequency seismic waves 
from seismic processes are sensed at the surface in 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, application of robust noise 
technology allows one to analyze noises received from acoustic 
sensors and register anomalous seismic processes in the 
beginning of their origin. These two factors make it possible to 
indicate the time of the beginning of the coming earthquake 
based on the received seismic-acoustic information much 
earlier than it is done by stations of the seismic survey service.  

7. Seismic-acoustic stations of ASP monitoring can also be 
used for monitoring of the latent period of volcano formation 
well before the eruption. Their use will also allow one to 
perform monitoring of testing of minor and major nuclear 
bombs and other experiments related to manufacture of 
military equipment on a regional basis. A network of such 
stations will make it possible to fully control such tests and 
various military maneuvers. 

8. Operation of the offered system will allow receiving 
information on the coming earthquake 10 and more hours 
before its beginning as well as on technical condition and 
seismic stability of socially significant construction objects. 
Timely decision-making on population evacuation from most 
vulnerable buildings, power, gas, water supply cut, reducing 
water level in reservoirs of hydroelectric power plants, 
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suspension of chemical and other hazardous production, 
stopping subway and railroad trains can result in minimization 
of damage and environmental impact from disastrous 
earthquakes. 
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