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Abstract—It is noted that at the moment of initiation of 
malfunctions in the structures of the tunnel, the noise of the noisy 
signal coming from the corresponding sensor takes on critical 
values that correlate with the useful signal. The authors develop 
the algorithms for calculating the probability of admissible and 
critical values of the noise of the noisy signal, the relay cross-
correlation function and the correlation coefficient between the 
useful signal and the noise. Technologies are proposed for early 
monitoring of the technical condition of tunnels by critical values 
of the noise and for determining the dynamics of the development 
of defects by the value of the correlation coefficient between the 
useful signal and the noise of the noisy signal. 
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I. INTRODUCTION 
Tunnels are known to be an important part of modern 

transport communication networks with heavy traffic. Tunnels 
are typically built through both soft clay and hard rocks. 
Therefore, they are subject to rock pressure, groundwater, 
vibration shocks due to moving vehicles, etc. As a result, 
deformations, cracks, corrosion, wear, breakdowns and other 
malfunctions occur in the structures of the tunnels, which can 
lead to an emergency state. To avoid this, it is necessary to 
ensure its stability during construction of the tunnel and to 
adequately manage the risks of accidents during operation.  

Geodetic monitoring systems are created for uninterrupted 
and safe operation of the tunnel. For this purpose, a system of 
sensors gauging pressure, displacement, load on reinforcement 
and anchors, crack opening sensors, inclinometers, etc. is 
installed to measure, collect and process initial information. 
Based on the results obtained, a conclusion is made on the 
technical condition of the tunnel, the presence of defects and 
the degree of their danger for the operation of vehicles, as well 
as recommendations are given on how to eliminate the 
malfunctions. [1-3]. 

However, the existing monitoring and control systems do 
not allow detecting the early period of malfunctions in the 
tunnels. This is especially important for countries of seismically 

active regions, when, after frequent weak earthquakes or minor 
repeated landslides, microscopic changes in the technical 
condition of the tunnel appear, which can subsequently lead to 
serious damage. [1-4]. 

It is shown in [5-10] that in the normal technical condition 
of the tunnel, the noisy signal that comes from the 
corresponding sensor contains only the noise caused by the 
influence of external factors. At the moment of formation of 
even the smallest damage, additional noise appears, which 
correlates with the useful component of the noisy signal. 

Therefore, the problem arises of determining the early stage 
of the initiation of a defect in the tunnels and the dynamics of 
its development by calculating the probability of the values of 
the noise getting into a certain critical interval, as well as the 
characteristics of the correlation between the useful signal and 
the noise. 

II. PROBLEM STATEMENT 
It is known that in practice, real signals are the sum of useful 

signals ( )X t  and noises ( )tΕ , i.e., 

 ( ) ( ) ( )G t X t t= +Ε .  (1) 

Because useful signals ( )X t  are contaminated with noise 

( )tΕ , tangible errors emerge in determining the estimates of 

their correlation functions ( )XXR µ .  

Here, as shown in [1, 5-10], the sum noise ( )tΕ  is made 

up of the noise ( )1 tΕ  caused by external factors and the noise 

( )2 tΕ  caused by the initiation of a defect during the operation 
of objects, i.e., 

 ( )tΕ = ( )1 tΕ + ( )2 tΕ .  (2) 
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Suppose that ( )G t  is sampled stationary random signal 
with a normal distribution law, consisting of the useful signal 

( )X t  and the noise ( )tΕ  with a zero mathematical 

expectation mΕ . Here, the formula for calculating the estimate 

GD of the variance of the noisy signal ( )G t  is written as [1,5-
10]: 

 ( ) ( )2

1

10
N

G GG
i

D R G i t
N =

= = ∆∑ = 

 = ( ) ( ) ( )0 2 0 0XX XR R RΕ ΕΕ+ + . (3) 

Therefore, the error of the obtained result is equal to  

 ( ) ( ) ( )0 2 0 0GG XR R DΕ ΕΕ Ελ µ = = + = , 

where ( ) ( ) ( )
1

10
N

X
i

R X i t i t
NΕ

=

= ∆ Ε ∆∑  is the cross-

correlation function between the useful signal and the noise; 

( ) ( ) ( )
1

0
N

i
R i t i tΕΕ

=

= Ε ∆ Ε ∆∑  is the variance of the noise 

( )tΕ . 

The formula for calculating the estimate of the correlation 
function ( )GGR µ  at 0µ ≠  can also be written as [1,5-10]: 

 ( )GGR µ = ( ) ( )( )
1

1 N

i
G i t G i t

N =

∆ +µ ∆∑ = 

 = ( ) ( ) ( ) ( )XX X XR R R RΕ Ε ΕΕµ + µ + µ + µ . (4) 

Since ( )RΕΕ µ =0 at 0µ ≠ , the sum noise will be equal to 

𝜆𝜆𝐺𝐺𝐺𝐺(𝜇𝜇) ≈ �2𝑅𝑅𝑋𝑋E(0) + 𝑅𝑅EE(0)  when 𝜇𝜇 = 0
2𝑅𝑅𝑋𝑋E(𝜇𝜇)  when 𝜇𝜇 ≠ 0. (5) 

Hence the obvious inequality 

 ( ) ( )XX GGR Rµ ≠ µ . (6) 

For this reason, in practice, it is often impossible to ensure 
the adequacy of the results of the problem being solved using 
the estimate of ( )GGR µ , since in this case part of the valuable 

information contained in the noise ( )tΕ  of the signal ( )G t  
is lost. In this regard, it is obvious that it is necessary to create 
algorithms and technologies for determining the estimate of the 
noise variance DΕ  and the cross-correlation function 

( )XR Ε µ  between the useful signal and the noise. 

At the same time, it is obvious [1,5-10] that the correlation 
between ( )X t  and ( )tΕ  arises when the values of the noise 
are a certain critical interval. It is known that the probability 

( )( )P tα ≤ Ε ≤ β  of the noise ( )tΕ  being in a certain 

interval [ ],α β  can be calculated from the expression: 

 ( )( ) ( )P t f d
β

α

α ≤ Ε ≤ β = ε ε∫ , (7) 

where ( )f ε  is the density distribution function of the noise 

( )tΕ .  
Since in most cases the stationary ergodic noise obeys the 

normal distribution law ( )N ,m ,Ε Εε σ , and its mathematical 

expectation mΕ =0:  

 ( )
( )2

221
2

m

N e
Ε

Ε

ε−
−

σ

Ε

ε =
σ π

, (8) 

then the probability ( )( )P tα ≤ Ε ≤ β  can be calculated as 
follows: 

 ( )( ) ( )P t N d
β

α

α ≤ Ε ≤ β = ε ε∫ . (9) 

Below, we propose algorithms and technologies for 
determining the early stage of the initiation of a defect in a 
tunnel and the dynamics of its development as a result of 
calculating the probability of the noise being in a certain critical 
interval [ ],α β , as well as relay cross-correlation function and 
correlation coefficient between the useful signal and the noise. 

III. DEVELOPING ALGORITHMS FOR CALCULATING THE 
PROBABILITY OF ADMISSIBLE AND CRITICAL VALUES OF THE 

NOISE 
From formula (7) it follows that to calculate the probability 

of the noise being in a given interval, it is necessary to 
determine the distribution density function ( )N ε . Obviously, 
this requires calculating first of all the mean square deviation 

DΕ Εσ =  of the noise ( )tΕ . In works [1,15-10] it is 

shown that the estimate of the mean square deviation  ∗
Εσ  of 

the noise ( )tΕ  of the noisy signal ( )G t  for real technical 
facilities can be calculated from the expression: 

 ∗
Εσ = ( ) ( ) ( )0 2 2G G GR R t R t− ∆ + ∆ . (10) 

In addition, in [1, 15-10], a formula is derived for 
calculating the mean square deviation of the noise for the 
special case when the noise is white noise: 

 ∗
Εσ = ( ) ( )0G GR R t− ∆ . (11) 

Then the density distribution function of the noise ( )tΕ , 
taking into account the fact that the mathematical expectation 
of the noise is 0mΕ = , will be determined from the 
expression: 
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 ( ) ( )
2

2
21

2
N e

∗
Ε

ε
−

σ∗
∗
Ε

ε =
σ π

  (12). 

Obviously, the probability of the noise ( )tΕ  being in 

some interval [ ],α β  can be determined from the expression:  

 ( )( ) ( )P t N d
β

∗

α

α ≤ Ε ≤ β = ε ε∫ . (13) 

Thus, knowing the probability with which the noise ( )tΕ  
takes admissible and critical values at different time instants, it 
is possible to determine the early latent period of the initiation 
of defects in a tunnel. The detection of the dynamics of 
malfunction development also requires calculating the value of 
the correlation coefficient between the critical values of the 
noise and the useful signal. This will allow determining the 
intensity of the emergency situation and prevent the occurrence 
of accidents in a timely manner. 

IV. ALGORITHMS AND TECHNOLOGIES FOR CALCULATING THE 
RELAY CROSS-CORRELATION FUNCTION AND THE COEFFICIENT 

OF CORRELATION BETWEEN THE USEFUL SIGNAL AND THE 
NOISE 

As shown above, during normal operation of the object, the 
noise ( )tΕ = ( )1 tΕ   emerges due to random external factors, 

which does not correlate with the useful signal ( )X t . 
However, at the beginning of the latent period of changes in the 
technical condition of the object as a result of the initiation of 
various defects, the noise ( )2 tΕ  emerges arises, whose 
critical values correlate with the useful signal. Therefore, from 
this moment on, the correlation between the useful signal 

( )X t  and the sum noise ( )X t  is different from zero. Here, 
the initiation and development of malfunctions is essentially 
manifested in the estimates of the cross-correlation functions 

( )XR Ε µ  between ( )X t  and ( )tΕ  [1, 5-10]. Therefore, to 
control the beginning and dynamics of changes in the technical 
condition of tunnels, it is advisable to use the estimate of 

( )XR Ε µ .  

It is known that the estimates of the relay correlation 
functions can be calculated from the formula [1]: 

 ( ) ( ) ( )( )
1

1 N
r
X

i
R sgnX i t i t

NΕ
=

µ = ∆ Ε +µ ∆∑ . 

Obviously, to use this formula, it is necessary to determine 
the samples of the noise ( )i tΕ ∆  and the useful signal 

( )X i t∆ , which cannot be measured directly or isolated from 

the noisy signal ( )G t  [1].  

In this regard, we will consider one of the possible options 
for the approximate calculation of estimates of the relay cross-
correlation function ( )r

XR ∗
Ε µ  between the useful signal 

( )X t  and the noise ( )tΕ  as a result of calculating the relay 

correlation function ( )r
GGR µ  of the noisy signal ( )G t . 

For this, we first adopt the following notation and 
conditions [1]: 

 ( )
( )
( )
( )

1 0
0 0
1 0

when G i t
sgnG i t when G i t

when G i t

+ ∆ >
∆ = ∆ =
− ∆ <

. 

Then the relay correlation function ( )r
GGR µ  of the noisy 

signal ( )G t  will be calculated from the formula [1]: 

 ( ) ( ) ( )( )
1

1 N
r
GG

i
R sgnG i t G i t

N =

µ = ∆ +µ ∆∑ . 

Considering that [1] 

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

sgnG i t sgnX i t

sgnG i t G i t sgnX i t G i t

∆ = ∆


∆ ∆ = ∆ ∆
  (14)  

the expression for calculating the relay correlation function 
( )r

GGR µ  for 0µ =  of the noisy signal ( )G t  can be written 
as: 

 ( ) ( ) ( )
1

10
N

r
GG

i
R sgnG i t G i t

N
∗

=

µ = = ∆ ∆∑ = 

 ( ) ( ) ( ) ( )
1 1

1 1N N

i i
sgn X i t X i t sgn X i t i t

N N= =

∆ ∆ + ∆ Ε ∆∑ ∑  

 = ( ) ( )0 0r r
XX XR R Ε+ , (15)  

where ( )r
XXR µ , ( )r

XR Ε µ  are the relay correlation function 
of the useful signal and the cross-correlation function between 
the useful signal and the noise. 

In the literature [1] it is shown that the estimates of the relay 
cross-correlation function ( )0r*

XR Ε  can be calculated from the 
expression  

 ( ) ( ) ( ) ( )0 0 2 1 2r r r r
X GG GG GGR R R R∗
Ε = − + = 

 = ( ) ( )
1

1 N

i
sgnG i t G i t

N =

∆ ∆ −∑  

 ( ) ( )( )
1

1 2 1
N

i
sgnG i t G i t

N =

− ∆ + ∆∑  

 ( ) ( )( )
1

1 2
N

i
sgnG i t G i t

N =

+ ∆ + ∆∑ . (16)  

In this case, if the conditions of stationarity and normality 
of the distribution law of noisy signals are satisfied, then the 
following equalities will be valid for the controlled objects [1] 
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( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )( )

( ) ( ) ( )( )

1

1

1

10 0

0 2 2 0
1 1 0

12 2 0

N
r*
X

i
r* * *
XX XX XX

N
r*
X

i

N
r*
X

i

R sgn X i t i t
N

R R t R t

R t sgn X i t i t
N

R t sgn X i t i t
N

Ε
=

Ε
=

Ε
=

 ≈ ∆ Ε ∆ ≠

 + ∆ − ∆ ≈



∆ ≈ ∆ Ε + ∆ ≈



∆ ≈ ∆ Ε + ∆ ≈


∑

∑

∑

  

   (17)  

and due to this, the right-hand side of expression (16) takes the 
form 

 ( ) ( )0 0r* r
X XR RΕ Εµ = = µ = . 

Thus, we can assume that the estimate obtained by formula 
(16) is an estimate of the relay cross-correlation function 

( )r*
XR tΕ µ∆  between the useful signal ( )X t  and the noise 

( )tΕ . 

The relationship between relay and normalized cross-
correlation functions for normally distributed random processes 

( )X t , ( )tΕ  here is expressed by the relationship [1]: 

 ( )r
XR Ε µ = ( )2

XΕ Ερ µ σ
π

, (18) 

where ( )XΕρ µ  is the normalized cross-correlation 

function between the useful signal ( )X t  and the noise ( )tΕ

, Εσ  is the mean square deviation of the noise  ( )tΕ .   

Hence the normalized cross-correlation function ( )XΕρ µ  
can be calculated from the expression [1]: 

 ( ) ( )
2

r
X

X

R Ε
Ε

Ε

µ
ρ µ =

⋅σ
π

.  (19) 

It follows from this formula that to calculate the normalized 
cross-correlation function ( )XΕρ µ  between the useful signal 

( )X t  and the noise ( )tΕ , we need to know the relay cross-

correlation function ( )r
XR Ε µ  and the mean square deviation 

Εσ  of the noise. Obviously, using formula (16), it is possible 

to calculate the relay cross-correlation function ( )r
XR ∗
Ε µ . At 

the same time, the mean square deviation Εσ  of the noise can 
be calculated from expression (10). 

Therefore, the calculation of the normalized cross-
correlation function can be reduced to the form: 

 ( ) ( )
2

r
X

X

R ∗
Ε∗

Ε
∗
Ε

µ
ρ µ =

⋅σ
π

.  (20) 

It is known here that the value of the normalized cross-
correlation function ( )0XΕρ  at 0µ =  is the correlation 
coefficient: 

 ( ) ( )0
0

2

r
X

X X

R
r Ε

Ε Ε

Ε

= ρ =
⋅σ

π

.  (21) 

Therefore, it is possible to calculate the value of the 
correlation coefficient Xr Ε  between the useful signal ( )X t  

and the noise ( )tΕ : 

 ( ) ( )0
0

2

r
X

X X

R
r

∗
Ε∗ ∗

Ε Ε
∗
Ε

= ρ =
⋅σ

π

 . (22) 

Thus, using formulas (10), (11), (16), (18)-(22) , we can 
calculate the correlation coefficient between the useful signal 

( )X t  and the noise ( )tΕ . 

V. TECHNOLOGIES FOR MONITORING THE TECHNICAL 
CONDITION OF TUNNELS BY CRITICAL VALUES OF THE NOISE 

AND ITS CORRELATION WITH THE USEFUL SIGNAL OF THE 
NOISY SIGNAL 

It is known that to prevent the risk of transport accidents in 
tunnels, it is necessary to carry out control of random signals 
that come from sensors gauging pressure, displacement, load 
on reinforcement and anchors, crack opening sensors, 
inclinometers, etc. in real time. Below we propose an algorithm 
for calculating the probability of development of tunnel defects, 
which makes it possible to significantly reduce the risk of 
transport accidents.  

At the initial time period 0t , when the tunnel is in fully 

operational condition, the variance 0,tD∗
Ε  of the noise ( )tΕ  

is calculated from the expressions: 
 

  ( ) ( )0
1

1 N

,t
i

D G i t G i t
N

∗
Ε

=

= ∆ ∆ −∑    

 ( ) ( )( )
1

12 1
N

i
G i t G i t

N =

− ∆ + ∆ +∑  

 ( ) ( )( )
1

1 2
N

i
G i t G i t

N =

+ ∆ + ∆∑ . 

Then we calculate the probabilities of the admissible values 
of the noise  ( )tΕ , i.e. the values of the noise, within the range 
of which the damage is considered inexistent, based on the 
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condition ( )0 0,t ,tm k t m k∗ ∗
Ε Ε Ε Ε− σ ≤ Ε ≤ + σ , where k is 

the selected coefficient. After that: 

− taking into account the condition 0mΕ = , we calculate 

the minimum and maximum values of the noise ( )tΕ : 

0min ,tk ∗
Εε = − σ ; 0max ,tk ∗

Εε = σ ; 

− at a certain step ∆ε  we set the values of the noise ( )tΕ  

in ascending order from minε  to maxε :  

 ( )1 minε = ε , ( ) ( )1i iε + = ε + ∆ε ,  

 ( ) ( )2 1i iε + = ε + + ∆ε , …, ( ) maxnε = ε ,  (23) 

and form a sequence of admissible values of the noise ( )1ε , 

( )2ε , ( )3ε , …, ( )nε , for which the condition ( )1iε − <

( )iε  is satisfied.  

The density function of the normal distribution is 
calculated: 

 ( )( )
( )( )

( )

2

2
02

0
0

1
2

,t

i

t
,t

N i e
∗
Ε

ε
−

σ∗
∗
Ε

ε =
σ π

.  

After that, for the time instant 0t , we calculate the 

probabilities of the values of the noise ( )tΕ  with the mean 

square deviation 
0,t

∗
Εσ  being in the admissible intervals 

( ) ( ) ( )1 2tε ≤ Ε < ε ,  ( ) ( ) ( )2 3tε ≤ Ε < ε ,  …, 

( ) ( ) ( )1n t nε − ≤ Ε ≤ ε : 

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

( )2

1 0 0
1

1 2,t t
P t N d

ε
∗

ε

ε ≤ Ε < ε = ε ε∫ ,  

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

( )3

2 0 0
2

2 3,t t
P t N d

ε
∗

ε

ε ≤ Ε < ε = ε ε∫ , …,  

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

( )

1 0 0
1

1
n

n ,t t
n

P n t n N d
ε

∗
−

ε −

ε − ≤ Ε < ε = ε ε∫ . 

 (24) 

The values of these probabilities are entered in the database 
of informative attributes as reference values corresponding to 
the fully operational condition of tunnels. 

After a certain period of time at the instant  1t  at the points 

( )1ε , ( )2ε , ( )3ε , …, ( )nε , we re-calculate the density 

distribution function ( ) 1t
N ∗ ε for the noise ( )tΕ  with the 

mean square deviation 1,t
∗
Εσ :  

 ( )( )
( )( )

( )

2

2
12

1
1

1
2

,t

i

t
,t

N i e
∗
Ε

ε
−

σ∗
∗
Ε

ε =
σ π

.  

Then, for the time instant 1t , we calculate the probabilities 

of the values of the noise ( )tΕ  with the mean square deviation 

1,t
∗
Εσ  being in the admissible intervals ( ) ( ) ( )1 2tε ≤ Ε < ε , 

( ) ( ) ( )2 3tε ≤ Ε < ε ,  …, ( ) ( ) ( )1n t nε − ≤ Ε ≤ ε : 

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

( )2

1 1 1
1

1 2,t t
P t N d

ε
∗

ε

ε ≤ Ε < ε = ε ε∫ ,  

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

( )3

2 1 1
2

2 3,t t
P t N d

ε
∗

ε

ε ≤ Ε < ε = ε ε∫ , …,  

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

( )

1 1 1
1

1
n

n ,t t
n

P n t n N d
ε

∗
−

ε −

ε − ≤ Ε < ε = ε ε∫ . 

 (25) 

After that, we calculate the difference of the probabilities 
of the noise ( )tΕ  being in the intervals 

( ) ( ) ( )1 2tε ≤ Ε < ε , ( ) ( ) ( )2 3tε ≤ Ε < ε ,  …, 

( ) ( ) ( )1n t nε − ≤ Ε ≤ ε  at the time instants 1t  and 0t : 

 ( ) ( ) ( )( )1 1 0 1 2,t tP t− ε ≤ Ε < ε = 

 = ( ) ( ) ( )( )1 1 1 2,tP tε ≤ Ε < ε - ( ) ( ) ( )( )1 0 1 2,tP tε ≤ Ε < ε  

 ( ) ( ) ( )( )2 1 0 2 3,t tP t− ε ≤ Ε < ε = 

 ( ) ( ) ( )( )2 1 2 3,tP tε ≤ Ε < ε - ( ) ( ) ( )( )2 0 2 3,tP tε ≤ Ε < ε  

 … (26) 

 ( ) ( ) ( ) ( )( )1 1 0 1n ,t tP n t n− − ε − ≤ Ε < ε = 

 ( ) ( ) ( ) ( )( )1 1 1n ,tP n t n− ε − ≤ Ε < ε - 

 - ( ) ( ) ( ) ( )( )1 0 1n ,tP n t n− ε − ≤ Ε < ε .  

The differences of the probabilities 
( ) ( ) ( )( )1 1 0 1 2,t tP t− ε ≤ Ε < ε ,  

( ) ( ) ( )( )2 1 0 2 3,t tP t− ε ≤ Ε < ε , 

( ) ( ) ( ) ( )( )1 1 0 1n ,t tP n t n− − ε − ≤ Ε < ε  the informative 
attributes of the initiation of defects in tunnels.   

Then work is performed to detect the defect, and the values 
of probabilities (25) and difference of probabilities (26) are 
saved as reference sets for the occurrence of this type of defect. 



      261                Baku, Azerbaijan 

After the values of the probabilities have also been obtained 
at the time instants 3t , 4t , …, kt , the database of informative 
attributes takes the form: 

( )( ) ( )

( )( ) ( )

( )( ) ( )

( )( ) ( )

0 1 0 2 0 1 00

1 1 1 2 1 1 11

2 1 2 2 2 1 22

1 2 1

,t ,t ,t n ,tt

,t ,t ,t n ,tt

,t ,t ,t n ,tt

,tk ,tk ,tk n ,tktk

N i P P P

N i P P P

TS N i P P P

N i P P P

∗ ∗
Ε −

∗ ∗
Ε −

∗ ∗
Ε −

∗ ∗
Ε −

 σ ε
 
σ ε 
 

= σ ε 
 
 
 σ ε 







     



 
  (27) 

After the appropriate training, one of the possible technical 
states of the tunnel is assigned to each line. In this case, a new 
column with one of the possible states is added to matrix (27):  

( )( ) ( )

( )( ) ( )

( )( ) ( )

( )( ) ( )

0 1 0 2 0 1 00

1 1 1 2 1 1 11

2 1 2 2 2 1 22

1 2 1

0

1

2

,t ,t ,t n ,tt

,t ,t ,t n ,tt

,t ,t ,t n ,tt

,tk ,tk ,tk n ,tktk

N i P P P

N i P P P

TS N i P P P

N i P P P k

∗ ∗
Ε −

∗ ∗
Ε −

∗ ∗
Ε −

∗ ∗
Ε −

 σ ε
 
σ ε 
 

= σ ε 
 
 
 σ ε 







      



, (28) 

where 0 is fully operational; 1 − operational without damage; 2 
− partially operational with minor damage; 3 − limited 
operational, but the resulting minor damage develops 
intensively; 4 − non−operational; 5 − pre−emergency; 6 − 
emergency, etc. depending on the values of probabilities at a 
given time instant. 

In addition to matrix of the technical condition (28), a 
matrix of the dynamics of damage development is also built, 
which consists of estimates of the correlation coefficients Xr

∗
Ε  

between the useful signal ( )X t  and the noise ( )tΕ  at the 

time instants 0t , 1t , 2t , 3t , …, kt . After training, each value 

of the coefficient of correlation 0X tr∗Ε− , 1X tr∗Ε− , … X tkr∗Ε−  is 
associated with a certain degree of the dynamics of the failure 
development: no defect; defect exists but does not develop; 
defect develops insignificantly; defect develops; defect 
develops rapidly; defect quickly leads to a catastrophic 
situation, etc. As a result, we get the following matrix of the 
dynamics of damage development: 

 

( )

( )

( ) ( ) ( ) ( ) ( )

1 1 0 2 1 0 1 01 1 0

1 2 1 2 2 1 2 11 2 1

1 1 2 1 1 1 1

,t t ,t t X ,t tn ,t t

,t t ,t t X ,t tn ,t t

,tk t k ,tk t k n ,tk t k X ,tk t k

P P P r

P P P r
DR

P P P r

∗
− − Ε −− −

∗
− − Ε −− −

∗
− − − − Ε −

 
 
 

=  
 
 
 





    



. (29) 

Thus, using matrices (28), (29), it is possible to determine 
the probability of the initiation of defects in tunnels, as well as 
to determine the dynamics of the development of these defects 
over time, which is a prerequisite for determining the 
probability of transport accidents in tunnels. 

VI. CONCLUSION 
Studies have shown that one of the possibilities for 

identifying the initial latent period of the initiation of damage 
and defects in tunnels and determining the dynamics of their 
development is the calculation and analysis of the probabilities 
with which the nose takes admissible and critical values, as 
well as the values of the correlation coefficient between the 
useful signal and the noise. The algorithms and technologies 
proposed in the paper allow solving both of these problems. 
The use of the proposed technologies in monitoring and 
control systems will make it possible to identify damaged 
sections of tunnels at an early stage, which allows determining 
the probability of transport accidents. 
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