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Hydraulic structures are designed in a standard way if it is necessary to regulate the water course and maintain the 
volume of irrigation. The obstacles to the construction of such structures are mainly technical and economic, when 
instead of building a new hydraulic complex, it is gradually modernised. Consideration of the issues of creating com-
plexes of hydraulic structures leads to the statement of a fact that the water balance of the territory changes. The 
novelty of the study is determined by the fact that hydraulic structures can be used as prerequisites for the devel-
opment of qualitatively new programmes for runoff regulation. The authors note that this is particularly important for 
seismologically unstable areas. It is necessary to lay out plans taking into account not only the possible seismological 
load, but also the modes and technologies that are used to modernise the already operating hydraulic structures. The 
practical significance of the study is determined by the fact that the development of hydrotechnical complexes makes 
it possible to create a system not only for improving the quality of the water balance, but also performs technological 
support for the safety of the technologies used.
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INTRODUCTION

At the end of the 20th century and the beginning of the 
21st, there was a significant increase in the number of 
natural and man-made disasters, causing economic 
damage in hundreds of billions of dollars, and signifi-
cantly affecting the natural environment of the Earth and 
humanity as a whole [1]. Among natural and man-made 
disasters, with their enormous harm and impact on large 
areas, there are spills of oil products on the sea surface 
during extraction and transportation, the flooding of ter-
ritories, that is, a rise in the level of groundwater and 
waterlogging of soils caused by economic and industrial 
activities, subsurface peat fires, etc. [2].
Therefore, for example, the problem of flooding in terms 
of its scale and dynamics of development has recently 
acquired signs of a potential threat to human habitation 
area [3]. At the same time, a water table rise is observed 
almost everywhere, due to an increase in water level 
in rivers during the construction of impounding reser-
voirs, channel dams, shipping canals and other hydrau-
lic structures. It is also influenced by saturation of soils 
during water seepage through the bottom and banks of 
canals, leaks from water supply and sewerage networks 
[4]. According to various estimates, flooding affects up to 
30% of the population, 60% of industrial-urban agglom-
erations, almost all developed mining areas and industri-
al sites of thermal power plants [5].

Currently, numerous radar systems are successfully op-
erating in space: RADARSAT -1, -2 (Canada), ENVISAT 
ASAR, ERS-1, -2 (ECA), ALOS PALSAR (Japan), La-
cross 2, ... -5 (USA), TerraSARX1, -X2, Sar-Lupe -1 ... 
-5 (Germany), COSMO SkyMed (Italy), TECSAR (Isra-
el), JianBing -5 (China) and many others, which opened 
up wide opportunities for remote sensing soil moisture in 
various regions of the Earth [6]. However, radar systems 
have significant limitations [7]. Thus, surface roughness 
has a significant effect on radar scatter; this makes it dif-
ficult to assess the soil moisture using active radar [8]. 
The radar signal is also quenched and scattered by veg-
etation; which limits the use of active radar techniques 
only on surfaces with little to no vegetation [9]. The pen-
etration distance of radio waves varies depending on 
the soil dielectric constant, the angle of incidence and 
the frequency of exposure, however, the complex sens-
es moisture in the soil layer several centimetres thick, 
which does not allow using them to observe the flooding 
of deeper soil layers [10].
For remote sensing of temperature anomalies caused 
by waterlogging of depth layers in soil and subsurface 
waters, space-borne and airborne IR devices are widely 
used [11]. The problems encountered when assessing 
moisture conditions are caused by a variety of sources 
of electromagnetic radiation, captured by the IR sensor 
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(for example, soil, foliage of vegetation and wood mate-
rial, debris, etc.), the range of influence of variables that 
can determine the flux of IR radiation (for example, sur-
face moisture, incident radiation, wind, albedo, thermal 
inertia, etc.), and the transmission of emitted radiation 
through the atmosphere [12]. In general, establishing 
the relationship between surface moisture and infrared 
radiation is an underdetermined problem, with many un-
known factors that significantly complicate the unambig-
uous interpretation of the data obtained [13]. During the 
construction of dams, the problem of flooding forces to 
search for the possibility of building a mathematical mod-
el for determining the potential destructibility of hydraulic 
engineering objects [14].

MATERIALS AND METHODS

The object of the study is the dam at the Big Almaty Lake, 
which is located in the mountains, about 15 km south of 
Almaty. The Big Almaty Lake is a reservoir, the purpose 
of which is power engineering, water supply and artificial 
irrigation of lands. The dam has the shape of a ledge with 
a height of about 6 m, the length of the object under study 
is 250 m, and the width is 6 m. Since the dam provides 
drinking water to some settlements of Almaty, access to 
the territory of the lake is closed and strictly guarded. 
Experimental studies were carried out using the Loza B 
ground-penetrating radar in order to identify the internal 
structure of the dam, leakage (humidification) zones, and 
also to prevent future emergencies. The research was 
carried out jointly with employees of the Department for 
Emergency Situations of the city of Almaty of the Ministry 
of Internal Affairs of the Republic of Kazakhstan.

The result of the GPR survey is a set of single tracks 
(signals) recorded by the receiving antenna at each po-
sition of the radar. As a rule, this set of tracks is displayed 
by the variable density method in the form of an image 
– a radiogram. The subject of the research is methods
of interpretation of radar images obtained by sounding 
and diagnostics using a GPR. Experimental studies were 
carried out using the Georadar Loza B device along the 
top and along the foot of the dam with 300 cm antennas 
(300 MHz), 50 cm with a profile spacing:

 – Profile surveys were carried out along the foot of the 
dam with separate profiles in two directions with a 
spacing of 50 cm. In the opposite direction, they were 
carried out by connecting the antennas in one row, 
tying one antenna to the end of the other antenna 
(Fig. 1). The survey was conducted in an eastward 
direction, in Figure 1 it is marked with a red arrow, 
and in the opposite direction, which is marked with 
a blue arrow. The profile is about 250 meters long.

 – In the upper part of the dam, profile surveys were 
carried out with separate profiles in two directions 
with a spacing of 50 cm (Fig. 2). Profile length is 
about 250 meters.

GPR surveys in the upper part of the dam were carried 
out in an eastward direction, which is marked in Fig. 2 
with a black arrow, and the westward direction is marked 
with a purple arrow.
In Figure 2, a square of concrete with an iron pipe in the 
centre is indicated by a green arrow, a yellow arrow in-
dicates the distance between two iron pillars, and an or-
ange arrow indicates a concrete slab lying on its side. In 

Figure 1: Reservoir dam

Figure 2: Dam top
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addition, there are many surface and subsurface objects, 
many of which are shown in Figures 3-4.

RESULTS AND DISCUSSION

The information obtained by the side-looking radar of the 
8 mm range of the complex is presented in the form of 
bitmap image files of the reflected radio signal from the 
earth surface. But in contrast to bitmap images of opti-
cal systems, which have minimal geometric distortions in 
cartographic bitmaps [15], it has much more prominent 
geometric distortions. It is caused by physical processes 
that accompany the acquisition of information and the 
specifics of the operation of the equipment for receiving 
and recording information from the side-looking radar. 
This greatly complicates the interpretation of the infor-
mation received [16].
There are a lot of factors causing the appearance of geo-
metric distortions of bitmap information. These include 
short-term deviations of the trajectory of the movement of 
airflows from the rectilinear direction of movement (yaw, 
pitch), short-term changes in the flight speed, short-term 
and static changes in the orientation of the aircraft rela-
tive to the direction of movement (angle of compensation 
of wind drift), the specifics of the operation of transceiv-
ing and recording equipment of a specific implementa-
tion of a side-looking radar [17]. Each of these factors 
has a different contribution to the result of distortions, 
but the main ones are distortions due to the specifics 
of the operation of the equipment and static changes in 
orientation relative to the direction of movement (herein-
after referred to as drift). It is these factors that must be 
eliminated at the stage of preliminary processing to pre-
pare materials for further thematic processing of bitmap 
information [18].

(a) (b) (c)

Figure 3: Surface and subsurface objects: a) reinforcing rods protruding from the ground; b) a pipe with a round 
end; c) H-shaped pipe

(a) (b) (c)

Figure 4: Surface objects: a) concrete square with an iron pipe in the centre; b) a cabin; c) a pole with a power line

The distortions caused by the specifics of the operation 
of the equipment include the addition of telemetric and 
navigational digital information to the structure of the bit-
map image, mirror scanning when registering informa-
tion, distortion of the proportionality of the bitmap due to 
differences in the horisontal and vertical interpixel dis-
tance, uneven interpixel distances in the direction per-
pendicular to the direction of movement, the presence in 
the bitmap image of a section of reflected signals up to 
the first reflected from the earth's surface [19].
The specificity of the operation of the receiving and re-
cording equipment of a specific implementation of an IR 
radiometer differs significantly from a side-looking ra-
dar. The initial information of the IR radiometer does not 
have a clear bitmap structure as in the case of RPON. 
This is due to the fact that the recording equipment op-
erates independently of the receiving equipment and the 
quantisation of analogue information (digitisation) occurs 
completely asynchronously with the frequency of its own 
clock generator, which has nothing to do with the re-
ceiving equipment. In turn, the receiving equipment has 
its own frequencies of the sweep formation, which are 
synchronised by the mechanical sensors of the antenna 
system of the radiometer, have a free-play, detonation 
effect and dependence on mechanical vibration of the 
equipment [20]. The line length of the original image is 
not an integer multiple. In addition, if we examine in de-
tail the position of the beginning and end of the lines, it 
can be clearly seen that the instability of the beginning of 
the line and the asynchronous position of the end of the 
lines relative to their beginning, that is, the local instabil-
ity of the length of the lines with sufficiently stable aver-
age values of these parameters. The task of preliminary 
processing of bitmap radar information is to correct the 
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existing geometric distortions and generate bitmap infor-
mation images suitable for integration into geographic in-
formation systems and further thematic processing using 
interactive and automatic methods.
At the first stage of correction, it is necessary to separate 
the area of the radar image from the area of the service 
digital information of navigation and telemetry and to make 
a mirror overturn of the image line elements. To perform 
this procedure, the input bitmap is represented in the form 
of a two-dimensional array of data values A(x,y)

(input)(where 
x – address of an element inside the input information line, 
y – address of the line) of size NxxNy (where Nx – the 
number of elements in the line of the input bitmap, and 
Ny – the number of lines of the input bitmap). From this 
array, it is necessary to form an original array of values 
A(k,y)

(output), (where k – address of an element within the orig-
inal information line, y – address of the line) of size Nkx-
Ny (where Nk – the number of elements in the line of the 
original bitmap image, and Ny – the number of lines of the 
original bitmap image). The first 256 bytes of each line of 
the input image contain service navigation and telemetry 
information, and, therefore, the number of elements in the 
line of the original bitmap image must be Nk=Nx-256. Con-
sidering the need to reverse the address of the image line 
elements, the element A(k=0,y)

(output) must correspond to the 
element A(x=(Nx-1),y)

(input), that is, the addresses of the radar 
image elements in the input and output arrays are related 
by the (Eq. 1).
x=Nx- -k1 (1)
As a result, the procedure for selecting the area of the 
radar image and flipping the image line is reduced to per-
forming the operation (Eq. 2):

( )
( )

( )( )
( ) ( )

( ),

...
     

...
output input
k,y Nx- -k y

k= Nk-
A =A

y= Ny-




1

0 1
0 1

(2)

At the second stage of geometric correction, it is neces-
sary to linearise the space-time scan of the image inside 
the information line. To perform this procedure, the in-
coming (after performing the selection of the radar im-
age) bitmap information image is represented in the form 
of a two-dimensional array of values A(k,y)

(input) (where k 
– address of an element inside the input information line,
y – address of the line) of size Nk×Ny (where Nk – the 
number of elements in the line of the input bitmap, and   
Ny – the number lines of the input bitmap). From this 
array it is necessary to form an original array of values 
A(j,y)

(output) (where j – address of the element inside the 
original information line, y – address of the line) of size 
Nj×Ny (where Nj – the number of elements in the line of 
the original bitmap, and Ny – the number of lines of the 
original bitmap).
A feature of the implementation of the onboard digital 
processing system of the radar is the formation of a con-
trolled delay in the registration of digitised information 
t0, in order to exclude an uninformative original section 
before the first reflected signal from the registration pro-
cess. This delay is set by the operator before starting 

work and can be set both to the minimum position, at 
which the value for the original element of the line is 
t0≤(2H/c), and in the position at which the value for the 
original element of the line is t0>(2H/c). In hardware, this 
is expressed in the shift of the value of the time reference 
index by the value (Eq. 3):

AZPt =t /dt= t f0 0 0 (3)

Then the address of the elements inside the string k of 
the input array A(k,y)

(input) can be linked to the index of the 
time reference i (Eq. 4):

AZPi= t f +k0 (4)

The interpixel distance db in the linearised information 
line depends on the number of elements in the line m 
and the size of the information line on the Earth's surface 
B (Eq. 5), and using trigonometric functions, it can be 
written as (Eqs. 6-7):

db=B/m (5)

( )( )( ) ( )   i=n nB=b =Htg arcxos H/ cti=t t H/c≤02 2 (6)

( )( )( ) ( )( )( )( )i=n i i=nB=b -b =H tg arccos H/ ct -tg arccos H/ ct
0 02 2 ( )t > H/c0 2

(7)

Given that i is the index of the time reference, ti can be 
expressed as (Eq. 8):

i AZPt =idt=i/f (8)

Since Ai=n is the last digitised value, the value of n is de-
termined from the values of Nk and t0 taking into account 
(Eqs. 3-4):

( ) ( )AZPn=i + Nk- = t f + Nk-0 01 1 (9)

Then, taking into account (Eqs. 8-9), equations (6, 7) 
take the form (Eqs. 10-11):

( )( )( )( )( ) ( )   AZP AZPB=Htg arccos H/ c t f + Nk- /f t H/c≤0 02 1 2 (10)

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

( )   
AZP AZP

AZP AZP

tg arccos H/ c t f + Nk- /f -
B=N  t H/c

-tg arccos H/ ct f /f

 
 

> 
 
 

0
0

0

2 1
2

2
(11)

Eqs. 10-11 contain all defined variables and are used to 
calculate the value of B. The value of the index m (Eqs. 
7-8) determines the number of elements in the line of the 
original bitmap (Eq. 12):
m=Nj-1 (12)
Since the interpixel distance in the line of the original bit-
map db is a constant value, which is calculated by (5), 
the distance along the surface to each distance element 
can be calculated as (Eqs. 13-14):

( )   jb =jdb t H/c≤0 2 (13)

( )( )( )( ) ( )   j AZP AZPb =b +jdb= Htg arccos H/ ct f /f +jdb t > H/c0 0 02 2 (14)

Each of the elements of the original line A(j,y)
(output) is located 

in space and time between two values (previous and next) 
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of the input line A(k,y)
(input) which allows to define its value 

as the sum of these two values with significance inversely 
proportional to the distances in space and time from the 
position of this element to the positions of the previous 
and subsequent range elements in the input string.
The location of the elements of the original line in space 
is determined by the (Eqs. 13-14), and the location in 
time can be determined based on the trigonometric ratio 
(Eq. 15):

( ) ( )( )( )j jt = H/c / cos arctg b /H2 (15)

Using (Eq. 8), it is possible to go to the value of the ele-
ment index in the original stream of digitisation (Eq. 16):

( ) ( )( )( )j AZP jt =f H/c / cos arctg b /H2 (16)

Using (Eq. 4), it is possible to go to the value of the ele-
ment index in a given line of the array A(k,y)

(input) (Eq. 17):

( ) ( )( )( )j AZP j AZPt =f H/c / cos arctg b /H - t f02 (17)

In general, the value Kj is a real value with a fractional 
part, which determines the location of this value between 
two integer values of the indices k and k+1 of the el-
ements of the input string of the array A(k,y)

(input). In this 
case, the significance is determined as (Eq. 18):

( )k+ j j

k k+

a = k -k

a = -a





1

11
(18)

Taking into account (Eqs. 5-18), the procedure for lin-
earising the space-time scan of the image inside the in-
formation line is reduced to performing the operations 
(Eq. 19):

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

( ) ( )

( )
( ) ( )( ) ( )

( ) ( ) ( ),

/
/

j j

AZP AZP

j AZP AZP
AZP AZP

output input
j j j jj,y k ,y k +

db= Htg H/ c t f + Nk- /f / Nj-

H/
k =A H/c +jdb /H -t f

ct f /f

A = k -k A + k -k A

arccos

cos arctg Htg arccos

  
 

                              

0

0
0

1

2 1 1

2
2

1 ( )
( )input

y












(19)

for (Eqs. 20-22):

( )
( )
( )

...

...

t H/c
j= Nj-

y= Ny-

 ≤





0 2
0 1
0 1

(20)

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

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

( )
( ) ( )( ) ( )

( ) ( ) ( )( )
( )

( ( ( ( ))

))

j j

AZP AZP

AZP AZP

j AZP AZP

j AZP j AZP

output input input
j j j jj,y k ,y k + ,y

db= H tg arccos H/ c t f + Nk- /f -

-tg arccos H/ ct f /f / Hj-

b = Htg arccos H/ ct f /f +jdb

k =f H/c / cos arctg b /H -t f

A = - k -k A + k -k A















0

0

0

0

1

2 1

2 1

2

2

1

(21)

( )
( )
( )

...

...

t > H/c
j= Nj-

y= Ny-







0 2
0 1
0 1

(22)

At the third stage of geometric correction, it is necessary 
to bring the line spacing values to the value corrected at 
the previous stage of the interpixel distance inside the 
information line, taking into account the spatio-temporal 
geometry of the propagation of the emitted and reflected 
signal in the azimuthal plane during earth sensing.
To perform this procedure, represent the incoming (after 
linearisation) bitmap information image in the form of a 
two-dimensional array of values A(j,y)

(input) (where j – ad-
dress of an element inside the input information line, y – 
address of the line) of size Nj×Ny (where Nj – the number 
of elements in the line of the input bitmap, and Ny – the 
number of lines of the input bitmap). From this array, it is 
necessary to form an original array of data values A(j,s)

(output) 
(where j – address of an element inside the original infor-
mation line, s – address of the line) of size Nj×Ns (where 
Nj – the number of elements in the line of the original bit-
map, and Ns – the number of lines of the original bitmap). 
In the general case, in the presence of a wear angle φ the 
final (after drift correction) value of the interpixel distance 
will be less than the value db calculated at the previous 
stage and will be (Eq. 23):

( )dbs=dbcos φ (23)

Taking into account the relationship between the line 
frequency fstr, the line spacing dts, line spacing on the 
earth's surface dLν and speed V, the vertical length of 
the input bitmap is (Eq. 24):

( ) ( )( )strLν=dLν Ny- = V/f Ny-1 1 (24)

The number of lines of the original bitmap in this case 
(Eq. 25):

( ) ( )( )( )strNs= Lν/dbs + = V/f Ny- /dbs +1 1 1 (25)

The line index of an input image element determines its 
location in lνy space (Eq. 26):

ylν =dLνy (26)

The line index of an input image element determines its 
location in lνs space (Eq. 27):

slν =dbss (27)

For each value of the index s calculate the location of 
the element in space, and then, through the position in 
space, calculate the values of the index y (Eq. 28):

( ) ( )s s stry =lν /dLν= dbss / V/f (28)

In general, the value ys is a real value with a fractional 
part, which determines the location of this value between 
two integer values of the indices y and y+1 of the ele-
ments of the input row of the array A(i,y)

(input). In this case, 
the significance is determined as (Eq. 29):
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( )y+ s s

y y+

a = y -y
a = -a





1

11
(29)

Given (Eqs. 23-29), the procedure for aligning the line 
and interpixel spacing is reduced to performing the fol-
lowing operations (Eq. 30):

( )

( )
( ) ( ) ( )

( ) ( ) ( )( )
( )

( )
( )

...
,

( ) ...
s s

s str
output input input

s s s sj,s j,y j, y +

y =dbcos φ sf /V j= Nj-
A = - y -y A + y -y A s= Ns-

  
 

  1

0 1
1 0 1

(30)

At the fourth stage of geometric correction, it is necessary 
to carry out a wear correction. To perform this procedure, 
represent the input (after linearisation and correction of 
the line spacing) bitmap information image in the form of 
a two-dimensional array of data values A(j,s)

(input) (where 
j – address of an element inside the input information 
line, s  – the address of the line) of size Nj×Ns (where Nj 
– the number of elements in the line of the input bitmap,
and Ns – the number of lines of the input bitmap). From 
this array, it is necessary to form an original array of val-
ues A(j,p)

(output) (where j – address of an element inside the 
original information line, p – address of the line) of size 
Nj×Np (where Nj – the number of elements in the line of 
the original bitmap, and Np – the number of lines of the 
original bitmap).
To correct this curvature, it is necessary to perform a ver-
tical shift of the output bitmap columns by an amount 
proportional to the number of the element in the row so 
that for the last, at φ≥0 (the first at φ<0) column of the 
bitmap, the shift would be (Eq. 31):

( )Ls=Bsin φ (31)

In this case, the vertical size of the output file increases 
and the number of lines Np will be (Eq. 32):

( )( )Np=Ns+ Bsin φ /dbs (32)

The shift amount for each element of the input image 
column will be (Eqs. 33-34):

( ) ( )     jds =jBsin φ / Nj- φ ≥1 0 (33)

( ) ( ) ( )     jds = Nj- -j Bsin φ / Nj- φ<1 1 0 (34)

Then the address of the line p of the original array A(j,p)
(output) 

can be associated with the address of the line s of the input 
array A(j,s)

(input) (Eqs. 35-36):

( ) ( )       p js =p-ds =p-jBsin φ / Nj- φ ≥1 0 (35)

( ) ( ) ( )    p js =p-ds =p- Nj- -j Bsin φ / Nj- φ<1 1 0 (36)

In general, the value sp is a real value with a fractional part, 
which determines the location of this value between two 
integer values of the indices s and s=1 of the input array 
string A(j,s)

(input). The value of an element of the original ar-
ray A(j,p)

(output) is determined as the sum of the values of the 
arrays A(j,p)

(output) and A(j,s+1)
(input) with significance (Eq. 37):

( )s+ p p

s s+

a = s -s

a = -a





1

11
(37)

Considering (Eqs. 31-37), the wear adjustment procedure 
is reduced to performing the following operations (Eq. 38):

( ) ( )

( )
( ) ( )( ) ( )

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

( )
( ) ( )

    

   

p p

p

output input input
p p p p pj,p j,s j, s +

output
pj,p

s =p-jBsin φ / Nj-

A = - s -s A + s -s A s Ns-

A >s Ns-



 ≤ <

 = ≥


1

1

1 0 1

255 0 1
(38)

For (Eqs. 39-41):

( )
( )

φ
= ... Nj-

p= ... NP-
j

 ≥





0
0 1
0 1

(39)

( ) ( ) ( )

( )
( ) ( )( ) ( )

( ) ( ) ( )( )
( )

( )
( ) ( )

( )   

    

p p

p

output input input
p p p pj,p j,s j, s + p

output
pj,p

s =p- Nj- -j Bsin φ / Nj-

A = - s -s A + s -s A s < Ns-

A = >s Ns-





≤

 ≥


1

1 1

1 0 1

255 0 1 (40)

( )
( )

...

...

φ<
j= Nj-

p= Np-







0
0 1
0 1

(41)

Based on the above algorithms, a software was devel-
oped that performs the correction of geometric distor-
tions. The programme allows to load the input data file, 
which immediately after loading is displayed in the left 
graphics window, set the value of the input file data line 
size (Input total string size, pix), the value of the image 
line size in the input file data line (Input image string size, 
pix) , the value of the offset of the original image element 
in the data line of the input file (Input image string off-
set, pix), the value of the quantisation frequency of the 
analogue-to-digital converter (Fatc, Hz), the value of the 
frequency of the lines of the recording system (Fstr, Hz), 
the value of the original registration delay (t0, s), flight 
altitude (H, m), flight speed (V, km/h), drift angle (Drift, 
degree), Output image string size (pix).
In the process of preparing data for correction, the pro-
gramme calculates and outputs to the information win-
dows the value of the swath over the surface in the an-
gular plane (B, m), the value of the interpixel distance for 
a given size of the output image line (db, m), the value 
of the interpixel distance for a given line size the original 
image taking into account the drift angle (dbs, m), the 
value of the number of lines of the input image (Input 
image size, string) and the value of the number of lines 
of the original image taking into account the drift angle 
(Output image size, string). After visual control of the cal-
culated parameters, the programme performs a geomet-
ric correction ("CORR") and display the result in the right 
graphic window.
The space-time geometry of the scan process of the 
Earth's surface with an IR radiometer shows that the 
points of time ti correspond to the points of quantisation 
(digitisation) of the analogue signal from the output of the 
IR radiometer, starting from the start of scanner opera-
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tion. The receiving equipment of the IR radiometer scans 
the earth's surface with a narrowly directed diagram ac-
cording to the equilibrium time law, that is, the change in 
the viewing angle of the antenna system is directly pro-
portional to time and with a constant sampling frequency 
of the output analogue signal in direct proportion to the 
time of the sampling (digitisation) instant. At the same 
time, the distance from the start to the sighting point is 
defined as (Eq. 42):

( )b=Htg α (42)

where b – the distance along the surface of the earth 
from the beginning to the irradiation point, H – position 
of the antenna above the earth's surface, α – angle be-
tween the beginning and the direction to the point of irra-
diation. Then for each moment of quantisation it is pos-
sible to determine the distance over the surface from the 
beginning to the sighting point (Eq. 43):

( )i ib =Htg α (43)

Considering that the angle of sight α changes linearly in 
time, starting from value –θ/2 to value +θ/2, with a step 
dθ the value of which is determined as (Eq. 44):
dθ=θ/n

(45)

(44)
where θ – angle of the scanning strip, n – value of the 
number of digitised scans reduced by one, and the value 
of the angle αi is determined as (Eq. 45):

( ) / ,   iα =idθ-θ/ = iθ/n -θ i= ...n2 2 0

Then (Eq. 43) can be written as (Eq. 46):

( )( ) ,    ib =Htg iθ/n -θ/ i= ...n2 0 (46)

It can be seen from (Eq. 46) that with a linear change in 
the values of ti the value of bi change nonlinearly, and, 
accordingly, the values of interpixel distances change 
nonlinearly in the direction perpendicular to the direc-
tion of motion, which are defined as bi+1-b, which is the 
reason for the appearance of geometric distortions of 
bitmap information images expressed in unevenness of 
interpixel distances in the direction perpendicular to the 
direction of travel. Distortions of the bitmap image of the 
IR radiometer in the azimuthal plane due to the angles 
of wear and the dependence of the line spacing on the 
flight speed have the same nature and laws as for bitmap 
images RPON.
At the first stage of correction, it is necessary to normalise 
the bitmap structure of the information image. To do this, 
it is necessary to search for the beginning of the infor-
mation line along the trailing edge of the blanking pulse, 
which has a maximum signal amplitude and a fixed du-
ration from a short sample pulse of zero amplitude to in-
formation samples. Then it is necessary to search for the 
end of the information line by the difference from the low 
level of the zero-signal section at the end of the informa-
tion line to the high level of the blanking pulse. Next, it is 
necessary to normalise the length of the information line 
and perform interline filtering followed by compression 

(the number of output lines is reduced by 2 times) to mi-
nimise distortions associated with changing the location 
of information when normalising the size of the line and 
proceed to analyse and normalise the next information 
line. After that, it is necessary to perform the inversion 
of the signal amplitude and write the normalised bitmap 
structure of the information image to the original file.
To perform the procedures described above, a software 
has been developed that runs in console mode. For the 
programme to work correctly, an information file must be 
completed. The programme allows processing not only 
the entire input file, but also its fragment, and also per-
forms amplitude correction, converting 16-bit data (12 
effective bits for an IR radiometer) to an 8-bit represen-
tation, suitable for further processing by applications that 
operate 8-bit data.
At the second stage of geometric distortion correction, 
it is necessary to linearise the space-time scan of the 
image inside the information line. To perform this pro-
cedure, represent the incoming (after the procedure for 
normalising the bitmap) bitmap image in the form of a 
two-dimensional array of values y-A(i,y)

(input) (where i – ad-
dress of an element inside the input information line, y 
– address of the line) of size Ni×Ny (where Ni – the num-
ber of elements in the line of the input bitmap, and   Ny – 
number of lines of input bitmap). From this array it is nec-
essary to form an original array of values A(j,y)

(output) (where 
j – address of the element inside the original information 
line, y – address of the line) of size Nj×Ny (where Nj – the 
number of elements in the line of the original bitmap, and 
Ny – the number of lines of the original bitmap).
Another feature of the specific implementation of the re-
ceiving equipment of the radiometer is that the number 
of input image elements corresponding to the angle of 
the scanning strip θ=84° is less than the length of the 
information line Ni (the strip at the end of the image lines 
does not carry useful information, but is an element of 
the information line) and has the value Nn. Therefore, the 
equation for calculating activities on the surface (Eq. 46) 
for elements of the input image takes the form (Eq. 47):

( )( )( ) ( )    ib =Htg iθ/ Nn- -θ/ i= Nn-…1 2 0 1 (47)

The scan line for surface B is defined as (Eq. 48):
( )B= Htg /2 0 2 (48)

In the general case, the values Bi, calculated by (Eq. 46) 
have negative values for i<(Nn/2), and the initial absolute 
value is equal to half the scan line over the surface (Eq. 49):

( ) ( )( )i=b =- B/ =- Htg θ/0 2 2 (49)

By shifting the origin of the distance along the surface to 
a point ti=0(bi=0) obtain (Eq. 50):

( )( )( ) ( )( ) ( )   ...ib =H tg iθ/ Nn- -θ/ +tg θ/ i= Nn-1 2 2 0 1 (50)

Each of the elements of the original line A(j,y)
(output) is locat-

ed in space and time between two values (previous and 
next) of the input line A(i,y)

(input) which allows to determine 
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its value as the sum of these two values with significance 
inversely proportional to the distances in space and time 
from the position of this element of the previous and sub-
sequent range elements in a given row. The location of 
the elements of the original line in space is determined 
by (Eq. 51):

( )jb =jdb   j= Nj-…0 1 (51)

where (Eq. 52):

( ) ( ) ( )db=B/ Nj- = Htg θ/ / Nj-1 2 2 1 (52)

The location of the elements of the original line in time 
can be determined by the equation, inverse to (Eq. 50):

( ) ( ) ( )( )( )( ) ( )...ji = θ/ +arctg jdb/H -tg θ/ Nn- /θ   j= Nj-2 2 1 0 1 (53)

In general, a value ij is a real value with a fractional part, 
which determines the position of this value between two 
integer values of the indices i and i+1 elements of the 
input string of the array A(i,y)

(input). In this case, the signifi-
cance is determined as (Eq. 54):

( )i+ j j

i i+

a = i -i

a = -a





1

11
(54)

Taking into account (Eqs. 51-54), the procedure for linearis-
ing the space-time scanning of the image inside the infor-
mation line is reduced to performing the operations (Eq. 55).

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

( )
( ) ( )( ) ( )

( ) ( ) ( )( )
( )

( ) ( )
( )

,

...
,    

...

j j

j

output input input
j j j jj,y i ,y i + y

db= Htg θ/ / Nj-
j= Nj-

i = θ/ +arctg jdb/H -tg θ/ Nn- /θ
y= Ny-

A = - i -i A + i -i A



  
 

 

 1

2 2 1
0 1

2 2 1
0 1

1 (55)

At the third stage of correcting distortions, it is necessary 
to bring the value of the line spacing to the value correct-
ed at the previous stage of the interpixel spacing within 
the information line. And at the fourth stage of correcting 
distortions, it is necessary to correct the wear. The algo-
rithms of these stages fully correspond to the algorithms 
of the similar stages of the RPON bitmap correction. 
Files containing corrected bitmap information images are 
transferred for further thematic processing.

CONCLUSIONS

In order to prevent emergency situations, experimental 
studies are being carried out on geophysical mapping of 
the Big Almaty Lake dam. The internal structure of the 
dam, the zone of leakage have been determined. The 
experimental results were processed in the embedded 
software of the GPR. Various methods were used to in-
terpret the radiogram, such as filtering data from noise, 
hodograph diagram, and depth determination method.
In general, based on the appearance of the profile (di-
rection of layers, hyper-period from objects), it can be 
argued that the dam is dry at a depth of 12-14 meters. If 
the dam leaks, it takes place deep underground due to 
high pressure. Further experimental research is recom-

mended, the profile needs to be made longer, and it is 
necessary to go outside the dam to investigate the geol-
ogy around the edges.
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