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Abstract

The Earth's aerospace monitoring (ASM) systems use state-of-the-art integrated information technologies that include
radio-based detection and surveillance systems using telecommunications. One of the main tasks of ASM systems is to increase
the efficiency of decision-making necessary for the timely prevention, detection, localization and elimination of crisis situations
and their probable consequences. Modern conditions impose stricter requirements for efficiency, reliability and quality of the
provided video data. To ensure compliance with the requirements, it is necessary to provide the appropriate capabilities of the
onboard equipment. On the basis of the existing information and communication systems it is necessary to carry out: continuous
or periodic assessment of a condition of objects of supervision and control; continuous (operational) collection, reception, trans-
mission, processing, analysis and display of information resources. It is proposed to use UAVs (unmanned aerial vehicles) as a
means to perform ASM tasks. The time of organizing communication sessions and delivery of information should vary from a
few seconds to 2.5 hours. Untimely processing and delivery of a specific information resource in the management process leads
to its obsolescence or loss of relevance, which contributes to erroneous decisions.

One way to reduce time is to encode the data. To do this, it is proposed to use video compression algorithms. However,
based on the analysis of the possibility of modern methods of video information compression, taking into account the specifics of
the onboard equipment of the UAV, the coding problem is not completely solved.

The research results show the expediency of using an improved method of video information compression to reduce the
computing resources of the software and hardware complex of the onboard UAV equipment and to ensure the requirements for
efficiency and reliability of data in modern threats to ASM systems as a whole.
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1. Introduction

In modern on-board systems in the process of shooting and the formation of information
resources are widely used cameras based on solid-state matrices, the so-called “charger con-
nection devices” (CCD). The parameters of the CCD matrices are determined by the class and
level of the tasks to be solved. The main technical characteristic of digital optical systems on
board equipment is their resolution, which depends on the dimension of the matrix device with
a charger, on which after the lens is projected the resulting static element of the video informa-
tion resource.

The on-board equipment of the UAV has its own features, such as: limited size, patent re-
strictions on algorithms and programs, insufficient capacity to process information resources in the
process of working in a time mode close to real.

Currently, the onboard equipment of the UAV does not provide the ability to set the omni-
directional signal. Directional terrestrial antennas are required to accompany the device along the
line of sight. But for urban conditions, conditions of poor visibility, mountainous terrain, there are
restrictions on direct visibility. The use of other approaches, namely satellite groups and cellular
communication systems, is too expensive.

Modern on-board equipment of the UAV, in solving the problems of ASM has shortcom-
ings that directly affect the efficiency of decision-making in the process of navigation and tra-
ffic control:

1) On-board equipment of the system of collection, processing and transmission of in-
formation on existing and developed systems of navigation and traffic control does not provide
complete recording and transmission of all video information received from one line of photo-
cells in one second:

— for UAV systems of Ukraine, as an example “MS-2-8” with a resolution of 7.8 m per 1 sec-
ond on communication channels on the ground segment can be transmitted no more than 30 % of
all taken for 1 second information;

— for systems of the “Sich-3-O” type with high resolution (0.9 m) for 1 s on communication
channels no more than 15 % of information can be transferred accordingly;

— with increase in resolution of the onboard equipment to 0,5 m transfer on communication
channels on a terrestrial segment no more than 3 % of all removed information is possible;

— the minimum transmission time of the required amount of information varies from 3 s
to 18 min.

2) The minimum transmission time of one frame of digital video from the UAV acquires the
following values:

— for a frame size of 5120%5120 elements — up to 12 minutes;

— for a frame size of 9420%x9420 elements — up to 2.5 hours.

Thus, the existing capabilities of the on-board equipment for data processing and transmis-
sion, in solving the problems of ASM, do not provide the necessary efficiency for digital image
processing.

Improper delivery of video information resources in the process of air traffic control leads
to its aging and loss of relevance and contribute to erroneous and untimely decisions. This affects
the effectiveness of operations to eliminate, localize and prevent emergencies.

Therefore, there is a need to reduce the processing time and transmission of video data in
telecommunications aerospace monitoring systems. One of the effective ways to increase the effi-
ciency of information delivery is to reduce the amount of processed and transmitted data. Reducing
the amount of information while maintaining a given degree of reliability minimizes the time of in-
formation transmission through communication channels and reduces the intensity of information
exchange, reduces the time of formation of its graphical model in display devices, and increases
productivity and quality of the entire telecommunications system.

Thus, to implement processes to improve processing efficiency, provide a given quality and
completeness of video information resources, it is necessary to reduce redundancy in the process of
working with dynamic images, taking into account the design features of onboard UAV equipment
to reduce decision-making time.
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2. Literature review and problem statement

In works [1-3] in the study of the processes of management of high-risk objects, as well as
the localization and elimination of emergencies in recent years, an assessment of the requirements
for resolution. This shows that the situation is changing dynamically, it is difficult to choose the
objects of observation before the departure of the aircraft. But at the same time, the limitations
of UAV communication systems, which directly affect the time of decision-making, are not taken
into account.

The authors in [4—6] show that the time of delivery of video information from the UAV is
influenced by the following factors (limitations) caused by the peculiarities of this method of ob-
taining information, but it was not taken into account that:

1) limited mass and size characteristics of the UAV. More than 70 % of the total initial mass
of the UAV is allocated to the engine;

2) limited power capabilities of power supplies. It should be borne in mind that the engine
requires about 90 % of total power, and to provide avionics and communication systems is allo-
cated 10 %;

3) conducting video photography at a certain altitude and flight speed of the UAV. This
imposes an additional time limit ¢ between the formation of adjacent images, which is directly
proportional to the height and speed of the UAV, on which the information is taken;

4) requirements for weather conditions, namely the limited flight time caused by high pre-
cipitation density and temperature regime (performance of the tasks should be carried out at a
temperature of —40 °C to +50 °C).

Thus, it is possible to conclude that currently, in terms of increasing requirements for effi-
ciency, quality and completeness of video information, the existing methods of processing onboard
UAV equipment do not allow to perform the tasks in full, so it is proposed to use an improved
method of video information compression in systems navigation and traffic control, which reduces
the time of information transfer to the desired level with a given quality.

3. The aim and objectives of research

The aim of the article is to develop an improved method of compression of video informa-
tion resources in navigation and traffic control systems, taking into account the limitations of data
processing on UAV board.

To achieve the stated aim it is necessary to solve the following objectives:

— to analyze compression methods and requirements of video information resource process-
ing equipment on board aerospace monitoring facilities;

—to develop an improved method of video information compression in navigation and traf-
fic control systems.

4. Analysis of compression methods and requirements for equipment for processing video
information resources on board of aerospace monitoring facilities

To ensure the timely delivery of video information resources, it is necessary to take into
account the high-speed capabilities of communication channels. To do this, data compression al-
gorithms are used.

Approaches to creating methods of compact representation can be divided into three
classes depending on the requirements for the quality of reconstructed images, which are pre-
sented in Fig. 1.

Methods with irreversible changes form the first class, as shown in [7-9]. In the process
of compression technologies of morphological processing of video information are used. On the
contrary, the second class consists of methods that perform processing without error, as shown
in [10-12].

The rms value of the distortion level is close to zero, 6=0, and the peak signal-to-noise
ratio, respectively Q,—oo. Representatives of this class of methods are methods of series length
coding (SLC), dictionary methods LZW, Huffman coding, arithmetic coding (AC), polyadic
coding method (PCM). The intermediate place between the two previous classes of methods is
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occupied by the methods of the third class. The basic component of the methods of this class
is pre-treatment based on the use of orthogonal transformations, wavelet systems and affine
transformations. Technologies based on such approaches are implemented in JPEG (discrete
cosine transform (DCT)) and JPEG2000 (wavelet transform) formats. These formats allow to
present the image in a processed form both without loss of quality (loss-less mode) and with
loss of quality.

Methods of compact presentation of video
information resource

Methods with irreversible Methods with controlled

Methods without error
changes changes

Fig. 1. Methods of compact presentation of video information resource

In works [13—15] at an estimation of methods of compact representation of video of an infor-
mation resource the following lacks of the onboard equipment of the UAV were revealed:

— insufficient size of antennas due to the small size of the device;

— limited capabilities of data transmission equipment, which is due to insufficient energy
resources of the onboard complex.

The consequence of such shortcomings is the problems associated with the organization
of data transmission, namely the lack of energy capacity to maintain the necessary speed for the
transmission of video information resources.

Second and third class methods are used to organize data processing in aerospace monitor-
ing systems. Image types are determined depending on the average length of a series of identical
elements and the correlation coefficient.

Analysis of the characteristics of compression processes based on error-free methods allows
to conclude that:

— time for compression, recovery, and image transfers is about several minutes;

— time of transmission of small sizes images (800x600 elements) in volume of 11 Mbit by
means of mobile radio communication (R =9,6 Kbps) will reach several tens of minutes.

These shortcomings are explained both by low values of the degree of compression of satu-
rated images (on average up to 2 times), and additional time delays for processing. Here the greatest
complexity of processing processes corresponds to the methods of arithmetic coding and dictio-
nary methods LZW.

Compression technologies with controlled quality loss allow to further increase the degree
of compression of aerospace monitoring images in comparison with error-free methods, which is
shown in [14, 16], taking into account the possibility of reducing psychovisual redundancy.

Studies allow to conclude that for methods with controlled loss of quality there are certain
features, namely:

— compression degree of the video information resource of aerospace monitoring is on av-
erage 3.5 times higher than the degree of compression of methods without error. However, such
a gain is achieved by making errors in the video image being processed. Further reduction of the
accuracy of digitization of the transformant component leads to a deterioration in the quality of the
reconstructed images to the level of 25-35 dB;

— when increasing the size of the images to 4096x3072 elements, the total time for their pro-
cessing by onboard radio equipment and transmission over the communication channel increases
to a few minutes, as shown in [16].

Such results limit the application of the considered technologies on the onboard equipment
of the UAV. The identified shortcomings for the methods of the third class are due to the following
reasons:
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1) limited compression ratio for JPEG and JPEG 2000 methods for mode Q,>40 dB. The
greatest reduction in the degree of compression (up to 2.5 times) is manifested in the processing of
saturated images of aerospace monitoring;

2) implementation of two-dimensional DCT and DWT-transformations for onboard
computer systems is associated with the need to spend from 10 to 70 % of the total processing
time, as shown in [19]. The time for their execution in the process of converting video images
can reach tens of seconds. This is due to the large number of operations;

3) the basic methods for eliminating statistical redundancy in transformed images are
Huffman codes and arithmetic coding, for which there are certain properties, namely:

— in the case of processing saturated video images of acrospace monitoring in the mode
of controlled quality, short zero chains are generated. Hence, the lengths of such chains will
have a uniform distribution and, as a consequence, a small amount of statistical redundancy.
This leads to a sharp decrease in the compression ratio of video data;

— significant computational costs, reaching 90 % of the total amount of computations
allocated to the process of video data compression. This is due to both the processing of indi-
vidual binary structures of the transformant components, and the performance of several mul-
tiplication operations to process a single element. The number of operations to perform arith-
metic coding in the space of bit planes, formed on the basis of DCT and DWT components,
may exceed the number of operations to perform transformations (for modes that provide high
image quality);

— there are no mechanisms for implementing parallel processing schemes;

— there is a need to use marker code sequences that separate uneven code combinations
of statistical codes. This increases the size of the compressed view.

4) low resistance of efficiency of series lengths formation processes to increase of satu-
ration degree and to errors in the communication channel.

These shortcomings in the operation of telecommunications aerospace monitoring sys-
tem are associated with the following difficulties:

— increasing the amount of processed and transmitted video data (up to 10° Gbps);

— limited tactical and technical capabilities of information and communication technol-
ogies in existing and promising aerospace systems.

Required time and set level d, decryption of information about a typical monitoring ob-
ject (resolution) depends on the level of complexity. Thus, the information required by the low-
er level operator is characterized by high detail of each object, while for higher level operators
such detail is not important. Characteristic detail d, on the ground (resolution), which provides
shooting equipment on board the UAV, depending on the height of the shooting, focal length,
the number of elements in the matrix, affects the probability P , observation object detection.
Magnitude P ,is estimated as:

2

b =exp Inox [d}

od — - H

lgl+k d,
-k

where dp — the required resolution (characteristic detail in the field, taking into account the
level of decryption of images of a typical object of observation), which is determined on the
basis of the approach using the specified tabular values; d — real resolution for onboard camera
equipment, taking into account the height of shooting H, focal length f, and recognizability R
of iconic system, that is: d=H/2Rf. Dependence of the value of resolution d from the height of
shooting H and frame size n,xn, (CCD size) at a given focal length.

Factors that lead to limiting the effectiveness of UAV communication systems are
shown in Fig. 2. This leads to limited time ¢, communication session between the UAV and
the recipient of information.
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Fig. 2. Factors affecting the efficiency of the UAV communication system

Limited capabilities for the performance of onboard data processing equipment lead to
limitations in conducting complex computational processes on board the UAV.

The process of organizing aerospace monitoring using navigation and motion control sys-
tems and UAVs is characterized by the following indicators:

a) resolution is required to solve the corresponding class of problems, namely the level of
decoding the video image of a typical object of observation (detection, recognition by type, recog-
nition by class, recognition by type and analysis of the object of observation), i. e.:

), > 1)} (M

d °

where T (V);g) — the required time to prove the video data of a given volume equal to V bits (deter-
mined by the peculiarities of the control process);

b) allowable time ¢, is set taking into account the limited time between the formation of
adjacent images, i. €.:

V), > 1. )

Thus, it is necessary to ensure high resolution, the presence of several video cameras, the
need for timely proof of reliable information, up to a time close to real. This approach allows to
increase the efficiency of crisis management. At the same time, the UAV-based navigation and
traffic control system must ensure compliance with strict requirements and reliability during the
processing and transmission of video information resources.

Digital volumes of " images generated by cameras on board the UAV are estimated by the
following formula:

€<

V= (annCX10g2 Z), 3)

1

i

where V,— the number of color planes involved in the formation of a full-color image; Z — the
number of bits in the formation of the matrix element; n,n,— respectively, the number of rows and
columns in the image frame.

Thus, expression (3) allows to estimate the digital volumes V" of video images generated
by the camera on board the UAV, which can reach a volume of the order of hundreds of Mbit and
even Gbit.

For known speed values R data transfer, time 7(}), data delivery, a volume equal to V' bits
from the UAV is determined by time 77( V)p/ of preparation and transmission of data over the com-
munication channel and is evaluated by the formula:
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), =1(V),=V/R,,
where R — data rate on the communication channel from the UAV.

Improving the efficiency of proof of video information at a given quality using on-board
aerospace monitoring in the process of navigation and traffic control can be described by the fol-
lowing expressions:

T(y),=T(), =V /R, <min{T(¥)"; 15 £2}; @
vy,
d<d,; q>q", )
R <R,

where V0, R ¢ — the required values, respectively, for the amount of transmitted video
data, transmission speed and quality of the reconstructed video information resource on the
receiving side.

When developing an advanced method of compression of video information resources, it is
necessary to take into account the presence of restrictions on the processes of their processing on
board aerospace monitoring (UAV), namely shown in [20]:

1. The presence of restrictions on the class of the processed information resource, i. e.
0,3<r<0,7, v,,=2 and 0,9<r, y =4, where » — normalized correlation coefficient, y - the average
length of a series of identical elements. Aerospace monitoring is characterized by the formation of
images saturated with details. This leads to the need to develop methods for changing the initial
amount of information based not only on the elimination of probabilistic and statistical redundancy,
but also other types of redundancy. In our case, structural.

2. There are restrictions on the speed of data transfer from the UAV on the one hand, and
increasing the size of images on the other. This leads to the need to further increase the degree of
change in the initial amount of information 4, pictures (according to formula 6):

A, =VIV, 247, ©)

where V  — the volume of the modified image.

The magnitude of the degree of change of the initial state according to the method of com-
pression on board the UAV must be not less than necessary H".

3. Existence of restrictions on energy resource of the onboard equipment. In turn, this im-
poses additional restrictions on the speed of machine operations to implement the processes of
eliminating redundancy and reconstruction. Thus, there are restrictions on the computational com-
plexity of compression algorithms (on the number and type of operations H'”) and recovery (on the
number and type of operations Hv") of video data.

The type of computational operations means arithmetic (addition, multiplication, division)
and non-arithmetic (comparison, reading or writing to a storage device) operations, as shown in [21].
In terms of time characteristics, let’s obtain the time 7, accordingly (according to formula 7) for
compression and time 7, (according to formula 8) to restore the video information resource:

T,=z%/R_+z" /R, (7
T =z"/R_+z"/R ®)
L +;— X;+ X5+
where z{’, z) — the total number of addition (subtraction) and multiplication (division) op-
erations, respectively, spent on image compression; zijl, zivi — the total number of addition

(subtraction) and multiplication (division) operations, respectively, spent on image restoration;
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R, , R, . — execution speed of operations of addition (subtraction) and multiplication (division)
accordingly.

4. Presence of spatial distance of control and notification centers from objects of control.
Given the lack of a priori information and the dynamics of change in the situation, there is an addi-
tional restriction on the nature and degree of distortion in the process of compression of the video
information resource.

The nature of the errors means the properties of controllability or irreversibility of
loss of quality of the restored video information resource. The degree of quality change in
the reconstructed images is determined on the basis of O, peak signal-to-noise ratio (PSNR).
This indicator takes into account the standard error of the deviation of the elements e the
restored image relative to the elements e, original image. Taking into account the restrictions
on the degree of loss of quality of the restored images, the condition (according to formula 9)
must be met:

at

&)

where n , n, —respectively, the number of rows and columns in the image frame; ¢” — the required
value of the peak signal-to-noise ratio.

5. Ability to localize and self-correct distortions caused by errors in code combinations
when transmitting them over the communication channel, as shown in [22].

The disadvantages of existing video data compression technologies on board the UAV in the
mode of image transmission in the time close to real are as follows:

a) video image shifts due to the influence of a rapid change in the trajectory of the UAV (for
example, gusts of wind) on the processing of video information resources, i. e. the speed of a sharp
change in the trajectory of the UAV is greater than the speed of information processing;

b) solving operational tasks (search and assessment of the situation) of acrospace monitoring
of components of the tactical level (distributed population, distributed vehicles, aircraft at base
airfields) is problematic due to insufficient frame size (limited resolution).

Therefore, the additional reduction of the compact presentation of the video information re-
source on board the UAV will provide additional opportunities to improve the resolution or improve
the quality of the restored video images. At the same time it is necessary to consider restrictions on
a time resource on data processing.

Thus, as a result, the identified limitations that affect the total time for processing video
data using on-board equipment are investigated. Therefore, taking into account these features,
an improved method of video information compression in navigation and traffic control systems
was proposed.

5. Development of an improved method of video information compression in navigation and
traffic control systems

The task of improving the method of compression of video information resource in naviga-
tion and traffic control systems is based on the fact that the reduction of redundancy occurs at the
stage of encoding information by reducing the number of operations for processing and transmis-
sion over the communication channel. The improvement of the compression method occurs at the
stage of information reconstruction on the receiving side.

Fig. 3 shows a block diagram of the proposed improved method of compression of video
information resources in navigation and traffic control systems.
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Fig. 3. The structure of the data processing and transmission system using an improved method
of presenting a video information resource

The main stages of improving the method of compression of video information resources in
navigation and traffic control systems:

1. Providing time 7(V) , processing and transmission of video information from onboard
aerospace monitoring so that the condition is met by the formula:

T, =147 (0), + 7, S minfr (7)) 7} (0

p pv?

subject to the following restrictions, which are defined by the expressions:

F<058&1 =2;
{ (11)

V), < v(r)": {Rk <R,

k b
0.5<r<0.8&1 =4; |h=h, wew,

where W — the number of binary bits to represent the original digitized image in bits correspond-
ing to the required degree of resolution d for a specified focal length and video height; T(Vk)p —
the transmission time of the processed video data by the communication channel is determined
by the formula:

T =V/A,R, (12)
where T (V);)V — the required time to prove the video data of a given volume V] taking into account
the peculiarities of the process of crisis management; 7@ — the allowable time for delivery of video
data from the UAYV, taking into account the restrictions on the power of the onboard equipment, the
time of the communication session and the time between the formation of neighboring frames is
determined by the expression:

T =min {tif);t,(fc) ,

where ¢ — the time allowed for the communication session between the UAV and the recipient
of the information; ¢ — the time between the formation of adjacent personnel on board the UAV,
taking into account the speed and altitude of the UAV.

2. Video delivery time should include the additional cost of image compression and recov-
ery processes, as shown in [23].

From this it is possible to conclude that the reduction of redundancy occurs at the stage of
encoding information by reducing the number of operations for processing and transmission over
the communication channel 7(V)  compactly presented video data, i. e.:

pr

T (v, )m — min

within the constraints given by expressions (11).
To do this, within the limits of (11) must meet one or two conditions (13), (14):

4,247 (13)
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A, +T,<V/R,. (14)

Fulfillment of conditions (13) and (14) is a mandatory requirement for the advanced method
of compression (AMC) of video information resource in navigation and traffic control systems.

6. Discussion of the results of research on compression in navigation and traffic control
systems

The required time and the set level of resolution of the onboard equipment of modern UAVs
depend on the class of tasks. The delivery time of the information resource with the help of onboard
equipment depends on: the method of shooting and formation of information packages on board;
required image resolution; the height of shooting objects of interest, focal length and flight speed
of the UAV.

Limitations of research are: improvements occur at the stage of coding information by re-
ducing the number of operations for processing and transmission of information over the communi-
cation channel, with mandatory control over changes in the quality of video information resources
under the conditions specified by formulas (11), (13), (14).

Compression and recovery processes are organized with a controlled loss of quality. Con-
trolled loss of quality means the possibility of methods to ensure the required quality of the re-
constructed image, up to providing a mode corresponding to the methods of the second class. An
important role in the compression process for such methods is played by the amount of eliminated
psychovisual redundancy. The presence of psychovisual redundancy is due to the peculiarities of
the perception of images by the human visual system. As a result of the reduction of psychovisual
redundancy, as a last resort, critical processes can occur, when in the process of image reconstruc-
tion it will be partially or completely destroyed.

Adjustment of quality losses and degree of compression is carried out as a result of:

— zonal and threshold selection and coding of transformant components;

— quantization of the transformant component;

— filtration on the receiving side.

The use of an advanced method of video information compression provides:

—increase free space on memory devices, reduce the cost of their purchase; reducing the
likelihood of data loss on the buffer storage device;

—reduction of time of data transmission on communication channels (CC); reduction of
requirements to technical parameters of communication channels (data transfer rate); reducing the
number of communication channels;

— improving the quality of displayed information; reduction of time of perception of infor-
mation; reduce video recovery time.

7. Conclusions

As a result of research of compression methods and requirements of equipment for
processing video information resources on board aerospace monitoring, it was found that in
the process of shooting video images are formed, which have a high degree of saturation with
small details, color differences and have a significant level of information. It is needed to in-
crease the frame size to provide more detailed video images based on the shooting height. At
the same time, the volume of video images generated on the onboard equipment can reach up
to hundreds of Mbit. This reduces the efficiency of video information in navigation and traffic
control systems.

The proposed improved method of video information compression in navigation and traf-
fic control systems takes into account such limitations as: mass and size characteristics of the
UAYV, power of power supplies, the time between the formation of neighboring frames. This
approach allows to reduce the computing resources of the software and hardware complex of the
onboard equipment of the UAV, to reduce the time for the transmission of video data to ground,
to ensure the requirements for efficiency and reliability of data in today’s threats to ASM sys-
tems in general.
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