
Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 2/3 ( 92 ) 2018

4

drones can make a formation by exchanging navigation in-
formation with each other by means of telecommunication 
radio or optical channels established between unmanned 
vehicles [4, 5]. In both cases, a problem on the construction 
of a system of these vehicles can be solved using a math-
ematical model of the complex technical system with a 
dynamic structure [6]. 

When designing, it is necessary to represent in the struc-
tural scheme not only the composition of the system with a 
dynamic structure, but also functional relationships. One of 
the essential features of the system with a dynamic struc-
ture is its hierarchical organization, which is determined 
by the fact that separate elements of the system, technical 
specifications of which are given in detail, are combined in a 
totality of interrelated subsystems based on the hierarchical 
attribute.

A change in the topology of unmanned vehicles’ for-
mation as a system with a dynamic structure significantly 
changes the area, covered by the formation. As a result, 
it is necessary either to introduce additional unmanned 
vehicles in a formation or to review a subsequent route of 
the unmanned vehicles’ motion. However, there are objec-
tive difficulties of these additional re-calculation, related 
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1. Introduction

People have always tried to transfer the phenomenon 
of a well-coordinated action of a flock of birds, a swarm of 
bees and other insects, fish and herd animals to the area of 
their research and to use it to achieve their own goals. Today 
this principle is used in the construction of heterogeneous 
networks for military, industrial and research purposes en-
gaging unmanned vehicles designed for air, ground-based, 
and underwater operations [1, 2]. 

The actions of “formations” of unmanned vehicles (in 
other words, “drones”) are based on “collective intelligence”. 
It enables the rearrangement within a formation, action co-
ordination under the general control of one operator, based 
on predetermined algorithms [3]. As a result of rearrange-
ment within a formation, the area of the territory, at which 
unmanned vehicles can perform its functions, is determined 
both by technical characteristics of drones themselves and 
the order (patterns) of unmanned vehicles arrangement in 
a formation.

Control may be executed by giving episodic or contin-
uous orders – in the latter case, unmanned vehicles are 
referred to as remotely controlled vehicles. Otherwise, 
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to a limited capacity of unmanned vehicle’s calculator. 
Moreover, an additional amount of computation results 
in a faster discharge of the accumulation battery aboard 
unmanned vehicle, thereby reducing the operation time of 
a formation. 

Therefore, plotting of loaded graphs that correspond 
to different topologies of a formation will allow a sub-
stantiated approach to determining the area, covered by a 
unmanned vehicles’ formation, in order to obtain certain 
effects from the applying of unmanned vehicles in vari-
ous fields. In particular, environmental pollution can be 
reduced when spraying chemicals over farmland as the 
chemicals are sprayed from unmanned vehicles at lower 
altitudes than from airplanes and over a clearly determined 
area of a territory.

2. Literature review and problem statement

Based on an analysis of existing options of unmanned 
vehicles’ design [7–9], the graphical designations of differ-
ent unmanned vehicles’ types were generalized, as shown 
in Fig. 1.

Fig. 1. Options of unmanned vehicles’ design 

Given the fact that unmanned aerial vehicles (UAV) are 
most common, we shall further consider them in the analysis 
and research in the form combined in the so-called UAV flock. 

However, it should be noted that all obtained results can 
be also used in respect to a UAV formation of any structural 
design. 

There is a classification of UAV that takes into consider-
ation both the weight and the type of control [10]. Based on 
weight, UAV are divided into 4 classes:

а) class 0 (very small) – up to 250 g; 
b) class 1 (small) – from 250 g to 20 kg;
c) class 2 (medium) – from 20 kg to 150 kg;
d) class 3 (large) – over 150 kg.
UAV classification by the control type:
а) class A – manual visual;
b) class B – manual instrumental;
c) class C – autonomous.
It is implied in the research that UAV of class 1 (small), 

constructed by different aerodynamic schemes, are used 
within one flock (Fig. 1). It should be noted that the use 
of UAV, constructed by different aerodynamic schemes (of 
aircraft type, helicopter type, hybrid type, quadro copter, 
etc.), imposes some limitations on the use of a UAV flock 
in general and on the macro-task performance quality. The 
study of such limitations is beyond the scope of this research 
and is the subject of further work of Authors. 

The following vehicles were taken as an example to com-
pare different UAV models (Table 1):

– Parrot DISCO FPV [11];
– Walkera QR X350 Pro [12]; 
– DJI Phantom 4 PRO [13];
– Blade Chroma 4K [14].
These models are designed for monitoring tasks, profes-

sional aerial survey. They have everything necessary for this: 
a stable structure, a set of flight functions, a high-quality 
camera. However, it is necessary to take into account the 
limitations of the hardware platform of each model in the 
process of forming the bandwidth of the composition of sig-
nals from several UAV of the flock [15, 16].

Table 1

Comparative characteristics of UAV 

Model
Battery 
capacity, 

min
Dimensions, mm

Commu-
nication 

standards 

Parrot DISCO FPV 45 1,150×580×120 Wi-Fi

Walkera QR X350 Pro 30 289×289×200 Wi-Fi

DJI Phantom 4 Pro 25 289.5×289.5×196
Wi-Fi,  
radio  

channel 

Blade Chroma 4K 25 332×332×242
radio  

channel

A heterogeneous flock of the above UAV (or similar) can 
be considered as a complex technical system, for description 
of functioning of which it is expedient to apply mathemati-
cal modeling. Paper [17] shows approaches to modeling the 
structure of complex technical systems with the use of the 
basic provisions of the graph theory. However, peculiarities 
of complex technical systems with a dynamic structure are 
not fully taken into account in [17]. In addition, the dynamic 
character of the structure leads to a significant increase in 
capacity of the graph, associated with it, which causes the 
need to search for the ways of simplifying the model without 
losing its adequacy.

The concept of the structure of a model is introduced to 
determine the composition, location and links between sub-
systems and system elements. The structure of the system 
is partial ordering of the elements and relations between 
them, i. e. construction of a certain hierarchy of relation-
ships in the system. This hierarchy can be constructed be-
cause the total function of the system is always divided into 
sub-functions, to which separate subsystems correspond 
[18]. According to the tested approaches, it is appropriate 
to perform decomposition of a system into subsystems so 
that they would represent independent functional parts of a 
system (functional complexes that solve certain agreed-up-
on problems in the interest of best performance of general 
tasks facing the system). However, structural and function-
al properties are closely related. That is why considering 
them as an integrity, it is possible to construct swarms/
flocks of drones, combining robotics, wireless sensors and 
executing networks [19].

The most widely tested apparatus for modeling hierar-
chical systems is provided by the graph theory [20]. The 
topology of a heterogeneous network is logically reduced to 
an directed graph, the nodes of which correspond to UAV, 
and the branches – to the shortest way of radio signal trans-
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mission. In addition, to consider a UAV flock as a complex 
system, except for the considered method, it is possible to use 
simulation and analytical modeling of a complex dynamic 
system, probabilistic-statistical methods, etc. [21–23].

The main thing that characterizes the structure of a sys-
tem with a dynamic structure is composition, existence of a 
reliable signal from the elements and their location. Therefore, 
the structure changes with a change of one of these elements. 
Formation of the structure and variants of its stage-by-stage 
change is a part of the solution of the general problem of sys-
tem construction, the use of directed graphs allows using the 
discrete optimization methods. A mathematical model of the 
structure of a system is characterized by a random number of 
vertices, which, accordingly, take into account the probable 
impact of internal and external factors. In this regard, it is 
advisable to conduct subsequent studies aimed at searching 
for the methods of optimization of construction of complex 
technical systems with a dynamic structure.

At the present stage of development of geo-information 
systems and technologies, the tools of the graph theory are 
mainly used in the field of transport navigation services. A 
detailed analysis of the properties of the graph, separated 
into several tree branches, was performed in [24], but pecu-
liarities of the trees with vertices that have different proper-
ties were not considered in this research.

A mathematical apparatus of the graph theory is very 
convenient for describing the infrastructure of spatial data. 
Measurements, which were taken with the equipment aboard 
UAV, are stored and transmitted with the use of computer 
components of a flock of drones, have a close relationship 
with the geographic information [25]. They allow overlap-
ping the data coming from different UAV but are geomet-
rically related to one territory. In addition, using the graph 
theory, it is possible to describe and determine location 
coordinates that connect mobile devices with spatial and 
temporal data. Such approach allows taking to the new level 
the process of combining principles of automatic control and 
autonomous behavior of a formation of moving objects of 
any design.

3. The aim and objectives of the study

The aim of present research is to study different variants 
of topology of the unmanned vehicles’ formation, to con-
struct graphs and to create the method for finding the area 
of territory coverage with an unmanned vehicles’ formation, 
based on the ranges, within which a sustainable connection 
between the drones of different models is ensured.

To accomplish the aim, the following tasks have been set:
– to consider directions and ranges of data transmission 

between unmanned vehicles in a heterogeneous formation 
for different topologies; 

– to construct loaded graphs that correspond to the most 
used topology “hierarchical star” and to mixed topologies, to 
analyze adjacency matrices and loading matrices.

4. Directions and ranges of data transmission in a 
heterogenic UAV flock 

Let us consider the basic topologies of UAV dispersion 
(as a subset of all unmanned vehicles’ designs) in the two- 

dimensional space. To solve the problems of placing servers 
(operators) and clients in the space for information trans-
mission, processing and storage, the following topologies 
are used: 

– Star (Fig. 2).

а                                                  b 

Fig. 2. Topology “star”:  
а – from UAV as a server; b – with a ground server 

In the center of the topology, there is either the main 
drone or a ground operator, which serve for processing and 
storage of the collected data. Drones-clients that collect the 
necessary for a server information are attached to the central 
server unit.

– Ring (Fig. 3).

Fig. 3. Topology “ring”

The topology describes a circular relationship between 
drones that obtain certain data at the input to provide 
continuous information transmission around the closed 
circle between the objects of files collection and pro- 
cessing. 

– Bus (Fig. 4).

Fig. 4. Topology “bus” 

Information transmission in this topology occurs se-
quentially from one extreme drone to the neighboring one 
by passing through the entire chain of intermediate clients. 
All drones, except for extreme ones, perform the role of data 
transfer points (repeaters).
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– Hierarchical star (Fig. 5).

Fig. 5. Topology “hierarchical star”

The centerpiece of the hierarchy is a ground operator or 
a drone server, which are joined with the swarms connected 
to them. At the head of each swarm there is a leader that 
receives signals from child clients. Each swarm is an autono-
mous information collection unit, which is centrally buffered 
by the leader and sent for further processing and storage to 
ground operators or drones-servers.

– Network-centric (Fig. 6).

Fig. 6. Topology “network-centric” 

The essence of the network-centric topology is that 
drones-clients that collect information transmit data to 
the nearest servers – both to ground-based operators and 
drones. Information exchange between servers is performed 
using transfer drones – the ones that relay the information 
that arrived from the neighboring node to another node of a 
wireless network. 

Each topology can be presented in the form of a loaded 
graph. The weight of the edges of these graphs will be de-
termined as the maximum range, within which connection 
between its nodes can be performed.

5. Results of research into the dynamic structure of  
UAV flock, constructed based on the topology  

“hierarchical star”

By the structure of a system with a dynamic structure, 
we will imply the interconnected totality of the subsystems 
(grouped UAV) and elements (drones-clients), united by the 
purpose of interaction with impact objects (ground operator 
or drone-server). The mentioned structure is characterized 
not only by relations of subsystems and elements (topolo-
gy), but also by their location in time and space. The main 
thing that characterizes the structure of the system with 
a dynamic structure is composition, existence of a reliable 
signal from the elements and their location. Therefore, the 
change of the structure occurs during the change of one of 

the specified elements. Formation of the structure, variants 
of its staged change is a part of the solution of the general 
problem of construction of a system, which does not fully 
reveal it in general.

For example, it is possible to take the topology “hierar-
chical star” (Fig. 5) and to plot the loaded graph that corre-
spond to this topology (Fig. 7).

Fig. 7. Loaded graph of topology “hierarchical star”

In the graph in Fig. 7, Vn is the vertices of the graph, En is 
the weights of the edges. The color of the vertex designates 
a certain function, which can be performed by the hardware 
unit: red – the main drone or a ground operator (v1), yel-
low – executors with the function of repeaters (v2, v6, v4, 
v8), blue – performers (v3, v5, v7, v9). It should be noted that 
in case of a loss of repeaters v2 and/or v6 during critical ap-
plication, drones v4 and/or v8 can serve as repeaters relative 
to nodes {v3, v5} and {v7, v9}. To have the possibility to per-
form these functions, appropriate computer components and 
downloaded software must be found aboard UAV {v4, v8} in 
cold reserve. In case of giving or losing an internal control 
signal in relation to the function of relaying, such compo-
nents, accordingly, will start or stop consuming power from 
the electric power source aboard UAV. 

The matrix of graph loading by the topology “hierarchi-
cal star” is shown in Table 2. Given that drones can receive 
commands for themselves and perform their own tasks, 
addressing “themselves” in the matrix is designated as “0”.

For UAV models, shown in Table 1, Еn max=5 km. Using 
these calculations, it is possible to find the minimum route 
from one drone to another. 

Subsystems of a system with a dynamic structure Pdi can 
be the following:

{ }, ,,   ,  c m s pi D B LPd I=  (1) 

where Dc is the subsystem of detection of impact objects at 
every i-th moment. Subsystem Dc contains a set of relations 
with impact objects and is assigned by the list according to 
subordination relation DcÌV: 
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Bm is the subsystem of interaction with impact objects 
that contains a set of executive functions, BmÌV. Subsystem 
Bm is described be the compliance matrix (3), where the lines 
are vertices and columns are functions: 

1 2 3 4 5 6 7 8

1 1 0 0 1 1 1 1

1 1 1 1 1 1 1 1

.1 1 1 1 1 0 0 0

...

1 1 1 1 1 1 1 1

m

f f f f f f f f

B

 
 
 

=  
 
   

 (3)

Description of function fi is presented in Table 3.

Таble 3

Functions of interaction system 

Check of object existence in time:

– signal transmission (1) – response reception (2)

Getting orders to be fulfilled:  
– transition (3) 
– aerial survey/spraying (4) 
– results transmission/ 
reception (5)

Transmission orders for impact 
objects: – transition (6) 
– aerial survey/spraying (7) 
– results transmission/ 
reception (8)

Ls is the communication subsystem, which contains a set 
of communication tools, LsÌV, Ls={Wi-Fi, radio channel}; 
Ip is the distributed information subsystem with a set of 
elements, IpÌV. 

Given the fact that the mentioned set Pdi is finite and 
orderly, the dynamic change in a set of vertices W can be 
represented in the vector form:

1 2 3 9� � , , , , ,{ }W w w w w= …    (4) 

where wi is the elements of set W, indicators of the state 
of the elements of the structure indicate existence of a 
specified element at the i-th moment. In the case of a trans-
mitter leaving the range, the object has a sub-program of 
returning towards the root vertex or towards the moment 
of signal returning. 

We will assume that existence of a relationship between 
two elements of set W depends only on existence of the speci-
fied elements, which does not contradict the principles of con-
struction and operation of a system with a dynamic structure. 

The existence of relationship dij between elements vi and 
vj is designated respectively:

* * ,ij i jd M w w=  (5)

where wi and wj are the indicators of the state of structure 
elements; M is the adjacency matrix of graph Ga  that has 
the form:

 0

0 0 ,

0 0

L R

M L

R

 
 =  
 

 (6)

where L, R are the matrices of loading En of the left (L) and 
the right (R) branches of graph Ga  in Fig. 7. The specified 
matrices (7) and (8) indicate subordination objects and are 
used for calculation of coverage area of a certain territory by 
a flock of the accepted topology: 

 1 2

2 2 3 4 5

3 3

4 4

5 5

0 0 0 0

0

0 0 0 0 ,

0 0 0 0
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v e
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  (8)

UAV of various models with different communication 
range can be used as the nodes in Fig. 7, different by func-
tions (Table 1). An increase in the range of consistent com-
munication on a single selected model can be achieved if we 
activate FCC mode on the communication modules of UAV, 
set the JP region and activate 33 dBi on the transmitter 
(Table 4). After updating the module, the maximum trans-
mission range again will be 100 m.

Table 4

Reliable communication distance for nodes with different 
functions

Functions of nodes Node number 
Reliable  

communication, m

Master v1 2,000

Slave v3, v5, v7, v9 470

Repeater v2, v6, v4, v8 833

Таble 2

Matrix of graph loading by topology “hierarchical star” 

No of 
node

v1 v2 v3 v4 v5 v6 v7 v8 v9

v1 0 e2 e2+e3 e2+e4 e2+e5 e6 e6+e7 e6+e8 e6+e9

v2 e2 0 e3 e4 e5 e2+e6 e2+e6+e7 e2+e6+e8 e2+e6+e9

v3 e2+e3 e3 0 e3+e4 e3+e5 e3+e2+e6 e3+e2+e6+e7 e3+e2+e6+e8 e3+e2+e6+e9

v4 e2+e4 e4 e3+e4 0 e4+e5 e4+e2+e6 e4+e2+e6+e7 e4+e2+e6+e8 e4+e2+e6+e9

v5 e2+e5 e5 e3+e5 e4+e5 0 e5+e2+e6 e5+e2+e6+e7 e5+e2+e6+e8 e5+e2+e6+e9

v6 e6 e2+e6 e3+e2+e6 e4+e2+e6 e5+e2+e6 0 e7 e8 e9

v7 e6+e7 e2+e6+e7 e3+e2+e7 e4+e2+e6+e7 e5+e2+e6+e7 e7 0 e7+e8 e7+e9

v8 e6+e8 e2+e6+e8 e3+e2+e8 e4+e2+e6+e8 e5+e2+e6+e8 e8 e7+e8 0 e8+e9

v9 e6+e9 e2+e6+e9 e3+e2+e9 e4+e2+e6+e9 e5+e2+e6+e9 e9 e7+e9 e8+e9 0
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For computations, we will also need a matrix of distances 
between vertices according to topology. Columns in and out 
indicate maximum capacity of transmitters in the conjunc-
tion “Master – Slave”. 

Taking into account the ranges, specified in Table 4, the 
loading matrix, shown in Table 2, takes the form of Table 5. 
The specified matrix is symmetric, the service auxiliary in-
formation is highlighted in color.

In addition to the mathematical model of a dynamic 
structure, it is also necessary to control the available area 
and the area that is already treated by UAV in different time 
intervals (Fig. 8).

The coordinates of the nodes of the graph, shown in  
Fig. 8 and attributed to a specific area in different moments, 
are summarized in Table 6.

a                                              b 

Fig. 8. Area coverage according to graph of topology 
“hierarchical star” and range of transmitters at different 

moments: а – at і-th moment; b – at j-th moment

We will calculate the surface area, covered by UAV as 
the area of a polygon – a closed broken line without self-in-
tersections (Fig. 9).

The order of passing vertices Р for calculation of the area 
in Fig. 9 takes the form:

{ }1 3 4 5 7 8 9 1,  ,  ,  ,  ,  , . ,  P v v v v v v v v=  (9)

Table 6

Coordinates of UAV of topology “hierarchical star” 

vi
Coordinates at the і-th 

moment 
Coordinates at the j-th 

moment

1 47.009337 31.904993 47.009176 31.904653

2 47.009758 31.903245 47.009598 31.903982

3 47.009487 31.902429 47.009064 31.902880

4 47.010352 31.902580 47.009916 31.903481

5 47.010095 31.903610 47.009796 31.904332

6 47.009905 31.905783 47.008879 31.905836

7 47.010300 31.905340 47.009460 31.906530

8 47.010615 31.906016 47.008441 31.906638

9 47.009743 31.906729 47.008354 31.905549

Area S, covered by UAV flock:

0 3
0 3

3 4
3 4

4 5
4 5

4 5
4 5

9 0
9 0

( )
2

( )
2

( ) ... .
2

( )
2

( )
2

y y
x x

y y
x x

y y
S x x

y y
x x

y y
x x

+
− +

+
+ − +

+
= + − + +

+
+ − +

+
+ −

 (10)

The results of calculations of 
the operation area of UAV flock, 
obtained by applying the devel-
oped method of determining the 
area of UAV operation, using the 
graph theory, are shown in Table 7.

Fig. 9. Polygon from vertices of topology “hierarchical star”

Table 7

Areas according to UAV coordinates 

Area at the і-th moment Area at the і-th moment

m2 ha m2 ha

40,162.29 4.0 37,109.39 3.7

When generalizing the calculation of area S by the 
considered route, we can use formula (11), which is applied 
for calculating the areas of polygons, assigned by their 
vertices:

Тable 5

Matrix of loading graph Ga

Node 
number 

in out
E v1 v2 v3 v4 v5 v6 v7 v8 v9

max 2,000 2,000 830 830 830 2,000 830 830 830

v1 0 2,000 2,000 0 2,000 2,830 2,830 2,830 2,000 2,830 2,830 2,830

v2 2,000 830 2,000 2,000 0 830 830 830 4,000 4,830 4,830 4,830

v3 830 470 830 830 2,000 0 1,660 1,660 4,830 5,660 5,660 5,660

v4 830 830 830 830 2,830 1,660 0 1,660 4,830 5,660 5,660 5,660

v5 830 470 830 830 2,830 1,660 1,660 0 4,830 5,660 5,660 5,660

v6 2,000 830 2,000 2,000 2,000 4,830 4,830 4,830 0 830 830 830

v7 830 470 830 830 2,830 5,660 5,660 5,660 830 0 1,660 1,660

v8 830 830 830 830 2,830 5,660 5,660 5,660 830 1,660 0 1,660

v9 830 470 830 830 2,830 5,660 5,660 5,660 830 1,660 1,660 0
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For this formula, it is possible to apply the concept 
of interpolation for finding intermediate values of mag-
nitudes by a discrete set of the known values. Let us 
assume that there is a system of non-coinciding points 

( 0,1,..., )ix i N= ∈  from the region of coordinate values 
and the value of functions in this points yi=f(xi), i=1,…,N. 
The interpolation process will involve finding from this 
values of such function F(xi,  yi),  i=1,…,  N, which would 
correspond to the value of the sum of areas of trapezia, 
constructed on points (xi, yi).

However, mixed topologies of UAV flocks are most com-
mon, for example, “hierarchical star with a bus”. Vertices v1, 
v2, v3 and v10 form the topology “bus”. The correspondent 
graph is shown in Fig. 10.

а 

b 

Fig. 10. Loaded graphs of mixed topologies:  
а – “hierarchical star with a bus”;  
b – “hierarchical star with a ring” 

The order of passing the graph, shown in Fig. 10, а, is 
determined as:

{ }1 2 3 10 4 5 7 8 11 9 6 1,  ,  ,  ,  ,  ,  ,  ,  ,  ,  .,P v v v v v v v v v v v v=  (12)

The matrix of loading of “hierarchical star with a bus” is 
composed in the same way, which was considered in detail 
for the topology “hierarchical star”.

Another example is construction of the loaded graph for 
the topology “hierarchical star with a ring”. In this case, 
vertices v2, v5, v7, v6 and v1 form a “ring”. The corresponding 
graph is shown in Fig. 10. 

Existence of a “ring” gives variations for a search for the 
minimal route. 

Thus, summarizing the above, it is possible to propose 
the method for determining the operation area of UAV 
flock, constructed separately for each of the considered 
topologies.

6. Discussion of results of study into determining the 
area, covered by UAV flock, by using a graph theory

In the present research, the method of modeling the 
structure of complex technical systems applying the graph 
theory is used to describe the behavior of an UAV flock. The 
proposed approach allows us to plan more carefully perfor-
mance of the tasks that use unmanned vehicles of various 
designs (models). 

It should be noted that a set of impact objects L and R 
should be included in the system with a dynamic structure, 
which will allow breaking the loading matrix into subordi-
nation units and will enable decreasing computational com-
plexity. To determine a graph, it is common to apply adjacen-
cy matrices of its separate sub-graphs and loading matrices.

The existence, quantity, and weight of relationships, 
revealing the impact object, interaction with impact objects, 
and control of the state of a system are also of importance. 
However, there will be changes in the structure of the sys-
tem during its operation. Such changes can be caused by the 
failure of the elements of the system due to the influence of 
external factors. The structure of the system can change as 
a result of the system restoration and extension. Regarding 
the proposed mathematical model of the system, these fac-
tors will affect, first of all, subset V of vertices of graph Ga. 
When calculating the area, covered by an UAV flock, by the 
considered route, the use of a large number of interpolation 
nodes leads to a dramatic increase in the degree of interpo-
lation polynomials, which makes them inconvenient for cal-
culations. It is possible to avoid this problem by splitting the 
interpolation segment into the right and the left parts with 
construction of the own polynomial on each of them. Thus, 
in the given problem it is advisable to consider separately the 
right and the left wing of the flock (left and right branch of 
a tree). The simplest, and at the same time most frequently 
used kind of the interpolation type is piece-linear interpola-
tion. In this case, the assigned points of linear interpolation 
will be connected by rectilinear segments and the function 
will approximate to the broken line with vertices in the giv-
en points. In this case, it is necessary to calculate the area, 
covered by a flock.

Latitude and longitude coordinates on an UAV is provid-
ed by GPS-modules and the above ground altitude is provided 
by an altimeter (if altitude is more than 3 m, if lower – it is 
necessary to use data from an ultrasound altimeter-sonar). 
Based on pressure measurements by using of a barometer and 
their comparison with reference values, it is possible to calcu-
late the height above sea level. Three-dimensional coordinates 
are not necessary for an aerial survey or fertilizer spraying. To 
find a projection onto the surface, coordinates of GPS-mod-
ules are enough. Coordinate rounding to an integer number 
of seconds gives accuracy of the order of 111 km/3,600≈30 m, 
which also decreases computational complexity.

If the above conditions are complied with, it is possible 
to plan a transfer of an UAV flock considering the area that 
is intended for each architecture of a mobile network, con-
structed according to different topologies. This approach at 
the basis of the proposed method for determining the area, 
covered by an UAV flock, will not allow switching off, for 
example, communication modules, as it is usually implied 
by the control systems of UAV to save battery charge. Par-
tition of a loading matrix into subordination units allows 
decreasing computational complexity, thus reducing power 
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consumption by UAV and prolonging the operation of a 
formation.

But, it is necessary to keep in mind that companies-man-
ufacturers of UAV in many cases do not allow intervention 
in the control of navigation and computing processes during 
creation of proprietary firmware of drones. That is why the 
implementation of the proposed method can be limited for 
flight programming of some UAV models.

The proposed approach is capable to increase efficiency 
of the use of a heterogeneous network based on unmanned 
vehicles of any structures, promote development of technol-
ogies for monitoring various indicators, remote sensing of 
natural resources, photogrammetry etc. The research results 
can appear useful for agricultural enterprises to control the 
types, similarities and other characteristics of farmed crops 
and for differentiated spraying crops. Now it is difficult to 
anticipate the challenges of objective or subjective nature 
when attempting to develop the described research in these 
directions. Nevertheless, it is possible to say that no addi-
tional costs are required to use the proposed approach in 
specific production situations.

It is advisable to carry out subsequent research in the 
direction of searching for optimization methods for con-
structing complex technical systems with a dynamic struc-
ture, taking into account the features of the architecture of 
implemented structures, technical characteristics and func-
tionality of devices aboard unmanned vehicle.

7. Conclusions

A mathematical model of the system with a dynamic 
structure was developed in the conducted research. The 
provisions of the graph theory and the methods for discrete 
optimization were used in order to analyze a change in the 
area, covered by a flock. As a result:

1. We analyzed the change of data transmission range be-
tween the UAV in a flock, the topology of which is dynamic 
and changes due to the influence of external factors and as a 

result of a change in the route of each drone. The use of the 
transfer nodes in case of exceeding the range of sustainable 
communication between a drone-executor and the server 
was foreseen. As far as hardware is concerned, such relay is 
provided by cold reservation of additional computer compo-
nents aboard UAV. In order to save the limited capacity of 
the drone battery, it is foreseen to connect such additional 
components to the power supply only in the event of a critical 
situation, in which signal relaying is required.

2. Formalization of the structure of the system in the 
form of a loaded directed graph was proposed, adjacency 
matrices and loading matrices for the basic and hybrid to-
pologies of UAV flock were analyzed. This approach makes 
it possible to identify a number of indicators and efficiency 
criteria for a system structure, as well to ensure its synthesis.

3. The proposed method for calculation of the area of 
UAV flock operation was proposed. This area was composed 
from the sum of areas of polygons, assigned by vertices with 
the coordinates, obtained from GPS modules of UAV. 

All results, obtained for UAV, can be generalized for any 
unmanned vehicles’ design. 

The implementation of the proposed method for deter-
mining the operation area of a unmanned vehicles’ formation 
by applying the graph theory will make it possible to plan 
more effectively the time to perform the task and the num-
ber of drones in a formation for covering the territory of the 
assigned size.
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