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ABSTRACT

The flight route planning method for an unmanned
aerial vehicle (UAV) to search for a dynamic object
in a forest-steppe area was developed. Indicators and
criteria of search efficiency with the participation of
UAV were proposed. They allow you to choose the
route that most fully meets the goals and objectives
of the search. A numerical estimates of the search
efficiency indicator were obtained for choosing a
rational UAV flight route under conditions of
uncertain behavior of a dynamic object.
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1. INTRODUCTION

Existing methods of searching for a dynamic objects
using UAV are ineffective in conditions of
uncertainty about its possible actions. Probabilistic
estimates of dynamic objects search results are not
accurate enough. Known methods for substantiating
routes and methods for searching for a dynamic
objects in a forest-steppe area using UAV do not
correspond to methods for predicting their actions.
Therefore, the use of UAV does not provide timely
detection and recognition of dynamic objects in the
conditions of uncertainty of their actions.

Planning a UAV route in a forest-steppe area requires
the identification and consideration of special
patterns in the actions of a dynamic object. While the
search plan should provide for outrunning a dynamic
object in actions.

1.1 Problem analysis
Forest-steppe terrain is characterized by significant

scattered wooded areas suitable for masking search
objects. The task of planning the use of UAVs for
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their search in such conditions and compiling the
optimal flight route has not been considered. For the
development of the corresponding method, the base
works were [2, 6, 8, 11, 12].

Thus, the purpose of the article is to develop the
flight route planning method of unmanned aerial
vehicles while monitoring behavior of dynamic
objects in a forest-steppe area.

2. MAIN MATERIAL

2.1 Performance indicators and criteria of search
dynamic object using UAV in the forest-steppe
area

The method is based on the principle of rationality of
actions of two opposite sides. Each of the them, when
choosing the routes of movement, seeks to achieve
opposite goals. Dynamic objects try to reduce the
likelihood of their detection on the movement paths
to the target. And the search side (UAV) seeks to
increase this probability. Therefore, indicators and
search criteria using UAV are divided into two
groups. The first group determines the efficiency of
the tasks performed by the dynamic object, and the
second group determines the efficiency of the UAV
task.

On each j—th route of movement of a dynamic object
in the direction of the k-th (k = 1,2, ..., K) impact
object, all open sections i,=1,2,..,l;, are determined,
on which UAV search is possible.

At the same time, a route efficiency indicator is
introduced as the degree of vulnerability of groups of
dynamic objects on the movement route (Uj)

I T .
U. = r XM,
jk ; ijk At

min

(€]

where Tpa ik IS an estimate of the duration of
observation of the site when it is overcome by the
object of movement (i-th section on the j—th route to
the k—th target);



Atyin is an estimation of the minimum required
observation time for identification of an object from
the air;

rix is a coefficient equal to one, if the section is
included in the analysis of a possible search, and zero
— otherwise.

Let there be sections on routes with nonzero
vulnerability of a dynamic object (1). Then it is
possible to rank routes according to the degree of
vulnerability (degree of search for groups of dynamic
objects).

It is assumed that a dynamic object seeks to choose a
route with the least accumulated degree of
vulnerability. The criterion for choosing the rational
route of movement of a dynamic object, it is
advisable to accept the condition of not exceeding the
indicator of some predetermined limit value (Uy).

For all sections of the studied route (for masking
areas and open areas), the mathematical expectation
(ME) of time to overcome them by the dynamic
object (mtijk) and the variance of this random

variable (Dtuk) are calculated. Let the speed of

movement in the elementary section [a, b] chosen by
a dynamic object be a random variable. Let this
random variable be distributed according to a
uniform law.

Then you can obtain the distribution law for another
random variable — the time of exit from the
camouflage area (from an open area). Using the well-
known formulas of the distribution function of the
random variable (g (t)), one can obtain the
mathematical expectation formulas (2) of the time of
movement along the section (m, and the variance
(Dy) of this random variable (3):

L/a

L b
m,= | t-g(tjdt=——-In| = |, 2
= [rama-ton(2) @
L/b
L/a L
D= [ (t-m)* 5——dt=
L‘/[b t?(b-a)
He L b)Y L
= I(t—-ln()) -4d2 t = ©)
b b-a a t*(b-a)
L2 L2 b\? .
:a.b_(b_a)Z'In(a) y |f b>a, L:LMA(OA)'

From all J, routes of the dynamic object to the k-th
object, one needs to be selected that better meets the
criterion assessment requirement.

In total, K routes will be selected by the number of
objects. Using formula (9), we find on these routes
the total number R of open areas of the terrain over
which UAV must fly while groups of dynamic
objects are on it to detect them.
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In total, K routes will be selected by the number of
objects. Using formula (9), we find on these routes
the total number R of open areas of the terrain over
which UAV must fly to detect groups of dynamic
objects during their movement in these areas.

Consider each s-th (s = 1,2, ..., S) possible UAV
flight route of open sections. Then each UAV flight
span event will give an increase in the search
efficiency indicator for each of them. This efficiency
gain is denoted as APyrecon n, Where n = 1,2, ..., N'is
the number of the object along the route to which the
k—th section is located. Then, as an indicator of the
efficiency (E;) of the UAV flight route, one can use
the estimate of the weighted ME of the number of
dynamic object detections on the s-th UAV flight
route (4).

Es = i[un ><Z:Apk.reconn] ' (4)
k

n=1

where u, is the weight of the importance of the
impact object, to which the route of the dynamic
object leads and on which the this impact object is
located. The importance weight is selected on the
interval [0, 1] according to whether the search section
belongs to a specific route of movement of a dynamic
object.

In this case, the criterion for choosing the best of the
many possible routes for the search will be the
requirement to maximize the indicator (4).

It provides a comparative assessment of the
effectiveness, justification and selection of a rational
route for searching for dynamic objects using UAV.

3.METHODS AND ALGORITHMS FOR
SUBSTANTIATION OF THE RATIONAL
SEARCH ROUTE USING UAV

3.1 Automatic estimation of motion parameters
when performing a task by a dynamic object

Suppose that there are | wooded areas (camouflage
areas in which a dynamic object cannot be detected) in
the search area. Each wooded area is characterized by
geometric dimensions. Within the wooded area, the
length of the route of movement Lya;, Where ie1 1.

Suppose also that in the search area there are J open
areas between wooded areas. Each open section also
has geometric dimensions, within which the length of
the route of movement along the open section Lo,

where je1,J.

In the search area, N possible impact objects from the
side of the dynamic object are determined. The
probability of finding a dynamic object in i-th
camouflage area is equal to pii A The probability that
a dynamic object acts on the n-th impact object is



equal to p®', n=1 N. We take the set of masking

areas S(MA) for the vertices of the directed graph.
They can have incoming and outgoing edges (vertices
of the first type).

The vertices of the second type will be set of impact
objects M(O), which have only incoming edges. Set of
open areas between the masking areas L(OA) form the
edges of the directed graph. The same open area
cannot connect several pairs of vertices.

At the first stage, an unweighted graph is constructed,
the number of vertices of which (the power of the set
of vertices) isequal to V=1+N.

The task of determining the weights of the edges of the
graph is associated with performance indicators of the
actions of a dynamic object. One of them is the time to
reach the n-th target from the i-th camouflage area.
Then the weights of the edges of the graph correspond
to the distance between the masking areas and the
impact objects. The second indicator is advisable to
choose the number of open areas along the route of a
dynamic object. The fewer open areas along the route,
the less likely it is to detect a dynamic object (in this
case, the weights of the edges of the graph are taken
equal to 1).

We apply the well-known methods for solving
problems on graphs to determine the weights of edges.
Then from the graph of the initial situation in the
search area we get the set of possible options for the
action of a dynamic object. The solution to this
problem is reduced to finding the minimum path from
the original vertex to all the final ones. In this case, the
initial vertices correspond to camouflage areas, and the
final ones correspond to impact objects. Repeating the
algorithm iteratively for each initial vertex (masking
area), one can obtain the shortest routes from each
masking area to the target. It is convenient to represent
them in the form of a matrix Q of the following form:

: ©)

where @;, is a vector that has the form:
in :{Lin!Tin1Niani$1mry'Ti$1Xit}1 (6)
where L, is the distance between the i-th

in
camouflage area and the n-th impact object; T, is

time of movement of a dynamic object between the i—
th camouflage area and the n-th impact object;

Nin =(lj), Nin < L(1), jeL1,J is the set of edges
(open areas) on the route of the dynamic object to the
object; To"™(I; ):<t?”"y> is the set of values of the
entry time to open areas by a dynamic object;
T (1) = <t?"“> is the set of values of the time, when

a dynamic object leaves open areas.
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Matrix (5) is a set of rational routes for the movement
of a dynamic object from the starting point to each
possible impact object. For further calculations, the set
of all open sections along the routes of a dynamic
object to all objects is taken from this matrix.

3.2 Automated preparation of proposals for
selecting the parameters search route of the UAV

The UAYV search scheduling algorithm is performed in
two stages:

a) the construction of the set of possible search routes
with the necessary condition of flying around all open
areas, but only while the dynamic object is in open
areas;

b) the selection of one of the rational UAV flight
routes with the maximum indicator of search
efficiency.

The compiled set of open areas is described by the
graph G=(Q, E). Q < Q¢ is the set of vertices of the

graph corresponding to the set of possible open
sections of terrain on the routes of movement of a
dynamic object. E is the set of graph edges that are
described by the distance between the sections and
the UAV flight time between them. The essence of
matrix sorting is to arrange matrix elements in rows
and columns in a specific order. According to him, an
increase in the numbers of rows and columns of the
matrix corresponds to an increase in the time of the
output of a dynamic object in the middle of each
section. After this, it can be formally stated that the
possible UAV flight options have already been built
in the lines. In this case, an reachability matrix (set)
of possible UAV flight routes is formed (table 1). It
does not yet take into account the conditions for the
temporary coordination of “arrival of UAV and
arrival of a dynamic object”.

Table 1: The result of sorting the UAV flight route matrix
1 2 n N AP,
B S
1 0 APy, A\t APy AP,
2 <0 0 APz, APayn AP,
<0 <0 0 APz, AP3y AP3
n <0 <0 <0 0 APy APn
<0 <0 <0 <0 0
N <0 <0 <0 <0 <0 0 0

The matrix element is a vector, which includes the
time parameters (7):

At(n—l)n =M¢ =My (ngy > 0;

™

Atn(n—l) = mt_(n—l) - mt_n <0.

Some of the matrix elements (the shaded part of the
table 1) have negative values of the difference in the
expected time of the dynamic object to reach the
middle of the sections under consideration (due to the
sorting principle), and therefore are turned off from the
analysis. The second symmetric part of the matrix
includes elements with positive parameters that can be



used in search planning. In this case, several conditions
are checked, one of which is advisable to write in the
form (8):

min
tmn

®)

max
—Otn < mtin _mtfm < tmn +Gt7m .

The condition allows you to assess the compliance of
UAV capabilities and requirements for the arrival of a
dynamic object in the middle of the next selected
section. As you move away from the first section,
condition (8) will be less critical due to the growth of
dispersion. Therefore, the initial sections of the search
are more important for analysis.

If the next section in matrix 1 corresponds to condition
(8), then it is included in the UAV flight route. For
him, the required flight speed and time are calculated
so that the UAV arrival and the dynamic object exit to
the middle of the section are performed
simultaneously. Using the spatial parameters of the
section and the lowest possible UAV speed, we first
calculate the time of UAV entry into the open area and
departure from it (9):

L

n
n min
2VUAV

st (9

A

tentern =m; ; tdepartn =mg

where L, is the length of the n-th section of the UAV
flight for search. Then the probability of revealing a
dynamic object in a given section (AP, ,) can be

found using tabular values of the probability integral

F[temerfn - mtfn j_ F[tdepanfn - mtin ] .

Ot_n Ot_n
Upon reaching the end of the matrix row, the
generated route is included in the set of possible search
routes. You can create other search routes if you start
the search not from the first, but from subsequent
sections. For this, an analysis of the acquisition of the
search route by sections along other rows of the matrix
is carried out (Table 1).

(10)

AP, =

recon_n

3.3 General scheme of the method for justifying
the route of conducting search of dynamic objects
using UAYV in the forest-steppe area

The probability of detecting a dynamic object on the
entire UAV flight route will allow you to select an
option with a high indicator value. The resulting total
probability value will characterize the mathematical
expectation of the number of detections of a dynamic
object along the entire UAV flight route. The
decision-making method for conducting a search
involving UAV allows you to select one route option,
which will form the basis of the plan.

Such an approach to assessing the effectiveness of the
existing method on the examples of search planning
tasks in the forest-steppe area gives a value of the
efficiency indicator of about 1 percent. The
developed method allows to perform the same tasks
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of searching for a dynamic object in a forest-steppe
area to obtain the numerical value of the search
efficiency on a terrain with an area of 10,000 square
kilometers with 18 possible impact objects. In this
case, the mathematical expectation of the number of
detections of a dynamic object in 56 open sections of
arational UAV flight route can be 31.

3.4 Analysis of the results of a numerical
experiment on the selection of a rational route for
conducting search of UAV dynamic objects in the
forest-steppe area

For a numerical experiment, forest-steppe terrain was
used (Figure 1). In fig. 1 presents a graph of the
terrain.  Vertices 1-9 correspond to forests
(camouflage areas), vertices 10-15 correspond to
impact objects. We list in Table 2 the characteristics
of open areas between camouflage areas. The initial
search area contains nine possible masking areas, six
impact objects.

Let camouflage area No. 4 be the initial area of
basing of the dynamic object, and object No. 11 as
the planned target (impact object). Then the probable
route of movement of the dynamic object is defined as
the shortest path between the vertices No. 4 and No. 11.

pa

Figure 1: Map of the search area
The shortest path on the graph (Figure 2) the dynamic
object will pass through the masking areas 5, 9, 8, 6,
3. The path through the open areas will be 7.1 km,
based on the data in table 2.

Figure 2: The graph of the formalization of the search area

Using specially developed software for modeling the
movement of a dynamic object on a route, the time is
estimated for the dynamic object to reach the selected
impact object.



Table 2: Characteristics of open areas in the search area
The number of the Minimumspeed | Maximum

il;‘: open area (graph L[eknngﬁh, dynamic object, [speed dynamic
edge) [knvh] object, [km/h]
1 2 3 2 5
1 1-2 10 3 5
2 1-4 2 3 5
3 1-10 2 3 6
4 2-3 1 2 3
5 2-5 2,5 3 2
6 2-10 8 3 5
7 3-6 0,5 Z 5
8 311 3 2 3
9 4-5 1 4 5
10 4-10 3 7 T
11 412 06 3 5
12 5-7 0,7 3 2
13 5-9 1,2 1 2
14 5-10 3 2 5
15 5-13 15 2 3
16 6-8 08 3 :
7 6-14 2 2 3
18 7-12 11 2 5
19 7-13 35 2 5
20 8-9 0,6 3 5
21 8-14 1,7 2 5
22 8-15 23 5 3
23 9-15 0,9 2 5

Let the speed of a dynamic object (group) be from 4
to 5km, distributed according to the uniform
distribution law. The section is divided into 100
segments of 10 m. The number of runs of the model
is 500, which ensures statistical stability of the
results. Calculations showed that with such initial
data, the ME of the passage time of the section is
0.223 hours, and the standard deviation is
045 = 0,014 hours.

Similar calculations of the mathematical expectation and
standard deviation for each open area along the route
from the 4th camouflage area (4th vertex of the graph in
Figure 5) to the 2nd impact object (11th vertex of the
graph in Figure 2) were performed. The results are
presented in table 3.

Table 3: Prediction of rout time of open sections of
dynamic objects on a given route

No. Edge The mathematical expectation | Standard deviation
i/o | number of rout time, [h] of rout time, [h]

1 4-5 0,223 0,014

2 5-9 0,8 0,075

3 8-9 0,15 0,015

4 6-8 0,2 0,018

5 3-6 0,11 0,006

6 3-11 121 0,012

Then, the time of movement of a dynamic object in
the camouflage areas on a given route is determined.
The results are listed in table 4. The length of the
camouflage area is taken as the distance from the
entrance of the open area to its exit (for this route).

Table 4: Prediction of the transit time of masking areas by
a dynamic object on a given route

Ne| MA | Length, Min. V Max. V ME rout| SD rout

ilo|Number | [km |, dynamic | dynamic ot dime th
pbject, [km/h]pbject, [km/h] ! !

1] 4 3 2 3 121 0,02

1] 2 3 4 5 6 7

2| 5 10 2 3 2,84 0,03

3] 9 15 3 4 043 | 00013

4| 8 3 2 3 121 0,02

5] 6 15 2 3 06 0,012

6] 3 5 2 3 2,03 0,02
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We write down the results of modeling the movement
of a dynamic object along the route in table 5. The
time schedule of the movement of a dynamic object
from the 4th masking area to the 2nd impact object
(11th vertex of the graph) is shown in Figure 3.

m=3,303 m=6,763 m=7,364
0,086 o=0,088 o=0,092

Figure 3: Timeline of the movement of dynamic objects
along the route No. 4 - No. 11

In figure 3, the numbers in the circle show the
number of the route section corresponding to the line
in table 5.

Table 5: Prediction of the rout time of dynamic object
along a route (No.4-No.11)

ME of ME of 3%S
No Route entry | SD, |3*SD, | exit | SD, D
ilo section time, [h] [h] time, | [h] !
[h]
[h] [h]
1 MA Ned 0 0 0 121 | 0,02 | 0,06
2 OA Ne4-5 1,21 0,02 0,06 | 1,433 [0,024|0,084
3 MA NeS 1,433 | 0,024 | 0,084 | 4,273 [0,039[0,117
4 OANe5-9 [ 4273 [ 0,039 | 0,117 [ 5,073 [0,085]0,255
5 MA Ne9 5073 [ 0,085 [ 0,255 [ 5,503 [0,085]0,255
6 OAN9-8 | 5503 | 0,085 | 0,255 | 5,653 [0,086]0,258
7 MA Ne§ 5,653 | 0,086 | 0,258 | 6,763 [0,088]0,264
8 OANe8-6 | 6,763 | 0,088 | 0,264 | 6,964 | 0,09 | 0,27
9 MA Ne6 6,964 | 0,09 027 | 7,564 [0,092]0,276
10 OANe6-3 | 7,564 | 0,092 | 0,276 | 7,674 | 0,1 | 03
11 MA Ne3 7,674 0,1 0,3 9,704 10,11 [ 0,33

Similarly, the time of movement of a dynamic object
along the route is predicted when it moves from the
fourth masking area to the 4th, 5th and 6th impact
objects (14, 13, 15 \vertices of the graph,
respectively). Applying Dijkstra's algorithm for an
oriented weighted graph (Figure 4), the routes of the
movement of a dynamic object from the 4th masking
area to the 4th, 5th and 6th impact objects,
respectively, are obtained. Using the data from table
2 and table 4, tables 6-8 are filled in, similar to table
5 (forecast of the time of movement of a dynamic
object along a route).

Timelines of the movement of a dynamic object for
each route are presented in Figure 4. Its analysis
showed that when initially located in the 4th
camouflage area, the search for a dynamic object
should be performed in an open area 4-5. At the same
time, the UAV flight time over an open area for
guaranteed location of a dynamic object on it should
be t., =121+0,06 =127 hours from the moment

the dynamic object is detected to
trax =1,433+0,084=1,349 the time it leaves the

open area. Thus, the guaranteed time of a dynamic
object in an open area will be 0.08 hours (about 5
minutes). This is enough to detect a dynamic object
using UAV.



Table 6: Prediction of the rout time of dynamic object
along a route (No.4-No.14)

Ne ME of - ME of -
i/o |Route sectionfentry time, [SD, [h] 8*SD, exit time,| SD, [h] 8*SD,
A LT ]
[h] [h]
1 MA Ne4 0 0 0 121 0,02 | 0,06
2 | OANe4-5 1,21 0,02 | 0,06 | 1,433 | 0,024 |0,084
3 MA Ne5 1,433 0,024|0,084| 4,273 | 0,039 |0,117
4 | OANe5-9 4273 10,039]0,117| 5,073 | 0,085 |0,255
5 MA N9 5073 [0,085]|0,255| 5503 | 0,085 |0,255
6 | OAN9-8 5503 [0,085]|0,255| 5,653 | 0,086 |0,258
7 MA Ne§ 5653 [0,086|0,258| 6,763 | 0,088 |0,264
8 | OANe8-14 6,763 0,88 {0,264 | 7,233 0,09 |027

Table 7: Prediction of the rout time of dynamic object
along a route (No.4-No.13)

Ne | Route  ME of entry ME of

ilo - - SD, [h]B*SD, [h]| exit | SD, [h] B*SD, [h]
section | time, [h] me, [h

1 | MA N4 0 0 0 1,21 0,02 0,06

2 | OA Ne4-5 121 0,02 0,06 |1,433| 0,024 0,084

3 | MA Ne5 1,433 0,024 | 0,084 |4,273| 0,039 0,117

4 |OA Ne5-13| 4,273 0,039| 0,117 |4,733| 0,04 0,12

Table 8: Prediction of the rout time of dynamic object
along a route (No.4-No.15)

Ne ME of ME of
i/o |Route sectionfentry time, [SD, [h] 3*SD, exit time,| SD, [h] 3"SD,
O th]

1 MA Ne4 0 0 0 121 0,02 0,06
2 | OANe4-5 121 0,02 | 0,06 | 1,433 | 0,024 |0,084
3 MA Ne5 1433 0,024|0,084| 4,273 | 0,039 [0,117
4 | OANe5-9 4273 10,039]0,117| 5,073 | 0,085 |0,255
5 MA Ne9 5073 |0,085]|0,255| 5503 | 0,085 |0,255
6 | OANe9-15 5503 |0,085|0,255| 5,723 | 0,086 |0,258

If UAV search is not possible in the indicated open
area (for example, due to the late receipt of
information about the initial location of the dynamic
object), the search should be carried out in the open
area between camouflage areas 5-9 (Figure 4), except
for the option to exit the dynamic object to the 5th
impact object.

@ @ ® ® @ @ Ve
@ —
f — f f
m=121 507
R e 433 ) 085
=002
m=5,503 6,763 m=7,564
=086 0088 o=0092
@ O ® 0 @
7
| @ | , 77 o
¥
m=13) =4273 m=5,07 =767
TR 433 Suzs'; r;iuns; r;:; ¢
o m=5 503 m=5.763 m=7233
@ o=0,036 0088 =008,
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@ A I b
T /'\ T T T ll
meig) 373 et 7
L a3 T T;E:g; }
0,024
@ © ® o2
| © ‘ ‘ ; 7 mr v L
—
me2] S A o
0L g 433 I;Ef'ozs'; mﬁ)).unss3 ﬂ,;u/_nsjs3

Figure 4 Timelines of dynamic object movement from the
4th camouflage area (A — route “4-11”, B —route “4-14”, C
—route “4-13”, D - route “4-15")
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The time of guaranteed finding of a dynamic object
in a given open area is from
tin =4,273+0,039-3=4,39 hour from the moment

of detecting a dynamic object to
trax = 5,073—0,085-3=4,818 hour - the time that the

dynamic object leaves the open area.

Thus, the time guaranteed to find a dynamic object in
an open area will be approximately 25 minutes. This
is enough to detect a dynamic object using UAV.

Knowing that both random variables are distributed
according to the normal distribution law, we find the
probability of finding a dynamic object in each time
interval presented on the graph.

The first time interval [5,245; 5.395]. The probability
that a dynamic object is in an open area in a given
time interval is equal to:

P —F 5,395-5,503 _E 5,245-5,503 ~0.4-
0,086 0,086

The second time interval [5,395; 5,761]. The
probability of finding a dynamic object in an open
area in a given time interval consists of the
probability of two independent events: the probability
that a dynamic object will be in a given interval

Ps™™, and the probability that a dynamic object will

not leave this open area Py' =1— P&,

Thus, P, = PE™Y ,(1_ Pzexit) :

ey _ F[5,761—5,503] _ F(5,395—5,503] ~06:
0,086 0,086
pest _ F(5,761—5,653] _F(s, 395—5,653] ~0.6:
0,086 0,086
P, =0,6-(1-0,6)=0,24.
The third time interval [5,761; 5,911]. The

probability that a dynamic object is in an open area in
a given time interval is equal to:

P, =1-|F 5,911-5,653 _F 5,761-5,653 ~0.6.
0,086 0,086

Thus, it is possible to determine the probability of
finding a dynamic object in an open area in any time
range and set the time range for viewing the open
area to achieve a probability of finding at least a
given one.

We take the probability of correct recognition of a
dynamic object using UAV - P,.=0,9, and the
probability of correct identification of a ground
object as a dynamic object — p, =0,8. We accept the
equally probable hypothesis about the impact objects
for the dynamic object, which is located in the 4th
camouflage area. The results are summarized in table 9.



Table 9: Schedule of open area during UAV search

missions
The probability
.Ne Open Area E.ntry Departure of flpdlng prc | PID | PAR
i/o | Number | time time  [dynamic object
in an open area
1 | OANe4-5| 1h16 [1h21 min 1 09|08 072
min
2 | OANe5-9 | 4h 25 |4 h50 min 1 09|08 072
min
3 | OA Ne9-8 | 5h 45 |5h54 min 0,6 09 | 08 |0432
min
4 | OANe 8-6| 6h42 |{7h02min 0,52 09| 08| 037
min
5 | OANe 6-3| 7h22 |{7h31min 0,6 09 | 08 |0432
min

The probability of the UAV task in this case, when
flying open areas, according to table 9, is:

Par, s =1-(1-0,72)-(1-0,72) =0,9216 -

Thus, the probability of successful UAV surface
monitoring using the proposed approach when
finding a dynamic object in the fourth masking area
(Figure 1) is:

Par =0,25-0,984+0,25-0,955+0,25-0,72+
+0,25-0,9216 = 0,895.

Similarly, the search efficiency is calculated when a
dynamic object is found in other masking areas
(tables 10, 11).

Table 10: Optimization of the traffic routes of dynamic
object to the object No. 1

Increase in the degree of vulnerability of dynamic

Hg.l\ollﬁ object (Ujk) on traffic routes X Ujk
) 1 2 3 4 5 6 7

12,3 84 0 3,35 0 0 34 | 2845

12,3 0 2,34 | 335 | 372 0 0 21,19

1 0 84 | 2,34 0 3,2 5,6 0 19,54

0 84 | 2,34 0 3,2 5,6 34 | 2294

0 84 0 3,35 0 5,6 34 | 20,75

Table 11: Optimization of UAV flight search routes for
dynamic object in open areas of the entire set of routes of
their traffic

Increase in the ME number of detections for open areas along the
dynamic object traffic routes (in the general numbering on the map of
the search area — Figures 3, 4)

4 1[3 5 2 6 8 7 10 11 9

4P

410.87)0,05/0,26 0,32/0,1930,142 0,21 | 0,045 | 0223 | 0,12 | 011

114 |8 6,556

1 0,76{0,31

8 |1 0,4210,5220,543

0,136 | 033 | 0,256 | 0,23 | 0,21 | 3,726

w

0,82

3 0,6230,4270,557 0,218

0,214 | 0,347 | 0,215 | 0,331 | 3,755

0,7990,3720,524 0,2 | 0,268 | 0,41 0,32 | 0,299 | 3,188

0,8280,569 0,432 | 0,325 | 0,338 | 0,278 | 0,311 | 3,081

0,899 0,523 | 0,335 | 0,249 | 0,326 | 0,239 | 2,571

092 | 0,659 | 0,325 | 0,254 | 0,336 | 2,494

0,879 | 0461 | 0,433 | 0,335 | 2,108

0,827 | 0,546 | 0,322 | 1,695

0,799 | 0,677 | 1,476

=
o| 2| B|~| oo | o

0,924 | 0924

4. CONCLUSION

1. A flight route planning method of unmanned aerial
vehicles while monitoring behavior of dynamic
objects in a forest-steppe area was developed. The
presented method is actually a sequence of visits to
certain points to search for dynamic objects, reducing
the degree of uncertainty of their actions.
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2. The obtained estimates confirm the correctness of
the calculations and correspond to the experimental
results.

3. Further development of this method consists in
expanding the planning of search routes for UAV
groups, subject to their group interaction and
exchange of information about detected objects.
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