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The object of this study is the
process of searching for a plane
that crashed by using search tools.
The main hypothesis of the study
assumes that the use of a uniformly
optimal search strategy in a discrete
search zone taking into account the
Blackwell-Black-Kadan relation
could minimize the average time for
detecting a plane that crashed. An
optimal Bayesian rule has been for-
mulated, which involves determin-
ing the maximum value of the like-
lihood ratio in the current discrete
search sector and comparing it with
the threshold. A class of uniformly
optimal search strategies has been
introduced. A method of discrete
search for a plane that crashed has
been improved, according to which,
unlike in the known analogs:

- the a priori probability of find-
ing the search object in the search
sector is taken into account;

- the probability that the search
object will be detected when viewing
the search sector is calculated;

- the Blackwell-Black-Kadan
relations are determined;

- the obtained Blackwell-Black-
Kadan values are ranked, and the
sequence of the search sectors is
examined in accordance with the
obtained ranking of the Blackwell-
Black-Kadan ratio values.

The average time to detect the
search object was estimated. It has
been established that when opti-
mizing the search for a plane that
crashed, the average search time for
the search object is reduced by 12%.

The limitation of the study is
a simplified representation of the
search area, which is given by a
regular discrete grid without tak-
ing into account complex terrain or
prohibited areas. In addition, exter-
nal factors such as weather condi-
tions, wind, etc., which may affect
the speed and route of the search
vehicle, are not taken into account.

The disadvantage of the
improved method is its application
only for the case of a discrete struc-
ture search area
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1. Introduction

including the reduction of the time for the delivery of cargo

The intensive development of the aviation industry con-
tributes to the increase in the efficiency of transportation,

and passengers, as well as the integration of different types
of air transport into a single logistics system [1]. At the same
time, the rapid growth of air traffic creates new challenges re-




lated to ensuring flight safety and conducting air search and
rescue of persons in distress. An additional significant factor
in the increase in air accidents is military conflicts (wars), in
which military aircraft of various types are actively involved
in conducting combat operations [2, 3]. A comparative analp
ysis of the quantitative indicators of air accidents in military
aviation has shown that the losses of aircraft directly depend
on the intensity of combat operations [4].

Therefore, there is a need to improve the process of
air search and rescue of persons in distress. The positive
outcome of a search and rescue operation (SRO) depends
on how quickly and effectively the search is planned
and conducted [5]. Commercial aircraft are equipped
with emergency transponders of the international satel-
lite system COSPAS-SARSAT (Search and Rescue Satel-
lite-Aided Tracking). However, limited resources, time, and
terrain (mountainous terrain, water search) significantly
complicate the conduct of SROs [6, 7]. Conventional search
and rescue methods involve the use of ships and aircraft (he-
licopters) [6, 7]. Such means are expensive, have certain lima
itations, and depend on the human factor.

Recently, unmanned aerial vehicles (UAVs) have been
used in missile defense [8, 9]. The use of UAVs significant-
ly increases the effectiveness of missile defense. However,
search methods using UAVs need to be improved.

Thus, the area of scientific research related to the devel-
opment of a method for searching for a plane that crashed is
relevant.

2. Literature review and problem statement

In [10], the results of research on the detection of victims
using aerial photographs of UAVs in Search and Rescue (SAR)
operations are reported. Machine learning approaches are
considered in detail, their comparison is carried out according
to such factors as image types, data sets for training, model
details, hardware for processing, and evaluation methods.
Modern equipment for data processing in the design of UAVs
under a real-time mode is considered. The authors of the work
substantiate that the integration of UAVs and artificial intelli-
gence (AI), in particular machine learning algorithms such as
deep convolutional neural networks, could reduce the time for
scanning large search areas, identifying, and determining the
location of victims. The issues of the order of inspection of the
search area remain unresolved. The likely reason is the failure
to take into account the structure of the search area.

In [11], modern and promising methods of using UAVs
in SAR-type SROs are considered. The focus is on advances
in sensor integration, UAV payload, and simultaneous co-
ordination of multiple UAVs. The paper also explores how
the use of AI can improve the efficiency of these operations.
It is clear from the analysis of the paper that coordinated
multi-drone systems have the potential to expand the search
coverage area. The paper argues that future advances in Al
and autonomous technologies will allow UAVs to perform
complex tasks with minimal human intervention. Improved
sensor technologies will expand victim detection capabilities,
including infrared imaging and biometric monitoring. How-
ever, challenges such as range, limited battery life, and UAV
payload remain unaddressed.

In [12], the automatic detection of victims and objects
in images and videos obtained from UAVs during missile
defense was investigated. The reliability of modern detectors,

such as Faster Region-based Convolutional Neural Network,
You Only Look Once, version 4 (YOLOv4), Retina Network,
and Cascade Region-based Convolutional Neural Network,
was considered. The results of automatic detection of victims
were compared. Due to its high speed and accuracy, as well
as a small number of false positives, the YOLOv4 detector
was selected for further research. However, the issues of de-
termining the strategy for searching for victims and the pro-
cedure for inspecting the search area remained unresolved.

In [13], the process of planning the route of a swarm
of UAVs involved in the search for people in distress is
considered. The use of the original Dynamic Butterfly Op-
timization (DBO) algorithm leads to an imbalance between
global research and local operation. Based on the well-known
DBO algorithm, an improved version of it, Logistic Opposi-
tion-Based Dynamic Butterfly Optimization (LODBO), was
developed in the study. The main goal was to introduce
landmark operators into the movement behavior of dung
beetles to expand the search range. At the same time, the
adapted factor for dung beetles, which balances the explora-
tion and exploitation strategies, is modified to improve the
local search capabilities of the affected individuals. Then, the
algorithm is applied to the missile defense environment and
UAV swarms. Experimental results showed that the optimal
route length of the proposed LODBO algorithm is 10.47% less
than that of the known DBO algorithm, and the calculation
time is reduced by 16.99%. However, in [13], the structure of
the search area and the availability of a priori information
about the coordinates of the affected individuals are not taken
into account.

In [14], the case of maritime search and rescue is consid-
ered. In this case, UAVs are used. A mathematical program-
ming model was built, taking into account the size of the
search area and the total time allocated for the search. The
total time is represented as an objective function for the mar-
itime search and rescue route planning problem. A bee algo-
rithm based on the Turn-Based Butterfly Algorithm (TBBA)
was also proposed, which takes into account the complexity
of the terrain and the limitations of the missile defense. TBBA
uses a strategy to control the search of bees and improves the
individual structure to reduce the probability of conducting an
incorrect search. Also, the proposed algorithm uses an indi-
vidual replacement strategy, which randomly generates a new
search area to replace the worst one when the search results
are unsatisfactory. The effectiveness of the proposed algorithm
was confirmed by various experiments. TBBA allows one to
obtain a more optimal solution for missile defense compared to
the search algorithm on neighboring search areas. But in [14]
the case of a continuous search area is considered, the search
time is not specified, and the features of determining the cur-
rent search area are not taken into account.

In order to improve the efficiency of using UAVs in missile
defense, in [15] a method is presented that uses a modern ob-
ject detection network. The method involves detecting victims
in real time on board the UAV using standard Red, Green,
Blue (RGB) cameras, with minimal operator intervention.

This provides increased autonomy of the UAV and in-
creases the search range. In addition, UAVs transmit images
of detected persons and coordinates of places containing
potential victims, which are determined by the on-board de-
tector. It is proposed to organize parallel operation of several
UAVs with transmission of information to one operator. The
YOLOV4 detection network was selected, pre-trained on the
Common Objects in Context dataset and adapted for detect-



ing victims at sea. For this purpose, special datasets were
recorded and annotated that simulate the presence of victims
at sea. The proposed approach was tested by the authors of
the work on an independent test dataset, demonstrating high
capabilities for detecting the search object. However, in [15],
the search time limit was not taken into account. This could
lead to a search for a significant amount of time, which is
unacceptable in the case of missile defense.

In [16], an ant colony algorithm was developed for design-
ing a search and rescue route at sea. To solve the problem
that the ant colony algorithm easily falls into local optimal
solutions during the search, a strategy for updating the pher-
omone concentration in the original ant colony algorithm
is proposed. According to the real conditions of search and
rescue at sea, the route weight based on the time of falling
into the water is introduced into the algorithm, which allows
obtaining the optimal route. The simulation results show
that the improved algorithm can be effectively used for route
design and obtaining the optimal path suitable for sea-based
missile defense. However, in [16], the search area restriction,
search time, and search strategy are not considered.

In [17], a two-phase method for solving the problem of plan-
ning a coverage route for many UAVs in SAR-type maritime
missile defense systems was devised. In the first stage, a grid-
based domain decomposition method was developed that min-
imizes the divided search area by transforming it into a graph
consisting of vertices and edges. In the second stage, a mixed
integer linear programming model is formed to obtain the opti-
mal coverage route of the search area that minimizes the missile
defense completion time. To solve the model in large-scale cases,
a heuristic randomized search algorithm is developed. Experi-
ments are conducted to verify the effectiveness of the algorithm.
The experimental results show that this algorithm provides a
better solution with an optimality gap of approximately 0.7% and
significantly faster computation than known algorithms. The
work also demonstrates the results of real field experiments in
a marine environment using the proposed algorithm. However,
in [17], the discrete structure of the search area is not taken into
account, and the search strategy is not determined. This impos-
es certain restrictions on the use of the results reported in [17].

In [18], a method was devised that combines color anal-
ysis and frequency pattern detection using an inexpensive
optoelectronic camera. It was implemented through an adap-
tive algorithm capable of operating under conditions of dy-
namically changing background. The proposed method was
successfully tested in various environments and showed high
efficiency. However, the method from [18] does not provide
for optimization of the search trajectory of the search tool,
does not take into account the limited search time.

In [19], the possibilities, performance indicators, and lim-
itations of using UAVs in humanitarian logistics are studied.
The features of conducting searches in logistics tasks are
taken into account. Search methods based on the traveling
salesman problem are proposed. However, in [19], the struc-
ture of the search area, the limited search time, etc. are not
determined. The introduction of such restrictions requires a
significant revision of the stated optimization problem.

In [20], UAV systems and the organization of communi-
cation on them are considered, as well as the methods used
for connecting and transmitting data to a ground station. The
concepts of UAV systems functioning are investigated, as
well as the details of the development of communication sys-
tems and a ground control station. An overview and analysis
of security protocols for UAV control and types of attacks that

can be carried out to disrupt UAV system communication are
presented. The results from [20] cannot be used to optimize
the search trajectory of a search tool. They are aimed only at
building a data transmission system regarding the current
situation in the search area.

Thus, our review of the literature [10-20] led to the con-
clusion that the use of UAVs is proposed as a search tool for
missile defense. One of the main conditions for the successful
use of UAVs is planning the movement route in a given search
area, especially when several UAVs are involved in missile
defense. In the considered works, the authors proposed meth-
ods for searching for victims at sea, but they do not take into
account the peculiarities of conducting an aviation search for
planes that crashed on land. Therefore, it is relevant to devise
a method for discrete search for a plane that crashed, taking
into account the peculiarities of conducting such a search.

3. The aim and objectives of the study

The aim of our study is to reduce the average time to de-
tect the search object by applying the devised discrete search
method using the Blackwell-Black-Kadan relation. This will
make it possible to find the aircraft faster and, if necessary,
redistribute the remaining search resource.

To achieve this goal, the following research tasks were
formulated:

— to list the main stages in the discrete search method for
a plane that crashed;

- to estimate the average time to detect the search object.

4. The study materials and methods

The object of our study is the search process for a plane
that crashed.

The main hypothesis of the study assumes that the use
of a uniformly optimal strategy (UOS) of search in a discrete
search area taking into account the Blackwell-Black-Kadan
relation could minimize the average time for detecting a
plane that crashed.

Assumptions and limitations that we accepted in this
work;

- the search area is discretized into a limited number of
sectors of a fixed area;

—the plane that crashed is stationary throughout the
search process;

- the search for the aircraft is carried out on the earth’s
surface (on land);

- there is a priori information about the location of the
plane that crashed;

- the search tool is not specified, an aircraft-type UAV
can be used as a search tool;

- the search tool (UAV) has a limited flight range and
flight altitude;

- the planes of the search sectors in the search area are
constant and do not change in time;

- external factors (wind, fog, air currents, weather condi-
tions, etc.) do not affect the search process.

The following equipment was used to conduct the study:

- hardware: Dell laptop Intel® Core™ i7-8650U
CPU@ 1.90 GHz;

- software: interpreted object-oriented programming lana
guage Python 3.11.



To study and improve the method of discrete search for a
plane that crashed, the following research methods were used:

- when devising the main stages of the method of discrete
search for a plane that crashed: theoretical methods of anal-
ysis and synthesis, methods of probability theory, methods
of mathematical statistics, methods of combinatorics, math-
ematical apparatus of matrix theory, methods of differential
calculus, methods of optimization theory, metaheuristic opti-
mization methods, methods of optimal search theorys;

- when estimating the average time to detect the search
object: theoretical methods of analysis and synthesis, meth-
ods of mathematical modeling, methods of optimization
theory, methods of optimal search theory, analytical and
empirical methods of comparative research.

The structure of the methodological justification for the
development of a method for discrete search for a distressed
aircraft involves the integration of scientific methods, re-
search objectives, and expected research results into a single,
consistent system.

5. Results of investigating the discrete search method
for a plane that crashed

5.1. Main stages in the discrete search method for a
plane that crashed

The search task arises when it is necessary to determine
the position of the search object, which is located in a given
search area (region) Q of physical space using search tools.
The search area Q has a discrete structure.

Let us consider the task of optimizing search routes using
a UAV as a search tool. The a priori probabilities of finding
the search object in the search area are considered known.

In discrete search tasks, the area to be surveyed is rep-
resented as a set of sectors (subregions) but the kinematic
aspects of the search are not considered. The search process
is represented as a sequential or parallel survey of selected
sectors by available search tools. Detection of the search
object is possible only during the survey of the search sector.

Discrete search takes into account:

- the last location of the aircraft;

- the possible route of the aircraft;

— meteorological conditions;

- features of the terrain in the search area;

- available search facilities.

Let Q be the search area, which is divided into n discrete
search sectors Q1, Q,,...Q,,.

The prior probability P(Q;) of finding the aircraft in all
search sectors Q,, Q,,...Q, must meet condition (1)

iP(Qi)zl. €]

The a priori probabilities of finding the search object in
all sectors are calculated before the search is conducted, in
accordance with the available information about the event,
and do not depend on the search results (expression (2))
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where M, is the mathematical expectation of detecting the
search object in one cycle;
t. is the time allocated for one search cycle.

P(Q,) =1—exp(

The current search sector of the plane that crashed is de-

noted by Q( z Q,, where j is the sequence number of the

Jt)

search sector and the detection of the search object at time ¢;.
To conduct the search, it is necessary to solve the problem
of finding a Bayesian decision rule in a discrete sector Q(t)).
Such a problem requires optimization of the search process,
namely: the size and location of the discrete search sector
Q(t;) in the search area Q.

Thus, the prerequisites are created for determining the
optimal search strategy and detection of the search object in
a discrete sector, which minimizes the average risk according
to the Bayesian criterion [21].

The average risk value in the current search sector Q(t)) is
determined from expression (3) [21]
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where Pyj(y,t) is the probability of correct detection of the
search object in the jth search sector at time ¢;

Pyj(y1,t;) is the current probability of false detection of the
search object in the jth search sector at time .

It was assumed that Ry is a positive fixed value for a given
search sector Q(t;) at the current time ¢. The Bayesian criteri-
on for evaluating the simple hypothesis H, against the simple
alternative H; in the current discrete search sector Q(t;) of the
search area Q can be written as expression (4) [21]
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The next step is to move to the unconditional relation of
plausibility (expression (5))
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Expression (4) can be written in the form of (6)
N
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According to expressions (4) and (5), the optimal Bayes-
ian rule (6) involves determining the maximum value of the
dimensionless likelihood ratio (expression (5)) in the current
discrete search sector Q(t;) and comparing it with the thresh-
old criterion (7)
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At the same time, taking into account:

- if I(t)>K}, the solution y; is chosen, the hypothesis H is
rejected;

- if I(t)<K}, the solution y, is chosen, the hypothesis H,
is accepted.



According to expression (9), the optimization is per-
formed according to:

- the parameters of the conditional probability of correct
detection P(y;/H;,x) of the search object in sectors Q(t));

- the parameters of the current discrete search sector Q(t;).

For further investigation, let us consider an important spe-
cial case. Similarly to the Neumann-Pearson criterion [22, 23],
let us assume that the unconditional probability of false detec-
tion of the search object in sector ; remains fixed at a constant
level at time ¢, which is given by expression t~Py;(y1,1).

Thus, according to expression (4), determining the larg-
est value of I(t) reduces to determining the largest value
of Pyj(y,,t)- In order to determine the Bayesian decision rule
in the current discrete sector Q(t;) of the search area Q, the
problem of finding the minimum risk value A(Q;t;) arises.
This strategy A(Q;t;) has the essence that at any time step t;
it determines in which sector Q; of the search area the search
should be carried out and by what search means.

Let us introduce some restrictions for the search strategy.
We shall require that the search strategy A(Q;t;) be truncated,
namely: A(Q;t)=0 for ¢; > T and x € Q. That is, the mandatory
condition must be met that the entire search area Q will be
explored during the search time T.

Also, the search strategy A(Q;t) must satisfy condi-
tions (8) and (9):

)\,(Qj,t[) > 0 for Q} € Q(ti), (8)
A(€u1,)> 0 for QeQ/Q(t,). ©)

It is reasonable to assume that the search strategy will
be the same for all search sectors in the search area that are
surveyed at time ;. Taking into account the above properties
for A(Qj1y), it is necessary that it satisfies the optimality con-
dition (expression (10))

Py, (Q,1,)) =sup P(M(Q,1,)) (10)

where P(A(Q;t)) is the probability of correctly detecting the
search object at time t; when using the strategy A(Q;,t;).

The search strategy must be optimal in any time period T,
until the time when the search sector is completed. That is, at
any time when the search is interrupted, it must be optimal
until that moment. Conditions (8) to (10) are satisfied by the
class of uniformly optimal search strategies (UOS).

The search strategy A(Q;t) will be UOS if any of its
T-truncated A(Qjt;) has an optimal value (expression (11))

P(MQ,1)) = PN, (Q01)), VE.ST. an

Therefore, for the task of determining the minimum
value of the average risk and detecting the search object
using the Bayesian criterion, the optimal one is UOS A(Q;t)).
According to UOS rules, the size of the search sector Q(t;)
in the search area Q must be determined. According to
expression (4), with a fixed value of false detection of the
search object, the optimization problem is stated in expres-
sions (12) to (16):

B (A,,t,) — max; 12)
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where Pi(y,t;) is the probability of detecting the search object
at time ¢; in the search sector Q(t);

Ly is the power of the search system;

o(t;) is the search resources (search effort) in the search
area Q at time ¢;.

The solution to the optimization problem (expression (12))
for conducting a discrete search is quite difficult to obtain. It
is necessary to reformulate the optimization problem (expres-
sion (12)).

The main variable is the value 0 < P; <1 - the probability that
the object is found when viewing the search sector with number
k. At the same time, the mandatory condition must be met that
the search object is exactly in the search sector Q; and has not
been detected before. Another important point is the fact that the
search sectors with numbers 1,2,....,k—-1 were inspected earlier.

Then, the notation gy =1~ Py; is introduced. We shall
assume that the search sector Q; is scanned n; times. There-
fore, the probability that the search object in sector Q; will be
detected during scan number k will be as follows (17)

k-1
BT (17)
i=1

In the case where all sectors Q;, j=1N, are subject to
inspection, and sector €; is inspected n; times, the probabil-
ity of detecting the search object during these inspections is
calculated from expression (18)

N ) k=1
j=

2.7y R4 (18)

where P; is the prior probability of the distribution of the co-
ordinates of the search object in the search sector Q;.
In the next step, we introduce condition (19)

N
S, <U, (19)
Jj=1

where U is the search potential used for time T;
S;j is the area of the search sector in the search domain Q.
The following optimization problem is stated (expres-
sions (20) to (22)):

N nj k-1

PJZPUHqU — max; (20)
j=l k=l =1
N
yonS, <U; (1)
=1
neZ, j=1,N. (22

In expressions (20) to (22) there are two types of un-
known quantities:

- search efforts ny,n,,...,n;

- search sectors Q4,0,,...,Qx.

Expressions (20) to (22) are reformulated into a dynamic
programming problem (expressions (23), (24))

k-1
R/Hqu}’
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in accordance with the obtained ranking of the values of the
Beginning

Blackwell-Black-Kadan ratios.
|

In the case of solving the dynamic
programming problem (expressions (23)

Input /

to (24)) using the Bellman optimization 2
theorem [24], we shall obtain the optimal

Form the value of P(i,j) when viewing each search sector

number of inspections of each search sector.

1

After the optimal number of inspections of 3
each search sector is known, it is necessary

Determine Py

to determine the sequence of inspection of

the search sectors. The main condition in
this case will be the detection of the search
object in the minimum possible search
time. For this purpose, the Blackwell-Black-

Determining the Blackwell-Black-Kadan ratio value

i~
P/P'/H R/

S

J

Kadan relations (expression (25)) are used

[

Ranking of the obtained values of the Blackwell-Black-

Kadan ratio

74 (25) — 6

Searching in search sectors in descending order of
magnitude of the Blackwell-Black-Kadan value

where B, =1-F,;
i is the number of surveys of the j-th
sector, i =1,u";;
j=1,m, m - total number of sectors

in the search area Q. / 8

Evaluate search results /

Having arranged relation (25) in de-
scending order, the search and detection

of the search object should be performed

End

' —

in the same sequence.

Thus, the main stages in the method
of discrete search for a plane that crashed
using the Blackwell-Black-Kadan relation
are (Fig. 1).

1. Input data input:

- search area Q;

- search sectors Q;;

- a priori probabilities P; of finding the search object in
the search sectors Q;;

- area of the search sectors S;.

2. Formation of value P;when reviewing each search sector.

3. Determining the value of B,.

4. Determining the Blackwell-Black-Kadan ratio.

i—1

A

S

J

>

5. Ranking of the obtained Blackwell-Black-Kadan values.

6. Searching in the search sectors Q; in descending order
of the obtained Blackwell-Black-Kadan values.

8. Detection of the search object in the search sector ;.

9. Evaluation of the search results.

Thus, the method of discrete search for a plane that crashed
has been improved, in which, unlike in the known analogs:

- the a priori probability of finding the search object in
the search sector is taken into account;

- the probability that the search object will be detected
when viewing the search sector is calculated;

- the Blackwell-Black-Kadan ratios are determined;

- the obtained Blackwell-Black-Kadan values are ranked;
the sequence of surveying the search sectors is carried out

Fig. 1. Block diagram of the algorithm for a discrete method to search for a plane
that crashed using the Blackwell-Black-Kadan relation

5.2. Estimating the average time to detect the
search object

The average time to detect the search object is calculated
using expression (26)

Tave = jQ(t)dt’ (26)

where Q(¢) is the probability of not detecting the search object;
Taking into account that Q(f) = 1 - Py(f), expression (26)
can be written in the following form (27)

@7

where P;(t)) is the probability of detection of the search object
in the search sector Q;;

At; - specified time for surveying the search sector ;.

It is obvious that ZAtj =T, and for quantitative esti-
mates it should be assumied that P; = Py(f), At; = At.

For example, consider two partial cases.

The elements of the initial data of the study are as follows:

- the search area consists of two search sectors (j=2);

— the planes of the search sectors are assumed to be the
same;

- the a priori probabilities of detection of search objects
are assumed to be equal (with the classical search method)
P,=P,=0.5;



- with the improved search method, we assume that the disi
tribution of the aircraft position is not uniform: P;=0.8; P,=0.2;

- the total search time is equal to T}

- probability of detecting the search object in the search
sector €;: P1(t; =P, for each of the search sectors;

— the specified time for the inspection of each of the search
sectors is taken equal and is equal to At=0.3 T.

For the refined search method taking into account the same
planes of the search sectors, the Blackwell-Black-Kadan ratio in
accordance with expression (25) is:

—for the first inspection of the first sector, the Blackwell-
Black-Kadan ratio is 0.87;

— for the second inspection of the first sector, the Blackwell-
Black-Kadan ratio is 0.74;

— for the third inspection of the first sector, the Blackwell-
Black-Kadan ratio is 0.61;

— for the first inspection of the second sector, the Blackwell-
Black-Kadan ratio is 0.55;

— for the fourth inspection of the first sector, the Blackwell-
Black-Kadan ratio is 0.47;

- for the second inspection of the second sector, the Blacke
well-Black-Kadan ratio is 0.36.

Itis in this order that the aircraft search is carried out in two
search sectors.

At the same time, in accordance with expression (27):
Tye <0.396 T.

For a uniform (known search), the aircraft search is carried
out alternately in each of the two sectors.

In this case, in accordance with expression (27):
Type ~0.45 T.

Thus, based on our results, it can be concluded that when
optimizing the search for a plane that crashed, the average
search time for the search object is reduced by 12%.

6. Discussion of results related to devising a method for
discrete search for a plane that crashed

Unlike known works (for example, [10, 13, 14]), the search
area is represented in a discrete form. A formalization of the
discrete search for a plane that crashed has been carried out.
The a priori probability of finding an aircraft in all search
sectors must meet condition (1). An optimal Bayesian rule
(expression (6)) is formulated, which involves determining
the maximum value of the likelihood ratio (expression (5)) in
the current discrete search sector and comparing it with the
threshold criterion (expression (7)). Unlike known works (for
example, [12, 15, 16])), a class of uniformly optimal search
strategies (expression (11)) has been introduced.

The method for discrete search for a plane that crashed has
been improved, in which, unlike in the known analogs [10-20]:

- the a priori probability of finding the search object in the
search sector is taken into account;

- the probability that the search object will be detected when
viewing the search sector is calculated;

- the Blackwell-Black-Kadan relations are determined;

—the obtained Blackwell-Black-Kadan values are ranked,
and the sequence of inspection of the search sectors is carried
out in accordance with the obtained ranking of the values of the
Blackwell-Black-Kadan relations.

The average time to detect the search object has been esti-
mated (expressions (26), (27)). It was established that when op-
timizing the search for a plane that crashed, the average search
time for the search object is reduced by 12%.

This became possible due to the use of the search UOS in a
discrete search zone taking into account the Blackwell-Black-
Kadan relation.

The limitation of our study is the simplified representation
of the search area, which is represented by a regular discrete
grid without taking into account complex terrain or prohibited
areas. In addition, external factors such as weather conditions,
wind, etc., which can affect the speed and route of the search
vehicle, are not taken into account.

The disadvantage of the improved method is its application
only for the case of a discrete structure search area.

Further development of the study should be focused on:

- integration of the search method with real geographic
information systems;

— adaptation of the search method to changing environmene
tal conditions in real time.

7. Conclusions

1. The main stages of the discrete search method for a plane
that crashed are:

—the a priori probability of finding the search object in the
search sector is taken into account;

- the probability that the search object will be detected when
scanning the search sector is calculated;

- the Blackwell-Black-Kadan ratios are determined;

—the obtained Blackwell-Black-Kadan values are ranked,
and the sequence of surveying the search sectors is carried out
in accordance with the obtained ranking of the values of the
Blackwell-Black-Kadan ratios.

2.The average time to detect the search object has been
estimated. It was found that when optimizing the search for a
plane that crashed, the average search time for the search object
is reduced by 12%.
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