
Citation: Fan, X.; Li, H.; Chen, Y.;

Dong, D. UAV Swarm Search Path

Planning Method Based on

Probability of Containment. Drones

2024, 8, 132. https://doi.org/

10.3390/drones8040132

Academic Editor: Oleg Yakimenko

Received: 29 February 2024

Revised: 24 March 2024

Accepted: 25 March 2024

Published: 1 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

drones

Article

UAV Swarm Search Path Planning Method Based on
Probability of Containment
Xiangyu Fan 1,* , Hao Li 2, You Chen 3 and Danna Dong 3

1 Department of Bomber and Transport Aircraft Pilots Conversion, Air Force Harbin Flying College,
Harbin 150088, China

2 Department of Intelligence, Air Force Early Warning Academy, Wuhan 430070, China; afeu_li@163.com
3 Institute of Aeronautical Engineering, Air Force Engineering University, Xi’an 710065, China;

chenyousky@163.com (Y.C.); dongdannaemma@163.com (D.D.)
* Correspondence: panda0077@163.com; Tel.: +86-177-0360-5050

Abstract: To improve the search efficiency of the unmanned aerial vehicle (UAV) swarm in disaster
areas, the target distribution probability graph in the prior information is introduced, and a drone
cluster search trajectory planning method based on probability of containment (POC) is proposed.
Firstly, based on the concept of probability of containment in search theory, a task area division
method for polygonal and circular areas is constructed, and the corresponding search trajectory
is constructed. Then, the influence of factors, including probability of containment, probability of
detection, and probability of success on search efficiency, is sorted out, and the objective function of
search trajectory optimization is constructed. Subsequently, an adaptive mutation operator is used
to improve the differential evolution algorithm, thus constructing a trajectory optimization process
based on the improved adaptive differential evolution algorithm. Through simulation verification,
the proposed method can achieve a full coverage search of the task area and a rapid search within
a limited time, and can prioritize the coverage of areas with a high target existence probability as
much as possible to achieve a higher cumulative success probability. Moreover, the time efficiency
and accuracy of the solution are high.

Keywords: probability of containment; unmanned aerial vehicle swarm; search track; probability of
detection; differential evolution algorithm

1. Introduction

Drones have gradually become an indispensable force in disaster relief. Due to
their flexibility and convenience, drones have incomparable advantages over other data
collection platforms in terms of data transmission and express delivery [1–3]. However,
communication interruptions, landslides, and road collapses after earthquakes seriously
hinder effective rescue. Therefore, how to use drone clusters to quickly grasp the situation
in disaster areas after earthquakes plays a crucial role in formulating rescue plans.

1.1. Related Work

To this end, scholars have conducted in-depth explorations and achieved fruitful
results, mainly including environmental modeling, trajectory planning methods based on
classical theories, and trajectory planning methods based on intelligent algorithms.

Environmental modeling mainly involves building geographical models [4–7] and
quantifying threats [8–12]. In the literature [4], an elevation map was used to simulate the
actual flight environment of UAVs and construct a trajectory optimization method. In the
literature [5,6], digital simulation was used to construct the environment from different
perspectives to meet the corresponding requirements. The literature [7] further constructed
a map from 3D to 2D maps to reduce the complexity of the map. Threats usually include
radar and missile threats. To study the impacts of these military equipment and UAV
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trajectory planning, the literature [8] constructed a threat model for radar and missiles.
Based on this, the literature [9] further extended it to the 3D space. The literature [10]
further considered the temporal variation of threats during the motion of UAVs to optimize
trajectories based on the analysis of previous research work. On this basis, the literature [11]
constructed a Bayesian network to evaluate threats. The literature [12] further established a
dynamic Bayesian network to study the threats posed by the environment on UAVs when
parameters change.

Classic trajectory planning theory mainly includes the artificial potential field
method [13,14], A* algorithm [15–17], Dijkstra algorithm [18,19], etc. The literature [20] im-
proved the artificial potential field method algorithm and solved it using genetic algorithms.
The literature [21] further combined the artificial potential field method with reinforcement
learning on its basis, and avoided local optima by setting up black holes. The literature [22]
achieved the goal of synchronously arriving at the task area within a specified time by
regulating the trajectory intersection points of each unmanned aerial vehicle (UAV) in the
cluster. The literature [23], based on the Dubins path planning algorithm, avoided collisions
between UAVs by adjusting the trajectory length of UAVs, and achieved a collaborative
formation of UAVs. The literature [24], based on graph theory, converted the heading to
connectivity constraints in graph theory, and optimized it to achieve spatial collaboration
of cluster trajectories. The literature [25,26], based on the idea of dynamic programming,
adjusted the angle between each UAV and the target point in the UAV cluster at all times,
and achieved the goal of distributing UAVs near the target at different angles at the same
time through real-time optimization decisions.

There are mainly two types of intelligent algorithm-based trajectory planning methods.
One is to study biological characteristics and further construct new intelligent optimiza-
tion algorithms to apply them to solving trajectory planning problems, such as the wolf
swarm algorithm [27,28], firefly swarm algorithm [29,30], and fruit fly swarm optimization
algorithm [31,32]. The other is to improve the performance of algorithms by optimizing
parameters, improving the algorithm architecture, or integrating with other algorithms.
The literature [33] used the principle of pheromone diffusion to improve the ant colony
algorithm, thereby enhancing the ability of UAV trajectory planning in complex environ-
ments. The literature [34] used chaos theory to adjust the population distribution of the
bee colony algorithm, improving the diversity of the population and thereby performing
trajectory planning better. The literature [35] improved the particle swarm algorithm by
phase encoding and introducing quantum behavior, thereby enhancing the robustness of
the planning algorithm. The literature [36] combined a particle swarm algorithm with a
genetic algorithm to achieve trajectory planning in a three-dimensional environment. The
literature [37] combined fuzzy logic with an improved artificial bee colony algorithm to
optimize the most efficient and safest path.

A summary and comparison of the two types of algorithms are shown in Table 1.

Table 1. Comparison between classic methods and intelligent methods.

Classic Method Intelligent Method

Theoretical model Yes No
Type of problem to be solved Convex optimization No requirement

Number of problems to be solved Less More
General applicability Poor Good
Algorithm efficiency High Low

Table 1 compares the two types of algorithms from five aspects. In terms of theoretical
models, classical algorithms have solid theoretical analysis and proof processes, ensuring
the feasibility and effectiveness of the algorithm from a mathematical perspective. Most
intelligent algorithms are derived from biological inspiration, and there is almost no
complete proof process.
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In terms of problem types, classical methods solve convex optimization problems.
Meanwhile, there are no clear requirements for intelligent algorithms, so they can solve a
wider range of problems.

Classic algorithms are built for specific problems, so they can only solve a certain type
of problem and are highly targeted. Intelligent algorithms, on the other hand, are generally
built by scholars themselves and can be designed and improved based on the problem.
They can solve a wide range of problems.

In terms of generality, classical algorithm models are generally used directly to solve
problems, but they do not have the ability to adjust the model based on the problem. How-
ever, based on the intelligent optimization solving process, both the model and intelligent
optimization method can be adjusted and improved according to the needs, which have
good generality.

In terms of algorithm efficiency, the solution process of classical methods is generally
based on optimization theory, which can quickly obtain optimal results. However, intel-
ligent optimization algorithms require continuous optimization and iteration through a
large number of populations, which makes the algorithm slower.

Namely, classical algorithms are more suitable for solving problems for which they
have already built models, and they have fast algorithm speeds and solid theoretical
support. Intelligent algorithms can build models based on the problem to solve more
complex, more closely problems related to actual needs.

1.2. Research Gap and Problem Statement

The current research has a good guiding role in enhancing the flight path planning
and search capabilities of drones, and lays a research framework that can be used for the
study of such problems. However, there are still practical problems and constraints that
need to be addressed.

Drone clusters are widely used in search and rescue missions due to their high cost-
effectiveness. With the support of satellites, intelligence, and other platforms of reconnais-
sance methods, prior information of some task areas is usually known and converted into a
target probability distribution map of the area. Making full use of this prior information
to carry out search tasks plays an important role in improving the timeliness and success
rate of search tasks. However, the current literature mainly studies trajectory planning
from both static and dynamic perspectives. Most static trajectory planning methods do
not consider the target probability distribution map, divide the search area according to
certain criteria, and plan the search trajectory within each sub-area. Dynamic trajectory
planning methods use the target probability distribution map to guide the drone cluster
to carry out search tasks in real time. However, this method puts stringent requirements
on cluster communication and real-time decision-making, which is difficult to achieve in
complex environments.

1.3. Proposed Solution and Contributions

To this end, this paper constructs a method for UAV cluster search trajectory planning
based on prior information to improve the search efficiency of the cluster. Based on the static
trajectory planning method, this paper makes full use of the target probability distribution
diagram and introduces the concept of probability of containment (POC) in search theory
to optimize the search efficiency of the UAV cluster. A method for UAV cluster search
trajectory planning with probability of containment optimization is proposed.

Compared with existing methods, the main contributions of this article are as follows:

1. A probability-based track optimization model is constructed. At present, academic
papers mainly consider the search process as a deterministic event. Specifically, after
a UAV searches a certain area, it will only obtain binary results, namely, there is a
target or there is no target. Obviously, due to limitations of UAV performance or
image processing, there may be a possibility of searching but not detecting the target.
Therefore, the search result should be a probability. Therefore, this article introduces
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the probability of detection (POD) to describe the probability of discovering the target
so that the method is more closely related to reality.

2. The objective function can be adjusted according to the task requirements. A search
mainly includes two typical requirements, namely, achieving global search with
minimal resource consumption and searching as many areas as possible within a
limited time. The main achievements at this stage are generally focused on one
specific problem. However, the objective function designed in this article can achieve
these two goals by changing the corresponding coefficients.

3. A more flexible search strategy is constructed. For search tasks, the parallel line
search method is highly efficient and easy to implement. However, such methods
are applicable to rectangular regions. To improve search performance, this article
improves it and designs three other new search methods. The objects searched in this
article can be extended to irregular polygonal regions and even circular regions.

4. Intelligent optimization algorithms are improved in combination with the problem
to be optimized. Some articles that use intelligent optimization to solve trajectory
problems have a weak connection between the method and the problem. Namely,
intelligent optimization methods are just a tool, and they are not improved in com-
bination with the problem to be optimized, resulting in a low degree of adaptation
between the two. The method in this article aims at the problem to be optimized,
designs an adaptive mutation algorithm, and constructs a coding method for drones
to improve search efficiency.

First, a new search area allocation method and corresponding trajectory planning
model are constructed in Section 2. Then, factors affecting search efficiency are analyzed
and a search objective function is established in Section 3. In order to optimize the objective
function, an adaptive differential evolution algorithm and corresponding optimization
process are constructed in Sections 4 and 5. Experiments are conducted to verify and draw
conclusions in Sections 6 and 7.

2. New Region Division Strategy and Corresponding Route Optimization Method

The target probability distribution map is the prerequisite for search trajectory plan-
ning, providing prior information support for search task area planning and trajectory
planning. Based on obtaining the target probability distribution map, the search task
planning of the unmanned aerial vehicle mainly consists of two parts: search area division
and search trajectory planning.

2.1. Search Area Allocation Method Based on the Average Probability of Containment

Due to objective factors such as drone search resources, search hardware capabilities,
and time windows, there are often not enough search resources to fully cover all areas
where the target may exist. The key issues at this point are what kind of drone to use, where
to search, and what search method to use to maximize the search success rate. Search area
allocation should consider the performance of the drone and the task requirements, and
prioritize searching areas with a high probability of target presence in the target probability
distribution map as much as possible.

This section mainly introduces polygon areas and search base circle areas, and gives
the corresponding optimal allocation criteria for search areas.

The search reference is the reference basis for determining the search area, which is
calculated based on the target’s approximate location, motion characteristics, and envi-
ronmental information. It mainly consists of the following three types: reference point,
reference line, and reference plane. The reference point is the case where the target’s ap-
proximate location is known. The probability distribution is calculated based on the target’s
motion characteristics, and the point with the highest probability of target existence is
determined as the reference point. The reference line is the case where there are two or more
possible locations for the target’s approximate location. The reference line is determined
based on the connection between multiple approximate locations. In cases where one
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or more target approximate location points cannot be determined, the reference plane is
usually used, which refers to a certain area where the target existence probability is higher
than a threshold value.

In order to determine more universal and accurate search area types, the types of
reference points, reference lines, and reference planes were summarized, generalized, and
improved, and two types of area types, polygon areas and search base circle areas, were
proposed. These two types of area types can cover the three reference areas mentioned
above, and facilitate a more accurate determination of the search area.

The information of the polygon region is represented by the coordinates of the region’s
vertices. Assuming that there are n vertices in the selected search polygon region, their
coordinates are p1, p2, . . ., pn. Assuming that m polygon regions are planned in the search
region, the ith polygon is denoted by the following symbol:

Ω(i)
p =

(
p(i)1 , p(i)2 , . . . , p(i)ni

)
, i = 1, 2, . . . , m (1)

The search base circle domain is a combination of the reference point and the reference
plane. It is a circular area determined by taking the point with the highest probability of
target existence as the center c and determining the search radius r based on the coverage of
the reference plane. Assuming that k search base circle domains are planned in the search
area, the ith circle domain is denoted by the following symbol:

Ω(i)
c =

(
c(i), r(i)

)
, i = 1, 2, . . . , k (2)

To verify the advantages of polygonal areas and search base circle areas over classic
area types, a simple example is given through simulation. The first method uses search
rectangles for area planning, while the second method uses polygonal areas and search
base circle areas. The planning results are shown in Figure 1.
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Figure 1. Comparison of different types of search areas. Figure 1. Comparison of different types of search areas.

As can be seen in Figure 1, the red area represents the polygon area and search base
circle area, which can more accurately select the area with a high probability of target exis-
tence, facilitating the avoidance of overlap between multiple areas. In contrast, the search
rectangle represented by the blue area inevitably includes areas with a low probability of
target existence in the search range, which results in the additional consumption of search
resources and reduces search efficiency. Figure 1 demonstrates the advantages of the two
proposed types of search areas in accurately selecting the search area, laying the foundation
for subsequent search area optimization and search trajectory planning.
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Search area optimization refers to the process of minimizing the search resources
and maximizing the target coverage probability within the planned search area under the
constraints of drone capabilities and time windows.

The amount of search resources used can be represented by the area of the search
region. The larger the search region, the longer the search time and the more search
resources required.

The probability of coverage targets can be represented by the sum of the probabilities
of inclusion within the search area. The definition of probability of containment (POC) is
the probability that a search target is within a certain area, partition, or grid cell.

Combining the two indicators above, we set the optimization criterion for the search
area as the average POC, which is the target POC per unit area, as follows:

f (Ω) =

∑
i∈Ω

POCi

S(Ω)
(3)

where the numerator represents the sum of the probability of target inclusion in the search
area, and the denominator represents the area of the search area.

If multiple search areas are planned at the same time, there may be overlap between
the areas. Therefore, considering the overlap of areas and assuming that n search areas are
planned, the average POC of these n search areas is:

f (Ω) =

∑
i∈Ω

POCi

S(Ω1) + S(Ω1) + · · · S(Ωn)
(4)

As can be seen in the Formula (4), the area of the overlapping part of each search region
is superimposed, but the target inclusion probability is taken only once. This optimization
criterion provides a quantitative standard for planning search regions, enabling a rapid
comparison of the advantages and disadvantages of multiple region planning results.

As can be seen in Figure 1, the division and selection of polygon regions directly affect
search performance. When selecting a polygon region, it is necessary to consider maximiz-
ing the probability of target existence within the region while minimizing the degree of
overlap between regions. Obviously, this is a typical two-objective optimization problem.

To solve this problem, optimization can be used, but due to the uncertainty of the
number of vertices in the polygon, it is difficult to calculate the area. Therefore, directly
optimizing the number and location of vertices is challenging. To address this issue, this
article proposes a method that utilizes rectangular cuts.

Firstly, based on the performance parameters, the maximum area Su that the drone
can search in a rectangular area is calculated. Then, based on the number N of drones,
the number N of rectangles to be deployed and the corresponding vertex count 4N are
determined. Then, the rectangular area to be optimized is set to 1.3 times Su. Namely,
N rectangles with an area of 1.3 Su are selected to satisfy the above two-objective function.
Finally, using manual methods, the polygonal areas to be searched within each rectangle
are planned. In this way, the corresponding area is also reduced to approximately Su. This
approach simplifies the difficulty of the problem and improves the search efficiency.

2.2. Search Route Planning Model

Search trajectory planning mainly refers to planning the specific route of the drone’s
actions in the search area after giving the search area. The search method is mainly related
to the size and shape of the specific search area. There are six commonly used search
methods, namely, sector search, extended square search, track line search, parallel line scan
search, transverse line search, and transverse line coordinated search.

This section is based on commonly used search trajectory planning models and extends
them to more general application scenarios, providing search trajectory planning models
for polygonal areas and search base circle areas, respectively.
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Commonly used rectangular area search methods include parallel line search and
horizontal line search, as shown in Figures 2 and 3.
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The parallel line search method searches along the long side of the rectangle, while
the horizontal line search method searches along the short side of the rectangle. These two
strategies are relatively simple and will not be covered in detail in this article.

Obviously, parallel line scanning search and horizontal line search are two commonly
used area search methods, but they can only be applied to rectangular areas, which is not
universal enough. Therefore, this section combines the characteristics of several search
methods and proposes a parallel search method with variable angles for polygonal areas,
which can generate parallel search trajectories with arbitrary direction angles in any convex
polygonal area. It not only covers commonly used area search methods but also provides a
more flexible trajectory planning model that can generate optimal search schemes as much
as possible. The algorithm principle is shown in Figure 4.
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Given a convex polygon region Ω = (p1, p2, . . . , pn) with n vertices, the parallel search
direction angle is θ and the search line spacing is W. The planning process mainly consists
of the following three steps:

Step 1—Rotate the vertices of the polygon region counterclockwise by θ to obtain a
new convex polygon Ω̂ = ( p̂1, p̂2, . . . , p̂n). The coordinate rotation is achieved using the
following rotation matrix:

p̂i =

[
cos θ − sin θ
sin θ cos θ

]
pi (5)

Step 2—Plan a parallel trajectory in the new convex polygon, with the trajectory
direction parallel to the Y axis and the spacing between adjacent trajectories of W, resulting
in the coordinates of the planned trajectory points being (q̂1, q̂2, . . . , q̂k).

Step 3—Rotate the planned track point clockwise by θ to obtain the parallel search
track (q1, q2, . . . , qk) in the original polygon area. The rotation matrix is as follows:

qi =

[
cos θ sin θ
− sin θ cos θ

]
q̂i (6)

As can be seen from the above steps, the parallel search algorithm with variable angles
mainly generates parallel tracks at arbitrary angles through coordinate rotation. This
method is more convenient and more versatile. This method is also applicable to parallel
line sweep search and lateral line search. Simply set the polygon area to a rectangular area,
and then set the parallel search direction angle to be equal to the angle between the long
side or short side.

The above process can be described as follows: when the area to be searched is an
irregular polygon area, use Formula (5) to convert the area, and then obtain an area where
one of the edges is parallel to the Y axis. In this way, the parallel line search method can
be used to obtain the track within the transformed area. Afterwards, use Formula (6) to
convert the obtained track, and then obtain the search track for the area to be searched.

The advantage of this approach is that only two transformations are required to
generate a track line, ensuring that its X-axis coordinate remains relatively stable and
facilitating track generation and data recording.

At the same time, minimizing the adjustment of the motion state of the drone can
reduce battery consumption, allowing it to search more areas and improve search efficiency.
This is also an advantage of parallel search in this article.

If the approximate location of the target is focused on a small area, the search base
circle domain is usually used to determine the area to be searched. The center of the search
base circle domain is the point with the highest probability of target existence, and the
radius is determined according to need. Sector search, extended square search, and spiral
search are all suitable for searching the search base circle domain, where sector search
crosses the center multiple times, performing multiple repeated searches in the area with
the highest probability of target existence, as shown in Figure 5.

The extended square search method starts from the location with the highest proba-
bility of target presence and continuously expands outward through the extended square
search method. During the secondary search, the search direction can be rotated by 45◦, as
shown in Figure 6.

The reason for rotating 45◦ during the second search is to obtain more information.
For example, using three orthogonal views to observe an object can provide more com-
prehensive information. Therefore, for the second search, rotating 45◦ yields the lowest
similarity to the first search trajectory, resulting in the most information gain and improved
search efficiency.

The spiral search method generally uses a 20◦ slope to spiral, and when the spiral
approaches 360◦, it switches to a 15◦ slope; then, it spirals in turn at 10◦ and 5◦ slopes,
approaching 360◦, as shown in Figure 7.
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3. Modeling of Search Problems
3.1. Factors That Affect Search Efficiency
3.1.1. Field of View Width

The field of view refers to the effective distance at which a drone can detect a target
under specific search conditions. Targets within half the scanning width on both sides of
the drone may not always be detected, but sometimes targets in more distant areas can also
be detected. Accurately speaking, the probability of detecting a search target outside half
the scanning width on both sides of the drone is equal to the probability of not detecting it
within this distance range, as shown in Figure 8.
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When a drone searches for a target through an area, it effectively searches an area with
a width of W. Therefore, the sweep width is also known as the effective width, which is a
good measure of the ability to detect targets.

3.1.2. Coverage Factor

The coverage factor is the ratio of the effective search range to the required search area,
which describes the degree to which the required search area is thoroughly searched and
can be used to measure search effectiveness or search quality. The calculation formula for
the coverage factor C is as follows:

C = Z/A (7)

where Z and A are the effective search range and the area of the required search area,
respectively, or the number of grid cells contained in the probability map. For general
search methods, the effective search range area Z is equal to the product of the search speed,
search duration, and scan width:

Z = V × T ×W (8)

where V is the speed of the drone; T is the effective search time (excluding turning and
other search time unrelated to effective search); and W is the sweep width. For a parallel
search, the calculation of the coverage factor is relatively simple, equal to the sweep width
W divided by the search line spacing S:

C = W/S (9)

It should be noted that the concepts of sweep width and search line spacing are not
the same. In fact, the setting of the search line spacing can refer to the sweep width, but
it is not necessarily equal to the sweep width, and it is also related to factors such as the
endurance of the drone. When the required search area is large, the endurance time of
the drone cannot cover the entire area, and the value of the search line spacing should be
greater than the sweep width (the coverage factor is less than 1) to ensure the search of the
entire area at the expense of a certain coverage rate. When the required search area is small,
the endurance time of the drone can meet the requirements, and the value of the search line
spacing can be less than or equal to the sweep width (the coverage factor is greater than or
equal to 1) to achieve full coverage of the search area or even cross coverage to improve the
search success rate.

3.1.3. Probability of Detection

When the target is within the detection range of the search platform, the probability of
correct detection is usually measured by the probability of detection (POD). If the detection
device travels accurately and evaluates the search with the same width, the POD value
is maximized. If the effective search width becomes narrow due to inclement weather or
navigation errors, the POD value will be adversely affected.
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The relationship between the POD and the coverage factor C under ideal search
conditions satisfies the inverse cubic law of vision detection proved by Koopman:

POD = er f
(√

π

2
C
)
= er f

(
W
√

π

2S

)
(10)

where erf (error function) represents the error function, and its expression is:

er f (x) =
2√
π

x∫
0

e−t2
dt (11)

Based on Formula (10), it can be seen that the smaller the search line spacing S, the
larger the coverage factor and the higher the POD; however, a decrease in the search
line spacing S will result in a reduction in the effective search area, which will decrease
the POC.

At the same time, according to Formula (10), using the built-in erf function in Matlab
2021, the relationship between W and POD is plotted, as shown in Figure 9.
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As can be seen in Figure 9, increasing the field of view will result in a decrease in the
POD. This is also easy to understand. When other parameters remain unchanged, the larger
the field of view, the lower the clarity within the field of view, which affects the detection
effect of the target. However, while the detection probability increases with a smaller field
of view, the search speed decreases. Therefore, the choice of the field of view also affects
the search efficiency.

The increase in POD and the decrease in POC may lead to an increase or decrease
in probability of success (POS); so, it is necessary to refer to the change in POS when
determining the search line spacing S.

3.1.4. Probability of Success

POD only measures the conditional probability of discovering the target when it is
within the search area, and it cannot measure the probability of success of the search action.
However, the probability of success (POS) can truly measure the probability of success of
the search action. The relationship between POS, POC, and POD is as follows:

POS = POC× POD (12)

The cumulative probability of success (POSC) is used to measure the efficiency of all
search operations conducted to date. It is equal to the sum of each probability of success.
In fact, after n searches, the POSC is calculated as follows:

POSC= POS1+POS2 + · · ·+POSn (13)
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Search operations are essentially a means of reducing the POC of search targets in an
area and increasing the probability of success POS and cumulative value POSC. Within a
possible area, the closer the value of POSC is to 100%, the closer the probability POC is
to zero.

3.1.5. Rules for Updating the POC

During the search process, even if the target is not found, it means that the probability
of the target being in that area should be appropriately reduced. Therefore, whether the
target is found or not, the search information can be used to update the target’s POC in
each area. The new POC value is calculated according to the following equation:

POCnew = (1− POD)× POCold (14)

For the area not searched, the POC remains unchanged, that is, POCnew = POCold.

3.1.6. Probability of Detection

Suppose the number of available drone clusters is n. For the ith drone Vi, its parameters
are known, including the location of the unmanned airport Ps

i
(
xs

i , ys
i
)
, the location of the

landing airport P f
i

(
x f

i , y f
i

)
, the maximum endurance time Ti, the sweep width Wi, the

cruise speed vb
i , and the search flight speed vs

i . These parameters serve as inputs for search
planning, and the output is all search rectangles and the search line spacing.

Each drone is responsible for a search rectangle searching task. Therefore, for each
drone, a corresponding search rectangle is assigned, denoted as Qi

(
xc

i , yc
i , li, wi, θi

)
, where(

xc
i , yc

i
)

is the center point coordinates of the search rectangle, (li, wi) are the lengths of
the long and short sides of the rectangle, and θi is the direction of the long side of the
rectangle. A parallel scanning search is performed in each search rectangle, with a search
line spacing of di. The parameters that need to be optimized are the set of search rectangles
Q = (Q1, Q2, . . . , Qn) and the set of search line spacings d = (d1, d2, . . . , dn).

For given a set of parameters Q and d, the cumulative probability of success can be
directly calculated.

First, calculate the probability of detection PODi for each UAV based on the search
line spacing di and the sweep width Wi:

PODi =
2√
π

∫ √
πWi
2di

0
e−t2

dt (15)

Then, the location of the rectangle is determined based on the corresponding parame-
ters of the search rectangle. The probabilities of the grids contained within the rectangle
are added to obtain the probability of inclusion POCi for each rectangle. The cumulative
success probability is related to the optimization parameters Q and d, and is denoted
as follows:

J(Q, d) =
n

∑
i=1

POCi × PODi (16)

When calculating the cumulative success probability, it is necessary to consider the
coordination between multiple drones. According to the above calculation formula, if
multiple drones perform repeated searches of the same area, they can also obtain a high
cumulative success probability. To avoid such situations, it is necessary to add a POC
updating mechanism. If a specific search area has already been allocated to a drone, the
POC of the target probability map grid within that area is set to 0. When the drone searches
again later, the cumulative success probability is not increased.
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3.2. Constraint Condition
3.2.1. Time Constraints

Suppose that for drone Vi the number of waypoints in the planned search trajectory
is mi, where the coordinates of the jth waypoint are denoted as P(j)

i

(
x(j)

i , y(j)
i

)
. The total

flight time for the drone from takeoff to landing is given by the following equation:

ti =
1
vb

i

(
‖Ps

i P(1)
i ‖+ ‖P

(mi)
i P f

i ‖
)
+

1
vs

i

mi−1

∑
j=1
‖P(j)

i P(j+1)
i ‖ (17)

The first term in the above formula is the time consumed during takeoff and return,
while the second term is the time consumed during the search. To ensure flight safety, a
certain amount of fuel should be reserved during planning to better handle various unex-
pected situations. Therefore, the total flight time should not exceed 85% of the endurance
time, which results in the following constraint:

ti ≤ 0.85× Ti (18)

The above formula considers the different flight speeds of drones at different stages,
and divides the search trajectory into two segments, namely, the pre-takeoff departure and
return landing segments, as well as the search trajectory segment. During the pre-takeoff
departure and return landing segments, drones usually use the maximum speed or cruise
speed to ensure rapid arrival at the search area; during the search of the area, to meet the
requirements of the search mission, drones usually maintain a lower speed. In particular,
reducing the adjustment of the motion state of the drone can save the drone’s power and
help improve its search efficiency.

3.2.2. Motion Constraints

Construct a coordinate system, as shown in Figure 10.
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The drone flies in the mission area, which is regarded as a particle moving in three-
dimensional space. Its motion equation and constraint are as follows:

x(k + 1) = x(k) + v(k)∆t cos α(k + 1) cos β(k + 1)
y(k + 1) = y(k) + v(k)∆t sin α(k + 1) cos β(k + 1)

z(k + 1) = z(k) + v∆t sin β(k + 1)
v(k + 1) = v(k) + ∆v(k) v(k + 1) ∈ [−vmax, vmax]

α(k + 1) = α(k) + ∆α(k) ∆α(k) ∈ [−∆αmax, ∆αmax]
β(k + 1) = β(k) + ∆β(k) ∆β(k) ∈ [−∆βmax, ∆βmax]

(19)

In Formula (19), ∆t is the time step, [x(k), y(k), z(k)] represents the spatial position of the
UAV at time k, with a total of K time steps. v and ∆v represent the speed and acceleration
of the UAV, respectively. α and β represent the heading angle and pitch angle of the UAV.
Additionally, ∆α and ∆β correspond to the angular increments, respectively. vmax is the
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maximum speed of the UAV, and ∆αmax and ∆βmax are the maximum angular changes
under maneuvering performance constraints.

The motion of the drone must satisfy the above speed control and angle control
constraints to ensure that the optimization results obtained are feasible.

3.2.3. Security Constraint

Safety constraints mainly include boundary constraints, no-fly zone constraints, colli-
sion avoidance constraints, and obstacle avoidance constraints.

Let the area outside the boundary be Ωb and the no-fly zone area be Ωp. Then, the
planned location of the drone at the next moment (x(k + 1), y(k + 1)) needs to satisfy the
following equation: {

(x(k + 1), y(k + 1)) /∈ Ωb
(x(k + 1), y(k + 1)) /∈ Ωp

(20)

Formula (20) is the boundary constraint and no-fly zone constraint.
Collision avoidance constraints refer to the need to ensure that the distance between

the ith and jth drones during flight cannot be less than a safe distance ds, which can prevent
collisions between drones, i.e.,:

√(
xi(k)− xj(k)

)2
+
(
yi(k)− yj(k)

)2 ≥ ds√(
xi(k + 1)− xj(k + 1)

)2
+
(
yi(k + 1)− yj(k + 1)

)2 ≥ ds

(21)

The obstacle avoidance constraint refers to the distance maintained between the
drone and the mountain during flight. The threat of the mountain is generally expressed
as follows:

fi(x(k), y(k)) = e−λ[(x(k)−xpi)+(y(k)−ypi)] (22)

In Formula (22), (xpi, ypi) represents the position coordinates of the center point of the
peak of the I mountain, and λ is a parameter representing the threat distance of the peak.
Then, fi(x(k), y(k)) is the probability of a possible collision between the UAV and the peak.
In addition, in the environment, in addition to the peak, the ground height is not exactly
the same. Generally, it is assumed that the threat in other areas follows a two-dimensional
independent Gaussian distribution.

The real environment can be simulated by superimposing the above models, as shown
in Figure 11.
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Then, the drone needs to meet the following requirements:

fi(x(k), y(k)) ≤ Ths (23)
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That is, the probability of collision between the drone and the mountain is lower than
the set threshold Ths.

3.2.4. Communication Constraint

There is a need for communication between drones. However, due to the limited load
capacity of drones, their communication range is also limited.

Assuming that the distance between drones i and j is Dij and the upper limit of com-
munication distance between drones is RCmax, the following equation should be satisfied:

Dij ≤ RCmax (24)

Due to the need for drones to search as wide an area as possible but to ensure the
stability of communication, the communication constraint is that for any one drone, as long
as there are two other drones with a distance less than RCmax, it is considered to meet the
communication constraint.

3.2.5. Communication Topology

A communication topology needs to be designed between drones to ensure the stability
of communication.

The design principle of communication topology is to ensure that when any two
drones lose contact with each other, data transmission can be achieved through relay
communication with other drones.

Taking 5 drones as an example, this article designs a communication topology, as
shown in Figure 12.
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Suppose that when using topology A for communication, drones 3 and 4 lose contact
with each other. At this point, it is possible to switch to topology E and use drone 1 as a
communication relay to achieve communication. Topology switching is related to the lost
drone. Based on the lost drone number, the corresponding switching topology is obtained,
as shown in Table 2.

Table 2. Topology switching table.

Unable to Communicate Topology Unable to Communicate Topology

1,2 B 2,4 B
1,3 C 2,5 A
1,4 B 3,4 E
1,5 C 3,5 C
2,3 A 4,5 F

At this point, effective communication between drones can be guaranteed.
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3.3. Search Trajectory Optimization Model

Considering the optimization objective of cumulative success probability based on
search resource constraints, a nonlinear optimization model for search trajectory planning
is established as follows:

maxJ(Q, d) = α
n
∑

i=1
POCi × PODi − β 1

n

n
∑

i=1

ti
0.85×Ti

s.t. ti ≤ 0.85× Ti

(25)

where α and β are weight factors. The optimization objective is divided into two parts: the
first is the cumulative success probability of search, and the second is the proportion of
search time to endurance time. The optimization objective is to maximize the cumulative
success probability and minimize the search time. The parameters to be optimized in the
above optimization problem are the search rectangle set Q and the search line spacing set
d. Under the constraint of the endurance time of the UAV, the search trajectory planning
scheme that maximizes the cumulative success probability J(Q, d) is solved.

The optimization problem described above is a nonlinear optimization problem with
constraints, which is difficult to solve based on traditional optimization theory. Therefore, in
order to facilitate optimization, this section converts the constraints into a penalty function,
resulting in the following unconstrained optimization problem:

(Q∗, d∗) = argmin

[
−J(Q, d) + M

n

∑
i=1

φ(ti)

]
(26)

where φ(ti) −max{0, ti − 0.85× Ti} is the outer point penalty function, and M is the
penalty factor, which is a large positive number. It should be noted that because the original
optimization problem is designed to maximize in order to make the transformed problem
easier to solve, a negative sign is applied to the optimization term. The optimal solution
(Q∗, d∗) is also the optimal solution of the original optimization problem.

4. Adaptive Differential Evolution Algorithm

When there are a large number of drones, it is necessary to optimize 6n parameters,
and the problem to be optimized is a high-dimensional nonlinear optimization problem.
Considering the good performance of differential evolution algorithm in solving high-
dimensional nonlinear optimization problems, this section improves it to optimize the
search trajectory to be solved.

4.1. Differential Evolution Algorithm

Differential evolution (DE) is a heuristic search algorithm based on the theory of
swarm intelligence. The main idea is to achieve the effect of overall evolution of the
population through cooperation and competition among individuals within the population.
The main feature of the DE algorithm is its memory mechanism, which can adaptively
adjust its search strategy based on historical conditions, with stronger convergence and
robustness guarantees. It is often used to solve complex optimization problems with high
real-time requirements.

The evolutionary process of the basic differential evolution algorithm is divided into
five steps.

Step 1: Initialization
Create a set of NP real-valued vectors with dimension D as the initial population, in

which each individual is a D-dimensional vector:

xi,G(i = 1, 2, . . . , NP) (27)

where G is the evolutionary generation; i represents the number of individuals in the popula-
tion; and NP is the population size, which remains unchanged during the optimization process.
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The initialization of the population needs to satisfy the constraints, taking random
values within the upper and lower bounds. Each variable satisfies the following equation:

xji,0 = rand[0, 1]×
(

x(U)
j − x(L)

j

)
+ x(L)

j , (j = 1, 2, . . . , D) (28)

where rand [0, 1] represents a uniform random number generated between [0, 1].
Step 2: Mutation
Mutation is achieved by calculating the difference between any two vectors:

vi,G+1 = xr1,G + F×
(

xr2,G − xr3,G
)

(29)

where r1, r2, and r3 are different random numbers; F is a mutation operator that scales the
difference components to avoid too small or too large a mutation. F is generally a constant.

Step 3: Crossover
The purpose of crossover is to inherit the good genes of the current population and

pass them on to the new population to increase the diversity of the population. The
crossover operation is as follows:

[wd(t), wv(t)] = f (x, y, z, t)
ui,G+1 = (u1i,G+1, u2i,G+1, . . . uDi,G+1)

uji,G+1 =

{
vji,G+1, i f rand(j) ≤ CR or j = rnbr(i)
xji,G+1, i f rand(j) > CR or j 6= rnbr(i)

(30)

In the formula, rand(j) represents the generated random number between [0, 1] for the
jth time; rnbr(i) is a randomly generated sequence that ensures that ui,G+1 can randomly
obtain a parameter; and CR is the crossover operator, which is the probability of crossover,
taking values between 0 and 1.

Step 4: Handling of abnormal individuals
During the crossover and mutation processes, new individuals that do not satisfy the

constraints may be generated. In this case, boundary conditions need to be applied to these
individuals. To ensure the diversity of the population, abnormal individuals are directly
discarded and replaced with randomly generated individuals. If the newly generated
individual does not satisfy the boundary conditions, then the following equation is used:

uji,G+1 = rand[0, 1]×
(

x(U)
j − x(L)

j

)
+ x(L)

j (31)

Step 5: Select
The newly generated individuals may not necessarily be able to enter the next genera-

tion population. They need to be selected through the survival of the fittest mechanism
of the DE algorithm to participate in the next generation population. Therefore, through
the calculation of the fitness function and comparison with the current population, only
the better individuals can appear in the next generation population. Therefore, the new
population inherits from the current population, and the greedy mechanism ensures that
the new population is definitely better than or as good as the current population.

4.2. Adaptive Mutation Operator

In the classic DE algorithm, the mutation operator is a constant, which fixes the
mutation step size. If the step size is too large, it can lead to an inaccurate search, frequent
triggering of boundary conditions, and difficulty in finding the global optimal solution; if
the step size is too small, it can lead to a slow search, poor population diversity, and easily
falls into local optima. Therefore, the step size should be adaptively adjusted according to
the optimization process of the algorithm. An adaptive mutation operator can be designed
to solve this problem of a poorly determined step size.

In the process of searching for trajectory optimization, randomly generated initial
solutions usually do not satisfy the constraints, and the fitness function value is high under
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the influence of the penalty term. The early stage of optimization is mainly to find “feasible
solutions” that satisfy the constraints. It is necessary to set a large mutation operator to
improve population diversity and find as many “feasible solutions” as possible to prevent
the phenomenon of “premature”. The later stage of optimization is mainly to find the
optimal allocation scheme in the set of “feasible solutions”. It is necessary to set a small
mutation operator to improve the accuracy of the global optimal solution. Therefore, the
DE algorithm with adaptive mutation operator is adopted. The adaptive mutation operator
is designed as follows:

F = 2λF0, λ = e1− Gm
Gm+1−G (32)

where F0 is a constant, which is the benchmark for the value of the mutation operator;
G is the current evolution generation; and Gm is the maximum evolution generation. In the
early stages of evolution, the adaptive mutation operator is 2F0, ensuring a wide range of
coarse searches and improving population diversity. As the evolution process continues,
the mutation operator gradually decreases to F0, further narrowing the scope of the precise
search and improving the accuracy of the global optimal solution.

As can be seen in Formula (32), when there is no iteration, that is, G is 0, the coefficient
before F0 is 2. Using a larger mutation operator allows the iterative process to traverse the
search space as much as possible. This is beneficial for tasks with strong time constraints.
Namely, this method is very suitable for solving the problem of allowing the drone to
search as much area as possible within a limited time.

According to Formula (25) or Formula (26), it can be seen that this paper converts
the constraint condition of the time requirement into a penalty function in the objective
function. This may convert some infeasible solutions into high penalty solutions, which
affects the search and iteration process. In order to quickly jump out of such solutions, it
is necessary to find more feasible solutions in the optimization space. Therefore, a large
mutation operator is needed in the early stage.

When the algorithm enters the later stage, it needs to further fine-tune the results of
feasible solutions. At this time, it is necessary to search in the vicinity of feasible solutions,
rather than far away from them. Only a small mutation operator is needed to achieve
micro-perturbation of parameters, resulting in a better solution.

Similarly, this method is also beneficial for planning global search problems. By
traversing a large number of feasible spaces in the early stages, a better region can be
obtained, followed by precise search. While improving the efficiency of optimization, it
also reduces the possibility of the algorithm falling into local optima.

4.3. Variable Encoding Method

The DE algorithm combines the problem to be optimized with variable encoding.
Assuming that the number of drones is n, the length of the encoding is determined to be 6n.
The encoding method is shown in Figure 13.
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The variable is encoded as a 6n-dimensional vector, and as the number of drones
increases, the search space dimension continues to expand. When there are a large number
of available drones, it is necessary to optimize search resources based on the actual search
task to avoid unnecessary waste of search resources.
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4.4. Steps for Solving Optimization Algorithm

The steps of the improved DE algorithm are as follows:
Step 1—Generate an initial population, with the number of generations initialized

to 1. Set the population size to NP, and determine the upper and lower bounds for each
variable. Randomly generate NP initial individuals that satisfy the upper and lower
bound constraints.

Step 2—Calculate the fitness function. According to the encoding method, the de-
coding operation is reversed to obtain the search rectangle Q and search line spacing
d corresponding to each UAV. The evaluation value of each individual is calculated through
the fitness function.

Step 3—Evolutionary operation. Adaptively adjust the mutation operator according to
the evolutionary generation, perform mutation and crossover operations on the population
(satisfying the constraints), and obtain a temporary population. Perform greedy selection
operations on the corresponding individuals in the temporary population and the original
population, and select the winning individuals to evolve into a new population.

Step 4—Terminate optimization. Determine whether the current evolution generation
has reached the maximum evolution generation or whether the termination condition has
been met. If so, terminate the evolution; otherwise, return to Step 2.

4.5. Analysis of Algorithm Complexity

To further introduce the performance of the algorithm, the complexity of the algorithm
is analyzed.

Compared to the classic DE algorithm, the improvement of the algorithm in this paper
lies in the construction of a mutation operator and variable encoding method. The mutation
operator is calculated during each iteration process. However, this value is used by every
particle during the optimization process. After each iteration, it can be calculated as a
constant value for that iteration. The incremental complexity of computation is minimal.
At the same time, encoding is performed at the beginning stage, and using DE requires
encoding the problem, so it does not affect the computational complexity

The factor that affects the computational complexity lies in the fitness function con-
structed in this article, which is Formula (26). According to the coding in Section 4.4, it can
be seen that there are 6n parameters that need to be optimized. If calculated directly, the
algorithm complexity is GNPO(n6). Obviously, this consumes a huge amount of computa-
tional resources. In the actual process, it is not necessary to simultaneously optimize these six
parameters. It can be optimized step by step; that is, first optimize the coordinates x and y of
the drone at the next moment. After determining the coordinates, optimize the length l and
width w of the search area rectangle. Finally, optimize the rotation angle θ and trajectory
spacing d. In this way, the algorithm complexity is reduced to GNP[O(n2) + O(n2) + O(n2)],
which is convenient for algorithm solving.

5. System Model and Track Optimization Process

Based on the objective function and optimization method constructed in this article, a
system model and trajectory optimization process are constructed, as shown in Figure 14.

The trajectory planning model and corresponding optimization process of the UAV
cluster system constructed in this paper are shown in Figure 14.

Step 1: Initialize parameters. Initialize the task area, the position, and state parameters
of the drone, and set the counting variable k = 1.

Step 2: Construct the objective function. Based on the objective function constructed
in Section 3.3, calculate the corresponding process variables using Formula (26), and obtain
the POSc and time constraint T.

Step 3: Construct constraints. Combine the descriptions in Section 3.2 to construct motion
constraints, safety constraints, communication constraints, and communication topologies.
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Step 4: Intelligent algorithm optimization. Using the improved DE algorithm, the
objective function is solved under the constraints. The position of each drone at the next
time is obtained. Additionally, let k = k + 1.

Step 5: Determine whether the optimization is complete. Determine whether k is less
than the termination time K. If it is, it means that the optimization needs to continue, and
then perform Step 6. Otherwise, perform Step 7.

Step 6: Update the status and location of the drones. Based on the output of Step 4, cal-
culate the turning and climbing angles and speed changes, update the location and motion
parameters of each drone using Formula (19), and return to Step 2 for further optimization.

Step 7: Output the optimization results. At this point, the optimization is complete
and the search trajectory for each drone is output.

Through the above process, the optimization of the search trajectory of the drone
cluster system can be achieved.
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6. Simulation Verification

To verify the performance of the algorithm in this paper, two sets of simulation
experiments are conducted in this section. They are global coverage search and time-
limited search, which adjust the two coefficients in Formula (26) to achieve trajectory
planning according to the task requirements.

The maximum endurance time of the UAV is T = 3 h, the sweeping width is W = 5 km,
the cruising speed is vb = 220 km/h, and the search flight speed is vs = 180 km/h.

The parameters of the adaptive DE algorithm used to optimize the trajectory were set
as follows: population size NP = 100, maximum iteration number G = 300, encoding length
D = 36, initial mutation operator F0 = 0.2, and crossover operator CR = 0.1.

6.1. Path Planning for Global Search

Suppose the search area is a 240 km × 360 km mission area. The target probability
distribution has been obtained based on information such as satellites and maps, as shown
in Figure 15.
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The search area in Figure 15 is divided into 40 × 60 grid areas with a horizontal and
vertical interval of 6 km. The color depth of the grid in Figure 15 indicates the probability
of the target’s existence. The yellow grid indicates a grid with a high probability of the
target’s existence, and the blue grid indicates a grid with a relatively low probability of the
target’s existence.

Due to the large search area, it is difficult for a single UAV to cover the search area
within a short period of time based on the search task requirements and time constraints.
Assuming that there are six UAVs from two airports participating in the search, a search
plan is obtained based on the search trajectory planning process using a polygon partition
method, and two sets of predetermined search plans are obtained based on the trajectory
optimization results using multiple partition strategies.

6.1.1. Route Planning Based on Polygon Partition Method

In this scenario, only polygonal areas are used to partition the search area and plan
parallel search trajectories. Considering the sweep width and endurance, and based on the
target probability distribution map, six polygonal areas are planned in the search partition,
as shown in Figure 16.

In Figure 16, it is not advisable to invest too many drones in areas with low target
probability of existence. Therefore, the search area is divided into larger zones and larger
search line spacing is used. Correspondingly, in areas with high target probability of
existence, more drones need to be invested for focused search, resulting in smaller areas
and smaller search line spacing.

After completing the search partition, a drone is assigned to each partition based on
the location relationship of the airport. To ensure the success rate of the search, the search
line spacing and track direction angle for parallel line search of each drone are optimized
using the method described in this article. The relevant parameters are shown in Table 3.

The planning result obtained according to the method in this article is shown in
Figure 17.
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3 8.5 50
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5 8.6 130
6 12 90
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As shown in Figure 17, the proposed algorithm can automatically generate parallel
search tracks for any shape of polygon area, any direction angle, and any search line spacing,
and can simultaneously support any number of UAVs for simultaneous task allocation and
trajectory planning for multiple search areas, fully meeting the search requirements.

The search trajectory includes searching along the long side and searching along the
short side, similar to the parallel sweep trajectory and the lateral sweep trajectory, but with
relaxed constraints on the shape of the area, resulting in more flexible planning and more



Drones 2024, 8, 132 23 of 33

diverse options. Quantifying this search scheme, we obtain relevant parameters, as shown
in Table 4.

Table 4. Results of polygon search trajectory.

No. Total Track Length/km POD POC POS POSC

1 1143.7 0.9784 0.1611 0.1576

0.9404

2 1182.5 0.9878 0.1600 0.1580
3 1220.6 0.9988 0.1233 0.1231
4 1347.7 0.9152 0.2146 0.1964
5 1210.2 0.9987 0.1288 0.1286
6 1265.8 0.9784 0.1805 0.1766

As can be seen from Table 4, the parallel tracks of the polygon area, due to its flexibility
in area division, can basically achieve 100% area coverage during search partition, thus
making the sum of the inclusion probability POC close to 100%. This is important for
improving search success rate. In contrast, using only rectangles for search partition is
relatively fixed and difficult to accurately partition. Search scheme one finally achieved
a POSC of 94.04%, meeting the needs of search tasks. Next, search scheme two adopts a
hybrid approach of search base circle and polygon area, and then compares the advantages
and disadvantages of the two schemes.

6.1.2. Route Planning Based on Multiple Strategies

According to the target probability distribution diagram, the proposed method is used
to divide the region into search zones, as shown in Figure 18.
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As shown in Figure 18, the proposed method plans two search base circle areas and
four polygon areas. For areas with low probability of target existence, the polygon area
and parallel search method are used. For areas with high probability of target existence
and relatively concentrated targets, the search base circle area and extended rectangular
and sector search methods are used.

Meanwhile, as shown in Figure 18, using circular regions for region division can lead
to overlapping or missing parts of the region. In contrast to Figure 16, polygonal regions
can better achieve full coverage of the region.

From partition 1 to partition 6, the responsible drones are numbered 1–6. The search
radii for partitions 3 and 5 are 60 km and 70 km, respectively. The remaining drone
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trajectory planning parameters are the same as in search scheme one. Using the method
proposed in this article to plan the trajectories of drones, the results are shown in Figure 19.
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As shown in Figure 19, track 3 has up to 22 searches for the search base point, which is
more conducive to thoroughly searching for small areas with high target probability. Track
5 actually has only one search for the search base point, but it can also achieve full coverage
of the area. Moreover, track 5 starts with a limited search from a local area with high target
probability, which is timely.

The corresponding indicators for this search scheme are also quantified, as shown
in Table 5.

Table 5. Results of multiple strategies search trajectory.

No. Total Track Length/km POD POC POS POSC

1 745.8 0.9784 0.1030 0.1008

0.9238

2 1463.2 0.9878 0.1941 0.1917
3 2511.0 1.0000 0.1369 0.1369
4 1178.7 0.9152 0.1929 0.1766
5 2568.82 0.9999 0.1851 0.1849
6 1071.1 0.9878 0.1346 0.1330

As can be seen from Table 5, the POD of routes 3 and 5 can reach 1.000 and 0.999,
basically achieving a thorough search of the area. However, the fan search and extended
square search require longer search time. Fan search and extended square search should be
used as much as possible for local areas where the probability of target existence is high.
Polygon parallel search is more suitable for searching areas with a wide range of partitions
and relatively low probability of target existence.

The POSC of this solution is 92.38%, which is slightly lower than that of solution 1.
The main reason is that there are some omissions during the search partition, resulting in a
lower POC, which ultimately leads to a lower POS.

Through the analysis of the above two strategies, both have their advantages and
disadvantages. There is a contradiction between global coverage and high coverage of key
areas. In such a multi-objective optimization scenario, it is necessary to comprehensively
consider the impact of various factors and the actual task requirements to obtain the optimal
solution that meets the actual situation.
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6.2. Track Planning for Time Limited Search

Changing the parameters before the time cost in Formula (26) can improve the algo-
rithm’s search time requirements, thereby ensuring that more areas can be searched in the
shortest possible time.

Set the search area as a 150 km× 200 km mission area and establish a target probability
map. Divide the search area into 30 × 40 grid areas with a horizontal and vertical spacing
of 5 km, as shown in Figure 20.

Drones 2024, 8, x FOR PEER REVIEW 26 of 35 
 

coverage of the area. Moreover, track 5 starts with a limited search from a local area with 
high target probability, which is timely. 

The corresponding indicators for this search scheme are also quantified, as shown in 
Table 5. 

Table 5. Results of multiple strategies search trajectory. 

No. 
Total Track 
Length/km POD POC POS POSC 

1 745.8 0.9784 0.1030 0.1008 

0.9238 

2 1463.2 0.9878 0.1941 0.1917 
3 2511.0 1.0000 0.1369 0.1369 
4 1178.7 0.9152 0.1929 0.1766 
5 2568.82 0.9999 0.1851 0.1849 
6 1071.1 0.9878 0.1346 0.1330 

As can be seen from Table 5, the POD of routes 3 and 5 can reach 1.000 and 0.999, 
basically achieving a thorough search of the area. However, the fan search and extended 
square search require longer search time. Fan search and extended square search should 
be used as much as possible for local areas where the probability of target existence is 
high. Polygon parallel search is more suitable for searching areas with a wide range of 
partitions and relatively low probability of target existence. 

The POSC of this solution is 92.38%, which is slightly lower than that of solution 1. 
The main reason is that there are some omissions during the search partition, resulting in 
a lower POC, which ultimately leads to a lower POS. 

Through the analysis of the above two strategies, both have their advantages and 
disadvantages. There is a contradiction between global coverage and high coverage of key 
areas. In such a multi-objective optimization scenario, it is necessary to comprehensively 
consider the impact of various factors and the actual task requirements to obtain the opti-
mal solution that meets the actual situation. 

6.2. Track Planning for Time Limited Search 
Changing the parameters before the time cost in Formula (26) can improve the algo-

rithm’s search time requirements, thereby ensuring that more areas can be searched in the 
shortest possible time. 

Set the search area as a 150 km × 200 km mission area and establish a target probabil-
ity map. Divide the search area into 30 × 40 grid areas with a horizontal and vertical spac-
ing of 5 km, as shown in Figure 20. 

 
Figure 20. Probability distribution diagram of targets in the search area.

Similarly, the color intensity of the grid in Figure 20 indicates the target existence
probability. The yellow grid indicates the grid with a high target existence probability, and
the blue grid indicates the grid with a relatively low target existence probability. Assuming
that there are two drone landing sites, each with three drones available, the landing site
coordinates are (20 km, −60 km) and (120 km, −60 km).

The optimal allocation and trajectory optimization results for this search task are
shown in Figure 21.
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As can be seen in Figure 21, there is almost no overlap between the areas allocated
to the six drones, and drones located at different takeoff and landing sites tend to choose
areas closer to each other for the search, thus saving flight time. The yellow grid with
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a high probability of target presence has been more fully searched, while the blue grid
with a low probability of target presence has been appropriately discarded due to search
resource constraints.

As can be seen in Figure 21, the optimal trajectory planning method based on the
adaptive differential evolution algorithm can prioritize the coverage of areas with a high
probability of search target existence while satisfying the endurance time limit of the UAV,
thus achieving a higher cumulative success probability.

At the same time, the search trajectory optimization results of six drones are obtained
using the method proposed in this paper, as shown in Table 6.

Table 6. Optimization results of search track.

No. (xc
i ,yc

i )/m (li,wi)/m θi/deg di/m

1 (73,156.7, 70,191.3) (54,599.5, 47,520.3) 213.2 7222.5
2 (29,737.4, 46,583.9) (84,495.5, 40,705.0) 147.7 9661.2
3 (134,605.5, 100,603.7) (67,179.1, 41,889.8) 70.3 6601.6
4 (153,218.9, 58,636.5) (55,627.1, 68,995.1) 221.3 8199.8
5 (37,753.8, 111,713.0) (61,155.7, 43,792.2) 19.5 6039.9
6 (106,105.0, 29,815.4) (53,029.2, 48,272.9) 252.7 6473.1

The results obtained with the method in this article are faster and more accurate, and
can find the optimal allocation scheme in a larger optimization space, avoiding the subjec-
tivity of manual formulation. When there are a large number of drones, the optimization
space will also increase, resulting in increased difficulty in finding the optimal solution. The
adaptive mutation operator in the adaptive differential evolution algorithm constructed in
this article also helps to accelerate the convergence of the algorithm and further improve
the feasibility of the scheme.

6.3. Algorithm Comparison
6.3.1. Comparison of Search Methods

To further compare the performance of the algorithms, the parameters of the UAV and
simulation conditions remain unchanged, and the algorithms in this paper are compared
with those in [38,39]. Each method is used to search for the region with time constraints in
Section 6.1.2, and 50 simulation experiments are conducted for each method to obtain the
POS of the corresponding method. The results are shown in Table 7.

Table 7. Table comparing search scheme performance.

No. Algorithm in This Paper Algorithm in [38] Algorithm in [39]

1 0.1469 0.1437 0.1404
2 0.1434 0.1839 0.1387
3 0.1139 0.1258 0.1390
4 0.1884 0.1718 0.1372
5 0.1171 0.1177 0.1430
6 0.1643 0.1050 0.1389

Total POS 0.8740 0.8497 0.8352

As shown in Table 7, the results obtained using different methods vary greatly.
The method in the literature [38] also converts the search target into a problem that

achieves higher probability. Not only does it use obtaining higher probability as the
objective function but it also uses Bayesian theory to infer and update the target proba-
bility, further improving the accuracy of target search and being more in line with reality.
However, due to the lack of time constraints in the literature [38], the algorithm does not
prioritize searching for places with higher target probabilities. If there is no time constraint,
the performance of this method may be better. However, for urgent tasks, the performance
of this previous method is inferior to the method in this paper.
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The method in the literature [39] converts the search of a drone cluster into a process
of competing with the environment, and then constructs a drone action selection strategy
based on game theory to optimize the trajectory of a collaborative search. This solution
approach has better theoretical support and is helpful for using classical methods to solve
new problems. However, the literature [39] does not consider the situation where the
target is searched but not detected during the search process. Therefore, the advantage
of this method is that it can quickly search for more areas. However, the corresponding
disadvantage is that due to the large search area, the quality of search is not high. Therefore,
considering the probability of target detection, there is a gap between the effectiveness of
this method and the method in the present paper.

6.3.2. Comparison of Optimization Methods

To reflect the performance of the optimization algorithm in this article, the algorithm
in this article is compared with the classical DE algorithm, the algorithm in article [34], and
the algorithm in study [40]. The comparison of the results of the fitness function during the
optimization process is shown in Figure 22.
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As shown in Figure 22, the proposed method is superior to the comparative method
in terms of optimization performance. The method in Reference [34] uses chaos theory to
improve the artificial bee colony algorithm. When the algorithm falls into local optimality,
chaos theory is used to generate new solutions. The advantage of this method lies in
using the theoretical chaos theory, which can almost traverse the optimization space, thus
significantly improving the probability of the algorithm searching for the global optimal
solution. As can be seen in Figure 22, the black solid line is almost always in a downward
state, and the global optimal solution is finally found. However, as shown in Figure 22, the
corresponding cost is also high, and the algorithm optimization is relatively slow.

The literature [40] uses a grouping strategy to improve the particle swarm optimization
algorithm. The characteristics of its algorithm are shown in the blue curve, which is
relatively obvious. This method designs multiple populations, allowing the populations
to conduct a more detailed search in their respective regions. Afterwards, information
exchange is conducted and the population moves towards a better region. Therefore, in
the early stage, due to the lack of interaction between populations, the optimization speed
of the algorithm is relatively slow. However, after the population conducts information
exchange in the later stage, the optimization speed of the algorithm increases significantly.
The blue curve in Figure 22 shows a direct decline. The characteristic of this method is that
it searches slowly in the early stage and can quickly search for the optimal solution after
information exchange in the later stage. Due to the existence of the early search mechanism,
its search efficiency is slightly lower than the algorithm in this paper.
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The purple curve in Figure 22 represents the classic DE method. Because its mutation
operator is constant, the improved DE algorithm in this paper has a mutation operator that
is twice as large as the DE mutation operator at the initial stage. This leads to the inability
of the method in this paper to conduct a more in-depth search of a certain area of the
optimization space, as is the case with the DE algorithm at the initial stage. Therefore, in the
early stages, the fitness function decreases faster for DE compared to IDE. However, due
to the constant mutation operator, it is difficult for DE to conduct a broader global search
compared to IDE. As a result, it is difficult to escape from local optima after searching for
local optima.

6.4. The Impact of Parameters on Algorithm Performance
6.4.1. Task Parameters

To further quantify the impact of different task parameters on search performance,
this section studies the impacts of the number of drones, the width of the drone’s field of
view, and the size of the search area on the search.

1. The impact of the number of UAVs

The simulation parameters are the same as those in the previous section. The search
results for different numbers of drones are calculated, and a comparison of the results is
shown in Table 8.

Table 8. The influence of different numbers of drones on the search results.

Number of UAVs POS Increment of POS

4 0.6156
5 0.7673 0.1517
6 0.8740 0.1067
7 0.9172 0.0432
8 0.9394 0.0222

As can be seen in Table 8, there is clearly no linear relationship between the POS and
the number of drones. As shown in Figure 21 in the previous article, when six drones
are dispatched, the search success rate of 87.4% of the mission area is basically achieved.
Due to the high POS at this time, the remaining areas are scattered and the POD is not
high. Increasing the number of drones does not help much to improve the search efficiency.
However, on the contrary, if the number of drones is reduced, the value of POS will be
significantly reduced. Because at this time the drone task is full. Reducing the number of
drones will lead to some high-value areas being unable to be searched. Moreover, as the
number of drones decreases, the impact on POS will become greater and greater.

From this, it can be concluded that when the POS is large, increasing the number of
drones does not significantly improve search efficiency, but reducing the number of drones
is not recommended. Conversely, when the POS is small, the number of drones should be
increased, which has a good effect on improving the search efficiency.

2. The impact of the field of view width

To further explore the impact of the UAV field of view width W on the search efficiency,
the W value during the previous simulation process was set as the standard. The search
field of view was changed by multiplying it by a factor ranging from 0.6 to 1.4, resulting in
a relationship between W and POS, as shown in Figure 23.

As can be seen in Figure 23, when W takes values in the certain range, the POS will
be higher. However, taking too large or too small W will affect the search performance.
When W is small, the UAV’s field of view is small, and the search efficiency is significantly
reduced. When W is large, although the UAV’s field of view is larger, the detection
probability, or POD, decreases, resulting in a decrease in the POS. However, this decrease is
not as significant as the decrease in the field of view.
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Through simulation, it can be concluded that there is an ideal range of values for
W during the search process of the UAV. When it deviates from this range, the search
efficiency of the UAV will decrease.

3. The impact of the size of the search area

To further explore the impact of the task area size on search performance, the task area
in Figure 20 was used as a standard, and its length and width were multiplied by a factor
of 0.5 to 1.5 at same time to change the size of the task area. Similarly, the relationship
between the multiplier and POS was obtained, as shown in Figure 24.
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As can be seen in Figure 24, the size of the task area is positively correlated with
the POS. At this time, the drone can better complete the search in the area. Therefore,
when the task area changes slightly, it has little impact on the POS. When the task area
becomes smaller, the drone search area takes up a larger proportion, and the POS gradually
approaches one. However, as the task area continues to increase, the POS decreases
significantly. At this time, the drone cannot search the task area with high coverage,
and can only search high-value areas as soon as possible. Therefore, the value of POS is
very low.

It can also be concluded that when the drone can search the task area significantly,
appropriately adjusting the increase or decrease in the task area has a low impact on the
overall search efficiency. However, when the drone cannot perform a good search of the task
area, it should be supplemented to perform the search of the task area, thereby improving
the search efficiency.
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At the same time, when the task area increases, the impact on the amount of computa-
tion is also greater. Although the algorithm complexity does not change during a single
iteration, it is still O(3n2). However, as the optimization space of the algorithm increases in
a quadratic form, it is necessary to increase the number of iterations G or the population
size NP. Through experimental testing, it is recommended that both of these increments
also be quadratic. That is, when the length and width are increased by a factor of two, G or
NP or the product of both should be at least four times the original value. This results in a
fourfold increase in computation.

6.4.2. Comparison of Search Methods

To further investigate the impact of algorithm parameters on search performance,
this section analyzes the impacts of iteration times and population size on optimization
through experiments.

1. The impact of iterations

To investigate the effect of the number of iterations on the results, we set the number
of iterations to 230, 270, and 300, respectively, and obtained the relationship between the
number of iterations and the fitness function, as shown in Figure 25.
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As can be seen in Figure 25, when the number of iterations is reduced, the impact on
the proposed method is strong. This is because the improved mutation operator in this
paper is related to the number of iterations of the algorithm. When the number of iterations
is small, the proportion of the number of iterations already iterated to the total number of
iterations changes rapidly, making it difficult for the mutation operator to play its role. At
this point, the performance of the algorithm significantly decreases and even approaches
that of classical DE algorithms.

Therefore, in order to ensure the performance of the algorithm, sufficient iterations are
required. This not only ensures the effectiveness of the algorithm but also facilitates the
search for the global optimum.

2. The impact of the population size

To study the impact of population size on algorithm performance, the population size
of NP = 100 described earlier was used as a standard, and population sizes of 1.5NP and
2NP were set. Through experiments, the relationship between NP and the fitness function
was obtained, as shown in Figure 26.

As can be seen in Figure 26, when the population size increases, the optimization effect
of the algorithm significantly improves. Especially when the population size doubles, the
fitness function decreases significantly. This is because there are more particles participating
in the optimization, which has a significant impact on search performance.
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However, the increase in NP corresponds to an increase in the amount of computation.
Although there is a linear relationship between NP and the total amount of computation,
the total amount of computation is GNP[O(3n2)]. For every increase in NP, the total amount
of computation increases by G[O(3n2)].

Therefore, when computing power is limited, it is necessary to weigh the relationship
between computation and the task time in order to maximize the search efficiency.

7. Conclusions

This article comprehensively considers the influence and constraints of various factors
and designs a search method for the task area using a drone cluster. This article constructs
a search area allocation strategy based on the average inclusion probability and proposes
new search models, such as polygons, sectors, and expanded rectangles, as well as corre-
sponding trajectory optimization strategies. At the same time, with the maximization of the
probability of success as the optimization goal, a constrained search trajectory optimization
model is established. The differential evolution algorithm is improved to solve the model
and obtain the search trajectory of the drone. The research results have positive significance
for solving the collaborative search problem of drone clusters.

To improve and optimize the search method, further research on the optimization
method of locating points in irregular polygonal areas can be conducted in the future, which
will further enhance the practicality of the algorithm. At the same time, when the UAV has
searched an area, its target probability will be updated, and a secondary search strategy
can be designed based on the updated results. Setting the parameters of the optimization
algorithm according to the problem to be optimized can also help improve the performance
of the algorithm. An in-depth study of these contents plays a good role in improving the
efficiency of collaborative search.
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