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Abstract

In this article, Swarm UAV Formation Control Problem which is
Homogeneous, Time-Window, Central Control Architecture, Uncertain,
Dynamic Structure, and Leaderless (HTUDL-S-UAV) are obtained. For
the solution of the problem, a new solution algorithm with generic and
dynamic properties based on the annealing simulation algorithm is
developed. The formation control architecture is determined as 5 layers
and a new geometric approach to unit circle systematics has been
developed to create formations. Tra-Coll and CCA algorithms are
proposed in the literature for tracking the trajectories of UAVs and
preventing collisions. The application study is carried out on 9 different
formations (Triangle, Square, Pentagon, V Shape, Crescent, Star,
Rhombus Formation with 4 and 8, Line) and 7 different missions
(Swarm Navigation Mission, Formation-Switching Mission, The mission
to Remove UAV from the Swarm, The mission of adding UAV to the
Swarm, Swarm Rotation Mission, Swarm Division/Unification Mission,
Trajectory Tracking Mission as a Swarm) using Crazfly 2.0 drones in a
ROS simulation program and on the real system. The proposed solution
approach carried out all of these tasks in line with the specific
conditions of the mission and achieved 3rd place in the Teknofest-2021
Swarm UAV Competition in Turkey. Furthermore, thanks to the study, it
is aimed to create a decision support system for the optimal success of
strategic and critically important Swarm UAV missions and other fleet
autonomous systems.

Keywords: UAV Swarm Formation Control Problem, Metaheuristic
Algorithm, Formation Tracking and Obstacle Avoidance Networks,
Geometric System Architecture
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Bu makalede, Homojen, Zaman Pencereli, Merkezi Kontrol Mimarili,
Belirsiz, Dinamik Yapih ve Lidersiz (HTUDL-S-IHA) Siirii [HA
Formasyon Kontrol Problemi elde edilmigstir. Problemin ¢oztimii icin
tavlama benzetim algoritmasina dayali jenerik ve dinamik ézelliklere
sahip yeni bir ¢éziim algoritmasi gelistirilmistir. Formasyon kontrol
mimarisi 5 katman olarak belirlenmis ve formasyonlarin olusturulmasi
icin birim ¢ember sistematigine yeni bir geometrik yaklasim
gelistirilmistir. - Literatiirde [HA'larin  yériingelerinin  takibi ve
carpismalarin  énlenmesi  igcin Tra-Coll ve CCA algoritmalari
énerilmistir. Uygulama calismast 9 farkli formasyon (Ucgen, Kare,
Begsgen, V Sekli, Hilal, Yildiz, 4'Tii ve 8'li Eskenar Dértgen Formasyonu,
Cizgi) ve 7 farkli gorev (Stirti Navigasyon Gorevi, Formasyon Degistirme
Gérevi, [HA'y1 Siiriiden Ctkarma Gérevi, [HA'y1 Siiriiye Ekleme Gérevi,
Stirti Rotasyon Gorevi, Siirti Bélme/Birlestirme Gorevi, Siirti Olarak
Yériinge Takip Gérevi) iizerinde Crazfly 2.0 [HA'lar kullanilarak ROS
simiilasyon programinda ve gergek sistem tlizerinde gerceklestirilmistir.
Onerilen ¢éziim yaklagimi tim bu gorevileri gérevin kendine ézgii
kosullar1 dogrultusunda yerine getirmis ve Teknofest-2021 Siirii [HA
Yarismasi'nda Tiirkiye 3.lligt elde etmistir. Ayrica ¢alisma sayesinde
stratejik ve kritik 6neme sahip Siirii IHA gérevlerinin ve diger filo
otonom sistemlerinin optimum bagarist i¢cin bir karar destek sistemi
olusturulmast hedeflenmektedir.

Anahtar kelimeler: [HA Siirii Formasyonu Kontrol Problemi,
Metasezgisel Algoritma, Formasyon Takibi ve Engelden Kag¢inma
Aglari, Geometrik Sistem Mimarisi

1 Introduction

UAVs are autonomous systems that can be controlled remotely
and can fly without the use of a pilot. These systems are less
affected by geographical and meteorological conditions and
become an effective means of transportation in cases of heavy
traffic. By increasing their payload capacities, developing
imaging systems, and improving power units, UAVs can move
comfortably at long ranges and high altitudes. Due to these
functional structures, the usage area of UAVs is expanding and
they are used in swarms to fulfill their missions more
effectively, quickly, flexibly, and reliably. Reconnaissance and
surveillance, monitoring of traffic density, logistics, military
operations, agriculture, and natural disasters such as fire and
earthquake are the areas where Swarm UAVs are used
intensively. One of the most important points in the use of UAV
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swarm is formation control. [1]. There is a need for an accurate
formation control algorithm that includes many parameters
and constraints to perform the tasks in a simultaneous and
collaborative structure. The charge status of UAVs, the
communication range of each, and avoidance of collision with
each other are some of these constraints. In addition, in cases
where a UAV disappears from the system or anew UAV is added
to the system, the formation is not disrupted and the formation
control algorithm responds quickly to changing situations are
other constraints affecting the system. In recent years,
researchers have been making an intense effort on the
formation control of UAV Swarm [2- 9].

Swarm UAVs are generally divided into two groups
homogeneous and heterogeneous. While all UAVs have the
same characteristics in homogeneous swarms, UAVs in
heterogeneous swarms may differ due to their payload



capacity, automation levels, and platform configurations. In
terms of control architecture, Swarm UAVs are divided into two
centralized [10, 11] and decentralized [12] control
architectures. In the central control architecture, UAVs do not
communicate with each other, UAV information is collected in
a center and UAVs are configured from this center. In the
decentralized control architecture, UAVs communicate with
each other and make the necessary decisions. Swarm UAVs are
divided into three terms Static, Dynamic, and Hybrid. In a static
swarm, the number of UAVs in the system is fixed and UAV tasks
are predetermined. In these swarms, the number of UAVs in the
system does not change and a new UAV cannot be included in
the system. In dynamic swarms, a new UAV may be added to the
system at any time or may leave the system. In the hybrid herd,
there is a static swarm in the center and new individuals can be
included in the system or leave the system in line with the
permission of this static swarm [13].

In recent years, many methodologies related to formation
control algorithms have been presented by researchers.
Leader-follower-based strategy is generally used in these
studies. In this strategy, a leader is generally determined in the
swarm, and the formation is formed over this leader [1]. This
strategy is used intensively by scientists because it facilitates
application and analysis studies [14-28]. In real-life
applications such as military operations and fires, leader-
follower swarm strategies are insufficient due to not meeting
the dynamic requirements. For this reason, researchers spend
intense efforts on leaderless swarm strategies. Apart from the
leader-follower, there are "Virtual Structure [29-31]",
"Behavior-Based [32]", "Artificial Potential Field[33]",
"Hierarchical Method [34,35]", "Consensus-Based [36-39]" and
"Intelligent Control Approaches [40-44]" strategies as
formation control mechanisms [45].

Many methods have been developed for Swarm UAV Formation
Control Algorithms in the literature. Wu et al., obtained swarm
formation control problem-based leader-follower and use the
theory of consistency for solving the problem [46]. Dong et al.,
examined the swarm formation control problem where the
speeds of UAVs are different from each other and formations
change over time. They proposed a Formation Protocol Design
considering time-varying the solution to the problem [47].
Liang et al, discussed the formation control problem-based
leader-follower for the UAVs with fixed wings and considered
limited movement and unknown distribution in the problem.
Liang et al. discussed the formation control problem based on
leader-follower for the UAVs with fixed wings and considered
limited movement and unknown distribution in the problem
[48]. Guo et al. focused on the relative position and formation
control of the UAV swarms [49]. Fu et al. dealt with the swarm
formation control and reconstruction problem for obstacle and
unobstacle situations. In this study, they developed the collision
estimate mechanism to avoid obstacles [50]. Yu et al. addressed
the formation control problem in which swarm structure
changes over time and carried out both numerical and
experimental studies in the application section [51]. Speck and
Bucci tackled the formation control problem that is
decentralized for the UAV swarms which are fixed wings and
proposed a new solution approach with multi-objective based
on reinforcement learning formulation [52]. Zhu et al. handled
the formation control problem with a leader-follower strategy
for heterogeneous UAV swarm and concentrated on the display
and verification system in this study [53]. Ali et al. developed a
solution approach based on the Particle Swarm Optimization
Algorithm for the swarm formation control problem consisting

of 10 UAVs and used a leader-follower-based strategy [54].
Yang et al, conducted survey research on metaheuristic
algorithms using swarm intelligence considering the studies
done in literature in recent years [55].

Fu et al. developed a virtual leader-based control algorithm
considering the "V" type and line type formations and made a
simulation study [56]. Wu et al. proposed a consensus
algorithm for formation control and used the Particle Swarm
Optimization algorithm to avoid the obstacle [57]. Wang et al.
examined the formation control problem in terms of discrete
and continuous times [58]. Li and Fang focused on the staticand
dynamic obstacle avoidance problems of the swarm and
realized simulation study for “V”, “W” and “X” formations [59].
Liu et al. obtained a formation control problem with limited
time regarding anti-collision and enter saturation [60]. Shen et
al. concentrated on reducing computation and communication
difficulties when the number of UAVs in the formation
increased [61]. Chen and Duan designed a two-layer solution
architecture for the formation control problem of UAVs with
fixed-wing [62]. Shen and Wei generated a control algorithm
based on the behaviors of birds for the swarm control problem
and realized a simulation study in Matlab [63]. An et al. used
AESO and TV-BLF methods for swarm quadrotor formation
control problems in terms of leader-follower and time-varying
[64]. The solution methodology with two layers for the UAVs
formation control problem was produced by Shao et al. This
method, which has multiple leaders and followers, has been
tested in simulation studies [65].

In addition to these articles, the articles published in 2024 were
analyzed and summarized as follows. In general, the papers
addressed issues related to the control of autonomous systems
such as multi-agent systems, unmanned aerial vehicles (UAVs)
and surface vehicles (SAVs). The main problems have been
found to be the safe and stable management of heterogeneous
and nonlinear systems, communication delays, tracking error
constraints and coordination challenges. In particular,
solutions have been developed to improve the performance of
autonomous systems, focusing on specific application areas
such as fixed-wing drones and UAV-ASV systems. Another focus
of the studies is the safe and efficient implementation of control
methods with low computational cost. Advanced control
techniques such as local control barrier functions (CBFs),
Lyapunov-based methods and leader-follower control laws
have been used to solve these problems. In addition, fuzzy logic
systems (FLS), virtual leaders and adaptive control approaches
are also frequently used. The results obtained show that the
proposed methods are validated through theoretical analysis
and simulations and significantly improve the system
performance. These studies, supported by simulations and
experiments, have made significant contributions to making
autonomous systems more reliable and effective [84-107].

In this study, Swarm UAV Formation Control Problems with
Homogeneous, Time-Window, Central Control Architecture,
Uncertain, Dynamic Structure, and Leaderless (HTUDL-S-UAV)
are discussed and a new solution approach based on Annealing
Simulation Algorithm has been developed to solve the problem.
In the problem, 9 different formations and 7 different missions
were defined and the effectiveness of the algorithm was tested
on these tasks. In the testing phase, the algorithm was first
implemented on Crazyfly 2.0 virtual drones on the ROS
Simulation Program. In the next step, the algorithm performed
the specified tasks on real Crazyfly 2.0 drones. This article is the
first in the literature, as far as is known, due to the proposed



problem and the developed solution architecture. The
contributions of the article to the literature are expressed in the
following items.

¢ There is no study in the literature in which the "Simulation
Annealing Algorithm" is used in Swarm UAV Formation Control
Architecture.

e It is the first study in the literature to consider 9 different
formations and 7 different tasks together. The developed
method differs from other solution methodologies in the
literature as it provides solutions to all of these mission
combinations.

o [t is envisaged that the separation of the swarm into different
formations and the merging of two swarms from different
formations into a third different formation have been studied
for the first time in the literature to the best of our knowledge.

*A new geometric solution approach based on the unit circle
and center of gravity is proposed in the formation-creating
architecture.

eThe new heuristic algorithms for trajectory tracking and
collision avoidance are proposed.

The rest of the article is arranged as follows. In Chapter 2, the
problem is defined and the variables related to the problem are
expressed. The solution architecture developed in Chapter 3 is
presented. In Chapter 4, simulation and experimental
applications are made. In addition, the application results are
analyzed in this section. In Chapter 5, the article is summarized;
general evaluations and suggestions for future studies are
made.

2 Preliminaries and Problem Statement

2.1 Theory of the UAV Swarm Formation Control
Problem

UAV Swarm Formation Control Problems is a multi-disciplinary
problem that has been studied intensively in recent years and
can be addressed from different perspectives

A swarm system with “n” elements has a weighted directed and
undirected graph “G = (W,E,A)” structure formed by nodes
set “W = {1,2,...,n}", set of edge “E < {(i,j) : i,j € W}" and a
weighted adjacency matrix 4 = [ai_j]NxN [1,22]. In the graph,
each UAV is expressed with the index “i=j” and the UAV cluster
isrepresented by N = {1, ...,i = j, ..., n}.

A
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az1 Qz2 Q423 az,n-2 Qzn-1 a
= 1 . . nl
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In Equation 1, A Matrix defines whether there is a connection
between nodes "i" and"j". If there is a path between nodes"i"
and"j"; "ai'j = 1", otherwise; "ai']- = 0". Furthermore, it is

"a;; = 0" in the matrix [1,22].
Finally, let's define the Laplacian Matrix (L eRVN gnd L =

[li'j]NxN) which has an important place in describing the

neighborhood relations of a graph. The following assumptions
are made regarding the Laplacian Theorem in the Swarm
Formation Control Problem on an undirected graph [1,66].

(i). The matrix L has at least one zero eigenvalue element and 1
is the corresponding eigenvector. Accordingly, L1=0.

(ii). If graph G consists of an architecture with a spanning tree,
Then a simple eigenvalue of the matrix L is zero, and all of the
other eigenvalues which are N-1 are made up of positive real
sections.

2.2 HTUDL-S-UAV Problem

UAV Swarm Formation Control Problems is a multi-disciplinary
problem that has been studied intensively in recent years and
can be addressed from different perspectives according to
application areas. Military operations [67-69], surveillance and
reconnaissance activities [70-71], agriculture [72, 73], logistics
[74, 75], and forest fires [76,77] are some of the areas where
the problem is applied. Since there is more than one UAV in the
problem, they have moved autonomously, the ideal formation
geometry is revealed and the formation control algorithm is
developed, communication between the swarm and the central
computer requires the collaboration of many science fields
(geometry, mathematical, industrial engineering, computer
engineering, automotive engineering, electronic engineering)
and takes on a multi-disciplinary structure. The HTUDL-S-UAV
problem addressed in this article has the following
characteristics.

e The All UAVs in the swarm have the same characteristics.

¢ Formation tasks must be completed within a certain time
window and an unfulfilled task is considered unsuccessful. In
addition, each UAV can stay in the air for a certain period due
to its battery charge state. As the state of charge decreases, the
stabilization of the UAV decreases and the UAV leaves its orbit.
In this case, the UAV is damaged by hitting obstacles or other
UAVs and causing the formation to deteriorate. For these
reasons, UAVs must perform their duties within the specified
time intervals.

e UAV information is monitored instantly on the central
computer and all formation tasks are carried out on this
computer. Commands are sent to UAVs by this computer. For
this reason, the problem has central control architecture.

e There are different formation tasks in the problem and the
transitions between these formations are determined
randomly. Each formation mission has a different geometric
structure, and therefore the number of UAVs varies in each
mission. For this reason, the problem has a dynamic structure.

* In some formation missions, any UAV can be removed from
the system at any "t" moment while the swarm is in the air. In
this way, if any UAV leaves the swarm, it is tried to understand
whether its formation is disrupted and the reaction of the
algorithm. The problem has an uncertain structure because it is
not clear when which UAV will be removed from the system and
the order of formation missions is not clear.

¢ Due to the uncertain and dynamic nature of the problem, non-
leader-based solution architecture is being developed. In this
way, it is aimed to perform the formation task without
dispersion in case of loss of UAV due to signal failure and
charging status.

The problem stated in this article is proposed based on the
TEKNOFEST-2021 Swarm UAV Competition. In the problem,
there are 9 different formations (triangle, square, pentagon, v,
crescent, star, equilateral quadrangle with 4 UAV and 8 UAV,
line) and 7 different missions (havigation as a swarm, formation
transformation, adding and removing individuals from a swarm,



swarm rotation, swarm division, and merging swarm trajectory
tracking) to which these formations can be applied.

In the problem, UAVs start to move from different coordinate
points and these points are determined randomly. In this case,
generic solution geometry must be created for each formation.
To overcome this problem in the article, a solution architecture
based on coordinate-independent and analytical circle
geometry is developed. This solution architecture is thought to
be used for the first time in the literature. Information on the
formations considered in the article and suggested generic
solution geometries are given below.

2.3 Geometric Solution Approach

In the Geometric Solution Approach, a center of gravity is
formed in the direction of “x” and “y” coordinates for UAVs
at different starting points. This center is considered as the
origin point. A radius r is generated according to the distance
between the two UAVs in the formation and the geometric
shape of the formation. Depending on this radius, a circle is
created and UAVs are placed on this circle according to the
origin coordinates and radius length. As a result, shapes of
pentagonal, triangular or other formation types are generated
with a distance between them equal to the distance between
the two UAVs. At the same time, the “x” and “y”” coordinates
of each UAV in the formation can be calculated with this
formulation. The most important innovation here, unlike
other studies in the literature, is the creation of a center of
gravity for the UAVs and the generation of the reference
point of all UAVs with generic equations according to the
radius “r” depending on the circle developed. In the
literature, vector-based approaches are generally used, which
are time-consuming and computationally expensive. With
the method proposed here, reference points can be
determined in a faster and more practical way. Formation
types and proposed geometric formulations are described in
the following sections.

2.3.1 Triangle Formation

In the triangle formation, it is desired that the UAVs, which are
at random positions on the ground, change into a triangle form
with an "x" distance between them within the "t" period. This
"t" time and "x" distance can take different values depending on
the type of task. The proposed solution geometry for the

triangle formation is shown in Figure 1 and Equation 2.
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Figure 1. Triangle solution geometry

a = distance between two UAVs
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y; = | initial y coordinate of "i. UAV"
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X3 =  X—R#*cos30
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X3 | = X
Y2 | = ¥+R
X3 = X+ R=*cos30
VY3 | =  ¥—R*sin30
Equation 2

2.3.2 Square Formation

In the square formation, 4 drones randomly positioned on the
ground are expected to enter the formation at any "t" time, with an
"x" unit distance between each of them. The "t" time and "X"
distance here vary according to the problem type. The solution
architecture developed for the square formation is shown in Figure
2 and Equation 3.
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Figure 2. Square formation geometry

a = distance between two UAVs
x; = | initial x coordinate of "i. UAV"
¥ | =|Xx

4
y; | = | initial y coordinate of "i. UAV"
y=In

4
R | =  formation circle radius
R | = a?
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X3 = X —R+cos45
Va | = | ¥+ R #sin45
%3 = X+ R#cosd45
¥3 = | ¥+ R *sin45
Xy = X+ R+*cos45
Ve | = | ¥— R *sin45

Equation 3



2.3.3 Pentagon Formation

In the pentagonal formation, there are five drones randomly
placed at different coordinates on the ground. In this formation,
at any "t" moment determined by the competition jury, 5
drones are expected to enter the formation with an "x" distance
between them. The solution mechanism based on the circle
formulation suggested for the pentagonal formation is given in
Figure 3 and Equation 4.

Rl TNy
. I .
/ g@“l \

!/ A, \
AN Y _
¥ % _|
\ ! -

. I /
SO\ v

" — L~

[
Figure 3. Pentagon formation geometry

Figure 4. “V” formation geometry
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Equation 5

a = distance between two UAVs
X = | initial x coordinate of "i. UAV"
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¥ = Xw

5
R = | formation circle radius
R = (\f 50 + 10@)
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n | =|x
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Equation 4

2.3.5 Crescent Formation

The crescent formation consists of 6 drones located at different
starting coordinates. In the formation, the time is determined
instantly by the jury, the distance between each drone is "X" units
and this "x" distance can vary. The proposed geometric approach
for crescent formation is shown in Figure 5 and Equation 6.

2.3.4 "V” Formation

In the V formation mission, 5 drones are randomly placed on
the ground and then the drones are asked to line up in a "V"
shape with an "x" distance between them at any "t" moment.
The geometric solution steps for the V formation task are
shown in Figure 4 and Equation 5.

Figure 5. “V” formation geometry



a = distance between two UAVs

X = | initial x coordinate of "i. UAV"
x = XX
6
Vi = | initial y coordinate of "i. UAV"
yo= In
6
R = | formation circle radius
R = a?
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xs | =  —(R * cos67.5%)
ys | = | (R=sin67.5%)
x; | = (R =cos67.5%)
¥s = | (R=sin67.5%)

Equation 6

2.3.6  Star Formation

The star formation consists of 10 drones, and initially, the drones
are randomly deployed on the ground. At a "t" moment determined
by the jury, the drones take off from the ground and must move to
star formation within "a" time. Information about the formation is
shown in Figure 6 and Equation 7.

Figure 6. Star solution geometry
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2.3.7 Rhombus Formation created from four UAVs

Information about the equilateral formation consisting of four
drones is shown in Figure 7 and Equation 8.
1

Figure 7. “V” formation geometry

a = distance between two UAVs
x; | =  initial x coordinate of "i. UAV"
| = Zx
5
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Y73
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y; | = 8

2
X | =| R
va | = ¥

Equation 8

2.3.8 Rhombus Formation created from four UAVs
Rhombus Formation created from eight UAVs

In a rhombus formation with 8 drones, the distance between
each drone should be equal. Drones rise from the ground at
different coordinates and pass to the relevant formation within
the "p" time with the command of the jury. The geometric
representation and mathematical formulation of the relevant
formation are shown in Figure 8 and Equation 9.



Figure 8. “V” formation geometry

a = distance between two UAVs
X; = initial x coordinate of "i. UAV"
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Vi = initial y coordinate of "i. UAV"
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Equation 9

2.3.9 Line Formation

In line formation, 5 drones taking off from different coordinates
are required to move on a single line with a certain "x" distance
between them. Information about the formation is shown in
Figure 9 and Equation 10.
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Figure 9. “V” formation geometry

a = distance between two UAVs
x; = | initial x coordinate of "i. UAV"
X = Xx

4
Vi = | initial y coordinate of "i. UAV"
y = | 2w

4
R = | formation circle radius
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X3 = | X
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Xa = x
Y2 = E

2
Xz = X
Yz | T g E

2

Xa = X
Vi = R
Xg = X
s | = Vy—R

Equation 10
3 Solution Methodology

The formation control problem is a type of problem where the
solution becomes very difficult as the number of individuals in
the swarm increases and a manual solution is impossible.
Solving the problem using mathematical modelling is difficult
and takes a lot of time, since individuals in the system are
constantly changing places, adding/removing individuals, and
the type of task can change at any time. In addition, the difficulty
of the problem increases when individuals do not collide with
each other, and battery status and trajectory tracking are taken
into account. In this article, a new solution approach is
developed for the formation control problem by using a
simulated annealing algorithm based on geometric models. The
formation control architecture is used in solving the problem in
section 3.1. and the developed solution algorithm is in sections
3.2, 3.3.and 3.4 are also shown.

3.1  Formation Control Architecture

Trajectory tracking, anti-collision, stabilization, modularity,
efficiency, non-dissipation, and dynamics are some of these
indicators. To realize these indicators in a successful swarm
duty, an architecture consisting of hierarchical layers must be
created. In this article, a 5-layer control architecture is created
for the swarm routing task, as shown in Figure 10.

At the Mission Planning Level, the tasks described in Chapter 4
and the formations to be applied in these tasks are planned.
Parameters such as formation time, take-off time, landing time,
hovering time, starting coordinates, total mission time, and
number of UAVs are entered into the algorithm at this level.

At the formation realization level, using the proposed algorithm
in section 3.2, taking into account the parameters of the
previous level, the UAVs to be taken in the formation and their
positions at each "t" time are determined. While determining
the UAV movement routes, it is aimed that the two UAVs will
not collide with each other and that the mission will be
completed before the UAV battery capacity is exceeded.
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Figure 10. 5-layer formation control architecture [78].

3.2 Formation Control Algorithm Based On Simulated
Annealing

In this paper, Formation Control Algorithm Based On Simulated
Annealing (FCA-SA) is developed to solve the HTUDL-S-UAV.
The simulated annealing algorithm, which is a stochastic
search, Kirckpatrik et al., developed by taking the physical
annealing process of solids as an example. The algorithm
progresses as iterative and wuses different movement
mechanisms to improve solution quality. While the movements
increasing solution quality are accepted as the initial solution,

actions that do not improve solution quality are admitted with
a certain percentage so as not to get stuck local optimum. The

Boltzman stochastic factor (P = e(_AE/T)) is also used for the
acceptance probability of the poor-quality solution. The
simulated annealing has many parameters [79-81]. Many
parameters need to be decided in the simulated annealing
algorithm. The objective function, selection of neighbouring
solutions, initial solution, initial temperature, and cooling rate
can be given as an example of these parameters.

Table 1. Formation Optimization Algorithm Based on Simulated
Annealing Method

- initial temperature = 1000; final temperatur = 1;
- cooling rate = 0.95; enter mission type;

— enter mission parameters;

- enter initial UAV speed and control information;
- Randomly generate an initial solution = init ;
- Calculate fitness value;

- f(init_x) = Calculatefitnessfunction(init_x);

while (temperature < final temperature)

— x = new produced solution based on the swap mechanism

- x = [order of mission, UAV x coordinate, UAV y coordinate |
Calculatefitnessfunction(x)

— update the global best solution and local best solution
information to be passed to the next iteration according to

the fitness function;

— If the global solution does not improve for a certain

number of iterations — PerturbationMechanism(x);
— temperature = temperature * cooling rate;
Calculatefitnessfunction(x)

- fitnessfunction = totalmissionduration =

takeoff time + formationtime + landing time

— if the mission area has been exceeded —

totalmissionduration = totalmissionduration * 1000;

— If the departure time is more than the jury's mission
departure time -

totalmissionduration = totalmissionduration = 1000;
- totalmissionduration = Tra — Coll_Control(x);

- If totalmissionduration is greater than the
total mission time specified by the jury —

totalmissionduration = totalmissionduration * 1000;
Tra — Coll_Control(x)

- If two UAVs collided during the formation —

totalmissionduration = totalmissionduration = 1000;
PertrurbationMechanism

— “Split the ‘solution x’ into two parts and reassemble it

by swapping the parts;




In this paper, the objective function is the minimization of the
total mission (operation) time. The swap method is used as the
neighbour generation mechanism. The initial solution, initial
temperature, cooling rating, and final temperature, which is the
stopping criterion, were determined as a result of simulation
experiments. In line with this information, the developed
interface and the solution algorithm proposed for the problem
is demonstrated in figure 11 and table 1.

waem LUt Formation et Spnem
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Duance tarmeen
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Figure 11. Interface developed for formation control.

Figure 11 shows the interface used for UAV pattern generation
and control. In the system where mission information, number
of UAVs and mission type are entered, the optimal formation
structure and formation type are output. In addition, mission
time and whether there is a collision or not are defined in the
interface. Simulated Annealing algorithm is used in the
interface.

3.3 Tra-Coll (Trajectory-Collision) Algorithm

Tra-Coll is an algorithm that controls whether it is progressing
within the determined route of each UAV during operation. The
algorithm tracks the distance of each UAV to the other UAVs,
which is predetermined by the jury. If a deviation occurs in the
trajectory or tracking distance, the algorithm instantly and
automatically updates the heading of the UAV and keeps it on
the mission route. The steps of the algorithm are provided
below.

N = Total number of UAV

T = Taskendtime

[ = The index number of the UAV :i=j=1,...,N

=]

t = Thetime period in which the UAV is controlled
T=1,..T

xiy = "x"coordinate at"t"time of "i".UAV

Yie = "y"coordinate at "t" timeof "i".UAV

xp = "x"coordinate to be found along the trajectory

¥p = "y"coordinate to be found along the trajectory

sm = permissible amount of deviation from the relev(

The deviation control for any “t” time is calculated according to
the formula below.

In addition, the distance between each UAV needs to be
maintained throughout the flight process. In this sense, the
distances between UAVs are computed at every "t" time. If the
distance between the UAV pair falls below the predetermined

safety distance, the system gives a warning and updates the
headings of the relevant UAVs to prevent collisions. Based on
the above formulation, the distance between the two UAVs is
calculated as follows.

di,]-‘t = the distance between UAV "i" and UAV "j"
at time t
Qi je _ the safety distance between UAV a Equatio
and UAV "b" at time t nl2.
2 2
dij, = \/(xi,t - j,t) - (J’i,t - yj,t)
Vi, j, t&i # j

In addition, the distance between each UAV needs to be
maintained throughout the flight process. In this sense, the
distances between UAVs are computed at every "t" time. If the
distance between the UAV pair falls below the predetermined
safety distance, the system gives a warning and updates the
headings of the relevant UAVs to prevent collisions. Based on
the above formulation, the distance between the two UAVs is
calculated as follows.

According to the above distance, the distance between the two
UAVs is checked by the formula below.

Equation 13.

dije = Qije

3.4  Collision Control Algorithm

The Collision Control Algorithm (CCA) is a control mechanism
used in the FCA-SA. This mechanism controls whether the UAVs
collide at any time in the form produced in the solutions in the
Algorithm. The information related to the algorithm is given in
Figure 12 and Equation 14.

A (A,,. ‘43,] — Reference point of the relevant formation

UAV 2
(€6 T
(D.\"' D}')
Another reference point of the relevant formation 1
Two UAV crash sites
B (Br'By)
Figure 12. UAV collision control architecture.
_ (Dy =€) * (G —4) = (G, — A) * (D = C)
(Dy =€) * (By = A) = (By = Ay) * (D = C)
E, = Ax+(Bx_Ax)*T
Ey= Ay + (B, — A4)) T
|BE| |DE| Equation
ty = — t, = — 14.
1 v, 2 v,
t, =
=t,

= There is a collision, the solution is cancelled.

t; # t, = there is no collision, the solution is valid



4 Experimental Study and Analysis

In this article, the missions in the Teknofest 2021 Swarm UAV
Competition are considered for the experimental study. These
missions have an important to test the performance of the
proposed algorithm in terms of genericity and dynamic. The
information about these duties is provided below in Table 1.

Table 1. The missions in the application studies.

Mission No Mission Name

1 Swarm Navigation Mission

2 Formation-Switching Mission

3 The mission to remove UAV from the
Swarm

4 The mission of adding UAV to the Swarm

5 Swarm Rotation Mission

6 Swarm Division/Unification Mission

7 Trajectory Tracking Mission as a Swarm

Crazyfly 2.0 drone was used in Teknofest 2021 Swarm UAV
Competition. Since Crazyfly 2.0 drone was used in Teknofest
2021 Swarm UAV Competition, all applications in the article
were carried out on this drone. The flight area has a width of 3.5
m, a length of 3.5, and a height of 2 m, and is shown in the figure.
"Loco positioning nodes" are placed at each corner of this flight
area and are used for positioning UAVs. Besides, the “Loco
positioning deck” and “Flow deck” are installed on each UAV for
the positioning system. In Figures 13 and 14, the flight area set
up for the experiments and the visuals of the flights are given.

35m /

Figure 13. Flight area technical dimensions

Figure 14. Real swarm flight area [82]

4.1 Swarm Navigation Mission

In this task, the swarm will be navigated to the desired
landmarks in a way that preserves the desired formation. The
flock will take off in the desired formation at an altitude of 1
meter and within 3 seconds, with a distance of 1 meter between
them. After the takeoff phase, the swarm will maintain its
formation for 15 seconds. Aiming at the specified landmarks,
the swarm will begin its navigation mission. The swarm must
reach each landmark within 3 seconds at the most. When the
flock reaches each landmark, it will maintain its formation for
20 seconds and switch to the other landmark. Finally, the
swarm will be returned to the starting point. At the final
landmark, the herd will wait 20 seconds and move on to the
descent phase. The swarm landing phase will take 5 seconds.
Triangles will be determined by the jury. At all of these stages,
the altitude of the swarm, and the distance between the UAVs
and its formation should be maintained [83]. The information
about Swarm Navigation Mission is given in Figure 15.

Mission Phases Duration of the Mission Phase
Swarm Take-off : Max 3 Seconds
Formation Protection of the Swarm :15 Seconds
Passage of the Swarm to the Triangulation + Max 3 Seconds
Swarm Waiting After Triangulation :20 Seconds
Swarm Waiting for the Last Triangle :20 Seconds
Swarm Landing: : Max 3 Seconds
L. PN | Start | Giving the Swarm ‘
i A Operation Command
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Figure 15. Swarm Navigation Mission and the solution
architecture

In Figure 15, Swarm Navigation Mission for Pentagon
Formation is illustrated. The most important point in the
mission, each UAV remains in the same position throughout the
operation. The developed algorithm has successfully
performed the navigation task in all different formations. As an
example, simulation videos of navigation tasks for the crescent
formation and square formation are shown in links 1 and 2.

L L I CAICY IS

Link 1. Crescent formation
Gorev_1-Hilal Formasyon.mp4 - Google Drive
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Link 2. Rhombus formation

Gorev_1-Eskenar Dortgen Formasyon(4°1ii).mp4 - Google Drive

4.2 Formation-Switching Mission

In this mission, the swarm must take off in the formation
requested by the jury and switch to a second different
formation requested by the jury. The swarm will take off at an
altitude of 1 meter to the desired formation and within 3
seconds, which will be 1 meter between the UAVs. It will retain
its formation for "x" seconds after the take-off phase is
complete. After this stage, the swarm will be asked to switch to
the desired second formation within 3 seconds. During and
after the transition phase, the herd should maintain its altitude
and the distance between the UAVs. The 2nd formation must be
protected for "y" seconds. After the formation protection phase,
the swarm should descend within 3 seconds. Starting from the
starting formation, the competitors may be asked to take more
than one formation. Features related to this mission are shown
in Figure 16 [83].

Link 4. Square-Rhombus-Square formation

Gorev-2-Kare-Eskenar Dortgen(4'lii)-Kare Formasyon.m4v -

Google Drive
4.3 The Mission to Remove UAVs from the Swarm

UAVs randomly deployed on the ground rise to an altitude of 1
meter at the same time. Then the command to enter the
formation is sent to the swarm system and the UAVs enter the
desired formation. The entry time to the formation must be less
than 3 seconds. After the formation is formed, a random UAV is
selected and removed from the swarm manually by a person in
charge. The remaining herd members wait while maintaining
their altitude and formation for the specified time. Then the
landing command is sent and it lands on the ground keeping the
swarm formation. The details of the stated mission are shown
in the figure below [83].

Mission Phases Duration of the Mission Phase
Swarm Take-off : Max 3 Seconds
Formation Protection of the Swarm : 20 Seconds
Formation Switching Time : Max 3 Seconds
Second Formation Protection Time : 20 Seconds
Swarm Landing : Max 3 Seconds
N Start Giving the Swarm
. | Operation Command
A i Al
A ! AN Enter Mission The swam takes off
E; '-’ \ I{ ' Information keeping its formation
\,;" \ 'l
k ’?-\-- N
' 5y “The swarm switches to

Calculate Reference
Points

the second formation

Making Assignment
According to FCA-
SA

‘The swarm switches to
the third formation

The swarm lands up by
‘maintaining its own
formation.

Printing the Optinal
Route to the Screen

Finish

Figure 16. Swarm Navigation Mission and the solution
architecture

The results of the application study for this task are given in the

links below.

Link 3. Pentagon>Line>Pentagon formation

Gorev 2-Besgen-Cizgi-Besgen Formasyon.mp4 - Google Drive

Mission Phases Duration of the Mission Phase
Swarm Take-off : Max 3 Seconds
Formation Protection of the Swarm. :15 Seconds
Removing Any UAV from the Swarm -
Altitude, Formation, and Distance Protection after UAV 1 15 Seconds
Take-off
Swarm Landing : Max 3 Seconds
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Figure 17. Swarm Navigation Mission and the solution
architecture

Since there is no guide UAV in the developed formation creation
algorithm and the whole system is created by utilizing the
formation center of gravity, other individuals will not be
affected by this situation when any related individual leaves the
formation. In this mechanism, the rapid change in the “x”, and
“y” coordinates of the UAV is taken into account in the
determination of the individual removed from the swarm. If the
change difference between the relevant coordinates is greater
than the predetermined parameter value, the algorithm will
perceive this change as removing the individual from the
system and will make the related UAV passive. The formulation
in table 2 will be applied in calculating the relevant difference.

Table 2. Coordinate Change Detection Algorithm.

cp = maximumdif ference between coordinates betw.
+1"

"y" coordinate of the "i." UAV at "(t)." time

=
<
|
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https://drive.google.com/file/d/1GftRi4tR6F-HrLhkGgJhTfUpQzLBjTbc/view
https://drive.google.com/file/d/1Z9hlrvkXaXm3o4ozD_DGaaCIAMu7et0n/view
https://drive.google.com/file/d/1OLhP5TYhPLrYylka164Haf_MwUB-ACtR/view
https://drive.google.com/file/d/1OLhP5TYhPLrYylka164Haf_MwUB-ACtR/view

Xit41 = X' coordinate of the"i." UAV at "(t

+1)." time
Vit+1 "y" coordinate of the "i." UAV at "(t
+1)." time

fort=1t<15t++
fori=1;i < Number of UAVs;i + +
if((lxi,t+1 - xi,tl) >cpor (|Yi,t+1 - yi,tl) >cp )

Remove "i.UAV" from swarm array

Some of the visuals related to the application work made by
using the developed solution algorithm and taking into account
the task information is shown in links 5 and 6.

4.4 Swarm Rotation Mission

In this task, the swarm is required to turn at certain angles and
reach the desired points while maintaining its formation.
Information regarding the swarm rotation task is given in
Figure 18.

o In this task, the flock is required to turn at
certain angles and reach the desired points
while maintaining its formation.
o With the take-off command, it rises to the /5| UV

swarm formation.

: K1 AN A
desired altitude while preserving the flock A4 - | \’{{ \;1/
formation. ‘\)f Y l\JM : ! /

o The swarm waits for 'x" seconds. \}J% 8 \ 1;”\“' \ /
o Theflock enters a desired intermediate point by \ o : L )«.\ /4{\ L4
maintaining its formation, /;i\ wl ! \“X '(ﬁ/

o The swarm waits for "x" seconds. 7 " vV
o It rotates "a" degrees in "y" seconds around the I\ | il ‘\‘ /
'z" axis while maintaining the flock formation. W W | L M=
o The swarm waits for "x" seconds. 0 : \' A Y
|
|
|

¢ Itdescends to the ground while maintaining its (ll\m
'

o Forexample: x =3 sec, y=5 sec, b=90 degree

Figure 18. The Swarm Rotation Mission and the Solution
Architecture

It is desirable to perform this mission at any angle, both
clockwise and counterclockwise. To solve this problem, it is
planned that the UAVs will make their turns by advancing with
one-degree angles at v speed on the unit circle drawn according
to the center of gravity of the formation. The unit circle
structure and pentagonal formation examples related to the
method are shown in Figures 19 and 20.

Figure 19. Unit Circle Made of Angles of One Degree

Figure 20. Pentagonal Formation with “a” Length, “r” Radius

In Figure 20, the length "a" indicates the distance between each
UAV. According to the "a" value, the "r" radius is calculated for
each formation in Table 3.

“,n

According to the formulas in Table 3, “x” and “y” coordinates for
each degree are computed as in Table 4. Based on the radius
formulas above, the "v" forward speed of the UAV is calculated
using the formula below.

V= M Equation 14.
12
Table 4. Coordinate calculation for each degree in the rotation

task

Angle (a) Coordinate | "X" coordinat| "y" coordinate

information of the UAV of the UAV

0 X0, Yo Xo Yo

1 X1, Y1 X1 y1 =1 * cos(a)
=r*cos(a)

2 X2,Y2 X2 Y2
=rxcos(a) | =r=*cos(a)

3 X3,Y3 X3 V3
=rxcos(a) | =r=*cos(a)

kk ok %k %k %k kk ok )k k

kkk kk sk kkk )k k

kkk kk ok kkk *kkk

kok ok %k %k %k kk ok )k >k

kkk kkk kkk kkk

k3 k kK k k ok k )k k

358 X358, V358 X358 V358
=r=xcos(a) | =r=*cos(a)

359 X359, Y359 X359 V359
=rxcos(a) | =r=*cos(a)

360 X360, V360 X360 V360
=r=xcos(a) | =r=*cos(a)

The algorithm developed for the rotation mission of the UAVs
is shown in the above table 5.

Table 5. Rotation mission algorithm
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Step 1. x[i, k]
= "x" position ofthe "i." UAV in the "k." step & x[i, 0]
= the current reference position"
yli, k]
= "y" position ofthe "i." UAV in the "k." step & y[i, 0]
= the current reference position"
angli, k] =
the angle of the i. UAV in the "k".step & ang[i, 0] =
the current
Step2. fork=1;k<360; k+ +
fori = 1;i < the number of UAVs;i + +
if the rotation is clockwise
ang[i, k] = ang[i,k—1]+1
Xk = I * cos(ang[i,k]) & yix
=r
* sin(ang][i, k])
if (ang[i, k] > 360) then ang[i, k]
=0
if the rotation is counterclockwise
ang[i, k] = ang[i,k—1] —1
xjx = I * cos(angli, k]) & yi
=r
* sin(ang][i, k])
if (ang[i, k] < 0) then ang[i, k]
=360
end
end
Some of the application studies for the rotation mission are
given in the link below.

)
=
0
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Link 5. Rotation mission for pentagon formation

Gorev 4-Besgen Formasyon.mp4 - Google Drive

Link 6. Rotation mission for the square formation

Gorev 4-Kare Formasyon.m4v - Google Drive

4.5 Swarm Division/Unification Mission

The mission details for Swarm Division/Unification are shown
in Figure 21.

¢ Swarm agents are placed on the ground in the
desired formation. I
s After the takeoff command is given, it rises to the
desited altitude while maintaining the swarm )
formation.
s Swarm waits "X seconds X /
+ The herd is divided into two parts. N/ \ I
o The flocks wait while maintaining the 'x' second V¢ V7 \ A
formation. I
o The swarms go to the desired infermediate points / A
while maintaining their formation. \'C (A ' & \/n
s Swarm waits "X seconds

¢ The swarms converge. W PERVIE Vi

¢ The merging swarm waits for 'x" seconds. i) If’ i
¢ Maintaining the last flock formation, it arrives at Vo
the first take-off point, waits "« seconds, and i

\v
descends.

Figure 21. The Swarm Rotation Mission and the Solution
Architecture

The solution approach used in the merger and separation task
is expressed below on the star formation. Initially, the flock in
star formation is divided into V and pentagonal formations. In
the next stage, the two swarms separated will merge to form a
"star formation".

%i;,,—ﬂ"/ G [)57,,‘_7/95 N axis

b
| ) -»-":—'m‘l"\__ \
—~n
H

M axis

Figure 22. Star formation in the starting phase

Figure 23. Centers of gravity of pentagonal and V formations

In the formation in Figure 22, there is a UAV at each reference
point and these are indicated by letters. The first task in the
separation of formations is to determine which UAV will join
which formation and which reference points will be assigned.
According to the number of individuals in the formation, the
UAVs will be assigned to two different arrays according to the
"M" axis and each array will form the UAVs of the relevant
formation. While forming groups, the closest UAVs to each
other are selected and clustered. Based on the determined UAV
groups, the centers of gravity of each group are established.
Then, reference diagonal points are determined by reference to
these centroids and using the formation generation algorithms
in section 2.2. Finally, according to the results obtained from
the FCA-SA, the UAVs in the clusters are assigned to the
reference points. The centers of gravity of pentagonal and
triangular formations are shown in Figure 23, and the
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https://drive.google.com/file/d/155FuhQzuM1HEe0OFuhLsERGR4GRzt_IQ/view
https://drive.google.com/file/d/1647oXGrQxlMN4Bpeq0GTJ-uVVmzvAOrp/view

formations and reference points to which UAVs are assigned as
a result of swarm separation in Figure 24.
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Figure 25. Reunification of the swarms

In the merger task, the center of gravity of the merger formation
of the previously separated swarms is determined as the center
of gravity of the mission area. According to this center of
gravity, the reference diagonal points of the desired formation
are determined and the function of assigning UAVs in two
different swarms to the relevant reference points is performed.
The FCA-SA Algorithm is used to determine which UAV will be
assigned to which point. A visual representation of the swarm
reunion is shown in Figure 25. The videos of the experimental
studies for this mission are shown in links 7 and 8.

®
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Link 7. Rhombus(8’s) = 2x Rhombus(4's) - Rhombus(8's)
Formation

Gorev_5-Eskenar Dortgen(8'li),2x-Eskenar Dortgen(4'li),Eskenar
Dortgen(8'li) Formasyon.mp4 - Google Drive

@ e

Link 8. Rhombus(8’s) - Rhombus(4’s) and Square >
Rhombus (8’s) Formation

Gorev_5-Eskenar Dortgen(8'li), Kare, Eskenar Dortgen(4'li),
Eskenar Dortgen(8'li) Formasyon.mp4 - Google Drive

4.6 Trajectory Tracking Mission as a Swarm

In this mission, the swarm takes off in the designated formation
and completes the operation by following the pattern defined

by the jury. The specifications for the mission are shown in
Figure 26.

v The swarm rises to the desired altitude with the
take-off command.

v The swarm waits for 'x" seconds.

o The cenfer of the flock starts to follow the
desired trajectory (as in the figure on the right)
with a speed of 'y" m/s while maintaining its
formation.

¢+ The swarm completes one round on the
trajectory and then waits 'x" seconds, keeping its
formation.

s The swarm descends to the ground while
maintaining the formation.

Figure 26. Trajectory Tracking Mission as a Swarm and the
solution architecture

Some of the application studies related to the mission
performed using FCA-SA are shown in links 9 and 10.

JOSwD N

Link 9. Square formation
Gorev-6- Kare Formasyon .mp4 - Google Drive

Link 10. Rhombus Formation (4’s)

Gorev_6- Eskenar Dortgen(4'1ii) Formasyon .mp4 - Google Drive

4.7 Experimental Design and Application

In this paper, nine different missions and six different
formation types are defined. For each formation task, five
different formation types were defined and the success of the
algorithm was tested on a total of 30 scenarios. With this
experiments set, the performance of the algorithm was tested
for different starting positions, number of IHAs, formation
types and formation tasks. Summary information about the
sample experimental set is given in table 6.

Table 6. Sample Experiment Set

Scenario No: M..F...
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https://drive.google.com/file/d/1NdxtjgdCRQr1aa0fejZo24DFjMP8JUrj/view

Mission Swarm Departure 3 seconds
Name Navigation Time
Formation Pentagon Duration of 20 seconds
Type Stay in
Formation
Number of | 3 Time for the | 30 seconds
UAVs swarm to move
to the next
point
Distance 0.8 meter Landing 5 seconds
between duration
UAVs
Mission 1 meter Mission Area 3.5 meter (x)
Height 3.5 meter (y)
2 meter (z)
UAV Start Location Information
UAVvelocity | 5 meter/seconds
Coordinate Information
X y z
UAV-1 0.5 0.5 0
UAV-2 1 1 0
UAV-3 1.5 1.5 0
UAV-4 2 2 0
UAV-5 2.5 2.5 0
Mission Location Information
Starting Navigation-1 Navigation-1 Landing Point
Point
[0,0,0] [1,1,1] [2,2,1] [2,2,0]

Table 6 shows the number of UAVs, mission specifications,
formation types and locations in the relevant scenario. This
information differs in each scenario.

When clicking on the scenario names in Table 7, detailed
information about the scenarios is presented. In addition, the
UAV assignments and total mission time for the formation as a
result of the optimization are presented in Table 7. For
example, in the M1F2 scenario, 5 UAVs were used and the
swarm navigation task (4.1) was performed. As a result of the
optimization, UAV 1 was assigned to reference point 0 of the
triangle formation and UAV 2 was assigned to reference point
3. The minimum mission time was calculated as 56,53211. The
details of the task are given in the link in the first and last
column of the table. The time spent by each UAV in M1F2 during
the relevant mission is shown in Table 8. The UAV with the
highest mission time in the table constituted the final mission
duration of the formation.

Table 7. Scenario information and application study results

Scenari Missi Mission Total Optimal Optimal
oNo on Name Number Mission Mission
(Link) Type of UAVs Time Details
(seconds) (Link)

1 4.1. 3 56,6448 OptRest
M1F1 [Reference Point] - [label of the UAV]

[0,1,2] - [0,1,2]

1 4.1. 5 56,79881 OptRest
M1F2 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[1,0,3, 2, 4]

1 4.1. 5 57,13983 OptRest
M1F3 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[0,2,4,1, 3]

1 4.1. 6 57,38266 OptRest
M1F4 [Reference Point] - [label of the UAV]

[0,1,2,3,4,5]-[2,1,0,5, 3, 4]

2 4.2. 5 36,82478 OptRest
M2F1 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[1,0, 3, 4, 2]

2 4.2. 5 36,84202 OptRest
M2F2 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[2,0,3,4,1]

2 4.2. 5 36,86703 OptRest
M2F3 [Reference Point] - [label of the UAV]

[0,1,2,3,4] - [1,0,3, 4, 2]

2 4.2. 5 37,49077 OptRest
M2F4 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[1, 3,2, 4, 0]

3 4.3. 5 31,81641 OptRest
M3F1 [Reference Point] - [label of the UAV]

[0,1,2,3,4]-[2,0,3,1, 4]

3 4.3. 6 32,37558 OptRest
M3F2 [Reference Point] - [label of the UAV]

[0,1,2,3,4,5] - [2,0,5,3,1, 4]

3 4.3. 10 32,03764 OptRest
M3F3 [Reference Point] - [label of the UAV]

[0,1,2,3,4,5,6,7,89]-[0,3,4,5,7,1,8,6,9, 2]

3 4.3. 4 31,77630 OptRest
M3F4 [Reference Point] - [label of the UAV]

[0,1,2,3]-[0,3,1, 2]

4 4.4. 10 48,865507 OptRest
M4F1 [Reference Point] - [label of the UAV]

[0,1,2,3,4,5,6,7,89] - [0,6,4,5,21,9,3,8, 7]

Table 7. Scenario information and application study results
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https://drive.google.com/file/d/1yvPqyBiIx_fMl6PEQcw0ac-NDeu40x-A/view?usp=drive_link
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https://drive.google.com/file/d/1L_m3dbm_y9nKud0H_R0y7uEVZuu3J_Wx/view?usp=drive_link
https://drive.google.com/file/d/1yvPqyBiIx_fMl6PEQcw0ac-NDeu40x-A/view?usp=drive_link
https://drive.google.com/file/d/1L_m3dbm_y9nKud0H_R0y7uEVZuu3J_Wx/view?usp=drive_link
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Scenari | Missi Mission Total Optimal Optimal Stage UAV1 UAV2 UAV3
o No on Name Number Mission Time  Mission Take-off 0,310630752 0,249087255 0,210875426
(Link) Type of UAVs (seconds) Details Formation 15 15 15
(Link) Protection
4 4.4. 6 49,257288 OptRest Transition 0,410744581 0,410000007 0,410744581
- to Next Point
MA4F2 [Reference Point] - [label of the UAV] Formation 50 50 50
[0,1,2,3,4,5]-[2,5,0,1, 3, 4] Protection
Return to 0,410744581 0,410000007 0,410744581
4 4.4. 4 47,943598 OptRest the starting
M4F3 [Reference Point] - [label of the UAV] flock point
Formation 20 20 20
[0,1,2,3]-[0,3,1,2] Protection
4 4.4, 3 47,3187067  OptRest Landing 04 04 0,4
. Total time 56,53211 56,46908 56,43236
MA4F4 [Reference Point] - [label of the UAV] Stage UAV4 UAVS
[0,1,2]- 1,0, 2] Take-off 0,100158962 0,264398358
Formation 15 15
5 4.5. 8 63,31696 OptRest Protection
M5F1 [Reference Point] _ [label of the UAV] Transition 0,410744-581 0,410744581
— to Next Point
[0,1,2,3,4,5,6,7]-[6,1,0,3,5,7,4, 2] Formation 20 20
Protection
5 4.5. 10 63,058963 OptRest
£ Return to 0,410744581 0,410744581
M5F2 [Reference Point] - [label of the UAV] the starting
flock point
[0,1,2,3,4,5,6,7,89]-[0,6,7,5, 2,8,4,3,9,1] Formation 50 50
5 4.5. 8 63,290337 OptRest Protection
- Landing 0,4 0,4
M5F3 [Reference Point] - [label of the UAV] Total time 5632164 5648588
[0,1,2,3,4,5,6,71-[7,1,0,3,6,5,4, 2] General Mission Time = MAX(UAV1, UAV2, UAV3, UAV4, UAV) =
56,53211
5 4.5. 10 62,783912 OptRest
M5F4 [Reference Point] - [label of the UAV] HAS
[0,1,2,3,4,5,6,7,89]-[3,6,4,2,7,8,0,9,5, 1] 2.5 -
6 4.6. 4 35398707  OptRest A2 pers 6
M6F1 [Reference Point] - [label of the UAV] 2.0 4

[0,1,2,3]-[0,3, 2, 1]

EF4

6 4.6. 3 34,857218 OptRest 154
M6F2 [Reference Point] - [label of the UAV]
[0,1,2]-[L,0,2] 104 a2
EF3
6 4.6. 6 39,2844345 OptRest /
1
EF2

w

M6F3 [Reference Point] - [label of the UAV] 051 o /"
[0,1,2,3,4,5] - [2,4,0,3,1,5]
6 4.6. 5 36,76892755  OptRest 05 10 Ls 2.0 25

Me6F4 | [Reference Point] - [label of the UAV] Figure 27. UAV Start Coordinates and Creating of Reference
[0,1,2,3,4] - [1,3,0, 4, 2] Point for Crescent Formation in M1F4 (IHA=UAV,

REF=Reference Point).

In the M1F4 problem in Figure 27, 6 UAVs were asked to
create a crescent formation and perform the navigation task
(4.1). As a result of the optimization study, the method
created 6 different reference points for the crescent
formation based on the geometric solution approach and
assigned UAVs to the reference points according to the
mission parameters and UAV technical constraints.

Table 8. Time spent by each UAV in the M1F2 mission
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The UAVs were initially dropped at different points and
entered the crescent formation in the air after the take-off
order. The initial coordinates of the UAVs were UAV1: [0.58,
2.99, 0.0], UAV2: [1.04, 1.57, 0.0], UAV3: [2.06, 2.92, 0.0].
Then, the UAV formed the relevant formation and navigated
as a swarm. Finally, the landing took place. The steps of the
swarm throughout the mission are shown in Figure 28.
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Figure 28. Step-by-step movement of UAVs throughout the
mission for M1F4 (Adim= Step).

Figure 28 shows the movements of the UAVs in the x and y

axis at a height of 1 meter.
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Figure 29. UAV Start Coordinates and Creating of Reference
Point for Pentagon Formation in M6F4.

Figure 29 shows the UAV initial coordinates for the M6F4
mission (UAV 1: [0.30, 1.80, 0.00] UAV 2: [1.50, 0.60, 0.00]
UAV 3: [2.00, 1.10, 0.00] UAV 4: [0.80, 0.40, 0.00] UAV 5:
[2.40, 1.90, 0.00]) and the reference points and UAV
assignments determined as a result of the optimization are
shown. In this scenario, the task of swarming trajectory
tracking (4.6) with a pentagonal formation is performed
and the movements of the UAVs during the mission are
shown in Figure 30.
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Figure 30. Step-by-step movement of UAVs throughout the
mission for M6F4

Figure 30 graphically shows the movement of the flock in the
pentagonal formation during the mission period. In the figure,
the coordinates of each UAV are tracked in stages.

In addition, the results for all scenarios are shown in the
“OptRes” links.

5 Conclusion

The formation control for Swarm Unmanned Aerial Vehicles is
an optimization problem that includes many constraints and
parameters. In this article, the problem is examined under the
conditions "homogeneous", " Time-Window ", "Central Control
Architecture”, "Uncertain”, "Dynamic Structure”, and
"Leaderless ". The FCA-SA Algorithm, which is a new solution
approach, is developed to solve the problem and the proposed
methodology is implemented on real data used in the
TEKNOFEST-2021 Swarm UAV Competition. The competition
consists of 9 different formations and 7 different tasks, and the
tasks are required to be completed within the specified time
limits under the task area and time constraints. The application
study using Crazfly 2.0 drones was carried out on the ROS
Simulation Platform and in a real competition environment. As
a result of the experimental studies, the developed algorithm
completed all the tasks within the minimum operation time. In
addition, it was determined that the swarms did not disrupt
their formation, the UAVs did not collide with each other and
did not deviate from their trajectories during the operations.
The proposed solution approach reacted quickly to all
formation changes and task changes and was able to generate
the optimal tour route within seconds. As a result of the
scenario studies, the robustness of the algorithm was proven on
different data sets. Furthermore, the analysis results showed
that the UAVs completed their mission without violating the
competition area boundary. Finally, the algorithm has
produced optimal solutions for tasks involving uncertain
situations and dynamic conditions. Thanks to this structure, the
algorithm will be able to be used in the routing of different
autonomous vehicles and the control of their formations.

In future studies, UAV formation control is an area that has been
intensively studied in recent years and will continue to be

17



studied in the coming years due to both defense problems and
the development of UAV technologies. It is predicted that the
first priority area for researchers will be applications in the
defense sector and in the battlefield. Formation of formations
by taking into account certain and uncertain situations in this
field will create new branch problems. Secondly, applications in
the field of agriculture are expected to have a wide range of
applications. The use of these technologies in problems such as
spraying, fertilization, development of agricultural products,
protection from pests and other animals will create an
application area for UAV formation control. In addition,
unmanned land and sea vehicles will continue to constitute
other application areas of this formation control problem.

With the development of new mathematical models for these
problems and the use of artificial intelligence and metaheuristic
algorithms in a hybrid way, it is predicted that more effective
solutions will be obtained in shorter times. In addition,
hybridization of swarm UAV problems with image processing
techniques and the problems of preventing communication
interference can be different study topics for researchers.
Finally, it is expected that researchers will be directed to multi-
objective optimization studies by working with different UAVs
and considering different parameters and objectives.
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In this paper, author 1 generates optimal tour routes using the
simulated annealing algorithm and taking into account the
specific requirements of each mission. He implemented the
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