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1. INTRODUCTION  
 

An unmanned system encompasses a mechanical or 

apparatus outfitted with essential data processing components, 

sensors, automated control mechanisms, and communication 

systems, enabling it to independently carry out missions 

without human interference. Such systems encompass a variety 

of unmanned aerial vehicles (UAV), unmanned ground 

vehicles (UGV), underwater exploratory devices [1]. 
An unmanned aerial vehicle (UAV) is an aircraft capable of 

flight without the presence of a human pilot on board. In 
contemporary times, an increasing number of UAVs are being 
employed in civilian contexts due to their exceptional mobility 
and adaptability [2]. This attribute has enabled them to 
accomplish their objectives across numerous applications 
effectively. Nonetheless, incorporating multiple vehicles offers 
heightened versatility and efficacy in task execution. 
Moreover, utilizing multiple vehicles enhances resilience 
against failures compared to solitary units [3]. Studies on using 
multiple UAVs have been conducted in many areas, such as 
search and rescue [4],perimeter,surveillance [5] and loads 
carrying [6]. 

Agents exhibiting distinct dynamic attributes can surmount 
individual limitations, effectively accomplishing intricate and 
multifaceted missions. This elevation in capability expands the 
scope for tackling more challenging applications. Notably, the 

synergistic integration of UAVs and UGVs amalgamates their 
strengths, encompassing proficient payload capacity, versatile 
task configuration, and robust localization capabilities, 
culminating in heightened overall performance [7]. 

In previous studies, various strategies have been applied for 
the formation control of multiple robots. Some key ones 
include leader-follower, behavior-based and virtual formation 
structure strategies [8]. 

In the leader-follower approach, one or more robots are 
considered as leaders while the other robots are considered as 
followers. The leader robot moves towards a specific goal. The 
follower robots move by maintaining a set distance and 
orientation from the leader.  While providing this movement, it 
receives the position and orientation information of the leader 
robot [9,10]. In the virtual structure approach, robots move by 
creating a rigid structure. Geometrical shapes can be applied 
here. This formation has a center determined by shape, speed 
and orientation. The positions of the robots are defined relative 
to this reference point. Since the reference point is given 
relative to a trajectory, the position of each robot must be 
recalculated as time passes [11].The behavioral control strategy 
is about each robot using certain behaviors. These behaviors 
can be trajectory following, obstacle avoidance and formation 
maintenance. After the relative weighting of these behaviors, 
the final control is performed [12]. Zhou et al. investigated the 
time-varying formation tracking problem for a heterogeneous 
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UAV-UGV swarm system. First, a collaborative control model 
is constructed with algebraic graph theory, and then a 
distributed observer-based formation tracking control protocol 
is designed [13]. In another study, an UAV lands on an UGV 
after delivering a package. A virtual structure approach is used 
here. Within this structure, there is a controller for the UGV to 
avoid obstacles as it moves forward [14]. Li and Zhu presented 
a UAV-UGV cooperative control mechanism. A leader-
follower strategy is used for cooperative trajectory tracking. 
They used a fuzzy robust controller to control the UAV. The 
controller of the UGV uses a tracking algorithm and a PID 
controller[15]. Harik et al. designed a system for object 
transportation in unsafe locations. A UAV acts as a guide for 
obstacles. A group of UGVs performs the task using 
information from the UAV. The leader receives the information 
from the UAV and navigates while the follower robots follow 
the leader at a given distance using a vision-based target-
tracking controller [16]. In their study, Akın and Şahin 
examined how UAVs and UGVs can efficiently collect data 
from IoT devices. They conducted these experiments in an 
obstacle environment. They used reinforcement learning 
principles to solve these problems [17]. 
This study presents a formation control of a heterogeneous 

multi-robot system consisting of one Turtlebot 3 as UGV and 

multiple Crazyflie robots as UAVs. The proposed work is a 

centralized system that utilizes a leader-follower strategy to 

implement the desired formation. PID controller is used for the 

control of the robots. The study was tested in a simulation 

environment. In Section 2, the methodology and materials used 

are described in detail. Section 3 presents the experiments done 

in the test phase and the simulation results. Finally, in Section 

4, the results of the experiments are evaluated, and a conclusion 

to the study is made. 

 

2. MATERIALS AND METHODS 
 

The study consists of three stages. The first is for the leader 

robot to go to the target point, the second is to ensure that the 

follower robots follow the leader, and the third is to maintain 

the formation of the multi-robot group. V formation shape was 

chosen for multi-robots. The application was realized in the 

Webots Simulation environment using ROS. 

 

2.1. Robot Operating System (ROS) 
ROS is an open-source framework that enables the 

development of robotic applications with the help of libraries 
and packages. It is used in both commercial and research 
activities [18]. ROS allows application development using 
different programming languages. Also, an implemented 
program part can be used in other applications [19]. Processes 
in ROS communicate with each other, and these processes, 
called nodes, communicate using a publisher/subscriber 
structure. These nodes send data to each other using messages. 
The nodes that send data are called publisher nodes, and they 
send messages through topics to the receiver nodes, which are 
called subscribers. The ROS master is responsible for the nodes 
to locate each other, and it is initialized at startup to provide 
communication.[20]. In ROS, different packages are offered to 
users to perform certain operations like mapping and 
navigation. For example, the move base package handles the 
operations to move a robot to a given destination point [21]. 
ROS includes a practical tool called Rviz (Ros Visualizer), 
which is a tool for visualizing robots, sensors, and algorithms 
in three dimensions. It can be used for all types of robots. Rviz 

can plot data streaming on a ROS system, and its panel can be 
configured for various applications [22]. 

2.2. Webots 
Webots is a simulation environment used both academic and 

industrial settings working on robots. Three-dimensional 

environments can be modeled using Webots, and robots 

defined in it can be used in these environments. It also has 

libraries containing sensors, actuators and other materials. 

Robot designs can be made using these libraries [23,24]. Figure 

1 shows an example simulation environment. 

 

 
 

Figure 1. Simulation environment 

 

Figure 2 shows a Rviz visualization of the environment. 

 

 
 

Figure 2. Rviz Visualization 

 

2.3. Robots 
In the study, simulation was performed with two different 

robots. One mobile robot and a multi-UAV group were used in 

the study. 

The Turtlebot3 burger model was used as a mobile robot in 

the study. Turtlebot is a ROS based mobile robot used in both 

research and education. Many packages are provided with ROS 

to run simulations and control the robot[25]. Turtlebot is used 

as a ground robot and acts as the leader robot in the application. 

In this study, the Crazyflie quadrotor robot was preferred as 

the follower robot group. Crazyflie is a robot platform used for 

educational and research purposes in robotics. With its small 

size and low weight, the robot is preferred in swarm robot 

applications[26,27]. It was preferred because it is compatible 

with ROS and because it has a ready-made model in the 

simulation. 

2.4. Leader-Follower Strategy 
The strategy aims for the leader robot to move to a given 

target location while other follower robots follow it. There 
must be continuous communication between the leader and the 
follower. The leader continuously broadcasts its position and 
orientation information with the data it receives from its 
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sensors. The follower robots receive this information from the 
leader robot. The follower robots use the leader's position to 
follow the leader and navigate a given formation. The target of 
the follower robots is the current position of the leader. Its 
orientation is the leader's orientation. The distance between the 
leader robot and the followers is continuously maintained 
during the tracking process [28–31]. Figure 3 shows the general 
structure of the leader-follower strategy. 

 
Figure 3. Leader-Follower Formation Scheme 

 

In figure XL, YL is the leader's position, θL is the leader's 

orientation, XF, YF is the follower robot's position, and θF is the 

follower robot's orientation. l is the distance between the leader 

and the follower. The leader-follower strategy aims to maintain 

the desired distance and relative bearing between the robots. 

The distance between the leader robot and the follower is 

calculated as in Equation 1. 

 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑙) = √(𝑋𝐿 − 𝑋𝐹)2 + (𝑌𝐿 − 𝑌𝐹)2 (1) 

 

In the ROS environment, the algorithm works as follows. 

The leader robot continuously broadcasts its instantaneous 

position as a publisher on the way to the specified target. The 

follower robots receive the leader's position as subscribers. For 

the follower robots, the target position is the leader's current 

position, and the target orientation is the current orientation of 

the leader. The distance between the follower and the leader is 

calculated by Equation 1. This process is repeated until the 

desired target point is reached. 

 

2.5. Formation Process 
The formation of the robots takes place in three steps. First, 

formation points should be calculated using the desired shape 

and the number of robots in the swarm. Then, which robot in 

the swarm should go to these points should be determined. In 

the last step, the robots should reach this point and maintain the 

formation. In this study, a V-formation shape was used. 

The leader robot is located at the end of the V shape in the 

formation structure. Follower robots are lined up to the right 

and left of the leader robot. While forming formation points, 

the distance between the followers and the angle value they 

should be placed to the right and left are determined. The 

structure of the V formation is shown in Figure 4. 

We used two different approaches to calculate the 

formation points. In the first approach, the rotation vector of 

the leader robot was taken and rotated 180 degrees. In order to 

find the direction vectors indicating the wings of the V 

formation to be created, the leader's vector is expanded to the 

right and left by the theta angle. The desired distance value 

between these direction vectors and formation points is 

multiplied by the positions where the robots will be placed. 

 
Figure 4. V- Formation Points 

 

In the figure, 𝜃 is the angle of the triangle forming the V 

formation shape, �̂� is the leader's rotation vector, �̂� is the 

leader's rotation vector rotated 180 degrees, �̂� is the vector 

value extended by the angle θ, and a is the formation point. The 

formation point 𝑎 is calculated according to Equation 2. 

 

𝑎 = �̂�  × 𝑑    (2) 

 

Where 𝑑 is the distance between formation points. 

In the second approach, the leader's rotation vector is not 

used. Instead, the average point of the positions of the follower 

robots was first determined. Then, the rotation between this and 

the leader's position is taken. Thus, the v value in equation 2 is 

calculated according to equations 3 and 4. 

 

𝑝𝑎𝑣𝑔 =
𝑝1+𝑝2+⋯+𝑝𝑛

𝑛
   (3) 

 

�̂�𝑢 =
𝑝𝑙−𝑝𝑎𝑣𝑔

|𝑝𝑙−𝑝𝑎𝑣𝑔|
    (4) 

Where; 

𝑝𝑎𝑣𝑔: Average position value of follower robots. 

𝑝1 … 𝑝𝑛: Position of follower robots. 

𝑝𝑙: Position of leader robot. 

�̂�𝑢: unit vector of the orientation of the formation 

 

Once the formation positions are determined, the 

appropriate robot for each position needs to be identified. 

Hungarian algorithm was used for the assignment of positions. 

The first objective is to ensure that the robots take the shortest 

path to the positions. Another objective is to minimize 

collisions. Before starting the algorithm, the distance each 

robot needs to take for each position is calculated. The matrix 

containing these calculations is called the Cost matrix. The 

matrix is filled according to Equations 5-6. 

 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = √ (𝑋𝑅𝑖 − 𝑋𝑝𝑗)
2

+ (𝑌𝑅𝑖 − 𝑌𝑝𝑗)
2
 (5) 

 

    𝐶𝑜𝑠𝑡𝑖𝑗 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒2                 (6) 
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Where (𝑋𝑅𝑖 , 𝑌𝑅𝑖)  is the position of the robot whose distance 
to the formation point will be calculated, and (𝑋𝑝𝑗, Y_pj) is the 
position of that formation point. After the cost matrix is filled, 
the algorithm process starts. These values are taken as input to 
the algorithm. As a result, the algorithm returns the row and 
column indices with the lowest cost. With these values, each 
formation point is assigned to the relevant robot in the robot 
group. 

2.6. Controller Design 
After determining the positions in the desired formation, 

which robots will go to these positions is determined. For the 

robot to go to this position, it must turn there and drive forward. 

For this process, a proportional controller was used due to the 

advantages of its applicability. The pseudo-code of the 

controller is given in Algorithm 1. 

 

 
 

The controller takes the position of the target point as the 

reference value. The distance to the reference position is 

calculated according to Equation 3, and the angle difference is 

calculated according to Equations 7 and 8. 

 

𝜃𝑟𝑒𝑓𝑖 = arctan (
𝑦𝑇−𝑦𝑅

𝑥𝑇−𝑥𝑅
)   (7) 

𝜃𝑒 = 𝜃𝑟𝑒𝑓𝑖 − 𝜃𝑅    (8) 

 

𝜃𝑟𝑒𝑓𝑖: The angle between the robot and the target point 

𝑥𝑅, 𝑦𝑅: Position of the robot 

𝑥𝑇, 𝑦𝑇: Target position 

𝜃𝑅: Orientation of the robot 

𝜃𝑒: Orientation error. 

 

At the controller output, the linear and angular velocity of 

the robot is calculated, and it is ensured to go to the desired 

position. 

An artificial potential field strategy was used to prevent the 

robots from bumping into each other as they move to their 

positions. According to this strategy, the robots are the 

repulsive force, and the target point is the attractive force [32]. 

The steps to create the formation are shown in the flow chart 

in Figure 5. First, the number of robots that will form the shape 

of the formation is determined, and the positions are calculated 

according to this number. Then, a cost matrix containing the 

distances of the robots to these points is created. According to 

this matrix, each robot is assigned a position to move. Finally, 

the robots are driven to these positions. 

 

3. EXPERIMENTS  
 
The study was conducted on Ubuntu 22.04 using the ROS 2 

Humble version. In order to test the techniques used in the 
study, an environment with simulation was established. Webots 
was used as the simulation environment, and robots were 

moved in this environment. Webots allows each robot to 
develop separate plugins that appear as a different process 
when running. Crazyswarm2, which was developed based on 
Crazyswarm[33], was used while performing the ROS 2 
integration of the application. Crazyswarm2 was also used in 
the communication layer.   Both ground and aerial robots were 
used in the application. Turtlebot 3 was used as a ground robot, 
and Crazyflie robots were used as aerial robots in the 
formation. 

 
Figure 5. Formation Flow Chart 

 
Two different scenarios were used in the developed 

environment. The formation process for each scenario was 
carried out using both approaches. At the beginning of the 
scenarios, the robots form a V-shape with the leader robot at 
the top of the formation. Here, the leader robot is tasked to 
reach a desired point. As the robot moves towards the target, 
the follower aerial robots follow it in the desired formation. 
These processes were confirmed by examining different 
graphs. In the first scenario, the starting position of the leader 
robot after the formation was (6.3, -4.3).  

The leader robot moved to (8.7, -3.5), and the other robots 

followed it. The appearance of the robots in their initial 

positions is shown in Figure 6. 
As seen in Figure 6, the robots wait at the starting point by 

forming the desired formation. The path graph of the robots is 
shown in Figure 7. 

Figure 7 shows that the robots move from the starting point to 
the endpoint by maintaining the formation. The graph of the 
position errors of the follower robots as they move along the 
path is shown in Figure 8. 
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Figure 6. Initial Positions of Robots 

 

 
Figure 7.  Scenario1 the path Robots Follow for Approach 1 

 

 
Figure 8. Scenario1 Position Error of Followers for Approach 1 

The error of about 0.17, consistently observed before and 

after the navigation starts and ends, is due to the robots' use of 

the artificial potential field algorithm. The error rate increases 

steadily in the navigation process because the Turtlebot 3 is 

more agile and faster. During the rotation, there are significant 

jumps in the error due to the increase in the difference between 

the newly calculated formation points and the old ones. The 

final position of robots shown in Figure 9. 

 

 
Figure 9. Final Positions of Robots 

A similar experiment was performed for the second 

approach. The graph of the path followed by the robots is given 

in Figure 10. 

 
Figure 10. Scenario1 The path robots follow for Approach 2 

The position errors of the follower robots are shown in 

Figure 11. 

 
Figure 11. Scenario1 Position Error of Followers for Approach 2 
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Figure 11 shows that the position error decreased. In the 

second approach, the leader's changing orientation less affects 

the formation structure. 

In the second scenario, robots were requested to follow 

different paths in the same environment. The starting and target 

points of the robots were changed, and their path and position 

errors were analyzed. Again, while moving along this path, the 

position errors increase, especially where the leader robot 

makes turns. In this scenario, unlike the first one, Rviz images 

of the start and end positions of the robots are also added. The 

path graph of the robots is shown in Figure 12. 

 

 
Figure 12. Scenario 2 The Path Robots Follow for Approach 1 

For Scenario 2, the graph of the position errors of the 

follower robots as they move along the path is shown in Figure 

12. 

 

 
 

Figure 12. Scenario 2 Position Error of Followers for Approach 1 

The Rviz image of the initial positions of the robots is 

shown in Figure 13. And the Rviz image of the final positions 

of the robots is shown in Figure 14. 
For approach 2, the path graph of the robots is shown in 

Figure 15. The position errors along the path of the follower 
robots are shown in Figure 16. Examining the outcomes from 
this particular scenario, it becomes evident that the second 
approach yields significantly more favorable results. 

 

 

 
Figure 13. Rviz Image of Initial Positions of Robots 

 

Figure 14. Rviz Image of Final Positions of Robots 

 

Figure 15. Scenario 2 The Path Robots Follow for Approach 2 
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Figure 16. Scenario 2 Position Error of Followers for Approach 2 

 

4. CONCLUSION  
 

This study focused on implementing formation control for 

a heterogeneous multi-robot ensemble comprising ground and 

aerial robots. The strategy employed for formation was the 

leader-follower approach, wherein a ground robot assumed the 

role of the leader while the aerial robots operated as followers. 

A centralized control system was adopted to oversee the 

entirety of the study. Data received from the robot group were 

aggregated at a central point, where subsequent decisions were 

rendered. The formation configuration adopted for the robots 

was a V-shaped pattern. Following the determination of 

formation points based on the number of robots, the allocation 

of robots to their respective positions was achieved by applying 

the Hungarian algorithm. The experimental evaluation of this 

study was conducted within the Webots simulation 

environment, using Turtlebot3 and Crazyflie robots as the 

testbed.  

During the experimental phase conducted within the test 

environment, an equal number of robots were deployed for 

each approach, with variations introduced into the traversed 

paths. Upon a comprehensive examination of the path 

trajectories and position errors associated with each approach, 

it becomes evident that both strategies effectively preserve the 

desired formation. However, distinctions emerge in their 

responses to specific factors. In the first approach, the 

formation tends to show more sensitivity when the leader robot 

makes a rotational movement. The second approach, 

characterized by a more centrally weighted reference point, 

displays a higher resilience in the face of such rotational 

deviations. Analyzing the position error data further reinforces 

the notion that the second approach surpasses the first in 

performance. Different formation strategies can be applied in 

future studies, and a distributed system can be preferred instead 

of a centralized one. Furthermore, different formation shapes 

can be applied in future research work beyond the V formation.   
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