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Abstract 

 
This paper investigates a formation control for a group of unmanned ground vehicles in a 
dynamic environment. The group consisting of one leader and three followers was arranged into 
a V-shaped formation. The dynamical environment includes multiple moving obstacles. 
Trajectory planning of the leader has been carried out for a collision free path. Formation of the 
group is maintained by controlling the followers to track the position of the leader. Particle 
swarm optimization has been integrated into the formation control to minimize the turning angle 
of followers. The proposed formation control scheme and trajectory planning has been verified 
with MATLAB simulations and application to a real platform. 

 
Introduction 

 
Unmanned Ground Vehicle (UGV) groups serve as powerful alternatives to personnel crews 
while working in a hazardous or unknown environment. Due to the complexity of the tasks 
assigned to the UGV group, cooperation of the group demands efficient communication and 
accurate formation1. Formation control of a system containing multiple vehicles requires making 
decision on more than one entity. A variety of theoretical frameworks have been proposed to 
formulate such problems, and various methods have been examined to solve this problem2,3,4.  
 
In previous research, a lead-follower control scheme had been applied to a group of UGVs 
consisting of one leader and three followers. The control scheme guided the UGV group with 
collision free path in a dynamic environment with two moving obstacles5,6,7. The trajectory 
planning was carried out by considering every vehicle in the system as one large entity and such 
lack of flexibility and autonomy of each vehicle. In this algorithm, the team’s activities were 
planned based on the surrounding sensed by the leader and control of the system was almost 
always nonlinear. In addition, taking into account that turning of a vehicle is achieved by a 
rotational velocity difference between its driving motors, efficiency can be increased by 
minimizing the turn angle. To address these issues, particle swarm optimizing (PSO) controller 
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has been designed and integrated into the UGV trajectory planning for the followers. PSO have 
been widely reported in scientific literature with applications to optimizing different variables, 
for example, weights of neural networks, and Markov decision processes.8-11 This paper 
proposed a formation control scheme to keep V-shape of a multi-vehicle system and extended 
the application of PSO to minimize the turn angle of followers in a real platform. The control 
scheme has been verified with MATLAB simulations. 
 

Formation Control with PSO 
 
In our previous study of a multi-vehicle system, the leader calculated the collision-free trajectory 
of the whole group in a dynamic environment.5,6,7 The followers’ orientation can be determined 
based on the trajectory given by the leader. For any point on the trajectory, the orientation is 
simply the unit vector from the current position to the next checkpoint as shown in Figure 1. 
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( )yx ˆ,ˆ  is the unit vector of the orientation. ( )yx rr,  is the vector from the current checkpoint 
( )11 , leadlead yx  to the next ( )22 , leadlead yx . ( )yx,  is the magnitude of ( )yx rr, , and θ  is the angle of 
orientation as shown in Figure 1. 

 
The relative spacing between UGVs are approximated by adding their respective radii. 
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Figure 1. Relative positions between leader and followers in a V-formation are demonstrated in this 
figure. The leader is the P3-AT and the followers are the orange Traxsters. 
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Setting the followers in formation was designed to be an iterative process so that changing the 
number of followers would not require complete revision of the algorithm. The first follower is 
stationed directly behind the leader, and tags left and right are assigned to this follower. 

( ) ( ) ( ) lfleadleadfollowfollow Ryxyxyx ⋅−= ˆ,ˆ,, 1111      (5) 

( ) ( )11 ,, followfollowleftleft yxyx =        (6) 

( ) ( )11 ,, followfollowrightright yxyx =        (7) 
The leader then proceeds to alternate between assigning followers behind the left and right wings 
at angles φ  and φ−  respectively. Throughout this process, left and right are retagged onto the 
leftmost and rightmost followers in the formation respectively. 

( ) ( ) ( ) ( )( ) ffleftleftnn Ryxyxyx ⋅+++= φθφθ sinˆ,cosˆ,, 22    (8) 
( ) ( ) ( ) ( )( ) ffrightrightnn Ryxyxyx ⋅−−+=++ φθφθ sinˆ,cosˆ,, 1212   (9) 
( ) ( )nnleftleft yxyx 22 ,, =         (10) 
( ) ( )1212 ,, ++= nnrightright yxyx         (11) 

,...3,2,1=n           (12) 
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Figure 2  Simulations of trajectory planning of a complete UGV team consisting of 1 leader (black
box) and 3 followers (blue, yellow, and red boxes) are shown in this figure. Four different trajectories 
are shown with the moving direction denoted as increasing x and increasing y (upper left), decreasing
x and increasing y (upper right), decreasing x and y (bottom left), and increasing x and decreasing y
(bottom right) 
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MATLAB simulations have been carried out. To simulate this V-shaped formation, a UGV team 
of a leader and three followers were set in MATLAB, and their respective trajectories were 
demonstrated in Figure 2. In these simulations, a vector of the leader’s projected positions is first 
generated.5,6,7 From here, the three follower’s projected positions are calculated using the above 
equations (5 -12). These three vectors are then plotted with respect to time. 
 
Collision-free strategy 
 
If there is a potential collision with obstacles on the planned trajectory, the formation can be 
narrowed instead of correcting the trajectory. This maximizes the team’s efficiency in reaching 
its destination, and allows the team to traverse through narrow doorways and spacing. After the 
obstacle is cleared, the team resumes its original formation. For simplicity, the followers will line 
up behind the leader in the order of (follow1, follow 2, follow 3,…) to narrow the span of the 
formation. The condition for lining up is dependent on the width of the formation and the 
spacing of the doorway,  

sdoorway WW ≥            (13) 
where Ws is the width of the formation. This width is determined by the spacing between the 
rearmost followers (followers at point s), 

Ws=2 s Rff  sin (π-φ).          (14) 
 

For the simulations, the differences between widths of the formation and doorway as shown in 
Figure 3 are replaced with a narrow constant which reform the shape of the group. The greater 
Ws-Wdoorway is, the greater the narrow constant threshold. 
 

 
MATLAB simulations of the team traversing through doorways of different widths are presented 
in Figure 4.  
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Figure 3.  Widths of formation relative to a doorway obstacle are shown in this figure. 
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In these three lines with a parameter called threshold were set as shown in Figure 4. The width of 
the formation was calculated by taking the distance between the rearmost followers. If the 
threshold is greater than the width of the formation, the team’s positions are recalculated so that 
the position of a follower is directly behind another. The order is predetermined, with the blue, 
red, and yellow. The second simulation demonstrates that no changes to the formation are 
necessary when no obstacles are traversed.  
 
MATLAB simulations have also been performed with a number of different trajectories. A 
collision free path with two moving obstacles is shown in Figure 5 without considering the 
formation.  Details of this algorithm can be found in our previous studies.5,6,12   
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Figure 5.  Collision free path of the leader (green box) starting from the position (0, 0)  with two moving 
obstacle(cross) starting from positions  (2, 0) and (6, 0) moving towards positions (-9, 11) and (-3, 11) 
respectively. 

 
Figure 4.  Simulations of team’s trajectory response to doorway obstacles are demonstrated in this figure.
Left: Traversing through doorways. Right: Avoiding doorways. Doorways are represented with blue lines.
On the right, the team avoided doorways so there was no need to line up. On the left, the first and second
doors’ narrow thresholds were 2 and 5 respectively, signaling that the team needed to line up to fit 
through while the third door had a threshold of 0, signaling that the team can keep its current formation. 
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The “V” shape formation with sensed position of followers is shown in Figure 6. With the 
MATLAB simulation package, the UGV group could easily adapt to other formations for 
obstacle avoidance. 
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Figure 6. Formation control of the UGV group with two moving    obstacles is demonstrated in this 
figure. The bold box filled with      green denotes the leader. The red, blue and yellow boxes denote the 
followers. 

 
Particle Swarm Optimization Controller 
 In order to improve the efficiency of the control scheme, the turn angle of followers will 
be minimized. To address this issue, PSO was introduced to the control the followers. The PSO 
algorithm developed for this study is as follows: 

1. Divide interval between checkpoints into subintervals of equal length as shown in 
figure 7. 

 

  
 
The distance of each interval is described as  
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Figure 7.  Trajectory division for PSO controller design 
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 2.  Restrict the turn angle to a maximum and minimum based on the turning power of the 
follower. 
 turnkturn maxmax θθθ ≤≤−            (16) 
 3. Spread an arbitrary number of random angles k within the range specified in step 2, 
and calculate x and y-coordinate values based on the current checkpoint l and these random 
angles as a random function. These are the particles of the PSO. 
 ksubPSO dlxklx θcos),( 1=            (17) 
 ksubPSO dlykly θsin),( 1=            (18) 
 4. Calculate the distance from each random particle to the next checkpoint. These 
distances are the fitness functions of the particles. 
 ( ) ( ) ( )( ) ( )[ ]22 ,,,,,, yxklyklxdklf PSOPSOfitness =        (19)  
 5. Based on the fitness functions calculated in step 4, specify a local best  ( ) ( )( )lylx ˆ,ˆ . 
 6. Move the other particles at the sub point toward the local best in hopes of finding a 
new local best. 

 ( ) ( )yxyx
updatev

kk ˆ,ˆ, →           (20) 

 7. Repeat steps 1-6 for set number of swarm cycles 
MATLAB simulations for this PSO controller design have been carried out and the simulation 
results are shown in Figure 8. 

 

 
Figure 8.  PSO controller with 5 subpoints, 50 random particles, π/16 max turn angle, and 5 swarm 
cycles. The red, blue, and yellow boxes demonstrated the optimized trajectory of  the followers, each 
color representing a different follower. The blue arcs represent the particles. In between each 
checkpoint, 5 PSO iterations were implemented. These arcs become wider with every iteration 
indicating the widening range of turns the follower could make. 
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In this simulation, 50 random numbers were generated between the minimum and maximum turn 
angles. Based on these numbers, position points are calculated a set distance away from the 
current position, which are marked by the blue boxes. As the PSO progresses, these angles are 
updated so that the distances from the next set position is minimized while still adhering to the 
constraints set by the maximum turn angle. Theoretically, this should minimize the time the 
UGV would need to reach its next destination by minimizing the number of stationary turns. This 
simulation demonstrates that sharp turns can be mitigated when compared to only strictly path-
planning in figures 4 through 6. Depending on the speed of the processor relative to the speed of 
the UGV itself, implementation of PSO itself may or may not be worth computation. Further 
investigation is required in determining the relative time complexities between computation 
speed and the speed of movement. 
 

Conclusion 
 

In conclusion, the design of a fully functional autonomous lead-follower formation was 
considered. The trajectory planning of the leader integrated into the follower position control and 
the formation control allows the UGV team to travel with a collision free path and keep a fixed 
formation. Also, implementation of a PSO into the system to improve path planning was 
demonstrated effectively in simulation. Future improvements to the system include the use of 
visual feedback to augment the formation control of the system and implementation of a rapid-
response PSO to the real-platform. The application of these improvements may lead to optimal 
solutions discovery in minimal time and even more precise controllers may be developed.  
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