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Abstract: This paper proposes a Multiple Leader Candidate (MLC) structure and a 

Competitive Position Allocation (CPA) algorithm which can be applicable for various 

applications including environmental sensing. Unlike previous formation structures such as 

virtual-leader and actual-leader structures with position allocation including a rigid 

allocation and an optimization based allocation, the formation employing the proposed MLC 

structure and CPA algorithm is robust against the fault (or disappearance) of the member 

robots and reduces the entire cost. In the MLC structure, a leader of the entire system is 

chosen among leader candidate robots. The CPA algorithm is the decentralized position 

allocation algorithm that assigns the robots to the vertex of the formation via the 

competition of the adjacent robots. The numerical simulations and experimental results are 

included to show the feasibility and the performance of the multiple robot system 

employing the proposed MLC structure and the CPA algorithm. 

Keywords: formation control, robust formation, multiple leader candidate structure, 

competitive position allocation algorithm 
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1. Introduction 

Formation control of a multi-robot system has been a big challenge for the robot control society. 

Contrasting with a single robot system, since the robots in the formation are interconnected with 

others, higher level control techniques have been required. Nevertheless, the formation control has 

been expected to be employed in various applications such as manipulation of large objects [1,2], 

intelligent highway systems [3,4], surface vehicle formation [5], flight formation systems [6,7], 

formation of multiple spacecraft [8], and surveillance systems [9–12] because the multi-robot system 

can provide certain advantages including cost reduction, sensing performance improvement, and 

higher robustness against robot faults. In particular, the robotic-sensor networks [10–12] in the 

surveillance systems have been a focus of attention because they reduce the cost of the surveillance 

systems and increase the performance. 

Many formation control algorithms have been studied based on various strategies including  

leader-follower algorithms [13–17], virtual structure methods [2], behavior based formation control 

algorithms [18,19], and potential field based formation control algorithms [20]. These formation 

control strategies can be largely divided into two strategies with respect to the type of leader of the 

entire system: (a) virtual-leader strategy and (b) actual-leader strategy. 

First, under the virtual-leader strategy, all robots generate the virtual leader which is a simulated 

leader regarding a formation trajectory. The virtual structure methods are typical case of the  

virtual-leader strategy. To implement this strategy, all robots should have the formation trajectory, 

measure the global position, and share and synchronize all the information. These requirements 

provide the advantage of robustness against the fault or disappearance of member robots. However, the  

virtual-leader strategy should require a high cost and high performance system because all robots 

acquire the same information at the same time.  

On the other hand, under the actual-leader strategy, the leader is one of the member robots of the 

formation. The leader-follower formation algorithms are a typical case of the actual-leader strategy. To 

implement the actual-leader strategy, the leader has the trajectory of the entire formation and measures 

the global position, and the others (i.e., the followers) maintain the formation using the relative 

information. This drives the cost reduction since all robots do not synchronize their own information 

and all followers do not require the global position. However, if the leader has disappeared or has a 

fault, the entire system cannot be maintained since the global position and the trajectory information 

are not acquired.  

To achieve robustness against faults of the leader, leaderless and leader-formation control based on 

consensus algorithms have been developed [21–24]. These leaderless and leader-formation control 

algorithms employ multiple leaders and use the relative information between robots. The consensus-based 

formation algorithms are more robust against leader faults than the actual-leader strategy and require 

lower cost than the virtual-leader strategy. However, the formation with the consensus-based formation 

control suffers from big movement load, difficulty of rotation of the formation, and weak robustness 

against the faults of followers due to the rigid-allocation, and whereas the rigid-allocation results in 

easy maintenance of the formation, the multi-robot system employing the rigid-allocation is weak in 

terms of member robot faults. Moreover, the rigid-allocation increases the movement load of the entire 

system because it does not regard the moving distances and loads of all robots. 
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In addition, leader election algorithms have been researched, such that the leader is selected among 

the members of the mobile sensor networks (see [25,26] and references therein). In [25,26], it is 

mentioned that robustness against leader faults can be achieved because the missing leader can be 

replaced by a new leader elected from a proposed leader list which is a set of leader candidates. 

However, in [25,26], the relationship between the candidates and the leader position is rigid, and also, 

the followers are assigned to the formation using rigid allocation. Whereas these leader election 

algorithms achieve robustness against the fault of the leader, they do not reduce the moving cost of the 

entire system. 

Finally, a formation control strategy based on the on-line position allocation was proposed in [27,28]. 

All robots are allocated to the vertices of the formation with respect to some moving distance of the 

entire system. However, to optimize the moving distance of the entire system, all states of all robots 

should be synchronized. Whereas the on-line allocation and minimized moving distance are achieved, 

the synchronization of all states of all robots increases the cost of the entire system. 

Thus, we propose a Multiple Leader Candidate (MLC) strategy and a Competitive Position Allocation 

(CPA) algorithm. First, the MLC strategy employs multiple candidates for the leader position. One of the 

candidate robots occupies the leader position via the CPA algorithm. The winner becomes the leader and 

the others become the followers. If the leader disappears or breaks down, all candidate robots moving as 

the followers compete again for the leader position to replace the missing leader. Second, the proposed 

CPA algorithm is the distributed online allocation algorithm. In this paper, the position allocation of the 

followers and the competition of the leader candidate robots are done by the CPA algorithm. Each 

follower is allocated the closest vertex of the formation. If there are other followers with the same vertex, 

they compete for the vertex. The winner occupies the vertex, and the losers find other vertices. Note that, 

in the case of the MLC, the vertex is the leader position. 

Using the MLC strategy and the CPA algorithm, the following contributions are achieved: the 

formation of multiple robots is robust against the fault of the leader and the followers. Unlike the 

previous formation control strategies based on rigid-allocation, such as the actual-leader strategy and 

consensus-based formation control, the entire system can be maintained despite the faults of the leader or 

the followers because the other robots replace the broken or missing robots. A formation of multiple 

robots requires low cost to build the entire system. In contrast with the formation control strategies using 

all information of all robots, such as the virtual-leader strategy and the optimization-based position 

allocation algorithm, the cost of the entire system is reduced since the local information is used for the 

on-line position allocation. 

This paper is organized as follows: in Section 2, the multi-robot system considered in this paper is 

explained. The CPA algorithm and the MLC strategy are explained in Section 3. To demonstrate the 

usefulness of the proposed control algorithms, numerical simulations and experimental results are 

presented in Section 4, and, finally, in Section 5, the conclusions of the study are given. 

2. Multiple Robot System Construction  

This section describes a kinematic model of the robots with the non-holonomic constraint and the 

relationship between them. The robot considered in this paper is described as follows: 
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(1)

where (x, y) is the position of the robot, θ is an orientation, v is a linear velocity, ω is an angular 

velocity, and the subscript i is the index number. The kinematic model, non-holonomic constraint, and 

the motions of the robots influence the performance of the multi-robot system because the relationship 

between mobile robots, a communication graph, and cost of the entire system are changed due to the 

movements of the robots. Therefore, the control law of the mobile robot with the kinematics in Equation (1) 

should be considered. To control all robots, we employ the motion control law based on the Feedback 

Linearization (FL) in [29,30] (see [30] for details of the control law and to check the stability). This 

FL-based motion control law can reduce the movement load of each robot. Figure 1 shows the 

performance of the FL control law. 

(a) (b) 

Figure 1. The comparison of the movement loads of the proposed feedback linearization 

algorithm and the others (☆: the proposed algorithm, ∆: the nonlinear controller, and □: 

PID controller). (a) The route of the mobile robots; (b) the angular velocities. 

Figure 1a compares the three routes of the robots using the FL-based motion controller, PID 

controller, and the nonlinear control algorithm in [31]. As can be seen in Figure 1a, the route of the FL 

control law is simpler and shorter than the others. Also, we can see a smaller peak of the angular 

velocity of the robot with the FL-based motion control than the other control laws in Figure 1b. Thus, 

when the situations of the formation change and the leader disappearances emerge, it is possible that 

the FL based motion control algorithm reduces the movement load of each robot. To describe the 

formation, we employ l-ψ description with respect to the leader position in [32]. We describe the 

formation as a set of vertices as follows: 

( ){ }, | 1,...,d d
j j jG g x y j n= =   

( )cosd
j L j L jx x L θ ψ= + + , ( )sind

j L j L jy y L θ ψ= + +  
(2)

where ( ),d d
j jx y  is the position of the jth vertex gj, (xL, yL) is the position of the leader, θL is the 

orientation, n is the number of the vertices of the formation, Lj is a distance of the jth vertex from the 
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leader, and ψj is an angular position regarding the orientation of the leader. When L and ψ are defined as 

a set of Lj and ψj, the vertex set of the formation is revised as: 

{ },G L ψ=   

{ }| 1,...,jL L j n= = , { }| 1,...,j j nψ ψ= =  
(3)

To implement the proposed MLC strategy and CPA algorithm, we construct the combined 

communication structure between the actual-leader and the virtual-leader structures. This proposed 

communication structure is depicted in Figure 2. 

 

Figure 2. The combined communication structure. 

As can be seen in Figure 2, the communication between the leader and all the leader candidates 

(LCs) employs the virtual-leader structure where their information is shared and synchronized to 

monitor the fault of the leader. That is, the LCs and the leader have a complete network topology.  

On the other hand, the information of the leader and LCs is broadcast to the followers via the  

actual-leader structure. Because of this broadcasting information of the leader and LCs, the followers 

can acquire the leader information. Finally, the followers communicate with other followers in  

their limited communication range to reduce the energy consumption. In spite of the complete  

network topology of the LCs, the communication network of followers is not fixed. It can be noted 

here that the communication graph of the proposed combined communication structure has a switched 

network topology. 

3. Multiple Leader Candidate Structure with Competitive Position Allocation 

This section shows the MLC structure with the multiple leader candidates and CPA algorithm based 

on competition using local information. The proposed MLC structure and CPA algorithm are designed 

to be implemented in the multi-robot system using a behavior-based control algorithm [19,33]. 

Whereas it is difficult to show the feasibility and stability of the behavior-based control laws using  
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the mathematical tools [32], the behavior-based control scheme is good to implementation in actual  

multi-robot systems in the real world. 

3.1. Multiple Leader Candidate Structure 

To achieve the robustness against the fault of the leader, we propose the MLC structure. The winner 

of the competition of LCs for the leader position becomes the leader of the entire system. By the 

proposed MLC structure, all robots are allowed the following three tasks: (a) the leader; (b) the 

follower; and (c) the LC. First, the leader is selected from the LCs and leads the entire system along 

the trajectory of the formation. Second, the followers only track vertices of the formation with respect 

to the leader without regard to the global information such as the position and trajectory of the entire 

system. If there is no leader, followers trace the vertices with respect to the closest LC. Finally, the LC 

becomes the leader or follower. If there is no leader, the LCs compete to occupy the leader position. 

The task assignment of LC is shown in Figure 3. 

 

States & Events Description 

C Leader Candidate 

L Leader 

F Follower 

t0 Event of the initialization 

t1 Event of win in the competition for the leader position 

t2 Event of lose in the competition for the leader position 

t3 Event of the fault of the leader or the disappearing leader 

t4 Event of not t1–t3 

(a) (b) 

Figure 3. The task assignment of LC. (a) The task assignment process; (b) States and  

events in (a). 

As can be seen in Figure 3, a winner of the competition becomes the leader and the losers become 

the followers. In Figure 3, in the initial condition, all the LC robots are assigned task C, and then, by 

the events, t1 and t2, the robots become leader (L) and follower (F), respectively. If t3 occurs, they 

revert to task C to replace the empty leader position. Here, unlike the native followers, the LCs 

assigned to F monitor the leader to replace the leader in the case of breakdown. Accordingly, in the 

proposed MLC structure, LC is the important task since the leader is selected among LC robots, and 

they can replace the broken (or lost) leader.  

Note that the MLC structure is scalable since all LCs share their information in virtue of the  

virtual-leader structure. If the number of the LCs is chosen with respect to the performance of the 

communication devices, the MLC structure is maintained when the number of the robots increases.  
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3.2. Competitive Position Allocation Algorithm 

The proposed CPA algorithm is the distributed position allocation method, such that the followers 

are allocated to the vertices of the formation via the competition using the local information instead of 

the optimization using all the information of entire system. The proposed CPA algorithm is applied to 

two cases: the competition for the leader position and the position allocation of followers. First, in the 

case of the leader selection, all LCs compete for the leader position. It is possible that all LCs monitor 

the leader and replace the missing leader since the virtual-leader strategy connects all LCs. By the task 

assignment in Figure 3, if the leader is lost or breaks down, the LCs compete for the leader position 

again. Second, if the CPA algorithm is applied to the position allocation of followers, the followers 

compete for vertices of the formation. By the CPA algorithm, each follower tracks the closest vertex. If 

there are other followers sharing the same vertex, they compete to occupy the vertex. Figure 4 shows 

this position allocation of the followers. 

 

Figure 4. The competition of the followers for their vertices. 

Figure 4 shows the situation in which four robots are allocated to four vertices by the proposed CPA 

algorithm. As can be seen in Figure 4, the winner of the competition occupies the selected closest 

vertex, and the loser selects again the next closest vertex in the set of goals, G, except the losing 

vertex. When this process is repeated, all followers are allocated to all vertices of the formation. For 

example, because Robot 1 and Robot 2 share g4 and they communicate with each other, the competition 

for g4 emerges. When the distances between robots and g4 are compared, Robot 1, the closest robot to 

g4, wins the competition and occupies g4. On the other hand, Robot 2, which is the loser of the 

competition, finds the next closest vertex, and then Robot 2 moves toward g3. The details of this 

position allocation algorithm based on the competition are clearly described in Algorithm 1. 

In Algorithm 1, the taboo list presents the available goals in G. As in Algorithm 1, CPA algorithm 

has three parts: (a) finding the closest goal; (b) evaluating the selected goal; and (c) evaluating T. Since 

the CPA algorithm is based on the local information acquired in the limited communication range, it 
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should be required to evaluate the feasibility of the selected vertex and the taboo list. First, a follower 

selects the closest vertex among unmarked vertices in the taboo list. Then the selected vertex is 

evaluated based on the existence of closer followers to the vertex. If the follower is the closest one, 

then the selected vertex is occupied by the follower. However, if any other robot is closer than the 

follower, the selected goal, T(j), is marked and the first process is repeated. In addition, if there is any 

robot with the same distance and smaller ID, the selected goal, T(j), is marked and the first process is 

repeated. Finally, because the CPA algorithm is based on the local information, all the goals in the 

taboo list might be marked without occupying the goal. Thus, we include the fifth process evaluating 

the taboo list. 

Algorithm 1 The competition of the followers for their vertices. 

1. Find the closest goal in goal set. 

2. Check that there are other robots in the communication range, which are closer to the selected 

goal. 

3. If there are no closer robots,  

 then, occupy the selected goal. 

4. else if there is any closer robot 

 then, mark taboo list, T(j) = 1 and return to the process 1 except the marked goal in T. 

5. else if there is any robot with same distance 

 If there is a robot with a smaller ID 

  Then, mark taboo list, T(j) = 1 and return to the process 1 except the marked goal in 

T. 

 else 

  occupy the selected goal. 

6. If the robot does not occupy any goal but all goals in T are marked 

 then set the T as zero and return to the process 1. 

Remark 1: Considering the communication model in Figure 2 and the proposed CPA algorithm in 

Algorithm 1, the competition of the adjacent followers occurs within a short communication boundary. 

Each follower cannot know the existence of the other followers sharing the same vertex if they are 

outside the communication boundary. 

Remark 2: The followers employing the proposed CPA algorithm do not regard the entire system, 

but the adjacent robots within the communication boundary. The followers just receive the leader 

information from the leader and do not send information to the leader. Thus, the CPA algorithm is 

scalable and independent of the number of the robots. 

4. Results 

4.1. Simulation Results  

To show the feasibility and the performance of the proposed MLC structure and CPA algorithm, 

three scenarios of the leader disappearing, formation changing situations, and large multi-robot system 

with 100 robots are included. Four mobile robots which have the kinematic model in Equation (1) and 
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the FL motion control law are considered. The initial conditions of the robots are given as follows: 1st 

robot: (−2, 1, 0), 2nd robot: (2, 1, 0), 3rd robot: (−2, −1, 0), and 4th robot: (−2, −3, 0). Also, the initial 

condition and the velocities of the trajectory of the formation are (0, 0, −π) and {vr = 1.5 m/s, ωr = −0.2 

tanh (0.1 × (t − 15)) rad/s}, respectively. Two formations are utilized: G1{L1{0, 2, 2, 2}, ψ1{0, −π/3, 

π/3, π}} and G2{L2{0, 3, 3, 3}, ψ2{0, 0, 2π/3, −2π/3}}, with the first and second robots as LCs. It can 

be assumed that the communication range of the followers (the 3th and the 4th robots) is 1 m. 

Scenario 1 shows the leader disappearing situation where the robots maintain G1, and the leader is 

lost at t = 10 s. Figure 5 shows the routes of the robots maintaining G1. 

 

Figure 5. The route of the robots in the leader disappearing situation. 

At the start, the first robot becomes the leader since it is the winner of the competition for the leader 

position. As depicted in the dotted area in Figure 5, when the leader (first robot) is lost, the other LC 

(the second robot) occupies the leader position. To detail the replacement of the lost leader in the 

dotted region in Figure 5, Figure 6 shows the snapshots. The snapshots in Figure 6 show that the other 

LC (the second robot) replaces the lost leader (the first robot), and the followers (the third and fourth 

robots) reconstruct the formation with respect to the replaced leader (the second robot). 

 
(a) (b) (c) 

Figure 6. Cont.  
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(d) (e) (f) 

Figure 6. The details of the replacement of the leader. 

In addition, to show the performance of the motion control and the position allocation, Figure 7 

shows the mean distance error of the four robots. 

 

Figure 7. The competition of the followers for their vertices. 

In Figure 7, since the robots are allocated and track the vertices before the leader disappearing 

situation, the distance errors between the robots and the vertices are bounded. When the leader is lost, 

the distance error of the formation increases because the vertices are regenerated with respect to the 

replaced leader. By the proposed CPA algorithm, the followers are reassigned to the new vertices. 

After the reassignment of the followers, the distance errors converge to zero and are bounded. 

Scenario 2 includes the formation change situation where the formation is changed from G1 to G2 

at t = 15 s. Figure 8 shows the routes of the robots maintaining the given formations, G1 and G2. As 

can be seen in Figure 8, the robots construct and maintain the formations, G1 and G2, without the rigid 

allocation in the situation of the formation change as shown in the dotted region. To detail the 

reorganization of the formation in Figure 8, Figure 9 shows the snapshots of the movement of the robots. 

The snapshots in Figure 9 show that the followers are allocated to the new vertices of the new 

formation (G2) by the proposed CPA algorithm. The robots maintaining G1 in Figure 9a are 

reallocated in the new formation G2 as in Figure 9b–f. In this scenario, when the formation is changed, 

all the robots except the leader (the first robot) compete for the new vertices of G2 as presented in 

Figure 9. 
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Figure 8. The route of the robots in the formation changing situation. 

It can be noted that the third and fourth robots are allocated to the same vertex because they cannot 

detect each other due to the limited communication range as mentioned in Remark 1. When they are in 

the communication range, they compete for the selected vertex. In Figure 9b,c, the fourth robot loses the 

competition, thus it moves to the other vertex.  

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 9. The movements of the member robots at the moment of the formation change. 
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In addition, to show the performance of the proposed MLC structure and CPA algorithm, they are 

compared with the rigid allocation and online optimization based methods in Figure 10.  

 

Figure 10. The formation distance errors of three position allocation algorithms (□: fixed-ID 

matching, ×: optimization, and ∆: proposed CPA). 

In Figure 10, it can be ensured that whereas the position error of the formation based on the 

proposed MLC structure and the CPA algorithm is much smaller than the formation with the rigid 

allocation, the performance of the proposed algorithms remains similar to the optimization based 

allocation algorithm. The second peak of the position errors of the proposed CPA algorithm after  

t = 15 s in Figure 10 occurs at the competition between the third and the fourth robots due to the 

limited communication range. From Figure 10, we can hold the advantage that the proposed MLC 

structure and CPA algorithm provide the similar performance to the optimization algorithm without 

increasing the cost of the entire system unlike the high cost optimization based allocation algorithm. 

Considering the multi-robot system with large number of robots, to show the performance of the 

proposed MLC structure and CPA algorithm, the following scenario is included. The number of the 

robots is 100, eleven LCs (e.g., 45th–55th robots) are used, and the vertex set of the formation is  

G{L, ψ} where L and ψ are as follows: 

L{1.004(i − 50)}, ψ{37π/70} i = 1,…, 50  

L{1.004(i − 50)}, ψ{−37π/70} i = 51,…, 100 

The initial conditions of the robots are given as follows: (xi(0), yi(0), θi(0))= (i − 50, 0, π/2) for  

i = 1, …, 100. Also, the initial condition and the velocities of the trajectory of the formation are  

(0, 5.45, π/2) and {vr = 0.5 m/s, ωr = 0 rad/s}, respectively. In addition, to compare with the rigid formation, 

the rigid formation where the ith robot tracks the ith vertex (i.e., (xi, yi, θi) → G(i) = {L(i), ψ(i)}) is 

considered. Figure 11 shows the results of this scenario with 100 robots. 

Figure 11a,c shows the performance of the proposed MLC structure and CPA algorithm and  

Figure 11b,d shows the performance of the rigid formation. Contrasting the proposed structure and 

position allocation algorithm and the rigid formation, even though the robots track their desired 

vertices, the moving cost of the proposed MLC structure and the CPA algorithm is much smaller than 

the rigid formation.  
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(a) (b) 

(c) (d) 

Figure 11. The contrast between the proposed MLC structure and CPA algorithm and the 

rigid formation. (a) The route of the robots employing the proposed MLC structure and 

CPA algorithm; (b) The route of the robots using the rigid formation; (c) The distance 

error of the robots with the proposed MLC structure and CPA algorithm; (d) The distance 

error of the robots using the rigid formation. 

4.2. Experiment Results 

In this paper, the proposed MLC structure and CPA algorithm have been applied to a real multiple 

robot system which has four small wheeled mobile robots (110 mm × 80 mm × 130 mm, see Figure 12) 

with differential drive mechanisms.  

 

Figure 12. The multi-robot system with four robots 

To control the robots, they are equipped with an ATMEGA-128 which is a 16-bit micro-controller, 

an LM298 which is two-channel motor driver, and a Bluetooth communication module. That is, it is 
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possible that small low cost robots can be employed to realize the proposed MLC structure and CPA 

algorithm. We assume that each robot can acquire its own positions, thus, the motion capture system [34] 

is employed to realize the assumption. Even though we use the motion capture system, the experiments 

maintain the combined network topology and the distributed computation. To do this, each robot 

acquires its own position from the motion capture system. In addition, the communication network is 

realized in a server, such that the LCs broadcast their information and the followers communicate with 

other followers in communication boundary. Figure 13 details the experiment architecture. 

 

Figure 13. The architecture of the experiment using the motion capture system. 

In Figure 13, the solid lines indicate the position information from the motion capture system, the 

dotted lines are information flows from the LCs and the leader, and the dash-dot lines are information 

flows from the followers. As can be seen in Figure 13, each robot acquires its own position information 

from the motion capture system, the communication boundary of the follower robots is limited  

except the LCs. As depicted in Figure 2, to realize the virtual leader structure among the LCs, the 

communication boundary of the LCs is not limited. 

In order to show the implementation results of the proposed algorithms, we include the two 

scenarios: the leader fault and formation change situations. In these scenarios, the first and second 

robots are chosen as LCs and the third and fourth robots become the followers. Also, the initial 

condition of the trajectory of the formation is given as (xr(0), yr(0), θr(0)) = (0, 0, π/2) and the  

linear and angular velocities are vr = 0.3 m/s and ωr = 0 rad/s, respectively, where r notates the 

reference trajectory. 

First, to show the performance of the proposed MLC structure and CPA algorithm in the situation 

of the leader fault, the leader breaks down at the position that the leader passes y = 1. The given 

formation is G = {L{0, 0.5, 1, 0.5}, ψ{0, π, π , −π}}. The results are presented in Figures 14–16. 

Figures 14 and 15 show the routes of the robots and the snapshots.  
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Figure 14. The routes of the robots in the situation of the fault of the leader. 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 15. The snapshots of the situation of the fault of the leader. 

As can be seen in Figures 14 and 15, the robots maintain the formation despite of the breakdown of 

the leader. In Figures 14 and 15, before the leader fault situation, the first robot occupies the leader 

position and the others move to the desired vertices (see Figure 15a). When the leader breaks down  

(see Figure 15b), the second robot is chosen as a new leader. The new vertices are generated with 

respect to the new leader and the followers (the third and fourth robots) are reallocated to the new 
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vertices (see Figure 15b–f). In addition, to show the performance of the control and position allocation,  

Figure 16 shows the mean distance error of the four robots.  

In Figure 16, before the leader fault situation, the position errors are bounded. When the leader  

breaks down, the distance error of the formation increases due to the reassignment of the vertices of the 

formation. After this reassignment of the followers, the distance errors converge to zero and are bounded. 

 

Figure 16. The mean distance error of the robots. 

The second scenario is the formation change situation where the formation is changed from a  

Y-shape formation, G1{L1{0, 0.5, 0.5, 0.5}, ψ1{0, 0, −2π/3, 2π/3}}, to a ∆-shape formation,  

G2{L2{0, 0.707, 0.707, 0.707}, ψ2{0, −π/3, π/3, π}}, at the time that the leader passes y = 1.  

Figures 17–19 show the performance of the proposed MLC structure and CPA algorithm in the 

formation change situation. The routes of the robots and snapshots of the second scenario are shown in 

Figures 17 and 18, respectively. As can be seen in Figures 17 and 18, four robots maintain the given 

formations without the rigid allocation and the high cost optimization algorithm. 

 

Figure 17. The routes of the robots in the situation of the formation change. 
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(a) (b) (c) 

  
(d) (e) (f) 

Figure 18. The snapshots of the situation of the formation change. 

In addition, to show the performance of the control and position allocation, Figure 19 shows the 

mean distance error of the four robots. In Figure 19, before the formation change, the position errors of 

the robots are bounded. When the formation shape is changed from G1 to G2, the distance error of the 

formation increases since the formation is reconstructed with respect to the changed formation shape. 

Also, it is ensured that the distance errors converge to zero and are bounded after the reassignment of 

the followers. 

 

Figure 19. The mean distance error of the robots 

5. Conclusions 

This paper proposes the multiple leader candidate structure and the competitive position allocation 

algorithm for formations of multiple robots, which can be applicable for various applications, 



Sensors 2015, 15 10788 
 

 

including environment sensing. By the proposed MLC structure, LC robots replace the lost (or broken) 

leader using the proposed CPA algorithm. This proposed CPA algorithm allocates the followers to the 

vertices of the formation using local information. The multi-robot system employing the proposed 

MLC structure and CPA algorithm achieves robustness against the member robot faults, decentralized 

position allocation without high cost optimization, and reduction of the moving cost. To ensure the 

feasibility and performance of the proposed algorithms in real multi-robot systems, we have provided 

not only simulation results, but also the results of the implementation in a real robotic system. 

Acknowledgments 

This research was supported by the Basic Science Research Program through the National  

Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT and Future Planning 

(NRF-2013R1A1A1012038). This research was also supported by the Ministry of Science, ICT and 

Future Planning (MSIP), Korea, under the “IT Consilience Creative Program” (IITP-2015-R0346-15-1008) 

supervised by the Institute for Information & Communications Technology Promotion (IITP). 

Author Contributions  

Ji-Wook Kwon designed the study, implemented the algorithm, and drafted the manuscript.  

Jin Hyo Kim prepared the hardware setup for the experiments. Jiwon Seo supervised the study and 

provided revisions and critical feedback. All authors participated in formulating the idea and in 

discussing the proposed approach and results. All authors read and approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Chaimowicz, L.; Kumar, V.; Campos M.F. M. A paradigm for dynamic coordination of multiple 

robots. Auton. Robots 2004, 17, 7–21. 

2. Lewis, M.A.; Tan, K.T. High precision formation control of mobile robots using virtual structures. 

Auton. Robots 1997, 4, 387–403. 

3. Seiler, P.; Pant, A.; Hedrick, K. Disturbance propagation in vehicle strings. IEEE Trans.  

Autom. Control 2004, 49, 1835–1841. 

4. Renfrew, A.; Villasenor, A.G.; Brunn, P. Contact bridging dampers for back-up on automated 

highways. IET Intell. Transp. Syst. 2007, 1, 167–175. 

5. Fahimi, F. Sliding-mode formation control for underactuated surface vessels. IEEE Trans. Robot. 

2007, 23, 617–622. 

6. Gu, Y.; Seanor, B.; Campa, G.; Napolitano, M.R.; Rowe, L.; Gururajan, S.; Wan, S. Design and 

flight testing evaluation of formation control laws. IEEE Trans. Control Syst. Technol. 2006, 14, 

1105–1112. 

7. Ryoo, C.K.; Kim, Y.H.; Tahk, M.J. Optimal UAV formation guidance law with timing constraint. 

Int. J. Syst. Sci. 2006, 37, 415–427. 



Sensors 2015, 15 10789 
 

 

8. Ren, W.; Beard, R.W. Formation feedback control for multiple spacecraft via virtual structures. 

Control Theory Appl. 2004, 151, 357–368. 

9. Juliá, M.; Gil, A.; Reinoso, O. Searching dynamic agents with a team of mobile robots. Sensors 

2012, 12, 8815–8831. 

10. Casbeer, D.W.; Kingston, D.B.; Beard, R.W.; Mclain, T.W. Cooperative forest fire surveillance 

using a team of small unmanned air vehicles. Int. J. Syst. Sci. 2006, 37, 351–360. 

11. Meng, Q.H.; Yang, W.X.; Wang, Y.; Zeng, M. Collective odor source estimation and search in 

time-variant airflow environments using mobile robots. Sensors 2011, 11, 10415–10443. 

12. Kwon, J.W. Cooperative environment scans based on a multi-robot system. Sensors 2015, 15, 

6483–6496. 

13. Kwon, J.W.; Chwa, D. Hierarchical formation control based on a vector field method for wheeled 

mobile robots. IEEE Trans. Robot. 2012, 28, 1335–1345. 

14. Tanner, H.G.; Pappas, G.J.; Kumar, V. Leader-to-formation stability. IEEE Trans. Robot. Autom. 

2004, 20, 443–455. 

15. Das, A.K.; Fierro, R.; Kumar, V.; Ostrowski, J.P.; Spletzer, J.; Taylor, C.J. A vision-based 

formation control framework. IEEE Trans. Robot. Autom. 2002, 18, 813–825. 

16. Park, B.S.; Park, J.B.; Choi, Y.H. Adaptive formation control of electrically driven nonholonomic 

mobile robots with limited information. IEEE Trans. Syst. Man Cybern. Part B Cybern. 2011, 41, 

1061–1075. 

17. Espinosa, F.; Santos, C.; Marrón-Romera, M.; Pizarro, D.; Valdés, F.; Dongil, J. Odometry and 

laser scanner fusion based on a discrete extended Kalman filter for robotic platooning guidance. 

Sensors 2011, 11, 8339–8357. 

18. Li, X.; Chen, H. An interactive control algorithm used for equilateral triangle formation with 

robotic sensors. Sensors 2014, 14, 7229–7247. 

19. Balch, T.; Arkin, R.C. Behavior-based formation control for multi-robot teams. IEEE Trans.  

Robot. Autom. 1998, 14, 926–939. 

20. Olfati-Saber, R.; Murray, R.M. Distributed structural stabilization and tracking for formations  

of dynamic multi agents. In Proceedings of the IEEE Conference on Decision and Control,  

Las Vegas, NV, USA, 10–13 December 2002. 

21. Guinaldo, M.; Fábregas, E.; Farias, G.; Dormido-Canto, S.; Chaos, D.; Sánchez, J.; Dormido, S.  

A mobile robots experimental environment with event-based wireless communication. Sensors 

2013, 13, 9396–9413. 

22. Meng, Z.; Ren, W.; Cao, Y.; You, Z. Leaderless and leader-following consensus with communication 

and input delays under a directed network topology. IEEE Trans. Syst. Man Cybern. Part B Cybern. 

2011, 41, 75–88. 

23. Kim, H.; Shim, H.; Back, J.; Seo, J.H. Stabilizability of a group of single integrators and its 

application to decentralized formation problem. In Proceedings of the Decision and Control and 

European Control Conference, Orlando, FL, USA, 12–15 December 2011. 

24. Cao, Y.; Yu, W.; Ren, W.; Chen, G. An overview of recent progress in the study of distributed 

multi-agent coordination. IEEE Trans. Ind. Inform. 2013, 9, 427–438. 



Sensors 2015, 15 10790 
 

 

25. Vasudevan, S.; Kurose, J.; Towsley, D. Design and analysis of a leader election algorithm for 

mobile ad hoc networks. In Proceedings of the IEEE International Conference on Network 

Protocols, Berlin, Germany, 5–8 October 2004. 

26. Lee, S.; Muhammad, R.M.; Kim, C. A leader election algorithm within candidates on ad hoc 

mobile networks. In Embedded Software and Systems, Lecture Notes in Computer Science; 

Springer: Berlin/Heidelberg, Germany, 2007; Volume 4523, pp. 728–738. 

27. Monteiro, S.; Bicho, E. Attractor dynamics approach to formation control: theory and application. 

Auton. Robots 2010, 29, 331–355. 

28. Monteiro, S.; Bicho, E. Robot formations: Robots allocation and leader-follower pairs. In Proceedings 

of the IEEE International Conference on Robotics and Automation, Pasadena, CA, USA,  

19–23 May 2008. 

29. Kwon, J.W.; Seo, J. Docking control on both stationary and moving stations based on a docking 

formation. Electron. Lett. 2014, 50, 436–438. 

30. Chwa, D. Tracking control of differential-drive wheeled mobile robots using a backstepping-like 

feedback linearization. IEEE Trans. Syst. Man Cybern. Part A Syst. Hum. 2010, 40, 1285–1295. 

31. Kanayama, Y.; Kimura, Y.; Miyazaki, F.; Noguchi, T. A stable tracking control method for a  

non-holonomic mobile robot. In Proceedings of the IEEE/RSJ International Workshop on 

Intelligent Robots and Systems, Osaka, Japan, 3–5 November 1991. 

32. Takahashi, H.; Nishi, H.; Ohnishi, K. Autonomous decentralized control for formation of multiple 

mobile robots considering ability of robot. IEEE Trans. Ind. Electron. 2004, 51, 1272–1278. 

33. Fredslund, J.; Matarić, M.J. A general algorithm for robot formations using local sensing and 

minimal communication. IEEE Trans. Robot. Autom. 2002, 18, 837–846. 

34. Kim, J.H.; Kwon, J.W.; Seo, J. Multi-UAV-based stereo vision system without GPS for ground 

obstacle mapping to assist path planning of UGV. Electron. Lett. 2014, 50, 1431–1432. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


