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Learning-Based Multi-Robot Formation
Control With Obstacle Avoidance

Chengchao Bai™', Member, IEEE, Peng Yan, Wei Pan™, Member, IEEE, and Jifeng Guo*~', Member, IEEE

Abstract— Multi-robot formation control has been intensively
studied in recent years. In practical applications, the multi-robot
system’s ability to independently change the formation to avoid
collision among the robots or with obstacles is critical. In this
study, a multi-robot adaptive formation control framework based
on deep reinforcement learning is proposed. The framework
consists of two layers, namely the execution layer and the
decision-making layer. The execution layer enables the robot to
approach its target position and avoid collision with other robots
and obstacles through a deep network trained by a reinforcement
learning method. The decision-making layer organizes all robots
into a formation through a new leader—follower configuration
and provides target positions to the leader and followers. The
leader’s target position is kept unchanged, while the follower’s
target position is changed according to the situation it encounters.
In addition, to operate more effectively in environments with
different levels of complexity, a hybrid switching control strategy
is proposed. The simulation results demonstrate that our pro-
posed formation control framework enables the robots to adjust
formation independently to pass through obstacle areas and can
be generalized to different scenarios with unknown obstacles and
varying number of robots.

Index Terms— Multi-robot systems, leader—follower formation
control, deep reinforcement learning, collision avoidance, forma-
tion adjustment.

I. INTRODUCTION

ORMATION control of multiple robots has received
extensive research attention in the past decades. Com-
pared with a single robot, a multi-robot system has better
robustness and can perform more complex tasks. Multi-robot
systems have broad applications in civilian and military areas,
such as agriculture [1], [2], search and rescue [3], surveillance
and reconnaissance [4], and environment exploration [5].
Several formation control methods have been developed,
such as a virtual structure method [6], [7], a behavior-based
approach [8], [9], and a leader—follower strategy [10], [11].
The leader—follower strategy has been widely applied because
of its simplicity and stability. However, it suffers from the
problem that obstacle collision occurs in practical applications,
because multi-robot systems often work in unknown and
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unstructured environments. Therefore, obstacle avoidance is an
essential ability for multi-robot systems during their operation.

Several methods have been studied to solve the obstacle
avoidance problem. Wu et al. [12] proposed a method called
IOAA to avoid obstacles by adjusting the angle between the
leader and follower robots. The detection range of the robot
is divided into five parts, and the angle is calculated by
judging which part the obstacle belongs to. Wen et al. [13]
used the artificial potential field (APF) method to solve the
obstacle avoidance problem. This method considers the obsta-
cle as high potential points, which produce repulsive forces
to expel all agents away from them. Vilca et al. [14] used a
limit-cycle approach as an obstacle avoidance strategy where
the robots avoid obstacles by tracking limit-cycle trajectories.
Xiao et al. [15] used the separation-distance scheme method
for followers to avoid collision. When the distance between
the follower and an obstacle is less than the safe distance,
the follower will maintain a fixed position relationship with a
virtual robot moving on the boundary of the obstacle to avoid
this obstacle.

The common drawback of the above mentioned methods
is that they assume the position of obstacles to be accurately
known but do not obtain the position of obstacles in detail.
Several methods have been proposed to address this gap.
Dai and Lee [16] proposed a geometric obstacle avoidance
control method to select waypoints for obstacle avoidance.
The waypoints are calculated by the intersections between
the measured range lines and the surface of the obstacle.
Luo et al. [17] used the histogram obstacle avoidance method
to avoid obstacles. The method searches for the navigation
direction by using the polar density of obstacles, which
is calculated on the basis of the weighted average of the
inverse of range data at each orientation of the sensors.
Fujimori et al. [18] proposed a reactive obstacle avoidance
technique based on the robots’ sonars. The obstacle avoidance
commands are selected by the direction of the obstacle, judg-
ing by the outputs of the fired sonars. Although these methods
have been successfully examined through experiments, they
have some limitations. A significant limitation is that the above
mentioned collision avoidance methods only have some fixed
patterns, leading to their failure in complex and unknown
environments beyond the pre-designed range.

The robot collision avoidance based on deep reinforce-
ment learning (DRL) has been extensively studied because
of DRL’s human-level performance on specific tasks [19].
Chen et al. [20] presented a decentralized multi-agent colli-
sion avoidance algorithm called CADRL, in which a value
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network encoding the estimated time to the goal is devel-
oped to generate an obstacle avoidance path. The value net-
work is initialized by supervised training and then refined
by DRL. Based on [20], a time-efficient navigation policy,
called SA-CADRL, adhering to common social norms was
developed [21]. This method enables a robotic vehicle to
move fully autonomously at human walking speed in an envi-
ronment with many pedestrians. Everett et al. [22] extended
their previous approach [21] by incorporating the follow-
ing two aspects: (1) the agents’ behavior rules are released
and the agents can follow any particular behavior rules and
(2) the long short-term memory (LSTM) [23] is used to enable
the algorithm to process an arbitrary number of states of other
agents. Besides, the distributed LSTM [24] can be used to
deal with large number of robots. Long er al. [25] presented
a decentralized sensor-level multi-robot collision avoidance
policy, which maps raw laser scanner measurements to an
agent’s velocity commands. The policy is trained by using
a policy gradient-based reinforcement learning algorithm. The
convolutional neural network (CNN) [26] is used to process
the raw sensor measurements. Fan et al. [27] further improved
their previous work [25] by integrating the learning policy into
a hybrid control framework, thereby enhancing the policy’s
robustness and effectiveness.

In this study, we focus on the leader—follower formation
control of networked multi-robot systems in an unknown and
unstructured environment with a critical focus on the ability
of collision avoidance by independently changing the forma-
tion. Inspired by the research mentioned above, we combine
the DRL method with the leader—follower formation control
framework to improve the performance of networked multi-
robot systems. The robots are equipped with a laser scanner
to sense the obstacles and a communication module to com-
municate with their neighbor robots within the communication
range. Motivated by [25] and [22], we use the LSTM to
process the observations of an arbitrary number of other robots
and the CNN to process the raw laser scanner measurements.
There are two differences between our work and [22], [25].
First, there is a cooperative relationship between robots,
and their target points have a definite position relationship
in the training process, which is determined by the initial
position relationship. Second, position information can be
exchanged between robots through communication instead of
using onboard sensors to estimate position information.

In comparison with the existing works, the main con-
tributions of this study lie in the following four aspects:
(1) A multi-robot adaptive formation control framework is pro-
posed. The analysis, discussion, and verification are provided
from the execution and decision-making levels. (2) DRL is
used to avoid collisions where the LSTM is used to process
observations of an arbitrary number of other robots and the
CNN is used to process the laser scanner measurements.
(3) A new leader—follower formation control strategy com-
bined with DRL is proposed. This strategy enables the robots
to adjust the formation shape independently when encounter-
ing obstacles. (4) Simulation results demonstrate that the pro-
posed formation control strategy generalizes well in situations
with different number of robots and various environments.
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Model of the mobile robot.

Fig. 1.

This paper is organized as follows. Section II provides the
preliminaries of this work. Section III describes the multi-robot
collision avoidance algorithm based on DRL. Section IV
introduces the proposed leader—follower formation control
strategy. Simulation results and corresponding discussions are
presented in Section V. Finally, Section VI concludes this
work.

II. PRELIMINARIES
A. Mobile Robot Model

The mobile robot model is shown in Fig. 1. The position
of the robot in a two-dimensional plane is represented as p =
(x,y) and the orientation is represented as ¢. The velocity
vector is denoted as v = [v, ], where v is the linear velocity
and o is the angular velocity.

The kinematics model can be represented as:

X =vcos¢
y=vsin¢ (1)
b=

In this work, v and w are the command inputs of the mobile
robot. The constraints of the command inputs are

[0] < Dmax )

|o| < Wmax
where vmax and wmax are the maximum absolute values of v
and o, respectively.

The mobile robot is equipped with a laser scanner to per-
ceive obstacles and a communication module to communicate
with other robots. As shown in Fig. 1, deom and dgeqn are
the maximum communication range and the maximum laser
scanner detection range, respectively. The laser scanner is a
180-degree laser scanner that provides 180 distance values per
scan. The mobile robot’s collision area is modeled as a disc
with radius R;. All robots operate homogeneously.

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2023 at 12:08:50 UTC from IEEE Xplore. Restrictions apply.
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Fig. 2. Leader—follower formation configuration.

B. Leader—Follower Configuration

The formation control of multiple robots is implemented
by the leader—follower approach. It is assumed that only one
among all the robots is aware of the formation’s target position
and this robot is chosen as the leader. The remaining robots
obtain the leader’s information through their communication
module and maintain a relative formation with the leader. The
formation is constructed by a L — y configuration as shown
in Fig. 2. L is the desired distance between the leader and
the follower, measured from the center of the leader to the
center of the follower. y is the desired angle from the positive
x-axis to the axis connecting the centers of the leader and
the follower. Given the leader’s position and the configuration
L — y, the follower’s target position is as follows:

x% =xp+ Lcosy

. (3)
yI% =yL+ Lsiny

C. Problem Statement

This paper considers the problem of formation control of
multiple mobile robots in an unknown environment, as shown
in Fig. 3. The objective is to navigate the robots from start
positions to goal positions while maintaining a formation and
ensuring that no collision occurs among robots or between
the robots and the obstacles in the environment. Each robot
perceives the obstacles using its laser scanner and broadcasts
its state information and receives the state information of other
robots using its communication module. Note that when the
robots encounter obstacles, the formation will change to avoid
obstacles. At this time, formation maintenance means that the
distances between the follower robots and the leader robot
are maintained within the communication range so that the
formation can still be controlled.

To solve this problem, we divide the formation control
framework into two layers. The top layer is the decision-
making layer, which provides a target point to each robot and
different control strategies according to different situations for
the leader and the followers. The bottom layer is the execution
layer, which provides the robots the ability to follow target

11813
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Fig. 3. Formation control in an unknown environment with obstacles.

points and avoid obstacles and collision with other robots. The
bottom layer is implemented by the DRL method as described
in section III, and the top layer is described in section IV.

III. DRL-BASED MULTI-ROBOT COLLISION AVOIDANCE

In this section, we present the key elements of our reinforce-
ment learning framework for multi-robot collision avoidance.

A. Problem Formulation

The multi-robot collision avoidance problem can be con-
sidered as a mobile robot moving on the 2D plane with
obstacles and other decision-making robots that can be treated
as dynamic obstacles with uncertainties. Therefore, the multi-
robot collision avoidance problem can be formulated as a
partially observable sequential decision-making problem for
a single robot. At each time step ¢, the robot is at the position
p:; it receives an observation o; from the environment and
computes an action a; (actually a velocity vector) that drives
it to approach the target position p, without collision with the
obstacles B (0 < k < M) and other decision-making robots,
whose positions are denoted by p;. The action a, is sampled
from a stochastic policy:

a, ~ g (a,]o;)

“)

where 6 denotes the policy parameters.

The objective is to minimize the expected travel time
E (ty|7p) of the mobile robot to reach its target position by
determining an optimal policy 7g:

argminE (tglng) %)
)

s.t. |Ipr—pell =2 Ry (6)

lpr —Bill > Ry, Vk €[1, M] (7

P: = Pg (8)

P =Pi—1 + At -3 9

where (6) is the collision avoidance constraint among robots,
(7) is the collision avoidance constraint between the mobile
robot and the obstacles, (8) is the target position constraint,
and (9) is the mobile robot kinematics constraint.

We solve this optimization problem through a reinforcement
learning method, which is presented in the next subsection.
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B. Reinforcement Learning Framework Design

The partially observable sequential decision-making prob-
lem introduced in section III-A can be described by a partially
observable Markov decision process (POMDP). A POMDP
has a six-tuple (S, A, P, R, Q, O), where S is the state space,
A is the action space, P is the state-transition model, R is the
reward function, Q is the observation space (0 € Q), and O is
the observation function mapping the system state to the obser-
vation (0 ~ O(s)) [25]. Reinforcement learning (RL) [28] is
a class of machine learning methods that can be used to solve
the partially observable sequential decision-making problem.
Let s; (s; € S) denote the environment state, o, (0; € Q) the
agent’s observed state, a, (a, € A) the agent’s action, and
r; (r; € R) the agent’s received reward at time ¢. The objective
of the RL agent is to learn a policy, zy (as|0;, 0; ~ O (s;)), that
selects an action a, given the observed state o, to maximize
the accumulated discounted return:

oo
k
G = Z VP Ttk
k=0

where y (0 < y < 1) is the discount factor.
The observation space, action space, and reward function
are described in detail below.
1) Observation Space: At time t, the current robot obser-
vation o, consists of the following four parts:
o As Fig. 4 shows, the relative target position of =
[dg, ag], which is a 2D vector representing the target
position in polar coordinates (distance and angle) with

(10)

respect to the robot’s current position. of is normalized
as follows:
d,/d, ifd, <d
dg — g/ n 1 dg <' n (11)
1.0 otherwise
0g = o0g/m (12)

where d,, is the value used to normalize the distance from
the robot’s current position to the target position, which
is related to the scale of the environment.

o The robot’s current velocity o} = [v;, ], which includes
the current translational and rotational velocities of the
robot. In this study, the norms of the robot’s translational
and rotational velocities are less than 1.0 (i.e., vmax =
1.0m/s, wmax = 1.0rad/s ), so the robot’s current velocity
o} is not normalized.

-
o Other robots’ state of = [o;‘,ofz,---o,",--- ,o;”],
rj ror
(o, = [dj,a

i1 =1.2,---n,j # i, where i is the
current robot’s index). o] is a sequence of 2D vectors
representing other robots’ positions in polar coordinates
(distance and angle) with respect to the current robot’s
position. It encompasses all other robots’ position infor-
mation within the current robot’s communication range.
The relative positions are listed in reverse order of dis-
tance to the robot to keep the most relevant information
in the process of feature extraction by a deep neural
network. o] is normalized as follows:

d; = d;/dcom
r: =
J

13)

A
o (Zj/ﬂ'
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Fig. 4. Relative target position o;g = [dg, ag] with respect to the robot’s

current position.

o The readings of the 2D laser range scanner o;, comprising
the last three consecutive laser scanner measurements
with 180 distance values per scanning and each measure-
ment having a maximum range of 5.0 m (i.e., dseqn =
5.0m). o; is normalized by dividing the maximum range
of a laser range scanner.

Thus, the current robot observation is represented as 0; =
[of, 0!, 0!, 07].

2) Action Space: The action space a; includes the trans-
lational velocity of and rotational velocity «f, that is,
a, = [vf,wf]. The translational and rotational velocities
are discretized as of = {0.0,0.5, 1.0}m/s and of =
{-1.0, -0.5, 0.0, 0.5, 1.0}rad/s, respectively. The action space
is composed of the translational and rotational velocities and
has 15 actions in total.

3) Reward Function: Our objective is to minimize the
travel time of the mobile robot to reach its target while
avoiding collisions with the other mobile robots and obstacles.
Therefore, a reward function is designed as follows:

_ .8 c a
re =1y +r, +ry

(14)

where r{ is the reward for reaching the target, r¢ is the reward
for avoiding collisions with other robots and obstacles, and r;’
is the reward for action.

The robot receives reward rtg for reaching its target:

¢ ]200 if |p; —pe|| <05

0.5 (|pi—1—pg | — [P —pg ) otherwise
(15)

The robot receives reward r/ for avoiding collisions:

—1.0 if [[pr —P:ll <2 Rgor [lp; —Bill < Rg

r{ =1 —0.3 elseif ||p;—p:ll <3 Ry or ||p;—Bll <2 Ry
0.0  otherwise

(16)
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Fully connected layer:
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—
B
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Value(1)
output_dim=16
L Q1)
Input: 0] (2x 1)
Advantages(15)

Input: 0f (2)

Input: 0, (2)

Fig. 5. Network structure.

The robot receives reward r{* for navigating smoothly, and
it is calculated by the difference between the current action
value and the last action value:

ré = —0.05 (|of — vy | + |of — &) (an

C. Network Structure

In this study, we use the dueling deep Q network
(DQN) [29] structure, shown in Fig. 5, to extract feature
information from the robot’s observation and learn the action
values for each action in the action space.

Inspired by [25], we use the first three hidden layers to
process the laser scanner measurements o;. The first hidden
layer uses the CNN to process the three input scans, com-
prising 32 one-dimensional filters with kernel size = 5 and
stride = 2 and applying ReL.U nonlinearities [30]. The second
hidden layer is similar to the first hidden layer except with
kernel size = 3 and stride = 2. The third hidden layer
is a fully connected layer with 32 rectifier units. Similar
to [22], we employ the LSTM to process other robots’ state
o;. The LSTM layer converts the other robots’ states into a
16-dimensional vector. The above two outputs are concate-
nated with the other two inputs (0f and o! ) and then are
fed into a fully connected layer with 128 rectifier units. The
output of this layer is simultaneously processed by two fully
connected linear layers to produce separate estimates of the
value and corresponding advantages of the 15 actions. Finally,
these outputs are combined to generate a single output with
15 action values.

Overall, the neural network maps the input observation o; to
an action value vector. The final action a; is chosen according
to the action values.

Fully connected layer:
output_dim=15

D. Training Process

1) Training Algorithm: We use double DQN [31] to train
our network model. In double DQN, the target is defined as

v = s+ O (Seer, argmax 0 (See1,a:6),67) (18)

where ;41 is the reward received at time 7 4+ 1, S;4; is the
environment state at time t + 1, 6; is the parameter of the
action-value function network Q to select an action, and 6,
is the parameter of the target action-value function network
Q to evaluate an action. The parameter 6; is updated at every
time step:

Orp1 =6+ (i — O (Sr,a1:60) Vo, O (81, a1, 6;)  (19)

where £ is a scalar step size (or the learning rate) and a; is the
action selected at time 7. The parameter 6, is only updated
with 6; every C steps.

2) Training Stage: Inspired by the curriculum learning para-
digm [32], we propose a two-stage training process. In the first
stage, we only train one robot on the scenario with obstacles,
allowing the robot to rapidly learn collision avoidance with
obstacles and navigating to the target position. Once the robot
completes learning, we stop Stage 1 and save the trained
network parameters. The network parameters will continue to
be updated in Stage 2, where the number of robots increases
to four. In Stage 2, we randomly select one of the four
robots as the trained robot at the beginning of each episode
and update its network parameters at every time step. Its
parameters are copied to the network parameters of the other
robots every N steps, which guarantees that the environ-
ment dynamics are stationary within N steps and makes the
learning more robust. The e-greedy strategy is used to select
actions and the Adam [33] optimizer is used to update the

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2023 at 12:08:50 UTC from IEEE Xplore. Restrictions apply.
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Algorithm 1 Double DQN for Multi-Robot Collision Avoidance
Initialize replay memory D;
if Stage I then
Initialize action-value function network Q and target action-value function network Q with random weights 8 and 6~

(0 = 67), respectively.
else

Initialize action-value function network Q and target action-value function network 0 with weights 6 saved in Stage
1. (Note: The weights of the selected trained robot’s action-value function network Q are denoted as 6 and those of
the other robots’ action-value function network Q are denoted as 6.)

end
for episode = 1: max-episode do
Reset the training scenario settings;

for step = I1: max-step do

for roboti =1, 2,...,n do
Get the observation of;
if i == 1 then

With probability ¢, select a random action;
Otherwise, select a! = argmax, Q (0;, a; (9);
else

‘ Select a] = argmax, Q (oﬁ, a; 9);

end

end

Store transition (ot1 cal,rl, ol

Sample random minibatch of transitions (o{ sal,r!

Set

r!

y| =

Perform a gradient descent step on (y{ -0 (0{ +
Every C steps reset 6~ =0,

Every N steps reset § = 6;

end

end

Execute action a! in the training scenario and observe reward r/ and next observation o

1°71- 07

Randomly select a robot from all the robots in the training scenario as the trained robot and set its index to 1;

t+1.
i 9

) in D (Note: store only the trained robot’s experience);

j+1) from D;

if episode terminates at step j + 1

rlj +y Q (o{, argmax, Q (0{+1, a; 6‘) ; 9_) otherwise

2
,d 9)) with respect to the network parameters 6;

parameters in both training stages. The workflow of the pro-
posed multi-robot collision avoidance algorithm is shown in
Algorithm 1.

IV. LEADER-FOLLOWER FORMATION
CONTROL STRATEGY

In the previous section, we explained how the robot learns to
navigate itself to the target, avoiding collisions with obstacles
and other robots. In this section, we combine this ability and
the leader—follower approach to implement the multi-robot
formation control.

In a multi-robot formation control setting, we define some
variables as follows:

¢ The minimum distance between robot i and the other

robots is denoted as ;™" (i =1,2,...,n);
o The maximum distance between robot i and the other
robots is denoted as a’ir"“"x i=1,2,...,n);

o The minimum distance between robot i to obstacles is
denoted as d;™" (i = 1,2,...,n);

o The leader is denoted by subscript L and the follower is
denoted by subscript F;

o The target of the formation is defined as the target of the
leader, which is given as p‘i = (x{, xi);

« The distance between the formation target and the leader
is denoted as d.

A. Leader’s Control Strategy
The control of the leader is considered in two situations:

o Situation 1:
min (d™, d;™) > dgge or df < min (d;™", d7™").
In this situation, the distances d;™" and d;™" are both
greater than the safe distance dsafe, Or the distance di is
less than the minimum of ;™" and d;™". This situation is
treated as a simple situation, and the leader is navigated

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2023 at 12:08:50 UTC from IEEE Xplore. Restrictions apply.
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straight toward its target by using the PID control
method.
« Situation 2:

min (d™, dj™) < dgug and df > min (d;™", d7™).
This situation is treated as a complex situation and we
use the trained network to navigate the leader to its target,
where the observation of = [df, af] denotes the target
position in the leader’s polar coordinate.

To ensure that the followers are within the communication
range of the leader, the action speed of the leader is controlled
as follows:

v =1 & (20)

. o§ (5/dy™) if dj™ > 5m
v} otherwise

The above equation indicates that the action speed of
the leader gradually decreases as the maximum distance
between the leader and the followers exceeds 5 m and then
increases, allowing the followers to move closer to the leader
faster.

B. Follower’s Control Strategy

The control of the follower is considered in three situations:
« Situation 1: min (™, d7™" ) > dgfe. In this situation,
the distances d7™" and d;™" are both greater than the safe
distance dg,f.. We use the PID control method to navigate
the follower straight toward its target. The follower’s
target position is calculated by equation (3), where L and
y define the shape of the formation relative to the leader.

o Situation 2: d;"™ < dgg and dp™ > dgfe. In this
situation, the distance d;-“““ is less than the safe distance
dsafe and the distance d;’,’"‘“ is greater than the safe
distance dgafe. We use the trained network to control the
follower, where the observation of = [d%., a%] denotes
the follower’s target position in the follower’s polar
coordinates. The follower’s target position is calculated
by equation (3).

o Situation 3: max (d;™", d7™ ) < dsfe. In this situation,
the distances d7™ and dj™ are both less than the
safe distance dsafe, Which is the most complex situation.
‘We use the trained network to control the follower, where
the observation of = [df-, af,] is different from the sec-
ond situation. The observation of means the following:

- df; is the distance to the follower’s target position
calculated by equation (3).
af, is the angle representing the center of the
selected robots in the follower’s polar coordinates
with respect to its current position as shown in Fig. 6.

The selected robots i meet the following conditions:

cos{lp — prl,Ipi —PFl) > 0,

G#F,i=12,---,n) (21)

The centers of the selected robots are calculated by

1 n
e= w2t

Y= a#p (22)
yczﬁ i Vi
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Fig. 6. Selected robots in situation 3.

Fig. 7.

Scenario used to train the collision avoidance policy.

where (x., y.) are the coordinates of the center of the
selected robots, N is the number of selected robots,
and i satisfies equation (21).

In situation 3, the robot is likely to collide with obstacles;
therefore, the formation shape must be changed to avoid the
obstacles. To keep the robot in the communication range,
the robot’s command direction is designed toward the center
of the selected robots, described by equation (21). This guar-
antees that the robot will approach the center of the formation
to avoid obstacles.

The Leader—Follower formation control strategy is summa-
rized in Algorithm 2.

V. SIMULATION RESULTS

We demonstrated the performance of the proposed for-
mation control strategy through a series of simulations and
confirmed excellent generalization capability of the proposed
method in these simulations. This section describes the simu-
lation results.

A. Training of the Multi-Robot Collision Avoidance Policy

1) Training Scenario: We created training scenarios using
gazebo! as shown in Fig. 7. In the training scenario,

1 http://gazebosim.org/
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Algorithm 2 Leader—Follower Formation Control Strategy

Initialize the environment settings (robots and obstacles);
Configure the formation shape (L and y);

Set the formation target position;

for roboti =1, 2,...,n do

if i == L then

if min (d;™", d;™") > dgage or

dj < min (d;™", d;™") then

Use the PID control method to navigate the
leader straight toward its target;

else
Use the trained network to navigate the leader

to its target;
end
if d;™ > 5m then

vy = v (5/d;™)

end

else

if min (47", d7"™") > dgase then

Use the PID control method to navigate the
follower straight toward its target, as calculated
by equation (3)

else if d;"" < dgfe and dy™ > dgfe then

Use the trained network to control the follower

to approach its target, as calculated by
equation (3)

else

Use the trained network to control the follower.

a’lg7 is the distance to the follower’s target
calculated by equation (3). a‘f, is the angle
representing the center of the selected robot that
satisfies equation (21) in the follower’s polar

coordinates with respect to its current position.
end

end
end

the cuboids and cylinders are the randomly scattered obstacles,
and the mobile robot model is the Jackal®> mobile robot. The

2http://wiki.ros.org/Robots/J ackal

8000 10000 12000 14000 16000

Episodes

Average reward curve in training Stage 1 and Stage 2. The reward is computed as the sum of the rewards accumulated in each episode.

TABLE I
TRAINING PARAMETERS IN ALGORITHM 1

Parameter Value
batch size 32
replay memory size 2000
discount factor 0.99
learning rate 0.001
max-step 500
C 500
N 10000
dn 3m
step size 0.1's

positions of the robots and obstacles are generated randomly
at the beginning of each episode (Note: to approximate the
formation situation, the relative distance between the robots
does not exceed 10 m). The target positions of the robots
are obtained by translating the robots’ initial positions for a
random distance.

2) Training Results: The network models proposed in this
study were implemented with TensorFlow [34] in Python
and the robots are simulated in gazebo. We trained the
multi-robot collision avoidance policy on a computer with an
19-9820X CPU and an Nvidia GTX 1080ti GPU. The model
was trained within 8 h in Stage 1 and 3 h in Stage 2. The
training parameters in Algorithm 1 are summarized in Table I
and the parameters of the mobile robot are listed in Table II.
The safe distance dgare Was set as 3.0 m. In particular, the max-
episodes in Stage 1 and Stage 2 were 5000 and 10000,
respectively. We set ¢ to decrease linearly from 1 to 0.1 in
the first 3000 episodes in Stage 1 and 0.5 to 0.1 in the first
7000 episodes in Stage 2.

We record the average total reward of each 50 episodes. The
results are shown in Fig. 8 and indicate that the average reward
converges to approximately 24 after training 2500 episodes
in Stage 1. This suggests that the robot’s policy converges
to a robust performance in a static environment and can
navigate the robot to its target effectively without collision
with obstacles. In Stage 2, the average reward at the beginning
of training is higher than that in Stage 1 because of two
reasons: (1) the policy used in Stage 2 has learned the ability to
navigate the robot to its target without collision with obstacles;
(2) ¢ is initialized to 0.5, resulting in the robot reaching
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TABLE 11
PARAMETERS OF THE MOBILE ROBOT

Parameter ~ Value
decom 10 m
dscan S5m
VUmax 1 m/s
Wmax 1 rad/s
Ry 0.5 m

its target with a higher probability and thus receiving more
rewards. The average reward in Stage 2 is less than that in
Stage 1 because the environment in Stage 2 becomes more
complex with the addition of robots.

B. Multi-Robot Formation Control

We used four mobile robots to verify the proposed
leader—follower formation control strategy. The results are
shown in Fig. 9.

Fig. 9(a) shows the trajectories of the entire formation.
The stars represent the mobile robots and the red circles and
rectangles represent obstacles. The dotted line is the trajectory
of the leader and the solid lines are the trajectories of the
followers. The configured formation at + = 0 s is as follows:
Lp, = 3m, yp, = 135°, Lp, = 4m, yp, = 180°,
Lp, =3 m, yp, = —135°. Initially, the four mobile robots
form a diamond shape and their directions point to the target
point. The formation shape independently change at t=10 s,
t=20 s, and =30 s when the robots encounter obstacles.
Thus, the formation can easily pass through obstacle areas.
The formation shape returns to the initially configuration at
t =45 s when it leaves the obstacle area.

Fig. 9(b) shows the minimum and maximum distances
between the robots and the minimum distance from the robots
to the obstacles. The minimum distance between the robots
is greater than 1.8 m during the entire simulation process,
implying that there is no collision between robots. The max-
imum distance between the robots is less than 6 m during
the entire simulation process, indicating that all robots can
communicate with each other (the maximum communication
range is 10 m). The minimum distance from the robots to the
obstacles is greater than 0.5 m during the entire simulation
process, implying that there is no collision between the robots
and the obstacles.

Fig. 9(c) shows the distances from the robots to their
target points. The distance from the leader to its target
point decreases linearly with simulation time, indicating that
the leader has been approaching its target point during the
simulation process. The distances from the followers to their
target points are always changing according to the environment
the follower encounters. In particular, the distances from the
followers to their target points change dramatically during
the period from + = 10 s to t+ = 30 s. This is because the
robots need to change the formation shape to pass through the
obstacle area when they encounter obstacles.

The above results demonstrate that the developed
leader—follower formation control strategy enables the robots
to adjust the formation shape independently to avoid collisions
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Fig. 9. Formation control results using four mobile robots.

with obstacles and the other robots and maintain all robots
within the communication range.

C. Generalization Tests

We performed two test cases to verify the generalization
ability of the proposed leader—follower formation control
strategy.
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Fig. 10. Results of test case 1 (six mobile robots).

1) Case I: In the first test case, we increased the number
of robots but kept the environment consistent. The results of
the first test case are shown in Fig. 10.

Fig. 10(a) shows the trajectories of the whole formation with
six mobile robots. The configured formation at + = 0 s is as
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Fig. 11. Results of test case 2.

follows: Lpy, =3 m, wr, = 135°, Lp, =5 m, yp, = 157.5°,
Lp,=4m, yp, =180° Lp, =5m, yp, = —157.5° Lp, =
3 m, yp, = —135° As Fig. 10(a) shows, the robots can adjust
the formation shape independently at + = 10 s and t+ = 20 s
to avoid collisions when they encounter obstacles. Fig. 10(b)

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2023 at 12:08:50 UTC from IEEE Xplore. Restrictions apply.



BAI et al.: LEARNING-BASED MULTI-ROBOT FORMATION CONTROL WITH OBSTACLE AVOIDANCE

shows the minimum and maximum distances between the
robots and the minimum distance from the robots to the
obstacles. No collision occurs and the robots are always within
the communication range during the entire simulation process.
Fig. 10(c) shows the distances from the robots to their target
points and indicate that the leader is always approaching its
target point and the followers adjust their positions to pass
through the obstacle area, which is consistent with Fig. 9(c).

2) Case 2: In the second test case, we changed the envi-
ronment but kept the number of robots constant. The results
of the second test case are shown in Fig. 11.

Fig. 11(a) shows the trajectories of the whole formation. The
configured formation is the same as that in section V-B. When
the robots encounter obstacles, the formation shape changes
at t+ = 10 s to pass through the obstacle area; this indicates
the robots can adjust different formation shapes according to
varying environments. Fig. 11(b) shows the minimum and
maximum distances between the robots and the minimum
distance from the robots to the obstacles; no collision is
observed and the robots are always within the communication
range during the entire simulation process. Fig. 11(c) shows
the distances from the robots to their target points. The leader
is always approaching its target point and the followers adjust
their positions to pass through the obstacle area, same as the
results of case 1.

The above results show that our developed leader—follower
formation control strategy can be generalized into different
scenarios, including the scenario with different number of
robots and various obstacles. The generalization ability of the
formation control strategy owes largely to the generalization
ability of the trained neural network, which has strong feature
extraction capability and shows robust performance in different
situations.

VI. CONCLUSION

This study developed a leader—follower formation control
strategy for multi-robot systems. The formation control strat-
egy is divided into two levels. The lower level controls each
robot to approach its target and avoid collisions by using the
deep network trained by the double DQN method. The dueling
DQN structure effectively extracts features using the LSTM to
process the observations of an arbitrary number of other robots
and the CNN to process the raw laser scanner measurements.
In addition, two stages of training are performed to enhance
the robustness of learning. The higher level controls the
leader and the followers separately according to their situation.
The PID control method is employed in simple situations
and the trained network is employed in complex situations.
In particular, the follower’s target position is selected carefully
in complex situations. Finally, simulations were performed to
confirm the effectiveness of the proposed method. The simu-
lation results demonstrate that the proposed leader—follower
formation control strategy enables the robots to adjust the
formation shape independently when they encounter obstacles
and can be applied to different scenarios with varying obstacles
and number of robots. In the future work, we will investigate
the problem of packet drops and communication delays among
robots that is not considered in this study.
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