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1 | INTRODUCTION

Jinghui Deng © |

KunZhou | TaoYu | JunSong | Shuping He

Abstract

This work addresses a time-sensitive coverage control problem for multiple non-
holonomic mobile robots. The coverage objective is evaluated by the total arrivial time
of robots reaching their dominant clients with the predefined constant but heterogeneous
velocities. An extremum-seeking control framework is proposed, including a numerical
optimizer that iteratively produces the optimal waypoints of robots minimizing the total
arriving time and a state regulator that drives the robot’s positions to the optimal locations
under both constraints non-holonomic kinematic model and the constant-velocity. An
improved K-means algorithm is first designed to produce the waypoint sequence. A the-
oretical analysis of the convergence of coverage objectives is provided. Then a fixed-time
state regulator for the robot’s angular velocity is derived from regulating robot positions to
the desired waypoints within each time step that varies with the heterogeneous traversing
velocity and the distance between waypoints. Finally, the results are validated by a virtual
robotic simulation platform and the experiment on real robots, showing that the proposed
methods can efficiently deploy multiple heterogeneous robots for time-sensitive services to
clients with a discrete distribution. The simulation and experimental code are open-sourced
at https://gitee.com/ahu-icip/simulation.git.

the domain is covered, where a continuous-time variation of
Lloyd’s algorithm based on gradient descent updating law was

Recent years have witnessed the rapid development of coverage
control as one of the most important research in multi-robots
because of its wide application in military, research and rescue
mission, environmental monitoring, space exploration, and so
n [1-3]. The basic meaning of coverage control is that the
robots could be well-deployed in their dominant region given
the detected distribution of clients, such that robots could effi-
ciently provide their services to the clients according to some
predefined metrics (e.g., Euclidean distance).
Early works attempted solving the coverage control by
the minimization of a locational cost indicating how well

proposed in [4]. Hereafter, more techniques were developed,
such as detection probability, Voronoi diagram [3], enetgy
consumption [5] and localization [6]. Specifically, inspired by
the method of central Voronoi partitions [7] and the location
optimization problem in literature [8], Cortes et al. [4] defined
a new problem of coverage control for multi-vehicle systems.
It designed a distributed control law to optimize the position
of multiple vehicles to achieve sensing measutement of the task
area. After that, based on the gradient descent of the cost func-
tion and the Voronoi partitions, many researchers have further
studied the coverage control problem of mobile agent networks
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and considered the physical constraints of mobile agents such
as speed limit [9, 10], limited sensing or communication range
[11], information density [12] in the task area, and so on [13]. In
[14], the authors studied the effect of measurement error on the
coverage cost function. The coverage cost function was defined
as the maximum time for mobile sensors network to any
point on the circle. In [15], the author proposed a distributed
control method based on Voronoi tessellation and Delaunay
graph-based local information sharing to achieve continuous
coverage performance of multi-agent system. In [16], a dis-
tributed control law is proposed to solve the coverage control
problem for mobile sensor networks with limited communica-
tion ranges on a circle. Literature [17] studies the problem of
uniform coverage control when the number of neighbours of
each mobile agent is limited. Lekien and Leonard [18] proposed
a coverage control law using a statistical histogram transforma-
tion and solved the problem of non-uniform coverage control
in a plane with a non-Euclidean distance measure. Literature
[19] studied the coverage control of a group of mobile agents
in intermittent communication over the non-uniform plane.

In many practical scenarios of covering tasks, the multi-robot
system is usually heterogeneous due to the different motion
mechanisms, which leads to the practical idea in coverage con-
trol problem that a faster robot is responsible for a larger area
than a slower one in [9, 20]. They resize the Voronoi cells
(the area the robot is responsible for) through an additively
weighted Voronoi diagram. More coverage control works for
heterogeneous robots can be found since then. In [21], the
authors introduced a novel formulation for sensor coverage by
multi-robot teams with heterogeneous sensing capabilities that
maximize each robot’s sensing quality, balancing the varying
sensing capabilities of individual robots based on the overall
team composition. [22] considered the coverage of different
terrain types by different mobility types of robots, and each
robot has its corresponding specific terrain type. In [23-25],
the scholars studied the problem of multiple event types region
effectively monitored by the robots detecting specific events.
The coverage control for mobile sensor networks with limited
communication ranges was addressed in [16], where a dis-
tributed control scheme with input saturation is developed to
drive the sensors to the optimal configuration without network
connectivity of the sensors. Other variations on these topics
include energy consumption considerations.

Most previous works only considered the maximization of
coverage area with spatial service or the minimization of cover-
age energy consumption [5, 10, 26, 27]. However, the coverage
deployment of robots with temporal service is also very impor-
tant for many practical applications, such as search and rescue
tasks. The main objective is to act as soon as possible and pro-
vide services, that is, to minimize the time for a group of mobile
agents to reach each point in the task area. For example, let us
consider deploying ambulances in a residential area. It is not to
detect where the patient is, but to get the ambulance to the
patient’s location as quickly as possible. There are two main
stages. The ambulances (robots) must distribute themselves
effectively in the first stage. In the second stage, when a patient
is detected, the ambulance is driven to the patient at maximum
speed and provides first-aid treatment. As considered in [28],

the deployment problem of robots with temporal services is
called time-sensitive coverage control in this paper. In this work,
a coverage control method is proposed based on multiplicatively
weighted Voronoi diagrams for robots with different maximum
speeds in continuous disttibution which minimizes the time for
each agent to reach any points in its region of dominance.

However, [28] did not consider how to solve the time-
sensitive coverage control problem for a heterogeneous
multiple-robot system with a discrete distribution. The K-means
algorithm proposed in [29] can solve the problem of discrete
distribution for clients. It is an important analysis method in
data mining, whose goal is to divide the data set into several
clusters, making the clients within the same cluster similarity
as large as possible and the clients of similarity between dif-
ferent clusters as small as possible. We can regard the clients
within the same cluster as a whole as being covered by a robot.
Therefore, the coverage control problem is combined with the
K-means algorithm to obtain a new coverage control method
to solve the coverage problem that is difficult to be solved by
the previous coverage control methods. The authors in [30]
proposed a novel coverage control method based on K-means,
which can cover non-convex specific areas and discrete clients.
They designed a dynamic coverage control law based on dis-
crete sliding mode control to drive the mobile agents to the
optimal coverage position. In [31], researchers studied coverage
control for heterogeneous mobile sensor networks on a circle,
which deployed five mobile sensors with different maximum
velocities. They solved time-based coverage control on a circle,
and mobile sensors keep their spatial position order in position
evolution.

Based on the abovementioned discussion, this paper con-
siders the time-sensitive coverage control for non-holonomic
and heterogeneous robots for clients with discrete distribu-
tions. We utilize the K-means algorithm to complete the first
stagethat is, effectively deploying the robots around the mis-
sion space by minimizing a cost function based on the minimal
arriving time. Subsequently, the corresponding controllers are
designed to drive the robots to the optimal locations that min-
imize the cost function. Moreover, the deployment achieves
effective coverage based on the minimal arrival time rather than
the euclidean distancethat is, the time-sensitive coverage control
problem is solved.

The main contributions are as follows:

(1) In this paper, the time-sensitive coverage control of non-
holonomic heterogeneous robots with constant speed is
considered, and an extremum-seeking control framework
is proposed for the time-sensitive coverage control prob-
lem such that its solution can be uniformly derived by a
numerical optimizer producing the local optimal robot loca-
tions and a state regulator driving the robots to its desired
deployment.

(2) We extend the K-means clustering algorithm as presented in
[30] to the time-based coverage services of clients with a
discrete distribution. Strict proof of its convergence is pro-
vided. Because of the non-holonomic mobile robots with
constant-velocity constraints, a novel fixed-time control law
is proposed.
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(3) Results from both simulation and real-platform expet-
iments are presented to validate the correctness and
effectiveness of the proposed methods. Simulation and
experimental code have been open-sourced.

2 | PROBLEM FORMULATION

Consider a network of » mobile robots moving in
a  two-dimensional mission space F € R2.  Denote
P = {p1,p2,...,pm} the set of all robots, where p,EF is
the position of /th robot. In contrast to the previous work, a
non-holonomic kinematic model is considered for all robots,

X; cosf; 0
i
Ji|=|sin6;, 0 [ ] @)
. W,
6; 0 1

where x; and y; are coordinates of the /th mobile sensor in
the two-dimensional plane. 6; is the angle between the veloc-
ity direction of the /th mobile sensor and the positive x-axis. ;
and w; represent the robot’s linear and angular velocities, respec-
tively. Given 4 = {A4,4,,...,4,} a set of positive constants,
in the following, we explicitly consider the constant-velocity
constraint for all robots that is

v; = )l[,vp[ S 7) (2)

There are simultaneously # clients around the space, denoted
by D = {x{, x5, ..., x,}, where x; € F is the position of the
Jth client. The robots are dedicated to providing some time-
sensitive services to clients, for example, a mobile fire truck
to provide fire-fighting service or an ambulance for emergency
medical service. Therefore, the quality of service of each client
is mainly evaluated by the minimal arriving time of robots that
is

llx; = pll2
t;(P) = min ————— 3
(P) - 3)

Without loss of generality, we assume 7 >> » implying each
robot is responsible for multiple clients. Therefore, the overall

objective function is defined as

HP) = Y 1 Q)

xjeD

Inspired by the extremum seeking control strategy as pro-
posed in [32, 33], the framework of the time-sensitive coverage
control problem considered in this paper can be formulated as
follows:

* Step 0: Given the initial robot positions P’, set 4, = 0 and
k=0.

* Step 1: According to the known clients distribution D, pro-
ducing the local optimal location of robots P**! such that

/ Robot dynamics Other robot states p; / Objective Function
& cosf; 0 \—)

> . v;
Yi | = | sinb; 0 [ ] _ T H(P) = Z &
|:9,:| |: @ 1:| w; Robot states p; = [z;, ;] B =
\ J o
ﬁ wi(t)
FIC"::;(‘:?:::" BLeps: 4 Nllmv:ristt:lp()2 :timinr
= State Regul < L

v =N\

\

w; P* = argmin H(P)
To other
robots

FIGURE 1 The structure of the control law of the time-sensitive
coverage control problem.

the objective function achieves its minimum,
P&t = OPTIMIZER (7 (P%))

* Step 2: Designing a state regulator »; for all robots that reg-
ulates the position P(7) to P*T! under the constraints of
(1)—(2) in a finite time &, let £y = # + &, which implies

P(te4r) = P

whete §, is a time-varying time step determined by the
distance between consecutive waypoints and the constant
traversing velocity of robot.

* Step 3:Set £ < £+ 1, go to Step 1.

Remark that the undetlying problem is similar to [28], where
mobile robots are deployed to monitor a continuous mission
space with different maximum speeds. In contrast, this work
explicitly focuses on the discrete distribution of clients and
the robots are all subject to the constant-velocity constraint.
Therefore only the angular velocity »; can be controlled. The
under-actuation is one of the major challenges in optimiz-
ing the aforementioned problem. It is necessary to consider
the constant-velocity constraint to guarantee the punctuality of
time-sensitive services for every client.

Besides, the time-sensitive coverage control problem is
mainly for multi-robot systems with different mobility. The
problem considers how to deploy robots that can detect events
and rapidly arrive at the events. For example, the purpose of a
fire engine is not only to detect a fire but to know where there is
a fire and arrive as soon as possible to extinguish it. Therefore,
the faster robot should be responsible for mote clients than the
slower one. Finally, we designed the overall objective function
based on time instead of distance. The time-sensitive coverage
control problem is the overall objective, while the fixed-time
control is a method to regulate robots reaching desired way-
points. Specifically, the time-sensitive coverage control includes
two parts: optimizing the temporally locational cost to produce
optimal deployment of robots and then controlling the robot
to reach the optimal deployment. The first part is determining
the optimal coverage positions, where the K-means algorithm is
applied. The second part, that is, the fixed-time controller, aims
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to make the robot quickly reach the optimal coverage position
given the constant-velocity constraint.

Lastly, the extremum-secking control framework, as shown
in Figure 1, is an optimal control approach that deals with
situations when the plant model and the cost to optimize are
not available to the designer. It is useful for adapting parameters
to unknown system dynamics and unknown mappings from
control parameters to an objective function. Therefore, it is
suitable for the time-sensitive coverage problem where the
temporally locational cost should be minimized (or maximized).

3 | MAIN RESULTS

The overall problem includes two main parts, the numerical
optimizer and the state regulator, respectively. Firstly, we com-
bine the K-means algorithm and coverage control problem to
design a numerical optimizer to produce the local optimum of
robot positions. We also provide strict proof of the convergence
and optimality of the objective in (9). We then design a state
regulator incorporating the fixed-time control law regarding
non-holonomic dynamics and constant velocity constraints.

3.1 | Numerical optimizer for the
time-sensitive coverage control problem

This subsection details the numerical optimizer for discrete
clients’ time-sensitive coverage control problem given the ini-
tial position. Given the initial position of robots P, we firstly
define the dominance of /th robot as

;= pll llx; = p,ll
:{Vx D| AP /lfk ,VpkeP“’}

®)

V£ € {0,1,2,..}, where £is the index of updating iteration.
Note that according to the definition, the corresponding
robot of the dominance set C; is the fastest node that can pro-
vide the time-sensitive service to all clients that are included
in the set. Therefore, the client space D is clustered by the
overall set C = {C;,C,,...,C,,
time Then we can define the centres of each cluster in C as

={p. B ,pf}} by

} according to the fastest arrival

= Z %, Vi €4{1,2, ..., m} ©)

C/ /EC

where we denote N+ the number of client in C[’é

7
The following lemma presents an updating law for searching
the optimal location and its convergence,

Lemma 1. Given the initial robot positions P° and the dlients D, if
robot optimal positions are updated according to

pt = Pt

then the objective function H in (4) is monotonically decreasing, that is
H(PHY < H(P*)

Proof. Given the initial robot positions P, we can derive the
updating chain according to (5)—(6):

PPl
- |
Firstly, we show that the centre p,

is the closest point to

all clustered clients Vo ;€ Cf’ once a cluster Cf’ is determined,
that is 7 (P*,C*) > H(P*!,C*). Assuming there is an arbi-
trary position g € F, then the overall distance of the cluster C[k

corresponding to /th robot has

2 lee, =370 + @ = 2l1?

.\'CA»
Dllx, —gl? =
j=1

-kl = k+1
—Z<||x TP+ 1 -2

+20x, = PO (B = %)

/el = k+1
* ||2+2|| -zl

Nek
=2 llx; =
/=1

x;+1)T s} T

+22(xT Pt — b —x; g+ (])f“)rz)

Term A

)

Recalling the definition of ])l/6 in (6), term A can be reformulated
as

Nc <p/<+1 )Tﬁ/-éﬂ

—ch<p/<+1)Tz+che<pk+l>Tz] ®)

T
Term A =2 [che (p/g-H > 1_)/5+1

=0
Therefore, we can get

—k+1
Dol ==l > )l — 5
j:l /:1

where equality holds if and only if g = ])f“. Since the robot
has a constant traversing velocity 4,, the objective function
H (P) also achieves its minimum at g = P**!, Therefore we
can conclude that

[—[(Pk""l, Ck) < H(Pé, C/é) (9)
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Next, we consider the case where there exists client x; €
D such that different robots between two consecutive itera-
tions cluster it to compare the objectives H (P*t1,C*) and
H P, CH . Let’s denote the set of such clients by

D={x;, €D|x € C;i,xi € Ci“,z'p # i}

where 7, and 7, represent the index of clusteting robots at £ and
£+ 1 iteration of the client x;.
Then subtracting two consecutive objective functions yields.

H(p/é+1’ C/é+1) _ H(pk+1’ Ck)

-3

x,-eﬁ

13
lle; = 0 N =2 (10)
i B A;

n Zp

According to the definition in (5),

e, = 0 Ml = 2 A
— < ,VieD
i /L'p
Therefore we can derive
H(p,é+1’ C/é+1) < H(pk+l , Ck) (11)

Combing the results in (9) and (11) proves Lemma 1. [l

By comparing with the work in [30], both consider the cov-
erage control for discrete clients and leverage the K-means
algorithm to cluster the dominant area for each robot. How-
ever, [30] assumes a point-mass model and identical kinematics
of robots. The coverage objective can only represent the spa-
tial services that is, only the relative distances between robots
and their dominant clients are considered as the objective.
This paper, however, studies the coverage control for tem-
poral service, and the non-holonomic kinematic model with
heterogeneous but constant-velocity constraints is considered.

3.2 |

law

State regulator using fixed-time control

This subsection details the design of the state regulator by
using a fixed-time control law. Regarding point-to-point con-
trol of the robot with a constant velocity, the design of a general
control method for the angular velocity of the robot will lead
to an insufficient angular velocity, leading the driving distance
longer, as depicted in Figure 2. As a result, the general con-
trol method will degrade the performance of the time-sensitive
coverage problem. What is worse, the robot may keep rotating
around the destination if its initial position is too close under
the constant-velocity constraint.

In order to make the robot efficiently reach the optimal loca-
tion computed from (5)—(0), the fixed-time control theory is
introduced in the following,

2.50

—— the desired trajectory

2.25 —— the trajectory of PID algorithm

2.00 4
1.75 A
£ 150
>
1.25 A
1.00 A

0.75 4

0.50 T T T T T T T
0.50 0.75 1.00 1.25 1.50 175 2.00 2.25 2.50

x(m)

FIGURE 2  The red trajectory is the expected trajectory of the robot from
[2,2] to [1,1]. The purple trajectory is the robot driven by the PID controller.
The PID controller can not make the robot reach the target point accurately,
and the driving trajectory becomes longer, which degrades the performance of
the time-sensitive coverage problem.

goal

Axi

1
=
B

FIGURE 3 Coordinates transformation into polar coordinates.

Lemma 2. (/34]). Suppose there exists a continuonsly differentiable,
positive definite, radially unbounded function V such that

Vi) =0=>xeM (12)

I (x(¢)) < —al7P(x(0)) = BV (x(9) (13

Sorall x # 0, where a, b > 0,0 < p< 1, g > 1 and M C R”. Then,
the system is fixed-time stability, and the time of convergence T is uniformly

bounded as T < ! +;.
a(l=p)  blg—1)

In addition, we reformulate the kinematic (1) under the polar
coordinates as shown in Figure 3,

. —cosat; 0
Pi v;
[. ] =| sina; [ ] (14)
a; —1||w;
Pi
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where p; and a; respectively represent the distance from the
robot to the target point and the included angle between
the velocity direction and the target direction, which can be
mathematically denoted by

pi= \/AXZ-Q + Ajf

a; = arctan(/\y;, A\x;) — 6; 15)

and »; inherits the constant-velocity constraint in (2). Only the
angular velocity @, can be controlled.

In order to drive the mobile sensor to (o;, ;) = (0,0), we
design the state regulator w; as follows

1\/ 1\7
Q)/'=¢Z'+ﬂ<§) al.zf’_l_i_b(z) 062-27_1+/é06,- (16)

where

SINQ;v;

b=

Design the Lyapunov function as follows
[
Wi@) = 5% a7

The derivative of (17) is as follows

W) = aa; (18)
From (14) can get d; = % —w,
. Siﬂaﬂ/[‘
S e (19)
Pi

1 2 ’ 1 2 1 2
=‘“(§“i> ‘h(z“f) A

= —alV (@) — W}’ (@) — kat?

IA

—aW! (@) — bW (@) (20)
We can get
Wia) < —aW (@) — bW, (@) @)
According to Lemma 2, it is proved that the controller is
fixed-time stable.

We set

8. =75 (22)

where 0 < 7 < 1 is a constant coefficient determining the time
step between two consecutive waypoints from the K-means
algorithm. The principle of choosing parameters 4, b, p, ¢ in (16)
need to satisfy the following inequalities:

1 + 1 <5
al=p)  bg=1)" "~

(23)

Remark that 8, is the time-varying convergence time of the
angular velocity between two consecutive waypoints from the
K-means algorithm, which depends on the distance between
two consecutive points 0; and the constant coefficient 7).

Then we can derive our main results as follows:

Theotem 1. Given the initial robot positions P° and the client
distribution D, then

1. If the numerical optimizer is designed as (5) and (6), the objective
function is monotonically decreasing.

2. If the state regulator of each robot is designed as (16) with its coeffi-
cients satisfying (23), the non-holonomic robots can reach their desired
positions even with constant-velocity constraints.

The proof of this theorem is clear according to the Lemma 1
and the analysis above and thus is omitted.

4 | SIMULATIONS

In this part, to prove the effectiveness of our method, we
conducted a numerical simulation and Gazebo(physical simu-
lation platform) simulation, respectively. Two hundred clients
are randomly generated in a workplace(10 m X 10 m). We
set up four mobile robots to cover the clients according to
the known position of clients. The initial positions of robots
1 to 4, respectively are [1, 2], [0.5,1.5],[1.5,0.5],[0.5,0.5], as
shown in Figure 4(a,b). Their constant velocities, respectively,
are [0.5,0.6,0.7,0.8]. Figure 4(a) is the ideal trajectory in numer-
ical simulation, and Figure 4(b) is the actual robot’s trajectory
in Gazebo.

In Figure 4(ab), the four yellow triangles represent the
robot’s initial position, and the red, blue, green, and black lines
represent the trajectories of robots 1 to 4. The clients covered
by the four robots are respectively red, blue, green, and black
points. From Figure 4(a,b), we can see that robot 1, with the
smallest velocity of 0.5, covers the fewest clients, while robot
4, with the largest velocity of 0.8, covers the most clients. This
indirectly proves the effectiveness of our time-based coverage
control method.

Each robot’s trajectory passed through three points that got
by our numerical optimizer, where robot 1 passes through
[1.82,3.33], [2.51,4.58], [2.03,7.82], robot 2 passes through [0.95,
1.88], [1.50,2.40], [2.14,2.91], robot 3 passes through [3.58,1.76],
[5.15,1.88], [7.44,1.85], and robot 4 passes through [3.50,4.90],
[5.55,6.40], [6.66,7.03]. As can be seen from Figure 4(c), when
the robot has a new target point, & of the robot will jump.
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FIGURE 4 Virtual robotic simulation results with Gazebo environments.

According to the controller we set for &, & can quickly converge
to 0 after each a jump.

In Figure 4(d), the monotonically dectreasing curve is the
change in the average time for robots to reach all clients cov-
ered by themselves as simulation time progresses. According
to this curve, we can see that the mobile robots’ network
coverage performance is gradually improving with the robots
moving.

Besides, we also compare our methods with the existing work
[28] where a gradient-based controller is proposed for the cover-
age control of time-sensitive services, and [30] where a planning
algorithm based on K-means is proposed for the coverage con-
trol of the discrete event. In [28], the clients are assumed to
be continuously distributed in the mission space. The compar-
ison is made by evaluating the final objective function of the
total minimal arrival time of 50 clients with four robots. Two
hundred trials of the previous simulation are done for each
method to summarize the statistical characteristics. The com-
parative results are shown in Figure 5. The blue rectangle in
the figure represents the distribution of the results of 200 tri-
als, and the red horizontal line represents the mean value of
the results obtained from 200 trials, where our numerical opti-
mizer and state regulator achieve better performance regarding
the average arrival time providing by robots’ final optimal
locations.

(b) Actual robots trajectory in Gazebo
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FIGURE 5 The performance comparison among [28, 30] and the
proposed methods, where the vertical coordinate is the average time for the
robots to reach all clients.

5 | EXPERIMENTS

This experiment develops two real robots covering 50 discrete
clients'. We set up a camera in our lab and leverage the software
WhyCon [35] (WhyCon is a vision-based localization system

! More details can be found from our recorded experimental video from https://youtube/
IqwV1cr2sAA
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FIGURE 6 Experimental results using two moving turtlebots serving 50 virtual clients.

that can be used with low-cost web cameras and achieves mil-
limetre precision with very high performance) to provide a
precise location of robot and create a two-dimensional coor-
dinate system in the field of view of the camera. The robots
in Figure 6(b) are turtlebots (turtlebot is a low-cost personal
robot kit with open-source software, and its driver is a Kobuki
chassis). Each turtlebot has a marker, which the camera can rec-
ognize to obtain the real-time position of the turtlebot in the
two-dimensional coordinate system.

First, we randomly distribute 50 clients in the 3 m X3 m
and publish the position of each data point to the turtlebots.
Then, the initial positions of turtlebots 1 and 2, respectively
are [0.15,0.75],[0.36,0.05], as shown in Figure 6(a), and their
constant velocities respectively are [0.15,0.2]. Finally, after uti-
lizing the coverage control method we designed, the turtlebots
1 and 2, respectively drove to [0.86,1.91],[1.76,2.08], as shown
in Figure 6(b).

Figure 6(c) shows that with the time of the experiment, the
average time for turtlebots to reach all clients is covered by
themselves. A monotonically decreasing tendency supports our
main results in the Theorem 1.

Figure 6(d) shows the real trajectory of the turtlebots, where
the green trajectory is turtlebot 1, and the red trajectory is turtle-
bot 2. The blue data point is covered by turtlebot 1 with a
constant velocity of 0.15, and the black data point is covered
by turtlebot 2 with a constant velocity of 0.2.

By comparing Figure 6(a,d), we can conclude that in the
real environment, there are disturbances and position errors in
the driving process of turtlebot, which lead to the difference
between the robot’s driving route and the ideal driving route,
but the final coverage performance is the same, which indicates
that our method is also effective in the real environment.

6 | CONCLUSION

This paper presents a time-based coverage control method
for non-holonomic mobile robots with heterogeneous and
constant velocities. Given that each robot has a fixed con-
stant velocity, the coverage ability of each robot is closely
related to its fixed constant velocity. Therefore, each client’s
service quality is mainly evaluated by the minimal arrival time
of robots. Finally, the time-sensitive coverage control prob-
lem can be formulated as a two-step process. First, the local
optimal coverage control positions were obtained using the
time-sensitive K-means algorithm. Second, the angular veloc-
ity state regulator we designed controls the robots to drive
to the local optimal coverage control position. The simula-
tion and experimental results show that the proposed method
is effective for non-holonomic mobile robots with heteroge-
neous and constant velocities to serve discrete time-sensitive
clients.
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