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Abstract— The coverage problem has been traditionally
solved for a given number of robots with randomly generated
positions. However, our recent work presented a solution to
the parallel coverage problem that optimizes the number of
robots starting at the same location. The motivations are: (i) the
number of involved robots affects the total coverage cost, and
(ii) it requires extra effort to place them at real-world locations.
In this work we present a control algorithm for multiple
robots with Kinect systems to implement the solution to the
parallel coverage problem. Our algorithm utilizes a multi-robot
formation. Robots need to localize themselves to know where
they are within a map. To localize the robots and to reduce
inter-communication, we introduce a technique to place only
certain robots in a team. This work also presents an algorithm
on how to manage dynamic changes of a group of formations in
order to solve the coverage problem. This paper demonstrates
the mission, which is to visit every desired position to cover an
indoor environment, with a team of real robots and the Kinect
system.

I. INTRODUCTION

Dealing with multiple robots has received more and more

attention in the robotics research. The coverage problem

using multiple robots has been actively investigated for

robotic applications such as searching for specific targets,

predator-prey [1], intruder detection [2], sweeping tasks [3],

among others. Multi-robot coverage problems are tradition-

ally dealt with a given number of robots starting at randomly

distributed locations [4]. Konolige et al. have tried to use

about a hundred robots for an intruder detection problem

(the Centibots project), but the problem is also based on

a known number of robots [5]. However, using a given

number of robots is not always optimal as discussed in our

prior research published in [6]. Besides, it is not practically

effective to assume a given number of robots with randomly

generated locations since it requires extra effort to place them

in certain areas. Howard et al. have proposed an algorithm

flexible to an unknown number of robots [7]. The algorithm,

however, does not provide an optimal number of robots. No

research has claimed to find an optimal necessary number of

robots prior to our research.

Unlike existing coverage problems, our research has

mainly addressed how to find an optimal number of robots

for a given environment as well as the corresponding paths.

This paper assumes that a team of robots starts at the same

area. Ahmadi and Stone have proposed a sweeping task in

which a given number of robots could repeatedly visit in a

fixed area [3]. The research is about finding a proper partition

for a given number of robots in an environment. Our parallel

coverage problem, on the other hand, changes the point

of view with respect to the existing coverage approaches

regarding the area to be covered by the robots. In this paper,

we present a solution to the parallel coverage problem.

For the parallel coverage problem, the assumptions are

that the environment and the target positions that must be

visited by the robots in a team are given. Although we have

the information regarding a map and the positions, there

are still issues when we attempt to use the robots in a real

environment: (i) how to control the robots in order to move

them towards the desired areas and (ii) how to estimate the

position of the robots and the target locations.

This paper first considers how to control multiple robots

to make them move towards the desired locations. For the

implementation of the coverage problem with real robots, this

work presents a formation-based algorithm. Since we assume

that robots start at the same area, it is reasonable for robots

to move together until they encounter a certain position that

needs to branch off to other locations. Multiple robots may

need inter-communication to share information of desired

locations and localization. As we get more robots, more data

packets are sent or received through communication. Reduc-

ing inter-communication is needed for the robots executing

a mission to avoid latent failures that might exist. A vision-

based leader-follower formation technique published in [8]

does not require inter-robot communications. The concept

is that only the leader robot in a formation needs to be

localized on a map, and the other follower robots simply

follow the leader by using only their camera sensor mounted

on themselves while they travel on the same path.

When controlling robots for a coverage problem, we need

to localize the robots in order to let them know where they

are and to control them to get close to the desired areas.

There has been much research on localization; however,

it requires special techniques such as a particle filters [9],

visual landmarks [10], relative positioning using IR sensors

[11], odometry information [12], and vision-based cooper-

ation [13], with various sensors such as a laser scanner,

IR sensors, encoders, GPS, and cameras. Special sensors,

however, include various assumptions: (i) the size of robots

should be larger than the sensor, (ii) robotic platforms need

to have enough power to support the sensing ability, and
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(iii) the computation for localizing the robots should be fast

enough to be applicable to real-world robotic applications.

Any type of sensors such as cameras or GPS can be used in

the proposed algorithm; however, in this work, we utilize the

Kinect sensor for robot localization [14]. The Kinect system

is a relatively inexpensive sensing platform, which is able

to provide fast 3D estimates of target objects. This work

also presents the algorithm to control a team of multiple

robots through multiple Kinect systems. It manages dynamic

changes of robot formations (from a leader to a follower and

vice versa).

Our main contributions in this paper are that (i) a practical

solution to control multiple robots with Kinect systems to

implement a coverage problem is presented, (ii) the over-

head sensors localize only certain robots to reduce inter-

communications, (iii) the Kinect is used in a novel way as

an experimental testbed, and (iv) the algorithm to cover a

large area with interconnected sensors (multiple Kinects) is

addressed.

We review the coverage problem in Section II. The

proposed formation-based algorithm with the Kinects is

discussed in Section III. We illustrate the experimental results

in Section IV. We finally conclude and consider future work

in Section V.

II. PARALLEL COVERAGE PROBLEM

This section reviews the multi-robot parallel coverage

problem that we previously investigated in [6]. Our coverage

problem originates from the fact that we want to have the

robots to initially start at the same location to avoid the

complexity of locating them at random positions. In addition,

we consider the number of robots that would be best to

succeed in a mission in a given environment, instead of

optimizing the process with the already allocated resources.

Using many robots does not always guarantee faster coverage

for a given problem. Also, if we have fewer robots than

expected, it will take longer to solve the given problem.

In our coverage problem, we expect robots to visit a set

of certain positions in order to search for Objects of Interest

(OOIs). The problem is to optimize the required number of

robots and the corresponding paths for each robot. Here,

the minimum coverage time is the maximum travel time

associated with the longest path among the paths covered

by each robot. This paper reviews the two terms of the Key

Positions Of Interest (KPOI) and the parallel multi-agent

coverage problem, and newly define the Turning Position

(TP) term.

Definition 1: A Key Position of Interest (KPOI) is the

position which a robot in a group must visit. This is to say,

a robot is required to visit a location where the respective

KPOI is within the active range of the robot’s sensor.

Let V = {v1, · · · , vn} be a set of KPOIs, and let

P = {P1, · · · , Pr} be a set of subsets of V for r robots

corresponding to each path as shown in Table I. Then it

satisfies the following conditions: (i) 1 < r ≤ n, (ii)
⋃

i Pi =
V, (iii)

⋂

i Pi = ∅, and (iv) cost(πi) ≤ cp, ∀i. Note that we

include a KPOI (vj ∈ V ) in Pi only if the ith robot is a leader

robot while a group of robots passes through the KPOI (vj).

Definition 2: The Parallel Coverage Problem limits the

space of acceptable solutions as follows. The paths traversed

by each robot agent should be characterized by the following:

(i) every robot path includes a subset of KPOIs visited only

once by the respective robot, and (ii) the robots’ KPOIs are

complementary and disjoint.

Definition 3: A Turning Position (TP) is the position that

has a conjunction of more than two paths that must be

visited.

For the Parallel Path Coverage Problem (PPCP), we need

to find an optimal number of robots and paths with the

minimum coverage cost. The objective of the PPCP is

cp = min{max
i

cost(πi)}, ∀i = 1, ..., r. (1)

Here, πi is the ith path as shown in Table I. The PPCP is to

minimize the maximum path cost among paths from a start

position to every position in a set of KPOIs.

The proposed strategy for our problem, which finds the

minimum path cost and number of robots, is to find a path

with the minimum cost achieved by finding the furthest po-

sition (vmax) from the start. Let σi be paths from the start to

vmax. Then the optimal path cost is cmax = mini cost(σi),
where i indicates each path from the start to vmax. Note that

the variable r is the number of the robots which is initially

unknown. The optimal number of robots (r) is acquired from

the algorithm covered in [6] (refer to the publication for more

details).

TABLE I

THE CORRESPONDING RELATIONS BETWEEN ROBOTS, PATHS, PATH

COSTS, AND THE SETS OF KPOIS THAT MAKE UP THE PATHS.

robots paths costs KPOIs

1 π1 cost(π1) P1

.

.

.
.
.
.

.

.

.
.
.
.

r πr cost(πr) Pr

III. FORMATION-BASED CONTROL WITH THE

KINECT

We have discussed the multi-robot parallel coverage prob-

lem in Section II. This section deals with how to control

a team of robots in order to visit a set of given locations

(the KPOIs). We assume that the overhead sensors (here, the

Kinects) have a given map with the KPOIs. The required

number of robots and the corresponding paths are acquired

by using the algorithm proposed in [6]. For more details

about the algorithm, the readers may refer to [6]. We then

need to compute the robots’ real positions corresponding to

the map. The robots may need to follow each other as a

team until they come to the fork of their paths. We deal with

the robot control algorithms with the localization information

acquired from the Kinects and dynamic formations for a team

of robots in Paragraphs III-A and III-B, respectively.
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A. Robot Localization with the Kinects

This section takes into account the localization algorithms

to control a team of multiple robots with the overhead sensors

(Kinects). This paper first considers the case of using one

Kinect. Fig. 1 shows an example of structures representing

paths and tours. The paths and tours are examples which are

able to be generated by the algorithms described in [6]. As

shown in Fig. 1, the PPCP needs to divide a team of robots

at the start node (only one TP). The TPs are represented by

the yellow triangles in the figure.
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Fig. 1. Examples showing (a) the paths and (b) tours generated to cover
a set of KPOIs. The leaf nodes on the tree structure in (a) and the small
circles in (b) are the KPOIs, and the yellow triangles represent the TPs.

Algorithm 1: Kinect Localization Algorithm

Input: A map (a set of TPs and a set of KPOIs including

each position).

Output: The desired position of each leader robot entered

in the sensor.

Iterate the following whenever the sensor detects a leader

robot:

1) Detect each leader robot in the sub-groups (if several

sub-groups exist) shown in the sensor (Kinect).

2) Estimate the positions P1, . . . , Pr of the robots.

3) Compute the next desired location for each robot. For

i = 1, · · · , r,

a) If the position (Pi) is a TP, (For j = 1, · · · , k)

• Compute the number of branches (B(i)) con-

nected to the TP and the required number of

robots for each branch (Bj(i) = #Rj).

• Send a message to the robot located at PBj−1(i)

(if j = 1, then P1) in order to split the group if

there is a request.

• If j 6= 1, change the robot located at PBj−1(i) to

the leader robot in the jth sub-group.

b) If the position is in the middle of a path and there

is a request, send the next desired position (a TP or

a KPOI) to the robot at Pi.

c) If the position is a leaf node (a KPOI), we are done.

Algorithm 1 describes how to control multiple robots (the

leader robots) from a Kinect system, which produces a 3D

depth map. Here, k is the number of branches in each

TP. The Kinect sensor has a color camera for images, a

projector, and an IR receiver for IR images. By using a struc-

tured light technique the Kinect produces a 3D depth map.

B1(i) Bk(i)B2(i)

#R1 #Rk#R2

TP

...

Fig. 2. An example showing
a TP and the branches with the
number of robot mentioned in
Algorithm 1.

The sensor is able to be at-

tached to robotic platforms, so

it is feasible to use it as a mov-

ing platform as well. This work

uses it as an overhead sensor

in order to localize the robots

working on their mission. At

each TP, the sensor splits a team

of robots into sub-groups, and

sends each desired position to

each leader of the sub-groups

(Fig. 2). The number of sub-

groups split at a TP is the number of branches. The number

of robots in each sub-group is the required number of robots,

which is the number of leaf nodes linked at each branch.
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Fig. 3. An example showing the paths represented with a tree and the
boundaries uniformly covered with multiple sensors. Each sensor includes
the information about the numbers of the inputs (the squares), outputs (the
pentagons), destination nodes (the circles), and branches (the triangles).

Algorithm 2: Multi-Kinect Connection Algorithm

Input: A map including K,P, and T with each position

Output: A tree structure to connect the Kinects

1) For each TP, Ti ∈ T = {T1, . . . , Tk}, ∀i = 1, . . . , k,

a) Find the number of leaf nodes: L(i) = #Nl

b) Find the number of branches and the corresponding

number of robots: Bj(i) = #Rj .

2) K1 = the Kinect including the start position.

3) For each Kinect, Ki ∈ K = {K1, . . . ,Kl}, ∀i =
1, . . . , l,

a) Find adjacent Kinects: having the corresponding

positions between the outputs in Ks and the inputs in
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other Kinects in K, i.e. For nj ∈ Ki, ∀j = 1, . . . ,m,

find Kk, ∀k such that (i) (nj , nk) are connected,

(ii) nk ∈ Kk, and (iii) j 6= k.

b) Link them (Kks) to the Kinect (Ki): each link has

the information regarding the number of connections

(connect Ki and Kk, ∀k).

B

H

FD E

.
.
.

G

Fig. 4. A construction of a tree
for multiple sensing boundaries
generated from the information
in Fig. 3.

Depending on the mission,

a given environment might be

larger than the sensing bound-

ary that is able to be obtained

from a Kinect sensor. A sensor

might have a smaller boundary

than the expected one based on

the height of the sensor. We ex-

amine how to manage multiple

Kinect systems for the parallel

coverage problem. Fig. 3 shows

the use of multiple Kinects that

are uniformly distributed to an

example tree showing the paths.

Algorithm 2 illustrates how to

connect the multiple sensors

into a tree structure (Fig. 4). For

the algorithm we define T, P,

and K as sets of TPs, KPOIs, and Kinects, respectively.

B. Multi-robot Formations for Robot Control

This paper discussed how to localize the robots’ current

and desired positions in Section III-A, we now need to

find control velocities in order to approach to the target

locations. This section deals with the control of the robots

through information procured from the Kinect systems. For

the multi-robot formation control, differential mobile robots

are considered. Instead of having all the robots communicate

with the Kinect, only the leader robots attempt to use inter-

communication with it. To do this we apply a vision-based

formation scheme. Fig. 5 shows simple examples of two

robots moving towards the target locations, named A and B

in the cell-based maps. In Fig. 5(a), two robots are distributed

from the start location (represented as S). Fig. 5(b), on the

other hand, shows that the two robots need to move together

up to the turning position (the path is represented by the

green cells), and separate towards their desired positions (A

and B).

We consider dynamic changes of the roles of robots in

a formation to adapt to the paths in the parallel coverage

problem as shown in Algorithm 1. The robots are initiated

as one formation at the start position. They then separate as

sub-groups at the TPs they encounter. Each leader robot is

manipulated by acquiring the current and desired positions

from the Kinect, while the follower robots in each team

are autonomously controlled by using the camera sensor

mounted on them. The control law regarding the follower

robots is based upon the techniques in [8]. A robot formation

branches at the TPs, and the role of each leader robot is to

move to their goals through the information obtained from

the Kinect.

S

B

A

(a) No formation is required.

S

B

A

(b) A formation is necessary from S

to the TP.

Fig. 5. Examples showing that the robots distribute towards their goal
positions (a), and need to move together until the turning position (TP) and
then separate to their goals (b).

1) Leader Robot: The control velocities for each leader

robot are computed by the information acquired from a

Kinect system. Let PL(t) =
(

xL yL
)T

(t) and PL(t +

∆t) =
(

xL yL
)T

(t+∆t) be the current position and the

desired next position of the leader. Then the control velocities

are computed by the robot as follows:

xL(t+∆t) = xL(t) + νL cos θL(t)∆t

yL(t+∆t) = yL(t) + νL sin θL(t)∆t

θL(t+∆t) = θL(t) + ωL∆t,

(2)

where uL =
(

νL ωL

)T
is the control velocity of the

leader robot. We can find the control velocities for a leader

robot using the position information.

2) Follower Robot: The control velocities for the follower

robots are based on a relative geometric information, and are

described as follows:

uF =

(

νF
ωF

)

=

(

− cosα 0
1
l
sinα 0

)

(3)

(

c1 l̃ − ẋL cos(θF + α) + ẏL sin(θF + α)
c2α̃− 1

l
(ẏL cos(θF + α)− ẋL sin(θF + α))

)

where l, α, ld, and αd are the relative depth, orientation, the

desired depth, and orientation between a leader (L) and the

follower (F ), respectively. Here, c1 and c2 are the user-

selected controller gains, and l̃ = l−ld and α̃ = α−αd. More

details regarding the follower’s control law are described in

[8].

IV. EXPERIMENTAL RESULTS

In this section we demonstrate: (i) how to connect KPOIs

and TPs with multiple sensors in simulation, (ii) how to

extract a leader robot from a Kinect image, (iii) how to

localize the robot using a Kinect, and (iv) how to control

robots in a real environment through the intercommunication

between a robot and a Kinect.

We first show a simulation using a generated map with

a set of given KPOIs. Fig. 6(a) shows the map used in our

previous work in [6]. Fig. 6(c) shows a tree starting at node

14. In the graph each node and edge include the information

about the position and distance, respectively. There are fifteen

leaf nodes at the root node, and four TPs at nodes 5, 7, 12,
and 15. The numbers denoted around the TPs are the required
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