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Abstract—In this study, a novel dynamic path planning
approach is proposed for multi-robot sensor-based coverage
considering energy capacities of the mobile robots. The
environment is assumed to be narrow and partially unknown.
A Generalized Voronoi diagram-based network is used for the
sensor-based coverage planning due to narrow nature of the
environment. On the other hand, partially unknown nature is
handled with proposed dynamic re-planning approach.
Initially, the robots are assumed to be at the same depot with
equal initial energy capacities. In this case, an initial complete
coverage route is constructed considering robot energy
capacities using classical capacitated arc routing problem
(CARP) approach with some minor modifications related to
coverage problem. But, due to partially unknown nature, the
robots may face with blockage on routes, and a fast re-planning
is required which considers remaining energy capacities and
current positions of the robots. So, new plan is obtained by a
modifying Ulusoy’s algorithm that was developed for classical
CARP. The developed algorithm is coded in C++ and
implemented on P3-DX mobile robots in MobileSim simulation
environment.

I. INTRODUCTION

ULTI-ROBOT sensor-based coverage path planning

is the determination of paths such that every point in a
given workspace is covered at least once by one of the
robot’s sensor-range. In sensor-based coverage of narrow
spaces, where obstacles lie within detector range,
Generalized Voronoi Diagram (GVD) [1] can be used to
model the environment. This model can be represented with
a network of consisting edges and vertices. If some parts of
the environment are not required to be covered, then the
corresponding edges to these parts are called non-required
edges. For complete sensor-based coverage of the given
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area, it is sufficient for the robots to follow the required
edges of corresponding network. The method in [1] can be
used to complete coverage of an indoor environment using
single robot. However, if the map is known a-priori, more
efficient coverage can be achieved as in [2]. On the other
hand, if one robot’s energy is not enough to completely
cover a given environment, then using multiple robots is a
necessity to increase efficiency. Additionally, using multiple
robots may reduce the time required to complete the
coverage task and enhances robustness compared to the
single robot.

In the mobile robot literature, there are some approaches
for multi-robot coverage path planning ([3], [4], [5]). In [3],
the cost was evaluated in terms of the traveled distance by
using the edges of the configuration space and Voronoi
diagram. First a tour is generated for traversing all the paths,
and then appropriate parts of the tour are assigned to each
robot according to the cost evaluation. But, in this work,
how to partition the path among the robots considering their
energy capacities is not given. The approach in [4] an
adaptation of the single robot cellular decomposition
approach to multiple robots was presented. In that work also
energy capacities of the robots were not considered. In
another work [5], mobile robot deployment problem was
considered for specific type of coverage problem. The
deployment problem was described as determination of the
number of groups unloaded by a carrier, the number of
robots in each group, and the initial locations of those
robots. Both timing and energy constraints of robots were
considered for vast environments. However, the deployment
was not considered for partially unknown narrow-complex
environments.  Constructing  individual  sensor-based
coverage tours considering each robot’s energy capacity
becomes a challenging problem in narrow environments.
From another point of view, this problem can be described
as partitioning edges of the network among robots without
exceeding their energy capacities. This problem resembles
capacitated arc routing problem (CARP) [6]. CARP is a
problem that aims to construct tours with minimum total
distance for vehicles without exceeding their loading
capacities. Due to this resemblance, the required energy to
cover an edge can be considered as an edge demand,
similarly robot’s energy capacity can be considered as
vehicle’s capacity, in CARP.
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However, there are two differences in coverage problem
that was not addressed in classical CARP. The first one is
related to edge demand that may vary regarding the edge’s
status. As the robot passes through a non-required edge,
edge demand is determined by only traveling energy which
is consumed by motors, embedded computer,
microcontroller card and navigation sensors (sonar) [5]. On
the other hand, for a required edge, robot spends energy
both traveling and performing its coverage task and the
coverage energy cannot be calculated by only considering
traversal cost due high energy consumption of some sensors,
as in this case. Because of this difference, CARP solution
techniques can not be used directly for the sensor-based
coverage problem with multiple robots. In [7], this
difference between the classical CARP problem and the
coverage problem explained and solved by some minor
modification to Ulusoy’s algorithm that is used for classical
CARP. The method proposed in [7] was used to construct
initial coverage routes for a robot team under the assumption
that the robots start from the same depot point and they have
equal energy capacities (all fully charged). But, if robots
face with a blocking obstacle due to partially unknown
nature of the environment, a fast re-planning is required. In
this case, robots may be at different locations having
different energy capacities. This is another problem that can
not be handled using the classical CARP. In this paper, we
have done major modification on Ulusoy’s algorithm to
handle this situation that may be faced in real applications.
So, a novel dynamic path planning approach is proposed for
solving multi-robot  sensor-based coverage problem
considering energy capacity of each robot.

The rest of this paper is arranged as follows. In Section 2,
definitions and algorithms used in the proposed approach
are given. In section 3, proposed approach is given.
Applications of the proposed method are given in Section 4.
Conclusions and discussions are given in the final section.

IT. PRELIMINARIES AND ALGORITHMS USED IN THE
PROPOSED APPROACH

A network (graph) can be modeled as G(V,A) where V is
the set of vertices (nodes) and A is the set of edges (arcs)
connecting the vertices. A network is called as directed or
undirected if its edges have direction or not. If it is possible
to reach all of the vertices through existing edges, network is
called as connected, otherwise disconnected. If there is
connection each pair of vertices, it is called complete
network. If the network is not complete, the shortest path
between any two vertices can be calculated using Floyd
algorithm [8] to construct a distance matrix.

A tour T is defined as Eulerian if it is possible to return
the starting vertex by passing through each edge exactly
once [6]. If an Euler tour does not exist, some edges must be
visited twice or more to return the starting point. In this
case, Chinese Postman Problem (CPP) occurs. CPP is an
edge visiting problem in a network with minimum cost or

minimum distance. Since CPP is not an NP-hard problem,
both mathematical model and heuristics such as Edmonds
and Johnson’s Minimum Perfect Matching algorithm [9]
with Hierholzer algorithm [8] can be used efficiently. If only
some edges of the network need to be visited, CPP turns into
Rural Postman Problem (RPP). Unlike CPP, RPP is an NP-
hard problem and finding an optimal RPP tour is really hard.
If the required edge set is disconnected, Christofides’
heuristic can be used to construct RPP tour. Constructing the
new tour with only unvisited edges may result several visits
of the same edges, which may result unnecessarily long tour.
So, this tour can be improved by using Shorten Algorithm
[10].

In CPP/RPP, there is only one vehicle (visitor) to visit all
the edges. However, if there is more than one vehicle, the
problem is called as k-Chinese problem [11]. Besides, if
vehicles have capacity constraint such as loading or energy,
the problem turns into CARP. Garbage collecting is a good
application of CARP. In this problem, all vehicles have a
certain loading capacity and each edge has an amount of
garbage required to be collected which is called as edge
demand. CARP is an NP-hard problem. Hence, different
heuristic algorithms are developed in the literature such as
Simple constructive methods (Construct-Strike, Modified-
Construct-Strike, Path-Scanning, Augment-Merge
algorithm, Parallel Insert Algorithm, Augment-Insert
Algorithm), two-phase constructive methods (Ulusoy-
Partitioning algorithm [12], Cut Algorithm and Cycle
Assignment algorithm [13]), and metaheuristics (Tabu
search-based algorithms [14] and genetic algorithms [15]).
In [7], a minor modification was done on Ulusoy’s
partitioning algorithm to handle multi-robot sensor-based
coverage path planning problem for the same depot point
and equal energy capacity. Assume that e; denotes energy

consumption during the travel through edge due to motors,
micro controller units, etc., and q; denotes required energy

for sensor coverage and traveling on the edge v,.v,). R

denotes the required edge set which must be serviced, and
initially each robot has limited energy capacity ( E,, ). The

algorithm given in [7] is as follows:
Modified Ulusoy’s Algortihm (MUA):
Inputs: G(V,A), R, T, depot, E,,

Outputs: Tour for each robot
Step 1: Re-label the vertices in G so that the given tour T
is equal to (Vg VyreesV, = V) » where v, is the depot. Let r be

the largest index of a vertex incident to a serviced edge on 7.
Construct a directed network G'=(V' A") with vertex set

V'={Vg,V)5ees¥, } and introduce edge pairs v,,v,) for
a,b=123,...,r in A that satisfy b >a. Remove all edges
,,v,) for a,b=123,...,r such that b>a+1 and (v ,v )
or (v, ,,v,) is not a serviced edge on 7. Consider cases as

follows.
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elf b=a+1 and (v ,v, ) is not a required edge on 7,
then set d,=0.

eIf b>a+1 or (v ,v ) is a required edge and chain
P, contains the depot on T. P, =(,,..depot,..,v,) - Then
add to P, 2 shortest chain between v, and v, in G. And
cycle C,, =(depot,....,v,,SP,,,v,,.....depot) is held. Where
SP,, denotes shortest path between v, and v, in G.

°If b>a+1 or (v ,v,,) is a required edge and chain
P, does not contain the depot on 7. P,=(V,sV,)- Then
add to P, a shortest chain between the depot and v, and
shortest chain between the depot and y, in G. And cycle

C,, =(SF, wsVy,SP,,.. ) is held.

epot a*Vas
* Calculate total energy load for C, using non-required
edge demand e; and required edge demand q; for all edges
in C,- If total energy load does not exceed Ecap’ calculate
distance cost d, of v,,v,) in G’, defined as the total
distance cost of C, in G. Else remove v,,v,) from G”.
Step 2: Solve a shortest path problem from y, to v in
G’. Each edge (v,,v,) used in the shortest distance path

corresponds to a feasible vehicle route on G.

The logic behind the MUA is partitioning an initial Euler
tour into feasible robot tours considering their energy
capacities. This algorithm constructs these tours into two
main steps. In the first step, the algorithm generates a
directed graph (G’) that’s each arc represents a feasible
robot tour. So, the elements of the distance matrix of this
graph are the cost of the feasible tours. In the second step, a
shortest path problem is solved on this directed graph from
source vertex to terminal vertex. The result of the shortest
path problem consist of is minimum cost feasible robot tours
that cover all required edges.

The input of the algorithm is a single Euler tour 7 that can
be generated using CPP/RPP. Then, the algorithm originally
constructs an intermediate network by considering equal
vehicle capacities. Later, a shortest path algorithm is used to
determine both the minimum number of required vehicles to
visit all the edges and tour for each vehicle. Since, the robots
may have different energy capacities at some points
(especially during re-planning), this algorithm can not
handle this situation. So, in this paper, a new approach for
dynamic re-planning is proposed. The details of the
proposed approach combined with initial planning are given
in the next section.

III. THE PROPOSED APPROACH

In multi-robot sensor-based coverage problem, since the
edges are required to be covered and robots have limited
energy capacity, this problem resembles CARP. But, there
are some differences mentioned in the previous sections. In

this paper, a new approach is proposed for dynamic re-
planning of multi-robot sensor-based coverage problem
considering robot energy capacities. A flow chart of the
proposed approach is given in Fig. 1.

« GVA)
¢ Robot capacities
»  Current vertices.

s there any
change?

M
A 4

N Update G(V,E)
A
Determine

required edge set.

!

Find tour T with
RPP solution
approach

.
capacities and

Lt depots are bl
ame?,
v
Determine the Determine the
robot tours with robot tours with

MUA, DMUA.

# Return robot tours, |4——+——

Y

Stop

Fig. 1. Flowchart of the proposed approach

In the flow chart given in Fig. 1, initially a GVD-based
network G(V,A) of the environment is loaded. If there is

any closed edge between any pair of vertices; Floyd’s
algorithm is used to find the minimum path between that
pair of vertices. Using these minimum paths, the distance
matrix D is updated such that all d[j > (0. Then, the

information about the robots: Number of available robots m,
depot points (Depot,) and energy capacity ( Efap) for

k =1,...,m of robots, are loaded.

If there is no change in the environment, the network of
the initially loaded map is used, otherwise the network is
updated. Then the required edge set R is determined. If
complete coverage of the environment is required, then the
required edge set includes all edges of the network G. But,

5932



in a changed environment, the required edge set includes the
ones that are not covered yet. In the next step, a single Euler
tour T is constructed that covers all required edges using the
proposed approach in [2].

After determining an Euler tour 7, one of the two cases is
possible: all robots are in the same depot point with equal
energy capacities or otherwise. The first case can be solved
using with MUA proposed in [7]. This case usually can be
faced during the initial plan where robots are fully charged
and in the same depot.

But, if at least one robot is at a different depot ( Depot, ),

or has different energy capacity ( E{ﬁw) then the problem can

be solved using with Dynamic Modified Ulusoy Algorithm
(DMUA) as follows:
Inputs: G(V,A), R, T, Depot, , Ef_'up for k=1,....m.
Output: Tour for each robot
Stepl: For k=1:m

Set depot = Depot, » and g =E*,,.

a. Using the step 1 of the MUA given in the previous
section (determine C, and calculate the d,-,- ), construct G’

cap

for robot k.
b. Copy G'(V’,A") into a three dimensional network

G (V' ,A"). (Noting that A" is the edge set of G* with

elements of dy, ).

Step 2: Solve the shortest path problem on G by using
proposed mathematical model and construct tour for each
robot with model results.

This algorithm is different than the Modified Ulusoy
algorithm (MUA) since it repeats step 1 of MUA for each
robot and constructs a new network which is denoted
withG"(V’,A"). The vertices of G* is same as the vertices of

G’ . But the edge set of G* has a third dimension where the
depth is determined by the number of robots (m). So it
differs from the edge set of G’. As a result, there is a
different shortest path problem than the former one in step 2.
This shortest path problem is between the depot vertex and
terminal vertex on network G*(V’,A") and is solved with a

new integer linear model. The model is given as follows:

Sets and parameters:
n  The number of vertices in the network
m  The number of robots
I,J {1,2,...,n} denotes the numbers of vertices
K {1,2,...,m} denotes the numbers of robots
Cie Distance between vertex jand vertex j for robot k
Decision variables:
If robot k visits from vertex i to vertex j

1
X = )
0 otherwise

Model:

min Z Ci " Xy M
il j=l k=l '
(i,j.k)eA"
subject to,
m n 2
Z le./‘k =1 @)
k=l j=1
(1,j,k)eA
z mek =1 (3)
k=1 =1 ‘
(i,nk)EA
m n m n — 2 . _1 4
2 X 2 =0 P (2=l @
k=1 i=l k=l j=1
(i,p.k)eA” (p.jikeA’
> Y, =1 k= {L...m} )
= =l
(i,j.k)eA”
x; €{0,1} (6)

In this model, the objective function (1) minimizes the
sum of distances which are chosen depot vertex to terminal
vertex. Constraint (2) ensures that exactly one sortie from
depot vertex. Constraint (3) ensures that exactly one arrival
to terminal vertex. Constraint set (4) is flow conservation
constraints which means only one entry and one exit should
be for intermediate vertices. Constraint set (5) ensures that
exactly one edge should be chosen for each robot. In this
study, LP-solver GAMS/CPLEX [16] is used to solve the
model.

So, the overall proposed algorithm considers not only
different energy consumption (i.e. during the coverage and
the travel) but also handle dynamic re-planning for multi
robot sensor-based coverage considering both different
energy capacities and starting points for each robot in
partially unknown environments.

IV. APPLICATIONS

The algorithms in the proposed approach are coded in
C++ and tested in various environments. Firstly, the
platform at ESOGU Artificial Intelligence & Robotic
laboratory is used to show the effectiveness of the
algorithms. This platform is also used to test various
coverage algorithms on P3-DX robots [2]. Videos of the live
performance of P3-DX mobile robots are recorded and can
be reached from following web site [17]. Later, a larger
indoor environment is used for the tests up to ten robots in
simulation.

During the simulations, two types of energy consumption
are defined: Deadheading energy which is consumed while
robot is passing through a non-required edge and covering
energy which is consumed while robot is performing
coverage task. In this study laser range finder is used for
coverage purposes. Assuming fixed velocity (ignoring
turnings), and time to travel an edge as t;= d[,- I velocity, the

travel 1is modeled with
and Sick LMS-200

energy consumption of
e; =(17.49+(7.4- (velocity/1000))) -1,
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laser range finder’s energy consumption is modeled as
q; =201, During coverage energy is calculated as the sum

of both energy types. Mobile robot’s velocity is constant and
400mm/s. Therefore, mobile robot consumes 0.051
joule/mm for traversing and 0.05 joule/mm for coverage.

A. Application in the laboratory environment

First, the proposed algorithm is applied to sensor-based
coverage of an indoor environment which is shown in Fig.
2. In this study, the platform is transferred to MobileSim
simulation environment. A topological map of this platform
with GVD-based network is given in Fig. 3. Covering all the
area is achieved by following all the edges of this figure.

s

Fig. 3. Topological map of the test environment

In simulations, two mobile robots, initially at vertex 1, are
assumed have initial energy capacity of 3800 joules. The
proposed method generates the paths as in Fig. 4.

19 18 16 1

[
= Robot 1
===Robot 2

20 17 L 13 14
M

Fig. 4. Division of the tour among two robots

Robot tours are as follows; Robot 1 tour: (1-2), (2-6), (6-
7) (7-8), (8-9), (9-10), (10-11), (11-8), (8-14), (14-15), (15-
16), (16-13), (13-14), (14,13), (13-12), (12-7), (7-6), (6-2)
and (2-1), and Robot 2 tour: (1-2), (2-6), (6-7), (7-12), (12-
17), (17-18), (18-19), (19-20), (20-17), (17-12), (12-7), (7-
6), (6-5), (5-4), (4-3), (3-1). The robots performs coverage
task while passing through bold-written edges and use the

italic-written edges for passing (deadheading edges). If both
robots were finished their tours without facing an obstacle,
they would consume 2953 joules and 1944 joules energy,
respectively. Tour lengths would be 33352 mm. and 23946
mm.

But, Robot 2 detects an obstacle between vertices 7-12 at
40™ second, and unable to follow the planned path. Up to
this moment, Robot 1 has covered the edges (1-2), (2-6), (6-
7) (7-8), so remaining uncovered edges 1-3, 3-4, 4-5, 5-6, 8-
9, 8-11, 8-14, 9-10, 10-11, 12-13, 12-17, 13-14, 13-16, 14-
15, 15-16, 17-18, 17-20, 18-19 and 19-20 should be
covered.

At this moment, consumed energies are different for each
robot. Robot 1 consumed 422 joules for traversing and 413
joules for coverage. Totally, it consumed 835 joules of
energy. Robot 2 consumed only 367 joules for traversing.
Remaining capacities for robots are 2965 joule and 3433
joules, respectively. Considering these values, new tours are
constructed using the proposed approach as in Fig. 5.

19 18 16, 55—
= Robot 1
===Robot 2
— Non-Required
20 17 2 13 in)
] i
1 &8 9
o2 U
4 5 11 10
1 3

Fig. 5. Division of the tour among two robots in dynamic case

The re-assigned required edges to the robots by the proposed
algorithm are as follows; Robot 1 tour: (7-8), (8-9), (9-10),
(10-11), (11-8), (8-7), (7-6), (6-2), (2-1), (1-3), (3-4), (4-5),
(5-6), Robot 2 tour: (7-8), (8-14), (14-15), (15-16), (16-13),
(13-12), (12-17), (17-18), (18-19), (19-20), (20-17), (17-12),
(12-13), (13-14). Note that the upper right edges (13-14, 14-
15, 15-16, 13-16) are assigned to Robot 2 in the new tours.
For these tours, Robotl and Robot 2 consume 1763 joules
and 2038 joules of their remaining energies, respectively.
Tour lengths are 22645 mm. and 22464 mm. Trace of the
mobile robots in MobileSim simulation environment for full
coverage of the given environment is given in Fig. 6.

—Robot 1
~=-Robot 2

Fig. 6.. Trace of robots for complete sensor-based coverage

Remaining energy capacities for Robot 1 and 2 are 1202
and 1395 joules, respectively at the end of the coverage.
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B. Test of the algorithm on a larger graph

In order to test the proposed algorithm on a large-number-
vertices environment, the first floor of the Eskisehir
Osmangazi University Electrical Engineering laboratory
building is used as the test bed. In this floor, there are 4
laboratories. Inside each laboratory, there are three rooms,
tables, storage cabinets, and columns. A corridor connects
the laboratories. Topological map of the first floor is given
in Fig. 7. Number of vertices in the graph is 90.

Corridor
) | Labt | - Lab2 | ap ‘ Lab3 | Lab4 ’ 1
I O 0 10 O
2 L 2
I B LA E

Fig. 7. Topological map of the first floor

Simulations are carried out up to ten robots using the
proposed approach for different randomly selected robot
initial locations. Fig. 8. shows a considerable decrease in the
average tour length by each robot up to 6 robots. The
solution time is less than 1 second up to 4 robots, and 4
seconds up to ten robots. There is a linear increase of
solution time in terms of number of robots.

Average Tour Length

0 1 2 3 4 5 6 7
Number of Robots

Fig. 8. The average tour length versus number of robots

As seen from Fig. 8, marginal utility of additional robot
decreases in the case of average tour length per robot after 6
robots. Therefore, maximum six robots may be assigned to
the above coverage task. This kind of analysis can be used
to determine maximum number of robots to assign for a
given coverage task.

V. CONCLUSION

In this study, a new approach, based on capacitated arc
routing problem (CARP) was proposed and applied to multi-
robot dynamic sensor-based coverage planning for interior
environments. It constructs the sensor-based coverage paths
both in known and partially unknown environments
considering robot energy capacities. Partially unknown
nature of the environment handled by adding re-planning
which was not addressed in classical CARP solutions. The

proposed method can also be used in the case of robot
failures. A dynamic re-planning with existing robot
locations and energies should be enough to handle the
failure. This approach can also be used to determine
maximum number of robots to be assigned to a given
coverage task for efficient coverage which is very important
for resource allocation. Another important contribution of
this study is that the proposed algorithm is flexible and can
be used in other robot application problems. For example,
although the proposed algorithm is used for energy
capacitated mobile robots, it can be extended to consider
time-constraint  sensor-based mobile robot coverage
problem, as well.
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