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ABSTRACT
This paper presents a routing method for multiple
rovers in a wide-range exploration. The method
considered in this paper makes routes of multiple
rovers traveling towards several points of interest.
This problem is equivalent to a well-known problem called multiple traveling salesman problem.
The method in this paper employs the space filling curve algorithm which achieves low computational burden to solve the traveling salesman problem for routing of single rover. The method in this
paper also includes rerouting algorithm that may
be useful when some of multiple rovers are out
of order and cannot visit some points of interest.
The simulation study confirms the usefulness of
the proposed method. Here, an evaluation index
for the simulation is assumed to be a standard deviation of each rover’s mileage. The optimality
of the solution given from the method is verified
by comparing with the result calculated from the
Monte Carlo simulation.

1 INTRODUCTION
Robots deployed in irregular terrain for the planetary exploration eﬃciently achieves their mission
tasks as recognized NASA’s Mars rovers : Spirit,
Opportunity and Curiosity. These robots were
standalone with multiple science instruments and
self-sustained systems for the communication and
power. While they have traveled further distance
towards regions of scientific interest, deploying
multiple small rovers will be eﬃcient approach in
exploring wide-range area. Multiple rovers in single mission can share their tasks and increase robustness and redundancy in its mission [1]. These
rovers can also visit and investigate wider area at
once in shorter time by sharing the area to be visited between the rovers. This is applied to the
planetary exploration because the region of interest is generally scattered over the surface of
the planetary body: for example, methane evaporations on the Martian surface [2] or water-ice
aggregates on the Moon [3] may be widely distributed on its surface. Therefore, the multiple

rovers can be simultaneously deployed in such
area and then each of them can separately visit
diﬀerent scientific-rich spots. Also, such multiple rovers increase mission redundancy: some
of the rovers may take over tasks of the other
rovers that encounter hardware/software malfunctions. Therefore, the key issue is how to deploy
the multiple rovers and how to let them visit many
points of interest while considering the rerouting
issue for the rover malfunctions.
The routing method for multiple robots adopting the Genetic Algorithm [4] has been proposed and this method is eﬃcient to find quasioptical solution. The simplex algorithm has been
also proposed [5] Each of the multiple rovers
will be limited in its computational performance
since the onboard computer is less expensive and
less durable as compared to the standalone rover.
Thus, routing method for the multiple rovers
should be computationally inexpensive.
When the rerouting is needed, initial routes for
the multiple rovers that covers an exploration region should be re-examined such that less number
of rovers can cover the same exploration region.
So the rerouting algorithm needs to be taken into
account for an exploration with multiple rovers.
Gurupurasad et.al developed the rerouting algorithm [6] though this is algorithm for completely
covering the area. So, this paper present a routing
and rerouting algorithm with less computational
cost. The work described in this paper enhances
a routing method for a single rover to multiple
rovers and improvers the method for the recovery
case.
The paper is organized as follows: Section 2 describes a basic routing problem Traveling Salesman Problem (TSP) and its solutions called SFC
algorithm. It is applied to routing for multiple
rovers that is the same as solving mTSP. In Section 3, the algorithm of the routing and rerouting
method is described that can updates the routes
based on information of rovers’ mileage. Section 4 describes a simulation study of the proposed
method.

2 ROUTING ALGORITHM
In a sample return mission by a single rover, it
has to visit all the points of scientific interest and
come back to its start point. Under the condition
that each point’s coordinates is given, an optimal
route should be the minimum mileage of all other
routes considered.
Routing for a single rover is the same as solving such a problem to find the shortest route that
explores each point and returns to the start point:
this problem is well-known as Traveling Salesman
Problem (TSP). The TSP is subject to the NPhard, being diﬃcult to find its optimal solution
within polynomial time. The TSP however has
been well solved by methods that can find quasioptimal solutions or approximate solutions.
Routing for multiple rovers is considered as solving multiple TSP (mTSP). In the process of the
routing and rerouting methods, given m as the
number of the rovers, an exploration area is divided into m areas. Then, the Space Filling Curve
(SFC) algorithm with the 2-opt algorithm finds the
route to visit the points of interest in each area.
The SFC algorithm is one of the classical and famous method of the TSP [7]. It utilizes SFC, the
closed curve covering a plain, a kind of the fractal
figures. First, the points of interest, the coordinate
of which are already known, are plot as shown in
the left in Fig. 1. Second, the SFC shown as the
red lines in the figure is superimposed on the exploration area with adjusting its size shown as the
center in Fig. 1. Finally, the route is formed by
following the SFC from points to points and the
order to explore is decided shown as the right in
Fig. 1. This method is able to make closed route
for a single rover, thus all routes are completed by
repeating m times.
After the routes are generated, the 2-opt algorithm is adopted that improves the route by canceling cross points and detours.

Figure 1: Process by SFC algorithm

Figure 2: Generation of the initial routes

3 ROUTING AND REROUTING
METHOD
3.1 Routing Method
In an exploration scenario assumed in this paper,
first, m rovers are deployed from a start point, an
exploration area is divided radially into m areas
with an arbitrary step of radial angles (defined as
an initial partition). This process defines the direction of each rover deployment. This is because
of the eﬃciency to prevent area’s overlapping.
Subsequently, the SFC algorithm is repeated
m times and forms m routes as the initial routes
(Fig. 2). Each rover can start visiting several
points of scientific interest and returns to the start
point. Once the initial route for each area is generated, the total mileage of each route is statistically compared one another. The radial angles
used for the rover deployment is then iteratively
tuned such that the standard deviation between the
total mileages of the rovers minimizes.
In the case shown in Fig. 3, when the mileage
of Robot-1 is longer than that of Robot-2, Edge-2
between these robots changes its direction toward
the side of Robot 1 so that the area covered by
Robot 1 becomes narrow ( Fig. 4). This edge tuning are iterated 10 times and the routes with the
minimum standard deviation between the rover’s
mileages is stored as the best route for the initial partition. Then, the next partition with different direction of the edges is applied and the
abovementioned algorithm tries to find another
best route.
The same process of edges change is adopted
to initial routes, and the best routes with diﬀerent
partitions is decided.
This tuning is applied to all area and repeated
5 times with changing first deployment and 50
routes are formed in total.

Table 1: Test platform properties
Properties
Computer
CPU

Figure 3: Before edge update

Value
lenovo ThinkPad E440
Intel(R) CORE(TM) i5-4210M
CPU @2.60 GHz, 2.59 GHz
64 bit Windos8.1

Operation
system
RAM
12.0 Gbyte
Programming MATLAB R2017a
language

4.1 Reference Routes Group

Figure 4: After edge update

3.2 Rerouting Method
The whole process in routing method is also applicable while multiple rovers explore the points
of interest so that the routes are updatable when
some of rover encounters troubles. If one rover
cannot continue its exploration owing to its trouble, the other rovers first stop and restart deployment and routing processes. These alive rovers
take over the unexplored points and return to the
goal points. In this case, the first partition of exploration area is decided by (m-1) edges. Each
edge is located to be between the rovers’ unexplored points. The edges are moved iteratively in
the same manner of the routing method, the best
route is adopted and then the rovers restart the exploration.

4 SIMULATION STUDY
The simulation study is performed to show the
usefulness of the proposed method. The scenario
is assumed to explore plural points of scientific interest in the area. Both the routing and rerouting
cases are performed.
In order to evaluate the routes obtained, the group
of reference routes are generated as bench mark
data. The group of points including 35 random
points on 2-dimensional surface are generated 50
sets and each simulation is performed at the condition shown in Table 1. The simulation studies
were performed in 50 cases with diﬀerent locations of the points.

The mTSP is a type of NP-hard problem, it is impossible to find the optimal solution in polynomial
time of input size and compare the routes. Hence,
all of possible routes are generated by the Monte
Carlo simulation. These routes are sorted in ascending order of the evaluation index, standard
deviation of each rover’s mileage. The group of
these routes is defined as the benchmark data. The
routes generated by the proposed method can be
compared with these reference route group: if the
routes given from the proposed method are ranked
in the Nth place in the reference group, the score
of the routes η is calculated as follows:
η = 100 −

(N − 1)
× 100
Nre f

(1)

where N represents the rank of the routes by proposed method and Nre f is the number of routes
included reference routes group.
For the case of m = 4, given the radial resolution
of the initial partition as 10 degrees, the possible
combination of the edges will be 6560 (= 94 −1) as
shown in Fig. 5. The Monte Carlo approach then
generates routes and the best route is compared to
the route by the proposed method.

Figure 5: Edges for reference routes group

4.2 Routing result
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Figure 6: Initial routes at routing

4.3 Rerouting Result
Fig. 9 and Fig. 10 shows the routes updated at the situation that one rover fails and other
rovers recover the unexplored area. After the routing including iteration, 4 rovers start exploring at
the close area from the start point and once one
rover failed, these routes are updated and 3 rovers
still keep exploring by the recovery routess. The
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Figure 7: Final routes at routing

Numbers of routes

The typical example of the simulation study using the proposed methods is shown in Fig. 6 and
Fig. 7. This graph shows the initial routes and the
final routes after the iteration process. The number of the rovers is 4. The origin at the center
of the figure is the start and goal points, the blue
points are the points of interest, the blue lines are
the edges that divide the exploration area, and the
red lines are the routes. It is clearly seen that the
Robots D’s area is expanded, the area of Robots B
including the furthest point is contracted after the
iteration. As a result, the routes are updated by the
iteration and the mileages of each rover become
almost equivalent. Though the standard deviation
of the each rover’s mileage between the rovers in
the initial routes is 11.59, that of the final one
is improved as 5.87. As compared to the quasioptimal solution from the Monte Carlo simulation, the standard deviation of the quasi-optimal
solution is 3.79. The final route’s score is 99.94.
All the scores of diﬀerent 50 scenarios are shown
in the histogram in Fig. 8. The proposed method
derived better results in 10 of 50 scenarios over
the Monte Carlo simulation. All routes generated
by the proposed method scored over 97.5, thus it
is confirmed the proposed method oﬀers relatively
useful routes. In addition, the run time by the proposed method takes 11.2 s on the 50 cases average, although the Monte Carlo simulation takes
311 s on the average.

Score

Figure 8: Routing histogram of score
green lines shows the route of the rover in trouble,
the diamond marker shows the unexplored point
and the red line shows the updated routes by the
rerouting method. The initial standard deviation
is 51.23 and that of the final routes decreases as
29.30. The cross point is seen at the area of Robot
C and D although the 2-opt algorithm is applied.
This is because the rovers need to explore unexplored points close to the start point even after
they pass unexplored points. All the scores of 50
sets are shown in the histogram in Fig. 11. 11
sets out of 50 sets by proposed method get higher
rank in terms of the evaluation index than the best
route by the Monte Carlo simulation. In addition,
the run time by the proposed method takes 6.2 s
on the 50 cases average, although the Monte Carlo
simulation takes 33 s on the average.

4.4 Discussion
The results in the routing and rerouting simulation showed that the iteration of edge changes
is eﬀective to balance the mileages between the
rovers as well as to reduce run time. In some
cases, the standard deviation of the mileages be-
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Figure 9: Initial routes at rerouting
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Figure 11: Rerouting histogram of score
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mileage, therefore the routes formed by utilizing
diﬀerent evaluation index like rovers’ operation
time or considered 3-dimensional space such as
slope or terrain information should be performed
in future work.
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Figure 10: Final routes at rerouting
tween the rovers barely changes after the iterative
calculation. This is because that the initial partition in such cases is the most eﬀective for routing
with regard to the locations of the point of interest. The simulation can be conducted under the
condition of mTSPTW (multiple Traveling Salesman Problem with Time Windows) or mTSP with
geometry information.

5 CONCLUSION
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