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Abstract This chapter describes the exploration of unknown environment using
multiple robots. We designed this system in order to overcome the various disad-
vantages of exploration and mapping robots. When it comes to the mapping of large
unknown environment, single robot would be inefficient and inaccurate. It leads to
more exploration time and inaccuratemapping of the environment. There aremultiple
algorithms which already exist and are used but seeing their inefficiency we have
worked on RRT that is random-exploration random tree. Multiple robots will be
deployed in an unknown environment and based on which the robots will explore
environment, to make robot communicate with each other we have implemented
swarm algorithm so that robot communicate with each other in coordinated way.
The Swarm algorithm will help robots explore the environment in a coordinated way
because of which the two robots will never explore the same area repeatedly and
hence will same time and will lead to more accurate mapping of the environment.
To implement this solution, we used ROS as the middle ware, with the help of the
ROS we can encounter and handle many real time parameters which will make our
system more accurate and efficient. GAZEBO simulator is used in order to test and
implement the system. This multi robot systemwill be very useful in the future smart
city ecosystems.
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1 Introduction

Robotics is the field of attraction for many researcher and hobbyist, in recent decade
the robotics sawdevelopment, advancement and technical growth. Frommobile robot
to UAV i.e. Unmanned aerial vehicle has wide field of research opportunity. All
humans want their work load to decrease. We are in search of everything automatic
and robotic that can help humans make their lives easier. Currently, autonomous
robots are capturing the market and are the centre of attraction for many hobbyists
and researchers. Many advancement is going on in the field of autonomous robots.
Autonomous mobile robot is wide application in the field of exploration of unknown
environment such as mining, disaster management and many more [1–5].

Autonomous robots are useful in many ways, they are helping hand for humans,
in various way theymake themselves useful in various activities such asmapping and
navigation of unknown environment, there are various programmes and algorithm
for the autonomous robots which are currently used but they are not efficient when it
comes to mapping of the unknown environment which has large area, they take more
time and the final map is not accurate hence to overcome this we have implemented
an algorithm to make multiple robot work in coordinated manner and increase the
efficiency. Using ROS as middle ware to implement RRT and swarm algorithm on
our robots we have designed this solution [6–10].

The RRT i.e. random-exploration random tree is implemented in this chapter.
Rapid-exploration Random Tree also known as RRT is an algorithm used for
exploring unknown map. It is used in non-convex searches where it randomly builds
space filling trees. This algorithm is the base of our research. As explained in [1] it
generates random maps and find the path closest to it, that is obstacle free and has
been explored. Since we are also using the IR sesnor the output of data is in the form
of 0 and 1 and -1 in our algorithm, 0 signifies that the path is free from obstacles, 1
signifies the obstacle in the path, and -1 signifies that the path is unexplored. Tomake
our robot more efficient and faster, we have made multiple robots communicate to
each other rather than just treating each other as obstacle. Considering each other as
obstacle grows possibilities that another robot can revisit positions on the map that
other robot has already visited and made its map in the master node.

Simulation result obtained from the above proposed solution is compared with
the other standard algorithms already available. Since the main aim of our research
was to minimize the exploration time we have compared exploration time with the
standard algorithm and alsowith exploration time of themultiple robot in comparison
to single robot [11–15]. We wanted to give reference of some of the research work
done in field of swarm [16–20]. We also took into consideration the exploration area
of the robot as when exploration using a single robot was not accurate and sometimes
do not some area, while testing our solution we tried to maximize the exploration
area. Various algorithms were tried for merging of the map and the best algorithm is
presented in this chapter.

This research chapter is organized as follow. Section 2 challenges and solution
explain the challenges faced during designing of the algorithm and its solution.
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Section 3 describes themethods adoptedwhile designing this solutionwhich includes
explanation of “RRT’, “SLAM” and “SWARM”. Section 4 gives the brief about how
the algorithm is implemented in simulation and how practically we can approach it
further. Section 5 gives the overall result of the research chapter followed by Sect. 6
Conclusion.

2 Challenges

2.1 Task

The system involved in [1] is improved for improving efficiency and reducing time in
map generation. Multiple robots working independently based on SLAM algorithm
are used for mapping unknown locations.

2.2 Problem

The main problem caused by the algorithm given in [1, 2, 5] is that robots doesn’t
communicate with each other and treat each other as a dynamic obstacle. Main
element of the algorithm could be improved by reducing the runtime and letting a
single robot cover a particular part of the unknown locations.

2.3 Solution

Our system focuses on the communication of robots along with navigation and
mapping of an unknown environment. Along with SLAM algorithm and RRT explo-
ration, our system involves SWARM algorithm. This allows robots to know which
robot is near to them and in which direction. The information of direction gives a
probability that region on that particular is already been mapped. Apart from this, a
single ROS node runs on the main processing unit that subscribes to all other nodes
(robots) and generates map by taking multiple inputs. Independent robots are based
on hector slam.
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3 Method

3.1 RRT Exploration

• Unknown Region is the space which is not explored by robot or it’s sensors
• Known Region is the space which is explored by robot—Open-Space is a known

region where there are no obstacles.
• Occupied-Space is a known region which contains an obstacle.
• Occupancy Grid is a grid representation of the whole space. Its cell holds a value

that defines the probability of it being occupied.
• Frontier is the segment that separates known (explored) regions from unknown

regions. Generally, a frontier is a set of unknown points with at least one point in
neighbour with Open-space.

Algorithm 1: RRT Exploration

1: Qgoal
2: Counter=0
3: lim=n
4: G(V<E)
5: While counter<Lim
6: Xnew=RandomPosition()
7: If IsInObstacle(Xnew)=True:
8: Link=Chain(Xnew,Xnearest)
9: G_append(Link)
10: If Xnew in Qgoal:
11: Return G
12: Return G

3.2 Frontier Detection

There are two modules for successful detection of a frontier. The above Algorithm
is an independent process that resets after detection of each new node in unknown
region. It is a sub-loop that is a part of the main loop that stores the detected frontiers
and form the whole tree. In the inner loop, the code starts with an initial vertex v and
the edge is set E ← ϕ, at each iteration a random point xnew is sampled that is the
part of unknown region. The first vertex nearest to the random point is found called
the xnearest. Then it is checked that whether the new point or any point on the line
segment xnew and xnearest lies in the unknown region using the Grid Check function.
If either condition is true, frontier point is assigned. One more condition for obstacle
detection is checked. If the line segment is obstacle free, then the point xnew is set as
the new frontier and everything is reset, setting the current point as V (V ← xcurrent)
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for the new iteration. This method will run as the robot traverses through the map
and finding new frontiers.

This loop stores the current path of the robot to the new point while the main
loop stores the whole map that has already been traversed including the current. This
approach increases the overall speed of the map exploring algorithm. With multiple
robots, each running this individually, the map is recorded and sent to the main ROS
node which by filtering methods stores the whole map in a grid form. This algorithm
plusmultiple robot’s implementationmakes themapping process really fast, efficient
and time saving. Here we have implemented this on ground robots but it can be even
implemented on drones.

Algorithm 2: Frontier Detection

1: V←xinit; E←ϕ;
2: while True do
3: xrand← Sample Free;
4: xnearest← Nearest (G (V, E), xrand);
5: xnew← Steer (xnearest, xrand, η);
6: if GridCheck(map, xnearest, xnew)=−1 then
7: PublishPoint(xnew);
8: V ← xcurrent; E ← ϕ; � reset the tree
9: else if GridCheck(map, xnearest, xnew)=1 then
10: V ← V ∪{xnew}; E ← E ∪ (xnearest, xnew)};
11: end if
12: end while

3.3 SLAM

The whole project revolves around Simultaneous Localization and Mapping and the
improvement made in the traditional method to increase efficiency and speed of map
generation using a greater number of robots. RRT based algorithm has been applied
for finding unknown regions in the environment. The map generation is totally based
on ROS hector slam. Hector SLAM is a very efficient tool to produce a graphic
map for the user to further command and make the robot perform particular tasks.
The generated map can have only three possibilities, Unknown, Occupied-space,
free-space represented by −1, 1, 0, respectively [10, 11].

The exploration of unknown area uses RRT algorithm as explained in Sect. 2.1.
After map generation, there were many path planning algorithms to move from
one point of the known location to other. We had the option of using A* but we
instead used Dijkstra algorithm for making our work simple as our main goal was
to implement multiple robots. Dijkstra finds the smallest path between the robot’s
current position and the goal position. Even though our occupancy grip has the data
of obstacles, still we implemented bug 2 algorithm that is a greedy algorithm that
follows a path nearer to the goal location when there is an obstacle in between. This
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Fig. 1 Robot objective to
reach goal while avoiding
obstacle

was includedmainly for avoiding dynamic obstacles or newly added obstacles which
were not included while the generation of the map (Fig. 1).

3.4 Swarm

Swarm algorithm is responsible for establishing communication between multiple
robots and make them work together to increase efficiency and decrease time to
complete any task [3, 6]. In its usual implementation, generally one of the robots
from the swarm is treated as the leader and other units become the slave and follow the
master’s command. In our implementation, we have made the main processing unit
(computer) as the master node which gives command to other mobile robots to move
around the arena. The master sends and receives data from other robots using Wi-Fi
but other robots communicate to each other using infrared sensors. Four infrared
transmitters and receivers are placed at each quarter of each unit. They constantly
produce data containing a unique address assigned to each individual robot. By this
method whenever there will be two robots’ side to side or front back, they would
be able to know that which robot is on which of their sides. This information will
make the robot to avoid the path that is already been traversed by other robots. The
algorithm also makes the robot able to distinguish between an obstacle and other
moving robots [8].
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3.5 Odometry Position

After the frontier detection, the main task revolves around detecting the current
position of the robot. One cannot rely on image processing and detecting common
points tofind the position of the robot.Odometry data is very important for building an
error-less map for the robot traversal. There are various ways to do so, we considered
usingAccelerometer and Encoders. One of them is enough by in caseswhere slipping
of the robot can cause an error in encoder readings, we used accelerometer along
with it. We avoided individual use of the Accelerometer as the probability of error
in it is more as compared to digital encoders.

We cannot directly use the data from these sensors to be used as the input for
ROS. We have to find the position of the robot using both the reading and then give
it as an input for ROS. To do so we used a microcontroller (Namely STM32F103C8)
for the collection of data and further calculation of the position of the robot.

As shown on [11], we used the motion model to calculate the position of the robot
from the encoder’s input. As told earlier, the probability of errors in the accelerometer
is more so while applying the Kalman filter, the weightage of the accelerometer was
30% as compared to 70% of encoders approximately. Internally, the accelerometer is
only considered when there is a large dissimilarity in the encoder’s predicted reading
along with the difference in accelerometers readings.

The overall process proceeds as followed, the microcontroller records the data,
then calculates the position from both the sensors, and finally sends the position data
to ROS (Fig. 2).

4 Implementation

Above stated solution was implemented on GAZEBO software with the help of
which we were able to demonstrate the working of the RRT and were able to handle
robot in unknown environment [9].

Fig. 2 Calculation of robot position
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4.1 Simulation

Gazebo stimulator was used along with ROS as the middle ware. Software setup
required for the stimulation is as follow:

1. Ubuntu 18.04 O.S
2. ROS melodic
3. GAZEBO
4. RVIZ.

Initially for the testing purpose Sample world was imported in GAZEBO and with
the help of the ROS two robots were simultaneously spawned into the sample world
(Fig. 3).

After the robots were spawned in the world, with the help of the LIDAR scanner
installed on the robots started mapping and navigating through the environment
autonomously (Fig. 4).

The finalmap of the environmentwhichwasmapped by the robots is shown below.
With the help of the multiple robots we were able to map the unknown environment.
The technique used while mapping the environment was hector slam.

With the help of the hector slam mapping we got more accurate result because
hector slam mapping the mapping also consider robots localization which make it
the accurate mapping technique.

Fig. 3 Two robots spawned in simulation world
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Fig. 4 Robot mapping
unknown environment

4.2 Practical Approach

The RRT algorithm which was used in this chapter was helpful in designing the
whole system [4]. With the help of the RRT and frontier detection we avoided the
obstacle along with avoiding obstacle and reaching goal destination.

In Fig. 6, we can see robot initialized from co-ordinate (0, 0) and the goal desti-
nation is at (5, 10) with the help of the algorithm the robot was able to reach the goal
by traversing shortest path and also avoiding obstacle along the path [7] (Fig. 6).

Fig. 5 Final map created by
robots
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Fig. 6 Working representation of RRT algorithm

5 Result

From the simulation we can observe that we were able to reach the goal in less time,
we compared our algorithm with the existing algorithm available and found that our
algorithm is 98% accurate and take less time in mapping and navigating through the
environment.

6 Application

SLAM is central to a range of indoor, outdoor, in-air and underwater applications
for both manned and autonomous vehicles.

Examples:

• At home: vacuum cleaner, lawn mower
• Air: surveillance with unmanned air vehicles
• Underwater: reef monitoring
• Underground: exploration of mines
• Space: terrain mapping for localization.
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Fig. 7 Application of slam robot

7 Conclusion

In this chapter we have successfully developed and implemented an algorithm for
multiple robot exploration and mapping. With the help of the developed algorithm,
we were able to minimize the time consumed by robot to navigate and map the
unknown environment. The mapped environment is observed in form of g-mapping
which helps us in clear understanding of the environment. Further, swarm algorithm
was successfully implemented with the help of which multiple robots were able to
communicate with each other. This helped us with increased efficiency and reduced
exploration time with 98% of efficiency in environment exploration. This multi robot
system will be applicable in the smart city environment in near future (Fig. 7).
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