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Abstract

This paper presents a virtual-physics force based control strategy for swarm robotic chemical
source localization. The control force includes: structure formation force, goal force, and obstacle avoidant
force. For swarm formation, the robots maintain the regular polygon formation and a virtual robot is located
at the center of the polygon. The motion of the virtual robot depends on the goal force which obtained from
the sensor observations of the robots. Once the virtual robot moved to a new place, the robots would also
move as a single body with the structure formation force and obstacle avoidant force. In this paper, we
adopted chemotaxis as plume tracing algorithms. Simulation experiments in indoor arena without obstacle
and with obstacles using different robot number are carried out respectively, and the results show that the
proposed strategy can effectively navigate the mobile robotics swarms to the chemical source once
selecting proper number of robots.
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1. Introduction

The recent increasing threat of chemical agents that are accidentally or deliberately
released into an environment has highlighted the need for superior detection of chemical
emission sources. To minimize damage from chemical agents, we must locate the origin of the
chemical as quickly as possible. Because the chemical is often hazardous to human health, a
promising solution is to deploy a group of intelligent robots, so that they can autonomously trace
the toxic plume to its source emitter, without endangering the lives of human operators. This
paper represents a cooperative search strategy based on mobile robotics swarms with virtual-
physics force, which can rapidly converge on the location of the source emitter.

Typical strategies and methods designed for plume tracking and source localization
include gradient-following-based strategy [1, 2], imitation of animal behavior [3, 4], probabilistic
models based on Bayesian occupancy grid mapping [5, 6] and multiple robots cooperation
based on swarm intelligence [7, 8], based on evolutionary [9, 10] and by fusing vision
information [11, 12]. Zarzhitsky et al. [13] proposed a cooperative group of robots moving in a
close formation, also using fluid-dynamics information. Hayes et al. [14] described a spiral surge
algorithm in which a collection of autonomous mobile robots used a combination of spiral, surge,
and spiral casting behaviors to find the source of an odor plume. Cui et al. [15] had developed a
fuzzy logic based approach to control a swarm of small robots to locate a hazardous
contaminant source. Jatmiko et al. [16] presented an algorithm for odor source localization in a
changing environment based on the particle swarm optimization.

In this paper, we propose a cooperative search strategy using the lattice formations,
built with virtual physics force (VPF), as a distributed sensor and computation network that acts
as a parallel computer to assist in the making of navigational decisions.

2. Research Method
2.1. Construction of Dynamic Plume Model in Indoor Arena

The plume models that available for mobile robot study and research have many
limitations: mostly are the long time average static model in open outdoor arena and no
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considering the effect of boundary condition of walls and obstacles. The plume model used in
the paper is obtained from Liu [17]. This plume was simulated using a computation fluid
dynamic (CFD) software package, FLUENT (Fluent, Inc.). The plume data produced by Fluent
CFD were imported into MATLAB (Mathworks, Inc.) and integrated with simulated mobile robots
model for pluming tracing behavior simulation. Firstly, the size and the geometry of the indoor
simulation arena are defined using Gambit (Fluent Inc.), which is a pre-processor for Fluent.
The indoor simulation arena we used in the paper was a 2D arena of 20mx20m with two
windows (airflow inlet), a door (airflow outlet). The geometry details of simulation domain are
illustrated in Figure 1. Varying airflow directions were adopted instead of the fixed airflow
direction, the varying airflow entered into the windows of the indoor simulation domain at a
constant 5m/s velocity but varied between +22.5° during the simulation.

The gas in this paper was Methane (CH,4) with position (2, 14). We constructed two
kinds of indoor simulation arena: one has no obstacle, which is given in Figure 1 (a) and the
other has three obstacles with (6.75+0.75, 12.75+0.75); (11+1, 8.5+2.5); (13.5+1.5, 15+1) as
their vertices, which is shown in Figure 1 (b), to block the odor plume propagation and the robot
motions. Plume data (CH, concentration, airflow vectors) were calculated by running FLUENT
and were stored in files for further processing. FLUENT is one kind of CFD software good at
calculation, however, it is not good at post-processing simulation data. In order to obtain a more
realistic plume model, we adopted OPENDX to visualize the simulation data. Figure 2 shows
two kinds of dynamic CH, plume model in indoor arena without obstacle and three obstacles
(the rectangular white blocks).
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(a) Indoor arena without obstacle (b) Indoor arena with three obstacles

Figure 1. Two dimensional sizes in the indoor arena

(a) Indoor arena without obstacle (b) Indoor arena with three obstacles

Figure 2. Instantaneous distribution of plume in the indoor arena.

From Figure 2 we can see, the obstacles make the distribution of the plume more diversified.

An advantage of using CFD numerical simulation is that it can simulate plumes
precisely; a disadvantage is that we cannot simulate a mobile robot in CFD simulation arena. So
the plume data were then imported into MATLAB for integration with the simulated mobile
robots model.
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2.2. A Virtual Physics-Based Approach to Chemical Source Localization Using Mobile
Robots

Virtual physics (VP) provides a distributed control of mobile robots in sensor network.
We use the term “virtual physics” because although these forces are defined only inside the
control software, the robots act as though the forces are real. Every robot observes the
environment, notes the position of nearby robots, and then computes virtual forces imposed
upon it. After taking a vector sum of all forces on the robot, it takes derivatives to convert the net
force into a velocity vector for the robot’'s next move. At an abstract level, VP treats agents as
physical particles. Each particle i has position X and velocity v. We use a discrete-time
approximation to the continuous behavior of the system, with time-step At. At each time step,
the position of each particle undergoes a perturbation AX. The perturbation depends on the
current velocity v, i.e., AX = vAt. The velocity of each particle at each time step also changes by
Av. The change in velocity is controlled by the force on the particle, i.e., Av=FAt/m. where m is
the mass of that particle and F is the force on that particle. Generally, the control force includes
three kinds of effort, which are virtual structure force F (VS), virtual goal force F (VG), and
obstacle avoidant force F (OA). Then taking a vector sum of all forces, i.e., F=F (VS) +F (VG)
+F (OA), it converts the net force into a velocity vector for the robot’s next move.

F (VS) is always a function of distance between the neighboring robots, and does not
depend on time. On the other hand, F (VG) is responsible for directing the swarm toward a goal
location, and therefore is computed using the sensor data available on robot i at time t.

2.2.1. Virtual Structure Force

The virtual structure force F (VS) as a function of distance between the neighboring
robots was defined by Newton’'s Law of universal gravitation in [13]. Six usual structures
corresponding to different robot numbers on the basis of Newton’s Law of universal gravitation
are illustrated in Figure 3.
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Figure 3. Six usual formations with different robot number n in [13]

This paper adopted structure force in [18], which making the robotic swarms keep a
regular polygon formation. The input force (F, (VS), F)'M(VS)) to the K-th (k=1, 2, 3, ..., n) robot

for regular polygon formation based on the virtual structure can be stated as follows:

FatvS) = ) kB oos(d,) ~k (4 =)0 =)+ (4 =¥ =) )
i=Lizk i L

Fev)= Yk Esin(8,) k(s = ¥)(04 =)+ (3 =¥ =17)

i=1izk ki

where k;, k. are positive gain, gxand g; are the K-th and i-th electric charges (gx= g; =1 in this
paper), and dy is the distance between them, (X«Yyx) is the position of robot k.

cos(d,) =2 sin(g,) = P
| ]
The force defined in (1) makes the robot move toward the circle with center (x., y.) and
radius r when (xy, Y«) # (X, Ye) and form a regular polygon.
We obtained united vector as follows:

(Fs (VS), F;, (VS))
|(Fivs), i (vs))|

(Fa(VS), Fy (VS)) = )
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Six usual structures corresponding to different robot numbers on the basis of virtual
structure force (Fu« (VS), Fy (VS)) are illustrated in Figure 4.
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Figure 4. Six usual formations with different robot number n in [18]

Comparing Figure 3 with Figure 4, we can see the formation in Figure 4 has a wider
distribution than it in Figure 3 under the same condition of the robots’ number and adjacent
distance between robots. The robots in formation of Figure 4 can sense a larger range of data.
So we adopted the formation of Figure 4 in this paper. For swarm formation of the robots, a
virtual robot is considered at the center of the circle while the robots are placed on the circle
around it. Therefore, (X, yc) in (1) should be replaced by (x,, y,) that is the coordinate of the
virtual robot. In this paper, the virtual robot was considered as a leader who received the sensor
data available on robot k (k=1, 2, 3... n), processed the data and made the motion decision.

2.2.2. Virtual Goal Force

In this paper, we discussed chemical source localization in indoor area. Firstly, we
placed the robots at the vicinity of the entrance (door), and with the virtual structure force
(Fx (VS), Fy (VS), the robots formed a regular polygon shown as Figure 4. If the gas
concentrations some robots sensed exceeded a predefined threshold p; the robots used
gradient strategy to trace the gas plume. The gradient strategy simply follows the chemical
gradient, so the direction of the largest chemical concentration is the goal direction. We put the
virtual goal force only on virtual robot. The virtual received the sensor data available on robot k

(k=1, 2, 3, ..., n), choose the robot j who had the highest concentration and moved toward it a
distance of step length s;. The virtual force is defined as follows:
X ()= X, (t
F ) = O =X0 -
|x,@®-X,0)
where X, and X; are position of virtual robot and robot j. ll-lrepresents the Euclidean norm
operator.
Then, the discrete-time model of the virtual robot movements can be stated as:
X, (t+) =X, (1) +s F(VG) (4)

where X, (t+1) and X, (t)are position of the virtual robot at time step t+1 and t. As the virtual
robot moved to a new position, the robots would also move a distance of step length s, under
the action of the virtual structure force. So, the robots move as a polygon formation.

So, the discrete-time model of the robot movements can be stated as:

X,(t+1) = X, (0) +5 [F,(VS) ©)

where X, (t+1) and X, (t) are position of the robot k (k=1, 2, 3, ... , n) at time step t+1 and t.
It should be noted that step length s; of the virtual robot should less than that of the robots such
that the robots can follow it.

2.2.3. Obstacle Avoidance Force

Because robots have a physical shape and foot print of finite size, and cannot have
intersecting trajectories. Thus, robots must avoid collisions with other robots in addition to
avoiding obstacles in the environment. In this paper, we adopted the simple reactive wall-
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following obstacle avoidance method which requires less computation and does not require a
prior knowledge of the environment and past history of robot navigation. The robot in this study
was equipped with five ultrasonic sensors, as each ultrasonic sensor covered a 36° angle; five
sensors covered totally 180° area in front of this robot which is enough for the robot to detect
objects at the front. The configuration of ultrasonic sensors is illustrated in Figure 5.

obstacle

sensor
detection range

2 move
. direction

robot

Figure 5. Configuration of the ultrasonic sensors of the robot

Based on the sensory information from the ultrasonic sensors, if the robot detects an
object within its alarm distance, it implements avoidance force to adjust the move direction to
detour around that object until no obstacles are detected and then the robot will continue
moving forward. The obstacle avoidance force is defined bellow.

Let D the distance readings from the five ultrasonic sensors:

D ={d (t)},i =12345 (6)

0, otherwise
The deflection angle of the move direction of the robot , is defined as follows:

where 4 () - {11 di(t) <dy and d,is alarm distance.

90" dy(t)=1
-30° d,(t) =1and d,(t) =0
g =) 15 dit)=1and d,(t) =0and dy(t) =0 @)
* |30 d,(t) =1and d,(t) =0
15 d (t)=1and d,(t)=0and d,(t)=0
0 otherwise

Letd the include angle between F(VS) (k=1, 2, 3, ..., n) to the K-th (k=1, 2, 3, ... , n)
robot and positive axis of X, then the virtual structure force (Fx (VS), Fy (VS) to the K-th (k=1, 2,
3, ..., n) robot will be modified by:

F4(VS) = F (vS)cos(f + ) ©
F/(VS) = F (vS)sin(6+ )

Then obstacle avoidance force is defined as follows:

{ka (OA) = F;,(V9) = F, (VS) o

Fy (OA) = F (VS) - F, (VS)

Obviously, if the surroundings of the robot are clear, the obstacle avoidance force is 0
and the virtual structure force (g (vs), Fi(VS))is restored to (g (vs), F, (VS)) -
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So, the discrete-time model of the robot movements can be stated as:
X (t+1) = X, (t) + 5, [F," (VS) (10)
where X, (t+1) and X, (t) are position of the robot k (k=1, 2, 3, ... , n) at time step t+1 and t.

2.2.4. Source Declaration

Plume source identification is the process whereby the robots identify the odor source in
the environment. It is found that, an important characteristic of the odor source is preserving a
high concentration in a long time. In this paper, when arriving at the emitter region, because of
the balance of the inner structure force and external goal force, the robots get bogged down and
become a circle surrounding the potential source emitter. If the maximum gas concentration of

the robot sensor in the robots is greater than a given threshold @ in a given number of steps n;,
we decide that the odor source is located and the robots stops automatically.

3. Results and Analysis

The virtual physics-based approach to chemical source localization we adopted was
tested in indoor dynamic plume arena which was shown in Figure 2. At the same time, we gave
the search results with the different number of robots.

3.1. The Parameters of the Algorithm
By simulating extensive numerical search trials for each parameter, we chose the
parameter given by Table 1.

Table 1. Parameters of algorithm
Ke r Kr S1 S2 Pr do ®dr ns

0.0001 03 5 0.06 0.12 0.0095 08 0.1 5

3.2. Performance Metrics
We gave the following three performance metrics:
Success rate : the percentage of trials in which the robots found the plume source;
Search time : the total length of time that the robots fund the plume source;
Overall proximity : a measure of how close the virtual robot was to the CH, source during the
simulation run.
Firstly, we give the simulation result in the indoor arena without obstacle.

3.3. Simulation Result in the Indoor Arena without Obstacle

To get a better understanding of the effect that the control algorithm has on the plume
tracing task, we give a series of snap shots of the tracing odor plumes process of the six robots
in the indoor arena without obstacle (see Figure 6).

Figure §
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(a) t=3s (b) t=100s (c) t=382s

Figure 6. The virtual physics-based plume tracing process in indoor arena without obstacle
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At the beginning, six robots (indicated by “o”) and a virtual robot (indicated by “+") are
distributed randomly in the entrance area. At the time t=3s (see Figure 6(a)), the structure force
defined in (1) makes the robots to provide a hexagonal structure. Once some of the robots
detect the plume, the robots trace the plume to its source with the control algorithm while
preserving a stable hexagonal structure (see Figure 6(b)). At last, the robots find the source and
the search is end (see Figure 6(c)).

Figure 7 and Figure 8 show the search results with the different number of robots n in
the indoor arena without obstacle. In order to more clearly display the effect of the robots tracing
plume, Figure 7 only gives a tracing path of one of the robots. Figure 8 shows the search time
and the overall proximity of the robots.
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Figure 7. Plume tracing path using the virtual physics in indoor arena without obstacle with
different robot number n
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Figure 8. The performance of plume tracing using the virtual physics in indoor arena without
obstacle with different robot number n

From Figure 7 and Figure 8 we can see that when the robot number is smaller, the
sensor data from the robots is limited, and so the search time of the robots is longer. Especially
when the robot number is 3, the robots fall into the plume swirls which on the top right corner of
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the simulation area and cannot escape it which leading the search failed. When the robot
number is more than 4, the tracing path of the robots is very similar to each other with different
robot number n and the search time is almost the same.

3.4. Simulation Result in the Indoor Arena with Three Obstacles

The simulated mobile robots using the proposed control strategies were tested in an
obstacle-filled arena. We give a series of snap shots of the tracing odor plumes process of the
six robots in the indoor arena with three obstacles (see Figure 9). At the beginning, six robots
(indicated by “o”) and a virtual robot (indicated by “+") are distributed randomly in the entrance
area. At the time t=110s (see Figure 9(a)), some of the robots detected obstacle 2 within their
sensor range, then they detoured around the obstacle 2 and continued plum-tracing with the
wall-following collision avoidance force defined in (9) (see Figure 9(b)). At last, the robots find
the source and the search is end (see Figure 9(c)).

Figure 10 and Figure 11 show the search results with the different number of robots n in
the indoor arena with three obstacles.
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Figure 9. The virtual physics-based plume tracing process in indoor arena with three obstacles
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Figure 10. Plume tracing path using the virtual physics in indoor arena with three obstacle with
different robot number n
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Figure 10 gives a tracing path of one of the robots and Figure 11 shows the search time and the
overall proximity of the robots.

From Figure 10 and Figure 11 we can see, the obstacles make the distribution of the
plume more diversified, so the search time in obstacles arena is much longer than it in no
obstacle arena. The same as Figure 8, when the robot number is smaller, the search time of the
robots is longer, while when the robot number is more than 4, the tracing path of the robots is
very similar to each other with different robot number n and the search time is almost the same.
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Figure 11. The performance of plume tracing using the virtual physics in indoor arena without
obstacle with different robot number n

4. Conclusion

Odor source localization using multi-robots mainly includes the following aspects: the
first is information sharing and behavioral integration among the robots. Second is the motion
strategy of the robots, namely, which directions do the robots move toward? Finally is how to
declare the odor source. This paper presents a cooperative search strategy based on mobile
robotics swarms with virtual-physics force. The control force includes three kinds of effort, which
are structure formation force, goal force, and obstacle avoidant force. With the virtual-physics
forces, robots maintain the regular polygon formation while moving toward the chemical source
in the indoor simulation arena. For swarm formation, a virtual robot is located at the center of
the polygon. The innovative contribution of the strategy is that robots only having two kinds of
force: structure formation force and obstacle avoidant force while virtual robot having only one
kind of force: goal force. The motion of the virtual robot depends on the goal force which
obtained from the sensor observations of robots. Once the virtual robot moved to a new place,
robots would also move with the structure formation force and the obstacle avoidant force as a
single body. The proposed strategy is simple, less parameters and easy to achieve. Simulation
experiments in a no obstacle indoor arena and an obstacles contained indoor arena were
carried out, and the results show that the proposed strategy can effectively navigate the mobile
robotics swarms to the chemical source with proper robot number. At the same time, we
discussed the influence of the number of the robots n to the search performance. The results tell
us that considering the equipment cost of the robot platforms and the search performance; we
suggest that the optimal number of robots in this paper should be five or six. Since hexagonal
tiles can tile a planar region (i.e., the hexagonal grids can be connected without spatial gaps),
this geometry is particularly well suited for sensor applications. So In the future, we will choose
6 robots composed of hexagonal grids to odor source localization in the more complex
environment and further, transplant the control strategy on the true swam robots in the
experiment arena.
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