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Abstract— Social insects are known as the experts in handling
complex task in a collective smart way although their small
brains contain only limited computation resources and sensory
information. It is believed that pheromones play a vital role
in shaping social insects’ collective behaviours. One of the key
points underlying the stigmergy is the combination of different
pheromones in a specific task. In the swarm intelligence field,
pheromone inspired studies usually focus one single pheromone
at a time, so it is not clear how effectively multiple pheromones
could be employed for a collective strategy in the real physical
world. In this study, we investigate multiple pheromone-based
deployment strategy for swarm robots inspired by social insects.
The proposed deployment strategy uses two Kkinds of artificial
pheromones; the attractive and the repellent pheromone that
enables micro robots to be distributed in desired positions with
high efficiency. The strategy is assessed systematically by both
simulation and real robot experiments using a novel artificial
pheromone platform ColCOS®. Results from the simulation
and real robot experiments both demonstrate the effectiveness
of the proposed strategy and reveal the role of multiple
pheromones. The feasibility of the ColCOS® platform, and its
potential for further robotic research on multiple pheromones
are also verified. Our study of using different pheromones for
one collective swarm robotics task may help or inspire biologists
in real insects’ research.

I. INTRODUCTION

Pheromone, a term coined by Peter Karlson and Martin
Liischer in 1959, is a kind of secreted compound that
can trigger specific individual behaviours underlying some
complex and flexible collective performances [1]. There are
many types of pheromones in the social insects’ world
which are crucial for the colony’s survival and reproduction
[2]. For example, the sex pheromone relayed by a female
can attract the male of the same species to improve the
possibility of mating, the oviposition-deterring pheromone
[3] will repel other females from oviposition near the site
where larvae have already been present, which improves
the oviposition efficiency of the whole colony. There are
numerous properties that make pheromones a significant
source of inspiration for solving the problems in swarm
robotics [4], [5]. For example, the ant and bee colony
optimisation [6], the pheromone guided robot dispersion or
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deployment [7], [8], [9] and so on. However, most of these
studies only utilise one single pheromone in their solution
except for few studies using multiple pheromones but in a
simulated environment [10], [11]. One pheromone for one
collective task is not the case in the real animal world. For
instances, in the ant’s food recruitment task, at least three
kinds of pheromones are involved [12], [13]. Robinson et al.
[12] argued that these different pheromones working together
can greatly improve the food recruitment efficiency and save
the colony energy. Thus, from the bio-inspired perspective,
we want to ask what is the role of multiple pheromones in
solving swarm robotic problems? As one of the fundamental
and challenging tasks for swarm robotics is to deploy robots
in an environment to perform surveillance, collect data, or
establish a sensor network [14], in this paper, we take the
deployment problem as an entry to investigate the multiple
pheromones focused scenarios.

As compared to a single pheromone study, multiple
pheromones are not as much investigated and to compensate
for this, here we devise a multi-agents deployment strategy
based on multiple pheromones communication. Inspired by
animals, this strategy applies attractive pheromone to guide
the agents to the goal positions and repellent pheromone
to tell the agents which position has already been occu-
pied (See Fig.1). The effectiveness of this strategy was
initially explored in simulations. Further, the recently pub-
lished multiple pheromone communication platform named
ColCOS® [15] provides us with a good opportunity to extend
and deepen the swarm robotic studies inspired by multiple
pheromones from simulations [10], [11] to real robots appli-
cation. The main performances and results from simulations
are in line with that of real robot experiments conducted in
ColCOS®P, demonstrating the effectiveness of this deploy-
ment strategy. Aligned simulation and real robot experiment
results demonstrate the significant role each pheromone plays
in completing the deployment task. In addition, we further
explore this strategy by parameter sensitive testing which
is helpful and inspirational for strategy design of swarm
intelligence based on similar ideas.

To conclude, salient contributions of this study can be
summarised as; (a) a novel attempt to involve multiple
pheromones in solving collective task not only in simulation
but also real robots, filling the gap that many studies just con-
sider one pheromone at a time, (b) systematic investigation
of the simple deployment strategy in simulation and physical
world provides suggestions for related strategy design, (c)
implementing the concept of multiple pheromones from
social insects to swarm robotics that may help biologists in



real insects research, and (d) a new application of ColCOSP
and demonstrate its effectiveness and feasibility for swarm
robotics study.

The other sections completing this paper are organized as
follows: II gives the methods and model of this deployment
strategy; III introduces the specific experiments settings for
the simulation and real robots; IV displays and analyses the
experimental results; V gives the conclusion and the future
work.
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Fig. 1. The schematic diagram of the deployment strategy.

II. MATERIALS AND METHODS

The specific deployment task in this paper is illustrated
in Figure 2. The agents we employ do not have any prior
knowledge of the global map and the ability to communicate
with each other. In order to deploy such simple swarm
robots from the initial arbitrary distribution to the desired
distribution, a multiple pheromone based strategy is designed
that is inspired by the insects’ reaction to different kinds of
pheromones (Fig.1). In this strategy, every single position
partly forming the goal pattern is marked by the attractive
pheromone. Once an agent arrives at one of those single
positions, it will secret the repellent pheromone at that
position to prevent other agents from twice occupying the
spot.
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Fig. 2. The schematic diagram of the deployment task we want to complete.

A. Multiple Pheromone Model

Pheromone is a kind of volatile compound whose concen-
tration changes with respect to time that can be modelled
by a differential equation with evaporation and diffusion
parameters [16]. To simplify the calculation and make it
more suitable for our strategy, the 2D spatial distribution
of pheromone is modelled by a scaled bivariate normal
distribution as shown in (1) with the assumption that the
pheromone will keep emitting from the source.
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In (1), (H,uy) defines the source position of the
pheromone, K is the scale factor defining the strength of the
pheromone, oy and oy, are the standard deviation of Gaussian
function which in this context determine the diffusion effect
of pheromone. Given the natural condition where there is
no wind and other disturbances, the covariance p should be
zero and Oy = 0y, = 0, which means that the pheromone
is spreading equally in x and y direction in the Cartesian
coordinates. Therefore, (1) is simplified as,
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In a 2D environment where the robot will be deployed,
the strength of the pheromone with i’ type at position (x,y)
is the linear summation of all the presented k" pheromone
where k = 1,2...n, which is formulated in (3).

P(x,y) =Y P(xy) 3)
k=1

B. Behaviour Control

In our deployment strategy, pheromone is the only cue that
the agent can sense to complete the deployment task except
for some necessary sensory information to avoid collision
and obstacles. Given these limited sensory inputs, a suitable
behaviour control strategy should be designed to guide the
agent to navigate in the bordered 2D world and finally finish
the task.

1) Finite State Machine: A finite state machine (FSM)
for controlling the agents’ behaviour to eventually achieve
the goal of deployment should meet the following three
principles,

o The agent can navigate to the desired location and
stop on it to complete its own task. Here the attractive
pheromone will be useful.

« The agent should not navigate to the location that has
already been occupied by another agent. Here we can
make good use of the repellent pheromone.

« The agent can explore the world with the ability to avoid
collisions, which provides the agent with possibilities
to sense the pheromone. Because the defined attractive



pheromone cannot diffuse so fast that the whole deploy-
ment area is covered.

Based on the aforementioned principles, a compact FSM is
designed and illustrated in Figure 3. Once the agent starts its
deployment task and finishes the initialisation, it first goes to
the wandering mode, in which the agent will freely explore
the environment. Once the agent arrives at the diffusion range
of the pheromones, the pheromone guide motion mode will
be triggered. If eventually the sensed value of the attractive
pheromone is greater than the threshold, the agent will
stop. Necessarily, to safely and continuously explore the
environment, once the agent encounters an obstacle (other
agents or the boundary of the world), the avoiding collision
mode will override the controller to avoid the looming
collision.
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Fig. 3. The finite state machine of the agent in deployment.

2) Motion Control Model: The implementation details of
the motion control mode for every state in the FSM are
introduced as,

o Start and initialising: Do the necessary preparation,

such as initialise peripherals and parameters.

o Wandering: Go forward with a constant basic speed (Vp)
and a random turn (6,,).

o Pheromone guided motion: To guide the agent to the
centre of the attractive pheromone, a bio-inspired gra-
dient tracking method is designed [17]. The attractive
and repellent pheromones’ effect on the motion can
be represented as two vectors formulated in (4), where
P, and P, defines the strength of the sensed attractive
and repellent pheromone, respectively. 6, and 6, stand
for the positive gradient directions. Note that for the
attractive pheromone, the desired motion direction is in
line with the positive gradient direction while for the
repellent pheromone, these two directions are opposite.
To integrate the guidances from these two kinds of
pheromones into one motion decision, a bio-inspired
method is applied to do the optimal integration of
circular cues [18], [19]. Hence the integrated motion
direction (0) is obtained by vector summation M =
M,+M, = (M,0) and 6 is calculated by (5).

o Avoiding collision: Make a sharp turn (6,) away from
the obstacle.
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III. EXPERIMENTAL SETUP

To systematical investigate the efficiency of multiple
pheromones as compared to single pheromone applications,
we explore this multiple pheromones based deployment both
in the simulation context and the real robotic scenario.
Experiments in simulation and real robot both start with N
robots located in random positions with random headings,
where the N desired positions are marked by the attractive
pheromones. All the individual agents will simultaneously
finish the initialisation step and shift to the wandering state
(Fig.3). The successful deployment will be verified if all the
agents have stopped and released the repellent pheromone
at the desired positions before exceeding the defined exper-
imental time 7Tp,;.

A. Simulations

The deployment strategy is implemented by Python and
executed in the Jupyter iPython. The environment is com-
posed of the following sections.

1) Arena Setup: We define a simulated rectangular arena
with 0.8m width and 1.43m length (similar to the size of our
real robot arena), within which the simulated pheromones
are released and the simulated robots must begin exploring.
An example of the pheromone implementation is shown by
a heat map in the left part of Figure 4, where the darker
colour represents a higher concentration of pheromone.

Pheromone I
released on the "O( i

Robot tracks the
attractive pheromone

Acm

Fig. 4. The implementation of pheromones and robots in the simulated
environment. Sensors of the agent are labelled with j € {0,1,2,3} corre-
sponding to Y +,X+,Y —, X — in this top view figure. The world’s and robot’s
coordinates are labelled with X,Yy and X, Y, respectively.

2) Simulated Robot: The robot is simulated as a 4cm
diameter circle depicted in Figure 4. Four colour sensors are
simulated as four points distributed in a 2 x 2 array with 3cm
diagonal distance to efficiently and conveniently get the in-
stantaneous gradient of the pheromone. The concentration of
the pheromone sensed by each sensor is calculated by (3)(2)
and the average value is regarded as the current pheromone
concentration sensed by the robot. The positive gradient
direction of the pheromone in the robot’s coordinates can
be computed by (6), where i € {1,2} indicates two channels
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Fig. 5. The structure of ColCOS® and the robotics platform. Key
components are labelled, and sensors of a robot mounted as the same with
the simulation agent are shown in the upper right corner with a bottom view.

of the simulated sensor to sense the attractive and repellent
pheromone. Then the direction 8;x y) in robot’s coordinates
can be transformed to the world coordinates (X0,Y0) by (7),
where 6, is the heading direction of the agent in the world
coordinates. In sequence, the desired motion direction driven
by pheromone can be calculated by (5). In the simulation
context, we have ideal motion control, so we just force
the agent’s motion direction to be 6, and the speed of the
simulated robot is set to be a constant v = 4cm/s.
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B. Real Robot Experiments

The real robot experiments implement a platform called
ColCOS® [15]. It is a specially designed platform for
multiple pheromones research. This novel platform uses
different colours to encode pheromones. In this part, we
briefly introduce the platform and robots control logic. Then,
a simple test was shown to illustrate the efficiency of this
platform.

1) Arena Setup: The arena consists of four parts (a
camera, a screen, a PC and a frame) as shown in the left
part of the Figure 5.

Based on the hardware mentioned above, two main al-
gorithms are executed on the computer; (a) the localisation
algorithm [20] based on pattern cognition is applied to track
the robots’ position, and (b) the algorithm to display the vir-
tual pheromones on the screen. The same with the simulation,
the pheromone implementation also based on (2). Different
from simulation context, the pheromone is implemented
theoretically while for the real robot experiment, according
to ColCOS®, the strength of the virtual pheromone in the
physical world is implemented by the RGB value of the pixel.
The pheromone type i is realised by the colour of that pixel.
In this study, we set the attractive and repellent pheromone
to be blue and red respectively then, the RGB value of a
pixel I(x,y) = (r,g,b) can be calculated by (8).

rzzzzlpa,k (xvy)
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The RGB value of a pixel I(x,y) = (r,g,b) at the x"* row
and y"* column of the screen can represent three kinds of
pheromones with the normalised strength from 0-255. Where
the P, and P, define the strength of the attractive and repellent
pheromone, respectively. k stands for the number of the
similar type pheromones.

2) The Micro Robot Description: The right part of Figure
5 illustrates the robotic agent. To comply with the ColCOSP
system accurately, four colour sensors are mounted on the
robot in the same way as the simulated robot to get the nec-
essary value for gradient calculation. These sensors measure
the intensity of brightness, red, green and blue component of
the ambient light by four independent 16-bit ADC channels.
However, in this study, only the blue and red channels are
utilised. On top of the robot, a special pattern is attached for
the localisation system to recognise the robot and track its
position. Three bumpers are installed in front of the robots
to dampen collisions.

3) Robot Motion Control: Similar with the simulated
robots, the concentration of pheromone can be calculated
by (3), and the average readout value of four sensors can
be taken as P, and P, which is the current pheromone
concentration sensed by the robot. The positive gradient
direction 8, and 6, can be calculated by (6). Then, the desired
direction 6 can be calculated through (4) and (5).

Unlike the ideal control mechanism of the simulated robot,
the real robot motion is driven by two wheels. Therefore, the
desired motion direction should be transformed into left and
right motor rotational speeds (R; and R,) that are calculated
by (9) and (10), respectively as,

R =v,—G6 ©))

R, =v,+G,0 (10)

Where v, stands for the basic forward speed, generally
defined as 4-5cm/s. And G; is the parameter for adjusting
the responding speed of turning.

4) The Preliminary Test: In order to verify whether the
ColCOS® system meets the scope of this study, we initially
undertake a preliminary test illustrated in Figure 6(a). Three
spots of artificial pheromone are displayed on the LCD
screen. The robot follows the depicted grey trajectory to
pass through the surface of the attractive pheromone freely,
and then it reacts to the pheromone with the controller
enabled, resulting in the white trajectory shown in Figure
6(a). During this whole process, the sensory value has been
collected and then plotted in Figure 6(b,c,d), from which we
can see the correct Gaussian distribution of the pheromone
concentration, the expected motion of the robot and the
immediate pheromone releasing.
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Fig. 7. The simulation results of the typical performance of our deployment
strategy model. Trajectories and headings of six robots are depicted with
colourful quivers, red dash circles indicate the half-width of the Gaussian
modelled repellent pheromone.

IV. RESULTS AND DISCUSSION

Both simulations and real robot experiments are demon-
strated to systematically investigate the roles that multiple
pheromones play in solving the deployment tasks introduced
in Figure 2. In addition, we also explore how the parameters
of multiple pheromones affect the deployment performances.

A. General Deployment Performance

The typical performance of our deployment strategy is
illustrated in Figures 7 and 8 for the simulations and the
real robot experiments, respectively. In these experiments,
it is evident how a simple strategy delivers an effective
deployment performance. Six robots with slow speed (around
4cm/s) are uniformly distributed within the arena, that is 250
times its size for one minute.

After validating the effectiveness of the designed deploy-
ment strategy, next we make an attempt to test if the task can

(d) t=59s

(c) t=45s

Fig. 8. The real robot results of the typical performance of our deployment
strategy model. The time stamp is shown in the captions of sub-figures.
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single pheromone. Inserted figure shows a typical failure caused by elimi-
nation of the repellent pheromone.

still be completed in the absence of the repellent pheromone.

B. The Function of Multiple Pheromone

In order to identify the function of multiple pheromones,
simulation of single pheromone (only the attractive
pheromone) based deployment is conducted and the results
are shown in Figure 9. Two criteria are applied to assess the
performance; the time consumed for finishing the deploy-
ment (finishing time 7 f), and the success rate (Sr) that is
the ratio of expected deployment (all finally arrived robots
at the desired positions) to the number of trials. It is obvious
that in the absence of repellent pheromone, the deployment
task is very difficult to be achieved, which is implied by
the extremely low value of Sr. The inserted figure of Figure
9 clearly shows why the deployment fails. If there is no
repellent pheromone, a desired position occupied by an agent
still attracts other agents. Thus there will be a high possibility
of more than one agent occupying the same spot.

After analyzing the effects of multiple pheromones and
single pheromone, we empirically take two factors into
account which may have a crucial effect on the performance



to do the further analysis; (a) the number of robots (size of
the swarm), and (b) diffusion of the pheromones.

C. Size of the Swarm

To investigate the influence of the number of robots on
the deployment performance, deployment tasks with different
number of robots have been performed in both the simulated
environment as well as the real-world arena.

1) Simulation Results: In this test, we fixed the diffusion
of the attractive and repellent pheromones, i.e., mathemati-
cally we fixed the values for o; and o, in (2) of the two
pheromones to be 6¢m and 7.5¢m. The desired locations are
arranged in a rectangle array with different sizes from 2 x 1
to 4 x 3, corresponding to the number of robots N ranging
from 2 to 12 with an increment of 2, running each group for
100 trials. Simulation results of the varied number of robots
are shown in Figure 10(a), from which we can see that Sr
decreases slowly with the number of robots increased, but
when the robots exceed 5 x 2 = 10, Sr decreases dramatically.
The reason behind this phenomenon is due to the space
constraints (arena size), that is when the number of robots
increase beyond a certain threshold, the arena will be so
crowded that the robots get blocked and confined into a
small space illustrated in Figure 10(e). There is a very little
chance for the robot to pass through from one side to another
reaching its destination (see R7 fails to pass through in Figure
10(e)). The average time consumed linearly and slightly
increases with N. From the distribution of the time used (blue
dots in Figure 10(a)), we can find a large variance caused
by the random initial positions and headings of robots, but
most of the dots drop below the average value which also
suggests the efficiency of this deployment strategy.

2) Real Robot Results: Due to the hardware and time
constraints, we test the effect of agent population (number of
robots) on the deployment performance with three groups:
2, 2x2 and 3 x 2, and for each group, we run 20 trials
maintaining other parameters such as the diffusion of the
pheromones same as in the simulations. Experimental results
are shown in Figure 10(b), it is evident that the whole trend
is in agreement with the simulation results, i.e. 7 f slightly
increases and success rate Sr drop as the number of robots
increase.

D. Diffusion of the Pheromones

Diffusion of the pheromones can be modelled by the
variance of the Gaussian distribution, namely, o in (2). High
variance implies fast diffusion, thus the pheromones’ effect
shall propagate to a wider area that in turn attract or repel
agents farther away, and inversely lower variance represents
pheromones with slower diffusion.

1) Simulation Results: In this simulation test, we set Gy
of attractive pheromones to range from S5cm to 8cm with
steps of 1cm, and the diffusion factor of repellent pheromone
Ogr = 04 + 1.5. The number of robots is fixed to 6, so the
attractive pheromones are placed on a 3 x 2 array. Again for
each group, we run 100 trials. Results are shown in Figure
10(c), we can see that the Sr decays with the increase in the

radius of pheromone and will significantly decrease when
the radius exceeds 7cm, although the T f slightly drops as
the diffusion gains momentum.

2) Real Robot Results: To verify how the diffusion of the
pheromone influences the deployment performance of real
robots, we performed the same tests as in the simulations
except for the number of trials for each group was changed
from 100 to 20. Results are illustrated in Figure 10(d), the
whole trend of the curve is consistent with the simulation,
implying that faster diffusion costs lesser time for the de-
ployment to complete but at a possibly lower success rate.
One such experiment is shown in Figure 10(f) to illustrate
why fast diffusion will cause deployment failure. The reason
is that the possibility of a position being occupied by more
than one agent will raise with an increase in diffusion factor.

Considering all the above results, it can be inferred that
the population density of the robots actually impacts the
performance, because the arena size is fixed throughout
the simulation and real robot experiments. Therefore, while
distributing swarm robots in a certain area using this strategy,
the number of robots N and the diffusion factor of pheromone
o should be carefully selected to obtain an efficient deploy-
ment performance at high success rate.

V. CONCLUSIONS AND FUTURE WORK

The concept of multiple pheromones derived from in-
sect studies [12] has been realised in swarm intelligence
through a compact deployment strategy. By investigating
the performances and properties of this strategy not only
in simulation but in a physical system (ColCOS®), the
function of individual pheromone has been verified. These
results lead to the conclusion that multiple pheromones’
incorporation can improve the efficiency of a collective task,
which is in agreement with the related literature. Through a
systematic analysis of parameter-sensitive testing of size of
the swarm, and diffusion of the pheromone, we concluded
that both factors have a significant effect on the deployment
performance.

For future work, on one hand, more types of pheromones
will be taken into account to investigate more complex col-
lective behaviours and test whether efficiency can be further
improved. On the other hand, exploring other challenging
problems in swarm intelligence that can be potentially solved
by multiple pheromones is highly recommended.
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