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ABSTRACT Pheromones are chemical substances essential for communication among social insects. In the
application of swarm intelligence to real micro mobile robots, the deployment of a single virtual pheromone
has emerged recently as a powerful real-time method for indirect communication. However, these studies
usually exploit only one kind of pheromones in their task, neglecting the crucial fact that in the world of real
insects, multiple pheromones play important roles in shaping stigmergic behaviors such as foraging or nest
building. To explore the multiple pheromones mechanism which enable robots to solve complex collective
tasks efficiently, we introduce an artificial multiple pheromone system (ColCOS8) to support swarm
intelligence research by enabling multiple robots to deploy and react to multiple pheromones simultaneously.
The proposed system ColCOS8 uses optical signals to emulate different evaporating chemical substances i.e.
pheromones. These emulated pheromones are represented by trails displayed on a wide LCD display screen
positioned horizontally, on which multiple miniature robots can move freely. The color sensors beneath
the robots can detect and identify lingering ‘‘pheromones’’ on the screen. Meanwhile, the release of any
pheromone from each robot is enabled by monitoring its positional information over time with an overhead
camera. No other communication methods apart from virtual pheromones are employed in this system. Two
case studies have been carried out which have verified the feasibility and effectiveness of the proposed system
in achieving complex swarm tasks as empowered by multiple pheromones. This novel platform is a timely
and powerful tool for research into swarm intelligence.
INDEX TERMS Virtual pheromones, multiple pheromones, bio-inspired, swarm intelligence, micro mobile
robots, swarm insects.

I. INTRODUCTION

Intelligence is one of the remarkable products of natural
evolution and is now acknowledged to encompass the concept
of swarm or collective behaviors. In nature, swarm or collective behaviors are exhibited in social animals, particularly
in social insects which exhibit relatively ‘‘simple’’ neural
systems when compared with those of vertebrates. In recent
years, such behavior have become source of inspiration for
research into swarm intelligence [1], [2]. Within the range
of sensory modalities, pheromones are kinds of essential
The associate editor coordinating the review of this manuscript and
approving it for publication was Kah Phooi (Jasmine) Seng
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substances that endow social insects with the capability of
working collectively to solve complex tasks and complete
large projects [3], [4]. These secreted compounds are exemplified by trail pheromones produced by ants [5] and alarm
pheromones released by honeybees [6]. They facilitate direct
and indirect communication between individuals leading to
the emergence of stigmergic behaviors. These include nest
building and food recruitment as observed in ants.
A fundamental feature of these pheromone-based communication is that, insects tend to employ multiple pheromones
to achieve higher levels of coordination. Studies show that
in addition to releasing the attractant pheromone trails during food recruitment, ants generally release an additional
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repellent pheromone [7] to accelerate convergence. At least
three functional pheromones are employed by the Pharaoh ant
(Monomorium pharaonis) during food recruitment [8]. These
phenomena indicate that understanding the interactive roles
of multiple, rather than single pheromones, may be the key to
elucidating more efficient and complex collective behaviors
in both biological and robotic swarm systems.
However, compared with single pheromone inspired mechanisms, little attention has been given to multiple pheromones
based mechanisms. Although a few modeling studies [9],
[10] have utilized multiple pheromones, their mechanisms
have verified by simulation only, and not physically in the
real world. Comparing the application of real-world models
with the in-silico simulation of swarm agents may provide
additional insights and to identify differences in these two
modes of model implementation [1]. Such studies which
use physical robot may provide more convincing evidence
of how robust the models are particularly when the input
is more noisy and variable. Similar to simulation studies,
real robotics studies have also overlooked the potential for
exploring the use of multiple pheromones. Although some
published studies emulate different pheromones to solve
engineering problems, the use of multiple pheromones has
not been emphasized as their core focus [11], [12]. Therefore,
in this paper we advocate the importance of investigating and
exploiting multiple pheromones. To facilitate this approach,
a physical multiple pheromone communication platform that
permit robotic-pheromone interaction is required.
Given all the facts above, we are proposing a swarm robotic
experimental system named ColCOS8 shown in Fig. 1.
Within this system, one or more pheromones are emulated
optically with chromatic tracks displayed on a horizontally
positioned screen, upon which multiple miniature ground
robots mounted with color sensors can navigate freely. The
mounted color sensors face downwards to detect and identify
existing ‘‘optical pheromones’’ on the screen. Meanwhile,
a monitoring camera collects robot positional information,
and a host computer manages the release and evaporation of
pheromone track on the screen. In this system, robot agents
can run independently, no direct communication is deployed
between the host computer and robot agents.
In this study, a series of experiments have been designed
using real robots to demonstrate the feasibility of the proposed system, followed by two case studies including a
food recruitment task and a behavior mediation task. These
bespoke case studies investigate the efficiency, modulation
method and robustness of the system. Results from these
systematic experiments show that multiple pheromones can
be precisely emulated by optical signals. Their functionalities
can also be interpreted and reacted correctly by swarm robots
in real-time.
The proposed multiple pheromone system provides a
powerful tool facilitating the exploration of more complex collective behaviors in both biological [7], [8] and
robotic swarm systems, especially in foraging and aggregation. Future research of multiple pheromone mechanism
148722

may play an important role in unraveling the mechanism
underling complex collective behaviors and could potentially
provide bio-inspired solutions for challenging problems in
swarm robotics. Although pheromone-based algorithms have
already been applied to solve realistic tasks [13], changelings
still remain. That’s what we believe multi-pheromone based
algorithms could help in addressing thus advances the swarm
robotics research. For example, multiple pheromone mechanisms may be well suited to solve the exploration tasks in
disaster relief scenarios.
The remainder of this paper is organized as follows:
Section II provides an overview of relevant background
research on pheromones adopted in swarm robotics platforms. Section III describes the details of the proposed
ColCOS8 system including the emulation of pheromones,
and the pheromone release subsystem and the robot platform.
Section IV presents preliminary tests to describe the properties and performance of the system. Section V demonstrates
the capacity and practicality of the system and is validated
by two case studies. Section VI encompasses discussions
concerning the wide range of applications of the ColCOS8
platform, challenges identified and the recommendations for
further research. Finally, the overall conclusions are presented in Section VII.
II. RELATED WORK

Due to modern low-cost manufacturing technologies, cheaper
robots with highly sensitive sensors and powerful computing chips are readily available. This has contributed to the
gradual development of swarm robotics from simulation to
realistic applications [14], [15]. In the context of the rapid
advancement of research into swarm intelligence with the
use of physical robots, swarm robotics research is rapidly
developing in the areas of aggregation [16], foraging [17],
navigation [18], deployment [19], object transportation [20],
and education [21], [22]. In the social insect world, such
collective behaviors, particularly aggregation and foraging,
are dependent on pheromone biology [23]. Thus several previous studies made great efforts to implement pheromones
mechanisms in the field of swarm robotics. Approaches can
be grouped into four categories.
In the first approach, a ‘‘pheromone’’ is simulated in the
form of data in a computer [24] or a chip. This idealized
approach has led scholars to question its relevance to the
highly complex real world. In [25], the ‘‘pheromone’’ map
is updated in the host computer, and then broadcast to the
robot through wireless communication, which triggers physical robot interactions in the real physical world. In [26], the
‘‘pheromone’’ is stored as data in RFID chips which are scattered in the environment. The robot acquires and updates the
pheromone information by reading from and writing to the
chips in close proximity. Although these approaches enable
pheromone-like motivation of robot behaviors in the physical
world, the key process of the mechanism (e.g. pheromone
sensing) still remains as data transmission, which do not
reflect limitations of the real physical world.
VOLUME 9, 2021
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FIGURE 1. The ColCOS8 system. The camera overhead receives the image containing the patterns attached to the robots. The visual
tracking algorithm running in the computer takes this image as input and then outputs the positions of the robots, which is the
localization system. The pheromone field (represented by a color image) is calculated in the computer by Eq.(2) or Eq.(5) and
updated 30 times per second on the LCD screen, with the protecting wall settling around the screen, it becomes the arena in which
the micro-robot explore. Three different views of the micro-robot are shown in the right part of the image.

The second category of attempts is demonstrated in [11],
Purnamadjaja et al. used combustible substances (alcohol
and eucalyptus oil) as artificial pheromones. However, it is
difficult to control the evaporation and diffusion of such
chemicals in the natural environment, even though this is key
to the functionality of real pheromones. Difficulties arise due
to wind, temperature, and humidity issues. In addition, such
substances are often hazardous due to flammability.
The third way is demonstrate in [27] where the robot
drags a heated roller. The heating of the floor to simulate
pheromone release. However, this approach also unable to
simulate pheromone properties such as evaporation and diffusion. Also, the expenditure of energy is wasteful, and micro
robots equipped with only small batteries exhibit very short
lifespans.
In the final approache, the pheromone is emulated by
light. In examples typical of this optical approach, the virtual pheromone is generated on a defined surface [4], [12],
[28] using a ground-positioned or overhead projector. However, due to the large distance between the light source and
the imaging surface, ambient light can create interference.
In an alternative optical scenario, Kitamura et al. [29] have
designed a robot that can move around on a touch screen with
a pen. The pen ‘‘secretes’’ pheromones onto the screen while
color sensors mounted on the robot detect ‘‘pheromones’’
displayed on the screen. This solution can support experiments that involve only a few robots. [30], [31] have designed
a system in which a robot shines ultraviolet light onto a
paint coated with a photochromic substance, creating virtual
‘‘pheromone’’ trails which decay in intensity. However, the
fixed rate of decay is limiting since real pheromones exhibit
different evaporation rates.
VOLUME 9, 2021

The most popular solution is to use light as the virtual pheromone [4], [12], [18], [28]–[30], [32]–[34]. Optical methods are highly flexible and can mimic a range of
pheromone characteristics. A comparative overview of the
preferred and generally popular methods used in implementing virtual pheromones is shown in Table 1. It is clear that
optical methods are most tractable and practical for effectively emulating the key characteristics of real pheromone
(marking, diffusion, evaporation and diversity), and image
display screens are better suited to reducing the impact of
ambient light compared with the projection of images onto
surfaces, as demonstrated in Arvin’s work [32].
This article focuses on proposing an experimental platform for research into multi-pheromone mechanisms with
physical robots. There are a few studies which involve the
use of two pheromones in a single task to achieve more
complex collective behavior. In [11], Purnamadjaja et al. used
two pheromones to trigger different behavioral patterns in
the robot. However, they used real chemicals (alcohol and
eucalyptus oil) as materials to simulate pheromones. Under
normal conditions, the chosen sensors are sensitive to both
substances. To address this, the authors heated the sensors to
different temperatures so that they could distinguish between
the two chemicals. However, the authors mention that this
approach does not work continuously for extended period.
In [12], Simonin et al. used multi-pheromones for exploration and transport tasks. Kitamura et al. [29] used a home
pheromone and a food pheromone to build a pheromone
gradient map to navigate the robot to and from the home and
food source. In our previous conference papers [19], [33],
we presented the preliminary multiple pheromone experimental platform with brief case studies, but its performance
148723
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and scope were not investigated due to the limited length
of the conference papers. In this study, we further demonstrate and test the platform systematically in the following
parts.
In summary, this paper presents a platform capable
of simultaneously emulating multiple pheromones. Compared with other multi-agents platforms such as ARK
[25] and Kilogrid [35], this platform is more affordable
and intuitive as the pheromone is emulated in a visible
way.
III. THE ColCOS8 PLATFORM

The pheromone communication system proposed in this
paper is named ColCOS8 where ‘‘Col’’ stands for ‘‘Color’’,
‘‘COS’’ is the abbreviation of ‘‘Communication System’’ and
‘‘8’’ stands for ‘‘pheromone’’. This platform is designed
specifically for studying pheromone-controlled collective
behaviors which based on the pheromone interactions of
social insects. The ColCOS8 system is shown in Fig. 1, and
consists of two subsystems and one specially designed micro
robot platform:
•

•

•

A pheromone distribution emulation system: The
pheromones’ distribution in the environment is modeled
as a map which is stored in a host PC that is kept updating according to the pheromones’ physical characteristics. An LCD screen settled horizontally is employed
to display the pheromones’ distribution by three color
channel.
A pheromone releasing emulation system: a monitoring
camera is hang above the arena to grab images of the full
experiment. Locations of individual robots are detected
and tracked in real-time by an efficient image-based
localization algorithm running in the host PC to emulate
pheromone’s releasing functions (see Fig. 1).
Micro robot platform: A micro robot platform is developed to detect the optically emulated pheromones from
the bottom side with several color sensors when running
on the LCD screen.

These three subsystems are described in detail below:
A. THE PHEROMONE DISTRIBUTION EMULATION SYSTEM
1) WHAT IS PHEROMONE

Pheromone is a biochemical signaling compound that is
released by an organism to facilitate direct and indirect communications [3], [4]. With the aid of pheromones, animals
can cooperate with each other to complete complex tasks that
are impossible for a single agent to achieve. Coordination
with pheromones thus forms the foundation of stigmergic
behaviors in many insects such as ants [5] and bees [6].
This mechanism has three major differences comparing to the direct radiation-based communication methods
(including radio, sound or light-modulated signals). First,
pheromones are released and then disappear at the original location at a certain temperature, resulting in a delayed
effect. This means the information can be received by
148724

another agent in the future. Moreover, the delayed time can
also be increased if pheromones are released several times.
Second, the environmental conditions information such as
terrain accessibility, temperature and wind can also be conveyed by the fluctuations and distribution of pheromones.
Third, the information is ‘‘anonymous’’ and collective, which
means multiple pieces of information can be sent to a single
agent without an extra computation process.
To emulate pheromones correctly and effectively, several
fundamental characteristics which determine their ability to
transmit information in the environment must be addressed,
involving marking, diffusion, evaporation and diversity [28].
Therefore, a virtual pheromone system should present the
pheromone in the environment precisely like a marker, and
the spatiotemporal change over time of the virtual pheromone
should replicate the diffusion and evaporation properties.
Last, but not least, the system should be capable of simulating
different kinds of pheromones to allow complex and diverse
communications.
2) PHEROMONES EMULATION AS COLOR IMAGE

In this system, the goal is to emulate three kinds of
pheromones simultaneously. Thus, the virtual pheromone
field is modeled as a map with a depth of three (i.e., a color
image) and defined by a W × H × 3 matrix I, where W is
the width and H is the height. All pixels of the image collectively emulate the distribution of gas molecules of which
a real pheromone field is comprised, spreading along the X
(x ∈ N + and 0 ≤ x < W ) and Y (y ∈ N + and 0 ≤
y < H ) axis. Within the modeled pheromone field, the color
(c) of a pixel corresponds to the ith type of the pheromone,
and the brightness (I (x, y, c)) of a pixel corresponds to the
concentration 8i,j of the pheromone. Given that there are
three primary color channels (i.e., red, green and blue, thus
c ∈ {r, g, b}), this virtual pheromone system can represent
a pheromone field containing a maximum of three kinds of
pheromones. Therefore, the color image can be constructed
by the following equation
I(x, y, c) =

N
X

ki,j 8i,j (x, y)

j=0

(c, i) ∈ {(red, 0), (green, 1), (blue, 2)}

(1)

where the scale factor ki,j modulates the contribution of the
ith type of jth pheromone to the color image.
Thus, the pheromone marking characteristics is simulated
by the pixels of the image and the diversity or type of
pheromone is simulated by the pixel color (c in Eq.(1)).
Similarly, the realization of other crucial characteristics of
the pheromone (i.e., the diffusion and evaporation) are implemented by the updating of the color image. This is modeled
as a differential equation:
8̇i,j (x, y) = −

1
8i,j (x, y) + di,j 18i,j (x, y) + Ji,j (x, y)
e8i,j
i ∈ {0, 1, 2}, j = 0, 1, . . . , N (2)
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TABLE 1. Comparison of implementations of virtual pheromone.

where:
• Marking: Ji,j (x, y) is the initial pheromone injection at
position (x, y). This can be either the current position
of the robot that releases the pheromone, or the position where the source of the pheromone designed to be
deposited.
• Evaporation: e8i,j is the evaporation factor which
defines the rate of the exponential decay of the
pheromone strength over time.
• Diffusion: di,j is the diffusion factor and together with the
spatial rate of change in the strength of the pheromone
(18i,j (x, y) calculated by Eq.(3). Equation (4) for the
horizontal (h) and vertical (v) directions respectively.)
which determines how the pheromone spreads spatially.
18i,j (x, y) = 18i,j (x, y)h + 18i,j (x, y)v
(
18i,j (x, y)h = (8i,j (x − 1, y) − 8i,j (x, y))/2
18i,j (x, y)v = (8i,j (x, y − 1) − 8i,j (x, y))/2

(3)
(4)

The differential equations determine the trend of the
pheromones over time, but it is difficult to foresee the final
status. There is an additional method that can be used to
model the pheromone in a spatiotemporal way which can
be made by solving Eq.(2). By applying the scaled bivariate
normal distribution and the exponential decay function, the
pheromone can be expressed by:
8i (x, y, t)
=

− t
Ki
q
· e e8i
2π σxi σyi 1 − ρi2
"
1
−
2 1−ρi2

·e

(

)

(x−µxi )2 + (y−µyi )2 − 2ρi (x−µxi )(y−µyi )
σx2
i

σy2
i

σxi σyi

#

(5)

where for:
• Marking: µx and µy define the position at which the
pheromone is injected, which has the same physical
VOLUME 9, 2021

meaning as Ji,j (x, y) in Eq.(2). Ki is a scaling factor to
determine the changes in strength of the pheromone.
• Evaporation: e8i is the evaporation factor which defines
the rate of the exponential decay of the pheromone
strength over time t.
• Diffusion: σxi and σyi are diffusion factors determining
the rate at which the pheromone spreads in the x and
y directions respectively. ρi validates the basic different
spatial diffusion in the x and y directions, which can be
used, in some circumstances, to model the effect of wind
on diffusion.
Note that this model constructs the whole pheromone field,
thus Eq. (1) becomes: I(x, y, c, t) = ki 8i (x, y, t).
The Eq.(2) and Eq. (5) can be selected to model the
pheromone according to requirements of the application since
both of them can replicate all the crucial characteristics of
pheromone. The differential equation Eq. (2) has a better
dynamic performance and can be easily implemented by
iteration whilst the Eq. (5) is more intuitive and make it
easier to speculate as to the stable shape of the pheromones’
distribution.
3) DISPLAYING VIRTUAL PHEROMONES ON A SCREEN

First, a host PC (CPU: Intel i5-10500 @ 3.1GHz, RAM:
16GB @ 2666MHz in our implementation) constricts a
optically-simulated virtual pheromones’ distribution map.
Then, the distribution map is displayed on a high resolution
(4K) 65-inch color LCD screen (1.43 m in length and 0.81 m
in width). The flat screen is positioned horizontally and serves
as the arena for the robots as shown in Fig. 1 (left side). The
resolution of the map is set to 1920 × 1080, hence a single
pixel is scaled at 75µm×75µm, which is small enough to precisely emulate the pheromone molecule unit whilst the robot
has a diameter of 4 cm. The resolution of the map is adjustable
for a good balance between accuracy and time consumption.
Practically, a resolution of 1920 × 1080 consumes around
148725
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230 ms to complete a full update process. A plastic wall that
retains micro-robots is mounted around the screen, defining
the boundaries and protection of the arena.
B. THE PHEROMONE RELEASING EMULATION SYSTEM

Since the robot cannot literally leave a physical trail on the
screen, the host PC is responsible to ‘‘draw’’ pheromone trails
for robots according to their locations. So, the real workflow
of the host PC is 1) localizing the every robots’ position by
recognizing specific visual patterns (see Fig. 1) pasted on the
top of the robots, and as different robots could carry different
patterns so that individual robot can be identified; 2) updating the pheromone field according to the pheromone model
((2) and (5)) and the customized settings; 3) transferring the
pheromone field to a color image and then displaying the
image on the horizontal screen.
1) ROBOT DETECTION AND LOCALIZATION

In order to capture the positions of multiple robots in
real-time while moving around, an efficient image-based
algorithm is applied. The fundamental idea of this algorithm
is to detect a unique ring-style recognition pattern (see Fig. 1,
right hand side) carried on top of all the robot [40]. By detecting the position of all the visible ring patterns, the locations
of all robots can be tracked fast. The ring pattern uses two
ellipses with varied long axis inclinations to discriminate
different IDs and use the eccentric angle to determine the
whole pattern’s orientation. The fast detection of ring patterns
is realized by a flood-fill algorithm that can filter out all
possible rings, followed by a rule-based method to allocate
pre-assigned IDs to each of the matched patterns.
2) COORDINATES TRANSFORMATION FOR PHEROMONE
PROJECTION

In the proposed platform, robots and its pattern are exist
in the 3D space so that the position of the pattern can be
described as a 3D coordinate in the world canonical coordinate. To correspondence the world and the virtual pheromone
map coordinate, the coordination transformation is need.
To maintain uniformity, all three coordinate systems in our
system(see Fig. 2) are maintained using 3D coordinate form,
they comprise:
• [Xc , Yc , Zc ]T : The image coordinate of the camera in the
localization system.
• [Xw , Yw , Zw ]T : The world coordinate measuring the
robots and the arena.
• [Xp , Yp , Zp ]T : The screen display coordinate which represents the pheromone field map.
The pattern determined by the image coordinates is transformed into the camera centered coordinate frame in a canonical camera form. The canonical camera is modeled as the
ideal pinhole camera with no radial distortions (for further
details see [40]). We can transform the image coordinates to
world coordinates by simply multiplying with a 3×3 transformation matrix H shown in Eq.(6). The transformation matrix
148726

FIGURE 2. The three coordinate systems and their mutual transformation.

H can be defined by placing at least three ‘‘calibration’’
patterns in the camera field. In our case, four independent
‘‘calibration’’ patterns (Fig. 2) are displayed on the screen
and group as four triplet to calibrate the transformation matrix
H for increasing system accuracy. In addition, the pattern
moves on a 2D flat plane over 5cm (robot-height) of the
screen, so the canonical coordinate of image and world can be
described as homogeneous spatial coordinates [xw , yw , 1]T ,
and the transformation equation can be represent as Eq.(7).
w = Hc
  
xw
h11
yw  = h21
1
h31

(6)
h12
h22
h32

 
h13
xc
h23  yc 
h33
1

(7)

As for the transformation from the pheromone field to the
screen, we simply bring them into alignment to make them
aligned. There is only a scaling factor a (Fig. 2) contained in
this transformation. The scaling factor can be determined by
the ratio of the image width (or height) in pixels to the screen
length (or width).
Although we can achieve the correspondence between the
world coordinates and the virtual pheromone map coordinates
by the above 2D coordinate transformation, it is necessary to
use 3D coordinates to represent the position of the pattern.
As the localization subsystem can localize pattern positions
in 3D space, retaining the position information expressed
in 3D coordinates leaves the possibility for the platform to
experiment in an arena with fluctuating terrain.
C. THE MICRO-ROBOT PLATFORM

One of the key component to utilize this system is
the micro-robot platform which can detect, identify and
react to the optically emulated pheromones on the screen.
We have designed an ideal micro-robot platform based on
the Colias-IV robot prototype which is a differential driven
ground robot featured with small in size, light-weight and
strong computing power [41]. However its original sensory
peripherals is not capable of detecting color information, substantial modifications and improvements need to be adopted
VOLUME 9, 2021
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proposed, which are 1) to react to the attractive and repulsive
pheromones and 2)to follow and trace a pheromone trail.
1) PHEROMONES GRADIENT CALCULATION

FIGURE 3. The schematic diagram of the hardware connections of the
robot.

by adding four highly sensitive multi-channel optical detectors that face to the bottom side to pickup intensity of red,
green and blue separately. The four color sensors are arranged
in a diamond shape to detect the gradient of light intensity,
as shown in Fig. 1.
The hardware architecture of the robot is shown in
Fig. 3. In contrast to the previous Colias generation, the
micro-control unit (MCU) in the new robot is upgraded to
the STM32F334. The new MCU has stronger computing
resources, as well as more communication interfaces and IO
ports, enabling it to meet the increased requirements for sensor data collection and motor control. Besides, the brightness
sensor used in the previous generation has been replaced
by the color sensor TCS34725, which uses a 12-bit highprecision ADC to separately capture the brightness of the
three color channels, red, green and blue, and then send the
data to the micro controller via the Inter-Integrated Circuit
(IIC). Three reflective infrared bumper sensors are installed
at the forefront of the robot to detect nearby obstacles. Two
motors are driven by a compact two-channel H-bridge controlled directly by Pulse-width modulation (PWM) signals
generated by the MCU.
The proposed platform works with the improved ColiasIV micro-robot for best adaptability. It can also be used
along with other micro-robots such as e-puck, Jasmine or
customized micro-robots, if the selected robot can detect and
measure the intensity of red, green and blue channels separately from the bottom side. In the situation that these sensors
are not integrated into the robot’s body, one work-around is to
attach an extension module to the robot and connect to it with
a two-wire communication protocol called IIC, which should
have been provided by most of the micro-robots.
D. INTERACTION WITH EMULATED PHEROMONES OF
ROBOTS

To interact with multiple pheromones emulated on the screen,
a robot need to discriminate the direction of gradient. Meanwhile,control strategies relied on the pheromone information
also need to be designed. In this section, the calculation of
pheromone’s gradient and two robot control strategies are
VOLUME 9, 2021

As shown in Fig. 1 (underside view of the robot), the Cartesian coordinate system uses the center of the robot as the
origin, and the front and left as the positive directions of
the X-axis and Y-axis respectively. Thus, the 0◦ direction of
the coordinates system is aligned with the forward direction
in front and ahead of the robot. The four color sensors are
defined as n ∈ {0, 1, 2, 3}. The direction of the gradient is
calculated by:
φi,2 − φi,0
(8)
θi = arctan
φi,1 − φi,3
where ith color light intensity stands for the strength of the
ith type pheromone φi,n (i = red, green, blue). The overall
pheromone strength φi sensed by the robot at its current
position is defined as the average strength of its four sensors.
2) GRADIENT TRACKING AND AVOIDANCE

Tracing an attractive or avoiding a repulsive odor source is
ubiquitous in the animals’ kingdom. Similarly, for robots,
reacting to pheromones with opposite purposes also provide
unique opportunities to emulate and study real-world olfactory sensing and social animal behaviors.
As previously described, the gradient can be easily calculated by Eq. (8). After elucidating the direction of a
pheromone gradient, the desired direction of movement can
be determined by Eq. (9):
Ma = (φa , θa ),

Mr = (φr , θr + π)

(9)

where φa and φr defines the strength of the detected attractive
or repellent pheromone respectively, and θa and θr denote
the directions of the positive gradients. Note that the desired
direction for movement is the same as the positive gradient
direction for an attractive pheromone (Ma in Eq.(9)) but
opposite (offset π) for a repellent pheromone (Mr in Eq.(9)).
In more realistic situations, several different pheromones
may be detected simultaneously. Therefore, a cue integration
mechanism is needed. Here we have applied a bio-inspired
method to carry out the optimal integration of circular cues
which is based on a ring attractor neural network architecture [42]. In our case we have used the mathematical format
of this method known as vector summation as described
in [43]. Hence, the integrated motion direction (θ) can be
obtained by vector summation M = Ma + Mr = (M , θ)
and θ is calculated by Eq.(10):
φa sin θa + φr sin(θr + π)
θ = arctan
(10)
φa cos θa + φr cos(θr + π)
The desired direction of motion is used to determine the
rotational speeds (ωl and ωr ) of the robot’s left and right
motors, which can be defined by Eq.(11):
(
ωl = vb − αθ
(11)
ωr = vb + αθ
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FIGURE 4. Snapshot of the designed experiment demonstrating the
proposed platform enables different agents to release different
pheromones at the same time and also allows one agent to release
different pheromone at different times.

where vb represents the initial forward speed, generally set
to 4-5 cm/s, and α is the parameter for adjusting the reactive
rotation motion.
3) PHEROMONE TRACING AND FOLLOWING STRATEGY

Another fundamental ability required by the robot is to follow
the pheromone trails precisely inspired by the ants [44]. The
algorithm described below shows the trail tracking motion
control strategy.
IV. FUNCTIONALITY AND PERFORMANCE OF ColCOS8

A series of experiments are designed to verify the effectiveness, and to evaluate the performance of the ColCOS8
system. The basic functionalities are firstly tested, including
the pheromones’ emulation and releasing of the platform and
the pheromones perception and reactive control of robots.
Following by two realistic behavioral studies to evaluate the
trail following and gradient tracking features with different
control strategies.
A. BASIC FUNCTIONALITIES
1) PHEROMONES’ EMULATION OF ColCOS8

In order to assess the capability of the ColCOS8 system to
1) dynamically release pheromones according to the positions
of the robot and 2) to emulate the evaporation and diffusion
effect of pheromones; 3) identify individual robot via the
specific pattern, we assigned with a pheromone configuration
to see whether pheromones are emulated realistically and
efficiently on the screen. An experiment designed that three
robots with different IDs (with different pattern pasted) move
in circles in the arena. Each of these three robots release
one of three different types of pheromones (displayed as
red, blue and green) in a constant time interval (3 seconds)
and then switch to another one and repeat this procedure.
Note that at each time, three robots could release different
kind of pheromone as showed in Fig. 4, demonstrating the
localization system could identify individual agent and each
agent could release different pheromones. Furthermore, the
successful release of the pheromones modeled by Eq.(2) is
148728

FIGURE 5. Time delay versus different number of robots. The gray lien
shows the average time of the test. The green triangles show the average
times of each group. It suggests that the number of robots does not
correlate well with the time delay when the robot number less than 20.

shown by the different colored tails behind the robots. The
robots draw circles at speeds of approximately 6cm/s, the
distance between robot and the pheromone trails is approximately 3cm.
This delay length results from that the host PC need
time to grab images, calculate the location and pheromones
field, transfer pheromone map to the LCD screen. When the
pheromone field resolution set as 1920 × 1080 and 3 robots
move in the arena. The PC typically consumes approximate
413ms and 110MB memory. When those parameters set as
3840×2060 and 3 robots. The PC typically consumes approximate 1107ms and 219MB memory. The results of time delay
tests at resolution of 1920 × 1080 with different numbers of
robots are shown in Fig. 5. It suggests that the time delay
does not correlate well with the number of robots but with
the resolution of the pheromone field. So the resolution of
pheromone field is set as 1920×1080 and it is precise enough
to transfer pheromone information to the robots.
To further investigate the performance of pheromone
release and the pheromone emulation models realized by
Eq.(2) and Eq.(5), Several groups of configurations containing varied parameters - the evaporation (e in Eq.(2) and
Eq.(5)) and diffusion (d in Eq.(2) and σx , σy in Eq.(5))
are employed and tested. The results are shown in Fig. 6
and Fig. 7. When the evaporation factor e is increases, the
pheromone evaporates at a slower rate, resulting in a longer
pheromone tail (Fig. 6 top images, Fig. 7, top images). Similarly, the pheromone possessing a higher diffusion factor will
spread around faster, resulting in a wider pheromone spot
when given a certain time window (Fig. 6 bottom images;
Fig. 7 bottom images).
The results of experiments above show that the proposed
ColCOS8 system can simulate the pheromone releasing
function and simulate the dynamic evaporation and diffusion
properties correctly.
2) PHEROMONES’ DETECTION AND REACTIVE CONTROL OF
ROBOTS

One of the most important features of the designed
micro-robot platform is the detection, discrimination and
VOLUME 9, 2021
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FIGURE 6. The comparison experiments exploring the pheromone
modeled by Eq.(2).

FIGURE 7. The comparison experiments exploring the pheromone
modeled by Eq.(5).

intensity measurement of different colors displayed on the
screen which represent pheromones. To evaluate the performance of the color sensing features, one robot is placed on a
row of color blocks displayed on the screen where the colors
is described by 8-bit RGB color space. The measured color
intensities of red, green and blue channels of all the four
sensors are then recorded and plotted. The Fig. 8 illustrates
the results of measured color intensities responding to the
gradually increasing red solely. The perceived colors increase
almost linearly as expected when the displayed brightness is
greater than 50. It should be noted that the blue and green
channels also respond to red color display due to the LCD’s
natural characteristics, yet this minor coupling is acceptable.
All together, the basic functionalities of ColCOS8 are
reliable for carrying on relevant research in the context of
swarm robotics and social insects.
B. THE PROPOSED BIO-INSPIRED CONTROL STRATEGY

In this subsection, two examples are used to demonstrate the
basic robot control strategy inspired by observed behaviors
of animals.
1) GRADIENT TRACKING AND AVOIDANCE

Examples of the robot’s pheromone tracking and avoidance
capabilities are illustrated in Fig. 9. The attractive pheromone
VOLUME 9, 2021

FIGURE 8. The performance of the four color sensors mounted in the
robot reading the RGB channel of red blocks.

is denoted by a blue circular field whilst the repulsive
pheromone is shown by a red circular field (see Fig. 9). These
pheromones are rendered according to Eq.(5). The robots
are initially placed in random positions at the edge area of
the attractive pheromone field or the inner area of the repulsive pheromone field. Accordingly, the behavior of tracing
by the attractive pheromone or avoidance to the repulsive
pheromone are aroused. The trajectories of robot in either
cases are shown in Fig. 9 which clearly show that robots
are capable of reacting to different types of pheromones
according to the aforementioned control strategies.
It is worthwhile to mention that, the motion performance
can be tuned by adjusting α in Eq.(11). When α is decreased
slightly, the steering adjustment may not be sufficient, leading
to the curved trajectories as shown in the top-left part of
Fig. 9. This spiral path is interestingly reminiscent of the
Logarithmic spiral of a moth flying towards a light source.
On the other hand, the shape of the initial path to avoid
the repellent pheromone is not regular due to the arbitrary
initial headings of the robot. Nevertheless, the performance
for fleeing from the repellent pheromone site is respectable
(right part of Fig. 9 top).
2) PHEROMONE TRAIL FOLLOWING PERFORMANCE

To test the capability of the robot to maintain a stable trace
following behavior, four different patterns following tests are
conducted. The patterns composed by pheromone trails are
shown in Fig. 11: a circle, a straight line, a fork-shape path
and a tortuous route, all with a width of 2.5cm which is
slightly less than the gap between the left and right color
sensors. This ensures that for the most part the left and
right sensors will have a low readout since facing the black
background out of the trails whilst the front and rear sensors
will have very high readout values (see Fig. 10 for the specific control strategy). Algorithm. 1 shows the details of the
control logic where the 2◦ and 10◦ is selected for adjusting
the robots’ heading according to whether the front sensor is
on the trail (i.e., whether the value of the sensor output is
lower than the threshold). These two parameters are empirical
148729
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Algorithm 1: Pheromone Trail Following Control Strategy
// Define rotation to the left as positive

while robot power on do
if no obstacle detected then
if the front sensor on the trail
// see Fig.10
then
if the left sensor on the trail then
Set motors’ speed to turn a 2◦ angle;
else if the right sensor on the trail then
Set motors’ speed to turn a -2◦ angle;
else
Set motors’ speed to go Forward;
else
if the left sensor on the trail then
Set motors’ speed to turn a 10◦ angle;
else if the right sensor on the trail then
Set motors’ speed to turn a −10◦ angle;
else
Collision avoidance;
delay 50ms;
FIGURE 9. Demonstration of robotic tracking of the attractive (blue)
pheromone source and avoidance of the repulsive (red) pheromone
source. The white lines show the trajectories of the robots released at
different initial positions (marked by white dots). The gray arrows depict
the moving direction of the robot on the route. The values of the color
sensors of two agents during the tracking and avoidance are shown in the
graphs below.

FIGURE 10. Schematic diagram to illustrate the capability of the robot
control of to follow the trial of the pheromone.

values determined by the robot’s motion characteristics and
the control interval.
Note that the metric to evaluate the performance of the trail
following is decided by the position error (), calculated by:
=

N q
1 X
(xi − XTi )2 + (yi − YTi )2
N

(12)

i=0

where xi , yi provide the position of the robots as measured
by the localization system, XTi , YTi are the positions of the
148730

TABLE 2. The performance of trail following.

points sampled from the pheromone trail and N is the number
of measurements.
In all the four tests, the position error  is less than 5mm
(see Table. 2). The trajectories of the robot, shown in red lines
in Fig. 11, coincide precisely with the pheromone trails it
follows. The ability to follow the fork-shaped path demonstrates the capability of preliminary decision-making at the
bifurcation point. Note that for the trails that are not closed
(i.e., the fork and the straight line), the robot’s ability to turn
around at the end of the trail is spontaneously enabled by the
controlling strategy that ensures the front sensor being kept
within the trail (Algorithm. 1).
To sum up, the two presented examples have demonstrated
the effectiveness and precision of the proposed system coordinating every subsystems with control strategies in multiple
pheromone based implementation.
V. CASE STUDIES

In this section, to further investigate the capabilities, effectiveness and efficiency of the ColCOS8 artificial multiple
pheromone system, and to provide an indication of the
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TABLE 3. Pheromone parameter setting in case study A.

FIGURE 11. Demonstration of the capability of the robot to follow
differently shaped pheromone trails. Four examples are displayed in the
figure. The trajectories of the robots are shown as red lines. Position error
is less than 5mm throughout (see Table. 2).

research opportunities it may bring, we report two case
studies, the designs of which are based on observations of
social insects, and desired performance in complex physical
scenes.
A. FOOD RECRUITMENT TASK–HOW DO MULTIPLE
PHEROMONES IMPROVE EFFICIENCY?

Three different kinds of pheromones have been implicated in
food recruitment by ants, thus highlighting the importance of
research into multiple pheromones. Inspired by this biological study, we have designed and carried out an experiment
that involves all three pheromones.
1) PHEROMONE FIELD CONSTRUCTION

The process of forming a pheromone network from a completely initial state is a very complex task for micro robots in
foraging. To focus on the impact of the multiple pheromones,
we started the experiment from the food to nest paths have
been established preliminarily. In this experiment, so as to
understand the fundamental way in which pheromones dictate
the agents’ behaviors, and to optimize the use of our system, the pheromone trails and branches have been designed
according to the experimental requirements. According to
previous research [7], the three kinds of pheromones are:
• Long-term attractive pheromone (LAP) marks the trails
from the nest to the potential food sites, depicted in
Fig. 12 as the blue trails.
• Short-term attractive pheromone (SAP) is released to
convey up-to-date information of the presently available
food sources. This pheromone is drawn with the green
color but mixes with the blue to give cyan in Fig. 12.
• Short-term repellent pheromone (SRP) is released at the
bifurcations to close off the unrewarding branches. This
pheromone is drawn with the red color which mixes with
the blue to give magenta in Fig. 12.
The pheromones’ physical effects modeled by Eq.(2) is
employed in this case. According to the experimental requirement that a stable path-network formed by pheromone trails is
VOLUME 9, 2021

needed, we applied a larger evaporation period and a smaller
diffusion coefficient. The parameters settings are listed in
Table. 3, where D1, D2, D3 are W ×H metrics that define the
strength at each position across the whole pheromone field.
The constructed pheromone fields are shown in Fig. 12. Note
that the cyan trail is a mixture of blue (LAP) and green (SAP)
pheromones, and similarly the magenta trail is a mixture of
blue (LAP) and red (SRP) pheromone.
Three different pheromone field layouts, combining different numbers and types of pheromone are shown in Fig. 12
representing three different experimental groups, G1-G3,
as listed below:
• G1: robot forages with only the LAP.
• G2: robot forages with both the LAP and the SAP.
• G3: robot forages with all the three pheromones.
These three groups are designed to compare the efficiency
with which agents are able to find the correct food sites.
The simulated ants (i.e. the robots) should respond differently
to the different types of pheromones (see Section V-A2 for
details). The improvement in efficiency results from the use
of multiple pheromones that can be visibly deduced from the
results across the groups.
2) ROBOT CONTROL

This case study is an example of pheromone trails following
introduced in Section III-D3. Thus, the robot control strategy
is mainly based on Algorithm. 1 but additionally incorporates
three specifically defined pheromone types. To reach the
correct food sites, a strategy, inspired by the behavior of real
ants [7], has been devised such that the robots react to the
different types of pheromones with prior probabilities shown
in Fig. 13.
3) RESULT

To evaluate the foraging performance, the successful rate (SR)
at which robot of each group successfully finds the current
food sources is calculated by Eq.(13), where N is the number
of trails and CFi = 1 if the robot has arrived at the current
food source, otherwise CFi = 0.
SR =

N
1 X
CFi
N

(13)

i=0

Fig. 14 shows the foraging performance of one robot in
three groups with constant, available food sources 3 and 10.
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FIGURE 13. Robot control logic of Case study A: when facing bifurcations,
the robot chooses the trail according to the turning possibility. In other
cases, the robot follows the trails.

FIGURE 12. Illustration of the settings of pheromone field for three
groups of case study A: there are three basic kinds of pheromones, i.e.,
LAP (in blue), SAP (in green), SRP (in red), involved in the ant’s foraging
task. Note that the three pheromones can be selected for mixture in
different representation (mixed pathway in cyan or magenta), but
individually sensed by the robot. (a) For group 1 (G1 in the left-side text),
LAP alone indicating foraging paths from the nest to the potential food
sources, (b) For group 2 (G2), the pheromone pathway is mixed by two
types of pheromone LAP and SAP, highlighting the currently available
food source. (c) For group 3 (G3), the pheromone pathway is constructed
by mixing three types of pheromones (LAP, SAP and SRP), further
indicating the bifurcations from which a currently available food site
cannot be found. Note that all these pheromone field settings mimic the
real pheromone trail network in real ants.

The bar chart shows the frequency of arrival at each food
point in N = 20 trials for each group. The SR for G1
to G3 is 5%, 30% and 100%, showing clearly that making
use of multiple pheromones significantly improves the food
searching efficiency by successfully reaching the correct food
sites. Note that the success rate in G2 is not satisfactory, this is
caused by the probability setting as shown in Fig. 13. However, this success rate is line with the probabilistic analysis
and significantly improved over G1. The arrival frequency
distributions in Fig. 14 between the different groups help
the understanding of multiple pheromones mechanism on
improving food recruitment, and will hopefully encourage the
148732

FIGURE 14. Arrival frequency distribution for each experimental group.
The orange stars indicate the current available food source, which in this
case are destinations 3 and 10. Note that sub-figures correspond to the
pheromone maps depicted in Fig. 12.

use of multiple pheromone communication to address similar
challenges in swarm robotics.
Moreover, Fig. 15, from the top-down facing camera of
the localization system, depicts the trajectories of the robot
in G3 based on the output from the localization system. The
high overlap between the trajectories and the pheromone
marked path in the background image again demonstrates the
precision and accuracy of the localization system.
The experimental results of this case study have demonstrated the effective and flexible performance of the
ColCOS8 system, wherein different pheromones are correctly released to guide the robot to properly distinguish
VOLUME 9, 2021
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TABLE 4. Pheromone parameter setting in case study B.

FIGURE 15. Trajectories of the foraging robot agent (20 trials) from
experiments of group G3 of Case Study A. The background image is
derived a screen shot from the localization system video record.

between different types of pheromones corresponding to the
successful simulation of ant’s food recruitment task in reality.
B. ATTRACTIVE OR REPULSIVE–HOW DO DIFFERENT
PHEROMONES MODULATE SWARM BEHAVIOR?

In this case study, we explore how the multiple pheromones
interact with each other and successively affect the agent’s
behavior in different tasks. To implement this, two tasks are
devised by robots. The first task is to imitate the food carrying
behavior of ants through the release of an aggregation type
pheromone. The second task is to simulate the ability of one
ant to warn other individuals of an incoming predator by
releasing an alert type pheromone, so that they may escape
from being captured. The second task thus is to test the
roles of pheromones in protecting the swarm from incoming
dangers.
1) PHEROMONE FIELD CONSTRUCTION

The two types of pheromone are elucidated as follows:
• The aggregation pheromone (AGP) which is released
by the leader robot for signaling the followers
to gather together to simulate the food carrying
behavior.
• The alarm pheromone (ALP) which is released by the
robot in the vicinity of the predator to repel others from
the site of danger.
The pheromone in this case study is modeled by Eq.(5).
In this experiment, a quickly diffusing and evaporating
pheromone is required, thus a short evaporation period is
selected. Likewise, the diffusion factor is empirically selected
to ensure an appropriate sensible distance-range for the
robots.
The details of the parameter settings are listed in
Table. 4. The injection of AGP is continuously updated
according to the spontaneous position of the leader robot
(P1 ). The injection of ALP can be generated by any
of follower robots (Pj , j ∈ {1, 2, 3, 4}) whose distance
from the predator agent is less than a predetermined
threshold.
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2) ROBOT CONTROL

This case study makes use of the gradient tracking and
avoidance behavior introduced in Section III-D2. Hence the
robot control strategy is based on the principles described in
Section III-D2. Since, however, the goal of the three follower
robots is to aggregate around the leader robot without being
captured by the predator. We specifically designed control
strategy for the leader robot and the follower robots, as illustrated in Algorithm 2 and Algorithm 3. As for the ‘‘predator’’
robot, it is permitted to wander freely in the arena without any
special control.
Algorithm 2: The Control Strategy of the Leader
while robot power on do
if no collision detected then
if alarm pheromone detected then
Calculate θr of Alarm pheromone by Eq.(8);
Move towards θr direction by Eq.(14);
else
Wandering;
else
Collision avoidance;

Algorithm 3: The Control Strategy of Followers
while robot power on do
if no collision detected then
if alarm pheromone detected then
Calculate θr of alarm pheromone by Eq.(8);
Move towards θr direction by Eq.(14);
else
if aggregation pheromone detected then
Calculate θg of aggregation pheromone
by Eq.(8);
Move towards θg direction by Eq.(14);
else
Wandering;
else
Collision avoidance;
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FIGURE 17. Summation of euclidean distances between every follower
and the leader overtime. Different swarm robot behaviors are indicated
by different colors. The time stamp is in line with Fig. 16.
FIGURE 16. Snapshots of the screen taken during the execution case
study B. The yellow arrows show the time-dependent order of the image.

Note that in this case study, we applied a bio-plausible
approach called vector summation [42], [43] to integrate
conflicting cues (e.g., attractive and repulsive pheromone,
as shown in (10) and (11)). In this case study, how the output
of vector summation is transformed to the speed of the robot
motor is shown as follow:
(
ωl = vb − α ∗ (θg − θr )
(14)
ωr = vb + α ∗ (θg − θr )
where:
• ωl and ωr are the rotational speeds of left and right
wheels respectively.
• θg and θr are the positive gradient directions of the
aggregation and alarm pheromones respectively, which
can be calculated by Eq.(8).
• α is a sensitivity factor.
• vb is the base speed of the robot.
3) RESULT

Fig. 16 shows six snapshots captured by the top-down facing
camera of the localization system during the experiment.
These clearly demonstrate aggregation behavior stimulated
by the presence of the attractive pheromone, and the dispersion behavior aroused by the repulsive pheromone.
In order to quantitatively evaluate how these two different
pheromones affect the collective behaviors of swarm robots,
we accumulate the Euclidean distances between the leader
and the follower robots by Eq.(15) with respect to time:
S(t) =

4 q
X
(xi (t) − x1 (t))2 + (yi (t) − y1 (t)2

(15)

i=2

where i represents the robot ID, (xi (t), yi (t)) = Pi (t) is
the robot’s position at time t and (x1 (t), y1 (t)) = P1 (t)
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is the leader’s position at time t. The change of S(t) during one experiment is shown in Fig. 17, in which we can
clearly see that the attractive pheromone evokes aggregation,
thereby leading to a decrease in S, whilst the dispersion
caused by the repulsive pheromone results in a dramatic
increase in S.
The results of this case study have verified again the effectiveness and stability of our multiple pheromones system.
During the experiment, the localization system can precisely
track the spontaneous positions of all the robots, and the
virtual pheromone can be released instantly on the screen and
refreshed as required thereby guiding the behaviors of the
swarm robots very timely.
VI. DISCUSSION

It has become clear that the complexity and diversity of the
information transmitted within a real insect colony is much
higher than previously thought [45]. Part of this complex
information involves the release and reaction to pheromones,
which play essential roles in emerging collective behaviors in
swarm robotics. The proposed ColCOS8 artificial multiple
pheromone system provides a unique facility in which to
carry out in-depth studies in this area. By evaluating the
performances of this system through preliminary experiments
and two case studies, we have verified its capabilities and
effectiveness.
The commonly observed, but poorly understood mechanisms by which multiple pheromones enable social insects
to act collectively and thereby complete complex tasks was
the underlying motivation to establish ColCOS8. We consider that this unique system will launch a new wave of
research that will considerably enhance our understanding of
pheromone-based communication. This will be highly relevant not only to elucidating the behavior of social insects,
but also in the innovative development of swarm robotics,
especially for the emergence of collective aggregation and
foraging behaviors.
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A. ADDITIONAL PHEROMONE INSPIRED SCENARIOS

Building on the extensive studies into the trail pheromone of
ants [28], [39], our system has enabled us to create a scenario
in which different robotic agents will follow different leaders,
demonstrating the potential to accomplish different tasks.
Inspired by the pheromone communication, research [46]
proposed a pheromone-based method to find the shortest path
between two points in a maze. This was followed later by the
description of a ‘‘scent pervasion’’ based ant colony optimization (ACO) algorithm [47] to perform path planning within a
complex environment like a maze. This ‘‘scent pervasion’’
mimics the diffusion of a chemical from its source to provide
gradient information. These methods have all been tested
using simulation methods rather than using real robots in a
natural environment. However, we have now addressed this
by implementing the model on our robot and testing it in
our system. Thus, path planning may be solved by multiple
pheromones.
Aggregation is another important, behavioral characteristic
of swarm intelligence [48] and pheromone based aggregation has been recently demonstrated [49]. Similarly, other
studies have used pheromones as communication tools to
control robot distribution in an unknown environment [18],
[50], [51]. All of these mechanisms can be investigated using
our proposed system, where robots respond differently to
different pheromones and finally form a specific distribution
pattern.
It has been shown that colonies of Leptothorax albipennis
ants make use of pheromones to estimate the size of a potential nest before emigrating from a destroyed nest [52]. This
method, applied by the scouts (ant workers), can be hypothesized as the adaptation of the Buffon’s needle algorithm.
Robotics studies have demonstrated the effectiveness of this
approach [53] but with only a virtual robot. Using our new
platform this model now can be implemented using a real
robot.

B. CHALLENGES

Several issues have emerged that require improvement. The
visual tracking and localization system in this platform is crucial for releasing multiple pheromones. However, its current
performance is challenged from two aspects: 1) A dim or
uneven ambient light could affect the efficiency and accuracy of localization since a global on-demand threshold is
used to search for the specific robot patterns; in its current
form, a uniform-and-sufficient ambient light can guarantee
expected performance. A promising solution to this problem
is to apply a more adaptive or local threshold mechanism. 2)
When the number of robot IDs exceeds 20, the difference in
patterns becomes very small, which causes a decrease in the
accuracy of ID recognition.
This work focuses on the early stages of swarm intelligence
research, such as algorithm design, verification and optimization with real robots and sensory systems. At this stage,
to the best of our knowledge, the proposed experimental
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configuration is the optimal solution to emulate multiple
pheromones, comparing to other similar works. Nevertheless,
we are optimistic about the future that one algorithm can
also go with real chemical substances. At that stage, the LCD
and camera system may be no longer required. For example,
in the application of ruins investigation and exploration, robot
swarms can use different pheromones to mark hazard areas or
high valuable areas to accelerate the exploration process.
VII. CONCLUSION

In this paper, an effective, user-friendly and reliable multiple pheromones communication system named ColCOS8
for swarm robotics research is proposed. The high-quality
attributes of ColCOS8 and the simplicity in implementing
complex scenarios make the proposed system ready for complex swarm robots experiments. The research shown in this
study has verified that complex collective behaviors can be
generated via pheromone communications.The results from
three case studies have demonstrated the potential of this
system for swarm intelligence and swarm robotics study,
particularly for collective behaviors such as foraging that rely
on multiple pheromones communication.
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