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ABSTRACT: In the past decades, numerous engineering designs attempted to imitate the operation mode of
the natural pheromones, in applications ranging from robotics to packet routing in communication networks,
and coordination in large human teams. This paper is a brief review — from an engineering perspective - of the
state of the art in what concerns the implementations of the concept of “virtual pheromones” — the man-made
counterpart of the biological pheromones. We provide an overview of the most significant solutions found in the
vast literature dedicated to the means of coordination in multi agent systems, and try to identify the trends of
evolution of the research in this field.
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l. INTRODUCTION

The concept of pheromones is essential for understanding many fundamental biologic processes.
Coined by Karlson & Luescher ([1]) in 1959, the term pheromones designates a class of chemical substances
used by many animal species for intraspecific chemical communication. Animals often use pheromones to
transmit chemical signals that serve for social organization (recognition of the members of the same family, kin,
or colony), territorial behavior, finding and choosing mates, sending alarm messages, and for coordinating
complex collective behaviors.

Etymologically, the term is derived from the Greek words pherein (to carry), and hormon (to
stimulate, to excite) ([2]).

When perceived by other members of the same species, pheromones elicit specific reactions e.g. certain
behavior patterns, or sometimes even developmental changes. The probability of the specific reaction is
proportional with the pheromone intensity.

Once released in the environment, pheromones are subject to the following processes that describe their
spatio-temporal evolution:

e spatial diffusion: this allows other agents to sense the pheromone at a certain distance from the
source. Also, pheromone diffusion creates spatial intensity gradients, which contain important
orientation clues for the sensing agents.

e aggregation: multiple sources of pheromones superpose their effects.

e evaporation: the intensity of a pheromone source decreases with time, thus eliminating obsolete
information.

These simple processes, linked with certain behavior patterns, are the key for understanding the
paradox of coordination in some insect colonies, capable of intelligent complex behavior, without the need of a
central coordination mechanism, which intrigued the entomologists for over a century. A typical example of
such coordination is the ant foraging behavior. When carrying food from a source to the nest, ants leave a trail
of pheromones to indicate the path to the food to the other ants.

The pheromone scent determines the other ants to adjust their behavior and to follow the existing trail,
reinforcing it by depositing additional pheromone along the path, in a self-catalytic process. On the other hand,
the pheromone evaporation creates a negative feedback loop in this process, making longer or less used paths to
decay and eventually disappear.

As a result the majority of the ants will follow the best path between the food source and the nest. This
mechanism of indirect coordination between the agents by means of traces created in a shared environment was
first described by Grassé ([3]), who called it “stigmergy” (from the Greek words “stigma” — sign, mark, and
ergon — work, action).
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The biological stigmergy has been extensively studied ([4]), and the mechanism through which the ants
eventually find the shortest path between the food source and the nest was formalized in what Dorigo called the
“Ant Colony Optimization” algorithm ACO ([5]).

But the processes of decentralized self-organization in multi-agent systems composed of simple, ant-
like agents go far beyond the ACO. These processes have been called with the generic name “swarm
intelligence” ([6]), and later included a variety of other optimization algorithms (see [7]).

There are now thousands of research articles dedicated to the study of the processes related to swarm
intelligence. This paper is only concerned with the engineering applications relying on the implementation of
“virtual pheromones”, sometimes also called “digital pheromones” or just “synthetic pheromones”.

The reminder of this paper is structured as follows:

Section 2 contains a selection of the most interesting solutions involving virtual pheromones from a
historical perspective, and in Section 3 we try to identify the trends of evolution of the research in this field, and
formulate conclusions.

1. AN OVERVIEW OF THE STATE OF THE ART FROM AHISTORICAL
PERSPECTIVE

The idea to create simple, ant-like robotic agents capable of decentralized coordination dates back to
1980s, though the actual term of artificial, or virtual pheromones was used much later. In 1989, Steels ([8])
noted that the spatial propagation of sound creates a gradient field that can emulate the process of diffusion, and
explored the possibility use this principle for creating robotic systems capable of self-organization.

In 1993 Drogoul & Ferber ([9]) suggested two possible ways to implement decentralized coordination
in multi-agent systems composed of simple robots: by leaving “crumbs” along their path (like Tom Thumb, and
other fairy tale characters used to do), or by creating chains, like dockers used to do between the ship and the
wharves.

Parunak in [10] (1997) attempted to extract some general engineering principles from the analysis of
the natural multi-agent systems. He emphasized the importance of the environment and proposed a structure of
the multi-agents systems (MAS) as a three-tuple:

MAS=<Agents, Environment, Coupling>
where “coupling” defines the interactions between the agents and the environment.

A variety of other studies from the same period (e.g. [11],[12]) reflect the growing interest in the study
of “collective robotics”, and “robot colonies”, but the term “virtual pheromones” was not explicitly mentioned
until 2001 ([13]). In this study, Payton et al. propose a solution wherein the “virtual pheromones™” are short
range infrared communication messages passed from one robot to another in a multi-hop communication
network. The intrinsic directionality of the infrared communication was used to emulate spatial pheromone
gradients, and relative distances between robots were estimated by counting the number of hops for each
message.

Obviously, according to this model, the pheromones are tied to the robots, rather than being deployed
in the environment, and the pheromone gradients change as the robots move.

To overcome this drawback, O’Hara et al. proposed in [14] a solution wherein the environment is pre-
populated with a grid of beacons capable to store information and to communicate with the robots. A variant of
this idea can be found in [15], where Hoff et al. assume that “during the execution of the algorithm [...], some
robots will decide to stop their normal search behavior and become ‘pheromone robots’, also known as beacons,
which means they stop moving and act as locations on which virtual pheromone can be stored.”

An interesting variation of the idea of deploying a sort of digital beacons throughout the environment
can be found in [16], where Mamei & Zambonelli use RFID tags to store pheromone information. They also
found an elegant solution to emulate the process of pheromone evaporation: the pheromone data structure stored
in the RFID tags includes a time stamp indicating the moment of the most recent update of the pheromone.
Assuming that the robots are equipped with a real-time clock, they can easily evaluate the pheromone decay
through evaporation by comparing this time stamp with the current time.

Though the idea of using proximity RFID tags as physical support for digital pheromones has multiple
advantages, it still has some drawbacks: RFID tags can be read one at a time (see fig. 1), so that the robot can
only sense pheromone gradients by (randomly) moving from one tag to another.
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Figure 1: RFID readers can only access one tag at a time
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We proposed a simple and efficient solution for this problem in [17], by using two reader antennas,
located to a certain distance apart from one another, just like ants and other insects do to sense the pheromones
(see fig. 2)
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Figure 2: A better emulation of the process of pheromone diffusion with RFID technology by using differential
sensing with two antennas

However, none of the above mentioned implementations emulate all of the transformations of
biological pheromones (diffusion, aggregation, evaporation). Therefore, the quest for improving the model of
the virtual pheromones continued to produce new solutions. An apparently good idea would be to instruct the
robots to leave thermal traces by locally heating the ground along their path ([18]), but — considering the limited
amount of energy available for the mobile robots — this solution is not feasible in practice.

In another implementation, described in [19], robots draw marks on the floor using a special
disappearing ink. In [20] the marks on the floor are not drawn but projected by a computer that communicates
with the robots and controls a video projector.

Other researchers tried to directly imitate the biological pheromones, by enabling robots to disperse and
sense some chemical substances in the environment ([21],[22]), but it seems that there is still a long way to go
for creating a reliable and cost effective artificial nose.

Considering the above examples, it becomes obvious that it is impractical for the agents to leave
physical or chemical marks in the environment. It would be much more convenient to create a virtual
environment for storing and manipulating the virtual pheromones. Therefore, Vaughan et al. ([23]) studied a
scenario wherein the robots have their own localization means (odometry) and share a common localization
space, defined as “any consistent spatial or topological representation of position. Such a space is shared if there
is some [...] correlation between the representations maintained by two or more individuals. A prime example is
the Global Positioning System (GPS). Two systems equipped with GPS share a metric localization space in
planetary coordinates”.

In this approach, each robot periodically “drops crumbs” in this localization space by keeping a list of
records of its coordinates and heading estimates as provided by the odometric system. In a subsequent
communication process, these individual “private crumb lists” are fused into a “global crumb list” that guide the
robots in their navigation tasks.

However, the task of creating and updating a global representation (or “map”) of the environment is
quite complex and not really compatible with the idea of ant-like agents, capable only of local interactions with
the environment. Therefore, in [24], we proposed a solution wherein the task of maintaining a global map of the
environment is allocated to a central computer, called “pheromone server”. In this approach, the process of
“dropping crumbs” is equivalent to sending a data packet to the pheromone server, containing the agent’s ID
and current position. This creates a discrete pheromone source Sk, in a 2D map of the environment (see fig. 3)
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Figure 3: Notations used to describe the virtual pheromone model used in [24]

The major advantage of this scenario is that it allows a complete model of virtual pheromones, i.e. a
model that reflects all the processes specific to the biological pheromones: dispersion aggregation, and
evaporation.

Assuming a linear model, with the notations in fig. 3, the diffusion of the pheromone source Sk at the
distance x can be described by:
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where t, is the moment of creation of the source Sy, and, = is an evaporation constant, and o is the sensitivity
range (i.e. the maximum distance from a pheromone source where the “scent” of the source can still be sensed).

All the examples described above can be included in the general category of applications called
“swarm robotics”, but of course, swarm robotics is not limited to pheromone-based interactions. A recent
comprehensive survey of the literature dedicated to swarm robotics is available in [25]. On the other side, the
domain of possible applications of the virtual pheromones is not limited to robotics.

When both the agents and the environment are virtual (i.e. software simulated or implemented) there is
plenty of room for applications involving stigmergy and virtual pheromones. Such application range from
optimal routing in communication networks ([26], [27]), modeling and simulation of the crowd behavior, and
smart evacuation systems ([28],[29],[30]), task allocation in flexible manufacturing systems ([31],[32]), to
intelligent traffic control and congestion avoidance systems ([33],[34],[35]).

The solutions aimed to elicit stigmergic self-organization in multi-agent systems with human agents
(e.g. [36],[37],[38]) rely on creating a virtual environment capable to capture and broadcast the Behavioural
Implicit Communication (BIC) messages of the individual agents in the form of a shared global cognitive map
that reflects the activity of all agents (see fig. 4).

Unlike the simple, ant-like agents, whose interactions with the environment are direct and local,
human agents tend to use some technological means to interact with the environment, and build complex
cognitive maps before taking actions. If these cognitive maps reflect the actions of the other agents, this may
result in stigmergic behavior of the whole MAS ([38]).

Typical examples of applications built according to this model are the collaborative filtering systems
used for data mining (39]), or for the optimization of the educational paths in e-learning ([40],[41]).

Finally, it is worth to mention another class of applications involving virtual pheromones: those
involving both human and robotic agents, or physical and virtual agents. A comprehensive survey regarding
Finally, it is worth to mention another class of applications involving virtual pheromones: those involving both
human and robotic agents, or physical and virtual agents. A comprehensive survey regarding the human
interactions with robot swarms is available in [42], and an attempt to define a framework for creating hybrid
systems with interacting physical and virtual agents is described in [43].
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1. DISCUSSION AND CONCLUSION

The diversity of applications involving virtual pheromones illustrated in the previous paragraph,
explains the interest of the researchers in defining a unified model for them.

One of the first unifying perspectives treats virtual pheromones as potential fields (see [44]), since the
potential field is the closest physical concept that describes well the processes diffusion and superposition of
effects.

In another approach, the process of sensing a spatial distribution of virtual pheromones is equivalent to
a neural network. We suggested this in [24] (see fig. 5).

This analogy is investigated in depth in [45], where Mora et al. describe the implementation of a
Kohonen Self Organizing Map (SOM) based on the concept of virtual pheromones.
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Figure 4: Capturing and broadcasting BIC messages may foster stigmergic interactions between intelligent

agents (see [35]).
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Figure 5: Sensing multiple pheromone sources is equivalent to the operation of a neuron

Parunak (in [46]) suggest an interpretation of the pheromone distributions as “probability fields”. A
more rigorous study of the stochastic behavior of the ant system is available in [47], but the work on defining an
ultimate mathematical model of the virtual pheromone is still in progress.

After reviewing the vast literature available on topics related to stigmergy and virtual pheromones, we
believe that the most promising research direction remains the study of the so-called “cognitive stigmergy”
([48]) and the self-organization in MAS with intelligent agents.

The model of stigmergic interactions we proposed in [38] based on the automatic identification of the
Bevavioural Implicit Communication (BIC) messages, creates a strong link between the extremely fertile
research field of activity recognition (see [49], [50]) and the equally rich in results field of the study of self-
organization in MAS.
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