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Agents writing on walls:
Cognitive stigmergy and beyond

Andrea Omicini

Abstract One of the fundamental factors driving the (self-)organisation of
complex social systems — such as human organisations, animal societies, and
multi-agent systems — is the interaction of individuals mediated by the envi-
ronment. Sharing a workspace, mutually perceiving (the effect of) each other’s
actions, modifying a common environment: all these are simple yet power-
ful mechanisms that enable social coordination. We shortly recall and classify
some of the main sorts of environment-based coordination, and discuss their
impact on the engineering of self-organising socio-technical systems.

1 Introduction

The complexity of today and tomorrow artificial systems is seemingly too huge
for traditional programming and software engineering techniques, exploiting
deterministic, “fully-controlled” approaches—where the behaviour of a sys-
tem is essentially determined once and for all at design time. The main reasons
for this are basically two: unpredictability and size.

On the one hand, openness is an almost unescapable features of today soft-
ware systems: so that the number, nature, behaviour and dynamics of the com-
ponents of a system cannot be predicted once and for all at design time. Also,
non-trivial computational systems are typically situated: they are “immersed”
in an environment — that is, their evolution is strictly dependent on their sur-
rounding environment — which is usually unpredictable in its behaviour and
dynamics—then, in the way in which it affects the overall behaviour of com-
putational systems. Finally, most of the interesting computational systems are
socio-technical systems: that is, they involve humans as essential components,
whose behaviour — and then, their influence on the systems — cannot be fore-
seen at design time.
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On the other hand, the articulation of computational systems is generally
destined to grow: the amount of computational units, software components,
people involved, knowledge used and produced, services required and pro-
vided by software systems, is endlessly increasing over the years. Simply put,
handling such a huge amount of things altogether within a software develop-
ment process is often cognitively unfeasible, even adopting the most advanced
techniques for managing project complexity.

Nowadays, the only way out of this is apparently to resort to the same
mechanisms that allow complex natural and social systems to work: in partic-
ular, to rethink complex computational systems as self-organising systems (SOS),
based on simple-yet-powerful nature-inspired coordination mechanisms [11].
Roughly speaking, SOS exploits size (number of components, resources, .. .)
to autonomously deal with unpredictability (of the environment, of the com-
ponents, ...), with no need to predetermine its structure and behaviour at
design time.

Along this line, in this paper we first review the basic mechanisms of self-
organising coordination (SOC) [13] as they emerge from social and natural
SOS: stigmergy, cognitive stigmergy, behavioural implicit communication—
generally speaking, the mechanisms for environment-based coordination (Section
2). Then, we elaborate on the architecture and behaviour of the software sys-
tems exploiting SOC in the engineering of computational SOS, focussing in
particular on the role of the environment in computational systems (Section 3),
and on the different layers where SOC mechanisms can intervene and affect
the systems’ dynamics, driving self-organisation (Section 4).

2 Self-Organisation via Environment-based Coordination

In the context of social systems — both human and animal ones, both natu-
ral and artificial ones — environment plays a fundamental role in supporting
cooperation, collaboration, competition, and, more generally, complex coordi-
nation activities [18]. Self-organisation in such systems is typically the result
of the interaction among the system’s components that is mediated by means
of some structures in the environment. Through its structure and dynamics,
the environment affects component’s interaction and influences the system’s
self-organisation.

In the remainder of this section, we shortly recall (and conceptually re-order)
the main elements of SOS, and focus on environment-mediated interaction.

2.1 Agents Leaving Traces: Self-Organisation through Stigmergy

Historically, the original notion of self-organising coordination is grounded in
studies on the behaviour of social insects, like ants or termites. The key concept
here is stigmergy, introduced by [5] as an explanation for the coordination
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observed in termites societies, where “The coordination of tasks and the regulation
of constructions are not directly dependent from the workers, but from constructions
themselves.”

Namely, the notion of stigmergy generally refers to a set of coordination
mechanisms mediated by the environment. For instance, in ant colonies, chem-
ical substances — namely pheromone — act as environment markers for specific
social activities and drive both the individual and the social behaviour of ants.

While the notion of stigmergy has undergone a large number of generalisa-
tions / specialisations / extensions [14, 16], and even a larger number of imple-
mentations in systems of many sorts, its main features can still be recapitulated
quite easily. In short, stigmergic coordination could be roughly represented as
follows: some interacting agents perform some action on the environment that
leaves some traces, or markers, which can then be perceived by other agents
and affect their subsequent behaviour. Interaction among agents is mediated
by the environment, through traces — like ant’s pheromones —: emission of
traces is generative — once they are produced, traces’ life is independent of the
producer —, but their evolution over time depends on their relation with the
environment—as in the case of pheromone diffusion, aggregation, and evapo-
ration in ant colonies. Such a sort of interaction among agents is what produces
self-organisation: whereas it occurs on a local basis, its effect is global in terms
of the system’s global structures and behaviours it originates [4].

Research on stigmergic coordination produced a number of interesting
results—including relevant approaches in multi-agent systems (MAS), see
[15,22] among the many others. However, it also emphasised two typical main
biases of stigmergy-based approaches: (i) the agent model is usually quite sim-
ple — ant-like agents do not exploit any cognitive ability of theirs —, and (ii)
the environment model is often quite elementary—featuring pheromone-like
traces along with simple environmental evolution mechanisms.

By contrast, a number of relevant works in the field of cognitive sciences
point out the role of stigmergy as a fundamental coordination mechanism also
e.g. in the context of human societies and organisations [20, 29]. In this context,
as noted in [16]:

e modifications to the environment are often amenable of an interpretation in
the context of a shared, conventional system of signs:

e the interacting agents feature cognitive abilities that can be used in the
stigmergy-based interaction:

Based on this, the notion of cognitive stigmergy was introduced in [16] as a first
generalisation of stigmergic coordination exploiting agent’s cognitive capabil-
ities to enable and promote self-organisation of social activities.
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2.2 Agents Writing on Walls: Self-Organisation via Cognitive
Stigmergy

When traces have meaning, stigmergic coordination adds a novel dimension to
self-organisation. This does not necessarily lead to a dichotomy: the intensity
of the scent of a pheromone trail has a sort of implicit “meaning” that most
ants autonomously “interpret” in order to set their own behaviour. Instead, the
point here is that when agents leave traces in the environment, other agents
can perceive and interpret them according to a conventional system of signs:
such as agents writing symbols on (MAS) walls, with other agents reading
their writes, understanding them, and reacting appropriately.

Social systems present very clear examples of traces with a meaning—traces
becoming signs. Road signs work exactly like that, enforcing traffic laws to
drive the self-organisation of traffic systems. First of all, they are put in visible
places, so as to demand attention — and reaction — from “driver agents”. Also,
they refer to the surrounding environment—so, their meaning is local, and
such is the interaction they produce, too. Drivers react to their presence, but
also to their colour and shape, and possibly to the encoded symbols that can
be read and interpreted: red signals, for instance, are typically signs of pro-
hibitions, whereas danger warning signs are usually yellow. Colours are here
used to activate immediate driver’s reaction at a non-symbolic level, whereas
the full interpretation of road signs is deferred to a slower but richer symbolic
interpretation: so, road signs work as both traces and signs for (cognitive)
driver agents.

When traces become signs, stigmergy becomes cognitive stigmergy [16].
There, self-organisation is based on marks amenable of a symbolic interpre-
tation, and involves intelligent agents, able to correctly interpret signs in the
environment, and to react properly. For instance, in the case of traffic laws,
road signs play the twofold role of traces and signs, so that both (classic) stig-
mergy and cognitive stigmergy are in place as fundamental mechanisms for
self-organisation in traffic systems.

Among the many sorts of computational models for coordination, tuple-
based models [19] can be taken as a computational specimen for stigmergic
coordination—including cognitive stigmergy [13]. There, multiple tuple spaces
physically/logically distributed in a computational system could be seen as
the building blocks of the system’s environment—the “walls” upon which
coordinating agents can read and write signs in the form of tuples. Suspensive
coordination primitives — like in or rd — could be used either by “stupid”
processes to synchonise upon pre-determined tuple patterns, or by intelligent
agents properly interpreting the symbolic content of tuples—as in the case
of logic tuples, for instance [3]. So, self-organising patterns based on either
stigmergy or cognitive stigmergy can be in principle built upon tuple-based
coordination models and technologies.

However, again, social systems provide a clear example of the fact that
environment-mediated coordination is not limited to traces or signs left in the
environment. Instead, as noted in [21]:
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e agents acting in a shared environment often use their actions to (implicitly)
communicate their intentions or goals to other agents;

e a shared environment allowing observation of other agent’s actions, along
with intelligent agents interpreting them, works the basis for self-organising
coordination in many social systems.

Based on this, the notion of behavioural implicit communication (BIC) was in-
troduced by Cristiano Castelfranchi ef al. [21, 1] as a wide generalisation of
stigmergic coordination, where the observation of agent’s actions within a
shared environment is the essential interaction mechanism which the self-
organisation of complex social (and socio-technical) systems depends upon.!

2.3 Agents in a Workspace: Self-Organisation via Behavioural
Implicit Communication

When actions in the environment have meaning, new forms of communication
and coordination can contribute to the (self-)organisation of complex (compu-
tational, social, socio-technical) systems. Here, this is the foremost contribution
of the notion of BIC, introduced in [21] and fully described in [1] as the form
of (self-organising) coordination that stems from the observation of agent ac-
tions in a shared environment. As claimed in [21], BIC could be considered
as a generalisation of the notion of stigmergy (and cognitive stigmergy, too),
in the sense that self-organising coordination among agents is based on the
observation and interpretation of actions as wholes, rather than of their mere
effects on the environment in terms of either traces or signs.

BIC occurs whenever an agent uses its own actions to communicate and
coordinate with other agents observing the agent’s actions through a shared
environment. As in the case of stigmergy, this requires an environment making
the observation of other agent actions possible—under the obvious assumption
that observing agents are intelligent enough to interpret actions. Also, more
structured properties of the environment are often exploited, as the ability to
select actions to be made observable to other agents, or to hide some actions
from other agents’ view.

BIC is a critical coordination mechanism that is mainly responsible for the
overall social order of human societies. As a very simple example, it is cus-
tomary in Italy for pedestrians that aim at crossing a busy road to signal their
intention to car drivers by simply making a first step upon zebra crossing,
then waiting for drivers indicating their will to allow pedestrian crossing by
braking in response, thus clearly slowing the incoming cars. In the field of
artificial systems, it is apparent that RoboCup teams could easily rely on the
mutual observation of both teammates and adversary actions to promote ef-

1 Sematectonic stigmergy [14] is a form of stigmergic coordination that could be taken the
missing link between classic (marker-based) stigmergic coordination and BIC-based coordi-
nation. However, this distinction, while fundamental in the classification of nature-inspired
SOC mechanismes, is of no use here.
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fective team coordination—as teamwork in general seems to deeply rely upon
many forms of BIC.

In the end, what clearly emerges from the notion of BIC, as well as from
the many enlightening case studies discussed by Castelfranchi and colleagues
[21,1],is that an essential mechanism for the self-organisation of complex social
system is the observation of the agent’s actions by other agents sharing the
same working environment, and their interpretation in order to understand
intentions, goals, attitude, beliefs, mental states of the agents with which one
has to coordinate—in a word, to mind-read other coordinating agents.

2.4 Self-Organisation via Environment-based Coordination in
the Overall

In the overall, computational, social and socio-technical systems have the po-
tential to exploit a number of simple-yet-powerful environment-based mech-
anisms of interaction. They could exploit the perception of traces left by agent
actions on the environment (stigmergy), their interpretation as signs belong-
ing to a conventional symbolic system (cognitive stigmergy), the observation
of actions as wholes within the environment (BIC): or, more generally, any
working and meaningful combination of these mechanisms. Also, they could
involve agents of any sorts — “stupid” or intelligent, human or animal, natural
or artificial — interacting and working altogether in possibly-heterogeneous
settings.

What all of these mechanisms have in common is that the environment —
with its structure and dynamics —is essential for mediating / enabling / govern-
ing the interaction, and to make it viable to promote effective self-organisation
of the systems. In the next section, we briefly recall the fundamental require-
ments for the engineering of the environment in computational systems ex-
ploiting the above-mentioned mechanisms for self-organisation.

3 Computational Environment for Self-Organising
Coordination

When focussing on environment-mediated interaction as the basis for SOC in
computational systems, the question to be answered is clearly how a compu-
tational environment should be structured and engineered in order to make it
possible and promote interactions of that sort.

In general, the pivotal role of environment in complex computational sys-
tems has been generally recognised, already: in particular, the environment
is nowadays considered as a first-class abstraction in the modelling and en-
gineering of MAS, as discussed in [26]. There, the authors put forward the
environment as an explicit part of MAS, assigning it a twofold role: (i) de-
termining the surrounding conditions for agents to exist, and (ii) providing
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exploitable design abstractions for around which MAS can be designed and
built. When dealing with SOC, the latter role could be translated into “provid-
ing agents with exploitable coordination abstractions enabling and promoting
self-organisation”.

Middleware and software infrastructure is how a computational environ-
ment is put in place. According to [25], software infrastructures are required
to provide MAS designers with the means to develop MAS environment, and
thus to structure MAS applications. There, authors “endorse a general view-
point where the environment of a multi-agent system is seen as a set of basic
bricks we call environment abstractions, which (i) provide agents with services
useful for achieving individual and social goals, and (ii) are supported by some
underlying software infrastructure managing their creation and exploitation”.

Accordingly, in the remainder of this section we try to devise out the main
requirements and the architecture for a computational environment support-
ing SOC, focussing in particular on the form of the “basic bricks”—the co-
ordination abstractions provided by the environment to enable and promote
self-organisation.

3.1 Requirements for Environment in Self-Organising Systems

Following the step-by-step presentation of the mechanisms for environment-
based coordination of Section 2, the first requirement for an environment
supporting SOC is to make it possible the “recording” of agent’s traces, so
as to enable stigmergic coordination. Also, the ability to properly react to the
emission of agent’s traces is mandatory for the environment: for instance,
pheromone-like traces should interact with the environment where they are
deposited so as to enact the basic mechanisms of diffusion, aggregation, and
evaporation. In addition, traces should be available to other agents for percep-
tion, so the environment should allow for multiple agents sharing traces, as
well as perceiving their relevant properties—the equivalent of pheromone-like
scent and intensity.

Furthermore, in order to allow for local interaction — a fundamental require-
ment for SOS —, the environment should feature a topology, that is, a coherent
and expressive set of spatial abstractions. To cope with the basic needs of
SOC, topological abstractions should enforce at least some notion of locality—
allowing agents and resources in the environment to be associated to local
spaces of some sort, and enabling a well-founded notion of local interaction
among agents, and between agents and the environment as well. As obvious,
more refined and structured topological models could be adopted to imple-
ment and exploit more articulated environment structures for SOC.

The above requirements for environment features suffice for both stigmergy
and cognitive stigmergy. Of course, it may be the case that environment struc-
tures include tools supporting agents in the symbolic interpretation of traces
as signs, such as dictionaries and ontologies: even though this may help en-
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forcing cognitive stigmergy coordination, it is not strictly needed—whereas
agent intelligence is a necessary pre-condition for cognitive stigmergy.

SOC mechanisms based on the observation and interpretation of agent
actions within a shared environment call instead for more stringent require-
ments. In the case of BIC, agent’s actions aimed at behaviourally expressing
coordination issues need to be made observable to other agents sharing the
same environment. Relevant properties of such actions need to be visible to
target agents—and possibly hidden to other agents, for instance by means of
virtual “walls” properly partitioning agent’s groups.

3.2 Structuring the Environment in Self-Organising Systems

Suitable environment abstractions should then be provided by the software
infrastructure so as to satisfy the above-defined requirements.

For instance, as already suggested in Subsection 2.2, tuple-based mid-
dleware naturally support stigmergic coordination—with tuples working as
traces, tuple spaces as environment abstractions, and agents interacting by
writing and reading tuples in tuple spaces. However, two issues need to be
addressed before stigmergy could be effectively implemented in terms of tuple-
based coordination: environment behaviour and topology.

On the one hand, essential mechanisms implementing effective environ-
ment dynamics against traces —like pheromone diffusion, aggregation, and de-
cay —cannot be easily implemented in terms of standard tuple space behaviour.
The ability to associate specific coordinative behaviours to tuple spaces is then
mandatory—as it happens for instance with coordination abstractions like
tuple centres, that is, programmable tuple spaces [2]. On the other hand, topo-
logical distribution of tuple spaces in the typical tuple-based models suffices
to build basic SOC mechanisms. However, more refined topological abstrac-
tions, such as A&A workspaces [17], clearly promote more articulated and
expressive forms of SOC.

When marks become signs, tools like dictionaries, vocabularies, and ontolo-
gies can be of help in order to give meaning to traces. For instance, notions
like function description and operating instructions for artefacts [12] enable effec-
tive interaction of intelligent agents with the environment abstractions, which
could work as informative containers of signs.

Moving towards BIC-based coordination, the most natural approach in a
computational environment is to rely on reification of actions within some en-
vironment abstraction. So, for instance, relevant actions, along with their most
meaningful properties, could be made available to other agents by reifying
them as suitably-descriptive tuples in a shared tuple space. Accordingly, arte-
facts like dashboards, logs, diaries, and note-boards [16] work by keeping track
of both actions and annotations made by individual agents during a working
session. This would not suffice, however, without some computational mecha-
nism able to promote the agent awareness of other agents’ actions. For instance,
the notion of focus of attention as modelled in CArtAgO [17] works essentially
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along that direction, by allowing agents to direct their attention to specific
artefacts recording the agent’s actions they are interested in, and with respect
to which they intend to react and coordinate.

4 The Many Faces of Self-Organising Coordination

When observing real-world instances of stigmergic coordination — or, more
generally, of SOS — it is quite natural to focus on the single most-evident
pattern of self-organisation, to devise it out, and describe the SOS based on
that pattern. However, this is not how SOS really work: there, self-organisation
actually takes many forms, and affects many levels of the SOS architecture.
For instance, living systems are typically hierarchical, layered systems [6],
where self-organisation mechanisms work essentially at every level—from the
molecular up to the organ level.

In the same way, “real” software systems facing the many faces of complex-
ity should be expected to exploit many different coordination mechanisms for
self-organisation at different architectural levels.

4.1 Layers in Self-Organising Coordination: MAS as a
Reference Model

MAS represent the most natural paradigm for the design and development
of complex software systems [28]. Accordingly, in the following we take MAS
as the conceptual reference for computational SOS, and discuss the way in
which coordination mechanisms for self-organisation may intervene at many
different levels in the architecture of a SOS.

In particular, we refer to the A&A meta-model [12]: there, agents are re-
sponsible of activities, while artefacts are assigned required functions in MAS.
In particular, artefacts shape MAS environment, mediating and governing the
intra- (social) and inter-MAS (environmental) interaction. MAS topology is or-
ganised around workspaces, which agents and artefacts belong to, and which
the notion of locality in the A&A meta-model is based on. According to [9],
artefacts are conceptually layered into three classes, ruling three different sorts
of MAS interaction: individual artefacts, ruling the interaction of individual
agents within the MAS; social artefacts, ruling social interaction among agents;
and environment artefacts, ruling MAS-environment interaction.

As interaction (and its management, that is, coordination) is the core of any
self-organisation process, it is apparent that self-organisation dynamics could
originate from —and then, be governed by —any of the above-mentioned sorts of
artefacts in a MAS. Correspondingly, SOC could originate from the interaction
of individual agents with the system, from the social interaction among agents,
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and also from the interaction between MAS and the environment.? So, for
instance, SOC mechanisms like stigmergy could be exploited for regulating
MAS-environment interaction, cognitive stigmergy for social interaction, and
BIC for individual interaction.

As a case study, in the remainder of this section we focus on knowledge-
intensive systems: in particular, on those socio-technical systems where agents
are represented by human knowledge workers, dwelling within knowledge
intensive environments, where huge amounts of information and data cannot
be handled without the help of some SOC mechanism.

4.2 Layers in Self-Organising Coordination: A Case Study with
Knowledge-Intensive Environments

As discussed in [10], knowledge-intensive environments (KIE) represent an
essential dimension in modern computational systems, featuring rich infor-
mation contexts and knowledge-oriented human-computer interaction. How-
ever, the (too) many possible ways of human-computer knowledge-intensive
systems, along with the huge, unordered amount of relevant information avail-
able, could make the design of knowledge-intensive workspaces a nightmare.

A computer-based working environment for human knowledge workers
like researchers, journalists, writers, lawyers, physicians, politicians, admin-
istrators — all professionals dealing with critical amounts of information re-
sources that need to be suitably reviewed, organised, and used within com-
plex, ever-changing contexts — requires on the one hand that all the relevant
information sources are made available to the user in a complete yet usable for-
mat, on the other hand that the working environment autonomously evolves
and adapts to the individual uses and work habits, as well as to the diverse
goals and contexts defined by the everyday activity. Both requirements could
be addressed by facing the following key issues: the suitable definition and
representation of all the relevant information; the self-organisation (including
creation, propagation, and dissipation) of knowledge; and the self-organisation
of the working environment.

While relevant information could be handled by adopting many well-
known techniques in the area of knowledge representation and extraction,
the main point here is the explicit representation, memorisation, and exploita-
tion of user actions in the workspace, to be exploited for the self-organisation
of the working environment—a la BIC. Also, user actions should leave traces
on the working environment which — as in the case of cognitive stigmergy
— could be used for the self-organisation of both the relevant knowledge
and the workspace. Furthermore, suitably-represented information chunks
could autonomously combine to create new knowledge memes that could
propagate towards the user — using for instance nature-inspired SOC mech-

2 Whereas, one should not forget that also the dynamics of individual components of a
MAS (agents and artefacts) may in its turn be determined by (internal) self-organising
mechanisms—as in the case of chemical coordination [24].
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anisms like biochemical coordination [23, 27] —, thus providing users with a
self-organising KIE. As an example, Molecules of Knowledge (MoK) [8] is a
self-organising knowledge-oriented model where knowledge sources produce
atoms of knowledge in biochemical compartments, which then autonomously
diffuse and aggregate in molecules by means of biochemical reactions.

Self-organisation of knowledge would then involve both the individual
workspace (where it should be mainly used for the self-organisation of the
working environment) and the information infrastructure, and would in prin-
ciple affect all the available levels: individual, intra-organisation, and inter-
organisation. Correspondingly, SOC mechanisms would then regulate indi-
vidual, social, and environment interaction, according to the A&A meta-model
discussed above.

5 Conclusion

The patterns for self-organising coordination as they can be devised from
both natural and social SOS - from stigmergy and cognitive stigmergy
to behavioural implicit communication — clearly suggest the potential of
environment-based coordination in the engineering of complex computational
SOS. In this article, we first review in short the main mechanisms for SOC, then
discuss the role of the environment in supporting such mechanisms. Finally,
we elaborate on the different levels at which self-organisation may affect the
architecture and dynamics of computational SOS, by providing a reference
model in terms of MAS, and discussing a case study in KIE.

Work is currently ongoing on both theoretical and practical projects where
the above concepts and mechanisms are developed and exploited within com-
plex application scenarios—in particular, in the context of pervasive comput-
ing scenarios and knowledge-intensive environments.
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