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Abstract An extremely large body of theoretical work exists
on pattern formation, but very few experimental results have
confirmed the relevance of theoretical models. It is argued in
this article that the notion of agent-based pattern formation,
which is introduced and exemplified, can serve as a basis to
study pattern formation in nature, especially because
pattern-forming systems based on agents are (relatively) more
easily amenable to experimental observations. Moreover,
understanding agent-based pattern formation is a necessary
step if one wishes to design distributed artificial
pattern-forming systems. But, to achieve this goal, a theory of
agent-based pattern formation is needed. This article suggests
that it can certainly be derived from existing theories of
pattern formation.

1 Introduction

“Morphogenesis is the development of pattern and form in living systems” [36]. Models
of morphogenesis are therefore relevant to a variety of fields in biology, including
cell biology, embryology, ecology, ethology, and others. Understanding how complex
patterns, comparable to those observed in biological systems, unfold in space and time
through mostly random processes and interactions among elementary constituent units
is also of relevance to the design of distributed problem-solving devices, when finding
the solution to a particular problem amounts (or can be shown to be equivalent) to
forming a specific pattern.

Turing [45] showed in his pioneering paper how patterns could emerge as a result
of a diffusive or “Turing” instability: Spatially inhomogeneous perturbations can, under
certain conditions, grow exponentially, while spatially constant perturbations die out.
Many other models of pattern formation have been developed since Turing’s work
(see reviews by Oster [38], Oster and Murray [39], Murray [35], Meinhardt [28], Nijhout
[37], Held [22], or Cross and Hohenberg [9] for a “physical” perspective), especially
in the context of embryological pattern formation, but it turns out that most of them
rely on the same basic principles of short-range activation (or local autocatalysis) and
long-range inhibition (or lateral inhibition) [38], as was first understood by Gierer and
Meinhardt [20].

A Turing-type (reaction-diffusion) model is of the form [35]

&A = F(A, B) + DAV?A, 1)
B = G(A, B) + DgV°B, 2
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where A(r, t) and B(r, t) are the concentrations of two chemical species, F and G are
two nonlinear reaction terms, and Da and Dg are the diffusion constants associated with
species A and B, respectively. Let us assume that in the absence of diffusion, that is,
when Dy = Dg = 0, the system tends to a spatially homogeneous state that is linearly
stable. Then, under certain conditions, diffusion can destabilize this steady state. These
conditions must be the implicit (or explicit) implementation by the equations of a
combined local activation and long-range inhibition mechanism. For example, it can
take the form of two different diffusion constants: Ds <« Dg if the action of B is to
inhibit the production of A (F(A, B)); in some models, the production of A can enhance
that of B, while in other models, the production of B is on the contrary inhibited by that
of A. Murray [35] gives two simple examples of Turing-type systems, where B inhibits
A; in both cases, one of the conditions of the existence of Turing patterns is Da < Dg:

1. [20, 42]:
F(A, B) = k; — koA + k3A®B, )
G(A, B) = ks — ksA%B. 4)

Here, A is produced with the help of B (+ksA%B in F), but B disappears because of the
production of A (—ksA?B in G). Because Da « Dg, B disappears from regions around
reaction centers (this model is also close to activator-substrate kinetics models, which
implement lateral inhibition by depletion [29, 32, 38]).

2. [20]:
k3A?
F(A,B) = ki — koA + T, (5)
G(A, B) = ksA? — ksB. (6)

Here, A enhances (+ks4A% in G) the production of its own inhibitor (+kzA?/B in F).
Because of the separation of the respective diffusion time scales of A and B, this model
implements short-range activation (A is self-produced and can maintain itself in regions
of low B concentrations) and long-range inhibition (the inhibitor B diffuses faster than
A, so that the production of A will be inhibited away from A).

Other reaction-diffusion models of morphogenesis rely in fact on the same basic
concept of local activation and long-range inhibition (LALI [20, 30, 38]), provided the
inhibitor diffuses more rapidly than the activator. Other models of pattern formation
rely on the explicit inclusion of LALI. For example, neural models of pattern formation
include explicit local autocatalysis and lateral inhibition [17, 43]. Here | will briefly
describe the first model of neural pattern formation, suggested by Swindale [43] to
account for the formation of ocular dominance stripes in the visual cortex (see also
[31] for a parallel approach showing how stripes can be formed when two processes
inhibit one another locally but are mutually activating on long range). Let ng(r) and
n.(r) be the respective densities of right and left eye synapses in a 2D space. Let us
assume that the total number of synapses in the spatial domain is constant: fir(k =
0)+ . (k =0) = N, where fi(k) denotes the spatial Fourier transform at wavevector k.
The total stimulus received by a right eye synapse is Sg(r) = Wgg * Nr(r') +Wg_ * N (),
where = is the convolution operator over the considered spatial domain, and wgg
and wg, are two convolution kernels implementing short-range activation and lateral
inhibition. More precisely, wgg represents short-range activation due to the presence
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of right-eye synapses in the immediate neighborhood and long-range inhibition due
to the presence of right-eye synapses further away, while wg, represents short-range
inhibition due to the presence of left-eye synapses in the immediate neighborhood and
long-range activation due to the presence of left-eye synapses further away: Therefore,
the LALI mechanism is with respect to synapses of the same type, while it is a LILA
mechanism (inverted LALI) with respect to synapses of the other type. In the same
way, the total stimulus received by a left-eye synapse located at r is given by s_(r) =
W_R * NR(F) + W x N (r), and it is assumed that wgg = Wi | = —Wj. = —Wr = W. A
typical kernel w is of the form w(r) = Aexp(—r?/d?) — Bexp{—r?/d2}, where r is
radial distance, d; and d, set the spatial scales over which activation and inhibition are
taking place, while A and B define the strengths of activation and inhibition. Swindale
[43] suggests that the evolution equations for synapse densities are given by

8t ngR = SRf (nR) (7)
on. = S|_f (ny) (8)

where f is a function that has zeros at n = 0 and n = N, such as, for example,
f(n) = n(N — n). Swindale [43] numerically integrated these equations and found
extremely good agreement between the patterns he obtained and pictures of the visual
cortex. He was also able to test the response of his system to cortex growth and
monocular deprivation.

Despite the mathematical interest of analyzing and understanding these models,
it must be said that very few theoretical models have been convincingly related to
experimental results (with a few exceptions: For example, Ingham and Martinez-Arias
[23] and Meinhardt [29] present experimental evidence for the mutual activation of
locally exclusive cell states for segmentation in Drosophila, which can be traced back
to interactions among genes). In most cases, there is as yet no “proof” that equations
really reflect what actually happens: For example, some models have been aimed at
describing mammalian coat patterns [1, 34] or patterns on the skin of fishes [26], but
very little is known about the actual underlying mechanisms. It is also known that very
different processes can lead to the formation of very similar patterns, and it is therefore
difficult to say which one is the right one [28, 29, 38]. Moreover, such models may not be
the natural type of description for behaviorally implemented pattern forming processes,
whereby patterns are created by mobile agents that can take actions depending on their
local space-time environment. Most of the models involve diffusing interacting chemical
substances, some of them rely on mechanical processes, while others combine diffusing
chemicals and moving entities (e.g., chemotactic behavior of bacteria or slime molds
[3, 24, 25]. One unifying feature of all these models is that the actors of the pattern-
formation process (chemical substance, bacteria, etc.) are also part of the pattern.
Other examples in which agents are part of the pattern include diffusive predator-prey
ecological models [33, 41]; in this context, Segel and Jackson [41] have been the first to
derive in a simple and elegant way the conditions under which a diffusive instability
can occur [16].

It is interesting to refer explicitly to the notion of agent here, because morphogenesis
in the context of animal societies—where a large number of impressive architectural
patterns can be produced—obviously relies on agents. There are numerous ethologi-
cally relevant patterns the constituent units of which are the agents themselves: Such
cases include many interesting phenomena, such as aggregation (i.e., when agents ag-
gregate), flocking, collective motion in general, living bridges and chains, and so forth.
But there are also many examples of patterns generated by agents who do not directly
participate in the shape they produce: This is, for instance, the case of nests in animals
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in general, the most complex of those being built by social insects (ants, bees, wasps,
and termites). Such nests can be produced through burrowing, sculpting, or through
the active aggregation of soil pellets, needles, and so forth. It could therefore be rel-
evant and fruitful to develop models of morphogenesis in nest-building animals, and
to take advantage of the existing body of work on embryological pattern formation:
For example, it could be interesting to ask whether and how LALI mechanisms can be
implemented in a plausible way in pattern-forming agents. But very few works actually
deal with the proximate morphogenetic mechanisms underlying nest construction.

This program of research would have one major advantage over the classical the-
oretical embryological pattern-formation program: Agents are well-defined (whereas
most of the chemicals present in theoretical embryological pattern-formation models
remain hypothetical), and carefully controlled experiments can be devised to study and
modify their behaviors. There already exist several biologically motivated models of
pattern formation by agents, especially in the context of social insects: For instance,
Deneubourg [10] has shown how a simple model relying on chemotaxis [24, 25] can
lead to the formation of regularly spaced pillars in termites, Camazine et al. [5, 6] have
studied and modeled the formation of concentric patterns of brood, pollen, and honey
on the combs of honeybee colonies, Skarka et al. [42] have modeled the initiation of
combs in honeybees, Franks et al. [19] have shown how “blind bulldozing” can lead
to “sophisticated” building, Theraulaz and Bonabeau [12, 44] have shown that simple
deposition behaviors inspired by the observation of wasps [14, 15] can lead to the forma-
tion of extremely complex structures, and so on. Most of them rely on the (reasonable)
idea that information is processed locally in space and time; that is, agents take actions
that depend on their current state and that of their neighborhood. Deneubourg’s [10]
model of pillar emergence in termites also involves a diffusing attracting chemical that
allows concentration of the building activity at specific building sites. And in fact, this
model is close, formally speaking, to many models of chemical pattern formation: The
set of equations describing the evolution of the system of soil particles corresponds to a
set of reaction-diffusion equations, where the short-range attraction is chemotactic and
the long-range inhibition is due to the finite lifetime and the decay of the pheromone.
But the spirit of this model is very different from classical embryological models in that
agents are in fact the underlying acting processes, and it is, at least in principle, possible
to describe the system from their viewpoint: If one wishes to transform Deneubourg’s
partial differential equations, which necessarily simplify spatial features and smooth
out fluctuations, into a cellular automaton (CA) model, then agents are the essential
ingredients, and it is their behavior that has to be coded, although they are not part of
the final pattern (see [8] for a simple agent-based CA implementation of this model).
In these models, agents act upon their environment and may in turn be influenced by
the environment they create.

Furthermore, mastering the use of agent-based models to implement pattern-forming
processes is a necessary step with a view to designing distributed problem-solving
devices. Those who wish to design such devices are usually facing what | would call
an “inverse problem,” which can be stated as follows: Given a problem, what should
be the specifications of individual agents and the pattern of their interactions so that
the dynamical evolution of the collection of agents leads to a reasonably good solution
to the problem? In the context of pattern formation, the inverse problem can be
formulated as such: How should interacting agents behave (or be programmed) so as
to generate a given target pattern? Some problems can easily be mapped onto a spatial
representation, so that a solution can be represented by a spatial distribution (of agents
or of items they manipulate). For example, a solution of the traveling salesman problem
(TSP), a usual benchmark problem in combinatorial optimization, can be represented
as a distribution of agents or “pheromone” on the edges that connect the cities [13]. In

194 Artificial Life Volume 3, Number 3



|

E. Bonabeau Agent-Based Pattern Formation

Figure 1. Cut of a termite nest (Apicotermes lamani). Modified from [23].

this case, the relevant spatial structure is a graph, but one may imagine other problems
in which space is simply Euclidian space. For example, Lumer and Faieta [27] have
proposed a method to structure complex data sets into clusters: The method consists
of using ant-like agents to generate a mapping from a high-dimensional attribute space
onto a 2D Euclidian space. The problem of data clustering is to find relevant structures
in a data set, the method is to map the data set onto a plane, and the “solution” is a
particular spatial pattern of items, where items that share essential attributes tend to
be clustered together. Lumer and Faieta’s method [27] was inspired by a simple model
of clustering in ants, which | shall briefly describe in the next section. The algorithm
they proposed made use of results obtained by Deneubourg et al. [11], who studied
the behavior and properties of their simple model of pattern formation (clustering of
dead bodies in ants). One of the motivations underlying this article is that the study of
more complex models of pattern formation by agents (clustering or aggregation being
maybe the simplest level of patterning) will facilitate the design of algorithms or devices
based on them: It is necessary to understand the behavior and properties of a model
of pattern formation before being able to use it for practical purposes.

The aim of this article is to start a systematic exploration of what kinds of patterns
can be generated by agents that act upon their environment. Because there is an infinite
number of possible specifications for such agents, | shall follow a very well-defined
but more restricted path, which makes sense if one considers patterns found in nests
of social insects, such as termites (Figures 1, 2). This path consists of trying to find
biologically plausible or technically reasonable ways of implementing LALI mechanisms
in pattern-forming agent systems, without the help of any chemical substance that could
direct individual behaviors through chemotaxis or other processes (which excludes
Deneubourg’s [10] model of the emergence of pillars in termites, but this is only to
concentrate on simpler problems). This may seem a very academic exercise, but it is
aimed at clarifying what can be expected from the sole behavior of simple agents. To
do so, | shall proceed in three steps: (a) The first is in fact already known because it
relies on Young’s [46] CA implementation of a neural model of pattern formation; (b) the
second is technically simple but conceptually subtle because it involves a transformation
of Young’s formulation into an agent-oriented formulation; (c) finally, the third step
consists of modifying Young's agent-based version to include a mechanism inspired by
the memory scheme suggested by Deneubourg et al. [11] in their model of clustering
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Figure 2.

Figure 3. Four thousand dead bodies are randomly placed on an experimental 50 x 50 cm arena where Pheidole
pallidula workers are present. Modified from [11].

and sorting in ants. The idea is simple: Space is mapped onto time through memory,
and LALI in space is replaced by LALI in time, or more precisely, LALI in memory
space. Note that | shall not deal explicitly with dynamically varying patterns: The focus
of this study is on stable spatial patterns, when they exist, although convergence toward
a stable pattern most often occurs after some dynamic transients. Before introducing
Young’s model and its variants, it is useful to describe briefly Deneubourg et al.’s model
[11], because it sets the stage for the rest of the article.

2 Clustering of Dead Bodies in Ants: Experimental Observation and Model

Chrétien [7] has performed intensive experiments on the ant Lasius niger to study the
organization of cemeteries. Other experiments on the ant Pheidole pallidula are also
reported in Deneubourg et al. [11], and many species actually organize a cemetery. The
phenomenon that is observed in these experiments is the aggregation of dead bodies
by workers. If dead bodies, or more precisely, items belonging to dead bodies, are
randomly distributed in space at the beginning of the experiment, the workers will
form clusters within a few hours. If the experimental arena is not sufficiently large
(Figures 3, 4), or if it contains spatial heterogeneities, the clusters will be formed
along the borders of the arena or more generally along the heterogeneities. The basic
mechanism underlying this type of aggregation phenomenon is an attraction between
dead items mediated by the ant workers: Small clusters of items grow by attracting
workers to deposit more items. It is this positive feedback that leads to the formation
of larger and larger clusters. The exact individual behavior that actually implements
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Figure 4. Experimental arena after 68 hours. Modified from [11].

this positive feedback is, however, still unclear. Another related phenomenon is larval
sorting by the ant Leptothorax unifasciatus (this phenomenon is certainly widespread
but has been clearly studied in this species [18]): Workers of this species gather the
larvae according to their size; that is, all larvae tend to be aggregated with small larvae
located in the center and larger larvae in the periphery.

Deneubourg et al. [11] have proposed two closely related models relying on bio-
logically plausible assumptions to account for the two above-mentioned phenomena
of dead-body clustering and larval sorting in ants. Although the model of clustering is
the most biologically “accurate” (i.e., reproduces experimental observations more faith-
fully), the second model has given rise to more applications. Both models rely on the
same principle, and in fact, the clustering model is simply a special case of the sorting
model. The general idea is that isolated items should be picked up and dropped at
some other location where more items of that type are present. Let us assume that
there is only one type of item in the environment. The probability p, for a randomly
moving agent (representing an ant in the model), who is not currently carrying an item,
to pick up an item is given by

S( ey ©
o=kt t
where f is the perceived fraction of items in the neighborhood of the agent and k; is a
threshold constant: For f « ki, pp is close to 1 (i.e., the probability of picking up an
item is high when there are not many items in the neighborhood), and pj is close to 0

if f > Kk, (i.e., items are unlikely to be removed from dense clusters). The probability
pq for a randomly moving loaded agent to deposit an item is given by

o = (szﬁf (10)

where k; is another threshold constant: For f <« ki, pg is close to 0, whereas for
f > ks, pg is close to 1. As expected, the depositing behavior obeys roughly opposite
rules. The question is now to define how f is evaluated. For the sake of robotic
implementation, Deneubourg et al. [11] have assumed that f is computed thanks to
a short-term memory that each agent possesses: An agent keeps track of the last T
time units, and f is simply the number N of items encountered during these last T
time units divided by the largest possible humber of items that can be encountered
during T time units. If one assumes that only 0 or 1 object can be found within a time
unit, then f = N/T. As mentioned above, this procedure lends itself more easily to a
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Figure 5. Simulation of clustering model with T = 50, k; = 0.1, k, = 0.3, 100 agents, 1,500 items, 290 x 200 grid,
att=1.
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Figure 6. Same as Figure 5 at t = 5,000,000.

robotic implementation, while real ants would use chemical or tactile cues to orient their
behaviors, and algorithms inspired by this idea use more direct evaluations of f: This
procedure should therefore be taken as an example among many possible procedures,
and changing the procedure does not drastically alter the results. Figures 5 and 6 show
a simulation of this model with T =50, k; = 0.1, k, = 0.3, 100 agents clustering 1,500
items on a 190 x 200 grid, att = 1 and t = 5,000,000. Small, evenly spaced clusters
emerge within a relatively short time and then merge into fewer larger clusters. Let
us now assume that there are two types A and B of items in the environment. The
principle is the same as previously, but now f is replaced by fa and fg, the respective
fractions of items of types A and B encountered during the last T time units. This
process leads to the formation of separate clusters containing either type of objects.

This model of clustering is extremely simple, but it is based on agents. And, clearly,
clustering or aggregation constitutes a basic level of pattern formation, but more com-
plex models can be designed starting from this basic level. This is why this model seems
so important to me: It is now well-understood how to cluster items in a distributed
way thanks to this model or its variants (either in a computer [27] or with robots [2]).
Can we use more complex versions of this model to design collections of agents that
generate more complex patterns?

3 Young’s Version of Neural Pattern Formation

Young [46] proposed a simplification of Swindale’s model. First, he used an underlying
discrete space and a discrete time dynamics. His model is therefore a two-state cellular
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Figure 7. Example of a run of Young's [46] model with w; = 1 and w, = 0.5; total neighborhood: 9 x 9 around a
given cell, with short-range activation only within the 3 x 3 neighborhood surrounding the cell.

automaton, where each node can be either a left-eye or a right-eye synapse. Second, he
transformed the long-range convolution kernel w(r) = Aexp(—r?/d?)—Bexp{—r?/d3}
into a short-range one by making the cutoffs at distances d; and d, explicit and by
injecting into the new kernel the respective weights of activation and inhibition found in
the steady state in Swindale’s model [43]. These transformations result in the following
model: Let S! (= 0 or 1) and r; be respectively the state at time t and position of site i,
and [Iri — rj|| the distance between sites i and j, w; and w, two numbers representing
the simplified kernel, and Aj = w1 3=, _q, S| —W2 3_g, 1<, S} the total stimulus
perceived by site i within a distance d, weighted by the simplified kernel; the dynamics
of the system is then given by

sl =0 if A <0, (11)
Sttt =1 if Ai >0, (12)
and St =S if A =0, (13)

where the updating is assumed to be performed in parallel. Young found remarkably
similar patterns to those obtained with Swindale’s continuous model. Figures 7-9 show
a few patterns obtained with Young’s model.

4 Agent-Based Implementation of Young’s Model (1): Space Remains Space

A very simple way of transforming Young's model is to assume that agents perform
random walks on the 2D grid and deposit or remove bricks according to the state of
their neighborhood. The condition to deposit a brick at an empty site is

Ai >0 (14)
while the condition to remove a brick from a site containing a brick is

A <O. (15)
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Figure 8. Same as Figure 3, but with w; = 1 and w, = 0.6.
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Figure 9. Same as Figure 3, but with w; = 1 and w, = 0.9.

In all other cases, the site remains unchanged. Figure 10 shows the result of one run
One might wonder what difference there is between Young’'s model
and this agent-based version, the formulation of which is indeed very close. There
are, however, some conceptual differences that open the door to (more) interesting

of this model.

agent-based generalizations:

1.

200

Agents are involved. Although their behavior mimics some kind of spin dynamics
(with locality in space and time), it is conceivable that more complicated individual
behaviors can be implemented: For instance, memory can be taken into account;
one might also want to constrain the spatial behavior of the agents, for instance, to
prevent them from walking on bricks or from being able to look through walls.

. Agents perform random walks. At every time step, each agent walks a distance of
one spatial unit toward one of the neighboring sites. This induces strong
correlations in the agents’ pathways and therefore in the actions they take. For
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Figure 10. Example of a run of the agent-based version of Young’s [46] model with w; = 1 and wy = 0.6.

instance, one site may be updated very often within some small time window,
whereas another site may not be updated within a large time window, especially if
the density of agents is small. Note, however, that ergodicity is insured in the long
run (in principle).

3. Finally, the agent-based model is completely asynchronous. It is important to
mention this (although synchronicity is not a crucial feature of Young’s model)
because it is a necessary condition for implementing more sophisticated
agent-based models. One cannot expect natural agents to act in synchrony, except
in very specific cases. As regards artificial agents, synchronization can induce high
design costs.

5 Agent-Based Implementation of Young’s Model (2): Space Mapped onto
Time

A more complicated transformation of Young’s model involves a mapping of space onto
time and the use of a chronological memory, which may not be biologically unrealistic
if this model is to be applied, for instance, to the description of social insects. In
this new model, the conditions under which bricks are deposited or removed are
essentially expressed in Equations 14 and 15, but now A; is defined differently. Let us
define two time lags t; and t, (t; < tz) which will play in time the roles that d; and
d, played in space in the previous models. The idea of using time was inspired by
Deneubourg et al.’s [11] model of clustering of dead bodies in ants or of larval sorting
[18]: Ants move randomly in space and encounter dead bodies; to assess the number of
dead bodies present in a given neighborhood, they keep track of the number of dead
bodies they have encountered within the last t, time units; each ant decides whether
to pick up or drop a dead body depending on the content of this short-term memory.
Because random walks are highly autocorrelated, this procedure allows the agents to
have a rough approximation of the density of dead bodies in their neighborhood. Let
us now transpose this idea to the case of “neural” pattern formation. Let m! (r =
1,...,t1,...,t) be the state of the memory of an agent at time t: m! = 1 if the agent
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Figure 11. Example of a run of the agent-based version of Young’s [46] model with spatial memory instead of direct
perception, memory size = 81 time steps, fixed number of items (5,500), w; = 1, and w, = 0.4.

Figure 12. Same as Figure 11 with w; = 1 and wp = 0.5.

has encountered a brick at time t — 7, and m! = 0 otherwise. A; is then given by

Ai=wyy mi—w, Y mi, (16)

<ty ti<t<ty

where w; and w;, now represent a simplified kernel in time. Note that A; is no longer
intrinsic to site i but is rather a quantity associated with the agent that reaches site i.
Figures 11-13 show various runs of this simple model with different values of the
parameters (in particular with t, = 21 and 81). Although one finds some interesting
patterns, they are not exactly similar to those obtained with Young’s model. This
problem can be solved to a large extent by resorting to a probabilistic model (i.e.,
a model in which picking-up and dropping behaviors are probabilistic) rather than a
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B R gl O

Figure 14. Example of a run of the agent-based version of Young’s [46] model with spatial memory instead of direct
perception, memory size = 81 time steps, fixed number of items (5,500), w; = 1 and w, = 0.4, and probabilistic
deposit or removal of items with n = 1.

deterministic one. The probability for an agent to pick up an item is given by

P(pick-up) = 17)

14 enA’

where 7 is some (inverse)-temperature-like parameter (set to 1 in the simulations), and
the probability of dropping and item is given by

P(drop) = (18)

T+e ™’

Figure 14 shows a pattern obtained with one run of this model for a given set of
parameters. This pattern is now very close to those obtained by Young [46], although

Artificial Life Volume 3, Number 3 203



|

E. Bonabeau Agent-Based Pattern Formation

Figure 16. Filtered version of Figure 15: Isolated dots and empty sites have been removed and refilled, respectively.

the random motion and behavior of the agents prevent the final pattern from being
completely smooth and regular. An additional smoothing procedure is required to
“clean” the pattern. Figure 15 shows another run with slightly different values of w;
and wy, and Figure 16 is the corresponding “clean” pattern (i.e., isolated pellets and
isolated empty sites have been removed through a one-pass filter).

Another idea for implementing short-range activation and long-range inhibition is
to combine the preceding scheme with one based on direct perception. In particular,
because attraction is short-ranged, it is not absurd to think that it can be based on direct
perception. Inhibition, being long-range, can be memory based. An example in which
local attraction can be assumed to occur via direct perception is local chemotaxis, that
is, cases in which chemotaxis can attract individuals only within a small radius. For
instance, Bruinsma [4] showed that the cement pheromone contained in the soil pellets
deposited by workers can attract other workers in a zone with a radius of less than
1.5 cm (the size of a worker being about 5 mm): As a first approximation, one might
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Figure 17. Pattern obtained with the combined scheme (Equation (19)), d; = 2, t; = 19, t; = 81, w; = 1 and
wy = 0.6, 5,000 items on a 100 x 100 grid.

therefore consider that chemotaxis can be replaced by direct perception. Now, A reads

Ai=wi Y S—w, y om! (19)

Iri—rjll<dy ti<t<t

where d; is the radius of perception of an agent located at site i. Equation (19) means
that the tendency of an agent to deposit an item at site i because it perceives a high
local density of item is balanced by the content of its memory, or more precisely by the
number of items encountered between t; and t, time units before t. We now assume
that all dropping and picking-up behaviors are deterministic and can be described by
Equations (14, 15, 19). Figure 17 shows a pattern obtained witht; = 19,t, =81, w; =1
and w; = 0.6. Although Figure 17 is reminiscent of typical reaction-diffusion patterns,
this seems like a complicated scheme, and in fact it can be simplified by setting t; = O:
in that case, direct perception of items competes with the items encountered within
the last t, time units. Because there may be an overlap between the set of items that
are directly perceived and the set of memorized items, it is necessary that the number
of memorized items be significantly larger than the number of perceived items. For
d; = 2, and when agents move at each time unit, it seems that the model with t, = 40
(Figure 18, w; = 1 and w;, = 0.6) can generate patterns similar to those obtained with
t, = 81 (Figure 19). Figure 20 shows a pattern obtained with the same algorithm but
with w; = 1, w, = 0.9, and a density of items of 0.15 instead of 0.5 in all previous
examples. In this case, attraction based on local perception does almost all the job and
leads to the formation of spots; the role of inhibition is to keep the spots separate: In
the absence of inhibition, all spots should merge into a single large cluster. Figure 21
shows exactly the opposite situation (w; = 1, w, = 0.4), where the high density of
items (0.75) leads to the formation of islands of empty sites. Figure 22 shows the effect
of reducing the radius of perception: the same parameters as in Figure 18, except that
d; = 1. Figure 18 reproduces the same type of pattern, yet on a smaller scale, and can
be compared with Figure 2. Figure 23 shows the effect of anisotropic perception (with
the same parameters as in Figure 18): Instead of perceiving its surrounding sites, each
agent perceives the sites the x and y coordinates of which are shifted by 1 with respect
to the normal neighborhood; this shift along the diagonal produces a pattern that looks
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Figure 19. Same as Figure 18 with t, = 81.

like the previous ones, but with a clear bias toward the diagonal. This type of situation
can occur, for instance, when there is a clear direction of motion, or when the substrate
grows, and so forth. Finally, the pattern shown in Figure 24 has been obtained with a
slightly different rule for depositing items: Items are still picked up if A; < 0 (with A;
given by Equation (19)), but the dropping condition is now lerifr,- I<dy Sjt > M, where
M is the minimal number of items that must be present in the neighborhood to trigger
the deposit of a new item. This very simple scheme has been implemented in robots
by Beckers et al. [2]: there, the number of items in the neighborhood was assessed by
the local resistance of encountered obstacles. In fact, many other mechanisms can be
used, either by animals or robots, to roughly compute Zuri—r,- I<ds S}.

Obviously, there are many ways of implementing LALI mechanisms in agents. | have
presented a few possibilities, but many other examples can be found, either to describe
pattern formation by natural agents (insects, bacteria, or even mammals), or to design
artificial pattern-forming systems based on agents. The constraints in model building
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Figure 21. Same as Figure 18 with w; = 1, wp, = 0.4, and 7,500 items.

are of course different, but in both cases, a “theory” of agent-based pattern formation
is required and can be derived from the existing “classical theories” of morphogenesis.

6 Conclusion

It should be clear from the preceding sections that agent-based models allow us to go
beyond reaction-diffusion models, which cannot take into account the detailed behav-
iors of many interacting agents, or even of single agents interacting with themselves in
the course of time. The physical constraints that may arise during the pattern-forming
process because of the emerging structures can also be taken into account with an
agent-based formulation (although it has not been the case in the present work): For
example, as agents deposit bricks, more and more constraints may limit the motion of
individuals because they cannot walk through walls. Moreover, most classical models
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Figure 23. Same as Figure 18 with anisotropic perception along the diagonal.

rely on deterministic equations that necessarily smooth out most fluctuations. Agent-
based models therefore constitute the best description of how interacting agents per-
form pattern-forming tasks. But a theory of agent-based pattern formation requires the
understanding of how to implement basic pattern-forming mechanisms such as LALI
mechanisms in terms of the behaviors of agents. The macroscopic description of col-
lective behaviors by means of, for example, Turing-like partial differential equations
can still be used as a deterministic mean-field description, certainly more amenable to
mathematical treatment. But it is necessary to understand fully how such equations and
agent behaviors are related, especially if one wishes (a) to use the body of mathemati-
cal work on this topic to make predictions about agent-based models, and (b) to make
experiments showing the actual implementation of pattern-forming mechanisms—and
| believe this to be one very promising line of research, initiated by Deneubourg’s [10]
pioneering article. The present work is a small first step toward connecting classical
models of pattern formation with agent-based models. Future work will focus on other
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Figure 24. Same as Figure 18, but deposition occurs if and only if Zurrrjlkdl SJ.t >M,M=4,d; =1

(once again, biologically plausible or technically reasonable) ways of implementing
LALI in agents, especially the inhibitory part of the mechanism, because positive feed-
back or local attraction is very easy to implement; lateral inhibition, on the other hand,
is more subtle, difficult to analyze and evidence in experiments, and can rely on a
rich variety of mechanisms. Moreover, while | have presented examples on a two-
dimensional torus and in which the initial state was homogeneous, the effects of the
geometry and the presence of heterogeneities in the environment may influence what
patterns are generated, as is the case in classical models. These factors are of special
relevance to the study of animals, and particularly social insects, who make use of en-
vironmental heterogeneities to build their nests (humidity and temperature gradients,
physical obstacles, etc.).
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