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Collective behavior based on self-organization has been shown in group-living animals from
insects to vertebrates. These findings have stimulated engineers to investigate approaches for the
coordination of autonomous multirobot systems based on self-organization. In this experimental
study, we show collective decision-making by mixed groups of cockroaches and socially
integrated autonomous robots, leading to shared shelter selection. Individuals, natural or artificial,
are perceived as equivalent, and the collective decision emerges from nonlinear feedbacks
based on local interactions. Even when in the minority, robots can modulate the collective
decision-making process and produce a global pattern not observed in their absence. These
results demonstrate the possibility of using intelligent autonomous devices to study and control
self-organized behavioral patterns in group-living animals.
elf-organization is a central coordination
mechanism exhibited by both natural and
artificial collective systems. Collective
behavior and decision-making based on selforganization occur in eusocial insects (1–3), gregarious arthropods (4, 5), and vertebrates (6–8).
Self-organized mechanisms are characterized
by nonlinear responses to stimulus intensity,
incomplete information, and randomness (1). Selforganization coexists with guidance from environmental templates, networks of interactions
among individuals, and various forms of leadership or preexisting individual specialization
(9, 10). Studies of animal societies (1–8) show
that self-organization is used to coordinate group
members, to reach consensus, and to maintain
social coherence when group members have to
choose between mutually exclusive opportunities.

S

1

Université Libre de Bruxelles, Service d’Ecologie Sociale
CP231, Avenue F. D. Roosevelt, 50, B-1050 Brussels, Belgium.
2
UMR 6652 Ethologie Evolution Ecologie, CNRS, Université
de Rennes 1, Campus de Beaulieu, 35042 Rennes, France.
3
Autonomous System Laboratory, Swiss Federal Institute of
Technology, ETH Zürich, Tannenstrasse 3, CH-8092 Zürich,
Switzerland. 4Swarm-Intelligent Systems Group, École Polytechnique Fédérale de Lausanne, EPFL IC ISC GR-MA, Station
14, CH-1015 Lausanne, Switzerland. 5Laboratoire de Systèmes
Robotiques, École Polytechnique Fédérale de Lausanne, EPFL
STI IPR LSRO, Station 9, CH-1015 Lausanne, Switzerland.
*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
jhalloy@ulb.ac.be

These biological findings have stimulated
engineers to investigate novel approaches for
the coordination of autonomous multirobot systems (11–14). Swarm-robotic systems, in contrast with other multirobot systems, explicitly
exploit self-organization as a main coordination
mechanism. Often, the controller of individual
robots is designed using reactive, behaviorbased techniques (15): Robots act and interact
with their close environment, which sends
immediate feedback to their receptors in
response to their own actions and the actions
of others. Behavior-based techniques allow for
real-time implementation of the social nonlinear
feedbacks influencing the whole system, minimization of onboard computational resources
under tight volume constraints, and suitable
support for the injection of stochastic behavioral
rules.
Autonomous robots, perceived as congeners
and acting as interactive decoys, are interesting
research tools. By their ability to respond and
adapt to animal behavior, they open possibilities
to study individual and social animal behaviors.
Robots, or any artificial agents, could then be
used to implement new feedback loops, leading
to new collective patterns in these mixed naturalartificial systems. Here we describe an experimental study that makes a step toward building
such mixed societies of artificial and natural
agents, using real and robotic cockroaches.
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Our experimental setup consists of a circular
arena endowed with two shelters (Fig. 1). In the
presence of two identical shelters, each large
enough to host the entire group, all the cockroaches choose collectively to rest under one of
the shelters (16, 17). When one shelter is darker
than the other, cockroaches select the darker
shelter by amplifying their individual preference
through interindividual interactions. This selforganized choice does not require leadership,
reference to the final pattern, or explicit comparison between the shelters. This mechanism
leads to shelter selection and optimal group formation (17).
A mathematical model in quantitative agreement with the experiments was developed (17)
considering the following experimental facts: (i)
Individuals explore their environment randomly
and thus encounter sites randomly; (ii) they rest
in sites according to their quality, in this case
determined mainly by darkness; and (iii) they
are influenced by the presence of conspecifics
through social amplification of resting time, all
individuals being considered equal. This model
also forms the core behavioral module of the
robots, enabling them to respond stochastically
to social stimuli according to Eqs. 1 to 4
(below). The robots are designed to discriminate
(i) cockroaches from other robots, these two
types of agents being considered here as
conspecifics; (ii) shelters from the rest of the
arena and shelter darkness; and (iii) the wall
around the circular arena and other obstacles
(18). The model is used as a quantitative
explanation as well as overall guidance for the
design of the robot.
The model describes mixed groups where
robots and cockroaches exhibit similar behavior.
The differential equations giving the time
evolution of the number of individuals in the
shelters and outside are
dxi =dt ¼ Ri xe – Qi xi

i ¼ 1, 2

ð1Þ

dri =dt ¼ Rri re – Qri ri

i ¼ 1, 2

ð2Þ

C ¼ xe þ x1 þ x2

ð3Þ

M ¼ re þ r1 þ r2

ð4Þ
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Variables xi and ri represent the numbers of
cockroaches and robots present in shelter i,
respectively, and xe and re the numbers outside
the shelters. Parameters C and M correspond
respectively to the total numbers of cockroaches
and robots. The functions R and Q, giving
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Fig. 1. Experimental setup showing the cockroaches (Periplaneta americana) and the robots. Two shelters
(150 mm) made of plastic disks covered by red film filters are suspended (30 mm) above the floor of a
circular arena (diameter 1 m). The darkness under the shelter is controlled by the number of layers of red
film. Cockroaches aggregate under the shelters (18).

Fig. 2. Shared collective choice between two identical shelters. (A and B) Experimental results for 30
trials. (C and D) Computer simulations of Eqs. 3 and 4 (18). Groups of 16 cockroaches (brown bars)
selected one of the two shelters. Mixed groups of 12 cockroaches and four robots (yellow bars) presented
the same distribution, demonstrating that the mixed groups made the same collective decision as
cockroaches alone. The probability of selecting one of the shelters is about 0.5, in accordance with a
dynamics leading to stable multiple states (16, 17). In (B) and (D), the fraction of the group present under
the shelters (mean ± SD) in relation to time shows that selection has similar dynamics in both types of
group. Green lines represent the selected shelter (randomly shelter 1 or 2 in different trials), the red lines
the shelter not selected.
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Ri ¼ mi f1 – ½ðxi þ wri Þ=Si g

ð5Þ

Rri ¼ mri f1 – ½ðxi þ wri Þ=Si g

ð6Þ

Qi ¼ qi =f1 þ r½ðxi þ bri Þ=Si n g

ð7Þ

Qri ¼ qri =f1 þ rr ½ðgxi þ dri Þ=Si nr g

ð8Þ

Each cockroach outside shelters has a rate Ri of
entering shelter i (R = 1/mean exploring time);
the equivalent rate for robots is Rri. Because these
functions (Eqs. 5 and 6) take into account a
crowding effect, they decrease with the ratio
between the number of individuals present in
shelter i and its carrying capacity Si. The carrying
capacity corresponds to the maximum number of
cockroaches that can be hosted in shelter i. In
Eqs. 5 and 6, parameter w represents the surface
of one robot expressed as a multiple of the
surface of one insect. The term mi represents the
maximal kinetic constant of entering the shelter
for insects; mri is the equivalent term for robots.
Each cockroach in shelter i has a rate Qi of
leaving it to start exploring (Q = 1/mean resting
time); the equivalent rate for robots is Qri. The
parameter qi is the maximal rate of leaving a
shelter for cockroaches (qri for robots); the
parameters r and n take into account the
influence of the cockroaches’ conspecifics (rr
and nr for robots). When both shelters are
identical, the parameters characterizing them
are equal: S1 = S2; m1 = m2; mr1 = mr2; q1 = q2;
qr1 = qr2. When one shelter is darker than the
other, then q1 ≠ q2; qr1 ≠ qr2.
Parameters g, b, and d correspond respectively to the influence of insects on robots, of robots
on insects, and of robots on robots. The greater
they are, the greater the mutual influences. The
influence of insects on insects is imposed by
biology and is not modulated in our experiments.
However, parameters g, d, and b could be
modulated by changing the hardware and/or
software of the robots. As in insect societies, the
interattraction between cockroaches is chemotactile and is mainly based on a blend of
hydrocarbons coating their body (19–22). The
robots are coated with this blend, and the higher
the pheromone concentration, the higher the
value of b.
Acceptance of robots within a cockroach
group is related to the ability of robots to bear
the correct chemical signal and to behave
appropriately. Chemical analyses and behavioral
tests were performed to identify the main
molecules constituting the odor that carries
cockroach identity (18). This odor was then
collected from male cockroaches and calibrated
to a known concentration used to condition filter
papers dressing the robots. The concentration on
the filter paper (per cm2) was the same as that on
one cockroach. Therefore, natural and artificial
agents were equally attractive to one another.
Tests with encounters between robots and cock-
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respectively the rate per individual of entering or
quitting shelters, are

roaches showed that cockroaches were lured to,
and interacted with, chemically dressed robots.
Comparisons with unmarked robots showed the
importance of this chemical message (18).
Pheromone luring was used here to allow
acceptance of the robot in the group and not to
attract the insects to a specific shelter. As robots
become members of the group, they can take part
in and influence dynamically the collective
decision-making process. Not only do these robots
explore their environment autonomously, but they
are also able to tune their resting time in relation to
the presence of cockroaches, as cockroaches do
(16, 17). In turn, the insects are influenced by the
presence of robots, closing the loop of interaction

between animals and machines. The shelter
selection emerges from the social interactions
between natural and artificial individuals.
The first set of experiments showed the
sharing of the collective decision-making for
shelter selection in mixed cockroach-robot
groups. The robots were programmed to select
dark shelters as cockroaches do. Interactions
between robots and cockroaches led to the
selection of a common shelter (Fig. 2). Given
the choice between two identical dark shelters,
both types of groups chose to rest under one of the
shelters and behaved as a whole, irrespective of
their natural or human-made origin. In most trials,
both cockroach groups and mixed groups selected

Fig. 3. Controlled collective choice between dark and light shelters. (A and B) Experimental results;
(C and D) computer simulations (18). (A) Groups of cockroaches without robots (brown bars) selected the
dark shelter in 73% and the light shelter in 27% of the trials. Mixed groups with robots programmed to
prefer the light shelter (yellow bars) selected it in 61% of the trials. The robots induced a change of the
collective choice by modulating the nonlinear collective mechanism. Nonetheless, the dark shelter was
still selected in 39% of the trials because the robots also socially responded to the cockroaches. In all
selections, robots and cockroaches shared the same shelter. In (B) and (D), the fraction of the group
present under the shelters (mean ± SD) as a function of time shows that the selection has similar dynamics
in both types of group (dark blue, dark shelter; light blue, light shelter). N values in (B) (red) are number
of selections out of 30 trials.
www.sciencemag.org
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one of the shelters. In 28 of 30 trials (93%), mixed
groups presented a clear choice for one of the
shelters, and 75% of cockroaches and 85% of
robots aggregated under the same shelter. Comparisons of these results with computer simulations of the model confirmed that the choice
corresponds to the coexisting stable states of a
nonlinear system (Fig. 2, A and C).
The second set of experiments was designed to
show the control of the collective choice by mixed
groups when shelters differed in attractiveness—
in this case, darkness (Fig. 3). Cockroaches
prefer to aggregate under the darker shelter
(brown bars in Fig. 3A). This selection process
is explained by the same model as above, with a
bias induced by the darkness level of the shelters
(q1 ≠ q2, qr1 ≠ qr2; Fig. 3C). When cockroach
groups selected one of the shelters (22 of 30
trials), the darker shelter was selected in 73% of
the cases and the lighter one in only 27% of the
cases (Fig. 3A). As in the first set of experiments
with two identical dark shelters, these proportions
correspond to the coexistence of multiple stable
states in a nonlinear system.
In the case of mixed groups (yellow bars in
Fig. 3A), the robots were programmed to prefer
the lighter shelter, contrary to the cockroaches.
This effect was obtained by keeping the same
behavioral model and swapping the parameters
controlling the robot response to darkness with
respect to those measured for cockroaches.
Given the choice between a dark and a light
shelter, robots were able to induce a change of
the global pattern by inverting the collective
shelter preference. Under these conditions, the
shelter less preferred by the cockroaches (i.e.,
the lighter one) was selected by mixed groups in
61% of the trials, versus only 27% of the trials
done without robots. Despite the individual
preference of robots for lighter shelters, they
were socially driven by the cockroaches into the
darker shelter in 39% of the trials (Fig. 3A).
These results are explained by the nonlinear
mechanism governing the self-organized choice,
as shown by stochastic simulation of the model
(Fig. 3B). In some trials the choice was induced
by the robots, and in others by the cockroaches.
The robots did not act as a mere attractant but
were integrated into the decision-making process of the society.
These experimental results show the possibility of shared and controlled collective actions
between machines and animals. At the technical
level, we introduced lures able to perceive
animal response and able to respond to it. The
robots were designed to interact and to collaborate autonomously both with the animals and
with one another. This work could be extended
to vertebrates, taking into account sound, visual
cues, and social organization. Possible ways to
identify individual behavioral algorithms could
be to replace some animals within a group by
robots or other artificial devices and to compare
collective responses in “mixed” and “natural”
groups (23–26). They could also be used to test
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hypotheses about the origin of cooperation
among group members. At the conceptual level,
we exploited the nonlinear dynamical properties
of regulatory feedbacks to introduce a form of
control that can require only a small number of
social lures. Artificial agents such as robots or
networks of sensors and actuators could also be
used to introduce new regulatory feedback loops
(or modulate existing ones) at the social level
(27, 28), inducing new patterns of collective
behavior. Animal societies could be one of the
first biological systems where autonomous
artifacts cooperate with living individuals to
solve problems.

