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Université Libre de Bruxelles

Av F. D. Roosevelt 50, CP 194/6
1050 Bruxelles, Belgium

Technical report number TR/IRIDIA/2005-009

Revision history:

TR/IRIDIA/2005-009.001 April 2005

The information provided is the sole responsibility of the authors and does not necessarily
reflect the opinion of the members of IRIDIA. The authors take full responsability for
any copyright breaches that may result from publication of this paper in the IRIDIA –
Technical Report Series. IRIDIA is not responsible for any use that might be made of
data appearing in this publication.



Self-assembly on demand in a group of physical
autonomous robots navigating rough terrain

Rehan O’Grady1, Roderich Groß1, Francesco Mondada2, Michael Bonani2, and
Marco Dorigo1

1 IRIDIA, Université Libre de Bruxelles, Brussels, Belgium
{rogrady,rgross,mdorigo}@ulb.ac.be

2 ASL, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland
{francesco.mondada,michael.bonani}@epfl.ch

Abstract. Consider a group of autonomous, mobile robots with the
ability to physically connect to one another (self-assemble). The group is
said to exhibit functional self-assembly if the robots can choose to self-
assemble in response to the demands of their task and environment [1].
We present the first robotic controller capable of functional self-assembly
implemented on a real robotic platform.

The task we consider requires a group of robots to navigate over an
area of unknown terrain towards a target light source. If possible, the
robots should navigate to the target independently. If, however, the ter-
rain proves too difficult for a single robot, the group should self-assemble
into a larger entity and collectively navigate to the target.

We believe this to be one of the most complex tasks carried out to date by
a team of physical autonomous robots. We present quantitative results
confirming the efficacy of our controller. This puts our robotic system at
the cutting edge of autonomous mobile multi-robot research.

(a) (b)

Fig. 1. (a) S-bots overcome a simple hill independently. (b) S-bots self-assemble in
order to collectively overcome a difficult hill.



1 Introduction

Collective robotics addresses the design, implementation and study of multi-
robotic systems. Swarm robotics is a subset of collective robotics which takes
inspiration from social insect behaviour and emphasises swarm-intelligence [2]
control principles such as decentralisation of control and use of local informa-
tion only. Many swarm robotics applications require some form of cooperation
between the robots [3]. Some applications further require physical connectivity
between the cooperating robots. It is this last class of application that interests
us. Although there is a large body of work on the capabilities of physically con-
nected systems, very little has been done on the mechanisms of when and how
autonomous mobile agents should assemble.

Trianni et al. [1] coined the phrase functional self- assembly to describe a key
adaptive response mechanism of distributed systems. We define self-assembly as
the physical assembly of separate autonomous agents into a larger group entity.
Functional self-assembly is then defined as the capacity of a group of autonomous
agents to choose whether or not to self-assemble on the basis of task related and
environmental factors.

Functional self-assembly has been observed in a number of natural systems.
Several species of social insect utilise self-assembly to solve problems collectively
that are too large or complex for a single insect [4]. Members of the ant species
cophilla longinoda, for example, connect to one another to form bridges that
other ants can then traverse [5]. Note that self-assembly in natural systems is
always functional self-assembly. Social insects invariably ’choose’ to assemble,
and such a ’choice’ is almost always made on the basis of a specific problem that
needs to be solved.

Given the ubiquity of functional self-assembly as an adaptive response mecha-
nism in natural systems, surprisingly little research has been done on the subject
in swarm robotics. In the only work to focus on functional self-assembly, Trianni
et al. [1] evolved neural network controllers in a simple simulation environment
for robots that needed to self-assemble and disassemble in order to traverse ar-
tificially designated ’hot’ and ’cold’ zones. Other systems which make use of
a connection mechanism have been studied in the context of self-reconfigurable
robots [6–8]. The robotic units (also called modules) are usually designed to
operate within a configuration of pre-attached modules; in most of the current
systems, individual modules are not capable of autonomous motion.

The controller we present was implemented on the SWARM-BOT robotic
platform [9]. This innovative system consists of a number of autonomous robotic
agents called s-bots. The novel aspect of the SWARM-BOT system lies in the
s-bots’ ability to physically connect to one another in order to form a larger
group entity termed a swarm-bot. A swarm-bot has the potential to complete
tasks impossible for a single s-bot — for example to cross chasms into which a
single s-bot would fall or to overcome hills too steep for a single s-bot.

We present a controller that exploits these features of the SWARM-BOT
platform to provide the first example of functional self-assembly on real robots.
The task requires a group of s-bots’ to navigate towards a target light source
over unknown terrain. The s-bots must analyse the terrain they are traversing



Fig. 2. S-bot gripper. The mechanism by which one s-bot connects to another.

and ’decide’ whether or not it is necessary for them to self assemble. We use
two different environments in our experiments — one in which the s-bots are
capable of navigating independently to the target light source, and one in which
the s-bots have to self-assemble in order to reach the target and complete their
task.

2 Experimental Setup

2.1 The S-bot

This study was conducted on the SWARM-BOT robotic platform [10, 9]. This
system consists of a number of mobile autonomous robots (called s-bots) which
have the ability to physically connect and disconnect from one another. When
the s-bots are physically connected to each other, the resulting group artifact is
referred to as a swarm-bot.

The s-bot is equipped with a traction system made up of tracks and wheels.
This combination provides the s-bot with increased stability, efficient on the spot
rotation and mobility on terrain of moderate roughness. The main s-bot body is
a turret mounted above the traction system. This turret can rotate with respect
to the traction system by means of a motorised axis.

Physical connections between two s-bots can be established by a gripper-
based connection mechanism as illustrated in Figure 2. Each s-bot is surrounded
by a T-shaped ring which can be grasped by other s-bots.

The s-bot is equipped with a variety of sensory systems. In the following we
overview all sensors that have been utilised for this study. For the detection of
obstacles, the s-bot is equipped with 15 proximity sensors that are distributed
around the turret. Accelerometers provide information on the s-bots’ inclination
which can be used to detect if the s-bot is in danger of falling. The connection ring
of the s-bot is equipped with eight groups of coloured LEDs. An omni-directional
camera is mounted on the turret. The combination of the camera and the LED
ring allows an s-bot to communicate its presence and even its internal state to
other nearby s-bots. Inside the gripper there is with an optical light barrier to
detect the presence of objects to be grasped. Other sensors provide the s-bot with
information about its internal motors. This includes positional information (e.g.,
of the rotating turret) and the torque information (e.g., acting on the tracks).
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Fig. 3. Scale diagram of the two experimental environments (view from above). Initially
the s-bots are placed in the starting area (candidate positions marked by crosses). To
complete the task the s-bots must enter the target area. In Environment A (left figure)
the s-bots are capable of accomplishing the task independently. In Environment B (right
figure) it is not possible for the s-bots to complete the task unless they self-assemble.

2.2 The Task

We conduct experiments in two different arenas, referred to as Environment A
and Environment B. Both have dimensions of 240cm x 120cm and consist of
three distinct areas: two areas of flat terrain (a starting area and a target area)
separated by an area of rough terrain (see Figure 3). Environments A and B
differ only in the nature of the rough terrain. In Environment A, the rough
terrain consists of a hill two centimetres high which can be overcome by a single
s-bot (see Figure 1b). In Environment B the rough terrain consists of a hill 5cm
high which a single s-bot cannot overcome alone (see Figure 1a).

At the beginning of each trial, the s-bots are positioned in the starting area.
The initial position of each robot is assigned randomly by uniformly sampling
without replacement from a set of 15 specific starting points. The s-bot ’s initial
orientation is chosen randomly from a set of 4 specific directions. To complete
the task the s-bots must reach the target area without toppling over.

The s-bots have no a priori knowledge of the environment in which the trial
takes place. In Environment B the task cannot be accomplished by the s-bots
independently. To complete the task the s-bots must aggregate, self-assemble and
coordinate their movements over the rough terrain. In Environment A single s-
bots are capable of accomplishing the task independently. It unnecessary and
inefficient for the s-bots to aggregate and self-assemble.

3 Controller

We use a distributed behaviour based controller. Each s-bot is fully autonomous.
The same controller is executed on all of the s-bots. The control flow of the
behaviour based robots is illustrated in Figure 4. The robots initially all inde-
pendently perform phototaxis towards the target light source. An s-bot starts
trying to aggregate if it finds a hill too difficult for it to pass alone, or if it sees
another s-bot that is either aggregating or assembled. Self-assembly is triggered
when one aggregating robot probabilistically becomes the seed for the assembly
(turns red). Assembled s-bots start performing group phototaxis once they can
no longer detect any aggregating (unassembled) s-bots in the vicinity.
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Fig. 4. Behaviour Based Architecture - Control Flow

Solo Phototaxis is the starting behaviour for each of the s-bots. The s-bot
perform phototaxis towards the target light source (the direction of which it
determines using its camera). On flat terrain the s-bot ’s maximum track speed
is constant. On rough terrain the s-bot ’s reduces its maximum track speed as
a linear function of its inclination (as measured by the accelerometers). This is
to prevent the s-bot toppling before Retreat to Flat behaviour has time to be
initiated.

Avoid Obstacle behaviour is initiated from behaviours Solo Phototaxis or
Aggregate when the readings from the s-bot ’s 14 proximity sensors exceed a
certain threshold. The s-bot determines the direction of the obstacle by compar-
ing values from the different proximity sensors. The s-bot moves away from the
obstacle until the obstacle is no longer detected.

Retreat to Flat behaviour is initiated from behaviours Solo Phototaxis or
Aggregate when information from the s-bot ’s accelerometers indicate that the
s-bot is in danger of toppling over. The s-bot uses this information to reverse
down the slope as directly as possible. Once the s-bot is again on flat terrain,
the s-bot reverses away from the rough terrain, then rotates so that it is facing
away from the slope.

Aggregate behaviour is summarised in Algorithm 1. The s-bots must locate
and then approach each other as a precursor to self-assembly.

Algorithm 1 The Aggregate Module
1: setSelfColour( blue )
2: loop
3: if canSee( red ) then
4: Close to Red → switchBehaviour( Self-Assembly )
5: Far from Red → approachRed( )
6: else if canSee( blue ) then
7: Prob(0.04)→ switchBehaviour( Assembly Seed )
8: Prob(0.96)→ approachBlue( )
9: else

10: randomWalk( )
11: end if
12: end loop



Algorithm 2 The Self-Assembly Module
1: setSelfColour( blue )
2: repeat
3: (i1, i2)← featureExtraction(camera)
4: (i3, i4)← sensorReadings(proximity)
5: (o1, o2, o3)← f(i1, i2, i3, i4)
6:
7: if (o3 > 0.5) ∧ (grasping requirements fulfilled) then
8: try to grasp
9: else

10: applyValuesToTracks( o1, o2 )
11: end if
12: until successfully connected

Self-Assembly behaviour is summarised in Algorithm 2. Function f maps
sensory input to motor commands. It is implemented by a neural network which
has been designed by artificial evolution [11]. The self-assembly behaviour has
been extensively tested with swarms of up to 16 physical s-bots [12].

Assembly Seed behaviour is initiated from Aggregate behaviour. At least
one s-bot must execute this behaviour in order for self-assembly to occur. To
prevent two s-bots from simultaneously entering Assembly Seed, the s-bot waits
for an initial period of 3 seconds to check that no other red objects become visible.
If the s-bot does see a red object in this initial period, control is passed back
to Aggregate behaviour. (If two s-bots in the same vicinity switch to Assembly
Seed behaviour, both will revert to Aggregate behaviour). If no red object is
seen in this initial period, control is passed to Group Phototaxis behaviour.

Group Phototaxis behaviour is initiated from Self-Assembly behaviour or
Assembly Seed behaviour. If the s-bot can see blue objects in the vicinity it
remains stationary (the assumption being that other s-bots are trying to assem-
ble to the swarm-bot). Otherwise the s-bot performs phototaxis to the target.
Because it is now part of a swarm-bot, the orientation of the turret is fixed. To
move towards the target the s-bot continually adjusts rotates the traction system
with respect to the turret so that the tracks remain oriented towards the target.
This rotation is coordinated with the speed of the tracks [11].

4 Results

We conducted a series of experiments in two different environments (see Figure 3)
with groups of 1, 2 and 3 s-bots.

Trials with 3 s-bots in Environment A We conducted 20 trials. In every
trial all 3 s-bots reached the target zone. In 19 out the 20 trials the s-bots
correctly navigated independently to the target. In a single trial the s-bots self-
assembled on the down slope of the hill and then performed collective phototaxis
to the target. The decision to self-assemble was triggered when one of the s-bots
misperceived a non-existent blue object.
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Fig. 5. The s-bots start in a random configuration (a). A single robot detects a slope it
cannot overcome alone (b). Awareness of slope is communicated using colour to team
mates in the vicinity. The group aggregates and self-assembles after one robot becomes
the seed for self-assembly (c,d). The s-bots collectively overcome the rough terrain and
arrive in the target area (e,f)

Trials with a single s-bot in Environment B We modified the controller so
that the s-bot was prevented from switching out of Solo Phototaxis behaviour.
The s-bot was thus limited to performing phototaxis towards the target taking
no account of the terrain encountered.

We conducted 20 trials with a single s-bot. The s-bot failed to overcome the
hill in 20 out of 20 trials. In each trial the s-bot reached the hill and then toppled
backwards due to the steepness of the slope.3

Trials with 2 s-bots in Environment B We conducted 20 trials. The s-
bots successfully detected the slope in every trial. Furthermore the s-bots always
succeeded in assembling into a 2 s-bot swarm-bot. In 13 trials (65%) the swarm-
bot succeeded in overcoming the hill. In the other 7 trials (35%) the assembled
swarm-bot failed to overcome the hill. These failures happened when the assem-
bled s-bots attempted to climb the hill in parallel.

Trials with 3 s-bots in Environment B We conducted 20 trials. The s-bots
successfully detected the slope in every trial. In 16 trials (80%) all of the s-bots
successfully self-assembled into a 3 s-bot swarm-bot. In each of these 16 trials
the 3 s-bot swarm-bot went on to successfully reach the target area.

In the remaining 4 trials (20%) the s-bots still managed in each case to self-
assemble into a swarm-bot of 2 s-bots. In two of these 4 trials the swarm-bot went
3 We checked that a single s-bot was failing due to the intrinsic properties of the slope

by repeating this experiment at a number of different constant speeds.



Table 1. Percentage of successful s-bots in Environment B trials. % s-bots succeeding
for stages Self-Assembly (A) and Completion of task (C). The first row shows the
percentage of successful s-bots. Subsequent rows show the percentage of s-bots that
completed stages in groups of 1, 2 or 3 s-bots, or that failed.

1 s-bot trials 2 s-bots trials 3 s-bots trials

A C A C A C

% Successful (total) - 0.00 100.00 65.00 93.33 86.67

% Successful alone - 0.00 - 0.00 - 0.00

% Successful in 2 s-bot swarm-bot - - 100.00 65.00 13.33 6.67

% Successful in 3 s-bot swarm-bot - - - - 80.00 80.00

% Failed - 100.00 0.00 35.00 6.67 13.33

on to successfully reach the target area. In the two other trials the swarm-bot
was obstructed by the third s-bot which failed to self-assemble.

Figure 5 shows a sequence of images taken from a typical trial.

4.1 Analysis

Table 1 presents a summary of the results achieved in the experiments de-
scribed above. The table shows the percentage of s-bots that successfully self-
assembled (A) and the percentage of s-bots that successfully completed the entire
task (C). The three columns distinguish between trials with 1 s-bot, 2 s-bot and
3 s-bot. The first row shows the total percentage of successful s-bots. Subsequent
rows show the percentage of s-bots that completed stages alone, or as part of a
2 s-bot swarm-bot or as as part of a 3 s-bot swarm-bot, or that failed.

The success rate for task completion increases with the number of robots. A
single robot always fails. In 2 s-bot trials, 65% of s-bots complete the task. The
3 s-bot trials show a further clear improvement — 86.67% complete the task.

The fourth row (% Successful in 3 s-bot swarm-bot) shows that in the 3-s-
bot trials 80% of s-bots successfully self-assemble into a 3 s-bot swarm-bot. The
same row shows us that 80% of s-bots also complete the task in 3 s-bot swarm-
bot. Thus in 3 s-bot trials, whenever all the 3 s-bots successfully self-assemble
into a 3 s-bot swarm-bot they always go on to successfully overcome the rough
terrain. By contrast, in the 2 s-bot trials 100% of the s-bots self-assemble into a
2 s-bot swarm-bot. Despite this only 65% of the 2 s-bot swarm-bots successfully
overcome the hill.

The hill in environment B is such that in our trials a 3 s-bot swarm-bot
always (100% of the trials) overcomes it. A 2 s-bot swarm-bot on the other hand
sometimes (35% of the trials) fails to overcome the hill. The failure of 2 s-bot
swarm-bot always depended on the angle of the self-assembled s-bot ’s approached
to the the hill. In particular, whenever the s-bots approached the hill in parallel
or close to parallel, they toppled over backwards. Any linear swarm-bot that
approaches the hill in parallel is likely to topple. Linear swarm-bot formations
become less likely with increasing numbers of s-bots. In our 3 s-bot trials this
never happened and the 3 s-bot swarm-bot always overcame the hill.



Figure 6 graphically displays the time spent by the s-bots in three phases of
task completion. The first phase (black segment) is independent phototaxis —
the period from the start of the trial to the first detection of the hill by one of
the s-bots. The duration of this phase is fairly consistent between trials, and is
dependent on the random initial configuration of the s-bots. It never takes longer
than 17 seconds before at least one s-bot has detected a hill.

The second phase (white segment) consists of aggregation and self-assembly.
Once the hill has been detected by an s-bot, all s-bots must locate and approach
each other and then self-assemble into a swarm-bot. This phase took between 25
and 166s. The large percentage of total completion time can be explained by the
relatively higher level of complexity of this phase.

The final phase (grey segment) consists of collective phototaxis to the target.
In all but one trial this phase was accomplished fairly quickly taking between 4s
and 20s. Trial 17 was an exception in which the swarm-bot got stuck for some
time in a particular configuration on the hill.

In Figure 6 the first time that the whole group becomes aware of the presence
of the hill is marked with a ’c’. This gives us an idea of the effectiveness of
communication within the group. In the trials where point ’c’ is reached quickly,
(e.g. trials 5 and 6), a single s-bot detects the rough terrain and this knowledge
is communicated very quickly to the other s-bots, who are sufficiently close to see
the blue colour of the s-bot that detected the slope. This type of communication
is at work in the trial shown in figure 5. In other trials (e.g. trial 1 and 20) the
s-bots are sufficiently far apart that two s-bots discover the hill independently.
Note that such local communication happens more often than if the s-bots were
randomly distributed around the starting area. This is because they each start in
Solo Phototaxis behaviour where they are all independently trying to navigate
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towards the target light source. This increases the probability of being close to
each other when the first s-bot detects the slope.4

The ’s’ in figure 6 refers to the time that the self-assembly was seeded —
the last time that one of the robots probabilistically becomes red and thus seeds
the self-assembly process. We can see that this usually happens early in the
aggregation and self-assembly phase, indicating that of these two activities, self-
assembly is the most time consuming.

5 Conclusion

In this paper we demonstrate the first instance of functional self-assembly in a
group of physical robots. We show that a group of robots can choose to self-
assemble in response to the demands of the task and environment. In our study
a group of robots faced with a simple hill overcome it independently. When the
same robots are faced with a hill too difficult for a single robot to pass they
self-assemble and overcome the hill together.

In a previous work conducted in a simplified simulation environment, Trianni
et al [1] focused on evolving a single neural network controller integrating the
different aspects of functional self-assembly. Due to the complexities involved in
implementing functional self-assembly for the first time with physical robots, we
used a building block approach - we implemented a collection of simple basic
behaviours corresponding to the different phases of functional self-assembly seen
from the individual perspective. We developed a behaviour based controller by
combining these building blocks.

We believe that it would be interesting to apply the evolutionary approach
to the real robots. This might yield solutions that exploit hidden properties of
the robotic hardware or which make better use of the complex group dynamics
of the task [13].

We are currently investigating mechanisms to generate connection patterns
that are suited to particular tasks. In the spirit of functional self-assembly we
would like the robots themselves to choose these patterns as they interact with
their environment.
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