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Abstract. We consider a heterogeneous swarm robotic system com-
posed of wheeled and aerial robots called foot-bots and eye-bots, re-
spectively. The foot-bots are able to physically connect to one another
autonomously and thus form collective robotic entities. Eye-bots have
a privileged overview of the environment since they can fly and attach
to metal ceilings. In this paper, we show how the heterogeneous swarm
can benefit from cooperation. By using so-called spatially targeted com-
munication, the eye-bot is able to communicate with selected groups of
foot-bots and instruct them on how to overcome obstacles in their path
by forming morphologies appropriate to the obstacle encountered. We
conduct experiments in simulation to quantify separately the benefits of
cooperation and of spatially targeted communication.

1 Introduction

We use a heterogeneous swarm robotic system consisting of two types of robots:
foot-bots and eye-bots (see Fig. 1a and Fig. 1b). The foot-bots are capable of
autonomous self-assembly which means that they can make physical connections
with one another and form collective robotic entities. In this paper, we focus on
the task of navigating through an environment that contains a gap. Depending
on the width of the gap, the foot-bots may need to self-assemble into a collective
robotic entity to successfully overcome the gap.

In a previous study [10], a team of wheeled robots autonomously self-assembled
into different morphologies to solve different tasks, one of which was a gap cross-
ing task similar to the one considered in this paper. In that study, however,
the solution to each task was preprogrammed. For example, the wheeled robots
did not have the sensory capabilities to estimate the width of a gap. Therefore,
on encountering a gap, they would always self-assemble into a four robot line
morphology irrespective of the width of the gap. In this paper, we present an
approach for cooperation between aerial and wheeled robots that enables self-
assembling robots to adaptively generate appropriate morphologies to a priori
unknown tasks.
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(a)
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Fig. 1. The heterogeneous swarm robotic system and the task considered in this study.
(a) The prototype of the eye-bot. (b) A CAD model of the foot-bot. Both robot types
are being developed at EPFL within the framework of the Swarmanoid project. More
information about the project is available at http://www.swarmanoid.org. (c) A de-
piction of the task considered. The dark strip represents the gap which separates the
arena into a start zone and a target zone. The circular object shown in the target zone
is the light source. An eye-bot and 10 foot-bots are visible in the start zone.

In the task we consider, the heterogeneous swarm is located in an environment
consisting of a start zone, a target zone, and a gap that separates the two zones
(see Fig. 1c). A light source perceivable by the foot-bots is located in the target
zone. At the start of each experiment, 10 foot-bots are placed at random positions
with random orientations within a square area of 2 m x 2 m in the start zone.
The foot-bots use their light sensors to detect and drive to the light source in
the target zone. They use the ground sensors to avoid falling into the gap. An
eye-bot is assumed to be attached to the ceiling in the start zone using its system
of magnets. It is able to perceive all the foot-bots in the start zone. The eye-bot
can estimate the width of the gap by using its pan-and-tilt camera and the on-
board image processing software. To reach the target zone, the foot-bots may
need to connect to each other to form a collective morphology, such as a line
morphology [2]. Note that the minimal length of such a line morphology (i.e.,
the number of foot-bots in the line) that guarantees a safe crossing of the gap
depends on the width of the gap. In this study, we vary the width of the gap
between 5 cm, 10 cm, 15 cm and 25 cm. These different gap widths require the
foot-bots to form a line morphology of 1, 2, 3 and 4 foot-bots respectively. The
task is considered to be completed when the final foot-bot of the line morphology
has crossed the gap and reached the target zone.

To enable cooperation in the heterogeneous swarm, we use a combination
of techniques developed in previous research. Firstly, the eye-bot establishes
spatially targeted communication [9] with a selected group of foot-bots. Secondly,
the eye-bot sends morphology growth instructions to these foot-bots in the form
of SWARMORPH-script [2] instructions. Both spatially targeted communication
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and SWARMORPH-script have been successfully tested on real robotic hardware
in previous studies, see [9] and [2], respectively. Our approach does not require
any form of global information.

At the time of writing, the heterogeneous swarm robotic system is still under
development. We therefore use a custom physics-based simulator named AR-
GoS [13] to study separately the benefits of cooperation between the two robot
types and spatially targeted communication.

2 Related Work

Most previous studies on cooperation in heterogeneous systems have focused
on tightly-coupled heterogeneous teams, see for instance [12, 18, 4]. In these
and other similar multirobot systems, researchers have used communication
and/or localization modalities such as wireless ethernet [17], infrared [7] or ul-
trasound [15]. In this study, we consider a heterogeneous swarm robotic system
composed of numerous wheeled and aerial robots, see for instance [14]. We use
on-board LEDs and cameras for communication between the foot-bots and the
eye-bots. The foot-bots can also communicate with each other using a commu-
nication system based on infrared and radio [16].

Many researchers have designed and studied systems that can reconfigure
or self-assemble into physically connected structures [6]. To date, several hard-
ware architectures for self-propelled self-assembling robotic systems have been
proposed and implemented [3, 5]. In this study, we use foot-bots which are self-
propelled, fully autonomous and can self-assemble. The performance benefits
of different self-assembly strategies for similar robots has been studied previ-
ously [11], however the study was conducted on a homogeneous system and mor-
phology control was not considered. For self-assembling and self-reconfigurable
systems, several different control approaches have been proposed [1, 8]. In this
work, we use a language called SWARMORPH-script [2] that allows target mor-
phologies to be described as distributed control logic.

3 Methodology

We achieve cooperation using two mechanisms developed in previous research.
Firstly, the eye-bot establishes a spatially targeted communication [9] link with
a group of foot-bots that is appropriately located (i.e., near the gap) and has
an appropriate size (i.e., the precise number of foot-bots required to cross the
gap). Secondly, the eye-bot instructs these selected foot-bots to form the line
morphology (i.e., target morphology) that will allow them to cross the gap [2].

In [9], a LEDs and camera-based communication is used by a robot to first
narrow down the number of potential recipients of a broadcast message to a single
seed robot. This one-to-one communication link is then expanded to include the
closest neighbors of the seed robot such that a one-to-many commnication link of
a desired size can be created. Such a dedicated communication link enables the
eye-bot to ensure that subsequently broadcasted messages will only be processed
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Fig. 2. Decomposition of control strategies into phases. Phases only involving foot-
bot are marked ‘F’, phases involving foot-bot eye-bot cooperation are marked ‘F.E’. i)
NCC: non-cooperative control, ii) CC-STC: cooperative control with spatially targeted
communication and iii) CC-RGS: cooperative control with random group selection. NB
‘Indiv. phototaxis’ = ‘Individual phototaxis’, ‘Coll. phototaxis’ = Collective phototaxis,
‘Est. spat. target. comm.’ = ‘Establishing Spatially Targeted Communication’.

by the selected group of foot-bots even though other foot-bots may also be able
to receive the messages.

We use such dedicated communication links to let the eye-bot send instruc-
tions to the foot-bots on how to self-assemble into the target morphology. These
instructions are sent in SWARMORPH-script [2]. SWARMORPH-script is a
language for distributed self-assembly and morphology control for autonomous
self-assembling robots. The eye-bot uses a protocol based on LEDs and camera
to send the SWARMORPH-script required to generate the target morphology.
Each foot-bot that receives such a SWARMORPH-script can execute this re-
ceived control logic. In this manner, the foot-bots do not need to have any a
priori knowledge about possible morphologies required or even possible tasks.

4 Experiments and Results

We ran simulation-based experiments using three different control strategies of
the heterogeneous swarm. For each combination of gap size and control strat-
egy, we ran 100 repetitions. By comparing the task completion times of the
three strategies, we first analyze the benefits of cooperation through spatially
targeted communication, and then isolate the benefits of spatially targeted com-
munication. Videos of the experiments conducted are available online at: http:
//iridia.ulb.ac.be/supp/IridiaSupp2010-007/.

4.1 The Three Control Strategies

The three strategies are presented in Fig. 2. The simplest strategy is NCC —
non-cooperative control. In this strategy, the foot-bots operate without cooper-
ating with the eye-bot. They initially move towards the light and form a four
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Fig. 3. Results of the experiments showing task/phase completion times in simulation
steps. In Fig. 3b and 3c, the whiskers represent the standard deviation. (a) Box-
and-whisker plot comparing CC-STC and NCC for varying gap widths. (b) Bar-plot
showing a breakdown of the time spent in different phases of CC-STC and NCC. (c)
Completion times of CC-STC and CC-RGS minus the time taken to form the group.

robot line morphology when they encounter any gap (irrespective of the width
of the gap). The foot-bots are pre-loaded with the SWARMORPH-script in-
structions to form the morphology and cross the gap by performing collective
phototaxis.

The methodology presented in this work is implemented in CC-STC —
cooperative control with spatially targeted communication. In this strategy, the
foot-bots initially move towards the light until the eye-bot initiates the process
to establish a spatially targeted communication link with the minimal number
of foot-bots required to form the target morphology. The communication link
is established with foot-bots that are favorably located (i.e., close to the gap)
to solve the task. Subsequently, a SWARMORPH-script is sent to these foot-
bots. Once the target morphology is generated, the foot-bots perform collective
phototaxis to cross the gap.

The final strategy is CC-RGS — cooperative control with random group
selection. This strategy allows us to isolate the performance benefits of spatially
targeted communication. The strategy is identical to the CC-STC strategy, ex-
cept that instead of selecting the foot-bots to form the target morphology on
the basis of their favorable location, the eye-bot randomly selects the minimal
number of foot-bots required to form the target morphology.

4.2 Benefits of Cooperation in the Heterogeneous Robot Swarm

We compare the task execution times of strategies NCC and CC-STC to analyze
the benefits of cooperation through spatially targeted communication. The re-
sults are shown in Fig. 3a. In the case of NCC, we have only plotted the results
of the narrowest gap (5 cm), as the task completion times between the various
gap widths did not prove to be significantly different for the NCC strategy.

According to the results in Fig. 3a, the median task completion times of
CC-STC are 507, 2590 and 4032 simulation steps for gaps of width 5, 10 and
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15 cm, respectively. This means that CC-STC was 88%, 40% and 7% faster when
compared to the median task completion value of NCC (4340 simulation steps).
This is due to the fact that in CC-STC, the length of the line is optimal with
respect to the width of the gap. However, for the widest gap (25 cm), NCC
is shown to be faster than CC-STC. Intuitively, this could have been expected
given that both control strategies form a line of four robots close to the gap,
but in the case of CC-STC, instructions have to be first received from the eye-
bot before the self-assembly process can start and therefore requires more time.
Results also show that NCC has several outlier trials that take very long to
complete. This is because in the NCC strategy all foot-bots in the experiment
are allocated to construct the morphology and some non-connected foot-bots
can interfere (sometimes severely) with the collective phototaxis of the complete
morphology.

In Fig. 3b, a breakdown of the time spent in the different phases of each con-
trol strategy is shown: (i) establishing spatially targeted communication (CC-
STC), (ii) transmitting the SWARMORPH-script (CC-STC) (iii) self-assembly
(CC-STC), (iv) self-assembly (NCC). The results show that with the increas-
ing size of the morphology, and therefore with the increasing length of the
SWARMORPH-script that has to be transmitted, the transmission time in-
creases. However, this communication overhead of CC-STC would become neg-
ligible if a communication modality with higher bandwidth (such as WiFi) was
used. The results also show that when a line of equal length is formed in both
control strategies, as in the case of 4 foot-bots, the self-assembly process of
CC-STC requires on average 39% more time than that of NCC. This can be
explained by the fact that in NCC there are more robots attempting to connect
to a connection-inviting foot-bot which in turn leads to faster morphology for-
mation. On the other hand, CC-STC deals with the resources optimally by only
allocating precisely the required number of robots needed for the self-assembly
process. The decision involving this trade-off between faster morphology forma-
tion times and optimal resource allocation may depend on the task and/or the
priorities of the system.

4.3 Benefits of Spatially Targeted Communication

To isolate the benefits of spatially targeted communication, we compare the task
completion times of strategies CC-STC and CC-RGS. Note that both control
strategies select the seed foot-bot using the same technique. However, the selec-
tion of further foot-bots required in the target morphology is different. Therefore,
in order to maintain objectivity in the comparison, in this set of experiments
the time spent to select the non-seed foot-bots was omitted for both control
strategies. The results are plotted in Fig. 3c.

As the results show, CC-STC was on average faster than CC-RGS indepen-
dent of the width of the gap. This is because a morphology formed next to the
gap require less time to reach and cross the gap than a morphology formed at
a random place in the environment. We expect that this difference in terms of
task completion time would be even greater for larger start zones.
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Additionally, we also studied the difference in completion times between CC-
STC and CC-RGS in the presence of obstacles: the foot-bots were placed in the
start zone within an area of 2 m x 2 m surrounded by walls on three sides to
adjoin the gap on the fourth side. We found that the presence of the walls had
no significant impact on the completion time of CC-STC in which the eye-bot
selects the seed and the group in favorable locations (i.e., always close to the gap
and away from the walls). For the CC-RGS control strategy, on the other hand,
the presence of walls had a significant negative impact on performance. When
the randomly selected seed (which initiates the morphology growth process)
happened to be located close to one of the walls, it could be difficult or even
impossible for other foot-bots to physically connect to the seed. As a result, the
task was not solved in our experiments with the CC-RGS control strategy in
13%, 29% and 34% of the experiments for the line morphology composed of 2
foot-bots, 3 foot-bots and 4 foot-bots, respectively.

5 Conclusions and Future Work

In this paper, we have demonstrated how aerial robots and wheeled robots can
cooperate to solve different instances of a gap crossing task in an adaptive man-
ner. Compared to a non-cooperative strategy, the cooperative strategy was shown
to be more efficient in terms of resource allocation as the aerial robot recruited
only the necessary robots based on the width of a gap. Furthermore, the coop-
erative strategy led to faster task completion times in the environment in which
fewer than four connected robots could cross the gap. We also demonstrated
the benefits of spatially target communication. When the aerial robot selected
wheeled robots based on their location and based on their mutual proximity to
each other, the time required to self-assemble and to cross the gap was lower
than when robots were randomly selected.

Our short-term goal is to repeat the experiments shown in this paper on real
robotic hardware. In ongoing research, we are investigating other cooperation
mechanisms between aerial and wheeled robots, in particular where the cooper-
ation is more bidirectional. In this study, the wheeled robots passively received
instructions from the aerial robots. In the future, wheeled robots on the ground
could ask an aerial robot to find additional robots for a given task, and multiple
aerial robots could allocate and share groups of wheeled robots dynamically.
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