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Parallel Task Execution, Morphology Control and Scalability
in a Swarm of Self-Assembling Robots

Anders Lyhne Christensen Rehan O'Grady Marco Dorigo

Abstract—We investigate the scalability of a morpholog- In previous studies, we pioneered a distributed technique
ically exible self-assembling robotic system by measuring for morphology control in self-assembling systems [5],
task execution performance. We use a scenario consisting of [17] using both real-robots and a dedicated simulation

three subtasks — gap crossing, bridge traversal and object - t We devel d ioti | ith
pushing. Each subtask can only be solved by a dedicated €MVIrONMeNt. Ve developed a Scripting language wi

self-assembled morphology. To successfully complete the sce-Primitives that would allow robots to self-assemble into
nario, individual robots must autonomously assemble and particular shapes and to disassemble [6], [16]. However,
disassemble to form morphologies appropriate to the subtask the sequence of morphologies formed was determined

at hand. Environmental cues tell the robots when they have ;, aqvance by the experimenter, and the self-assembled
encountered a particular task. Parallel execution of tasks " .
entities did not carry out any tasks.

is possible when there is a sufcient number of robots. . )
With simulated robots, we perform a series of experiments N this study, we extend our previous work to apply
demonstrating the feasibility and the scalability of our system. particular self-assembled morphologies to speci c tasks.
We implement our distributed control using the scripting lan-  The self-assembled morphologies are now formed on de-
guage SWARMORPH-script that has been used in previous a4 in response to environmental cues. We demonstrate
studies to form morphologies with up to nine real robots. - . .

the feasibility of our enhanced system in a dedicated

I. INTRODUCTION simulation environment. Using our scenario, we explore

Self-assembling robotic systems are composed of mulf’® behavior of our system under different con gurations.
ple autonomous agents that can physically connect to eal#e investigate the negative inuence of interference by
other to form larger composite robotic entities. Two of thdNCréasing the number of robots while keeping the size of
key potential bene ts of self-assembling robotic system%he arena and the number of tasks constant. Wg investigate
are morphological exibility and parallelism. Morphologi- how the system scales by concurrently increasing the size
cal exibility is important because any robotic entity must©f the arena, the number of robots and the number of
have a morphology that is in some way appropriate to tH@sks. The \_/er|3|m|I|t_ude of the simulation environment
task it needs to perform. In theory, the ability to form av@s veried in a previous study [17]. .
wide range of different morphologies should allow future 1N€ paper is organized as follows: In Sect. Il, we discuss
self-assembling systems to tackle a wider range of task§lated work. In Sect. lll, we present th@wvarm-bots
than conventional monolithic robots. Such self-assemblingpPotic platiorm on which this study is based and de-
systems may well comprise thousands or even millions (§|cr|be our s_lmulatlon environment. In Sect. IV, we prese_nt
individual agents. In such large systems, parallelism wiin® three different tasks that the robots must accomplish
be the key to ef ciency—different self-assembled robotidrough self-assembly and disassembly in our experiments.
entities will be able to carry out different tasks at the sam¥? Sect. V, we provide an overview of SWARMORPH-
time. A well-designed self-assembling system should thi®CTiPt- In Sect. VI, we present the results of our experi-
allow for massively parallel task execution. ments. We discuss our results and conclude the paper in

In this study, we explore a scenario designed to investRect. VII.
gate morphological exibility and large scale parallelism. T
In our scenario, a series of subtasks must be completed. . o
Each subtask is solvable by a dedicated self-assembled'N€re is a large body of scientic literature on the
morphology, which is incapable of solving the other subdistributed creation and control of robotic morpholo-
tasks. The robots start at one end of the arena and perfoff§S USing inter-connectable components. The two prin-
phototaxis towards a light source at the other end of th@lPle approaches are self-recon gurable systems and self-
arena. As they proceed, environmental cues indicate tRg§Sembling systems. In self-recon gurable systems [20],
presence of particular subtasks to be solved. When th&)® components tend to be incapable of independent mo-
encounter a subtask, the robots must assemble into tfi@n- In self-assembling systems [11], the components are
appropriate morphology for the subtask at hand. Once thg}em_selves mdep_enden_t robots that can autonomously form
subtask is complete, the robots disassemble and continpidysical connections with one another. In the latter case,
phototaxis. They are thus ready to assemble into anothi&e individual robots can be either externally propelled or
morphology as soon as they encounter another subtasSg!f-propelled. Several different hardware archltectu_res and
The nature of the subtasks allows for a degree of parall§Pntrol mechanisms have been proposed respectively for
execution. self-recon gurable robotics [3], [14], [15], [19] and for

self-assembling robotics [2], [7], [8], [10], [12].
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The experiments in this study were conducted in a sim-
ulation environment consisting of a specialized software
simulator with a custom dynamics engine tailored to our
robotic platform [4]. All the sensors and actuators that
were used are simulated with reasonable accuracy by our
simulation environment. We developed a control interface
abstraction layer that allowed us to transfer our control
programs between the simulator and the real robots without
any modi cation. The control abstraction layer allowed
us to run and test the same SWARMORPH-based control
programs both in simulation and on real robots.

IV. TASKS AND MORPHOLOGIES

We have chosen three tasks: gap crossing, bridge traver-
Fig. 1: Left: Thes-bot Top right: The star morphology sa|, and object pushing. None of these tasks can be solved
formed with 9 real robots. Bottom right: The starpy a single robot operating alone. Instead, the robots have
morphology formed in our simulation environment.to self-assemble and cooperate in order to accomplish each
of the three tasks. Based on trial and error experimentation
with real robots, we have designed the three tasks so
directly focused on using self-recon gurable systems tehat each task requires the robots to self-assemble into
generate appropriate morphologies in response to taskdedicated morphology. Each morphology can solve one
requirements [1] (and almost no work in the eld of self-task and one task only, that is, the dedicated morphology
assembling systems). The advantage of self-assemblitigat succeeds in solving one of the tasks will fail to solve if
systems is that, as well as morphological exibility, theyapplied to either of the other two tasks. The tasks and their
offer the potential for parallel task execution. Whig¢ associated morphologies are shown in Fig. 2 and described
al. [18] used mathematical and simulation based modela detail below.
to analyze the scalability of their self-assembling system. .
However, in common with other works that considelA' The Gap Crossing Task
scalable self-assembling systems with larger numbers ofIn this task, the robots must cross a 22 cm wide
robots [13], the focus is on the ability of the system toectangular hole that runs the width of the arena. $An
self-assemble ever larger structures. bot can detect the gap based on readings from its infrared
In this paper, our approach is different in that the robot§round sensors. Of the-bots four ground sensors, one
form speci ¢ morphologies to solve different tasks, andPoints slightly forwards and one points slightly backwards.
that they carry out the tasks in parallel. We measur&his allows ans-botto detect a gap before falling into it.
scalability, not by an internal measure of self-assembling 9ap of 22 cm was chosen because it is reliably passable

ef ciency, but rather by the external measure of tasioy four reals-botsconnected in linear morphology, while a
completion ef ciency. threes-botlinear morphology will fail unless it is perfectly

aligned (any smaller morphology always fails).

I1l. ROBOTICSPLATFORM B. The Bridge Traversal Task

We conduct our experiments using a simulated version In this task, the robots must use a bridge to cross a
of the swarm-botsrobotic platform. The platform consists 50 cm wide rectangular hole that runs the width of the
of a number of mobile autonomous robots calethots arena. The bridge is made of two pipes spaced 17.5 cm
(see Fig. 1) that are capable of forming physical conapart, each with a diameter of 8 cm. The curvature of
nections with each other. Eachbotis equipped with an the pipes is suf cient that a moving-bot cannot balance
XScale CPU running a#00 MHz, a number of sensors on a single pipe. The two pipes are also suf ciently far
including an infrared ground sensors, proximity sensorgpart that the wheels of a singtebotcannot make contact
and light sensors. Physical connections betwsdmots with both pipes at the same time. Thus, a singtbot
are established by a gripper-based connection mechanistannot traverse a bridge alone. However, a composite
Eachs-botis surrounded by a semi-transparent ring thatobotic entity comprised of two physically connected
can be grasped by otherbots S-botscan advertise their bots (appropriately oriented) can traverse a bridge, since
location and/or internal state by means of eight sets &f can make contact with both pipes at the same time—
RGB-colored LEDs distributed around the inside of theikachs-bottouches one of the pipes. The curvature of the
semi-transparent ring. pipes does not cause the constitugiiotsof such an entity

The s-botshave an omni-directional camera that pointgo topple, as thes-botsmutually support each other, see
upwards at a hemispherical mirror mounted aboveshe Fig. 2 (middle).
bots turret in a transparent perspex tube. The camera The on-board computer vision software does not enable
records the panoramic images re ected in the mirrothe robots to estimate the width of a gap or to see
Depending on light conditions, the camera can detethe bridge. We have therefore placed a special re ective
illuminated LEDs on othes-botsup to 50 cm away. The material before the bridged 50 cm gap to distinguish it
combination of the camera and the LEDs thus provides ttfeom the 22 cm gap. The re ective material can be detected
s-botswith local, situated communication capabilities. by an s-bot using its infrared ground sensors: readings
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Fig. 2: The three tasks and the appropriate morphology for each tasks. Left: The gap crossing task (line morphology).
Middle: The bridge traversal task (support morphology). Right: The object pushing task (shovel morphology).

are higher than for the normal arena oor. In order tocolor con guration aconnection slo{5].
determine the position of the bridge, we have put a distinct When ans-bothas gripped anothes-bot the twos-bots
simple bar code in front of each pipe, see Fig. 2 (middle)nitiate communication by changing the color con guration
The bar code is made up of different materials that can b# their LEDs. The communication system allows for the
detected by ars-bots ground sensors. Whenever a robottransmission of strings. Through this communication, the
detects a bar code, it can use the bar code information t@wly connecteds-bot receives instructions on how to
determine which pipe it is facing (left pipe or right pipe)extend the local structure. Following these instructions,
and build the morphology to cross the bridge accordinglythe newly connected-botin turn attracts othes-botsbhy
We have also added re ective material on the far side ofpening a new connection slot itself. When a subsequent
the bridge to allow the robots to detect when they haveew s-botattaches, it once again initiates communication,
successfully crossed the bridge. and is told in turn how to extend the structure. As this
process repeats itself, the morphology grows accordingly.

A. The SWARMORPH-Script Language

We abstracted basic behaviors sucltphstotaxis invite
. connection send rule 1D and disconnect into a set of
. - Rontrol primitives. We used these control primitives to
transport by pushing two or more objects 30 cm toward uild a morphology creation language (SWARMORPH-
the light source. The objects have a qimension and weig Eript) that can be executed on redbots[6]. The language
that prevents a single-bot from pushing them. In fact, allows for explicit high-level expression of distributed rules

a shovel shape formed by four robots is necessary 18 morphology growth. Below, we provide a summary of

reliably shift an object, see Fig. 2 (right). We use ObjeCt’zome of the primitives available in SWARMORPH-script:
with a diameter of 20 cm positioned in front of a 30 cm Phototaxis  : Perform phototaxis until an obstacle

expanse of re ective material. The robots are programmed has b tered
so that when they have reached the end of the re ective Oas gen esnlcct)u-n Iere_t or overcomtg. i tai
material, they disassemble and move back across the pentonnsiot - invite a connection at a certain

C. The Object Pushing Task

re ective material to search for more objects. The objects Icc:)canon:[ - Find and £ 1 bot inviti
are wrapped in the same re ective material. An object that cgr?r?ee;tioh ind and connect 1o as-botinviling a

should be shifted can thus be detected bysarot based

on proximity sensor readings—because of the re ective
material, the readings for the object are higher than those
for either others-botsor for walls.

SendRulelD : Send the ID of a rule.

ReceiveRulelD : Receive the ID of a rule.

Notify : Notify a physically connected-bot
Disconnect : Open the gripper to disconnect from
the morphology.

Retreat : Retreat for a certain amount of time.

V. METHODOLOGY if, then, end . Branch based on the type of
obstacle encountered or based on the rule ID received.

We have developed a distributed control scheme thaf The Script
allows s-botsto respond to the obstacles described in

Sect. IV and to self-assemble into speci ¢ morphologies X ; A

Eachs-botis autonomous and only local, situated colorour three task scenario. We describe the overall functioning

based communication is used between éHmots Wr;en- of the script, and for illustrative purposes present a section
g the script, see Script 1. We show the global structure of

ever ans-bot detects the presence of a task that require - . :
a larger robotic entity to be self-assembled, it starts e script, and focus on the part of the script that builds the

new s_elf-assembly process_ by illuminating its LED_S N iNote that the sensory equipment available on $Heot platform is
a particular color con guration. The color con guration not suf ciently sophisticated to allow for a truly adaptive morphological

indicates a point on the-bots body where another non- response mechanism. Instead, as discussed in Sect. IV, we place cues
in the environment that are detectable by the s-bots. The cues uniquely

attZ?Cheds'bO.tSh.Oljld grip and a CorreSpondmg Orlentat'()r\dentify the different tasks, and trigger the formation of the appropriate
which the grippings-bot should assume. We term such amorphology.

In this section, we describe the script that is used to solve
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