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Abstract.

Up to now, only a few collective or modular robot systems haraven capable
of letting separate and autonomous units, or groups of gettassemble. In each
case, ad hoc control algorithms have been developed. Thefainis paper is to
show that a control algorithm for autonomous self-asserobtybe ported from a
source multi-robot platform (i.e., the swarm-bot systeos different target multi-
robot platform (i.e., a super-mechano colony system).@lgh there are substan-
tial differences between the two robotic platforms, it isgible to qualitatively re-
produce the functionality of the source platform on theeamatform—the trans-
fer neither requires modifications in the hardware nor aaresive redesign of the
control.

The results of a set of experiments demonstrate that a dienttioat was devel-
oped for the source platform lets robots of the target platfeelf-assemble with
high reliability. Finally, we investigate mechanisms thantrol the patterns formed
by autonomous self-assembly.

Keywords. Self-assembly, self-reconfigurable robots, pattern féionacollective
robotics, swarm robotics, super-mechano colony, swartnsia@arm intelligence

1. Introduction

Self-assembly is a reversible processes by which discnéitées bind to each other with-
out being directed externally. It may involve componentsrfrmolecular scale (e.qg.,
DNA strands forming a double helix) to planetary scale (eageather systems) [23].
The study of self-assembling systems attracted much bsttex® it may lead to self-
constructing, self-repairing and self-replicating maesi [21,26,11].

Self-assembly has been widely observed in social inseftsfects physically con-
nect to each other to form aggregate structures with capebiéxceeding those of an
individual insectOecophylla longinodavorker ants, for example, form connected living
bridges which other colony members traverse [15]. Undedstey how insects use self-
assembly to manipulate objects or to navigate all-terrady tmave strong implications
for robotic systems design.

Self-reconfigurable robots [24,20] hold the potential tt-aesemble and thus to
mimic the complex behavior of social insects. In current lenpentations [18,24,20,



14], however, single modules usually have highly limitetbaemous capabilites (when
compared to an insect). Typically, they are not equippeti wé&nsors to perceive the
environment. Nor, typically, are they capable of autonommotion. These limitations,
common to most self-reconfigurable robotic systems, makifitult to let separate
modules, or groups of modules, connect autonomously. Iresystems, self-assembly
was demonstrated with the modules being pre-arranged atrkpositions [25,26]. Rare
instances of less constrained self-assembly have beertedpehich are detailed in the
following:

« Fukudaet al. [9] demonstrated self-assembly among cells of the CEBOT sys
tem [10]. In an experiment, a cell approached and connectédamother one.
Communication among connected cells was studied to enhblgroup to ap-
proach and connect with additional cells [8].

 Berertonet al. [3] studied docking in the context of self-repair. One rolats
equipped with a fork-lift mechanism to replace a componéitsdéeammate. Suc-
cessful docking was demonstrated for distances of uj®tan and angular dis-
placements of up t80°. Image processing was accomplished on an external PC.

* Rubensteiret al. [19] demonstrated the ability of two modular robots to self-
assemble. Each robot consisted of a chain of two lineankeli CONRO mod-
ules [5]. The robot chains were set up at distancd$ efn, facing each other with
an angular displacement not larger thi@.

« White et al. [22], Griffith et al. [11], and Bishopet al. [4] studied simple, pro-
grammable parts capable of self-assembling in the confesdlBreplication and
pattern formation. The parts slid passively on an air tabBklzound to each other
upon random collisions.

e GroB et al. [12] demonstrated self-assembly of 16 physical robots gusire
swarm-botsystem [16,7]. The robots self-assembled from arbitraityalnposi-
tions and on different types of terrain. At present, swawohibthe state of the art
in autonomous self-assembly.

The aim of this paper is to show that a control algorithm fotoaomous self-
assembly can be ported from a source multi-robot platform tiifferent target multi-
robot platform. The source platform is the swarm-bot syqter7]. The target platform
is a super-mechano colony (SMC) system [6]. Although thezesabstantial differences
between the two robotic platforms, it is possible to qualiedy reproduce the function-
ality of the source platform on the target platform. Thisuiegs neither modifications in
the hardware nor an extensive redesign of the control.

The paper is organized as follows. Section 2 overviews théwere of the source
and target platforms. Section 3 presents the control aseimghted on the source plat-
form, and details the transfer to the target platform. $&cti presents the results of a set
of experiments. Finally, Sections 5 and 6 discuss the ieanltl conclude the paper.

2. Hardware

2.1. Source Platform (Swarm-bot)

Fig. 1a shows aB-bot the basic robotic component of the swarm-bot system [E&€&,
alsowww. swar m bot s. or g]. The s-bot has a diameter ®2 cm, a height of19 cm
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Figure 1. Swarm-bot: (a) the s-bot and (b) two s-bots connecting th e#fwer. Super-mechano colony: (c) a
child robot (top view) and (d) two child robots connectingetach other.

(including the transparent cylinder on top), and weighsrapmately700 g.

The s-bot has nine degrees of freedom (DOF), all of which @taional, including
two DOF for the traction system, one DOF to rotate the s-hqifger part with respect to
the lower part, one DOF for the grasping mechanism of thepgriflocated in what we
define to be the s-bot’s front), and one DOF for elevating theta which the gripper is
attached. The robot’s traction system consists of a cortibimaf tracks and two external
wheels, calledreel$. An s-bot can connect with another by grasping the conneciig
(see Fig. 1b). The s-bot can receive connections on morewmathirds of its perimeter.
For the purpose of robot to robot communication, the s-bstdight RGB LEDs.

The s-bot is equipped with a variety of sensors, includingridximity sensors dis-
tributed around the robot, two optical barriers integranetie gripper, and a VGA omni-
directional vision system. The control is executed on ana&board running a Linux
operating system a0 MHz. A battery provides full autonomy.

2.2. Target Platform (SMC)

Super-mechano colony (SMC) [6,17] is a modular robotic ephcomposed of a single
main body, callednother ship and manychild robotsattached to it. Child robots are
an integral part of the system’s locomaotion. They can didb@anaccomplish separate,
autonomous missions, and reconnect once the missions@mplished. Furthermore,
child robots have the potential to connect to each other.

Fig. 1c shows the physical implementation of a child roboc&aefSMC system [6].
The robot has a diameter 26 cm, a total height 061 cm and weighd 1 kg.

The child robot has five DOF, including two DOF for the traaot&ystem, one DOF
to rotate the robots’ upper part with respect to the lowet, pare DOF for elevating a
manipulation arm (located in what we define to be the robotiat), and one DOF to
open and close a gripper that is attached to the manipulation The traction system
consists of two active wheels on the left and the right sidd,tavo passive wheels in the
front and the back. Each child robot is equipped with a cagptiylinder in its back that
allows for receiving connections from a teammate (see Fly. 1

A directional VGA stereo vision system is mounted on top @& tbhbot. An addi-
tional camera is attached to the manipulation arm. The wisigtem can detect the rel-
ative position of the mark attached to the top of the couptiyignder of another robot.
The control is executed on an on-board Pentium MMX computening a Microsoft
Windows operating system 283 MHz. A battery provides full autonomy. In the exper-
iments presented in this paper we used an external powelysngtead.
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Algorithm 1 Self-assembly module for the source platform
1: set-color-ring(blue)
2: repeat
3. if risk-of-stagnation(}then

4: set-traction-system-recovery()

5. endif

6: (i1,i2) «— camera-feature-extraction()
7. (i3,14) < proximity-sensor-readings()
8 (01,02,03) < neural-networliy, iz, i3,14)
9:

10: if (o3 > 0.5) A grasping-requirements-fulfilled¢hen
11: set-gripper(close)

12: if successfully-connected¢hen

13: set-color-ring(red)

14: halt()

15: else

16: set-gripper(open)

17: end if

18:  endif

19:  set-traction-system(, o2)
20: until timeout-reached()

3. Control Transfer
3.1. Control of the Source Platform (Swarm-bot)

Algorithm 1 details the control module for self-assembtyslassumed that the pro-
cess is seeded by the presence of a non-moving red objectlie.golor ring of a robot).
A reactive neural network (line 8) constitutes the printgmntrol mechanism. The net-
work takes as input the binary valugsandi, from the robot’s vision system (line 6) and
the valuess andi4 from the left-front and right-front robot’s proximity sems (line 7).
The network’s outpufos, 02, 03) is used to control the speed of the left and the right side
of the traction system (line 19) and the connection mechadlises 10 to 18). Before
being applied to the traction system,ando, are smoothed by a moving average func-
tion. By default, the tupléi,, i) is assigned0, 0). Any other assignment indicates the
presence of a red object (in the front, or to the left or thétrgide). If an unconnected
robot (i.e., a blue object) is perceived in betwegrandi, are set to zero. To avoid dam-
age to the traction system and to improve the reliabilityhaf tontrol, a recovery move
is launched if high torque is continuously present on thetima system (lines 3 to 5).
During recovery, the s-bot moves backwards with a smaltdatisplacement.

The neural network had been shaped by artificial evolutioa aomputer simula-
tion [13] and subsequently transferred to the physical swhot system [12].

3.2. Transfer to the Target Platform (SMC)

Algorithm 1 describes the control algorithm as it was depetbfor the source multi-
robot platform. In the following, we explain how the sensiwgd acting functions of
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Figure 2. Self-assembly of two robots: influence of the initial oregign of the approaching robot. Examples
of (a) initial and (b) final configurations. (c) Box-and-wkes plot [2] of the completion times (in s) grouped
according to the initial orientation of the approachingab{89 observations in total).

the source platform were realized on the target platformhat Algorithm 1 could be
ported without any change. Some functions as, for instaregal-network() remained
identical (except for the time required for processing).nylather functions such as
set-traction-system()could be transferred with minor modifications (e.qg., by iscathe
speed values to an appropriate range). In the following, etaildthose functions which
required a different implementation on the target platfeorqualitatively reproduce the
original function of the source platform.

« risk-of-stagnation(): to detect the risk of stagnation of an s-bot, the torque on
each side of the traction system was monitored. For the SMId obbot, we
use the camera vision system instead. If there is the ridktliieaeft side of the
manipulation arm collides with another robot, the recovanye is executed.

« proximity-sensor-readings(} as the target platform is not equipped with prox-
imity sensors, we mimiwirtual proximity sensors heading in the front-left and
front-right directions by making use of the vision systerheTeading values of
the virtual sensors are computed based on the relativéqrositother robots.

« grasping-requirements-fulfilled(), successfully-connected(}o test if the grasp-
ing requirements are fulfilled, the stereo vision systensedu The system allows
for computing the relative position of the coupling cylimd@onsequently, no ad-
ditional tests must be performed to validate the connection

« set-color-ring(): as the current prototype of the SMC system is not equippéd wi
communication mechanisms other than wireless networkgatbets do not signal
their connection state. Therefore, each robot can recemeeactions at any time.

4. Experiments on the Target Platform (SMC)

4.1. Influence of Initial Orientation

We examine the ability of a robot to approach and connect avghssive teammate (see
Fig. 2). The two robots have identical hardware. The apprnoacrobot is placed at a

INote that the neural network lets the robot approach thecobjther straight, or by turning anti-clockwise.
If the right side of the manipulation arm collides with thges, the neural network lets the robot retreat as a
result of the high reading values from the front-right proity sensor.
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Figure 3. Self-assembly of two robots: influence of the approachirgiearExamples of (a) initial and (b) final
configurations. (c) Box-and-whisker plot [2] of the comj@attimes (in s) grouped according to the approach-
ing angle (50 observations in total).

distance ofl00 cm and orientationy with respect to its teammate. The latter is oriented
so that its back with the coupling cylinder is heading toveatte approaching robot. For
each initial orientatiorx € {0°,90°, 180°,270°}, 10 repetitions are carried out, thus in
total 40 trials are performed. If the robots have not essaklil a connection withis00 s,

the trial is stopped.

In 39 out of 40 cases, the robots self-assembled succegsdfidl. 2¢ shows the
observed completion times (in s). If no robot to approacheixgived, the neural net-
work controller lets the robot turn anti-clockwise. Thigp&ains the differences in perfor-
mance. Overall, it seems that the success rate does notdlepdhe initial orientation
of the approaching robot.

4.2. Influence of Approaching Angle

We examine the ability of a single robot to connect with a paseeammate when ap-
proaching it from different angles (see Fig. 3). Due to thehamical design, the robot
cannot connect with the coupling cylinder of the teammabenfievery angle. In fact,
if the angular mismatch between the orientations of the mwlmts exceed85°, it is
impossible to establish a connection. Therefore, poteaiproaching angles for a suc-
cessful grasp are limited to the range’5°, 85°]. For approaching angles in the range
[—45°,45°], there should be no difference in the performance as the gdwfse grip-
per element are not likely to collide with the body of the teaate. The bigger the
angular deviation, the more difficult gets the task. We sttidy approaching angles
a € {=75° —45°,0°,45°,75°}. Initially, the approaching robot is oriented towards the
teammate. For each angle, ten repetitions are carriedraug,in total 50 trials are per-
formed. If the robots have not established a connectionimvith0 s, the trial is stopped.

In all 50 cases, the robots correctly self-assembled. [Eigh®dws the observed com-
pletion times (in s). The fluctuations in performance arerishingly low: all comple-
tion times are in the rangé&0, 63].

4.3. Start Positions That Require to Turn Away or Retreat
We examine the ability of two robots to self-assemble wheir tstarting position and

orientation are such that self-assembly is particulaffyodilt. To create such a situation,
we take two robots forming a linear, connected chain and wegge the start positions
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Figure 4. Sensor readings and actuator commands over time (in s)ddmth difficult initial arrangements:
translation of the approaching robot (a) to the left and ¢lthe right.

from this situation via a translation of the grasping rolootifd cm to either the left or the
right side. These start positions oblige the grasping ®twturn away or retreat before
approaching the target. In fact, aligning the robot on tre Bpthe direction of the target
would result in a collision between one side of the manipoitaérm and the coupling
cylinder.

The robots correctly self-assembled in both situationgs.F4a and 4b show the
corresponding sensor readings and actuator commands a®radrat the end of each
control cycle for the whole duration of the trial. In the ficgtse (see Fig. 4a), the entire
situation was handled by the neural network that causeatha to retreat. In the second
case (see Fig. 4b), instead, a recovery move was launchiedjdiaree control cycles (at
time 0, 2, and’ s).

5. Discussion

We have shown that a control algorithm for autonomous ss&mbly can be ported
from a source multi-robot platform (i.e., the swarm-botteys) to a different target
multi-robot platform (i.e., a super-mechano colony sygtem

A set of experiments demonstrated the validity of the apghodhe robots self-
assembled reliably—in 91 out of 92 trials the robots colyexdtablished a connection. A
robot can approach another and connect to it from a wide rafaegles (at least50°).2
The initial orientation of the approaching robot does nisctfthe reliability. In addition,
the control proved capable of dealing with two particulaaldnging arrangements in
which the approaching robot is required to retreat. All ekpents have been recorded
onvideotape (selettp: //iridia.ul b.ac. bel/~rgross/ias2006/).

The success can be partially attributed to some designehaiade when develop-
ing the control for the source platform. First, the use ofssen feedback was reduced
to a small set of input variables that appeared to be indigida to perform the task.
For instance, the perceptual range of the robot vision wasdd substantially. Conse-
guently, no major difficulties arose when porting the coldrothe target platform which

2Note that also for the source platform the range of possibpeaaching angles is limited. When starting
from outside this range, the approaching robot can searcini@ther position or the target robot may change
its orientation.
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Figure 5. A group of four robots self-assembling: (a) initial configtion and (b) final configuration reached
after475s. Once a robot had completed its task, a visual mark was migrattdched to the coupling cylinder.

(b)

Figure 6. Pattern formation: a group of four robots self-assemblegisg from a specific initial arrangement,
as shown in (a). Depending on the type of visual mark of thetrskeding the process (i.e., the robot on the
right side in the figures), different patterns emerge. Tha fionfigurations shown in (b) and (c) were reached
after102 s and207 s, respectively. During the experiments, there was no humt@miention.

was equipped with directional vision only. Second, a simqaaral network controller
was chosen to compute the motor commands based on the séstipack. The neural
network controller proved robust with respect to changehénhardware as well as in
the provided control functions.

An open issue to address is the problem of scalability. Tdolentens or more
SMC child robots to self-assemble, we believe that it is fieia if each robot can
signal whether it is connected or not (as it is the case on wWeers-bot platform).
Although it is possible to mimic such a function using theséirig actuators of the
target platform, it might be more appropriate to equip thbotowith a communi-
cation mechanism (e.g., a controllable LED). To illustrtte use of such a mecha-
nism, we conducted a preliminary set of experiments. Figh&@ws a group of four
robots self-assembling. In this experiment, the (visuadyks on the top of the cou-
pling cylinder of each robot were attached manually as saah@robot completed its
task. In a second experiment, we adjusted the type of visaak of the robot seed-
ing the process prior to experimentation. It was shown tlegtedding on the visual
mark present, distinct patterns emerged (see Fig. 6). ideordings are available at
http://iridia.ulb.ac.be/~rgross/ias2006/.

6. Conclusions
The aim of this study was to show that a control algorithm ftoaomous self-assembly

can be ported from a source multi-robot platform (i.e., tvaren-bot system) to a dif-
ferent target multi-robot platform (i.e., a super-mechantony system) if the control



algorithm is designed adequately. Although there weretantial differences between
the two robotic platforms, we showed that it is possible talgatively reproduce the
basic functionality of the source platform on the targetfplan. In fact, the transfer did
neither require modifications in the hardware nor an exterrgidesign of the control.

The task to let two mobile robots of identical hardware sai§emble starting from
random position had so far been demonstrated only with thBR® system [19] and
the swarm-bot [12]. The results presented in this paper detrate that the control
ported from the swarm-bot to the super-mechano colony hetsdbots accomplish the
task, while preserving high reliability and low fluctuat®m performance. This sug-
gests that the control algorithm is based on some genericiphes for the design of
self-assembling systems.

Finally, we presented a first attempt to control the patténas are formed by au-
tonomous self-assembly. An interesting research dinectidl be the study of mecha-
nisms that lead to patterns that have a functional valuenforabotic swarm.
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