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Abstract

In this paper we present role-based control which is a general bottom-up approach to the control of locomotion in
self-reconfigurable robots. We use role-based control to implement a caterpillar, a sidewinder, and a rolling track gait
in the CONRO self-reconfigurable robot consisting of eight modules. Based on our experiments and discussion we con-
clude that control systems based on role-based control are minimal, robust to communication errors, and robust to recon-
figuration.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Reconfigurable robots are robots made from a pos-
sibly large number of independent modules connected
to form a robot. If the modules from which the re-
configurable robot is built are able to connect and
disconnect without human intervention the robot is a
self-reconfigurable robot. Refer toFig. 1 for an exam-
ple of a module of a self-reconfigurable robot or refer
to one of the other physical realized systems described
in [7,8,10–15,17,21,23].

Several potential advantages of self-reconfigurable
robots over traditional robots have been pointed out in
literature:
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• Versatility. The modules can be combined in differ-
ent ways making the same robotic system able to
perform a wide range of tasks.

• Adaptability. While the self-reconfigurable robot
performs its task it can change its physical shape
to adapt to changes in the environment.

• Robustness. Self-reconfigurable robots consist of
many identical modules and therefore if a module
fails it can be replaced by another.

• Cheap production. When the final design for the
basic module has been obtained it can be mass pro-
duced. Therefore, the cost of the individual module
can be kept relatively low in spite of its complexity.

Self-reconfigurable robots can solve the same tasks
as traditional robots, but as Yim et al.[23] point out;
in applications where the task and environment are
given a priori it is often cheaper to build a special
purpose robot. Therefore, applications best suited
for self-reconfigurable robots are applications where
some leverage can be gained from the special abilities
of self-reconfigurable robots. The versatility of these
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Fig. 1. A CONRO module. The three male connectors are located in the lower right corner. The female connector is partly hidden from
view in the upper left corner.

robots make them suitable in scenarios where the
robots have to handle a range of tasks. The robots can
also handle tasks in unknown or dynamic environ-
ments, because they are able to adapt to these envi-
ronments. In tasks where robustness is of importance
it might be desirable to use self-reconfigurable robots.
Even though real applications for self-reconfigurable
robots still are to be seen, a number of applications
have been envisioned[17,23]: fire fighting, search
and rescue after an earthquake, battlefield reconnais-
sance, planetary exploration, undersea mining, and
space structure building. Other possible applications
include entertainment and service robotics.

The potential of self-reconfigurable robots can be
realized if several challenges in terms of hardware
and software can be met. In this work we focus on
one of the challenges in software: how do we make a
large number of connected modules perform a coor-
dinated global behavior? Specifically we address how

to design algorithms that will make it possible for
self-reconfigurable robots to locomote efficiently. In
order for a locomotion algorithm to be useful it has to
preserve the special properties of these robots. From
the advantages and applications mentioned above we
can extract a number of guidelines for the design of
such a control algorithm. The algorithm should be dis-
tributed to avoid having a single point of failure. Also
the performance of the algorithm should scale with an
increased number of modules. It has to be robust to re-
configuration, because reconfiguration is a fundamen-
tal capability of self-reconfigurable robots. Finally, it
is desirable to have homogeneous software running on
all the modules, because it makes it possible for any
module to take over if another one fails.

It is an open question if a top-down or a bottom-up
approach gives the best result. We find that it is diffi-
cult to design the system at the global level and then
later try to make an implementation at the local level,
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because often properties of the hardware are ignored
and a slow robotic system might be the result. There-
fore, we use a bottom-up approach where the single
module is the basic unit of design. That is, we move
from a global design perspective to a bottom-up one
where the important design element is the individual
module and its interactions with its neighbors. The
global behavior of the system then emerges from the
local interaction between individual modules. A sim-
ilar approach is also used by Bojinov et al.[1,2] and
Butler et al.[4].

2. Related work

In the related work presented here we focus on con-
trol algorithms for locomotion of self-reconfigurable
robots.

Yim et al. [22,23]demonstrate caterpillar-like loco-
motion and a rolling track. Their system is controlled
based on a gait control table. Each column in this table
represents the actions performed by one module. Mo-
tion is then obtain by having a master synchronizing
the transition from one row to the next. The problem
with this approach is that the amount of communica-
tion needed between the master and the modules will
limit its scalability. Another problem is the need for
a central controller, since it gives the system a single
point of failure. If there is no master it is suggested
that the modules can be assumed to be synchronized
in time and each module can execute its column of
actions open-loop. However, since all the modules are
autonomous it is a questionable assumption to assume
that all the modules are and can stay synchronized. In
order to use the gait control table each module needs
to know what column it has to execute. This means
that the modules need IDs. Furthermore, if the con-
figuration changes or the number of modules changes
the table has to be rewritten.

Shen et al.[17] propose to use artificial hormones to
synchronize the modules to achieve consistent global
locomotion. In earlier versions of the system a hor-
mone is propagated through the self-reconfigurable
system to achieve synchronization. In later work the
hormone is also propagated backward making all
modules synchronized before a new action is initiated
[16,18]. This synchronization takes time O(n), where
n is the number of modules. This slows down the

system considerably, because it has to be done before
each action. Also, the entire system stops working if
one hormone is lost. This is a significant problem,
because a hormone can easily be lost due to unreli-
able communication, a module disconnecting itself
before a response can be given, or a module failure.
In fact, the system hasn points of failure which is
not desirable. The earlier version is better in this
sense, but still performance remains low because a
synchronization hormone is sent before each action.

Butler et al.[4] propose a method inspired by cel-
lular automata. In their approach modules respond to
state changes of neighbor modules. Their approach is
a bottom-up approach related to ours, but in cellular
automata there is no concept of time only of sequence.
Timing is important in locomotion, because it is the
key to produce smooth and life-like locomotion and
avoid jerky locomotion.

In our system all modules repeatedly go through a
cyclic sequence of joint angles describing a motion.
This sequence could come from a column in a gait con-
trol table, but in our implementation the joint angles
are calculated using a cyclic function with periodT .
Every time a module has completed a specified frac-
tion d of the period a message is sent through the child
connectors. If the signal is received the child module
resets its action sequence making it delayedd com-
pared to the parent. This way the actions of the indi-
vidual module are decoupled from the synchronization
mechanism resulting in a faster and more reliable sys-
tem. Furthermore, there is no need to make changes
to the algorithm if the number of modules changes.

3. Role-based control

We assume that the modules are connected to form
a tree structure, that a parent connector is specified,
and that this connector is the only one that can connect
to child connectors of other modules. Furthermore, we
assume that the modules can communicate with the
modules to which they are connected.

The algorithm is instantiated by specifying three
components. The first component is a cyclic action
sequenceA(t), where t ∈ [0 : T ]. T is the second
component that needs to be specified and is the pe-
riod of the action sequence.A(t) describes the ac-
tions that each module repeats cycle after cycle. In our
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implementationA(t) returns joint angles to control the
two degrees of freedom of the CONRO module, but
the action sequence could also be used to trigger dif-
ferent behaviors at different times during a cycle. The
third component is a delayd. This delay specifies the
fraction of a period the children’s action sequences
are delayed compared to their parents. The skeleton
algorithm looks like this:

t=0
while(true) {
if(t=d)then <signal child modules>
if <parent signals> then t=0
<perform action A(t)>
t=(t+1) modulus T
}

Ignoring the first two lines of the loop, the module
repeatedly goes through a sequence of actions param-
eterized by the cyclic countert. This part of the al-
gorithm alone can make a single module repeatedly
perform the specified sequence of actions. In order to
coordinate the actions of the individual modules to
produce the desired global behavior the modules need
to be synchronized. Therefore, at stept = d a signal
is sent through all child connectors. If a child receives
a signal it knows that the parent is att = d and there-
fore sets its own step counter tot = 0. This enforces
that the child is delayedd compared to its parent.

From the time the modules are connected it takes
time proportional tod times the height of the con-
figuration tree for all the modules to synchronize. To
avoid problems with uncoordinated modules initially
we make sure the modules do not start moving until
they receive the first synchronization signal. After the
start-up phase the modules stay synchronized using
only constant time.

4. Experimental setup

To evaluate our algorithm we conducted several ex-
periments using the CONRO (CONfigurable RObot)
modules of which one is shown inFig. 1. The CONRO
modules have been developed at USC/ISI[5,9]. The
modules are roughly shaped as rectangular boxes mea-
suring 10 cm×4.5 cm×4.5 cm and weigh 100 g. The
modules have a female connector at one end and three
male connectors located at the other. Each connector

has a infra-red transmitter and receiver used for local
communication and sensing. The modules have two
controllable degrees of freedom: pitch (up and down)
and yaw (side to side). Processing is taken care of
by an onboard Basic Stamp 2 processor. The modules
have onboard batteries, but these do not supply enough
power for the experiments reported here and there-
fore the modules are powered through cables. Refer to
http://www.isi.edu/conrofor more details and videos
of the experiments reported later.

5. Experiments

In this section we describe three different locomo-
tion gaits implemented using role-based control. For
each gait we have chosen to report the length of our
programs as a measure of the complexity of the control
algorithm. These results are used to support our claim
that the implemented control systems are minimal. We
also report the speed of the locomotion patterns, but
this should only be considered an example, the reason
being that in our system the limiting factors are how
robust the modules physically are, how powerful the
motors are, and how much power we can pull from the
power source. To report a top speed is not meaningful
before we run the robot autonomously on batteries.

5.1. Caterpillar locomotion

We connect eight of our modules in a chain and
designate the male opposite the female connector to be
the parent connector. We then implement the algorithm
described above with the following parameters.

T = 180,

pitch(t) = 50◦ sin

(
2π

T
t

)
,

yaw(t) = 0,

d = 1
5T. (1)

Pitch and yaw is measured in a coordinate system
where a yaw and a pitch of zero mean that the joints are
straight. The motor control of our modules makes the
joint go to the desired angle as fast as possible. This
means that way-points have to be specified to avoid
jerky motion. The periodT can be used to control the

http://www.isi.edu/conro
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number of way-points and therefore the smoothness
and speed of the motion. The action sequence is an
oscillation around 0◦ with an amplitude of 50◦ for the
pitch angle and the yaw joint is kept straight. Each
module is delayed one-fifth of a period compared to
its parent.

The modules are connected and after they synchro-
nize a sine wave is traveling along the length of the

Fig. 2. The source code for the main loop of the caterpillar controller (bottom). The algorithm is described inSection 3. A snapshot of
caterpillar-like locomotion (top).

robot. Refer toFig. 2. This produces caterpillar-like
locomotion at a speed of 4 cm/s. Note that it is easy
to adjust the parameters of this motion. For instance,
the length of the wave can be controlled using the de-
lay. The program is simple. The main loop contains 13
lines of code excluding comments and labels (shown
in Fig. 2). The initialization including variable and
constant declaration amounts to 18 lines of code.
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Fig. 3. A snapshot of sidewinder-like locomotion.

5.2. Sidewinder locomotion

We now turn our attention to a locomotion pattern
similar to that of a sidewinding snake. A detailed
mathematical analysis of this locomotion pattern has
been reported in[3]. Here we just use the intuition that
by having modules moving to one side lifted and those
moving to the other touching the ground a sidewinder-
like locomotion pattern is achieved. The result can be
seen inFig. 3. The sidewinder moves at 6 cm/s. The
main loop and the initialization contain, respectively,
19 and 17 lines of code. The parameters used are:

T = 180,

pitch(t) = 20◦ cos

(
2π

T
t

)
,

yaw(t) = 50◦ sin

(
2π

T
t

)
,

d = 1
5T. (2)

5.3. Rolling track locomotion

If we maintain that each module can only have one
parent, but remove the assumption that the structure
forms a tree we include loops as structures that can be
handled. The rolling track is an example of such a con-
figuration. However, this poses a problem to our algo-
rithm. In the previous experiments we have exploited
the assumption that the modules form a tree to implic-
itly find a leader: since synchronization signals only
are propagated down in the configuration tree a module

is the leader of the subtree below it. In a configuration
tree this implies that the root is the unique leader of
the system. In a loop configuration this is not the case.

One solution to this problem is to introduce IDs. In
our implementation we just make the modules pick a
random number and use that as ID. It is not guaranteed
that each module has a unique ID, but it is most often
the case and the shortcomings of this approach can
easily be avoided if each module has a unique serial
number.

The synchronization part of the algorithm now
works as before, but it is combined with a simple
well-known distributed leader election algorithm[6].
The signals from parent to child now contain a num-
ber which is the ID of the module originally sending
the signal. Upon receiving a signal a module com-
pares the signal’s number to its ID. If it is higher
the module is synchronized and the signal and its
ID is propagated along with the synchronization sig-
nal. Otherwise, the module considers itself the leader
and ignores the signal. After the system has settled
the module with the highest ID dictates the rhythm
of the locomotion pattern. The leader election algo-
rithm runs continuously which means that the system
quickly synchronizes if modules are replaced. The
advantage of combining the algorithms is that there
is no need to detect if the leader fails.

We used this algorithm to implemented the rolling
track which can be seen inFig. 4. The rolling track is
the fastest gait and achieves a speed of 13 cm/s. The
program is now a little more complex and the main
loop and initialization contain, respectively, 35 and 28
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Fig. 4. The rolling track.

lines of code. The parameters for the eight module
rolling track are:

T = 180,

pitch(t) =




60◦
(

1 − sin

(
2π

T
t

))
if t ≤ 1

2T,

60◦ if t > 1
2T,

yaw(t) = 0,

d = 1
4T. (3)

Unlike the controller for the sidewinder gait and the
caterpillar gait this controller only works with eight
modules, because of the physical constraint. It might
be possible to make a more general solution by mak-
ing pitch(t) andd a function of the number of mod-
ules. The number of modules in the loop could be ob-
tained by the leader by including a hop count in the
signal.

6. Handling a general configuration

We saw in the previous section that we had to in-
troduce IDs to find a unique leader in a configuration
that contains loops. Introducing the ID mechanism un-
fortunately ruins the opportunity to use the synchro-
nization algorithm to automatically find a leader in
a tree structure, because synchronization signals are
only propagated down in the configuration tree. In fact,

the loop algorithm will fail in this situation unless the
module with the highest ID also happens to be the
root. In order to make a general algorithm the syn-
chronization signal has to be propagated both upward
and downward in the tree.

7. Discussion

An important issue in the design of control algo-
rithms for self-reconfigurable robots is that the algo-
rithms should still be efficient in systems consisting
of many modules. Role-based control is only initially
dependent on the number of modules, because it de-
cides how long it takes for the synchronization sig-
nal to be propagated through the system. After this
start-up phase it takes constant time to keep the mod-
ules synchronized implying that the algorithm scales.

In role-based control all modules run identical pro-
grams and there is no representation of a modules po-
sition in the configuration. Therefore, the system is
highly robust to reconfiguration. In fact, the caterpil-
lar can be divided in two and both parts still work.
If they are reconnected in a different order they will
quickly synchronize to behave as one caterpillar again.
This also implies that the system is robust to module
failure. If a module is defect and it can be detected
this module can be ejected from the system and the
remaining modules when reconnected can continue to
perform. Finally, if a synchronization signal is lost it
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is not crucial for the survival of the system. If a signal
is lost it just means that the receiving module and its
children will be synchronized a period later.

In role-based control the synchronization signal is
only sent once per period. This means that in order for
the modules to stay synchronized the time to complete
a period has to be the same for all modules. In the
experiments presented here the cycles take the same
amount of time, but in more complex control systems
where other parts of the control system use random
amounts of computation time this cannot be assumed
to be true. This problem can easily be handled by using
timers. Even though timers are not precise enough to
keep modules synchronized over a long period of time
they can be used for this purpose.

In the work presented here we have shown what
can be achieved using as simple a control algorithm
as possible. In related work we have investigated how
we can extend the algorithm to handle more complex
locomotion gaits. We have shown how to implement a
hexapod walking gait in the CONRO system in[19].

Another issue is that if the self-reconfigurable robot
is to locomote autonomously in a real complex envi-
ronment the control algorithm has to be able to take
feedback from the environment into account. We have
done some initial work on how sensor feedback can
be included in role-based control in[20].

8. Summary

We have presented role-based control a general
control algorithm for controlling locomotion in self-
reconfigurable robots. The algorithm has the follow-
ing properties: distributed, scalable, homogeneous,
and minimal. We have shown how the algorithm
easily can be used to implement a caterpillar- and
sidewinder-like locomotion pattern. Furthermore, we
have seen that by giving modules IDs it is possible
to handle loop configurations. We have demonstrated
this using the rolling track as an example.
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