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h i g h l i g h t s

• We present a modular architecture to produce feasible robots through evolution.
• The architecture is based on a set of a heterogeneous modules.
• The modules contain a large number of connection faces per module.
• The design and the implementation of prototype modules is described in detail.
• Different experiments show its potential for evolving robot morphologies and control.
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a b s t r a c t

This paper proposes the use of a modular robotic architecture in order to produce feasible robots through
evolution. To this end, the main requirements the architecture must fulfill are analyzed and a top-down
methodology is employed to obtain the different types of modules that make it up. Specifically, the prob-
lem of how to increase the evolvability or evolution friendliness of the system is addressed by considering
a heterogeneous modular architecture with a large number of connection faces per module. Afterwards,
a prototypical implementation of these modules with the required features is described and different ex-
periments provide an indication of how versatile the architecture is for evolving robot morphologies and
control for specific tasks and how easy it is to build them.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Designing a robot for a specific task and environment is a com-
plex process that relies heavily on the expertise of designers. It
usually involves two isolated steps where the morphology of the
robot is first selected according to the environment and task fea-
tures and, afterwards, the controller is programmed. These two
isolated phases for designing the morphology of the robot and its
behavior do not exploit the fact that morphology, controller, and
environment are highly interdependent. In fact, several authors
have pointed out that embodiment is a key aspect for developing
really intelligent robots [1,2]. Complex, robust, and well adapted
behaviors can be obtained with simpler controllers by exploiting
the ‘‘morphological intelligence’’ of the robots [3–5].

One of the main approaches to address this complex design
process is based on evolution. In fact, in the last three decades,
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several examples can be found where evolutionary algorithms
have been successfully employed to design controllers for robots.
On one hand, some authors have resorted to fixed morpholo-
gies [6–8]. These embodiment approaches use the interrelations
between the morphology of the robot and its environment to find
a suitable controller which provides the desired behavior. On the
other hand, in order to automate thewhole robot designprocess for
a task and environment, some authors have introduced the mor-
phology of the robot as part of the search space and they simulta-
neously co-evolve morphology and control. As commented above,
the main advantage of this approach is that it exploits the interre-
lations between the morphology, the control and the environment
for a specific task.

Following this second approach, authors such as Sims, in their
seminal work, coevolved the morphology and the control of vir-
tual creatures for tasks such as walking, swimming or jumping [9].
His work was based on cubic bodies joined by hinges, neural net-
works as a control system and a generative encoding. After his
work, other authors have coevolved robots for different tasks in a
similar way [10–12]. Nevertheless, these approaches only produce
virtual creatures that cannot be transferred to reality without an
ad hoc adaptation. Furthermore, as the algorithms do not take into
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account any physical constraint, most of the solutions are unfeasi-
ble. For example,most of these approaches employ jointswith high
torque motors, very light weight structures and dynamic engines
configured to achieve fast evaluations, but with low accuracy.

Other authors have studied how to achieve feasiblemorpholog-
ical designs automatically. To this end, one interesting approach
was employed in the Golem project [13]. Here, the morphologi-
cal shape and the control parameters of virtual structures based
on bars (some of them with telescopic actuators) and ball–socket
joints were coevolved. Afterwards, some selected morphologies
were processed by an algorithm to obtain feasible designs which
could be built using a 3D printer. Aftermanually removing the sup-
port material and installing the motors, these robots were able to
operate using an external control structure. More recently, Cheney
et al. [14] have coevolved soft robots using generative encodings.
These robots can be built using an ad hoc process and they can be
actuated varying the external pressure [15].

A different approach to automatically obtain feasible robots is
to make use of some kind of blocks as a basic set of elementary
building parts for the morphological evolution. This approach im-
plies a discrete search space, but it guarantees that all solutions can
be built. In this line, some authors employ Lego bricks as the ba-
sic element for morphological construction. A point in case is [16],
which is more focused on morphology than on control or, more
recently [17], that employs three different types of parts (a hinge
joint, a controller block and several Lego bricks) for evolving the
robots. Apart from Lego bricks [18], proposed using bars and cir-
cular sockets (actuated or fixed) as basic elements to design robots
using a generative encoding based on Lindenmayer systems.

The main drawback of these approaches is that, although the
robots they produce are feasible and can be built, they are only a
proof of concept to show that coevolution can achieve successful
robots for simple tasks like locomotion on flat surfaces in labo-
ratory environments. Furthermore, most of the robots need a la-
borious building process to obtain the desired morphologies and,
obviously, Lego bricks are not a suitable architecture to generate
useful robots in any real industrial environment.

This paper shares with the previous approach its use of prede-
fined blocks, but with a different perspective. The work presented
here is based on robotic modules, which allow us to quickly de-
ploy useful modular robots for complex tasks and environments.
Modular robots are built by joining some relatively simple devices
calledmodules. They are autonomous deviceswith a few actuators,
sensors, communications, and some computational capabilities.
Complex robots with different morphologies can be created by
combining a small set of predesigned modules. There are a lot of
different modular architectures that have shown high versatility
for building different morphologies [19–23]. The use of modular
robots to coevolve the morphology and control guarantees that
all the solutions obtained are feasible and they make building the
robots easier and faster. Nevertheless, compared to using simple
blocks such as Lego parts, the new search space these modules
induce makes evolution harder due to the increased deceptive-
ness. Evolution is still discrete but its resolution is decreased as the
blocks are larger. Consequently, the addition or deletion of one of
the modules generates more pronounced changes in the behavior
of the robot.

The first attempts to design modular robots tried to obtain the
configuration by only evaluating the morphological features of
serial manipulators [24–26]. That is, the controller and dynamic
properties of the systemwere not taken into account and were re-
placed by an analysis of the kinematics of the system. Similarly,
Farritor and Dubowsky [27] explored this approach to develop
robots for industrial tasks based on a kinematic analysis and a set
of features of the task like, for example, the tallest obstacle that
the robot had to go over. Leger [28] resorted to kinematic and dy-
namic analyses to generate field robots based on a base element

with several serial manipulators, where the paths for the end ef-
fectors of the manipulator were predefined as a part of the task.
Similar to this work, Chocron coevolved modular robots for rough
explorations using dynamic simulators [29].

Despite the fact that all of these approaches generate feasible
robots, they are mostly based on simulated modular architectures
and they lack a physical implementation. Only a few authors have
experimented with designing modular robots using real modular
architectures. In this line, Lund coevolved themorphology and con-
trol of line-follower robots based on modules built using assem-
blies of Lego parts [30] (in this case they use modules with sensing
and acting capabilities, and not only Lego blocks). Also, Marbach
and Ijspeert coevolved simulated virtual robots using central pat-
tern generators and Yamormodules, an homogeneous architecture
based on hinge joints [31].

While simulated robotic modular architectures present inter-
esting properties in order to increase their versatility, and in some
cases, even their evolvability, real implemented modular architec-
tures generally lack these features. In fact, almost every real mod-
ular architecture did not take evolvability as a design parameter
when they were being designed. For example, most simulated ar-
chitectures are heterogeneous or present a high number of con-
necting faces. However, most modular architectures implemented
in the real-world rely on homogeneous modules with only a few
connecting faces per module. On the other hand, simulated archi-
tectures do not address most of the issues that are faced in real-
world architectures such as power transmission, computational
and communication capabilities, structural stability, robustness,
etc.

This work seeks to fill this gap by developing a modular archi-
tecture that is appropriate for building robots through evolution.
Therefore, the architecture must face real hardware issues and, at
the same time, it must provide a high level of versatility to build
different robot morphologies and a series of characteristics that
can help evolution. The architecture will provide a basic tool to
generate feasible and useful robots with robust and well-adapted
behaviors taking into account the interrelation between the envi-
ronment, the morphology, and the controller of the robot.

The paper is structured as follows: Section 2 contains the ini-
tial requirements established for the architecture with the aim of
promoting evolvability and feasibility and the design principles
adopted to fulfil them. Section 3 is devoted to the details of the
specific implementation of the architecture in a set of prototype
modules. In Section 4, the capabilities of the implementedmodules
are shown through the construction of several real robotic struc-
tures. Section 5 contains a summary and discussion of the main
results obtained when the architecture was applied to the evolu-
tionary design of robots in linear and static missions. Finally, the
main conclusions of this work and future directions in this line are
commented in Section 6.

2. Requirements and design of the architecture

The requirements that a modular robotic architecture must ful-
fil in order to facilitate the evolution of real robots able to work in
different and useful tasks were analyzed in depth. Whereas most
modular architectures only take into account requirements related
to the deployment and operation ofmodular robots, here the inter-
est is also inmaking the architecturemore evolution friendly. Thus,
the combination of the two types of desires lead to the following
requirements:

• Evolvability: in order to achieve successfulmorphologies for the
robots, the architecture should allow for enoughmorphological
variation within the population to prevent premature conver-
gence and it should allow the generation ofwell-adapted robots
by morphological mutations.
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