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Chapter 1

Introduction

1.1 General Introduction

Robotics system have been defined, according to MIT Technology Review, one
of 10 emerging technologies that will change the world [8]. Therefore, they have
attracted a great attention of researchers and they have become one of the most in-
teresting areas of research in the few years. Thanks to revolution in the technology
sector, a huge number of smart devices have emerged and used everywhere mov-
ing most of the daily tasks to machines. Particularly, robotics is one of the most
affected domains by the technology revolution due to the great advancements in
mechanical and electrical materials. Thus, new features have been added to the
robots that totally changes their traditional working way and makes them smarter.
One of such features is the self-reconfiguration process that allows the robot to take
several shapes, called morphologies, according to the variation of surrounding in
which it exists and the task to be accomplished. This leads to a new generation of
robots known as modular robotic system (MRS). MRS has the potential to transform
robotics from bespoke systems designed to accomplish specific tasks to tools that can
be reconfigured to perform an infinite number of tasks. Hence, MRS has found its
way quickly into a great number of applications including rescue, healthcare, man-
ufacturing, reconnaissance and military missions

Typically, a modular robotic system (MRS) consists of a set of units, called mod-
ules. A module is defined as small, low-cost and limited resources device that com-
municates wirelessly and has the capabilities of sensing and processing collected
data. It has several faces that can connect to or detach from its neighbors allowing
MRS to reconfigure it shape to adapt to new circumstances. Each module has a few
degrees of freedom (DOFs). Usually, the DOFs are used to define the motion capa-
bilities of robots; more the DOFs increase more the flexibility in changing the MRS
morphology is. Subsequently, the MRS monitors the target environments thanks to
a set of detector devices attached on its body. These detectors collect data of the MRS
surroundings and send them toward the system controller (SC). In its turn, the SC
analyses the collected data and decides about the next morphology must be taken
by the MRS then, it sends signals to the actuators to reshape the MRS morphology

Currently, researchers attention is focused to the three most critical constraint in
MRSs [9,10]: the big data collected by the detectors, the self-reconfiguration process
and the communication management between modules. From one hand, and for
reliability purposes, the detectors should continuously collect data about MRS sur-
roundings in order to detect any possible variation then, to quickly decide about the
new morphology. This leads to a big data collection problem that:1) overloads the
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memory storage of the robot; 2) generates redundant data which complicates the
decision making about the next morphology. Hence, designing new data reduction
storage techniques is essential for MRS in order to avoid the overloading of its stor-
age space. On the other hand, and after data acquisition, the MRS should be able to
analyze the collected data in a real-time manner and select the suitable morphology
among a set of morphologies defined during its creation. This self-reconfiguration
process also requires a massive number of communication between modules when
transferring to a new morphology, thus, makes the communication management
very difficult. This self-reconfiguration process is a crucial process in MRS because
it leads sometimes to reshape the robot into a wrong morphology thus, destruction
of the MRS itself. Therefore, proposing efficient data decision techniques for self re-
configurable MRS takes a great attention from researchers and industries

In this thesis, we propose an efficient mechanism for data processing and self-
reconfigurable decision-making dedicated to modular robotic systems. More specif-
ically, we focus on data storage reduction, self-reconfiguration decision-making, and
efficient communication management between modules in MRSs with the main goal
of ensuring fast self-reconfiguration process. Our proposed techniques are validated
via simulations on real robot, known as Roombots and comparison with other exist-
ing techniques. The results show that the effectiveness of our techniques in terms of
improving the complexity, overhead communication, optimality (minimum number
of steps), and time efficiency.

1.2 Main Contribution of This Thesis

The main contributions in this thesis concentrate on designing efficient data storage
reduction, self-reconfiguration decision-making, and efficient module communica-
tion in MRSs with the main goal of ensuring fast self-reconfiguration process.

1. Data Storage Reduction: In MRS, the main objective of the robot is to adapt
itself to variation of its environments. Hence, a MRS uses a set of detectors in
order to sense its surroundings, locate its own position, and then transform to
a specific shape to perform the required tasks. Indeed, the continuous monitor-
ing of the environment to detect any possible variation, and to quickly decide
about the next morphology, leads to a big data collection problem that: first
it overloads the memory storage of the robot; second it generates redundant
data which complicates the decision making about the next morphology in the
controller. Hence, designing new data reduction storage techniques is essential
for MRS in order to avoid the overloading of its storage space and to facilitate
data analysis.

In this thesis we propose a sensing-based processing mechanism for data stor-
age and decision making in MRSs. The goal of this mechanism is to remove
the redundancy exiting among the collected data thus, save the storage space
and facilitate data analysis. The proposed technique aggregate similar data
while preserves the dynamicity of the monitored conditions. According to the
aggregation approach, the similarity between readings collected by a detec-
tor can be determined according to the Sim function based on a predefined
threshold; if the difference between readings is less than the threshold then the
readings are considered similar. Then we show which data will be saved in
the storage space of a MRS using our reduction mechanism. In the first slot
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time, the readings collected by all detectors will be saved automatically in the
disk storage with a weight sets to 1. Then, for the later collected readings, the
controller will search the similarity between these readings and those collected
in the previous slot time; if the readings are similar according to the Sim func-
tion then the controller removes the new readings while increasing the weight
of the previous readings by 1 otherwise, it adds the new collected readings to
the disk storage and initializes its weight to 1. We showed via simulations on
real detector data, that our approach can be effectively used to reduce the data
storage and improving the self-reconfiguration decision.

2. Self-Reconfiguration Decision-Making: The self-reconfiguration ability is to-
tally changed the definition of the traditional robotic and allows the emergence
of MRS with prominent features including adapt ability, expansibility, versa-
tility and robustness. In MRS, the decision-making is the main mission of the
robot in order to self-reconfigure its morphology to the surroundings. After
data acquisition, the MRS should be able to analyze the collected data in a real-
time manner and select the suitable morphology among a set of morphologies
defined during its creation. But the huge number of data collected makes the
self-reconfiguration decision very complicated. This self-reconfiguration pro-
cess is a crucial process in MRS. Because sometimes, in real-time the decision
taken by the robot will not be correct due to two reasons: first, a false event
happens, or, second, erroneous data is captured by the detectors. This leads
to changing the MRS morphology to an unsuitable shape and still until the
next occurred event. Thus, destruction of the MRS itself. Therefore, proposing
efficient data decision techniques takes great attention from researchers and
industries.

This thesis proposes an efficient model based on the fuzzy logic that allows
MRS to take real-time decisions to decide which morphology, among its set of
morphologies, is the most suitable to the current surrounding status. Typically,
a fuzzy set consists of several elements where each of one has a degree of mem-
bership. Then we define a score table (ST) which is a customizable guide used
by the robot controller in order to determine the criticality of each monitored
condition. The main target of ST is to allow early recognition of events that
alert the MRS to change its current configuration to a new one that is suitable
to the surrounding. Assume we have a set of predefined events, where each
of them imposes MRS to adapt itself to a unique morphology. Then, in order
to check the accuracy of the selected morphology, we propose to calculate the
strength of the occurred event. This will allow the MRS to periodically check
if the current morphology is the most suitable for the monitored condition.

In addition, we have proposed a fast self-reconfiguration technique called FSET,
dedicated to MRS. Our proposed technique consists mainly of two stages: root
selection and morphology formation. The final goal of these stages is to en-
hance the time cost to get new morphology of the traditional SET algorithm
thus, ensuring fast self-reconfiguration. The root selection stage selects a small
number of modules in order to find the best tree roots that affect the topolog-
ical conditions and lead to the success of the embedding process or not. The
morphology formation stage uses the traditional SET algorithm to calculate
the embedding truth table where the initial roots used are taken from the first
stage. Finally, our proposed technique, under the two proposed strategies, has
been evaluated through simulations on a real scenario using M-TRAN, where
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the obtained results were very encouraged in terms of providing a fast recon-
figuration process in MRS and reducing the energy consumption of modules.

3. Module Communication: Communication is central to module coordination.
In MRS, the transition between morphologies is a challenging task due to sev-
eral reasons: first, it requires a massive communication between the modules
to reach the target morphology. Second, it takes a significant processing time
to self-reconfigure the robotic, which becomes crucial in critical applications.
Third, it consumes the limited available energy of modules. Therefore, in or-
der to ensure a long MRS functionality, we have to conserve the module en-
ergies by reducing the communication overhead and the processing time that
consumes most of their energies. Hence, designing efficien module communi-
cation techniques is essential for MRS in order to provide efficient communi-
cation between the modules and save their battery power.

In this thesis, we propose an efficient and fast self-reconfiguration mechanism
for modular robotics called RUN, Robust clUster-based plaNning. The pro-
posed techniques aim to minimize the communication overhead between the
modules and enhance the configuration process during the transition between
MRS morphologies. Mainly, RUN is based on the clustering of modules and it
consists of two stages which can be described as follows: The first stage called
as module clustering and aims to group the modules into a set of clusters while
assigning a special module for each cluster known as clique; The second stage
called as module communication and allows an efficient communication with
and within clusters through two proposed algorithms named as inter-module
and intra-module respectively.

1.3 Thesis Structure

The thesis is structured as follows:

Chapter 2: Modular Robotic System : An Overview: This chapter provides an in-
troduction to the wide field of modular robotic systems. We present the various
concepts related to its objectives, its features, and the different fields of application.
We also gives a survey about various MRS prototypes and the architectures adapted
to their modules. Then, we show some potential applications of MRS through real
projects. Furthermore, we describe the main challenges that face such systems, such
as self-reconfiguration, sensing data analysis, hardware design, etc. We highlight
self-reconfiguration as a primary challenge in MRS.

Chapter 3: Sensing-Based Self-Reconfigurable Decision-Making Mechanism for
MRS: This chapter focuses on the problem of big data collected by the MRS that
overloads the memory storage of the robot and complicates the decision-making
about the next morphology. We propose an efficient mechanism consisting of two
phases: data storage reduction and self-reconfiguration. The first phase searches
the similarity between the collected data according to the Sim function in order to
eliminate redundant data thus, reducing the amount of data needed to be stored
in MRS. The second phase uses the fuzzy logic model that allows MRS to be self-
reconfigurable by taking the right decision about the desired shape to perform the
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required tasks.

Chapter 4: RUN: A Robust Cluster-Based Planning for Fast Self-Reconfigurable
Modular Robotic: This chapter is dedicated to accelerate the self-reconfiguration
process in MRS by reducing the communication overhead between the modules.
We propose a self-reconfiguration mechanism called RUN that works on two stages.
The first stage, called as module selection, aims to group the modules into a set of
clusters while assigning a special module for each cluster known as clique. The sec-
ond stage called as module communication and allows an efficient communication
with and within clusters through two proposed algorithms named as in-module and
on-module respectively.

Chapter 5: FSET: Fast Structure Embedding Technique for Self-Reconfigurable
Modular Robotic Systems: In this chapter, we have proposed a fast self-reconfiguration
technique called FSET, dedicated to MRS. Our proposed technique consists mainly
of two stages: root selection and morphology formation. The final goal of these
stages is to enhance the time cost to get new morphology of the traditional SET algo-
rithm thus, ensuring fast self-reconfiguration. The root selection stage selects a small
number of modules in order to find the best tree roots which affect the topological
conditions that lead to the success of the embedding process or not. The morphol-
ogy formation stage uses the traditional SET algorithm to calculate the embedding
truth table where the initial roots used are taken from the first stage.

Chapter 6: Conclusion and Perspectives: This chapter concludes our work and
highlights some aspects of suggested future research work.
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Chapter 2

Modular Robotic System (MRS):
An Overview

Robotic system have been considered as one of the most important technologies
in 21st Century [11]. Recently, engineering inspirations have led to a new genera-
tion of robotics called modular robotic systems (MRSs). Compared to conventional
robots, the new generation introduces more flexibility and adaptability of its body,
and has the ability to change its shape in conformance to the task and the environ-
mental conditions. A modular robotic consists of several units with few degrees of
freedom called modules which are usually equipped with connection mechanisms
to cooperatively connect to or detach from each other in order to create complex
structures. The second chapter in this thesis gives an overview about MRSs. First,
we review a number of MRS applications via some existing examples. Then, we de-
scribe challenges faced to MRSs while highlighting the self reconfiguration challenge
as a real problem for such systems.

2.1 Introduction

Currently, there are some places and regions that humans are not allowed to
explore because they are considered too risky. Two of the best examples are deep
underwater and space exploration research [12]. As a result, robots are the chosen
tools since they can survive a variety of environmental risks and, to a degree, per-
form tasks that humans can’t. Robotic are also used to quickly respond to natural
disasters including earthquakes in order to save lives. For example, in order to seek
victims, an modular robotic system MRS can change its shape to slip inside ruins and
navigate through tiny corridors. When a victim is discovered, the robot can send out
a signal indicating its location and transform into a shelter to protect the victim until
help arrives [13]. Consequently, MRS have attracted, a significant amount of inter-
est from many researchers as a way of sensing its environment (due to its set of
detectors), and then its ability to self-reconfiguring and transforming into a specific
shape to adapt to a task or a given situation. Nowadays, Modular robotics has the
ability to change the perspective of robotic systems from machines designed to do
certain tasks to multi-purpose tools capable of accomplishing almost any task. They
are used in a wide range of applications, including reconnaissance, rescue missions,
space exploration, military task, etc. Constantly, MRS is built of “modules” from a
few to several hundreds or even thousands . Each module involves actuators, sen-
sors, computational, and communicational capabilities. Usually, these systems are
homogeneous where all the modules are identical; however, there could be hetero-
geneous systems that contain different modules to maximize versatility [1].
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Modules coordination is critical in self reconfiguration process in MRS. However
coordinating these modules is very complicated. This complexity depends on the
hardware characteristics of the multiple modules (computation power, communica-
tion model, structure organization, motion capabilities, etc.). When it comes to mod-
ule coordination, communication is essential. Overall network qualities are deter-
mined by the communication paradigm and structural organization. Complexities
of self reconfiguration algorithms are generally described as a function of network
parameter (e.g., number of nodes, number of links, node degree, radius/diameter
of the system). Many algorithms are designed to function with a specific network
type. In sparse networks, for example, some algorithms are more efficient than in
dense networks (e.g, the virtual coordinate-based routing protocol in [14]. therefore,
it is critical to consider network features while designing and selecting effective al-
gorithms, particularly in large-scale systems like MRS.

The remainder of this chapter is organized as follows. Section 2.2 introduces
a self-reconfigurable modular robotic system and its main objectives. Section 2.3
discuss the main advantages of MRS over traditional robotics. Section 2.4 and 2.5
review a number of MRSs applications via some existing examples. In Section 2.6,
we describe the architecture used for MRSs. The main challenges in MRSs are pre-
sented in Sections 2.7. We mention in section 2.8 some of well-known simularors for
modular robotic systems. Finally, we conclude the chapter in Section 2.9.

2.2 Self-Reconfigurable Modular Robotics: Definition

Modular robotics has evolved as a novel technique to construct robotic systems
in recent decades. A modular robot is made up of self-contained, intelligent, and
communicative modules that work together as a unit. It creates a distributed system
in which modules work together to self-organize, complete tasks, and achieve com-
mon goals. Self-Reconfigurable Modular Robots can change their overall shape to
adapt to a task or scenario.

2.3 Important Differences From Traditional Robotics

Modular robotics came as an evolution to the traditional robotics where it added
many developments in case of mechanisms as well as programming. MSRs have
four key advantages over typical robotic systems: versatility, robust- ness, extensi-
bility, and low cost as shown in the Table 2.1. The MSR’s versatility attribute stems
directly from its ability to self-adapt to a particular, maybe unforeseen environment
by reorganizing its global morphology. This allows modules to execute a wide range
of tasks, even those that were not even considered during the design process. Mod-
ules can be swapped inside a robot, as well as with some external systems. As a
result, modular robotic systems are more robust since they can self-repair if a mod-
ule fails by re- placing the failed module on the spot. Furthermore, modular robotic
systems can be scaled up or down as needed. In addition, they also have cost advan-
tages since mass-produced modules may be used to create a wide range of various
and sophisticated systems.
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Traditional Robotics Modular Robotics

• Unique solution to each real world
application and prototypes that are
inflexible for rest of applications

• Unique advantage over traditional
robotics in reconfiguration, reusability,
and ease in manufacturing

• Lack of adaptive nature if the environment
is changed where traditional solutions
become inflexible

• Adaptive nature where there is
flexibility if the environment
is changed

• Repair and maintenance require separate
trained personnel for each model

• Development in the perspective of
assembly in order to increase the ease
of repairing, replacing, and control

• Use integration-oriented way in building • Using modular way in building

TABLE 2.1: Differences between traditional and modular robotics.

Beside the differences mentioned in the above table, there are also differences
based on the programming and manufacturing sides that should be taken into con-
sideration. Figure 2.1 shows the life cycle of the production of modular and tradi-
tional robotics in terms of the building side [15].

FIGURE 2.1: Comparison between integration-oriented and modular
approaches for building robots.
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2.4 Applications

Thanks to its capabilities of self reconfiguration, modular robotic systems (MRSs)
have attracted significant attention in many applications, such as space exploration,
automation, search and rescue, industrial and so forth. In such applications, the
main objective of MRS is to change its own shape by rearranging the connectivity of
their parts, in order to adapt to new circumstances, perform new tasks, or recover
from damage. Next, we give an overview about different MRS applications.

2.4.1 Space Exploration

Robotic technologies have been utilized in space exploration for decades to aid
astronauts in orbit and allow our species to discover other planets. Despite this,
getting payloads to orbit and beyond is still prohibitively expensive, therefore the
more applications a robotic payload has, the easier it is to justify the launch cost.
Modular robotics has the potential to help in this aspect, since it provides a platform
that can be reconfigured into multiple structures to perform many more jobs than a
classical robotic system. Furthermore, the potential of modular robots to deal with
failures could be beneficial to space exploration, as robots could self-reconfigure to
discard destroyed modules in order to continue on their mission. Despite the fact
that such an application may seem far off, a modular robot is already in use on the
International Space Station. The Canadarm2, as shown in Figure 2.2, the station’s
main manipulator, functions as a typical arm for most tasks but can be moved to
any location on the station as necessary. Thanks to the symmetric structure of the
arm, each end can be docked into one of the many grapple fixtures on the station’s
outer surface [16], allowing it to move end-over-end from one fixture to the next.
Furthermore, as new portions of the space station are delivered and old ones are
retired, the arm may be used to reconfigure the various sections of the space station,
thereby turning the station into a modular robot.

(a) (b) (c)

FIGURE 2.2: (a) The next-generation Canadarm based on the tele-
scopic link reconfiguration concept (CSA) [2], (b) A 3D representa-
tion of Canadarm2 illustrating its seven joints [3], (c) The gateway

extravehicular robotic system (GERS) [2]

Figure 2.2

2.4.2 Programmable Matter

A matter that may modify its physical properties in response to external and
programmed events is known as programmable matter (PM). In the literature, vari-
ous strategies and technologies for realizing PM have been proposed, including PM
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employing 4D printing [17], quantum wellstone [18], DNA architectures [19], and
robotic-based techniques. The latter include the utilization of robotic materials [20],
tendon-driven robotic chains [21], swarm robotic systems [22], Self-folding robots
[23] and modular self-reconfigurable robots [24,25] .

To construct PM, the Clay-Electronics (Claytronics) project [24] proposes using
large-scale micro MRSs made up of millions of Claytronics Atoms (Catoms). Ev-
ery Catom is a mass-producible tiny robot with very limited (and strictly required)
functions. PM promises synthetic reality and has a wide range of uses (e.g., send-
ing/downloading copies of physical items, morpheable objects that can be reshaped
at will, injectable surgical devices, 3D interactive life-size TV, and so on). People will
be able to shape their surroundings as well as control it.

PM, for example, allows a significant advancement of the computer-aided de-
sign process, as shown in Fig. 2.3. In this vision, a computer stores a virtual rep-
resentation of an object that may be transferred to programmable matter to create a
physical version of the object. The virtual and physical representations remain al-
ways consistent; if one changes, the other changes as well. The user can alter the
virtual representation, which will immediately affect the physical representation of
the item in question. He can even adjust the physical representation manually as
he desires, which will update the virtual representation immediately [4,11,26]. As a
result, designers will be able to design a model and a prototype of their item at the
same time, considerably lowering prototype time. Furthermore, because the matter
may be reused and molded indefinitely, this approach reduces resource waste.

FIGURE 2.3: Computer aided-design tool using programmable mat-
ter [4].

2.4.3 Search and Rescue

In search and rescue, the ability of a response team to respond quickly to a cri-
sis is critical for saving lives [27]. In some natural disasters, there is a difficulty in
finding humans under destruction. Indeed, during chemical explosions, it is risky
for people to look for human evidence or even attempt to repair the damage. As
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a solution, the need for modular robotics is a must [13] in search and rescue oper-
ations. Hence, AMOEBA-I was developed to help in assisting disaster relief work
(Figure 2.4). It has a diversity of sensors aimed to perceive the environment nearby.
Specifically, the laser sensors applied to know the obstacles in front of it as well as
the installation of GPS system to recognize the exact location of victims. When a vic-
tim is found, the robot can broadcast its location and morph into a shelt. It also had
a microphone and an IR camera to help in searching for information. Moreover, it
has a track mobile modules called caterpillar in order to assure the strong movement
ability on the ground and the adaptability of different terrains.

FIGURE 2.4: AMOEBA-I in Ya’an earthquake.

2.4.4 Industrial Production

Today most robots are used in manufacturing operations. Modular robots could
have applications in a variety of fields, including reconfigurable manufacturing[28].
The goal of reconfigurable manufacturing is to develop production processes that
can adjust to changing product demands more quickly than present manufacturing
methods can [29]. By incorporating self-reconfigurability, modular robotics has the
potential to take reconfigurable manufacturing to the next level. Having manufac-
turing systems that can self-reconfigure based on the product to be produced allows
for more product customization because the system can adjust its structure to fit for
the product’s various manufacturing requirements.

2.5 Modular Robotic Prototypes: A Historical View

There are massive enterprises, universities, government sectors, and specialized
companies working on modular robotic systems either to ease their works or to up-
grade and develop them. Moreover, the number of MRS prototypes are increasing
on a daily basis to fit our routine work as well as make it much faster, and easier. In
this section, we are going to overview the timeline of prototypes found in the market
that range from 1988 until 2016.
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Figure 2.5 shows the illustration of a chronogram with each prototype year, name,
and image related to this prototype [30–129].

1. M-TRAN (2000)
M-TRAN (Modular Transformer) is a distributed lattice-based self-reconfigurable
robotic system that can change into numerous configurations, such as a legged
machine that can walk. The actual system was constructed from ten mod-
ules and successfully exhibited basic self-reconfiguration and motion creation
activities. A set of software programs, including a kinematics simulator, a
user interface for creating configurations and motion sequences, and an au-
tonomous motion planner, have been developed to operate M-TRAN hard-
ware [130].

M-TRAN II is the second prototype, where numerous enhancements done that
allow for a wide range of whole-body motions and complex reconfigurations.
A reliable connection mechanism, high-speed inter-module communication,
on-board multi-computers, precise motor control, and low energy consump-
tion are among the enhancements. Reconfiguration operations have also been
improved by the software [131].

The third prototype, M-TRAN III, was designed with a better connection method.
Single-master, worldwide synchronous control, and parallel asynchronous con-
trol are some of the control styles that have been employed with distributed
control. Self-reconfiguration experimients with up to 24 units were conducted
out using centralized and decentralized control. The system scalability and
homogeneity were maintained in all experiments [132].

2. PolyBot (2000)
7 PolyBot is a self-configurable modular robot that was created to see how
feasible it is to build robots out of numerous homogeneous hardware mod-
ules. PolyBot modules were prototyped in three generations, each of which
addressed a number of vulnerabilities uncovered in the preceding one. The
first generation (G1) is made up of two sorts of modules: node and segment.
The segment modules are rectangular prisms with one rotating degree of free-
dom (DOF) separating the two connection ports. The node modules are fixed
passive cubes with 6 connection ports. The second generation (G2) connection
ports, unlike their ancestors, include electromechanical latches that are con-
trolled by software. These hook into the projecting pins on the other side. To
improve performance, the third generation (G3) modules are smaller, while the
connectors are larger and have a higher contact force for higher current loads.

PolyBot’s first two generations demonstrate its versatility by traversing a vari-
ety of terrains. PolyBot can self-reconfigure by changing its morphology and
locomotion mode based on the terrain type — rolling over flat terrain, moving
around obstacles like an earthworm, and stepping over mountainous terrain
like a spider. Because the dimension of this space is exponential in the number
of modules but proportionate to the number of DOF, planning self-collision-
free motions might be difficult. A defined set of configurations is sufficient for
many applications. In this instance, reconfigurations can be planned off-line
and stored in a table for ease of reconfiguration [133].
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1988

Cebot [13] CMU RMMS [14]

1993

Polypod [15]

1994

Fracta [16]

1996

Ganryu [17] Tetrobot [18]

1998

Molecule [19] 3D-Fractum 
[20]

Vertical [21]

1999

CONRO [22] Miniaturized
System [23]

Micro-robot [24]

I-Cube [25]

2000

PolyBot [26] Micro-unit [27] M-TRAN [28] Crystalline [29]
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2001

Electronic
block [30]

2002

Molecule II [31] TeleCube [32] Uni-Rover [33]

2003

CHOBIE [34] Swarm-Bot 
[35]

M-TRAN II 
[36]

2004

ATRON [37] Claytronics
[38]

Stochastic 2D 
[39]

Active Cube 
[40]

Topobo [41]

2004

Y1 [42] Neubot [43] Random [44] HitMSR [45]

2005

Superbot [46] Catoms [47] Stochastic 3D 
[48]

HYDRON [49] Programmable 
parts [50]

2005

Molecube [51] Slimebot [52] Microtube [53]
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2006

roBlocks [54] Glume [55] AMAS [56] ORTHO-BOT 
[57]

YaMoR [58]

2006

Deformatron
[59]

MEMS [60]

2007

ROBMAT [61] Miche [62] M-TRAN III 
[63]

AMOEBA-I 
[64]

Shady 3D 
[65]

2007

TETwalker [66] Senspectra
[67]

CHOBIE II [68] Xbot [69] Tribolon [70]

2008

Odin [71] Molecubes [72] Audiocubes [73] Em-cube [74] Posey [75]

2008

SYMBRION 
[76]

GZ-I [77]
Morpho [78]

Iblocks [79]

2009

Roombots [80] Raupi [81] Playware [82]
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2010

Modular-
Expanding [83]

Sambot [84] Smart Pebbles
[85]

iMobot [86] Thor [87]

2010

Vaccubes [88] Factory
Floor [89]

Ubot [90] Single-material
[91]

Mod-Leg [92]

2010

Responsive 
Truss [93]

Kilobot [94]

2011

Cubelets [95] M-Cube [96] Crossball [97] HexBot [98] X-Cell [99]

2011

M-Lattice [100] SMART [101] HitMSR II [102] Heterogeneous
modules [103]

2012

iCube [104] Smart Blocks 
[105]

SMORES [106]
M3Express[107] ModRED [108]

2013

M-Block [109] Fable [110] Single module 
[111]

USS [112]

FIGURE 2.5: Modular robotic prototype timeline.
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3. Molecubes (2005)
The Molecubes system is a modular robotics open hardware and software
platform that was created to lower entry barriers and speed progress. The
system is made up of modules with one rotational degree of freedom (DOF).
There were a variety of active modules on display, including grippers, actu-
ated joints, controllers, cameras, and wheels, as well as a number of passive
modules. Each module is a cube with round corners that is made up of about
two triangular pyramidal pieces that are joined at their bases so that their main
axes are aligned. Each of the module’s six sides contains an electromechanical
connector that may be used to link two modules. Symmetric connector de-
sign enables for four alternative relative orientations of two connected module
interfaces, each of which results in different robot kinematics [134].

4. ATRON (2004)
Another modular self-reconfigurable robot is ATRON [135], a lattice-based
system made up of roughly spherical modules connected by an endless rev-
olute join, Fig.2.5. Actuation is accomplished by rotating each module 360 de-
grees around the equator around an axis running diagonally across the sphere.
Because a relatively big area is accessible for mechanics, this design provides
for a fairly stable construction surrounding the actuated joint. The spherical
basic module design, on the other hand, makes connecting huge flat surfaces
difficult. Connectors for spherical modules must provide critical point-to-
point interactions between modules, which are undesirable due to the high
likelihood of collision. Because of ATRON’s restricted mobility and other mo-
tion limits, the ATRON meta-module is used to reduce motion constraints. The
meta-module is made up of three modules: a body in the center and two legs
on either side.

Modular ATRON control comprises three Artificial Neural Networks; the first
one to decide when to emerge, the second to decide when to stop, and the
third to calculate the fitness value of every state in the self-reconfiguration
and self- repair processes. Genetic Algorithm is used to improve the weights
of the ANNs. Despite the fact that ATRON modules have only one actu-
ated DOF, a group of them proved capable of self-reconfiguring in 3D sim-
ulation. Similarly, ATRON modules successfully exhibited self-repair in simu-
lation [135,136].

2.6 MRS Architecture

Because of their ability to self-reconfigure, modular robotics has recently attracted
the interest of robotics experts [137]. Modular self-reconfigurable robots are made up
of several modules that can combine themselves autonomously into meta-modules
capable of executing a variety of jobs in a variety of situations [138]. These metamor-
phosis robots have the ability to self-reconfigure, allowing them to perform various
kinematics. Based on how reconfigurable robots reconfigure, Yim et al. divided them
into three architecture types in 2002: lattice, chain, and hybrid [139]. After that, in
2007, they introduced both deterministic and stochastic reconfigurations [140].
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2.6.1 Lattice Architectures :

Modules in lattice structures are placed in a 2D or 3D grid that can be used as
a guide for selecting module places and constructing the new design [140]. All
modules are connected to the main body to facilitate planning and control. Lat-
tice structures can also be easier to reconfigure than other classes because control
and motion can be carried out in simultaneously [137]. Lattice-type systems use
the regularity of the lattice to align connectors during self-reconfiguration, mak-
ing self-reconfiguration faster and easier. When aligning connectors during self-
reconfiguration, lattice-type systems take advantage of lattice regularity to make the
process faster and easier. For systems with a large number of modules, however,
presuming that all modules follow the lattice can be difficult [141]. M-TRAN is an
example of a lattice-based self-reconfigurable robot [142,143].

FIGURE 2.6: Different lattice arrangements associated with modular
robotic systems developed in the Smart Blocks and the Claytronics

projects [5]

2.6.2 Chain Architectures :

In a chain architecture, modules are connected in a string or tree structure (Fig-
ure 2.7). There are many chain-structured systems that are related to MRS, such as
CEBOT, which is a mobility category with heterogeneous modules and 2 hardware
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prototypes known as series 1 and series 2, ACM, which resembles a snake struc-
ture and has 3 different versions, Millibot, which is a 2D structured for climbing on
stairs and uneven terrains, Amoeba-I (Figure 2.7(b)) which is a self-mobility tracked
MRS, JL 1 and JL 2 are a developed versions of Millibot (Figure 2.7(a)). Each chain is
always connected to the rest of the modules at one or more locations due to the se-
rial underlying architecture, and modules reconfigure by connecting and detaching
from each other. Robotic limbs, legs, and tentacles can all be made out of the chains
[140]. Chain architectures are more adaptable than other systems because they can
articulate to any point in space, but they are more difficult to control and show and
analyze computationally [137]. PolyBot is an example of a self-reconfigurable robot
built on chains [144–146].

It’s worth mentioning that lattice and chain topologies aren’t usually mutually
exclusive, and many systems, like SuperBot [147] and UBot [148], can have both
[139].

(a) Millibot (b) Amoeba

FIGURE 2.7: Chain hardware model.

2.6.3 Hybrid Architectures :

it provides more advantages compared to lattice and chain robotic structures
due to their capabilities in easy adaptation to surroundings by forming both lattice,
chained and mixture of both. Some of Hybrid structured systems related to MRS
are as follow: S-BOT [149–151] which is a hybrid category because of the combi-
nation between lattice 2D structure and chain 3D structure, M3 is a combination
of 3D chain and lattice which also has 2 version of M3 and M3 Express, Imobot is
cuboid structured made of two semi cylindrical modules, SMORES is basically sim-
ilar to iMobot but i has a singular semi cylindrical cubic structure, Trimobot is an
integrated mobile category hexagonal which is made of 2D lattice structures and 3D
chain structures, M-Tran (Figure 2.8) is has 3D structures of both lattice and chain
which also has 3 versions, M-Tran I, M-Tran II, and M-Tran III, Superbot module
is made of bonding semi cylindrical cells like iMobot, The CKbot is like SMORES
but has reduction in self-mobility as well as rolling capabilities in individual units,
Molecubes are UBot both are hybrid cubic structured, Roombots is a hybrid made of
3D structures of lattice and chain, and Soldercubesis individualized Soldercube just
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FIGURE 2.8: A hybrid structured system, M-Tran.

like a cell in dual-cell structure of roombots.

2.6.4 Truss:

it supports formation of random structures due to the employment of telescopic
links and heterogeneous units for forming structures but require complex algorithms
for handling assembly and formation of structures. Some of Truss based structured
systems include tetrobot which uses heterogeneous units like links and Joints in
order to form random structures, ORTHOBOT that has telescopic links with split
toroids and with one toroid that is connected to link using revolute joint, Odin has
heterogeneous units which are Cubic Closed Packe joints and telescopic links as well
as the capability to form 3D structures (Figure 2.9), Morpho is made of passive and
active links and well as joints, Hing is used for reconfiguration of Truss structures,
and factory floor is used for auto assembly of truss structured systems.

FIGURE 2.9: A truss structured system, Odin.
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2.7 Modular Robotic System Challenges

The development of effective Modular Robotic Systems (MRS) is loaded with
hardware and software problems. In this section, we describe the main challenges
involved by MRS (some of them can be common to the traditional RS). They must
be able to (1) reconfigure rapidly, (2) be sufficiently robust and fault-tolerant, (3) be
scalable to many-module configurations, (4) be reliable in constructing solid and ro-
bust structures, (5) exhibit self-reconfiguration for an extended period of time, (6)
deal with uncertainty in the environment and sensed data, (7) handle communica-
tion unreliability among modules, and (8) deal with the limitations of mechatronic
devices in terms of resources

2.7.1 Sensing Analysis Challenge:

One of the key processes of MRS is sensing, or perception. It enables the direct
acquisition of internal or exterior inputs through a variety of sensors. Unfortunately,
the continuous monitoring of the environment, as well as the large number of sen-
sors in use, makes decision-making in the controller a complicated task. Modular
robots, on the other hand, have limited processing power and so are unable to ac-
cept all data streams from sensors. As a result, developing novel process and sens-
ing strategies has become a critical task that must be addressed in MRS, based on
the robot’s mission.

2.7.2 Self-Reconfiguration Challenge:

The process by which an MRS transforms itself from an initial configuration to a
desired configuration is known as self-reconfiguration. Creating a self-reconfiguring
robot systems poses many engineering challenges. These challenges are centered
around designing the basic self-reconfiguring module and the inter-module connec-
tions, and aggregating distributed systems from these modules. This method can
be used in a variety of application. It allows an MRS to take on different shapes in
the context of programmable matter. Self-reconfiguration can also be used to adapt
an MRS to environmental changes or specialized tasks. For example, the authors
of [152] employ self-reconfiguration to reorganize module connectivity in order to
achieve an ideal network topology. Self-reconfiguration brings with it a slew of soft-
ware difficulties. Self-reconfiguration raises a number of software challenges. To
begin with, planning is difficult due to the large number of possible unique config-
urations: (x × t)m, where m is the number of modules, x is the number of possi-
ble connections per module, and t is the number of ways to connect the modules
together [153]. Modules can often move simultanously depending on physical re-
strictions, causing the configuration space to grow at the rate of O(vm), where v is
the number of possible movements and m is the number of modules free to move
[154]. The exploration space for reconfiguration between two random configura-
tions is therefore exponential in the number of modules, which prevents us from
finding a complete optimal planning for all but the simplest configurations. For
chain-type MSRs, the optimal self-reconfiguration planning is then NP-complete is-
sue [155], and nothing has been proven for lattice-based MSRs to our knowledge.
Second, aside from the path planning difficulty, the self-reconfiguration process is
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difficult because it is a distributed process that necessitates the distributed coordi-
nation of mobile autonomous modules connected in time-varying ways. Modules,
in particular, must coordinate their movements to avoid colliding with one another.
Self-reconfiguration algorithms are frequently adapted for a certain class of modular
robots, each with its own set of motion constraints.

2.7.3 Time Synchronization:

Time synchronization is a significant and costly challenge in modular robotic
system. Coordination among a group of modules often relies on availability of a
shared concept of time. Every module has its own concept of time provided by its
own hardware clock. Local clocks tend to run at somewhat distinct and dynamic
frequencies, sliding apart from one other over time due to the imperfections of com-
mon hardware clocks. As a result, time synchronization is required to keep each
module’s local clock in sync. There are several techniques to time synchronization
(continuous vs on-demand, network-wide vs clustering, timescale transformation
vs clock synchronization,etc.) [156]. The approach to take is determined by the tar-
get application. Nodes in the continuous model seek to maintain synchronization
at all times. This method is in contrast to the on-demand synchronization model, in
which nodes can either a posteriori agree on the time of an event or predict synchro-
nizations in order to initiate coordinated actions at a specific moment.

2.7.4 Battery Power:

The major challenge that faces MRS is improving the lifetime of the robot; in
other words ensuring long-time functionality for a given task [157]. Indeed, the
robotic lifetime is highly related to the power consumption during the module tran-
sition or the transmission of data during self reconfiguration process. In addition, it
is difficult and cost-ineffective to recharge the robot’s batteries in most cases, espe-
cially in harsh or hostile environments. Therefore, one of the major objectives today
is to efficiently manage the robot’s energy in order to increase the system lifetime.
Hence, the module must minimize its data transmission and reduce the number of
transitions during the self-configuration, in order to save its available energy.

2.7.5 Number of Modules:

A modular robotic consists of several units with few degrees of freedom called
modules which are usually equipped with connection mechanisms to cooperatively
connect to or detach from each other in order to create complex structures. Obvi-
ously, transforming a bunch of uniform modules into a versatile robot is not a sim-
ple task. To put together a useful system, solutions to the challenges of program-
ming a large number of coupled but autonomous robotic units must be discovered.
Worse, as more modules are added, many of the programming issues get exponen-
tially harder. These include controlling, communication and coordinating modules
to work together effectively and not collide or otherwise interfere with each other.

2.8 Common Modular Robotic Simulators

Nowadays, there is a lot of simulators known for their efficiency in certain ways
and methods as well as their inefficiency in some points. We mentioned in the Table
2.2 some of well-known simulators in the market mentioning their names, simulated
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modules, operating system, and programming languages. In that table, we can un-
derstand the difference between the mentioned simulators.

Simulator Simulated Modules Operating System Programming Language

M-TRAN [158] M-TRAN Windows, Linux C++
Adam [159] Hinge-like Windows, Linux, Mac OS C++
Webots [160] YaMor, M-TRAN, RoomBots Windows, Linux, Mac OS C++, Java, Python, Matlab
USSR [161] ATRON, M-TRAN, Odin Windows, Linux Java, C
CubeInterface [162] Molecube Windows C++
Symbricator3D [163] SYMBRON, Replicator Linux C++
OpenMR [164] Y1 Windows, Linux C++, Python
ReMod3D [165] M-TRAN, ATRON Windows, Linux VC++
Micromult [166] Chain-like Windows VC++

TABLE 2.2: Common MRS simulators.

2.9 Conclusion

In this chapter, we introduced modular robotic system in which self reconfigur-
ing robots are able to deliberately change their own shape by rearranging their con-
nectivity of their parts, in order to adapt to new circumstances perform new tasks,
or recover from damage. Then, we presented some examples of MRS applications
including space exploration, programmable matter, industrial and search and res-
cue fields. The MRS architectures is also described in this chapter. Finally, we have
presented challenges that face MRSs while highlighting the self reconfiguration as
the primary challenge to be optimized in order to ensure a fast self-reconfiguration
process. Next, we present in more details our proposed techniques for data process-
ing and self- reconfigurable decision making dedicated to modular robotic systems
(MRS).
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Chapter 3

Sensing-Based Self-Reconfigurable
Decision-Making Mechanism for
MRS

Nowadays, robotic technology finds its way quickly across industries affecting
business and people’s lives. In addition, the rapid growth in communication tech-
nologies has lead to a new generation of robotics called as Modular Robotic System
(MRS). Basically, MRS is an autonomous kinematic machine with variable morphol-
ogy, structure, and functionality. The detectors represent the eyes of the MRS that
collect data about different environments and states, while the controller forms the
brain of the MRS that must analyze the collected data and take decision about the
suitable reconfiguration morphology. However, the huge number of data sensed by
the detectors provides two main challenges for MRS; first, it overloads the limited
storage of the MRS and, second, it complicates the self-reconfiguration decision re-
quired to change its shape according to the monitored environment. In this chapter,
we propose a sensing-based processing mechanism for data storage and decision
making in modular robotic systems. Our mechanism consists of two phases: data
storage reduction and self-reconfiguration. The first phase uses aggregation pro-
cess in order to eliminate redundant data collected thus, reduces the amount of data
needed to be stored in MRS. The second phase uses the fuzzy logic model and allows
MRS to be self-reconfigurable by taking the right decision about the desired shape.

3.1 Introduction

From the beginning of 1980’s, the robotic industry has witnessed a boom in the
development and creating millions of robotics with various types and missions.
These robots change our daily life and help to make our work more effective and
faster. In addition, the fast growth in technologies area emerged in the new century
was moving towards a new robotic world: Modular robotic system (MRS). One of
the main advantages of MRS is to self-reconfigure its shape - known as morphology
- according to the monitored environments through its own intelligent system to
achieve the established functional goals. Recently, MRS has taken a great attention
in a huge number of applications include reconnaissance, rescue missions, space
exploration, military task, etc. In almost such applications, modular robotic has con-
stantly changed the traditional production mode of people, which greatly improving
human productivity and reducing human production risks [167].
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Typically, a modular robotic system (MRS) consists of a set of units, called mod-
ules, where each module has a few degrees of freedom (DOFs). Usually, the DOFs
are used to define the motion capabilities of robots; more the DOFs increase more the
flexibility in changing the MRS morphology is. Subsequently, the MRS monitors the
target environments thanks to a set of detector devices attached on its body. These
detectors capture the readings of the MRS surroundings and send them toward the
system controller (SC). In its turn, the SC analyses the collected data and decides
about the next morphology must be taken by the MRS then, it sends signals to the
actuators to reshape the MRS morphology. Indeed, this self-reconfiguration process
offered by MRS imposes two main challenges: the big data collected by the detectors
and the self-reconfiguration itself. From one hand, and for reliability purposes, the
detectors should continuously collect data about its surroundings in order to detect
any possible variation then, to quickly decide about the new morphology. This leads
to a huge number of collected data that must be saved in the MRS storage for a later
analysis. Indeed, such data is almost redundant and useless, and it consumes the
storage space of the robot. Hence, designing new data reduction storage techniques
is essential for MRS in order to avoid the overloading of its storage space. On the
other hand, and after data acquisition, the MRS should be able to analyze the col-
lected data in a real-time manner and select the suitable morphology among a set
of morphologies defined during its creation. This self-reconfiguration process is a
crucial process in MRS because it leads sometimes to reshape the robot into a wrong
morphology thus, destruction of the MRS itself. Therefore, proposing efficient data
decision techniques takes a great attention from researchers and industries.

In this chapter, we propose an efficient mechanism for data processing and deci-
sion making in robotic systems. The proposed mechanism is mainly based on two
phases: the first one, called data storage reduction, uses aggregation method in or-
der to remove redundancy among data collected by the detectors, thus reduce the
data storage needed. The second phase, called self-reconfiguration decision-making,
is based on the fuzzy logic model and aims to analyze the real-time data collected
then, it allows MRS to be reconfigured to the suitable morphology. We simulate our
mechanism according to a proposed MRS scenario with real sensor data.

The remainder of this chapter is organized as follows. section 3.2 gives an overview
about the existing techniques in sensing mechanisms and self-reconfiguration tech-
niques used in MRS. Section 3.3 introduces the MRS design while overviewing real
projects existing in MRS. Sections 3.4 and 3.5 respectively detail the data storage
reduction and self-reconfiguration decision-making phases proposed in our mecha-
nism. The system demonstration and the results are presented in Section 3.6. Finally,
Section 3.7 concludes our paper and gives some perspectives.

3.2 Sensing Data Analysis and Self-Reconfiguration: A Back-
ground

In the literature, we can find various techniques related to sensing data analysis
and self-reconfiguration proposed for MRS [168–170]. The objective behind the first
approach, e.g. sensing data analysis, is to eliminate the redundancy among the data
sensed by the detectors thus, remove the useless data and save the storage space.
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Whilst, the self-reconfiguration approach allows MRS to reshape to the proper mor-
phology according to the dynamicity of the monitored environments. Recently, the
authors of [9,171] give an overview about different algorithms proposed for model-
ing, control, sensing analysis and self-reconfiguration in MRS.

From one hand, the authors of [172–180] have proposed techniques for data man-
agement (collection, reduction and analysis) in MRS. In [172], the authors propose
a real-time data sensing framework for people tracking using mobile robots. The
framework uses laser detectors to collect and merge data of several detectors using
data association and Kalman filtering. Then, the framework uses Hidden Markov
model in order to convert data into qualitative spatial relations thus, the robot will
detect humans and decide about the next step. The authors in [178] propose a dis-
tributed and compressed sensing algorithm for the communication in robotic net-
works. The objective of the proposed algorithm is to reduce the data traffic among
robots using a compressed sensing, e.g. sum of scalar values, and to avoid colli-
sion with obstacles and between each other. In [179], a data aggregation technique
based on the compressed sensing has been proposed in order to reduce the energy
consumption in wireless sensor networks (WSN) as well as recovery of the data fi-
delity. The proposed aggregated scheme uses the diffusion wavelets to find a sparse
basis characterizing the spatio-temporal correlations between sensor nodes. Finally,
the authors in [181] propose an efficient and robust compression method named Se-
quential Lossless Entropy Compression (S-LEC). S-LEC uses a differential predictor
that arranges the alphabet of integer residues into a number of groups. For each
group, two codes are assigned: entropy and binary codes. The first code specifies
the group where the second one represents the index inside the group.

On the other hand, a lot of techniques have been proposed for self-reconfiguration
problem in MRS [182–187]. In [182], the authors have proposed a distributed scaffold-
based self-reconfiguration technique for MRS which is based on three models: scaf-
fold, local rules and coordination. First, the authors define the goal and the shape of
scaffold followed by a deterministic method to build the shape, based on a sandbox
of modules, and finally they generalize their technique into a set of self-reconfiguration
schemes that can be adapted to several structures. The authors of [183] propose
a reconfiguration framework applied at SuperBot-style modules. The idea behind
the proposed reconfiguration process is to the cube-shaped modules into a set of
module’s kinematic model in the form of a transition function. Then, the recon-
figuration process is divided into two levels: The top level that allows to move a
single module in the robot based on the Markov decision and the distributed dy-
namic programming; and, the lower level that accepts a transition function for the
kinematic model of the chosen module type as input. In [184], the authors propose a
self-reconfiguration technique for underwater MRS that consists of a cluster of con-
nected modular vehicles. The proposed technique uses Theta* algorithm adapted
to energy heuristics, with low restoring forces, in order to compute the order of ve-
hicle movements to change from a start to an end morphology. Finally, a multiple
attribute decision making (MADM) methodology for self-reconfiguration MRS has
been proposed in [185]. MADM uses 86 attributes of MRS and provides a preference
technique for coding, evaluation, comparison raking for a best self-reconfiguration
of a robot.

Unfortunately, although the proposed techniques and strategies carry many ad-
vantages and solve data storage and self-reconfiguration problem in MRS, but al-
most all have several drawbacks: 1) complexity which is not suitable to limited
resources of MRS; 2) they are interested either in data storage reduction or self-
reconfiguration but not both; 3) the proposed techniques are mostly dedicated to
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one type of robot but cannot be generalized to all ones. In this chapter, we pro-
pose an efficient and less complex data storage and self-reconfiguration mechanism
suitable for low resources robotic systems.

3.3 MRS Design

Indeed, the efficiency of any MRS is highly dependent on its ability to adapt its
morphology to the variation of the monitored environment. Hence, the DoF of the
modules plays a vital role in the designing of any MRS. In this section, our objective
is to first formulate the design of a MRS then we present real projects in MRS that
show the efficiency of design process in such system

3.3.1 MRS Notation

Typically, a modular robotic system consists of a set of µ modules, e.g. M =
{M1, M2, . . . , Mµ}, that are connected together, using connection mechanisms, in or-
der to cooperate and create the shape of the MRS, e.g. morphology. We define the set
of morphologies that a MRS can be configured to as follows: O = {O1, O2, . . . , Oθ},
where θ is the number of possible morphologies of a MRS. For instance, Oi ∈ O
could be a snack to crawl into restricted tunnels, a boat to cross a river, a hexapod
to explore harsh terrains, or a circle to traverse flat territories. Subsequently, each
module Mi ∈ M has some degrees of freedom Fi in order to allows MRS config-
uration from one morphology to another. Fi can be represented as a set of actions,
{F1, F2, . . . , Fα}, where α is the degree of freedom of the module and Fk ∈ Fi could
be mostly a rotate or a move (to left, to right, to top, to down) action. Finally, a MRS
can have a set of β detectors, e.g. D = {D1, D2, . . . , Dβ}, where each of them allows
to monitor the changing variation of one condition of the monitored environment
then to reshape accordingly.

3.3.2 Real MRS Designs

In MRS, one can find a huge number of robots that have been designed to various
types of applications. In order to show the efficiency of MRS design, our objective, in
this section, is to introduce some of the most real projects in MRS proposed recently
in the literature, while focusing on their designs.

In [188], a HyMod robotic system is designed which consists of 6 modules. Each
module has 3 rotational degrees of freedom ranging from −90 to +90 degrees. Hy-
Mod can take 4 morphologies (snake, wheeled vehicle, loop and crawler) and it can
be used in manipulator arm and omni-directional rover (Figure 3.1(a)). In [189],
the authors propose a soft modular robotic cubes (SMRC) which can be deployed
in terrestrial and underwater zones. In the terrestrial zones, SMRC uses 8 modules
to form 3 possible morphologies: worm, 2× 2× 2 cube and two legged machine.
Whilst, in the submerged water, SMRC uses more number of modules (from 8 to 24)
and generates several morphologies such as C-shape, T-shape, E-shape, etc. (Fig-
ure 3.1(b)). Indeed, the modules in both zones have 4 degrees of freedom (move to
left, right, top, down). In [190], the authors design ReBis robot, e.g. Reconfigurable
Bipedal Snake, which has the ability to configure to several walking morphologies
like square, rectangle, diamond, polygon, etc. (Figure 3.1(c)). ReBis consists of 8
modules with a single degree of freedom that revolute to ±120 degrees. In [191],
the authors propose a self-reconfigurable modular robotic system called Roombots
dedicated to adaptive furniture. Roombots can be transformed to many furniture
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morphologies like chairs, tables, stools (Figure 3.1(d)). To show its relevance, the
authors create a Roombot consisting in 4 modules with 6 degrees of freedom to per-
form both oscillatory movements and continuous rotation.

(a) HyMod (b) SMRC

(c) ReBiS (d) Roombots

FIGURE 3.1: Real projects in MRS with multiple morphologies.

3.4 Data Storage Reduction Phase

In MRS, the main objective of the robot is to adapt itself to variation of its envi-
ronments. Hence, a MRS uses a set of detectors in order to sense its surroundings,
locate its own position, and then transform to a specific shape to perform the re-
quired tasks [192,193]. Indeed, the continuous monitoring of the environment leads
to a big data collection problem that: 1) overloads the memory storage of the robot;
2) generates redundant data which complicates the decision making in the controller.
Therefore, in order to overcome these challenges, the first phase in our mechanism,
e.g. data storage reduction phase, aims to remove the redundancy exiting among
the collected data thus, save the storage space and facilitate data analysis.

3.4.1 Periodic Sensing Detection Model

In order to detect any change of its surrounding, detectors in MRS have to pe-
riodically sense the environment and send the collected data to the controller for
later analysis. In such periodic model, we assume that each detector Di ∈ D allows
MRS to monitor one environment condition during a period p then it forms a vector
Ri of τ readings as follows: Ri = [ri1 , ri2 , . . . , riτ

]. Therefore, during each period p,
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the detectors D of a MRS will form a matrix of readings with dimensions β× τ as
follows: 


D1 = r10 r11 . . . r1τ

D2 = r20 r21 . . . r2τ

...
...

... . . .
...

Dβ = rβ0 rβ1 . . . rβτ

Indeed, readings sensed by the detectors in successive slot times are mostly re-
dundant according to the variation of the monitored condition; more the condition
slows down more the redundancy is. Hence, in order to remove data redundancy
and reduce reading stored in MRS, we propose to aggregate similar readings while
preserving the dynamicity of the monitored conditions. According to the aggrega-
tion approach, the similarity between readings collected by a detector can be de-
termined based on a predefined threshold; if the difference between readings is less
than the threshold then the readings are considered similar. However, in order to en-
hance this approach which is already introduced in [194,195], we propose to extend
the aggregation process to several readings detectors at the same time. Therefore, as-
sume we have two vectors of readings Vi = [r1i , r2i , . . . , rβi ] and Vj = [r1j , r2j , . . . , rβ j ]
collected by D during two successive slot times and a set of predefined thresholds
ε = {ε1, ε2, . . . , εβ} then, we define the following function:

Sim(Vi, Vj) =


1 i f |r1j − r1i | ≤ ε1 & |r2j − r2i | ≤ ε2

& . . . & |rβ j − rβi | ≤ εβ

0 otherwise
(3.1)

Consequently, Vi and Vj are considered similar if the similarity function, e.g. Sim,
between them is equal to 1. Furthermore, the set of thresholds ε is heavily dependent
on the monitored conditions and their values should be determined by the experts.

Finally, we define the weight function, e.g. wgt, of a vector of readings Vi in order
to preserve the accuracy of the stored reading sets as follows:

Definition 1 Weight function, wgt(Vi). Given a vector of readings Vi collected by the set
of detectors D during a slot time. Then, the weight of Vi, denoted by wgt(Vi), represents the
number of vectors Vj that are similar to Vi according to the similar function (Sim(Vi, Vj)).

3.4.2 Data Storage Reduction Algorithm

In this section, our objective is to show which data collected by the detectors will
be saved in the storage space of a MRS using our reduction mechanism (Algorithm
1). In the first slot time, the readings collected by all detectors will be saved auto-
matically in the disk storage with a weight sets to 1 (lines 1-4). Then, for the later
collected readings, the controller will search the similarity between these readings
and those collected in the previous slot time; if the readings are similar according to
the Sim function then the controller removes the new readings while increasing the
weight of the previous readings by 1 (lines 6-8) otherwise, it adds the new collected
readings and initializes its weight to 1 (lines 9-11).
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Algorithm 1 Data Storage Reduction Algorithm.

Require: Set of detectors: D = {D1, D2, . . . , Dβ}; New readings vector collected
during the slot time t: Vt = [r1t , r2t , . . . , rβt ]; Set of thresholds: ε = {ε1, ε2, . . . , εβ}.

Ensure: Stored reading sets: V .
1: V ← ∅
2: if t = 1 // readings collected at the first slot time then
3: wgt(Vt)← 1
4: V ← V ∪ {(Vt, wgt(Vt))}
5: else
6: if Sim(Vt, Vt−1) == 1 then
7: wgt(Vt−1)← wgt(Vt−1) + 1
8: discard Vt;
9: else

10: wgt(Vt)← 1
11: V ← V ∪ {(Vt, wgt(Vt))}
12: end if
13: end if
14: return V

In order to illustrate the process of Algorithm 1, we assume three detectors (D1,
D2 and D3) collecting data during a period of 5 slots as shown in the below ma-
trix. Also, we assume the set of threshold values for all detectors as follows: ε =
{0.5, 1, 2}. First, the algorithm stores the first set of readings V1 with a weight of 1 in
V , e.g. V = {(V1, 1)}. Then, for the set V2, it searches its similarity with the set V1
using the function Sim; Sim(V1, V2) = 1 because |20.3− 20| ≤ 0.5, |34.5− 35| ≤ 1
and |121 − 120| ≤ 2. Then, we increase by one the weight of V1 while deleting
V2, e.g. V = {(V1, 2)}. The same process is repeated for V3 while we calculate its
similarity with the set stored in V , e.g. V1; again Sim(V1, V3) = 1 then the weight
of V1 is increased by one and V3 is deleted, e.g. V = {(V1, 3)}. Now, V4 and
V1 are not similar according to Sim thus we add V4 to V with a weight of 1, e.g.
V = {(V1, 3)(V4, 1)}. Finally, we calculate the similarity between V5 and the last set
stored in V , e.g. V4; since they are similar we add by one the weight of V4 and we
delete V5, e.g. V = {(V1, 3)(V4, 2)}. Subsequently, Algorithm 1 calculates the simi-
larity between sets of readings collected in sequential time slots in order to maintain
the temporally information of the stored data.

D1 D2 D3


t1 = 20 35 120 = V1
t2 = 20.3 34.5 121 = V2
t3 = 20.5 34 122 = V3
t4 = 21 33 130 = V4
t5 = 21 32 132 = V5

3.5 Self-Reconfiguration Decision-Making Phase

In MRS, the decision making is the main mission of the robot in order to self-
reconfigure its morphology to the surroundings. In the second phase of mechanism,
we propose an efficient model that allows MRS to take real-time decision to decide
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Score 3 2 1 0 1 2 3

𝑫𝟏 ≤ 𝒓1𝑙 − 2𝜹1 ]𝒓1𝑙 − 𝟐𝜹1, 𝒓1𝑢 − 𝟐𝜹1[ ]𝒓1𝑙 − 𝜹1, 𝒓1𝑢 − 𝜹1[ ]𝒓1𝑙 , 𝒓1𝑢[ ]𝒓1𝑙 + 𝜹1, 𝒓1𝑢 + 𝜹1[ ]𝒓1𝑙 + 𝟐𝜹1, 𝒓1𝑢 + 𝟐𝜹1[ ≥ 𝒓1𝑢 + 2𝜹1

𝑫𝟐 ≤ 𝒓2𝑙 − 2𝜹2 ]𝒓2𝑙 − 𝟐𝜹2, 𝒓2𝑢 − 𝟐𝜹2[ ]𝒓2𝑙 − 𝜹2, 𝒓2𝑢 − 𝜹2[ ]𝒓2𝑙 , 𝒓2𝑢[ ]𝒓2𝑙 + 𝜹2, 𝒓2𝑢 + 𝜹2[ ]𝒓2𝑙 + 𝟐𝜹2, 𝒓2𝑢 + 𝟐𝜹2[ ≥ 𝒓2𝑢 + 2𝜹2

... … … … … … … …

𝑫𝜷 ≤ 𝒓𝛽𝑙 − 2𝜹𝛽 ]𝒓𝛽𝑙 − 𝟐𝜹𝛽, 𝒓𝛽𝑢 − 𝟐𝜹𝛽[ ]𝒓𝛽𝑙 − 𝜹𝛽 , 𝒓𝛽𝑢 − 𝜹𝛽[ ]𝒓𝛽𝑙 , 𝒓𝛽𝑢[ ]𝒓𝛽𝑙 + 𝜹𝛽 , 𝒓𝛽𝑢 + 𝜹𝛽[ ]𝒓𝛽𝑙 + 𝟐𝜹𝛽, 𝒓𝛽𝑢 + 𝟐𝜹𝛽[ ≥ 𝒓𝛽𝑢 + 2𝜹𝛽

FIGURE 3.2: Score table.

which morphology, among its set of morphologies, is the most suitable to the cur-
rent surrounding status. In the next sections, we detail the two main pillars of the
decision-making self-reconfiguration phase: Score table and Fuzzy set.

3.5.1 Score Table (ST)

The score table (ST) is a customizable guide used by the robot controller in or-
der to determine the criticality of each monitored condition. The main target of ST
is to allow early recognition of events that alert the MRS to change its current con-
figuration to a new one that is suitable to the surrounding. Basically, ST defines a
normal range of readings, e.g. ]ril , riu [, sensed by each detector Di. Readings outside
of this range are assigned a weighted score indicating the criticality degree of the
collected readings; more the reading is deviated from the range, more the criticality
degree is. Fig. 3.2 shows the score table that determines the severity of the collected
readings. After determining the lower (ril ) and upper (riu ) bounds of the normal
range, a threshold δi is defined in order to determine the deviation of the readings
from the normal range. δi is a user-defined threshold determined according to the
application requirements. Finally, we define the set of all detector thresholds as
δ = {δ1, δ2, . . . , δβ}.

3.5.2 Event-Sensing Decision Making

Sometimes, the robot should be reconfigured according to a sudden event in the
monitored environment. For instance, if the robot moves in a forest and a fire is
detected then it should change its morphology in order to protect itself and avoid
possible failure. Hence, a real-time analysis must be performed to quickly adapt
to the happened events. Assume we have a set of predefined events, noted as
E = {E1, E2, . . . , Eγ}, where each of them imposes MRS to adapt itself to a unique
morphology Oi ∈ O. Indeed, each event Ei is highly dependent on the reading
severity collected by the detectors D. Thus, Ei can be represented as [s1i , s2i , . . . , sβi ]
where ski is the score, calculated according to the score table, of reading rki collected
by the detector Di during the current slot time. Therefore, the set of events E can be
converted to a matrix of events MoE as follows:

D1 D2 . . . Dβ


E1 = s11 s21 . . . sβ1

E2 = s12 s22 . . . sβ2
...

...
... . . .

...
Eγ = s1γ s2γ . . . sβγ

Subsequently, assume the set of detectors D collect the vector of readings Vi =
[r1i , r2i , . . . , rβi ] during a slot time, where rki corresponds to detector Di ∈ D. First, the
controller finds the score of each reading in Vi according to ST and forms a vector of
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scores Sj = [s1j , s2j , . . . , sβ j ]. Then, it calculates the Euclidean distance (ED) between
Sj and every event in MoE (Equation 3.2); more the distance between Sj and Ei is
smaller more the readings indicate the event. Thus, the controller will change the
morphology of the MRS to Oi that corresponds to the minimum distance to the event
Ei.

ED(Sj, Ei) =

√√√√ β

∑
k=1

(ski − sk j)
2 (3.2)

where ski ∈ Ei and sk j ∈ Sj.
Formally, Algorithm 2 shows the event-sensing decision making process applied

after collection of readings at each slot time. Briefly, the controller calculates the
score of each collected reading based on the score table (lines 1-5). Then, it searches
the minimum Euclidean distance between the score vector and all the predefined
events (lines 6-13). Finally, the controller finds the suitable morphology corresponds
to the detected event then it sends signal to the actuators of modules in order to self-
reconfigured to the desired shape.

Algorithm 2 Event-Based Decision Making Algorithm.

Require: Set of detectors: D = {D1, D2, . . . , Dβ}; New readings vector collected
during the slot time t: Vt = [r1t , r2t , . . . , rβt ]; Matrix of events: MoE = {E1, E2, . . . , Eγ}.

Ensure: New morphology: Oi.
1: Sj ← ∅
2: for each reading rit ∈ Vt do
3: calculate score sit of rit

4: Sj ← Sj ∪ {sit}
5: end for
6: index = 1
7: EDmin = ED(Sj, E1)
8: for each event Ei ∈ MoE do
9: if ED(Sj, Ei) < EDmin then

10: index = i
11: EDmin = ED(Sj, Ei)
12: end if
13: end for
14: return morphology O correponds to Eindex

3.5.3 Periodic-Sensing Decision Making

Sometimes, the real-time decision taken by the robot will not be correct due to
two reasons: first, a false event is happened or, second, erroneous data is captured
by the detectors. This leads to change the MRS morphology to unsuitable shape and
still until the next occurred event. Therefore, in order to overcome this problem,
we propose to periodically check the MRS morphology according to the collected
data; thus, the MRS will be reconfigured to the suitable morphology at the end of
the period. Our decision-making mechanism is based on the Fuzzy sets and aims to
select the best morphology decision among a set of them.

1. Fuzzy Sets: Typically, a fuzzy set consists of several elements where each of one
has a degree of membership. Let assume a set of readings Ri = [ri1 , ri2 , . . . , riτ

]
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collected by a detector Di during a period p, where Si = [si1 , si2 , . . . , siτ
] is the

set of calculated element scores. Then, we define the fuzzy set of Ri as follows:
Zi = {(si, msi), such that i ∈ [0, 3]}, where msi is the degree of membership of
si that can be calculated according to the following equation:

msi =
wgt(si)

∑3
k=0 wgt(sk)

(3.3)

where wgt(sk) is the weight of sk in Si. Thus, in this case, the weight function
represents the degree of membership of each score in Si. For instance, if Si =
[1, 0, 0, 1, 1, 2, 2, 3, 1, 0] then Zi = [(0, 0.3)(1, 0.4)(2, 0.2)(3, 0.1)].

Accodingly, we calculate the fuzzy sets for all reading vectors collected by the
detectorsD during a period p, e.g. Z = {Z1, Z2, . . . , Zβ}where Zi corresponds
to Ri collected by Di. Then, in order to check the accuracy of the selected
morphology, we propose to calculate the strength of the occured event. This
will allow the MRS to periodically check if the current morphology is the most
suitable for the monitored condition. According to MoE, an event Ei is defined
as [s1i , s2i , . . . , sβi ] where ski corresponds to the detector Dk. Then, we define
the strength of Ei as follows:

GEi = min(
3,β

max
j=0,k=1

(msj × e−(sj−sik
)2
)) (3.4)

Based on the above equation, the max function is used to find the exponen-
tial distances to each event in MoE and the min function finds the weakest
distance among the calculated ones. Furthermore, the max function allows
to remove readings that either have low confidence/membership or large dis-
tance to the ideal value for each detector. Also, the min function tries to find
out the strength of a decision/event with the strength of its weakest condition
reading. It is important to notice that other aggregate functions could be used
like the mean instead of the min and the max functions.

2. Periodic-Sensing Decision-Making technique: Algorithm 3 describes the deci-
sion making technique which is applied by the controller at the end of each
period. The algorithm takes the sets of readings collected by all detectors dur-
ing a period (and saved at the controller where the process takes place) as
well as the list of possible events and it returns the morhology suitable to the
current monitored status. First, the controller calculates the score set for each
collected reading set then it finds its corresponding fuzzy set (lines 1-9). After
that, the conroller searhes for the strongest decision for each event according
to the equation (4) (lines 10-18). Finally, it decides about the most suitable
morphology based on the strongest decision.

3.6 System Demonstration and Results Discussion

In order to evaluate our proposed mechanism, we consider a scenario of a MRS
which consists of three detectors, e.g. D = {temperature, salinity, humidity}. Ac-
cordingly, we assume that the robot can be reconfigured to three morphologies O =
{boat, wheel, snake}; the boat shape is suitable for missions in ocean (detecting mines,
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FIGURE 3.3: Customizable score table.

water currents, etc.), the wheel is used in flat surfaces, and the snake shape is used
in narrow places like tunnels. In our simulation, we used real sensing data collected
from Intel Berkeley lab [196] and Argo project [197]. We fixed the period size τ to 100
readings and we varied the thresholds of temperature, salinity and humidity accord-
ing to following cases: ε1 = 0.2, ε2 = 0.5, ε3 = 0.75, ε4 = 1. Furthermore, we fixed
the thresholds of score table to δ = {1.6, 3.3, 0.16} thus the score table is assumed as
shown in Fig. 3.3. The effectiveness of our mechanism is tested and compared to a
data compression technique (S-LEC) proposed recently in [181].

Algorithm 3 Periodic-Sensing Decision-Making Algorithm.

Require: Set of detectors: D = {D1, D2, . . . , Dβ}; Set of readings: R = {R1, R2, . . . , Rβ};
Matrix of events: MoE = {E1, E2, . . . , Eγ}; Period: p.

Ensure: New morphology: Oi.
1: S ← ∅
2: for each reading set Ri ∈ R do
3: Si ← ∅
4: for each reading rij ∈ Ri do
5: calculate score sij of rij

6: Si ← Si ∪ {sij}
7: end for
8: calculate Zi of Si based on equation (3)
9: end for

10: index = 1
11: Gmin = GE0 //GE0 is calculated based on equation (4)
12: for each event Ei ∈ MoE do
13: calculate GEi

14: if GEi < Gmin then
15: index = i
16: Gmin = GEi

17: end if
18: end for
19: return morphology O correponds to Eindex

In addition, in our scenario, we assumed two events in order to test the efficiency
of event-sensing decision making algorithm as follows:

D1 D2 D3( )
E1 = 1 2 1
E2 = 0 0 1
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3.6.1 Selection of Thresholds

Obviously, the efficiency of our mechanism is highly related to the selection of
threshold sets ε and δ. From one hand, increasing the values of ε in Sim function
leads to decrease the amount of data stored in the MRS, and vice versa. On the other
hand, the lowest the values of δ-thresholds are, the better accuracy and relevant de-
cisions and analysis could be made in the MRS, and vice versa. Therefore, selecting
the appropriate values of thresholds is very essential in our mechanism. Indeed, we
believe that these values should be determined by the decision makers or experts de-
pending on the application requirements. For instance, in critical applications like
healthcare and disasters, thresholds must be lower than weather monitoring appli-
cations. Therefore, these parameters are based on the application criticality and the
studied phenomenon. After selecting their values, the decision makers assign the
thresholds accordingly into all detectors in MRS prior to deployment.

3.6.2 Data Storage Reduction Study

In this section, we show the efficiency of the first phase of our mechanism in
terms of reducing the amount of data collected and stored in the MRS, compared to
S-LEC technique. Fig. 3.4 shows the percentage of remaining data after applying the
first phase when varying the threshold values as mentioned in the simulation de-
scription. The obtained results show that our data storage algorithm can reduce the
data storage more than S-LEC in all cases, except for a small value of ε (e.g. ε1 = 0.2).
Subsequently, our algorithm reduces the stored data from 85% to 90% compared to
S-LEC technique. We can also notice that our phase is more efficient when increasing
the value of the thresholds from ε1 = 0.2 to ε4 = 1. This is because the redundancy
among data collected increases when ε increases thus our algorithm remove more
data.

With S-LEC With data reduction storage
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FIGURE 3.4: Amount of data stored in MRS.

Fig. 3.5 shows the variation of data stored in MRS during 10 periods of simu-
lation compared to those obtained with S-LEC, according to the various threshold
values ε1 to ε4. First, we show that, in both techniques, the amount of data storage
varies from period to another dependently of the redundancy among the collected
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data; more the redundancy among the collected data is, more our algorithm will re-
duce the amount of stored data as well as more the data is compressed using S-LEC.
This means that the monitored condition is not fixed and it dynamically changes
over time. Second, we can clearly show the efficiency of the proposed reduction
mechanism compared to S-LEC in almost all periods, except for a small value of ε.
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FIGURE 3.5: Amount of data stored in MRS during period progress.

3.6.3 MRS Morphologies Variation during Periods

Fig. 3.6 shows the efficiency of the decision making phase proposed in our mech-
anism in terms of adapting MRS morphologies according to the dynamic of the mon-
itored surroundings. As mentioned before, the scenario simulates three robot mor-
phologies (wheel, boat and snake). Indeed, the obtained results show that the robot
only changes its shape to two of them, e.g. wheel and boat, during 10 periods of
surrounding monitoring. As shown, the robot takes the wheel shape during the first
three periods which means that it is moving in terrestrial/flat environment. Then,
the morphology is changed to boat indicating that the robot meets an ocean or water-
based environment. Lastly, the robot rechanged its morphology to the wheel shape
according to the changing of the water environment.

3.6.4 Variation of Decision Strength during Period Progress

In MRS, taking the right morphology that suits the surrounding is on if the crit-
ical mission for the robot. Otherwise, unsuitable morphology may lead to degrade
the robot itself. In our mechanism, the morphology adaptation is highly dependent
on the decision strength calculated on the second phase. Fig. 3.7 shows the variation
of the strength of decision during each period to select the suitable robot morphol-
ogy among wheel, snake and boat. The results show a high accuracy of our proposed
mechanism in terms of deciding about the suitable morphology in each period. For
instance, in the first three periods, the decision strength of wheel shape is very large
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FIGURE 3.6: Variation of robot morphologies during periods.

compared to those for other morphologies. This confirms the behavior of our mech-
anism and shows its efficiency for self-reconfiguration MRS.
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FIGURE 3.7: Decision strength variation during periods.

3.6.5 Surrounding Criticality Variation Study

Finally, we study the variation of the surrounding criticality in terms of the score
of readings collected at every period (Fig. 3.8); more the reading scores are more the
surrounding is critical. The obtained results are highly dependent on the decision
strength shown in Fig. 3.7. First, we can observe the criticality of the surrounding
is dynamically changed from period to another as well as within the same period.
For instance, in period 4, we clearly show that the surrounding criticality is changed
to low, medium and high simultaneously. Second, we also observe that the reading
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FIGURE 3.8: Surrounding criticality variation during periods.

scores are mostly varied to 1 and 2 which means that the criticality of the surround-
ing is almost at medium level.

3.7 Conclusion and Future Work

MRS is a promising domain that allows to build swarms of robots which can
choose the right configuration for whatever jobs they are called on to do. Hence,
sensing data analysis and self-reconfiguration challenges will take more attention
from researchers. In this chapter, we have proposed an efficient mechanism for data
storage and decision making in modular robotic systems. Our mechanism consists
of two phases: data storage reduction and self-reconfiguration decision-making.
Whilst the objective of the first phase is to reduce the amount of data stored in the
MRS by performing aggregation, the second phase uses the fuzzy logic model in
order to allow MRS to self-reconfigured according to the variation of the monitored
environments. Through simulation on real detector data, we demonstrated the effi-
ciency of our mechanism in terms of data storage and self-reconfiguration decision.
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Chapter 4

RUN: A Robust Cluster-Based
Planning for Fast
Self-Reconfigurable Modular
Robotic Systems

There are several challenging technological and theoretical research issues that
need to be addressed before putting modular reconfigurable robotic systems into
work. In order to achieve configuration independence, a MRS must extend the no-
tion of modularity to include mechanical design, electronics design, control algo-
rithms, software, and communications. However, the most fundamental challenge
for the MRS functionality id the self-reconfiguration process. By definition, self-
reconfigurability refers to the transitions of MRS from one shape to another accord-
ing to the monitored surroundings and without the intervention of humans. Hence,
creating self-reconfiguring robot systems poses many engineering issues. These is-
sues are centered around designing the basic self-reconfiguring module and the
inter-module connections, and aggregating distributed systems from these modules.
In this work, we focus on the self-reconfiguration challenge in MRS and we propose
a novel mechanism called Robust clUster-based plaNning, referred to RUN, for fast
self-reconfigurable modular robots. The proposed mechanism aims to reduce the
communication overhead between the modules by group them into a set of clus-
ters before applying the self-reconfiguration process. Basically, RUN works on two
stages: module selection and module communication. In the first stage, we select a
set of modules, called as cliques, according to several criteria then the whole mod-
ules are divided into clusters based on the number of connections between modules
and cliques. Once the clusters are formulated, we introduce two algorithms in the
second stage; the inter-module algorithm that allows an efficient communication be-
tween the cliques of the clusters and the intra-module algorithm that reduces the
communications between modules in the same clusters. We show the efficiency of
RUN in terms of communication reduction and fast reconfiguration process, through
simulations on Roombots compared to other exiting techniques.

4.1 Introduction

The twentieth century has witness a revolution in the technology sector that
highly affects our lives and those of the future generations. Thanks to such revo-
lution, a huge number of smart devices have emerged and used everywhere moving
most of the daily tasks to machines. Particularly, robotics is one the most affected
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domains by the technology revolution due to the great advancements in mechan-
ical and electrical materials. Thus, new features have been added to the robots
that totally changes their traditional working way and makes them smarter. One
of such features is the self-reconfiguration process that allows the robot to take sev-
eral shapes, called morphologies, according to the variation of surrounding in which
it exists and the task to be accomplished. This leads to a new generation of robots
known as modular robotic system (MRS). One of the most advantages of the MRS
is that it can be programmed to carry out several missions and tasks, which are too
complex, dangerous, dirty or boring for humans. Hence, MRS has found its way
quickly into a great number of applications including rescue, healthcare, manufac-
turing, reconnaissance and military missions

Generally, a MRS consists of a set of independent modules, each of them is
equipped with a battery. In addition, each module has the ability to sense the envi-
ronment, compute the collected data and move on the space according to some de-
grees of freedom. Thus, the transitions of the module positions allow the MRS to be
reconfigured from an initial morphology to the desired one. Such self-reconfiguration
process acts as the most central activity of MRS and it is considered as the main
challenge for such technology [198–200]. From one hand, modelling and control-
ling the self-reconfiguration is an extremely hard task and it is a costly operation
in terms of time and computation. On the other hand, the self-reconfiguration re-
quires a massive number of communication between modules when transferring to
a new morphology. Furthermore, this challenge becomes more crucial when the
MRS contains a high number of modules or the applications require a fast transi-
tion between morphologies. Therefore, designing new planning and mechanisms
for self-reconfiguration process has becoming essential for MRS.

In the literature, one can find various centralized and decentralized control mod-
els that have been proposed for self-reconfiguration MRS [201–204]. Although such
models show a great potential by offering a smoothing transitions between mor-
phologies but they mostly suffer from the processing needed to perform such tran-
sitions. In this chapter, we take advantages from both centralized and decentralized
models and we propose a fast self-reconfiguration mechanism for modular robotics
called RUN, Robust clUster-based plaNning. RUN aims to minimize the communi-
cation overhead between the modules and enhance the configuration process during
the transition between MRS morphologies. Mainly, RUN is based on the clustering
of modules and it consists of two stages which can be described as follows:

• The first stage called as module clustering and aims to group the modules into
a set of clusters while assigning a special module for each cluster known as
clique.

• The second stage called as module communication and allows an efficient com-
munication with and within clusters through two proposed algorithms named
as inter-module and intra-module respectively.

• We tested the performance of RUN through simulations on real robot, known
as Roombots, and we demonstrated its efficiency in terms of complexity, over-
head communication, optimality (minimum number of steps), and time effi-
ciency.

The rest of the chapter is organized as follows. Section 4.2 gives an overview
about the existing work for self- reconfiguration in MRS. Section 4.3 formulates the
problem of self-reconfiguration and defines some terminologies used in MRS de-
sign. In section 4.4, we detail the RUN mechanism with the two proposed stages.
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The system demonstration and the results are presented in Section 4.5. Finally, we
conclude the chapter and provide directions for future work in section 4.6.

4.2 Self-Reconfiguration: A Background

Nowadays, MRS is a widely studied research field and it has been extensible
reviewed in many publications [205,206]. The self-reconfiguration takes a great at-
tention from researchers as the major challenge facing the deployment of modular
robotics. Thus, a significant number of works have been proposed to study and an-
alyze the transition of relative positions of modules to allow the robotic to take the
suitable morphology and meet the surrounding requirement. Recently, the authors
of [207] and [208] give an extensive overview of the current state-of-the-art of self-
reconfiguration models and algorithms proposed for MRS while comparing their
sufficiency according to several metrics.

The authors of [209–215] propose centralized models for self-reconfiguration in
modular robotics. In [209], the authors propose an optimal planning framework
(OPF) based on search algorithms for self-reconfiguration of Roombots. OPF uses
four approaches (e.g. conventional search heuristic, transition model, offline compu-
tation and pruning strategies) in order to reconfigure the modules whether they are
connected or disconnected in the space. The main goal of such mechanism is to re-
duce the reconfiguration complexity, the number of transitions, and the time needed
in changing the morphology. The authors of [210] propose a self-reconfiguration
technique for 2D square grid MRS where each module occupies a grid in the space.
Then, in order to convert the 2D-MRS from one morphology to another, the authors
introduce two parallelism-based models for specific and universal centralised trans-
formations with and without preserving the connectivity of the original shape. In
[211], the authors uses a tool called Petri nets for task planning and execution in
modular robotics. Mainly, Petri nets consists of higher-level and lower-level MRS
controllers; the first controller executes a global net model of task plan representing
cooperative behaviors performed by the modules while the second controller per-
forms a synchronization of the module activities through the transmission of status
requests between them. Lastly, the authors of [212] propose a virtual pheromone
(VP) base network data flow control for efficient communication in MRS. The pro-
posed technique uses a gradient routing algorithm with an edutainment game to
find the optimal path selection between the communicated modules in order to re-
configure the robotic systems.

The authors of [216–222] propose decentralized models for self-reconfiguration
in modular robotics. In [216], the authors propose a tunneling-based algorithm
for reconfiguration of cubic modular robots in severe space requirements. Unlike
existing methods, the proposed algorithm removes the limitation on the arrange-
ment of the initial and desired morphologies and is available for cases with multi-
overlapped parts between both morphologies. Furthermore, the proposed tunneling-
based reconfiguration uses the meta-modules in order to maintain the connectivity
and mobility of the MRS structure. The authors of [217] propose a deterministic and
distributed method for fast reconstructing the scaffold of a MRS based on a set of
rotating-only modules. The proposed method relies on the face-centered-cubic lat-
tice structure and operates at two levels of planning. The first level aims to schedule
the configuration of the scaffold modules to void deadlocks while the second level
allows handling the transition of modules to avoid collisions. In [218], the authors
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propose a self-reconfiguration framework that combines between a cluster-flow lo-
comotion based on cellular automata and a decentralized local representation of the
spatial geometry based on membrane computing. The proposed framework intro-
duces both theoretical and practical sides for self-reconfigurable robots; on the first
side, it provides an abstract presentation of the robots while, on the second side, it
develops of new abilities of physical robots inspired by the local relative position
of the modules and the local encapsulation of the information. Lastly, a biologi-
cal method inspired by the plant growth for the distributed self-reconfiguration of
UBot systems has been proposed in [219]. First, the reconfiguration process can con-
verge to the target morphology based the implementation of L-systems and turtle
interpretations. Then, a set of reproduction rules are parameterized to introduce the
influence to the reconfiguration process by distributed modules’ local sensing.

Despite both centralized and decentralized models provide good solutions for
self-reconfiguration in modular robotics, they mainly suffer from several drawbacks.
First, most of them are highly time consumed during the reconfiguration process
which is not suitable for many MRS applications, especially the critical ones. Sec-
ond, the self-reconfiguration models proposed in most of the works are dedicated to
one type of modular robot and cannot be generalized to other ones. Third, the com-
putation complexity in the most models are at high level and are suitable to the lim-
ited MRS resources. In this chapter, we take advantages from both centralized and
decentralized aspects and we propose a fast and robust self-reconfiguration model
for robotic systems. Our mechanism may be implemented in almost all modular
robotic types as well as it is very scalable to the increase number of modules. Fur-
thermore, the proposed model consists of a set of low complexity algorithms, al-
lowing an efficient communication between the modules, that work on two stages:
module selection and module communication

4.3 Problem Formulation and Terminologies

The self-reconfiguration ability is totally changed the definition of the traditional
robotic and allows the emergence of MRS with prominent features including adapt-
ability, expansibility, versatility and robustness. By definition, the self-reconfiguration
problem can be settled as follows: given an initial and goal morphologies, the modular
robotic has to find the sequence of module moves that allow its reconfiguration from
the first morphology to the second one. This requires a massive communication be-
tween the modules in order to rearrange their connectivity to autonomously adapt to
new circumstances or perform new missions. For instance, the modular robotic can
change into a snake-like morphology to go through a narrow pipe, transform into
a spider-like to cross the harsh landscape, or reorganize as a loop to move rapidly
over a flat ground. Hence, the performance of the MRS is highly dependent on the
dexterity of modules, thus designing new modules with excellent abilities of loco-
motion and manipulation has become essential to increase the dynamicity of robotic
systems.

Mathematically, we define a modular robotic system, B, as a set of independent
modules as follows: B = {M1, M2, . . . , Mµ}, where µ is the number of total mod-
ules. By connecting together, the modules can take several shapes that form the set
of robotic morphologies, e.g. O = {O1, O2, . . . , Oθ}; θ is the number of possible
morphologies (like flag, rolling, snake, etc.) defined prior to the application require-
ments and the dynamic of the module configuration. Subsequently, each module
Mi ∈ B is defined according to its components or its configuration ability. From one
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hand, Mi can be seen as an independent robot consisting of several components that
mainly include motors, sensors, actuators, control and transmission units. On the
other hand, Mi has some flexibilities regarding its reconfiguration which is mostly
known as degree of freedom. We assume that each module has a α degrees of free-
dom represented as follows: Fi = {F1, F2, . . . , Fα}. In most existing robotic systems,
Fj ∈ Fi indicates an action of rotation (for some angle degrees to any direction) or
move (to left, to right, to top, to down). Thus, more the value of α is, more the
robotic system can take morphologies. Furthermore, we consider that each mor-
phology Oi is represented according to the module positions Pi = {p1, p2, . . . , pµ}
in a 3D plane; pk is the coordinates of the module Mk where pk = {xk, yk, zk}. There-
fore, the problem of self-reconfiguration in MRS is formulated as the transition from
a morphology Oi to another one Oj by moving the module positions from Pi to Pj.

4.4 RUN Mechanism

In MRS, the transition between morphologies is challenging task due to several
reasons: first, it requires a massive communication between the modules to reach the
target morphology. Second, it takes a significant processing time to self-reconfigure
the robotic, which becomes crucial in critical applications. Third, it consumes the
limited available energy of modules. Therefore, in order to ensure a long MRS func-
tionality, we have to conserve the module energies by reducing the communica-
tion overhead and the processing time that consume most of their energies. In the
next sections, we describe the RUN mechanism that consists of two stages aiming to
provide an efficient communication between the modules and saving their battery
power.

4.4.1 Module Clustering Stage

In the first stage, we aim to classify the modules into clusters before performing
their transitions. To do that, we first select a set of modules to act as cliques for the
robot. A clique module is responsible to ensure an efficient communication between
the whole modules during the self-reconfiguration process. On one hand, this will
allow to reduce the number of messages transmitted between the modules and, on
the other hand, to minimize the number of transitions made by each module (thus
saving its energy). The module clustering stage takes into account several parame-
ters to select the clique modules described as follows:

• The neighbors correlation: the spatial correlation plays an important role in the
configuration of the robotic. Thus, the more the modules are geographically
closer, the more the modules are spatially correlated. Hence, the spatial corre-
lation does not mean the modules that are directly connected but those having
a short path between them and they do not overload the system during the
message exchange. Therefore, we propose to set a threshold n that allows to
determine the set of neighbors for each module. Subsequently, two modules
Mi and Mj are considered spatially correlated if the shortest path length, e.g.
the number of modules, between them is less than n. Accordingly, we define
|Mi| as the number of neighbors of the module Mi.

• The transition steps: it is defined as the number of actions made by each module
Mi to reshape the robotic from its current morphology Oj to the desired one Ok.
Indeed, the transition steps are highly dependent on the degree of freedom of
the module where the step may be any move or rotate action performed by the
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module. Hence, we define the variable Ai as the transition steps or the number
of actions required by a module Mi to switch from Oi to Ok.

• The battery power: in MRS, each module is equipped with a small battery that
cannot be mostly replaced or recharged especially in harsh or hostile envi-
ronments. Commonly, the battery is consumed during the module transition
or the transmission of data. Hence, in order to save its available energy, the
module must minimize its data transmission and reduce the number of tran-
sitions during the self-configuration. Therefore, the clique modules should be
selected among those having more power than the others to efficiently manage
the power constraint of a modular robotic. In this stage, we define a threshold
I (in joules) allowing to check if the residual energy, Eri, of the module Mi is at
high or low levels; subsequently, Mi is considered at a high energy level if its
residual energy is greater than Eri; otherwise, it is considered at a low battery
power.

Based on the above parameters, a module is selected to be a clique node if it
meets the following three rules:

• It has a higher number of neighbors compared to other modules as follows:

|Mi| ≥ N, where N ∈ [1, µ] (4.1)

• It requires a less number of actions to switch from morphology to another as
follows:

Ai ≤ T (4.2)

• It has a high level of energy power as follows:

Eri ≥ I (4.3)

where N, T and I are three thresholds defined by the experts for the number of
neighbors, the number of actions and the residual energy respectively. The values
of all thresholds are highly dependent on the number of robotic modules and the
application requirements.

Algorithm 4 describes the process of the module clustering adopted in RUN
mechanism. The algorithm takes, as input, the set of cliques Q = {Q1, Q2, . . . , QK}
and returns the set of module clusters C = {C1, C2, . . . , CK}, where K is the number
of obtained clusters. For each module Mi in the robotic system, the algorithm finds
the shortest path from Mi to each selected clique according to the number of mod-
ules between them (lines 1-3). Then, the module is assigned to the cluster having
the minimum path length to its clique (line 4). The process is repeated until all the
modules are grouped into clusters.

Algorithm 4 Module Clustering Algorithm.

Require: Set of modules: B = {M1, M2, . . . , Mµ}; Set of cliques: Q = {Q1, Q2,
. . . , QK}.

Ensure: Set of module clusters: C = {C1, C2, . . . , CK}.
1: for each module Mi ∈ B do
2: for each clique Qj ∈ Q do
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3: calculate the length n for the shortest path between Mi and Qj
4: assign Mi to the cluster Ck having the minimum value of n
5: end for
6: end for
7: return C

4.4.2 Module Communication Stage

Once the module grouping is done, the communication process is starting in or-
der to provide an efficient transition between morphologies. The second stage, e.g.
module communication, in our mechanism aims to reduce the number of transi-
tions to conserve the modules’ energies and ensure a fast self-reconfiguration of the
robotic. Given a transition from Oi to Oj, this stage allows two types of communi-
cations to switch the modules from their current positions to the new ones: inter-
module and intra-module communications. In the next sections, we detail each type
of communication.

Inter-Module Communication

In this step, we propose an efficient scheme for data communication between
the cliques of the clusters. Our objective is to minimize the number of transmitted
messages in the robotic system to avoid packet congestion and save the module
energy. The proposed scheme works according to the following steps:

• Graph construction: we consider the robotic system as a connected graph G (V ,
E ): V is the set of vertices representing the modules and E is the set of edges
that connecting such modules. Indeed, two vertices are linked with an edge
if their corresponding modules are connected directly on the 3D plane. Thus,
the cost of any edge is set to one because of the one-step spatially correlated
between the modules, e.g. n = 1.

• Tree formulation: this step aims to convert the graph into a tree while consid-
ering the shortest paths between the modules. Hence, we propose to use the
Dijkstra’s algorithm [223] that allows to find the shortest paths between nodes
in a graph and transform it into a minimum spanning tree. Basically, Dijkstra’s
algorithm works on two steps: first, it selects a vertex as the source node then it
finds shortest paths from the source to all other nodes in the graph, producing
a shortest-path tree. In our mechanism, we select the clique module having the
most residual energy as the source node and it is considered as the root of the
tree. After that, the source node sends broadcast messages to all modules in
order to find shortest paths to other cliques based on the Dijkstra’s algorithm.

• Cliques communication: once the tree is constructed, the communication be-
tween the cliques is started to determine the transitions needed to switch to
the new morphology. Indeed, each clique is responsible to manage the transi-
tions of modules inside its cluster. Moreover, it is important to notice that the
selection of cliques and the construction of tree will differ from one transition
to another depending on the residual energies of the modules. This will lead
to balance the energy consumption of the whole robotic system and increase
its lifetime.
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Intra-Module Communication

Obviously, the number of cliques is controlled by the experts by adjusting the
values of parameters defined in the module clustering stage. However, the number
of modules may vary from application to another and could be of a high number
especially in critical and multi-task applications. This will lead to complicate the
mission of the clique when managing a significant number of modules in a cluster.
In this section, we propose an intra-module communication mechanism based on
the tree structure that allows an efficient transition of modules inside each cluster.
In the proposed scheme, the clique is considered as the root of the tree while the
modules are reorganized into parent-child relationships.

Indeed, the construction of any tree suffers from the number of relayed packets
that can deplete the available energy of modules. Particularly, the modules having
more children or those close to the clique will be firstly died because of the significant
number of relayed packets. In order to overcome such problem, we propose an
energy-balanced and communication-efficient tree that maximizes the lifetime of the
MRS and provide a fast reconfiguration process of their modules. The proposed tree
is constructed with respecting to the following properties: first, the modules with
low residual energy should have less number of children to forward less number
of packets; second, the modules with high residual energy are penalized to have
more children and perform more transition steps to reshape the robotic system. By
achieving that, the residual energy of all modules will be maximized and the energy
consumption during each reconfiguration will be minimized.

The first step to construct our tree is to convert the modules inside each cluster
into a connected graph where two modules are connected if they have a direct con-
nection between them. Then, the weight WEi,j of an edge Ei,j connecting the modules
Mi and Mj is calculated according to the following equation:

WEi,j =
Eri

Epi + Emi
(4.4)

where:
• Eri is the residual energy of the module Mi.

• Epi is the energy consumed in the module Mi during the transmission and
receiving of packets.

• Emi is the energy consumption needed to move the module Mi to its final
position.

Based on the equation 4.4, the Algorithm 5 shows the process of the tree construc-
tion in respecting to the above properties. First, the clique module is added to the
tree T as the root of the cluster. Then, a module Mj is added to T if its corresponding
edge Ei,j has a minimum energy cost as follows:

Eci,j = Eti +
1

WEi,j

(4.5)

where Eti is the total energy cost during the data transmission from the module Mi
to the clique through the shortest path. Subsequently, the selection of the minimum
cost edge will maximize the tree lifetime and balance the module energies according
to the following facts:

• If the number of packets communicated between the modules Mi and Mj is
small then the weight of edge WEi,j tends to be high. This will decrease the
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value of 1
WEi,j

and the module Mj will have high possibility to be added to the

tree and connect to Mi. Hence, our objective of minimizing the energy con-
sumption of the modules will be verified at each reconfiguration. In a similar
way, the same consequences will be obtained if the number of transitions per-
formed by the module Mi is minimized.

• If the residual energy of the module Mi is high then the weight of edge will
tend to be high which decreases the value of 1

WEi,j
. In this case, the value of Eti

needed to reach the clique will be decreased which leads to increase the possi-
bility of the module Mj bein added to the tree.

Algorithm 5 Intra-Module Communication Algorithm.

Require: A clique: Qi; Cluster of modules: Ci = {M1, M2, . . . , Mk}; A connected
graph: G = (V , E).

Ensure: A tree: T .
1: T ← T ∪ {Qi}
2: // set the total energy cost of each module to 0
3: for each module Mq ∈ Ci do
4: Etq = 0
5: end for
6: repeat
7: find the edge Ei,j having the minimum Eci,j
8: T ← T ∪ {Mj}
9: Etj = Eti +

1
WEi,j

10: until (no more modules in V)
11: return T

4.5 Simulation and Results

In order to evaluate its efficiency, we tested our mechanism on one of the most
used MRS proposed in recent years, e.g. Roombots [224]. Indeed, Roombots is char-
acterized by its high flexibility and it is designed for adaptive furniture. Typically,
each Roombots module has three rotational motors and is equipped with two con-
nectors to attach to other modules. Figure 4.1 presents the components of a Room-
bots module. Thanks to the motors, the module has 7 degrees of freedom as follows:
the first and third motors can rotate to angle position −120◦, 0◦ or 120◦ (2 actions
for each) and the second one rotates to −90◦, 0◦, 90◦ or 180◦ (3 actions). In our sim-
ulations, we used the Roombots modules to build a MRS with three morphologies,
e.g. O = {table, chair, cane}. Our goal is to build a MRS that helps the elderly per-
sons, staying at their homes, during their movements. Subsequently, the table can
help the elderly person to eat when he desires, the chair allows him to sit down
while the cane assists him during the walking. Figure 4.2 shows the morphologies
of our robotic design in a 3D plane where each module occupies a grid. In Table 4.1,
we show the parameters adapted in our simulation. We assumed the following se-
quence of morphology transitions which includes all the possibilities of transitions

pair: {chair 1−→ table 2−→ chair 3−→ cane 4−→ chair 5−→ table 6−→ cane 7−→ table}; the
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numbers above the arrows represent the transitions’ number. Finally, we compared
the results of RUN to those obtained with VP [212] and OPF [209].

(a) one module (b) motors (c) axes of rotation

FIGURE 4.1: Roombots components.

(a) chair (b) table (c) cane

FIGURE 4.2: Roombots morphologies adapted in our simulation.

4.5.1 Study of Cliques Number Variation

In Figure 4.3, we shows the average number of obtained cliques during ach mor-
phology transition after applying the module clustering stage. The obtained results
are highly dependent on the morphology type (Figure 4.3(a)), the number of mod-
ules (Figure 4.3(b)), the module neighbors (Figure 4.3(c)) and the number of actions
(Figure 4.3(d)). The figure shows that the cliques’ number forms 13% to 36% on the
total number of modules. Furthermore, the following observations are eminent:

• The number of cliques obtained in chair morphology is greater than those ob-
tained with other morphologies (Figure 4.3(a)). This is due to the complexity
of the chair morphology and the number of actions needed to convert to other
ones.
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TABLE 4.1: Simulation environment.

Parameter Symbol Values

Number of modules µ 30, 50, 100
Spatial correlation threshold n fixed to 3
Initial energy of MRS E 600 units for µ = 30

1200 units for µ = 50
2800 units for µ = 100

Initial energy of module EMi E/µ
every action requires 0.8 unit
every packet requires 0.2 unit

Neighbors threshold N 3, 5, 7
Action threshold T 6, 9, 12
Energy threshold I fixed to EMi /2

• The average number of cliques during each transition increases with the in-
creasing of the modules’ number (Figure 4.3(b)). For instance, the cliques’
number increased by 200% when the number of modules varies from 30 to 100.
This is because the number of neighbors of each module will increase when µ
increases thus, the probability of a module to become a clique will increase.

• The cliques’ number decreases with the increasing of the neighbors threshold
value (Figure 4.3(c)). For instance, the cliques’ number decreased by 33% when
the value of N increased from 3 to 7. This is because the number of modules
meeting the clique conditions will diminish when complicating the neighbors’
threshold.

• The number of cliques increases when the action threshold increases (Figure
4.3(d)). For instance, the number of cliques increases by 83% when T increases
from 6 to 12. This is because when T increases each module will have more
number of transitions to reach its final position thus its possibility to become a
clique module will increase.

4.5.2 Study of Exchanged Packets Number Variation

In this section, we study the efficiency of the module communication stage pro-
posed in RUN in terms of optimizing the number of packets circulated in the robotic
system, compared to VP and OPF. Figure 4.4 shows the average number of packets
relayed during each morphology transition by all modules when varying the value
of µ. The results show that the communication between the modules is highly de-
pendent on the type of morphology. For instance, the second transition, e.g. transi-
tion from table to chair, requires less communications compared to other transitions
while the third transition, e.g. from chair to cane, requires more communications
than the other ones. In RUN, this is due to the complexity of the morphology that
requires more/less number of cliques thus increasing/decreasing the inter and intra
communications to reshape the robotic system. We can also observe that RUN mech-
anism outperforms VP and OPF in terms of reducing the number of communicated
packets in almost all cases. Therefore, this confirms the behavior of our mechanism
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FIGURE 4.3: Average number of obtained cliques during each mor-
pholoy transition.

by providing a less number of relayed packets for tree construction and robotic tran-
sition. Thus, RUN mechanism allows avoiding the packet congestion and system
overflow that results in decreasing the processing complexity of the MRS. In addi-
tion, the following observations are eminent:

• The number of relayed packets increases with the increase number of robotic
modules. For instance, by applying RUN mechanism, each module relays
an average number of 3, 4.5 and 5.2 packets during each transition when µ
changes to 30, 50 and 100 respectively. This is due to the number of cliques
which increases when increasing the number of modules (see Figure 4.3).

• RUN and OPF give better results than VP in case of large number of modules
or complex morphology transitions (Fig. 4.4(b) and 4.4(c)). Whilst, VP gives
better results than the other mechanisms only in the cases of small number of
modules, e.g. µ = 30, or simple robotic morphology (Fig. 4.4(a)).

4.5.3 Study of Actions Number Variation

In this section, we study the efficiency of RUN mechanism in terms of optimiz-
ing the number of actions performed by the robotic to switch between its morpholo-
gies, compared to VP and OPF. Figure 4.5 shows the number of actions made by the
Roombots during each transition to reach its desired morphology, when varying the
number of modules. First, the results show that the number of actions is varying
from transition to another and it is dynamically adapted according to the robotic
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FIGURE 4.4: Average number of packets exchanged during each mor-
pholoy transition, N = 3, T = 6.

morphology. For instance, we can observe that the most number of actions is no-
ticed during the third transition, e.g. from chair to cane, while the lowest actions’
number is detected during the transition from table to chair. We can also observe
that RUN mechanism outperforms VP and OPF in terms of reducing the number of
actions performed by the whole robotic system in all cases. This is due to the module
communication stage proposed in RUN that allows to find the optimal path transi-
tion between morphologies compared to the routing protocol proposed in VP and
search-based algorithm proposed in OPF. Furthermore, we can notice the following
observations:

• The number of actions performed by the MRS increases with the increasing
of its number of modules in all mechanisms. For instance, by applying RUN
mechanism, the MRS requires an average number of 75, 155 and 327 actions
during each transition when µ varies from 30 to 100 modules respectively. This
is logical since to the number of actions made by each module to move from
its current position to the final one will increase when the dimension of the 3D
plane increases.

• RUN reduces the average number of actions performed during each morphol-
ogy up to 33% and 15% compared to VP and OPF respectively.

4.5.4 Study of Energy Consumption
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FIGURE 4.5: Average number of actions performed during each mor-
pholoy transition, N = 3, T = 6.

In MRS, energy consumption is an important metric to evaluate since it affects
the functionality of the whole system. Indeed, the limited energy of a module is
mostly consumed during the data transmission or the action performed during the
transition. In our simulations, we assumed that each module has fixed energy units,
depending on the MRS size, then we considered that each packet transmission con-
sumes 0.2 unit and each action consumes 0.8 unit. Figure 4.6 shows the residual
energy of the whole MRS after each transition in function of the modules’ number
for the three mechanisms. The obtained results shown in this figure are highly de-
pendent on those obtained in Figures 4.3 and 4.4. Thus, RUN can save the robotic
energy and extend its lifetime more than VP and OPF mechanisms. Furthermore,
the following observations are eminent:

• The energy consumption of the MRS proportionally increases with the increas-
ing of the number of modules. This is due to the more number of relayed
packets (see Figure 4.4) and actions (see Figure 4.5) required when µ increases.

• The residual energy of the MRS is differently changed depending on the final
morphology. Thus, when the morphology is more complex, such as the chair
shape, the residual energy will be quickly changed otherwise, e.g. in table
shape, it will be more conserved.

4.6 Conclusion and Future Work

Due to competition and innovation, the modular robotics is expecting to grow
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FIGURE 4.6: Total energy consumption after each morpholoy transi-
tion, N = 3, T = 6.

exponentially in the next years leading to a radical change in automation systems.
Obviously, self-reconfiguration will remain the central problem faced by scientists
and engineers where designing efficient solutions can lead to enhance the flexibility
of such technology and its provided services. In this paper, we proposed a robust
mechanism for self-reconfigurable robotics called as RUN that consists of two stages:
module clustering and module communication. The first stage aimed to group the
modules into a set of clusters based on the number of connections between them
where each cluster is assigned a clique module. The second stage proposed two al-
gorithms where the first one, e.g. inter-module, allows an efficient communication
between the cliques of the clusters and the second one, e.g. intra-module, aims to
reduce the communications and the transitions within the clusters. Through sim-
ulations on real scenario using Roombots, we demonstrated the efficiency of our
mechanism in terms of reducing the communications in MRS and providing a fast
reconfiguration process.
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Chapter 5

FSET: Fast Structure Embedding
Technique for Self-Reconfigurable
Modular Robotic Systems

The most crucial process in MRS is self-reconfiguration, which is regarded as
the major challenge for such technology. Self-reconfiguration is the mechanism by
which a modular robot’s initial arrangement of modules is changed into a target
configuration. Indeed, MRS uses self-reconfiguration to get new morphology and
new behavior to performs specified tasks. But, creating new morphology and be-
haviors manually is a time-consuming and costly process, especially when dealing
with complex structures.In this chapter, we have proposed a fast self reconfigura-
tion technique called FSET, i.e. Fast SET, dedicated to MRSs. Our proposed tech-
nique consists mainly in two stages: root selection and morphology formation. The
final goal of these stages is to enhance the time cost to get new morphology of the
traditional SET algorithm thus, ensure fast self reconfiguration. The root selection
stage selects a small number of modules in order to find the best tree roots that ef-
fects the topological conditions that leads to successful of the embedding process or
not. The morphology formation stage uses the traditional SET algorithm to calculate
the embedding truth table where the initial roots used are taken from the first stage.
Finally, we show the efficiency of our mechanism through simulations on real sce-
nario using M-TRAN, in terms providing a fast reconfiguration process in MRS and
reducing the energy consumption of modules thus, increasing its lifetime.

5.1 Introduction

Since the early 1980’s, the robotics industry has seen an increase in the produc-
tion and manufacture of millions of robots of different types and missions. These
robots are altering our everyday lives and assisting us in making our jobs more effi-
cient and successful. Furthermore, the rapid advancement of technology in the new
century has ushered in a new robotic era: Modular Robotic System (MRS).

The most important attribute of modular robots, regardless of their design, is
their ability to reconfigure their morphology, a mechanism known as self-reconfiguration
(See Fig. 5.1), which is regarded as the major challenge for such technology [225,226].
Self-reconfiguration is the mechanism by which a modular robot’s initial arrange-
ment of modules (and thus initial form, also known as configuration) is changed into
a target configuration. Indeed, MRS use self-reconfiguration to get new morphology
and new behavior to performs specified tasks. However, creating new morphology
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and behaviors manually is a time-consuming and costly process, especially when
dealing with complex structures. As a result, designing an algorithm that creates
new morphology and new behavior from already existing modular robotic struc-
tures, takes a great attention from researchers and communities and became an ac-
tive research field nowadays.

Therefore, to avoid the above-mentioned challenge, Structure Embedding Tech-
nique (SET ) for the self-reconfigurable modular robotic system has been introduced.
SET decides if a given modular robot structure can be embedded into another struc-
ture in order to form new morphology. In this chapter, we present a fast SET, abbre-
viated FSET, a technique for modular robotic systems to minimize the delay to get
new morphology. The proposed technique consists of a two-stage algorithm and can
highly outperform the traditional SET in terms of the time cost to get new morphol-
ogy and energy consumption of modules. The first stage of our technique, called
root selection, has an objective to find the best roots of the initial trees, by selecting a
small number of modules instead of the whole sets. The second stage, which is called
morphology formation, uses the first stage’s root of trees, to calculate the embedding
truth table between modules in order to check the embeddability of the two modular
robotic designs, resulting in the formation of new morphologies. Consequently, the
calculation time cost of our FSET will highly minimize that of traditional SET due to
the small number of the training modules used in the first stage and the low number
of iteration loops needed in the second stage.

The rest of the chapter is organized as follows. In section 5.2, we present related
works in self-reconfiguration techniques used in MRS. Sections 5.3 detail the SET
mechanism. The system demonstration and the results are presented in Section 5.4.
Finally, Section 5.5 concludes our paper and gives some perspectives.

FIGURE 5.1: Sample self-reconfiguration of about 52 3D modules
from a chair into a stroller. (a) Chair initial configuration; (b) An
intermediate configuration from the self-reconfiguration process; (c)

Stroller goal configuration..

5.2 Self-Reconfiguration: A Background

Various methods for self-reconfiguration introduced for MRS can be found in the
literature. Initially, researchers in the field of modular self-reconfigurable robotics



5.2. Self-Reconfiguration: A Background 63

based their focus on the hardware issue of creating metamorphic robots; then, re-
search interest eventually arose in the generalized management of categories of these
systems and various software frameworks were proposed; More recently, in the field
of Self-Organizing Particle Systems, researchers have begun to show interest in what
may be called a theoretical kind of metamorphic system.

In fact, three categories can be extracted from these three methods. We would
then refer to self-reconfiguration algorithm, which Bottom-Up, Top-Down, and The-
oretical, as well as. It can be seen in Figure 2, as presented in [227]. Such methods
vary by how they relate to their target execution platform, and therefore, by the na-
ture of the constraints that make up the algorithm model used. We’ll go through
each of the three self-reconfiguration methods mentioned above, as well as the pos-
sible solutions.

From one hand, the authors of [228–233] have proposed Bottom-Up methods to
self-reconfiguration in MRS. The Bottom-Up method involves a focus on modular
robotic hardware at first. They’ve come up with a range of module models, ranging
from UCMs like Telecube [228] and Crystalline [229] to hybrids like M-TRAN [230]
and Roombot [231]. bi-partite models like the Robotic Molecule [233] and I-Cubes
[234,235], as well as self-reconfigurable structures like Fracta [232]. There are several
other models in the literature, but these are the ones that are used in the algorithms
under consideration.

Due to the complexities of the geometry of hardware modules or their motion
capacities, this approach credibly provides a very complicated self-reconfiguration
preparation. Non-holonomic motion constraints are typical in these systems, com-
plicating the reconfiguration method. Motion constraints can either be local: caused
by module geometry and blocking constraints; or they can be global: like the con-
nectivity constraint which specifies that the whole system’s graph must stay con-
nected at all times. Several strategies for achieving holonomy at the expense of
granularity have been devised, including using higher holonomy module aggre-
gates (meta-modules) [234] or arranging the device into a porous structure [233]
from which modules can flow unconstrainedly (a scaffold). Although the kinematics
in the Bottom-Up method are typically more complicated, modules are more likely
to expect a greater understanding of their surroundings. Sensor data about their
orientation, location in the system, neighborhood, and other factors are used to pro-
duce these environmental information.

The Roombot hybrid modular robot was designed by the authors of [231], which
relieves some of the strong constraints imposed on MSR that rendered planning ex-
tremely difficult. Instead of traditional neighbor-to-neighbor communication, Room-
bots can communicate with other modules through broadcast, which does not re-
quire the robot to be connected at all times (which is a major constraint in virtually
all other systems), but it does necessitate the existence of a structured ground sur-
face with passive connectors. They introduced a decentralized self-reconfiguration
algorithm based on meta-modules comprised of two stacked Roombots, ensuring
that individual modules can still shift. Their method is based on the locomotion of
disconnected Roombot meta-module structures that converge into the desired con-
figuration due to the attraction of a force-field and a predetermined assembly order.

The authors in [233] have suggested a centralized solution for their bipartite
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FIGURE 5.2: The three methods for developing self-reconfiguration
techniques, as well as their features [6].

Molecule robot, depending on a three-level hierarchical planner. The highest level
of preparation is task-level planning, which chooses a configuration that is suitable
for the task at hand. It then admits on a motion plan for Molecules to turn the ini-
tial configuration into the target configuration using configuration planning. The
configuration planner uses trajectory planning to shift individual modules to their
target positions at a lower stage. They also implemented the aforementioned scaf-
folding principle to ensure that Molecules reached into the target configuration, but
this increased the granularity of their device dramatically since a single scaffold
tile consisted of 54 modules. While these early works using centralized planners
laid the foundations for most of the field and implemented useful problem sim-
plification techniques, they lack the robustness, scalability, and autonomy that self-
reconfiguration needs. As a result, researchers transformed to the decentralized self-
reconfiguration process, as we’ll see below.

In [234] the authors propose a similar method for the I-Cubes bipartite system,
which uses three-degree-offreedom connections for communication and actuation,
as well as passive cubes for the modules. They used a centralized two-level planner
where the high level planner specifies the location of modules in the target config-
uration by using the low level planner to find a viable plan of individual connec-
tion movements that will shift the module to the desired location. This approach
was later developed iteratively by implementing meta-modules to simplify plan-
ning and, as a result, adding a third layer of planning on top of the existing two, at
the meta-module level. Another project with I-Cubes used a centralized divide and
conquer technique, in which the issue of planning the motion of a module from one
position to another was broken down into subproblems. They also used a two-level
hierarchical planner in this research, with (1) the low level planner looking for solu-
tions to subproblems and (2) the high level planner looking for the actual motion of
the module, incorporating solutions from the lower level [235].
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In [232], the authors proposes a distributed algorithm for 3D reconfigurable struc-
tures with star-shaped modules based on local knowledge. They suggested a def-
inition of the target shape based on link types, which they had previously used in
some of their 2D hardware works. They used stochastic relaxation based on simu-
lated annealing to add randomness to local laws.

FIGURE 5.3: SET Algorithm Flowchart.

On the other hand, a lot of Top-Down methods have proposed to self-reconfiguration
in MRS [236–241]. The Top-Down method plays a critical role in constructing shape
formulation techniques that aren’t related to a particular hardware application and
can be applicable to a variety of MSR in a generalized way.

The authors in [236] developed the Pixel meta-module framework for lattice-
based modular robots, which could greatly simplify reconfiguration planning in
large modular robots. The key idea is to split the reconfiguration problem into two
tasks: planning and resource allocation. The former’s job is to figure out the meta-
module positions in the target configuration need to be filled next, while the latter’s
job is to figure out where the meta-modules that will fill that position should come
from.

In [241] the authors presents a two-level hierarchical approach to completely
generic algorithms (for any architecture), in which the planning problem is formu-
lated as a distributed Markov Decision Process (MDP). An MDP is defined by the
four-tuple S, A, T, R, where S is the set of states, represented by open positions to be
filled by modules, and is equal to the number of faces of the modules; A is the set
of actions, represented by the disconnection of a connector from a neighbor module
and the reconnection to another, potentially using a different connector; T is a deter-
ministic or stochastic transition function that determines the next action to take; R is
the estimated reward, which is set to 1 to reduce the number of moves.
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The authors overcome this MDP by introducing dynamic programming in a dis-
tributed environment using message passing. The MDP works at the planner’s
higher levels, deciding for each moving module which other modules and connec-
tors should link to during the next time phase. The low-level planner then calculates
the sequence of individual module movements that the mobile module can take to
detach from its current neighbor and reconnect at its new anchor point. Modules
look at the structure to make sure they aren’t an articulation point in the system’s
graph, then determine if they are mobile or not and lock a portion of it during their
motion if they are. Since several modules can lock the same part of the structure,
they can shift in parallel, speeding up the reconfiguration phase. Designing an ef-
fective kinematic planner to serve as the transition function T is the most difficult
part of this scenario.

The authors in [242] developed their PacMan self-reconfiguration algorithm for
two-dimensional unit-compressible modules to three-dimensional structures. As
compared to surface moving modules, one advantage of UCM is that they can mi-
grate through the volume of the system, theoretically benefiting from a higher num-
ber of parallel motions and a shorter distance to their destination. The authors use a
technique known as virtual relocation to transfer modules from one end of the con-
figuration to the other, switching their identities as they compress and decompress
along the path to their target point.

PacMan depends on a two-stage distributed planning algorithm in which: (1)
modules locally calculate the difference between the current and target shapes to de-
termine which modules should move; and (2) A suitable search (depth-first search)
for a mobile module is carried out from the desired locations, with pellets dropped
along the way to mark the route that the selected module should follow. Our pro-
posed method consists of two phases, where it applies one of the bottom-up algo-
rithms in its first phase, while in the second phase it applies one of the top-down al-
gorithms. Recognizing if two complete configurations are the same [243], detecting
graph automorphisms[244], and recognizing similar substructures for efficient re-
configuration are all examples of existing work in graph representations of modular
robots. Our work stands out by incorporating task implications on configurations
and specifying criteria for replicating a design’s capabilities by replicating its design.

5.3 FSET Technique

In the literature, one can find a huge number of self reconfiguration algorithms
like SET, PacMan, scaffold-based etc. However, SET is one of the most popular al-
gorithms used in self reconfiguration. Unfortunately, traditional SET suffer from its
huge calculation time cost needed to obtain the new morphology. In order to over-
come this problem, we propose a new version of SET called FSET, Fast SET, which
highly enhances the time cost of traditional SET. Our FSET consists of two stages,
root selection and morphology formation stages, and calculate the embedding truth
table according to the topological embedding condition. In the next sections, we
first recall the traditional SET and its topological embedding conditions then we de-
tail the two stages of our technique.
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(a)

(b)

(c)

FIGURE 5.4: Topological conditions for embedding [7]

5.3.1 Recall of SET Algorithm

SET is one of self reconfiguration algorithm that decides if a given modular robot
structure can be embedded into another structure to form new morphology (Fig. 3.).
The process of SET starts by taking the two robotic structures and convert them into
two connected graph. Then, it applies MST to them and randomly selects the initial
roots for the trees.

We consider that the robotic system is modeled as a connected graph G (M, L):
M denotes the set of nodes representing the modules, and L ⊆ M × M denotes the
set of links that connecting such modules.

SET maintain a |M1| × |M2| truth table T, where T[m1, m2] is true, under a speci-
fied rooting r1 ∈ M1, r2 ∈ M2. At the end of the algorithm, T[r1, r2] answers whether
structure (S1) embeds in stucture (S2) under r1 and r2; if the answer is negative, it re-
peat the process for a new rooting until it either get a positive answer or we exhaust
all possible rootings, in which case we conclude that S1 does not embeds in S2.
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SET is a two pass algorithm. At first, all entries of the truth table are false. After
that, it start proceed bottom-up, starting from the leaves of S1, and keep going grad-
ually towards r1. As a starting point, it consider a leaf m1 ∈ M1 and check whether it
embeds in the leaves of S2, to calculate the truth table that give us the new morphol-
ogy according to the topological condition (see [7] for details). Basically, it fill the
truth table by traversing G1 in reverse pre-order, where at each step of the traversal
process the nodes of G2 in reverse preorder.

After first pass, the second pass is lunched, where it involves a top-down mes-
sage passing. It iterate top-down, starting from the roots of S1, and progressively
down to v1. Then it compute a new table called T∗, based on the topological con-
dition in top-down and the preceding truth table in bottom-up pass. However,
T∗[r1, n] = true iff Tn[r1, n] = true, ∀n ∈ M2. It is then not hard to see that S1 em-
beds in S2 iff at least one entry of the r1 − th row of T∗ is true. if the answer is
negative, This process is repeated until we either get a positive answer or we ex-
haust all possible rootings.

Indeed, it is proved that the loop process generated in the algorithm will always
end. Subsequently, SETis highly dependent on the randomly initial tree roots. SET
algorithm is one of the simple method in the self reconfiguration approach that has
been used in wide range of domains.

5.3.2 Topological Embedding Condition

This section introduces the fundamental graph-theoretical principles and the
concept of topological structure embedding and formally introduce the graph repre-
sentation of modular robotic structure that we will use throughout our discussion of
topology. The robotic system is modeled as a connected graph G (M, L): M denotes
the set of nodes representing the modules, and L ⊆ M × M denotes the set of links
that connecting such modules. Indeed, two nodes are linked with an edge if their
corresponding modules are connected.

Definition 1. (Unit Block). A unit block B = < ϕ > is an elementary rigid body
capable of implementing a prespecified set of built-in functionalities ϕ ∈ F.
Built-in functionality is independent of topology; e.g., consider a block equipped
with sensors, a processor unit or a battery. We define a partial order on unit blocks
on a functional basis: B11 ⪯ B!2 if and only if ϕ1 ∈ ϕ2.

Definition2. (Modular Robot Structure). Given a set of unit blocks B, a robot de-
sign D = ⟨ (V, L),β ⟩, defined on B is a labelled, undirected graph G, where nodes of
G correspond to unit blocks through β : M → B, and edges between two nodes m
and n represent a revolute joint connecting β(u) to β(v).

Definition3. (Structure Embedding). Given two Structure S1 = ⟨G1(M1 , L1), β1⟩
and S2 = ⟨G2(M2 , L2), β2⟩ defined on a set of unit blocks B, and an injective mapping
h : M1 → M2, we say that S1 embeds in S2 with respect to h, and write S1 ⊆h S2, if
and only if:

1. Functionality subsumption: ∀m ∈ M1, we have β1(m) to β2(h(m)).
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2. Connectivity preservation: ∀(m, n) ∈ L1, there exists a simple path πmn =
h(m)⇝ h(n) ∈ G2.

3. Path disjointness: for any pair of edges with distinct endpoints (m1, n1), (m2,
n2) ∈ L1, the corresponding paths πm1n1 and πm2n2 in G2 are vertex-disjoint. In
addition, for any (m, n1), (m, n2) ∈ L1, πmn1 and πmn2 share only h(m).

In general, we refer to S1 as the substructure and S2 as the superstructure. Where
there is no chance of confusion, we omit h and write S1 ⊆ S2.

Fig. 4 offers the intuition behind the definition, as presented in [7]:

1. Condition1: requires every vertex in the substructure to map to a vertex of
equal or superior functionality in the superstructure.

2. Condition2: preserves the connectivity of the substructure once it is embed-
ded: nodes which were able to interact through the joints can still do it, albeit
maybe through longer paths.

3. condition3: ensures that degrees of freedom which are independent in the sub-
structure remain independent in the superstructure.

From a topological perspective, embeddability is equivalent to whether the sub-
structure is a topological minor of the superstructure; see [245] and references therein.
We are now ready to state our main result.

Theorem 1. Given two structures S1 = ⟨G1(M1 , L1), β1⟩ and S2 = ⟨G2(M2 , L2),
β2⟩, defined over a set of unit blocks B, where G1 and G2 are trees of maximum
degree d, there exists a deterministic algorithm that decides whether S1 ⊆ S2 in time
O(|M1| · |M2| · d3). Note that d is the maximum number of edges incident on any
node. For most real robot applications, d ≤ 5.

FIGURE 5.5: Convert MRS to Connected Graph.

5.3.3 FSET: Fast SET Algorithm
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1. Root Selection Stage
Mostly, the efficiency and performance of the SET algorithm are greatly af-
fected by initial tree roots as different initial tree roots often lead to different
embedding or failure in the embedding and thus, failure to obtain the new
morphology. Therefore, the calculation time cost for the embedding truth ta-
ble between the modules of the two robotic structures to form new morphol-
ogy will be high. Hence, the selection of the initial root trees is becoming a
challenge for the SET algorithm.

The first stage of our adapted SET is called root selection and aims to solve the
above problem. We propose to select a subset/training from the two sets of
modules G1 and G2 of the connected graph that represents the two modular
robotic structures, in order to find the approximate final tree roots R = ri, rj
that generate the final morphology. Our intuition is to reduce the number of
iterations needed in the traditional SET to obtain the final morphology as fast
as possible, thus enhancing the processing time of the SET.

Obviously, the efficiency of the selection root stage is highly related to the per-
centage, represented by Ts (i.e. training size), of a training set of modules.
Subsequently, increasing the value of Ts leads to an increase in the calculation
time of FSET so no profit will be noticed compared to traditional SET. On the
other hand, the lowest the value of Ts is the better the processing time, but
the error in the final obtained morphology will increase. Therefore, selecting
the appropriate value of Ts is very essential in the first stage of our technique.
Indeed, we believe that Ts should be determined by the decision-makers or
experts depending on the application requirements.

2. Morphology Formation Stage
After having the approximate initial root of trees R, the second stage is lunched
which aims to reduce the number of iteration loops in SET. So, it take the ob-
tained roots in the first stage and the whole sets of modules G , and then it
apply SET over G in order to get the final morphology.

Algorithm 6 describes the procedure of the second stage of our technique.
First, we determine the number of modules needed to find the tree roots in
the first stage of our technique (line 2). Based on this number, we randomly
select the training sets among the whole sets of modules G1 and G2 (lines 3-
6). The modules in the training set represent now the approximate roots of the
trees. Then, we calculate the T* embedding truth table. This process is repeated
until we either get a positive answer or we exhaust all possible rootings (lines
14-20). At this moment, the first stage is accomplished and the initial roots are
determined (line 21). After that, the second stage is running where the process
starts by considering the roots obtained in the first stage as the initial roots of
the trees. Then, we calculate the T* embedding truth table based on the ob-
tained roots from the first stage. Again, the loop is repeated until we either get
a positive answer or we exhaust all possible rootings that give us the embed-
ding sequence that form the new morphology. (lines 21-30).

Algorithm 6 FSET Algorithm.

Require: Two sets of modules: G1 = {m1, m2, . . . , mk}; G2 = {n1, n2, . . . , nq}; Per-
centage of training set: Ts.



5.4. Simulation and Results 71

Ensure: Embedding truth table T* that generate the new morphology.
1: Gs ← ∅
2: Ns ← [(Ts × k)/100]
3: for i← 1 to Ns do
4: // randomly selects the training set of modules among G1 and G2
5: Gs ← GsUGi
6: end for
7: for i← 1 to 2 do
8: Ti ← ∅
9: // randomly choose roots ri among Gs belongs Ti

10: end for
11: // Initially, all entries are false
12: (i.e T[mi, nj]=false)
13: trace the two tree in a bottom-up to calculate the embedding truth table T be-

tween modules
14: repeat
15: for i← 1 to s do
16: for j← 1 to s do
17: // involves a top-down message passing to calculate embedding truth

table T*[mi, nj] between modules
18: end for
19: end for
20: until rth row of T* contain at least one true value or exhaust all possible rootings
21: extract the roots ri and rj from the previous T*
22: //use the whole set of modules G1 and G2
23: repeat
24: for i← 1 to k do
25: for j← 1 to q do
26: // involves a top-down message passing to calculate embedding truth

table T*[ri, rj] between modules
27: end for
28: end for
29: until rth row of T* contain at least one true value or exhaust all possible rootings
30: return T* that generate the new morphology

5.4 Simulation and Results

In order to evaluate its efficiency, we tested our mechanism on one of the most
used MRS proposed in recent years, e.g. M-TRAN [246]. Indeed, M-TRAN is a
three-dimensional modular robotic system, with characteristics of both lattice and
chain (linear) types of modular robot. Each M-TRAN module is made up of two
semi-cylindrical pieces that can rotate 180 degrees around their axis and have an
independent battery, two degrees of freedom motion, six surface connections, and
intelligence with inter-module communication. The M-TRAN system can perform
flexible and adaptive locomotion in various configurations using coordination con-
trol based on a CPG [247]. Figure 6 presents the components of a M-TRAN module.

In our simulations, we used two robotic that have chair and wall design and are
made out of M-TRAN modules. We obtain a new design with stroller morphology
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FIGURE 5.6: M-TRAN components.

FIGURE 5.7: Morphologies adapted in our simulation.

quickly after using the FSET method (Fig. 7).
The objective of our simulations was to confirm that our technique can success-

fully achieve intended results for reducing the delay to obtain new morphology and
reducing the energy consumption in modules that leads to extend the MRS lifetime.
In order to evaluate the performance, we compare our results to the traditional SET.
In our simulations, we evaluated the performance using the following parameters:

• The Number of Modules for substructure nb, takes the following values: 100,
200, 300, 1000 and 2000.

• the Number of Modules for superstructure np, takes the following values: 500,
950, 2000 and 4000.

• the percentage of module chosen, Ts, takes the following values: 5, 10, 15 and
20.

5.4.1 Execution Time

Sometimes, getting new morphology fast time as possible to the end-user is a
crucial operation especially in e-health and military applications. Fig. 8, shows
the execution time for both FSET and SET when varying the number of modules
(for both the substructure and the superstructure respectively). The results show
that FSET can optimize the execution time, comparing always to the SET, from 10%
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(while varying number of module from (100,500) to (300,2k) module) to 37% (while
varying number of module from (500, 2k) to (2k,4k) module).

Obviously, the execution time of FSET will be highly affected by the selection of
the tree roots as well as the number of iteration loops to obtain the final morphol-
ogy. Therefore, FSET outperforms the SET where the processing time to get new
morphology is twice accelerated when using FSET, compared to SET algorithm

FIGURE 5.8: Processing time for FSET and SET..

5.4.2 Iteration Loop

One of the factor that can delay the obtain of new morphology is the number
of iterations. In Fig. 9, we show how many iterations are generated by the the
two robotic structures to find the final morphology for both FSET and the SET. It is
important to know that a high number of iterations can increase the complexity of
the proposed algorithm. The obtained results show that, The number of iterations
is reduced by at least 30% as shown in these figure when applying FSET on the
SuperBot modules. Therefore, FSET minimize the morphology delay by reducing
the number of iterations.

FIGURE 5.9: Iteration loop number for FSET and SET.

5.4.3 Energy Consumption
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Energy consumption is a crucial parameter to assess in MRS since it impacts the
overall system’s functionality. Indeed, the data transmission or activity done during
the transition consumes the majority of a module’s limited energy. In our simulation,
we implemented the same energy model that used in [240] to calculate the energy
consumption in SuperBot modules, assuming that each module has fixed energy
units, based on the MRS size, then we considered that each message transmission
consumes 0:2 unit and each successful embedding modules consumes 0:8 unit.

Fig. 10, shows the energy consumed in the SuperBot robot depending on mod-
ules number. The obtained results show that the energy consumption increases with
the increasing of the modules number while it is optimized, using FSET, up to 68%
compared to the SET approach. Therefore, our proposed technique can be consid-
ered very efficiently in terms of reducing the energy consumption of the modular
robotic system, thus, increasing its lifetime.

FIGURE 5.10: Energy consumption for FSET and SET.

5.5 Conclusion and Future Work

Modular robotic systems (MRSs) are one of the most advanced technologies
nowadays. Therefore, researchers have paid great attention in the past years to
this hot field by exploring the different challenges that cover it, while presenting
different solutions. Unfortunately, MRS suffers from two major challenges: The self
reconfiguration process which is a crucial process in MRS because it leads sometimes
to reshape the robot into a wrong morphology thus, destruction of the MRS itself,
and the energy consumption during modules transformation and communication
that decreases the lifetime of the MRS.

In this chapter, we have proposed a fast self reconfiguration technique called
FSET, i.e. Fast SET, dedicated to MRSs. Our proposed technique consists mainly in
two stages: root selection and morphology formation. The final goal of these stages
is to enhance the time cost of creating new morphology of traditional SET algorithm
thus, ensure fast self reconfiguration. The root selection stage selects a small number
of modules in order to find the best tree roots that effects the topological conditions
that leads to successful of the embedding process or not. The morphology forma-
tion stage uses the traditional SET algorithm to calculate the embedding truth table
where the initial roots used are taken from the first stage. Finally, we demonstrated
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FSET’s efficiency in terms of complexity, optimality (lowest number of steps), and
time efficiency by simulating its performance on a real robot called SuperBot.
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Chapter 6

Conclusions and Perspectives

6.1 Conclusions

Modular robotic systems hold promise for a wide range of applications, includ-
ing rescue, space exploration, manufacturing, reconnaissance, and military missions,
among others. MRS is one of ten new technologies that will revolutionize the world,
according to MIT Technology Review.

In this thesis, we have proposed an efficient mechanism for data processing
and self-reconfigurable decision making dedicated to modular robotic systems. We
showed that such systems face three major challenges; first, they generate a huge
amount of collected data that: first it overloads the memory storage of the robot; Sec-
ond it generates redundant data which complicates the decision making about the
next morphology in the controller; Third, the self reconfiguration challenge which
necessitates massive communication between the modules to reach the target mor-
phology and takes a significant processing time to self-reconfigure the robotic. In
addition, it depletes the module’s limited energy supply. Therefore, data storage
and self-reconfigurable decision making in modular robotic systems proposed in
this thesis were targeted to remove redundancy among data collected by the detec-
tors. The goal of this reduction is to save the storage space in the MRS, and then
to facilitate analyzing data and making decision about next morphology should be
taken by the robot according to the surrounding. Indeed, we focused on data stor-
age reduction, self-reconfiguration decision-making, and efficient communication
management between modules in MRSs with the main goal of ensuring fast self-
reconfiguration process.

First, in data storage reduction model, we have proposed to aggregate similar
data while preserving the dynamicity of the monitored conditions, in order to elimi-
nate redundant data thus, reducing the amount of data needed to be stored in MRS.
According to the aggregation approach, the similarity between readings collected by
a detector can be determined according to the Sim function based on a predefined
threshold; if the difference between readings is less than the threshold then the read-
ings are considered similar. Then we show which data will be saved in the storage
space of a MRS using our reduction mechanism. In the first slot time, the read-
ings collected by all detectors will be saved automatically in the disk storage with a
weight sets to 1. Then, for the later collected readings, the controller will search the
similarity between these readings and those collected in the previous slot time; if the
readings are similar according to the Sim function then the controller removes the
new readings while increasing the weight of the previous readings by 1 otherwise, it
adds the new collected readings to the disk storage and initializes its weight to 1. We
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showed via simulations on real detector data, that our approach can be effectively
used to reduce the data storage and improving the self-reconfiguration decision.

Second, we have proposed a robust mechanism for self-reconfigurable robotics
called RUN with the main objective is to reduce the communications in MRS and
provide a fast reconfiguration process through two stages. At the first stage, we
classify the modules into clusters before performing their transitions. To do that,
we first select a set of modules to act as cliques for the robotic. A clique module is
responsible to allow an efficient communication between the whole modules during
the self-reconfiguration process. On one hand, this will allow to reduce the number
of messages transmitted between the modules and, on the other hand, to minimize
the number of transitions made by each module (thus saving its energy). Then, once
the clusters are formulated, we introduce two communication algorithms in the sec-
ond stage; the first algorithm is inter-module that allows efficient communication
between the cliques of the clusters and aims to minimize the number of transmit-
ted messages in the robotic system to avoid packet congestion and save the module
energy, and the second algorithm is intra-module based on the tree structure that
reduces the number of communications between the modules in the same clusters.
In the proposed scheme, we consider the clique as the root of the tree while the mod-
ules are reorganized into parent-child relationships. Indeed, the construction of any
tree suffers from the number of relayed packets that can deplete the available en-
ergy of modules. Particularly, the modules having more children or those close to
the clique will be firstly died because of the significant number of relayed packets.
In order to overcome such problem, we propose an energy-balanced and efficient-
communication tree that maximizes the lifetime of the MRS and provide a fast re-
configuration process of their modules. Compared to other existing techniques, we
showed through simulations on real robot, known as Roombots, the efficiency of
our proposed technique in terms of complexity, overhead communication, optimal-
ity (minimum number of steps), and time efficiency.

In a third step, we have proposed a fast self-reconfiguration technique called
FSET, dedicated to MRS. Our proposed technique consists mainly of two stages: root
selection and morphology formation. The final goal of these stages is to enhance the
time cost to get new morphology of the traditional SET algorithm thus, ensuring
fast self-reconfiguration. The root selection stage selects a small number of modules
in order to find the best tree roots that affect the topological conditions and lead
to the success of the embedding process or not. The morphology formation stage
uses the traditional SET algorithm to calculate the embedding truth table where the
initial roots used are taken from the first stage. Finally, our proposed technique,
under the two proposed strategies, has been evaluated through simulations on a
real scenario using M-TRAN, where the obtained results were very encouraged in
terms of providing a fast reconfiguration process in MRS and reducing the energy
consumption of modules.

6.2 Perspectives

As perspectives of this thesis, we propose two categories. The first one is direct
perspectives which are related to the techniques proposed in this work. While the
second one is general perspectives and open issues in self reconfiguration for MRS.
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6.2.1 Direct Perspectives

In this section, we give some perspectives in order to improve, extend or con-
tinue the proposed techniques on self-reconfiguration process, and modules com-
munication management presented in this work.

First, we seek to adapt our self-reconfiguration mechanism to use machine learn-
ing algorithms in order to allow MRS to predict sensed data then to self-reconfigured
accordingly.

Second, we seek to enhance the decision making mechanism in a way to select
the best morphology, according to some criteria’s (like energy, delay, etc.), in case the
MRS can take many morphologies at the same time.

Third, we seek to apply RUN on other real world scenarios in order to validate
its efficiency regarding different existing modular robotics such as Polybot, Kilobot,
Sambot, etc.

In addition, we seek to adapt our FSET mechanism to investigate how to reduce
the kinematic checking runtime. We’ll move away from detecting embeddability
and toward design synthesis in the long run. We feel our embedding strategy is a
good place to start for this line of research, and preliminary results are promising.

Finally, it is interesting to perform real experiments in order to evaluate the per-
formance of our proposed techniques in real world applications.

6.2.2 General Perspectives and Open Issues

Despite the vast amount of studies on self-reconfiguration in modular robotic
systems, the field is still substantially unexplored. There are a number of important
open research questions in self reconfiguration that have not yet been fully investi-
gated or sometimes need to be more explored. In order to enhance the performance
of such systems, particularly in "self-reconfiguration decision-making, time synchro-
nization, data analysis and energy consumption," researchers should focus more on
these areas.

First, the difficulties of improving MRS go beyond simply designing dependable,
responsive, strong, and scalable hardware components. They also require creating
solvers in the form of planning/control methods and algorithms that can increase
the adaptability of such systems. We can benefits from integrating AI in modular
robotic system to increasing the cognitive abilities of robots for better decision-making
capabilities about next morphology should be taken to perform the new task accord-
ing to its surrounding changes. We will study the Critical success factors for inte-
grating artificial intelligence and modular robotic systems. Thus integrating AI in
modular robotic systems will enable various useful applications. As a future work,
we may focus on trying to apply AI methods to manage self reconfigurable modular
robotic system in different areas such as space exploration, environment, healthcare,
and industrial and designing novel solutions to the challenging problems.

Second, time synchronization is a significant challenge in MRSs. In particular,
we plan to address the issue of time synchronization during the self-reconfiguration
process, in which modules move to reorganize the modular robot’s overall structure
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in order to complete the essential task. since any module mobility and failures may
occur frequently can change the time synchronization at the modules which raises a
problem in self-reconfiguration decision-making. Therefore, more techniques need
to be proposed in order to guarantee an accurate time module mobility in MRSs.

Finally, the detectors of our MRS are collecting huge amounts of data from dif-
ferent fields because it works in periodic way, and due to their limited memory,
computation capabilities, and battery lifetime, it is difficult to sense, store, transfer,
and analyze such amount of big data. Nowadays, recent advances in big data are
allowing huge amounts of data to be properly captured, structured, processed, and
stored. Therefore, big data technology is complementing these smart detectors of
MRSs. Thus integrating these two technologies will enable various useful applica-
tions. As a future work, we may focus on use Edge AI technologies have emerged as
a powerful solution for gathering and processing data in real-time, supporting the
development of advanced applications for process monitoring, planning and con-
trol.
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Title: Sensing-Based Self-Reconfigurable Strategies for Autonomous Modular Robotic Systems

Keywords: Modular Robotic System, Self-Reconfiguration, Data Storage Reduction, Decision Making, Mod-
ule Clustering, Efficient Communication, Embedding Techniques, Multi-Detectors, Roombot.

Abstract: Modular robotic systems (MRSs) have become a highly active research today. It has the 
ability to change the perspective of robotic systems from machines designed to do certain tasks to multi-
purpose tools capable of accomplishing almost any task. They are used in a wide range of applications, 
including reconnaissance, rescue missions, space exploration, military task, etc. Constantly, MRS is built 
of “modules” from a few to several hundreds or even thousands . Each module involves actuators, sen-
sors, computational, and communicational capabilities. Usually, these systems are homogeneous where 
all the modules are identical; however, there could be heterogeneous systems that contain different mod-
ules to maximize versatility. One of the advantages of these systems is their ability to operate in harsh en-
vironments in which contemporary human-in-the-loop working schemes are risky, inefficient and sometimes 
infeasible.

In this thesis, we are interested in self-reconfigurable modular robotics. In such systems, it uses a set of de-
tectors in order to continuously sense its surroundings, locate its own position, and then transform to 
a specific shape to perform the required tasks. Consequently, MRS faces three major challenges. First, 
it offers a great amount of collected data that overloads the memory storage of the robot. Second it gen-
erates redundant data which complicates the decision making about the next morphology in the con-
troller. Third, the self reconfiguration process necessitates massive communication between the modules 
to reach the target morphology and takes a significant processing time to self-reconfigure the robotic. 
Therefore, researchers’ strategies are often targeted to minimize the amount of data collected by the mod-
ules without considerable loss in fidelity. The goal of this reduction is first to save the storage space in the 
MRS, and then to facilitate analyzing data and making decision about what morphology to use next in order 
to adapt to new circumstances and perform new tasks. In this thesis, we propose an efficient mechanism 
for data processing and self-reconfigurable decision-making dedicated to modular robotic systems. More 
specifically, we focus on data storage reduction, self-reconfiguration decision-making, and efficient commu-
nication management between modules in MRSs with the main goal of ensuring fast self-reconfiguration 
process.
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