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Abstract— The Reconfigurable Manufacturing System (RMS)
concept has evolved out of the inadequacy of previous
manufacturing paradigms in addressing global manufacturing
challenges. In order to address these challenges RMSs are
envisaged to exhibit transformable system layouts and
reconfigurable processes, cells and machines. Existing
manufacturing planning systems do not encapsulate concepts of
reconfigurability in planning mechanism to obtain optimal
system configurations. This paper presents a theoretical
framework for a Manufacturing Planning System for RMSs. The
framework focuses on the automated selection of optimal shop
floor configurations for systems with high product variety and
shared resources. The DEVS (Discrete Event System
Specification) formalism is used to model reconfigurable
equipment and processes. The “reconfiguration engine” in the
proposed framework, implements a metaheuristic algorithm for
the assembly of optimised system models. This paper also
proposes the use of metaheuristic algorithms, such as Genetic
Algorithms to assist with the automated exploration of RMS
configurations.
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l. INTRODUCTION

Reconfigurable Manufacturing Systems (RMSs) were
conceptualized and defined by Koren et al [1] to be “systems
that combine the advantages of Dedicated Manufacturing
Systems and Flexible Manufacturing Systems by designing
them at the outset for rapid change in structure, as well as in
their machines and controls, in order to quickly adjust
production capacity and functionality in response to market or
product changes.” The RMS concept has evolved out of the
inadequacy of previous manufacturing paradigms in
addressing the global manufacturing challenges of:
economically managing the rapid rate of product development,
frequent changes in parts and products, fluctuations in product
demand and mix and changes in product and process
technology [2]. In order to meet these challenges RMSs are
envisaged to exhibit transformable system layouts and
reconfigurable processes, cells and machines.
Reconfigurability in RMSs is also specified to be achieved by
the use of modular mechanical hardware and control elements
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that can be rapidly integrated into Reconfigurable Machine
Tools (RMTs), material handling systems, quality control
systems and product assembly mechanisms to achieve new
levels of system functionality [3].

The nature of RMSs presents the necessity to quickly alter
factory floor configurations when the system can no longer
meet the demands of the production schedule. The rapid
automatic generation of viable RMS configurations is essential
to maintaining system productivity under changing production
demands. Existing manufacturing planning systems do not
encapsulate concepts of reconfigurability in planning
mechanism to obtain optimal RMS configurations. This paper
presents a theoretical framework for an automated
manufacturing planning system for RMSs. The proposed
framework aims at the generation of optimized configurations
for RMSs based on process plan information and system
planning objectives.

Section Il of this paper presents a literature review of
modeling methods, software models and architectures for
RMS planning and control. Section 11l discusses driving
factors for manufacturing system reconfiguration and criteria
against which reconfiguration plans may be developed.
Section 1V introduces the DEVS formalism. This is the
discrete system modeling technique implemented in the
planning framework. Section V introduces the concept of
reconfigurable process plans. Section VI presents a theoretical
framework for the automated planning of RMS configurations.
Section VII proposes the incorporation of a Multi-Objective
Genetic Algorithm into the planning system for the
exploration of potential system configurations and the
generation of an optimal system solution. The paper concludes
with a discussion of the proposed planning system, including
challenges and future work.

Il.  LITERATURE REVIEW

The creation of a planning system for reconfigurable
manufacturing entails the development of modeling
techniques and logic frameworks, software architectures,
scheduling and resource allocation algorithms, reconfiguration



algorithms and reconfiguration procedures that compliment
the transformable nature of RMSs.

A. RMS Modelling

Logic frameworks for RMSs have been developed by Lejri
and Tagina [3], Li etal [4] and Zhang and Rodrigues [5] who
used Petri net techniques to model manufacturing processes.
The authors demonstrated how Petri nets could also be
reconfigured to alter the sequential control of a process in
conjunction to the physical reconfiguration of the system.
Modular Finite State Machines (MFSM) were proposed by
Endsley et al [6] as a logic frame work for RMSs. The
controller developed by Endsly was used to automatically
generate the control logic for manufacturing cells and had the
ability to react to events according to the cells configuration
and operating status

B. RMS Software Architectures and Programming

Bruccoleri [7] investigated a possible software framework for
reconfigurable  manufacturing  cells.  The  research
demonstrated how Object Orientated (OQO) techniques
facilitated the easy reconfiguration of the control software,
while providing real time process monitoring, network
integration and exception handling. Moyne et al [8] proposed
a system level software infrastructure for RMSs. The proposed
system consisted of a data centric architecture with modular
software engines that were able to interact through a database.
The  research  focused  particularly on  software
reconfigurability, data acquisition, communication between
cell and system level controllers and the facilitation of web
based communication with the database.

At a system level, holonic control (multi-agent based control)
has been proposed by Wang et al [9], who theoretically
described how it could provide the control reconfigurability
required in RMSs. Agent based systems have been used to
synthesize feasible RMT configurations[10], however no
implementation of a multi-agent system for manufacturing
planning has been practically demonstrated.

C. Necessity for Further Research

Although logic frameworks and software architectures have
been proposed for RMSs, further work is still necessary for the
development of manufacturing planning and control systems
for RMSs. Researchers who have proposed logic frameworks
and models for RMSs have not practically demonstrated those
techniques or have demonstrated them on simple processes
(not system level). Modeling techniques have thus far been
developed to describe sequences of discrete manufacturing
events, however further research is required for the
development of reconfigurability and flexibility models of
RMTs, material handling systems and assembly systems for
planning purposes. Researchers who have proposed software
architectures for RMSs have focused mainly on the software
development methods and tools that may be used to build
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control systems. No significant research has been conducted
on the planning and control algorithms and “rule engines” that
will be implemented in these software systems.

A critical area that has not received research attention is the
creation of manufacturing planning mechanisms that account
for the reconfigurability of RMSs. This is necessary to ensure
that optimal system configurations are implemented to cope
with changes in production requirements. The ability for
production to continue while a RMS is being altered is also
essential to maintain the economic feasibility of
reconfigurations, particularly when machines have to be
temporarily removed from the system for alterations.
Research into the development of provisional RMS production
plans that sustain system productivity during reconfiguration
iS necessary.

I1l.  RECONFIGURATION DRIVERS

A RMS is required to reconfigure when the current system
configuration cannot meet the capacity and functional
requirements of a new production schedule. Capacity and
functional deficiencies arise when one or more of the
following events occur:

a) market demand for a product changes,

b) the due date for product delivery is changed,

¢) adesign change is made to an existing product,

d) anew version of a product is introduced

e) anew product category is to be introduced,

f) unplanned maintenance and machine failure.

The reconfiguration plan is strongly influenced by the nature
of the deficiency. Candidate manufacturing configurations
may be modeled and tested using the DEVS formalism
(discussed in the next section). Feasible configurations may
then be filtered against the following non-exhaustive list of
criteria:

a) reconfiguration smoothness — the number of physical

changes to the existing system configuration,

b) minimum interference with other production streams,

c) minimization of material handling,

d) minimal investment in new hardware,

e) maximization of production rates.

Once a candidate solution has been selected, the process of
reconfiguration is executed by changing the current
manufacturing system configuration to match the candidate
solution.

IV. DISCRETE EVENT MODELLING FOR RMSs

The DEVS (Discrete Event System Specification) formalism
is a formalism that is capable of being used to model
manufacturing systems [11]. The formalism is modular and
hierarchal in nature. The formalism consists of Atomic Models
and Coupled Models. The modularity provided by Atomic
Models makes it possible for these models to be coupled in
varying configurations to produce a state space of system



configurations. The modeling formalism therefore exhibits a
strong parallel to the modularity and reconfigurability of
RMSs. An Atomic DEVS model M is a 7-tuple defined by:

=< P s . >
where
X :isaset of input events;
Y :is a set of output events;
S : is a set of sequential states;
Uext : Q T ,i¥an eXterr@l transition function; where
Q ={(s,t;)|sO)5, 0 £ AA(s)} is the total state set of M and t, is
the time elapsed since the last the last event;
Unt: S, alinténal transition function;
& . SsanYoutput function;
t a : Sis the tiReeadvdnce function.

A Coupled Model is an assembly of several Atomic Models or
smaller Coupled Models. The process of coupling several
smaller models is used to build complex systems such as
models of manufacturing cells and complete factories. A
Coupled DEVS model N, is an 8-tuple defined by:

=< Yy s s s , >
where
X : a set of input events;
Y : a set of output events;
D: is a set of subcomponent names;
{M;} : is the set of sub-components where for each jOyD, M;
can be either an atomic DEVS model or a smaller coupled
DEVS model;
Cuw { X x K X;:isthe set of external input couplings;
Cy { K YjxY:isthe set of external output couplings;
Cyx{ K Yjx K X:isthe set of internal couplings;
Select: 2° Y D: is the tie-breaking selector.

DEVS models form the basis for the creation and verification
of logic control programs for a manufacturing system.
Programmable Logic Controllers (PLCs) are the most popular
logic controllers for the automated coordination of
manufacturing activities [7]. DEVS models encapsulate the
logic needed for manufacturing execution and this logic may
be extracted from a validated model for the automatic
generation of PLC programs.

V. RECONFIGURABLE PROCESS PLANS

Traditional manufacturing process planning systems focus on
the generation of plans in view of a production systems’
hardware and system layout. Previously machines were
assumed to have a fixed level of functionality and the system
layouts were assumed to be static. RMSs require process
planning techniques that extend beyond the simple mapping of
part processing requirements to existing machine functionality
and layout. Process planning for RMS must be explorative of
current as well as new potential system, cell and machine
configurations.

A reconfigurable process plan is a plan that consists of
multiple machine and transportation configurations that may
satisfy the processing requirements for a given part. The
selection process involves the guided exploration of feasible
plan configurations against the criteria listed in Section Il1.

Reconfigurable machinery in RMSs presents multiple
solutions to a processing requirement. The generic term
machinery in this context extends to material removal
machinery, robotic machines, material handling machines, etc.
A process P; may be may provided by machine my with
process description my(i), where i is the process name, j is the
machine name and K is the configuration number of machine j.
The description my(i) is a 5 — tuple defined by:

=< e s, 2
where:
tm : is the time for process i to be completed on machine j;
T : is the set of tools required to complete the process;
F: is the set of fixtures required to complete the process;
I: is the number of laborers required to operate machine mj to
complete process i;
c: is the total cost of process P; on machine mj.

Every machine with process description my(i) will have an
associated DEVS model M; for the discrete event simulation
of process P; on that machine. Because of the nature of
reconfigurable machines in RMSs there will be a set of
machinery in various configurations that could indeed satisfy
the requirements of process P;, therefore we may write:

Pi = {my(i)}, where jOJE and E is the name set of all machines
available in the system.

Note that D /~ E, with D defined as in Section IV. This is so
because the Atomic and Coupled DEVS models that constitute
the manufacturing system model Nggem, are models of
machinery. A machine’s DEVS model and the physical
machine share the same names. The reconfigurable process
plan for a part is then given by the ordered set:

PLAN = {P,, P,, P3¢ P,}, where n is the total number of
stages required to execute the process plan.

The plan described above earns the title “reconfigurable
process plan”, as the final plan that is implemented in the
manufacturing system may assume multiple configurations
depending on the constraints placed on the system. Through a
multi-objective selection process the most appropriate
machinery for the manufacturing of a product are identified.
The reconfigurable process plan then reduces from a space of
feasible options into a tradition process plan (product route
sheet).
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Figure 1: Schematic Diagram of a Reconfigurable Planning System

VI. AUTOMATED PLANNING SYSTEM

A. Inputs to the Planning System

The theoretical framework for the “Automated Planning
System” for RMSs s illustrated in Figure 1. The aim of this
system is generate an RMS configuration that can best satisfy
the processing requirements of the master  production
schedule. This system requires as an input, the complete set of
reconfigurable process plans for the parts to be produced by
the manufacturing system. The system requires a library of
precompiled DEVS models of various types of manufacturing
hardware and a description of planning objectives to guide the
generation and evaluation of candidate RMS configurations.
Planning objectives in this instance are descriptions of the
relative importance of various performance criteria. For the
proposed framework these may be represented as a 3-tuple of
percentages:

Where:

{RATE,}: is the ordered set of production rates required for
parts corresponding to the ordered set {PLAN,};

RS: is the percentage importance of the reconfiguration
smoothness in transitioning from the existing system layout to
a future configuration;

C: is the percentage importance of the cost of production for a
system configuration.

These percentages prioritize planning objectives, enabling the
planning system to generate RMS configurations that best
compromise between performance criteria. Note that the 3-
tuple of objectives may be extended if necessary to
encapsulate additional planning objectives.

B. Generation of Candidate Solutions

The first stage in the planning process is the selection of
random RMS configurations from the information provided by
the set of reconfigurable process plans input to the system.
The candidate configurations produced by the “Random RMS
Configuration Generator” are a first generation of n solutions
to the processing requirements of the system. The candidate
solutions at this stage are only specific configurations of the
reconfigurable process plans. Note that the generator produces
multiple viable configurations.

The candidate RMS configurations are then translated into
DEVS models for discrete system simulation. Recall that
every process description my(i), will have an associated
DEVS model M;. The necessary DEVS models are imported
from the “DEVS Model Library” according to the various
process plan configurations. The “DEVS Model Assembler”
then couples individual atomic models together according to
the specifications of the Coupled DEVS formalism. The
outputs from the model assembler are discrete system models
for the candidate RMS configurations.

C. Simulation of Candidate Solutions

DEVS models of candidate RMS configurations are simulated
as part of a metaheuristic exploration and optimization
algorithm, as shown in Figure 1. The details of exploration
algorithms that can perform this task are discussed later. In
order to simulate the functioning of candidate RMS
configurations, a job shop scheduling algorithm is nested
within the simulator. The scheduling algorithm for this
framework is still under development. The simulator is being
designed to provide information such as production rates,
buffer overrun warnings, buffer starvation warnings, average
machine utilization/idle time, etc. This information is essential
for the candidate evaluation stage.



D. Exploration and Optimisation Process

Candidate solutions for RMS configurations are rated against
planning objectives by the “Configuration Evaluator”. The
evaluation function uses data generated from simulations as
well as the sets of process descriptions my(i) to rate solutions.
Those solutions that are highly rated are selected for further
optimization by the “Configuration Selector”. Low rated
configurations may be discarded by the selector function or
allocated a lower ranking that will diminish their influence on
the convergence of the algorithm.

RMS configurations that have been selected for optimization
are modified by the “Configuration Optimizer”. The
modifications include the exploration of different machine
configurations and system layouts in candidate solutions. The
modified solutions are then simulated, evaluated, filtered
(configuration selection) and modified again until the
performance difference amongst candidate solutions falls
below a preselected threshold. The highest ranked
configuration is then output from the Automated Planning
System. The final configuration is then physically
implemented in the factory and the PLC logic may then be
extracted for manufacturing control.

VII. GENETIC ALGORITHMS FOR RMS PLANNING

Metaheuristic Algorithms have been identified as essential in
obtaining optimal RMS configurations from the total state-
space of configurations achievable with the hardware available
to the system. The use of these algorithms is essential because
traditional gradient based optimization algorithms would be
prone to premature convergence on the abundance of local
optima in a large RMS configuration state-space. Moreover
traditional gradient based optimization algorithms generally
require a well defined mathematical function of the variable to
be optimized [12]. The complexity of manufacturing systems
does not allow for the easy formulation of such a function.
Alternatively Metaheuristic Algorithms such as Genetic
Algorithms, Particle Swarm Optimization and Simulated
Annealing may be implemented in the planning system.

The family of algorithms that are under investigation are
Multi-Objective Genetic Algorithms (GA). GA are population
based algorithms that explore multiple candidate solutions
instead of a single solution at a time. Genetic algorithms
encode a potential solution, such as an RMS configuration,
into a bit-string data structure called a chromosome. Parent
chromosomes are crossed over and mutated to from offspring.
The processes of crossover and mutation force the exploration
of new candidate RMS configurations. Offspring are then
evaluated and selected on the basis of fitness against RMS
planning objectives. Those offspring that rank highly on
fitness are selected to be parents for the next generation of
candidate RMS configurations. The fitness evaluation process
ensures that stronger solutions are produced in subsequent
generations, causing the algorithm to converge on an optimal
set of solutions. Please refer to Konak et al [13] for a

comprehensive explanation of Multi-Objective Genetic

Algorithms.
VIIl. DiscussION

The theoretical framework for the RMS planning system
proposed in this paper has been developed with the DEVS
formalism as a central feature. This formalism was selected
due to the modularity offered by Atomic DEVS and the ease
in which modules could be assembled into systems; facilitated
by the Coupled DEVS formalism. The modularity of the
modeling methodology compliments the modular nature of
reconfigurable machines and facilitates the quick remodeling
of transformable factory layouts.

The objective of the planning system proposed in Section VI
is to automatically generate RMS system configurations from
Reconfigurable Process Plans and a library of DEVS models.
The system simulates and optimizes n candidate solutions with
the objective of convergence on an optimal RMS
configuration within a states pace of plausible solutions.
Although the framework presented in this paper outlines a
logical, sequential approach to planning an optimal RMS; the
software implementation will encounter computational
complexity in the planning of large RMSs.

The state space of RMS configurations achievable by modular
reconfigurable machine and transformable system layouts
grow factorially with the number of hardware units available
to the manufacturing system. Similarly the number and ways
in which DEVS models could be combined grows factorially.
This makes model validation a difficult task, since model
checking tools will face a combinatorial explosion of the state-
space (state explosion problem). The Genetic algorithm that is
responsible for the generation and selection of optimized RMS
configurations, will have to explore this exploded state-space.
From a computational perspective the number of iterations
required to find an optimal RMS configuration, close to or at
the global optimum, will increase as the number of system
configurations grows. The state-explosion problem is a
problem that is inherent in analytical descriptions of RMSs,
due to the modularity of reconfigurable machines and the
transformable nature of system layouts.

IX. FUTURE WORK

The theoretical framework presented in this paper requires
significant software development for the full automation of the
planning system. A major component of future work will
include the software development of the automated RMS
configuration generator and DEVS model assembler. The
software implementation will be built on the modeling
formalism presented in Section Il and the concept of
reconfigurable process plans presented in Section V.



The exploration of appropriate Genetic  Algorithm
configurations will also be conducted. This will include
research into advanced genetic recombination techniques and
offspring selection strategies. This research is necessary to
ensure the implementation of an algorithm that does not
converge prematurely on to sub-optimal RMS configurations.
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