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Degree: Master of Science in Computer Engineering 

Year: 1993 

This thesis presents a systematic method for the design 

and modeling of flexible manufacturing systems, using object-

oriented concepts and Petri nets. 

In the method proposed, we first define the system 

components in terms of an object model consisting of 

hierarchical sets of classes and operations. Secondly, we 

model the dynamic aspects of the system using statecharts, 

including exceptions. As a third step, we derive Petri nets 

from those statecharts to realize the concurrency present in 

the system. Finally we develop a hierarchy of controllers, 

corresponding to the layers of the object mod'el, for the 

independent components of the system based on the Petri nets 

obtained in the previous step. 
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1 INTRODUCTION 

Using sound specification and design techniques is an 

essential element in the development of high quality software 

systems. This becomes even more significant when the software 

in question is real-time and deals with process controls, 

where design errors can produce monetary losses and may even 

endanger human lives. 

Flexible Manufacturing Systems ( FMS's ) fall under the 

above mentioned category, requiring complex real-time cell 

controls. Additionally, due to the constant changes and 

additions that FMS's entail, the software must be designed in 

a way that allows modifications to be easily and readily 

incorporated, without having to do a complete overhaul of the 

software. The object-oriented approach to software design, 

through its emphasis on reusability, can help solve this 

problem. 

However, the representation qf the system through an 

object-oriented approach is not enough. In this thesis we show 

the effectiveness and advantages of representing FMS's using 

object-oriented design combined with statecharts and Petri 

nets. The static relationships of the system will be 

represented using objects and its dynamic aspects will be 

represented using both the dynamic model of Rumbaugh [18], 
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which is based on statecharts, and Petri nets. statecharts 

describe the states of the system during application execution 

and can conveniently model abnormal or exceptional conditions. 

Petri nets are generally more detailed than statecharts and 

constitute a tool through which concurrency can be modeled and 

analyzed (1]. They make it possible to study aspects such as 

deadlocks and synchronization which cannot be studied with 

statecharts. In addition, they have been applied to specify 

the control structure of manufacturing systems [7, 16]. 

Because of this they can be used to develop the system 

controllers. Note that on page 114 of (18] the author claims 

that Petri nets are not useful for specifying large systems; 

we think that is because the book contained very minimal 

studies of concurrent systems. We will prove how efficient 

Petri nets are in this thesis, especially when it comes to 

analyzing complex concurrent systems. An example of a 

manufacturing cell will be represented in this thesis, showing 

both its static and dynamic characteristics. The system will 

be modeled with the use of the Object Modeling technique {OMT) 

[18], which is one of the most rigorous approaches to object

oriented analysis and design. 

An attempt to combine objects with Petri nets for the 

design of manufacturing systems was presented in ( 4]. However, 

another model was used by the authors in that paper, a 

"functional-knowledge schema" to relate object classes to 

Petri nets. Here, we explore the use of statecharts as a more 
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convenient and more general intermediate representation. (8] 

showed the advantages of the object-oriented approach with 

respect to providing flexibility to changes and extensions in 

this type of systems. 

Section 2 of this thesis discusses basic background on 

FMS's, object-oriented design, Petri nets and concurrency. 

Previous work in this field and its relation to this thesis 

will be discussed in Section 3. Section 4 shows the static 

class structure of the automated manufacturing cell used as an 

example. Section 5 deals with the dynamic representation of 

the different system components making up the manufacturing 

site of the previous section. Dynamic representation of the 

system using Petri nets is performed in Section 6, which also 

utilizes the information of the previous chapters to design 

the controller of the system. Some conclusions and references 

to future work and direction are presented in Section 7. 
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2 BACKGROUND 

We present here some basic concepts needed to understand 

the rest of this work. We start with a brief description of 

flexible manufacturing systems, followed by an introduction to 

the Object Modeling Technique (OMT) and to Petri nets. We 

conclude with an overview of concurrency in object-oriented 

systems. 

2.1 Flexible Manufacturing systems 

A flexible manufacturing system is a highly automated 

production plant. It consists of a collection of assembly 

stations and material handling devices, with the purpose of 

mass manufacturing a certain product. The FMS studied in this 

thesis is used for producing electric ovens. Each unit of the 

system is usually controlled by its own processor, while the 

system is supervised by an executive computer [8]. The real

time software running in these processors is normally updated 

and modified whenever the type of products assembled and their 

production processes change. This software also supports 

multitasking operations, since many operations of the 

manufacturing process run concurrently. 

A typical FMS system is usually made up of part-storage 

bins, load and unload stations, pallets, assembly workstations 
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with storage buffers, robots and conveyor belts for transport 

purposes. Several parts are transported to be assembled in one 

or more stages at the different workstations, to come up with 

the final product. Different cell setups and equipment are 

normally required for different products and processes, to 

accommodate the product-specific procedures and configurations 

involved. 

2.2 Object Modeling Technique 

The object-oriented approach has recently been widely 

used as a specification and design tool for the purpose of 

conceiving high quality software systems. IObject-oriented 

modeling and design have been proposed as a way to promote 

better understanding of requirements, cleaner design and more 

maintainable software tS~. Th~se advantages are accomplished 

through many unique features found in an object-oriented 

system. One advantage is that the object-oriented approach 

emphasizes the design of the data composing the system, 

lending to an architecture that maps real world entities into 

software objects [2]. Achieving a high- level of reusability 

is another advantage of the object-oriented approach, setting 

it apart from other analysis and design methodologies. 

Unlike these other methodologies, the object-oriented 

approach's fundamental building block is the object, which is 

made up of a data structure, a set of attributes, in addition 

to one or more procedures, referred to as methods or 
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operations. The attributes and operations define the object 

interface. Objects with the same data structure and methods 

can be grouped into a class, out of which objects can be 

instantiated. Classes of objects can be defined as special 

cases of other classes by means of an inheritance mechanism. 

This mechanism implies that methods and attributes of the 

original classes are automatically included into their 

subclasses. Information hiding is achieved through 

encapsulation, which means that the data within an object can 

only be accessed by its own methods. 

In this thesis, Rumbaugh et al.'s Object Modeling 

Technique (OMT) will be used as a general object model. OMT is 

a specification and design approach for object-oriented 

systems (18]. A graphical depiction of a class with its three 

separate areas: the class name, the class attributes and the 

class methods is shown in Figure 2.2.1. Attributes have types 

and methods have arguments or parameters. 

Class Name 

Attrlbutel :data...type 
Attrlbute2:data...type 
... 

Methodl (arg_lst):return 
... 
Method N (arg_lst):return 

Figure 2.2.1 A Class 
Definition in OMT 
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Three basic types of associations between classes are 

defined and used in the OMT model: Generalization, aggregation 

and relationship. 

* Generalization implies the definition of a superclass 

that contains the common characteristics of several 

subclasses. It defines an "is a" association between a 

subclass and its superclass. Figure 2.2.2 shows that the 

superclass Person is a generalization of the classes 

Faculty, student and staff. student, in turn, is a 

generalization of the subclass Foreign_student. the 

symbol for generalization is a triangle. Inheritance is 

an implied characteristic of generalization. 

Person 

A 

Faculty student staff 

t 
Foreign_ 
student 

Figure 2.2.2 OMT Representation for Generalization 
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* Aggregation implies the description of a class in terms 

of its constituent parts. The concept of aggregation 

defines an "is a part of" association between a subclass 

and its superclass. Figure 2. 2. 3 shows a Network composed 

of computational Nodes and Communication Links, with the 

latter made up of processor, memory and I/O_Device. 

Aggregation is denoted by a diamond, where the black dots 

indicate multiplicity, e.g. a network is made up of 

several computers and links, and a computer is made up of 

several processors, memory and I/O devices. 

Network: 

? 
1 

Computational Commu-nication 
Node link: 

~ > 

1 l - -
Processor Memory 1/0 Device 

Figure 2.2.3 OMT Representation for Aggregation 
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* Association describes how objects belonging to different 

classes relate to each other. The OMT symbol for 

association is a line connecting two classes labeled with 

the association name. Figure 2.2.4 shows that Programmer 

can program Computers, and that Technician maintains 

Computers. Associations can have attributes, e.g. product 

in Figure 2. 2. 4. They also have multiplicity, e.g. a 

Programmer can program several types of computers. 

rograms 
{Computer l l Technician I Progn1mmer 

\...~ 1 

p t.Aaintains 

Product 

Figure 2.2.4 OMT Representation for Association 

The complete modeling methodology consists of the 

following three orthogonal stages: 

stage 1 Object Model: This model shows the static data in 

the system. It describes the application using 

object classes and the relationships among those 

object classes. The methods or operations 
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stage 2 

Stage 3 

associated with the object classes define the 

behavior of the classes. This is the model 

described until now; we apply it in Chapter 4. 

Dynamic Model: This model shows the time dependent 

behavior of the system. It shows the manner in 

which the system behaves with internal and external 

events. An event trace diagram explains the event 

transformations between system classes and external 

effects. This model is discussed in detail in 

Chapter 5. 

Functional Model: This model shows how output 

values are derived from input values, or how to 

process the data flow in the system during each 

event or action. We do not use this model in this 

thesis. 

2.3 Petri Nets 

Petri nets have evolved over the last two decades into a 

suitable representation scheme for describing, analyzing and 

synthesizing real-time systems [1]. Some of the advantages of 

modeling a system using Petri nets are as follows: 

* The overall system to be analyzed is easy to understand 

due to the graphical and explicit way of the 

representation method. It is much more concise and clear 

to study a system if it is shown graphically than if it 

is represented with the use of a formal language. 
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* The ability to use some of the analysis tools provided by 

the Petri nets theory, such as reachability trees, to 

study and analyze the dynamic behavior of a system in 

question. 

* They allow the description of concurrency in real-time 

and multitasking systems such as Flexible Manufacturing 

Systems, where the software can exhibit very complex 

interactions and behaviors. 

2.3.1 Petri Net Description 

A Petri net can be defined as a bipartite, directed graph 

c = (P,T,I,O) where 

* P = {p1,p2, ... ,pn} is a set of places, 

* T = {t1,t2, ... ,tn} is a set of transitions, 

* I is an input function and represents a mapping between 

transitions and places using directed arcs, and 

* 0 is an output function and represents a mapping between 

transitions and places using directed arcs. 

A place represents a state or a condition and is denoted 

by a circle. A transition bar represents an event and is 

connected to places by directed arcs. Transitions in a Petri 

net may represent events in a real system. An example of a 

Petri net is shown in Figure 2.3.1. 

In this figure, p1 and p2 are places and t is a 

transition bar. Place p1 is an input place for t, and place p2 

is an output place for t. Equivalently, the input function I 
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for the transition bar t is equal to: I(t) = { p1 } a~d the 

output function 0 for the transition bar t is equal to: O(t) 

= { p2 }. 

P1 t p2 

Figure 2.3.1 Petri Net Rules 

2.3.2 Petri Net Rules 

Another essential element of Petri nets is tokens, which 

are represented by black dots and appear inside places. In 

Figure 2.3.1, place p1 has a token in it. 

A transition bar is said to be enabled or firable if each 

of its input places contains at least as many tokens as the 

number of arcs connecting the places to the transition bar. 

Firing of an enabled transition bar removes as many tokens 

from an input place as the number of arcs connecting the place 

to the transition bar. In the same time, firing of a 

transition bar adds as many tokens to each of its output 
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places as the number of arcs connecting the place .to the 

transition bar. 

A token distribution among places of a Petri net is 

called a marking. A marked Petri net represents the 

coordination or synchronization of all the events represented 

by transition bars, and each marking represents a state of the 

system. The movement of tokens shows which conditions cause a 

transition to fire and which conditions come into being on the 

completion of firing [1]. Figures 2.3.2 and 2.3.3 give an 

illustration of the Petri net rules. 

t2 

a I Initial marking t-4. before firing. 

b I Marking t-4'. resulting from firing t1 

Figure 2.3.2 A Marked Petri Net to Illustrate the Firing 
Rules 
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In part a of Figure 2.3.2, both transitions tl and t2 are 

enabled since the number of tokens in the input place is equal 

or greater than the number of input arcs coming into them. In 

part b, and after tl is fired, t2 becomes disabled since its 

input place contains one token less than its two input arcs 

and tl remains enabled since its input place still has a token 

in it. 

t2 

a) Initial marldng M, before firing. 

b) Marting M', resulting from firing t2 

Fiqure 2.3.3 A Marked Petri Net to Illustrate the Firing 
Rules 

14 



Neither one of the transitions of Figure 2.3.3 is firable 

or enabled after t2 is fired since the common input place 

discharged both of its tokens. On the other hand, the output 

place of transition t2 receives three tokens after t2 is fired 

since three arcs are connected to it. 

2.3.3 Petri Net Analysis 

One of the most important characteristics that can be 

uncovered through Petri net analysis is the possibility of 

deadlock. A Petri net is said to be deadlocked if it reaches 

a marking where no transition can fire. 

Part b of Figure 2.3.3 shows a deadlocked net. As seen in 

this figure, neither one of the transition bars can be fired, 

and the system represented is in a deadlocked mode. Another 

example of deadlock is shown in Figure 2.3.4. After tl is 

fired, the net becomes deadlocked since tl can no longer fire, 

having one input place without a token in it. 

p1 t1 p2 

Fiqure 2.3.4 A Potentially Deadlocked Petri Net 
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A basic approach to analyzing Petri nets, looking for 

problems such as deadlocks, is to use reachability trees. The 

nodes of a reachability tree of a marked Petri net represent 

reachable markings of the net. Each marking is derived from 

firing each and every enabled transition bar of the net 

individually. 

2.4 concurrency 

Concurrency is an issue which comes up often when 

studying and analyzing real-time systems. It basically means 

that two or more actions can be simultaneously active. If we 

have a parallel processing system we can execute these actions 

at the same time. On the other hand, tasking mechanisms in 

operating systems and software languages can simulate logical 

concurrency in a single processor. 

Concurrency is essentially orthogonal to the object 

structuring and four types of concurrency are possible in the 

execution of object-oriented systems [18]. They are the 

following: 

* Interobject concurrency 

This type of concurrency occurs when two or more 

object instances of the same class can be active at the 

same time. The object instances can function 

independently of each other. For example, as shown in 

Figure 2. 4. 1. a, two robots which belong to the same 
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classcan perform their tasks independently and .at the 

same time. One robot does not have to wait until the 

other robot stops before it becomes active and performs 

its own operations. 

* Interclass concurrency 

InterClass concurrency refers to the ability of two 

or more object instances of two or more different classes 

to exist concurrently. For example, as shown in Figure 

2.4.1.b, the object 'robot_l' which is an instance of the 

class 'Robot', can perform its tasks and operations 

independently of the object 'assembly_workstation_l', 

which is an instance of the class 'Assembly _Workstation'. 

The two objects can operate simultaneously, performing 

their own operations. 

* Interstate concurrency 

This type of concurrency takes place when several 

states of the same object could occur simultaneously. In 

other words, the object can be in more than one state at 

the same time. For example, as shown in Figure 2.4.1.c, 

an assembly workstation can be assembling a product and 

monitoring its input buffer for new parts at the same 

time. Another example is that of an assembly post, made 

up of an assembly area and several output buffers, which 

is capable of assembling some raw parts into a new 
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Robot 
... robot 1 -

grip[) 
move() robotJ 

I 
grip[) 

l move[) 

a) Inter-Object Concurrency 

robot x 

assemble[) 
monitor[] 

c) Inter-State Concurrency 

Robot 

Figure 2.4.1 Types of concurrency 
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Assembly_ 
ws 

assembly 

robot 1 ws 1 

move(] ( assemble() 

b) Inter-Class Concurrency 

robot_y 

d) Intra-Operation Concurrency 



product inside the assembly area and moving finished 

products from one output buffer to another, all at the 

same time. All these different operations belong to the 

same object, but can occur at the same time. 

* Intraoperation concurrency 

This type of concurrency takes place inside an 

operation executed by an object. It refers to two or more 

different actions being executed at the same time by a 

single operation of an object. For example, as shown in 

Figure 2.4.1.d, an operation used by a robot to perform 

several mathematical computations can execute all of 

these computations in parallel instead of executing them 

serially. To be more specific, a single operation 

belonging to a robot can execute an addition of some 

values at the same time as solving a differential 

equation, combining the outcoming results for later use 

in another operation by the robot. Note that this is 

potential concurrency, its exploitation depends on the 

type of controllers used to coordinate the system. 

* Processes and Operations 

Figure 2.4.1.d shows how one operation of an object 

can be implemented using several processes. Figure 2.4.2 

shows the converse, i.e. how a process may require 

calling sequentially several operations of one or more 
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objects. In summary, processes and operations are 

orthogonal concepts. 

robot_l activation robot_l 

Figure 2.4.2 

I grip [I 

-~--~---·~move () 

I 
.._~r----r----;- release() 

A Process Calling Three Operations 
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3 PREVIOUS WORK 

There has been several studies in the past of the use of 

object-oriented methods and Petri nets to design and analyze 

manufacturing systems. The contribution of this thesis is to 

present a way of applying both methods, object-oriented 

techniques and Petri nets, together in the same system for the 

purpose of analysis and design. The following studies bear the 

most resemblance to this thesis, providing influence and 

motivation. 

3.1 E.B. Fernandez and C.P. Han: "Object-oriented Design of 

Flexible Manufacturinq systems" 

This paper (8] has been used as a starting point for this 

thesis. In it the authors show a detailed design example to 

exhibit the modeling power of the OMT approach and to 

demonstrate the ease of changing and extending the initial 

design. An initial design of a manufacturing cell comprised of 

robots, assembly stations, storage bins and conveyors is 

developed based on a set of requirements. The design is later 

expanded to take into consideration added functionality; next 

the effect of changes in that particular manufacturing setup 

is analyzed. The static data of the system is shown in the 

object model which is divided into object classes. These 
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classes are made up of objects which enca~sulate 

implementation details, making it much simpler to change or 

expand the system. As a result the implementation changes only 

affect the classes concerned and not the overall logical 

level, where the modeling is done. 

The time dependent behavior of the system is shown in the 

dynamic model, which consists of state diagrams of the 

different objects in the system. These diagrams are clear and 

show the various object interactions, but are not well suited 

for timing dependent applications such as manufacturing 

systems. Deadlock and other conditions necessary to evaluate 

concurrent systems cannot be easily studied with the use of 

state diagrams. Petri nets do a much better job in this area, 

and consequently the main purpose of this thesis is to 

complement the OMT analysis approach with the use of Petri 

nets. 

3.2 G. Menga et al: "A Framework for Object oriented Design 

and Prototyping of Manufacturing Systems" 

In this paper [14] a library of classes, based on the C++ 

programming language, is developed and used to express 

concurrency and to support an extended client/server paradigm. 

The processes making up the different tasks of a given system 

are encapsulated in abstract data types and communicate 

through messages. 

The authors emphasize the structure of a manufacturing 
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system as a hierarchy of aggregation layers. These layers are 

modeled in terms of entities,the clients, requesting services 

from servers. Workstations, cells, shops and factories are 

each treated as belonging to separate layers, which can at 

different times act as either a server or a client. A layer 

assumes the role of a server when it performs services for 

higher-level layers, and of a client when it requests services 

from lower-level layers. A server is an object that implements 

certain operations and contains the variables shared by these 

operations. The authors use SOL (the CCITT language) as a 

dynamic model. 

Reusability and extension, which are essential concepts 

of object-oriented design, are implemented through the G++ 

library. Additionally, an internal method that belongs to each 

server is used for dynamic purposes. By redefining it, this 

particular method lets concrete objects easily modify their 

functional specification, without having to do major design 

changes. 

One can conclude that the similarities between their 

approach and this thesis exist in the use of the concept of 

object-oriented design and the reusability that comes with it. 

However, the main difference is the introduction of the 

client/server paradigm in ( 14) during design. Also their 

methodology is heavily biased towards C++. We believe a 

methodology should be language independent. 
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3.3 J. Ezpeleta and J. Martinez: "Petri Nets as a 

specification Language for Manufacturing systems" 

This paper [7] presents a method for the specification of 

flexible manufacturing systems with Petri nets. 

It describes a design for a flexible plant for electric 

oven manufacturing which is used as an example in this thesis. 

The specification of the behavior of this manufacturing system 

is divided into a set of subproblems. Each part and its 

behavior in the system is represented by a Petri net. These 

nets are all integrated later on to show the whole system and 

the various competing relations among the parts in a single 

specification, which depicts an overall specification of the 

production plant. 

A key aspect in this work is the methodology of modular 

design and specification. Specifying the different subsystems 

of the plant independently and then composing them later on 

showed both competition and cooperation relations with regard 

to the shared resources. However, this approach does not 

adequately represent the manufacturing system's data. 

3. 4 s. Caselli et al: "A structure-function-control Paradigm 

for Knowledge-based Modeling and Design of Manufacturing 

Workcells" 

This paper [4] discusses the integration of structural, 

functional and control knowledge in manufacturing workcell 

modeling, simulation and design. A data model encompassing 
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both functional and control features, along with application 

domain structural knowledge, is developed. This model is used 

to explicitly represent the control aspects of engineering 

design within an object-oriented database and supports a 

functionality-driven manufacturing workcell design. 

Application control knowledge within a structure-function

control paradigm is described with the use of Petri nets. 

The workcell design procedure that the authors propose, 

which is intended to be used as the skeleton of a software 

tool that assists in the manufacturing workcell design 

process, is made up of several steps. In these steps, the 

product to be assembled is defined, the process and assembly 

equipment are selected and the functionality indicating what 

must be done along with the workcell control tasks are 

described. 

The structural knowledge data model showing an object

oriented presentation of the workcell components is developed 

first. All the functions to be performed within the workcell 

are then graphically described in terms of their subfunctions 

using a functional knowledge schema. This schema provides 

several primitives developed by the authors. Some of these 

primitives are: 

* Functional aggregation, which besides describing a 

function in terms of its subfunctions, can also express 

the ordering constraints on subfunction execution. 

* Iteration association, which imposes an ordering with 
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respect to time on all the instances of a functional 

class, and calls for the repeated instantiation of 

identical subfunctions at a lower abstract level. This 

association provides the equivalent of the looping 

primitive of programming languages. 

* Providesjprovided_by association, which is used to 

support the integration of the structural and functional 

knowledge. It consists of explicitly named links that 

represent relationships between structural and functional 

classes. 

Control constructs commonly encountered in the 

manufacturing domain are modeled through Petri nets. It is 

shown how these nets can be combined together according to 

appropriate rules during the workcell design process in order 

to build different control strategies for the different active 

components making up the workcell. Their functional model is 

intended to describe the specific operations to be performed 

on a given product, i.e., it is not suited to describe 

operations at a more global scale such as moving a product 

from a workstation to another. 

On the other hand, we use a higher-level model: 

statecharts. However, the dynamic aspects are not described in 

terms of statecharts. This is an essential step of the OMT 

methodology in representing the control aspects of the 

workcell's components, one that precedes the Petri net 

representation in our thesis. Statecharts are a more general 
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and abstract intermediate way of presenting the global dynamic 

aspects of a system. They are not as detailed as the 

functional model of [4] and constitute a smoother transition 

from the static model to the Petri net model. Control details 

such as concurrency are implicit in the statecharts and are 

made explicit later in the Petri net model. The statecharts 

also show exception handling which cannot be easily shown in 

Petri nets. For example, final states which deactivate a 

system in case of an emergency or an error condition can be 

explicitly represented in a state model of an active 

component. This is the major difference between the (4] paper 

and this thesis, where the dynamic characteristics of the 

major workcell components 

statecharts and Petri nets. 

3.5 Other Approaches 

are described both in terms of 

Other approaches which have similar objectives but are 

not so comprehensive are listed below. 

3.5.1 Hierarchical Graph Models 

This ia an approach proposes by stotts and Cai (21] and 

intended to model the concurrent aspects of Computer 

Integrated Manufacturing (CIM) systems. A hierarchical graph 

model is an abstract parallel machine which can be used to 

describe the logical structure of a CIM system and the 

relationships between subsystems and the global control 
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system. The control flow model of the system uses timed Petri 

nets. 

This approach focuses on concurrency aspects such as 

deadlock analysis, scheduling and timing aspects. However, its 

data aspects are very abstract and hard to relate to the 

actual components of a CIM system. Some of its ideas for 

concurrency analysis could be used in the Petri net part of 

our model. 

3.5.2 Group at University P. Sabatier of Toulouse, France 

This group, led by Professors Courvoisier and Valette, 

have done a good amount of work modeling and analyzing CIM 

systems. In [21] they consider hierarchical monitoring of CIM 

functions where Petri nets are used for detection and error 

handling, and a knowledge-based system is used for diagnosis 

and recovery. In [16] they discuss the specification and 

implementation of concurrent software for CIM, they specify a 

flexible assembly cell using Petri nets, they transform this 

specification into a concurrent language representation and 

finally they convert this to a Modula-2 implementation. 

All these aspects are complementary to our work, they can 

be used to consider fault tolerance aspects and from a Petri 

net specification one can obtain an initial set of objects as 

shown in [21]. 

3.5.3 c. L. Bsu, "FMS Controller Software development by 

Object-oriented Programming" 
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C. L. Hsu described an approach to structure controllers 

hierarchically ( 13]. This paper proposes to implement the 

hierarchy of controllers as a hierarchy of controller objects. 

This is a slightly different view of the controller structure; 

as we shall see in Chapter 6 1 our controllers are implemented 

as operations in the class describing a given machine or 

physical device. 

3.6 summary 

In summary 1 our combination of statecharts and Petri nets 

is unique among these approaches. We believe both models are 

complementary and can be used together to advantage. In 

particular 1 the high-level modeling power of statecharts 

coupled with the analysis power of Petri nets appears as a 

promising concept. We develop this idea in detail in Chapters 

5 and 6. 

[8] is the main source paper. [7] provides a good idea of 

the power of Petri nets to represent FMS control and we have 

taken its example as a central example in our thesis. (14] and 

(4] help provide perspective and to understand the effect of 

the dynamic model in the design of an FMS. 
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4 STATIC CLASS STRUCTURE 

In this section, we analyze the static class structure of 

flexible manufacturing systems. We will consider an example to 

understand the issues of developing this type of model. A 

description of the FMS to be studied will be presented first, 

followed by its object model. The object model uses Rumbaugh's 

OMT method, described in Chapter 2. 

4.1 A Flexible Manufacturing system 

Figure 4. 1. 1 shows the layout of a manufacturing cell for 

electric ovens (7]. In it, four different kinds of ovens are 

produced. Three steps for the production of an oven can be 

distinguished in the assembly cycle, carried out in different 

areas of the plant. 

The first stage is the preassembly phase. It is performed 

in four working posts, each specialized for a different type 

of oven. Each post has a capacity for one oven and has an 

output buffer with a capacity for storing two ovens. 

The second phase, induction, has as main aim to select 

ovens among the different preassembly lines and to introduce 

them into the assembly workshop through the loading station. 

The third phase is the most complex one. In it, the rest 

of the assembly operations are performed. These operations are 
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carried out in a workshop which is composed of thirty 

workstations and a system that transports the ovens within the 

workshop. Each workstation has a capacity for storing one oven 

and has two buffers associated with it, an input and an output 

buffer. Both consist of a set of transfer tables and each 

table may contain one oven. Different workstations are 

specialized to perform different assembly operations. Some 

ovens are assembled in a sequence of three workstations while 

others are assembled in a sequence of four workstations, 

depending on their type. Each oven is tagged with a label 

after being assembled in a workstation, indicating whether the 

product is completed or additional assembly is required. The 

labels are read by sensors located in the transport system, 

which determine whether to send the oven on to another 

assembly workstation for more assembly or to the unloading 

workstation to leave the workshop. 

The workshop transport system is a conveyor belt with 

continuous movement. The ovens are introduced into the 

workshop through the loading workstation, in which each oven 

is fixed to a pallet. The pallets come from a pallet store and 

the number of available pallets, K, in the workshop is fixed. 

At the unloading workstation the pallets are released and the 

ovens moved to another area in the factory. A special 

mechanism allows the workstations to be loaded and unloaded. 

When an oven reaches a special point Pi, it is possible to 

lift the oven and to detour it towards the input buffer of 
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workstation i. In a similar way, points Qi have also a 

mechanism which allows to route ovens coming from the output 

buffer of workstation i. Furthermore, from a Qi point an oven 

may be routed towards the Pi' point placed in the opposite 

side of the conveyor belt. 

There exist pallet presence detectors and label scanners 

in every workstation, in every workshop transfer table and in 

every Pi and Qi points in order to make possible the control 

tasks. 

Pallet Store 

Preassembly 2 30 
Post Robot 

fi:IJ .................. 

fi:IJ 
fi:IJ }. 1 fi:IJ 

, 
I I 

/ I 

/ 
, 
' loading ' Assembly Unloading 

workstation workstation workstation 

Figure 4. 1. 1 Flexible Manufacturing system 

32 



4.2 Class Structure Model 

The class structure model describes the static data of 

the real-world system and organizes it into structured units. 

It is organized as a set of classes and their relationships 

with each other. A diagram showing all the object classes of 

the example flexible manufacturing system will be presented 

first, followed by a data dictionary describing each object 

class and a listing of attributes and operations belonging to 

each class. 

Class structure Diagram 

Figure 4.2.1 shows an OMT diagram for the example FMS. 

The class FMS represents the complete assembly system. It 

could be a subclass of a superclass representing the complete 

manufacturing plant but because our interest is in the 

manufacturing operations we will not consider the rest of the 

plant. There may be one instance or several instances of FMS 

depending on the size of the plant. 

The FMS class is composed of three basic subsystems 

represented by the classes Preassembly_Area, Induction Area 

and Assembly_Workshop. The FMS class has also a relationship 

"assembles" with the Product class, which happens to be an 

electric oven in this scenario, to indicate that specific 

cells may manufacture specific types of products. 

The class Preassembly Post is part of the Preassembly_Area 

class, and is in turn made up of the Work Unit and 
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Output_Buffer classes. The Output_Buffer class is a subclass 

of the general Buffer class that collects the common features 

of all the buffers used in this system. 

The Induction Area class is made up of the class Robot. 

We assume here that there are no other robots; if, for 

example, the assembly workstations used robots we should 

collect all these robots as subclasses of a general Robot 

class. 

The Assembly_Workshop is made up of the 

Assembly_Workstation class and Transport_system class. The 

latter is in turn composed of the Loading Workstation, 

Unloading_Workstation, Conveyor _Belt, Moving_Mechanism and 

Pallet_Store classes. the Load/Unload Workstation class is a 

superclass which generalizes its Loading_workstation and 

Unloading_Workstation subclasses. The class Moving_Mechanism 

is composed of both the Detector and Mover classes. The 

relationship "works with" between the classes Moving Mechanism - -
and Assembly_Workstation is needed to indicate which 

mechanisms work with a specific workstation. Associations such 

as "assembles" and "works_with" show the physical interaction 

between machines. Depending on the actual implementation there 

may also be detectors and movers in the loading and unloading 

workstations, but we have not shown this in this model. 

Details of this type were not discussed in (7], the paper in 

which this FMS is described. 

The numbers shown next to a class indicate how many 
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instances of that class compose an instance of an aggregate 

class, e.g. an instance of the Preassembly_Area class can be 

associated with up to four instances of the Preassembly_Post 

class. Similarly, up to two instances of the Output Buffer 

class can be associated with the Preassembly_Post class and an 

instance of the Assembly_Workshop class can be associated with 

thirty instances of the Assembly_Workstation class. When no 

number is given the implicit value is one. 

4.2.2 Data Dictionary 

Each object class of the above diagram is described in 

this section. The scope of each class within the current 

problem is also described, along with its associations: 

FMS Represents the FMS cell. It is made up of 

a preassembly area, an induction area and 

an assembly workshop. 

Preassembly Area 

Induction Area 

Contains four preassembly posts to store 

the raw parts making up the ovens. There 

is one preassembly post for each type of 

oven to be assembled. 

It interacts with the preassembly area 

through the robot, moving the 

preassembled product to the assembly 

workshop. 

Note: The term preassembled product means a product that 

is not fully assembled; one in the process of being 
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assembled. 

Assembly Workshop 

Preassembly Post 

Work Unit 

Buffer 

Robot 

Product 

This is where the ovens are assembled. 

This area is made up of thirty assembly 

workstations and a transport system. 

There are four such posts in the 

preassembly area, used for storing the 

raw parts for the four types of ovens. 

Each post is uniquely labeled so parts 

for different ovens are not mixed up. 

Each post is made up of a work unit and 

two output buffers. 

It is used for assembling the raw parts 

into preassembled ovens and placing them 

in the output buffers. A bar code symbol 

is placed on each oven to differentiate 

between the four types. 

Two types of buffers exist: input and 

output. They are used in preassembly 

posts and workstations for the purpose of 

storing ovens. 

The induction area contains a robot to 

move preassembled ovens to the loading 

station of the assembly area. 

This is the target product which is 

completely assembled only when it leaves 

the unloading station of the assembly 
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area. The final product of this 

particular application is an oven. Each 

type of oven requires a prespecified 

number of assembly operations to be 

completed. 

Assembly Workstation Thirty assembly workstations are 

part of the assembly workshop. Every 

workstation is specialized for a 

subset of assembly operations. 

Transport System 

Movinq Mechanism 

Pallet store 

The transport system is made up of the 

loading and unloading workstations, the 

conveyor belt, the moving mechanism and 

the pallet store. 

The moving mechanism is made up of both 

the detectors and movers which move the 

ovens to the input buffers of assembly 

workstations. 

An area where empty pallets are deposited 

after an oven is completely assembled. 

Those pallets are fixed by the loading 

station to preassembled ovens so they can 

be transported inside the assembly area. 

Loadinq Workstation Here the ovens are fixed on pallets and 

placed on the conveyor belt of the 

assembly area. 

Unloadinq Workstation Here the ovens are separated from 
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conveyor Belt 

Detector 

Mover 

the pallets which are sent . to the 

pallet store. Completely assembled 

ovens leave through this station to 

another area in the factory. 

ovens are deposited on the conveyor belt 

from the loading workstation to move 

around the assembly workstations. It 

moves at a constant speed. 

This is a detector which senses the 

presence of a loaded pallet, reads a bar 

code symbol that is placed on the oven 

and determines what type of oven it is. 

It is installed at Pi and Qi points in 

every assembly workstation. 

This is a mechanism which allows ovens to 

be lifted and moved between workstations 

and the conveyor belt before and after 

assembly. 

4.2.3 Class Attributes and Operations 

Attributes are data values held by the objects in a class 

(18]. They are properties of individual objects, such as name, 

weight or serial number. They usually correspond to nouns 

followed by possessive phrases in the problem statement, such 

as "each preassembly post is specialized for a type of oven". 

Each attribute has a value for each object instance. 
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Operations on the other hand are functions or 

transformations that may be applied to or by objects in a 

class [18]. They correspond to strong verbs in the problem 

statement, such as "the induction phase has as main aim to 

select ovens among the different preassembly lines and to move 

them to the assembly workshop "· All objects in a class share 

the same operations. 

The description of all attributes and operations that 

belong to each class is shown below. Comments explaining each 

attribute and each operation are shown next to them. 

Class Name: 

FMS 

Class Attributes: 

Reference No 

Location 

Class Operations: 

Activate : 

Deactivate 

An integer assigned to a cell to 

distinguish it from other cells in the 

plant. 

A string that specifies the location of 

the cell within the plant, in relation to 

other cells. 

This operation is called to activate the 

whole manufacturing cell, or to restore 

operations after a Deactivate call. 

This operation is called to shut down the 

whole manufacturing cell, either for 
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Self Test 

Class Name: 

routine maintenance purposes or in case 

of emergency. 

This operation is performed to check the 

status of the various components in the 

cell before an activate call. It returns 

a pass or fail status of the various 

components. 

*** *** *** 

Preassembly_Area 

Class Attributes: 

Post Count 

Class Operations: 

Activate : 

Deactivate 

Class Name: 

Induction Area 

Class Attributes: 

Robot Count 

Area 

An integer that represents the number of 

posts available in this area. 

As in FMS. 

As in FMS. 

*** *** *** 

An integer that represents how many 

robots exist in this area. 

A float type attribute that holds the 

area in square footage of the Induction 

area. 
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Class Operations: 

Activate : 

Deactivate 

Class Name: 

As in FMS. 

As in FMS. 

*** *** *** 

Assembly_Workshop 

Class Attributes: 

Area : A float type attribute that holds the 

area in square footage of the assembly 

workshop. 

Reference Number An integer attribute that holds the 

Class Operations: 

Activate : 

Deactivate 

Class Name: 

reference number of each assembly 

workshop within the cell, in case 

more assembly workshops are added to 

the cell in the future. 

As in FMS. 

As in FMS. 

*** *** *** 

Preassembly_Post 

Class Attributes: 

Area : A float type number that shows the area 

in square footage that each preassembly 

post occupies. 
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Reference Number An integer that distinguishes one 

post from another. 

Class Operations: 

No operations 

Class Name: 

Work unit 

Class Attributes: 

Manufacturer 

Serial No 

Type 

Class Operations: 

Receive : 

·Preassemble 

Deposit 

Class Name: 

*** *** *** 

A string with the name of the 

manufacturer of this work unit. 

A string that holds the serial number of 

this work unit. 

A string that holds the type of oven that 

this work unit preassembles. 

This operation is for receiving raw parts 

to be assembled. 

This operation is for assembling raw 

parts into a preassembled oven. 

Deposits the preassembled oven into a 

buffer of the preassembly post. It places 

the oven in the back buffer if it is not 

occupied, and then moves it to the 

forward buffer whenever it becomes empty. 

*** *** *** 
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Buffer 

Class Attributes: 

Manufacturer 

Serial No 

Class Operations: 

No operations. 

A string that holds the name of the 

manufacturer of this buffer. 

A string that holds the serial number of 

this buffer. 

Note: The input and output buffers just inherit their 

characteristics from the class buffer. They are the same type 

of buffers with different roles. 

Class Name: 

Robot 

Class Attributes: 

Manufacturer 

Serial No 

Type 

Class Operations: 

Grip : 

Move 

*** *** *** 

A string that holds the name of the 

manufacturer of this robot. 

A string that holds the serial number of 

this robot. 

A string that holds the type of robot it 

is, indicating its capabilities. 

This operation controls the gripping 

movement of the robot's arm. 

This operation moves the robot's arm 

according to the input coordinates. 

44 



Release 

Diagnostics 

Class Name: 

Product 

Class Attributes: 

Serial No 

Weight 

Class Operations: 

No operations. 

Class Name: 

This operation causes the robot's . arm to 

release whatever it has gripped. 

This operation performs diagnostics on 

the robot, returning pass or fail data. 

*** *** *** 

A string that holds the serial number of 

this product, an oven in this case. 

A float type attribute that shows the 

weight of the product at different stages 

of assembly. 

*** *** *** 

Assembly_Workstation 

Class Attributes: 

Manufacturer 

Serial No 

Type 

A string that holds the name of the 

manufacturer of this workstation. 

A string that holds the serial number of 

this workstation. 

A string that holds the type of 

workstation it is, indicating the type of 

operations it performs. 
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Class Operations: 

Pull In 

Assemble 

Push Out 

Class Name: 

This operation is used to bring the oven 

into the workstation's assembly space 

from the input buffer, to be assembled. 

This operation performs the various 

assembly functions required before 

sending the oven to the output buffer. 

This operation is used to push the oven 

out to the output buffer after it is 

completed. 

*** *** *** 

Transport_System 

Class Attributes: 

No attributes. 

Class Operations: 

No operations. 

*** *** *** 

Class Name: 

Load/Unload Workstation 

Class Attributes: 

Serial No 

Manufacturer 

Class Operations: 

A string that holds the serial number of 

the workstation. 

A string that holds the workstation's 

manufacturer name. 
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No operations. 

*** *** *** 

Class Name: 

Loading_ Workstation 

Class Attributes: 

Type : A string indicating the type of 

workstation it is, loading or unloading. 

Note: This class inherits the manufacturer and 

serial number attributes from its superclass. 

Class Operations: 

Pull In 

Fix Pallet 

Push out 

Class Name: 

This operation is used to 

pallet inside the workstation. 

bring the 

This operation is used to fix the oven 

deposited by the robot to the pallet. 

This operation is used to send the oven 

to the conveyor belt after it is strapped 

to a pallet. 

*** *** *** 

Unloading_ Workstation 

Class Attributes: 

Type : A string indicating the type of 

workstation it is, loading or unloading. 

Note: This class inherits the manufacturer and 

serial number attributes from its superclass. 

Class Operations: 
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Remove Pallet: This operation is used to separate the 

fully assembled oven from the pallet 

after it is received by the workstation. 

Push Pallet 

Send oven 

Class Name: 

Conveyor_Belt 

Class Attributes: 

Serial No 

Manufacturer 

Speed 

Class Operations: 

Move : 

Stop 

Class Name: 

This operation is used to send the pallet 

to the pallet store after it is separated 

from the fully assembled oven. 

This operation is used to send the fully 

assembled oven to another area of the 

plant. 

*** *** *** 

A string that holds the serial number of 

the Conveyor belt. 

A string that holds the belt's 

manufacturer name. 

An integer type attribute that holds the 

conveyor's belt speed in rpm. 

This operation is used to start moving 

the conveyor belt. 

This operation is used to stop the 

conveyor belt from moving. 

*** *** *** 
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Pallet Store 

Class Attributes: 

Pallet Count 

Class Operations: 

Issue Pallet 

Store_pallet 

Class Name: 

An integer that shows the number of 

pallets present in the pallet storage 

area. 

This operation is called to send a pallet 

to the loading station where it is fixed 

to a preassembled oven. This operation 

updates the Pallet_count attribute. 

This operation is called to receive a 

pallet from the unloading station and 

store it. It updates the Pallet Count 

attribute. 

*** *** *** 

Moving_ Mechanism 

Class Attributes: 

No attributes. 

Class Operations: 

No operations. 

Class Name: 

Detector 

Class Attributes: 

Serial No 

*** *** *** 

A string that holds the serial number of 
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Manufacturer 

Type 

Class Operations: 

Detect : 

Class Name: 

Mover 

Class Attributes: 

Serial No 

Manufacturer 

Class Operations: 

Move : 

the detector. 

A string that holds the detector's 

manufacturer name. 

An enumerated type attribute that holds 

the type of oven the detector has read. 

This operation is used by the detector to 

constantly monitor the presence of a 

pallet, reading the oven's bar code 

symbol and returning the type of oven it 

has detected. 

*** *** *** 

A string that holds the serial number of 

the mover. 

A string that holds the mover's 

manufacturer name. 

This operation accepts the type of oven 

detected by the detector as argument, 

then moves the oven depending on its 

type. 

*** *** *** 
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4.2.4 Discussion 

This example and the one from the Fernandez paper [8) 

illustrate the general strategy: 

* Decompose the system hierarchically according to its 

physical structure. 

* Generalize similar components of different aggregates. 

* Add necessary relationships between classes. 

The first point of this strategy has also been employed 

in the Civello paper (6) and results in a robust structure 

where aspects such as coordination, reliability and 

performance can be analyzed at each hierarchical level. 

Other than OMT, several other methods have been proposed 

for the analysis and design of object-oriented systems (10). 

One of their main differences is on how to select classes. 

However, class selection for FMS's is quite clear, most of the 

classes correspond to actual physical units or assemblies. 

What this means is that most of the OOA/OOD methods will 

result in similar designs. 
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5 DYNAMIC MODEL 

In the approach we are proposing the system's dynamic 

structure is defined following the definition of the object 

model. This is consistent with OMT and other object-oriented 

methodologies. Examination and study of changes to the 

system's objects and their relationships over time, the 

system's dynamic model, follows its static structure's 

analysis. Because the objects of a manufacturing system 

correspond mostly to physical entities, identification of 

objects is rather easy and it makes sense to start from them. 

The dynamic model shows the control aspects of a system, 

describing the sequences of operations that occur in response 

to external stimuli, without consideration of what the 

operations do or how they are implemented. This control aspect 

of a system is graphically described in this thesis using both 

statecharts and Petri nets. 

As mentioned earlier in Sections 1 and 3. 4, the OMT 

statecharts constitute a high-level representation of the 

dynamic model of a system. The OMT dynamic model of the FMS 

studied in Section 4 will be presented in Sections 5.3, 5.4 

and 5. 5. We also analyze, in Section 5. 6, the value of 

statecharts. 
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5.1 FMS Functionality Description 

In this section, we will expand on the functionality 

description of the flexible manufacturing cell studied in this 

paper. As stated in Section 4.1, the cell is comprised of 

three main areas: the preassembly area, the induction area and 

the assembly workshop. The robot of the induction phase 

carries preassembled products to the loading workstation of 

the assembly workshop, detecting their presence using embedded 

detectors, from the output buffers of the four preassembly 

posts. 

The assembly process in the manufacturing cell starts 

with the assembly of raw parts in the work unit of each 

preassembly post, producing a preassembled product. The 

product is then transferred sequentially to the adjacent back 

and forward output buffers of the preassembly post, so it can 

be picked up by the robot. Each preassembly post specializes 

in a different type of preassembled oven, making the cell 

capable of producing four different types of the same product. 

The robot then picks up each preassembled oven from the 

forward output buffer of its preassembly post and places it in 

the loading workstation, where it is put on a pallet and sent 

out on the conveyor belt of the assembly workshop. Each type 

of oven visits a different sequence of assembly workstations 

of the thirty workstations available. The manufacturing cell's 

main controller keeps track, through the use of detectors and 

sensors placed on the conveyor belt and in each workstation, 
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of each oven's progress and which workstation in the s.equence 

it is to go to next. Two types of ovens are assembled in a 

sequence of four different workstations and the two other 

types of ovens are assembled in a sequence of three 

workstations. Several assembly workstations within each 

sequence perform the same operations to minimize backlog, 

giving each oven a set of alternate workstations to visit. An 

oven will move on the conveyor belt in a loop until the input 

buffer of its next assembly workstatio~ in the sequence is 

available. The sequence of assembly workstations that each 

type of oven can visit is shown in Table 5.1. 

First WS to Second ws Third WS to Fourth WS 

be visited to be be visited to be 

visited visited 

TYPE 1 1,2,3,4,5 7,8,9 or 10 15 or 16 23,24 or 27 

or 6 

TYPE 2 1,2,3,4,5 11 or 12 17,18 or 28 N/A 

or 6 

TYPE 3 1,2,3,4,5 7,8,9 or 10 19 or 20 25,26 or 29 

or 6 

TYPE 4 1,2,3,4,5 13 or 14 21,22 or 30 N/A 

or 6 

Table 5.1 Oven Manufactur1nq sequence 
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As shown in the above table, an oven can be assembled during 

each step of the sequence in any one workstation of the 

several dedicated for that step, depending on which one is 

available first. 

After each oven is fully assembled, it is sent to the 

unloading workstation where it is separated from the pallet 

and sent to another area of the manufacturing plant. If the 

unloading workstation is busy, the completed oven is kept in 

a waiting loop until the unloading workstation becomes 

available. 

A timing diagram that shows the sequence of events which 

take place in the manufacturing cell and the objects 

exchanging events is shown in Figure 5.1. This diagram shows 

the time interaction between the main active objects in the 

system to produce a complete oven. Each object is shown as a 

vertical line and each event as a horizontal arrow from the 

sender object to the receiver object. Time increases from top 

to bottom in this diagram, showing the time synchronization 

aspects within the cell. These events may produce state 

transitions at the receiving objects. Note that this diagram 

only describes sequencing or relative timing, its scale is not 

therefore meaningful. 
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5.2 OMT Dynamic Model 

The OMT dynamic model for the manufacturing example 

consists of three statecharts, one for each active class with 

significant dynamic behavior, and shows the pattern of 

activity of the entire system. Those statecharts are networks 

of states and events, just as object diagrams are networks of 

classes and relationships. 

Each state in a statechart is an abstraction of the 

attribute values and links of an object. It is often 

associated with a continuous activity or an activity that 

takes time to complete, such as the movement of a robot's arm. 

In other words, a state is a representation of the behavior of 

an object in response to input stimuli such as a condition or 

an event. 

A condition is a function of object values, such as 

"primary buffer is available for receiving". A condition is 

valid over an interval of time. It may produce a state 

transition where it is shown enclosed in brackets. 

An event on the other hand is an instantaneous action 

that takes place at a point in time. It is a unidirectional 

transmission of information from one object to another and 

constitutes an occurrence that may lead to the transition from 

one state to another in a statechart. 

A sample statechart of a simple air conditioner relay 

which turns the air conditioner ON or OFF depending on the 

current temperature is shown in Figure 5.2 below [18]: 
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Fiqure 5.2 Statechart for an AC Relay 

As seen in this statechart, three states exist: "AC ON", "AC 

OFF" and "Relay Shutdown". The directed arcs are transitions 

labeled by the two conditions [temp > target temp] and [temp 

< target temp] and the event "failure". The solid dot in the 

chart represents the entry into the initial state of the 

system, which is entered on creation of an object of class AC 

Relay. A final state on the other hand is shown as a bull's

eye and entering it means that the object analyzed is 

destructed, which is the "Relay Shutdown" state in this case 

and which is entered if the "failure" event occurs. 

The notation "do: statement xyz" within a state circle of 

a statechart indicates that the activity or operation 

"statement xyz" starts on entry to the state and stops on 

exit. The statement "do: run AC" within state "AC ON" of the 
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above statechart means that the activity "run AC" starts on 

entry to this state. 

Focusing our attention on the flexible manufacturing 

system presented in this thesis, it is obvious that three main 

active components, one for each phase, exist: the preassembly 

posts of the preassembly area, the robot of the induction area 

and the assembly workshop. Therefore, three state models 

representing each active component are presented in the 

following sections, demonstrating the OMT way of studying and 

describing the dynamic behavior of systems. 

5.3 Preassembly Post state Model 

As seen in the statechart of Figure 5.3, the preassembly 

post starts at an idle position waiting for raw parts to be 

deposited in its work unit. After this happens, assembling the 

raw parts into a preassembled oven takes place, after which 

the preassembled oven is moved to the back output buffer of 

the post if the buffer is empty. In case the output buffer is 

occupied, the preassembled oven remains in the work unit until 

the buffer becomes available. The preassembled oven is then 

moved to the forward buffer whenever it becomes available. The 

preassembly post goes again into an idle state whenever the 

work unit is empty. 

Exception handling is shown in this statechart through 

the 1 cell deactivated 1 state, into where the system goes 

whenever the preassembled product is stuck while being moved 
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to the output buffers. 

Some operations in this phase can take place 

simultaneously. For example, a preassembled product can be 

moved from the back output buffer to the forward output buffer 

of the preassembly post while raw parts are assembled in the 

work unit. This is an example of interobject concurrency and 

is important in the design of controllers (see Chapter 6}. 

5.4 Induction Robot State Model 

The robot starts from an idle state, then picks up the 

preassembled product and moves it to the loading workstation 

as soon as its detector senses the presence of a preassembled 

product in any of the forward output buffers of the four 

preassembly posts. If the loading workstation is available, 

the robot then places the preassembled product in it, 

otherwise the robot goes into a wait state until the loading 

workstation becomes available. The robot then keeps repeating 

the pickup, move and place actions as long as an oven is 

detected in one of the output buffers of the four preassembly 

posts. The idle state is entered again by the robot whenever 

it places an oven in the loading workstation and all four 

forward buffers of the preassembly posts are empty. 

In case a preassembled oven is dropped while being moved, 

the robot goes back to the output buffers and picks up another 

oven or waits until one is moved to an output buffer if one is 

not already there. The cell will not be deactivated in this 
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case. 

The cell will be deactivated only in the event the robot 

malfunctions and cannot grip, move or release the preassembled 

oven, i.e. when external intervention is necessary. 

Unlike the preassembly phase, concurrent processing is 

not possible in this phase since the robot is the only active 

component present, performing its operations sequentially. 

However, the robot can be active concurrently with components 

belonging to the other two phases: the preassembly phase and 

the workshop assembly phase. For example, the robot can be 

moving a preassembled product to the loading workstation while 

a preassembled product is being moved from the work unit to 

the back buffer of the preassembly post, at the same time as 

a fully assembled product is being moved on the conveyor belt 

of the assembly workshop, on its way to be unloaded in the 

unloading workstation. This is an example of interclass 

concurrency. 

5.5 Assembly Workshop state Model 

The assembly workshop starts from an idle state waiting 

for both the pallet and preassembled oven to be present before 

fixing the oven to the pallet and sending them on to the 

conveyor belt. The oven is then sent to an appropriate 

assembly workstation in the sequence that has its input buffer 

free. From there it goes to the assembly area of the 

workstation where it is assembled. 
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After the oven is assembled in that workstat.ion, it 

remains in the assembly area of the workstation until the 

output buffer is available. If the oven needs further 

assembly, it is sent on to the next workstation in the 

sequence, depending on the oven type. Otherwise, the fully 

assembled oven is sent to the unloading workstation. 

In case the unloading workstation is occupied or not 

available, the fully assembled oven is sent in a loop on the 

conveyor belt until the unloading workstation becomes 

available, where the oven is separated from the pallet. The 

oven is then sent to another area of the manufacturing plant 

and the pallet is sent back to the pallet store. The system 

goes back into an idle state whenever no ovens exist in the 

assembly workshop. 

Error conditions are handled through exceptions in this 

state model. In case of a malfunction during assembly or if 

the oven is stuck on the conveyor belt during transportation 

or if a problem occurs while separating the fully assembled 

oven from the pallet in the unloading workstation, the cell is 

deactivated. The '*' symbol shown on some of the transitions 

is equivalent to 'product stuck on conveyor belt'. The symbol 

'**' shown on the bull's eye exception states is equivalent to 

'cell deactivated'. The '#' symbol shown on the transition 

from the state 'do: move product to assembly ws and assemble' 

to the 'cell deactivated' exception state is equivalent to 

'malfunction during assembly'. 
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One can identify four concurrent activities in the 

operations of the assembly workshop. One activity is in charge 

of the loading workstation, fixing the preassembled ovens to 

pallets and sending them to the conveyor belt. Another 

activity is in charge of the transport system, monitoring the 

conveyor belt and assembly workstations' detectors and moving 

the ovens to the input buffers of the assembly workstations. 

The third activity is in charge of the assembly operations 

inside the assembly workstations. A final activity is in 

charge of the unloading workstation, where the ovens are 

separated from the pallets and sent in different directions. 

These are examples of intracluster concurrency, where sets of 

objects constitute independent units. 

5.6 The Value of statecharts 

The main value of statecharts is as a high-level model of 

the system states and transitions. The most basic function of 

any model is to represent reality as accurately as possible 

for the purposes of the intended applications. In this sense 

statecharts are a convenient representation. As we have seen 

in the examples they can represent naturally the states in the 

manufacturing process. 

Another important advantage is the ability to represent 

abnormal or error conditions. As shown in the examples, 

situations such as a robot dropping a part, a transport system 

stuck, etc. can be described as additional states. 
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Although not shown in the specific examples .of this 

chapter, states can be generalized to describe cases where a 

transition can happen from any of the existing states. For 

example, adding the transition "malfunction" to all the states 

of Figure 5.5 would result in a superstate as shown in Figure 

5.6. 

• 
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The main limitations of statecharts is that they show 

only the potential parallelism. This, and the lack of detail, 

does not allow the designer to predict situations such as 

deadlock when designing concurrent controllers. 
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6 CONTROLLER DESIGN 

The last part of the system design involves the 

definition of controllers for its independent subsystems. Most 

of the components of an FMS are machines that include their 

own processor and are able to execute their own control 

programs. Because of the hierarchical aggregation structure of 

an FMS (see Chapter 4) we can define a hierarchy of 

controllers. We use Petri nets as a framework for concurrent 

controller design: Petri nets make explicit the implicit 

concurrency of statecharts. In this chapter we analyze first 

Petri net models for the example FMS system and then we define 

controllers based on the Petri net structures. 

6.1 Petri Net Dynamic Model 

The Petri net dynamic model for the flexible 

manufacturing system of this paper consists of three different 

nets for the three main classes present: the preassembly post 

of the preassembly area, the robot of the induction area and 

the assembly workshop. All three Petri nets can be linked 

together by their common transition bars. 

A petri net for each relevant class is presented in this 

section, along with an explanation of all the nodes and 

transition bars of each net. The models are based on those of 
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[ 7] • 

A discussion on concurrency as it pertains to each Petri 

net is also presented in this section, indicating the various 

types of concurrency which apply to each Petri net. The types 

of concurrency considered in this section were defined in 

Section 2.4 of this thesis. 

6.1.1 Preassembly Post Petri Net 

tw: 
Send raw 
parts to 
work unit 

Fiqure 6.1.1 
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availability 
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Send preassembled 
product to 
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back buffer forward buffer 
bob: 
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availability 
of place bob 

fob: 
forward buffer 

av: 
availability 
of place fob 

Petri Net for FMS Preassembly Post 
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After the transition bar tw of Figure 6.1.1 is fired, one 

token is deposited in the place wu and another token is 

removed from the place av. As a result, transition tw becomes 

disabled and cannot fire again until transition tb is fired. 

The token deposited in place or node wu is equivalent to raw 

parts deposited in the work unit of the preassembly post. The 

av node is used to represent the availability of the work unit 

or that of the buffers. Additional raw parts can only be 

deposited in the work unit (node wu) if and only if a 

preassembled product made up of the raw parts is moved from 

the work unit (node wu) to the back output buffer (node bob) • 

When the back buffer is available, meaning that node bob 

i$ empty and its node av has one token in it, and the work 

unit contains the preassembled product, meaning that node wu 

has a token in it, then transition tb is enabled. Firing tb 

removes the preassembled product from the work unit (node wu) 

and deposits it in the back buffer (node bob). This action 

enables transition tw again but disables transition tb, 

indicating that the work unit is available but the back buffer 

is occupied. 

Both transitions tw and tz can be fired next, depositing 

raw parts in the work unit (node wu) and moving the 

preassembled product 

respectively. Firing 

to the forward buffer (node fob) 

transition tz causes it to become 

disabled, but enables transition tb. This is equivalent to 

saying that moving the preassembled product out of the back 
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buffer to the forward buffer makes the back buffer available 

to receive another preassembled product from the work unit. 

As seen in the Petri net of Figure 6.1.1, more than one 

activity can take place at the same time. The transition tw 

can be fired at the same time as transition tz, indicating 

that raw parts are deposited in the work unit (node wu) and 

that a preassembled product is moved from the back buffer 

(node bob) to the forward buffer (node fob) . Referring to 

Section 2.4 of this thesis, two types of concurrency can be 

identified: 

Interobject concurrency since more than one instance of 

the same class can be active at the same time. More than one 

preassembly post can be active at the same time. All four 

preassembly posts can be receiving raw parts and moving 

preassembled products between their buffers simultaneously. 

The preassembly post is an object instance of the class 

'Preassembly_Post'. Similarly, all four instances of the class 

'Work_Unit' can be active simultaneously. This is also true 

for instances of the class 'Output_Buffer'. Note that this 

type of concurrency is not explicitly shown in this Petri net 

since multiple object instances are not shown in the net. 

Interclass concurrency since more than one instance of 

different classes can be active at the same time. For example, 

an instance of the class 'Work Unit' can be active at the same 

time as an instance of the class 'Output_Buffer'. Instances of 

these two different classes can perform their tasks 
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simultaneously. 

6.1.2 Induction Robot Petri Net 
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The Petri net of Figure 6.1.2 shows the robot 

transporting the preassembled product from the forward buffer 

of the preassembly post to the loading workstation of the 

assembly workshop. Firing of transition tr means that the 

preassembled product is being transported by the robot (node 

r). This is indicated by depositing a token in node rand 

removing the token of node av, making node r not available for 

the deposit of more tokens. Node av is used as a mechanism 

that prevents transition tr from being fired until transition 

td is fired, making node r unavailable until it becomes empty 

again. 

When transition td is fired, node r becomes available again 

and a token is deposited in node lws. This indicates that the 

loading workstation is occupied with a preassembled product . 

Transition td cannot fire again until transition tp is fired, 

releasing the token from node lws and depositing a token in 

its corresponding availability node, av. This means that the 

loading workstation becomes available again to receive another 

preassembled product from the robot. 

The robot can perform its tasks in a sequential manner 

only. Therefore, referring to Section 2.4 of this thesis, just 

one type of concurrency can be identified in the induction 

phase: 

Interclass concurrency since an instance of the 'Robot' 

class can be performing its tasks in concurrency with 

instances of other classes from the other two phases of the 
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manufacturing cell. For example, The robot can be active while 

an instance of the class 'Work Unit' and instance of the class 

'Conveyor Belt' are executing their operations. Similarly, the 

robot can be moving a preassembled product at the same time an 

instance of the class 'Detector' is performing a read 

operation, and an instance of the class 'Pallet Store' is 

performing a push_pallet operation. 

6.1.3 Assembly Workshop Petri Net 

Transitions in Figure 6.1.3: 

td: Product is deposited in the loading workstation 

tp: Send product on pallet to point P 

tn: Send product to point Q when input buffer is occupied 

te: Send completed product, one that is waiting for the 

unloading workstation to become available, from point P 

to point Q 

ti: Send product to input buffer of assembly workstation 

ta: Send product to assembly workstation 

to: Send product to output buffer of assembly workstation 

tq: Send product to point Q 

tu: Send product to unloading workstation 

tx: Product completed but unloading workstation occupied 

ty: Product not completed 

ts: Send pallet to pallet store and product to plant 

tk: send pallet to loading workstation 
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Places in Figure 6.1.3: 

av: Availability node 

lws: Loading workstation 

p: Point P 

ib: Input buffer of assembly workstation 

aws: Assembly workstation 

ob: Output buffer of assembly workstation 

q: Point Q 

uws: Unloading workstation 

plt: Another area of the manufacturing plant 

ps: Pallet storage area 

In Figure 6.1.3, transition tp must wait for the loading 

workstation (node lws) to have two tokens in it before firing, 

one token from the pallet store (node ps) and a second token 

from the robot (node r of Figure 6.1.2). After tk is fired, 

nodes ps and r cannot deposit any more tokens in node lws 

since both nodes av become empty. This remains true until 

transition tp is fired, making the loading workstation (node 

lws) available again. The firing of node tp causes one token 

each to be deposited back in nodes av, indicating that node 

lws is available. This is the sole purpose of the nodes av: 

ensuring availability of their corresponding nodes. 

After tp fires, a token is deposited in the place p, 

meaning that the product is moved to point P on the conveyor 

belt. If the input buffer of the assembly workstation (node 

ib) is occupied (no token in av of ib), then transition tn is 
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fired, indicating that the product is moved to point Q (node 

q) on the conveyor belt to be forwarded on to another assembly 

workstation. If there is a token in node av of ib, meaning 

that the input buffer is available, ti is fired and the 

product is sent to the input buffer of this assembly 

workstation. After ti is fired, node av becomes empty making 

node ib unavailable until ta is fired. Then the product is 

moved to the assembly workstation (node aws) where it is 

assembled, and to the output buffer. 

From the output buffer, the product is moved to point Q 

(node q), from which the product is moved to the unloading 

workstation (node uws) if completed (transition tu) or to the 

input buffer of another workstation if more assembly is 

required (transition ty) . If the product is completed but the 

unloading workstation is occupied, the product is moved on the 

conveyor belt in a loop (transitions tx and te) until the 

unloading workstation becomes available. 

The firing of node ts causes the product to be separated 

from the pallet and moved to another area of the plant (node 

plt), and the pallet to be moved to the pallet store (node 

ps). The k inside the node ps indicates that k tokens are 

available inside ps, k being a number between one and up to 

the total number of pallets that the pallet storage area can 

store. 

As seen in this Petri net, several activities can take 

place at the same time. The transition tk can be fired at the 
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same time as transition td, indicating that a pallet and a 

product are deposited in the loading workstation (node lws). 

As explained in Section 2.3, any two or more transitions are 

firable as long as they are enabled. For example, tk can be 

fired at the same time as ti, ta can be fired at the same time 

as tq and all six transitions td, tk, tn, ta, tq and ts can be 

fired simultaneously since these transitions can all be 

enabled at the same time. 

Strictly, since we need some transitions to fire under 

specific conditions, one should use predicate/transition nets 

[11], but we have not done this for simplicity. 

Referring to Section 2.4 of this thesis, two types of 

concurrency can be identified: 

Interobject concurrency since more than one instance of 

the same class can be active at the same time. In Figure 

6.1.3, more than one assembly workstation can be active at the 

same time. Similarly, more than one detector on the conveyor 

belt can be active at the same time. These are object 

instances of the classes 'Assembly_Workstation' and 

'Detector'. Note that this type of concurrency is not 

explicitly shown in this Petri net since multiple object 

instances are not shown in the net. 

Interclass concurrency since more than one instance of 

different classes can be active at the same time. For example, 

an instance of the class 'Loading_Workstation' can be active 

at the same time as an instance of the class 'Input_Buffer', 
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and at the same time of an instance of the class 

'Unloading_Workstation'. Instances of these three different 

classes can perform their tasks simultaneously. 

6.2 Petri Nets From Statecharts 

In the previous discussion we developed Petri nets from 

the specification of the functions of the FMS components. As 

we can see from Figure 6. 2. 1, there is a correspondence 

between concepts in the two models. However, since Petri nets 

introduce more detail there are several possible Petri nets 

that correspond to a given statechart. In particular, Petri 

nets make explicit the implicit parallelism of statecharts; 

the designer must then select a corresponding Petri net that 

has the desired degree of parallelism. 

As seen in Figure 6.2.1, the Petri net of the preassembly 

post is derived from the statechart of the preassembly post. 

The do: assemble in work unit, do: move product to back buffer 

and do: move product to forward buffer states of the 

statechart correspond to the work unit, back buffer and 

forward buffer places of the Petri net. The wait state shown 

in the statechart is not explicitly shown in the Petri net 

since it is implied through the availability places. If a 

token is not present in the availability place corresponding 

to the back buffer place, then it is obvious that the 

preassembled oven cannot be moved to the back buffer and has 

to remain in the work unit until the back buffer becomes 
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6.3 Controllers 

In this section we present the controllers of the 

flexible manufacturing system studied in this thesis. There is 

a hierarchy of controllers that correspond to the layers 

defined in the model of Chapter 4. The specific controllers we 

may use also depend on the actual mechanical devices in the 

manufacturing cell. The top level controller is the main 

program that is in charge of the high-level system calls to 

coordinate the lower levels. 

Since most of the operations in a flexible manufacturing 

system can take place concurrently, the controller is made up 

of several concurrent tasks capable of executing in parallel. 

These tasks call high-level system methods which in turn call 

other lower-level methods. 

We use a pseudo-Ada syntax to develop the controllers' 

code. We chose Ada mainly due to a few reasons: its 

multitasking support, its exception handling capabilities and 

its easiness to be presented and read. The ability to have 

several tasks running concurrently makes Ada a logical choice 

for the development of a real-time system such as the one 

studied in this thesis. On the other hand, being very readable 

makes Ada programs a lot simpler to verify and maintain. 

Additionally, the newest Ada standard specification, "Ada 9x", 

adds inheritance to it as a feature making it fully object

oriented. In fact, Ada has been proposed as a candidate 

standard language for factory automation [20]. 
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As indicated above, we can associate controllers with 

each one of the hierarchical layers of Chapter 4. The main 

controller, corresponding to the complete manufacturing 

system, coordinates three lower-level controllers: the 

preassembly area controller, the induction area controller and 

the assembly workshop controller. The preassembly area 

controller is in charge of coordinating two lower-level 

controllers to preassemble the products and move them to the 

output buffers of the preassembly posts. The Induction area 

controller is in charge of the robot and calls the appropriate 

operations to pick-up the preassembled products from the 

output buffers of the preassembly posts and deposit them in 

the loading workstation of the assembly workshop. Similarly, 

the assembly workshop controller coordinates six concurrent 

tasks in order to assemble the products and send them to the 

unloading workstation. 

The tasks called from within the controllers are 

developed based on the Petri nets presented earlier in this 

chapter. The operations belonging to each task are obtained 

from the object model of chapter 4, but the way the operations 

are developed and used is based on the dynamic analysis 

obtained from the Petri nets of chapter 6. For example, the 

preassembly controller is made up of two tasks, one to 

preassemble the raw parts and move them to the back buffer and 

another to move the preassembled product to the forward buffer 

of the preassembly post. The two tasks are needed since, as 
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shown in the Petri net of Figure 6.1.1, raw parts can be 

assembled in the work unit while a preassembled oven is being 

moved to the forward buffer. Another example is the assembly 

workshop controller which calls six different tasks that drop 

a pallet in the loading workstation and send the preassembled 

product with the pallet on to the conveyor belt to be 

assembled in a sequence of assembly workstations before being 

moved to the unloading workstation, just as shown in the Petri 

net of Figure 6.1.3. However, the handling of exceptions 

written in the controllers is obtained from the statecharts of 

Chapter 5. One should study aspects such as deadlocks before 

using the Petri nets for developing the controllers. 

A description of the high-level controllers of the 

example FMS is as follows: 

procedure MAIN_CONTROLLER is 

SYSTEM PROBLEM : exception; 

begin 

STATUS= SYSTEM_TEST(); 

if STATUS = OK then 

ACTIVATE_CELL(); 

if OPERATIONAL_MALFUNCTION() = TRUE then 

raise SYSTEM_PROBLEM; 

end if; 

declare 

task PREASSEMBLY_CONTROLLER; 
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task INDUCTION_CONTROL~ER; 

task ASSEMBLY_WORKSHOP_CONTROLLER; 

task body PREASSEMBLY CONTROLLER is 

beqin 

declare 

task PREASSEMBLY; 

task FRWD_BUFFER; 

task body PREASSEMBLY is 

PRODUCT STUCK : exception; 

beqin 

loop 

ASSEMBLE (RAW_PARTS); 

MOVE_TO_BACK_BUFFER (PRE_PRODUCT); 

PRE PRODUCT refers to the preassembled product 

if IS_STUCK (PRE_PRODUCT) = TRUE then 

raise PRODUCT_STUCK; 

end if; 

end loop; 

exception 

when PRODUCT STUCK => 

DEACTIVATE_CELL(); 

end PREASSEMBLY; 

task body FRWD BUFFER is 
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PRODUCT STUCK 

begin 

loop 

exception; 

MOVE_TO_FRWD_BUFFER (PRE_PRODUCT); 

if IS_STUCK (PRE_PRODUCT) = TRUE then 

raise PRODUCT_STUCK; 

end if; 

end loop; 

exception 

when PRODUCT STUCK => 

DEACTIVATE_CELL(); 

end FRWD_BUFFER; 

begin 

activate(); 

end; 

end PREASSEMBLY_CONTROLLER; 

task body INDUCTION_CONTROLLER 

GRIP ERROR exception; 

MOVE ERROR exception; 

RELEASE ERROR exception; 

begin 

loop 

PICK (PRE_PRODUCT); 

if CANNOT GRIP (PRE_PRODUCT) 
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raise GRIP_ERROR; 

end if; 

MOVE (PRE_PRODUCT); 

if CANNOT_MOVE (PRE_PRODUCT) = TRUE then 

raise MOVE_ERROR; 

end if; 

RELEASE (PRE_PRODUCT); 

if CANNOT_RELEASE (PRE_PRODUCT) = TRUE then 

raise RELEASE_ERROR; 

end if; 

end loop; 

exception 

when GRIP_ERROR I MOVE_ERROR 

DEACTIVATE_CELL(); 

end INDUCTION_CONTROLLER; 

RELEASE ERROR => 

task body ASSEMBLY WORKSHOP CONTROLLER is 

beqin 

declare 

task PALLET; 

task LOADING _ws; 

task INP_BUFFER; 

task ASSEMBLY_WS; 

task OUT_BUFFER; 

task UNLOADING_WS; 
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task body PALLET is 

PALLET STUCK exception; 

beqin 

loop 

DEPOSIT_IN_LWS (PALLET); 

if IS_STUCK (PALLET) = TRUE then 

raise PALLET_STUCK; 

end if; 

end loop; 

exception 

when PALLET STUCK => 

DEACTIVATE_CELL(); 

end PALLET; 

task body LOADING_WS is 

MOUNT ERROR : exception; 

beqin 

loop 

PUT ON PALLET (PRE_PRODUCT); 

if CANNOT PUT (PRODUCT) = TRUE then 

raise MOUNT_ERROR; 

end if; 

SEND ON CONV BELT (PRE_PRODUCT); 

end loop; 

exception 

when MOUNT ERROR => 
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DEACTIVATE_CELL(); 

end LOADING_WS; 

task body INP BUFFER is 

beqin 

loop 

MOVE TO INP BUFFER (PRE_PRODUCT); 

end loop; 

end INP_BUFFER; 

task body ASSEMBLY_WS is 

ASSEMBLY MALFUNCTION 

beqin 

loop 

exception; 

MOVE_TO_WS (PRE_PRODUCT); 

ASSEMBLE (PRE_PRODUCT); 

if CANNOT_ASSEMBLE {PRODUCT) = TRUE then 

raise ASSEMBLY_MALFUNCTION; 

end if; 

end loop; 

exception 

when ASSEMBLY MALFUNCTION => 

DEACTIVATE_CELL{); 

end ASSEMBLY_WS; 

task body OUT BUFFER is 
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beqin 

loop 

MOVE_TO_OUT_BUFFER (PRE_PRODUCT); 

MOVE TO CONV BELT (PRE_PRODUCT); 

end loop; 

end OUT_BUFFER; 

task body UNLOADING_WS is 

SEPARATION ERROR : exception; 

beqin 

loop 

MOVE_TO_UWS (PRODUCT); 

Separate (PALLET, PRODUCT); 

if CANNOT_SEPARATE (PRODUCT, PALLET) = TRUE t hen 

raise SEPARATION_ERROR; 

end if; 

SEND_TO_PLANT (PRODUCT); 

SEND TO PALLET STORE (PALLET); 

end loop; 

exception 

when SEPARATION ERROR => 

DEACTIVATE_CELL(); 

end UNLOADING_WS; 

beqin 

activate() ; 

end; 

89 



end ASSEMBLY_WORKSHOP_CONTROLLER; 

begin 

null; 

end; 

else 

INFORM_OPERATOR(); 

SHUTDOWN(); 

end if; 

exception 

when SYSTEM PROBLEM => 

DEACTIVATE_CELL(); 

end MAIN_CONTROLLER; 

As seen in this pseudocode, the main controller first 

performs a system test on the manufacturing cell. If the test 

returns an OK status, the cell is activated and the three 

lower-level controllers are called. Each controller acts as a 

task which in turn calls other tasks and operations. Only the 

top-level system calls are made in these tasks, which will 

obviously make their own lower-level system calls. Each task 

performs its operations continuously until a problem occurs, 

deactivating the system. 

6.4 summary 

We have shown how Petri nets 

controllers for the independent 
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application. Each individual controller thus obtained is 

implemented as an Ada task. In particular, each controller can 

be designed as a state machine interpreter [19) or in an adhoc 

way [18]. We followed the second approach here because of its 

simplicity but the other approach is also possible. 

Note that here we are concerned only with utilizing the 

effective concurrency of the application units; that is, these 

are physical units that must work concurrently. The controller 

design reflects this and is not concerned with increasing 

parallelism to improve performance. Also, only the controllers 

are concurrent not the classes themselves, as it is the case 

in models that use the concept of active objects [3, 15]. More 

specifically, we consider that classes such as 

Assembly_Workshop in Figure 4.2.1 include controllers able to 

sequence through that class states. 
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7 CONCLUSIONS 

We have shown in this thesis the benefits of using 

object-oriented concepts combined with statecharts and Petri 

nets in the development and analysis of flexible manufacturing 

systems. The combination of all three methods helped in 

developing an easy to understand system, with minimal 

ambiguity. 

Ambiguity was eliminated due to the modular way in which 

the design was carried out. The static model was first defined 

in terms of objects laid out hierarchically, followed by a 

dynamics study using statecharts. The charts provided a high

level representation of the dynamic aspects of the system, 

showing interaction among the various objects that make up the 

system without having to worry about concurrency. Error and 

abnormal conditions were also handled in the statecharts. A 

more specific dynamic study using Petri nets followed the 

analysis with statecharts. Petri nets are very valuable in the 

representation of concurrency in a system, showing more detail 

than statecharts and making the behavior of a system easier to 

analyze. Petri nets can also be studied to make sure that no 

deadlocks are present, a study which we did not show in this 

thesis for simplicity's sake. Controllers were then developed 

for the system based on the Petri nets obtained in the 
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previous step. The controllers coordinate each other following 

the aggregation hierarchy of the object model. 

The controllers' software was developed in pseudo-Ada 

because of its support for multitasking and error handling. 

Its ease of readability also makes Ada an appropriate language 

to be used for development of object-oriented software, 

especially the new "Ada 9x" standard which supports 

inheritance. However, other languages such as C++ can also be 

used in the development of FMS software, as seen in [14] where 

a library of C++ classes was developed to express concurrency 

in manufacturing systems. In fact, the methodology presented 

here is language independent. 

An important advantage of the object-oriented approach is 

reusability. Comparing the example here with the one in [8] 

that describes another FMS, one can see that several of the 

classes are common. What this means is that from existing 

designs, one can produce new FMS designs rather easily. 

There is one important aspect not considered in this 

study: time. Manufacturing systems are real-time systems and 

a complete analysis requires one to consider timing aspects. 

The consideration of timing aspects in object-oriented systems 

is a recent development [15) and future studies of FMS should 

consider this aspect. This aspect is necessary for performing 

studies of scheduling and performance. 

Another aspect of interest for future work is the 

application of fault tolerance techniques to improve the 
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rel iabi 1 i ty of systems of this type. For example, [ 2 2] 

considered fault tolerance at the level of robotic equations. 

One could use two or three versions of the control software to 

provide fault tolerance to the critical units of the system 

[ 9] • 

In Chapter 6 we indicated the correspondence between 

statecharts and Petri nets. It would be useful to develop an 

algorithm that starting from a statechart would generate all 

(or some) of the possible Petri nets. The designer could then 

choose the one he considers most appropriate. Another useful 

algorithm would be one that analyzes the transitions ready to 

fire in a Petri net in order to decide on the concurrency of 

the controllers. 

Finally, here we have concentrated on control aspects. 

Most of this analysis is also useful to develop simulation 

models for FMS' s. In that . case one has to add statistical 

measures to be able to evaluate the behavior of the system 

[12]. 

94 



REFERENCES 

1. T. Agerwala. "Putting Petri Nets to Work". Computer. 
December 1979. 85-94. 

2. G. Booch. Object-oriented Design with Applications. The 
Benjamin/Cummings Publ. Co., 1991. 

3. D. Caromel. "Towards A Method of Object-Oriented 
Concurrent Programming". Communications of the ACM. Vol. 
36, No 9. September 1993. 90-102. 

4. s. Caselli, c. Papaconstantinou, K. Doty and s. Navathe. 
"A structure-function-control paradigm for knowledge
based modeling and design of manufacturing workcells". 
Journal of Intelligent Manufacturing. 1992, No 3. 11-30. 

5. G.W. Cherry. Parallel Programming in ANSI Standard Ada. 
Reston Publ. Co., Reston, VA, 1984. 

6. F. Civello. "Roles for Composite Objects in Object
Oriented Analysis and de~ · n". Proc. OOPSLA'93. 376-393. 

7. J. Ezpeleta and J. Martinez. "Petri Nets as a 
Specification Language for Manufacturing Systems". 
Proceedings of the 13th IMACS World Congress. Elsevier, 
1992. 

8. E.B. Fernandez and C.P. Han. "Object-Oriented Design of 
Flexible Manufacturing Systems". Sixth Annual Conference 
on Recent Advances in Robotics. University of Florida, 
April 19-20, 1993. 3:1-3:7. 

9. E.B. Fernandez and M. Malek. The Design of Fault-tolerant 
Computer Systems. To be published by Prentice-Hall. 

10. R.G. Fichman and C.F. Kemerer. "Object-Oriented and 
Conventional Analysis and Design Methodologies". 
Computer. Vol. 25, No 10. October 1992. 22-39. 

11. H.J. Genrich. "Predicate/Transition Nets" in Advances in 
Petri Nets. w. Brauer, w. Reisig and G. Rozenberg. 
Springer-Verlag, NY, 1987. 

12. I. Hatono, K. Yamagata and H. Tamura. "Modeling and On-

95 



line Scheduling of Flexible Manufacturing Systems Using 
Stochastic Petri Nets". IEEE Transactions on · Software 
Engineering. Vol. 17, No 2. February 1991. 126-132. 

13. C.L. Hsu. "Flexible Manufacturing System Controller 
Software Development by Object-oriented Programming". 
Proceedings, 2nd International Conference on Automation 
Technology. Taiwan, July 1992. 53-59. 

14. G. Menga, M. Morisio and M. Mancin. "A Framework for 
Object Oriented Design and Prototyping of Manufacturing 
Systems". Proceedings 1991, IEEE International Conference 
on Robotics and Automation. Sacramento, California, April 
1991. 128-135. 

15. L. Nigro and F. Tisato. "RTO++: A Framework For Building 
Hard Real-time Systems". Journal of Object-Oriented 
Programming. Vol. 6, No 2. May 1993. 35-47. 

16. N. Ould-Kaddour and M. Courvoisier. "Issues for 
Concurrent Programming in Real-time systems". Proceedings 
1987, IEEE International Conference on Robotics and 
Automation. 1469-1474. 

17. J .L. Peterson. Petri Net Theory and the Modeling of 
Systems. Prentice Hall, Englewood Cliffs, NJ, 1981. 

18. J. Rumbaugh, M. Blaha, w. Premerlani, F. Eddy and w. 
Lorensen. Object-Oriented Modeling and Design. Prentice 
Hall, Englewood Cliffs, NJ, 1991. 

19. J. Rumbaugh. "Controlling code-How to implement dynamic 
models". Journal of Object-Oriented Programming. May 
1993. 25-30. 

20. W.L. Schultz, I.D. Bae, A. Chandna and F. Khatibi. "The 
Ada Language As A Candidate Standard for Factory 
Automation". IEEE. 1987. 5-8. 

21. P.O. Stotts and Z.N. Cai. "Hierarchical Graph Models of 
Concurrent CIM systems". Proceedings of the IEEE. 
International Conference on Robotics and Automation. 
1988. 100-105. 

22. R. Zhang, E.B. Fernandez and J. Wu. "Parallel Processing 
in Robot Control". Proceedings of 2nd International 
Conference on Automation Technology. Vol. 3. Taiwan, July 
1992. 47-51. 

96 




	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104

