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ABSTRACT 

It is important to provide a complete, consistent, 

and feasible requirements specification, especially for 

complex real-time systems. To maximize the effectiveness 

of object-oriented software development, it is ideal to 

apply the object-oriented approach to every stage of the 

software life cycle. In this research, an object-

oriented analysis methodology which can be applied to 

real-time systems (OOART) has been developed and applied 

to an existing system. A message passing technique which 

employs the priority queue, and embeds the time 

constraints in each message, has also been developed. To 

represent the OOART in the resulting requirements 

specification, a set of graphical notations which not 

only supports the concepts of the object-oriented 

approach, but also supports the characteristics of real

time systems, has been utilized. As a case study, the 

OOART has been applied to a single wafer cleaning system 

which implements a distributed real-time control of 

semiconductor process equipment. 
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CHAPTER I 

INTRODUCTION 

Abbott defines requirements as "any function, 

constraint, or other property that must be provided, met, 

or satisfied to fill the needs of the system's intended 

user(s)" [25]. Requirements analysis is the process of 

determining requirements for a system. Therefore, 

requirements analysis means the process of defining what 

the system must do, not how the system will be 

implemented. The usual outcome of analysis is a document 

called the Software Requirements Specification (SRS) 

which describes the expected external behavior of the 

software system to be built. To avoid confusion at the 

later stages of a software life cycle, it is important to 

provide a complete, consistent and feasible requirements 

specification, especially for large and complex systems 

[27]. 

A variety of analysis'methods, requirements 

specification techniques and their underlying models have 

been developed. No matter what method is used, the 

resulting requirement specification should be able to 

serve as the basis for the subsequent phase of software 

development: software design. The object-oriented design 



methodology has become popular recently [8]. Booch 

defines object-oriented development as an approach to 

software design in which the decomposition of a system is 

based upon the concept of an object [4]. Object-oriented 

design methodology is fundamentally different from 

traditional functional methods, where the basis for 

decomposition is that each module in the system 

represents a major step in the overall process [4]. An 

object-oriented design should then be used to create 

optimal object-oriented implementations [6]. Similarly, 

object-oriented methods should be applied to 

specification when the use of object-oriented design is 

foreseen [7]. In other words, to maximize the 

effectiveness of object-oriented software development, it 

is ideal to apply the object-oriented approach to every 

stage of the software life cycle. However, as a general 

object-oriented software development methodology, many 

researchers used structured analysis for developing the 

specification, and then make a transition from a 

structured specification to an object-oriented design [3, 

4, 7]. Until recently, few techniques had been developed 

for object-oriented analysis and requirements 

specification. Balin described an object-oriented 

requirements specification technique as an alternative 



methodology to structured analysis, but still used 

structured analysis data flow diagrams [7]. Coad and 

Yourdon combined the best ideas of the existing analysis 

methods and proposed a more comprehensive and more 

object-oriented analysis method [26]. However, Coad and 

Yourdon's relatively new object-oriented analysis method 

serves as a starting point, and needs tailoring and 

expanding to suit any specific applications. 

The goal of this research is to provide a stand

alone object-oriented requirements specification method 

which can be applied to real-time systems. A real-time 

system is defined as any information processing activity 

or system which has to respond to externally generated 

input stimuli within a finite and specified period [39]. 

The basic characteristics of a real-time system include 

concurrent control of separate system components, 

largeness and complexity of the system, extreme 

reliability and safety, and continuous change [39]. 

Using the object-oriented approach, where the concepts of 

the data abstraction and information hiding is strongly 

supported, only the objects which undergo the changes 

should be replaced or upgraded, with the other objects 

not affected by the upgrade. This advantage assures the 

modularity and maintainability of the system. Using the 



concept of inheritance assures the extensibility of the 

system by allowing for the definition of new classes of 

objects from existing ones. A high degree of concurrency 

can be achieved, since objects are independent entities 

and may be distributed and executed sequentially or in 

parallei. 

These stand-alone object-oriented specification 

methods, which will be referred to as Object-Oriented 

Analysis for Real-Time systems (OOART), will rely only on 

object-oriented concepts, rather than using such methods 

as structured analysis. Since the underlying concept of 

an object-oriented specification is same as that of 

object-oriented design and object-oriented 

implementation, the transition is expected to flow 

smoothly in a software life cycle. The OOART will 

support complex real-time system characteristics such as 

concurrent processes and time constraints. 

Chapter 2 presents the literature survey on the 

areas of analysis methods and requirements specification 

techniques, especially emphasizing the object-oriented 

approach and real-time systems specification techniques. 

Chapter 3 states the detailed description of the 

research. In Chapter 4, a real-time system for multi

process cleaning of silicon wafers is used as a case 



study, and the OOART is applied to analyze and represent 

this real-time system. Chapter 5 evaluates the applied 

results. A set of criteria will be employed to judge and 

compare the requirements specification technique in the 

OOART with other techniques. Finally, Chapter 6 contains 

some concluding remarks. 



CHAPTER II 

LITERATURE REVIEW 

2.1 Analysis Methods 

According to Coad and Yourdon, there are four major 

approaches to requirements analysis: functional 

decomposition, the data flow approach, information 

modeling and the object-oriented method [26]. Each 

approach has been developed to help in the formulation of 

a complete, consistent, and feasible requirements 

specification. The first three of the four approaches 

have been practiced in the systems development profession 

for many years and have yielded both successful and 

unsuccessful results. The object-oriented method is 

relatively new and will be discussed in more detail. 

Functional Decomposition 

The underlying strategy of functional decomposition 

is that each module in the system represents a major step 

in the overall process [4]. Functional decomposition is 

recognized with its function, sub-functions and 

functional interfaces. The focus of functional 

decomposition is on what processing is required for the 

system [26]. This method is helpful to break up a large, 



complicated process into smaller units; however it has 

the following limitations [26]: 

1. It does not effectively address data abstraction 

and information hiding. 

2. It is generally inadequate for problem domains 

with natural concurrency. 

3. It is often not responsive to changes in the 

problem space. 

4. The problem space understanding is neither 

explicitly expressed nor verified for its accuracy. 

Data Flow Approach 

Data flow approach is often described as "Structured 

Analysis." Structured analysis is probably the most 

widely used graphically oriented approach and is 

described in a number of books including DeMarco [32], 

Gane and Sarson [33], and McMenamins and Palmer [34]. 

This method emphasizes the graphic depiction of data 

flows, data transformations and data stores. It 

incorporates the concept of a context diagram in which 

the behavior of the entire system is shown, and different 

levels of data flows and transformations with a data 

dictionary and process specifications, respectively [26]. 

The size of the data dictionary can be a problem with 



this method. Even though CASE tool support could help 

somewhat, it is very difficult to grasp the underlying 

meaning of the data dictionary. Also, the data flow 

approach has very weak data structure emphasis. The data 

is always passive and never initiates any action, hence 

is open to illicit modification [3]. 

Information Modeling 

Information modeling, whose primary tool is the 

entity-relationship diagram, is very helpful to capture 

problem space content. The information modeling approach 

consists of objects, attributes, relationships, 

supertype/sub-type and associative objects. This 

strategy is well presented in [28]. The difference 

between this method and the object-oriented method is 

that the object-oriented concepts such as services, 

inheritance, messages and structure are missing in an 

information modeling approach. 

Object-Oriented 

The object-oriented method is an approach in which 

the decomposition of a system is based on the concept of 

an object. Robson defines an object as a package of 

information, and the description of its manipulation 
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[35]. Each object consists of its own data structures 

and operations that can be carried out on those data 

structures only by communicating messages. In addition 

to this data abstraction, the object-oriented analysis 

includes other important concepts: information hiding and 

inheritance [26]. Parnas defines information hiding as a 

principle that each component of a system should 

encapsulate or hide design decisions about objects, 

ignoring those aspects of a subject that are not relevant 

to the current purpose, in order to concentrate more 

fully on those that are [15]. In daily life, without 

realizing it, we use the concepts of abstraction and 

information hiding, and tend to develop models of reality 

by identifying the objects and operations that exist at 

each level of interaction. For example, when driving a 

car, we identify the accelerator, gauges, steering wheel, 

and brakes (among other objects) as well as the 

operations we can perform upon them. However, when 

repairing a car, we identify objects at a lower level of 

abstraction, such as the fuel pump, carburetor, and 

distributor. So, the object-oriented approach closely 

matches our model of reality, and the effect of changing 

the representation of an object tends to be much more 

localized; therefore, this method improves 



maintainability and understandability of the system. 

Abstraction and information hiding form the foundation of 

all object-oriented development [4]. 

Inheritance is another underlying concept of object-

oriented analysis. One object inherits the attributes of 

another object. Some object-oriented systems provide for 

inheritance between all objects, but most provide it only 

between classes, where a class denotes a set of similar 

but unique objects. A class may be modified to create 

another class. In this relationship, the original class 

is called the superclass and the newly created class is 

called the subclass. A subclass inherits properties or 

characteristics about its superclass [35]. The concept 

of inheritance permits a hierarchy of classes. This 

principle forms the basis for a powerful technique of 

explicit expression of commonality. Using the concept of 

inheritance, we can specify common attributes and 

operations once, as well as specialize and extend those 

attributes and operations into specific cases [26]. For 

example, we identify the object "vehicle" and defines 

some attributes such as a vehicle identification number. 

A specific case such as the object "truck" will inherit 

common attributes of the object "vehicle," but might have 

other specialized attributes which would be appropriate 
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only for the object "truck." Several object-oriented 

analysis approaches are described below. 

Pressman describes the object-oriented analysis 

approach in the following manner [36]: 

1. The system is described using an informal 

strategy which is nothing more than an English language 

description in the form of grammatically correct 

paragraphs. 

2. Objects are determined by underlining each noun 

or noun clause and entering it in a simple table. 

3. Attributes of objects are identified by 

underlining all adjectives and then associating them with 

their respective objects (nouns). 

4. Operations are determined by underlining all 

verbs, verb phrases, and predicates and relating each 

operation to the appropriate object. 

5. Attributes of operations are identified by under

lining all adverbs and associating them with their 

respective operations (verbs). 

Part of the example from the Pressman text is 

reproduced in Figure 2.1, in order to illustrate the 

above object-oriented analysis procedures. First, to 

determine the objects and their attributes, we underline 

each noun or noun clause and all adjectives. 

11 



respectively. If the object is required to implement a 

solution, then it is part of the solution space and is 

entered into the table; otherwise, if an object is 

necessary only to describe a solution, it is part of the 

problem space, and is not necessary for the software 

implementation. The underlined software description 

using an informal strategy is shown below: 

The software will receive input information from a 

bar code reader at time intervals that conform to 

the conveyor line speed. Bar code data will be 

decoded into box identification format. The 

software will do a look-up in a 1000-entry data base 

to determine proper bin location for the box 

currently at the readerCsorting station). A FIFO 

list will be used to keep track of shunt positions 

for each box as it moves past the sorting station. 

Object Attribute Corresponding 
operation 

Data Bar code Decode 
Location Bin Determine 
List FIFO Keep track 
Positions Shunt Keep track 
Intervals Time Conform 
Format Box id Decode 
Database 1000-entry Do a lookup 

Figure 2.1. Objects and operations 
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Next, corresponding operations are added to the 

table by underlying all verbs, verb phrases, and 

predicates as follows: 

The software will receive input information from a 

bar code reader at time intervals that conform to 

the conveyor line speed. Bar code data will be 

decoded into box identification format. The 

software will do a look-up in a 1000-entry data 

base to determine proper bin location for the box 

currently at the reader (sorting station). A FIFO 

list will be used to keep track of shunt positions 

for each box as it moves past the sorting station. 

Like objects, only the operations which belong to the 

solution space are added to the table. If any 

significant operation attributes (adverbs) are noted, 

then they should be entered to the table along with the 

operations. The definition of objects and operations are 

an excellent way to begin the analysis of both function 

and information domains, but specific guidelines and more 

concrete and effective criteria are desired to define the 

objects and operations. 

Bailin [7] describes an object-oriented requirements 

specification method which is intended to serve as an 

alternative to structured analysis for object-oriented 
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software. Representations used in this specification 

method are a hierarchy of EDFDs (Entity Data Flow 

Diagrams) and a set of ERDs (Entity Relationship 

Diagrams). EDFDs are just like conventional data flow 

diagrams except that the nodes fall into two categories: 

entities and functions. Every function must be performed 

by or act on the entity. This method consists of the 

following seven steps: 

1. Identify key problem-domain entities. Bailin 

uses a very similar technique as Pressman's to identify 

domain entities by creating a list of the key nouns and 

noun phrases from the original statement of requirements. 

Also, structured analysis data flow diagrams are used to 

extract nouns from the process names. 

2. Distinguish between active and passive entities. 

An active entity is one that operates on inputs to 

produce outputs. A passive entity is one that is acted 

upon. 

3. Establish data flow between active entities. 

4. Decompose entities (or functions) into sub-

entities and/or functions. 

5. Check for new entities. 

6. Group functions under new entities. 

7. Assign new entities to appropriate domains. 

14 



Bainlin's method moves smoothly from requirements to 

design and then to Ada code. However, it seems to be 

fixed only around Ada tasks, packages, and procedures. 

Also, it does not address object-oriented characteristics 

such as inheritance and information hiding [52]. 

Coad and Yourdon's object-oriented approach is 

recognized as objects, classification, inheritance and 

communication with messages [26]. This approach consists 

of five major steps: 

1. Identifying objects: This approach provides a 

set of characteristics to consider in identifying 

objects. To find potential objects, look for: structure, 

other systems, devices, events remembered, roles played, 

locations and organizational units. 

2. Identifying structure: Structures represent 

complexity in a problem space. Classification structure 

represents class-member organization, and assembly 

structure portrays whole-part organization. 

3. Identifying subjects: Subjects provide 

mechanisms for controlling how much of a model a reader 

is able to consider at one time. So, the amount of 

complexity confronted by the reader is controlled. 

4. Defining attributes: Attributes are data 

15 



elements used to describe an instance of an object or 

classification structure. 

5. Defining services: This defines a service as the 

processing to be performed upon receipt of a message. 

The attributes and corresponding services for an 

object are treated as an intrinsic whole. This analysis 

focuses on a system's stored data and processing 

"together." This encapsulation of attributes, and 

exclusive services on those attributes, provides the 

stability of the model. This system model results in a 

tangible, reviewable, and manageable collection of model 

layers (subject, object, structure, attribute, connection 

and service) produced during the above five major steps. 

Figure 2.2 shows an example of Coad and Yourdon's method. 

An object "Vehicle" contains the common attributes higher 

in the structure, and the specialized attributes are 

shown below. The "x" notation indicates attribute 

override. This method is a relatively new method, and as 

Coad and Yourdon claim, will continue to evolve in 

practice. To apply this method to specific organizations 

or projects, tailoring and expanding the method will be 

required. 

16 
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Figure 2.2. Classification structure. 

2.2 Reguirements Specification Technigues 

Various requirements specification techniques have 

been developed to describe the expected external behavior 

of the software system to be built. Davis provides a 

survey of available requirements specification techniques 

and compares these techniques using the following eight 

criteria [10]: 

1. Understandable to computer-naive personnel 

2. Basis for design and test 

3. Automated checking 

4. External view, not internal view 
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5. SRS organizational assistance 

6. Prototype generation 

7. Automatic test generation 

8. Appropriate applications. 

In this section, each requirements specification 

technique will be discussed briefly. The table which 

summarizes each approach and scores them on a scale from 

0 (poor) to 10 (excellent) is reproduced from the Davis 

paper and shown in Figure 2.3. Among the techniques he 

evaluated, there are five requirements specification 

techniques suitable for real-time applications: Finite 

State Machines, Statecharts, Requirements Engineering 

Validation System, Requirements Language Processor, and 

PAISLey. In next section, these five techniques for 

real-time applications will be discussed in more detail. 

In Chapter 5, the results of this research will be 

compared to these techniques using the criteria above. 

Specification Technigues 

Natural language. Most requirements specifications 

today are written in natural language. Even though 

natural language can be used as a guide to the 

development of conceptual models [29], the size of the 

document and ambiguity of the natural language can lead 
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to requirements specifications which are ambiguous and 

inconsistent, especially for large and complex systems. 

Finite State Machines. A Finite State Machine (FSM) 

is a hypothetical machine that generates an output and 

changes state in response to an input. The FSM can be in 

only one of a given number of states at any specific 

time. Two notations are used to define FSMs: state 

transition diagrams (STD) and state transition matrices 

(STM). FSMs have been used effectively for requirements 

specifications for many applications and serve as the 

underlying model of another techniques that follow. 

Decision Tables and decision trees. A Decision 

Table (DT) lists all conditions that influence decisions, 

all the possible decisions, and all combinations of 

answers in tabular form. The actual required system 

behavior is then filled into the table. The DT is useful 

to describe the required external behavior when the 

system responses to the combinations of more than one 

condition. A decision tree shows the same information as 

a decision table but in graphical form. 

Program Design Language. The Program Design 

Language (PDL) consists of free-form English with special 

meanings for certain key words. PDL is also called 

pseudocode and is commonly used to specify detailed 
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designs for software modules. When PDL is used at the 

analysis phase, the requirements writers tend to overstep 

their bounds and fall into design. 

Structured Analysis/Real-Time. Structured 

Analysis/Real-Time (SA/RT) reflects two extensions to the 

Structured Analysis of DeMarco [32]. These extensions 

add control diagrams and control specs in addition to the 

standard Data Flow Diagram (DFD). Also, the ability to 

specify a Mealy model finite state machine description 

for each control transformer in the DFD is added. 

Statecharts. Statecharts are extensions to the FSMs 

and provides a notation and set of conventions that 

facilitate the hierarchical decomposition of FSMs and a 

mechanism for communication between concurrent FSMs. 

Using the statecharts, it is easier to model complex 

real-time system behavior without ambiguity. 

Reguirements Engineering Validation System. The 

Requirements Engineering Validation System (REVS) is a 

set of tools that analyzes requirements written in the 

Requirements Statement Language (RSL) developed using the 

Software Requirements Engineering Methodology (SREM). 

SREM was originally developed for performing requirements 

definition for very large embedded systems having 
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stringent performance requirements. The REVS uses the R-

net as the organizational unit of the SRS. 

Reguirements Language Processor. The Requirements 

Language Processor (RLP) is developed for the 

requirements specification of complex, real-time systems. 

The RLP uses the stimulus-response sequence as the 

organizational unit of the SRS where a stimulus-response 

sequence is a trace of a two-way dialogue between the 

system under specification and its environment. 

Specification and Description Language. The 

Specification and Description Language (SDL) is a 

superset of the state transition diagrams. The SDL was 

developed for the external behavior and internal design 

of telephone switching systems. 

PAISLey. The Process-oriented, Applicative and 

Interpretable Specification Language (PAISLey) is a 

language for the requirements specification of embedded 

systems using an operational approach. Operational means 

that the resulting specification can be executed, and the 

resulting behavior would mimic the behavior required of 

the system to be built. Using PAISLey, the system and 

its environment are decomposed into sets of asynchronous 

interacting processes. The major drawback of PAISLey is 

that the resulting specification is difficult to 
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understand, and is more like a design than a 

requirements specification. 

Petri-nets. Petri-nets are abstract virtual 

machines which specify process synchrony during the 

design phase of time-critical applications. Petri-nets 

are represented as a graph composed of circles (places) 

and lines (transitions). Arrows interconnect places and 

transitions. Black dots (tokens) move from place to 

place according to a specific rule. Petri-nets are 

relatively easy to understand and are best used to 

describe the system where ambiguity should be avoided and 

precise process synchrony is necessary. 

Real-Time Systems Technigues 

Among many techniques from the survey done by Davis 

[10], the next five techniques are distinguished from the 

other by the applicability of the techniques to the real

time system requirements specification. The FSM can be 

used for any real-time application that is small enough 

to be represented with monolithic FSMs. Statecharts, 

REVS, RLP, and PAISLey are suitable for any complex real

time application. In this research, these requirements 

specification techniques which are suitable for real-time 

systems, small or complex, will be discussed in detail. 
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FSMs.. In order to illustrate the use of a FSM, an 

example of a telephone switching system from the Davis 

text is reproduced in Figure 2.4 [10]. A circle means a 

state, a directed arc means the transition between the 

two states, and the label on the arc means the input that 

triggers the transition and the output with which the 

system responds (they are separated by a slash). A FSM 

is used to model processes which generate an output and 

change state in response to a finite set of possible 

inputs whose orders are significant. FSMs can be used to 

model the system which contains the sequence-dependent 

operations such as a parity checking of an input stream 

of ones and zeros, and syntax checking in a high-level 

language compiler. The FSMs provide a complete and 

unambiguous specification of all inputs, outputs, and 

states along with the information needed to specify all 

error states. Also, FSMs can easily be represented using 

a decision table [41]. 

There are two models to describe the behavior of a 

FSM: The Mealy model and the Moore model. In the Mealy 

model, all outputs are represented as conditional outputs 

while all outputs are represented as unconditional 

outputs in the Moore model. The choice between Mealy and 

Moore models depends on the particular application. In 
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the example of Figure 2.4, the Mealy model is used 

representing all outputs as conditional outputs. FSMs 

have been used effectively for requirements 

specifications for any real-time application which is not 

complex. However, as the system grows complex, the FSM 

approach become very difficult to understand and modify 

because of the large numbers of states and transitions 

involved. The extensions to the FSMs which will be 

discussed next have been developed for complex real-time 

applications: Statecharts, REVS, and RLP. 

DIAL BUSY NUMBER/ / _ , , j ^ \ 
— ^ BUSY TONE I D U O T J 

ON HOOK/QUIET 

Figure 2.4. FSM example. 

26 



Statecharts. Statecharts are an extension to FSMs 

which provide a notation and set of conventions to model 

complex real-time system behavior. One of the extensions 

to FSMs is the concept of the superstate, which can be 

used to aggregate sets of states with common transitions 

[10]. An example of the superstate is shown in Figure 

2.5 which is reproduced from Davis. In Figure 2.5(b), 

state S2 is the superstate which have states S21 and S22 

combined with the "and" function. The "and" function is 

represented by a dashed line in the middle of a box and 

means that on receipt of stimulus il, the two states S21 

and S22 are entered simultaneously. The superstate forms 

a basis for iterative refinement and successive 

decomposition of FSMs. Also, the statechart approach has 

the ability to specify a transition dependent on global 

conditions and on being in particular state. 

REVS. Software Requirements Engineering Methodology 

(SREM) has evolved in the development of software for 

ballistic missile defense systems, which are complex, 

real-time, automated systems with a requirement for high 

reliability. This approach has resulted the Requirements 

Statement Language (RSL) and support software REVS. The 

REVS is a set of support tools which include an 

interactive graphic package to aid in the specification 
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Figure 2.5. Statecharts example. 

of flow paths, a static consistency checker, and an 

automated simulation generation and execution package to 

aid in the study of dynamic interactions of the 

requirements [42]. 

The underlying model of this approach is a highly 

structured finite state machine. The inputs and outputs 

are structured into messages that interfaces with 

external subsystems. Each state is structured into sets 

of information about objects that are known to the data 

processor. Requirements networks (R-nets) are used to 

structure the description of the processing. Each R-net 
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specifies the transformation of an input message and 

current state into a set of output messages and an 

updated state [43]. An example of an R-net is reproduced 

from Davis in Figure 2.6. Using the R-nets, accuracy and 

response time performance requirements which are critical 

in real-time systems can be specified. 

^=^Z^ 

Digit 9 

What Stats? 
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Dial Ton* Dial Tons Coll««.tln^ 

7-Diglta 
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Digit 

Sand DIatinctlva 
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Collect 
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O 

..^^^ 

R-NET START 

STIMULUS 
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AND 4 
OR 4 
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- GENERATE OUTPUT 
- FOR EACH (FROM A SET] 
- DO THIS 
- SELECT DATA 

R-NET END 

R-Net Notation 

Figure 2 . 6 . REVS example. 
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RLP. The RLP uses the stimulus-response sequence as 

its organizational unit. The system must "respond" on 

receipt of a particular "stimulus." For any real-time 

system, the concept of timing constraints are applied to 

the stimulus-response such that the system must respond 

within a specific period of time receiving a particular 

stimulus. The RLP accepts and processes requirements 

documents written in a wide variety of requirements 

languages. The main inputs and outputs of the RLP are 

shown in Figure 2.7 [45]. The language definition tables 

define the lexical, syntactic, and semantic 

characteristics of a requirements language. After these 

tables are defined, a user of the RLP can select an 

appropriate language, write requirements using that 

language, and run RLP. The RLP outputs an integrated 

system description in the form of an extended FSM and 

reports any inconsistency, ambiguity, and incompleteness 

in the requirements. The FSM description can be used 

later to drive automatic test generation, system 

simulation, and automatic software synthesis. 

PAISLey. The PAISLey is a language for the 

requirements specification of an embedded system which is 

characterized by asynchronous parallelism and urgent 

performance requirements [46]. Using PAISLey, a 
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Figure 2.7. RLP example. 

requirements specification is an executable model of the 

proposed system. As shown in the example of a patient-

monitoring system (Figure 2.8) which is reproduced from 

Davis, the system and its environments are decomposed 

into sets of asynchronous interacting processes: five 

processes for the system and four processes for its 

environment. Then, each process is defined further by 

declaring the state space, successor function, and 

exchange function. In Figure 2.8, partial declaration of 

the state space and successor functions for the process 
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patient" is shown [10]. A specification in PAISLey can 

retain all parallelism inherent to the problem space of 

the system. In the execution of the PAISLey 

specification, all computations are encapsulated and can 

be executed no matter how incomplete they are. Also, all 

forms of inconsistency can be detected by automated 

checking [47]. 

ENVIRONMENT PROPOSED SYSTEM 

(patlant-cycli: WTIENT-STATE - > fWIENT.STATE, 
patlant-eheck-c/cle: ALERT.STATUS ~> ALERT.STATU8 
retrieve: DATABASE x HE(3UE8T -^DATABASE x VITAL.8IQN.T0LERANCE 

aenoe: PATIENT.8TATE - > ACTUAL.VI1AL-8IQN8 
check: VITAL_8IQN_T0LERANCE x ACTUAL-VITM.3IQN8 - » ALERT-STATUS 

update: DATABASE x ACTUAL.VITAL.8IQN8 ~> DATABASE) 

Partial Declaration of Processes and their Succeseor Functions 

Figure 2.8. PAISLey example. 
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2.3 Approach to Integrate Object-Oriented 
with Structured Analysis Method 

Ward claims that there is no fundamental opposition 

between real-time structured analysis/structured design 

and object-oriented design, and proposes a method to 

integrate object orientation with structured analysis and 

design [6]. He shows that objects as instances of 

abstract data types can be represented in structured 

analysis/structured design by grouping of lower level 

transformations and stored data into higher level 

transformations. The data-specification scheme of real

time structured analysis/structured design must be 

extended to reflect the instance/type distinction for 

data items. The concepts of inheritance can be 

incorporated into structured analysis/structured design 

by embedding operations and data for higher level objects 

in the transformations representing the lower level 

objects. Also, the convention for flow convergence/ 

divergence and the hierarchical numbering scheme for 

levels of schemas should be changed to reflect the 

concepts of inheritance. 

Even though he claims that real-time structured 

analysis/structured design can, with modest extensions to 

the notation and to the model-building heuristics, 

adequately express an object-oriented design, the 
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integration requires another extra step to develop an 

object-oriented model in the development activities for a 

software system. As the system grows large and complex, 

it will become very difficult to trace back to the 

functions and data from different levels and group them 

together to incorporate the concepts of objects or 

inheritance. So, if the object-oriented design and 

implementation are foreseen in the development of the 

system, it is ideal to apply the same concepts to the 

requirements analysis. 

2.4 Summary 

The real-time requirements specification techniques 

described in the literature lack the following features 

which are needed for an object-oriented real-time 

methodology: 

1. They do not support all characteristics of the 

object-oriented approach: data abstraction, information 

hiding, and inheritance. 

2. They do not model complex real-time system 

behavior. 

3. They do not support the distributed multiple 

processes without using any centralized, global 

controller. 
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CHAPTER III 

OBJECT-ORIENTED ANALYSIS FOR 

REAL-TIME SYSTEMS (OOART) 

The goal of this research is to produce a stand

alone object-oriented analysis methodology which can be 

applied to real-time systems to generate a complete, 

consistent, and reliable requirements specification. 

This chapter states the detailed description of the 

research. Section 1 deals with the definition of 

objects, and Section 2 shows how each object is 

structured internally. Sections 3 and 4 explain how the 

message passing is handled, and how the analysis method 

is represented in the requirements specification, 

respectively. 

3.1 Definition of Objects 

Basic Concepts of Objects 

In an object-oriented approach, the system is viewed 

as a collection of objects. Analysis of the system is 

accomplished in terms of these objects. Objects and 

relationships between objects which are identified and 

formally represented in the analysis phase serve as the 

basis for the next software development phases--design 
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and implementation. The object-oriented software life 

cycle tends to eliminate the distinct boundaries between 

the analysis, design, and implementation phases because 

the items of interest in each phase are the same: objects 

[53]. To achieve the successful development of the 

object-oriented software, it is crucial to identify and 

define the "right" objects for the system. 

As described earlier in Chapter 2, objects are 

packages of both data and operations that can be.carried 

on that data. Data and process are encapsulated into an 

object as an "intrinsic whole" [26]. This encapsulation 

of data attributes and operations on that data makes the 

effect of changes on the system over time to be much more 

localized, hence makes the system more stable. From the 

viewpoint of a systems analyst, an object is an 

abstraction of the real world, representing one or more 

occurrences of meaningful entities in the problem space. 

The system will be structured around the objects that 

exist in our model of reality. The most significant 

advantage in defining objects as an abstraction of the 

real world is that the activity makes the systems analyst 

to understand the problem space at hand. As Booch 

states, the steps in abstraction "requires a great deal 
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of real world knowledge and an intuitive understanding of 

the problem" [4]. 

Another important characteristic of objects is that 

one object can inherit the attributes/operations of 

another object. This can be accomplished by introducing 

a concept of a class which denotes a set of similar but 

unique objects. Each object is a unique instance of some 

class and a class may be modified to create another 

class, establishing a relationship of subclass and 

superclass between the classes involved. A subclass not 

only inherits the attributes and operations of the 

superclass, but also can modify the existing 

attributes/operations, add new ones, or hide some of them 

from the superclass. This concept of inheritance allows 

a hierarchy of classes and reduces the work of defining 

the similar objects again and again. Also, this activity 

of defining objects in terms of classes matches with the 

basic human method of organization. According to Coad 

and Yourdon [26], there are three basic methods people 

use to organize problem space: 

1. The differentiation of experience into particular 

objects and their attributes. 

2. The distinction between whole objects and their 

component parts. 
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3. The formation of and the distinction between 

different classes of objects. 

Communication between objects is done by message 

passing. An object sends a message to another object to 

perform an operation. When the object receives a message 

from another object, it performs the requested operation 

if all the necessary conditions are met. Otherwise, it 

sends an error message back to the object which sent the 

unsuccessful message. Therefore, each object has the 

capability of receiving and sending operation invocation 

and error handling messages. The notion of a "method" is 

introduced from Smalltalk, an object-oriented 

programming language and from which the term "object-

oriented" originated. A method denotes the response by 

an object to a message from another objects. The 

activity of a method may activate the predefined 

operations or pass the messages to other objects to 

invoke one of its methods. The granularity of objects is 

related to the amount of inter-object communication. 

During the analysis phase, the granularity of objects is 

determined, and the interfaces (communication) between 

objects are formalized. The object-oriented approach for 

problem definition and partitioning is then applied to 
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the analysis. The strategies to identify the objects are 

discussed below. 

Strategy to Identify the Objects 

Identification of the objects is the first step in 

the object-oriented analysis. This is the process of 

finding the entities that represent the best abstraction 

for what the system models. However, there is no simple 

mechanism that can be applied once to provide the best 

definition and partitioning of objects. The 

identification of objects (including the identification 

of attributes and operations for the objects) involves a 

number of local iterations until the satisfiable 

abstraction of the system is obtained. However, this 

iterative process should not be considered as the waste 

of the analyst's time and energy, but is regarded as the 

process of gaining sufficient and solid understanding of 

the problem space. Even though the intuition and 

experience play the important roles in this process, 

there are methods which can help the analyst to identify 

these objects; these methods are described below. The 

following strategy to identify the objects and 

relationships between them is based on methods developed 

by Booch [4], Seidewitz and Stark [3], and Coad and 
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Yourdon [26]. This particular strategy is derived to 

combine the best elements of each method and develop the 

best abstraction of the problem space. 

Recognize the preliminary objects. The first step 

is to look at the problem space and recognize the major 

entities by differentiating the problem domain into 

particular objects that should play their roles and have 

attributes in our model of reality. The preliminary 

objects identified in this step usually can be derived 

from the nouns which are used in describing the problem 

space. Although not every noun will be turned into the 

objects, giving special attention to the noun phrases is 

a reasonable starting point to distinguish the potential 

objects of the system. 

Identify the attributes and operations. The second 

step is to recognize the attributes and operations for 

the preliminary objects derived from the previous step. 

Attributes should be able to describe the every possible 

state of the object, and operations should provide the 

necessary processing of the object. A common set of 

attributes and operations is then identified for each 

object. The appropriate granularity of objects is 

considered here, with larger objects are decomposed into 

smaller objects and vice versa. This process of 
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filtering out the preliminary objects to get the better 

set of objects goes through a number of iterations 

between the first and second steps. 

Build the layers of abstraction. The third step is 

to build the different layers of abstraction by using the 

classification and assembly structures. Each layer will 

contain a collection of objects with restricted 

visibility to other layers. The purpose of this process 

is to represent problem space hierarchy and to establish 

the visibility of each object in relation to other 

objects. Classification structure provides the 

partitioning of a problem space into the sets of 

generalized and specialized objects. The objects which 

have the more generalized (common) operations and 

attributes are put at a higher level, and the specialized 

ones at a lower level. For example, the object "Vehicle" 

is put at a higher level with the common attributes and 

operations, and the specialized objects such as 

"Passenger Car," "Truck," or "Trailer" are placed below. 

This structure supports the concept of inheritance. The 

assembly structure shows a whole and its components. 

Objects are partitioned into its component objects 

according to the appropriate granularity of objects. For 

example, an object "Vehicle" can have the component 
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objects such as "Engine," "Brake," or "Body." This 

structure reflects a real-world model of the problem 

space. Using the classification and assembly structures, 

a system is partitioned into different layers of 

abstraction. An object diagram such as in Figure 3.1 can 

be used to represent the layers of abstraction [4]. Any 

layer in a higher level can use any operations in the 

layers below, but not any operation above that layer. 

This assures that all objects in one layer do not need to 

know about the objects on the higher layers. The main 

advantage of this topology of connections is that it 

generates the loosely coupled objects by reducing the 

coupling between objects. 

Layer 1 

Layer 2 

Layer 3 

Figure 3.1. Object diagram showing the 
layers of abstraction. 
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Establish the interfaces. The final step is to 

establish the interfaces between objects. Communication 

between objects is done by message passing. This process 

validates the topology of objects defined previously, or 

modifies the layers and objects to support the more 

feasible and efficient message passing between objects. 

Since each object may be independent, there exist many 

threads (flow of control) simultaneously running through 

the system. This activity supports the concurrent 

control which is one of the characteristics of the real

time systems. 

As a summary, the following steps are highly 

iterative steps until the final objects and relationships 

are established: 

1. Study the problem space and recognize the 

preliminary objects. 

2. Identify the attributes and operations for 

objects. 

3. Build the layers of abstraction using the 

classification and assembly structures. 

4. Establish the interfaces between objects. 
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3.2 Detailed Description of Objects 

Structure of an Object 

The internal structure of an object is discussed in 

this section. Each object includes the data (both the 

data that make up the attributes of the object and the 

data for a message queue), the methods that define the 

operations on that data, and other elements such as the 

utility routines, storage for the data structures 

defined, and protection, etc. However, all this 

information is encapsulated, with only the entry points 

defined at the interface are visible to the other 

objects. The entry points of an object include a unique 

identifier and the methods. That is, when other objects 

are sending messages to an object, they use the unique 

identifier to recognize the object with which they want 

to communicate, and specify the method to request the 

operation invocation to that object. Figure 3.2 shows 

the internal structure of an object, and each element of 

an object is explained in the following paragraphs. 

However, it should be pointed out that it is the external 

view of an object that is emphasized in the analysis 

phase. It is also assumed that each object has an access 

to the source of the accurate knowledge of time (the 
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clock). The clock will be explained in detail when the 

time constraints are discussed. 

Identifier. Each object has a globally unique 

identifier that can be used by other objects when they 

are sending messages to invoke the operations on it. An 

object dictionary is employed to keep track of the 

identifiers defined and to avoid the duplicate names. 

Identifier |— 

Method 1 1 

Method 2 |— 

• 

Method n 
1 

1 
1 Unique identifier for the object 

Code for method 1 

Code for method 2 
• 

Code for method n 

ueia siruoture | 

Utility routines 

Owner/user list 

i I 

Clock 

Attributes 

Message queue 1 

Figure 3.2. Internal structure of 
an object. 
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Methods. All the operations that can be performed 

on the data should be defined and implemented in an 

object's methods. Methods (which were originally defined 

in Smalltalk) determine an object's behavior and 

performance. They are like function definitions in 

structured analysis. The methods are initially inactive, 

and upon receipt of the invocation request message (via 

message queue), the requested method becomes active and 

the code which implements the operation is executed. 

After the execution is completed, a message to notify the 

completion (notification message) is sent to the object 

which has sent the request message, and the method 

becomes inactive again until another invocation request 

is received. All the incoming messages to an object are 

delivered to the specified method through the message 

queue. The reason for employing the message queue is to 

take care of the request which is the most important and 

urgent (has the highest priority value) first at any 

specific moments. When an object receives a message from 

another object, the message contains a specific method 

name for operation invocation and any parameters (if 

needed) along with other information such as the priority 

value and time constraints. This time constraint is a 

very important characteristic of real-time systems. (The 
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mechanism to handle the time constraints will be 

discussed later in detail.) Also, each operation in the 

methods should be associated with a worst case execution 

time, so that this information can be compared with the 

requested time constraints. Before being stored into the 

message queue, the requested method is evaluated to make 

sure that the method exists in the object and that the 

received parameters are compatible with the predefined 

parameters in the object. If the requested method is not 

found, or the parameters are not matched, an error 

message is sent back to the object which has sent the 

message. Otherwise, the message is stored into the 

message queue. The code for this message manipulation 

(receive, evaluate, and store) is implemented in one of 

the utility routines. Whenever the message queue is not 

empty and all the methods are inactive, the message with 

the next highest priority value at that time is retrieved 

from the message queue and is delivered to the specified 

method. The utility routines also include an operation 

which performs this message retrieval. Operations which 

are defined in the methods may change the value of the 

attributes of the object, just evaluate them, or invoke 

operations on other objects by sending the messages to 

them. 
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Data structures. Data structures are defined to 

include all the data attributes of an object, as well as 

the message queue. In an object-oriented approach, the 

operation and data are not separable. Any data which the 

operations in the methods use should be included in the 

data structure. The message queue is itself an object. 

The purpose of the message queue is to receive the 

messages from other objects and distribute them in the 

order of higher priority values. A detailed explanation 

of the message queue is found in the following section. 

Utility routines. Utility routines include any 

subroutines which are necessary to perform the message 

and object manipulation other than the operations defined 

in the methods. Utility routines are same for all 

objects. Therefore, when an object is created, they can 

be inherited from a superclass object instead of being 

redefined for each object. The following subroutines are 

included in the utility routines: 

1. The subroutine which receives the incoming 

messages, and stores them into the message queue, or 

sends back to the originated object if any errors are 

found. 

2. The subroutine which retrieves the message with 

the highest priority value. 
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3. The subroutine which keeps track of other objects 

which are using the object. (The user list contains the 

identifiers of the objects which might use that object.) 

4. The subroutine which performs exception handling. 

When an error (including a failure to meet time 

constraints) is detected, the exception handling routine 

is invoked to take care of the condition and to resume 

the normal execution of the system. 

5. The subroutine which takes the time constraints 

from the message, checks that the starting conditions are 

met, and enforces the constraints on the requested method 

so that the execution should take place and be completed 

within a specified finite time. 

Owner/user lists. Owner/user lists are kept to 

avoid the undesired deletion of objects which are still 

needed by other objects in the distributed multiple-user 

systems. When an object is created, the ownership of the 

object is declared, and only the owner can delete the 

object, provided that there are no users attached to the 

user list. The owner/user list is manipulated by one of 

the utility routines. 
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Structure of the Message Queue 

When an object receives messages from other objects, 

those messages are sent to the message queue (by one of 

the utility routines, as explained in the previous 

section), and are distributed in the order of the highest 

priority value at the current time. The message queue is 

itself an object. The message queue object, which is 

defined in the data structure of the main object, is 

automatically created when the main object is created, 

and deleted when the object is deleted. Figure 3.3 shows 

the internal structure of the message queue object. Each 

object has one and only one message queue object for its 

own message traffic control. Therefore, a one to one 

mapping exists between an object and its message queue. 

To support operations that allow the item containing the 

largest value to be easily retrieved and deleted, a 

priority queue will be used to implement this object 

[51]. The priority value reflects the urgency with which 

the message should be taken care of. Many factors should 

be considered to decide the priority values for the 

messages. How to set up and deal with priority values 

will be discussed later in detail. The task of the 

message queue is to receive all incoming messages and 

send back the message with the highest priority value at 
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a time to the object with which the message queue is 

connected. All the actions regarding time constraints 

and exception handling will be done by the object which 

contains the message queue, and not by the message queue 

itself. 

Identifier I 

Create 

Unique identifier for message queue 

IsEmpty 

nsert |—"^Code to add message to priority queue 

Remove 

Code to create an empty priority queue 

Code to determine if priority queue 
is empty 

Code to remove the message with the 
highest priority value 

Data structure 

Message type 

Method 

Parameters (if needed) 

.^Pr ior i ty vsiuej 

Time constraints 

Source identifier 

Figure 3.3. Internal structure of 
the message queue. 
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Identifier. Each message queue object has a unique 

identifier that matches with the object to which the 

message queue is connected. When an object is created or 

deleted, its message queue object should also be 

automatically created or deleted. The identifier for the 

message queue object can be implemented as a pointer to 

the main object. 

Methods. The message queue object supports the 

following operations in the methods: 

1. "Create" to create an empty priority queue. It 

is invoked automatically when the object is created. 

2. "IsEmpty" to determine if priority queue is 

empty. 

3. "Insert" to add a message to priority queue. 

4. "Remove" to remove the message with the highest 

priority value and send it to the main object. 

Data structure. The definition of the data 

structure of the message queue should include the 

attributes of a message such as the message type, 

requested method, parameters if needed, priority value, 

time constraints, and the identifier of the object which 

has sent the message. All these elements are discussed 

in detail later when the format of a message is 

explained. In the analysis phase, the decision of how to 
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implement the priority queue does not have to be made. 

(However, the priority queue can be implemented as a 

binary search tree or heap.) 

Examples of Objects in the Ada Specification 

Ada is one of many languages that are better suited 

than others to the application of object-oriented 

development. The following Ada packages are included to 

give some idea of how the internal structure of the 

object and the message queue can be implemented. Objects 

are denoted by packages, and the attributes of an object 

reside in the body of a package. The package 

specification gives the interface to the outside world, 

and the body of the specification gives the hidden 

details of the operations in the methods. Common 

operations and objects are imported from a program 

library using a with clause. A library unit may be a 

subprogram specification such as a set of utility 

routines or a package specification such as the message 

queue object. To support parallel activities, a task may 

be used with a rendezvous which allows tasks to interact 

with each other. The methods of an object will be 

executed one at a time, but the subprograms in the 

utility routines may be executed in parallel. For 
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example, while receiving the incoming messages (Receive), 

the message with the highest priority value is retrieved 

from the message queue (Retrieve), and the requested 

method is executed. The following example shows how an 

object will be denoted by the Ada package. 

Example 3.1. Ada package for an object. 

-- import message queue and utility routines 
with Message_Queue_Identifier; 
with Utility .Routines; -- implemented as tasks 

package Object_Identifier is -- specification 
procedure Methodl; 
procedure Method2 (Parameter: P_Type); 

end Object_Identifier; 
package body Object_Identifier is -- body 

Attributes: Attribute_Type; 
Owner_List: array (INTEGER range 1 .. N) of 

Identifier; 
User_List : array (INTEGER range 1 .. N) of 

Identifier; 
procedure Methodl is 
begin 

-- code for method 1 
end Methodl; 
procedure Method2 (Parameter: P_Type) is 
begin 

-- code for method 2 
end Method2; 

begin 
-- use imported utility routines 
use Utility_Routines; 
Receive(In_Message: Message_Type); 
Exception_Handling; 
Highest_Priority_Message := Retrieve; 
Maintain_Owner_List; Maintain_User_List; 
Get_Time_Constraints(In_Message:Message_Type); 
case Highest_Priority_Message is 
when Request_Methodl => Methodl; 
when Request_Method2 => Method2; 
when others => null; 

end case; 
end Object_Identifier; 

54 



The message queue is also denoted by the package and 

stored as a library unit as follows. 

Example 3.2. Ada package for the message queue. 

package Message_Queue_Identifier is 
type Message_Type is limited private; 
procedure Create; 
function IsEmpty return Status; 
procedure Insert (Message: Message_Type); 
function Remove return Message__Type; 

private 
type Message_Type is 

record 
M_Type: INTEGER; -- operation invocation, 

-- notification, or 
-- error handling type 

Method: INTEGER; -- requested method 
Parameter: ... -- parameters if needed 
P_Value: INTEGER; -- priority value 
Time_Constraints: T_Type; 

end record; 
end Message_Queue_Identifier; 

package body Message_Queue_Identifier is 
Message_Queue: Heap_Type; 
procedure Create; 
begin 
-- code for Create 

end; 

function IsEmpty; 
begin 
-- code for IsEmpty 

end; 

procedure Insert(Message: Message_Type) 
begin 
-- code for Insert 

end; 

function Remove; 
begin 
-- code for Remove 

end; 
end Message_Queue_Identifier; 
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Adding Time Constraints to Objects 

Time constraints are one of the most important 

characteristics of real-time systems. Real-time systems 

impose strict requirements on the timing behavior of the 

system. That is, if the system's response does not occur 

within a specified time, it is considered a system 

failure. In the analysis phase of real-time system 

software development, the problem of how to implement 

time constraints does not have to be addressed, but the 

problems of how to specify the time constraints 

accurately and unambiguously should be considered and 

formalized [37]. Time constraints are added to the 

object by message passing, and handled by the utility 

routines of the object. When an object sends a message 

to other objects for operation invocation or error 

handling, the message should contain the time constraints 

for the specified operation. These time constraints are 

compared against a worst case execution time which is 

attached to each operation to determine whether the 

requested operation can be finished within the specified 

time. In this section, the strategies to represent and 

assign time properties to the objects are discussed. 

Timing properties enforce time bounds on the 

computations and relations between objects. After a 

56 



method receives an operation invocation message, the 

object should satisfy any necessary starting conditions 

and start executing the requested operation by the 

specified start time. Also, the execution should be 

completed before its stop time (deadline). In the OOART, 

the following elements are included in the message to 

represent the time constraints: Starting conditions. 

Begin time, and Stop time. 

Starting conditions. This starting conditions state 

any necessary conditions that should be satisfied before 

the object executes the requested operation. Temporal 

operators and relations shown in Figures 3.4 and 3.5 are 

used to state these temporal conditions and properties 

[49, 55]. 

Begin time. Begin time can either state the 

specific time point by which the object should start 

executing the specified operation, or state the specific 

condition to be satisfied to begin the execution. A real 

number is used for a time point that represents the 

occurrence of an instantaneous event, and a set of real 

numbers such as <tl, t2> is used for a time interval that 

represents a contiguous time period. Temporal operators 

and relations are used to specify the conditions. If the 
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temporal relation is the same as the starting condition, 

it can be omitted. 

Notation 

© p 

P U q 

O p 

n p 

® p 

p S q 

^ P 

B p 

p -> q 

Meaning 

At the next instant, p will be true. 

p is true until q is true, and q will 
eventually become true. 

Eventually, p will become true. 

Now and always in the future, 
p is true. 

At the previous instant, p was true, 

p has been true since q was true. 

sometime now or in the past, p is true 

Now and always in the past, p was true 

if p is true, then q is true. 

Figure 3.4. Temporal operators. 

Notation Meaning 

A = B 

A < B 
A ir B 
A 0 B 
A T B 
A << B 
A -l- B 

Two intervals are egual. 
A precedes B. 
After A finishes, B meets A immediately. 
A and B are overlapped. 
A starts with B, and finishes first. 
A occurs during B. 
B starts first, and ends with A. 

Figure 3.5. Temporal relations 
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stop time. Stop time can either state the deadline 

before which the object should complete the specified 

operation, or state the specific condition to be 

satisfied to stop the execution. The means of 

representation are same as those of Begin time. 

Temporal notations. The temporal operators in 

Figure 3.4 are used in temporal logic which is a well-

developed branch of modal logic. Temporal logic has been 

used for the specification and verification of program 

behavior [55]. For example, the temporal operators can 

be used to denote a starting condition in which condition 

1 is to be true, and immediately after condition 1 is 

true, condition 2 should be true as follows. 

O condition 1 

condition 1 -> ( condition 2 S condition 1 ) 

In addition to the temporal operators, the temporal 

relations in Figure 3.5 will be used to support the 

timing descriptions of various ordering relations. These 

notations were developed by Levi and Agrawala [49] for 

representation of the temporal relations. Let A and B be 

the contiguous time intervals. For example, event 1 

occurs during the time interval 1 and event 2 occurs 

during interval 2. Both interval 1 and interval 2 are 

represented as sets of real numbers. Then, using the 
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notations of temporal relations, it can be denoted that 

event 1 and event 2 should start at the same time, and 

event 1 should be over before event 2 is finished with 

the expression event 1 T event 2. At the design and 

implementation stages, an appropriate data structure will 

be employed to implement the time constraints, and the 

specific algorithms will be applied to guarantee to meet 

the constraints. But, at the analysis phase, the above 

information is specified for every operation invocation, 

integrated with the other contents of the message, and 

sent to the object to specify the time constraints. 

Clock. Each object is assumed to have an access to 

a clock which is the source of the knowledge of time. 

There are three categories of clock systems: (a) central 

clock systems, (b) centrally controlled clock systems, 

and (c) distributed systems [49]. Any clock system can 

be employed to assure the accurate knowledge of time. In 

central clock systems, the whole system receives the time 

knowledge from one accurate clock. Centrally controlled 

clock systems have the master clock and slave clocks. 

Master clock polls slave clocks and corrects the 

differences. In distributed systems, each object has its 

own clock and updates the differences after receiving the 

time from other objects. 
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3.3 Message Passing Techniques 

Communication between objects is done by message 

passing. A message allows for only one channel of 

communication between objects. Message passing can be 

done either synchronously or asynchronously. In the 

synchronous message passing environment, processes must 

poll and wait for their turn to send messages. Since 

each object has its own message queue and is ready to 

receive the incoming messages at any time, the receiver 

object does not have to wait for the message in order to 

receive it. Also, the sender object does not have to 

wait for ensuring the correct arrival of the message at 

the receiver object because an error handling message 

will be sent to the sender object if any errors are 

occurring. Therefore, the message passing technique for 

the OOART can be based on an asynchronous environment, 

where several loosely coupled processes communicate with 

one another asynchronously. This section will explain 

how the message is structured and processed to make the 

objects in the system communicate with each other. 

The Role of the Messages 

A message is a communication between two objects. 

An object may send a message to another object to request 
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the operation invocation or to obtain the current status 

of an operation. Since communication between objects is 

done only by message passing, shared data areas can be 

greatly reduced. In a case of the distributed multiple 

computer systems connected by a Local Area Network (LAN), 

this reduction helps in controlling the processes [30]. 

As mentioned earlier, when an object receives a 

message from another object, it is placed into the 

message queue before being distributed to take care of 

the appropriate request. Even though heavy communication 

traffic is involved in this message-driven environment, 

the number of messages in the message queue is expected 

to be small because most messages can be processed quite 

rapidly if a high degree of concurrent processing is 

achieved. 

Messages also carry the information which is 

necessary to process the requested operations in the 

method. Parameters are passed into and out of the object 

through the message. The number and types of parameters 

should match with those specified in the method of the 

object. In the next section, the format of a message 

will be discussed in detail. 
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The Format of a Message 

Each message consists of the following elements: 

destination identifier, message type, message contents, 

parameters, priority value, time constraints, and source 

identifier. 

Destination identifier. This element is the 

identifier of the particular object to which the message 

is addressed. An object may send a message to any other 

object whose identifier is available. As mentioned in 

the section on the definition of objects, large object-

oriented systems tend to be built in layers of 

abstraction. Each layer has restricted visibility to 

other layers. 

Message type. There are three categories of message 

types: operation invocation messages, error handling 

messages, and notification messages. The message type 

indicates which category the message belongs to. The 

operation invocation messages, which carry the request to 

execute the particular methods of the destination object, 

are the most common messages. When an object sends an 

operation invocation message to another object, the 

message should contain a name of the method in which the 

desired operations reside. An error handling message is 

sent to the object when appropriate. For example, when 
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an object sends an operation invocation message with its 

parameters, and the destination object detects errors in 

the received parameters, the destination object sends an 

error handling message back to the source object. The 

notification message notifies the source object that the 

requested operation has completed its execution. The 

notification message can also carry any return values of 

the executed operations. 

Message contents. This element contains different 

kinds of information, depending on the message type. For 

an operation invocation message, this field has the name 

of the particular method in the destination object. For 

an error handling message, the status of the error 

condition is specified. Any return values of the 

executed operations are delivered through the message 

contents for a notification message. 

Parameters. The parameter block contains any 

parameters which the method of the destination object 

uses. A message should supply a correct parameter block 

which contains the same number and type of parameters as 

specified in the methods of the destination object. 

Priority value. The priority value indicates the 

urgency of the message. The messages in the message 

queue will be retrieved and taken care of in the order of 

64 



the highest priority value. The priority value can be 

set to any integer, with the higher the integer, the 

greater the priority. A message with the higher priority 

value is specified as a more important and urgent 

request; a message with the lower priority value is less 

urgent. 

Time constraints. This field contains the time 

constraints which will be enforced on the requested 

operations in the methods. As explained earlier, the 

time constraints block has three elements in it: starting 

condition, begin time, and stop time. 

Source identifier. This element is the identifier 

of the object which is sending the message. The source 

identifier is included, so that the destination object 

can communicate with it. 

How to Initialize the System 

Using the OOART, the system is specified as a 

collection of objects. Among these objects, an object 

which we named as "supervisor object" performs the 

specific tasks. This object acts like a supervisor at 

the work place as shown in Figure 3.6. A supervisor for 

the manufacturing department gives some assignments to 

his workers and lets them start their jobs 
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(initialization). While the workers are doing their jobs 

(communicating with each other, and exchanging the 

materials if needed), the supervisor does not interfere 

with them unless something unexpected happens (and error 

handling required) or the workers have any questions or 

requests (global control request) for the supervisor. 

Also, the supervisor can stop the manufacturing processes 

(shutdown). 

In a distributed computer system, the process 

modules may reside in the independent computers which are 

connected to a host computer by a LAN. The supervisor 

object resides in a host computer. Even though the 

supervisor object manages and gives global coordination 

to the objects in the system, not all messages must pass 

through the supervisor object. 

Error handBno 
and 

Qlobal control 

R—porw to r»queei 
Shutdown ^ 

Figure 3.6. System with a supervisor. 
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To initialize the system, the supervisor object sends 

messages to all objects. Each object should have a 

specific method which performs the initialization steps 

if needed. The initialization methods may be inherited 

from the superclass object, instead of being redefined 

for each object. The message from the supervisor object 

carries this method, and the type of this message is an 

operation invocation. Upon receiving the initialization 

request messages from the supervisor object, all objects 

send confirming messages or error handling messages (if 

any errors are found) back to the supervisor object. 

When the supervisor object receives the confirming 

messages from all objects in the system, the system is 

ready for operation. 

How to Handle Message Traffic 

Figure 3.7 shows how the incoming messages are 

processed in the object. When a message is received, it 

is handled by one of the utility routines in the 

destination object. That is, from the programmer's point 

of view, the received message is handled by one of the 

subprograms in the main body of the program which 

implements the object. When the message is sent to the 

message queue, the information on the received message is 
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also sent to the specific object whose task is to keep 

track of which messages have been received and processes. 

We will call this object a "log object." Depending on 

software implementation, the log object can be 

incorporated into the supervisor object, or can exist as 

a separate object. For simplicity. Figure 3.7 shows only 

those elements which are directly involved in message 

processing. 

Incoming 

Messages 

Object 

Utility 
Routines 

I Receive 

Get 
Highest 
priority 

Message queue object 

Create j 

IsEmptyi 

insert i*^ i Queue 
data 

Remove]-^^ 

Log object 

F i g u r e 3 . 7 . Message p r o c e s s i n g 
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In a message-driven environment with heavy message 

traffic, each object may receive far more messages than 

it actually processes at one time. Therefore, all the 

incoming messages are placed into the message queue and 

dispatched according to its priority. How to set up and 

deal with priority values is addressed below. 

How to Set UP and Deal With 
Priority Values 

The priority value is denoted as any integer, with 

the higher the integer, the greater the priority. When 

an object sends a message, it decides the urgency of the 

message and attaches the appropriate priority value to 

the message. Therefore, objects should be implemented, 

so that whenever a message is sent, an appropriate code 

to determine the priority value, or a hard-coded value of 

priority, should be included. The error handling 

messages and the messages from the supervisor object may 

have the higher priority values, so that these messages 

would override the normal sequence of processing. Most 

operation invocation messages may have priority values 

which are lower than for error handling messages and 

messages from the supervisor object, but higher than the 

notification messages. 
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The Message queue object is implemented as a 

priority queue, so that the message with the highest 

priority value is easily retrieved. If more than one 

message have the same priority value at a specific 

moment, any message which is retrieved first from the 

message queue, depending on the implementation of the 

priority queue, will be taken care of first. 

Error Handling 

It is very important to handle errors and failures 

effectively in real-time systems. Each object needs to 

include the code to detect any possible problems. This 

error handling procedure will be included in the utility 

routines. Most common errors in the message passing 

activities are (a) the requested method is not found in 

the destination object, or (b) the type and numbers of 

parameters are not matched with those defined in the 

destination object. In such cases, the destination 

object which received the incorrect messages will send an 

error handling message back to the source object. Also, 

when the requested operation cannot be finished within 

the specified time, the utility routine sends an error 

handling message to the sender object. 
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3.4 Representation of the OOART 

Requirements have traditionally been represented 

in an English textual form. However, a graphical 

representation of the system architecture can be more 

easily understood and analyzed without ambiguity than a 

textual representation. Therefore, the following 

diagrams and dictionaries will be employed to represent 

the OOART: the abstraction layer diagram, the inheritance 

diagram, the message passing diagram, the object 

dictionary, and the message dictionary. The purposes, 

notations, and basic workings of the above diagrams and 

dictionaries are explained in this section. 

How to Represent the Objects 

Object. An object is the basic unit of the object-

oriented systems. Each object is depicted as a box with 

its identifier at the top in a closed slot, its method 

names inside the protruding rectangles, and its 

attributes inside the ellipses which reside in the second 

slot of the object body. As shown in Figure 3.8, only 

the names of its methods and attributes are shown in an 

object representation. This convention supports the 

concepts of encapsulation and information hiding. All 

operations in the methods and utility routines in an 
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object are not visible outside the object. Also, the 

message queue object is not explicitly displayed even 

though each object should have a message queue object 

connected to it. 

Identifier 

d__Attrlbute^2;2:> 

Method 1 1 

1 
Method 2 

Method 3 

Figure 3.8. Notation for an 
object. 

Object dictionary. Further details of the objects 

are maintained in an object dictionary as shown in Figure 

3.9. This dictionary contains the following information: 

1. Object identifier to keep track of the 

identifiers defined and to avoid the duplicate names. 

2. Methods and parameters to show the available 

methods and any parameters required by the specified 

methods. If the methods are inherited from another 

object, it will be also indicated with a flag fl T . »» If 
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an object inherits the methods and adds new methods to 

them, this newly added methods will be indicated with a 

flag "A:." Also, any methods which are overridden will 

be noted with a flag "X:." 

3. Attributes to show the specified attributes for 

an object. Same as the methods, the inherited attributes 

will be flagged as "I:." Newly added attributes and 

attributes override will be distinguished with a flag 

"A:" or "X:," respectively. 

4. Superclass to indicate the object from which the 

methods or attributes are inherited. 

Object Methods Parameters Attributes Super 
identifier if needed class 

Objectl 

Object2 

Object3 

Me thodl 
Method2 
Me 

I: 
I: 
I: 

I: 
X: 
X: 
A: 

thod3 

Methodl 
Method2 
Method3 

Methodl 
Method2 
Method3 
Method4 

PI 
P2 

PI 
P2 

PI 

X: 
I: 
I: 
A: 

I: 
I: 
I: 

Attrl 
Attr2 
Attr3 

; Attrl 
; Attr2 
; Attr3 
; Attr4 

; Attrl 
; Attr2 
; Attr3 

— 

Objectl 

Objectl 

Figure 3.9. Object dictionary. 
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For example, an object dictionary shown in Figure 

3.9 indicates that the system contains three objects and 

Object2 and Object3 are inherited from Objectl. Object2 

inherits all three methods and two attributes (Attr2 and 

Attr3) from Objectl, hides one attribute (Attrl), and 

newly adds an attribute (Attr4.) Information on 

inheritance also can be depicted in an inheritance 

diagram, which will be discussed later. 

How to Represent the Relationships 
Between Objects 

The relationships between objects are depicted in 

the abstraction layer and inheritance diagrams. 

Information on inheritance is also maintained in the 

object dictionary, as shown in Figure 3.9, and the 

communication channels between objects are represented in 

the message passing diagram. The message passing diagram 

will show the availability of other objects to any 

specific object in terms of communication. 

Abstraction layer diagram. Large object-oriented 

systems are built in layers of abstractions. Putting 

every object of an entire system in one diagram would not 

only clutter the diagram, but also make the diagram 

difficult to understand. Therefore, to reduce the amount 

of complexity that must be comprehended at one time, and 
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to cluster the objects into the meaningful groups, 

different layers of abstraction are used. Each layer of 

such a collection of objects corresponds to a subsystem. 

Notations for an abstraction layer diagram are shown in 

Figure 3.10. Each layer is depicted as a (large) 

rectangle, with its layer number shown in the slot at the 

upper left corner of the box. Each layer also can have 

its own name and have it displayed along with the layer 

number. Layer 0 is like a context diagram in the 

structured analysis; it shows the hierarchy of the 

entire system. It can contain any of the lower level 

layers and objects, which are represented as rectangles 

and circles, respectively. To simplify the diagram, only 

the identifiers of the objects are shown in abstraction 

layer diagram. The abstraction layer diagram can show 

the hierarchy of layers and objects, or just put them in 

parallel to show that they are structurally flat. Any 

layers of lower level which are shown in the upper layer 

diagram should be refined in a separate diagram. 

For example. Figure 3.10 (a) shows that the system 

contains three different layers which are structurally 

flat. Layer 1 contains a hierarchical collection of 

objects, where an object named 01 is a parent object and 

the objects 02, 03, and a set of objects which is grouped 
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as layer2 are descendants of 01. Layer 2 is further 

refined in Figure 3.10 (c). 

(a) 

(b) 

Layer 0 

Layer 1 
Layer 3 Layer 4 

J I 

Layer 1 

(b 
( ^ 

e 1 
Layer 2 ! 

1 ' 

(c) 

Layer 2 

(5 © 
Figure 3.10. Abstraction layer diagrams. 

Inheritance diagram. Inheritance is one of the 

important characteristics of object-oriented systems. 

The inheritance diagram, which is used frequently in the 

literature, will be employed in the OOART to support the 

concept of inheritance [53, 54]. Figure 3.11 shows 
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Figure 3.11. Inheritance diagram. 

an inheritance diagram in which Object2 and Object3 are 

inherited from Objectl. The directed arc shows the 

inheritance relationship between two objects. 

Information on which methods and attributes are 

inherited, deleted (override), or newly added are also 

shown in this diagram. While an object dictionary shows 

every inherited methods and attributes with a flag "I:," 

they are not repeated in an inheritance diagram. Only 

the changes (newly added or deleted) are indicated 

explicitly. Methods and attributes overrides are shown 
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with the "X" notation in front of them. In Figure 3.11, 

Object2 overrides Methodl, which was inherited from 

Objectl. So, Object2 contains only one method (Method2) 

and two inherited attributes (Attributel and Attribute2) 

Object3 overrides one inherited attribute (Attribute2) 

and adds one new attribute (Attribute3), while keeping 

all inherited methods. 

How to Represent the Message Passing 

Information on message passing between objects is 

depicted in a message passing diagram, and the details on 

messages are maintained in a message dictionary. 

Message passing diagram. A message passing diagram 

shows the channels of messages between objects. Figure 

3.12 shows the notations for the message passing 

diagrams. A directed arc connecting two objects denotes 

the potential to communicate between the two indicated 

objects, and the label on the arc denotes the message 

number by which the details of this message will be 

placed in a message dictionary. The source object which 

sends the indicated message has a dot beside each of its 

methods, and a directed arc starts from any specific dot 

showing which method is sending the message. If there is 

no method along with the specified dot and the arc starts 
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(a) 

Obleot 1 

Method 1 
1 

Method S 

• • 

• 

(b) 

Obleot 1 

1 ' " 
Method 2 • 

1 

M2 

ObJectSet 1 ObleetSst 2 

(C) 

yl2CIr=l • 

OWMt » 

ObJeotSet 1 

M2l\ \ ^ ' ** * 
'—; ' • 

ObleotSet 2 

Figure 3.12. Message passing diagrams. 

from that dot, it means that any one of the utility 

routines sends the specified message. 

Also, the directed arc points to any specific method 

to indicate the requested method. In a message passing 

diagram, only operation invocation messages are shown. 

The error handling and notification message are not shown 

explicitly. 
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Figure 3.12 (a) shows that Methodl of Objectl sends 

a message to Object2 to request the execution of Method2. 

To support the concurrency of the system, a set of 

objects is grouped together to form "ObjectSet." As 

shown in Figure 3.12 (b), Objectl can send the messages 

either to ObjectSetl or ObjectSet2. Then, the further 

message passing activities in ObjectSetl and ObjectSet2 

are refined in a separate diagram as shown in Figure 3.12 

(c). On receipt of the specified message from Objectl, 

Objects in ObjectSetl activates the indicated method, 

which in turn sends another message to Object4. In the 

other hand, the ObjectSet2 shows how messages may be 

passed if Objects receives a message from Objectl. The 

semantics of this refinement is regarded as "or" 

function. The "and" function in which two sets of 

objects are sending messages concurrently will be denoted 

by splitting a box using dashed lines instead of solid 

lines. This diagram is based on the statecharts which 

are the extensions to Finite State Machines (FSM), but 

modified to incorporate the concepts of object [10]. 

Message dictionary. A message dictionary keeps 

track of all messages which are shown in the message 

passing diagrams. The following information will be 

placed in this dictionary: message number, source 

80 



identifier, destination identifier, message contents, 

parameters, priority value, and time constraints. Figure 

3.13 shows how the message dictionary will look like. 

Msg Source Dest. Msg Param. Priority Time 
Number Id. Id. Contents Value Constraints 

1 01 02 Methodl 7 
2 01 03 Method2 6 

Figure 3.13. Message dictionary. 
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CHAPTER IV 

APPLIED RESULTS 

A multi-process single wafer cleaning system (the 

FSI project) has been used as a case study for the OOART. 

This system is used for distributed real-time control of 

semiconductor process equipment. The Center for Research 

in Robotics and High Technology at Texas Tech University 

in Lubbock, Texas has utilized the object-oriented 

approach to implement cluster control of advanced wet and 

dry chemical cleaning of silicon wafers [30]. Part of 

the research descriptions from [30] has been reproduced 

in Section 1 to show what the system is supposed to do 

and to review how it is currently analyzed and handled in 

terms of the message passing techniques. Then, Section 2 

describes the application of the OOART to this real-time 

system and shows how the system is graphically 

represented using the OOART notations. 

4.1 Case Study Review: Message Passing 
Technigues for the Current 

FSI Project 

Single Wafer Cleaning System 

Wafer cleaning is required numerous times in the 

production of integrated circuits, and becomes 
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increasingly critical as device geometries grow smaller. 

The methods for cleaning wafers include dry clean, wet 

clean, thermal and ultrasonic technologies. Within the 

cluster tool, there will be a need to carry out metrology 

as well as wafer transport including one or more load and 

unload stations. The cluster controller for multi

process cleaning of silicon wafers implements 

decentralized process control, which integrates the 

process steps into a single unified system. The control 

systems are based on multiple computers which do not 

share primary memory and which communicate by means of a 

LAN. A centralized computer provides global coordination 

of all resources within the cluster; inter-node 

communication within the cluster must be managed by a 

cluster controller. Using the object-oriented approach, 

the system is implemented as a set of interacting objects 

[30]. 

Message Passing Relationships 

Communication between objects is done by message 

passing. Figure 4.1 shows some of the likely message 

passing relationships that would exist when the objects 

are integrated to implement a cluster controller. The 

83 



following paragraphs describe a set of operations that 

act on objects via passing messages. 

Thtrmal 

- Infrared 

Ulerowswi 

W«t CiMn 

HCL 

H2804 

MaflMonle 

PI Rln»« I 

Dry CiMn 

Plaama 

Dry 
Qas 

. MaUoioay ri 
Particle I 

Dataotlonl 
J 

Film 
Thioknaaa 

I 

Drylno 

— Spin 

Alcohol 
Vapor 

MatarlBia 
Handling 

Wafer 
Tranaport 

Load 
Look 

Figure 4.1. Network diagram of objects 
passing messages. 

Initialization. The Cluster Controller initializes 

the system by sending messages to all objects asking them 

to initialize themselves. All objects send confirming 

messages to Safety informing it that all objects have 

been successfully initialized. Safety sends a message to 

the Cluster Controller informing it that the system is 

ready for operation. 
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Operation. The cluster controller sends a message 

to User Services asking it to open communications with 

the User Interface. User Services sends a message to the 

User Interface asking it to display a login prompt and 

respond with the operator's identification and password. 

Upon receiving the operator's identification and 

password, a message containing this information is sent 

to Security for verification. Security responds 

appropriately sending a message to User Services. 

If the operator is granted access. User Services 

sends a message to the User Interface to prompt the 

operator to place a cassette of wafers in the Load Lock. 

User Services also sends a message to Materials Handling 

to report when the cassette is loaded and ready for 

processing. As soon as wafers are loaded and available 

User Services sends a message to the Recipe Manager to 

assume control. 

The Recipe Manager sends a message to the User 

Interface to display the recipe control menu and awaits 

operator input. The Recipe Manager also sends message to 

Trace Data and Materials Tracking which in turn send 

messages to Secondary Storage to open the files that will 

store wafer processing data as it occurs. When the 

operator selects a recipe, the Recipe Manager interprets 
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the recipe and sends a message stream to Queuing and 

Sequencing. 

Queuing and Sequencing queries Safety and then sends 

prioritized messages to Materials Handling to load the 

next wafer in the designated Process Module. As each 

message is acknowledged. Queuing and Sequencing continues 

to send messages to Materials Handling and each Process 

Module to process the wafer through the specified steps. 

Some actions are conditional upon message being 

received from the Process Modules. The messages may 

contain data for Trace Data or may be sent to a Process 

Model which computes a modified process parameter for a 

subsequent step. The Process Model sends a message to 

Queuing and Sequencing to update one or more process 

parameters. 

As each step of a recipe is completed. Materials 

Tracking receives messages about where wafers reside in 

the system and sends messages to Safety so that shared 

system resources can be locked and unlocked. If multiple 

process modules are available, several wafers can be 

processed concurrently. The process recipe actually 

contains not only the process programs for each module 

but also the routing and priority information for 

materials handling within the cluster controller. 
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Eventually all the wafers in a cassette will be 

processed and another set of wafers will be loaded. 

Shutdown. If no more processing is to be done or if 

the machine is to be shut down, the operator enters a 

reset or escape sequence at the User Interface. The User 

Interface sends a message to User Services requesting a 

reset. User Services sends messages to Safety, Materials 

Tracking, Trace Data and Queueing to perform an orderly 

shut down of processing. When the reset is complete 

control returns to the Cluster Controller and the system 

is re-initialized. At this point the system can be left 

in a quiescent state or new processing initiated [30]. 

4.2 Case Study: Apply the OOART to a 
Single Wafer Cleaning System 

As a case study of this research, the OOART has been 

applied to the single wafer cleaning system as described 

above. This section shows the application of the four 

steps in the OOART, along with the resulting diagrams and 

dictionaries which would help to represent the system. 
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Recognize the Preliminary Objects 

The first step in the OOART is to look at the 

problem space and recognize the major entities that 

should play their roles and have attributes in a model of 

reality. In this case study, the hardware and software 

objects which have been developed in the Single Wafer 

Cleaning System of the FSI project [30] are used as 

starting blocks. However, the following changes have 

been made to these objects in order to apply the OOART 

more appropriately: 

1. Instead of having a Cluster Controller, which 

manages inter-node communication of the objects in the 

system, a Supervisor object is used. This Supervisor 

object performs the initialization and shutdown of the 

system, and gives global coordination to the objects. 

However, unlike the Cluster Controller, not all messages 

must pass through the Supervisor object. The Supervisor 

object does not interfere with message passing of other 

objects of the system unless an error occurs, or unless 

an object sends a request for any global control to the 

supervisor object. Even though most of the errors will 

be handled in the utility routines in each object, any 

errors which might need a global coordination would be 

sent to the supervisor object to be handled. 
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2. The granularity of objects has been modified, so 

that the system can be effectively represented in the 

OOART. For example, the Wet Clean object incorporates 

HCL (Hydro chloride), H2S04 (Sulfuric acid), Megasonic, 

and DI Rinse as its methods instead of having them as 

separate descendant objects. 

3. The Recipe Manager object performs the tasks 

which have been done by the Queueing & Sequencing object. 

Since each object has its own message queue, the Recipe 

Manager object takes the incoming messages (operator's 

selection of recipe) and dispatches them to the Material 

Handling object and each Process Modules according to its 

priority values. 

Identify the Attributes and Operations 

The second step is to recognize the attributes and 

operations for the derived objects. Figure 4.2 shows an 

object dictionary which contains this information on each 

object of the single wafer cleaning system. The object 

dictionary also shows any parameters required by the 

specified methods, and the superclass from which the 

methods or attributes are inherited. 
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Object 
Identifier 

Method Parame
ters 

Attributes Super 
Class 

Supervisor 1.Initialize 
2.Start_operation 
3.Shut_down 
4.Global_control 

System_mode 

User 
Interface 

Wet Clean 

1.Initialize 
2.Receive_input Input 

_contents 
3.Display_output Output 

contents 

Input_format 

0utput_format 

Input 
Device 

Output 
Device 

Process 
Modules 

Dry Clean 

1, 
2 

1, 
2. 

1, 
2, 

1, 
2, 
3, 

.I:Initialize 

.I:Receive_input 
X:Display_output 

.I:Initialize 

.I:Display_output 
X:Receive_input 

.Initialize 

.Select_module Sel 

.I:Initialize 

.A:Plasma Sel 
•A:Dry_gas Sel 
X:Select_module 

ec 

ec 
ec 

t 

t 
t 

ion 

ion 
ion 

I:Input 
_format 

X:Output 
_format 

I:Output 
_format 

X:Input 
__f ormat 

Process 
^.status 

I:Process 
_status 

User 
Inter
face 

User 
Inter
face 

Process 
Modules 

1.I:Initialize 
2.A:HCL 
3.A:H2S04 
4.A:Megasonic 
5.A:DI_rinse 
X:Select module 

I:Process 
status 

Process 
Modules 

Drying 1.I:Initialize 
2.A:Spin 
3.A:Alcohol_vapor 
X:Select module 

I:Process Process 
status Modules 

Figure 4.2. Object dictionary for a single wafer 
cleaning system. 
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Object 
Identifier 

Method Parame
ters 

Attributes Super 
Class 

Thermal 1.I:Initialize 
2.A:Infrared 
3.A:Microwave 
X:Select_module 

I:Process 
status 

Process 
Modules 

Metrology 1.I:Initialize 
2.A:Particle_ 

detection 
3.A:Film_thickness 
X:Select module 

I:Process 
_status 

Process 
Modules 

Plasma 1.I:Initialize 
2.A:Microwave 
3.A:RF 

I:Process 
status 

Dry 
Clean 

Dry Gas 1.I:Initialize 
2.A:0zone 
3.A:Anhydrous_HF 

I:Process 
status 

Dry 
Clean 

Materials 
Handling 

1.Initialize Lock/unlock 
_status 

2.Wafer_transport Wafer_num 
Wafer_loc 

3.Load_Lock Wafer_num 
Wafer loc 

Communi
cation 

1.Initialize 
2. LAN 
3.Factory_host 

Clock 

Log 

l.Send current time Time data 

1.Initialize 
2.Receive_log_data 

3.Output_log_data 

Log__data 
Log 
data 

User 
Services 

1.Initialize 
2-Open_communication 
3.Start_processing 
4.Request_reset 

Figure 4.2. Continued. 
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Object 
Identifier 

Method Parame
ters 

Attributes Super 
Class 

Recipe 
Manager 

1.Initialize 
2 . Receive__control 
3.Receive 
_recipe 

4.Log_data 
5.Request 
^process 
_modules 

6.Request 
_materials 
_handling 

7. Shut down 

Recipe_info 

Recipe 
Log_data 
Module 
Wafer_num 

Module 
Wafer num 

Trace 
Data 

1.Initialize 
2.Store_data 

3.Retrieve_data 
4.Shut down 

Process 
data 

Wafer_process 
data 

Materials 
Tracking 

1.Initialize 

2.Receive_wafer Wafer_num 
_location Wafer__loc 

3.Shut down 

Materials 
info 

Security 1.Initialize 

2.Verify_access Id/ 
password 

Security 
info 

Safety 1.Initialize 

2. Lock__resource 
3.Unlock 
_resource 

4.Shut down 

resource 
info 

Resource 

Resource 

Storage 
File 

1.Initialize 

2.Store_data 

3.Retrieve data 

Process 
data 

Waf er_j>rocess 
da ta 

Wafer_process_data 

Figure 4.2. Continued. 
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Build the Layers of Abstraction 

The next step is to build the different layers of 

abstraction. For the single wafer cleaning system, three 

different layers are used: System Layer, Interface Layer, 

and Process Layer. They are shown in Figure 4.3. The 

abstraction layer diagrams show the hierarchy of layers 

and objects, but the detailed information on inheritance 

is shown in the inheritance diagrams in Figure 4.4. 

Layer 0 

System Layer 

(clock 1 ( Log j [safety) 

TLANJ ^^ *̂°̂ ^ 

(a) Layer 0: System Layer. 

Figure 4.3. Abstraction layer diagrams for 
a single wafer cleaning system. 
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Layer 1 

Interface Layer 

(b) Layer 1: Interface Layer. 

Layer 2 

Process Layer 

(c) Layer 2: Process Layer 

Figure 4.3. Continued. 
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1 

User interface 

Cjnput FormaT^ 

CQutput Format> 

Receive input 

1 

Display Output 

input device 

Yc§utputfonn^ 

Display Output 

Output Device 

XCin, input format 

Receive input 

(a) Inheritance diagram for the 
User Interface. 

Figure 4.4. Inheritance diagrams for a 
single wafer cleaning system 
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Process Modules 

^^5go88-6tatuJi^ 

i^etrology 

iParticle 
>stectioik 

Film 
Thickness 

Select-
module 

(b) Inheritance diagram for the 
Process Modules. 

Figure 4.4. Continued. 
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Establish the Interfaces 

As the final step, message passing between objects 

is defined and represented in the message passing 

diagrams. Figure 4.5 shows the message passing diagrams 

for initialization of the system. As shown in Figure 

4.5(a), the supervisor object sends messages to all 

objects asking them initialize themselves. The objectSet 

1 (All_objects) represents all objects which will receive 

the initialization messages and Figure 4.5(b) shows the 

further refinement of this ObjectSet. Dashed lines are 

used in splitting a box to indicate that all of the 

objects in ObjectSet 1 should receive the initialization 

messages (as "and" function,) and upon receiving the 

messages each object concurrently performs the predefined 

initialization steps, and sends confirming messages to 

the supervisor object. After receiving the confirming 

messages from all objects, the supervisor object changes 

its system_mode from initialize to operation and the 

system is ready for operation. 

Figures 4.6 and 4.7 show the potential message 

passing activities for operation and shutdown, 

respectively. Figure 4.6(a) shows the three major 

objectsets that the user services interacts with for 

operation: Start_mode, Load_wafer_mode, and Process_mode. 
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Figures 4.6(b) through 4.6(n) show the further 

refinements on each objectsets. 

(a) 

Supervisor 

C^yetem Mode 

Initialize 
I 

8tart.operation 

I 
Shut-down 
J : 

QlobaLcontrol y 
ObjectSet 1: 
Ali.Objects 

(b) 

ObjectSetl: Ali.Objects 

Jser Interfac ei 

M11 
jtialize 

X 
Receive 
T 

Display 

11̂ 12 

Log 

Initialize 

Receive 

Output-data 

prooeae Modulen 

M13 
Initialize 

X 
Select-Module 

• • • 

Figure 4.5. Message passing diagrams for 
initialization of the single 
wafer cleaning system. 
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(a) 

Supervisor 
C^^yalem-iiKia?^ 

Initialln 

1 
Start.operatlon 

1 
Shut-down 

1 
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• 

• 1 
1 

. 

• 
Jaar Servloes 

inltiallza 
I 

Opan-comm 

laniri- — 
proca—Inp 

^ laquaat-raaei 

ObjectSet 2: 
Start-Mode 

ObjectSet 3: 
Load-Wafer. 
Mode 

ObjectSet 4: 
^rocess-Mod^ 

(b) 

ObjectSet 2: Start-Mode 

U*cr Interfso* 

dhiiut foriiiiO 

COB tput Torlim 
Output Dsrloc 

Receive 

Figure 4.6. Message passing diagrams for operation 
of the single wafer cleaning system. 
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(c) 

ObjectSet 3: Load-Wafer-Mode 

liter Interface 

dhnut fDriiiia> 
dgutpwt tcrltjjt 

Output Device 

M62 

Matefiala 
HaiuUIng 

CT ^ 
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1 
Load.lock 
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(d) 

ObjectSet 4: Proceea-Mode 

M6 
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Figure 4 . 6 . Continued 
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ObjectSet 5: Receive-recipe-mode 

(e) 

Uaer interface 

cffimit tormJP 
Cputput ToiTgy 

Output Device 

(f) 

ObjectSet 6: Reque8t_Materlal8_Handling_Mode 

Safety J 

Figure 4 . 6 . Continued 
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(g) 

ObjectSet 7: Requeat-proceaa-modulea 

Safety 
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M64t Unlock. 
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Figure 4 . 6 . Continued. 
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ObjectSet 9: Procees-modules 

(i) 

ObjectSet 10: 
Dry-clean-mode 

ObjectSet 12: 
Drying-mode 

ObjectSet 11: 
Wet-clean-mode 

ObjectSet 13: 
ThermaLmode 

ObjectSet 14: 
Metrology-mode 

ObjectSet 10: Dry-clean-mode 

(j) 
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Dry Clean 
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Figure 4 . 6 . Continued 
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ObjectSet 11: Wet-clean-mode 

Mfl425 

wet Clean 
initiallzB 
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3= 
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-r 
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HCL 
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X 
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X 
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ObjectSet 12: Drying-mode 
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Figure 4 . 6 . Continued. 
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ObjectSet 13: ThermaLmode 
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Figure 4 . 6 . Continued 
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(a) 

Superviaor 

C2y****"-'"o3o]> 

Inltiallaa • 

1 
etart-operatlen • 

1 
ehut-down ^^ 

1 1 
Qlebal.control . } 

ObjectSet 15: 
Shut-down 

(b) 

ObjectSet 16: Shut-down 
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Safety j 

InltMlia 
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^cii_reaouref 
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1 Inlock-reeoar ;e 
1 
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Traoe Data 

Inltlalii 
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T 

Shut.down 

M 8 2 i 

MaAf 

Matarlala Handling 

Initial lae 
T 

M83 
^acalva-walar-le^ 

Shut-down 

M84 
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Log-data 
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Figure 4.7. Message passing diagrams for 
shutdown of the single wafer 
cleaning system. 
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A message dictionary in Figures 4.8 and 4.9 keeps 

track of all messages which are shown in the message 

passing diagrams for the single wafer cleaning system: 

Figure 4.5, Figure 4.6, and Figure 4.7. Figure 4.8 shows 

the following information for each messages: message 

number, the identifiers of the source and destination 

objects, requested method, and parameters if needed. Due 

to the limited space, the priority value and time 

constraints for each message are put in Figure 4.9. 

Message Source Destination Message Parameters 
Number Object Object Contents 

Ml Supervisor ObjectSetl: Initialize 
All_Objects 

Mil Supervisor User_Interface Initialize 
(ObjectSetl) 

M12 Supervisor Log Initialize 
(ObjectSetl) 

M13 Supervisor Process_Modules Initialize 
(ObjectSetl) 

M2 ObjectSetl Supervisor (Notification) Result 

M3 Supervisor User_Services Open_communi 
cation 

Figure 4.8. Message dictionary (Part 1) of the single 
wafer cleaning system. 
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Message Source Destination Message """parameters 
Number Object Object Contents 

M4 User_Services User_Interface Display_output Login 
(ObjectSet2: _prompt 
Start_Mode) 

M41 User Output_Device Display Login 
..Interface (ObjectSet2) prompt 
(ObjectSet2) 

M42 Input_Device User_Interface Receive Operator 
(ObjectSet2) (ObjectSet2) _input _Id/pass 

_word 

M43 User Security Verify Id/password 
.Interface (ObjectSet2) 
(ObjectSet2) 

M5 User ObjectSetS: 
.Services (Load_Wafer 

_Mode) 

M51 User User.Interface Display Prompt 
.Services (ObjectSetS) .output .to.place 

.wafer 

M52 User Material Wafer 
.Services .Handling .transport 

(Objectsets) 

M53 User Output.Device Display Prompt 
.Interface (ObjectSetS) .to.place 
(Objectsets) .wafer 

M54 Materials User.Services (Notification) Result 
.Handling 
(ObjectSetS) 

M6 User Recipe.Manager Receive 
.Services (ObjectSet4: .control 

Process.Mode) 

Figure 4.8. Continued. 

108 



Message Source 
Number Object 

Destination 
Object 

Message 
Contents 

Parameters 

M61 Recipe ObjectSet5: 
.Manager Receive.Recipe 
(ObjectSet4) .Mode 

M611 Recipe User.Interface 
.Manager (ObjectSet5) 
(ObjectSet4) 

Display 
.output 

Recipe 
.control 
menu 

M612 User Output.Device 
.Interface (ObjectSet5) 
(ObjectSet5) 

Display Recipe 
.control 
menu 

M61S Input User.Interface 
.Device (ObjectSet5) 
(ObjectSet5) 

Receive 
.input 

Recipe 

M62 User Recipe.Manager 
.Interface (ObjectSet4) 
(ObjectSet5) 

(Notification) Recipe 

M63 Recipe ObjectSet8: 
.Manager Log.Data 
(ObjectSet4) 

M6S1 Recipe Trace.Data 
.Manager (ObjectSet8) 
(ObjectSet4) 

Store 
process 
data 

Process 
data 

M632 Trace.Data Storage.File 
(ObjectSet8)(ObjectSet8) 

Store 
data 

Process 
data 

M633 Storage Recipe.Manager 
.File (ObjectSet4) 
(ObjectSetS) 

(Notification) Result 

M634 Recipe Materials 
.Manger .Tracking 
(ObjectSet4) (ObjectSetS) 

Receive 
.wafer 
location 

Wafer 
_loc 
Wafer 
num 

Figure 4.8. Continued. 
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store 
.data 

Wafer 
loc 

Wafer 
num 

Message Source Destination Message Parameters 
Number Object Object Contents 

M6S5 Materials Storage.File 
.Tracking (ObjectSetS) 
(ObjectSetS) 

M636 Storage Recipe.Manager (Notification) Result 
-File (ObjectSet4) 
(ObjectSetS) 

M64 Recipe ObjectSet7: 
.Manager Request.Process 
(ObjectSet4) .Modules 

M641 Recipe Safety Unlock Resource 
.Manager (ObjectSet7) .resources 
(ObjectSet4) 

M642 Safety ObjectSet 9: 
(ObjectSet7) Process.Modules 

M6421 Safety Dry.Clean Plasma Selection 
(ObjectSet7) (ObjectSetlO: 

Dry.Clean.Mode) 

M6422 Dry.Clean Plasma ... Selection 
(ObjectSet10)(ObjectSet7) 

M6423 Safety Dry.Clean Dry.Gas Selection 
(ObjectSet7) (ObjectSetlO) 

M6424 Dry.Clean Dry.Gas ... Selection 
(ObjectSetlO)(ObjectSet7) 

M6425 Safety Wet.Clean ... Selection 
(ObjectSet7) (ObjectSetll: 

Wet.Clean.Mode) 

M6426 Wet.Clean Safety (Notification) Result 
(ObjectSetll)(ObjectSet7) 

Figure 4.8. Continued. 
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Message Source 
Number Object 

Destination 
Object 

Message 
Contents 

Parameters 

M6427 Safety Drying.Mode 
(ObjectSet7) (ObjectSetl2: 

Drying.Mode) 

Selection 

M642S Drying.Mode Safety (Notification) Result 
(ObjectSetl2) (ObjectSet7) 

M6429 Safety 
(ObjectSet7) 

Thermal 
(ObjectSet 13: 
Thermal.Mode) 

Selection 

M64S0 Thermal Safety (Notification) Result 
(ObjectSetlS) (ObjectSet7) 

M6431 Safety Metrology 
(ObjectSet7) (ObjectSetl4: 

Metrology.Mode) 

Selection 

M6432 Metrology Safety (Notification) Result 
(ObjectSetl4) (ObjectSet7) 

M65 Recipe 
.Manager 
(ObjectSet4) 

ObjectSet 6: 
Request.Materials 
.Handling.Mode 

M651 Recipe 
.Manager 
(ObjectSet4) 

Safety 
(ObjectSet6) 

Unlock resource 
resource 

M652 Safety 
(ObjectSet6) 

Materials 
.Handling 
(ObjectSet6) 

Wafer Wafer.num 
.transport Wafer.loc 

M653 Materials 
.Handling 
(ObjectSet6) 

Safety 
(ObjectSet6) 

Lock 
resource 

resource 

M654 Materials 
.Handling 
(ObjectSet6) 

Recipe 
.Manager 
(ObjectSet4) 

(Notification) Result 

Figure 4.8. Continued. 
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Message Source 
Number Object 

Destination 
Object 

Message Parameters 
Contents 

M7 Supervisor User.Services Request.reset 

MS User.Services ObjectSetl5 
Shut Down 

M81 User.Services Safety Shut.down 
(ObjectSetl5) 

MS2 Safety Supervisor 
(ObjectSetl5) 

(Notification) Result 

MSS User.Services Materials 
.Handling 
(ObjectSetl5) 

Shut down 

MS4 Materials 
.Handling 
(ObjectSetlS) 

Supervisor (Notification) Result 

M85 User.Services Trace.Data Shut.down 
(ObjectSetl5) 

M86 Trace.Data Supervisor 
(ObjectSetl5) 

(Notification) Result 

M87 User.Services Recipe 
.Manager 
(ObjectSetlS) 

Shut down 

MSS Recipe 
.Manager 
(ObjectSetlS) 

Supervisor (Notification) Result 

M9 ObjectSetlS Supervisor (Notification) Result 

Figure 4.8. Continued. 
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Message Priority 
Number Value 

Time 
Constraints 

Ml 110 SC: O System.mode = initialize 
BT: 2.0s 
ET: S.Os 

M2 50 SC: <̂  Status = initialized 
BT: S.Os 
ET: S.Os 

MS 100 SC: O Received M2 from all objects 
system.mode = operation 

BT: 1.0s 
ET: 2.0s 

M41 95 SC: Output.device.status = ready 
BT: 1.0s 
ET: 2.0s 

M42 90 SC: ^ Received input from operator 
BT: . . 
ET: . . 

MX 100 SC: Operator.Id/password = verified 
BT: S.Os 
ET: S.Os 

M6 100 SC: Wafers are loaded & available 
BT: . . 
ET: . . 

M7 120 SC: System.mode = shutdown 
BT: 2.0s 
ET: S.Os 

MSS 100 SC: Process.status = Completed: 
Dl.water.rinse 
and Dry 

BT: S.Os 
ET: 10.0s 

Figure 4.9. Message dictionary (Part 2) of the single 
wafer cleaning system. 
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As mentioned earlier, the priority value is denoted 

as any integer, with the higher the integer, the greater 

the priority. In this case study, a range of values 

between 60 and 120 is used to indicate the normal 

operation invocation messages. The notification messages 

are given the values between 20 and 59. Even though any 

error messages and the global control messages from the 

supervisor object are not shown explicitly, they are 

assumed to have the higher range of priority values (that 

is, higher than 120). The following codes are used to 

indicate the appropriate elements of the time 

constraints: SC for Starting Conditions, BT for Begin 

Time, and ST for Stop Time. The begin and stop time can 

be specified by a real number followed by any specific 

time units: "h" for hour, "m" for minute, "s" for second, 

"ms" for millisecond, and "us" for microsecond. For 

example, the notation of "BT: 5.0ms" specifies that the 

execution should start in 5 milliseconds. Figure 4.9 

shows the priority values and time constraints for some 

of the messages in the single wafer cleaning system. 

Even though the time constraints for each requested 

operations are evaluated and analyzed in the analysis 

phase, it is in the design and implementation phases that 

they are finally solidified. 
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Message Passing Scenario fr̂ r 
the Given Recipe 

A recipe contains the predefined steps for cleaning 

wafers. Among the various process methods such as dry 

clean, wet clean, drying, thermal, and metrology, a set 

of methods is pre-stored as a specific recipe with a 

unique recipe number (or name), so that the operator does 

not have to organize the combination of wafer cleaning 

methods, but only select any existing recipe which has 

the desired cleaning steps in it. In this scenario, a 

recipe which has the following steps will be selected by 

the operator: 

1. Dry Clean using Plasma (Microwave) 

2. Wet Clean with HCL 

3. Drying using Alcohol Vapor 

4. Metrology for particle detection 

5. Dry Clean using Dry Gas (Ozone) if the high 

level of particles are detected in Step 4. 

After the system is initialized and the operator is 

granted access, a cassette of wafers is loaded and ready 

for processing. Then, the Recipe Manager receives 

control and gets the above recipe selected by the 

operator. For this recipe, the following messages must 

be passed for each wafer. 
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1. The Recipe Manager sends a message to the 

Materials Handling to load the next wafer in the Dry 

Clean process module. This message goes through the 

Safety to make sure that the designated process module is 

empty. These messages are passed in ObjectSet6 

(Request.Materials.Handling.Mode). 

2. The Recipe Manager sends a message to the Dry 

Clean to activate the method 'Plasma' which in turn sends 

a message to the Plasma with a selection of Microwave. 

These messages are passed in ObjectSet? and ObjectSetlO 

which are Request_Process_Modules and Dry.Clean.Mode, 

respectively. 

3. The Recipe Manager sends a message to Trace Data 

and Materials Tracking, and they in turn send messages to 

the Storage file to store wafer processing data. These 

message passing activities are done in ObjectSetS 

(Logjata) . 

4. After receiving the notification message that 

the dry clean is completed, the Recipe Manager sends a 

message to the Materials Handling to unload the wafer 

from the Dry Clean module and load in the Wet clean 

module for the next cleaning step. This message goes 

through the Safety to unlock and lock the resources 

appropriately (Done in ObjectSet6). 

116 



5. The Recipe Manager sends a message to the Wet 

Clean to activate the method 'HCL.' This message passing 

is done in ObjectSetll (Wet.Clean.Mode). 

6. The Recipe Manager sends a message to Trace Data 

and Materials Tracking, and they in turn send messages to 

the Storage file to store wafer processing data. These 

message passing activities are done in ObjectSetS 

(Logjata). 

7. After receiving the notification message that 

the wet clean is done, the Recipe Manager sends a message 

to the Materials Handling to unload the wafer from the 

Wet Clean module and load in the Drying module through 

the Safety (Done in ObjectSet6). 

8. The Recipe Manager sends a message to the Drying 

to activate the method 'Alcohol Vapor.' This is done in 

ObjectSetl2 (Drying.Mode). 

9. The Recipe Manager sends a message to Trace Data 

and Materials Tracking, and they in turn send messages to 

the Storage file to store wafer processing data. These 

message passing activities are done in ObjectSetS 

(Log_Data). 

10. After receiving the notification message that 

the drying is completed, the Recipe Manager sends a 

message to the Materials Handling to unload the wafer 
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from the Drying module and load in the Metrology through 

the Safety (Done in ObjectSet6). 

11. The Recipe Manager sends a message to the 

Metrology to activate the method 'Particle Detection.' 

This message passing is done in ObjectSetl4 

(Metrology^Mode). 

12. The Recipe Manager sends a message to Trace 

Data and Materials Tracking, and they in turn send 

messages to the Storage file to store wafer processing 

data. These message passing activities are done in 

ObjectSetS (Log.Data). 

13. After receiving the notification message that 

the metrology is done, the Recipe Manager sends a message 

to the Materials Handling to unload the wafer from the 

Metrology, and load it in the Dry Clean module if the 

result of metrology shows the higher level of particles 

detected. Otherwise, the recipe is completed and the 

wafer has finished being processed (Done in ObjectSet6). 

14. If the wafer is loaded in the Dry Clean module, 

the Recipe Manager sends a message to the Dry Clean to 

activate the method 'Dry Gas' which in turn sends a 

message to the Dry Gas to active the method 'Ozone.' 

This message passing is done in ObjectSetlO 

(Dry.Clean.Mode). 
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15. After receiving the notification message that 

the dry clean is completed, the Recipe Manager sends a 

message to Material Handling to unload the wafer (Done in 

ObjectSetS). 

16. The Recipe Manager sends a message to Trace 

Data and Materials Tracking, and they in turn send 

messages to the Storage file to store wafer processing 

data. These message passing activities are done in 

ObjectSetS (Log.Data). 

All processing is done on a single wafer basis until 

all the wafers in a cassette will be processed. 
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CHAPTER V 

EVALUATION 

5.1 Evaluating Criteria 

To judge the resulting specification, the following 

criteria for evaluating a technique developed by Davis 

[10] and the expected results for each criteria (shown 

inside the parentheses) were presented in the proposal of 

this research: 

1. When the technique is properly used, the 

resulting specification should be helpful and 

understandable to non-computer-oriented customer and 

users. (above 9) 

2. When the technique is properly used, the 

resulting specification should be able to serve 

effectively as the basis for design and testing, 

(between 7-9) 

3. The technique should provide automated checks 

for ambiguity, incompleteness, and inconsistency. (N/A) 

4. The technique should encourage the requirements 

writer to think and write in terms of external product 

behavior, not internal product components. (above 7) 

5. The technique should help organize the 

information in the specification. (above 9) 
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6. The technique should provide a basis for 

automated prototype generation. (N/A) 

7. The technique should provide a basis for 

automated system test generation. (N/A) 

S. The technique should be suitable to the 

particular application. 

This scale is from 0 to 10, with 0 being poor and 10 

being excellent. Automated checking, prototype 

generation, and automatic test generation are beyond the 

scope of this research since only the concepts of the 

OOART are introduced and this technique has not yet been 

automated. However, such automation of the OOART is 

possible, and is discussed in Chapter 6. A (subjective) 

evaluation of the OOART, using Davis' criteria, is below. 

5.2 Evaluation Results 

Understandable to Computer-Naive Personnel 

As Coad and Yourdon claim, the object-oriented 

approach supports the basic principles that people use to 

organize the problem space: the differentiation into 

particular objects and their attributes, the distinction 

between whole objects and their component parts, and the 

distinction between different classes of objects [26]. 

In the object-oriented approach, real-world entities are 
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directly mapped onto objects in the model world [62]. 

Therefore, the process of decomposing the system into 

objects can be easily understood by non-computer-oriented 

personnel. 

A graphical representation of the system can be more 

easily understood than a textual representation. In the 

OOART, a set of graphical notations are used to represent 

the requirements specification of the system: abstraction 

layer diagram, inheritance diagram, message passing 

diagram, object dictionary and message dictionary. As 

Davis states, understandability appears to be inversely 

proportional to the level of complexity and formality 

present [10]. Therefore, the OOART is using the 

different layers of abstraction to reduce the amount of 

complexity that must be comprehended at one time and to 

increase the understandability of the specification. 

Evaluation Result: 9. 

Basis for Design and Test 

The requirements specification should not only be 

understandable to computer-naive personnel (a customer 

who initially signs off the system), but must also be 

unambiguous and understandable to the computer scientists 

who will design, implement, and test the system based on 
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this specification. The formal model developed using the 

OOART allows the analyst to unambiguously specify every 

objects in the system and any potential message passing 

activities between them. Therefore, the specification 

can define the intended product behavior, and thus serve 

as a basis for both design and test. 

In the object-oriented approach, a system is viewed 

in terms of objects only. Objects are the items of 

interest in all phases of the software life cycle. Also, 

the same paradigms can be applied to all phases of the 

life cycle, resulting the seamless transformation process 

between the phases. As Constantine claims, the models 

developed in the object-oriented analysis and design can 

be expressed in the same or equivalent notations based on 

common principles [62]. Evaluation Result: 9. 

External View, Not Internal View 

Using the object-oriented approach, the external 

entities are first defined, and then the attributes and 

operations for each entities are described. The concept 

of information hiding allows the encapsulation of the 

internal workings of each objects and provides the 

external view on each object's behavior. Even though the 

internal structures of an object and the message queue 
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are discussed in detail previously, this explanation has 

been included to display the underlying concepts of the 

OOART. Therefore, the resulting specification of the 

OOART does not show any internal structures of objects. 

Instead, each object reveals only its unique identifier 

and the available methods to other objects. Every 

possible external behaviors of objects in the system are 

represented in the message passing diagrams of the OOART 

Evaluation Result: 8. 

Organizational Assistance 

The OOART helps organize the information in the 

specification by providing the different layers of 

abstractions in the abstraction layer diagram, and the 

objectsets in the message passing diagram. The process 

of building the layers of abstraction organizes the 

information hierarchically. An objectset groups the 

objects which are involved in the similar tasks together 

to organize the behavioral requirements. Also, the 

object and message dictionaries provide a systematic way 

of keeping track of the information on every objects and 

messages in the system. Evaluation Result: 8. 
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Appropriate Applications 

The OOART has been developed for real-time systems 

where concurrency and the time constraints are the 

important characteristics of the system. To support the 

concurrency of the system, a set of objects is grouped 

together to form an "objectset"; then, any objectsets 

which would be processed concurrently are represented as 

separate boxes from each other by dashed lines in the 

message passing diagram. Therefore, corranunication 

between concurrent objects can be denoted without 

ambiguity. 

Time constraints are incorporated into the OOART by 

embedding them in messages. When an object sends a 

message to other objects, the message contains the time 

constrains for the specified operation. This information 

is compared against a worst case execution time which is 

attached to each operation to decide whether the 

requested operation can be finished within the specified 

time. The OOART also supports complex real-time systems 

by providing a set of notations that facilitates the 

hierarchical decomposition of the system (abstraction 

layer) and the grouping of related objects together 

(objectsets). 
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CHAPTER VI 

CONCLUSIONS 

In this research, an object-oriented analysis 

methodology which can be applied to real-time systems has 

been developed and explored. This methodology, as in 

other object-oriented approaches, is based on the concept 

of an object. To explain the basic workings of objects 

in the OOART, the internal structure of an object has 

been explored in detail, along with message passing 

techniques which employ a priority queue in each object 

to handle message traffic. To support time constraints, 

which is an important characteristic of real-time 

systems, the OOART embeds this information in each 

message. 

To represent the OOART in the resulting requirements 

specification, a set of graphical notations which not 

only supports the concept of the object-oriented 

approach, but which also supports the characteristics of 

real-time systems, has been utilized. As a case study of 

this research, the OOART is applied to the single wafer 

cleaning system which implements a distributed real-time 

control of semiconductor process equipment. In this case 

study, a supervisor object is used, instead of having a 
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cluster controller which manages inter-node communication 

of the objects in the system. This supervisor object 

performs the initialization and shutdown of the system, 

and gives a semi-global coordination to the objects. 

In object-oriented software development, objects are 

the items of interest in all phases of the software life 

cycle. The same paradigms can be applied to all phases 

of the life cycle since the underlying concept is same. 

Therefore, the transition flows smoothly in a software 

life cycle. The notations and conventions employed in 

the OOART might also be used, or served as a basis for 

the object-oriented design. 

Using the evaluation criteria developed by Davis 

[10], the resulting specification of the OOART has been 

evaluated. As a result, the OOART claims to generate the 

requirements specification which is understandable to 

computer-naive personnel, serves as a basis for design 

and test, provides an external view, and assists to 

organize the information in the system. However, only 

the concepts are introduced in this research; therefore, 

any evaluation regarding any automated support has been 

omitted. 

Even though many current CASE products are based on 

the structured analysis, some CASE tools for the object-
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oriented analysis have already been developed and several 

CASE vendors are planning to develop object-oriented 

analysis CASE tools [64]. If the OOART could be 

supported by CASE tools, the maintenance of the object 

and message dictionaries would be easier and more 

consistent, and the automatic checking of errors such as 

duplicate object identifiers or message numbers would be 

detected easily. The capabilities of the automatic 

prototypes and test generation might also be incorporated 

into the CASE tools. 
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