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Abstract

Large-scale software systems, distributed or otherwise, are generally complex to describe,
construct, manage, understand, and maintain. Current research approaches to reducing
this complexity separate software structural and behavioral descriptions. It is important to
study and analyze the behavioral as well as structural aspects of software systems. Much
research continues on software structures and their patterns, characterizations, and classi-
fications. Currently, research on the behavioral aspect of software systems includes using
formal notations for specifying software behaviors and possibly refining the specifications to
design and implementation. Large formal specifications, however, can be difficult to create
and to understand; more research is needed into methods for assisting software requirements
engineers in reducing these difficulties.

This dissertation introduces the idea of a software behavioral view: intuitively, this is a
complete description of the behavior of the system observable from a specific point of view.
We believe that a fully-developed methodology based on views would significantly reduce
the complexity of creating and understanding software requirements. In this dissertation we
take the first steps towards such a methodology. We define a formal notation, Viewcharts,
with a well-defined semantics based on Statecharts. Viewcharts gives a means for precisely
describing views and their compositions. We show that Viewcharts reasonably capture the
informal idea of a view by giving two examples: a manufacturing control system, and a
plain old telephone system. We show that Viewcharts have some advantages over State-
charts; in particular, Viewcharts adds name space control to limit the scope of broadcast

communication, solving a problem with Statecharts presented by Harel.
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Chapter 1

Introduction

Large-scale software systems, distributed or otherwise, are generally complex to de-
scribe, construct, manage, understand, and maintain. Current research approaches
to reducing this complexity separate software structural and behavioral descriptions
[5, 40, 54, 56]. It is important to study and analyze the behavioral as well as struc-
tural aspects of software systems. Much research continues on software structures and
their patterns, characterizations, and classifications [13, 14, 24]. Special languages,
called configuration languages, supported by configuration management systems,' are
designed for describing the structure of a software system [45]. Currently, research
on the behavioral aspect of software systems includes using formal notations (e.g.,
Statecharts [27, 28, 32], ESTEREL [7], Z [9, 70], VDM [50], etc.) for specifying soft-
ware behaviors and possibly refining the specifications to design and implementation.

Large formal specifications, however, can be difficult to create and to understand;

IThe term configuration management systems, in this context, refers to software interconnection
systems which are used in configurable distributed systems to integrate software components using
configuration languages; it should not be mistaken for software version control and management
systems.
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more research is needed into methods for assisting software requirements engineers in
reducing these difficulties.

A possible approach to reducing the complexity of creating and understanding
requirements specifications is based on the following ideas. A common approach to
reducing complexity is to apply divide-and-conquer: divide a large task into smaller
ones, each simpler than the original, whose combination solves the larger problem.
In the requirements area, customers commonly express their requirements using sce-
narios: descriptions of particular detailed interactions between the system and its
environment, usually focusing on combinations of a subset of the possible boundary-
crossing events. Such scenarios are typically small (and thus relatively easy to under-
stand). Can we find an effective way to capture and combine such scenarios?

Scenarios typically present two problems.

e First, they are incomplete. That is, they pick some portion of the requirements
and describe one or a few possible interactions, but neglect other possible events
(especially failure conditions) that could arise during the same interaction. Thus
a book-borrowing scenario might fail to consider what happens when a library
patron tries to borrow too many books at one time. Can we give a complete
description of something akin to a scenario, while still focusing on only a subset

of the possible events?

e Second, they are unstructured. Informal approaches to handling scenarios fail to
show how to combine scenarios to give a complete requirements specification.
This is left to the analyst, who integrates the scenarios into a requirements

specification, in which the original scenarios may not be readily visible.

This dissertation introduces the idea of a software behavioral view: intuitively,
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this is a complete description of the behavior of the system observable from a specific
point of view (Chapter 4 defines this formally). We will also refer to a behavioral
view by just “view”. We believe that a fully-developed methodology based on views
would significantly reduce the complexity of creating and understanding software re-
quirements. In this dissertation we take the first steps towards such a methodology.
We define a formal notation, Viewcharts, with a well-defined semantics based on
Statecharts. Viewcharts gives a means for precisely describing views and their com-
positions. We show that Viewcharts reasonably capture the informal idea of a view by
giving two examples: a manufacturing control system, and a plain old telephone sys-
tem. We show that Viewcharts have some advantages over Statecharts; in particular,
Viewcharts adds name space control to limit the scope of broadcast communication,

solving a problem with Statecharts presented by Harel [27, 28, 31, 32].

1.1 Terminology

Configuration of a System: If we represent a system by a single FSM (where the
system can only be in one state of the FSM at any instant in time), then each state
of the system corresponds to a state of the FSM. However, if we represent the system
by an extended FSM, such as Statecharts or Viewcharts (where the system can be in
many states of these machines at any instant in time), then we have to distinguish
the notion of state in these machines from the state of the system. To avoid any
confusion caused by the overloaded use of the term “state”, we will refer to the state
of a system as the configuration of the system. A system configuration, therefore, can
be represented by a set of states in Statecharts or Viewcharts. To be accurate, this

set describes the basic configuration of the system; however, until we define the full
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configuration of the system (in Chapter 4) we will omit the term “basic”.

Specification-in-the-large versus specification-in-the-small: Hoffman and
Strooper [39] define software engineering as multi-person multi-version software sys-
tems development; such systems are generally referred to as large systems. (The
definition is attributed to David Parnas.)

Analogous to programming-in-the-large versus programming-in-the-small [14], we
further define specification-in-the-large versus specification-in-the-small: 1f we express
the specification of a system as a composition of other specifications, then we have
a specification-in-the-large, otherwise it is a specification-in-the-small. Specification-
in-the-small may not be practical for large software systems. We believe that require-

ments specification of large systems requires methods of specification-in-the-large.

1.2 Problem and Solution Characteristics

The problem addressed by this dissertation is to discover whether behavioral views
can serve as the basis for a software development methodology that could plausibly
be expected to reduce the complexity of formal specification of large-scale software
systems.

A solution to this problem must have the following necessary characteristics:

1. Give a precise meaning to the term “behavioral view”.
2. Provide a way to record behavioral views.
3. Provide a means of composing views to form a complete system specification.

4. Traceability: the composition (item 3) should preserve the identity of the com-

posed views so that a given requirement can be traced back to its originating
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view.

5. Practicality: at least as expressive as notations accepted as practical.

It should also, where possible, have the following desirable characteristics:

6. Independence from design: it should not force the specifier to make design

decisions.

7. Modularity: it should allow modular specifications of software behavioral re-
quirements so that they can be reused in composing specifications. The advan-
tages of achieving a high degree of modularity in composing specifications have

long been recognized [1, 72].

The central claim (thesis) of this dissertation is that the Viewcharts notation
introduced in Chapter 3 exhibits properties 1-5, and thus is a plausible basis for a

software development methodology oriented around behavioral views.

1.3 Motivation and Further Context

The following are two major motivating factors, for this dissertation, that leads to

the Viewcharts notation:

1. Most of the defects in software systems can be traced back to the requirements
phase. Specifically, studies in Bell Labs and IBM have shown that 80% of all

defects in software systems are inserted in the requirements phase [68].

Accurate requirements specification of software systems, therefore, will improve
quality and increase reliability of the software. Accurate requirements specifi-

cations, in turn, requires a formal method.
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2. Formal methods have not been practical for large-scale complex systems. Based
on experience with the A-7 project [36], John Guttag and others [26] conclude
that one problem with formal methods is size. The difficulties of managing a
large volume of formal specifications have made formal methods impractical for

large systems.

We have chosen Statecharts as a basis for Viewcharts. This is due to the fact that
Statecharts has many desirable characteristics: It is a formal and visual notation;
and its notions of depth, broadcasting, and orthogonality, as described in Section 2.3,
make it a useful notation for industrial applications.

Statecharts is designed for real-time event-driven reactive systems. Viewcharts
extends Statecharts to include behavioral views and their composition; consequently,
it describes behavioral requirements of large systems as compositions of views. The
domain of the Viewcharts formalism, therefore, is behavioral specification of large-

scale real-time event-driven reactive systems.

1.4 Dissertation Outline

This dissertation consists of five chapters. This section concludes Chapter One, where
we stated the problem and provided a list of desirable characteristics of the proposed
solution. The list characterizes a good solution, basically, as a formal notation capable
of reducing the complexity of behavioral requirements specifications of large-scale
systems. We will use this capability as a basis of our literature review, discussed in
Chapter Two. Chapter Three describes the proposed solution to the problem by an
informal introduction of software behavioral views and the Viewcharts notation. The

formal definitions and semantics of Viewcharts are provided in Chapter Four. Chapter
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Five presents some examples, demonstrating the way in which software behavioral
requirements can be engineered using Viewcharts. Finally, Chapter Six returns to
the list of desirable characteristics of the proposed solution, presents a discussion of
the Viewcharts notation with respect to the list, and concludes the dissertation with

a summary of the results and future directions.



Chapter 2

Literature Review

The notion of view has been used in the literature with different meanings and for
different purposes. This chapter presents a review of views as they are used in the
literature.

There is also a body of work on Statecharts, other state-transition based formal
methods, and software behavioral requirements specifications using these methods.
Considering that Viewcharts is based on Statecharts, a review this work is also pre-

sented.

2.1 Views

In the literature, generally, the term “view” refers to two different notions:

e The notion of view as a (formal or informal) partial description of an object,

model, or system [6].

e The notion of view as the behavior of an existing object, model, or system
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observable from a specific point of view [4, 20, 25, 60].

This section presents a review of these notions, points out their differences with our
notion of view, and discusses their strength and limitations in reducing the complexity

of software behavioral requirements specification.

2.1.1 Views in DBMS

In existing database management systems, a view refers to a subset of the database;

4

it may also include “virtual” data, which is derived from the database, but is not
explicitly stored [10, 19, 64]. A database view, therefore, is a convenient way of
providing the data of interest to a user or a group of users. The mechanism of views,
in a database system, can also be used for authorizing a user to access selected data
and hiding the rest of the database.

In a database design process, Batini and others [6] use the term “view” to refer
to the database requirements of an application as seen by a user or a group of users.
They describe a conceptual approach to database design, where different views of a
database can be designed and integrated to form a global conceptual schema. The
conceptual schema then leads to a logical schema which, in turn, is used as a basis
for the physical design of the database.

A database view, therefore, either provides a user’s view of the database or fa-
cilitates the process of designing a conceptual schema for the database. In any case,
it is not designed for (and does not help in) reducing the complexity of behavioral
requirements specification of the database system. A database view, as defined by

Batini and others [6], is similar to the notion of view introduced by this dissertation;

and it can be considered as a formal requirements specification of a user’s view of
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the database. However, their objective is design and implementation and they use
database views as a design mechanism. Consequently, the views are influenced by the
implications of implementation. Finally, they neither claim nor offer any mechanism
in reducing the the complexity of behavioral requirements specification of the system

under design.

2.1.2 The ViewPoint of Finkelstein

Finkelstein and others [22; 23, 57] define ViewPoints as “loosely coupled, locally
managed, distributed objects encapsulating partial representation knowledge, devel-
opment process knowledge and specification knowledge, about a system and its do-

main”. Each ViewPoint is associated with:

a style, which describes the notation used by the ViewPoint,

a work plan, which describes the development plan of the ViewPoint,

e a domain, which describes the area of concern of the ViewPoint,

a specification, which describes the domain using the style according to the work

plan, and
e a work record, which describes the current state and history of the specification.

A ViewPoint represents a partial specification of a system. Different ViewPoints
can be developed using different notations. The overall system specification then is
described as a configuration of different ViewPoints.

ViewPoints are allowed to overlap (and possibly contradict each other), resulting

in inconsistencies within the specification. The creators of the ViewPoint framework,
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therefore, have devoted a considerable amount of work on the issue of inconsistency
management [18]. Furthermore, the ViewPoint framework is basically a software de-
velopment framework. It is designed to cover all phases of software development
process, from requirements to evolution, and to facilitate distributed development
of different ViewPoints by different developers. There is a correlation between the
configuration of ViewPoints used in the software process and the resulting software
structure. Consequently, the requirements specification phase of the ViewPoint frame-
work violates the independence of specification from design, item 6 of the desirable

characteristic of our proposed solution (presented in Section 1.2).

2.1.3 Views in OSA Models

Embley and others [20] introduce their notion of view, which is an abstraction mecha-
nism for reducing complexity in large Object-Oriented Systems Analysis (OSA) mod-
els. They provide multiple levels of views for every type of OSA construct (object
classes, relationship sets, states, and transitions). A view can contain other views
and, consequently, there can be a hierarchy of views. Their notion of view, how-
ever, is similar to the concept of depth in Harel’s Statecharts. Consider a superstate,
in Statecharts, which includes some substates; the superstate (an abstraction of the
substates) corresponds to their notion of a view. Furthermore, they use a bottom-up
approach to defining views: one has to construct the detailed model, then apply the
abstraction mechanism. This mechanism provides a convenient way to refer to parts
of an OSA model, in different levels of abstractions, by the corresponding views. The
mechanism, therefore, helps one to understand the model and communicate about it,

but does not help reduce the complexity of specifying or building the model. A view
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is, in fact, a grouping of some entities in the OSA models. A top-down approach,
using this notion of view, where one can start with an abstract model and refine
it down to the detailed levels, also will not reduce the complexity of describing the
model. In any case, the detailed model is the objective; and their notion of view can
help construct it (in a top-down approach) or understand and communicate about
it (in a bottom-up approach), but does not affect the complexity of specifying the

model.

2.1.4 MVC Paradigm of Smalltalk

Adele Goldberg [25] and Kenneth Ayers [4] talk about views within the Model-View-
Controller (MVC) paradigm of the Smalltalk community. The MVC paradigm dis-
tinguishes three types of components in a Smalltalk application: model, view, and
controller. The model describes the underlying information and computation of the
application; the view refers to the method of presenting the information contained
in the model; and the controller controls the interaction between the model and its
views. Views in MVC help create (graphical) user interfaces, reuse interface design
across different applications, and accommodate diverse user preference in interfacing
with a model. However, they do not reduce the complexity of describing the model.

James Rumbaugh [60] presents a slightly more general discussion of the views
within the MVC paradigm. However, in regard to reducing the complexity of de-
scribing the model (or in his terminology “subject”), he neither makes any claim nor

offer any mechanism.
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2.2 Scenarios and Use Cases

Ivar Jacobson [47] defines a use case as a behaviorally related sequence of transactions
that a “user” performs in a dialogue with a system. The useris regarded as an instance
of a class called actor and the set of all use case descriptions (classes) specifies the
complete functionality of the system. The environment of a system, therefore, is
characterized (informally) by actors and the transactions between the system and its
environment are specified by the use case descriptions.

Jacobson’s notion of use case is analogous to our notion of view. Use cases, as
views, describe partial specifications; therefore, there can be inconsistencies in use
cases, as in the views. Use cases, however, are defined and manipulated informally,

while views, as described in Chapter 3, are defined and composed formally.

2.3 Statecharts

Since the Viewcharts notation is based on Statecharts, therefore, this section presents
a more comprehensive review of Statecharts.

Introduced by David Harel [27, 28, 31, 32|, Statecharts is an extension of Finite
State Machines (FSM) designed as a formal method for behavior specification of
complex systems. The term Statecharts refers to the specification method, while a
specification written in Statecharts is called a statechart.

Furthermore, Harel and others [30] have developed a set of tools called STATE-
MATE for the specification, design, analysis, and documentation of large and complex

reactive systems. STATEMATE uses Statecharts for behavior specification of a system
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Figure 2.1: Depth or hierarchy of states.

under development. In addition, STATEMATE provides module-charts and activity-

charts for specifying the structural and functional view of the system, respectively.

2.3.1 Overview of Statecharts

Harel describes Statecharts as:
state diagrams + depth + orthogonality 4+ broadcast communication.

Depth refers to a clustering of some states into a superstate and thus forming a
hierarchy of states. Figure 2.1 demonstrates the notion of depth in Statecharts. The
states C and D, in this figure, are clustered into the superstate B. The complete
statechart S is a superstate containing B and A.

Orthogonality refers to a composition of two or more states into a superstate
called an AND-state. If a system enters into an AND-state, it must enter in all the

AND components (i.e., immediate substates) of the AND-state. Similarly, if a system
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exits from an AND-state, it must exit from all the AND components of the AND-state.
Figure 2.2 provides an example of orthogonality in Statecharts. The state S, in this
figure, consists of two orthogonal components: A and B. Being in the state S means
that the system must be in both A and B. The states C and F are specified as the
default states: when the system enters S, it is in both C and F. If S represents a
system, then the initial configuration of the system is described by the set {C, F}.
In contrast to AND-states, there are also OR-states in Statecharts. If a system
enters into an OR-state, it must enter in only one of the immediate substates of the
OR-state. Figure 2.3 provides an example of OR-states in Statecharts. The state S,
in this figure, consists of two states: S1 and S2. Being in the state S means that
the system must be either in S1 or S2; it cannot be in both states. The state S1 is
specified as the default state: when the system enters S, it is in S1. If S represents a

system, then the initial configuration of the system is described by the set {S1}.
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Figure 2.3: An OR-state.

A transition label, in Statecharts, can have three components: event, condition,
and action. In Figure 2.3, for example, if the system is in the state S1 and the event e
occurs, while the condition expression ¢ evaluates to true, then the transition from S1
to S2 takes place and the action a is generated. An action generated by a transition
can be used as an event in another transition. For example, in Figure 2.2, if the system
is in configuration {C, F} and the event e occurs, then the transition from C to D takes
place, generating the action a which, in turn, triggers the transition from F to G.
Notice that in this example an action (a) is generated by one orthogonal component
(A) and used by another one (B). The action must be communicated between the
components. The communication mechanism used in Statecharts is broadcasting. For
example, when an event occurs or an action is generated, in a statechart, it is sensed
throughout the statechart.

Statecharts supports history and deep history transitions, whose targets are history
connectors marked H and H*, respectively. The connectors H and H* must reside
somewhere within the area of a state. If we call this state B, then an H-transition is
directed to the most recently visited immediate substate of B and an H*-transition

is directed to the most recently visited lowest level substate(s) of B. An example of
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these transitions are shown in Figure 2.4. Notice that the connectors H or H* must
reside somewhere within the area of a state. Since an AND-state has no area of its
own, therefore, B cannot be an AND-state.

Statecharts also supports timeout events and scheduled actions. A timeout event,
specified as timeout(e, t), abbreviated as tm(e, t), occurs at exactly t time units after
the last occurrence of the event e. For example, in Figure 2.5, the event tm(en(S1), 3)

occurs at exactly 3 time units after the system enters the state S1. (en(S1) is an event



2.3 Statecharts 18

that occurs at a point in time that the system enters the state S1.)

A scheduled action a, specified as schedule(a,t), abbreviated as sc(a,t), is trig-
gered at exactly t time units from the present instance. For example, in Figure 2.5,
assuming that the system is in the state S2, the action a is triggered at exactly 2 time

units after the event b occurs.

2.3.2 Semantics of Statecharts

There are a variety of issues regarding the semantics of Statecharts. Different reso-
lutions of these issues have resulted in different variations of Statecharts semantics
[12, 31, 33, 41, 42, 43, 44, 52, 53, 55, 59, 66]. The Viewcharts notation, as described
in Chapter 3, encapsulates these variations and, consequently, is not restricted to a
particular variation of Statecharts. Furthermore, Viewcharts is not concerned with
the way in which the semantics of the different versions of Statecharts resolve the
related issues. We will, therefore, outline the issues, but will not get into the details

of their resolutions by different semantics of Statecharts:

e Synchrony Hypothesis: This hypothesis states that a system reacts to an
external event immediately. Therefore, events, actions, and checking the value of
a condition expression ideally take no time; and transitions are instantaneous.
Most Statecharts semantics, including Harel’s version [31], are based on this

hypothesis; exceptions include [12, 52].

e Macro and Micro Steps: A (macro) step, also called super step, is initiated
by an external event, causing a chain of internal events. The step is completed
when the system stabilizes; i.e., when no more internal events are generated or

no more transitions are triggered by the chain of events. Based on the synchrony
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Figure 2.6: A possible infinite loop in a chain of events.

hypothesis, a step is instantaneous and, therefore, all the events within a step
occur instantaneously. Most Statecharts semantics, including Harel’s version
[31], distinguish an order of occurrence between the events within a step. These
events occur at different micro steps within the macro step. Exceptions include

the semantics type D of [43], where all the events occur at the same time.

e Causality: A Statecharts semantics is causal if each executed transition can
be traced back to the occurrence of an external event, where the chain of events
starting from the external event leading to the transition has no cycle. In the
statechart of Figure 2.6, for example, a chain of events can form an infinite
loop, if the underlying semantics is not causal. Most Statecharts semantics
respect causality. Exceptions include the models where no order of occurrence
is distinguished between the events occuring within a macro step, e.g., the

semantics type D of [43].

e Instantaneous States: The issue here is whether or not a system is allowed
to simultaneously enter and exit a state. In the statechart of Figure 2.7, for
example, if the event e occurs when the system is in the state A, should the next
configuration be {B} or {C}? Some of the Statecharts semantics allow entering

and exiting a state simultaneously [31, 53] and others do not [41, 44].
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e History Transitions: Some Statecharts semantics allow specification of his-

tory transitions [31, 33] and some others do not [41, 44, 53].

e Negated Events: If e is an event, should we allow the negated event —e as

another event? Doing so helps avoid nondeterminism in transitions. In the

statechart of Figure 2.8-(a), for example, if the system is in the state A and

the events a and b occurs simultaneously, nondeterministically then the next

state of the system will be either B or C. Using a negated event, as shown in

Figure 2.8-(b), can avoid this nondeterminism. However, once we allow using

negated events, we have to be prepared for situations where a transition negates

its cause, as shown in Figure 2.8-(c).



2.3 Statecharts 21

2.3.3 Complexity of Scale in Statecharts

In conventional finite state machines the number of states grows exponentially as the
scale of the system grows linearly. This growth leads to a blow-up in the number
states for large-scale systems. Drusinsky and Harel [15, 16] prove that Statecharts is
exponentially more succinct than finite state machines. The proof is based on the co-
operative concurrency mechanism (i.e., orthogonality) of Statecharts and applies for
other models that use this mechanism, such as Petri Nets [58] or CSP [11, 37]. If we
assume that an increase in the scale of a system results in additional orthogonal com-
ponents in the corresponding statechart, then the number of states in the statechart
has a linear relationship with the scale of the system; in Harel’'s words “Statecharts
represents the scale of the system” [29]. Orthogonality is, indeed, a powerful feature
in Statecharts. However, it is not clear that any increase in the scale of a system
does result in additional orthogonal components. For example, if an increase in the
scale of a system, corresponds to additional complexities in the existing orthogonal
components, then the increase in the number of states would still be exponential.
Another problem with Statecharts is the global name space. There is no “visi-
bility” control mechanism in Statecharts. (The term wisibility is defined in terms of
declaration, scope, and binding; a visibility control mechanism, essentially, refers to a
mechanism that controls scope [69].) When an event occurs, it is sensed throughout
the system and, therefore, it must have a unique name. Managing the name space
in the global environment of Statecharts, for large scale software systems, can be
difficult. Name management, in general, is one of the fundamental issues in software
engineering [51]. More research is needed into methods for managing the name space

in Statecharts.
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2.4 Other Extensions of State Machines

The following is a list of some other extensions of state machines or variations of
Statecharts. Leveson’s RSML and Selic’s ROOMcharts, as described below, provide
some mechanisms for reducing the complexity of managing name space. Besides that,

none of these machines provide any solutions for the complexity of scale.

e Jahanian and Mok introduce another specification language, called Modechart
[49], for real-time systems. They also define the semantics of Modechart in
terms of Real Time Logic (RTL) [48]. Modechart is originated based on the
mode concept of Parnas [36, 65] and Statecharts of Harel; its emphasis, however,

is on the specification of absolute timing properties.

e Alan Shaw [63] describes an executable notation, based on communicating real-
time state machines (CRSM’s), for specifying concurrent real-time systems.
CRSM’s are state machines that communicate with each other using a CSP-like
synchronous scheme [37, 38]. Shaw also provides an algorithm for simulating

CRSM’s and some techniques for reasoning about the system behavior.

e Charles Hendricksen [35] describes another extension of finite state machines,
called the Augmented State Transition Diagram (ASTD), and an associated
CASE tool called State-Graph. ASTD has been used in the definition, design,
and implementation of some applications including a PBX phone system and

some complex user interface programs.

e Nancy Leveson and others [53] describe their approach to behavior specifica-

tion of a real aircraft Traffic Alert and Collision Avoidance System (TCAS). The
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specification language used for this system is a variation of Statecharts called
Requirements State Machine Language (RSML). In RSML, physically distinct
components are modeled as separate communicating statecharts. The overall
system requirements specification can be viewed as a directed graph (not a state-
chart), where each node represents a component and each edge represents an
intercomponent communication channel. The broadcast communication mech-
anism of Statecharts is used within each component. Intercomponent com-
munication is provided as directed messages transmitted between components
over unidirectional channels. An event, therefore, is local to the component
in which it occurs. The event does not affect any other component, unless di-
rectly transmitted to another one. Therefore, RSML provides a visibility control
mechanism that reduces the complexity of name management. The mechanism,
however, has a negative consequence: the direct communication method used

for intercomponent communications complicates the specifications.

e ROOM [62] is a specialized high-level modeling language,designed for distributed
real-time systems and supported by a modeling environment, the ObjectTime
toolset. Software behavior in ObjectTime is expressed by ROOMcharts, which
is an extension of Statecharts. ROOMcharts replaces the AND-states of State-
charts by encapsulated entities called actors (similar to RSML). It also replaces
the broadcast communication of statecharts by a port-to-port message-passing
mechanism for communications between the actors. As a result, it reduces the

complexity of managing name space.

ROOM starts with the high level design of software components and leads to
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their implementations. ROOM is not designed for software requirements specifi-
cation; it is basically a design notation. However it can be used for requirements
analysis at a very high level design phase by prototyping and trying out alter-

native designs.

The Message Sequence Charts (MSC) of ROOM is similar to our notion of
view. MSC can be used for partial specification of the observable behavior of a
system. It is, therefore, possible to relate Viewcharts to ROOMcharts via MSC,;

however, this requires further studies.

ROOMcharts and RSML are further discussed in Section 6.3, Page 84.

2.5 OOAD Methods

Some object-oriented analysis and design (OOAD) methods describe the behavior of
objects and classes using variations of extended finite state machines. This includes
a considerable amount of work in the area of inheritance and refinement of software

behavior. Some of this work is outlined below:

e James Rumbaugh and others [61] use an extension of state diagram, based on
Harel’s Statecharts, to describe the dynamic model of Object Modeling Tech-

nique (OMT).

e Neal Walters [67] expands on Rumbaugh’s work by providing mechanisms for
object collaborations: the invocation of object services and interchange of data
between objects. Emphasizing the importance of predicting system behavior
for validating completeness and analyzing performance, he describes a method

for building dynamic models of object-oriented systems using STATEMATE.
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e Derek Coleman and others [8] introduce an extension of Statecharts called Ob-
jectcharts for object-oriented design. They use Objectcharts to specify the be-
havior of objects and expect that the future work will provide firm semantics for
Objectcharts, enabling the behavior of object-oriented systems to be deduced

from the specifications of the corresponding objects.



Chapter 3

Viewcharts

Supporting Items 2-4 of the necessary characteristics of the solution, this chapter
introduces, informally, the concept of software behavioral views and a formal notation
for specifying software behavior in terms of the behavioral views. (The formal def-
initions are presented in Chapter 4.) The notation is an extension of David Harel’s
Statecharts and, therefore, I call it Viewcharts. As in Statecharts, where the term
Statecharts refers to the specification method, while a specification written in State-
charts is called a statechart, the term Viewcharts also refers to the notation, while a

behavior specification using Viewcharts is called a viewchart.

3.1 Software Behavioral Views

A (behavioral) view of a software system is the behavior of the system observable
from a specific point of view. (The formal definition of view is given in Chapter 4.) A
client’s view of a server, for example, is the behavior that the client expects from the

server. This behavior, of course, may differ from the behavior that the server exhibits

26
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to another client. A server, therefore, may have several behavioral views. The caller
view of a telephone set and the telephone set’s view of a switching system are also
examples of behavioral views.

In the process of eliciting system requirements, software requirements engineers
usually conduct interviews with potential users. The users describe their expecta-
tions of the system; in other words, each user describes his or her view of the sys-
tem. A natural outcome of requirements elicitation, therefore, is a set of behavioral
views. Traditionally, however, requirements engineers combine the behavioral views
and provide a formal or informal requirements specification for the entire system.
Consequently, the specification has no formal connection to the original views de-
scribed by the users. This method of requirements engineering leads to the following

1ssues:

e Considering that both the behavioral views (described by the user) and their
integration (by the requirements engineer) are informal, there is no guarantee
that the resulting requirements specification (either formal or informal) will

reflect the original behavioral views.

e Integration of the behavioral views is a design and implementation issue. If the
objective is software behavioral requirements specification independent of design
and implementation (as it is the case for this dissertation), then integration of
the behavioral views by requirements engineers is an unnecessary task that

complicates the specification and limits the design choices.

I argue, therefore, that software behavioral requirements specifications should be

expressed in terms of the behavioral views:
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e Behavioral views can be viewed as stand-alone systems and should be described

as such.

e Behavioral views should be defined (formally) and confirmed with the potential

users.

e The overall system behavioral requirements should be specified (formally) in
terms of the behavioral views. This is in contrast to the traditional approach,
where the specification has no direct relation with the behavioral views, the

informal requirements collected in the process of requirements elicitation.

e Integration of the behavioral views should be left to designers and implementers.
Designers and implementers are then expected to deliver a system that provides

the formally specified behavioral views.

This method of software behavioral requirements specification, compared to the
traditional approach, simplifies the specification, directly reflects the behavioral views
of the system, and thereby accurately records the original requirements collected in

the process of requirements elicitation.

3.2 Informal Description of Viewcharts

The Viewcharts notation is based on Statecharts. Statecharts, however, has no con-
cept of behavioral views. Viewcharts extends Statecharts to include views and their
compositions.

A viewchart consists of a hierarchical composition of views. The leaves of the

hierarchy, described by independent statecharts, represent the behavioral views of
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the system or its components. The higher levels of the hierarchy are composed of the
lower level views. Views are represented just like states, except that the arc-boxes
representing views have thicker borders than those of states.

Note that the statecharts describing the views at the leaves of a viewchart hier-
archy are independent. In other words, the scope of broadcast communications of
Statecharts is limited to the views and does not cover the entire viewchart. (Sec-
tion 3.2.3 discusses extended scopes.)

A statechart describing a view, in a viewchart, describes only a behavioral view
of the system or, more importantly, its component. In other words, the number of
states and the size of such a statechart are affected only by the scale of the behavioral
view. Consequently, considering that a large-scale system behavior can be described
in terms of simple behavioral views, I believe that further experimental work will

show that Viewcharts can eliminate the issue of scale. (Note that this is not a claim.)

3.2.1 Ownership of Elements

The Viewcharts notation limits the scope of broadcast communications. In other
words, the scope of an element (event, action, or variable) in a given view is limited
to the view. On the other hand, composition of views may require communication
between the composed views; the scope of an event in one view, for example, may be
extended to cover other views. In a given view, therefore, Viewcharts must distinguish

two different types of events:

e Events that belong to (or are owned by) the view: These are the events that the
view can “trigger”. (Section 3.2.2 discusses the triggering concept.) They must

be declared by the view.
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e Events that do not belong to the view: The view cannot trigger these events.
An event of this type can occur in the view only if it is triggered elsewhere and

if the view is covered by the scope of the event.

An event may have multiple owners; in other words an event can be triggered by
more than one view. An event must have at least one owner. Actions are implicitly
declared: an action belongs to the view (or views) that generates (or generate) the
action. There is no need, therefore, for explicit declaration of actions. However, an
action may also be owned as an event by some other views, in which case it must be
declared accordingly.

Similarly, a variable belongs to the view that declares it. The scope of a variable
declared by a view is the view and all its subviews. If a variable z is declared by a view
V and redeclared by another view V1 within the scope of z, then Viewcharts recognizes
two different variables which can be referenced by their qualified names, V.z and V1.z.
In a view that is covered by the scopes of both variables, the base name z refers to
V1.z. In the case of events, on the other hand, there is no need to specify them
by their qualified names; Viewcharts determines the effect of each event occurrence
based on the ownership and scoping rules. However, an event occurrence may still
be specified by its qualified name, if it does not violate these rules. Consequently,
unlike events and actions, variables cannot have multiple owners. A variable must
have exactly one owner.

Syntactically, elements owned by a view can be declared by listing them following
the name of the view either in the viewchart, as in Figure 3.2, or out of it as a separate
text. In referencing a view by its name, however, it should be noted that the view

must be uniquely identified. It may be necessary to identify a view by its fully or
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partially qualified name, which consists of the base name prefixed by the names of its
ancestors in the hierarchy separated by dots.

In a viewchart, if the triggering view of an element is obvious and there is no am-
biguity in the ownership of the element, then there is no need for explicit declaration

of the element.

3.2.2 Ownership and Triggering

In a statechart, when an event occurs, it is sensed throughout the statechart and,
therefore, all occurrences of the event within the statechart are affected. In a view-
chart, however, when an event occurs it is sensed only in some views and, conse-
quently, only some occurrences of the event are affected. To determine the scope of
the event (i.e., to determine which occurrences of the event are affected) we must
know which view actually triggered the event. As we will see in Chapter 4, for ev-
ery viewchart there exists an equivalent statechart whose events are of the form V.e,
where V' is a view and e is an event of the viewchart. When the event V.e occurs in
the statechart, we say the view V' triggers the event e in the corresponding viewchart.
The scope of the event then is the view that triggers the event and possibly some
other views as described in Section 3.2.3.

In Viewcharts, therefore, an event does not just occur, it is triggered by a view.
The view that triggers the event must be clearly specified. For example, we may
say “the view V triggers the event €” or “V.e occurs”; to state that “e occurs” is
ambiguous in Viewcharts.

An event can be triggered only by a view that owns the event. The notions of

ownership, scoping, and triggering are formally defined in Chapter 4, pages 54 and
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58. Here we provide an intuitive and informal description on the notion of ownership.

In a statechart, which describes the behavior of a system, the events generated by
the system are called internal events; all other events (generated by the environment)
are external. In Viewcharts, since a view is considered as a stand-alone system, an
event that affects a view is either internal or external to the view. An event may not
affect a view at all, being neither internal nor external; the view is independent of
such an event.

The notion of ownership for an element (event, action, or variable) is a natural
consequence of composing views, while the scope of the element is limited. An internal
event of a view (i.e., an event generated by the view) is owned by the view. An event
can be internal with respect to more than one view (i.e., it can be generated by more
than one view); therefore, it can be owned by more than one view.

An external event of a view (i.e., an event, generated by the environment or other

views, that affects the view) may or may not be owned by the view:

o [f the event is generated by other views, then it is not owned by the view; it is,
in fact, an internal event of the views that generate it and, therefore, owned by

them.

e If the event is generated by the environment and affects the view through a
composition and a consequently extended scope, then it is not owned by the

view. (Section 3.2.3 discusses compositions and extended scopes.)

e If the event is generated by the environment and affects the view directly, in-

dependent of any composition, then it is owned by the view.

An event, generated by the environment, can have direct affect on more than one
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view; therefore, it can be owned by more than one view.

3.2.3 Composing Behavioral Views

Views can be composed in three ways: SEPARATE, OR, and AND. The compositions
keep the identity of the composed views intact and, thereby, support Item 4 of the
necessary characteristics of the solution. Except for the effect of ownership and scop-
ing restrictions, the OR and AND compositions of views, in Viewcharts, are similar to
the OR and AND compositions of states, in Statecharts, respectively. The SEPARATE
composition of views, however, is specific to Viewcharts. In a composition of views,
similar to the notion of depth in Statecharts, the composed views form a superview
which is an encapsulation mechanism, inherent to the composition: All the subviews
and states in a superview are visible to the superview. The scope of the elements

owned by a superview covers all its subviews.

SEPARATE Composition of Views

In a SEPARATE composition of views, all the views are active if any one of them is
active;! no transition between the views is allowed; the scopes of all the elements
are unaffected; and any subview or state in one view is hidden from (i.e., cannot be
referenced by) the other views. A SEPARATE composition of views forms a superview
called SEPARATE-view.

Visually, the views involved in a SEPARATE composition are drawn on top of each
other, as shown in Figure 3.1, giving the impression that they are located on different

planes and, consequently, are hidden from each other.

LA view is active whenever the system is in a state of the view.
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Figure 3.1: Visual representation of SEPARATE compositions.

The representation (a), in this figure, specifies a SEPARATE composition of the
view V with a finite number of other views; (b) specifies a SEPARATE composition of
V, U, and W; and (c) specifies a SEPARATE composition of six views Vy, ..., V. In all
these cases, the behavior of the first view, the one located on the top, can be specified.
By default all the other views are identical to the first one. Exceptions are represented
by specifying the others separately and referencing them in the composition by their
names using the representations (b) or (c). If only a small number of views are
involved in the composition, then it may be practical to give them enough space to
show their behaviors. An example of this representation is given in Figure 3.2, which
specifies a SEPARATE composition of views V1 and V2.

The event a, in the viewchart of this figure, belongs to V1, but does not belong
to V2; the event ¢ belongs to V2, but does not belong to V1; and the event b belongs
to both V1 and V2. In any case, no event of V1 can trigger a transition in V2 or vice
versa. However, the event a also belongs to V which, because of the encapsulation
mechanism described above, can trigger simultaneous transitions in both V1 and
V2. The following examples demonstrate the way in which the composition affects
transitions with the same label.

Recall (Section 3.2.1) that a view can trigger the events it owns. Assuming that
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Figure 3.2: A SEPARATE composition of views in a viewchart.
the system is in configuration {V1.A, V2.A},

o if the view V triggers a, then the next configuration will be {V1.B,V2.B} (be-

cause of the encapsulation mechanism described above);
e if the view V1 triggers a, then the next configuration will be {V1.B,V2.A};
e V2 cannot trigger a, because it does not own a.
Assuming that the system is in configuration {V1.B,V2.B},
e if the view V1 triggers b, then the next configuration will be {V1.C,V2.B};
e if the view V2 triggers b, then the next configuration will be {V1.B,V2.C};
e V cannot trigger b, because it does not own b.

Assuming that the system is in configuration {V1.C,V2.C},
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e if the view V2 triggers ¢, then the next configuration will be {V1.C,V2.D};

e neither V nor V1 can trigger ¢, because neither owns c.

OR Composition of Views

The OR and SEPARATE compositions are similar except that in an OR composition
only one view can be active, but there can be transitions between the views. Like the
SEPARATE composition, any subview or state in one view is hidden from (i.e., cannot
be referenced by) the other views. An OR composition of views forms a superview
called OR-view.

Notice that a transition from a source view to a destination view interrupts the
source view, i.e., takes the system out of any state(s) of the source view; it is, therefore,
called an interrupt transition. In case of a conflict between the interrupt transition
and one internal to the source view, the interrupt transition has higher priority. This
is a special case of the way in which conflicting transitions are handled in Viewcharts,
which is similar to that of Statecharts. Generally, in case of a conflict between two
transitions, the priority is with the one for which the nearest common ancestor of the
source and destination views or states is of the higher level.

Figure 3.3 shows a viewchart demonstrating an OR composition of views. Some
examples of the transitions that are affected by the composition are as follows. As-

suming that the system is in configuration {V1.A},
e if the view V1 triggers a, then the next configuration will be {V1.C};
e if the view V1 triggers b, then the next configuration will be {V1.B};

e if the view V triggers b, then the next configuration will be {V2.A} (notice that
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V:b,d

V1: a,b C
Cj b

Figure 3.3: An OR composition of views.
there is no nondeterministic choice between {V1.B} and {V2.A});
e no other event can change the system configuration.
Assuming that the system is in configuration {V2.A},
e if the view V2 or V triggers b, then the next configuration will be {V2.B};

e if the view V triggers d, then the next configuration nondeterministically will be
{V1.A}, {V1.B}, or {V1.C} (because of the encapsulation mechanism described

above and the fact that there is no default state in V1);

e no other event can change the system configuration.

AND Composition of Views

In an AND composition of views, all the views are active; the scopes of all the elements
owned by each view are extended to the other views. All the subviews and states in one

view are visible to (i.e., can be referenced by) the other views. An AND composition
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Figure 3.4: An AND composition of views.

of views forms a superview called AND-view. The viewchart of Figure 3.4 shows an
AND composition of views.

The scopes of events and actions owned by V3, in this figure, are extended to V1
and V2, while the scopes of events and actions owned by V1 or V2 are extended only
to V3. The following examples show the effect of the composition on some transitions.

Assuming that the system is in configuration {V1.A,V2.A,V3.A},
e if the view V1 triggers a, then the next configuration will be {V1.B,V2.A,V3.B};
e no other view can trigger a, because they do not own a.

Assuming that the system is in configuration {V1.B,V2.B,V3.B},
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e if the view V1 triggers b, then the next configuration will be {V1.C,V2.B,V3.C};
e if the view V2 triggers b, then the next configuration will be {V1.B,V2.C,V3.C};
e V3 cannot trigger b, because it does not own b.

Assuming that the system is in configuration {V1.C,V2.C,V3.C},
e if the view V2 triggers ¢, then the next configuration will be {V1.C,V2.D,V3.D};
e if the view V3 triggers ¢, then the next configuration will be {V1.D,V2.D,V3.D};

e V1 cannot trigger ¢, because it does not own c.

3.2.4 A General Example

The viewchart of Figure 3.5 is composed of a SEPARATE composition of V5 and V6,
which in turn is ANDed with V7 forming V3. A SEPARATE composition of two identical
views V3 and V4 forms V2. The full view V is an OR composition of V1 and V2.

The following examples show the effect of the composition on some transitions. A
possible configuration of the system described in Figure 3.5 is
{V3.V5.A,V3.V6.B,V3.V7.B,V4.V5.B,V4.V6.C,V4.V7.A}. Assuming that the system
is in sub-configuration {V3.V5.B,V3.V6.A,V3.V7.A},

e if the view V3.V7 triggers a, then the sub-configuration will change to
{V3.V5.A,V3.V6.B,V3.V7.B};

e if the view V triggers ¢, then the entire system configuration will nondetermin-

istically change to either {V1.A} or {V1.B} (because no state of V1 is marked
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Figure 3.5: Composition of views in a viewchart.

as the default state; note that the configuration will be {V1.B} if the underly-
ing Statecharts semantics allows instantaneous states described in Section 2.3.2,

Page 19);
e 1o other event can change the sub-configuration.
Assuming that the system is in sub-configuration {V3.V5.A,V3.V6.B,V3.V7.B},

e if the view V3.V5 triggers b, then the sub-configuration will change to
{V3.V5.B,V3.V6.B,V3.V7.C};

e if the view V3.V6 triggers b, then the sub-configuration will change to
{V3.V5.A,V3.V6.C,V3.V7.C};



3.2 Informal Description of Viewcharts 41

e if the view V triggers ¢, then the entire system configuration will nondetermin-

istically change to either {V1.A} or {V1.B};

e no other event can change the sub-configuration.
Assuming that the system is in sub-configuration {V3.V6.C},

e if the view V triggers ¢, then the entire system configuration will nondeterminis-
tically change to either {V1.A} or {V1.B} (notice the priority of transition from
V2 to V1 over V3.V6.C to V3.V6.A);

e 1o other event can change the sub-configuration.

3.2.5 History Transitions

Considering that the leaves of a viewchart hierarchy are stand-alone statecharts, his-
tory (H) as well as deep history (H*) transitions can occur within the leaves; and
Viewcharts handles them in exactly the same way as Statecharts does. The history
transitions are not allowed in higher level views of a viewchart. A history transition
in a higher level view can result in a transition that crosses view boundaries. A tran-
sition that crosses view boundaries violates the independence of views and, therefore,

is not allowed in Viewcharts.

3.2.6 Timing Issues

Viewcharts adopts Harel’s synchrony hypothesis that events are instantaneous. Specif-
ically, events, actions, and checking the value of a condition expression ideally take
no time; therefore, transitions are also instantaneous. A time-consuming task is con-

sidered an activity and is performed within a state. However, a point in time when an
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activity starts or ends can be marked by the occurrence of an event. For example, we
may define retrieved(db.prec(pid)) as an event that occurs at a point in time when
the specified retrieve activity is completed. (See Section 5.1, page 63.)

Statecharts allows specification of concurrent events; a A b, for example, can be
considered as an event that occurs when the two events a and b occur simultaneously.
Harel, however, describes that while a and b occur at one step, they occur at different
micro steps within the step [31]. Therefore, there is an order of occurrence between
them. Another approach to specifying concurrent events is based on the single-event
hypothesis, where the events occur in a nondeterministic order at consecutive steps.
Viewcharts allows either approach provided that it is supported by the semantics
chosen for the underlying Statecharts.

Viewcharts also allows the timeout and scheduled transitions of Statecharts.

3.3 Conflicts

Recall that the behavioral requirements specification of a system, in Viewcharts,
is expressed as compositions of views, where a view specifies the behavior of the
system observable from a specific point of view. In other words, Viewcharts composes
specifications. An inevitable issue in composing specifications is the possibility of
conflicts between the specifications. This issue, in a viewchart, is the possibility of
having conflicting views. Viewcharts minimizes this possibility; consider the following

points:

e Recall that the scope of an element owned by a superview covers all its subviews.

Therefore, different subviews can use an element owned by their superview;
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Figure 3.6: Consistent views in a viewchart.

doing so can result in conflicting views.

e In an AND composition, the scope of an element covers all the composed views.

Therefore, ANDing views can result in conflict.

e In a SEPARATE or OR composition, the composed views are independent of each

other; an element is local to the view in which it occurs. Therefore, except for

the effect of the first item, there cannot be any conflict between the views.

Figure 3.6 shows an example of consistent views. If the event e is triggered

by

the view V4, while the system is in configuration {V1.A,V2.A,V4.A} then the new

configuration is {V1.B,V2.B,V4.B} and the variable z is TRUE in the view V1 and

FALSE in the view V2. Both V1 and V2 own z; therefore, in regard to the variable

z, as described in Chapter 4, Viewcharts recognizes two distinct variables: V1.z and

V2.xz; the first one is TRUE and the second one is FALSE. Consequently, the views

are consistent.



3.3 Conflicts 44
V
(V3. 2 )
[ V2
V1 e
v [A } e/x:FALSE[D ]
[A ] e/r = TRUE [ D ]
[N Z
¢ v
A ¢ B
\ J

Figure 3.7: Conflicting views in a viewchart.

In the viewchart of Figure 3.7, however, neither V1 nor V2 owns the variable z.

It is owned by V3; therefore, the views V1 and V2 attempt to set the value of the

same variable V3.z, at the same time to conflicting values. Consequently, the views

are inconsistent.

Note that where there is a possibility of conflicts between views (e.g., ANDing

views or using global variables, as described above), the specifier must be aware

of this possibility and be responsible for the consequences. In addition, there are

arguments that structuring specifications into views generally makes it easier to deal

with conflicts than if the view specifications were intertwined from the start [46].

Nonetheless, the possibility of conflicts between views does exist in Viewcharts and

discussed further, as a topic of future research, in Section 6.4, Page 87.



Chapter 4

Formal Definitions and Semantics

Supporting Item 1 of the necessary characteristics of the solution, this chapter estab-
lishes a semantic basis for Viewcharts via translation to Statecharts. An algorithmic
semantics of the Viewcharts notation is provided in [?]; here I will present a set
theoretic-based approach for the definitions and semantics for the notation.

Informally, recall that the leaves of a viewchart hierarchy are independent state-
charts. The Viewcharts formalism, therefore, can be viewed as a high-level notation
that uses (but does not change) the Statecharts notation. Statecharts, however, has
a variety of different semantics, each of which makes certain assumptions or imposes
certain restrictions on the notation, resulting in some variations in Statecharts [66, 31].
(See Section 2.3.2.) The Viewcharts notation encapsulates these variations (within
the leaves of Viewcharts hierarchies) and, therefore, is not restricted to a particular
variation of Statecharts. The encapsulation, furthermore, allows Viewcharts to ben-
efit from different variations of Statecharts and their semantics, available tools, and
further extensions and evolutions.

One way to provide a semantic basis for Viewcharts, is to show that:

45
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Figure 4.1: A Statecharts translation of the viewchart shown in Figure 3.2.

Given a viewchart, there is a statechart that describes the same behavior

as the viewchart does.

Examples of such translations are shown in Figure 4.1, 4.2, and 4.3, which are the
Statecharts translations of the viewcharts shown in Figure 3.2, 3.4, and 3.5 respec-
tively. Notice that the event ¢ in V1 of Figure 4.1 and the event a in V2 of Figure 4.2
cannot occur and the corresponding transitions cannot take place.

Views, in Viewcharts, are similar to states; and states, in Statecharts, are uniquely
identified. Simply transforming views to states and SEPARATE composition of views
to AND composition of states, in a viewchart, transforms the viewchart to a statechart.
The resulting statechart, however, may not preserve the behavior described by the
corresponding viewchart (because the viewchart limits the scopes of its elements,

while the statechart does not.) To ensure that the transformation does not change
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Figure 4.2: A Statecharts translation of the viewchart shown in Figure 3.4.

the behavior description, the elements must be renamed such that a given element
does not occur beyond its scope. The translation, therefore, can be summarized as

follows:

e Rename the elements that occur in each view, such that they can be uniquely
identified within the viewchart, while the behavior described by the viewchart

is preserved.

e Transform the SEPARATE compositions of views, which do not exist in state-

charts, to AND compositions.

e Transform views to states.
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Figure 4.3: A Statecharts translation of the viewchart shown in Figure 3.5.

4.1 Primitives

We will use the following primitives from Statecharts. (Detailed definitions of these

primitives are given by Harel [33].)

e S, aset of states.

H, a set of history symbols.

V', a set of variables.

E, a set of simple events and actions.

E C {ele € seq(Q)} U {< e > |e € E}, a set of basic events and actions,

where £2; O S U V. The notation < e > represents a singleton sequence. Note
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that all we are specifying here is that an element in F, is either an element of E
or an event or action made of an expression in which elements from S UV can
occur; the actual definition of the expression is left to the Statecharts notation

[33].

o E C seq(Q), a set of events and actions, where D E. These are compound

events; again, their actual definitions are left to Statecharts [33].

o L C FE x F, aset of labels, where for ¢ = (e,a) € L, e is called an event and a

is called an action.

e Statechart and the terms used in its definition (Equation 4.3).

4.2 Definitions

A viewchart is defined as

w= (U EV,T,D,o,T,p) where (4.1)
e U is a set of views,
e F and V are the primitives mentioned above,
e T'is a set of transitions,

e D C U is a set of default views,

0:U — 2EY is an ownership function,

7:U — {AND, OR, SEP} is a type function, and

o p:U — 2V is a hierarchy function.
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4.2.1 Hierarchy of Views

Restriction: 317 € U, Vu € U -r ¢ p(u)
r is called the root of the viewchart.

Restriction:
VeeUVyeU-plx)Nply) #0=>x=y (4.2)

These two restrictions give a tree structure for the hierarchy of views.
Notice that U is a set; i.e., Vu € U, u must be specified by a uniquely identifiable
name, which may be a fully or partially qualified name (as described in Section 3.2.1).

Subviews: Extend p to p™ and p* by defining

P(u) ={u} and P ()= J p(2)

zepi (u)

p(u) is the set of immediate subviews of u; p*(u) is the set of all subviews of u;

and p*(u) is {u} U p*(u).

Superviews: For u € U, define
o(u) = {zfu € p(x)}
o7 (u) ={zlu € p(z) N w # u}
0" (u) = {zfu € p*(x)}

Restriction: Yu € U - #p(u) > 2V p(u) =0
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4.2.2 Basic Views

Define U = {z|z € U A p(x) = 0}

U is called the set of basic views; they are the leaves of the hierarchy. Note that
based on our definitions, so far, a view is just an element of a set U. We now make
a restriction on the basic views to specify what they are. Every other view u is then
recursively said to be 7(u) composition of its immediate subviews p(u).

Restriction: A basic view is a statechart.

Formally, v € U is defined as:
u=(Sy, Hy, Ev, Vi, Ty D, Tu, pu) where (4.3)

e S,,H, FE, CE,V, CV are sets of states, history symbols, events and actions,

and variables, respectively. Vu € U \ U, define S, = p(u).

Define/Generalize
S=JS, and H=|J H, (4.4)
uelU uel

S, is the set of immediate subviews of u, S is the set of all the states and views

in the viewchart, and H is the set of all the history symbols in the viewchart.
e 1, CS,xLxS,UH,,is a set of transitions.

e D, C S,UH, is a set of default states and history symbols. Related to D,,, we
will also use another primitive from Statecharts: T1%, the initial configuration of

u.

e 7,:5, — {AND, OR} is a type function; 7,(s) = AND if s is an AND-state and

T.(s) = OR if s is an OR-state.
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e p,: S, — 2% is a hierarchy function; p,(s) is the set of immediate substates of

s; pr(s) is the set of all substates of s; and pf(s) = pi(s) U {s}.

4.2.3 Transitions

Let us generalize the definition of transitions in Statecharts for the entire Viewchart:
T CSxLxSUH is a set of transitions.

For u € U \ U, define
To=A{(z Ly)l(z,by) € T Ax € plu) Ny € p(u)}

E,={z|3(x,(e,a),y) € T, -z € ran(e ~ a > E)}
The operator ~ concatenates two sequences, I> is the range restriction
operator, and the function ran gives the range of a sequence:

ran(e ~ a > E) is the set of elements from E that occur in e or a.

V. = {v|3(z, (e,a),y) €T, -z €ran(e ~ a> E) -v €ran(z > V)}

T, is the set of transition occurrences in u, F, is the set of basic event and action

occurrences in u, and V,, is the set of variable occurrences in u.

Restriction:
U E,=F and U V.=V and U T,=T (4.5)
ueU uelU uelU

Two implications of the above restriction on 7" and Equation 4.4 are: no transition
15 allowed to cross view boundaries and history symbols can occur only in the base
views. Note also that a history symbol occuring in a higher level view results in a

transition that crosses view boundaries, which is not allowed.
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4.2.4 Composing Views
ANDed Views: For u € U, define
and(u) ={z|qy € U -u e p(y) Nz € p(y) AN7(y) = AND A x # u}
Restriction: No transition is allowed between ANDed views:
JueU\U - -7(u) =AND =T, =0

This stops transitions between immediate subviews of an AND-view. Recall also the

restriction on 7" of Equation 4.5 that no transition is allowed to cross view boundary.

Ored Views: For u € U, define
or(u) ={z|Fye U -ueply) Nz € ply) AN7(y) = OR Az # u}

Restriction: In an OR composition of views, no subview or state in one view can

be referenced by another one.

JueU\U-7(u) =OR =
Vo € p(u),Vy € p(u),Y(i, (e,a),j) € U T, Vz € ran(e ~ a > E):-

z€p*(y)

ran(z> U Sy) =0Vae=y
kep*(x)

SEPARATEd Views: For u € U, define

sep(u) ={z|Fy € U -u € p(y) Nz € p(y) AN7(y) = SEP Az # u}

Restriction: In a SEPARATE composition of views, no transition is allowed be-
tween the views and no subview or state in one view can be referenced by another

one.

Jue U\U-7(u) =SEP =T, =0
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Jue U\U - 7(u) = SEP =

Vz € p(u),Vy € p(u),V(i, (e,a),j) € U T.,Vz € ran(e ~ a > E)-

z€p*(y)
ran(z> U Sp) =0Vvze=y
kep*(z)
4.2.5 Ownership and Scoping
For u € U and [ € o(u), define
{z|z € p*(u) V3y € and(u) - = € p*(y)} if leF

{z]z € p*(u) vV Iy € and(u) - x € p*(y)}\

({z|3z € pt(u) -l € o(2) Nz € p*(2)}U

{z|3y € and(u) - Fz € p*(y) -l € o(2) Nz € p*(2)}) if eV
(I, u) is called the scope of u.l (the scope of element [ with respect to ).

For w € U and | € E, UV, define

0(l,u) ={z|lu € Y(l,x)}
Restriction:

=0 iff JreU-Jyecolz) ued(y,z)Nl=uzy
#0(1,u) >1 if leE (4.6)

otherwise

=1 if eV

Informally we say, 0(l,u), for | € E, is the set of views that can trigger the
occurrences of event [ in u and, for [ € V', is a set whose only element is the owner
of the occurrences of variable [ in u. The restriction says that each occurrence of an
element either is in the form of a qualified name or has an owner which, in the case

of an event, can trigger it.
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4.2.6 Initial Configuration

The initial configuration of u for u € U is 19, the initial configuration of the statechart
u.

The initial configuration of u for u € U \ U is defined as

p(u)u U I1° if 7(u) = AND|SEP

I = z€p(u)
{z}UTI? where F1x € p(u)-z€ D if 7(u)=O0OR
The initial configuration of w is 119 .
For s € S, define
pu(s) if JueU-seS,

p(s) =
p(s) otherwise

Extend p’ to p* and p'*, similar to the corresponding extensions of p.
Restriction: Generalize the restriction 4.2 as follows:
Vee SVyeS-px)nply) #0=x=y (4.7)

This extends the tree structure of the views to continue, at the basic views, to the
corresponding states.

Basic States: S = {s|s € SAp/(s) =0} is called the set of basic states.

Initial Basic Configuration: 110 = I1° N S is called the initial basic configura-

tion of the viewchart.

4.3 Viewcharts Equivalence to Statecharts

For a given viewchart w, defined by Equation 4.1, we now construct a statechart w’

as follows:

w' = (S,H,E'\V'\T' D' 7 p) where (4.8)
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S, H, and p' are already defined.

For w e U, v € V,,, define
v it O(v,u) =10

fo(v, u) =
z.v where z € 6(v,u) otherwise

Note that z.v in the definition above is a simple pairing,

(x,v), and similarly z.e in the definition below.

For uw € U, e € E,, define
elpy (v, u)/v] it f(e,u) =10
pre(e, u) =

V z.e[p,(v,u)/v] otherwise (See also Equation 4.6.)
z€b(e,u)

For t = ((x, (e,a),y)) € T, define

n((z, (e,a),y)) = (z,elue(e,u) /€], alpe(a, u)/al),y) where
JuelU-telT,Nee E,Na e FE,

V' ={p,(v,u)lu e UveV,}

"= {n@)|t € T}

E' ={|3(z, (e,a),y) €T - =eVe =a}
E' = {pc(e,u)lu € Ue € E,}

D' = DU D,

uel
Tu(s) if JuelU-ses,
7'(s)=1{ AND if s €U\ UA7(s) = SEP

7(s)  otherwise
Consider the following facts which are the immediate conclusions of the above

definitions:
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e The set of states/views in the viewchart and the set of states in the statechart
are defined by the same set S. The hierarchy functions for both viewchart and
statechart are also defined by the same function p’. Therefore, both viewchart

and statechart have the same structure.

e Our definition of T is similar to that of Statecharts; therefore, the initial
configurations of both w and w’ are also the same: 112 = T1%,. (Or, we could

have just defined 110 =T1°,.)

e For every transition in the viewchart, there is a corresponding transition in the

statechart and vice versa; i.e., n: T — T" is a bijective function:
vteT -nt)eT' AV €T -y () eT

Both the viewchart w and the statechart w’ start from the same initial configura-
tion. We now restrict the viewchart such that there will be no change in the viewchart
unless a transition takes place in the statechart, in which case only the corresponding
transition in the viewchart takes place.

Let us define, in Statecharts, an operation T e, which evaluates to either TRUE, if
and at the moment that the event e occurs, or FALSE, otherwise. When a transition
t = (z,(e,a),y) takes place, we say e enables ¢t and denote it by e - ¢. A basic event
e € ran(e > E) may also enable the transition, é - ¢.

Restriction:
et < ekt where t=(z,(e,a),y) € TN = (x,(e,d),y) =n(t)(4.9)

Since the initial configurations of w and w’ are the same and the destinations of

the transitions ¢ and ¢’ are also the same, the first conclusion of this restriction is that
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the next configuration of w’ defines the next configuration of w. When the transitions
take place, the changes in the configurations of w and w’ are the same; therefore, the
configuration of w is always the same as the configuration of w’. Furthermore, the set
of transitions accepted by the statechart defines the behavior of the statechart (to be
exact, the behavior of the system represented by the statechart). Similarly, we say the
corresponding set of transitions in the viewchart defines the behavior of the viewchart
(to be exact, again, the behavior of the system represented by the viewchart). Finally,
the two machines describe the same behavior.

Now let us see how this restriction defines/restricts the behavior of w: For a

transition t € T,
-t =t (x,(dd),y) =1¢
= 3¢ eran(e' > E')- 1 ¢
=JrelU,JuelU,Jec E,-t €T, Nu€b(x,e)\Tu.e (4.10)

Recall the definitions of 0, u., and Equations 4.5 and 4.6 to verify Equation 4.10.

When the event u.e¢ occurs in the statechart w’, we say the view u
triggers the event € in the corresponding viewchart w and denote

it by u T e.

Informally, Equation 4.10 says, when a view triggers an event, u T €, only the
transitions within the views covered by the scope of event e with respect to u can be
affected. (See also the definition of 1).) We can also verify, based on the definition of

LLe, that the restriction 4.9 holds with this behavior:
JueU,dec E,-ule

=Vreyeu) ,VteT, (eFt < ule,z)F n(t)) (4.11)
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Considering that € = p.(e,z) and t' = n(t),
ekt <= ¢+t (4.12)

As a final point, note that a SEPARATE, AND, or OR composition of some views
is also a view. Consider a viewchart w, where 7(w) = SEP and p(w) # (. The root
view w is, in fact, resulted from a SEPARATE composition of the set of views p(w).
Similarly, if 7(w) = AND (or 7(w) = OR), then the set of views p(w) are ANDed (or

ORed) to form the view w.



Chapter 5

Examples

Supporting Item 5-6 of the necessary and desirable characteristics of the solution,
this chapter presents some examples demonstrating the way in which the behavioral
requirements of a software system can be specified as a composition of its behavioral
views. The examples are also intended to show that Viewcharts can be used for
specifying and composing software behavioral views.

Notice that a system can be specified at different levels of abstraction. We choose
a level of abstraction that illustrates the Viewcharts notation. Further refinements of
a viewchart, beyond a certain level of abstraction, can be Statecharts tasks and may
not provide any additional information in illustrating Viewcharts. Therefore, we will

keep the specifications at an appropriate level of abstraction.

5.1 Manufacturing Control System

This section presents a Viewcharts specification of a Manufacturing Control System

(MCS). An informal, but detailed, description of a similar system is given by Dunietz

60
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Figure 5.1: Product and information flow in a manufacturing line.

and others [17].

Consider a “flexible”!

and “just-in-time”? manufacturing shop. It consists of a
number of workstations, where each workstation performs a certain process on the
product. Figure 5.1 shows an informal diagram representing the flow of product and
information in the shop. Our objective is to specify the behavioral requirements of a
MCS for this shop.

Central to the system is a database server (DBS) which maintains and supplies

the information requirements of the workstations. At the beginning of the manufac-

turing line, the first workstation associates each product with a unique identification

!The term flexible refers to the capability of the shop to handle the manufacturing process of
different types of products. A flexible circuit pack manufacturing shop, for example, may handle
the manufacturing process of hundreds of different circuit packs.

2The term just-in-time refers to the capability of the shop in the on-time delivery of the products
which are manufactured on the basis of actual orders (as opposed to anticipated orders). Such a
shop requires that different components of a given product, at different stages of its manufacturing
process, should come together just in time.
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number /string pid, which must be communicated to DBS to create a record for the
corresponding product. From there on, each product is identified and tracked by the
associated pid. When a product arrives at a workstation, the pid is scanned and
communicated to DBS which, in turn, informs the workstation of the process that
must be performed on the product. The workstation then proceeds with the process
and when it is completed, informs DBS to update the product record.

Considering that concurrent processes are performed on different products at dif-
ferent workstations, DBS may receive concurrent transaction requests. If we model
DBS as a single entity which interacts with multiple workstations, then we must also
specify the way in which DBS handles concurrent transactions. Doing so not only
complicates the specification, but also requires making design decisions regarding the
concurrency. We can, however, simplify the specification and leave the design issues
to designers by modeling the behavior of DBS as a collection of behavioral views that
it exhibits to the workstations. Each workstation then interacts with its own view of
DBS on a one-to-one basis.

Furthermore, considering that the purpose of this example is not to specify the
details of a database management system, we use a single but compound variable db
to represent the MCS database. We refer to a product record (a component of db) by
a compound variable prec, which includes a pid and some other product attributes.
db.prec then refers to the product record prec in the database and db.prec.pid is a
product ID. We also use the notation db.prec(pid) to refer to the product record of
the given pid.

Database transactions are time-consuming activities; therefore, they cannot be
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represented by events or actions (which are instantaneous). However, we can use ac-
tions like add, retrieve, or update to initiate the corresponding transactions. Similarly

we can use events like

added(db.prec), abbreviated as ad(db.prec),
retrieved(db.prec(pid)), abbreviated as rt(db.prec(pid)), or

updated(db.prec(pid)), abbreviated as ud(db.prec(pid)),

which occur at a point in time when the associated transaction is completed.
With this introduction, we can now specify the behavioral requirements of MCS

as a composition of its behavioral views.

5.1.1 Specifying Behavioral Views

The viewchart WSy, shown in Figure 5.2, describes the behavior of the system ob-
servable at the Serialization Workstation, which is the first workstation in the man-
ufacturing line. It consists of two ANDed views: WS, which describes the behavior of
the workstation, and DBS, which describes the workstation’s view of DBS.

The declaration “WS; : prec”, in this figure, shows that prec is owned by WS;
and, therefore, its scope is WS;. db is not declared anywhere in WS; and, therefore,
it is global to WS;. All other elements in WS, are implicitly declared; they belong
either to WS or DBS and their scope is WS;. The event ad(db.prec), for example,
can only be triggered by the state ADDING and consequently belongs to DBS. The
scope of ad(db.prec), which is originally DBS, because of the AND composition of WS
and DBS is extended to cover WS;.

WS specifies that the workstation by default is in the state of SERIALIZING, where

each product is associated with a unique product ID and a product record is prepared
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Figure 5.2: A viewchart for the Serialization Workstation.

and written to the compound variable prec. When the writing is completed, the event
wr(prec), which is an abbreviation for written(prec), occurs which in turn generates
add. This, in turn, takes DBS to the state of ADDING. DBS in this state adds prec to
the database and when it is done the event ad(db.prec) occurs, generating the action
next and taking both DBS and WS back to their starting states.

The other workstations, at the abstraction level of this specification, have identical
behaviors. Therefore, a SEPARATE composition of n — 1 behavioral views, as shown in
Figure 5.3, can specify the behavior of the system observable at these workstations.
Each view, of course, can be further refined to describe the specific and detailed
behavior at the corresponding workstation.

The declaration “WS,,... WS, : prec, pid”, in this figure, shows that for each
view WS; (i = 2,...,n), the elements prec and pid belong to WS; and, therefore,

their scope is WS;. db is not declared anywhere in WS, and, therefore, it is global to
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Figure 5.3: The workstations’ views of the system.

WS,;. All other elements in WS; are implicitly declared; they belong either to WS;.WS

or WS;.DBS and their scope is WS;.

The event rd(pid), which is an abbreviation for read(pid), occurs at a point in

time when a pid is read (scanned). When WS is in the state of RECEIVING, it expects

instructions from DBS. On the other hand, DBS retrieves the product record and

based on the history and type of the product sends out the appropriate instructions?

3Some examples of the instructions are outlined below:

e “Reject (wrong station) and reroute to the station z, where x is a station ID.”

e “Perform the current process on the product.”



5.1 Manufacturing Control System 66

4 Y
MCS: db
WS, ..., WS,
4 N
1 ws
DBS
\ )
L )
\ J

Figure 5.4: A viewchart for a manufacturing line.

regarding the process to be performed on the product.

While WS is in the state of PROCESSING, it may provide DBS with certain in-
formation regarding the status of the product and/or outcome of the process. This
information is included in the product record and its effect on the system behavior
can be specified by refining the PROCESSING and other affected states.

Figure 5.3 should now be self-explanatory.

5.1.2 Composing Behavioral Views

Having specified the behavioral views of the system, we can now compose them to
form the overall system behavioral requirements specification. Figure 5.4 shows a

SEPARATE composition of n views where each view describes the behavior of the

e “Perform a different process: transmitting the required program or instructions.”
e “Ship” or “Do not ship;” at the shipping station.
e “Transmitting defect information;”, at the repair stations.

These and similar details can be specified by refining the states.
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system from a workstation’s point of view.

Notice, once again, the declarations “WS; : prec” of Figure 5.2, “WS,, ... , WS, :
prec, pid” of Figure 5.3, and “MCS: db” of Figure 5.4. These declarations mean that
each view WS; (1 = 2,...,n) has its own variables pid and prec, WS; has its own
variable prec, and db is global to all WS; (i = 1,...,n). All the views, therefore, can
access and update the same database db, while they have their local variables for the

information retrieved from, or to be added to, the database.

5.1.3 Discussion

The Statecharts specification of this example would consist of n + 1 orthogonal com-
ponents: one for each workstation and another one for DBS. If the manufacturing
line consists of only a few workstations, then there is no problem; however, the spec-
ification becomes complex when the number of workstations increases. Figure 5.5
shows an attempt to specifying MCS in Statecharts. Each orthogonal component, in
this figure, is basically the corresponding view of our Viewcharts specification. How-
ever, the figure is not a valid statechart; it has complications and issues that must be
resolved.

First of all, the example requires a notation to represent the repetition of work-
stations. In Viewcharts we represented this repetition simply by a SEPARATE com-
position of views. In Statecharts we need a capability to represent the repetitions
in orthogonal components. Statecharts does not have this capability; however Leve-
son’s extension of Statecharts, RSML [53], provides a method for representing the
repetitions. Assuming that Statecharts is extended to support this capability, we

have to also parameterize the components to distinguish between the elements of one
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Figure 5.5: An attempt to specifying MCS in Statecharts.
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component from those of the others. For example, the Viewcharts description of a
workstation, for all workstations but the first one, specifies a local variable pid, which
is used for passing a product ID from WS to DBS. To provide this specification in the
global environment of Statecharts, we have to parameterize this variable to distin-
guish the product IDs being scanned (concurrently) by different workstations. The

following are some of the other complications with the diagram of Figure 5.5:

e The events like rd(pid), which occurs in different orthogonal components, is
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ambiguous. We have to specify the workstation that reads pid.

e Different occurrences of a variable like pid or prec in different orthogonal com-

ponents are different. We have to replace each variable by an array of variables.

e The actions like add, retrieve, update, go, and next, which occur in different
orthogonal components, are also ambiguous. We have to provide more detail
to resolve the ambiguity; e.g., we have to specify which product record to be
added, retrieved, or updated or to which workstation the action next or go is

intended for.

All these details are also provided by our Viewcharts specification of MCS, but
not explicitly by the specifier. In the Viewcharts notation, all these details, the
parameterization, is within the structure of the notation; there is no need for the
explicit parameterization.

Suppose that an action to update a product record is generated by a workstation
while DBS is in a state of updating another one. DBS must be ready, at all times, to
sense events that are indications of database transaction requests. The transactions
are time consuming tasks; therefore, DBS must be ready for new events while process-
ing transactions. In Viewcharts, this creates no complexity; because each workstation
is interacting with its own view of the database on a one-to-one basis. In Statecharts,
however, we have to introduce an additional orthogonal component, a queuing mech-
anism, which is always ready to sense the events, queue the corresponding transaction
requests, and passe them to DBS as it becomes available for accepting requests. An
additional orthogonal component does not necessarily complicate the specification.

However, this component is a queuing mechanism, which has nothing to do with the
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observable behavior of the system, it is there only for making the specification pos-
sible (or simple); and later in the design phase, a designer may or may not choose
to use the mechanism. The fact that Viewcharts does not require such a mechanism
shows the independence of Viewcharts from the design issues, supporting Item 6 of
the desirable characteristics of the solution.

In specifying behavioral requirements of a system, it is a weakness for a notation
to require using any mechanism internal to the system. Using such a mechanism (in
any level of abstraction) is an added complexity. It may also violate the independence
of requirements from the design and implementation. Viewcharts allows specification
of the requirements to be expressed only in terms of observable events and, unlike

Statecharts, does not force using any internal mechanism of the system.

5.2 Telephone System

This section presents a Viewcharts specification of a simple telephone service provided
by a Plain Old Telephone System (POTS). A LOTOS specification of this service is
also given by Faci and others [21]. Their informal description of POTS includes the
diagrams shown in Figure 5.6 and 5.7. The diagrams are self-explanatory. The timing
aspect of POTS, however, is missing from the diagrams. It is also missing from the
LOTOS specifications, because timing aspects cannot be specified in LOTOS. As the
specifiers state, for example, LOTOS cannot deal with a specification element such
as “the telephone can only be off hook for a maximum of 20 seconds, after which it
would be disconnected”. Our specification, on the other hand, includes the timing
aspects of POTS.

The Viewcharts notation is designed to specify the behavioral requirements of
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Figure 5.6: A high level scenario for establishing a telephone connection (From [21]).

large-scale complex systems; and we can do it on a need-to-specify basis. In View-
charts, we do not have to specify the full behavior of the system; therefore, we are not
concerned with the complexity or scale of the system. A complex system may have
many different features; we specify only the features of our interest, i.e., our view of
the system.

POTS is a good example to illustrate this approach. We want to specify a simple
telephone service provided by POTS. That is only one of the many behavioral views

of POTS (and we will still specify it as a composition of even simpler behavioral
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Figure 5.7: A detailed scenario for establishing a telephone connection (From [21]).

views). Accounting, routing, diagnostics, maintenance, and other aspects of POTS
have their own views of the system and can be specified as separate behavioral views.

The Viewcharts specification of POTS consists of a SEPARATE composition of
many, but a finite number of, identical views called CALLs. A CALL is the behavioral
view of POTS with respect to a single telephone connection. Each CALL, in turn,
is composed of three behavioral views: CALLER, the caller view of a telephone set,
CALLED, the called view of the set, and CONTROLLER, the telephone set’s view of
POTS.
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Figure 5.8: The caller view of a telephone set.

5.2.1 Specifying Behavioral Views

As a component of POTS, a telephone set has two different behavioral views: CALLER
and CALLED. In specifying the behavior of a telephone set, we really want to specify
these two views. The fact that a telephone set is physically a single device with
two behavioral views and the issue of how it provides these behaviors are not of our
concern. In fact, as far as our specification is concerned, an implementor may choose
to deliver two devices: one for CALLER and the other for CALLED.

Figure 5.8 shows the caller view of a telephone set. The view specifies that the
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Figure 5.9: The called view of a telephone set.

telephone by default is in the READY state. When a caller picks up the handset,
an event offhook is triggered by CALLER and the telephone set enters to the state of
WAITING. In addition to the event offhook, the view CALLER also owns the events
st(DIALING), which occurs when the user starts dialing, and onhook, which occurs
when the user hangs up. (These events must be declared by CALLER; for clarity, how-
ever, in this and the following views, wherever the ownership of an element is obvious,
we have omitted the corresponding declaration from the views.) All other events be-
long to CONTROLLER and are described below. As far as CALLER is concerned,
however, they are events that CALLER expects to occur and upon their occurrences
it behaves as specified.

Figure 5.9 shows the called view of a telephone set. This view owns only the
events offhook and onhook. All other events belong to CONTROLLER. The figure is
self-explanatory.

Figure 5.10 shows the view CONTROLLER. It provides the interactions between

CALLER and CALLED. The view CONTROLLER owns all the events that occur in this
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Figure 5.10: A telephone set’s view of POTS.

view, except those that belong to CALLER or CALLED. CONTROLLER also declares
the ownership of n (a variable used for the caller’s telephone number), m (a variable
used for the called’s telephone number), and z (a temporary variable). In addition,
CONTROLLER uses another variable B (the set of busy numbers) which is global to
CONTROLLER.

As the figure shows, CONTROLLER is ready for the offhook event of CALLER.
This event triggers an action st(B := B U {n}), which means “start adding n to

the set B”. The time-consuming activity of adding n to B takes place in the state
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Figure 5.11: A viewchart for the telephone service provided by POTS.

PROCESS.ADDING. The completion of this activity triggers the event done which, in
turn, triggers the action st(DT'). The actions st(DT), st(BS), and st(RS), start dial-
tone, busy signal, and ring signal, respectively. rd(m) is an event that occurs when m,
the called’s telephone number is read. The action st([m € B]) starts checking whether
or not m is in B, i.e., whether or not the called party is busy. Again, the checking
activity takes place in the state CHECKING. Finally, the event tm(en(PROCESS),t)
occurs at exactly t time units after the time that the system enters to the PROCESS

state. The rest of the specification in Figure 5.10 should now be self-explanatory.
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5.2.2 Composing Behavioral Views

Similar to the previous example, having specified the behavioral views of the sys-
tem, we can now compose them to form the overall system behavioral requirements
specification. The viewchart POTS, shown in Figure 5.11, specifies the composition.
A SEPARATE composition of CALLER and CALLED forms the view PHONE, which
describes the behavior of the system observable at the two ends of a telephone line.
PHONE is, in turn, ANDed with CONTROLLER, forming the view CALL which spec-
ifies the behavior of the system with respect to one telephone connection. Finally,
POTS consists of a SEPARATE composition of k CALLs, where k is the maximum
number of connections that POTS allows at any given time.

Notice that all CALLs are completely independent of each other except for sharing

the variable B.

5.2.3 Discussion

As in the case of MCS, the Statecharts specification of POTS would require extending
Statecharts to support parameterized repetition of AND-states. Without parameter-
ized states, considering the number of CALLs, the Statecharts specification of POTS
will not be practical. Recognizing this fact, Harel describes that such an extension
“represent significant potential strengthening of the Statecharts formalism as a tool
for specifying real systems” [27]. Assuming that Statecharts is extended to support
this capability, Harel provides an informal diagram of a portion of a statechart that
would specify a telephone system (Figure 5.12).

This diagram does not show the complete picture of the statechart; but we can

still see how much more easily our Viewcharts specification of POTS expresses the
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Figure 5.12: A portion of a statechart specifying POTS (From [27]).

specification compared to Statecharts. Notice that the telephone states of the state-
chart is similar to the CALL views of our viewchart. However, the telephone states are
ANDed, while the CALL views are SEPARATEd. Therefore, in the statechart we have
to make sure that all the elements are uniquely specified within the 10,000 orthogonal
states; and to do that we have to use parameters like ¢ and j (e.g., receiver i lifted,
receiver j replaced, etc.). In the viewchart, on the other hand, there is no need for
these parameters. As mentioned in the previous example, the parameters are within

the structure of the viewchart.
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The diagram of Figure 5.12 does not show a portion of the statechart, the con-
troller, that establishes the connections between telephones. The controller must be
ANDed with all telephones. To get an idea of the complexities associated with express-
ing the behavior of the controller, note that if the network had only two telephones,
then we could express the behavior of the controller as the CONTROLLER view of our
viewchart (Figure 5.10). The network, however, has many telephones and we have
to express the behavior of a controller that interacts with many telephones. Many
telephones may request call setup independent of each other. As in the case of DBS
of MCS, we have to specify the way in which the controller must uniquely identify all
these telephones and respond to their concurrent requests. Consequently, compared

to our Viewcharts specification, we have to provide
e more details to uniquely identify the telephones and the events they generate;

e an additional component, a queuing mechanism, to handle the concurrent re-

quests.

Once again, the fact that Viewcharts does not require the queuing mechanism
shows the independence of Viewcharts from the design issues, supporting Item 6 of
the desirable characteristics of the solution.

We do not see any of these details in our Viewcharts specification of POTS. The
details are implicitly provided by our notion of views and their compositions. In
summary, when we specify the behavioral requirements of a system by a viewchart,
part of the specification is expressed implicitly by the structure of the viewchart.
The specifications therefore, are expressed more easily in Viewcharts compared to

Statecharts.



Chapter 6

Conclusions

A large-scale software system may exhibit a combination of many different and iden-
tical behavioral views. The Viewcharts notation allows these views to be specified as
stand-alone systems and provides a method of composing them to form the overall
system behavior specification. It is important, however, to realize that composing be-
havioral views is different from integrating them. In a composition of views, the views
keep their identities and are used as building blocks of the requirements specification;
each requirement can be traced back to its originating view. In an integration of views,
on the other hand, the views may lose their identities and be replaced by different
mechanisms; the requirements cannot necessarily be traced back to their originating
views. Integration may require making design decisions, while composition does not.
Viewcharts leaves the integration of views to designers and implementers.
Furthermore, a statechart describing a view, in a viewchart, describes only a
behavioral view of the system or its component. In other words, the complexity of
such a statechart is affected only by the complexity of the corresponding behavioral

view. Consequently, since large-scale system behavior can be described in terms of

80
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simple behavioral views, Viewcharts simplifies the specification by reducing it to the

specifications of behavioral views.

6.1 Contributions

The contributions of this dissertation can be summarized in two items, an approach

to systems behavioral specifications and a notation for the approach:

e The Approach: The dissertation has provided a novel approach to specifying be-
havioral requirements of complex systems, independent of implementations. In
this approach the behavioral views of the system under specification are build-
ing blocks of the specification. Behavioral views are the natural outcome of
requirements elicitation process, during which potential users describe their ex-
pectation (i.e., their view) of the system. Traditionally, however, requirements
engineers combine behavioral views and provide a formal or informal require-
ments specification for the entire system. Consequently, the specification may
have no formal connection to the original views described by the users. The

approach provided by the dissertation has the following characteristics:

— Directly reflects the behavioral views of the system, and thereby accurately
records the original requirements collected in the process of requirements

elicitation.
— Allows the possibility of tracing each requirement to its originating view.

— Simplifies the specifications by describing behavioral requirements of com-

plex systems in terms of simple views.
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e The Notation: The dissertation has introduced the Viewcharts notation for
specifying and composing behavioral views. The notation is designed to specify
the behavioral requirements of large-scale complex systems on a need-to-specify
basis. In Viewcharts, one does not have to specify the full behavior of a system
and, therefore, is not concerned with the complexity or scale of the system. A
complex system may consist of many different sub-systems and components,
distributed world-wide, and it may exhibit a combination of many different and
identical behavioral views. Current research and industrial advances in net-
working and distributed systems indicate that software systems will continue to
get larger and more complex. One cannot envision producing an integrated be-
havioral requirements specification for an arbitrarily large and complex system.
However, if we define the behavior of a system in terms of behavioral views,
then all we need to do is to specify the views of our interest. The Viewcharts
notation allows these views to be specified independent of each other. It is,
therefore, expected that the Viewcharts notation will be practical in large-scale

systems behavioral specifications.

6.2 Demonstration of Claims

The following is a discussion of the Viewcharts notation with respect to the list of
necessary and desirable characteristics of the proposed solution (presented in Sec-

tion 1.2).

1. We have given (in Chapter 4 ) a precise meaning to the term “behavioral view”.
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2. Viewcharts allows specification of behavioral views, fulfilling the second neces-

sary characteristic of the solution.

3. Software behavioral requirements, in the Viewcharts notation, are specified as
compositions of behavioral views. The notation, therefore, fulfills the third
necessary characteristic. (The possibility of conflict between composed views
is discussed in Section 3.3, Page 42 and also, as an item of future work, in

Section 6.4, Page 87.)

4. Traceability: Viewcharts preserves the identity of the views; therefore, a given
requirement can be traced back to its originating view. This fulfills the fourth

necessary characteristic.

5. Practicality: We have shown by our examples (in Chapter 4) that not only
Viewcharts is, at least, as expressive as Statecharts, but in many ways it is

more expressive than Statecharts. This fulfills the fifth necessary characteristic.

With respect to the desirable characteristics:

6. Independence from design: Viewcharts generally leaves the design issues, includ-
ing integration of views, to designers and implementers. This item is further

discussed in Section 6.4, Page 88.)

7. Reuse of components: Software behavioral requirements specifications, in View-
charts, are generally modular. A view is a module. Viewcharts allows indepen-
dent specifications of the modules and maintains their independence to the ex-
tent possible. The SEPARATE and OR compositions preserve the independence

of the modules. An element, in these compositions, is local to the view in which
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it occurs. Any subview or state in one view is hidden from (i.e., cannot be ref-
erenced by) the other views. There are two cases, however, where Viewcharts
does not guarantee the modularity of the specifications: (1) in an AND com-
position the ANDed views are visible to each other; (2) a superview has access
to all its subviews. An alternative approach for the second case, which may
better encapsulate the views, is discussed in Section 6.4. However, introducing
the notions of “export” and “import” as an alternative for this case, as in block
structured programming languages, also has drawbacks. In short, Viewcharts
does not offer total modular specifications (if total modularity can be achieved),
but a Viewcharts specification of a system behavioral specification can have a

good degree of modularity.

6.3 Discussion

Our notion of “view” differs from that used by others, as discussed in Section 2.1.
Embley and others [20], for example, introduce their notion of view, which is an
abstraction mechanism for reducing complexity in large Object-Oriented Systems
Analysis (OSA) models. Their notion of a view, however, is a grouping of some entities
in the OSA models; it reduces the complexity of understanding a complex OSA model
and communicating about it, but does not affect the complexity of specifying or
building the model.

Goldberg [25], Ayers [4], and Rumbaugh [60], also describe the notion of view
within the Model-View-Controller (MVC) paradigm of the Smalltalk community. A
view, in MVC, refers to the method of presenting the information contained in the

underlying model of an application. About reducing the complexity of describing the
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model, they neither make any claim nor offer any mechanism.

STATEMATE’s solution to the problem of reducing the complexity of scale (name
space, basically) is its language of activity-charts [34]. This language is used for func-
tional description of the system under design. To reduce the complexity of scale,
STATEMATE suggests a functional decomposition of the system using activity-charts.
An activity-chart is like a data flow diagram; it describes the system’s functions
(or activities, in STATEMATE terminology) and the flow of data between them. The
behavior of some activities, called control activities, are then described by encapsu-
lated statecharts. These statecharts can only interact with each other via a data-flow
mechanism provided by the activity-chart. Similarly, RSML [53] and ROOMcharts
[62] reduce the complexity of managing name space by providing direct communica-
tions between components. (A component is a statechart in RSML and an actor in
ROOMcharts.)

There are similarities between our notion of view and the control activity of STATE-
MATE, the component of RSML, and the actor of ROOMcharts. However, there are
also major differences: The direct communications mechanisms provide limited inter-
actions between control activities, components, or actors, while Viewcharts provides
whatever interaction required by the composed views.

Our notion of a view is the behavior of the system under specification observable
from a specific point of view; and as far as an observer at the point of view is con-
cerned, that is the whole system. Our notion of view, therefore, reduces the problem

of specifying the behavior of a system to specifying its behavioral views.
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6.4 Future Directions

This dissertation has introduced the Viewcharts notation to the extent needed to es-
tablish the claims presented in Section 1.2. The following is a list of further extensions

that would make Viewcharts richer and more expressive:

e Transition between SEPARATE views: A SEPARATE composition of views, in a
viewchart, is transformed to an AND composition of states, in the equivalent
statechart, by the algorithm described in Chapter 4. Since Statecharts does not
allow transitions between ANDed states; therefore, no transition is allowed be-
tween the views in a SEPARATE composition. However, it would be interesting to
extend the semantic basis of Viewcharts to allow such transitions. To establish
a conference call, for example, a caller dials several numbers, switches between
them, and sets up several connections. A simple way of specifying such behavior

would require transitions between several CALLER views (See Section 5.2).

e FExporting and importing elements: In a viewchart hierarchy of views, the scope
of an element owned by a view covers the view and all its subviews. There are,
however, other alternatives that should be explored. It may, for example, better
encapsulate the views to limit the scope of an element to the view that owns
the element, and then to introduce the notions of export and import. A view
then can export an element to its immediate superview and thereby extend the
scope of the element to the exported view. Similarly, a view may import an

element from its immediate superview.

e (eneral history transitions: Further research is required to provide more general

history transitions without violating the independence of views.
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e Modeling: The requirements activities of the software engineering process are
generally performed in three stages: The first stage, problem analysis and re-
quirements elicitation, includes understanding the problem to be solved and
collecting the requirements for a possible solution i.e., system to be developed.
The activities in this stage are generally informal and include interviews with
potential users. This dissertation has been concerned basically with the second
stage, requirements specification, precisely developing requirements. Further re-
search is required on the third stage, analysis of the specification, which includes
proving system properties and checking the specification for completeness, con-

sistency, ambiguity, feasibility, and so on.

On the issue of consistency, as discussed in Section 3.3, Page 42, there are
arguments that structuring specifications into views generally makes it easier
to deal with conflicts than if the view specifications were intertwined from the
start [46]. Nonetheless, the possibility of conflicts between views does exist in
Viewcharts and a good topic of future research is to investigate the way in which

these conflicts can be recognized and dealt with.

Joanne Atlee [2, 3] describes how the requirements of a software system, speci-
fied in Software Cost Reduction (SCR) notation, can be analyzed. She translates
the SCR requirements into a logical model, expresses the system properties as
logical formulas, and proves whether or not the formulas hold in the model. A
similar approach for Viewcharts specifications is a possible future direction of

this research.

We have shown in Chapter 4 that for a given viewchart there exists an equivalent

statechart. It is possible to produce an executable model of a viewchart by
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constructing the equivalent statechart and using an available Statecharts tool
(e.g., STATEMATE). However, it would be more efficient and practical to provide
a method of producing the executable models directly from the Viewcharts

notation.

e Viewcharts in design stage: Viewcharts belongs to a class of languages which
are designed to express the behavioral requirements of a system independent
of design and implementation issues. A designer can expect from a Viewcharts
specification only an accurate description of what to do. The specification is
not intended to provide any method, approach, or guideline of how the design
work should proceed. Therefore, Viewcharts neither complicates nor facilitates

the design stage.

On the other hand, there are languages, like ROOM [62] described in Section 2.5,
that link specification to design and implementation. These languages believe
in a smooth transition from the requirements specification stage of software

development process to the design and implementation stage.

A somewhat general problem is to investigate the effect of specifications written
in the two classes of languages (e.g., Viewcharts and ROOM) on the design stage
and determine to what extent each one facilitates or complicates the design

stage.

e Feature Interaction Problem: Finally, an interesting problem will be to extend
our POTS example of Section 5.2 and specify various telephone features using
Viewcharts. The specification then has to deal with the problem of feature

interactions [71].
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