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Abstract

Software patterns are a new design paradigm used to
solve problems that arise when developing software within
a particular context. Patterns capture the static and dy-
namic structure and collaboration among the components
in a software design. A key promise of the pattern-based
approach is that it may greatly simplify the construction of
software systems out of building blocks and thus reuse ex-
perience and reduce cost. However, it also introduces sig-
nificant problems in ensuring the integrity and reliability of
these composed systems because of their complex software
topologies, interactions, and transactions. There is a need
to capture these features as a contract through a formal
model that allows us to analyze pattern-based designs. In
this paper, we provide a formal framework for ensuring the
integrity of the compositions in object-oriented designs by
providing mathematically rigorous modeling and analysis
techniques for object-oriented systems comprising pattern-
based designs as the basic building blocks or design com-
ponents. A case study related to a hypermedia web-based
application is presented to illustrate our approach in dis-
tributed systems.

Keywords: Component-based software design, Process
Calculus, Contract, Design Pattern, Model Checking, Web-
based systems.

1 Introduction

Component-based software development focuses on
building large software systems by integrating existing soft-
ware components [20, 16]. At the foundation of this ap-
proach is the assumption that certain parts of large soft-
ware systems reappear with sufficient regularity that com-
mon parts should be written once, and systems should be
assembled through reuse rather than rewritten [16]. For
successful component-based software development several
prerequisites are needed, including a technology base in
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form of component models, a selection of commercial of
the shelf components, integration techniques, run-time en-
vironments, development methods, and devel opment tools.

Design patterns [14] capture the distilled experience of
expert designers. The expectation is that expert designers
will have used similar proven designs to resolve similar
problems in different application domains. Patterns docu-
ment these proven designs, removing domain-specific fea-
tures thus specifying only their essential aspects. A doc-
umented pattern, then, is deployable in a new domain via
the addition of domain-specific features to the pattern’s es-
sential features. Since a design pattern is a recurring piece
of software design, it can be seen as a component, called
a design component in [20], and used to reify good design
practice from conceptual design building blocks into a tan-
gible and composable form. Design components focus on
component-based problem solving instead of component-
based implementation.

To build software systems, a designer needs to solve
many problems. Applying known design patterns to ad-
dress these problems allows the designer to take advantage
of expert design experience documented in each pattern.
Thus, software system design becomes the composition of
many design patterns, as shown in [20, 9, 10, 7]. How-
ever, simply putting patterns together may result in failures
because they can have undesired interactions. Failures to
detect these interactions may result in incorrect design de-
cisions. If design errors are transformed into implementa-
tion errors, they become even harder to detect because they
are transformed and blended into complex implementation
structures. Thus, it becomes more troublesometo debug the
errors in component-based implementations.

Although design patterns are not formal in nature, design
components that have been inspired by design patterns are
amenable for formal modeling and analysis. Design pat-
terns are generic design solutions which can be made con-
crete in an arbitrary number of ways.

Design analysiscan assist indiscovering bugsinadesign
early in the development phase and reduce the cost of find-



ing and correcting them downstream. Formal representation
and verification techniques are useful for design analysisin
that formal representations are more precise, clear, expres-
sive, and unambiguous than informal representations, such
as graphical and textual notations. Formal notations can be
the basis for verification techniques, such as model check-
ing [3], which can be used to detect errors.

In this paper, we introduce a rigorous modeling and
analysis approach to software design composition based on
formal specification and automated verification techniques.
The approach involves the modeling of design components
and their composition, and a framework in which design
compositions can be analyzed. We characterize the struc-
tural and behaviora aspects, and a specific form of evolu-
tion of these components. A case study related to a hyper-
media web-based application is presented to illustrate our
approach in distributed systems.

In the next section, we provide an overview of our ap-
proach and describe a formal model of design component,
called design component contract. In section 3, we present
a case study of web-based hypermedia application and dis-
cuss the analysis of the compositions of design components
based on the formal model in logic programming. In the
last two sections, we present related work and conclusions.

2 Overview of the Approach

In our approach, we separate the abstract specification
fromitsimplementation. The abstract specification contains
aformal model of design component, called design compo-
nent contract, and a category of properties, such as struc-
tural, behavioral, hybrid and evolutionary properties. Both
the formal models and properties can be implemented, thus,
the properties can be verified against the models to detect
violations of the properties from the analysis results.

A design component contract includes structural contract
and behavioral contract. Structural contract is modeled in
predicate logic, whereas the behavioral contract is modeled
in Calculus of Communicating Systems (CCS) [24]. Both
contracts include three kinds of operations. instantiation,
integration and evolution. Since each contract defines the
generic information about a design component, the instan-
tiation operation can be used to apply a generic contract in
a particular application. The integration operation formally
defines how to compose two or more contract to form a new
contract. As each design component is not fixed, it often
evolves in some restricted ways. The evolution operation
formally defines these kinds of changes.

Four different kinds of properties can be analyzed: struc-
tural, behavioral, hybrid and evolutionary properties. The
structural properties describe the relations of the constructs
of each design component, such as connectivity of classes
by inheritance or association relations in object-oriented

systems. The structural properties contain atom, consis-
tency, integrity and link properties. The behaviora prop-
erties are constraints such as safety, liveness, event order-
ing, and action sequence of each design component. The
behavioral propertiesconsist of global, consistency, concur-
rency, sequence and occurrence properties. A combination
of structural and behavioral propertiesis a hybrid property.
The properties related to system evolution are evolutionary
properties, which describe the possible structure changes to
adapt new requirements of each design component.

The structural contract is implemented in Prolog. The
behavioral contract isimplemented in XL that is the model
specification language of XMC [27]. Similarly, the struc-
tural and evolutionary properties are implemented in Pro-
log. The behavioral properties are implemented in -
calculus [21, 29]. The hybrid properties are implemented
in Prolog and u-calculus. XSB Prolog and XMC model
checker are used as verification tools to check different
properties against their corresponding models. The analysis
results show either property verified or counter examples.

In the remainder of this section, we formally define the
semantics of the structural and behavioral aspects of a de-
sign component contract?.

2.1 Structural Contracts

The semantics of structural contract is defined by the set
of constants, variables, and predicate symbols.

Definition 2.1 (Constant symbols) The set of constant
symbol s containseach member of C (the set of class names),
AV (the set of attribute variable names of all classes), M
(the set of method names of all classes), 7 (the set of types),
AR (the set of access rights).

Definition 2.2 (Variable symbols) There are five sets of
variable symbols ranging over the sets C, AV, M, T, and
AR, denoted as V¢, Vay, Vi, Vi, and Vg, respectively.
In the followingwe denotewith C'I" (i.e., classterms) asthe
set Ve U C. Smilarly, AVT (attribute terms), MT (method
terms), TT (type terms), and ART (access right terms) de-
notethesets V4, UAV, Vi UM, V- UT,and Vir UAR,
respectively.

Definition 2.3 (Predicate symbols) The set of predicate
symbols consists of five sets: Role predicates (RP) ex-
press the information on the roles of each design compo-
nent. They define the participants within each design com-
ponent. Connection predicates (CP) capture the relation-
ships between the roles of each design component. They
define how the roles are connected. Action predicates

I We omit the definitions of the instantiation, integration and evolution
operations, the modeling rules, and the definitions of structural, behavioral
and evolutionary properties. We refer to [8] for details.



(AP) describe the actions that a role can perform in a
design component. Set predicates (SP) depict the infor-
mation about an arbitrary number of instances of a role.
All set predicates are denoted by SPT (i.e, SPT = SP).
Quantification predicates (QP) define the way to quantify
a set of elements. The sets of role predicates, connection
predicates, and action predicates are defined as PT (i.e,
PT'=RPUCP UAP).

Predicates belongingto RP,CP, AP, SP, and QP can
befoundin[11]. The atomsand literalsthat can be specified
on the basis of the predicate symbols are the corresponding
names in each design component.

Definition 2.4 (Structural Contract) The structural as-
pect of a design component contract SC isatupleSC = (C,

AV, M, T, AR, PS), where C' isa set of classes in the design
component; AV isa set of attributes defined in classes C;

M isaset of methodsdefined inclasses C; 1" isaset of types
that are used to define the attributes and methodsin classes
C; AR isa set of access rightsthat the attributes and meth-

ods can have in a class of C. It provides the mechanism for
information hiding. For example, AR = {public, protected,
private}; and P.S isa set of predicate symbols that specify
a structural aspect of a design component. These predicate
symbols declare the static model of a design component.

2.2 Behavioral Contracts

In contrast to the structural aspect of a design component
contract, the behavioral contract describes the dynamic in-
formation, such as the collaboration among the objects par-
ticipating in the component and the creation of new objects.
The behavioral contract is modeled by the collaborations of
societies of objects that play different roles and work to-
gether to carry out some behavior that is bigger than the
sum of the elements. The behavioral contract is essential
because the structural contract only captures the static in-
formation, but patterns are also characterized by the inter-
actions among the objects and operations. We use process
algebras, in particular CCS[24], to define aformal semantic
model of behavioral contracts due to their powerful model
of behavior and concurrency. The sub-calculusof CCS syn-
tax we consider is shown as follows:

P:=0|aP|P+P|PP|P

where terms generated by P are also called processes; the
prefixing a. P is sequential composition and the action «
range over a nonempty set of actions including a distin-
guished action  for unobservable activities; the summation
P+ P isnon-deterministicchoiceand ;. ; P; isthe sum-
mation over index set I; P|P is paralel composition and
I1;¢ s P; isthe parallel composition over index set 7; P[f] is

relabelling where f are relabeling functions preserving ob-
servability (i.e., f=*(r) = {r}); 0 isnil process that cannot
excute any action. We shall often omit the dot of the action
prefix, and drop the trailing 0’s from expressions, therefore
for example, a.0 + b.¢.0 isshorthanded to a + be. We refer
to [24] for further details of CCS.

Definition 2.5 (Behavioral Contract) The behavioral as-
pect of a design component contract BC isatuple BC = (P,
IP, OP, IM, OM, TM,OM;, A), where P is a finite set of
process names; |P is a finite set of input ports attached to a
process, OP isa finite set of output ports attached to a pro-
cess; IM is a finite set of input messages sent to a process,
and OM is a finite set of output messages sent from a pro-
cess;, /M isthe finite set of input messages sent from out-
side the design component to a process p € P, and OM
is the finite set of output messages sent outside the design
component froma processp € P; Aisa set of finiteactions
that can be performed by a process.

Definition 2.6 (CCS-Process of Behavioral Contract)
Let BC = (P, IP, OP, IM, OM, TM;,OM;, A) be the be-
havioral contract of a design component, and assume the
following auxiliary definitions: A(p, ¢) isthe set of actions
that are performed when the process p receives a message
i, OM (p, i) isthe set of messages that are sent out by pro-
cess p when it receives a message i, P(p, 1) is the set of
processes that are executed by process p when it receives a
messagei. Then, the CCS-Process CCSBC) induced by the
behavioral contract BC is defined by introducing, for each
process p € P an equation:

BC(p) = Z,GIM(,;) (in(p, i).action(A(p, i)).P(p, i).out(OM(p, i)).BC(p)).
Thus, CCS(BC) = (,ep BC(p))[f].
where [f] isarelabelling operator that is defined as follows.

Definition 2.7 (Relabelling) Let £ be a set of labels. The
relabelling functionfisdefined by f : IM —IM; — £ and
f:OM—-0OM; — L. Foreachi € (IM — IM;) and
o € (OM — OMy), iff(i) = f(0), i.e. message i and mes-
sage o are relabeled to the same label, then these messages
synchronize their corresponding processes. Thisrelabelling
function can be abbreviated by b, /a1, ..., b,/a, o that the
f renames a; to b; (f(a;) = bi,a; # b;), and leaves any
other action (a; = b;,j ¢ [1...n]) unchanged. Associated
with f isthe relabelling operator [f].

3 Case Study: A Hypermedia Web-Based
Application

As the World Wide Web continues to become an impor-
tant platform for information systems, hypermedia applica-
tions keep growing in size and complexity. The design and
development of these hypermedia applications have been
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Figure 1. The Navigational Contexts Pattern (Class Diagram)

recognized as a difficult process, especialy for large ap-
plications [2]. Hypermedia engineering is the application
of software engineering practices to the development of hy-
permedia applications, which include those developed for
the World Wide Web.

Hypermediadesigners normally do not solve every prob-
lem from scratch. They typically reuse the solutions they
used previously [28]. It is critical to capture experts de-
sign experience and convey to others. Hypermedia design
patterns [28, 18] have been proposed to reuse hypermedia
components so that the designer can reason in terms of ex-
isting hypermedia structures. Large hypermedia applica-
tions often contain many design patterns working in con-
cert to solve complex problems. Many problems are ubig-
uitous and designers are likely to face them eventualy. A
catalog of fifty one hypermedia design patterns have been
documented in [18]. Discenza [5] has conducted a study of
hypermedia design patterns based on thirty four virtual mu-
seums al over the world. To illustrate our approach, we an-
alyze the design of a virtua art museum (National Gallery
of Art, http://www.nga.gov/), which is a complex applica-
tion containing more than 100,000 objects in the Gallery’s
collection database [25]. A detailed model and description
of thisapplication can be foundin [17, 5]. We have chosen
to analyze this design with respect to some hypermedia de-
sign patterns since this set of patternsillustratesthe features
of our analysis approach and the kindsof propertiesthat can
be checked. We do not show the formalization of all the pat-
ternsin this application since the goal of this case study is
to show the applicability and accuracy of our approach.

This case study illustrates how to apply our analysis ap-
proach in hypermedia applications. In particular, we fo-
cused the analysis on the design of a virtual art museum
that has many collections of paintings. In avirtual museum,
each painting is displayed with some complementary infor-

mation, such as the information about the author, the infor-
mation about the painting, the time and place of the paint-
ing. The paintings in the museum are classified into some
categories by different criterion, such as by authors and by
time. The user can traverse the paintings through different
categories. More specifically, the virtual museum needs to
cope with the following design issues: (1) Each painting
may have several attributes, such as the graphical presenta-
tion of the painting, the textual explanations about its au-
thor, some information about the painting and the time and
place of the painting, the category to which it belongs. It is
required to provide mechanisms for the user to learn each
attribute of a painting in an efficient and effective way. (2)
Itisrequired to have a history to record the navigation path
and alow the user to go backward and forward. (3) The
user is able to study the museum with different themes or
categories as, e.g., the paintingsin 18th century, the paint-
ings of a particular author, the paintings about war, etc. (4)
The user needs to have visual knowledge of his’her position
in the virtual museum, and can change the position easily.
Hypermedia design patterns, such as the Active Refer-
ence, Information on Demand, Navigational Contexts, and
Navigational Observer patterns, can be used for the design
of this system. In the following, we show the structura
and behavioral contracts of the Navigational Context pattern
component? and the contracts of the integrations of these
components. Consequently, we can show how our formal
framework can help the analysis of pattern-based designs.

3.1 Navigational Contexts Pattern

Hypermedia applications usually involve navigating col-
lections of nodes, which may be explored in different orders

2The structural and behavioral contracts of other hypermedia design
patternsare presented in [8].



depending on the task the user is performing. For example,
collections of paintings may be studied author by author, or
explored by different categories, such as nature paintings or
architecture paintings. One of the problemsis how to orga-
nize a collection of nodes such that people can traverse them
in different ways as specified previously in the first design
issue. The Navigational Contexts pattern solves this prob-
lem by separating the context information from the content
of a hypermedia component and dynamically attaches dif-
ferent context information to a component [28]. The UML
diagram for the Navigational Context pattern is shown in
Figure 1. The structural contract is shown in the following.

Example 3.1 Consider the Navigational Contexts pattern
described previously. The structural aspect of the design
component contract related to this pattern is SC yavcon =
(C, AV, M, T, AR, PS). The set of classesin the design com-
ponent is C = {Component, Context, Content, Composite,
ConcreteContext}. The set of attributes defined in classes
Cis AV = {Components, Children}. The set of methods de-
fined in classes Cis M = {Show, Add, Remove, GetChild}.
The set of types that are used to define the attributes and
methodsinclasses CisT = {void}. The set of accessrights
that the attributes and methods can have in a class of C
is AR = {public, private}. The set of predicate symbolsis

PS=RPUCPUAPUSPUQP,where

RP = abstractclass(Component), abstractclass(Context),
class(Content), class(Composite), variable(Context, private, Components, Compo-
nent), variable(Composite, private, Children, Component), method(Component, pub-

lic, Show, void), method(Component, public, Add, void), method(Component, pub-

lic, Remove, void), method(Component, public, GetChild, void), method(Content,

public, Show, void), method(Context, public, Show, void), method(Composite, pub-

lic, Show, void), method(Composite, public, Add, void), method(Composite, public,

Remove, void), method(Composite, public, GetChild, void) }

CP = { inherit(Component, Content), inherit(Component,
inherit(Component, Composite) }

AP = { invoke(Context, Show, Components, Show) }

SP = { member(ConcreteContext, ConcreteContextSet), member(Child, Children) }

QP = { foral(member(ConcreteContext,  ConcreteContextSet),  CS),
forall(member(Child, Children), CO) }

Cs = { class(ConcreteContext), inherit(Context, Concrete-
Context), method(ConcreteContext, public, Show, void), method(ConcreteContext,
public, AddBehavior, void), invoke(ConcreteContext, Show, Context, Show), in-
voke(ConcreteContext, Show, ConcreteContext, AddBehavior) }

CO = { invoke(Composite, Show, Child, Show) }

Context),

The behavior of the Navigational Contexts pattern is de-
fined by the collaborations among the objects participating
this pattern. It describes the interaction of these objectsand
their state changes. The behavioral semantics of this pattern
describes how a collection of hypermediacomponentsis ag-
gregated and how the content of each component is attached
with its context information (see Figure 2). The behavioral
contract of this design component is given next.

Consider the behavior of the Navigational Contexts pat-
tern. The inter-object relationships of this pattern compo-
nent describe the interactions among the Context, Content
and Composite Objects. When an outside request to display
a collection of hypermedia components is received by the
outermost Context, the Context will first send messages to

n:Content

x:Context

x.AddedBehavior

Figure 2. The Navigational Contexts Pattern
(Collaboration Diagram)

all inner components to display themselves, and then it will
display itself.

Example3.2 Let BCnavcon = (P, IP, OP, IM, OM,
IMp,OMj, A) bethe behavioral contract of Navigational
Contexts pattern component and its CCS processes be
CCYBCNavcon)- The set of processes in the design com-
ponent is P = {Composite, Content, Context}. The set of
input portsisIP = {X2I, X2N, 12X, 12N, Saif, Input}, where
X2l (resp. X2N, 12X or 12N) stands for the input port of
the Composite (resp. Content, Context or Content) process
receiving messages from the Context (resp. Context, Com-
posite or Composite) process, and Self is an input port for
message its own process. All messages from outside of the
process are received in the input port Input. The set of out-
put portsis OP = {X2I, X2N, 12X, 12N, Self}. The set of
input messages is IM = {Add, Remove, GetChild, Show}.
The set of output messages is OM = {Show}. The set of
input messages in the interface is 7M; = {Add, Remove,
GetChild, Show}. The set of output messages in the inter-
faceisOM; = { }. Theset of actionsis A= {Add, Remove,
GetChild, Show, AddedBehavior}. The CCS processes are
defined by CCS(BC'n 4y o), Where

Composite(Name, X2I, 12X, 12N) ::= in(Input, Add).action(Add).Composite(Name,
X2I, 12X, 12N) + in(Input, Remove).action(Remove).Composite( Name, X2I, 12X,
I12N) + in(Input, GetChild).action(GetChild).Composite(Name, X2I, 12X, I2N) +
(in(Input, Show) + in(X2l, Show) + in(Self, Show)).(out(I2X, Show) + out(I2N,
Show) + out(Self, Show)).action((Show, Name)).Composite(Name, X2I, 12X, 12N)
Content(Name, X2N, I2N) := (in(X2N, Show) + in(I2N, Show)).action(
Show(Name)).Content(Name, X2N, I2N)

Context(Name, AddedBehavior, 12X, X2N, X2I) ::= (in(Input, Show) + in(12X,
Show)).(out( X2N, Show) + out(X2I, Show)).action((Show, Name)).action( Added-
Behavior).Context(Name, AddedBehavior, 12X, X2N, X2I)

Navigational Context ::= Composite(aComposite, X2I, 12X, 12N) | Content(aContent,
X2N, 12N) | Context(aContext, aBehavior, 12X, X2N, X2I)

3.2 Integration

There can be different ways of integrating these pattern
components. Figure 3 shows one possible way of the in-



tegration, where the painting, picture, author, composite,
and button classes play the roles of Component, Context,
Content, Content, Composite, and ConcreteContext, respec-
tively, in the Navigational Context pattern.

In order to explicitly represent a pattern instance when
it is composed with other pattern instances, we extend the
UML notation with the tagged pattern notation to depict
the pattern and/or participant names associated with a given
class, operation or attribute[6]. Each classin Figure 3isat-
tached with a tag containing the corresponding pattern(s) it
participates and the corresponding role(s) it playsin the pat-
tern(s) in the form of “pattern:role”. Symmetrically, each
operation (or attribute) is attached with a tag containing
the corresponding pattern(s) it participates and the corre-
sponding role(s) it plays in the pattern(s). For instance,
the picture class participates in two patterns: the Informa-
tion on Demand pattern and the Navigational Contexts pat-
tern. It plays the role of NodeAttribute and Content in the
two patterns, respectively. The Active Reference, Naviga-
tional Contexts, Information on Demand and Navigational
Observer patterns are abbreviated as “ActRef”, “NavCon”,
“InfoDem” and “NavObs’, respectively.

Example 3.3 Consider the structural contracts of the Ac-
tive Reference, Navigational Contexts, Navigational Ob-
server and Information on Demand components previously
defined. Let the integration of these structural contracts
be SCcompine = <C, AV, M, T, AR, PS>. The set of
classes in the design component is C = {Page, Presenta-
tion, History, AbstractViewer, Viewer, Painting, Reference,
Map, Context, Button, Picture, Author, Composite}. The set
of attributes defined in classes C is AV = {History, Sub-
ject, Views, Components, references, Children}. The set
of methods defined in classes C is M = {Show, Navigate,
Record, Backtrack, Init, Select, Add, Remove, GetChild,
Notify, Update, Display, GoTo, ShowButton}. The set of
types that are used to define the attributes and methods in
classes C is T = {Painting, Picture, Author, Page, History,
AbstractViewer, Reference, void}. The set of access rights
that the attributes and methods can have in a class of C
is AR = {public, private}. The set of predicate symbolsis
PS=RPUCPUAPUSPUQP,whichispresentedin
[17].

Example 3.4 Consider the behavioral contracts of the Ac-
tive Reference, Navigational Contexts, Navigational Ob-
server and Information on Demand components previously
defined. Let theintegration of these behavioral contracts be
BC¢ompine = <P, IP, OP, IM, OM, I My, OMj, A> and its
CCSprocesses be CCYBC ¢ ompine)- The set of processes
in the design component is P = {Picture, Author, Presen-
tation, Page, History, Viewer, Composite, Content, Button,
Reference, Painting}. The set of input portsis IP = {P2N,
N2H, H2V, H2N, V2H, X2I, X2N, 12X, 12N, R2C, C2R, SHif,

Input}. The set of output portsis OP = {P2N, N2H, H2V,
H2N, V2H, X2I, X2N, 12X, 12N, R2C, C2R, Self}. The set of
input messagesisIM = {Init, Select, Display, Navigate, Ac-
tivate, Record, Backtrack, Add, Remove, GetChild, GoTo,
Update, Notify, Show}. The set of output messages is OM
= {Display, Activate, Record, Backtrack, Show, Update}.
The set of input messages in the interface is IM; = {Init,
Select, Navigate, Add, Remove, GetChild, Show, GoTo, No-
tify}. The set of output messagesin theinterfaceisOM =
{ }. The set of actionsis A = {Display, Init, Select, Navi-
gate, Activate, Record, backtrack, Add, Remove, GetChild,
ShowButton, GoTo, Update, Notify, Show}. The CCS pro-

cesses are defined by CCBC'¢ompine), Where
InformationOnDemand ::= Node(Picture, P2N) | Node(Author, P2N) | Presenta
tion(Presentation, P2N)

Navigational Observer::= Node(page, N2H, H2N) | History(history, N2H, H2V, V2H,
H2N) | Viewer(viewer, V2H, H2V)

Navigational Context ::= Composite(composite, X2I, 12X, 12N) | Content(content,
X2N, 12N) | Context(button, ShowButton, 12X, X2N, X2I)

ActiveReference ::= Reference(reference, R2C, C2R) | Component(painting, C2R,
R2C)

Combination ::= InformationOnDemand | Navigational Observer | Navigational Con-
text | ActiveReference

3.3 Design Analysis

In this section, we describe our techniques to analyze
both the individual design components and the resulting
composition. If errors or inconsistencies are found, we need
to change the way the components are integrated.

Example 3.5 Consider Prolog implementation of the first
consistency property consistencyl (X) :-
class (X), abstractclass(X), which is checked
against the first version of the formal integration contract
SC¢ombine described Example 3.3. The UML diagram of
thisintegrationis shown in Figure 3. The verification result
is shown in the following.

| ?- consistencyl (X) .
X = painting;

no
| 2

The verification result showed that there was class def-
inition inconsistency related to the painting class. In fact,
the painting class was defined as both an abstract class and a
concrete class in the composition of the Prolog descriptions.
Since the painting class is shared by the Active Reference,
Navigational Contexts and Information on Demand pattern
components, there should be interactions among these three
design components. By taking a close look of these design
components, the reason for this inconsistency can be found
that the Active Reference pattern defines the Component
class, whose instance is the painting class, as a concrete
class whereas the Navigational Contexts pattern defines the
Component class, whose instance is the painting class, as
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an abstract class. This means that the Component class in
the Active Reference pattern cannot be mapped to the paint-
ing class that has the role of Component in the Navigational

Contexts pattern and the role of Node in the Information on

Demand pattern. Therefore, we modify the design compo-
sition by mapping it to the picture and author classes (the
role of Content in the Navigational Contexts pattern). Thus,

the reference class (an instance of the Reference classin the
Active Reference pattern) should have association relation-
shipswith the picture and author classes instead of withthe
painting class in Figure 3. The class diagram of the modi-
fied design as the second version of the integration can be
foundin[11].

In [8], we have defined six kinds of sequence proper-
ties: while, eventual, possible, until, unless, and then prop-
erties. In the following, we demonstrate the verification of
two then propertiesrelated to this case study. Consider the
behavioral contract BC ¢ omeine Of theintegration described
in Example 3.4. The idea of the Active Reference patternis
to have a permanent and visible reference to a navigation
structure and be able to change the current position by call-
ing the goTo operation in the reference class. Therefore, the
invocation of the goTo operation should eventually invoke
both the show operationsin the picture and author classes
(sequence1l) and the show operation in the concrete con-
text class (sequence?2), that isthe button class. Thesetwo
show operations display the content and the context infor-
mation of a hypermedia component respectively.

Example 3.6 (Then) The then property that an action «
eventually happensand an action b eventually happens after
a happensin the integration is denoted by
pX.[bltt v ([-]1X A a]tt)

The first then property is that the content of a hyperme-
dia component will be eventually displayed when the user
changes the current position on an active map. The second
then property is that the context of a hypermedia compo-
nent will be eventually displayed when the user changesthe
current position on an active map. These two propertiesare
implemented generically in XMC as follows:

sequencel (Reference, GoTo, Content, Show) -=
[rGoTo (Reference, GoTo)] formulal (Content, Show)
/\ [-] sequencel (Reference, GoTo, Content, Show).
formulal (Content, Show) +=
<nShow (Content, Show)> tt
\/ forml (Content, Show)
\/ [-] formulal (Content, Show).
forml (Content, Show) +=
<nShow (Content, Show)> tt
\/ [-{rGoTo( , )}] forml(Content, Show).

sequence2 (Reference, GoTo, ConcreteContext, Show) -=

[rGoTo (Reference, GoTo)] formula2 (ConcreteContext, Show)
/\ [-] sequence2 (Reference, GoTo, ConcreteContext, Show).

formula2 (ConcreteContext, Show) +=
<ccShow (ConcreteContext, Show)> tt
\/ form2 (ConcreteContext, Show)
\/ [-] formula2 (ConcreteContext, Show).
form2 (ConcreteContext, Show) +=

<ccShow (ConcreteContext, Show)> tt
\/ [-{rGoTo( , )}] form2(ConcreteContext, Show) .

A test Prolog program is written as following:

:- import checkit/1l from count.
:- xlc(combine) .

test :-
write (’Sequencel’),
checkit (mck (combination, sequencel (reference,
[picture, author], show)))
write (’Sequence2’),
checkit (mck (combination, sequencel (reference,
button, show))) .

goTo,

goTo,

By running the above Prolog program, the model check-
ing results are shown as following:

| ?- test.

Sequencel mck (combination, sequencel (reference, goTo,
[picture, author], show)) is true.

Sequence2 mck (combination, sequence2 (reference, goTo,
button, show)) is false.

yes

The previous model checking results show that the first
property, that the show operationsin the picture and author
classes are eventually invoked, holds. However, the sec-
ond property, that the show operation in the concrete con-
text class (the button class) is eventualy invoked, does not
hold. Thus, when the user clicks on the active reference
such as the map of a museum to change the current posi-
tion, only the content of the newly chosen component will
be displayed. The context information (the buttons) of this
component will not be shown. We have lost all context in-
formation and are not able to navigate by the context links.
The solution to this problem isto move the sharing part fur-
ther down to the concrete context class (button) as the third
version of the integration shown in Figure 4. The model
checking results show that both properties hold thistime.

In the following, we show the verification of a hybrid

property.

Example 3.7 (Invocation) Consider the structural con-
tract SCcombine and the behavioral contract BC compine
with its CCSprocess CCS(BC ¢ompine) Of the integra-
tion described in Example 3.3 and Example 3.4, respec-
tively. The predicate invoke(Presentation, Show, Demand,
Display) is in the set of PS. Thus, eventually an action
action(Show) € A occurs and eventually an action
action(Display) € A will occur after action(Show), which
is denoted by

pX . [action(Show)]tt V ([-]X Alaction(Display)]tt)
in p-calculus, which is a sequence property and can be im-
plemented in XMC as following:
sequence3 (Presentation, Show, Demand, Display) -=

[pShow (Presentation, Show)] formulal (Demand, Display)
/\ [-] sequence3 (Presentation, Show, Demand, Display) .
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formulal (Demand, Display) +=
<display (Demand, Display)> tt
\/ form3 (Demand, Display)
\/ [-] formula3 (Demand, Display) .

form3 (Demand, Display) +=
<display (Demand, Display)> tt
\/ [-{pShow( , )}] form3(Demand, Display) .

A test Prolog program is written as following:

:- import checkit/1l from count.
:- xlc(combine) .

test :-
invoke (presentation, show, demand, display),
write (’Sequence3’),
checkit (mck (combination, sequence3 (presentation,
show, demand, display))).

where the test result is true if both the structural property
invoke(presentation, show, demand, display) and the behav-
ioral property sequence3(presentation, show, demand, dis-
play) hold. Since the model checking of behaviora prop-
erties can be described as a Prolog rule (checkitl), this test
program combines the checking of a structural property and
abehavioral property in Prolog. By running the above Pro-
log program, the results are shown as following:

| ?- test.
Sequence3 mck (combination, sequence3 (presentation,
show, demand, display)) is true.

yes

The results show that both the structural property and the
behavioral property hold.

4 Related Work

The notion of contracts in software development is at-
tributed to Meyer [23]. Another contribution, the OO-
contracts of Helm et al. [19] focus on specifying the be-
havior and interactions between objectsin a system. Helm
et al. noticed that the behavior of an object could not bein-
ferred from its interface, leading to design and reuse prob-
lems. Contracts formalize the behavioral relationship be-
tween objects and define a set of participants and their obli-
gations. In[1], Beugnard et al. proposeafour-level contract
for componentsto increase trust. In this paper, we defined a
formal model of design component based on contract and a
rigorous analysis approach to software design composition
based on automated verification techniques.

Keller et al. [20] described a methodical approach to de-
sign composition which was illustrated as a process within
afour-dimensional design space. They characterized a spe-
cia kind of component, called design component, and dis-
cussed a development process to compose these compo-
nents at the design level and generate source code frames or
executable code. Although our approach is aso in the area

of software composition, it focuses on the formal, declara-
tive, and property-based aspects of design composition.

Model checkingimplicit-invocationsystems hasbeenin-
vestigated in [15]. Implicit-invocation systems were mod-
eled by the structure elements including components, event
types, shared variables, event bindings, event delivery poli-
cies and concurrency models. A run-time state model was
also constructed with the mechanisms that handle event an-
nouncement, event buffering, and method invocation and
the mechanisms that implement event dispatch and event
delivery policy. This modeling process is highly domain-
specific. Modeling techniques for one class of software
systems may be completely inappropriate for another. Our
work on modeling design component contracts can be seen
as another domain-specific model checking framework.

Property patterns [12, 13] have been proposed to pro-
vide taxonomy of properties written in LTL [22], CTL [4]
and QRE [26]. Each property pattern is defined in terms
of its scope, which is the extent of the program execution
over which the pattern should hold. Five basic kinds of
scopes, global, before, after, between and after-until, have
been identified. There are three property patterns: occur-
rence patterns, ordering patterns and compound patterns.
Thiswork provided taxonomy of propertiesin general. This
taxonomy may help users to understand and use these prop-
erties. However, besides general properties, we address spe-
cific properties related to the domain of design component
such as evolutionary and hybrid properties.

5 Conclusions

Inthispaper, we have introduced an overview of aformal
model of design component based on contract and a rigor-
ousanalysis approach to software design composition based
on automated verification techniques. The definition and
analysis of design component contract are based on logic
programming. Discovering compositionerrorsat the design
level istypically much easier than at the code level because
asmall piece of design may be mapped to thousands of lines
of implementation code. The design errors may be hidden
in complex implementation structures and are very costly to
analyze or detect. Further, at the implementation stage they
are very costly to modify. In this paper, we provide a case
study toillustrate our approach on detecting design errorsin
the compositions of design components. Our work includes
formal definitions of design components and their compo-
sitionsin general. Instances of a design component can be
derived from these formal definitions. Their compositions
can be analyzed by checking the properties of these design
components.

Our approach has several advantages. Firgt, it allows us
to find errors in the design composition early in the devel-
opment process and save the costs of having to correct them



later. Second, it provides mechanisms to achieve automated
verification of the properties of software designs. Third, the
generic representations of design components can be stored
in a repository and retrieved for instantiation and integra-

tion in a specific application. Fourth, as the composition of

components can be treated as a component, the design anal -
ysis can scale up incrementally to large component-based
software systems. Fifth, contracts were able to capture the
complex design component topol ogies and interactions and

could be used to analyze pattern-based designs.
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