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Abstract. Integrating software components to produce
large-scale software systems is an effective way to reuse
experience and reduce cost. However, unexpected inter-
actions among components when integrated into soft-
ware systems are often the cause of failures. Discovering
these composition errors early in the development pro-
cess could lower the cost and effort in fixing them. This
paper introduces a rigorous analysis approach to soft-
ware design composition based on automated verification
techniques. We show how to represent, instantiate and
integrate design components, and how to find design com-
position errors using model checking techniques. We il-
lustrate our approach with a Web-based hypermedia case
study.

Keywords: Design patterns – Software design – Soft-
ware components – Software specification – Verification –
Model checking – Hypermedia systems

1 Introduction

Use of previously developed components in building soft-
ware systems is an appealing idea because of the apparent
reduction in cost and effort. Use of components should
also lead to faster time-to-market for complex software
applications. Further, since these components have prob-
ably been tested in use and may have even been formally
validated they should produce a more robust software
system. The task of integrating components at the de-
sign level requires the behavior, which is given in terms
of the services and inter-connectivity between these com-
ponents, to be composed without compromising system
integrity and invariant. When the composition is inade-
quate to accomplish this, mostly because of unanticipated
interactions among the components, software failures are

introduced and the system becomes unreliable. Our main
goal is to provide techniques that allow component com-
position at the design level in order to reduce or prevent
these integration problems. Previous research [11] indi-
cates that deep knowledge about the domain and about
the software design is a critical factor in the construction
and integration of such applications.
Software components are often selected based on their

guarantee of critical functional, fault-tolerant, real-time,
and performance properties. Proving such properties still
hold after the composition of these components can in-
crease our confidence in the correctness and reliability
of the integration. Proofs based on formal, rather than
informal, techniques make our reasoning precise; more-
over, they are amenable to mechanical aids such as syntax
and semantics checkers. There is an increasing interest
in modeling software by various formalisms and checking
properties or finding errors against the models by model
checkers [5]. Numerous examples can be found [6] in areas
such as requirement analysis, distributed cache coherence
analysis, word processor design analysis, mobile IP pro-
tocol analysis, CAD algorithm analysis, and Java meta-
locking algorithm analysis.
At the architectural design level, object-oriented and

Web-based frameworks use design components as devel-
opment building blocks. Design components [15], such
as object-oriented design patterns [13], have been pro-
posed to reify good design practice from conceptual de-
sign building blocks into a tangible and composable form.
Design components focus on component-based prob-
lem solving instead of component-based implementation.
There has been substantial interest in discovering and
documenting such reusable design experience in differ-
ent domains as, for example, in hypertext design [22]. On
the other hand, there has been little work on reasoning
about the interactions among the design patterns when
they have been composed.
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In this paper, we introduce a rigorous analysis ap-
proach to software design composition based on auto-
mated verification techniques. The approach involves
generic modeling formalism for design components and
a framework in which the composition of such compo-
nents can be verified. The main contributions can be
summarized: (i) an approach to specify an abstract de-
sign component in a generic way. This generic specifi-
cation can be instantiated to the model of a concrete
design component with the corresponding domain know-
ledge of the application; (ii) a process that supports
the verification of design components in order to ana-
lyze through model checking whether behavioral com-
position properties hold; (iii) a case study applying the
systematic approach to specify and verify the composi-
tion of design components in the Web-based hypermedia
domain.
We have chosen to illustrate the verification frame-

work through the design of a Web-based hypermedia
documentation system. Hypermedia systems when used
to deliver software product information are quite com-
plex software systems themselves. Component-based ap-
proaches [15, 18] have been proposed as a promising solu-
tion to some of the problems that designers and integra-
tors face when building their systems. According to these
approaches, the hypermedia system is divided into com-
ponents that address different hypermedia concerns such
as content creation and presentation issues. The LivePage
Web-based information system [10] is an example of a so-
lution that follows this trend.
The remainder of this paper is organized as follows.

Section 2 describes the gist of our analysis techniques
including a design analysis process based on abstract de-
sign component specifications and model checking tech-
niques. Section 3 gives details of a case study illustrating
the design analysis process. We analyze a Web-based hy-
permedia design by checking whether relevant behavioral
system properties hold. The last two sections are related
work and conclusions.

Fig. 1. Model overview

2 Analysis technique

In this section, we introduce a design analysis process
that includes design component representation, instan-
tiation, integration and property checking. We also de-
scribe the model checking technique used to verify com-
position properties.

2.1 Overview

Modeling techniques. An overview of our model-based
approach is shown in Fig. 1. Note that we separate the
structural aspects and the behavioral aspects of a design.
Initially, we model the design components using UML [4].
The structural and behavioral aspects of the design com-
ponents are described through class diagrams and col-
laboration diagrams respectively. In addition, we also use
class diagrams to represent the structural evolution of
design components. Then, the structural and evolution-
ary aspects of each design component are transformed
into Prolog representations and the behavioral aspects
are transformed into process algebra representations. The
representation of both structural and behavioral aspects
of all design components in an application is then com-
bined to form the design composition model. Proper-
ties are described in temporal logic and can be checked
against the model. Since graphical notations are more in-
tuitive and generally easier to understand, we use such
notations as the method for designers and integrators to
build their designs. In this way, they are not directly ex-
posed to the intricacies of the underlying formalisms. On
the other hand, the informal graphical models, which lack
precision and may be ambiguous, cannot be the bases for
a formal analysis. A formal model allows us to reason
about the properties of design compositions and to verify
our designs before system implementation.

Analysis process. Figure 2 illustrates the main charac-
teristics of the analysis process underlying our approach.
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Fig. 2. The design analysis process

Design components are represented through declarations
using Prolog and XL. The representations are generic
in the sense that they capture good design practice in
a domain-independent way. These declarations, which
constitute models of the design components, are instanti-
ated into concrete domain-specific representations and, in
this way, design practice can be reused. The concrete de-
sign components are integrated into a model of the design
composition that is then subjected to automated verifi-
cation. Formal automated verification techniques consti-
tute the core of our analysis approach. Essentially, we rely
upon Prolog proofs and model checking techniques [5] to
analyze the composition and integration of design com-
ponents. Model checking entails comparing two formal
objects (Σ, φ), e.g. the software design components and
their compositions are portrayed as a logic model, Σ, and
the properties of these components are represented as
logic formulas, φ. One assumes that if a formula φ is true
in the model Σ, then the corresponding property holds in
the model of the design.We use a model checker as a black
box to check Σ against the property specification, φ. The
model checker outputs either true, if Σ satisfies φ, or
a counterexample, if it does not. When a property vi-
olation is found, we can go back to check and update
the design composition. One reason why this verification
technique is so promising is that model checking can be
automated for a number of temporal logics.

XMC [20] is a model checker for verifying tempo-
ral properties of a system. It is written in the XSB
table Prolog programming system [26]. Temporal proper-
ties are expressed in the alternation-free fragment of the
µ-calculus [14], a very expressive temporal logic; the sys-
tem to be verified is described in the model specification
language for XMC (called XL) which is a highly expres-
sive extension of value-passing CCS [17, 23]. Prolog terms
and predicates are used respectively to represent values
and computations. Thus, specifications can make use of
recursive data structures and computations. When a XL
specification of a system is loaded in XMC, the user can
write properties related to the system in µ-calculus and
run XMC to check these properties against the XL spe-
cification automatically. If the properties hold, XMC will
reply “yes”, otherwise “no”. XMC has been successfully
used to verify various software systems as documented
in [21].
In the next subsections, we describe each phase of

our design analysis approach. In particular, we show how
to represent, instantiate and integrate design compo-
nents. We also illustrate how to verify composition prop-
erties of these components through a case study. Since we
have described the representation and verification of the
structural and evolutionary aspects of the design com-
ponents in [1], we focus our attention on the behavioral
aspect and verifying behavioral composition properties
expressed in the µ-calculus temporal logic using the XMC
model checker in this paper.

2.2 Representation

Initially, design components, such as design patterns, are
represented in UML diagrams. The design componen-
t’s behavior is represented using UML collaboration dia-
gram. The behavioral aspects of the design components
are then transformed into XL, the model specification
language for XMC.
The syntax of the XL specification is given next:

Pdef → ( Pname ::= Pexp . )*
Pname → Term
Pexp → Pexp o Pexp Prefix

| Pexp # Pexp Choice
| Pexp ’|’ Pexp Parallel Composition
| Pexp @ PortMap Relabelling
| Pexp \ PortList Restriction
| Pname Recursion
| in(Port,Term) Communication (input)
| out(Port,Term) Communication (output)
| action(Term) Communication (non-sync)
| Comp Computation (Prolog expression)
| if(Comp, Pexp, Pexp) Conditional Expression
| zero Empty process (0 in CCS)
| nil Empty computation

PortMap→ [Port / Port (, Port / Port)*]
PortList→ { Port (, Port)* }
Term→ PrologTerm
Comp→ PrologPredicate
Port→ PrologAtom

“Pname” is a parameterized process name, represented
as a Prolog term. Operation ‘o’ is sequential composi-
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tion; ‘#’ is nondeterministic choice; ‘|’ is parallel com-
position; ‘@’ is relabeling where “PortMap” is a list
of substitutions; and ‘\’ is restriction where “PortList”
is a list of port names. Process “in(Port,Term)” in-
puts a value over port “Port” and unifies it with term
“Term”; “out(Port,Term)” outputs term “Term” over
port “Port”; Process “action(Term)” specifies an ac-
tion that is represented by “Term” and used for non-
synchronous communication. “Comp” is a computation,
e.g., X is Y+1. Process “if (Comp, Pexp, Pexp)” behaves
like the first “Pexp” if computation “Comp” succeeds
and otherwise like the second “Pexp”. Recursion is pro-
vided by a set of process definitions, “Pdef”, of the form
“Pname ::= Pexp.”
The behavior of a design component is defined in

terms of processes and their communications in Defini-
tions 1 and 2. An object is modeled as a process. The
interactions among objects are modeled as process com-
munications. A process may have input and output ports
which can send (or receive) input (or output) messages.
A process can also perform some actions.

Definition 1. The behavioral aspect of a design compon-
entBDC is a tupleBDC = 〈O,P, IP,OP, IM,OM, IMI ,
OMI , A〉, where

– O is a finite set of object names. These objects are the
instances of classes in the design component.
– P is a finite set of process names. The behavior of each
object o ∈O is modeled as a process p ∈ P in XL, where
P :O↔ P . We denote the process for object o ∈O by
P (o).
– IP is a finite set of input ports attached to a pro-
cess. A process can input messages from its input ports,
where iport: IP → P . We denote the set of input ports
for the process p ∈ P IP (p) = {i ∈ IP |iport(i) = p}.
– OP is a finite set of output ports attached to a pro-
cess. A process can output messages from its output
ports, where oport: OP → P . We denote the set of
output ports for the process p ∈ P by OP (p) = {o ∈
OP |oport(o) = p}.
– IM is a finite set of input messages sent to a pro-
cess, and imessage: IM → IP . We denote the set of
input message sent to the process p ∈ P from other
processes by IM(p). These input messages are re-
ceived from one or more input ports of the process p.
We denote the set of messages received via input port
ip ∈ IP of process p ∈ P by IM(ip, p) = {i ∈ IM |ip ∈
IP (p), imessage(i) = ip}.
– OM is a finite set of output messages sent from a pro-
cess, and omessage: OM →OP . We denote the set of
output message sent from the process p ∈ P to other
processes by OM(p). These output messages are sent
out from one or more output ports of the process p. We
denote the set of messages sent via output port op ∈
OP of process p ∈ P by OM(op, p) = {o ∈ OM |op ∈
OP (p), omessage(o) = op}.

– IMI is the finite set of input messages sent from out-
side the design component to a process p ∈ P , denoted
by IMI(p) and IMI(p)⊂ IM(p).
– OMI is the finite set of output messages sent outside
the design component from a process p ∈ P , denoted by
OMI(p) and OMI(p)⊂OM(p).
– A is a set of finite actions that can be performed by
a process. We denote the set of actions of the process
p ∈ P by A(p). An action is used to model a method of
an object.

Definition 2 (XL-Process). LetBDC = 〈O,P, IP,OP,
IM,OM, IMI , OMI , A〉 be the behavior of a design com-
ponent, and assume the following auxiliary definitions:
A(p, i) is the set of actions that are performed when the
process p receives a message i, where IP (i) is the input
port of message i; OM(p, i) is the set of messages that are
sent out by process p when it receives a message i, where
OP (OM(p, i)) is the output port of message OM(p, i);
P (p, i) is the set of processes that are executed by pro-
cess p when it receives a message i. Then, the XL-Process
XL(BDC) induced by the behavior of a design component
BDC is defined by introducing, for each process p ∈ P an
equation:

BDC(p) = #∀i∈IM(p)(in(IP (i), i) o action(A(p, i))

oP (p, i) o out(OP (OM(p, i)), OM(p, i))) .

Thus,

XL(BDC) = |∀p∈PBDC(p) .

Informally speaking, the behavior of a design compon-
ent, XL(BDC), is defined as the parallel composition of
XL process statements, BDC(p), where p is a process.
Each XL statement is a non-deterministic choice of a list
of sequential compositions of input, action, process and
output.

2.3 Instantiation and integration

Whenever a component is used in a specific application,
it needs to be instantiated to include the application do-
main information. This process can be achieved by uni-
fying the arguments of the description of each design
pattern component with terms representing domain in-
formation. Meanwhile, the integration of two design com-
ponents can be achieved by overlapping their common
parts. There are some issues to be considered during the
integration phase. First, some classes/objects may play
different roles when they are the shared parts of two dif-
ferent design patterns. We have to make sure that the
generic elements in these shared parts are instantiated
with the same names in the corresponding XL rules. Sec-
ond, the integration of two or more design patterns may
cause undesired interactions among them. Some proper-
ties or constraints of a design pattern may not hold after
integration.
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Component instantiation can be based on theory in-
terpretation, a formal approach to refinement. Composi-
tion can also be based on theory interpretation and on cri-
teria to ensure that the composition of design components
is correct. However, in this paper, instead of focusing on
criteria for instantiation and composition, we concentrate
on the verification of composition properties. A more de-
tailed description of the composition techniques can be
found in [7].

2.4 Property checking

As we have previously mentioned, we will verify behav-
ioral composition properties expressed in the µ-calculus
temporal logic using the XMC model checker.
The µ-calculus temporal logic is a modal calculus

whose semantics are usually described over sets of states
of labeled transition systems. The µ-calculus is encoded
in XMC in an equation form as follows:

D→ Z+= F (least fixed point)
|Z−= F (greatest fixed point)

F → Z|tt |ff |F ∨F |F ∧F |〈A〉F |[A]F

“D” is a µ-calculus formula, which is defined in the for-
mat of either “Z+= F” or “Z− = F”. “Z” is a set of
formula variables encoded as Prolog atoms; “tt” and “ff ”
are propositional constants; ∨ and ∧ are standard logi-
cal connectives; “A” is a set of actions; “〈A〉F” denotes
that possibly after the action “A” the formula “F” holds;
“[A]F” denotes that necessarily after the action “A” the
formula “F” holds. For example, the deadlock property
can be described in XMC as follows: “deadlock+= [−]ff ∨
〈−〉deadlock” where a system is in deadlock state X if the
system cannot progress (ff ) after any action ([−]), or it is
eventually possible on some paths (〈−〉) deadlock stateX
is reachable.

3 Case study

In this section, we first describe two hypermedia design
components, then analyze their compositions by repre-

Fig. 3. Active reference pattern (class diagram)

sentation, instantiation and integration of these com-
ponents. Properties are checked against the behavioral
aspect of the composition model. We also check whether
behavioral properties hold when a design component
evolves by the addition of a component element. We
have adopted the case study related to the design of the
LivePage Web-based information system [10] for hyper-
text document management.

3.1 Design components

Hypermedia design patterns [22] have been proposed
to reuse design experience, to improve communication
within and across software development teams, to cap-
ture explicitly the design decisions made by designers,
and to record design tradeoffs and design alternatives in
hypermedia applications. A comprehensive catalog of hy-
permedia design patterns can be found in [12]. In the fol-
lowing, we will use the Active Reference pattern and the
Navigational Contexts pattern, as examples, to show the
description of these hypermedia design pattern compo-
nents and their composition, and to verify the properties
by a model checker (XMC).
The Active Reference pattern [22] is used to help the

user to have visual knowledge about the current location
in terms of spatial or time space during the navigation,
and allow the user to change to other positions in the
complex navigation space. The UML class diagram of
this pattern is shown in Fig. 3. The “Component” class
is the navigation component, in which the “Show” oper-
ation is defined to show its contents on the screen. The
“Notify” operation is used to notify the change of the
current navigation status such as closing the display of
the current component and opening another component.
The “Reference” class is an abstract class, which defines
the interface of a list of operations. The “Update” oper-
ation is used to change the visual highlight showing the
current position in the navigation structure when a new
navigation component is on display. The “Display” oper-
ation is to display or refresh the active reference on the
screen. The “GoTo” operation is defined to change the
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Fig. 4. Navigational contexts pattern (class diagram)

current status by directly selecting an item on the active
reference to display the corresponding component. The
“ConcreteReference” class implements different concrete
active references. For instance, an index can be a textual
active reference to a document; a map can be a graphic
active reference to a travel information system.
The Navigational Contexts pattern [22] separates the

context information from the content of a hypermedia
component and dynamically attaches different context in-
formation to a component. This enrichment of the navi-
gation interface, when a component is visited in that con-
text, can be achieved in a manner similar to the Decorator
pattern [13]. If the collections of hypermedia components
are modeled as an aggregate similar to that in the Com-
posite pattern [13], the Navigational Contexts pattern
can be seen as the integration of the Decorator pattern
and the Composite pattern, which is shown in Fig. 4. The
names of some classes and operations have been changed
to represent the corresponding meanings in the Naviga-
tional Contexts pattern. For example, the “Decorator”
class is changed to the “Context” class, the “Leaf” class
is changed to the “Content” class, and all “Operation”
operations are changed to the “Show” operations which
are used to display the corresponding content or context
information on the screen.

3.2 Representation

In this section, we describe the behavioral aspects of the
Active Reference and the Navigational Contexts patterns
in XL. These formal representations are transformed
from the UML collaboration diagrams. Note that the rep-
resentations of the structural and evolutionary aspects of
these patterns can be found in [8].

The UML collaboration diagram shown in Fig. 5 de-
scribes the behavioral aspect of the Active Reference
pattern, which contains four messages between two ob-
jects. The vertices of this diagram describe the objects
that participate in the collaboration in this pattern. The
arcs of this graph represent the links that connect these
objects. The messages sent among these objects where
each message shown as a line with an arrowhead in Fig. 5
represents a communication between two objects. The
messages “A1:r.GoTo” and “A2:c.Show” present a first
sequence of operations where “A1” and “A2” define
the time order of these two operations. The messages
“B1:c.Notify” and “B2:r.Update” present a second se-
quence of operations in a similar way.
The behavioral aspect of the Active Reference pat-

tern is modeled in terms of the collaboration among the
methods in the classes of this pattern in XL based on Def-
initions 1 and 2 in Sect. 2.2. The XL processes are shown
as follows:

rGoTo(Reference, GoTo, Component, Show, C)::=
out(C, (Reference, GoTo, Component, Show))
o action(r_GoTo(Reference, GoTo)).

cShow(Reference, GoTo, Component, Show, C)::=
in(C, (Reference, GoTo, Component, Show))
o action(c_Show(Component, Show)).

Fig. 5. Active reference pattern (collaboration diagram)
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cNotify(Component,Notify,Reference,Update, R)::=
out(R, (Component, Notify, Reference, Update))
o action(c_Notify(Component, Notify)).

rUpdate(Component, Notify, Reference, Update, R)::=
in(R, (Component, Notify, Reference, Update))
o action(r_Update(Reference, Update)).

ref(Reference,Component,GoTo,Update,Show,Notify)::=
{ rGoTo(Reference, GoTo, Component, Show, C)
o cShow(Reference, GoTo, Component, Show, C) }
|{ cNotify(Component,Notify,Reference,Update, R)
o rUpdate(Component,Notify,Reference,Update, R)}.
Each XL process describes the behavior of an object.

One object sends the message to a channel and the other
object receives the message from this channel. Each ob-
ject may perform some actions before or after the mes-
sage is sent. For example, rGoTo (r.GoTo in Fig. 5) de-
fines a process that sends the message “(Reference, GoTo,
Component, Show)” to a channel “C” and performs an
action. The “ref” process defines the behavior of this pat-
tern as the parallel composition of these processes.
Similarly, the behavioral aspect of the Navigational

Contexts pattern is modeled in terms of the collaboration
(see Fig. 6) among the methods in the classes of this pat-
tern in XL based on Definition 1 and 2:

xShow(Context, Component, Concrete, Show, R, T) ::=
in(R, (Concrete, Show, Context, Show))
o out(T, (Context, Show, Component, Show))
o action(x_Show(Context, Show)).

cShow(Context, Component, Concrete, Content,
Composite, Show, P, T) ::=

{ in(P, (Composite, Show, Component, Show))
# in(T, (Context, Show, Component, Show)) }
o{ xShow(Context, Component, Concrete, Show)
# nShow(Content, Show)

Fig. 6. Navigational contexts pattern (collaboration diagram)

# iShow(Composite, Component, Show)}
o cShow(Context, Component, Concrete, Content,

Composite, Show, P, T).

nShow(Content, Show) ::=
action(n_Show(Content, Show)).

iShow(Composite, Component, Show, P) ::=
out(P, (Composite, Show, Component, Show))
o action(i_Show(Composite, Show)).

ccShow(Concrete, Context, Show, R) ::=
out(R, (Concrete, Show, Context, Show))
o action(cc_Show(Concrete, Show))
o action(addedBehavior).

nav(Context, Component, Concrete, Content,
Composite, Show) ::=

xShow(Context, Component, Concrete, Show, R, T)
| cShow(Context, Component, Concrete, Content,

Composite, Show, P, T)
| nShow(Content, Show)
| iShow(Composite, Component, Show, P)
| ccShow(Concrete, Context, Show, R).

3.3 Instantiation

In the previous section, we have shown the generic de-
scription of each pattern in XL. Whenever a component
is used in a specific application, it needs to be instanti-
ated to include the application domain information. This
process can be achieved by unifying the arguments of the
description of each design pattern component with terms
representing domain information. For instance, the Ac-
tive Reference pattern can be instantiated as the design
of a collection of paintings in a museum with a map as
an active reference showing the current visiting location
by highlighting it on the map (see Fig. 7). The behavioral
aspect can be instantiated as following: “ref(reference,
painting, goTo, update, show, notify)”.
As another example, the Navigational Contexts pat-

tern can be instantiated for a user to explore the paint-
ings in a museum in different contexts through con-
text links. The behavioral aspect can be instantiated
as: “nav(context, [button], painting, content, composite,
show)”. Therefore, the design decision and information of
the Active Reference pattern and the Navigational Con-
texts pattern are written in the XSB Prolog database,
which can be composed with those of other component
instances.

Fig. 7. An instance of the active reference pattern
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3.4 Integration

Integration is the assembly of design components into
a software system. In our approach, the representation of
each design component is assembled within a XSB Prolog
database to be the model of design composition.
As the application requires both having an active map

showing the current position of the user in a museum and
being able to explore the museum according to different
contexts, we can compose the two design component in-
stances described in the previous section to achieve these
goals. The composition can be achieved by overlapping
their common parts. For example, as shown in Fig. 8, the
“content” class is an overlapping part of the two design
components.
The integrated design can be described as a process in

XL as follows:

reference_context ::=
ref(reference, content, goTo, update, show, notify)
| nav(context, [button], painting, content, composite,

show).

Essentially, this design,whichwecall “reference_context”,
is the parallel composition of the behavioral models of the
two design components.

3.5 Property checking and design analysis

Composition errors can be difficult to detect by visual in-
spection. The goal of our design analysis is to be able to
find design composition errors, with the help of model
checking tools. In this section, we describe the discovery
and correction of one design error related to the behavior
in the design composition.We then show how to check the
behavioral properties with the structural evolution of the
design.
Behavioral properties include properties such as safety

and liveness. For example, the system is deadlock free

Fig. 8. The design composition (collaboration diagram)

(safety); an action is eventually performed when a button
is pressed (liveness). In this section, we show examples of
liveness properties.
The idea of the Active Reference pattern is to have

a permanent and visible reference to a navigation struc-
ture and be able to change the current position by calling
the “goTo” operation in the “reference” class. Therefore,
the invocation of the “goTo” operation should eventually
invoke both the “show” operation in the “content” class
(“liveness1”) and the “show” operation in the concrete
context class (“liveness2”), that is the “button” class.
These two “show” operations display the content and the
context information of a hypermedia component respec-
tively. These two liveness properties are described generi-
cally in XMC as follows:

% Content::Show will be eventually invoked
% when Reference::GoTo is invoked.
liveness1(Reference, GoTo, Content, Show) -=
[r_GoTo(Reference, GoTo)] formula1(Content, Show)
∧ [-] liveness1(Reference, GoTo, Content, Show).

formula1(Content, Show) +=
〈n_Show(Content, Show)〉 tt
∨ form1(Content, Show)
∨ [-] formula1(Content, Show).

form1(Content, Show) +=
〈n_Show(Content, Show)〉 tt
∨ [-{r_GoTo(_,_)}] form1(Content, Show).

% Context::Show will be eventually invoked
% when Reference::GoTo is invoked.
liveness2(Reference, GoTo, ConcreteContext, Show) -=
[r_GoTo(Reference, GoTo)]
formula2(ConcreteContext, Show)
∧ [-] liveness2(Reference,GoTo,ConcreteContext,Show).

formula2(ConcreteContext, Show) +=
〈cc_Show(ConcreteContext, Show)〉 tt
∨ form2(ConcreteContext, Show)
∨ [-] formula2(ConcreteContext, Show).

form2(ConcreteContext, Show) +=
〈cc_Show(ConcreteContext, Show)〉 tt
∨ [-{r_GoTo(_,_)}] form2(ConcreteContext, Show).
These descriptions are instantiated to represent the
liveness properties in this application as follows: “live-
ness1(reference, goTo, content, show)”. “liveness2(refer-
ence, goTo, button, show)”. The model checking of these
liveness properties shows that the first liveness prop-
erty, that the “show” operation in the “content” class is
eventually invoked, holds. However, the second liveness
property, that the “show” operation in the concrete con-
text class (the “button” class) is eventually invoked, does
not hold. Therefore, when the user clicks on the active ref-
erence such as the map of a museum to change the current
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Fig. 9. The modified design composition
(collaboration diagram)

position, 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 information and are not able to navigate by the
context links. One solution to this problem is to move
the overlapping part further down to the concrete context
class (button) as shown in Fig. 9. This change can be eas-
ily achieved in our design composition model by updating
the underlined part from “content” to “button” in the in-
tegrated design in XL described in Sect. 3.4. The model
checking results show that both liveness properties hold
this time.
One of the advantages of using design patterns is

that they cope with the evolution of the designs. We
encode this evolution information in the descriptions
of each design component in [8]. In the following, we
will show one possible evolution of the previous design,

Fig. 10. The evolved design composition (collaboration diagram)

and check the behavioral property against this evolved
design.
When the application requires another kind of con-

text information, such as “text” information, in addition
to “button” information, we can achieve this design de-
cision of structural change by instantiating a predefined
Prolog rule about the evolution [8]. The modified design
is shown in Fig. 10. It contains one additional concrete
context class (“text”). Therefore, we need to ensure the
“show” operation in this new concrete context class will
be eventually invoked when the “goTo” operation in the
“reference” class is called. This property can be described
by instantiating the second liveness property as: “live-
ness2(reference, goTo, text, show)”. The model checking
results show that this property holds in the modified de-
sign. Because the evolution of the design composition
may affect the properties related to the unchanged parts
as shown in [1], we need to ensure other properties we
have checked still hold after the design changes. For this
case, we have also verified the “liveness1” property in the
modified design and there was no reported error this time.
Our approach could also be used as a base to per-

form other kinds of analyses. As an example, accessibility
to hypermedia content may be represented and verified
using the approach based on logics. This feature can be
helpful, for example, in the identification of content that
has been defined but is not being used by the application
(“dead content”). Furthermore, hypermedia Web sites
may be checked for deadlocks because a deadlock can be
exploited by hackers to generate a denial of service (DOS)
attack [25].

4 Related work

Riehle [19] proposed an analysis method for the com-
posite design patterns. Role diagrams were introduced
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to describe the patterns, and a role relation matrix was
used to depict the composition constraints visually. This
work was restricted to patterns based on object collab-
orations, and lacked generality and formal treatment of
composition.
Formalizing design patterns and architecture patterns

has been proposed in [2, 16]. Although Mikkonen [16] has
discussed the composition of two design patterns based
on a formal method, his approach relies on a specific spe-
cification language (DisCo). Correctness depends on the
refinement correctness of this language since the compo-
sition is achieved in terms of refinement. Our approach
emphasizes specifying design components and their com-
positions, and checking the properties by amodel checker.
Taibi and Ngo [24] proposed a formal approach to

the specification of design pattern composition, which is
very similar to our approach in [7] in the specification
aspect. Although formal specification of design patterns
and their combinations allows rigous reasoning about
them, Taibi and Ngo did not investigate the verification of
pattern combinations. In addition to formal specification
of pattern combinations, we have investigated the manual
verification techniques, such as thereom proving, in [7].
In this paper, we concentrate on automated verification
techniques, e.g., model checking.
In [3], domain-independent algorithms are provided to

validate component compositions for the GenVoca model
of software generators. In addition to syntactic checking,
they provided design rule (domain-specific constraint)
checking to ensure semantic correctness. The design rule
checking was achieved by the debugging capabilities of
a general utility based on attribute grammars. In con-
trast, our work focuses on reasoning about the design
compositions.
Other work on tool support for design patterns [9]

also discussed constraints on patterns. Nevertheless, they
worked on single pattern constraints at implementation
level. Our work focuses the interactions among different
patterns when they are integrated.

5 Conclusions and future work

In this paper we have introduced a rigorous analysis ap-
proach to software design composition based on auto-
mated verification techniques. We illustrate our analy-
sis techniques through a case study on the composition
of hypermedia design components. Our approach has
several advantages. First, it allows us to find errors in
the design composition early in the development pro-
cess 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,
it promotes reuse since the generic representations of
design components can be stored in a repository and
retrieved for instantiation and integration in a specific
application.

Our analysis approach is limited to the kinds of prop-
erties that can be proved using the highly expressive µ-
calculus temporal logic. In principle, as a result of the ex-
periments we have done so far, these underlying deductive
facilities seem to be adequate. In addtion, the transform-
ations from UML diagrams to formal representations are
conducted manually. We are currently working on aute-
mated transformation tools. Besides verifying structural,
behavioral and evolutionary properties, we are currently
defining classes of properties that we can use in our an-
alysis of design compositions. These classes may include
properties about (real-)time, event ordering and access
control.
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