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Abstract — Building large software systems out of existing
software components can save time and cost. These soft-
ware components range from architectural and design com-
ponents to binary componentsin different phases of software
development. Component technologies lead to increasing
productivity and flexibility. 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. In this paper,

we concentrate on the pattern-based design components and
their compositions, which are captured as contracts through
a composition theory. More specifically, design component
contract is defined based on process calculus and logic pro-
gramming; the properties that related to the design compo-

nent contract are captured, and tools are used to automati-
cally verify these properties. This research will enhance the
capabilities of formal system modeling and analysis by pro-

viding a rigorous basis for high-assurance integration of di-

verse pattern-based components.

Keywords: Component-Based Design, Process Calculus,
Contract, Design Pattern, Model Checking

1 Introduction

Component-based approaches have been proposed to cre-
ate and deploy software systems assembled from compo-
nents [22, 16, 27, 11]. These approaches focus on building
software systems by assembling prefabricated, configurable,
and independently evolving building blocks. Use of previ-
ously developed components in building software 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 probably been tested in use
and may have even been formally validated their combina-
tion should produce a more robust software system. There-
fore, component-based software development is a promising
solution to some of the problems that designers, developers
and integrators face when building their systems. However,
unanticipated interactions among the components are often
the cause of failures. Many experiments [9, 15] support this
view and indicate that deep knowledge about the domain and

Paulo Alencar and Donald Cowan
School of Computer Science
University of Waterloo
Waterloo, Ontario, N2L 3G1, Canada
{palencar,dcowan} @csg.uwaterloo.ca

about the software architecture and design is a critical factor
in the construction and integration of such applications.

Software patternsare anew design paradigm used to solve
problems that arise when developing software within a par-
ticular context. Patterns capture the static and dynamic struc-
ture and collaboration among the components in a software
design. A key promise of pattern-based approach is that it
may greatly simplify the construction of software systems,
reuse experience and reduce cost. Design components [16],
such as design patterns|[8], have been proposed to reify good
design practice from conceptual design building blocks into
atangible and composable form. Design components focus
on component-based problem solving instead of component-
based implementation. There has been substantial interest
in discovering and documenting such reusable design expe-
rience in different domains as, for example, in hypertext de-
sign [24]. However, there has been little work on reasoning
about the interactions among the design patterns when they
have been composed.

A design component is often characterized by some prop-
ertiesrelating to its structure and behavior. Nevertheless, be-
cause of the undesired interactions with other components,
some properties about this component may not hold after
composition. Ensuring such properties still hold after the
composition can increase our confidence in the correctness
and reliability of the integration. Analyses based on formal,
rather than informal, techniques make our reasoning precise;
moreover, they are amenable to mechanical aids such as syn-
tax and semantics checkers. The analysis of composition
properties should be performed at the design level, because
errorsin the design of these systems are difficult and expen-
sive to find and correct if propagated to the implementation
phase [25].

Design analysis can assist in discovering bugs in a design
early in the development phase and reduce the cost of find-
ing and correcting them downstream [29]. In this paper, we
introduce a rigorous modeling and analysis approach to soft-
ware 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 ana-
lyzed. We characterize the structural and behavioral aspects,



and a specific form of evolution of these components. Our
main goal isto provide a systematic approach for a software
designer to model and analyze component integration dur-
ing the design phase, the early planning stage of the software
lifecycle. The approach includes a process of representing,
instantiating and integrating design components and analyz-
ing their composition. With this approach, the designer can
not only model the design component precisely, unambigu-
ously and expressively, but also detect the interactions be-
tween components and correct design errors before imple-
mentation. The approach hel psthe designer weigh the trade-
offs of design decisions and choose appropriately.

The rest of this paper is organized as follows. We provide
an overview of the approach inthe next section. In Section 3,
we define the design component contract and concentrate on
the behavioral aspect. In Section 4, we apply our approach
to the analysis of hypermedia web-based applications. Inthe
last two sections, we discuss the related work and conclude
this paper.

2 Overview of the Approach

In this section, we present an overview of our approach
and outline the general ideas in our formal models. We
separate the abstract specification from its implementation.
The abstract specification contains a forma model of design
component, called design component contract, and a cate-
gory of properties, such as structural, behavioral, hybrid and
evolutionary properties. Both the formal models and proper-
ties can be implemented, thus, the properties can be verified
against the models to detect violations of the propertiesfrom
the analysisresults.

A design component contract includes structural contract
and behavioral contract. Structura contract is modeled in
predicate logic, whereas the behaviora contract is modeled
in Calculus of Communicating Systems (CCS) [20]. 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. The abstract speci-
fications of the forma models of design components are de-
scribed, in details, in Section 3.

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 relationsin object-oriented sys-
tems. The structural properties contain atom, consistency,
integrity and link properties. The behavioral properties are
constraints such as safety, lieveness, event ordering, and ac-
tion sequence of each design component. The behavioral
properties consist of global, consistency, concurrency, se-

guence and occurrence properties. A combination of struc-
tural and behavioral properties is a hybrid property. The
propertiesrelated to system evolution are evolutionary prop-
erties, which describe the possible structure changes to adapt
new requirements of each design component.

The structural contract isimplemented in Prolog. The be-
havioral contract is implemented in XL that is the model
specification language of XMC [23]. Similarly, the struc-
tural and evolutionary properties are implemented in Prolog.
The behavioral properties are implemented in p-calculus
[17, 26]. The hybrid properties are implemented in Prolog
and p-calculus. XSB Prolog and XMC model checker are
used as verification toolsto check different properties against
their corresponding models. The analysis results show either
property verified or counter examples.

In the next sections, we will only show some details about
the formal model of design component, an implementation
of the contract model in Prolog and XMC, some selected
properties, and a short description of a case study with some
analysis results. For interested readers, we refer to [5] for
more details.

3 Design Component Contracts

A design component contract is a formal model of design
component and its operations, such as instantiation, integra-
tion, and evolution. The structural and behavioral aspects of
a contract are defined based on logic programming and pro-
cess calculus, respectively. This meta-model of design com-
ponent contract, together with the property specifications,
form the foundation for rigorous analysis of the composition
of these components. This analysis process is supported by
toolswith model checking and theorem proving techniques.

A design component contract consists of several parts.

Name: Each design component contract has a unique
name.

Structural Contract: the structural aspect of design com-
ponent is modeled based on logic program. A structural con-
tract is defined by constant symbols, variable symbols, and
predicate symbols. A meta-model of structural contract is
instantiated, evolved, and integrated with other contractsin a
particular application.

Behavioral Contract: the behavioral aspect of design
component is modeled based on process calculus. A behav-
ioral contract defines the interactions among the objects as
processes and their communications. The integration and
evolution of behavioral contracts are defined based on the
interface of each contract.

Operation: an operation describesthetasks acontract can
perform on itself or other contracts. There are three oper-
ations: instantiation, integration, evolution. As each con-
tract isa meta-model of a design component, the application
of the component requires instantiating these generic defi-
nitions with application dependent information. The com-
position of design component contract is defined based on
different aspects of each individual component. The compo-
sition of structural contracts is accomplished by set union,



whereas that of behavioral contractsis accomplished by par-
allel composition. Each component is modeled with changes
inmind in that it describes expected evolution path in terms
of addition of removal of certain parts of the component.

Property: each design component possesses certain prop-
erties that characterize it from others. Without these proper-
ties, the component may lose its identity. These properties
are also supposed to hold when the component is instanti-
ated, changed, or integrated with other components. The
propertiesare classified based on the different aspects related
to structure, behavior and evolution.

In order to provide a semantic foundation for our design
component contract model and property mode, we represent
the structural aspect of design component contract as clauses
in anormal logic program [18] and the behavioral aspect of
design component contract by aprocess calculus, called Cal-
culus of Communicating Systems (CCS) [20]. Meanwhile,
we express structural properties by logic rulesand behavioral
properties by p-calculus [17]. This alows us to formally
check properties about the compositions of design compo-
nents. In the remainder of this section, we formally define
the semantics of the behaviora aspects of a design compo-
nent contract and the integration operation?.

3.1 Behavioral Contracts

The behavioral contract describes the dynamic informa:
tion, such as the collaboration among the objects participat-
ing in the component and the creation of new objects. The
behavioral contract is modeled by the collaborations of so-
cieties of objects that play different roles and work together
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 information, but
patterns are a so characterized by the interactions among the
objects and operations.

We have chosen process calculus for defining aformal se-
mantic model of behavioral contracts due to their powerful
model of behavior and concurrency. Process calculus allows
for hierarchical description of processes and they are amend-
able for verification, analysis and compositional reasoning.
The particular process cal culus we have chosen for modeling
the semantics of behaviora contractsisCCS. Thereasonsfor
choosing it include that it is a powerful modeling language
and it iswell supported with amodel checking tool.

The sub-calculus of CCS syntax 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 a
range over a nonempty set of actions including a distin-
guished action  for unobservable activities, the summation

1We omit the definitions of the structural contract, the instantiation and
evolution operations, the modeling rules, and the definitions of structural,
behavioral and evolutionary properties. We refer to [5] for details.

P + P isnon-deterministic choiceand ) ;. ; P; isthe sum-
mation over index set I; P|P is paralel composition and
I1;¢; P; isthe parallel composition over index set I; P[f] is
relabelling where f are relabeling functions preserving ob-
servability (i.e., f~"(r) = {7}); 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 4 b.¢.0 is shorthanded to a + be. We refer
to[20] for further details of CCS.

Definition 3.1 (Behavioral Contract) The behavioral as-
pect of a design component contract BC isatuple BC = (R,
IP, OP, IM, OM, T M, OM;, A), where

e Pisafinite set of process names. The behavior of each
object o € O (O isthe set of objects in the system) is
modeledasaprocessp € PinCCSwhere P : O < P.
e denote the process for object o € O by P(0).

¢ IPisafinite set of input ports attached to a process. A
process can input messages from its input ports, where
iport : IP — P. \We denote the set of input ports for
theprocessp € P by IP(p) = {i € IP | iport(i) =
ph

o OP isafinite set of output ports attached to a process.
A process can output messages from its output ports,
where oport : OP — P. We denote the set of out-
put ports for the processp € P by OP(p) = {o €
OP | oport(o) = p}.

e IM is a finite set of input messages sent to a process,
where imessage : IM — IP. \\e denote the set of in-
put message sent to the process p € P from other pro-
cesses by TM (p). These input messages are received
from one or more input ports of the process p. We de-
note the set of messagesreceived viainput portip € /P
of processp € P by IM(ip,p) = {i € IM | ip €
IP(p), imessage(i) = ip}.

o OM is a finite set of output messages sent from a pro-
cess, where omessage : OM — OP. We denote the
set of output message sent from the process p € P to
other processes by O M (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 processp € P by OM(op,p) = {0 €
OM | op € OP(p), omessage(o) = op}.

o [ M7 isthefinite set of input messages sent from outside
the design component to a process p € P, denoted by
IM(p) and IM(p) C IM(p).

e OMjy isthe finite set of output messages sent outside
the design component from a process p € P, denoted
by OM;(p) and OM;(p) C OM (p).

¢ Alis a finite set of actions that can be performed by a
process. We denote the set of actions of the process p €



P by A(p). Anaction is used to model a method of an
object.

Definition 3.2 (CCS-Process of Behavioral Contract)
Let BC = (P, IP, OR, IM, OM, IM;,OM;, A) be the
behavioral contract of a design component, and assume the
following auxiliary definitions: A(p, ¢) is the set of actions
that are performed when the process p receives a messagei,
OM (p, i) isthe set of messages that are sent out by process
p when it receives a messagei, P(p, ) isthe set of processes
that are executed by process p when it receives a message i.
Then, the CCS-Process CCYBC) induced by the behavioral
contract BC is defined by introducing, for each process
p € P anequation:

BC(p) = ZlGIM(p) (in(p, i).action(A(p, i)).P(p, i).out(OM(p, i)).BC(p)).

Thus,

CCS(BC) = (Myep BC(p))1f).

Where [f] is arelabelling operator that is defined as fol-
lows.

Definition 3.3 (Relabelling) Let £ be a set of labels. The
relabelling functionfisdefinedby f : IM — IM; — £ and
f:OM—OM; — L. Foreachie (IM — IM;)ando €
(OM —OMy),iff(i) = f(0), i.e. messagei and message o are
relabeled to the same label, then these messages synchronize
their corresponding processes. This relabelling function can
be abbreviated by b, /as, ..., b,/a, so that the f renames a;
to b; (f(a;) = b;,a; # b;), and leaves any other action
(a; = b;,7 € [1...n]) unchanged. Associated with f is the
relabelling operator [f].

-aConcreteSubject :aConcreteObserver :anotherConcreteObserver
L. Setstate) [
Notify()
Update() {
GetState()
Update() T Ny
GetState() T-|

Figure 1: Interaction Diagram for Observer Pattern

Consider the behavior of the Observer pattern [8]. Com-
ponent behaviors include the interactions, shown in Figure
1, among the constituted objects of the components and the
state changes within these objects, shown in Figure 2 and
3. Inthis example, the inter-object relationships of the Ob-
server pattern component describe two observers attached to
one subject. When one observer changes its state, it sends
a message (SetState) to let the subject change its state. The
subject, then, notify all attached observers to update their

own states by calling back the GetState operation. All par-
ticipants of thisinteraction have their own state changes. For
example, each observer (see Figure 2) can attach or detach
itself from a subject. Whenever its state has changed, it can
let the corresponding subject know the change. It also listens
to al update requests from the subject and changes its state
accordingly. Similarly, a subject (see Figure 3) can attach or
detach a number of observers on its states. Whenever it re-
celves a request to change its states, it will change its states
and notify all attached observers to update their states.

Example 3.1Let BCopserver = (P,IP,OP,IM,OM,
IMy, OM;, A) bethe behavioral contract of observer pat-
tern component and its CCSprocesses be CCSBC opserver)s
where

e The set of processes in the design component is P =
{aConcreteSubject, aConcreteObserver, anotherCon-
creteObserver }.

e The set of input ports is IP = {O2S, 20, Ntfy, In-
put}, where O2S and S20 stand for input ports from
the Observer process and the Subject process, respec-
tively, and Ntfy is an input port for message Notify. All
messages from outside of the process are received inthe
input port Input.

¢ Theset of output portsisOP = {02S, 20, Ntfy}, where
02Sand S20 stand for output ports to the Subject pro-
cess and the Observer process, respectively, and Ntfy is
an output port for message Notify.

¢ The set of input messagesis IM = {Attach, Detach, Set-
Sate, GetSate, Update, Notify, Change}.

¢ The set of output messages is OM = {Attach, Detach,
SetSate, GetState, Update, Notify}.

e The set of input messages in the interface is IM; =
{Change}.

e The set of output messages in the interface isOM =
{3

¢ Theset of actionsis A= {Attach, Detach, SetSate, Get-
State, Update, Notify, Change}

e The CCS processes are defined by CCSBCopserver)s
which isimplemented in XL as follows?:

Qoser ver Behavi or ::= Subj ect (aConcr et eCbserver)
| Qbserver(aConcreteCbserver)

| Qbserver (anot her Concr et eObserver)

oserver (Nane) ::= out(Attach) o Coserver

# out (Detach) o (oserver

# in(Change) o action(Change) o out(SetState) o Cbserver
# in(Update) o action(Update) o out(CetState) o Cbserver

Subj ect (Nane) ::= in(Attach) o action(Attach) o Subject
# in(Detach) o action(Detach) o Subject
# in(SetState) o action(SetState)
o out(Notify) o Notifying
Notifying ::= in(Notify) o action(Notify)
0 out(Update) o Updating
Updating :

2Note that, in XL, the sequential composition is represented by “0” in-
stead of “."; the non-deterministic choice is represented by “#” instead of
“+". Other operators are the same asthosein CCS.

= in(CetState) o action(CGetState) o Subject
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Figure 2: State Diagram for Observer
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Figure 3: State Diagram for Subject

3.2 Behavioral Integration

Definition 3.4 (Behavioral Interfaces) Let B¢ = (P, IP,
OP, IM, OM, T My, OM;, A) bethe behavioral contract of a
design component. The interface of behavioral contract isa
tuple BZ = <IM[, OMy, IPr,OP;, P[>, BZ C BC, where

e /M7 isthe set of input messages sent from outside the
design component. It is definedin BC.

o O My isthe set of output messages sent outside the de-
sign component. It is defined in BC.

e [P isthe set of input ports that are used to receive
input messagesintheset 7M. Thus, IPr = {ip | Vi €
IMy,3ip € IP,imessage(i) = ip}.

e O Py istheset of output ports that are used to send out-
put messagesintheset OM;. Thus, OP; = {op | Vo €
OMy,3op € OP,omessage(o) = op}.

o Pristhe set of processes that receive (send) input (out-
put) messages in the set IM; (OMy). Thus, Pr =
{p | Vi,o,i € IMr,0 € OM,3p € P,iport(i) =
p V oport(o) = p}.

Definition 3.5 (Behavioral Integration) Let BC'! = (P!,
IP*, OP', IM', OM', IM}, OM},A") be the be
havioral contract of design component 1, with interface
BI' = (IM},OM}, 1P}, OP} P}, 1ts CCSprocess is
CCYBC'). Let BC? = (P? P2 0P? IM?, OM?,
IM3?, OM}, A%) bethe behavioral contract of design com+
ponent 2, with interface BI* = (IM?, OM}, IP?, OP?,
P?). ItsCCS- processis CCS(BC?). The behavioral compo-
sitionisdefinedby BC= (P, IP, OP, IM, OM, I My, OM;, A),

with interface BI = (IM;,OM;, 1P;,OPy, Pr). ItsCCS
processisCCYBC). P = P'UP?; IP = IPIUIP%, OP =
OPYUOP?% IM = IMYUIM?, OM = OM*UOM?;
IM; = (IM} — IM}(BCY) U (IM} — IM2(BC?));
OM; = (OM} — OM}(BCY)) U (OM? — OM?(BC?));
A = AV U A% TP = {ip | Vi € IMp,Fip €
IP, imessage(i) = ip}; OPr = {op | Yo € OMy,Jop €
OP,omessage(o) = op}; Pr = {p | ¥i € IM,Yo €
OMy,3p € P,iport(i) = p V oport(o) = p}; and

e CCS(BC) = (CCS(BCH|CCS(BC?))[f], where
fIM} — L, IM? —» L,OM} — L,OM}? — L.
We denote the set of input messages I M } (BC!) = {i €
IM} | 3o € OME, f(i) = f(o)} and IM?(BC?) =
{i € IM} | 30 € OM}, f(i) = f(o)}). We de
note the set of output messages OM } (BC?) = {o €
OM} | 3 e IM?, f(i) = f(o)} and OM?(BC?) =
{o € OM} | Ji € IM},f(i) = f(o)}. IM}(BC")
isthe set of input messages, received by design compo-
nent 1, which are sent out by design component 2 from
the set of output messages O M ?(BC?). Therefore, the
sets of messages /M (BC') and OM ?(BC?) become
internal messages that are not visible outside the inte-
gration of design component 1 and design component
2. They will not be included in the interface of the in-
tegration. Smilarly, the sets of messages /M 7(BC?)
and O M} (BC) will not be included in the interface of
the integration either.

W\e denote this process of behavioral integration of BC'!
and BC? by CCY(BC*, BC?). Their corresponding imple-
mentation of XL processes are BC{*L and BCXL, respec-
tively. Therefore, the integration of BC{X* and BOX! is
defined by BCXE | BOXL.

Informally, the integration of behavioral contracts is de-
fined based on the integration of these contracts and the cor-
responding CCS processes. More specifically, the process
names (P), input/output ports (/ P/OP), input/output mes-
sages (IM/OM) and actions (A) are combined through set
union. The input messages (/ M) that are in the interface of
the integration are defined as a union of the input messages
that are in the interface of each individual contract except
those input messages that are sent out from the components
within the integration. The output messages (O M ;) that are
in the interface of the integration are defined similarly. In
other words, part of the interface of each component may
become internal to the integration. The integration of the
CCS-processes (C'C'S(B()) is the parallel composition of
the CCS-processes of each component with anew relabelling
function.

4 Analyzing Hypermedia Web-Based

Applications

Large hypermedia applications often contain many de-
sign patterns working in concert to solve complex problems.



Many problems are ubiquitous and designers are likely to
face them eventually. A catalog of fifty one hypermedia de-
sign patterns have been documented in [13]. Discenza [4]
has conducted a study of hypermedia design patterns based
on thirty four virtual museums &l over the world. Through
these research efforts, many hypermediadesign patterns have
been documented and categorized, such as the Active Refer-
ence pattern, the Clustering pattern, the Collector pattern, the
Glue pattern, the Information on Demand pattern, the land-
mark pattern, the Navigational Contexts pattern, the Naviga-
tional Observer pattern, the Neighborhood pattern, the News
pattern, and the Session pattern.

To illustrate our approach, we analyzed the design
of a virtua art museum (National Galery of Art,
http://www.nga.gov/), which is a complex application con-
taining more than 100,000 objectsin the Gallery’s collection
database [21]. A detailed model and description of this ap-
plication can be foundin [12, 4]. We have chosen to analyze
this design with respect to some hypermedia design patterns.
This set of patterns illustrates the features of our analysis
approach and the kinds of properties that can be checked.
We do not show the formalization of all the patternsin this
application since the goal of this case study is to show the
applicability and accuracy of our approach.

In particular, we focused the analysis on the design of a
virtual art museum that has many collections of paintings.
The design includes the applications of several hypermedia
design patterns, such as the Navigational Contexts pattern,
the Active Reference pattern, the Navigational Observer pat-
tern, and the Information on Demand pattern [24]. In this
case study, we first built forma models of the structura
and behavioral aspects of these patterns into structural and
behavioral contracts, respectively. We, then, described the
instantiation, integration and evolution operations of these
contracts. We, therefore, provided an implementation of the
structural and behavioral contractsin XSB Prolog and XMC,
respectively. We have also characterized different kinds of
properties that can be analyzed within our framework. We
give here some examples of properties that can be checked
in our framework. For example, a deadlock property, which
describes a deadlock system state is reachable, is defined as
follows:

Example 4.1 (Deadlock) Consider the behavioral contract
BCcompine Of the integration of all behavioral contracts of
this design. The absence of deadlock can be denoted by
vX.[-]X A {=)tt in p-calculus.

The implementation of these properties in XMC is shown as
following:

deadl ock -= [-]deadl ock /\ <->tt.

A test Prolog program is written as following:

- inport checkit/1 from count.
- xl c(conbine).

test :-
wite(’' Freedom of deadl ock’),
checki t (nck( conbi nati on, deadl ock)) .

By running the above Prolog program, the model checking
results are shown as following:

| ?- test.

Freedom of deadl ock ntk(conbi nati on, deadl ock) is true.

yes

where ntk checks the properties deadl ock against the
model conbi nat i on. The results show that the integra-
tion of the design components is freedom of deadlock. The
analysis of concurrency propertiesis useful in many applica-
tions. For example, system deadlock may lead to denial of
service (DOS) in E-commerce systems [28].

Asanother example, we demonstrate the verification of an
even-length path property which describes that there exists a
maximal path of even length of an action.

Example 4.2 (Even length path)Consider the behavioral
contract BC ¢ ompine Of theintegration of all behavioral con-
tracts of thisdesign. The system records the history informa-
tion of navigation. The history can be reset by a user. To
avoid unintentional reset of history, the reset request should
be made twice, not interleaved with another request, in or-
der for the history being reset. The property that there
exists an even-length of action r eset can be denoted by
uX.[reset]ff V (reset)(reset)X inp-calculus.

The implementation of these propertiesin XMC is shown as
following:

evenlength += [reset]ff \/ <reset> <reset> evenl ength.

A test Prolog program is written as following:

- inport checkit/1 from count.
- xl c(conbi ne).

test :-
wite('Even length of resets’),
checki t (ntk(conbi nati on, evenl ength)).

By running the above Prolog program, the model checking
results are shown as following:

| ?- test.
Even length of resets

yes

The results show that it is not true that the reset operations
always come in pairs. The reason for this error is that the
original specification of the behavioral contract of the Navi-
gational Observer pattern (one of the patterns applied in this
design) does not require double requests for a history reset.

In summary, we have analyzed many different kinds of
properties, including structural, behavioral and evolutionary
ones [5, 7]. Our experience showed that it is highly bene-
ficial to apply logic programming techniques for modeling
and analysis of software design components and their com-
positions.

ntk(conbi nati on, evenl ength) is fal se.



5 Related Work

The notion of contracts in software development is at-
tributed to Meyer [19]. Another contribution, the OO-
contracts of Helm et al. [14] focus on specifying the be-
havior and interactions between objects in a system. Helm
et al. noticed that the behavior of an object could not be in-
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 [2], Beugnard et al. propose a four-level contract
for components to increase trust. In [3], Borgida and De-
vanbu propose description logics (DLs) as aformal basisfor
describing components. In this paper, we defined a formal
model of design component based on contract and arigorous
analysis approach to software design composition based on
automated verification techniques.

Keller et al. [16] described a methodical approach to de-
sign composition which was illustrated as a process within
a four-dimensional design space. They characterized a spe-
cia kind of component, called design component, and dis-
cussed a development process to compose these components
at the design level and generate source code frames or exe-
cutable code. Although our approach is aso in the area of
software composition, it focuses on the formal, declarative,
and property-based aspects of design composition.

Model checking implicit-invocation systems has been in-
vestigated in [10]. 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 deliv-
ery policy. This abstraction and modeling process is highly
domain-specific. Model checking Java meta-locking algo-
rithm has aso been conducted in [1]. Modeling techniques
for one class of software systems may be completely inap-
propriate for another. Our work on modeling behaviora con-
tracts can be seen as another domain-specific model checking
framework.

6 Conclusions

In this paper, we have introduced a formal model of de-
sign component based on contract and arigorousanalysis ap-
proach to software design composition based on automated
verification techniques. Our approach has several advan-
tages. First, it allows us to find errors in the design compo-
sition early in the development process and save the costs of
having to correct them later. Second, it provides mechanisms
to achieve automated verification of the properties of soft-
ware designs. Third, the generic representations of design
components can be stored in a repository and retrieved for
instanti ation and integrationin a specific application. Fourth,
asthe composition of components can be treated as a compo-
nent, the design analysis can scale up incrementally to large
component-based software systems. Fifth, contracts were

able to capture the complex design component topologies
and interactions and could be used to analyze pattern-based
designs.

Besides verifying structural, behavioral and evolution-
ary properties, we are characterizing properties that we can
use in our analysis of design compositions. These classes
may include properties about (real-)time and access control.
Techniques can also be provided to map the XL counter-
examples back onto the original structural and behavioral
descriptions to assess how much of this feature can be au-
tomated and how much effort is required to be able to show
which parts of the structural and behavioral descriptionsneed
to be revised under the light of the counter-examples.

The analysis results shown in this paper indicate that it
could be highly beneficial to pursue further research on how
the structural design changes may affect the behavior of soft-
ware system composition, and how these changes can affect
various properties of the design composition. These analy-
seswill provide guidance on important design decisions, but
also be documented to provide information on the rationale
behind these decisions|[6, 7].
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