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RESUME :

Disposer de composants hiérarchiques pour construire des composants a partir d’un assemblage de compsoants est une
nécessité du génie logiciel orienté composants. Assurer certaines propriétés d’un assemblage a partir des propriétés des sous-
composants est alors un des principaux besoins. Actuellement, les approches contractuelles ne sont pas adaptées aux composants
hiérarchiques et les notions de contrat et de spécification sont confondues, a tort. Le contrat est alors plutdt implicite, ce qui géne
son utilisation et sa gestion. Nous proposons donc Confract, un systeme de contrats pour composants hiérarchiques qui fournit
a la fois des contrats d’interface sur les connections et des contrats de composition sur les assemblages. Le modeéle distingue
clairement les spécifications des contrats. Il a été validé par I’intégration d’un langage d’assertions dédié.

MOTS CLES :
Composants hiérarchiques, spécifications comportementales, Contrat, contrat

ABSTRACT:

Component-Based Software Engineering is now calling for hierarchical components to build components from components
assembly. Ensuring properties of a resulting assembled component from properties of its subcomponents is then a major need.
Currently contract-based approaches does not handle hierarchical components and mix up the notion of contract with the speci-
fication of a given property. The contract is then somewhat implicit, hampering its use and management. We propose confract, a
contracting system for hierarchical components that supports both interface contracts on interface binding and composition con-
tracts on assembly. The model also clearly distinguishes specifications from contracts and has been validated by the integration
of a dedicated assertion language.

KEY WORDS :
Hierarchical Components, Behavioral specifications, Contract, Interface
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ABSTRACT

Component-Based Software Engineering is now calling for
hierarchical components to build components from compo-
nents assembly. Ensuring properties of a resulting assembled
component from properties of its subcomponents is then a
major need.

Currently contract-based approaches does not handle hier-
archical components and mix up the notion of contract with
the specification of a given property. The contract is then
somewhat implicit, hampering its use and management.

We propose Confract, a contracting system for hierarchical
components that supports both interface contracts on inter-
face binding and composition contracts on assembly.

The model also clearly distinguishes specifications from con-
tracts and has been validated by the integration of a dedi-
cated assertion language.
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1. INTRODUCTION

Component-Based Software Engineering (CBSE) intends to
deliver the beneficial effects that the object-oriented ap-
proach failed to completely provide: reuse of out-sourced
pieces of software and thus increased productivity. Compo-
nents tend to be more reusable for several reasons: (i) they
can be more easily (re-)used by non-expert programmers,
(it) they usually take into account distribution and network
issues from the start, (iii) they are deployable entities, fa-
cilitating extensibility and evolvability of systems, (iv) they
offer several interfaces, usually separating required and pro-
vided ones and thus providing more general binding policies
and a better separation of concerns.

Currently, industrial component platforms [14, 36, 33| are
quite efficient in their specific domain, but their applicabil-
ity is limited, as composition is not recursively organized —
a component cannot be built from a composition of other
components — and its resulting behavior is weakly defined
and verified. Checking some semantic properties on hier-
archical components boil down to compositional reasoning,
defined by Bachman et. al [2] as the ability “to ensure that
the properties of a system of components can be predicted
from the properties of the components themselves”. This
problem is inherently complex, but adding to it distribu-
tion and dynamic reconfiguration mean an incomplete and
changing knowledge of components, hence the difficulty to
provide complete proofs [34]. Several recent work are willing
to establish forms of compositional reasoning [8, 34]. While
these properties are relevant to CBSE, none of these work, to
our knowledge, handles the general specification and verifi-
cation of behavioral properties for components while taking
into account the entire context described above.

Getting back to the definition of a software component as “an
unit of composition with contractually specified interfaces”
[45], we believe the notion of contract appears as a natural
solution to express and organize such behavioral descrip-
tions. Nevertheless contracts in object-oriented systems are
usually likened to behavioral specifications using executable
assertions with pre, postconditions and invariants on classes
[30, 26, 40, 3] and more rarely with invariants and rules
on interactions between objects[23]. In the middleware do-
main, the notion of contract is also used to express quality
of services [20, 47], inherited from network and multime-
dia backgrounds, and more generally to constrain non func-
tional properties [4]. Several work introduce some contrat
support for components, focusing on interfaces or connec-



tors, specifying architectural constraints [39] or quality of
services [47]. But for most of these work, the contract it-
self is always implicit, being an informal interpretation of an
associated specification. Moreover, hierarchical components
are never taken into account in those approaches.

To solve these problems, we propose a general contracting
model, Confract, which considers contracts as in the real
life: the contract is the result of an agreement on some ser-
vices between several parties, each one coming with its own
specification. Moreover, for each provision of the contract,
one can identify what is required and/or provided by each
party. This model enables to define contract, which can be
based mainly on two kinds of specification:

e specifications on interfaces, for which the contract is
the result of the matching of the required and provided
interfaces when two components connect to each other.

e specifications on composition, which can be related to
the interfaces of the composite component and the in-
terfaces of the components it contains. The result is a
composition contract.

Specifications can be expressed with different formalisms, as
long as they fit in the Confract model, that is the formula
can be translated to one of the two forms above, the respon-
sability of each formula can be automatically deduced, and
a verification method is implemented for the formula in its
context (interface or composite component).

The contributions of this paper are two-fold. First, we define
Confract, a general contracting model for hierarchical com-
ponents that can be used to organize the definition and ver-
ification of specifications on both interfaces and composite
components. Second, we show its applicability through an
example using an assertion-based language, CCL-J, adapted
to hierarchical components and objects. Both the contract-
ing model and the language have been implemented on top
of Fractal [6], a general component platform supporting re-
cursive composition. They have also been used to specify,
contract and control a small reference application and some
other validation applications are almost finalized. Confract
is also intended to be used in several large Fractal-based
applications.

The remainder of this paper is organized as follows. Section
2 introduces Fractal, the component framework on which
our work is developed. Section 3 presents the requirements
for a general contracting model for hierarchical components.
Using an example, we describe our proposed model, Con-
fract, in section 4, and the CCL-J assertion language in sec-
tion 5. Examples of the reified contracts are given in section
6. Section 7 discusses the implementation, related work and
open issues. Section 8 concludes this paper.

2. HIERARCHICAL COMPONENTWARE:
A FRACTAL VIEWPOINT

Current industrial component platforms are quite efficient in
adressing specific domain targets: J2EE [14] and .NET [33]
are specialized frameworks for business applications, CCM
[36] defines a more general component model but aims at

providing a superset of the CORBA 2 model, focusing on dis-
tribution and business component connections rather than
on composition. The applicability of these models is thus
limited, as composition is “flat”, that is a component can-
not be built, maybe dynamically, from an assembly of other
components. This property is indeed essential to obtain an
uniform viewpoint on software components at different ab-
straction levels and thus build a real market of software com-
ponents [44].

Our work is based on the Fractal framework [6], which sup-
ports recursive composition. The following paragraphs brief-
ly present this framework, its underlying model and its cur-
rent implementation. Despite the fact that our proposal is
dedicated to Fractal, results are to a large extent applicable
and useful to component-based models and platforms.

2.1 TheFractal Framework

The Fractal framework [6], developed as a project of the Ob-
jectWeb consortium [35], provides a general software com-
position framework. It supports component-based program-
ming, providing programmatic component management, e.g.
definition, configuration, composition, and administration.
The main features of the framework aim at achieving these
goals: composite components, shareable components, intro-
spection capabilities, configuration and dynamic reconfigu-
ration capabilities.

The recent release of the second version of the Fractal spec-
ification brings some changes to the framework. It intro-
duces different levels of compliance, which are associated
with component control, from no control at all, which makes
a component very close of an object, to some extensive con-
trol, close to the full-flegded version 1. Our proposal is based
on the first version, which makes it compliant at the highest
level with the new specification.

2.2 TheFractal Component Model

A Fractal component is considered as a run-time entity com-
posed of two parts: a content and a controller. The content
of a component is composed of other components, which are
managed by the controller of the enclosing component. The
component model is recursive and allows components to be
made of other components at an arbitrary level. Primitive
components, which contain no component, are distinguished
from composite components that contain other components
(see figure 1). A root component is thus defined as the
unique top-level one. A component may be shared by differ-
ent components, in order to easily design shared ressources.
A component interacts with its environment through its ac-
cess points called interfaces. A component may have multi-
ple provided interfaces, which define the functionality that
the component offers to other components, and multiple re-
quired interfaces, which define the functionality the com-
ponent requires from the surrounding environment. On a
component, an interface is thus defined by its name (i, j ...
on figure 1) and its signature, that is a set of methods, com-
ing from the underlying object model by its name (I, J ... on
figure 1). On a Java-based implementation of Fractal, I and
J would be the names of some Java interfaces. Component
interfaces may also be declared optional, i.e. their binding
is not necessary for the component to be started.
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Figure 1: Components in the Fractal model.

The controller part of a component chains a number of
controller objects that can intercept incoming and outgo-
ing method invocations and returns targeting or originat-
ing from the components in the component content. Each
chained object adresses a control concern. Basic controller
objects in Fractal are ComponentIdentity (CI), to reference
a component, LifecycleController (LC), to manage its life-
cycle, BindingController (BC) to control its bindings, and
ContentController (CC), which is only available on compos-
ite components in order to control included components.
Controller objects may also intercept each other through
a mixin mechanism.

The Fractal component model provides a type system for
components. A component type is the set of its interface
types. A subtyping relation is defined, which enables sub-
stitution, especially during dynamic reconfiguration. Com-
ponents are then instantiated by factories, which can be
generic and instantiate components of different types, or can
be dedicated to a specific type. The Fractal model provides
Templates, which are a special kind of component factory,
which creates components quasi “isomorphic” to itself [6]. A
template is defined with a component type and a content,
that is subtemplates which can be bound to each other or to
the including template. Component and template factories
are themselves components. A bootstrap component is then
provided by a Fractal runtime system, in order to enable
first component instantiations.

Combination of different types of components and controllers
enables to build and experiment different kinds of composi-
tion and specialized model. For a detailed presentation of
Fractal, we report the reader to [19, 6].

2.3 TheFractal Reference lmplementation

A reference implementation is currently available for the
Fractal framework. This platform, named Julia, is imple-
mented in Java. Java is also used to program components
and to define interfaces. The Julia implementation also pro-
vides an XML-based architecture definition language, to de-

fine types, templates, components and their static bindings,
but all these operations can also be directly realized through
an API, enabling dynamic reconfiguration.

3. REQUIREMENTS

We determine requirements according to a long term goal
of support of some forms of compositional reasoning based
on contracts. The data needed for such a process cannot be
neither all certified nor even known a priori at component
design time, especially for non functional properties. Con-
tracts in our model have to take this constraint into account.

Consequently, contracts must not be reduced, as it is usu-
ally the case, to the only statement of some assertions de-
fined a priori by designers. They must be designed closer
to their real life sense, following the definitions of [2], as an
agreement between two or more parties, that is a number
of wverifiable provisions, possibly negotiated before signing
and implying well defined responsibilities for each signatory.
As components can be hot plugged, assembled or reassem-
bled, it is essential to define precisely participating entities
and their responsabilities in the contract satisfaction pro-
cess: what hypotheses may be trusted, what component can
react in case of problem, what components must participate
in a negotiation to obtain a compromise if any.

The Fractal component model allows a broad range of com-
ponents assemblies using stratified definitions, in which each
additional level is optional. Following this approach, the
contract model has to handle varied forms of contract, both
in their intention and their level of formality. Any specifi-
cation expressed in any formalism, should be considered as
a provision of a contract. Consequently, the model must be
able to support formal and semi-formal specification tech-
niques, implying static and dynamic verifications, proofs and
tests, etc. For generality’s sake, verifiable properties must
not be limited, ranging from functional aspects of business
processes to technical aspects of control interfaces, non func-
tional aspects focusing on quality of service during runtime
(deployment costs, response time, resources consumption,
security level, etc.) or quality of the development process
(trust level, certification, results of metrics, etc.).

Each specification making up a contract could be broken
into one or more clauses that share the same formalism, the
same responsibilities and involve the same parties. In order
to handle in an uniform way specifications from different
formalisms, specifications and contracts are intended to be
reified as first-class entities with attributes and methods.
For efficiency’s sake this reification could be lazily realized.

In the Fractal model, each component can be seen as a spa-
tiotemporal frame of reference. Consequently, a verification
is static for a component if it is done before its runtime,
which is controlled by the lifeCycle controller. A proof of
some functionality of a component, say C, or of a compo-
sition of functionalities, or a partial verification related to
some typing, composition, visibility or protection properties
that only involve properties of C and its possible internal
parts, are considered static as long as they are done before
the runtime of C. Conversely verifications such as functional
or QoS assertions done during the runtime of C and its in-
ternal parts are considered as dynamic ones.



As for components and interfaces, contracts must be typed,
with compatibility rules based on substitution principles.
Intuitively, different kinds of contract have to be distin-
guished, according to the place and nature of the compar-
ison between the parties. Generally, there is a possibility
of contract each time there is a possible confrontation be-
tween contradictory interests from the parties, which is par-
ticurlarly the case between provided and required services.
In an Fractal assembly of components, these confrontation
places are mainly the following:

e functional interfaces, where mandatory client inter-
faces need a binding with a server interface that is com-
patible both in type and in any constraint expressed
in specifications as described above;

e assemblies, which are made by the content controller
of a composite component. The composition of in-
teractions between internal and external services has
to satisfy the provided side of the component and de-
pends on assembled components and their interfaces.

Hence, the contract model must not only support nter-
face contracts, but also provide composition contracts, dis-
tributed in a hierarchical way along the composition of com-
ponents.

Contracts must be made of specifications and responsabil-
ities and both of them are only known at components as-
sembly time. Consequently, contracts has to be built dur-
ing assembly and some static compatility checking must be
done: if a required property is not satisfied by an element
of the composition (such as an interface or a component),
a negotiation could be initiated to decide whether to find
a better component, to lower the exigence level or drop a
unsatisfied service. Consequently, the distinction between
the specification, expressed a priori by interface or compo-
nent designers, and the contract, built during component
assembly, would create an appropriate environment to en-
able negotiations. The issues related to computer-assisted
negotiations are briefly discussed in section 7.3.

4. THE CONFRACT MODEL
4.1 Foundations

The Confract model describes concepts that are useful to
specify and verify, in a contractual way, properties of ap-
plications built by assembling components on the Fractal
platform. In this section, we give an informal definition of
the model illustrated by an example.

4.1.1 Contract

A contract consists of a list of participants (the signatories)
and a list of specifications (the provisions). Every specifica-
tion must be under the responsability of an unique guarantor
and accessible to one or more beneficiaries. The guarantor
of a specification is one of the participants and may be the
beneficiary of another specification of the same contract.

The Confract model distinguishes three kinds of contracts’:

"We do not support operation contract like in the Eiffel

e Library (unit) contracts define the semantics of the
underlying OO language units (interfaces or classes).
These units are used in applications, but without be-
ing components interfaces. They often come from the
language libraries, like data structures, windowing ele-
ments, etc. or they can be application specific. These
units were called components before middleware com-
ponents emerged (for example in [23, 32]) and the con-
tracts are those of the OO languages [30, 26].

e Interface contracts are located at the junction point
of required and provided component interfaces, such
as interface t in figure 1. These interface contracts
only refer to entities accessible in the interface and its
methods.

e Composition contracts refer to entities from several ex-
ternal interfaces of the component or of its internal
sub-components. For example, a property that con-
cerns several external interfaces of a component, or
one or more internal components, or external interfaces
bound to internal components, has to be controlled by
a composition contract. On figure 1, a contract that
refers to specifications of i and j, or of i and s, or of
s and t, is a composition contract. This kind of con-
tract only refers to entities accessible from the contract
controller of the component, which manages specifica-
tions.

The life cycle of contracts is organized in two stages : de-
velopment and operation. During the development stage,
a contract is open. The specifications of an open contract
may vary, in particular during a negotiation process. The
participants of an open contract may not be known. A con-
tract is closed when all its specifications are stabilized and
associated with an identified guarantor. The closure of a
contract in the Confract model corresponds to the signing
of a contract in real life. In a closed contract, none of its
specifications may be modified nor a guarantor be changed.
To modify a contract, it must be first canceled and a new one
must be created. Interface and composition contracts can
be closed, but library contracts are not necessarily closed
when they do not explicitly define the beneficiaries of the
provided services.

4.1.2 Specification

A specification describes one or more logic properties (or
constraints) that must be satisfied during given periods or
at given times at application runtime. Every specification
is written in a given formalism, but the specifications of a
same contract may use different formalisms, according to
the nature of the properties and the adapted verification
techniques. Thus, very stable functional aspects could be
described in an algebraic specification language, QoS spec-
ifications in QML [20], some temporal aspects with TLA
[27] for example. In the current implementation of Con-
fract, only CCL-J specifications are supported (cf. section
5). When a specification is complex, it can be broken into
several clauses, which can be identified by a number or a
label to document contract violation.

language, as they are included in library contracts and are
not separately negotiable. Other kinds of contracts, like on
synchronization, could subsequently enhance the model.



Every specification must be verifiable, automatically or not,
using proofs, static analysis tools or runtime checking. A
specification has a life cycle and can go through different
states during its construction and verification: unstable, sta-
ble, verified and possibly certified. At runtime, a stable
specification can only be in one of three states: undefined,
true or false. For example, a method precondition will be
true or false at the method entry — its satisfaction period
— and will be undefined during other periods.

The context of a specification is the scope of entities that
can be refered to. It is determined from the position of the
specification in the application, using the scope rules of the
Fractal model. Therefore a specification may be located on
an interface of the underlying language or on a component
controller.

Two specifications written in the same formalism, with the
same context and the same satisfaction period can be com-
pared to determine their compatibility. A specification of a
entity A (method, interface, library unit) is compatible with
a comparable entity B if A can be substitued for B and can
satisfy B for all execution.

Contracts are different from specifications on several points:

e they can use several different guarantors,

e they can use several formalisms on different specifica-
tions,

e Specifications are provided by developers in advance,
when contracts are dynamically built (reified) by a
contract controller, following a possible negotiation to
compare required and provided properties.

e Specifications can be verified in advance, particularly
syntactically, before their integration in the contract-
ing system. They could also be thoroughly verified
in case of certification. Contracts cannot be certified
in advance, as all their guarantors are not generally
known.

However specifications and contracts have common features:

e These are texts with a specific syntax, which can be
internally reified or printed in a readable way.

e They are typed and can be compared against their
compatibility.

4.1.3 Contract participants

The participants of a specification are:

e its guarantor, which is the responsible entity (in re-
ality the developer) of the described properties. The
term “responsible” is not bound to be interpreted here
as a guilty party. If the properties is not satisfied, the
guarantor must act at best to make the application
run in a satisfactory way from both functional and
non functional viewpoints. On a component platform,

the separation between qualities of correction and ro-
bustness — traditional in software engineering — is no
more so relevant and faults that are detected for both
aspects are uniformally handled by exception raising.
The hierarchical nesting of component controllers pro-
vides a natural frame to intercept, handle or propagate
those exceptions. The request of reconfiguration and
the renegotiation on expected requirement levels are
among the possible actions of a guarantor.

e one or more beneficiaries, which are entities that can
“rely” on the properties described in the specification.
It plays the role of working hypothesis for the benefi-
ciaries. This separation of the responsibilities between
guarantor and beneficiaries brings numerous advan-
tages [30] : one knows which entity to notify in case of
violation, no risk of verification oversight or repetition,
decisions making is clarified.

e possibly, one or more contributors, which are entities
indirectly responsible of some parts of the specifica-
tion. They can act to make the specification true.
Therefore, in case of invalidation of the specification,
its guarantor can also negotiate with the contributors
to make the specification true again.

The contracting system especially needs to know the guar-
antors of the different specifications. The set of all guar-
antors of all specifications of a closed contract is the set of
its participants. A beneficiary of a contract’s specification
is a participant of this contract only if it is the guarantor
of another specification of the contract. When a contract is
open, some of its specifications have potential guarantors,
which are not yet identified. The guarantors of library unit
contracts are identifiable when the usage of the unit in the
implementation code of components is known. For other
contracts, the identification of participants is made at the
time of interfaces binding (interface contract) or component
assembly (composition contract). In particular, the follow-
ing rules apply:

e An interface contract has two participants, the two
connected interfaces;

e If a contract has more than two participants, it is nec-
essarily a composition contract. However a composi-
tion contract can have only two participants, for ex-
ample if the interfaces of its participants are not con-
nected.

4.2 Anexample: acopier

We illustrate the Confract model with a simple example that
simulates a black & white copier. The description of this
example is very partial here, but a complete version will
be available soon in an extensive Confract tutorial. The
external view of the copier, considered as a black box, is
given in figure 2.

The copier environment is a pseudo-component that corre-
sponds to the real world and can be materialized as “plug”
interfaces during testing. The copier provides two interfaces,
a command panel and an output tray for copies.
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Figure 2: External architecture of COPIER.

Required interfaces manage everything the environment must
provide to realize a copy: black ink, a blank paper tray, a
glass for the original document and a power supply. All these
interfaces are described in the support language of Confract
and Fractal, currently Java?. Specifications of the different
constraints are given in the following section using CCL-J.

4.2.1 Library interfaces signatures

As seen before, library units describe the general properties
which are independent of any assembly. These properties are
used in the constraints on components and therefore must
be known, but usually, they already exist.

As for the copier, the following interfaces must be known:
Sheet (paper sheet), BiImage (black & white image), BWDot,
Stack, ...

interface Sheet { // Sheet of Paper
float width (); // inches
float height (); // inches
BWImage image (); // image in black and white on the sheet
boolean isBlank (); // isthe sheet blank ?
boolean isStable (); // istheimage stable ?
float heightResolution (); // dotsperinch (dpi) on height
float widthResolution (); // dotsper inch (dpi) onwidth
boolean isSame (Sheeet s); // isthissheetthesameass?

}

interface BWImage {
// Digital image, considered as a raster of dotsin black and white.
int width (); // number of dots on width
int height (); // number of dots on height
BWDot getDot(int x, y); // get the BWdot with x, y
void setDot(int x, y, BWDot p); // settheBWdotwithx,y
boolean isEqual (Image other);

// isthis object equal to other ?

}

interface ColorImage extends BWImage {
// Digital image, considered as a raster of color dots
ColorDot getDot(int x, y); // get the Colordot with x, y
void setDot(int x, y, ColorDot p); // settheColordot withx,y

2To reduce notations, the public keyword is implicit.

}

interface BWDot { // Black and white dot
boolean isWhite (); // isthis dot white ?

}

interface ColorDot { // Color dot
boolean isWhite (); // isthis dot white ?
int Red, Green, Blue; // the color of this dot in RGB system

}

interface PrintCartridge { // replaceable toner
float level (); // current ink level in ml
void setLevel (float newLevel);
String color ();

}

Description 1: Library interfaces signatures.

4.2.2 Sgnaturesof the copier external interfaces

The signatures of the external interfaces of the copier must

then be described. Required ones are BlackCartrige, Pa-
perTray, Glass and ACPower. Provided interfaces are PrintingPanel
and OutputTray.

interface BlackCartridge { // Blackcartridge support
PrintCartridge cartridge ();
void replaceCartridge(PrintCartridge c);

}

interface ACPower { // AC power for all componentsin the copier
boolean isConnected (); // isAC power connected ?
void connect (); // connect AC power
void unConnect (); // unconnect AC power

}

interface PaperTray { // Input tray with blank sheets
float trayWidth (); // inches
float trayHeight (); // inches

Stack<Sheet> tray (); // thefull paper tray

void loadTray (Stack<Sheet> new); // pushesnew sheetsonto thetray
int capacity (); // max. nb. of sheetsin paper tray
Sheet topSheet (); // the sheet of the top of thistray
boolean isPaperJam ();

}

interface Glass {
Sheet original ();
float glassWidth ();
float glassLength (O);
void loadOriginal (Sheet o);
void removeQOriginal ();

// Glassfor original documents
// document to copy
// inches
// inches

}

interface PrintingPanel {// Panel to command copies
boolean isPowerOn (); // isAC poweron?
boolean isBusy (); // iscopier currently copying ?
float copyDuration (); // effectiveduration of current copy
void copy (int n ); // asksn BW copies of the original

interface OutputTray {
Stack<Sheet> tray ();
void removeSheets (); // removeall sheetsof thistray
int capacity Q); // max. nb. of sheetsin thistray
Sheet topSheet (); // the sheet of the top of thistray
boolean isPaperJam ();

// Output tray with the asked copies

}

Description 2: External interfaces signatures.

4.2.3 Internal architecture



We now describe the internal architecture of the copier.
To simplify the example, we only use three main compo-
nents that should be reusable in other devices, such as scan-
ners, fax machines, or all-in-one printers. The component
SCANNING produces a digital image from the original doc-
ument. The component PRINTING prints the digital image
onto a blank paper sheet, but the result is not yet stabilized.
The component FINALIZATION stabilizes the fresh print, by
drying for example. A component DRIVER is added to real-
ize the working of these three components. This component
is connected to the PrintingPanel and controls the three
other components using three interfaces, FinalizationDri-
ver, PrintingDriver and ScanningDriver.

COPIER <cpr> BlackCartridge bc
P
PRINTING  [|— ~
UnslableCo{y <prt> —ﬁ@— PaperTray pt
O‘u!putTray FINALIZATION _C PrmtwngDnver[J\ Digi!allmageT ~
:l <fnz> 'C' Glgss gls
~
5 SCANNING \
FinalizationDriver <sca>
PrintingPanel ACPpwer| ac
_ DRIVER fT\ ya
v <dri> 1] ~
PP _C. ScanningDriver
Figure 3: Internal architecture of COPIER.
4.2.4 Interfaces signatures of internal components

Some external interfaces of internal components are directly
connected to external interfaces of the composite compo-
nent COPIER 2. This is the case for BlackCartridge bc,
PaperTray pt, Glass gls, ACPower acp, OutputTray ot and
PrintingPanel pp.

Some external interfaces of internal components are directly
bound to each other, that is their provided and required in-
terfaces are compatible. This is the case for interfaces con-
trolling program flow, such as FinalizationDriverClient,
ScanningDriverClient and PrintingDriverClient. These
interfaces are bound to the corresponding server interfaces
of the component DRIVER. The interfaces UnstableCopy and
DigitalImage provides services that can be different whether
they are required or provided interfaces. For example, the
scanner used in a B&W copier could easily scan color im-
ages, a B&W projection of which would be used by a print-
ing component that used only black ink. The comparison of
required and provided interfaces is first done by the Fractal
system which checks the static compatibility of signatures
types. The Confract system then establishes an interface
contract accepted by common consensus of the two compo-
nents, following a more or less automated negotiation (cf.
section 6).

interface ClientDigitalImage { // PRINTING side
BWImage image (); // Digital image to proceed
void imageProcessing (BWImage im);
// put processed iminto image
}

3These are interfaces that cross the boundary of the com-
ponent COPIER.

interface ServerDigitalImage { // SCANNING side
ColorImage image (); // Digital image to proceed
void imageProcessing (ColorImage im);
// put processed iminto image

interface ServerUnstableCopy { // PRINTING side
Sheet copy (O);
void setCopy (Sheet s);

}

interface ClientUnstableCopy { // FINALIZATION side
Sheet copy (O);
void setCopy (Sheet s);

}

interface FinalizationDriver { // FINALIZATION side
void finalize ();
float finalizationDuration ();
// duration to finalize one sheet (in ms)
}

interface PrintingDriver { // PRINTING side

void print ();

float printingDuration (); // durationto printone sheet (in ms)
}

interface ScanningDriver { // SCANNING side
void scan ();
float scanningDuration (); // duration to scan one sheet (in ms)

}

Description 3: Signatures of external interfaces of inter-
nal components.

5. THE CCL-J ASSERTION LANGUAGE
5.1 Rationale

The Confract model aims at supporting contracts with spec-
ifications that are expressed in different formalisms. We
define CCL-J (Component Constraint Language for Java),
a formalism of executable assertions with quantifications,
which is dedicated to Fractal component interfaces and com-
ponent composition. Of course, constraints on library units
can also be defined with CCL-J, that is on Java interfaces.
Besides CCL-J follows our previous work on assertions and
their efficient evaluation [11, 12] and on the OCL language
[46].

CCL-J provides five conventional kinds of specification [30,
15], which correspond to well identified points of the space-
time and guarantors:

e a precondition pre: is valid at the entry of an interface
method and the method caller is its guarantor ;

e a postcondition post: is valid at the exit of an inter-
face method and the implementation of the method is
its guarantor ;

e aspecification rely: is valid during the interface method
call and its guarantor is the method caller ;

e a specification guarantee: is also valid during the
interface method call but its guarantor is the imple-
mentation of the method ;



e an invariant inv: is valid during an interface observ-
able periods, that is from the instantiation to the de-
struction of the objects that implements the interface
and only during inactivity periods of these objects (be-
tween method calls); These inactivity periods are man-
aged by the life cycle controller of each Fractal com-
ponent.

A CCL-J specification is a logic formula, with a syntax
adapted to the Java language and the possibility of quantifi-
cations on collections, as in the OCL language. For docu-
mentation and simplification purposes, specifications can be
broken into several labelled clauses, which are then implictly
conjuncted. On program 4, the precondition is broken into
clauses which are identified by clauses such as InkLevel0Ok,
TrayOk, etc. During runtime checking of these clauses, the
Confract system can then name the labels of invalid clauses.

pre:
InkLevelOk:
bec.cartridge() .level() >= 0.05; // ml
Tray0Ok:
pt.tray.size() > n && ! pt.isPaperJam();
dimPaperOk:

pt.width() >= pt.topSheet().width() &&
pt.height() >= pt.topSheet().height() ;

Description 4: A specification broken into clauses.

CCL-J also enables to define variables local to specification
(let) and provides an keyword implies with the conven-
tional semantics.

In a postcondition, one can refer to the function result with
a specific variable result and the state of an expression at
method entry is accessible using the postfix operator @pre,
just like in OCL.

post: result == image.height() / height() ;
post: getstack().size() == (getstack().size())@pre-1;

Description 5: Example of the result and @pre con-
structs.

In this example, the first postcondition defines the return
value of the function and the second one states that the size
of a stack has increased by one between method entry and
exit.

5.2 Contextsand spatial quantifications

As CCL-J constraints are described separately from any sig-
nature or architecture descriptions, the context of these con-
straints must be specified. As in OCL, CCL-J uses a con-
text construct but adapted to components needs:

e on Java interface signatures (libray unit): the speci-
fication is valid whatever use is made in Fractal, at
the component (Fractal interface) or implementation
(Java class implementing a Fractal interface) level;

e on a method of a Java interface: the validity is the
same as the previous case, but limited to the specified
method;

e on an instance, a type or a template of a Fractal com-
ponent: the specification is then valid for the specific
instance or all instances generated by the component
type or template. All interfaces accessible from the
component controller can then be refered to, that is,
external interfaces and, if the component is composite,
all external interfaces of its subcomponents.

To designate Fractal interfaces, a construct on specifies on
which component they are located. The names of compo-
nent, component type or template are specified inside <. ..>,
like with <cpr> ou <COPIER>. Java and Fractal interfaces are
accessed with path expressions, which can be simplified by
Java-like import clauses:

import confract.copier.*;

import confract.copier.ui.controller
import java.util.x*;

on <COPIER> ...

Description 6: Import statements.

The following example shows the contexts of a Java interface
and of one of its method, without specifying any component
(no on clause). In the first case, only invariants can be
specified. In the second case, one or more specifications of
kind pre: , post: , rely: or guarantee: can be described.

context confract.copier.Sheet
inv: height () <= 11 ; //inches
width () <= 8.5 ; //inches

context boolean confract.copier.Sheet.isBlank()
post: result == ( image /= void ) &&
forEach( int w in 1 .. width()
forEach( int h in 1 .. height()
image() .getDot (w,h) .isWhite() ));

Description 7: Context statements of library units.

The on construct enables to specify properties on compo-
nents (instances, types or templates) and also to factor dif-
ferent contexts of this component.

on <COPIER> ... // contexton the component type COPIER

on <cpr> ... // contextonaninstanceof COPIER

Description 8: Context statements of Fractal compo-
nents.

The choice between an instance or a template/type of a
component must always be done in favor of generality: the
identity of a component is specified only if the specification
depends on this identity.

on <COPIER>
context pt
inv: acp.isConnected();

context Stack<Sheet> ot.outTray()
post:
result /= void implies

forEach (int i in 0 .. result.size()



result.elementAt(i).width() == pt.trayWidth() &&
result.elementAt(i) .height() == pt.trayHeight() );
end on

Description 9: Example of context statements of a com-
ponent.

The above example first shows an invariant on the pt in-
terface which depends on another interface acp of the same
component. Then the postcondition states that the dimen-
sions of all sheets of the output tray are the same as the
ones of the input tray.

A specification can often be factored to several methods or
even several interfaces. In order to facilitate the expression
of constraints according to a specific viewpoint (a functional
or non functional constraints for all operations or interfaces
of some kind), CCL-J enables to factor a constraint to sev-
eral contexts with a * generator. Regular expressions can
then be defined on names to realize a spatial quantification.

on <COPIER>
context *.x*
rely: acp.isConnected();
context void PrintingPanel.*Copy (int n)
pre: 0 < n < COPIESMAX;
end on

Description 10: Use of the * generator.

The above example first shows a constraint on the availabil-
ity of the electricity supply for all operations of the compo-
nent type <COPIER>. Then a precondition on the number of
fired copies is defined identically on all copy commands (one
can imagine both a ColorCopy and a BlackCopy method for
a colour copier).

5.3 Quantifications on collections

To increase assertions expressiveness, CCL-J supports some
simple collective operators on collections and some specific
shortcuts. In particular, it is often useful to quantify over a
numeric range, a type extent or some collections.

We use here a notation inspired from OCL, anchoring some
specific operations on the Java 2 collection hierarchy and
extending the Java syntax accordingly. The collective oper-
ations use the following syntax:

collection.operation ( Type v : boolean erpression
with v )

The following methods are then provided:

e select, which filters a subset of a collection according
to a given criterion (and reject as the complementary
operation);

e collect, to get a collection resulting from the projec-
tion of the given expression onto the elements of the
collection;

e exists, which corresponds to an existential quantifica-
tion;

e forAll, which corresponds to an universal quantifica-
tion.

A specific shortcut of forAll enables to easily range over
integers:

forEach ( int vin low .. sup : expression with v )

import confract.example.copier
on <COPIER> context void pp.copy(int n)
post:
copy: // all nlast copies have an image equal to that of the original.
forEach (int i in size()-n+1 .. size():
ot.tray.atElement(i).image.isEqual(
gl.original.image) )
paperPath: // outputisin reverseorder of input
let (int oTopPt=pt.tray.size()@pre)
forAll (i in1 .. n) :
pt.tray.elementAt (oTopPt-i-1)@pre.
isSame(ot.tray.elementAt (ot.tray.size()-i+1))
end// on <COPIER>

Description 11: Examples of quantifications

The above example shows a postcondition of the copy method.
The first clause specifies that the n copies on top of the the
output tray have an image identical to the original docu-
ment. The second clause states that the resulting n sheets
in the output tray are the ones from the paper tray in inverse
order.

6. CONTRACTS

Contracts are built during the component assembly stage,
using the various descriptions of the application: the archi-
tecture expressed in the Fractal ADL, Java interface sig-
natures and provided specifications. In the remainder of
this section, specifications will be considered as CCL-J con-
straints. The construction stage leads to the reification of
contracts. It is then possible to easily produce a textual
form, which can be used as documentation. We use this
textual representation to present some resulting contracts on
our running example, showing the main parts of a contract :
participants, provisions and guarantors. For documentation
purpose, interface signatures are also provided.

As seen is section 4, the Confract system supports three
kinds of contract, on library units, interfaces and composi-
tion. The two last ones are the main contributions of the
system.

6.1 Library contracts

Library unit contracts are not original and correspond to
contracts in object-oriented languages [30] and their exten-
sions [26, 46]. The participants are only identified when
the library unit is used in the implementation code and the
contrats mainly aim at detecting programming errors.

A contract is then associated with each library unit. The
benefit of using quantifications in CCL-J is significant, as
shown by the definition of the nochange: properties when
modifying a dot, or the definition of the result of isEqual
in the following example:

library contract BWImage #3 {

provisions // Digital image, considered asa raster of dotsin black and white.
int width (); // number of dots on width
int height (); // number of dots on height
BWDot getDot(int x, y); // get the BWdot with x, y



void setDot(int x, y, BWDot p); // setthe Bwdotwithx,y

pre:
1 <= x <= width() ;
1 <=y <= height() ;
p /= void ;
post:
change: p.isEqual(getDot(x,y)) ;
nochange: forEach ( int w in 1 .. width()
forEach ( int h in 1 .. height()

w /= x && h /=y implies
getDots(w,h).isEqual(getDots(w,h)@pre)))
boolean isEqual (Image other); // isthisobject equal to other ?

pre:
other /= void ;
post:
result = forEach ( int w in 1 .. width()
forEach ( int h in 1 .. height()

getDots(w,h) .isEqual(other.getDots(w,h))))

Description 12: Library contract on BWImage.

6.2 Interface contracts

The Confract system builds an interface contract for each
interfaces binding by comparing the required and provided
sides of these interfaces. A first check is done by the Fractal
platform to ensure that the type of the server interface (pro-
vided) is compatible with the client interface (required). If
it is the case, the Confract system pursues the comparison
using the available specifications.

6.2.1 ldentical required and provided interfaces
The first simple case is when required and provided inter-
faces are the same, as the client and the server use the same
interface type. The comparison is then trivial and the con-
tract is built using all specifications associated with the in-
terface. On the copier example, this is the case for some pro-
vided interfaces such as PrintingPanel or OutputTray, and
required ones such as BlackCartridge, PaperTray, ACPower
or Glass. All these interfaces have the environment <env>
as a participant, and the copier <cpr> with inverted respon-
sibilities according to the required or provided nature of the
interface.

For example, the contract on the PrintingPanel interface
is the following:

interface contract on <ROOT> #11 {
binding server = PrintingPanel <cpr>.pp,

client = Main <env>.main
participants cpr, env
provisions

boolean isPowerOn (); // isAC power on?

boolean isBusy (); // iscopier currently copying ?

float copyDuration (); // effectiveduration of current copyinms

void copy (int n ); // ask n BW copies of the original
pre: guarantor is env

0 < n <= 500 ;
post: guarantor is cpr
copyDuration == time() - time()@pre

copyDuration <= 60000%n/17; // required speedis17 ppm
rely: guarantor is env
isPowerOn ();
guarantee: guarantor is cpr
isBusy O);
inv: guarantor is cpr
'isBusy ();

Description 13: Interface contract on PrintingPanel pp.
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An interface contract is first made up of an identification
part:

e contract type: interface;
e scope: component <RO0T>;
e an ID code: a number for example;

e components binding for its interfaces, on the server
(<cpr>.pp) and client (<env>.main) side;

e the participants list, with only two participants in the
case of an interface contract;

e and the provisions list of the contract, in the form
of method signatures and associated specifications. In
the case of CCL-J, specifications are pre:, post:, rely:,
guarantee: and inv: clauses.

In the case of PrintingPanel, the semantics of the result-
ing interface contract is somewhat poor, as it only refers to
properties that concern the interface itself. But the working
of a printing depends on the different external interfaces of
the copier: to make a copy, one need some electrical supply,
enough paper, an original document correctly installed on
the glass, some (black) ink. And then, the result can be ob-
served in the output tray. Therefore, it is in the composition
contract seen below that will be stated the key semantics of
the panel.

On the contrary, in the case of PaperTray, the resulting
semantics is richer, as its working mainly depends on the
interactions between the copier, which consumes paper, and
its environment, which has to reload the tray with blank
paper from time to time.

interface contract on <RO0T> #12 {

binding server = PaperTray <env>.pt,
client = PaperTray <cpr>.pt

participants env, cpr

provisions

int capacity (); // max. nb. of sheetsin paper tray

boolean isPaperJam ();

float trayWidth (); // inches

float trayHeight (); // inches

Stack<Sheet> tray (); // thefull paper tray

void loadTray (Stack<Sheet> ns);
// pushes a new stack ns of sheets onto the tray
pre: guarantor is env
ns != void ;
ns.size() + tray.size() <= capacity() ;
ns.forAll (Sheet s : s.width() == trayWidth() &&
s.height() == trayHeight());
ns.forAll1(Sheet s : s.isBlank());
post: guarantor is cpr
tray.size() == tray.size()@pre + ns.size() ;
forEach (i in 1 .. tray.size()Qpre:
tray.elementAt(i).isSame(tray.elementAt(i)@pre));
let ( int olast=tray.size()pre: ;
int nlast=tray.size() )
forAll (i in olast+1 nlast :

tray.elementAt(i).isSame(ns.elementAt(i-olast)@pre));

Sheet topSheet (); // thesheet of thetop of thistray
post: guarantor is cpr
tray.size() >0 implies tray.peek().isSame(result) ;



inv: guarantor is cpr
tray /= void ;
5.5 <= trayHeight() <= 11 ;
4.25 <= trayWidth() <= 8.5 ;
tray.size() <= capacity() ;
tray.forAll(Sheet s : s.isBlank()) ;
tray.forAll(Sheet s : s.width() == trayWidth() &&
s.height() == trayHeight() ;
}

Description 14: Interface contract on PaperTray pt.

As a result, this contract defines how paper is loaded, en-
suring that the environment satisfies the precondition: the
provided paper stack does not overflow from the tray, the
paper dimensions are appropriate... As postconditions, the
copier guarantees that it has taken well the provided paper
on top of the tray, allowing to maintain the tray invariant:
paper dimensions inside the acceptable range and identical
to the tray, and paper always blank. The condition tray /=
void in the invariant ensures that the implementation of the
PaperTray object instantiates a stack for the tray reference.
This simplifies all specifications regarding tray.

6.2.2 Distinct but compatible required and provided

interfaces
We now focus on distinct interfaces, such as DigitalImage
in our example. The PRINTING component requires a B&W
image and we suppose it needs an imageProcessing method
(a smoothing operation for example).

// reminder of the specification given on description 3
import confract.example.copier
interface ClientDigitalImage { // PRINTING side
ImageBW image (); // processedimage
void imageProcessing (ImageBW im);// putimintoimage
}

on <PRINTING>
context ClientDigitallmage
inv:
image.height() >= 14000 ; // dots
image.width() >= 11000 ; // dots
context void imageProcessing (ImageBW im);
pre:
im.height() >= 18000 ; // dots
im.width() >= 15000 ; // dots
post:
image.isEqual(im) ;
image.height() >= 14000 ; // dots
image.width() >= 11000 ; // dots
end on

Description 15: Signature and specification of ClientDig-
itallmage.

This required interface supplies to the PRINTING component
a B&W image with a resolution of 14000 x 11000 dots
grabbed from an original with a 18000 x 15000 dots resolu-
tion. The SCANNING component is also supposed to be more
efficient than <PRINTING>: it should provide a color image
with a better resolution according to less requirements on
the original document.
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// reminder of the specification given on description 3

interface ServerDigitalImage { // SCANNING side
ImageColor image (); // processedimage
void imageProcessing (ImageColor im);// putiminto image

}

on <SCANNING>
context ServerDigitallmage
inv:
image.height() >= 15000 ; // dots
image.width() >= 12000 ; // dots
context void imageProcessing (ImageColor im);
pre:
im.height() >= 16000 ; // dots
im.width() >= 13000 ; // dots
post:
image.isEqual(im) ;
image.height() >= 15000 ; // dots
image.width() >= 12000 ; // dots
end on

Description 16: Signature and specification of ServerDig-
itallmage.

The type comparison between the ServerDigitalImage and
ClientDigitalImage interfaces is successful, as a color im-
age is made of color dots that specialize B&W ones. The
comparison of the associated specifications is then made to
build a consensual contract on the binding. When types are
compatible, this contract can be obtained using a simple
algorithm, but which can be improved on. This algorithm
applies the subtyping rules to assertions, as in the Eiffel lan-
guage [30], but more formally defined in [17] as behavioral
subtyping.

As the server interface type is a subtype of the client inter-
face, the server specifications pre: and rely: must not be
stronger and the specifications post: and guarantee: must
be at least as strong as the client ones.

As for pre: and rely: , the contract connects the required
and provided conditions with an operator or else, as in Eif-
fel. The following rule then applies for required conditions
of the client (Regci;) and the server ( Regserv ):

(ReQCZi V ReQServ) A (ReQCZi = ReQServ)

The specifications on post: and guarantee: are connected
in the contract by an operator and then, applying the fol-
lowing rule:

(Prover; N Provsery) A (Provsery = Prove;)

in which Provsery, resp. Prove;, are provided conditions of
the server, resp. the client.

Finally, the same rule as for post: and guarantee: can be
adapted to check client and server invariants. It is expressed
by the same operator in the presentation of the contract.

As a result, the consensual contract for the DigitalImage
interfaces is the following:



interface contract on <COPIER> #17 {
binding server = ServerDigitallmage <sca>.sdi,

client = ClientDigitallmage <prt>.cdi
participants sca, prt
provisions

ImageWB image (); // scannedimage
void imageProcessing (ImageBW im);
pre: guarantor is prt
im.height() >= 18000 ;
im.width() >= 15000 ;
or else
im.height() >= 16000 ;
im.width() >= 13000 ;
post: guarantor is sca
image.isEqual(im) ;
image.height() >= 14000 ;
image.width() >= 11000 ;
and then
image.isEqual(im) ;
image.height() >= 15000 ;
image.width() >= 12000 ;
inv: guarantor is sda
image.height () >= 14000 ;
image.width() >= 11000 ;
and then
image.height() >= 15000 ;
image.width() >= 12000 ;
}

Description 17: Consensual interface contract for Digi-
tallmage, in a raw form.

The possible incompatibilities between required and pro-
vided specifications will be detected during runtime check-
ing. For example, if the client prt processes the image with
an original color image and a 18000 x 15000 resolution, the
precondition will be directly satisfied. The processing algo-
rithm will be the one of the server sca and will provided
a color image with a resolution higher than 15000 x 12000,
satisfying the postcondition of the imageProcessing method
and the contract invariant. At the time of the assignment,
the color image will be subsumed in a B&W image.

In some favorable cases, it is possible to simplify the raw
contract, such as in the following example:

interface contract on <COPIER> #17 {
binding server = ServerDigitallmage <sca>.sdi,

client = ClientDigitallmage <prt>.cdi
participants sca, prt
provisions

ImageWB image (); // scannedimage
void imageProcessing (ImageBW im);
pre: guarantor is prt
im.height() >= 16000 ;
im.width() >= 13000 ;
post: guarantor is sca
image.isEqual(im) ;
image.height() >= 15000 ;
image.width() >= 12000 ;
inv: guarantor is sda
image.height() >= 15000 ;
image.width() >= 12000 ;
}

Description 18: Consensual interface contract on Digi-
tallmage, in a reduced form.
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But in the general case, the simplification is undecidable, as
it is not possible to deduce whether a condition is weaker or
stronger than another one without runtime checking.

6.2.3 Distinct and incompatible required and pro-

vided interfaces

When the required and provided interface types are incom-
patible or when types are compatible but specifications are
invalidated by some dynamic admission control [13], a ne-
gotiation is necessary to build the consensual interface con-
tract or declare the assembly impossible. This negotiation,
which may use a human arbitration or some combinatorial
optimization algorithms, is under study. We also expect to
reuse or adapt work on e-negotiation [42, 1, 43].

6.3 Composition contracts

The Confract system builds a composition contract for each
component that has specifications refering to unbound in-
terfaces. At a more abstract level, two forms of composition
contract can be distinguished:

e external ones, which only refer to external interfaces
of a component, whether it is primitive or composite;

e internal ones, which refer to external interfaces of a
composite component as well as external interfaces of
its subcomponents. As a result, this form of composi-
tion contract is only applicable to component instances
or templates, as Fractal component types only define
the external interfaces.

As for checking techniques, there is no difference between
these two forms which are under the control of the compo-
nent contract controller. But if one wants to show the col-
laboration between the external interfaces of a component,
the appropriate form can be extracted from the composition
contract.

There can be two or more participants in a composition
contract. As there is no direct binding between interfaces,
there is no comparison between types or specifications, but
only a conjunction of all properties that are expected to be
true and must be checked.

In order to build the composition contract of a component,
two kinds of specifications must be separated out: the ones
related to interface contracts and the ones related to com-
position contracts. In the case of CCL-J, specifications with
an context on are the composition-related specifications.

The example below shows the composition contract on the
<COPIER> component. The key method is copy on the Print-
ingPanel interface, but one can imagine other control meth-
ods, on other server interfaces or, more rarely, on client inter-
faces. The composition contract thus groups together provi-
sions interface by interface, in the example PrintingPanel,
OutputTray, etc.

composition contract on <COPIER> #22
participants cpr, env, fnz, prt, sca
provisions on interface PrintingPanel pp {



boolean isPowerOn (); // isAC power on?
rely: guarantor is cpr
acp.isConnected() ;

boolean isBusy (); // iscopier currently copying ?
float copyDuration (); // duration of last copy commandin ms

void copy (int n );
// ask n copiesin BW of the original with a speed of 17 ppm

pre: guarantor is env
InkLevelOK: // minimimlevel is0.05ml
bc.blackCartridge.level() >= 0.05 ;

InputTrayOk: pt.tray.size()>n &&! pt.paperJam();
OutputTrayOk: mn <= ot.capacity() -ot.tray.size();
originalOk: gl.original.image /= void;

post: guarantor is cpr
copy: forEach (int i in 1 .. n :
ot.tray.elementAt(ot.tray.size()-i+1).image.
isEqual(gl.original.image));
inkConsumption: // Ink consumption is proportional ton
bc.blackCartridge.level@pre-0.02*n
<= bc.blackCartridge.level
<= bc.blackCartridge.level@pre;
paperPath: // outputisinreverseorder of input
let (int oTopPt=pt.tray.size()@pre)
forall (i in1 .. n) :
pt.tray.elementAt(oTopPt-i-1)@pre.
isSame(ot.tray.elementAt(ot.tray.size()-i+1))
copyDuration:
copyDuration == <sca>.driver.scanningDuration() +
n * (<prt>.driver.printingDuration() +
<fnz>.driver.finalizationDuration() )
speed: // required speedis17 ppm
copyDuration <= 60000 * n / 17;
inv: guarantor is cpr

pp.isPowerOn() implies acp.isConnected();

}

Description 19: Composition contract on the copier com-
ponent

From the server interface PrintingPanel, the contract cap-
tures the interactions between the external interfaces pro-
vided (OutputTray) and required (BlackCartridge, Paper-
Tray, Glass ACPower), and consequently between the par-
ticipants cpr and env. The preconditions on copy state the
hypotheses on other interfaces for the copy to work cor-
rectly: enough ink is needed, the paper tray is correctly
loaded enough with blank paper, etc. In the same way, the
postconditions of copy state the expected result on the out-
put tray (the n top sheets of the paper tray have an image
identical to the original document) and the effects on ink
and paper consumption. These last specifications resem-
ble more nun-functional constraints on resource consump-
tion than behavioral specifications.

Other non functional specifications, which are related to the
copy duration, break the total duration into the time spent
in the different internal components and also verify the ex-
pected printing speed. Some “data flow” constraints may
also be expressed, on the path of the paper or on the suc-
cessive conversion of the original image through the internal
components <SCANNING>, <PRINTING> and <FINALIZATION>.

7. DISCUSSIONS

7.1 Implementation
An implementation of the Confract model has been devel-
oped on top of the Fractal 1.1 platform [19] and its imple-
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mentation in Java, Julia. The current version of the system
consists of 330 Java classes, representing around 24000 lines
of code (with a selective counting of non empty and uncom-
mented lines in methods body). It uses ANTLR to analyze
the CCL-J language and the Beanshell, a full Java script-
ing language and interpreter, to easily prototype assertions
checking at runtime. Both interface and composition con-
tracts are completely supported and the integration of the
CCL-:{ formalism is currently covering almost the entire lan-
guage”.

The current prototype is organized in two layers. An under-
lying technical layer consists of a controlling and debugging
API for Fractal. This API is based on event notification and
combines debugging and control features with an architec-
ture similar to the Java Platform Debugging Architecture.
Those features are directly available through a specific Frac-
tal controller, called a ServiceController. The upper layer
uses this ServiceController to add a ContractController
to each component. This controller manages interface con-
tracts of possible subcomponents and the composition con-
tracts of the component. As for the CCL-J integration, the
contract controller drives interceptions on Fractal interfaces
and on other controllers (LifeCycle, Binding and Content)
in order to be notified of necessary events and check exe-
cutable assertions according to their specification kind.

A complete version of the copier example has been developed
with Confract, showing approximatively the same internal
structure as in this paper, but with more interfaces on com-
ponents, for example to provide both B&W and color ink
cartridges from the copier environment.

Other validation examples are under construction and should
be released soon. A portable multimedia player is complete
and can be deployed on both classic J2SE and J2ME us-
ing the Connection Device Configuration on PDA. Using
contracts, we are currently experimenting dynamic recon-
figuration of this player according to available ressources. A
video streaming system is also under construction using the
RMI version of Fractal and the RTP protocol for stream-
ing. On this system, we expect to conduct the same kind of
experiments taking into account network-oriented quality of
services.

7.2 Reated work

7.2.1 Fromassertionlanguagesto software contracts
Our work builds on the foundations developed on assertion
languages and software contracts. Pursuing Floyd’s work
[18], Hoare first used pre and postconditions in a system-
atic way for programs proof [22]. Assertions have then been
added to programming languages as annotations, like in
ANNA [29] for Ada. Meyer made the next significant step
by completely integrating executable assertions in the Eif-
fel language [31], taking into account class inheritance and
proposing to organize class construction using contracts [30].
In this approach, contracts are implicit, both between de-
velopers using and implementing a class and between devel-
opers of an heir class and of its descendants. The contract is
then a way to assign blame to developers and the specifica-

‘rely: and guarantee: are the only specification clauses
not supported yet.



tion with executable assertions is interpreted by a runtime
mechanism to do so. Recent work by Findler and Felleisen
[16] clarified this interpretation in class and interface hierar-
chies. Besides, the runtime checking of CCL-J specifications
in Confract follows these rules.

Numerous annotation-based systems have also been pro-
posed, such as Larch/C++ [9], iContract [26] and JML [28]
for Java. As for Java, the reader may refer to [40] for an
overview of available prototypes, compared by their integra-
tion means in a Java platform.

Besides, two different approaches can be distinguished among
these work. Eiffel-like systems, such as iContract, enhance
the underlying language to provide assertions whereas some
others, such as Larch/C++, AsmL [3] or AAL [25], use a
separate semantics to annotate the programming language.
The Alloy Annotation Language (AAL) enables to describe
behavior with a first-order logic of sets and relations and to
statically analyze these descriptions. AsmL uses abstract
programs that are interpreted in parallel with the code,
whereas Larch/C++ annotates the code with algebraic spec-
ification. These systems all uses a principle of model-based
specification, which can be more abstract and powerful than
language-based specification but also more difficult to com-
prehend by the average developer. The Java Modeling Lan-
guage (JML) [28] can be seen as a compromise between the
two worlds. It mixes executable assertions with some ab-
stract program features, enabling to build an executable
model with an abstraction function on the specified class.
Moreover, JML provides a lot of specific constructs to fa-
cilitate complete specifications, such as specification only
declarations, making it an extensive experimental platform
for object-oriented specification. Assertions have also been
integrated in the UML notation with the Object Constraint
Language (OCL) [46], with some support for runtime eval-
uation [12, 24].

Nevertheless, the common characteristics of all these work
are to implicitly associate assertions with software contracts,
while this is not a necessity, and contrary to Confract, to
work on objects, classes or at best on component interfaces.
The CCL-J language adapts the OCL syntax to the Java
programming language and extends it to take into account
the specification of hierarchical components. CCL-J is sim-
pler than JML in terms of available constructs, but the cur-
rent version of the language should be seen as a minimal
but practical set for the validation of executable assertions
language integrated in the Confract model.

7.2.2 Contracts on components

Work on programming by contracts have been adapted to
components. Contracts on .NET assemblies have been pro-
posed in [3], using AsmL as specification language (see above),
but they only concern component interfaces.

The composition contract produced by Confract can be com-
pared to collaboration contracts on objects proposed by Helm
and Holland [21, 23]. The notion of views in the collabora-
tion are similar to the role played by contract participants in
Confract. Nevertheless, Confract makes a component carry
the contract to take into account the possible hierarchy when
the collaboration contract is a separate entity at the same
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level as classes.

In the UML world, several work have proposed some forms
of contract for UML components. In [39], contracts between
service providers and service users are formulated based on
abstractions of action and operation behaviour using the pre
and postcondition technique. A refinement relation is pro-
vided among contracts but they only concerns peer to peer
composition in this approach. In the same way, a graphi-
cal notation for contracting UML components is proposed
in [47], focusing on expressing both functional (with OCL)
and non functional (with QML [20]) contracts on compo-
nent ports. Here again, only the connection of components
is considered and checking means are not discussed. The
forthcoming version 2 of the UML notation [38] supports a
form of hierarchical components but contrary to Fractal, it
focuses more on component connectors than on a compos-
ite structures. Moreover, version 2 of OCL [37] does not
provide any extension to express compositional constraints.
Consequently, it is likely to become quite cumbersome to
express CCL-J like composition constraints with OCL.

Contracts have also been used in middleware systems, mainly
to constrain non functional properties and quality of ser-
vices. For example, the MAQS system [4] used a contract
hierarchy to classify non functional contracts expressed with
QML in order to manage priorities during negotiation. Con-
trary to CCL-J, non functional constraints in MAQS are
very simple and cannot use functional properties or method
calls.

7.3 Open issues

The Confract implementation has been designed to clearly
separate the contracting system and the used specification
formalisms. In the current version, this has only been val-
idated by the CCL-J language. As only the integration
of other formalisms will demonstrate the generality of the
model, Confract will be handling TLA specifications in the
near future, taking up existing work on Fractal [41].

The presented version of Confract model is only character-
ized by its operational semantics, but we focused on first
delivering an experimental platform with some validating
elements, such as the integration of CCL-J. We believe it
is a necessary step to build a user community, get feedback
with the integration of different formalisms and empirically
study the practical value of our model.

As CCL-J is an executable assertions language, contracts
are verified through runtime checking. Consequently, the
compositional property linking external interfaces of a com-
posite component and some interfaces of its sub-components
cannot be deduced but only verified at runtime. This boils
down to a weak form of compositional reasoning, but strong
forms are only available, to our knowledge, for complete for-
mal models [8]. Some forms of contracts have also been
developed with formal models of peer-to-peer composition,
to infer component types with provided and required sides
[34], to ensure liveness and safety properties on components
behavior [7].

The Confract model enables to construct contracts through
a negotiation process, which would be necessary if the pro-



vided properties are weaker than the required ones. This ne-
gotiation is not developed in the current version, as it would
have to take into account the full available context when
adding a component into a composite structure or when
connecting two components: functional (behavioral speci-
fication) and non functional (quality of service) aspects. In
order to tackle this complex problem, we plan to build on
existing work on e-negotiations [42, 5] and web services cou-
pling [1].

8. CONCLUSION

Our work occurs within the context of specifying and check-
ing hierarchical software components. In this context, de-
ducing properties of an assembly from the properties of its
parts is a key issue in Component-Based Sofware Engineer-
ing [2]. Our work aims at providing a form of compositional
reasoning based on contracts. In this paper, we have pre-
sented Confract, a general contracting model for hierarchi-
cal components. This model first focuses on separating the
contract from the specifications that are used in it. Con-
fract enables to take into account conventional contracts on
objects. The model also supports both interface contracts
on interface binding and composition contracts on assem-
bly. These composition contracts enable to define and verify
constraints linking external interfaces of a composite com-
ponent to interfaces of its subcomponents. Consequently,
specifications become static entities provided by develop-
ers at configuration times, whereas contracts are runtime
entities built according to compatibility rules. The Con-
fract model then enables to handle elements of specification
from different formalisms. Each kind of specification clearly
defines a guarantor (a component) and some beneficiaries.
For each kind of specification, a specific checker must be in-
cluded in the Confract system by defining the times or peri-
ods the specification is expected to be satisfied. According
to the kind of contract, Confract provides the appropriate
checking context in order to verify each specification.

The Confract model is currently developed on the Frac-
tal composition framework [6], which encompasses and en-
hanced conventional component platforms. However our
work is likely to be applicable to other component models.
The current version of the Confract model has been vali-
dated by the integration of an assertion language, named
CCL-J, which is adapted to both objects and hierarchical
components. This language adapts OCL to Java and adds
specific constructs in order to support compositional spec-
ifications. The copier example presented in this paper has
been completely implemented and is used as the main tuto-
rial for the model. Other reference applications, such as a
video player, are under finalization.

A formal semantics of the Confract model is not defined yet,
as our main objective is to provide an experimental plat-
form supporting compositional contracting for hierarchical
components, in order to really integrate different formalisms
implying different verification techniques (complete proof,
static analysis, runtime checking). To our knowledge, our
work is indeed unique in providing a contract framework for
hierarchical components, in which contracts are runtime en-
tities and can constrain both interfaces and composite struc-
tures.
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Future work include the integration of other formalisms in
the Confract system. We intend to first focus on a formalism
to express synchronization constraints, in order to deduce
in a compositional way liveness properties. Some extensions
of the CCL-J language are also already planned to express
architectural constraints on components. As stated in the
paper, the Confract model is design to allow negotiation
during binding and assembly but no such process is currently
supported. Work on e-negotiation [42, 5, 1] are likely to
provide a basis to develop a dedicated negotiation protocol.
Finally, the generality of the model has to be validated by
taking into account non functional properties on components
[10].
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