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Abstract 
Although the benefits of the introduction of formal approaches in software development are well-recognized, in 
the case of distributed object-based applications, this introduction is not straightforward. We tackle this problem 
using currently available technology in a pragmatic manner and on several fronts. The first of these is by semanti
cally strengthening the standard notion of interface into a contract and then using this contract notion at different 
structural levels; the second is by defining a life-cycle model incorporating architectural decomposition and con
current development of the resulting components whose relations are specified as contracts; the third is by using 
standardized FDTs in the design of the more critical components. We show how these different fronts are con
nected and we illustrate briefly how the fonnalisations introduced can be used to advantage in the testing and pro
totyping activities of the life-cycle. 
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1 INTRODUCTION 

The main aim of the work presented in this article is to contribute to the integration in the 
development of distributed applications of three basic technologies, namely object-oriented 
analysis and design (OOA/OOD), Formal Description Techniques (FDTs) and object-based 
distributed architectures, in our case, the Object Managment Group (OMG) Common Object 
Request Broker Architecture (CORBA) specification (OMGl, 1992) of their Object Manage
ment Architecture (OMA) (OMG2, 1992). Each of these technologies covers some of the 
requirements on distributed application software development so that a development process in 
which they can all be integrated would be a significant advance. However, although in isola
tion each of them is sufficiently mature for industrial usage, such integration presents serious 
difficulties which have only recently begun to be addressed. For example, one major difficulty 

1 This work has been partly sponsored by the Spanish Research Agency CDTI and the Spanish plan for electron
ics and computer science (PEIN) within the OTELSO Project (EUREKA 1001) as well as by the Intenninisterial 
Commision for Science and Technology (CICYT) within the EMEDAS project. 

E. Najm et al. (eds.), Formal Methods for Open Object-based Distributed Systems
© IFIP International Federation for Information Processing 1997



80 Part Two Formalizing Object-Oriented Methods 

is that the methodologies developed for these technologies generally attempt to monopolize the 
entire life-cycle. In this article, we concentrate on the combined use of these not a priori com
patible technologies in the design activity. 

In the following section, we summarize the set of methodologies, technologies, tools and 
architectures that constituted the starting point of the work presented here, in other words, the 
enabling technologies for the methodology and tool environment developed in the OTELSO 
project. Prominent among these is the CORBA standardized architecture which provides the 
means by which components of a heterogeneous nature can intemperate. In Section 3, a meth
odology providing a framework in which these technologies can be used conjunctively is out
lined. This methodology places special emphasis on architectural decomposition as well as on 
the use of a more formal notion of interface in the form of a contract. The criteria for this 
decomposition and the full definition of the contract concept used here are given in Section 4. 
This concept adds semantic information to the OMG standard CORBA IDL, information 
which is essential for design-phase understanding of the distinct roles to be played by the dif
ferent parts of a distributed application and which, in addition, can be used to great advantage 
in testing and prototyping. 

Section 5 deals specifically with the issue of integrating FDTs in an otherwise object-based 
development, concentrating on the design phase, and in Section 6 some of the uses that have 
been made of the contract concept in the OTELSO project are illustrated. Section 7 contains 
some reflections on the convergence of the different methods discussed, including some com
ments concerning upcoming developments of consequence to the work presented here and 
Section 8 presents the conclusions drawn from this experience. 

2 ENABLING TECHNOLOGIES 

Although the main goal of the work described here is the introduction of formal concepts in 
the architectural design phase of the development of object based distributed applications, this 
phase in the development process must be seen in the framework of a coherent methodology 
and life-cycle model. An overview of the methodology developed, its goals and its application 
areas, is given in the next section. As stated in the introduction, the foundations of this method
ology are OOA/OOD, FDTs and the OMG-OMA/CORBA architecture and platform for dis
tributed object applications. 

The main object-oriented methodologies that have been taken into consideration in this 
work are the object model of OMT (Rumbaugh eta!, 1991 ), the Fusion operation model (Cole
man eta!, 1994) and Jacobson's Use Case method (Jacobson, 1992). To be more precise, our 
methodology takes Jacobson's Use Case method as the starting point for the analysis phase 
from which the application object model and operation model are to be built. These models are 
in turn the starting point for the system architectural decomposition, based on the concept of 
contract1. Contracts are associated to each of the visible interfaces of the resulting subsystems. 
The contract concept used here enhances the conventional notion of interface, adding to an 
OMG CORBA-IDL specification of the interface signature, a computable functional descrip-

1 The term contract is used with similar but slightly different meanings in several other models and initiatives 
such as in the computational model of the Telecommunication Information Networking Architecture (TINA) 
(Chapman eta!, 1995) or in (Jacobson et al, 1995). 
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tion in the form of assertions on the IDL operations, and interaction scenarios describing invo
cation orderings. 

Formal notations have an important place in the methodology, finding application in many 
areas, e.g. global interworking scenarios, contract interaction scenarios, object dynamic mod
els, design, (semi)automatic code generation and validation. As well as incorporating use of 
the well-known standardized FDTs LOTOS (ISO, 1989) and SDL-92 (ITU-T, 1992) for more 
complete behavioural description, the methodology prescribes the use of the formal notations 
ADL (Sankar et al, 1994) and MSC (ITU-T, 1993) (a formal semantics is currently in draft 
form) in the contract concept. It is worth emphasizing that code generation from formal speci
fications as a complement to conventional object-oriented programming greatly facilitates the 
prototyping task, particularly when different parts of the system are in different phases of the 
development process (heterogeneous prototyping). 

Regarding the distributed platform, our option has been a particular implementation of the 
OMG architecture for distributed object applications, namely ORB IX 1. The selection of a 
CORBA architecture implies a particular model for communication and interworking, viz: a 
client-server model with communication mediated through the Object Request Broker (ORB) 
and inter-ORB protocol (CORBA 2), a language for interface descriptions (IDL), a specific 
architecture for the interoperation aspects of the applications to be developed (OMA), and a 
standardized set of Common Object Services and Common Facilities. 

Needless to say that the different models and technologies mentioned above rely on some
what different paradigms. For example, while OOA/OOD notations rely on a weakly defined 
syntax and little formalized semantics, FDTs are built on a sound mathematical basis. Amongst 
the FDTs themselves, there are strong incompatibilities such as that they do not share the same 
communication model: synchronous rendezvous for LOTOS and asynchronous queues for 
SDL and MSC. Moreover, neither of these communication models is compatible with that 
imposed by the CORBA platform which is predominantly RPC-like. These problems make the 
harmonisation of these different models and paradigms a key issue to be addressed by any 
methodology intending to introduce formalisation in the development of object-based distrib
uted systems. To this end, Section 5 raises some of these issues and indicates the approach 
taken here. 

The following sections analyse the implications the above mentioned choices have on the 
different phases of the development process and define more precisely the role to be played by 
each notation in each of the phases in which it is to be applied. 

3 THE METHODOLOGY 

In the OTELSO project, the software development life-cycle model is defined as a spiral model 
incorporating concurrent development threads and prototyping. Multiple concurrent develop
ment threads allow designers to use whichever technology suits them best when building the 
different software parts. Prototyping is used as a tool both for requirements analysis and 
abstract component integration, where an abstract component is defined as one which is under 
development but which, despite not yet being implemented, is usable for simulation (as a test
ing stub). 

1 ORBIX is a trademark ofiONA Technologies Inc. 
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The phases of the methodology life-cycle are shown in Fig. 1. This waterfall-form figure 
can be viewed as the development part of a generic cycle of the spiral model of software devel
opment. Such cycles can be performed in parallel, with concurrent development threads using 
different technologies. Validation activities (prototyping and testing) may be carried out in 
each of the conceptualization, 00 analysis, architecture design, 00 design, formal design and 
implementation phases. These phases and activities are distributed on the second and third 
quadrants of the spiral model of software development as defined in (Boehm, 1988). 

In Fig. 1, lines without arrowheads show the waterfall phase sequence (including possible 
parallel threads) and the arrows indicate in which phases (pointed end) the validation activities 
(origin end) can be performed. The highlighted boxes represent the phases and activities on 
which the OTELSO project has focused. Integration mechanisms are provided in the architec
tural design and implementation phases in order to achieve concurrent 00 and FDT develop
ment (as explained in the following sections). 

onceptualization 

Formal Design 

Implementation 

Figure 1: Development part of a circuit of the OTELSO life-cycle. 

The incremental/rapid prototyping activities of the life-cycle are used to handle both risk
assessment and risk-solving mechanisms as well as requirements capture (evolutive proto
types). In a complex software development life-cycle, the development state of the system 
architecture components may be different; for example, some of them may be in design phase, 
others may be completed (executable code), others may be only formally specified and yet oth
ers could be reused from external developments. For this reason, heterogeneous prototyping is 
a driving force in the work reported on here, taking advantage of the concurrent development 
and the use of FDTs and supported by the CORBA separation of interfaces and implementa
tions. 

Below, the methodology phases are briefly described: 

• Conceptualization is the first phase in the software development process. End-user and soft
ware requirements are collected, analysed and documented, and development risks are 
assessed. End-user requirements are captured as use-cases which are then the main input to 
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the OOA as well as to much of the validation activities. The project plan (costs, scheduling, 
etc.) must be defined according to the risk assessments and the development needs; the goal 
priorities, initial development trade-offs, and traceability metrics must be also defined. 

• Object-oriented analysis (OOA) is based on OMT but modified to include techniques for 
modelling inter-object dynamic behaviour (through interaction scenarios specified using 
MSCs) and functional behaviour (using the operation model from the Fusion method) as well 
as by allowing formal behaviour specifications (in SDL and LOTOS). The goal was to intro
duce more formal aspects into OOA, helping the developer to validate the analysis models 
operationally (e.g. by animation of formal specifications) and improving the traceability of 
the analysis models through later development stages. In addition, propagation of the use of 
FDTs through these later stages has other advantages such as (serni)automatic code genera
tion. In OTELSO this phase has been made lighter than is usually the case in order to arrive 
at the architectural design phase as soon as possible. 

• Architectural design (AD) provides an overall design which fulfils all the requirements 
made explicit in the OOA phase through decomposition of the system into a set of subsys
tems (as defined below). The functionality is distributed among the subsystems and the 
MSCs are projected to show the subsystem interactions. The subsystem interfaces are speci
fied in CORBA IDL to ensure their interoperability, to split cleanly the development into 
concurrent threads and to facilitate later integration. Subsystem specification is contract
driven, this formalisation of the services offered by the different subsystems facilitating the 
use of different technologies in the development process. 

• Object-oriented design (OOD) consists of building subsystems delineated in the architec
tural design phase by using specific object-oriented techniques, e.g. as in (Rumbaugh et al, 
1991). Although the use ofFDTs for object dynamic models has been investigated, this phase 
is not the focus of attention and has not been treated in detail here so that many aspects are 
open to more in-depth study, e.g. issues relating to the use of the OMG object model and 
architecture. 

• Formal design (FD) consists of building subsystems delineated in the architectural design 
phase by using FDT -based methods but without in any way constraining the implementation 
as long as it fulfils its contracts. OMT to FDT mappings or translation guidelines are needed 
to close the gap between the analysis model and the FDT model, although some difficulties 
are removed by the adoption of the FDTs as OOA modelling techniques. This phase is 
detailed in Section 5. 

• Implementation is the coding (manual or automatically generated by FDT tools) and inte
gration of the final system as a distributed application on a CORBA-compliant platform. A 
mapping from IDL to FDTs and the adaption of some CORBA platform elements were 
defined in order to make this possible. 

4 THE APPLICATION ARCHITECTURE 

Work on the definition of a reference architecture for distributed processing was initiated by 
ISO-ODP (ISO, 1995) and was taken up by ad-hoc organizations such as OMG and TINA-C. 
Currently, work done by these organizations is tending to converge and recently liaisons 
groups have been established. Although this project is following these developments, at its 
inception the choice was made to use the OMA-CORBA reference architecture and the OMT 
modelling technique, corresponding in ODP terms to a concrete engineering and information 
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viewpoint respectively. As regards the computational model, not only basic concepts such as 
object, interface, operation and distribution transparency are assumed but also recursive struc
turing mechanisms and criteria that, though introduced at the top level, extrapolate down to the 
object level passing through diminishing aggregation concepts such as subsystems, building 
blocks, composites, etc. 

As stated in the previous section, once the deliberately lightened OMT-based analysis phase 
is completed, in the architectural design phase of the development process the top-level struc
tural decomposition is carried out based on the concept of subsystem defined according to the 
criteria of Section 4.1. Subsystem interaction scenarios are projections of system scenarios 
originating in the analysis use-cases. This architecture definition process is represented in 
Figure 2. 

Interaction rl~ric Object ~m"n sce.nano MOdel 

0 {] 

( ARCHITECTURE 0 A ITION ) 

Figure 2: The architecture definition process. 

In order to define a visibility frontier and a flexible and reconfigurable architecture the con
cept of contract is introduced, incorporating not only the signature but also a specification of 
the functional and externally-visible dynamic behaviour of the service described therein. Con
tract-based decomposition and development not only facilitates the conjunctive use of different 
technologies but also enables the statement of a stronger notion of conformance and contrib
utes to system integration testing while enabling highly-prized process paradigms such as con
current development and validation through distributed heterogeneous prototyping to be 
exercised. 

4.1 Decomposition criteria 

The approach is basically top-down though in the case of component reuse, notably that of 
off-the-shelf components or of those based on standards, this may be combined with aspects of 
a bottom-up approach. The top-level of architectural decomposition foreseen is the subsystem, 
which is defined as an internally highly-coupled group of objects that makes sense as a whole 
in the application domain and which is loosely coupled with its environment. Subsystems are 
well-suited to independent development using the technology that best fits their functionality 
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but since a subsystem is an abstraction, there will not necessarily be an object representing it in 
its interactions with each type of client1. 

Although criteria to perform decomposition are prone to application domain dependence 
they must include several of the following: application domain functionality, degree of internal 
I external coupling, resource distribution, development technology and teamwork assignment. 
Beneath the subsystem level no other structuring level is mandatory although the decomposi
tion mechanism is supposed to be applied recursively, leading to nested levels of components 
with their associated contracts and contractual relations (see below). In the case of a specific 
application domain or when a standardized reference architecture such as OMA, ODP or TINA 
is assumed, it is possible to group objects based on functionality, transparencies, object serv
ices, etc. Specifically, concepts such as the cluster from ODP or the building block of TINA are 
assumed to be implemented wholly inside a subsystem. 

The service offered by an object which is visible in a subsystem contract is governed by a 
subcontract with the same connotation and structure as that of a contract, so that an explicit 
definition is not needed. In turn, objects that are not visible from a contract may also have a 
corresponding specification of their interface (e.g. for testing purposes) but without the strong 
obligation entailed by a contract. As a consequence of the fact that the applications will run on 
top of CORBA, firstly certain specific objects defined in this architecture (notably the ORB 
and the object services and facilities) are assumed to exist independently of the subsystems and 
secondly distributed application objects inside a subsystem must be assigned to a capsule (in 
the sense of ODP), a node and a domain. 

4.2 The concept of contract 

A contract is the specification of the service provided by a subsystem to its clients. Generally, a 
subsystem may have several clients (meaning here "client types") so it has to honour several 
contracts. In the general case, however, interactions are peer-to-peer and are therefore gov
erned by two complementary contracts2. In one contract a subsystem assumes the role of con
tractor, while in the other its role is reversed. This is illustrated in the OTELSO generalization 
of the well-known cashpoint example of Figure 3, where three of the subsystems are shown 
containing various objects, some of whose interfaces are visible in the subsystem contracts. 

A contract is composed of four parts of which only the first is mandatory: 

Contracted-party signature of the interface data types as well as of the methods and 
attributes that the contracted party offers to its client. The language used for this purpose is 
the CORBA-IDL. A CORBA module is used to encapsulate the contract signature which 
initially starts as a single IDL interface but in later stages of development comprises all the 
individual IDL interfaces visible through the contract. Compilation of the IDL generates the 
server and client stubs3 that when used in conjunction with the ORB will permit brokered 
remote method invocation. 

2 Contracted-party assertions associated to the methods specified in the signature part. 
Here, due to its relatively widespread use and the available tool support, the ADL notation 

1 In this context, a client means the subsystem that initiates an interaction (and hence knows the server reference). 
2 In spite of the fact that conceptually there are two different documents. due to the large intersection and comple
mentarity, they may be thought of as two sides of the same coin. 
3 For clarity, we use the term "server stub" instead of the usual CORBA term "server skeleton" 
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has been chosen. The semantics of the operations, of the auxiliary functions and of the 
exceptions are described in ADL using only elements of the contracted-party signature. 

3 Contracting-party signature, needed for the specification of the interaction scenarios and 
for contract conformance testing. This signature (in CORBA-IDL) is imported from the 
complementary contracted-party signature offered by the client. (Not shown in Figure 3.) 

4 Interaction scenarios between the contracting subsystems. These are not intended to be 
exhaustive: at subsystem level they originate from the use-cases in which the contract is 
involved. The notation used, due to its well-recognized user-friendliness, is that of the MSC 1 

but in the form of an HMSC or MSC expression, in the sense of (ITU-T, 1996) and (ITU-Tl, 
1995), containing an MSC expression formed by combining MSCs using the allowed opera
tors. Generally speaking, subsystems are abstractions that contain many objects so that 
although initially scenarios are depicted as messages to/from the subsystem, at later stages 
of development the projection to the visible objects should appear (by MSC decomposition). 

Contracts must be computable, so that tools may use them for testing, code generation, proto
typing, documentation, etc. Computability imposes coherence requirements so that for exam
ple all the names used must be defined uniquely and only elements of the two signatures can 
figure in the MSCs. Coherence does not imply completeness, so that firstly some parts of a 
contract may be optional and secondly if interaction scenarios are included, they do not neces
sarily represent all possible interactions. 
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Figure 3: Contracts/subsystems of the OTELSO cashpoint-system example 

1 the work reported on here embraced some of the proposals for enhancements to the MSC standard being consid
ered for inclusion in 1996, see (ITU-Tl , 1995) and (ITU-T, 1996). 
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The different system interaction scenarios projected onto a subsystem are specified in a doc
ument known as the contractual relations, each scenario of which may therefore involve sev
eral or all of the subsystems contracts. Due to coherence requirements imposed by 
computability, the contractual relations document also includes the signatures and assertions of 
all the contracts in which the subsystem is involved. Notice that the contract scenarios are the 
projection of the contractual relation scenarios onto the contract in question. 

5 THE ROLE OF FDTS IN THE METHODOLOGY 

Although FDTs have also been used in this work as a technique for requirements capture, con
ceptualization and analysis, here we will concentrate on their use from the architectural design 
phase onwards, bearing in mind always that the life-cycle is not exclusively FDT-based. As 
observed in Section 2, the paradigms and technologies of the methodology contain conflicting 
aspects which must be reconciled in order to use them in conjunction. 

The implications of incorporating FDTs in an object-oriented development using methodol
ogies such as OMT have been treated in papers such as (Moreira et al, 1993) for the LOTOS 
case and (Kuusela et al, 1993) for SDL. In the latter case there are already toolsets which incor
porate the OMT notation in an SOL-based environment. In synthesis, what is proposed is to 
define a mapping between OMT and FDT concepts. After development of an OMT object 
model in the analysis phase, this mapping is commonly used to extract types of processes/ 
blocks and their parameters from the OMT classes and attributes as well as gates/channels 
from OMT associations. User guidance may be needed in making these correspondences, par
ticularly the latter one. 

The FDT-based development tool support requires this mapping to have been established. 
The concept of process/block type of the SDL-92 standard facilitates this mapping to some 
extent, going some way to reconciling the otherwise diverging paradigms of OOA and FDTs, 
e.g. see (Norbek et al, 1995) and (Olsen et al, 1995). In the case of LOTOS, there are no such 
concepts; instead, what is proposed is an object-type representation as a recursive process tem
plate that enables parameterized process creation, with the object reference being part of the 
parameter list. Object modelling is therefore accomplished by restricting the specifier to what 
is called an object-oriented specification style. 

The difficulties of incorporating FDTs in an object based distributed processing architecture 
are presented in (Stefani, 1991). The use of CORBA means that in addition to coping with 
these difficulties, the use of predefined components such as the ORB and the object services 
must be taken into account, as must the fact that the interfaces are described in a standardized 
language, CORBA IDL. In particular, the following harmonisation problems arise: 

• The object communication model is fundamentally of the RPC type which does not give a 
good fit neither with the LOTOS synchronous communication model nor with the SDL or 
MSC asynchronous communication model. 

• The need for explicit addressing in FDTs demands additional wrappings around the specifi
cation in order to import, export and manage object references that are used in the interac
tion. The establishment of dynamic associations and the interaction with the ORB requires, 
in general, that processes, references to processes or at least gates can be passed as parame
ters (as proposed in (ISO, 1994)) 
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• The global dynamic behaviour of object-based systems and the dynamic reconfiguration per
mitting replication, migration etc. are difficult to specify with current FDTs 

• The fact that objects interacting via a COREA platform must have interfaces described in the 
standardized language IDL means that the FDTs must adapt their underlying interaction 
model to this type of description. 

With respect to the architectural integration, an optimistic approach known as architectural 
semantics attempts to specify the whole problem: mediated interactions, dynamic reconfigura
tions, etc. As was explained in (Stefani, 1991 ), this approach ultimately demands modifications 
or enhancements to current FDT standards and work towards this goal is ongoing (Norbek et 
a!, 1995), (Prinz, 1996), (ISO, 1994 ). In the LOTOS case, desired features include greater 
specification compositionality (specifications as normal processes or via the introduction of a 
module concept), dynamic creation of gates, typed gates and restriction to 2-party synchronisa
tion at the top level. In the SDL case, desired features include greater specification composi
tionality (specifications as normal blocks) RPCs to the environment, typed gates and in the 
most ambitious case, dynamic creation of channels. 

The second approach, a more conservative one, is to write COREA embeddable specifica
tions, that is, specifications that are "dressed" as a collection of CORBA application objects 
able to intemperate with other COREA application objects, with the ORB and common object 
services and facilities that COREA incorporates. While the first approach would attempt to use 
FDTs to specify complete applications to run over COREA, this second approach uses FDTs to 
specify components of such applications, enabling us to take advantage of the analysis and 
code-generation possibilities of FDTs for the critical parts of these applications. 

At the specification level, this second approach implies channels/gates to interwork with 
COREA objects. In order to permit the code produced (semi-automatically) from the FDT 
specification to use the stub and BOA generated from the IDL interface description (thus ena
bling its embedding into the OMA architecture) a wrapper is introduced. These wrappers com
prise an FDT part, an annotated1 FDT representation of the FDT environment (e.g. gates to 
create/destroy, bind/unbind, etc.), and a part which acts as intermediary, performing the neces
sary adaptions (data conversion, dispatching, scheduling, etc.) between the COREA (server 
and client) stubs and the objects of the FDT specification. This approach supposes that a map
ping from IDL to FDTs has been established, as for example in (ITU-T2, 1995). Once the FDT 
wrappers are operative, FDT-based implementations are managed indistinguishably from 
straightforward CORBA implementations. 

Due to difficulties of using the first approach with current FDTs, despite what is concluded 
in (Olsen et a!, 1995), we have used the second approach, as described in more detail in 
Section 6.2. In this approach, the FDT part of the wrapper can be automatically generated 
without undue restriction on the FDT specifier. As an illustration of the way in which this 
approach has been implemented for LOTOS, suppose that an FDT object wishes to use a serv
ice of a COREA application object. First the FDT-derived implementation uses the gate 
Orb _out to indicate to its wrapper the specific interface it wants to bind to, after which, since 
the intermediary part of the wrapper inherits from the COREA stub, this intermediary can call 
the normal CORBA bind operation. On receiving the object reference the intermediary passes 
it back on gate Orb_in to the FDT object which from there on uses it to invoke methods of the 
server object. 

1 Annotations are compilation directives transparent at the specification level 
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Another interesting approach is to subsume the wrapper or even the wrapper together with the 
FDT run-time execution environment into a specialized entity or COREA-based FDT execu
tion environment. This would avoid duplicating the execution control, one for messages inter
changed with COREA compliant objects and another one in the execution support 
environment of the FDT (e.g. Pld management in the case of SDL). A working group devoted 
to specifying this as a kind of enhanced object adaptor would contribute to link work done in 
FDTs and object-based distributed systems. 

6 WORKING UNDER CONTRACT 

In this section, we outline the principles behind the two main uses of a more formal nature to 
which the contracts have been put. 

The first of these is in testing where we develop techniques applicable to any component 
possessing interfaces which have been extended with assertions and invocation scenarios. 
Since our main interest lies in those extended interfaces which have contractual status we con
centrate on contractual conformance testing. In the case where the component implementation 
results from an FDT-based design trajectory, the most immediately-apparent influence this has 
on such testing is briefly treated in Section 6.1.2. Recall that the structuring mechanisms of 
Section 4 are to be applied recursively so that contractual conformance testing of nested com
ponents can be viewed as a form of integration testing. Although other types of testing have 
also been studied, such as integration testing based on global invocation scenarios, they will 
not be discussed here. 

The second of these uses is in prototyping, which plays an important role in the methodol
ogy, as explained in Section 3. The aspect of prototyping of most interest in the context of the 
work reported on here is that which deals with COREA applications containing FDT-based 
subsystems. We therefore restrict ourselves to defining the procedure for the generation of pro
totypes for such subsystems. Note that this procedure is also of interest to the testing activity 
which, in the general case, will involve the development of testing stubs to which a similar 
procedure can be applied. 

6.1 Contracts in testing · contractual conformance 

The notion of contract occupies a prominent position in the development process in the 
OTELSO project. It provides a semi-formal means of restricting the acceptable behaviour, or 
denoting the main required behaviour, of a component which respects the principles of object
based development as regards encapsulation and the separation of interface from implementa
tion. In other words, it places restrictions on what is to be considered an acceptable implemen
tation of a component and in so doing provides criteria for rejecting implementations for not 
honouring the contractual obligations undertaken during their development. 

Although contract specification helps developers to understand the different responsibilities 
of the different parts of a system, ultimately, there should be a means of checking that an 
implementation honours or conforms to its contracts since "the proof of the pudding is in the 
eating". The desire to document a component implementation which is to be reusable with the 
contracts used in its development is further motivation for contractual conformance testing1. 

Three types of tests can be generated from a contract: signature-checking tests, assertion
based tests and invocation-based tests (the latter generated from the interaction scenarios 
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described using MSCs). Note that the rather weak signature-checking tests (checking the 
exceptions being an important part of these) generated from a contract can be subsumed by the 
assertion-based tests generated from that same contract. Therefore, we will concentrate here on 
the more discriminating assertion and invocation based tests, using a logical and behavioural 
notion of conformance respectively. Note that contractual conformance may be a very weak 
notion and that for stronger notions of conformance, the invocation-based tests must be gener
ated from the contractual relations (see Section 4.2), if these are available, rather than from the 
contract. 

Here, for simplification, we assume that the objects to be tested have been previously cre
ated, so that the preamble will not involve invocation of methods of other components. Simi
larly, for this presentation we assume that while we can observe invocations to objects of other 
components originating in the component under test, these objects are implemented, tested and 
installed (so no testing stubs). Note that we restrict to static invocation (using CORBA-stubs). 

Assertion-based testing 
In the literature, different approaches can be found to generating test -cases, test sequences or 
test input data from model-based specifications, e.g. (Dick et a!, 1993). We have adopted the 
approach which is currently the most widely accepted in the testing community: that taken in 
the Assertion Definition Language (ADL) project (Sankar et al, 1994), in which a relatively 
solid toolset, incorporating semi-automatic test generation, has been built and is publicly avail
able. We are experimenting with the automatic generation of executable assertion-based tests 
using the ADLT tool (glossing over problems of CIC++ adaption) after the following proce
dure has been applied: 

• Specify the input test data: a partition for each attribute that appears in each assertion. 
• Specify the preambles and postambles which, since we are ignoring object creation consist of 

a series of binding operations and a series of invocations of methods belonging to any one of 
the component's contracts. A data partition may be needed for the parameters of these invo
cations, thereby defining multiple preambles and hence multiple tests. This step may make 
use of the MSCs of the contractual relations. 

• Specify the (sequences of) method invocations needed to verify the assertions (in ADL 
terms, those auxiliary functions involving remote invocation) using only methods which 
belong to the same contract (thereby supposing that a contract provides the means to carry 
out its own validation). This step may make use of the MSCs of the contract in question. 

• Define the test suite after studying dependencies (testing of methods used in auxiliary func
tions or pre-/post- ambles of other tests) affecting the order of test execution. 

However, many operations are of a non-functional nature and lend themselves better to 
invocation-based testing than to assertion-based testing. 

Invocation-based testing 
Here we derive tests from contract MSC documents (High-Level MSCs), see (ITU-T, 1996), 
(ITU-Tl, 1995), by interpreting the individual MSCs of an MSC expression as test purposes 

1 In fact, the interpretation of the contract MSCs may be different: in the latter case they represent traces, as in 
(Grabowski et al, 1993) whereas in tbe former they may represent abstractions of traces as in (Combes eta!, 
1995). 
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and using the other MSCs of an expression and the operators used to combine them as input to 
the description of the pre- and post- amble1. The implementation relation assumes that the 
traces described by the scenarios are a subset of those of the implementation, unless some of 
the scenarios are explicitly identified as describing optional behaviour. Due to interdepend
ence, invocation and assertion based test execution should be interleaved. The procedure for 
the specification of the former is broadly similar to that of the latter; again, we may need to use 
the contractual relations document as input to the definition of the pre-/post- ambles. Compo
nent conformance is checked by using this latter document for the test purposes. 

In general, for a component not specified in an FDT, assignment of a fail verdict cannot be 
automatic and necessarily involves domain and/or implementation knowledge. Otherwise, 
more discriminating tests, including pre-/post- amble and well-defined cases where a fail ver
dict is to be assigned, can be derived by using automatic tools to search for the MSC in the 
graph of the (not too large) formal specification in the manner of (Grabowski et al, 1993). 

6.2 Contracts in prototyping 

The procedure for the generation of prototypes within the conservative approach of 
Section 5 is illustrated in Figure 4, where broken/continuous lines indicate manual/automatic 
derivations respectively. In order to simplify the presentation, the figure assumes that both par
ties are FDT-based (so that an FDT stub for both server and client are generated) but concen
trates on the contracted party. In general, the FDT subsystem has many contracts and the FDT 
specification, from which is derived the FDT-based implementation, is completed using all of 
them. However, for simplification purposes, in the figure the FDT-based implementation is 
shown as using only one of the contracts. 

Figure 4: Prototype generation for FDT-based subsystems 

1 To date, testing work has only used MSCs and their conditions, as defined in the current standard Z-120. Note 
also that we do not use ORBIX multithreading facilities. 
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Briefly, the procedure we are using to generate FDT-based implementations running over 
ORBIX comprises the following steps: 

• From the signature specification of the contracts, the IDL compiler generates the header files 
(C++ signatures) and the client and server stub. 

• From the signature specification of the contracts, the IDL-FDT compiler generates the FDT 
part of the wrapper: the FDT client and server stubs and their annotations. The data part of 
this FDT specification fragment contains the translation of the IDL data types (basic or user
defined) as well as some details about the operations (at least an enumerated type of the 
available operations). The FDT stubs will permit the FDT specification to interact with the 
ORB (in our LOTOS implementation using gates Orb_in, Orb_out, Create, ... ). 

• The FDT description of the component is written manually but aided by the contract IDL and 
assertions and the contractual relations MSCs (to simplify, in the figure it is the contract 
MSCs which are shown as being used) and consistent with the FDT stubs. 

• Based on the IDL, the intermediary code for each interface is written by completing the func
tion skeletons generated from the IDL operations (in our case, using the ORBIX "-s" compi
lation option). The main file (a single file, not one per interface as for intermediaries) which 
initiates the server objects and performs the necessary scheduling, is also written. 

• Using a preprocessor, the FDT specification fragments generated automatically and those 
written manually are composed. 

• Makefile directives are used to specify the configuration (i.e. which entities comprise the 
executable) and the processing of the FDT specification with the FDT compilers. The files 
are then compiled and linked with the necessary FDT-tool and ORB IX libraries. 

7 IN PURSUIT OF HARMONY, A SALAD BOWL IF NOT A MELTING POT 

The work presented in this article takes place in the context of a general tendency towards 
convergence of the different models, methods and techniques discussed. For example, in the 
field of distributed processing, the recently-established OMG-ODP liaison group should 
ensure that a common understanding is reached on basic modelling concepts. Since one of the 
objectives of the work reported on here is also to contribute to the convergence of the different 
techniques by investigating their compatibility and indicating promising directions for their 
evolution we summarize here some of the conclusions in this respect. 

Concerning the techniques used in OONOOD, the need for a common basis is also felt to 
be increasingly important and cooperative efforts, such as that of Booch, Rumbaugh and 
Jacobson are under way. A possible modification to these techniques which we would have 
found useful in our work is the addition of some means of denoting those associations which, 
by their nature, must be implemented as remote invocations (and perhaps also those which are 
susceptible to be so implemented) thereby enabling IDL to be introduced at an early stage. 
Such a modification would facilitate their use in an ODP or CORBA context. 

Concerning the FDTs, the fact that their use is encouraged in ODP, particularly for the com
putational model, is encouraging. Moreover, in the LOTOS case recent organisational changes 
within ISO should help to ensure that object-based distributed system requirements be taken 
into account in the new standard. Some of the most important of these requirements have been 
discussed in more detail in Section 5. The changes within ISO may also permit the OMG-ODP 
liaison group to serve as a bridge between the formal methods and the CORBA communities. 
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The suitability of SDL for specifying distributed object-based systems is also the subject of 
increasing study. One important observation derived from this study is that it appears that the 
object-oriented concepts of SDL-92 are not as suited to this purpose as they might seem at first 
sight. Of the changes mooted in Section 5, the possibility of performing RPCs to the environ
ment is already under consideration for inclusion in the next SDL standard. A further indica
tion of the importance of this area is the interest currently being shown by SDL tool 
manufacturers in conventional OOA/OOD methods as well as in the OMG. 

Concerning the MSCs, many of the proposals for incorporation into the 1996 standard are 
of direct relevance to our work. Firstly, we can cite unambiguous ways of combining MSCs 
into MSC expressions. This enables clearer, more complete descriptions in contracts, in turn 
leading to a wider coverage for the generated tests. The notion of MSC expression should also 
facilitate the definition of pre- and post- ambles, as well as the specification of the test execu
tion ordering, for both the invocation and assertion-based tests. Finally, the event-oriented syn
tax is better adapted to validation tools. Other proposals of interest include the introduction of 
RPC-like communications, which has obvious applications in our case, and inheritance of 
MSCs, which could be used to define inheritance of object-level contracts. 

8 CONCLUSIONS 

In this article we have presented an approach to the combined use of standard OOA/OOD 
techniques and FDTs in the development of object-based distributed applications. This 
approach requires the definition of a suitable methodology incorporating system decomposi
tion criteria and allowing the introduction of more formal notions into the architectural design 
phase, in particular, a notion of contract in which two complementary types of semantic infor
mation are added to the CORBA IDL interface. Notice that the different fields of this contract 
bear some resemblance to the different OOA models (via the correspondence (signature, asser
tions, scenarios)- (object model, functionaUoperation model, dynamic model)). These similar
ities can be used to facilitate the specification of the contracts after a (shortened) conventional 
OOAphase. 

The decomposition and the definition (or negotiation) of contracts, in which the service 
offered by a component is described, is what permits the introduction of different technologies, 
in our case, FDTs. Moreover, the decomposition mechanism can be applied recursively and 
used to guide the design process, though in practice some evolution of the structure and rene
gotiation of contracts may be needed during this process. As illustrated in Section 6, decompo
sition and contracts not only provide a solid basis for independent development of 
components, their testing and prototyping but also, in so doing, increase confidence in inter
operability as well as being of some importance in integration testing. Topics for future study 
are the treatment of stream descriptions and of QoS constraints in contracts. 
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