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Preface 

The PROSPECTRA project has been partially funded by the Commission of the European Communities 
under the ESPRIT Programme, ref. #390 and #835, from March 1985 to March 1990. Many people have 
contributed to the project (see The PROSPECT RA Consortium and The PROSPECT RA Teams on the next 
pages). The Consortium also very gratefully acknow\edges the constructive contributions of the project 
officers from the Commission for PROSPECTRA, Dr. Pierre-Yves Cunin and Jack Metthey, and, last but 
not least, the Reviewers, Robert F. Maddock (IBM, Hursley), Professor Peter Pepper (Technische Univer
sitat Berlin), and Professor John Darlington (Imperial College, London), who have carefully, critically and 
benevolentl y guided the project through easy and hard times. 

The objective of this documentation is a coherent presentation of the outcome of the project PROSPECTRA 
(PROgrarn development by SPECification and TRAnsfonnation) that aimed to provide a rigorous methodo
logy for developing correct software and a comprehensive support system. The results are substantia1: a 
theoretically well-founded methodology covering the whole development cycle, a very high-level specifica
tion and transformation language fami/y allowing meta-prograrn development and formalisation of the 
development process itself, and a prototype development system supporting structure editing, incremental 
static-semantic checking, interactive, context-sensitive transformation and verification, development of 
transformation (meta-) prograrns, version management, etc., with an initiallibrary of sorne specifications 
and a sizeable collection of implemented transformations. 

One intended audience for this documentation i5 c1early the academic community working in the areas of 
formai methods for software (and hardware) development, specification languages, theory of computation, 
semantics and verification, Implementation of functionallanguages, structure editaIS, attribute grammars, 
advanced software engineering environments, etc. An even more important audience is the industrial 
community interested in the use of formai methods. It is still a long way to the widespread use of 
production-quality systems employing formai methods to increase correctness, reliabiliry, and safety of 
systems, and productivity of developers. The PROSPECTRA Consortium has made a conscious effort of 
technology transfer, trying to implement the state-of-the-art, in a realistic setting. The prototype system, a 
"PROSPECTRA workstation", allows serious experimentation to enable feedback for extensions and 
improvements (that are undoubtedly needed). Eventually, we see various classes of PROSPECTRA users, 
with potentially distinct abilities and educational background: the PROSPECTRA system developers, the 
developers of transformations and development methods, the developers of (generically re-usable) 
specifications, and the software developers (end users). At the moment, the system is really only usable 
externally for benevolent experimenters due to its size and complexity of integration (conting from many 
development sites). We hope for a new version in the near future, however, based on the extensive 
experience with PROSPECTRA, as re\ated work at Universitiit Bremen is presently funded by the Bundes
ntinisterium für Forschung und Technologie in the national project KORSO ("Korrekte Software"). 

This volume contains three Parts. Part 1 contains a description of the PROSPECTRA Methodology of 
specification, transfonnation and' verification, including the catalogue of presently available transfonna
tions. Part II contains a description of the PROSPECTRA Language Fantily: a ration ale for the language 
subsets and their relationship, reference manuals for concrete syntax, infonnal semantics, abstract syntax 
and static semantic attributes, and a fonnal definition of the semantics of the specification subset. Part III 
con tains a description of the PROSPECTRA System: a rationale for the uniform system structure, a short 
overall users' guide, and reference manuals for the various sy.~tem:components. 

-'"",;! 
Bremen, March 1993 è d Krieg-Brückner, Betthold Hoffmann 
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1. Introduction 
Bernd Krieg-Brückner. Universitat Bremen 

This chapter gives a tutorial introduction to the Methodology. It serves as an overall rationale 
for the PROSPECTRA Project and relates this part to those on the Language Fatrtily and the 
System. In the methodology of PROgram development by SPECification and TRAnsforma
tion, algebraic specifications are the basis for constructing correct and efficient programs by 
graduaI transformation. The combination of algebraic specification and functionals increases 
abstraction, reduces development effort, and allows reasoning about correctness and direct 
optimisations. The unifonnity of the approach to program and meta-program development is 
stressed (cf. also the chapter on Uniform Transforrnational Development in part III chapter 1). 

1.1. Overview 

The project PROSPECTRA ("PROgram development by SPECification and TRAnsformation") aims to 
provide a rigorous methodology for developing correct software and a comprehensive support system. 
From 1985 to 1990, it was sponsored by the Comtrtission of the European Communities in the ESPRIT 
Programme, ref. #390 and #835, as a cooperative project between Universitiit Bremen (Prime Contractor), 
Universit"t Dortmund, Universit"t Passau, Universit"t des Saarlandes (all 0), University of Strathclyde 
(GB), SYSECA Logiciel (F), Computer Resources International (OK), Alcatel Standard Eléctrica S.A. 
(E), and Universitat Politécnica de Catalunya (E) (cf. [Krieg-Briickner 88a, 89a, b, 90), [Krieg-Brückner 
91b) (of which this combined volume is a revised edition), [Krieg-Brückner et al. 91), [Karlsen, Krieg
Brückner, Traynor 91], [Liu, Traynor, Krieg-Briickner 92), and the bibliography in part III chapter 7). 

The Methodology of Program Development by Transformation (based on the CIP approach of TU Mün
chen, see e.g. [Bauer 79), [Bauer et al. 85-89]) integrates program construction and verification during the 
development process. User and implementor star! with a formal specification, the interface or "contract". 
This initial specification is then gradually transfonned into an optimised machine-oriented executable 
program. The final version is obtained by stepwise application of transformation rules. These are applied 
by the system, with interactive guidance by the implementor, or automatically by compact transformation 
scripts. Transformations form the nucleus of an extendible knowledge base. Any kind of activity is con
ceptually and technically regarded as a transformation of a "program" in one of the system components. 
This provides for a uniform user interface, reduces system complexity, allows the construction of system 
components in a highly generative way, and is the basis for generalisation of specification, transformation, 
and command laI)guage, even library access, into a single framework. 

Overall, PROSPECTRA has achieved a powerful specification and transformation language with well
defined semantics that reflects the state-of-the-art in algebraic specification combined with higher order 
functions. In addition, a comprehensive methodology covering the complete life-cycle (including re
development after revisions), integrating verification in a realistic way. supporting the development 
process as a computer-aided activity, and giving hope for a comprehensive formalisation of programtrting 
knowledge. A prototype system is operational, with a uniform user interface and library management 
including version and configuration control, that gives complete support and control of language and me
thodology to ensure correcmess. 
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I. Methodology 4 1. Introduction 

1. 1. 1. Overview of Part 1 

This book contains three Parts. Part 1 contains a description of the PROSPECTRA Methodology of 
specification. transformation and verification. including the catalogue of presently available transforma
tions. Part II contains a description of the PROSPECTRA Language Family: a rationale for the language 
subsets and theÏr relationship. reference manuals for concrete syntax. informai semantics. abstract syntax 
and static semantic attributes, and a formai definition of the semanties of the specification subset Part III 
cantains a description of the PROSPECTRA System: a rationale for the uniform system structure. a short 
overall users guide, and reference manuals for the various system components. 

The intended audience for part I, on the PROSPECTRA Methodology, is the pro gram developer. 

Chapter 1 gives a tutorial introduction ta the methodology, including a small representative example for 
program development by transformation. It serves as an overall rationale for the PROSPECTRA Project 
and relates this part 1 ta those on the Language Family and the System. 

Chapter 2 describes the specification approach used. It is written for a reader who is familiar with the 
general concepts of algebraic specification and wants to learn about the particular approach used in the 
PROSPECTRA Project and its extensions over more conventional approaches. such as loose specifica
tions, partial, higher-order and non-strict functions, notably for the description of distributed systems. 

Chapter 3 con tains a Reference Manual of the Transformations that are presently available in the System. 
intended for the program developer. The individual transformations are described in a tutorial style usL~g a 
semi-formal notation, with sorne e"amples. The catalogue is not complete but rather a collection of repre
sentative transformations. It will become more complete over time. 

Chapter 4 is a tutorial introduction to the methodology of verification. 

1.1.2. PROSPECTRA 

Within chapter l, the objectives of the PROSPECTRA methodology, its development model, algebraic 
specification and transformational program development are briefly summarised in section 1.2; the 
following subsections concentrate on particular extensions to classical algebraic specification and their 
relation ta the methodology. An example illustrating L'le transformational approach, as supported by the 
PROSPECTRA system, is given in section 1.3. 

L 1. 3. Algebraic Specification and Functionals 

Section lA describes the combined advantages of functional programming and algebraic specification: a 
considerably higher degree of abstraction, avoiding much repetitive development effort, the use of homo
morphie extension functionals as "program generators". The importance of the combination of algebraic 
specification with hlgher order functions should he stressed. The ability ta specify partial higher-order 
functions (Le. with conditions on functional parameters; see part II chapter 3) has been an important 
contribution of PROSPECTRA ta the theory of algebraic specifications. The algebraic properties of 
functionals allow a high level of reasoning about functional programs. and permit general and powerful 
optimisations, supporte<! by the PROSPECTRA approach. 

1.1.4. Transformational Meta Program Development 

The approach fO''n''la-program development in PROSPECTRA"~f,,ribej}in se~ticn 1.5, is te regard 
transformation' ,~quations in anaigebra of ptograms. tlt9!irtv<\,jj~ictransfonnation operations 

B
IB

LI
O

TH
E

Q
U

E
 D

U
 C

E
R

IS
T



1. Methodology 5 1. Introduction 

from these rules, to allow composition and functional abstraction, and to regard transfonmation scripts as 
(compositions of) such transfonmation operations. Using ail the results from program devélopment based 
on algebraic specifications and functionals we can then reason about the development of meta-programs, 
Le. transformation programs or development scripts. in the same way as about programs. Homomorphie 
extension functionals are important for the concise defmition of program development tactics. 

Although section 1.5 focusses on meta-program development, it should be clear that the combined advan
tages of algebraic specification and higher order functions (described in section 1.4) apply to program and 
meta-program development in the same way. Similarly, ail the transfonmation technology developed for 
program development can be carried over to meta-program development 

The meta-program development paradigm leads naturally to aformalisation of the software development 
pro cess itself, described in section 1.6. A program development is a sequence of transfonmations. The 
system automatically generates a transcript of a development "history". A development script is a formai 
object that does not only represent a documentation of the past but is a plan for future developments. Il can 
be used to abstract from a particular development to a class of similar developments, a development 
method, incorporating a certain strategy. 

1.2. PROgram Development by SPECification and TRAnsformation 

1.2.1. Objectives 

Current software developments are characterised by ad-hoc techniques, chronie failure to meet deadlines 
because ofinability to mauagecomplexity, and unreliability of software products. The major objective of 
the PROSPECT RA project is to provide a technological basis for developing correct programs. This is 
achieved by a methodology that starts from a fonmal specification and integrates verification into the 
development process. 

The initial formai requirement specification is the starting point of the methodology. Il is sufficiently 
rigorous, on a solid fonmal basis, to allow verification of correctness during the complete development 
process thereafter. The methodology is deemed to be more realistic than the conventional style of a 
posteriori verification: the construction process and the verification process are broken down inta 
managable steps; both are coordinated and integrated into an implementation process by stepwise 
transformation that guarantees a priori correctness with respect to the original specification. Programs 
need no forther debugging; they are correct by construction. Testing is performed as early as possible by 
validation of the formai specification against the informai requirements (e.g. using a prototyping too1). 

Complexity is managed by abstraction, modularisation and stepwise transformation. Efficiency considera
tions and rnachine-oriented implementation detail come in by conscious design decisions from the imple
mentor when applying pre-conceived transformation rules. A long-teffil research aim is the incorporation 
of goal orientation into the development process. In particular, the crucial selection in large libraries of 
mies has to reflect the reasoning process in the development. 

Engineering Discipline for Correct SW. The PROSPECfRA project aims at making software development 
an engineering discipline. In the development process, ad hoc techniques are replaced by the proposed 
nniform and coherent methodology, covering the complete development cycle. Programming knowledge 
and expertise are formalised as transformation rules and methods with the same rigour as engineering 
calculus and construction methods, on a solid theoretical basis. 
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L Methodology 6 1. Introduction 

Individual transfonnation rules, compact automated transfonnation scripts and advanced transformation 
methods are developed ta form the kemel of an extendible knowledge base, the Method Bank, 
analogously ta a handbook of physics. Transformation rules in L'le method bank are proved to he correct 
and thus allow a high degree of confidence. Since the methodology completely contrais the system, 
reliability is significantly improved and higher quality can he expected. 

Specification. Formal specification provides the foundation which enables the use of formaI methods. 
High-level development of specifications and abstract implementations (a variation of "logic 
prograrnming") is seen as the central "programming" activity in the future. ln particular, the development 
of methods for "pro gram synthesis", the derivation of constructive design specifications from non
constructive requirement specifications, is a present foeus of research. 

The abslract formai (algebraic) specification of requirements, interfaces and abstract designs (including 
concurrency) relieves the programmer from unnecessary detail at an early stage. Detail cornes in by 
graduai optimising transformation, but only where necessary for efficiency reasons. Specifications are the 
basis for adaptations in evolving systems, with possible replay of the implementation from development 
histories that have been stored automatically. 

The semantics of the specification language is based on the theory of algebraic specification (with 100 se
ness, partial functions, higher-order functions etc., see chapter 2), extended by construct, for predicative 
specification (pre- and post-conditions of functions). 

A transformation is a development step producing a new program version by application of an individual 
transformation mIe, or, more generally, a compact transformation "program" ("meta-" pro gram, see 
sections 1.4, 1.5 below). Transformations preserve correctness and therefore maintain a tighter and more 
formalised relationship ta prior versions. Thelr clas8ieal application is the construction of optimised 
implementations by transformation of an initial design that has been proved correct against the formai 
requirement specification. Further design activity then requires the selection of an appropriate rule, 
oriented by development goals, for example machine-oriented optimisation criteria. 

Programming Language Speclrum: Ada and Anna. Targetting the general methodology and the support 
system to Ada [ADA 83] (with Anna as ilS complement for formai specification, see [Luckharn et al. 87]) 
make it realistic for systems deveiopment. PAnndA, the PROSPECTRA (Anna/Ada subset) specification 
and programming language, covers the complete spectrum of language levels from formal specifications 
and applicative implementations ta imperative ,md machine-dependent representations. 

The target language has heen Ada in the PROSPECTRA project, but the approach can be generalised to 
cover other targets as well (a translator to C is available). Stepwise transformations synthesise Ada pro
grams such that many detailed langnage rules necessary to achieve reliability in direct Ada programming 
are obeyed by construction and need not concem the program developer. ln this respect, the PROSPEC· 

TRA methodology makes a conuibution to managing the complexity of Ada. 

Research Consolidation and Technology Transfer. The PROSPECTRA project aims at conuibuting to the 
!echnology transfer from academia to industry by consolidating converging research in formal methods, 
specification and non-imperative "logic" prograrnming, stepwise verification, fonnalised i.rnplementation 
techniques, transfonnation systems, and human interfaces. 

Industry of Software Companents. The portab,lity of Ada allows pre-fabrication of software components. 
This is explicitly by the methodology. A component is catalogued on the basis of ils interface. 
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1. Methodology 7 1. Introduction 

Formai specification gives the semantics as required by and made visible to the user; the implementation is 
hidden and remains a (company) secret 

The methodology emphasises the pre-fabrication of generic, universally (re-)usable components that can 
be instantiated according to need. This will invariably eut down production costs by avoiding duplicate 
efforts. The production of perhaps small but universally marketab1e (Ada) components on a common 
technology base can also assist smaller companies in Europe. 

Tooi Environment. Emphasis on the development of a comprehensive support system is mandatory to 
make the methodology realistic. The system can be seen as an integrated set of advanced tools based on a 
minimal support envimnment, e.g. the ESPRIT Portable Common Tooi Environment (PCTE). Because of 
the generative nature of system components, adaptation to future languages is comparatively easy. 

The support of correct and efficient transformations is seen as a major advance in prograrnming envi
ronment technology. The central concept of system activity is the application of transformations to trees. 
Generator components are employed to construct transformers for individual transformation ruies and to 
incorporate the hierarchical approach of PAnlldA (PROSPECTRA AnnalAda), TrafoLa (the language of 
transformation descriptions), and ControLa (the command language); in fact, these turn out to be all 
sublanguages of the same language, for user program, transformation, proof, and system development 
This integration and uniforrnity is seen as one of the major results of the PROSPECTRA project (cf. 
[Krieg-Brückner 88-92], [Karlsen, Krieg-Brückner, Traynor 91], [Krieg-Brückner et al. 91], [Liu, 
Traynor, Krieg-Brückner 92] and see part III chapter 1). Generators, in particular the Synthesizer 
Generator (cf. [Reps, Teite!baum 88]), increase flexibility and avoid duplication of efforts; thus the overall 
system complexity is significantly reduced. 

1.2.2. The Development Model 

Consider a simple mode! of the major deve!opment activities in the life of a prograrn: 

Requirements Analysis 

K"r".mal Problem Analysis 

Knr".mml Requirement Specification 

Development 

lFormal Requirement Specification 

lFo_al Design Specification 

lFolmlal Construction by Transformation 

Evolution 

Changes in Requirements => 

ft Validation 

ft Verification 

ft Verification 

IRe-Devellopmm .... t ft 

The informai requirements analysis phase precedes the phases of the development proper, at the level of 
formal specifications and by transformation into and at the level(s) of a conventional prograrnming 
language such as Ada. After the program has been mstalled at the client, no maintenance in the sense of 
conventional testing needs to be done; "testing" is perfomed before à prograrn is constructed, at the very 
early stages, by validation of the formai requirement specification against the inf~ requiremehts. 
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1. Methodology 8 L Introduction 

The evolurion of a prograrn system over its lifetime, however, is likely ta economically outweigh the 
original development by an arder of magnitude. Changes in the informaI requirements lead ta re
development, starting with changes in the requirement specification. This requires re-design, possibly by 
replay of the original development (which has been archived by the system) and adaptation of previous 
designs or re-consideration of previously discarded design variants. 

1.2.3. Specification 

A requirement specification defines what a program should do, a design specification how it does it. The 
motivations and re.sons for design decisions, the why's, are recorded along with the developments. 

Requirement specifications are, in general. non-constructive; there may be no clue for an algorithmic 
solution of the problem or for. mapping of abstract ta concrete (i.e. predefined) data types. Il is essential 
that the requirement specification should not define more than the necessary properties of a program ta 
leave rcom for design decisions. It is intentionally vague or [oose in areas where the further specification 
of detai! is irrelevant or impossible, i.e. it denotes a set of models (cf. [Krieg-Brückner 90]). In !his sense, 
locse specification replaces non-determinacy, for example to specify an unreliable transmission medium in 
a concurrent, distributed situation [Broy 87d, 88, 891, [Dederichs 89J. 

From an economic point of view, overspecification may lead to substantia1 increase in development costs 
and inefficiency of execution of the prograrn since easier solutions are not admissable. If the requirement 
specification is talcen as the formaI contract between client and software developer, then there should 
perhaps be a new profession of an independent software notary who negotiates the contract, advises the 
client on consequences by answering questions, checks for inconsistencies, resolves unintentional ambi
guities, but guards against overspecification in the interest of both, client and developer. The answer of 
questions about properties of the formaI requirement specification correspond ta a validation of the 
informal requirement specification using a prototyping tool. 

As an example talce the specification of Booleans in (2-1), as it might appear for the standard Ada type. 
Sorne axioms (such as associativity, commutativity, distributivity) specify important properties of Boole
ans, but they are non-operational, whereas other equations can be interpreted as operational rewrite rules, 
see also (5-3) below. 

Note that BOOLEAN is an algebraically specified Abstract Data Type (as the others below) such that its 
values can be manipulated in user-defined functions, etc., whereas axioms in the specifications are of a 
built-in type LOGICAL that denotes two-valued logic (without undefined). Por better readability, the 
LOGICAL operators are written in the usual mathernatical notation, e.g. v instead of or. A symbolic style 
rather than a more conventional Ada oriented notation is used, e.g. -> instead of return, and, to exhibit 
the use of functionals, a notation with explicit Curry-ing to allow pardal pararneterisation. 

ln the example for natural numbers in (2-1), sorne general, non-operational properties are given first (more 
are needed ta characterise the natural numbers completely). Then two alternative sets of rewrite rules are 
given (corresponding to the two boxes side by side; only a few rules are shown as an example): one for a 
linear presentation based on zero and suce as constructors, the ather for a binfu-y presentation based on 
zero. dble and dble1 as constructors. They play an important role for (automatic) simplification duting 
transformation below. Each set represents a different design decision. Using the Conditional Equational 
Completion subsystem (cf. [Ganzinger 87]), e'ch set of rewrite ruies has been made terminating and 
confluent. The ~'~~~properties are the basis for derivation of the more technical rewrite rules: cf. e.g. 
sqr x =. x' x andïl1l!'sets of corresponding rewtite rules for sqr. 
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