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Preface

RAISE is an acronym for “Rigorous Approach to Industrial Software Engineering”.
It was the name of a CEC funded ESPRIT project and now gives its name to a
formal specification language, the RAISE Specification Language (RSL), an asso-
ciated method and a set of tools. RSL was described in a previous volume in this
series [23] and the tools have been commercially available for some time. In this
volume the RAISE method is described.

RSL is a wide spectrum language: the same language can be used to formulate
both initial, very abstract specifications and to express low level designs suitable
for translation to programming languages. The method therefore encompasses:

e formulating abstract specifications

e developing these to successively more concrete specifications

e justifying the correctness of the development

e translating the final specification into a programming language

All these activities are described in this volume. In addition there is an appendix
containing both useful general material (standard specifications of data types; qual-
ity assurance check lists) and formal material supporting the method (the formal
properties of RSL specifications; proof rules for use in justifications).

RAISE takes seriously the word “industrial”. The method is intended for use on
real developments, not just toy examples. So this volume is aimed at professional
software engineers, although it could also be used by students at graduate level.
Familiarity with RSL, or at least an ability to read it, is assumed.

The RAISE technology has been developed as collective efforts in the ESPRIT
RAISE (315) and LaCoS (5383) projects. Chapters 1-3 were written by Chris
George, chapter 4 by Anne Haxthausen, chapter 5 by Jan Storbank Pedersen and
the appendices by Chris George.
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CHAPTER 1

Introduction

Computers are increasingly being used for tasks where failure threatens severe
consequences, including loss of life. Computers play an essential role in controlling
spacecraft, aircraft, trains, cars, nuclear reactors and hospital equipment — to
name just a few of the more critical applications. Whether we are worried about
our plane landing safely or our bank account being correct, we would agree that it
is vital that the computer systems behind them are completely reliable.

Reliability, which we might broadly describe as doing the job the system is sup-
posed to do, is a requirement of both the hardware and the software. This book is
about the software component. Making software reliable is especially difficult: any
program capable of doing anything interesting is so complex that it is impossible
to test it completely.

An important technique to aid in increasing reliability of software is the use of
formal methods. We will define this term in more detail later, but the basic idea
is that it should be possible to reason about properties of software, or systems
involving software. For example, if the requirements say that there must be at
most one train in any section of track, one can produce a proof that the software
will always reflect this.

Formal methods are not the complete answer. For a start, “proofs” can contain
flaws. Non-trivial proofs tend to be large and difficult to do automatically, so typ-
ically some steps will be claimed as “obvious” and not proved formally. For any
proofs that are done automatically we have to ask how we know the prover is cor-
rect. Then there are wider problems. How do we know that the model of the world
contained in the software (in which there is only one train per section) is reflected
in the real world? Development starts with a statement of requirements, written
mostly in a natural language, such as English. Formal methods can offer assurance
that the requirements are correct, by finding inconsistency and incompleteness,
but assurance is not certainty. Also, using formal methods involves interpreting
the requirements by creating a model of them (albeit mathematical and abstract)
in another language. Such processes are liable to errors.
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Formal methods do not replace testing, and must be applied with due regard
to quality control and to cost effectiveness. But they are invaluable for improving
reliability.

1.1 Structure of the book

The next two sections of this introductory chapter present the basic ideas behind
development in RAISE and its role in software engineering. There are then two
sections introducing formal systems and the formal aspects of RAISE. Finally we
note the changes to RSL that have been made in this book to the description in
the book on RSL [23].

Part I of the book consists of a single tutorial chapter. This expounds, mainly
through examples, a particular but general method for specifying and developing
software systems in RAISE.

Part II consists of chapters on techniques: chapter 3 on development, chapter 4
on justification and chapter 5 on translation. Each of these can be read sequentially
but are mainly intended to be used for reference.

Part III consists of appendices containing purely reference material:

e Appendix A contains standard, reusable specifications.

e Appendix B presents the proof system used in the rest of the book.

e Appendix C provides quality assurance checklists for doing quality assurance
of specifications and developments.

e Appendix D contains references.

e Appendix E contains two indexes. The first, of terms, shows where the tech-
nical terms particular to RAISE are introduced and discussed. The second,
of proof rules, shows where these rules are defined and used.

1.2 Characteristics of RAISE

The RAISE method is based on a number of principles:

e separate development

e step-wise development

e invent and verify

e rigour

We will describe each of these principles.

1.2.1 Separate development

It is clear, if we want to develop systems of any size, that we must be able to
decompose their description into components and compose the system from the
(developed) components. This is just as true when the description is a specification
as it is when it is a program.
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It is also clear that for most systems it is necessary to have people (or teams
of people) working on different components at the same time. There will then
be entities — files, documents, etc. — that are being shared. This generates two
difficulties. The first is that it must be clear who is responsible for updating such
shared entities, and what the status of each version is at any particular time. This
is a standard configuration control problem and not specific to formal methods.
The second difficulty is that there must be no ambiguity about what such shared
entities mean, and this causes rather more problems (or systems integration would
be a simple task!). The typical problem is that one person writes a function that
others want to use. It is easy enough to share the information about the name of
the function, what parameters it has and what its result type is. But it is not so
easy to be exact about the semantics of the function — particularly what it does
under different boundary conditions and how it may affect other things. What can
the users assume about these?

If we also consider the development of these shared components we discover an
additional problem. What can the developer safely do that will not affect the users?

What we need is a clear, unambiguous statement that acts as an agreement
or contract between the developer and the users. For the developer a contract
says what he must provide; for the users it says what they may assume. If the
users discover during development that they need more or different properties, they
need to renegotiate the contract, but otherwise they can develop their components
freely. If a developer discovers during development that he can only supply fewer or
different properties, he needs to renegotiate the contract, but otherwise can develop
freely as long as he preserves the properties he contracted to provide. This also
means that it must be known who are the users and developers, so that it is clear
who needs to be involved in renegotiation.

A specification of a module (or perhaps group of modules) can act as this con-
tract. A specification says precisely what the essential properties of the thing being
specified are. It is much better in this respect than something written in a pro-
gramming language, because it can state the essentials and ignore the irrelevances.
A specification allows controllable precision; it can be as precise or as imprecise as
its specifier and users require. Imprecision is not the same thing as vagueness or
lack of clarity. Our logic allows us to draw some conclusions from a specification
and not others, so a specification (implicitly) states what is essential and what is
irrelevant.

A program representing a contract avoids the problem of vagueness in an informal
description, but its incapacity for ignoring the irrelevant creates another problem.
A program is complete in the sense that it contains all the information to allow it
to execute. It is therefore precise about what it does, and so a development of it
will cause its existing properties to change. Hence it is of little use as a contract
allowing for development.

So what is the role of the contract in development?

Figure 1.1 illustrates how separate development works in the simple case of the
development of a module A that is used in a module B. The initial versions of B
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Development of A Development of B

A() = ... BO = ... A()

lq--------
- - === = ==

Integration
Y
Bn+1 = ... Am

Figure 1.1: Separate development

and A are By and Aj, and these are developed in n and m steps to B, and A,
respectively. The module Ay acts as the contract between the two developments;
note that the reference in B to A is to Ay at every stage but the last in B’s
development. When development is otherwise complete we integrate by using A,
instead of Ay in By, to form B, ;.

What we want is for the final system (A,, and B,;1) to meet the original re-
quirements. A set of sufficient conditions for this is:

e The initial modules (Ay and By) together meet the requirements, i.e. have all
the required properties.

e Each development step of A and B is an implementation step, i.e. each module
implements the immediately preceding one. Implementation is introduced in
section 1.6.

It is also useful to ensure that each B; (0 < i < n) is a conservative extension of
Ag. This simply means that only the developers of A are allowed to make decisions
about the development of A. If the designers of B could also do so there would be a
danger of contradictory decisions being taken. Conservative extension is introduced
in section 1.6.2.

This picture of separate development can, of course, be scaled up to arbitrary
numbers of separate components, and can be recursively applied so that compo-
nents have sub-components, etc.

The picture we have presented of separate development is idealized. In practice
it is rarely followed precisely. Important variations are:

e Not all requirements are met.
e Contracts may need to change.



Characteristics of RAISE 5

e Some development steps may not be implementations.

We will consider each of these.

1.2.1.1 Requirements not met

The initial specifications may not meet all the requirements. This can happen for
two reasons:

e Some requirements cannot be captured in RSL, because they are outside its
scope. Typical requirements of this kind may be simple ones, like “the system
will run on ... hardware under ... operating system and will be coded in

.7, or more difficult ones like timing constraints. These are often termed
non-functional requirements.

e Some requirements which can be captured in RSL are consciously deferred to
later in development, because to include them at the beginning would make

the initial specification too complex.

In either of these two cases we have to record the requirements not yet met and
check that they are dealt with later. In both cases we will need to be reasonably
sure that we can eventually deal with the requirements, or the development will
have to be redone. In the second case of deferred requirements this means checking
that the specification is more general than one reflecting the full requirements, but
consistent with them.

1.2.1.2 Changing contracts

We may need to change a contract (like Ag) during development. This may be
because the developers of B need properties additional to, or even different from,
those they originally contracted for. It may be because the developers of A find it
impossible, or costly either in terms of development time or in terms of the efficiency
of the final implementation, to provide what they originally contracted to. In either
case the contract can be renegotiated, i.e. at some point a development of A, A;
say, is created but is not an implementation of its predecessor. The developers of
B must develop to Bj, say, using A; and development continues from this point.
This changing of contracts from Aj to A; is illustrated in figure 1.2.

This leaves the question of the relationship between the developments before and
after the change in contract. It may be that we just consider the level at which the
change took place a new start, re-validate against the requirements and continue.
Usually, however, it is possible to express (formally) the relation between A; and its
predecessor and between B; and its predecessor so that we know the relationship
between the previous work and the new.
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Development of A Development of B

A() = ... BO = ... A()

lq--------
- - === = ==

Renegotiation

lq--------
lq----=-=---

Am = ... B, =..4A; ..
Integration
Y
Bn_|_1 == ... Am “ee

Figure 1.2: Separate development with changed contract

1.2.1.3 Non-implementation steps

We may need to make a non-implementation step during development. Typically
the design we want to choose only works for a more restricted case than the one we
are dealing with, and so we want to go back to the initial specification and change
its properties. In theory what we should do is obvious — we should go back to
the initial specification, make the changes and redo the development. The problem
is that this may be a lot of work for a small change (particularly if we have been
doing proofs). So are there any short cuts for situations where we are reasonably
certain that the change is minor?

The first thing to say is that any such short cut is very dangerous, and should
only be used with great care. That being said, we can examine some possibilities:

o If the change occurs in the development of A it may still be the case that
the change we want to make is an implementation of our contract. If we can
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establish this there is no problem. For example, the usual way to establish that
A, is an implementation of Ag is that A implements A; and A; implements
Ag, with the result following from the transitivity of implementation. But it is
quite valid to establish that A, implements A, directly. (The reason we don’t
do it as a matter of course is that the proof tends to be large and difficult;
using the intermediate A; effectively decomposes the proof.) We can then
choose to discard A; as a false step or retain it as a guide to the intuitions
behind the development.

If, however, the change means that we are not implementing Ay, we should

renegotiate the contract, as described above. It is very dangerous to weaken
the formal relation between separate developments.
If the change occurs in the development of B then, again, we may still be
implementing By (or Bj after a changed contract), and there is no real prob-
lem. But often this is not the case. At the system level, though, there are
no other dependent developments and so we can decide to accept the change
at this level without re-working the previous ones. What we should do is to
formally document what the relation is and also informally document what
the effective changes to the requirements are. If the original specification met
the requirements and we are now changing its properties then, potentially at
least, we are meeting changed requirements.

1.2.2 Step-wise development

The discussion about separate development assumed that there might be several
steps in the development of A and B. It is indeed important that this is possible,
that we can develop software in a sequence of steps. Then we can start with a
suitable abstraction, decide what are the main design decisions we need to make,
and what the dependencies are between them, and make a plan of the order in
which we tackle them. Typical design decisions involve:

providing explicit definitions for values previously given only signatures or
implicit definitions or axioms

providing explicit definitions for variables and channels previously referred to
only by any

giving concrete definitions for abstract types

e changing the definitions for types to allow more detailed or (potentially) more

efficient functions over them (e.g. lists for sets)
adding new definitions or axioms

e adding state variables, either locally to save values or globally to replace par-

ameters

changing the style of specification between applicative and imperative or
between sequential and concurrent

adding extra parameters or channels to express greater functionality

e making things more generally applicable (and hence more reusable) — such as
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adding parameters to schemes or widening the parameter types of functions
e removing constructs difficult to translate into the chosen target language

Dealing with one or more such decisions means we make a development step, we
produce a new specification which we can verify conforms to the previous one. It
is important to be able to make only one, or at least only a few, design decisions
in each development step, to deal with one problem at a time.

Deciding what the major decisions are also gives us an overall plan of activities
for the development. For example, for the lift system that we discuss in the tutorial
(section 2.7) our top level plan is roughly:

e formulating an abstract specification by concentrating on producing suitable
functions and axioms that can be validated against the requirements

e developing a concrete specification by designing a suitable global state type
and definitions of the functions, so that the definitions can be checked to
implement the axioms

e decomposing the global state into separate state components for the motor,
doors and buttons

e introducing concurrency reflecting the different processes

Note that the problems being tackled here are, in order:

e meeting the main requirements

e designing a suitable global state type
e decomposing the state

e introducing concurrency

Of course there is some interplay between the design process and the problems to
be tackled. Choosing different problems first would result in different problems
arising. But deciding on this kind of top level plan is a critical step in starting a
development.

The number of development steps from an initial specification will vary, but
experience suggests that it is typically one or two. Main components will tend to
have more steps than sub-components.

1.2.3 Invent and verify

There are techniques for development that rely on transformation, such as that
developed by the CIP project in Munich [5]. With such a technique the developer
starts with an expression and applies a transformation rule that creates a different
but equivalent expression. Thus the developer is guaranteed a priori that the new
expression is equivalent to the old one because the transformation rules are known
to preserve equivalence.

In fact, doing RAISE justification is an example of a transformation technique,
but applied to logical expressions rather than program expressions. Any formal
application of correct proof rules produces a correct argument — there is no need
to check it afterwards.



Characteristics of RAISE 9

“Invent and verify”, on the other hand, is a style that allows (in fact forces)
the developer to invent a new design. Then, afterwards, the developer verifies its
correctness.

The transformational route sounds easier, because there is only one step and
correctness is guaranteed. What are the advantages of invent and verify?

e Transformational systems are very large for reasonably sized languages. The
RSL justification editor currently has some 2000 rules. This is only a small
system designed with the very particular purpose of doing justifications: most
of the rules are equivalences. A design transformational system would be
considerably larger because it would have a more general purpose and because
it would not be restricted to equivalences. Equivalence may be useful for
algorithms but not for data types where, for example, we often introduce
redundancy. So the system would be extremely large with difficulties first in
populating it and then in finding suitable rules.

It can be argued, of course, that an extensible system would allow rules to
be added as needed. But then one is back to invent and verify. One invents
the rule one needs, verifies its correctness and then applies it. The rule is
available to apply in future, but only if one has taken the trouble to suitably
generalize it when inventing it.

e In practice transformational rules only apply in particular circumstances;
showing that those circumstances hold generates “side conditions” that need
to be proved. Hence the “and verify” part tends to be there anyway.

e It is easy given the invent and verify approach to invent several steps, perhaps
changing one’s mind several times, before deciding on the right approach and
doing the verifications. With transformations the approach tends to be more
formal from the start.

e In practice, as we noted when discussing separate development, some devel-
opment steps will not be implementations and may, indeed, bear little formal
relation to the previous level. But we may still wish to preserve the previ-
ous level as a guide to how we reached the new design. Hence we need to
do “incorrect” steps, which runs counter to a “guaranteed correct” approach.
There may still be opportunities for verification as well as invention in this
case when we do postulate a formal relation.

It will be noticed that these are not objections to transformational approach in
principle. Indeed, all these remarks could be made against doing justifications
just by selecting rules and using them: a usable technique must allow lemmas
to be defined and used (the “new rules”), side conditions to be generated, the
justification of side conditions to be deferred and even goals to change in mid-
stream via informal steps (“this amounts to showing ...”). Hence partly it is an
engineering issue, and the real judgement the designers of the RAISE method
made is that transformational systems are not yet sufficiently powerful to make all
development transformational for a language like RSL.
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1.2.4 Rigour

Development is difficult; proofs are much more so. It is impractical to prove every-
thing, given the current state of theorem provers. And even if we could, with little
effort, prove everything that is true, it is not clear that this ability would be suffi-
cient. We often learn a lot from the failure of a proof, but we learn most from the
precise details of the failure. So it is not enough merely to be able to do proof, we
need to be able to explore properties of specifications.

Another problem is that, just as there are far too many possible test cases to
execute in real time, so are there too many possible properties. As with testing, we
have to look for the “interesting” cases, such as the boundary cases. And then we
need to actually discharge the proofs for the suspect cases. There is another analogy
with testing. If we had to repeat lots of “obvious” tests, our efficiency at spotting
the problems would drop because the whole process would become so tedious. We
should always be asking what is the most effective activity to help achieve our
goals. In both proving and testing, suitable driving programs (programmed proof
tactics, test harnesses and so on) reduce the human intervention and consequent
tedium.

There is, of course, a danger that by selecting the cases to prove we miss the
mistakes because it is “obvious” that they aren’t there. Again, this is just like test
case selection, where it is also dangerous but necessary to select a set of interesting
cases. As with testing we use guidelines on test case selection and review by others
to help avoid such pitfalls.

So it can be necessary to select the properties worthy of closer investigation, and
to formally prove only those we suspect. But when we investigate some property
in part informally we should also note down the argument, why we think it is
true, as a normal part of documentation — as something to be reviewed now and
referred to again later. We call an argument that may be wholly or partly informal
a justification. Arguments that contain informal steps are termed rigorous. A
justification that is completely formal is a proof.

Note that although we advocate rigorous rather than fully formal arguments, we
still need the formal basis of the method. It is critical, if someone else challenges
the correctness of an informal part of a justification, that we can formalize it and
answer the challenge definitively.

1.3 Role of RAISE in software engineering

So far we have presented the characteristics of RAISE as a formal system. But this
book is about method, and we need to examine what we mean by a method, and
in particular what we mean by a formal method.

A method is a means of achieving something, and in the context of this book
the something is the development of a software system. By “software system” we
mean:
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e a program, or collection of connected programs, written in some executable
language. An executable language is one whose (well-formed) programs can
be run on suitable hardware, usually after an automatic compilation process.

e associated documentation supporting the use and maintenance of the pro-
gram(s).

Note that we include the documentation as well as the program. We will see that
formal methods have most to do with production of the software, a lot to do with
producing documentation supporting maintenance, and less to do with producing
documentation supporting use.

A method consists essentially of procedures to be followed and techniques that
facilitate the procedures.

Procedures or activities are usually described in several layers. At the top are the
major activities that collectively are said to form the software lifecycle, typically
consisting of activities like requirements analysis and capture, architectural design,
detailed design, coding, unit testing, integration, acceptance testing, maintenance.
Within these major activities there are component activities like producing a par-
ticular kind of document (activity plan, architectural design, module design, coded
module, test plan, test case, etc.), following a quality assurance procedure, chang-
ing an existing document, etc.

Together with these procedures identifying various kinds of activity there will
be particular techniques that can be used. There are techniques for requirements
analysis, for design, for doing reviews, for generating test cases, for analysing test
coverage, etc.

Most of the RAISE method consists of techniques for four major procedures:

e specification
e development
e justification
e translation

Many detailed specification techniques are described in the book on RSL [23], and
are not presented here, although there is some general advice in the tutorial part
and good examples to follow throughout. Techniques for development, justification
and translation are described in detail in part II.

Techniques must be related to the procedures that require them. Here we are in
something of a difficulty. Particular suppliers and purchasers of software usually
have their own notion of what method is to be used, generally embedded in their
quality standards. Such standards will describe in detail what is meant by proce-
dures like “test specification”, say. They will prescribe the component procedures,
their inputs and outputs, what techniques (and perhaps tools) are acceptable or
mandated, what quality assurance procedures will be applied, etc. The use of for-

1Tools are commonly considered part of a method, because the method would be unusable
without them. We believe tools to be essential for practical use of RAISE, but tools are not
essential to understanding this book. Therefore the book does not make detailed reference to
tools, though it does indicate which techniques can be supported by tools.
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mal methods will affect some of these much more than others. It is unlikely, for
example, to change substantially the order in which things are done, but it will
change the proportion of time spent on some activities compared to others. Some
techniques (like textual document preparation) will be affected little or not at all,
some (like test case generation) may be changed because their inputs are different
and perhaps available earlier, but will be essentially unchanged, while some (like
design) will be radically different. So we do not want here to propose a method
to replace everything in place already. Rather we want to explain how the RAISE
method will affect typical methods in use already. We therefore need to describe
at least some characteristics of a “typical” method, to explain how we use some of
the basic terms.

We will use the following terms describing the top level procedures that are most
affected when using RAISE:

specification starts with identified requirements, written mostly in a natural lan-
guage such as English, and produces a description in RSL. For all but the
most trivial systems this will be structured into a number of modules. The
specification will define the behaviour of the system in sufficient detail to meet
all the major functional requirements. This procedure covers what is often
described as requirements analysis.

We shall often refer to the main output of this procedure as the initial
specification. This is not because it is the first one written — there may be
several versions attempted before one is selected, and we shall see later that
producing a more concrete version to gain confidence in the more abstract is
also a common technique. It is referred to as the initial specification because it
is the basis for the more detailed specifications produced during development.

Ideally the initial specification will be free from “implementation bias”, i.e.
it should be possible to develop any possible correct final implementation from
it. This is sometimes referred to by saying that the initial specification should
define what the system is to do rather than how it is to do it. So, ideally, it
should not reflect any architectural design decisions.

In practice there may be some variation from this. Large systems with
many requirements will be hard to describe in a single module, and indeed
may need to be modular because we use modularity as one means of dealing
with complexity. While it is theoretically possible to use composition as well
as decomposition to change the modular structure during development, it is
unlikely in practice, and even less so with separate development. So initial
specification often includes some architectural design.

development starts with the initial specification and produces a new, more de-
tailed RSL specification (usually in a number of development steps) that con-
forms to the original and that is ready for translation — the final specification.
This procedure is often called detailed design.
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translation starts with the final specification in RSL and produces a program
or collection of programs in some executable language(s). This procedure is
often called coding.

Note that these procedures may apply to maintenance (when the inputs will also
include the result of previous work) as well as to original development.

1.3.1 Validation and verification

There are two facets to showing correctness that are commonly distinguished, val-
idation and verification:

validation is the check that we are creating what is required, i.e. that we are
meeting the requirements. It can be expressed as the check that we are “solv-
ing the right problem”. Since it is a check against requirements written in
natural language it is necessarily informal.

verification is the check that the process of development is correct. Hence it
includes in particular the formulation and justification of formal relations
between development steps. It can be expressed as the check that we are
“solving the problem right”. Verification can be done with varying degrees of
formality.

Validation requires that we are able to trace requirements, to relate them to where
in the specification they are being met. We should be able to relate a functional
requirement to either the initial specification or to a later development level. Once
we know that a requirement has been captured we use verification to check that it
remains captured.

It is also possible to relate non-functional requirements to development steps,
since it is mainly these that drive the direction of development. Choice of a par-
ticular algorithm or data structure is often determined by a particular intended
programming language or operating system, or by some capacity or efficiency re-
quirement.

1.3.2 Analysing requirements

The great strength of formal methods is that in having to create a formal de-
scription of a system at an early stage in its development one is forced to make
decisions about all kinds of things on which the requirements are silent or open
to interpretation. This uncovers many problems with requirements documents —
problems which are generally inherent in natural language documents no matter
how carefully written.

The second important point to note is that it is particularly valuable to find
errors and resolve ambiguities or contradictions at this early stage. It is a standard
result that the later an error is discovered the more expensive it is to fix, both
because of the work that needs to be re-done and because of the time elapsed.
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Thirdly it is the experience of teams using formal methods that their common
understanding of the problem improves through creating and discussing the speci-
fication. Just as requirements are couched in natural language, so is most commu-
nication between team members, and this too is open to misunderstandings and
confusion. As a specification is developed and agreed it tends to give precise mean-
ings to the components of the system, their functions, their interfaces, etc., and the
communication between team members improves as a result. This effect has even
been reported by teams who have previously worked together on similar systems,
when they first attempt formal specifications.

Because of these effects it is sometimes worth re-writing the requirements from
the specification, since this typically produces a document that has fewer omissions,
contradictions and repetitions, is better structured and is more consistent in its
terminology. This is particularly useful if the original document turns out to be
very inadequate in these respects or if the customer is unable to understand the
formal specifications. Playing back one’s understanding of something is frequently
a good way of checking that one has really understood it.

The value of doing a good job in producing the initial specification should be
apparent. It follows that it is worth spending a considerable amount of time and
effort on it, more than is usually spent on requirements analysis. A good initial
specification will more than pay for itself in making development quick and reliable.
Hence it is normal in the specification procedure to go through several iterations,
to look for alternatives (particularly different architectures), to plan and sketch
out the development route to see if there are any difficult steps that can be made
easier, to create more concrete specifications that can be tested directly by symbolic
execution or translated and run as prototypes. In fact a very iterative style of
development in which, by the time the initial specification is agreed, most of the
design work and even some translation has been done, seems well suited to formal
specification among small teams. With larger teams working separately this is
less practical as far as the interfaces are concerned, but can still be adopted for
components.

“It is a long time before you start to code” is an accusation often made about
formal development. Certainly it is expected, in using formal specification, and
more so in using rigorous development, that coding will start late. But it should
be quick and reliable (and may even be automatic for at least large parts). And
any good development method encourages more work at the early stages, because
rushing into code usually entails trying to debug one’s way out of trouble later.

1.3.3 Maintaining correctness

Achieving a sound and correct starting point for detailed design is the first essential,
and something that the clarity and logic of formal methods makes possible. Then
we try to maintain the correctness; here the implementation relation in particular
and the general ability to reason about specifications are important.
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1.3.4 Concentration on discovery of errors as they are introduced

Software engineers spend much of their time finding and correcting errors. They
also spend much of their time introducing them. Apart from those inherent in
the requirements, all errors in software systems are introduced by their developers
and maintainers. Hence our methods can usefully be directed at avoiding the
introduction of errors or finding them immediately.

Errors fall into several categories:

e requirements that do not reflect the real desires or needs of the customer or
user

e failure to meet requirements like performance or reliability that we try to
design for but can rarely guarantee in advance

e misunderstandings of the requirements or previous development level

e slips by the developers or maintainers in not writing what they meant to write

The first category is often the most expensive to correct, the last probably the most
common.

Using formal methods will help with the first category of error to the extent
that the requirements are obviously unclear or incomplete, because in the analysis
stage lots of questions will arise from the requirements and be resolved with their
authors. But if the requirements say build X when they mean Y, and the request
for X seems reasonable, there is little chance of any formal method detecting the
problem. Building an early prototype to demonstrate is a good idea if this is likely
to be a problem.

Formal methods have some difficulty with the second category of error — failure
to meet requirements that cannot be easily expressed as a property of what partic-
ular components should do. Real-time requirements are a particular example, and
how to deal with them is an active area of research. What we can do with such
requirements is to use them as a guide to the direction in which we develop and the
standards which we adopt. Thus to achieve performance or reliability requirements
we will consider various potential architectures (including both software and hard-
ware), use standard techniques to analyse their potential performance, failure rates,
etc, and then guide our development towards the chosen architecture. To achieve
particular quality levels in the product we will apply the appropriate standards in
the development — and here formal methods have much to offer in achieving more
reliability in the development process.

Formal methods also help with the third category of error, since formality sharply
reduces the possibility of misunderstandings.

As for the fourth category of error, it is not clear if people are more or less likely
to make errors in writing RSL than they would in other techniques. Tools can help
in immediately pointing out some simple slips, and it is often the case that a type
error in a specification indicates a deeper problem than just a slip.

But undoubtedly errors will be made in this way, and formal specifications are by
no means easy to get right, just as programs are not easy to get right. But formal
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specifications do have two advantages over programs. First they can be verified
against the previous level — against requirements by trying to prove requirements
expressed formally, and against previous levels written in RSL by expressing imple-
mentation and then justifying it. Even if this process is only used to the extent of
examining the proof obligations carefully, without actually making and recording
any justification, it is very effective at discovering mistakes.

Secondly, formal specifications can be reviewed. Code reading is recognized as
an effective way of discovering errors, and reading RSL is generally easier because
it is more abstract and less detailed. So reviewing RSL, by people proficient in it
and with check-lists of typical problems, is very effective.

1.3.5 Production of documentation enabling maintenance

Maintaining software is very expensive and very error-prone. Design documentation
is typically missing or out-of-date.

Formal specifications, both initial and development specifications, can help con-
siderably because they provide a means of understanding the code top-down. Com-
ments in specifications can aid this process. Whether the change is an extension,
an adaptation or a correction, it is possible to discover the module(s) affected and
the first development level at which the change can be expressed, and for the de-
velopment to be re-done from that point. The interfaces between RSL modules are
all explicit, so it is easy to check what else is affected (usually using tools).

The process is also much easier (and likely to be followed) if all or most of the
final specification is automatically translatable. This is also a crucial factor in
the specifications being up-to-date. One of the problems with traditional design
documentation is that once it has been created there is no real incentive to maintain
it; changing the documentation as well as the code just seems like two jobs of which
only one matters right now. The more we can make the code generated from designs
the more likely it is that the designs will be consistent with the code.

1.4 Selective use

There are two important ways in which we can be selective in our use of RAISE:
in how formal we choose to be and in what components of a system we choose to
apply it to.

1.4.1 Degrees of formality

In section 1.2.4 we explained that it is not necessary (or sensible) to prove every-
thing. In fact there is a more general principle: The degree of formality that you
apply needs to be appropriate to the problem and an efficient way of tackling it.
And there are many opportunities for being more or less formal in development.
We may broadly classify three development styles:
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formal specification only Formality is applied to the specification procedure.
We write the specification with the aims of:

e achieving and recording a precise, unambiguous statement of what we
understand the system is to do, as a basis for creating it now and main-
taining it in the future

e using this as a guide to doing detailed design and writing the code, but
using informal design techniques

e validating the specification against the requirements to discover any dis-
crepancies and resolve them

e formulating test cases for use after coding

formal specification and rigorous development Formality is applied to the
specification procedure as before, but also to the development procedure. This
means that one writes both abstract and more concrete specifications and also
records the development relations between them. These relations are then
subject to examination and perhaps review, but are not justified.

formal specification and formal development We extend the previous step
to doing the justifications as well. Our previous advice of always concen-
trating on the difficult or interesting parts and hence on doing justifications,
including informal arguments, rather than full proofs, still stands, so per-
haps this category should be called “formal specification and more rigorous
development”.

So what level should be adopted? Most experience with formal methods has been
in using them at the first level, and certainly the formal specification procedure
seems to be extremely effective because it finds so many ambiguities and omissions
in the requirements. It is also effective in providing a basis for test cases and for
determining expected results, and for providing documentation that can be used
in maintenance. In terms of value (mainly increased confidence in the software) for
effort it is extremely cost-effective.

But the first level alone still leaves the gap between the initial specification
and the code. If we only intend to produce one level of specification, we may be
tempted to make it very detailed, to capture all the requirements and be fairly
close to the code. There is then a danger that we lose some of the advantages of
formal specification in not being sufficiently abstract, and in creating specifications
that are hard to reason about (whether mentally or on paper or with tools). Once
we lose the ability to reason about what our specifications mean, we lose much of
the point of producing them. Hence there are very good arguments for adopting
the second level.

It is not necessary to adopt rigorous development uniformly. Our initial specifi-
cation will provide a top-level decomposition into component systems, and some of
these will require more development work than others. Some may be very simple
and easily coded; some will be standard components for which we have already
existing developments with translations.
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Many of the benefits of the first level lie in error discovery — errors, omissions,
contradictions or ambiguities in the requirements. Most of the benefits of the
second level lie in error avoidance: having achieved a good initial specification we
maintain conformity with it. It also produces a record of how the development was
done that is very valuable in maintenance. The second level also produces RSL
that may be automatically translated. In terms of cost-effectiveness — improved
quality for effort — it may well be less effective than the first level, but it can still
be a great improvement over the alternatives. (It is not unusual that increases in
quality become more and more expensive to achieve.)

The third level, of actually doing justifications, continues the trend of increas-
ing the effort substantially in return for a smaller return in quality improvement.
Justification can be very time consuming and is almost certainly reserved for the
more critical components. But it should be noted that it is here that there are
possible gains that cannot be achieved (with any degree of reliability) in any other
way. Even the simplest systems are far too complicated to test comprehensively,
so that there are clear statistical limits that one can place on the reliability achiev-
able through testing. The increasing use of parallel, distributed systems makes
these problems even worse. There are already examples, such as the application by
Bull in the ESPRIT LaCoS project [7], where previously undiscovered errors were
discovered by justification.

Finally, it should be mentioned that it requires some experience to become a good
specifier. It requires a little more to become a good rigorous designer, because it
needs experience to judge what to develop first, how much detail to put in each
development step, when to decompose, what previous developments can be re-
used, which constructs will be easy or hard to translate into the chosen target
language, how to take account of other constraints like timing problems, hardware,
operating system, etc. It requires still more to be able to do justifications, because
there are particular techniques to be learned. So teams new to formal methods
should concentrate on formal specification before trying rigorous development, and
justification skills should be developed later still.

1.4.2 Selective application of formality

In section 1.4.1 we saw that it is possible to be more or less formal in the way in
which we apply formal methods. It is also the case that we may choose only to
apply formal methods to parts of a system and not to others. There are two ways
in which we can do this: selecting properties and selecting components. We will
consider each of these.

1.4.2.1 Selecting properties

We can choose to specify only a few critical properties, like safety or security
properties. We typically achieve two benefits from this:
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e deeper understanding of the property itself through its capture in a formal
language

e understanding (perhaps after some formal development) of how the system
components need to interact in order to maintain the property

1.4.2.2 Selecting components

We can choose to specify only certain system components. Components for which
formal methods are likely to be less useful include:

e standard components like databases or operating systems with which our sys-
tem needs to interface. Specifying such an interface formally would involve
specifying the relevant properties of the standard component, and this is rarely
worthwhile.

e generic components which our system needs to instantiate. We would need
to specify the generic component and also the code we need to write to make
our particular instantiation. Such code is usually in some special language.
For example, language processing systems (lexical analysers, parsers, compiler
generators, syntax editors) will use specialized notations like “regular expres-
sions” and BNF. Trying to use a general purpose specification language like
RSL to specify input in these notations is likely to be clumsy, less clear and
often no more abstract.

User interfaces also come into this category. Modern systems typically use
standard generic components to generate graphic user interfaces, and here
the important features like appearance and response time are hard to specify
effectively in a specification language.

e components whose behaviour is not regarded as very critical.

e existing components that were not formally specified and that we are adapting.
This is a dangerous practice, of course, because it is precisely complex software
with inadequate or outdated documentation that it is dangerous to adapt. But
the cost of formally specifying an existing component first is usually hard to
justify when the hope is to save development time by adaptation. In the long
run it may be cheaper to start from scratch and develop properly, but this is
unlikely to be apparent at the start. We note this category not to encourage
it but to acknowledge it.

So the components we should specify formally are those whose correctness is critical
and that we are creating from scratch or adapting.

Software that is developed formally is also easier to maintain and adapt, because
the specification and development history provide effective documentation for these
purposes. So other criteria for choosing formality are the expected lifetime of the
system and the likelihood of re-use.
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1.5 Formal systems

This section and the next on the RAISE implementation relation discuss aspects
of RAISE as a formal system. This section discusses formal systems in general and
may be skipped by readers with knowledge of the topic.

We have described RAISE as a formal system. What does this mean? A formal
system has four essential components:

a notation with a defined syntax
a set of well-formedness rules

a semantics

a logic

If we take arithmetic expressions as an example, the syntax rules would say that
terms like “17, “2”7, “4+” and “1 + 2”7 are syntactically correct, but that terms like
“l +” and “+ +” are not.

Well-formedness rules cover the areas commonly known as “scope”, “visibility”
and “type” checking. If we extend our example to include booleans as well as
arithmetic, and also to allow let expressions, then expressions like

let x=2in1 + y end
and

let x = true in 1 4+ x end
may be violating scope/visibility and type rules respectively. (Though the first
might be well-formed as a component of a larger let expression in which y is
defined.)

The semantics of a system defines its meaning, usually in terms of some well-
understood mathematical theory such as that for the natural numbers, or set theory.
Semantics is usually only defined for well-formed terms.

For our simple example the relationship between our representation of arithmetic
and booleans and mathematical natural numbers and truth values is obvious. But
already we have the problem of explaining what a let expression means.

So far what we have considered includes programming languages, or at least
programming languages that have been given a mathematical semantics. So is
Ada, say, a formal system? For our purposes it still lacks the fourth element, a
logic. This is what allows us to reason about terms in our system. For example, is
it the case that the following equality is true?

1+42=2+1 (1)
One way to answer this problem is to appeal to the semantics, to decide that the two
expressions on either side of the equality symbol represent the mathematical natural
number “3”, that equality represents mathematical equality, and that therefore the
answer is “yes”. Another way, if our system is a programming language, is to test
it and see. Essentially (assuming the execution of a program correctly follows its
semantics) these are the same. We are “executing” the expression, symbolically or
mechanically, to see what semantic value we get.

But if we have a logic we will have rules like
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1+j=j+1 (2)
together with rules for instantiating the names “i” and “j” with integers like “1”
and “2”. Now we can not only answer the problem of whether (1) is true without
having to execute it, symbolically or otherwise, but we can also answer more general
questions, like “Is ‘i + 1’ the same as ‘1 + i’ for any integer i’ ?”

There is a cost in having a logic, a set of rules like (2), as well as a semantics:
since we have two ways of answering questions we must ensure we get the same
answers. In other words the logic must be consistent with the semantics. In RAISE
we tackle this by starting with a small logic containing a minimal set of “basic”
rules, which we can check against the semantics, and then checking other rules by
showing how they are derived from the basic ones.

The formal system whose use we describe in this book is RAISE, based on
its specification language, RSL. The book on RSL [23] describes its syntax, well-
formedness rules and (informally) its semantics. (A deep knowledge of its semantics
is not necessary for its use, but a definition is available [19].) An important aim of
this book is to describe its logic. But it is worth considering first the question of
why we need RSL. Why don’t we provide a logic for Ada, or Pascal or any other
programming language?

The reason is that these languages were designed for writing software. They have
many “low-level” features like pointers that help us write efficient software. But
such low-level features make reasoning very complicated, and so their logics would
be very complicated. A specification language like RSL aims to make reasoning
possible, and so it includes features (like abstract types and axioms) that make
reasoning more tractable, and avoids features (like pointers) that make reasoning
harder.

RSL is, however, a wide spectrum language because it is intended to be used
not just for initial specification but also for development to languages like Ada or
C++. Hence it includes some low-level features like variables with assignment and
loops. We will see that, if we use only the sequential applicative features of RSL,
reasoning is easier than when we include imperative and concurrent features. Hence
the method encourages (but does not force) initial specifications to be sequential
and applicative so that we can reason initially with some ease.

1.6 RAISE implementation relation

This section is more technical than the preceding sections of this chapter and
assumes knowledge of RSL. It aims to provide some intuition for the notions of
implementation and conservative extension.

Any formal system that aims to provide a means of development as well as a
means of specification must provide a notion of implementation. That is, if module
Ay is developed to module A;, we need to know if A; is a “correct” development. We
say that A, is correct if it implements Ay, i.e. Ay and A; are in the implementation
relation. There are in fact several variations on the notion of implementation; the
one in RAISE is chosen to meet two particular requirements that arise from the
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method requirements we have just been examining. If A; implements Ay, we want
the following to hold:

property preservation: All properties that can be proved about Ay can also be
proved for A; (but not in general vice versa).

substitutivity: An instance of Ay in a specification can be replaced by an in-
stance of A, and the resulting new specification should implement the earlier
specification.

Substitutivity means that we can develop parts of systems separately and then put
them together safely.

Property preservation means that if we prove some properties of a module (and
in particular if we prove it meets its requirements) and then we prove a development
implements it, we know that the development also has the properties. In fact it
ensures that implementation is transitive: if A, implements A; and A; implements
Ay, Ay implements Ag. So we can proceed from initial to final specification in a
number of steps. We formally define the implementation relation in appendix B.8.
A class expression cel implements a class expression ce0 if all the properties of
ce( are true in the context of cel. That is, the properties of cel must imply the
properties of ce0.

To understand implementation in practice we need to know what is meant by the
(logical) properties of a class expression. The formal definition is in appendix B.8.2;
intuitively it is just the collection of logical expressions that can be deduced from
its definitions and axioms. We will call the collection of logical properties of a
specification the theory of a specification.

So we see that the essential idea behind implementation is that the theory of the
implementation needs to imply the theory of the class being implemented. This
proof theoretic approach is one that RSL shares with Larch [13] and COLD-K
[15, 9]. It contrasts with the “model theoretic” approach of Act One [8], OBJ
[11], ASL [27] and Extended ML [26, 16], in which implementation is sub-classing
of models. The advantage of the model theoretic approach is that it can allow
observational equivalence. The disadvantage is that implementation is not so easy
to prove because the proof theoretic notions are not so easily available [21]. (We
will see in the section 2.8.4.1 that it is recommended and natural to write RSL in
an abstract style that effectively specifies types by observational equivalence.)

We now look at some simple examples. Consider the class expression S1 defined
by
S1 =

class

value x, y : Int
end

All this says is that there are names x and y of kind “value” and that they are
integers. We call the collection of defined names with their kinds and types (or
classes for schemes and objects) a signature. We have not constrained the values
of x and y in any way. In fact because there are no constraints its theory reduces
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to true.
Now consider the class expression S2:
S2 =
class
value x, y : Int
axiom x >y
end

This has the same signature as S1 but it also has an axiom. Since, apart from the
axiom, x and y are unconstrained, the theory of S2 can be presented as “x > y”.

Does S2 implement S17 It is a precondition for asking this question that the
signature of S2 should include the signature of SI. This relation we call static
implementation. In fact the signatures of SI and S2 are the same. So we have to
prove

X >y = true

which is vacuously true.? Note that SI does not implement S2, since this would
involve proving the reverse implication, which is not true for arbitrary integers x

and y.
Now consider S3:
S3 =
class
value
x:Int =1,
y:Int =0
end

The theory of S3, as you might expect, can be presented as
x=1Ay=0

S3 has the same signature as S1 and S2, and so we can ask what implementation
relations hold. Does S3 implement S27 We would need to prove

x=1Ay=0)=>x>y
which is clearly true.

We can also see that S3 implements S1, so we have a simple example of transi-
tivity of implementation.

Now consider a fourth example S4:
S4 =

class

value x, y, z : Int
end

This is like SI but it has an extra entity, the integer value z. Does it have any
relation to S17 The signature of S4 includes that of S1. The values are completely

2In such implications names like x and y are bound by their definitions in the implementing
class, S2 in this case.
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unconstrained so its theory reduces to true. To check if S4 implements S1 we try
to prove

true = true

which is vacuously true: S4 implements SI. Note that we cannot ask the question
the other way round. S1’s signature does not include S4’s: S1 does not define an
integer z, so S1 does not statically implement S4.
Consider a fifth scheme S5:
S5 =
class
value x, y, z : Int
axiom x >z Az >y
end

It should be clear that S5 is an implementation of SI, S2 and S4. The only
interesting case is the second, where we need to prove

(x>zAz>y)=>x>y
which follows from the transitivity of “>”.
So far we have had no hidden names. Now consider a sixth scheme S6:
S6 =
hide z in
class
value x, y, z : Int
axiom x >z Az >y
end

(We could also have defined S6 as “hide z in S5”.) The signature of S6 only
includes the names that are not hidden, i.e. it only includes x and y.

S6 therefore cannot implement S5 as z is in the signature of S5 but not in
the signature of S6: S6 does not statically implement S5. The precondition for
the implementation relation in the opposite direction is satisfied, however, as S5
statically implements S6.

What is the theory of S67 We can in fact present its theory as

dz:Intex>zAz>y (1)

The only free names in (1) are x and y, the names in the signature of S6. It is not
always possible to find such a finite presentation of the theory of a class involving
hiding.

We can now see that S5 does implement S6, since in S5 the definition of a value
z strictly between x and y implies (1), the existence of such a value. In fact the
removal of a hide from a class expression always gives a trivial, but rarely very
useful, example of implementation. S6 also implements S2 (which defined only x
and y with the axiom that x > y), since (1) implies that x is greater than y.

Of rather more interest is whether we can get implementation by removing hidden
entities. We can. For example, S6 is implemented by, for example, S7:
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S7T =
class
value
x: Int = 2,
y:Int =0
end

But S6 is not implemented by S2 since x being greater than y does not imply (1),
that there necessarily exists a value between them. Similarly S6 is not implemented
by S3 (in which x is 1 and y is 0).

So we see that implementation allows us to remove hidden entities, but that we
need to take great care about the ways that properties involving the hidden entities
affect the properties of the non-hidden entities.

1.6.1 Implementation meets its requirements

Having provided some intuition for the implementation relation we should check
that it meets the requirements for property preservation and substitutivity that we
identified earlier. We take the requirements in turn:

Property preservation This is immediate from the definition of implementa-
tion.

Substitutivity There are two questions here:

e Is the result of a replacement in some context always well-formed?
e Does the result of a replacement in some context always give implementation?

To answer the first question we note that since the new signature includes the old,
replacing the old with the new cannot result in any names becoming undefined.
The only possible problem is that of any extra names defined in the new.

First, we may get a result that is ill-formed. Consider the extending class ex-
pression
extend class value x : Int end with class value y : Int end
and then consider replacing either of the constituent class expressions with
class value x, y : Int end
This implements both of them, but replacing either with it would give multiple
declarations of the same name in the extending class expression. Hence there is
the possibility of ill-formedness of the result. (This only occurs with extending
class expressions.)

There is also a possibility of “capture” of free names. Consider the following
example:
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class
scheme S = class value x : Int = y end
value y : Int

end

and then consider the class expression
class value x : Int = y value y : Int end

This class expression might be considered an implementation for the class expres-
sion of S — all we have done is add an extra declaration for y. But clearly the
replacement of the old class expression with this one would change the theory of
the context, the outer class expression. We would lose the equality between the x
within S and the y outside it. Hence such a replacement cannot be allowed. But it
is easy to avoid this problem. It is poor style to mention inside a class expression
a name defined outside it, except for the names of modules defined either globally
or as parameters. Then the only free names in a class expression will be parameter
or global module names, and if we choose names different from either of these for
modules declared inside class expressions, the problem is avoided.

So we can only allow replacement if the result is well-formed and if there is no
capture of free names.

To answer the second question — does the result of a replacement in some
context always give implementation? — we state in appendix B.8.6 the required
“compositional” properties. Implementation can be shown to have these properties.

1.6.2 Conservative extension

We have so far distinguished between the signature of a class expression and its
theory. Mathematicians often refer to these together as a “theory” (or, to be
more precise in this case, a “typed theory”). Then they define a notion of theory
extension. A theory T2 extends a theory T1 if T2 adds to the entities and/or
properties of T1. This is in fact the same as our notion of implementation.

We can then distinguish between conservative extension and non-conservative
extension.

A theory T2 conservatively extends a theory T1 if every property of T2 that
can be expressed using entities defined in T'1 is a property of T1. In other words,
T2 adds no new properties to the entities from T1. An extension that is not
conservative is non-conservative.

A formal definition of conservative extension can be found in appendix B.8.4.
Here we try to give an intuition. Consider

scheme

S1 = class value x : Int axiom x < 10 end,

52 = extend S1 with class value y : Int = x end
Call the properties that only involve the name x (the only name defined in S1)
“S1-properties”. The only SI1-property available from the definition of S1 is that x
is less than 10. Since S2 extends S1 we may ask what are the S1-properties of S2.
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The answer is, again, that x is less than 10. Since the SI1-properties are unchanged
by the extension we say that S2 extends SI1 conservatively. But now consider

scheme
S1 = class value x : Int axiom x < 10 end,
S3 = extend S1 with class value y : Nat = x end

In S3 it is possible to prove that x is at least zero as well as less than 10 (since it
is equal to the natural number y). So the SI-properties of the extension are not
the same as those of SI1; S3 extends S1 non-conservatively.

Is conservative extension important? Often it is not, and indeed the extend-
ing class expression construct illustrated here is intended to provide a facility for
extension in RSL that is typically non-conservative. When we consider single de-
velopment steps, conservative extension is also rarely of use, since it amounts to
taking no design decisions — only adding new entities is allowed.

However, conservative extension can be an important issue when we do sepa-
rate development. Consider the following simple scenario. A contract between two
teams says that there is a value x which is an integer. One team adds the property
that it is positive. The other team adds the property that it is negative. What
happens at integration? The result is that the specification as a whole is inconsis-
tent; there is no possible program implementing it. This is obviously something to
be avoided if possible.

The solution lies in noting that there is always only one team that is responsible
for developing the module(s) representing the contract. It is their responsibility,
and theirs alone, to strengthen its properties. When other teams use the module(s)
in the contract they must be careful to ensure that the modules they are developing
only extend the contract conservatively.

In practice this is not particularly difficult to ensure. There are essentially three
ways that a separately developed component module can be used in other modules.
If the component is a scheme it can be used in a formal parameter or to make an
embedded object (an object defined inside a class expression). If the component is
a global object (an object defined globally, i.e. not defined as a scheme parameter
or within a class expression) its name can be mentioned in qualifications. As a
result, all mentions of the entities defined in the component will be qualified — by
the name of the formal parameter, by the name of the embedded object or by the
name of the global object. We can then formulate the following rules. (The rules
apply to any dependency, whether or not the thing being depended on is a contract
with another development or not, because the rules are sensible ones anyway.)

1. Do not write axioms in which all the names are qualified.

2. In value, variable and channel definitions and axioms that involve qualified
names, check that the defining types of the unqualified names do not make un-
warranted assumptions about the types of the qualified names. In particular,
if the unqualified name is defined to be in a subtype, this is “unwarranted”
unless the definitions and axioms ensure that the value must be in the subtype
because of the properties of the qualified names.
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3. Beware of multiple axioms (or conjunctions) relating an unqualified name to
different qualified ones.

For example
axiom Ax >0

breaks the first rule and should obviously be placed in the module defining x.
For the second rule consider

value

y : Nat = A.x,

f: Int — Nat

f(x) = A.g(x)
Here the definition of y extends the object A conservatively only if x is constrained
within the body of A to be a Nat. Otherwise the (sub)typing of y is unwarranted.
Similarly the definition of f extends the object A conservatively only if g is con-
strained within the body of A to be a function that converges to a Nat for all
Ints.

For the third rule consider
valuey: Int e Ax <yAy <Az
This implicit definition of y extends the object A conservatively only if it is true
within the body of A that x < z.

The first rule seems very natural — the axiom is obviously in the wrong place.
The second and third are more subtle and need care.

There is a fourth possibility that a type declared to be a sort in one module is
extended non-conservatively by a declaration that makes the sort definitely non-
empty. For example

value x: A.T

means that A.T has at least one value in it. If there were no values, variables or
channels of type T in A, this would be a non-conservative extension. Declarations
of variables and channels of type A.T can have the same non-conservative effect.
However, since types are rarely implemented as empty this is unlikely to be a
problem in practice.

So what should be done in the case

scheme
SX = class value x : Int end,
SY = class value y : Int end,
S(X:SX,Y:8Y) =
class
axiom X.x = Y.y

end

This breaks the first rule, but where else can the axiom go? The way to deal with
it is to note that there is a dependency between SX and SY; this is what the axiom
says. Typically in practice it is clear which direction this dependency should take,
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but if it isn’t we can make an arbitrary choice. Suppose we make SY dependent
on SX. Then we reformulate as

scheme
SX = class value x : Int end,
SY (X : SX) = class value y : Int axiom y = X.x end,
S(X:8X,Y :SY(X)) =

class

end

and this is consistent with the rules.

1.7

Changes to RSL

A few changes have been made to RSL as used in this volume since the original
book describing RSL [23]:

The expansion of explicit and implicit function definitions into signature and
axiom has changed. The quantification in the axiom is over the given types
of parameters rather than their maximal types. This approach is felt to be
much more intuitive.
The evaluation order of application expressions has been changed so that the
function expression is evaluated before the parameters. This means that all
evaluations in RSL are left-to-right.
Axiom quantification (forall) is not used; axioms are quantified individually.
This avoids counter-intuitive interpretations of axioms that did not mention
all the names bound by the axiom quantification. This could be considered
a stylistic restriction but is mentioned here as a reminder that forall should
not be used. Similar remarks apply to V; care should be taken not to bind
names not mentioned in the quantified expression.
The rule that variables and channels from different objects are different has
been extended to the actual parameters of schemes, so that the rule applies
to formal parameters as well as objects defined within schemes or globally.
This is a restriction on scheme instantiations and is necessary to ensure the
compositionality of implementation.
The map type constructor w has the new symbol . The original symbol
has then been added to indicate the subtype of maps that have finite domains
and are deterministic on application. That is, for any types T1, T2:
Tl & T2 ~
{{m:T1 & T2-
(card dom m post true) A
(Vx: Tle+x € dom m = (m(x) post true)) |}
Thus there are now finite maps as well as finite sets and lists. In addition,
application of such maps to arguments in their domains is deterministic.
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There are also two restrictions on the use of RSL that we follow in this book in
order to ensure that the RSL implementation relation can be expanded.

e We do not use “embedded” scheme declarations, i.e. scheme declarations
within class expressions or local expressions. There are also methodologi-
cal reasons for this: we stated earlier that schemes should have as free names
only the names of their parameters or of global modules. This restriction can
also be overcome: since schemes may not be recursive it is possible to unfold
all their instantiations and then remove their embedded definitions.

e We do not allow the classes of scheme formal parameters to hide any of the
entities defined in them. This is a very minor restriction; it is very unlikely
that one wants to include something in a parameter only to hide it. It might
be convenient to define and hide a value to express a property, but it is then
possible instead to assert in an axiom the existence of such a value.
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CHAPTER 2

Tutorial

2.1 Introduction

This chapter is intended to illustrate how to specify and develop systems using
RAISE. It concentrates on a particular style for consistency, and because this style
has been shown to be useful and widely applicable in practice. But it is therefore not
complete in showing all the possible ways to construct specifications and develop
them. New users of RAISE should find it helpful to follow fairly closely in their own
work; more experienced ones will be able to devise their own styles and techniques.

Before presenting the examples we discuss some alternatives in the styles of
writing specifications. Section 2.2 considers the differences between applicative
and imperative and between sequential and concurrent styles. Section 2.3 considers
abstract and concrete styles. Section 2.4 distinguishes “system” and “subsidiary”
modules and also introduces the notion of “hierarchical structuring”. We then give
an overview of the method in section 2.5.

Then three examples are presented in detail. Section 2.6 shows the specifica-
tion and development of a simple information system (for controlling entry and
exits of ships to a harbour). In section 2.7 we specify and develop a safety-critical
concurrent control system (for a lift). These are followed in section 2.8 by the
development of a data type (a bounded queue) from the specification of an initially
abstract, applicative version into several alternative concrete versions, including
applicative and imperative, sequential and concurrent, suitable for translation into
a programming language. Finally a technical section 2.9 provides the theoreti-
cal underpinnings for the method used, in particular the development steps from
applicative to imperative and from sequential to concurrent.

2.2 Choice of specification style

There are four main options:

applicative sequential: a “functional programming” style with no variables or
concurrency

33
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imperative sequential: with variables, assignment, sequencing, loops, etc. but
with no concurrency

applicative concurrent: functional programming but with concurrency

imperative concurrent: with variables, assignment, sequencing, loops, etc. and
concurrency

Applicative concurrent specifications are often inappropriate as the basis for pro-
gramming language implementations; the main processes are recursive in structure
and their continued execution will keep increasing the size of the call stack. So un-
less we are implementing in an applicative language that can overcome this problem
we shall need to use an imperative style; the use of variables enables the recursion
to be replaced by a loop. Hence there are only three major kinds of module that
we are usually concerned with and that we shall concentrate on in this tutorial:
applicative sequential, imperative sequential and imperative concurrent. We will
generally abbreviate these to applicative, imperative and concurrent.

Our experience is that of the three, the applicative style is the easiest both to
formulate and to reason about in justifications. It also turns out that one can
easily start with applicative specifications and develop them into imperative or
concurrent ones. For this reason we will adopt this as the basis for the method in
the tutorial.

2.3 Abstractness

As well as distinguishing between applicative and imperative, sequential and con-
current styles of specification we can also distinguish between abstract and concrete
styles.

By abstractness we mean, in general, writing specifications to leave as many
alternative development routes open as possible. In other words, the fewer design
decisions we have taken in expressing a specification the more abstract it is. By
design decisions we mean things like

e deciding how to formulate a module using other modules

e deciding on a particular data structure

e deciding on a particular algorithm

e deciding what variables to use

e deciding what channels and patterns of communication to use

The opposite of “abstract” is “concrete”. The distinction between the two is not a
black and white one, but we can characterize modules in each of the three categories
as tending to be abstract or concrete.

abstract applicative modules will use abstract types and will use signatures and
axioms rather than explicit definitions for some or even all functions.

concrete applicative modules will use concrete types and will contain more ex-
plicit function definitions.
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abstract imperative modules will not define variables but will use any in their
accesses and will use axioms.

concrete imperative modules will define variables and will contain more explicit
function definitions.

abstract concurrent modules will not define variables or channels but will use
any in their accesses and will use axioms.

concrete concurrent modules will define variables and channels and will contain
more explicit function definitions.

Again it must be stressed that these are relative rather than absolute distinctions.
A module may be abstract in some ways and concrete in others. And certainly a
system specification will contain modules in both varying styles and varying degrees
of abstractness. We will also use the term aziomatic to describe a style of value
definition in terms of signature and axiom.

We will adopt a naming convention in this tutorial that applicative modules will
be prefixed “A_”, imperative ones “I_” and concurrent ones “C_". We will also use
the convention that the most abstract modules will be suffixed “0”, more concrete
ones “17, etc.

2.4 Kinds of module

Another distinction we can usefully draw is between system modules and subsidiary
modules. System modules are those we are most concerned with developing; sub-
sidiary ones are (as their name suggests) less important from the point of view of
development.

2.4.1 System modules

System modules will form the majority of any specification. They are the mod-
ules we will develop from abstract to concrete and, typically, from applicative to
imperative and possibly concurrent. They might be more precisely named “sys-
tem or sub-system” modules since they correspond to what we see as the complete
software system and its sub-systems. They will generally be expected to be finally
implemented as software modules with dynamic state: in object oriented terms
they will form the objects of the software system.

We will arrange for each system module to have a type of interest. For abstract
applicative modules it corresponds to the standard use of the term by, for example,
Guttag [12]. For a module specifying an abstract data type it is precisely that type:
Queue or Stack or Array or whatever. For modules specifying software systems or
sub-systems it is the type which is the “state” of the system or sub-system. For
imperative (sequential or concurrent) modules the type of interest is the product of
the types of any variables in the module and the types of interest of its component
modules.
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The first example in this tutorial is concerned with berthing ships in a harbour.
The type of interest of the single system module of the initial applicative speci-
fication, AAHARBOURQO, is the abstract type Harbour. Later we decompose the
specification into sub-systems for the set of ships waiting and the array of berths,
so that the type of interest becomes defined by

type Harbour = P.Set x B.Array

where P and B are the objects instantiating the sub-systems. Their types of interest
are, naturally, Set and Array respectively.

The third example is the development of a data type: the bounded queue. The
type of interest in the single system module of the initial applicative specification,
A_QUEUEQ, is Queue, defined as an abstract type. When we develop this module
this type becomes more concretely defined, but still remains the type of interest of
any QUEUFE module, whether applicative or imperative, sequential or concurrent.
Some of the developments of QUEUFE modules use ARRAY modules, which have
a type of interest Array.

It is possible to write abstract imperative and concurrent modules in which the
type of interest has no name: it is reflected purely in the occurrence of read any
and write any in the signatures of some functions. And even in the development
of such modules there may never be a type definition corresponding to it: it is
implicit in the types of its variables and those of imperative modules instantiated
as objects within it.

It is, of course, possible to write modules with no unique type of interest, for
example by simply merging the applicative modules for two different data types.
But we will not design system modules in this way, and so we will always be able
to identify the type of interest. In applicative modules it will have a name and (in
concrete versions) a defining type expression. In imperative modules it may or may
not have a name, and may be a product of the types of variables and the types of
interest of instantiated modules. (So the order of the types in such a product may
be ambiguous; technically we can see its components rather than be able to form
it uniquely.)

The method we propose for developing system modules starts, if possible, with
a single applicative module whose type of interest therefore is intended to model
the “state” of the entire system. We then develop this applicatively by making
the state more concrete. This often involves introducing some sub-system modules
with their own types of interest.

This process is complete when all the types involved are either

e RSL concrete types (like lists or maps) which we are happy to translate (either
automatically or by hand) into the intended programming language, i.e. whose
translations for these particular uses will be adequately efficient, or

e the types of interest of standard modules like those defined in appendix A
for which we have sufficiently efficient translations already available or, again,
can translate by hand
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Then we can take the step of generating first imperative sequential modules and
then, if we want a concurrent system, concurrent imperative modules from the
applicative ones. This step will preserve the structure of the system modules: each
applicative one will have an imperative counterpart, and the dependencies between
the applicative modules will be mirrored by those between the imperative modules.
The type of interest of an imperative module will be the same as the type of interest
of its applicative counterpart (up to the ordering of product components).

Finally, we often wish to do more development, to improve the specification of
some algorithms and to remove any under-specification still present. Then we are
ready to translate.

2.4.2 Subsidiary modules

There are three kinds of subsidiary module: type modules, auziliary modules and
parameter modules.

Type modules are useful as a place to define all the types that we want to use
across a specification, together with useful applicative functions on these types. In
a large specification it may be useful to have several such modules, one for the
development as a whole and one for each separate sub-development, so that if a
team decide they want to put a new type into it they can do it in their local one. We
recommend using global objects for this purpose as it avoids integration problems.
Teams then only need to agree on a naming convention for such objects to avoid
using the same names. Then there can be no name clashes between the types and
functions defined, even if the types and functions themselves share names.

Type modules are usually only developed in very simple ways, such as by adding
further types and functions.

Auxiliary modules are like type modules in that they are applicative. They are
just convenient groupings of auxiliary functions on some concrete data type(s). An
example would be a module collecting some useful functions on RSL lists, such as
reverse, is_ordered, is_permutation. These should not be defined as part of the type
module of a particular system because the module can be generic, parameterized
by the type of element in the lists and perhaps the ordering relation.

Parameter modules are used to define parameters to other modules. They are
usually applicative. We will only use parameters for two purposes:

e defining generic modules, i.e. modules we expect to instantiate more than once
with different parameters, either in the current development or in the future

e allowing modules to share other imperative or concurrent ones. (Sharing in
this sense is unusual; see section 3.8.3.1 for an example.)

For expressing the dependency of a module on others we will use either embed-
ded objects or global objects instead of parameterization. Where possible we use
embedded objects since they make the objects visible only in the class expression
within which they are defined and, if not hidden, to other users of the scheme or
object defined using that class expression. Where possible such embedded objects
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will be hidden.

This is not the only possible style, as all dependencies can be done using para-
meterization. But on systems of any size and complexity the parameter lists can
become very lengthy.

We will follow object-oriented terminology and refer to a dependent module as a
“client” and the modules it instantiates within it as “suppliers”. We will say that
class A is a client of class B if

e class B is instantiated as an object within class A, or

e class B is the body of a formal parameter of class A, or

e class B is instantiated as a global module and mentioned in class A, or
e Ais a client of C and C' is a client of B

If A is a client of B then B is a supplier of A.

This follows closely the common definition of the client—supplier relation (e.g.
[17]) that a client has to use a supplier merely by referring to it, and extends to the
transitive closure. The most important form of client—supplier relation is the first,
where the supplier is instantiated within the client, since our method generally
creates dependencies between imperative modules only in this particular form.

2.4.3 Hierarchical structuring

The aims of hierarchical structuring are:

e to make specifications more understandable by making it possible to under-
stand a particular component by reference only to it and its suppliers

e to limit the effects of changes to a module to it and its clients

e to limit the properties of a module to it and its suppliers (rather than have
them affected by its clients). In particular, to limit interference (changes to
the state of a module by the functions of another) to changes in the states of
suppliers by the functions of a client

There are several ways in which we achieve these aims:

e There should only be one type of interest in a module. If we need to define
an array of queues of something, there will normally be three modules: a
parameter module for “something”, a module for “a queue of something” and
a module for the “array of queues of something”. We can see the notions of
“something”, queue and array all as distinct concepts and reflect this in the
modularity.

e Clients should only extend their suppliers conservatively.

e A module A should only mention the entities of a module B if A is a client
of B. In particular, if there are two embedded objects in a class expression,
neither should call functions of the other. This is not possible if embedded
objects are defined as instantiations of schemes because of the scope rules of
RSL, but is possible if one of the objects is defined with a basic class expres-
sion. Not allowing calls between embedded objects is particularly important
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in concurrent specifications, since the method we shall describe relies on non-
interference between such objects.

e It is also usually a good idea to make clients refer only to the entities of their
immediate suppliers. Names with multiple qualifications (A.B.C...) indicate
a breach of this.

e Global objects should only be used with care. We suggested their use for type
modules to save having too many parameters for system modules, but there
is a concomitant risk that changes to such modules will affect many others.

The restriction on disallowing calls of functions between embedded objects needs
to be broken when we want to model certain kinds of system. See the discussion
on sharing in section 3.8.3.1.

2.5 Method overview

There are two aspects of a method:

e what is being produced, the particular artifacts
e the order in which they are produced

It is easy to confuse these, to assume that the dependencies between things pro-
duced means that one must produce them in a particular order (like “top-down”
or “bottom-up”). Of course, there are some dependencies that force an order, like
having a specification one can translate before running a translator, but in general
there is room for flexibility and this is often very useful.

We will try to keep these aspects distinct, and describe first what is produced
and then what ordering(s) of their production is appropriate.

2.5.1 What is produced

We concentrate here on the formal documents, mainly RSL specifications. The
overall software engineering process will of course produce many other documents
that are not particular to RAISE.

Our overall aim is a sequence of specifications of the system, where a specifica-
tion is a collection of RSL modules, and a translation of it in some programming
language. We will refer to each specification in the sequence as a development
level, often abbreviated to level. Apart from type and parameter modules, the first
specification (the initial specification) will usually be a single applicative system
module. In subsequent levels there will usually be a module corresponding to each
module in the previous level, but there may be additional modules. The notion
of “correspondence” here is quite loose: we simply say that the module is devel-
oped from its corresponding predecessor, where development includes at least the
techniques described in chapter 3. There are typically at most four levels in the
sequence, and commonly only two. The final level (the final specification) contains
only modules that are sufficiently close to the target programming language to be
translatable, perhaps wholly or in part automatically.
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There should also be a known and stated relation between the specifications
in one level and the next, composed from relations between the modules in the
specifications. We refer to the statement of such a relation between modules as
a development relation. The relation stated needs to be compositional if possible
(see appendix B.8.6) so that the relation between the level as a whole and the
previous one can be determined from relations between the component modules.
Such relations should be justified.

At some point there will usually be a switch in style, so that one level is applica-
tive and the next and subsequent ones include imperative or concurrent modules.
This will not be the case if the initial specification and the programming language
of the final implementation share the same style.

There are some formal developments which only consist of part of a complete de-
velopment. Sometimes we are only interested in specifying a problem and showing
it has some properties. For example, we may have an existing, implemented system
and wish to verify that it has some safety or security property. Then the task will
be to construct a development in reverse, a process known as reverse engineering,
back to a point at which the appropriate property can be stated as a theorem and
justified. A similar process may be employed for maintaining an existing system,
where in order to make some change we first reverse engineer it to an appropriate
level of abstraction, make the change in the specification and redevelop. If the
original development was formal the reverse engineering step will be unnecessary.

2.5.2 Order of production

There are three main stages involved:

e analysis
o design
e translation

The analysis stage produces the initial specification, the design stage the final
specification and the translation stage the executable program. There is some
notion of order here because each of these is needed as an input to its successor.
But in practice the process is iterative.

Obviously we can try to work completely top down: we start with the first level,
the initial specification, followed by the second, then the relation between the first
and second and its justification, then the third, etc. If the requirements are clear
and we know exactly how to design the system then this is fine. But in practice
this is often not the case. Usually the requirements are far from clear or being
understood, and often we are not sure what the best design will be. We need to
explore, to spend time in the analysis stage. Experience with formal methods, and
with RSL in particular, suggests that the process is extremely iterative; it takes a
long time for the initial specification to settle down, and we need to try out designs
before deciding on the initial specification. It is also the case that good initial
specifications are hard to write, because the abstraction that is short and simple
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and at the same time adequate for expressing the important properties is hard to
find and formulate.

Analysis also involves the issues that always arise in designing software. What
are the objects we are concerned with? What are their attributes? What are
the relations between them? Such questions are commonly the subject of other
methods, whether termed “traditional”, “structured” or “object oriented”. We
tend to use the terminology of object orientation because it seems to fit particularly
well with RAISE. In fact it seems effective to start by answering these questions
and developing the first specification to capture the answers to them. This first
specification is unlikely to be the one we term “initial”. In particular, it is likely
to be too concrete and involve several modules. But in constructing it we should
be aiming at analysing the requirements: coming to understand them, looking for
inconsistencies, omissions, etc., looking for appropriate ways of modelling them.
We will typically only sketch the parts that seem obvious and concentrate on what
we see as possible difficulties. This technique of first constructing a more concrete
and elaborated specification has been used with RSL on many projects and found
very useful; see for example the experiences from the ESPRIT LaCoS project [6].

So we have a first specification, perhaps partly sketched. What now? There are
two main options:

e We can complete the first specification and consider this the initial specifi-
cation. It may even serve as the final specification as well, in which case we
might be said to be doing formal specification rather than formal develop-
ment. For some problems, generally in domains we know well, and for some
components of larger problems, this is sufficiently effective.

e We can formulate an abstraction of the first specification to form the initial
specification. We can then check that this first specification is an implemen-
tation of the abstraction, though in practice this does not seem very useful.
Having formulated an abstraction for the initial specification, the first specifi-
cation could be used as the second level. But what usually happens is that a
new second level is formulated, often using some of the ideas in the first spec-
ification but in general differing from it in being more carefully constructed,
more suitable for further development, etc. The aim of the first specification
is requirements analysis; the aim of the initial specification and subsequent
ones is requirements formalization and design (possibly for a generalization
of the requirements). The difference in emphasis often means that the results
are different.

There is also the possibility, since the first specification is quite concrete,
of translating it into a prototype. This may assist further in requirements
analysis. We can test it to gain more confidence that its behaviour is correct;
we can perhaps demonstrate it to the customer to gain confidence that its
behaviour is appropriate.

This choice about how to start is the main way in which the order of activities must
be flexible. Another important flexibility is in the idea of separate development
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discussed in chapter 1. Although we described what is produced as a sequence of
levels, in fact each component may be developed largely separately.

The experience that development is typically iterative suggests that we need to
try to reduce the inefficiency of this, the reworking. So we should

e concentrate on the parts that we expect to be more difficult, as reworking is
usually caused by encounters with problems for which a solution requires a
change in direction

e delay doing justifications until we are sure that the level we are justifying
against the previous one is appropriate, which often means formulating later
levels or trying to translate

2.6 First example: harbour
2.6.1 Aims of example

The example is a simple information system, with functions for changing the data,
functions for interrogating the data, and invariant properties that the data must
satisfy. There is no requirement for concurrent access.

2.6.2 Requirements

Ships arriving at a harbour have to be allocated berths in the harbour which are
vacant and which they will fit, or wait in a “pool” until a suitable berth is available.
Develop a system providing the following functions to allow the harbour master to
control the movement of ships in and out of the harbour:

arrive: to register the arrival of a ship
dock: to register a ship docking in a berth
leave: to register a ship leaving a berth

The harbour is illustrated in figure 2.1.

We assume all ships will have to arrive and be waiting (perhaps only notionally)
in the pool before they can dock. So we can picture the state transitions for ships
in figure 2.2.

2.6.3 Initial formulation

We first ask what are the objects of the system. Mentioned in the requirements
are ships, berths, pool and harbour. It also seems that the harbour is, for our
purposes, a fixed collection of berths, while the number of ships in the pool will
vary. We can show the entity relationships in figure 2.3.

Then we try to identify attributes of objects and see which ones may change
dynamically. Ships have no attributes given in the requirements, except that they
may or may not fit a berth. We could invent an attribute like size but we don’t in
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Figure 2.1: Harbour

arrive dock leave
waiting docked

Figure 2.2: State transitions for ships

fact know if this is what determines fit. So we make a note that we will probably
need a function

fits : Ship x Berth — Bool

which we will leave underspecified, at least until we have discussed with the cus-
tomers what they want here.

Berths change in that they may be vacant at one time and contain a ship at
another time. Hence what we might term occupancy is a dynamic attribute. This
suggests that a berth will be an RSL imperative object with possible state-changing
functions enter and leave, say.

The harbour seems to be a collection of berths. The members of this collection
are apparently fixed, and so we might well have in mind eventually modelling it as
an array.

The pool of waiting ships will change dynamically as ships arrive and dock.
So again there is the suggestion of an RSL imperative object with state-changing
functions enter and leave, say.
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berth

occupying berths

ship harbour

waiting pool
pool

Figure 2.3: Entity relationships for harbour

There is often a choice of what we regard as attributes. We could have a dynamic
attribute location for a ship, which might be elsewhere, waiting or docked in berth
k. We could make ships into RSL imperative objects to model this. Then we
would have duplicate information if we also had dynamic berths and pool of waiting
ships. This would cause extra overhead in changing both objects consistently. Some
systems are designed this way — usually when the amount of information is large,
queries are common and need to be fast, and changes are less common. However,
it is generally a dangerous practice and for this system it seems more appropriate
to structure the system on the basis of the harbour and pool of waiting ships, and
to calculate the location of a ship if we need to.

Now we can consider what are the invariants (properties that are always true)
on the data. Possibilities are

e A ship can’t be in two places at once.
e At most one ship can be in any one berth.
e A ship can only be in a berth it fits.

There are two ways to deal with such invariants. Where possible we build them
into the model. If the occupancy of a berth is modelled as vacant or occupied_by(s)
(where s is a ship), the model avoids any possibility of there being more than one
ship in any one berth, and so guarantees the second invariant. (There is also the
point that we shouldn’t try to dock a ship into a berth that is occupied, but this
is dealt with separately.) We have already decided to build into the model the
fact that the collection of berths does not change, which could be considered an
invariant.
The first invariant suggests the (imperative) predicate
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V' s : Ship ¢
~(waiting(s) A is_docked(s)) A
(V b1,b2 : Berth -
occupancy(bl) = occupied_by(s) A occupancy(b2) = occupied_by(s) =
bl = b2) A
(V b : Berth » occupancy(b) = occupied_by(s) = fits(s, b))

We expect in the initial specification to use an abstract type for the harbour.
Having identified an invariant property captured by a predicate consistent, say,
then we could use a subtype, as in

type
Harbour_base,
Harbour = {| h : Harbour_base * consistent(h) |}

This possibility can be adopted but it will require us to generate confidence con-
ditions (see section 4.1.2) for the concrete applicative specification (when we find
some concrete type for Harbour_base). Otherwise it is very easy to create a con-
crete applicative specification that passes the implementation check but does not
maintain the invariant (and is thus inconsistent). It is a general rule that subtypes
of abstract types should not be used unless confidence conditions of the concrete
modules are generated and carefully checked.

Instead, we will express as a collection of axioms the property that the state-
changing functions maintain the invariant, which makes the property more visible
and will force us to justify it when we justify implementation. This may not seem
too important in this example, but we shall see in the next example, the lift, that
safety properties typically look like invariants.

For example, if arrive is a state-changing function and consistent a predicate
expressing the invariant, we can write the axiom

axiom
[arrive_consistent |
V s : Ship «

arrive(s) post consistent() pre consistent() A can_arrive(s)

where can_arrive is a predicate expressing the precondition for arrive.

We now have some mental picture of the objects in the system. We can picture
them as in figure 2.4, where only the state-changing functions are shown.

Although we could perhaps fairly easily specify this in RSL by first specifying
schemes for POOL, BERTH and BERTHS, it is generally a good idea to try first for
a single scheme without components that more closely matches the requirements,
and keep the decomposed model in mind as a direction for development.

An alternative to this is to define the decomposed model first, to get more feel
for how the system will go together, and possibly create an abstraction later. As
we noted earlier, experience with using RAISE suggests that constructing a more
concrete and decomposed system is a technique that is generally very successful.
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BERTH

HARBOUR

Figure 2.4: Harbour objects

2.6.4 Method overview

We want to proceed from applicative to imperative. So the particular method we
will use is as follows:

Define a scheme TYPES containing types and attributes for the non-dynamic
entities we have identified, and make a global object T for this.

Define an abstract applicative module A_HARBQOURO containing the top level
functions, the axioms relating these and the “invariants”.

Develop a sequence of concrete applicative modules, A_HARBOURI1, A_HAR-
BOUR2, etc. which will introduce applicative component modules for the
“pool” and “berths” components.

Develop to a corresponding collection of imperative modules from the final
applicative ones.

e Consider any efficiency improvements we can make to the imperative ones.

This

plan.

Translate to the intended target language.

outline of the method for a particular application we will call a development
In practice such plans will include a number of other activities for documen-

tation, testing, quality assurance, etc. together with schedules, effort to be used,
and so on.

2.6.5 Type module

From our initial thoughts we formulate the module TYPES:
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scheme TYPES =
class

type

Ship, Berth,

Occupancy == vacant | occupied_by(occupant : Ship)
value

fits : Ship x Berth — Bool

end
We then make a global object from TYPES:
object T : TYPES

2.6.6 Abstract applicative

To create an abstraction for the system we follow the method that will be described
in more detail for the queue data type in section 2.8.4.1. But since this is a system
specification rather than a data type like the queue we will try to formulate the
system properties that we can specify at this point. We have already identified the
notion of consistency, which we capture by a predicate.

The method is in summary:

Define the type of interest as a sort (Harbour).

e Define the signatures of the functions we need.

Categorize these functions as generators if the type of interest (or a type
dependent on it) appears in their result types and as observers otherwise.
(We shall see that the imperative counterparts to generators are functions
that change (write to) the state. We have previously referred to these as
“state-changing”.) We find we have three generators: arrives, docks and
leaves, and we identify two observers: waiting and occupancy.

Formulate preconditions for any partial functions. All three generators are
partial: there are situations where they cannot sensibly be applied. We there-
fore identify three functions (termed “guards”) to express their preconditions:
can_arrive, etc. All these guards are derived from (i.e. given explicit definitions
in terms of) the observers.

Define a function (consistent) to express the invariant, making it another
derived observer.

For each possible combination of non-derived observer and non-derived gen-
erator, define an axiom expressing the relation between them. We have three
non-derived generators and two non-derived observers, so we have six such
axioms.

Add axioms expressing the notion that the non-derived generators maintain
consistency. We have three such axioms.

Hide the invariant function consistent and anything else not needed by clients
of the module.
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This gives the abstract applicative module A_- HARBOURQO:

scheme A_ HARBOURO =
hide consistent in
class
type Harbour
value
/* generators */
arrives : T.Ship x Harbour = Harbour,
docks : T.Ship x T.Berth x Harbour = Harbour,
leaves : T.Ship x T.Berth x Harbour = Harbour,
/* observers */
waiting : T.Ship x Harbour — Bool,
occupancy : T.Berth x Harbour — T.Occupancy,
/* derived */
consistent : Harbour — Bool
consistent(h) =
(Vs: T.Ship «
~ (waiting(s, h) A is_docked(s, h)) A
(V b1, b2 : T.Berth -
occupancy(bl, h) = T.occupied_by(s) A
occupancy (b2, h) = T.occupied_by(s) =
bl = b2) A
(Vb : T.Berth »
occupancy(b, h) = T.occupied_by(s) = T.fits(s, b))),
is_.docked : T.Ship x Harbour — Bool
is_docked(s, h) =
(3 b : T.Berth » occupancy(b, h) = T.occupied_by(s)),
/* guards */
can_arrive : T.Ship x Harbour — Bool
can_arrive(s, h) = ~ waiting(s, h) A ~ is_docked(s, h),
can_dock : T.Ship x T.Berth x Harbour — Bool
can_dock(s, b, h) =
waiting(s, h) A ~ is_docked(s, h) A
occupancy(b, h) = T.vacant A T .fits(s, b),
can_leave : T.Ship x T.Berth x Harbour — Bool
can_leave(s, b, h) = occupancy(b, h) = T.occupied_by(s)
axiom
[ waiting_arrives |
vV h : Harbour, s1, s2 : T.Ship
waiting(s2, arrives(sl, h)) = sl = s2 V waiting(s2, h)
pre can_arrive(sl, h),
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[ waiting_docks |
V h : Harbour, s1, s2 : T.Ship, b : T.Berth
waiting(s2, docks(s1, b, h)) = sl # s2 A waiting(s2, h)
pre can_dock(sl, b, h),
[ waiting leaves |
V h : Harbour, s1, s2 : T.Ship, b : T.Berth «
waiting(s2, leaves(sl, b, h)) = waiting(s2, h)
pre can_leave(sl, b, h),
[ occupancy _arrives |
YV h : Harbour, s : T.Ship, b : T.Berth
occupancy (b, arrives(s, h)) = occupancy(b, h)
pre can_arrive(s, h),
[ occupancy -docks |
V h : Harbour, s : T.Ship, b1, b2 : T.Berth «
occupancy (b2, docks(s, b1, h)) =
if bl = b2 then T.occupied_by(s) else occupancy(b2, h) end
pre can_dock(s, bl, h),
[occupancy _leaves |
V h : Harbour, s : T.Ship, b1, b2 : T.Berth
occupancy (b2, leaves(s, b1, h)) =
if bl = b2 then T.vacant else occupancy(b2, h) end
pre can_leave(s, bl, h),
[ arrives_consistent |
vV h : Harbour, s : T.Ship
arrives(s, h) as h' post consistent(h')
pre consistent(h) A can_arrive(s, h),
[ docks_consistent |
V h : Harbour, s : T.Ship, b : T.Berth
docks(s, b, h) as h' post consistent(h’)
pre consistent(h) A can_dock(s, b, h),
[ leaves_consistent |
V h : Harbour, s : T.Ship, b : T.Berth «
leaves(s, b, h) as h' post consistent(h’)
pre consistent(h) A can_leave(s, b, h)
end

In practice it will typically take several iterations before such a specification can
be settled on. In particular, while the generators may be reasonably apparent from
the requirements (ships can arrive and dock, etc.) it is often much less clear what
good observers will be. Do we, for example, want one for the set of ships waiting?
If one tries to use this as an observer it should soon become apparent that it can
easily be defined as a derived observer from the simple observer waiting that we
have used.

We have also omitted a constant of type Harbour, like empty. This is partly
because the requirements were silent about initial conditions. In practice the ability
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to initialise (and perhaps reset) the system is a likely requirement and an empty
constant would be required. Adding empty (and making the consequent changes
in the remainder of the development) is left as an exercise for the reader.

2.6.6.1 Validation

Validating an initial specification means checking that it meets the requirements.
In practice there are usually some requirements that are not expressed in the initial
specification. These may be either

e requirements that cannot be expressed in RSL, the “non-functional” require-
ments, or

e requirements we have decided to defer because they are too detailed to include
yet

Both these kinds of requirements will give direction to the development because
we will need to deal with them at some point.

So validation means checking, for each requirement we can identify, that it is
either correctly reflected in the initial specification or can be dealt with at some
stage in the development plan. If we consider some of the requirements for the
system, we can record:

1. Ships can arrive and will be registered. A_HARBOURO
2. Ships can be docked when a suitable berth is free. ~A_HARBOURO
3. Docked ships can leave. A_HARBOURO
4. Ships can only be allocated to berths they fit. A_HARBOURO
5. Any ship will eventually get a berth. outside system

6. Any ship waiting more than 2 days will be flagged. deferred to ...

We could of course give more precise references to requirements we believe to be
met. Thus number 4 could have a reference to can_dock.

If we claim to meet a requirement but the claim is not immediate from the
specification, we can formulate the requirement as a theorem and justify it.

This process will sometimes raise issues that we have not dealt with properly,
causing us to rework the specification. We have assumed, for example, that the
actual choice of a ship to fill a vacant berth is outside the system: we just provide
the facilities for a user to make the choice. This may not be correct, or it may
require a new function, to return, perhaps, a list of ships that can fit a berth,
ordered by date of arrival.

Making such a list of requirements will also give us the opportunity to update the
list as we do the development so that we can eventually show that all the deferred
requirements are met. Showing where and how requirements are met is commonly
called “requirements tracing”.



First example: harbour 51

2.6.7 Concrete applicative

A natural concrete type to use for Harbour is a set of waiting ships (which consti-
tutes the pool) and an array of berths, for which we can use the standard modules
A_SET and A_LARRAY_INIT, described in appendix A. We cannot be sure that
the array will be applied to an index (for example to see if a berth is vacant) before
it has been changed, and so we use the initialised version of the array (and we will
initialise all occupancies to vacant).

We need enter and leave functions for both the set and the array. For the set
these will be modelled by add and remove respectively. For the array both are
modelled by a change, to an occupancy and a vacancy respectively.

Extending the type module
To instantiate A_SET, we need to provide a type Elem, and we can use the type
Ship from the type module.

To instantiate A_LARRAY_INIT, we need to satisfy the requirements of the par-
ameter ARRAY_PARM_INIT from section A.1. The type Elem will be Occupancy
from the type module, and the value init will be vacant, also from the type module.
We still need integers min and max, with max no less than min. We can add these
to the type module, with an appropriate axiom. We could then model the type
Berth as equal to the subtype of integers from min to max, but it is more general
to leave Berth as a sort and say there is a function indx from Berth to this sub-
type: effectively the index of a berth is an attribute of it. We then leave open the
possibility of there being other attributes of berths. Presumably there will need to
be some others (and some attributes of ships) to enable us to eventually compute
fits.

We therefore add the following definitions to the type module TYPES:
type

Index = {|i: Int i > min A max >1i |}
value
min, max : Int,
indx : Berth — Index
axiom
[index_not_empty | max > min,
[ berths_indexable |
V bl, b2 : Berth « indx(bl) = indx(b2) = bl = b2
The axiom berths_indexable ensures that indexes identify berths uniquely.

We have chosen just to add these definitions to the type module directly rather
than develop it to a new module TYPES], say. This is the most convenient way to
develop type modules. As here, the extensions to them are typically conservative
and making formal developments of them would be more effort than is appropriate.
We could if we wish proceed more formally by

e defining a new types module TYPES]
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e justifying that TYPESI implements TYPES
e defining a new global object T1 as an instantiation of TYPES]I
e using T1 in the developments of the system modules

Developing the system module

The method used to do this development step, in which we introduce component
modules, will be described in more detail for the queue data type in section 2.8.4.7.
In summary:

Start by identifying a concrete type for the type of interest Harbour:
type Harbour = P.Set x B.Array

where P and B are the names of the objects that instantiate A_SET and
A_ARRAY_INIT respectively. P represents the pool of waiting ships; B rep-
resents the array of berths.

Create these objects P and B. We can use the global types module T to
provide their actual parameters (with suitable fittings). For instance, the
Elem type for the set module will be the type Ship, so that P models the pool
of waiting ships.

Define the non-derived functions arrives, docks, leaves, waiting and occupancy
in terms of the functions provided by A_SET and A_ARRAY_INIT. The other
functions are derived and so already have explicit definitions.

Hide the objects P and B (along again with consistent). Only this module
should have direct access to the objects’ functions.

This gives us the concrete applicative module A . HARBOURI1:

scheme A_ HARBOURI1 =
hide P, B, consistent in
class

object
/* pool of waiting ships */
P : A SET(T{Ship for Elem}),
/* berths %/
B : ALARRAY_INIT(T{Occupancy for Elem, vacant for init})
type Harbour = P.Set x B.Array
value
/* generators */
arrives : T.Ship x Harbour = Harbour
arrives(s, (ws, bs)) =
(P.add(s, ws), bs)
pre can_arrive(s, (ws, bs)),
docks : T.Ship x T.Berth x Harbour = Harbour
docks(s, b, (ws, bs)) =
(P.remove(s, ws), B.change(T.indx(b), T.occupied_by(s), bs))
pre can_dock(s, b, (ws, bs)),
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leaves : T.Ship x T.Berth x Harbour = Harbour
leaves(s, b, (ws, bs)) =
(ws, B.change(T.indx(b), T.vacant, bs))
pre can_leave(s, b, (ws, bs)),
/* observers */
waiting : T.Ship x Harbour — Bool
waiting(s, (ws, bs)) = P.is.in(s, ws),
occupancy : T.Berth x Harbour — T.Occupancy
occupancy (b, (ws, bs)) = B.apply(T.indx(b), bs),
/* invariant */
consistent : Harbour — Bool
consistent((ws, bs)) =
(Vs : T.Ship »
~ (P.isin(s, ws) A is_docked(s, (ws, bs))) A
(V b1, b2 : T.Berth
B.apply(T.indx(b1), bs) = T.occupied_by(s) A
B.apply(T.indx(b2), bs) = T.occupied_by(s) = bl = b2) A
(Vb : T.Berth »
B.apply(T.indx(b), bs) = T.occupied_by(s) = T fits(s, b))),
is_.docked : T.Ship x Harbour — Bool
is_docked(s, (ws, bs)) =
(3 b : T.Berth « B.apply(T.indx(b), bs) = T.occupied_by(s)),
/* guards x/
can_arrive : T.Ship x Harbour — Bool
can_arrive(s, (ws, bs)) =
~ P.s_in(s, ws) A ~ is_docked(s, (ws, bs)),
can_dock : T.Ship x T.Berth x Harbour — Bool
can_dock(s, b, (ws, bs)) =
P.is_in(s, ws) A ~ is_.docked(s, (ws, bs)) A
B.apply(T.indx(b), bs) = T.vacant A T fits(s, b),
can_leave : T.Ship x T.Berth x Harbour — Bool
can_leave(s, b, (ws, bs)) = B.apply(T.indx(b), bs) = T.occupied_by(s)
end

It would have been possible to define explicit enter and leave functions (plus ob-
servers) for the pool and berths. For example, we could have defined

object
/* pool of waiting ships */
P:
use enter for add, leave for remove, waiting for is_in in
A_SET(T{Ship for Elem}),
/* berths */
B:
hide change, apply in
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extend A_ARRAY_INIT(T{Occupancy for Elem, vacant for init}) with
class
value
enter : T.Ship x T.Berth x Array — Array
enter(s, b, a) = change(T.indx(b), T.occupied_by(s), a),
leave : T.Berth x Array — Array
leave(b, a) = change(T.indx(b), T.vacant, a),
occupancy : T.Berth x Array — T.Occupancy
occupancy(b, a) = apply(T.indx(b), a)
end
Another possibility is to define a scheme for the pool that instantiates A_SET as an
object, defines enter, leave and waiting functions, and hides the object. A similar
scheme would be defined for the berths. This possibility, like the object definitions
above, would give a better encapsulation of the supplier modules and would make
the definitions of functions in A_.HARBOURI a little easier to read. For instance
the body of arrive would be

arrives(s, (ws, bs)) = (P.enter(s, ws), bs)
In this small example we did not think the extra complication in the definitions of

the objects for the pool and berths was worthwhile. In a larger example it would
be.

2.6.7.1 Verification

We formulate the development relation A_HARBOURO0-1, which asserts that
A_HARBOURI implements A_. HARBOURQO:

development relation [A HARBOURO_1] A. HARBOUR1 < A_ HARBOURO

A development relation is a named statement of a relation between modules. This
one takes the most simple form of the statement of an implementation relation (<)
between two versions of the harbour module.

Justification of this relation shows that the development step is correct. The
justification amounts to showing that the axioms of A HARBOURO are true in
A_HARBOURI.

2.6.8 Concrete imperative

We describe A_LHARBOURI1 as “composite” because it instantiates other system
modules (the set and array) within it. The method for developing from a composite
applicative module to an imperative module is explained in detail in section 2.8.5.4.
In summary:

e Define objects P and B as in the applicative version, but this time instantiat-
ing the imperative versions of the set and array modules respectively. There
is no definition of the type of interest Harbour.
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e Define imperative functions which correspond to the applicative ones. They
have the same names. Generators have access write any and observers have
access read any. Occurrences of the type of interest are removed from para-
meter and result types (and replaced by Unit if there are no other components
in a parameter or result type).

e Define the bodies of the functions by adapting the applicative versions to use
the imperative functions corresponding to the applicative ones. The general
method for this adaptation is described in section 2.8.5.4 but is easy to follow
intuitively for this example.

This gives the concrete imperative module . HARBOURI:

scheme ] HARBOURI1 =
hide P, B, consistent in
class
object
/* pool of waiting ships */
P : .SET(T{Ship for Elem}),
/* berths */
B : _LARRAY_INIT(T{Occupancy for Elem, vacant for init})
value
/* generators */
arrives : T.Ship = write any Unit
arrives(s) = P.add(s) pre can_arrive(s),
docks : T.Ship x T.Berth = write any Unit
docks(s, b) =
P.remove(s) ; B.change(T.indx(b), T.occupied_by(s))
pre can_dock(s, b),
leaves : T.Ship x T.Berth = write any Unit
leaves(s, b) = B.change(T.indx(b), T.vacant) pre can_leave(s, b),
/* observers */
waiting : T.Ship — read any Bool
waiting(s) = P.is_in(s),
occupancy : T.Berth — read any T.Occupancy
occupancy(b) = B.apply(T.indx(b)),
/* invariant */
consistent : Unit — read any Bool
consistent() =
(Vs : T.Ship »
~ (P.sin(s) A is_docked(s)) A
(V b1, b2 : T.Berth «
B.apply(T.indx(b1)) = T.occupied_by(s) A
B.apply(T.indx(b2)) = T.occupied_by(s) = bl = b2) A
(Vb : T.Berth »
B.apply(T.indx(b)) = T.occupied_by(s) = T fits(s, b))),
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is_docked : T.Ship — read any Bool
is_docked(s) =

(3 b : T.Berth « B.apply(T.indx(b)) = T.occupied_by(s)),
/* guards x/
can_arrive : T.Ship — read any Bool
can_arrive(s) = ~ P.is_in(s) A ~ is_docked(s),
can_dock : T.Ship x T.Berth — read any Bool
can_dock(s, b) =

Pis_in(s) A ~ is_docked(s) A

B.apply(T.indx(b)) = T.vacant A T.fits(s, b),
can_leave : T.Ship x T.Berth — read any Bool
can_leave(s, b) = B.apply(T.indx(b)) = T.occupied_by(s)

end

2.6.8.1 Verification

Since this development step was from applicative to imperative, we need to decide
what level of assurance we need for correctness. We can either

e check that the method for this transition has been followed correctly, or
e formulate the imperative axioms corresponding to the applicative axioms from

A_HARBOURQO and justify them for L HARBOURI1

Both of these are verifications since they check on the correctness of the develop-
ment process. The first is informal and is almost certainly all that is necessary for
this fairly straightforward development. The second is formal and can be done if
we have any doubts or require the highest level of assurance of correctness. How
to do it is described in section 2.9.

2.6.9 Further development

There are a few issues left to be resolved:

e The definition of is_docked still involves an existential quantifier and is prob-
ably not translatable yet. So we formulate a development of . HARBOURI,
I_-HARBOURZ2, in which is_docked is defined by

value
is_docked : T.Ship — read any Bool
is_docked(s) =
local variable found : Bool := false, indx : Int := T.min in
while ~ found A indx < T.max do
found := B.apply(indx) = T.occupied_by(s) ; indx := indx + 1
end ;
found
end
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We can then formulate and justify the implementation relation between
I. HARBOUR2 and . HARBOURI to check this is correct.

e We have still left unspecified the types Ship and Berth and the values min,
max, fits and indx; all defined in TYPES. In practice we should either have
been able to define all of these by getting more detailed requirements, or
we could regard them as system parameters to be instantiated for particular
harbours.

When we are in a position to make definite choices for these types and
values we can define a new module, TYPESI, say. We then justify that
TYPES1 implements TYPES and create a new object T1, say. Now all we
have to do at the translation stage is to use T1 instead of T. The correctness
of this follows from the compositionality of the implementation relation. If
TYPES1 implements TYPES then, if T1 : TYPESI and T : TYPES, for any
specification SPEC in which the name T1 does not occur, SPEC[T1/T| im-
plements SPEC, where SPEC[T1/T ] means SPEC with all free occurrences
of T replaced by T1.

It would be possible to create a new RSL specification by replacing all
mentions of T by T1 in all the modules, but, unless we actually need to use
properties of TYPESI1 that were not in TYPES for further development of
these modules, this is not necessary.

e Final implementation also assumes we have translations of the standard mod-
ules L ARRAY_INIT and I_.SET that are sufficiently efficient for our purposes.
In the case of the latter, in particular, we might want a specialized transla-
tion if the set was to become large (though for this example it seems most
unlikely).

2.6.10 Translation

Translation of this example is discussed in section 5.4.1.

Exercise Adapt A . HARBOURI and I HARBOURI to meet the extra require-
ment that ships are docked in vacant berths in order of arrival, provided they fit.
In other words, a ship B arriving after a ship A will only be docked before A if a
berth is vacant that B will fit and A will not fit. As a consequence, docks will no
longer have a parameter of type T.Ship.

A possible data type to use for the waiting ships is developed in the exercise at
the end of section 2.8.

Also add to these modules a function to produce a report of the current status
of the harbour, showing

e the names of ships waiting, in order, with the set of berths each will fit
e for each berth, the name of the ship in it or the fact that it is vacant
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2.7 Second example: lift
2.7.1 Aims of example

The example is a simple safety-critical system involving concurrency.

We will want to be very careful to state the safety properties and justify them.
Hence it is worth starting with an applicative specification and developing it into
a concurrent one. So the example is designed to show

e how to specify axiomatically an applicative system satisfying safety properties

e how to develop such a system into one with explicit applicative functions over
a global state

e how to decompose the applicative global specification into applicative compo-
nents

e how to obtain a concurrent, decomposed system from the applicative one

The example also shows how to develop an asynchronous system, i.e. one in which
there is no particular relation between the timing of different events (like buttons
being pressed). Note also that some components (like buttons, doors and the lift
motor) are hardware components; their specifications will describe the assumptions
about them.

2.7.2 Requirements

A lift is required to serve a number of floors. Each floor has doors which must only
be open when the lift is stationary at that floor. Each floor except the top one
has a button to request the lift to stop there and then go up; each floor except the
bottom one has a button to request the lift to stop there and then go down. The
lift also has a button for each floor to request the lift to go to that floor.

2.7.2.1 Simplifying assumptions

e We do not distinguish between lift doors and floor doors. This reflects either
that the lift cage has no door, or that the lift door and a floor door are
constrained by hardware only to open and close together (when the lift is
stationary at the floor).

e We only consider doors at each floor as being in one of two states: “open”
(when the lift must be at the floor and stationary) and “shut” (when the lift
may be elsewhere and/or moving).

e We do not consider the time taken for the lift to move or the doors to open or
close. We will at the detailed level, however, have both “do” and “acknowl-
edge” events for such actions and assume the hardware will tell us by the
acknowledgements when the actions are completed.

o We do not consider lights on buttons or audible signals that the lift is stopping
at a floor. We assume these will be done purely by hardware.
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e We make some assumptions about the way the lift motor is controlled — these
will be described later.

e We do not consider how to deal with hardware failures, or how to re-start the
system after such a failure.

e We assume floors are numbered consecutively.

2.7.3 Initial formulation

A lift is an example of an asynchronous system, since buttons may be pressed at
any time. In other words, there are external stimuli that may happen at any time,
or may never happen. We have to be careful with such systems to make them
“loosely coupled”. We must not create the situation where a lift is waiting for one
button to be pushed while a user is trying to push another.

We handle this problem quite naturally in our development style. There will be
a button module with functions allowing a user to press it and allowing the lift to
check if it has been pressed and to clear it. Each button is modelled as a separate
process, so that there is no synchronization between users pressing buttons and the
lift inspecting and clearing them.

2.7.3.1 System components

As usual we start by considering the objects of the system and whether they will
have dynamic state:

e The lift itself will presumably change its position, direction and speed via
commands to its motor.

e Doors will be open or closed.

e Buttons will be pressed (and lit) or cleared (and unlit).

e A floor could be dynamically “visited” by a lift or not but this would duplicate
the lift position. So floors seem only to have static attributes, like their
number, whether they are above or below other floors, whether they are the
top or bottom floor.

Certainly it looks as if the lift motor, the doors and the buttons will have dynamic
state and hence be modelled as RSL objects.

We can construct an entity relationship diagram (figure 2.5) illustrating the
physical entities in the system.

We have not included a door for the lift cage because of our assumption that
either the lift has no door or it is controlled by the floor door.

For our specification we will adopt a different structure between modules, since
we do not feel constrained by the physical one: we remove the intermediate levels
“Cage” and “Floor”, merging the collections of buttons.

We can then picture the intended components in the specification as in figure 2.6
where only the generating functions are shown.
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Lift

Cage Floor

A N A N

Motor Button Door Button

Figure 2.5: Physical entity relationships

push |
halt close clear
MOTOR DOORS BUTTONS
LIFT

Figure 2.6: Specification components

It is not clear at present what the external functions of the component objects
are. Certainly it must be possible to push any buttons. Does the lift then behave
independently of external control (as long as there is no failure)? Or do we exter-
nally keep telling it to perform the next action? We have assumed the latter for
now, but we will return to this question later.

Next comes the question of what attributes are necessary for these objects. In
this case there is a question of how finely we need to model things. Are doors just
open or closed, or do they also have intermediate opening and closing states? Do
we need to go further and measure their current separation, their velocities and
accelerations? Similar questions apply to the lift’s movements.

The answers to such questions will lie in the detailed requirements (or should
be clarified before we start if not stated there). Here we will just distinguish a
door which is “closed” (by which we mean shut and locked) from a door which is
“open”, and demand that a door is open at a floor only when the lift is stationary
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at that floor. (Hence we shall ignore, for instance, the need to let a technician
unlock a door manually when the motor fails.) The state transitions for each door
are shown in figure 2.7.

open close close

open
Figure 2.7: State transitions for a door

We will make similar assumptions about the lift. We will assume it can be
sufficiently characterized by being halted at a floor (when the doors there may be
open), or in some other state which we will call “moving”. When halted it will be
at a floor; it turns out to be convenient to always associate it with a floor even when
moving, and this will be the (next) floor it is moving towards. When moving it
must have a direction, up or down. Again it turns out to be convenient to associate
a direction with the lift when it is halted, which is the direction in which it was
last moving. A state transition diagram for the lift is shown in figure 2.8.

next floor next floor
up down

next floor down

moving
down

next floor up

close and
next floor
down

close and
next floor

and open and open

Figure 2.8: State transitions for lift
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2.7.3.2 Types module

The preceding discussion gives us enough to formulate the type module for the
system, which we will call TYPES and instantiate as the global object T

scheme TYPES =
class

value
min_floor, max_floor : Int,
isfloor : Int — Bool
is_floor(f) = f > min floor A f < max floor

axiom [some_floors | max_floor > min_floor

type
Floor = {| n : Int « is_floor(n) |},
Lower_floor = {| f : Floor « f < max_floor |},
Upper_floor = {| f : Floor  f > min_floor |},

Door_state == open | shut,

Button state == lit | clear,

Direction == up | down,

Movement == halted | moving,

Requirement :: here : Bool after : Bool before : Bool
value

next_floor : Direction x Floor = Floor
next_floor(d, f) =
ifd =up thenf+ 1 elsef — 1 end
pre is_next_floor(d, f),
is_next_floor : Direction x Floor — Bool
is_next_floor(d, f) =
if d = up then f < max floor else f > min_floor end,
invert : Direction — Direction
invert(d) = if d = up then down else up end
end

We have no indication that there will be any attributes of floors other than their
numbers. Unlike the berths of the harbour system of section 2.6 we have chosen
to model the type Floor directly as a subtype of Int. We assume that floors are
numbered consecutively. This is merely for simplicity: we could have modelled
floors as we did berths.

The type Requirement will be explained when we discuss below how buttons are
checked.

2.7.3.3 Safety and liveness properties

For a control system like a lift there are usually two kinds of property that we
are interested in. The first kind is that of safety properties. A safety property
states that some situation must never arise, which we can formulate as “always
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the predicate describing the situation is false”. Safety properties are generally not
difficult to formulate in RSL.

The second kind of property is that of liveness properties. A liveness property
says that something must eventually happen. Unfortunately such properties are
generally difficult to express in RSL in their full generality. But we can provide an
effective substitute, as we shall see.

2.7.3.4 Generators

As noted earlier we are dealing with an asynchronous system, with messages coming
in at times and with frequencies beyond the influence of the lift controller, which
is the part we want to specify. We need to ensure that the controller checks for
new messages sufficiently frequently. For example, a detailed requirement for a
lift might be that if it leaves a floor because there is a request to go to some floor
above, and someone presses the up button at some intermediate floor before the lift
passes it, the lift should stop there. A standard means of designing such a control
system is as a small loop:

while true do

read messages ;

take next appropriate action
end

where “smallness” is measured by the amount of “action” that can be taken during
each cycle. In our case the difference between the current floors before and after
the next action will be limited to at most one, to meet the detailed requirement
just mentioned. This means we assume that the lift motor is able to give a smooth
trip across several floors although only given instructions to move one floor at a
time.

This standard idea of a control loop also suggests what the generators should
be: they should correspond to “read messages” and “take next action”. The first
will be a result-returning generator; it will tell us something about the state of the
buttons and also change the state. It may not seem clear why such a function should
generate a new state but it turns out this is the way to model it. It is as if there is the
stream of all future button pushes encoded in the state, and this function reads the
next set and changes the stream to the remaining stream. Leaving underspecified
what the result of this function is and what the characteristics of the new state are
means that it behaves just like a sensor seems to. This is the way that all such
sensor functions should be modelled applicatively.

We do need to consider what the result type of this function should be. An array
of boolean values for all buttons? The lift would need to do some processing on
this: whether it should stop at the floor it is moving towards, for example, depends
on whether the lift button for that floor is lit, or the button at the floor in the
current direction is lit, or the button at the floor in the other direction is lit and
there are no requests to go to further floors in the current direction. Clearly all this
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kind of processing can be done elsewhere, and we decide that the button sensor
function, which we term check_buttons, will return a value of type Requirement,
which is a record of three booleans, representing whether the lift is required here,
after (i.e. at a later floor in the same direction) or before (i.e. at a floor in the
opposite direction). We can make sure these predicates are false at the boundary
cases (like after at the top floor). Calculation of these values from the buttons will
clearly need the current floor and direction, but these can probably be obtained
from the type of interest Lift, say. So we have a signature for check_buttons:

value
check_buttons : Lift — T.Requirement x Lift

(Recall that T is the global instance of TYPES.)
Now we need a signature for next, the other generator suggested by the control
loop. This presumably needs the results of check_buttons, so we have

value next : T.Requirement x Lift = Lift
check_buttons can be total so there is no need for a precondition. It is not clear

yet what next should do if, say, after is true but it has reached the top. So we will
leave it as partial for now. But we will defer defining its precondition.

2.7.3.5 Observers

We add the observers:

value
movement : Lift — T.Movement,
door_state : Lift — T.Floor — T.Door_state,
floor : Lift — T.Floor,
direction : Lift — T.Direction

2.7.3.6 Axioms

The normal method is next to try to define the observer—generator axioms, but in
this case we will interpose an additional step. The initial purpose is to capture the
critical properties of the lift. These we take to be:

e a safety property that the doors are always shut if the lift is not stationary at
a floor (so people outside the lift cannot fall into the lift shaft), and open if
the lift is stationary at a floor (so that people inside the lift can get out)

e a liveness property that the lift does something useful, that it will eventually
get to and stop at a floor if requested there

The safety property can be expressed by an “invariant” function safe, with defini-
tion
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safe(s) =
(V f: T.Floor »
(door_state(s)(f) = T.open) =
(movement(s) = T.halted A floor(s) = f))
As we noted earlier, liveness properties are harder to specify. What we can do,
instead of trying to describe what “eventually” means, is describe some relation
between a lift state and the next state. In fact this will be a relation over three
states: the initial one, the one after check_buttons and the one after next.
Call these states s, s and s”. We will express the properties that

o If 5 is safe, so are s’ and 5.

e If the lift is halted in state s”, the lift was either wanted here or nowhere else,
and the floor of §" is the same as the floor of s.

e If the lift is not halted in state s”, the lift was wanted either after or before,
and the floor it is moving towards is next to the floor in state s and a valid
floor.

o If the lift has changed direction between states s and s, after must be false.

The first of these is the property that the invariant safe is maintained. We could
specify it as a separate axiom but it is convenient in this case to include it as
part of the liveness axiom. If we made it separate we would still use safe(s) as a
precondition of the liveness axiom.

Another approach to stating liveness requirements is to form some measure of
how close a state is to satisfying the property required and then show that the next
state strictly reduces this measure. This can be quite tricky to do when, as here,
each “read messages” part of the loop changes what is required. The argument
that the lift will eventually reach a floor for which a button is lit is as follows:

o If the lift is currently halted somewhere else, here for that floor must be
true. If here eventually becomes false, either before or after must be true
and the lift must go into a non-halted state (which we hope means physically
moving). But note that we make the assumption that here must become
false. We are tempted to specify this (on the assumption that the lift clears
the relevant buttons when it halts at a floor) but we cannot give any guarantee
that someone does not immediately press one of them again. In fact we can
never predict what the result of check_buttons will be (or we would restrict
the ability of people to press buttons). We could specify at this level that the
relevant buttons are cleared, of course, but

— it would complicate the specification since it involves defining what those
buttons are, and
— it wouldn’t help to specify safety or liveness, as we have seen

so we prefer to leave it as a requirement to be satisfied later.

Similarly, we assume that only the lift will be able to clear a button and so
a button once pressed will stay lit. This in turn means that before and after,
once true because a button is lit, will remain true until the lift either reaches
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the relevant floor or reverses direction, when before takes the value of after
and vice versa.

It is never possible to guarantee absolutely that even a functioning lift
will eventually do anything. Someone may hold the doors open somewhere
indefinitely, for example. (We can, though, specify systems that detect such
events and go into special states when they occur. Then liveness properties
include assumptions about “normal” states as well as “safe” ones.)

e If we accept the assumption that the lift will not stay halted indefinitely
anywhere, it will keep going to the “next” floor. There it may halt but, again,
will eventually move. So we know that the lift always “makes progress”.

— If this movement is towards the floor in question, after is true and the
lift is not allowed to change direction. So it must make progress until it
reaches the floor.

— If this movement is away from the floor in question, before is true. The
lift must eventually change direction, since there are only finitely many
floors in front of it, and before will stay true until it changes direction.
When it changes direction, since before was true, after becomes true,
and we have already established that it will eventually get to the floor
in question.

Note that this analysis assumes the correct relation between the buttons and the
values here, before and after for any floor. We will formalize these later and assume
for now that they mean what we say they mean.

We now formulate the initial specification A_LIFTO:

scheme A _LIFT0 =
hide movement, door_state, floor, direction, safe in
class
type Lift
value
/* generators */
next : T.Requirement x Lift = Lift,
check_buttons : Lift — T.Requirement x Lift,
/* observers */
movement : Lift — T.Movement,
door_state : Lift — T.Floor — T.Door_state,
floor : Lift — T.Floor,
direction : Lift — T.Direction,
/* derived */
safe : Lift — Bool
safe(s) =
(V f: T.Floor »
(door_state(s)(f) = T.open) =
(movement(s) = T.halted A floor(s) = f))
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axiom
[ safe_and_useful ]
Vs : Lift »
safe(s) =
let (r, s') = check_buttons(s) in
safe(s’) A
let 8" = next(r, §') in
safe(s") A
(movement(s”) = T.halted =
(T.here(r) Vv (~ T.after(r) A ~ T.before(r))) A
floor(s) = floor(s")) A
(movement(s”) = T.moving =
(T.after(r) v T.before(r)) A
T.is_next_floor(direction(s"), floor(s)) A
floor(s"”) = T.next_floor(direction(s"), floor(s))) A
(direction(s) # direction(s") = ~ T.after(r))
end
end
end

2.7.3.7 Validation

As we did in section 2.6.6.1 we check that all the requirements are either reflected
in the initial specification or catered for in the development plan. In this system
the most important things to be checked are the safety and liveness properties; we
will need to check that the definition of is_safe and the axiom safe_and_useful are
adequate.

2.7.4 Development of main algorithm

The first aim is to define the function next and show that it satisfies safe_and_-
useful. To do this we introduce two new generators move and halt and define
next in terms of them. So next changes from being a generator to being a derived
function.

move changes the current floor to the next. To avoid having separate move-up
and move-down functions it has a direction parameter, and changes the current
direction to the value of this parameter. It also has a movement parameter, since
if the lift is already moving move need not shut any doors, but otherwise the door
of the current floor must be shut before the move. halt halts the lift at the current
floor and opens (or unlocks) the doors. (We still need to specify later that it clears
the buttons for that floor.)

The preconditions for move and halt are is_safe and, for move, that there is a
next floor. It is standard to make the safety or invariant predicate a precondition
for generators, since the strategy is to show that it is preserved by next, which
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is defined in terms of move and halt. This allows us to effectively compute the
precondition for next from its body, noting that it only calls move in the original
direction when after is true, and in the opposite direction when before is true. This
further allows us to compute a postcondition for check_buttons. The construction
of A_LIFT1 is otherwise according to the method for abstract applicative modules
described in section 2.8.4.1.

scheme A _LIFT1 =
hide movement, door_state, floor, direction, move, halt, safe in
class
type Lift
value
/* generators */
move : T.Direction x T.Movement x Lift = Lift,
halt : Lift — Lift,
check_buttons : Lift — T.Requirement x Lift,
/* observers */
movement : Lift — T.Movement,
door_state : Lift — T.Floor — T.Door _state,
floor : Lift — T.Floor,
direction : Lift — T.Direction,
/* derived */
next : T.Requirement x Lift = Lift
next(r, s) =
let d = direction(s) in
case movement(s) of
T.halted —
case r of
T.mk _Requirement(_, true, _) — move(d, T.halted, s),
T.mk_Requirement(_, , true) —
move(T.invert(d), T.halted, s),
_ —S
end,
T.moving —
case r of
T.mk _Requirement(true, _, _) — halt(s),
T.mk_Requirement(_, false, false) — halt(s),
T.mk_Requirement(_, true, ) — move(d, T.moving, s),
T.mk _Requirement(_, _, true) —
move(T.invert(d), T.moving, s)
end
end
end
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pre
(T.after(r) = T.is_next_floor(direction(s), floor(s))) A
(T.before(r) = T.isnext_floor(T.invert(direction(s)), floor(s))),
safe : Lift — Bool
safe(s) =
(V f: T.Floor »
(door state(s)(f) = T.open) =
(movement(s) = T.halted A floor(s) = f))
axiom
[ movement_move |
Vs : Lift, d : T.Direction, m : T.Movement e
movement(move(d, m, s)) = T.moving
pre T.is_next_floor(d, floor(s)),
[ door_state_move |
Vs : Lift, d : T.Direction, m : T.Movement, f : T.Floor «
door_state(move(d, m, s))(f) =
if m = T.halted A floor(s) = f then T.shut
else door_state(s)(f) end
pre T.is_next_floor(d, floor(s)),
[floor_move |
Vs : Lift, d : T.Direction, m : T.Movement e
floor(move(d, m, s)) = T.next_floor(d, floor(s))
pre T.is_next_floor(d, floor(s)),
[ direction_move |
V s : Lift, d : T.Direction, m : T.Movement e
direction(move(d, m, s)) = d pre T.is_next_floor(d, floor(s)),
[ move_defined |
Vs : Lift, d : T.Direction, m : T.Movement e
move(d, m, s) post true pre T.is_next_floor(d, floor(s)),
[ movement_halt | V s : Lift « movement(halt(s)) = T.halted,
[door_state_halt |
V s : Lift, f: T.Floor e
door_state(halt(s))(f) =
if floor(s) = f then T.open else door_state(s)(f) end,
[floor_halt] V s : Lift « floor(halt(s)) = floor(s),
[ direction_halt |
V s : Lift » direction(halt(s)) = direction(s),
[ check_buttons_ax |
Vs : Lift »
check_buttons(s) as (r, §')
post
movement(s') = movement(s) A
door_state(s’) = door_state(s) A
floor(s') = floor(s) A
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direction(s’) = direction(s) A

(T.after(r) = T.is_next_floor(direction(s’), floor(s'))) A

(T.before(r) = T.is_next_floor(T.invert(direction(s')), floor(s')))
end

2.7.4.1 Verification

We express the claim that A_LIFT1 implements A_LIF'T0 by formulating this claim
as a development relation and justifying it. This justification consists largely of
justifying that the axiom safe_and_useful is true in A_LIF'T1, i.e. that the algorithm
will give a safe and useful lift.

2.7.5 Decomposition of the state

We decide to model the system in terms of three sub-systems: the doors, the
buttons and the motor. Each of these has an abstract state and functions acting
on this state with which we can decompose the actions of the generators of the
A_LIFT1 module.

scheme A_DOORSO =
class
type Doors
value
/* generators */
open : T.Floor x Doors — Doors,
close : T.Floor x Doors — Doors,
/* observer x/
door_state : Doors — T.Floor — T.Door_state
axiom
[door_state_open |
V£ f : T.Floor, s : Doors »
door_state(open(f, s))(f) =
if f = f then T.open else door_state(s)(f') end,
[door_state_close |
V£, f : T.Floor, s : Doors »
door_state(close(f, s))(f) =
if f = f' then T.shut else door_state(s)(f') end
end

scheme A_BUTTONSO =
class
type Buttons
value
/* generators */
clear : T.Floor x Buttons — Buttons,
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check : T.Direction x T.Floor x Buttons — T.Requirement x Buttons
axiom
[ check_result |
Vs : Buttons, d : T.Direction, f: T.Floor «
check(d, f, s) as (r, )
post
(T.after(r) = T.ismext_floor(d, f)) A
(T.before(r) = T.is_next_floor(T.invert(d), f))
end

scheme A_MOTORO =
class
type Motor
value
/* generators */
move : T.Direction x Motor — Motor,
halt : Motor — Motor,
/* observers */
direction : Motor — T.Direction,
movement : Motor — T.Movement,
floor : Motor — T.Floor
axiom
[ direction_move |
V' s : Motor, d : T.Direction «
direction(move(d, s)) = d pre T.is_next_floor(d, floor(s)),
[ movement_move |
V' s : Motor, d : T.Direction «
movement(move(d, s)) = T.moving
pre T.is_next_floor(d, floor(s)),
[floor_move |
V' s : Motor, d : T.Direction *
floor(move(d, s)) = T.next_floor(d, floor(s))
pre T.is_next_floor(d, floor(s)),
[ move_defined |
V' s : Motor, d : T.Direction «
move(d, s) post true pre T.is_next_floor(d, floor(s)),
[direction_halt]| V s : Motor « direction(halt(s)) = direction(s),
[movement_halt | V s : Motor « movement(halt(s)) = T.halted,
[floor_halt] V' s : Motor  floor(halt(s)) = floor(s)
end

To formulate A_LIFT2 we follow the method we used in section 2.6.7, using the
following concrete type definition for Lift:

type Lift = M.Motor x DS.Doors x BS.Buttons
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We also decide to remove the hidden functions movement, door_state, floor and
direction as they are hidden and have simple definitions in terms of corresponding
functions from the constituent objects (allowing us to easily unfold their occur-
rences). This in turn makes it sensible to define A_LIFT2 in two stages, using a
“BODY” module:

scheme A_LIFT2 = hide M, DS, BS, move, halt, safe in A_LIFT2_ BODY

scheme A_LIFT2_BODY =
class
object
/* motor x/
M : A MOTORDO,
/* doors */
DS : A.DOORSO,
/* buttons */
BS : A BUTTONSO0
type Lift = M.Motor x DS.Doors x BS.Buttons
value
/* generators */
move : T.Direction x T.Movement x Lift = Lift
move(d, m, (ms, ds, bs)) =
(M.move(d, ms),
if m = T.halted then DS.close(M.floor(ms), ds) else ds end,
bs)
pre T.is_next_floor(d, M.floor(ms)),
halt : Lift — Lift
halt((ms, ds, bs)) =
(M.halt(ms), DS.open(M.floor(ms), ds), BS.clear(M.floor(ms), bs)),
check_buttons : Lift — T.Requirement x Lift
check_buttons((ms, ds, bs)) =
let (r, bs') = BS.check(M.direction(ms), M.floor(ms), bs) in
(r, (ms, ds, bs"))
end,
/* derived */
next : T.Requirement x Lift = Lift
next(r, (ms, ds, bs)) =
let d = M.direction(ms) in
case M.movement(ms) of
T.halted —
case r of
T.mk_Requirement(_, true, _) —
move(d, T.halted, (ms, ds, bs)),
T.mk _Requirement(_, _, true) —
move(T.invert(d), T.halted, (ms, ds, bs)),
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_ — (ms, ds, bs)
end,
T.moving —
case r of
T.mk_Requirement(true, , ) — halt((ms, ds, bs)),
T.mk_Requirement(_, false, false) — halt((ms, ds, bs)),
T.mk _Requirement(_, true, _) —
move(d, T.moving, (ms, ds, bs)),
T.mk _Requirement(_, _, true) —
move(T.invert(d), T.moving, (ms, ds, bs))
end
end
end
pre
(T.after(r) = T.is_next_floor(M.direction(ms), M.floor(ms))) A
(T.before(r) =
T.is_next_floor(T.invert(M.direction(ms)), M.floor(ms))),
safe : Lift — Bool
safe((ms, ds, bs)) =
(V f: T.Floor »
(DS.door state(ds)(f) = T.open) =
(M.movement(ms) = T.halted A M.floor(ms) = f))
end

2.7.5.1 Verification

We would like to state and justify a development relation between A_LIFT1 and
A_LIFT2. We could state this as

A LIFT2 < ALIFT1

but this relation cannot be justified since A_LIFT1 defines and hides entities (move-
ment and three other functions) that are not defined in A_LIFT2. We clearly do not
need them as A_LIF'T2 defines all the non-hidden entities from A_LIFT1. What we
do instead is to show that an extension of A_LIFT2_ BODY (where the extension
defines movement and the other three functions) implements A_LIFT1. We state
the relation in the development relation A_LIFT1_2:

development_relation [A_LIFT1 2]
extend A_LIFT2_BODY with
class
value
movement : Lift — T.Movement
movement((ms, ds, bs)) = M.movement(ms),
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door_state : Lift — T.Floor — T.Door_state
door_state((ms, ds, bs)) = DS.door_state(ds),

floor : Lift — T.Floor
floor((ms, ds, bs)) = M.floor(ms),

direction : Lift — T.Direction
direction((ms, ds, bs)) = M.direction(ms)
end
< A_LIFT1

If tools are available these will check that this relation is well-formed, i.e. that we
have included everything and not changed any signatures. We can then justify
this relation, which amounts to showing that the axioms from A_LIFT1 hold in
A_LIFT?2.

Note the following points:

e We needed to split A_LIFT2 into a “BODY” and a hide to be able to construct
this relation as the extension defining movement, etc. needs to be able to
mention names like M hidden in A_LIFT2.

e The extension adding the hidden entities contains only explicit definitions,
and hence is unlikely to be inconsistent. It also, for the same reason, is likely
only to conservatively extend A_LIFT2.

e If we can be sure that the extension conservatively extends A_LIFT2, we can
be sure that the properties of the entities defined in A_LIFT2 are not affected
by the extension. The extension used here is indeed conservative; how to
demonstrate this is discussed in section 3.12.2.

e A_LIFT1 involves hiding but this can be ignored in the justification since all
the hidden names are now defined in the extension of A_LIFT2_BODY .

We can justify the development relation A_LIFT1_2 to show that A_LIFT2 imple-
ments A_LIFT1. Since implementation is transitive, this will show that A_LIFT?2
implements A_LIFT(0, and in particular that the decomposed design is still safe
and useful.

2.7.6 Development of components

Before making the shift to a concurrent system we will make the applicative com-
ponents concrete by defining appropriate types for their types of interest. For each
component we follow the method described in detail later in section 2.8.4.6. In
summary:

e Choose a concrete RSL type for the type of interest. A possible type to use is
the product of the result types of the non-derived observers, but other choices
can be made. The important criterion is that all the observers can be defined
in terms of the concrete type.
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e Supply explicit bodies to functions using the RSL features available for the
concrete type.

2.7.6.1 Motor

We need a concrete type for Motor. An obvious choice is
type Motor = T.Direction x T.Movement x T.Floor

since there are three observers in A_MOTORO each giving one of the types in the
product. The remainder of the formulation of A_MOTORI is simple.

scheme A_MOTORI1 =
class
type Motor = T.Direction x T.Movement x T.Floor
value
/* generators */
move : T.Direction x Motor — Motor
move(d', (d, m, f)) =
(d’, T.moving, T.next_floor(d’, f))
pre T.is_next_floor(d’, f),
halt : Motor — Motor
halt((d, m, f)) = (d, T.halted, f),
/* observers x/
direction : Motor — T.Direction
direction((d, m, f)) = d,
movement : Motor — T.Movement
movement((d, m, f)) = m,
floor : Motor — T.Floor
floor((d, m, f)) = f
end

2.7.6.2 Doors

We only have one observer in A_DOORSO0, with signature

door_state : Doors — T.Floor — T.Door state
This suggests the concrete type definition for the type of interest Doors
type Doors = T.Floor — T.Door_state

It may seem odd to regard a function type as sufficiently concrete (since function
types are not generally available in programming languages), but when the para-
meter type of this function type is a finite type it can be developed to an array
of objects. That is, we will have a single door module for each floor. This gives
A_DOORST1:
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scheme A_DOORS1 =
class
type Doors = T.Floor — T.Door_state
value
/* generators */
open : T.Floor x Doors — T.Floor — T.Door_state
open(f, s)(f') = if f = f then T.open else s(f') end,
close : T.Floor x Doors — T.Floor — T.Door_state
close(f, s)(f') = if f = {' then T.shut else s(f’') end,
/* observer x/
door_state : Doors — T.Floor — T.Door_state
door_state(s) = s
end

2.7.6.3 Buttons

We have no observers yet and so no clear guide as to what the concrete type should
be. We also need to remember that we have not yet modelled the user function of
pressing a button.

We have assumed that the lift has a button for each floor, and each floor has (at
most) an “up” button and a “down” button. The bottom floor has only an “up”
button; the top floor has only a “down” button; intermediate floors have both.

We remember that for the doors, where we expect to have an array, the concrete
type was a function with parameter type Floor and result type Door_state. We
can model the buttons with three such arrays: lift buttons, “up” floor buttons and
“down” floor buttons. This suggests a product of function types for the concrete
type, and we can formulate A_. BUTTONSI:

scheme A_BUTTONSI =
hide required_here, required_beyond in
class
type
Buttons =
(T.Floor — T.Button_state) x
(T.Lower_floor — T.Button_state) x
(T.Upper_floor — T.Button_state)
value
/* generators */
clear : T.Floor x Buttons — Buttons
clear(f, (1, u, d)) =
(A f': T.Floor » if f = ' then T.clear else 1(f') end,
A f : T.Lower_floor « if f = f then T.clear else u(f) end,
A f : T.Upper_floor » if f = f then T.clear else d(f') end),
check : T.Direction x T.Floor x Buttons — T.Requirement x Buttons,
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/* observers */
required_here : T.Direction x T.Floor x Buttons — Bool
required_here(d, f, (lift, up, down)) =
lift(f) = T.lit v
d=Tup A
(f < T.max_floor A up(f) = T.lit V
f > T.min_floor A
down(f) = T.lit A ~ required_beyond(d, f, (lift, up, down))) V
d = T.down A
(f > T.min_floor A down(f) = T.lit v
f < T.max_floor A
up(f) = T.lit A ~ required_beyond(d, f, (lift, up, down))),
required_beyond : T.Direction x T.Floor x Buttons — Bool
required_beyond(d, f, s) =
T.is_next_floor(d, f) A
let f' = T.next_floor(d, f) in
required_here(d, f', s) V required_beyond(d, f' s)
end
axiom
[ check_result |
Vs : Buttons, d : T.Direction, f: T.Floor «
check(d, f, s) as (1, §')
post
r =
T.mk_Requirement
(required_here(d, f, s),
required_beyond(d, f, s),
required_beyond(T.invert(d), f, s))
end
Note that we have been able for the first time to define what clear does and how
here, before and after are computed.

2.7.6.4 Verification

For each of the applicative motor, doors, and buttons modules it is easy to formulate
and justify that the concrete version implements the abstract version.

2.7.6.5 Validation

Since we have elaborated clear and here, before and after for the buttons module for
the first time, we need to check that these are what is required. For example, clear
will clear the down button for a floor if the lift stops there on the way up (because of
some other request). We assume that in this situation it is most likely that anyone
waiting to go down will get into the lift and that therefore stopping again at this
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floor on the way down will typically be a waste of time. This may be appropriate
for a single lift system; it would not be for a multiple lift system. Conversely the
lift will only stop when going up for a down button if there is no request for it
to go higher. There are undoubtedly other, perhaps better, alternatives, but the
primary purpose of this example is to show how such systems can be specified and
developed rather than to discuss in detail control algorithms for lifts.

2.7.7 Introduction of concurrency
2.7.7.1 Lift

We have four concrete applicative modules to transform into concurrent ones. The
easiest is the composition module A_LIFT2, which will become C_LIFT2. We
follow the method described in detail later in section 2.8.6.4. In summary:

e Define objects M, DS and BS as in the applicative version, but this time
instantiating concurrent imperative versions of the motor, doors and buttons
modules.

There is no definition of the type Lift.

e For each of the functions include in its type the access in any out any and
remove the type of interest Lift from its parameter and result types (replacing
by Unit if there are no other components in a parameter or result type).

e Define the bodies of the functions by adapting the applicative versions to use
the imperative functions corresponding to the applicative ones. The general
method for this adaptation is described in section 2.8.6.4 but is easy to follow
intuitively for this example.

e Add an init function to call all the init functions of the constituent objects in
parallel.

This gives C_LIFT2:

scheme C_LIFT2 =
hide M, DS, BS, move, halt in
class
object

/* motor */
M : C_.MOTOR1,
/* doors */
DS : C.DOORSI,
/* buttons */
BS : C. BUTTONSI1
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value
/* generators */
move : T.Direction x T.Movement — in any out any Unit
move(d, m) =
if m = T.halted then DS.close(M.floor()) end ; M.move(d),
halt : Unit — in any out any Unit
halt() =
let f = M.floor() in BS.clear(f) ; M.halt() ; DS.open(f) end,
check_buttons : Unit — in any out any T.Requirement
check_buttons() = BS.check(M.direction(), M.floor()),
/* derived */
next : T.Requirement — in any out any Unit
next(r) =
let d = M.direction() in
case M.movement() of
T.halted —
case r of
T.mk_Requirement(_, true, _) — move(d, T.halted),
T.mk_Requirement(_, _, true) —
move(T.invert(d), T.halted),
_ — skip
end,
T.moving —
case r of
T.mk _Requirement(true, _, _) — halt(),
T.mk_Requirement(_, false, false) — halt(),
T.mk_Requirement(_, true, _) — move(d, T.moving),
T.mk_Requirement(_, _, true) —
move(T.invert(d), T.moving)
end
end
end,
/* initial %/
init : Unit — in any out any write any Unit
init() = M.init() || DS.init() || BS.init(),
/* control */
lift : Unit — in any out any Unit
lift() = while true do next(check_buttons()) end
end
(We have not yet formulated the component modules C_.MOTORI, etc., but the
method is sufficiently regular for us to write down C_LIFT2 even if we cannot type
check it yet.)
We have now also included the control function lift that follows the pattern we
indicated earlier: it repeatedly checks the buttons and does the next action. Why
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didn’t we write the counterpart to this function in the applicative version A_LIFT?2
(or an earlier one)?

If we tried to write this function in the applicative version we would have written
something like

value
lift : Lift — Lift
lift(s) = lift(next(check_buttons(s)))

But this definition is likely to be contradictory. The function lift is claimed (by
the total function arrow in its type) to be convergent when applied and (since it
is applicative) must therefore terminate when applied. But such a function will in
general not terminate. The concurrent counterpart is convergent because, although
it involves an infinite loop this loop communicates. So we note again that the way
to specify and analyse such systems starting from an applicative specification is in
terms of a “next” function.

2.7.7.2 Motor

The motor is the easiest of the three components because it involves no component
arrays. This module is sufficiently simple to follow the simplified method that will
be described in detail later in section 2.8.6.3. In summary:

e Define a variable for each component of the applicative type of interest from
A_MOTORI.

e Give signatures to the functions corresponding to the applicative ones by
adding the accesses in any out any and removing the type of interest Motor
(as usual adding Unit where necessary).

e Define channels for (at least) the parameter and result types of the functions
that are not Unit.

e Define the body of each function as an output of its parameter (unless of Unit
type with no channel) followed by an input of its result (unless of Unit type
with no channel).

e Add a “main” function (here called motor) which is a while true do loop
containing an external choice between an expression for each of the other
functions. Each of these expressions

— inputs the parameter value from the function (if any), then
— for generators, updates the variables as appropriate, then
— outputs the result value to the function (if any).

The updating of the variables and the result returned are the imperative
counterparts to the bodies of the applicative functions.

e Define an init function that calls the main function after, possibly, initialising
the variables.
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scheme C_MOTORI1 =
hide CH, V, motor in
class
object
CH :
class
channel
direction : T.Direction,
floor : T.Floor,
movement : T.Movement,
move : T.Direction,
halt, move_ack, halt_ack : Unit
end,
V:
class
variable
direction : T.Direction,
movement : T.Movement,
floor : T.Floor
end
value
/* main */
motor : Unit — in any out any write any Unit
motor() =
while true do
let d = CH.move? in
CH.move_ack ! () ; V.direction := d';
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V.movement := T.moving ; V.floor := T.next_floor(d’, V.floor)

end ||
CH.halt? ; CH.halt_ack ! () ; V.movement := T.halted []
CH.direction ! V.direction []
CH.movement ! V.movement []
CH.floor ! V.floor
end,
/* initial */
init : Unit — in any out any write any Unit
init() = motor(),
/* generators */
/* assumes move only called when next floor in direction exists */
move : T.Direction — in any out any Unit
move(d) = CH.move ! d ; CH.move_ack?,
halt : Unit — in any out any Unit
halt() = CH.halt ! () ; CH.halt_ack?,
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/* observers */

direction : Unit — in any out any T.Direction
direction() = CH.direction?,

floor : Unit — in any out any T.Floor

floor() = CH.floor?,

movement : Unit — in any out any T.Movement
movement() = CH.movement?

end

Some design decisions are of interest here:

e Since the concrete state was a product of three components it was natural to

use three variables.

As with the channels, we have put the variables into an object V of their own
to facilitate hiding them.

We give no initial value to the variables. This reflects the intuition that it may
be necessary to start or re-start the lift in any state. We might in this module
want to assert that the lift is, say, stationary at the bottom floor and prepared
to go up, but then it would not be applicable for a restart of the system in
some other state. (Such a restart facility would need some additional functions
to allow the system to be made safe before starting normal behaviour.)
There are “acknowledgement” channels for the results of the move and halt
functions, although these are of type Unit. This allows us to assume that
the lift motor has actually carried out the corresponding action when the
function terminates. Note that there is nothing in the specification about
actually sending the commands to the physical motor. There are two ways of
interpreting this specification (which will affect the way it is translated):

— We regard the definition of motor as a specification of the assumptions
about the hardware interface; it specifies that after doing a move, for
example, the variables are set so that consequent functions like floor will
obtain information that corresponds both to what the move was supposed
to do (change the floor variable to the next floor) and also to what the
physical lift has actually done. The functions move, halt, etc. are the
interface to the hardware. In this case the translation of the module
will ignore motor and translate the functions in terms of calls on the
hardware.

— We regard motor as implicitly calling the hardware functions in the ap-
propriate places, such as telling the actual motor to move after receiving
an input on the CH.move channel and then waiting for an acknowledge-
ment from the motor before outputting on the CH.move_ack channel. In
this case the motor function will be translated to include the appropriate
hardware calls.

Which interpretation we take depends mostly on how close motor is to how
the hardware actually operates. For the purposes of this tutorial we take the
first interpretation.
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Note that, if we take the second interpretation, the translation of C_LIFT2
is also affected; we would need to make sure that its init function is invoked
initially, since it will invoke the initial motor, door and button processes. With
the first interpretation these are all “running” as hardware already.

e The applicative move function in A_MOTORI1 had a precondition that in-
volved a parameter, so we could not use the “if precondition then commu-
nicate else stop” style (see section 2.8.6.4). We can, however, check that in
all calls of move the precondition (that there is a valid floor to move to) is
true, so this is an instance where the check can be omitted. The check was in
fact part of the proof of the safe_and_useful axiom earlier, since in that proof
we could only unfold calls of move for which the precondition is true. Since
this reduces the robustness of C_MOTORI1 we have included a comment on
this feature. A more robust implementation would include some code in the
appropriate part of motor, which would require more knowledge about the
hardware involved.

2.7.7.3 Doors

We need a method for decomposition into an object array. This is as follows:

e We have in the concrete type of interest a component which is a function type.
The parameter type of this function type will be the type of the array index.
(This can be done in RSL even if this type is infinite, but is typically only of
use if the type is finite and fairly small. Otherwise we need to reconsider the
concrete type.)

e We need a class expression for the array. We normally define this as a separate
scheme.

e The type of interest of this scheme will be the result type of the function type,
in this case T.Door_state.

e This method only makes sense if the current scheme is applicative and the
development is to an imperative or concurrent one with an imperative or
concurrent component.

e We need to define the functions of the component scheme. Usually this is very
obvious, or soon becomes so, because they are the functions needed to model
the (imperative or concurrent counterparts of the) functions in the current
module. Any generator in the current module that changes or depends on an
application of this component will need one or more corresponding functions;
any observer that either produces a value of the type or in its body applies a
value of the type will need one or more corresponding functions.

e We complete the definition of the functions of the component module and use
them in the development of the current module.

e For a concurrent development, the init function in the current module will be
defined as the parallel composition of the init functions of the components.



84  Tutorial

It is clear that the component module for a single door will need open, close, and
door_state functions. We formulate it as the concurrent module C_DOORI:

scheme C_DOORI1 =
hide CH, door_var, door in
class
object
CH :
class
channel
open, close, open_ack, close_ack : Unit,
door_state : T.Door_state
end
variable door_var : T.Door_state
value
/* main %/
door : Unit — in any out any write any Unit
door() =
while true do
CH.open? ; CH.open_ack ! () ; door_var := T.open |]
CH.close? ; CH.close_ack ! () ; door_var := T.shut ]
CH.door_state ! door_var
end,
/* initial /
init : Unit — in any out any write any Unit
init() = door(),
/* generators */
close : Unit — in any out any Unit
close() = CH.close ! () ; CH.close_ack?,
open : Unit — in any out any Unit
open() = CH.open ! () ; CH.open_ack?,
/* observer */
door_state : Unit — in any out any T.Door_state
door_state() = CH.door_state?
end

Note that as with the motor module:
e We have made no assumptions about the initial state.
e We have included acknowledgements so that we can assume that hardware
interactions are completed when their functions terminate.
This allows us to formulate C_DOORSI:

scheme C_DOORS1 =
hide DS in
class
object DS[f: T.Floor|: C_.DOOR1
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value

/* initial /
init : Unit — in any out any write any Unit
init() = || { DS[f].init() | f: T.Floor },
/* generators */
open : T.Floor — in any out any Unit
open(f) = DS][ f].open(),
close : T.Floor — in any out any Unit
close(f) = DS[f].close(),
/* observer x/
door_state : T.Floor — in any out any T.Door_state
door_state(f) = DS][ f].door_state()

end

2.7.7.4 Buttons

The method is just like that of section 2.7.7.3 except that we will need three arrays,
each of the same component scheme C_BUTTONI1. The state transitions for each
button are shown in figure 2.9.

push clear clear

)

push
Figure 2.9: State transitions for a button

scheme C_BUTTONI1 =
hide CH, button, button_var in
class
object CH : class channel push, clear : Unit, check : T.Button_state end
variable button_var : T.Button_state
value
/* main %/
button : Unit — in any out any write any Unit
button() =
while true do
CH.push? ; button_var := T.lit []
CH.clear? ; button_var := T.clear ]
CH.check ! button_var
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end,
/* initial */
init : Unit — in any out any write any Unit
init() = button(),
/* generators */
push : Unit — in any out any Unit
push() = CH.push ! (),
clear : Unit — in any out any Unit
clear() = CH.clear ! (),
/* observer x/
check : Unit — in any out any T.Button_state
check() = CH.check?
end

As with the motor and doors, we have made no assumptions about the buttons
initially.

The development step from A_BUTTONS1 to C_BUTTONSI using arrays is
now straightforward.

scheme C_BUTTONS1 =
hide LB, UB, DB, required_here, required_beyond in
class
object
/* lift buttons */
LB[f: T.Floor|: C.BUTTONI,
/* up buttons *x/
UB[f: T.Lower_floor| : C_CBUTTONI,
/* down buttons */
DB[f: T.Upper_floor| : C_ BUTTON1
value
/* initial %/
init : Unit — in any out any write any Unit
init() =
|| { LB[f].init() | f: T.Floor } ||
|| { UB[f].init() | f: T.Lower_floor } ||
|| { DB[f].init() | f : T.Upper_floor },
/* generators */
clear : T.Floor — in any out any Unit
clear(f) =
LBJ[f].clear() ;
if f < T.max floor then UB[f].clear() end ;
if f > T.min_floor then DB|f].clear() end,
/* observers */
check : T.Direction x T.Floor — in any out any T.Requirement
check(d, f) =
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T.mk_Requirement
(required_here(d, f),
required_beyond(d, f),
required_beyond(T.invert(d), f)),
required_here : T.Direction x T.Floor — in any out any Bool
required_here(d, f) =
LB[f].check() = T.lit Vv
d=T.up A
(f < T.max_floor A UBJ[f].check() = T.lit V
f > T.min_floor A
DB f].check() = T.lit A ~ required_beyond(d, f)) V
d = T.down A
(f > T.min_floor A DBJ[f].check() = T.lit Vv
f < T.max_floor A
UB|f].check() = T.lit A ~ required_beyond(d, f)),
required_beyond : T.Direction x T.Floor — in any out any Bool
required_beyond(d, f) =
T.is_next_floor(d, f) A
let f = T.next_floor(d, f) in
required_here(d, f') V required_beyond(d, f')
end
end

2.7.7.5 Verification

Since this development step was from applicative to concurrent, we need to decide
what level of assurance we need for correctness. We can either

e check that the method for this transition has been followed correctly, or

e formulate the concurrent axiom corresponding to the applicative safe_and._-
useful axiom from A_LIFTO0 and justify it for C_LIFT?2.

Both of these are verifications since they check on the correctness of the devel-
opment process. The first is informal and is generally all that is necessary. The
second is formal and can be done if we have any doubts or require the highest level
of assurance of correctness. How to do it is described in section 2.9.

2.7.8 Translation

Translation of this example is discussed in section 5.4.2.

Exercise Extend the example to allow for multiple lifts.

The natural extension of the scheduling algorithm is probably too inefficient for
multiple lifts as a request from a floor button would be passed to all lifts. This
would ensure the one that can arrive first does so, but would mean all currently idle
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lifts starting to move towards the floor. It is suggested, however, that a different
algorithm is left as a separate, optional exercise.

2.8 Third example: queue
2.8.1 Aims of example

This example is of the development of a component, an abstract data type. The
discussion is rather more detailed than in the previous examples, where the empha-
sis was on system specification and development and where the method summaries
were written to reflect the particular example rather than offer full details. We will
present in detail the method for specifying abstract applicative modules and for
developing them to concrete and eventually imperative, sequential or concurrent
modules.

The actual example is the simple (but not entirely trivial) example of a queue.
To make it a little more realistic we will make the queue bounded, i.e. there will
be a maximum number of elements it can hold.

2.8.2 Requirements

To start we need some requirements. The basic requirements for a bounded queue
are that items may be extracted (“dequeued”) only in the order in which they were
inserted (“enqueued”) and that at any time any number of items up to the max-
imum may have been enqueued and not yet dequeued. Note that in this case of
a typical component rather than a complete system the requirements can usually
be expressed in terms of the facilities (functions) to be provided. So we will have
enqueue and dequeue functions, which we will abbreviate to enq and deq respec-
tively. For formulating the boundedness we might also think of a “count” function,
but since only two values of the count would probably be of interest (zero and the
bound) we will choose instead to also have is_empty and is_full functions. The
formulation of the queue largely consists of expressing the properties of these four
functions.

2.8.3 Overview

There are a large number of specifications of the queue in this section. A particular
development will only produce a few of these, and we first give an overview of the
possible development routes and the sections relevant to them.

We always start with an abstract applicative specification, which is in this case
A_QUEUEQ. Its formulation is described in section 2.8.4.1.

We then decide how to develop this into a more concrete data structure. There
are two choices:
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e using the built-in RSL list type constructor. This gives the applicative con-
crete queue A_QUEUEI, described in section 2.8.4.6.

e using an array as a circular buffer. This gives the applicative concrete queue
A_QUEUE2, described in section 2.8.4.7. Since A_QUEUE?2 instantiates an-
other module (an array) we describe it as composite; its properties will be
composed from the module(s) it instantiates. A module that does not instan-
tiate others we describe as single.

The technique of developing a module into a module that depends on others
is modular decomposition. The ability to do so, and to compose the proper-
ties of a module from its particular properties and those of its components
is critical to any method to be used for anything larger than the smallest
problems.

Having developed to either A_.QUEUE1 or A_.QUEUE2, if all we want is an applica-
tive queue we are finished. But more typically we will need either an imperative
or a concurrent queue. The first would be used in a purely sequential system, the
latter in a concurrent one. In either case we will in general get greater efficiency
because the queue value will not be passed as a parameter.

For an imperative queue, if we have developed to A_QUEUFE1 we develop
I.QUEUEI from it in section 2.8.5.3 and we are finished. The overall develop-
ment is illustrated in figure 2.10. Here the development steps are labelled “I” for
implementation and “A_1” for applicative to imperative.

| AL.QUEUEQ (2.8.4.1) ]
I

Al

| ALQUEUE] (2.8.4.6) | ~ . QUEUEI (2.8.5.3) |

Figure 2.10: Development of  QUEUFE]1

If we have developed to A_.QUEUE2 using an applicative array we develop to
I.QUEUE?2 using an imperative array in section 2.8.5.4. The overall development
is illustrated in figure 2.11. Here the development steps are labelled “I” for imple-
mentation, “A_I” for applicative to imperative and “C” for the clientship relation.
For example, A_QUEUE?2 is a client of (instantiates) A . ARRAY .

For a single concurrent queue, we need to develop an imperative version first.
So if we have developed to . QUEUFE1 we develop C_.QUEUEI as a client of it in
section 2.8.6.3. The overall development is illustrated in figure 2.12.

The single concurrent queue C_QUEUEI has a sequential imperative supplier
I.QUEUEI. The composite concurrent queue C_QUEUEZ2 will have a concurrent
supplier C_ARRAY that will in turn, we can presume, have its imperative supplier.
So if we have developed to A_QUEUE2 using the applicative array we can develop
directly to C_QUEUE?2 as illustrated in figure 2.13.

There are also sections showing how to formulate abstract imperative modules
(LQUEUEQ in section 2.8.5.1) and abstract concurrent modules (C_.QUEUEQ in
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| AL.QUEUEQ (2.8.4.1)]

I
| A.QUEUE2 (2.8.4.7) | AT ~ . QUEUE?2 (2.8.5.4) |
A A
C C
[ AARRAY (A6) 21 I TARRAY (A6) |

Figure 2.11: Development of I QUEUE?2

IA_QUEUEO (2.8.4.1)|
I

(A QUEUEI (28 4.6 [T QUEUEI (2.8.5.3)——[C QUEUEI (28.6.3)

Figure 2.12: Development of C_.QUEUE]1

section 2.8.6.1). It is suggested that these sections are omitted in a first reading.

2.8.4 Applicative queue

In this section we develop first in section 2.8.4.1 an abstract applicative queue
A_QUEUEQ and then two alternative concrete versions: the “single” A_QUEUEFEI
in section 2.8.4.6 and the “composite” A_QUEUE2 in section 2.8.4.7.

2.8.4.1 Abstract applicative queue

The method in summary is

e define an abstract type of interest

e define a parameter module

e define the signatures of the constants and functions, taking care about whether
functions are partial or total

| AL.QUEUEQ (2.8.4.1) ]

I
[AQUEUE2 (2.84.7) —2-C JTCQUEUE? (2.864)]
A A
c c
| A_ARRAY (A.6) | AC » C_ARRAY (A.6) |

Figure 2.13: Development of C_.QUEUE?2
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e formulate preconditions for partial function
e classify the functions as generators and observers
e define “observational” axioms relating the generators to the observers

Type of interest

We will need to identify the signatures of the functions required. It is immediately
apparent that in the applicative case we need a type for the queue itself, the type
of interest. In the abstract module this will be defined as an abstract type by a
sort, definition:

type Queue

Parameter module

The parameter type of enq will be Elem x Queue where Elem is the type of the
things to be put on the queue. It seems appropriate to define a generic queue, so we
need to define a parameter module. Is there anything else to put in it? We might
immediately realize that it would be sensible to have the bound as a parameter as
well. Should this go into the same parameter module or be a separate parameter?
Our advice is that things that are unrelated can go into separate parameters, but it
is not essential that they do. It turns out that, as long as parameters contain only
applicative sequential entities (types, values and axioms), it is always possible to
create the appropriate actual parameter(s) regardless of how many different objects
the actual types or v