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Preface

This Textbook is Different ! 2

This textbook is different in a number of ways:

1. The Triptych Dogma : The dogma “says”:

e Before software can be designed one must understand the requirements.
e Before requirements can be prescribed one must understand the domain.

This dogma carries the two main parts of the book:
e Part IV: Domains and
e Part V: Requirements.
No other ‘Software Engineering’ textbook (other than [19] of the approximately 2400
page [17-19]) propagates this dogma.
2. Domain Engineering : s3
This is a new phase of software development. It is thoroughly treated in Chap. 7. It is explained
and motivated in Chaps. 2-3.

No other ‘Software Engineering’ textbook (other than [19]) covers ‘Domain Engineer-
ing” — and the present volume covers that topic in a novel (read: “improved”) way.

3. Derivation of Requirements from Domain Models : s4
Requirements development is here presented in a way which differs fundamentally and signif-
icantly from how it has been presented by past textbooks on ‘Software Requirements Engi-
neering’. This novel and simpler approach, as based on careful domain descriptions, both in
narrative and in formal form is thoroughly treated in Chap. 8.

No other ‘Software Engineering’ textbook (other than [19]) covers Requirements Engi-
neering in this novel and logical way and the current treatment significantly improves
that of [19].

4. Proper Conceptualisation (Part III): s5
Software development is a highly intellectual process. Among the constituent sets of theories,
principles and techniques of software development are those of ‘Abstraction & Modelling’,
‘Semiotics’ and ‘Specification Ontology’. These are treated in separate chapters of this book.

No other ‘Software Engineering’ textbook (other than [17-19]) covers these three con-
cepts, ‘Abstraction & Modelling’, ‘Semiotics’ and ‘Specification Ontology’, in this sim-
plified way.

We shall very briefly explain these three concepts. s6

4.1 Abstraction & Modelling Chapter 4:
Abstraction relates to conquering complexity of description through the judicious use of
abstraction, where abstraction, briefly, is the act and result of omitting consideration of
(what would then be called) details while, instead, focusing on (what would therefore be
called) important aspects.

acm-abs
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s7
Modelling relates to choosing between (i) property- and model-oriented specification; (ii)
a suitable balance between analogic, analytic and iconic modelling; (iii) descriptive and
prescriptive modelling as for domain modelling, respectively requirements modelling; and
(iv) extensional versus intentional models.
Modelling also has to decide “for which purposes” a model shall serve: to gain understanding,
to get inspiration and to inspire, to present, educate and train, to assert and predict and to
implement requirements derived from domain models.

4.2 Semiotics Chapter 5: s8
Semiotics deal with the form, i.e., the syntax, in which we express concepts; the meaning,
i.e., the semantics, of what is being expressed; and the reason, i.e., the pragmatics, of why
we express something and the chosen form of expression.

Since all we really ever do when expressing domains, requirements and software is to
produce textual documents it is of utmost importance that we command these three facets
of semiotics.

4.3 Specification Ontology ! Chapter 6: s9
How do we present descriptions ? The technical means of expressing the phenomena and
concepts of domains form a meta-ontology. And the description itself is an ontology of
the domain. In Chap. 6 we advance three “faces” of ontological nature: (i) the simple
entity, operation, event and behaviour approach to description; (ii) the mereology of simple
entities; and (iii) the laws of description !

Our treatment of ‘Abstraction & Modelling’, ‘Semiotics’ and ‘Specification Ontology’,
above are quite novel and constitute, in our opinion, quite a significant improvement

of [19].

5. Examples : s10

The book carries more that 140 substantial both informal and formal examples. Almost half
are several pages long.
No other ‘Software Engineering’ textbook (not even [17-19]) carries so many informal-
&formal examples, examples that are substantial — and the present volume ties the
many examples more strongly together.

6. Projects : s11

In Appendix D there is a list of annotated course project proposals. A course — based on
this book — is proposed to consist of both ‘formal’ class lectures — covering this book —
and ‘informal’ tutoring sessions —advising students on how to proceed using the book in engi-
neering both a domain description and a requirements prescription for one of the projects listed in
Appendix D. That appendix will give some hints, to both lecturers (course project tutors) and
students. Hints to lecturers on how to use this book in the ‘formal’ class lectures is given in a
separate booklet that is (i.e., will be) available on the Internet.
We cannot overemphasise the pedagogical and didactical need to both give the ‘formal’ class
lectures and the course project ‘informal’ tutoring sessions:

e ‘“learn by doing”

e “but on a science-based foundation”.

Chapter-by-Chapter Overview

(Chapter 1) We start by providing a background for this study.

'Ontology is the philosophical study of the nature of being, existence or reality in general, as well as
of the basic categories of being and their relations. Traditionally listed as a part of the major branch of
philosophy known as metaphysics, ontology deals with questions concerning what entities exist or can be
said to exist, and how such entities can be grouped, related within a hierarchy, and subdivided according
to similarities and differences [Wikipedia].
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(Chapter 2) We introduce the concepts of domains, that is, potential or actual application domains
for software.

(Chapter 3) We then motivate the study of domains where such studies aim at creating both precise
informal and formal descriptions of domains — (and) where formal descriptions are limited to what we can
today mathematically formalise.

(Chapter 4) Abstraction and modelling are keywords in specifications and we shall therefore very
briefly summarise a few key concepts — including property- and model-oriented abstractions. We shall
also, likewise very briefly, overview a tool for formal abstraction: the main specification language. RSL, of
this book and its use in achieving abstractions.

(Chapter 5) We take a very brief look at issues of semiotics: pragmatics, semantics and syntax. The
prime goal of software engineering work is description, prescription and specification, that is: producing
documents, that is, informal and formal texts. Texts have syntax — what we write has meaning (i.e.,
semantics), and the reason we wrote it down is motivated, i.e., is pragmatics.

(Chapter 6) What is it that we are describing (as for domains), prescribing (as for requirements)
and specifying (as for software designs)? We shall suggest that the descriptions (etc.) focus on entities
and behaviours, functions and events — and shall therefore briefly summarise these concepts (and likewise
briefly exemplify their abstract modelling) before deploying this “specification ontology” in domain and
in requirements engineering.

(Chapter 7) Domain engineering is then outlined in terms of its many stages: [i] information document
creation, [ii] identification of domain stake-holders, [iii] business process rough sketching, [iv] domain ac-
quisition, [v] domain analysis and concept formation, [vi] domain terminologisation, [vii] domain modelling
— the major stage — [viii] domain model verification (checking, testing), [ix] domain description validation,
and [x] domain theory creation. Emphasis is put on business process description (Sect. 7.2) and on the
six sub-stages of domain modelling: (a) intrinsics, (b) support technologies, (¢) management and organ-
isation, (d) rules and regulations, (e) scripts and (f) human behaviour (Sects. 7.3—-7.8). A final section,
Sect. 7.9 summarises the opening and closing stages of domain engineering: stakeholder identification and
liaison, acquisition, business processes, terminoligisation, respectively verification, model checking, testing,
validation and domain theory issues.

(Chapter 8) It is finally outlined, in some detail, how major parts of requirements can be system-
atically “derived” from domain descriptions: in three major sub-stages: [A] domain requirements, [B]
interface requirements and [C] machine requirements — where our contribution is solely placed in sub-
stages [A-B]. In this part it is briefly argued why current requirements engineering appears to be based
on a flawed foundation. Emphasis is put on the pivotal steps of domain requirements in which (a) business
processes are re-engineering (Sect. 8.5); (b) domain requirements are projected, instantiated, made more
deterministic, extended and fitted (Sect. 8.6); (c) interface requirements are “created” while considering
the simple entities, functions, events and behaviours shared that are (to be) shared between the domain
and the machine (Sect. 8.8); and (d) machine requirements are laboriously enumerated and instantiated
(Sect. 8.9). A final section, Sect. 8.10 summarises the opening and closing stages of requirements engineer-
ing: stakeholder identification and liaison, acquisition, business process re-engineering, terminoligisation,
respectively verification, model checking, testing, validation, satisfiability & feasibility and requirements
theory issues.

A Lecture Schedule Proposal

Each of the lectures, Lectures 1-18, listed below, is thought of as a double lecture session of (two)
50 minute lectures separated by a 10 minute break.

Lectures marked (©) can be omitted entirely.

In this way the listed 18 lectures can be “cut” to 14.

1. Lecture 1: 3. Lecture 3: Abstraction & Modelling — I
e Opening XII-XIII e Abstraction 23-27
* Background 34 4. Lecture 4: Abstraction & Modelling — 11

2. Lecture 2: )
e What are Domains ? 5-18 ° AbStI‘athIOIl 27-31
e Motivation for Domain Engineering 19— * Modelling 31-35

20 5. Lecture 5: Semiotics S
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s20

s21

s22

s23



XIV

e Syntax
e Semantics & Pragmatics

6. Lecture 6: A Specification Ontology — I
e Simple Entities
e Behaviours

7. Lecture 7: A Specification Ontology — IT

e Functions
e FEvents

8. Lecture 8: Domain Engineering — I
e Opening Stages
e Intrinsics

9. Lecture 9: Domain Engineering — II
e Supp.Techns.
e Mgt. & Org.

10. Lecture 10: Domain Engineering — III
e Rules & Regs.

37-46
46-53

59563
63-66

66-69
69-73

7784
84-88

88-93
93-96

96-98

11.

12.

13.

e Scripts 98-123
Lecture 11: Domain Engineering — IV

e Human Behaviour 123-128
e Closing Stages 128-129

Lecture 12: Requirements Engineering — I

e Opening Stages and Acquisition 133-134

e DBusiness Processes 134-141
Lecture 13: Requirements Engineering — II
e Domain Requirements 141-153

. Lecture 14: Requirements Engineering — I1I

e Interface Requirements 153-164

. Lecture 15: Requirements Engineering — IV

e Machine Requirements 165-173
e Closing Stages 173-174
e Closing 177-177

Appendix C (Pages 223-228). provides a lecturers’ guide to using this textbook.

Course Project Tutoring

In addition to the lectures it is strongly suggested that each day, for example, a morning double
lecture is given, there is also an afternoon two hour project tutoring session. More about this in

Appendix. D (Pages 229-234).
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Introduction






1

Background

s24

This book is written on the background of three more-or-less independent lines of (a) more
than 40 years of speculations, by our community, about, proposals for, and, obviously, practice of
software engineering [114]; (b) about 40 years of progress in program verification [79], and (c) of
almost 50 years of formal specification of first programming language semantics [11,103,107,112,
135], then software designs, then requirements, and now, finally domains.

This book is also written on the background of many efforts that seek to merge these lines —
as witnessed in strand (c) above: (d) notably there is the effort to express abstractions and their
refinement [80], for example, (e) such as these abstractions and refinements, with respect abstract
data structures and abstract operations, were (first) facilitated in VDM [26,27,55,56], and, (g) with
respect to process abstractions, such as they were facilitated in CSP [81,82,130,134].

Over 30+ years of determined efforts in the areas of formal specification languages [25] and re-
finement [27,92-94]; and of their deployment in many industrial projects, this line of research and
experimental development has been manifested in at least three notable forms: (i) the systematic-
to-rigorous development of an Ada compiler using VDM [28]; (ii) the commercialisation of an
industry-strength tool set for the VDM Specification Language, VDM-SL, by the Japanese software
house CSK!; and (iii) the publication of [17-19].

All this research and development, (1) 35+ years of doing advanced type experimental, explo-
rative and actually overseeing real, industry-strength commercial software developments, (2) 30+
years of teaching the underlying approaches, semantics, formal specification, and refinement in a
software engineering setting, and (3) putting students on the road to found and direct some eight
software houses (now with some 600 former students) — based on student MSc and PhD projects
— and survive in the business, makes me conclude that the basic elements to be included in a
proper software engineering education and to be regularly practised by the graduating software
engineers include the following concepts: (a) a firm grasp on the simple use of discrete mathemat-
ics: sets, Cartesians, sequences, maps, functions (including the A-Calculus), and simple universal
algebras; (b) a firm grasp on the simple use of mathematical logic; (c) a firm grasp on the simple
use of abstract and concrete types and their values, sub-types and derived types (such as found
in several formal specification languages); (d) a firm grasp on the simple use of the semiotics con-
cepts of syntax, semantics and pragmatics, including the formalisation of syntax and semantics —
in various forms: “classical” operational semantics, denotational semantics, structural operational
semantics, ete. [40,67,128,133,141,144]; (e) a firm grasp on the simple use of property- as well
as model-oriented abstractions as facilitated by such formal specification languages as Alloy [90],
B and Event B [1,33], RAISE [17-19,61,62,64], VDM [26,27,55,56] or Z [77,78,137,138,145]; (f)
a firm grasp on the simple use of the diagrammatic specification approaches provided by finite
state automataand finite state machines (any reasonable textbook on formal languages and
automata theory should do), MSC (message sequence charts) [86-88], Petri nets [91,115,123-125]
and Statecharts [71-74,76]; (g) a firm grasp on the use some temporal logic approach to specify

"http:/ /www.csk.com/support_e/vdm/index.html
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time dependent behaviours, DC (duration calculus) [148,149], ITL (interval temporal logic) [53,113],
the Pnueli/Manna approach [100-102], or TLA+ [96,97,105,106]; and (h) a firm grasp on the simple
use of CSP (communicating sequential processes) [81,82,130,134].

This book will overview some, we think crucial, aspects of software engineering on this back-
ground. (We shall not cover Items (f-g).)



2

What are Domains?

s31

2.1 Delineation

Definition 1 — Domain: By a domain, or, more precisely an application domain, we shall
understand (i) a suitably delineated area of human activity, that is, (ii) a universe of discourse,
something for which we have what we will call a domain-specific terminology, (iii) such that this
domain has reasonably clear interfaces to other such domains. .

s32

Definition 2 - Domain Description: By a domain description we shall understand (i) a set of
pairs of informal, for ex., English language, and formal, say mathematical, texts, (ii) which are
commensurate, that is, the English text “reads” the formulas, and (i) which describe the simple
entities, operations, events and behaviours of a domain in a reasonably comprehensive manner. =

We use the simpler term ‘domain’ in lieu of the longer term ‘application domain’. The prefix (of
the latter) shall indicate that we are eventually referring to computer application.

2.1.1 Elements, Aims and Objectives of Domain Science(l) s33

What will emerge from this book are the contours of ‘domain science’: the study and knowledge
of domains. We shall here start the sketching of these contours.

In order to better understand what domain engineering is about we contrast it to physics.
But first we must make a distinction between the terms ‘phenomenon’ (phenomena) and ‘concept’
(concepts).

s34

Definition 3 — Phenomenon: By a phenomenon we understand an observable fact, that is, a
temporal or spatio/temporal individual (particular, “thing”) of sensory experience as distinguished
from a noumenon', that is a fact of scientific interest susceptible to scientific description and
explanation. .

s35

Definition 4 — Concept: By a concept we understand something conceived in the mind, a
thought, an abstract or generic idea generalized from particular instances. =

'Noumenon: a posited object or event as it appears in itself independent of perception by the senses.

acm-wad
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6 2 What are Domains?

2.1.2 Physics versus Domain Science $36
General

Physicists study ‘mother nature’:

“Physics (Greek: physis ¢pvois meaning ‘nature’), a natural science, is the study of matter
and its motion through space-time and all that derives from these, such as energy and
force. More broadly, it is the general analysis of nature, conducted in order to understand
how the world and universe behave.” [Wikipedia]

Domain scientists and engineers study ‘domains’:

“Domains are here seen as predominantly man-made universes, that is, as areas of hu-
man activity, where the emphasis is on the structures (entities) conceived and built by
humans (the domain owners, managers, designers, domain enterprise workers, etc.), and
the operations that are initially requested, or triggered, by humans (the domain users).”

In physics (as characterised above) the physicists, in principle, do not include human actions and
behaviour in their study.?

In domain science and engineering the scientists and engineers, in principle, do include human
actions and behaviours in their study.

In physics physicists model usually continuous state values of the chosen sub-universe, that
is, the dynamics of observable or postulated state component values, and their principle tools are
those of differential equations, integral calculi, statistics, etc. Space and time plays a core role.

In domain science and engineering the scientists and engineers model (i) algebraic® structures
of the chosen sub-universe (in addition to their usually discrete “state” values and operations),
(ii) how simple entities are composed, (not only just their atomic but also composite values), (iii)
how these structures may expand or retract, that is, operations on structures, not just on values.
Space and time normally plays only a secondary role.

The tools of domain scientists and engineers are those of careful, precise informal (i.e., nar-
rative) natural language and likewise careful abstractions expressed in some formal specification
languages emphasising the algebraic nature of entities and their operations. That is, tools that
originate with computer and computing scientists.

Why not use the same tools as physicists do? Well, they are simply not suited for the problems
at hand. Firstly the states of physics typically vary continuously, whereas those of domains typically
vary in discrete steps. Secondly the number of state variables of physics do usually not vary, whereas
those of domain do — whole structures “collapse” or “expand” (sometimes “wholesale” | sometimes
“en detail”). Thirdly the models of physics, by comparison to those of domains, contain “only a
few types” of oftentimes thousands of state variables — almost all modelled as reals, or vectors,
matrices, tensors, etc., of reals, whereas those of domains contain very many, quite different types
— sometimes atomic, sometimes composite, but rarely modelled in matrix form.

Models of physics, as already mentioned, express continuous phenomena. Models of domains,
as also already mentioned, express logic properties of discrete, algebraic structures.

For those and several other reasons the tools of physicists are quite different from the tools of
domain scientists and engineers.

In theoretical physics there is no real concern for computability. Mathematical models them-
selves provide the answers. For domain engineering there is a real concern for computability. The
mathematical models often serve as a basis for requirements for software, that is, for computing.
Hence it was natural that the tools of domain science and engineering originated with the formal
specification languages that were and are used for specifying software.

2The claimed possibility that humans are the origin, through their use of fossil energy sources, of the
depletion of the ozon layer, does not mean that the physicists, in their model include human actions and
behaviour: if physicists do consider humans as the “culprits”, then that still does not enter into their
models !

3Recall that an algebra is a usually finite set of possibly infinite classes (i.e., types) of usually discrete
entities and a usually finite set of operations whose signature ranges of the entity types.
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Spatial Attributes of Phenomena and Concepts s44

Some phenomena (p:P) (types over and values of such types) enjoy the meta-linguistic £ property,
L for Location. Let any phenomenon be subject to the meta-linguistic predicate, has L, and
function, obs_ L:

type
P,C
value
has L: P — Bool
obs_L: P = L, pre obs_L(e): has_L(e)
axiom
vV p,pP e
has_L(p)Ahas_L(p) A p#p’ = obs_L(p) # obs_L(p')

We consider £ (for Locations) to be an attribute of those phenomena which satisfy the has_L
property.

Simple Entities versus Attributes s46

We make a distinction between simple entities and attributes. Simple entities are phenomena or
concepts that may be separable parts of other simple entities; that may (thus) be composed into
other (composite) simple entities; and that otherwise possess one or more attributes. Attributes
are properties of simple entity phenomena that together form atomic simple entities, or characterise
composite entities apart, i.e., in isolation from their sub-entities; that cannot be “removed” from
a simple entity otherwise possessing such attributes; and that may be modelled as values of simple
or composite types.

2.1.3 Constituent Sciences of Domain Science s48

Knowledge Engineering

“Knowledge engineering is an engineering discipline that involves integrating knowledge
into computer systems in order to solve complex problems normally requiring a high level
of human expertise.” [Wikipedia]

Knowledge (science and) engineering [54], what humans know and believe, promise and commit,
what is necessary, probable and/or possible, is a proper part of domain science — but we omit
any treatment of this fascinating topic.

Computer Science 49
Definition 5 — Computer Science: Computer science is the study and knowledge about the
“things” that may exist inside computers. =
Computing Science

Definition 6 — Computing Science: is the study and knowledge how to construct the “things”
that may exist inside computers. =
2.1.4 Elements, Aims and Objectives of Domain Science (Il) s50

So computing science and knowledge (science and) engineering are both part of domain science.
Computer science, notably with its emphasis on algebraic structures and mathematical (modal)
logics provide some of the foundations for the studies of computing science and knowledge (science
and) engineering

s45
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8 2 What are Domains?
2.2 Informal Examples s51

We will give several informal examples. For each of these examples we shall very briefly mention
observable simple entity, operation, event and behaviour phenomena as well as concepts.

Example 1 - Air Traffic (I): The domain-specific terminology includes such entities as: aircraft,
ground, terminal, area and continental control towers and centers, air-lanes, etc. The modelled atomic
and composite structures and operations include airspace as consisting of air-lanes, airports and various
control towers; traffic modelled as function from time to aircraft positions in airspace; operations of
aircraft take-off, guidance and landing; events of communication between pilots and control towers; et
cetera, [12] .

See Example 50: Air Traffic Business Processes starting Page 81.

Example 2 - Banking: The domain-specific terminology includes such terms as: clients; banks
with demand/deposit accounts with yield and interest rates and credit limits and with open, deposit,
withdraw, transfer, statement and close operations; and with mortgage accounts and loan approval,
payment installation, loan defaulting, etc.; and bankruptcy, payment due, credit limit exceeded, etc.
events; et cetera; et cetera. "

See Examples 66-69.

Example 3 — Container Line Industry: The domain-specific terminology includes such terms as:
container, container line, container vessel (bay, row, stack, etc.), container terminal port (quay, crane,
stack/stacking, etc.), sea lane, etc, container stowage, et cetera, [20]. .

Example 4 — Health Care: The domain-specific terminology includes such terms as: citizen cum
patient, medical staff, hospital, ward, bed, operating theatre, patient medical journal, anamnese?,
analysis, diagnostics, treatment, etc., hospitalisation plan, et cetera, [44]. .

See Example 63: A Health Care License Language starting Page 103.
s56

Example 5 — “The Market”: The domain-specific terminology includes such terms as: consumer,
retailer, wholesaler and producer; merchandise, order, price, quantity, in-store, back-order, etc.; supply
chain; inquire, order, inspect delivered goods, accept goods, pay; failure of delivery, default on payments,
etc.; et cetera. [14]. .

Example 6 - Oil Industry: The domain-specific terminology includes such terms as: oil field, pump
and platform; oil pipeline, pipe, flow pump, valve, etc.; oil refinery; oil tanker, harbour, etc. [21].

| MORE TO COME]

See Example 55: An Oil Pipeline System starting Page 84.

Example 7 — Public Government: The domain-specific terminology includes such terms as:
citizens, lawmakers, administrators, judges, etc., law-making, law-enforcing (central and local govern-
ment administration) and law-judging (“the judiciary”), documents: law drafts, laws, public admin-
istration templates, forms and letters, verdicts, etc., document creation, editing, reading, copying,
distribution and shredding, etc. [45].

| MORE TO COME]

See Example 64: A Public Administration License Language starting Page 105.

4 Anamnese: the patients’ history of illness, including the most present.
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Example 8 - Railways: The domain-specific terminology includes such terms as: railway net with
track units such as linear, simple switches, simple crossover, crossover switches, signals, etc. [15]; trains;
passengers, tickets, reservations; timetable and train traffic; train schedules [119], train rostering [140],
train maintenance plan [120], etc.

| MORE TO COME]

See Example 56: Railway Switch Support Technology starting Page 88.

Example 9 — Road System: The domain-specific terminology includes such terms as: hubs (inter-
sections) and links (road segments), open and close hub and link traversal directions, hub semaphores,
etc. [22].

| MORE TO COME]

See Example 10: Transport Net () starting Page 9 and Example 34: Transport Net (ll) starting
Page 55.

2.3 An Initial Domain Description Example s61

Before we delve into pragmatic and methodological issues of domain engineering we need an
example which show the both informal and formal form in which we express a domain description.
The example is that of describing a transport net.

Example 10 - Transport Net (I):

1. There are hubs and links.
2. There are nets, and a net consists of a set of two or more hubs and one or more links.

type
1 H, L,
2 N = H-set x L-set
axiom
2 V (hs,Is):N « card hs>2 A card ks>1

RSL Explanation

e 1: The type clause type H, L, defines two abstract types, also called sorts, H and L, of what is
meant to abstractly model “real” hubs and nets. H and L are hereby introduced as type (i.e., sort)
names.

(The fact that the type clause (1) is “spread” over two lines is immaterial.)

e 2:thetype clause type N = H-set x L-set defines a concrete type N (of what is meant to abstractly
model “real” nets).

* The equal sign, , defines the meaning of the left-hand side type name, N, to be that of the
meaning of

* H-setxL-set, namely Cartesian groupings of, in this case, pairs of sets of hubs (H-set) and sets
of links (L-set), that is,

* X is a type operator which, when infix applied to two (or more) type expressions yields the type
of all groupings of values from respective types, and

* -set is a type operator which, when suffix applied, to, for example H, i.e., H-set, constructs,
the type power-set of H, that is, the type of all finite subsets of type H.

* Similarly for L-set.
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(The fact that type clause (2), as it appears in the formalisation, is not preceded immediately by
the literal type, is (still) immaterial: it is part of the type clause starting with type and ending with
the clause 2.)
2: The axiom axiom V (hs,Is):N ¢ card hs>2 A card ks>1
Thus we see that a type clause starts with the keyword (or literal) type and ends just before another
such specification keyword, here axiom. That is, a type clause syntactically consists of the keyword
type followed by one or more sort and concrete type definitions (there were three above).

e And we see that a fragment of a formal specification consists of either type clauses, or axioms, or
of both, or, as we shall see later, “much more” !

End of RSL Explanation

3. There are hub and link identifiers.
4. Each hub (and each link) has an own, unique hub (respectively link) identifiers (which can be
observed from the hub [respectively link]).

type

3 HI, LI
value

4a obs HI: H — HI, obs LI: L — LI
axiom

4b V h,h":H, II'"L « h#h" =
obs_HI(h)#obs_HI(h") A I#£I'=-0bs_LI(I)£0bs_LI(l")

RSL Explanation

e 3: introduces two new sorts;
4a: introduces two new observer functions:
* — is here an infix type operators.
* Infixing L and LI it constructs the type of functions (i.e., function values) which apply to values
of type L and yield values of type LI.
and
e 4b: expresses the uniqueness of identifiers.
End of RSL Explanation

In order to model the physical (i.e., domain) fact that links are delimited by two hubs and that one or
more links emanate from and are, at the same time incident upon a hub we express the following:

5. From any link of a net one can observe the two hubs to which the link is connected.

a) We take this ‘observing’ to mean the following: From any link of a net one can observe the
two distinct identifiers of these hubs.

6. From any hub of a net one can observe the one or more links to which are connected to the hub.
a) Again: by observing their distinct link identifiers.

7. Extending ltem 5: the observed hub identifiers must be identifiers of hubs of the net to which the
link belongs.

8. Extending Item 6: the observed link identifiers must be identifiers of links of the net to which the
hub belongs

We used, above, the concept of ‘identifiers of hubs' and ‘identifiers of links' of nets. We define, below,
functions (iohs, iols) which calculate these sets.

value
5a obs_Hls: L — HI-set,
6a obs Lls: H — Ll-set,
axiom
5b V I:L « card obs_HIs(l)=2 A
6b V h:H  card obs_LIs(h)>1 A
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v (hs,Is):N -
5a) YV h:Hehehs= VIl «licobs_Lls(h) =
1L « 1" €ls A li=obs_LI(I') A obs_HI(h) € obs_HIs(I') A
6a) VILelels=
J h',h":H « {h",h"}Chs A obs_Hlis(l)={obs_HI(h"),obs_HI(h")}
7 YV hiH e h € hs = obs_LlIs(h) C iols(ls)
8 VILelels= obs_Hls(h) C iohs(hs)
value
iohs: H-set — Hl-set, iols: L-set — Ll-set
iohs(hs) = {obs_HI(h)|h:Heh € hs}
iols(ls) = {obs_LI(1)|I:Lel € Is}

RSL Explanation

5a,6a: Two observer functions are introduced.

5b,6b: Universal quantification secure that all hubs and links have prerequisite number of unique

(reference) identifiers.

x 5a): We read V h:H « h € hs = V li:LI « li € obs_LIs(h) = 3 I"L «I' € Is A li=obs_LI(I') A
obs_HI(h) € obs_Hls(I'): For all hubs (h) of the net (Vh:Hehechs) it is the case (=) that for
all link identifiers (Ii) of that hub (Vli:Llelicobs_LlIs(h)) it is the case that there exists a link of
the net (3I":LsI'cls) where that link’s (I"'s) identifier is |li and the identifier of h is observed in

the link I'.
x 6a):Weread VI:L el €ls= 3 h',h":H+ {h",h"} Chs A obs_HlIs(l) = {obs_HI(h"), obs_HI(h")}:
for all ... further reading is left as exercise to the reader.

7: Reading is left as exercise to the reader.

8: Reading is left as exercise to the reader.

iohs,iols: These two lines define the signature: name and type of two functions.

iohs(hs) calculates the set ({...}) of all hub identifiers (obs_HI(h)) for which h is a member of the
set, hs, of net hubs.

e iols(ls) calculates in the same manner as does iohs(hs).

We can read the set comprehension expression to the left of the definition symbol =: “the set of
all obs_LI(l) for which (|) | is of type L and such that (¢) | is in Is".

End of RSL Explanation

In the above extensive example we have focused on just five entities: nets, hubs, links and their
identifiers. The nets, hubs and links can be seen as separable phenomena. The hub and link identifiers
are conceptual models of the fact that hubs and links are connected — so the identifiers are abstract
models of ‘connection’, or, as we shall later discuss it, the mereology of nets, that is, of how nets are
composed. These identifiers are attributes of entities.

Links and hubs have been modelled to possess link and hub identifiers. A link’s “own” link identifier
enables us to refer to the link, A link's two hub identifiers enables us to refer to the connected hubs.
Similarly for the hub and link identifiers of hubs.

To illustrate the concept of operations® on transport nets we postulate those which “build” and
“maintain” the transport nets, that is those road net or rail net (or other) development constructions
which add or remove links. (We do not here consider operations which “just” add or remove hubs.)
By an operation designator we shall understand the syntactic clause whose meaning (i.e., semantics)
is that of an action being performed on a state. The state is here the net. We can also think of an
operation designators as a “command”.

Initialising a net must then be that of inserting a link with two new hubs into an “empty” net.
Well, the notion of an empty net has not been defined. The axioms, which so far determine nets and
which has been given above, appears to define a “minimal” net as just that: two linked hubs !

First we treat the syntax of operation designators (“commands”).

9. To a net one can insert a new link in either of three ways:

5We use the terms functions and operations synonymously.

>
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a) Either the link is connected to two existing hubs — and the insert operation must therefore
specify the new link and the identifiers of two existing hubs;

b) or the link is connected to one existing hub and to a new hub — and the insert operation must
therefore specify the new link, the identifier of an existing hub, and a new hub;

c) or the link is connected to two new hubs — and the insert operation must therefore specify
the new link and two new hubs.

d) From the inserted link one must be able to observe identifier of respective hubs.

10. From a net one can remove a link. The removal command specifies a link identifier.

type

9 Insert == Ins(s_ins:Ins)

9  Ins = 2xHubs | 1x1nH | 2nHs

9a) 2xHubs == 2oldH(s_hil:Hl,s_I:L,s_hi2:HI)
9b) 1xlnH == loldHlnewH(s_ hi:Hl,;s I:L,s h:H)
9¢c) 2nHs == 2newH(s_h1:H,s_I:L,s_h2:H)

axiom

9d) V 20ldH(hi’ |, hi"):Ins « hi'£hi” A obs_LIs(1)={hi’ hi"} A
V loldlnewH(hi,l,h):Ins ¢ obs_ Lls(l)={hi,obs_HI(h)} A
V 2newH(h',1,h"):Ins « obs_ LIs(I)={obs_HI(h"),obs_HI(h")}

type

10 Remove == Rmv(s_li:LI)

RSL Explanation

9: The type clause type Ins = 2xHubs | 1x1nH | 2nHs introduces the type name Ins and defines it

to be the union (|) type of values of either of three types: 2xHubs, 1x1nH and 2nHs.

* 9a): The type clause type 2xHubs == 20ldH(s_hil:HI, s_I:L, s_hi2:HI) defines the type 2xHubs
to be the type of values of record type 2oldH(s_hil:Hl,s_I:L,s_hi2:HI), that is, Cartesian-like,
or “tree”-like values with record (root) name 2oldH and with three sub-values, like branches of
a tree, of types HI, L and HI. Given a value, cmd, of type 2xHubs, applying the selectors s _hil,
s_land s hi2 to cmd yield the corresponding sub-values.

* 9b): Reading of this type clause is left as exercise to the reader.

9¢): Reading of this type clause is left as exercise to the reader.

* 9d): The axiom axiom has three predicate clauses, one for each category of Insert commands.
< The first clause: V 2oldH(hi’,l,hi"”):Ins « hi'#hi” A obs_HIs(I) = {hi’, hi”} reads as follows:

o For all record structures, 2oldH(hi’,1,hi”), that is, values of type Insert (which in this
case is the same as of type 2xHubs),
o that is values which can be expressed as a record with root name 2oldH and with three
sub-values (“freely”) named hi’, | and hi”
(where these are bound to be of type HI, L and HI by the definition of 2xHubs),
the two hub identifiers hi’ and hi” must be different,
and the hub identifiers observed from the new link, I, must be the two argument hub
identifiers hi’ and hi”.
<& Reading of the second predicate clause is left as exercise to the reader.
<& Reading of the third predicate clause is left as exercise to the reader.

The three types 2xHubs, 1x1nH and 2nHs are disjoint: no value in one of them is the same value as

in any of the other merely due to the fact that the record names, 2oldH, loldH1newH and 2newH,

are distinct. This is no matter what the "bodies” of their record structure is, and they are here also
distinct: (s_hil:Hl,s_I:L,s_hi2:HI), (s_hi:Hl,s_I:L,s_h:H), respectively (s_h1:H,s_I:L,s_h2:H).

10; The type clause type Remove == Rmv(s_li:LI)

% (as for Items 9b) and 9c))

* defines a type of record values, say rmv,

* with record name Rmv and with a single sub-value, say i of type LI

* where li can be selected from by rmv selector s_i.

*
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End of RSL Explanation

s69
Then we consider the meaning of the Insert operation designators.

The insert operation takes an Insert command and a net and yields either a new net or chaos for
the case where the insertion command “is at odds” with, that is, is not semantically well-formed
with respect to the net.
We characterise the “is not at odds”, i.e., is semantically well-formed, that is:
e pre_int_Insert(op)(hs,ls),
as follows: it is a propositional function which applies to Insert actions, op, and nets, (hs.Is), and
yields a truth value if the below relation between the command arguments and the net is satisfied.
Let (hs,Is) be a value of type N.
If the command is of the form 2oldH(hi’,l,hi’) then
1 hi’ must be the identifier of a hub in hs,
*$2| must not be in Is and its identifier must (also) not be observable in Is, and
x3 hi” must be the identifier of a(nother) hub in hs.

s70
If the command is of the form loldH1newH(hi,l,h) then
*1 hi must be the identifier of a hub in hs,
*2 | must not be in Is and its identifier must (also) not be observable in Is, and
*3 h must not be in hs and its identifier must (also) not be observable in hs.

If the command is of the form 2newH(h’,1,h”) then

x1 h" — left to the reader as an exercise (see formalisation !),
*2 | — left to the reader as an exercise (see formalisation !), and
x3 h" — left to the reader as an exercise (see formalisation !).

Conditions concerning the new link (second s, 2, in the above three cases) can be expressed

independent of the insert command category.

s71

value

*2

11 int Insert: Insert — N = N
12’ pre int Insert: Ins — N — Bool
12”7 pre_int_Insert(Ins(op))(hs,ls) =
s_l(op)¢ Is A obs_LI(s_I(op)) ¢ iols(Is) A
case op of
13)  2oldH(hi’,l,hi") — {hi’,hi"}€ iohs(hs),
14) loldH1newH(hi,l,h) —
hi € iohs(hs) A h¢ hs A obs_HI(h)¢ iohs(hs),
15)  2newH(h'I,h") —
{h",h""}N hs={} A {obs_HI(h"),obs_HI(h")}N iohs(hs)={}
end

RSL Explanation

11: The value clause value int_Insert: Insert — N = N names a value, int_Insert, and defines its
type to be Insert — N = N, that is, a partial function (=) from Insert commands and nets (N) to
nets.

(int_Insert is thus a function. What that function calculates will be defined later.)

12’: The predicate pre_int_Insert: Insert — N — Bool function (which is used in connection with
int_Insert to assert semantic well-formedness) applies to Insert commands and nets and yield truth
value true if the command can be meaningfully performed on the net state.

12": The action pre_int_ Insert(op)(hs,Is) (that is, the effect of performing the function pre_int_ Insert
on an Insert command and a net state is defined by a case distinction over the category of the
Insert command. But first we test the common property:
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o *2:s_l(op)¢&lsnobs_LI(s_I(op))¢iols(Is), namely that the new link is not an existing net link and
that its identifier is not already known.
x13): If the Insert command is of kind 2oldH(hi’,1,hi") then {hi’,hi"”} € iohs(hs), that is, then the
two distinct argument hub identifiers must not be in the set of known hub identifiers, i.e., of
the existing hubs hs.
* 14): If the Insert command is of kind loldH1newH(hi,|,h) then ... exercise left as an exercises
to the reader.
*15): If the Insert command is of kind 2newH(h’",1,h") ... exercise left as an exercises to the reader.
The set intersection operation is defined in Sect. A.4.6 on page 197 ltem 23 on page 198.
End of RSL Explanation
s72
16. Given a net, (hs,ls), and given a hub identifier, (hi), which can be observed from some hub in the
net, xtr_H(hi)(hs,Is) extracts the hub with that identifier.
17. Given a net, (hs,Is), and given a link identifier, (li), which can be observed from some link in the
net, xtr_L(li)(hs,Is) extracts the hub with that identifier.
value
16: xtr H: Hl — N 5= H
16: xtr_H(hi)(hs,__) = let h:H¢h € hs A obs_HI(h)=hi in h end
pre hi € iohs(hs)
17:xtr_L: HIl — N 5 H
17: xtr_L(li)(_,Is) = let l:Lel € Is A obs_ LI(I)=li in | end

pre li € iols(ls)

RSL Explanation

e 16: Function application xtr_H(hi)(hs,_) yields the hub h, i.e. the value h of type H, such that ()
h is in hs and h has hub identifier hi.
e 16: The wild-card, _, expresses that the extraction (xtr_H) function does not need the L-set
argument.
e 17: Left as an exercise for the reader.
End of RSL Explanation
s73
18. When a new link is joined to an existing hub then the observable link identifiers of that hub must
be updated to reflect the link identifier of the new link.
19. When an existing link is removed from a remaining hub then the observable link identifiers of that
hub must be updated to reflect the removed link (identifier).
value

all: H x LI — H, rLI: H x LI & H
18: aLl(hli) as b’

pre li & obs_ Lls(h)

post obs_LIs(h") = {li} U obs_LIs(h) A non_I|_eq(h,h")
19: rLI(h'\li) as h

pre li € obs_Lls(h’) A card obs_LlIs(h")>2

post obs_Lls(h) = obs_LIs(h) \ {li} A non_l_eq(h,h")

RSL Explanation

18: The add link identifier function aLl:

% The function definition clause aLl(h,li) as h’ defines the application of alLl to a pair (h,li) to
yield an update, h’ of h.

% The pre-condition pre li & obs_ Lls(h) expresses that the link identifier li must not be observable
h.
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x  The post-condition post obs_LIs(h) = obs_LlIs(h’) \ {li} A non_I_eq(h,h’) expresses that the
link identifiers of the resulting hub are those of the argument hub except (\) that the argument
link identifier is not in the resulting hub.

19: The remove link identifier function rLI:

% The function definition clause rLI(h’,li) as h defines the application of rLI to a pair (h'|li) to
yield an update, h of h'.

x  The pre-condition clause pre li € obs_Lls(h’) A card obs_LIs(h’)>2 expresses that the link
identifier li must not be observable h.

x  post-condition clause post obs_LlIs(h) = obs_LIs(h") \ {li} A non_|_eq(h,h’) expresses that
the link identifiers of the resulting hub are those of the argument hub except that the argument

link identifier is not in the resulting hub.
End of RSL Explanation

s74

If the Insert command is of kind 2newH(h’,I,h") then the updated net of hubs and links, has

e the hubs hs joined, U, by the set {h’,h”} and

e the links Is joined by the singleton set of {I}.

If the Insert command is of kind loldH1newH(hi,|,h) then the updated net of hubs and links, has

21.1 : the hub identified by hi updated, hi’, to reflect the link connected to that hub.

21.2 : The set of hubs has the hub identified by hi replaced by the updated hub hi’ and the new
hub.

21.2 : The set of links augmented by the new link.

If the Insert command is of kind 2oldH(hi’,|,hi") then

22.1-.2: the two connecting hubs are updated to reflect the new link,

22.3 : and the resulting sets of hubs and links updated.
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int_Insert(op)(hs,ls) =

*; case op of

20 2newH(h’,1,h") — (hs U {h",h"} Is U {I}),
21 loldHInewH(hi,lh) —

21.1  let b’ = aLl(xtr_H(hihs),obs_LI(1)) in
212 (hs\{xtr_H(hihs)}U{hh'}Is U{I}) end,
22 20ldH(hi’,,hi") —

22.1 let hsd = {aLl(xtr_H(hi’,hs),obs LI(1)),

222 aLI(xtr_H(hi",hs),obs_LI(1))} in
223 (hs\{xtr_H(hi’ hs),xtr_H(hi” hs)}U hsd,Is U{I}) end
*j end

% pre pre_int_Insert(op)(hs,ls)

RSL Explanation

*i—;: The clause case op of p; — ¢, p2 — C2, ...py, — C,, end is a conditional clause.

*.: The pre-condition expresses that the insert command is semantically well-formed — which

means that those reference identifiers that are used are known and that the new link and hubs are

not known in the net.

*; + 20: If op is of the form 2newH(h',|,h” then — the narrative explains the rest;

else

*; + 21: If op is of the form loldH1newH(hi,l,h) then

x  21.1: h" is the known hub (identified by hi) updated to reflect the new link being connected to
that hub,

% 21.2:and the pair [(updated hs,updated Is)] reflects the new net: the hubs have the hub originally
known by hi replaced by h’, and the links have been simple extended (U) by the singleton set
of the new link;

Pg.198[25]
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else
e x; + 22:22: If op is of the form 2oldH(hi’,l,hi”) then
% 22.1: the first element of the set of two hubs (hsd) reflect one of the updated hubs,
* 22.2: the second element of the set of two hubs (hsd) reflect the other of the updated hubs,
* 22.3: the set of two original hubs known by the argument hub identifiers are removed and
replaced by the set hsd;
else — well, there is no need for a further ‘else’ part as the operator can only be of either of the
three mutually exclusive forms !
End of RSL Explanation
s76
23. The remove command is of the form Rmv(li) for some li.
24. We now sketch the meaning of removing a link:
a) The link identifier, li, is, by the pre_int_Remove pre-condition, that of a link, |, in the net.
b) That link connects to two hubs, let us refer to them as h’ and h’.
c) For each of these two hubs, say h, the following holds wrt. removal of their connecting link:
i. If I'is the only link connected to h then hub h is removed. This may mean that
e either one
e or two hubs
are also removed when the link is removed.
ii. If 1'is not the only link connected to h then the hub h is modified to reflect that it is no
longer connected to |.
d) The resulting net is that of the pair of adjusted set of hubs and links.
s77
value

23 int_Remove: Rmv — N = N
24 int_Remove(Rmv(li))(hs,ls) =

24a) let | = xtr_L(li)(Is), {hi’,hi"} = obs_Hls(l) in

24b) let {h’,h"} = {xtr_H(hi’,hs),xtr_H(hi" hs)} in

24c) let hs' = cond_rmv(h’,hs) U cond_rmv_H(h" hs) in
24d) (hs\{h’,h"} U hs'Is\{I}) end end end

24a) pre li € iols(ls)

cond rmv: LI x H x H-set — H-set
condirmv(li,h,hs) =

24(c)i) if obs_Hls(h)={li} then {}
24(c)ii) else {sLI(li,h)} end

pre li € obs_Hls(h)

RSL Explanation

23: The int_Remove operation applies to a remove command Rmv(li) and a net (hs,Is) and yields
a net — provided the remove command is semantically well-formed.
24: To Remove a link identifier by li from the net (hs,Is) can be formalised as follows:
* 24a): obtain the link | from its identifier li and the set of links Is, and
% 24a): obtain the identifiers, {hi’,hi"”}, of the two distinct hubs to which link | is connected;
% 24b): then obtain the hubs {h’,h”’} with these identifiers;
*  24c): now examine cond_rmv each of these hubs (see Lines 24(c)i)-24(c)ii)).
o The examination function cond_rmv either yields an empty set or the singleton set of one
modified hub (a link identifier has been removed).
24c) The set, hs’, of zero, one or two modified hubs is yielded.
That set is joined to the result of removing the hubs {h’,h"’}
and the set of links that result from removing | from ls.
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The conditional hub remove function cond_rmv
* 24(c)i): either yields the empty set (of no hubs) if li is the only link identifier inh,
% 24(c)ii): or yields a modification of h in which the link identifier li is no longer observable.
End of RSL Explanation

This ends Example 10 «

2.4 Preliminary Summary s78

So domain descriptions are both informal and formal descriptions: narratives and formalisations
of the domain as it is; no references are to be made to requirements let alone to software (being
required).

Domain descriptions can never be normative.

We should be able to foresee a time, say 10 years from now, ideally, where there are a number of
text- and reference-book like domain descriptions for a large variety of domains: air traffic, airports,
financial services institutions (banks, brokers, stock and other commodities [metal, crops, oil, etc.]
exchanges, portfolio management, credit cards, insurance, etc.), transportation (container lines,
airlines, railways, commuter bus transports, etc.), assembly manufacturing, gas and oil pipelines,
health care, etc.

But although these domain descriptions should represent quite extensive and detailed models
they are only indicative. Any one software house which specialises in software (or, in general IT
systems) within one (or more) of these domains will, when doing their requirements engineering
tasks do so most likely on instantiated, i.e., modified, such domain descriptions.

We will never be able to describe a domain completely.

2.5 Structure of Book s81

In Sect. 3 we motivate why creating and analysing domain models is a necessity for requirements
development — as well as, in general, for that of just plainly understanding the man-made world
around us.

Key issues of abstraction and modelling need be identified and briefly discussed. This is done
in Sect. 4.

In describing domains, in prescribing requirements and in specifying software we must somehow
structure our narratives and our formalisations. One way of doing so is around the dual concepts
of entities and behaviours and of functions and events. This specification ontology is outlined in
Sect. 6.

Sections 7 and 8 constitute the two major sections of this paper.

In Sect. 7 we outline and exemplify domain modelling terms of six facets of, i.e., ways of viewing
a domain. These facets are (i) the intrinsics, (ii) the support technologies, (iii) the management
and organisation, (iv) the rules and regulations, (v) the scripts and (vi) the human behaviour —
as these facets cast different, revealing light on the domain. We consider our emphasis on domain
engineering and especially the identification of these facets and the principles and techniques for
their description to be a contribution.

In Sect. 8 we show how major aspects of requirements can be systematically “derived” from
the domain description. We put double quotes around ‘derived’ so that we can emphasise that the
derivation cannot be automated. But major assists can be made in formally relating the result-
ing domain- and interface requirements prescriptions to the domain description. From Sect. 8 it
therefore transpires that we structure our requirements prescriptions into three parts: (i) domain
requirements prescriptions, (ii) interface requirements prescriptions and (iii) machine requirements
prescriptions. The former, (i), are those requirements which can be expressed solely using terms
from the domain. The latter, (iii), are those requirements which, in principle, can be expressed
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solely using terms from the machine, that is, the hardware and the software being required. Inter-
face requirements are those which are concerned which phenomena and concepts that are shared
between the domain, the environment of the machine, and the machine. Thus interface require-
ments are expressed using terms from both the domain and the machine. For domain requirements
we identify a number of “derivation” operators: projection, instantiation, determination, extension
and fitting. And for interface requirements we structure these around requirements for the initial-
isation and refreshment of shared entities, requirements for interactive computations of shared
functions, and so forth.

We consider our emphasis on the “derivation” of requirements and especially the identification
of these principles and techniques of both domain and interface requirements to be a contribution.

In Sect. 9 we conclude. Our conclusion includes an outline of future research.

| MORE TO COME |

Appendix A presents an ultra-short introduction to the RAISE formal Specification Language RSL
[17-19,61,62,64].

2.6 Exercises

See Ttems 1-2 (of Appendix D, starting Page 229).
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Motivation for Domain Descriptions

s82
There are two basic reasons for creating domain descriptions. One is general and is related to
the understanding of the world around and, to some extent, within us; the other is in relation to
the development of IT systems, notably software.

3.1 Domain Descriptions of Infrastructure Components $83

We use here a term, ‘infrastructure’, that we ought first define.

according to the World Bank, ‘infrastructure’™. is an umbrella term for many activities referred
to as ‘social overhead capital’ by some development economists, and encompasses activities that
share technical and economic features (such as economies of scale and spill-overs from users to
non-users).?

We take a more technical view, and see infrastructures as concerned with supporting other
systems or activities.

A first reason for pursuing the research and experimental engineering of domain descriptions
— both informal narratives and formal specifications — is to achieve understanding, insight and,
eventually, theories of domains being thus described.

A second reason for domain engineering is to create, not necessarily normative models, but
models which can be instantiated to fit a current constellation of a number of these institutions
with the aim of studying possible business process re-engineering proposals, yes even to generate
such proposals, see Sect. 8.5, or with the aim of software development, see Sect. 3.2.

A third reason for domain engineering is to create (again not necessarily normative) descriptions
whose narrative parts can be used in company training and in school education,

3.2 Domain Descriptions for Software Development $87

The reasons given in Sect. 3.1 are independent of whether one aims at developing software for a
segment of the described domain or not.

But, a reason for pursuing the research and experimental engineering of domain descriptions
can, nevertheless be that one wishes to develop software support for entities, operations, events
and behaviours and in the supporting technologies, management and organisation, rules and
regulations, scripts and the possible human behaviours (that is, the business processes)

So here is the dogma that guides us:

'Winston Churchill is quoted as having said, in the House of Commons, in 1946: . .. the young Labourite
speaker, that we just heard, obviously wishes to impress his constituency with the fact that he has attended
FEton and Oxford when he uses such modern terms as ‘infrastructure’ . ..

2T thank Jan Goossenarts for bringing the text of this paragraph to my attention.
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Dogma 1 — The D, S = R Dogma: Before Software can be designed we must understand the
Requirements, and before Requirements can be expressed we must understand the Domain. =

This dogma entails that we decompose software development into three phases and their attendant
stages:

Domain Engineering: identification of domain stake-holders, domain acquisition, rough sketch
of business processes, domain analysis and concept formation, domain ‘terminologisation’,
the main stages of domain modelling (intertwined with domain model verification), domain
validation and domain theory formation.

Requirements Engineering: identification of requirements stake-holders, requirements acqui-
sition, rough sketch of business process re-engineering, requirements analysis and concept
formation, requirements ‘terminologisation’, the main stages of requirements modelling
(intertwined with requirements model verification), requirements validation, requirements
feasibility and satisfiability and requirements theory formation.

Software Design: etcetera.

We shall later show how the requirements acquisition stage is basically a rough sketch version of
the the main stages of requirements modelling.

3.3 Discussion 592

The dogma as enunciated above is not “dogmatic”.

Engineers of the classical engineering disciplines are all rather deeply educated and trained in
the domains of their subject: electronic chip designers are well-versed in plasma physics; aeronau-
tical engineers are well-versed in aerodynamics, and celestial mechanics; mobile phone antenna
designers, whether emitters or receivers, are well-versed in applying (“massaging” and calculating
over) Maxwell’s equations; et cetera.

No pharmaceutical company would hire a person into their research and development of new
medical drugs unless that person had a serious, professional education and training in the scientific,
i.e., in the domain disciplines of pharmaceutics. Likewise for structural engineers hired to design
suspension or other forms of road and rail bridges: certainly they must be well-versed in structural

engineering.
For a software engineer — to be deployed in the development of software for transportation,
or for financial service institutions, or for health care, etc. — to be well-versed in the theories of

automata and formal languages, semantics of programming and specification languages, operating
systems, compilers, database management systems, etc., is accepted — but what is also needed is
an ability to either read existing or to develop new domain descriptions for the fields of respectively
transportation, financial service institutions, health care, or similarly.
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Abstraction & Modelling

s95

4.1 Abstraction

Abstraction relates to conquering complexity of description through the judicious use of abstrac-
tion, where abstraction, briefly, is the act and result of omitting consideration of (what would then
be called) details while, instead, focusing on (what would therefore be called) important aspects.

4.1.1 From Phenomena to Concepts $96

Phenomena are “things” that we can point to. They are often referred to as ‘individuals’ since
what is pointed to is a single specimen of possibly many “similar” instances of phenomena. We can
then, when “figuratively pointing to” an individual (a phenomenon), either keep “talking about”
just that one individual, or we can ‘abstract’ to the class of all ‘similar’ phenomena. When we do
the latter then we have abstracted from a phenomenon, that is, a specific value, to a concept, i.e.,
to the type of all such values.

4.1.2 From Narratives to Formalisations s97

We describe domains both informally, in terms of concise natural language narratives, and formally,
using one or more formal specification languages. The terms of the natural language narrative
designate concepts nouns typically denoting types and values of simple entities; verbs typically
denoting operations over entities; etcetera. These terms are chosen carefully to correspond, as far
as is reasonable in order to achieve a readable natural language text, to names of types, values,
operations, etc., of the formal specification.Thus there is, in fact, a “two-way relation” between the
choice of mathematical abstractions of the formal specification and the terms of the narrative; the
objective is to bring “an as close as possible” relation between the narrative and the formalisation.

4.1.3 Examples of Abstraction s99

Example 10 illustrated two forms of abstraction: (i) model-oriented abstraction and (ii) property-
oriented abstraction.

The model-oriented abstraction of Example 10 is illustrated by the modelling of nets as pairs
of sets of hubs and links, cf. Item 2 on page 9: N = H-set x L-set, as well as by the concrete type
syntax types of link insertion and remove commands and their semantics, Items 9-24d (Pages 11—
16).

The property-oriented abstraction of Example 10 is illustrated by the sorts and observers
relating to hubs and links, cf. Items 1 on page 9, 3-8 (Pages 10-11).

In this section we shall give some small examples of abstractions.
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Example 11 - Model-oriented Directory:

25. Terminal directory entries are files and files are further undefined.
26. A directory consists of a finite set of uniquely (directory identifier) distinguished entries.
27. A directory is either a file or is a directory.

type

25. FILE, DId

26. DIR = Did  Entry
27. Entry = FILE | DIR

Directories are modelled as maps. The specification abstracts from representation of directory identifiers
and files. .

Example 12 — Networked Social Structures: People live in communities. People of communities
may network with people of distinct other communities. And people of such network may network with
people of distinct other networks. We formulate this in a narrative and we formalise the narrative.

28. People are at the heart of any social structure.
29. A region consists of a finite set of one or more communities and a finite set of zero, one or more
social networks.
30. A community consists of a non-empty, finite set of people.
31. A social network consists of a non-empty, finite set of two or more people, such that
a) all people of a network belong to distinct communities of the region, (i.e., no two people of a
net belong to the same community),
b) and, if they also are members of other networks, then they all belong to distinct other networks
(i-e., no two people of a network belong to the same other networks),

type
28. P
29. R'= C-set x N-set, R = {|(cs,ns):R'ecs#{}|}
30. C' = P-set, C = {|c:C'ec£{}[}
31. N' == mkN(sn:P-set), N = {|mkN(ps):N’scard ps>2|}
axiom
¥ (cs,ns):R e

3la. VniNen € ns =
card n = card{c[c:Cec e cs AnnNc# {}} A
31b. JpPepenA
InNen cnsAn#’ Apen =
VpPepen=
In":Nen"€nsAn#n”" Apen’ A
card n’ = card{n”|n":Nen"” € ns A n" N n" £ {}}

Formula line cardn=card{c|c:CecEcsAnNc#{}}, the first of the two lines starting with card, expresses
that the number of persons in the network is the same as the number of the communities to which
these persons belong. The fact that nNc#{} can be proven to be the same as card(nNc)=1 is left as
an exercise.

Formula line cardn’=card{n"|n":Nen"€nsAn”N n'#A{}}, the second of the two lines starting with
card, expresses that the number of persons in the network for the case that at least one of the persons
in the network is a member of some other network, is the same as the number of the networks to
which all other persons of the n must belong. The fact that nNn’#{} can be proven to be the same
as card(n”Nn’)=1 is left as an exercise. .

Example 13 - Railway Nets: We bring a variant of Example 10.



32.

33.

34.

35.

36.

37.

38.

39.

40.

4.1 Abstraction 25
A railway net consists of one or more lines and two or more stations.

type
32. RN, LI, ST
value
32. obs_Lls: RN — LlI-set
32. obs STs: RN — ST-set
axiom
32. V n:RN - card obs_Lls(n) > 1 A card obs_STs(n) > 2

s106
A railway net consists of rail units.
type
33. U
value
33. obs_Us: RN — U-set
A line is a linear sequence of one or more linear rail units.
axiom
34. V n:RN, I:LI « | € obs_LlIs(n) = lin_seq(l)
s107
The rail units of a line must be rail units of the railway net of the line.
value
34. obs Us: LI — U-set
axiom
35. V n:RN, I:LI « | € obs_LlIs(n) = obs_Us(l) C obs_Us(n)
A station is a set of one or more rail units.
value
36. obs_Us: ST — U-set
axiom
36. V n:RN, s:ST « s € obs_STs(n) = card obs_Us(s) > 1
108
The rail units of a station must be rail units of the railway net of the station. )
axiom
37. V n:RN, s:ST s € obs_STs(n) = obs_Us(s) C obs_Us(n)
No two distinct lines and/or stations of a railway net share rail units.
axiom
38. V n:RN,LI:LIs{l,I'}Cobs_ Lls(n)Al£l'=0bs_Us(I)N obs_Us(I')={}
38. V n:RN,[:LI,s:STel € obs_LIs(n)As € obs_STs(n)=-obs_Us(I)N obs_Us(s)={}
38. V n:RN,s,s:STe{s,s'}Cobs_STs(n)As#s'=obs_Us(s)N obs_Us(s')={}
s109

A station consists of one or more tracks.

type

39. Tr
value

39. obs Trs: ST — Tr-set
axiom

39. V s:STecard obs_Trs(s)>1

A track is a linear sequence of one or more linear rail units.
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axiom
40. V n:RN,s:ST,t:Tres € obs_STs(n)At € obs_ Trs(s)=lin_seq(t)
Lo . i s110
No two distinct tracks share rail units.

axiom
41. V n:RN,s:ST,t,t":Tres € obs_STs(n)A{t,t'}Cobs_ Trs(s)At#t'=obs_Us(t) N obs_Us(t')={}

The rail units of a track must be rail units of the station (of that track).

value
42. obs Us: Tr — U-set
axiom
42. V rn:RN,st:ST,tr:'TR
st € obs_STs(rn)Atr € obs_ Trs(st)=-obs_ Us(tr)Cobs_ Us(st)

A rail unit is either a linear, or is a switch, or a is simple crossover, or is a switchable crossover,
etc., rail unit.

value
43. is_Linear: U — Bool
43. is_Switch: U — Bool
43. is_Simple_Crossover: U — Bool
43. is_ Switchable Crossover: U — Bool

A rail unit has one or more connectors.

type
44. K
value
44. obs_Ks: U — K-set

A linear rail unit has two distinct connectors. A switch (a point) rail unit has three distinct con-
nectors. Crossover rail units have four distinct connectors (whether simple or switchable), etc.

axiom
YVouU e
is_Linear(u) = card obs_Ks(u)=2A
is_ Switch(u) = card obs_Ks(u)=3A
is_Simple_ Crossover(u) = card obs_ Ks(u)=4A
is_ Switchable Crossover(u) = card obs_Ks(u)=4

For every connector there are at most two rail units which have that connector in common.

axiom
46. ¥V n:RN « V k:K « k € U{obs_Ks(u)|u:Usu € obs_Us(n)}
=-card{u|u:Ueu € obs_Us(n)Ak € obs_Ks(u)}<2

Every line of a railway net is connected to exactly two distinct stations of that railway net.

axiom
47. ¥ n:RN,I:LL+ | € obs_Lls(n) =
35,:ST + {s,s'} C obs_STs(n) A s#s’ =
let sus=obs_ Us(s),sus’=obs_Us(s'),lus=obs_Us(l) in
Fu,u' ,u”’ WU e u € sus A
u €sus’ A {u”" "'} Clus =
let sks = obs_Ks(u), sks’ = obs_ Ks(u’),
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lks = obs_Ks(u"), lks’ = obs_Ks(u") in
Ak, k':Kok£k Asks M Tks={k}Asks' N Iks'={k'}
end end

48. A linear sequence of (linear) rail units is an acyclic sequence of linear units such that neighbouring
units share connectors.

value
48. lin_seq: U-set — Bool
lin_seq(us) =
YV u:U e u € us = is_Linear(u) A
3 q:U* e len g = card us A elems q = us A
Vi:Nat « {i,i+1} Cinds g = 3 k:K « obs_Ks(q(i))
len g > 1 = obs_ Ks(q(i)) N obs_Ks(q(len q)) = {}
This ends Example 13

Example 14 — A Telephone Exchange:

The example is “borrowed” — in edited form — from J.C.P. Woodcock and M. Loomes’ book
Software Engineering Mathematics [146]*

We start the informal description by presenting a synopsis and its immediate analysis:

e Synopsis: The simple telephone exchange system serves to efficiently honour requests for con-
ference calls amongst any number of subscribers, whether immediately connectable, whereby they
become actual, or being queued, i.e., deferred (or pending) for later connection.

e Analysis: The concepts of subscribers and calls are central: In this example we do not further
analyse the concept of subscribers. A call is either an actual call, involving two or more subscribers
not involved in any other actual calls, or a call is a deferred call, i.e., a requested call that is not
actual, because one or more of the subscribers of the deferred call is already involved in actual calls.
We shall presently pursue the concepts of requested, respectively actual calls, and only indirectly
with deferred calls.

The structure of the types of interest are first described. We informally describe first the basis types,
then their composition. (i) Subscribers: There is a class (S) of further undefined subscribers. (ii)
Connections: There is a class (C) of connections. A connection involves one subscriber, the ‘caller’,
and any number of one or more other subscribers, the ‘called’. (iii) Exchange: At any time an exchange
reflects (i.e., is in a state which records) a number of requested connections and a number of actual
connections (a) such that no two actual connections share any subscribers, (b) such that all actual
connections are also requested connections, and (c) such that there are no requested calls that are
not actual and share no subscribers in common with any other actual connection. (That is: The actual
connections are all that can be made actual out of the requested connections. This part addresses the
efficiency issue referred to above.) (iv) Requested connections: The set of all requested connections for
a given exchange forms a set of connections. (v) Actual connections: The set of all actual connections,
for a given exchange, forms a subset of its requested connections such that no two actual connections
share subscribers.

In this example we shall also be able to refer to the exchange, later to be named X, as ‘the state’
(of the telephone exchange system). We shall later have a great deal more to say about the concept
of state.

!Permission to “lift” this example (converting it, however, from Z into RAISE, and providing it with
a property-oriented solution) has been granted by Prof., Dr J.C.P. Woodcock (February 28, 2001).
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Formalisation of Property-oriented State s121

type
S, C X

value
obs_Caller: C — S
obs Called: C — S-set
obs Requests: X — C-set
obs Actual: X — C-set

subs: C — S-set
subs(c) = obs_ Caller(c) U obs_ Called(c)

subs: C-set — S-set
subs(cs) = U { subs(c) |cCec €cs}

The overloaded function name subs stands for two different functions. One observes (“extracts”) the
set of all subscribers said to be engaged in a connection. The other likewise observes the set of all
subscribers engaged in any set of connections. We shall often find it useful to introduce such auxiliary
functions.

axiom

[1] VcaC, IsSe

[2] s = obs_Caller(c) = s ¢ obs_ Called(c),
[3] Vx:X

[4] let rcs = obs_Requests(x),

[5] acs = obs_ Actual(x) in

[6] acsCres A

[7] Ve Cec#c A{cc} Cacs=

[8]  obs_Caller(c) # obs_Caller(c’) A

[9] obs_Called(c) N obs_Called(c’) = {} A
[10] ~JcCececrcs)\ acse

[11] subs(c) N subs(acs) = {} end

Let us annotate the above specification. [1] For all connections there exists a subscriber such that [2]
the subscriber is a caller, but not a called subscriber. [3] For all telephone exchanges (i.e., telephone
exchange states), [4-5] let us observe the requested and the actual connections. [6] The actual ones
must also be requested connections, and [7] for any two different actual connections, [8] their callers
must be different, [9] the callers and the ones called cannot share subscribers, and [10] there must not
be a requested, but not actual connection [11] which could be an actual connection. That is all such
connections must have some subscriber in common with some actual connection.

The last two lines above express the efficiency criterion mentioned earlier.

We can express a law that holds about the kind of exchanges that we are describing:

theorem
V x:X e
obs_Actual(x)={} = obs_Requests(x)={}

The law expresses that there cannot be a non-empty set of deferred calls if there are no actual calls.
That is, at least one deferred call can be established should a situation arise in which a last actual call
is terminated and there is at least one deferred call.

The law is a theorem that can be proved on the basis of the telephone exchange system axioms
and a proof system for sets.
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Operation Signatures 5126

The following operations, involving telephone exchanges, can be performed: (i) Request: A caller indi-
cates, to the exchange, the set of one or more other subscribers with which a connection (i.e., a call)
is requested. If the connection can be effected then it is immediately made actual, else it is deferred
and (the connection) will be made actual once all called subscribers are not engaged in any actual
call. (ii) Caller_Hang: A caller, engaged in a requested call, whether actual or not, can hang up, i.e.,
terminate, if actual, and then on behalf of all called subscribers also, or can cancel the requested (but
not yet actual) call. (iii) Called_Hang: Any called subscriber engaged in some actual call can leave
that call individually. If that called subscriber is the only called subscriber (“left in the call”), then the
call is terminated, also on behalf of the caller. (iv) is_Busy: Any subscriber can inquire as to whether
any other subscriber is already engaged in an actual call. (v) is_Called: Any subscriber can inquire as
to the identities of all those (zero, one or more) callers who has requested a call with the inquiring
subscriber.

First the signatures:

value
newX: Unit — X
request: S x S-set — X — X
caller hang: S — X 5 X
called_hang: S — X 5 X
is _busy: S — X — Bool
is_called: S — X — Bool

The generator function newX is an auxiliary function. It is needed only to make the axioms cover all
states of the telephone exchange system. In a sense it generates an empty, that is, an initial state.
Usually such empty state generator functions are “paired” with a similar test for empty state observer
function.

Then we get the axioms:

axiom
V x:X ¢ obs_ Requests(x)={} = x=newX(),
Y x:X,s,s:S,ss:S-set ¢
~is_ busy(s,newX()) A
s#s =
s € ss = is_busy(s)(request(s’,ss)(x)) A
s & ss = is_busy(s)(request(s’,ss)(x)) = is_busy(s)(x),
... etcetera ...

We leave the axiom incomplete. Our job was to illustrate the informal and formal parts of a property-
oriented specification, not to do it completely.

Model-oriented State 5132
type

S

C ={] ss | ss:S-set * card ss > 2 |}

R = C-set

A = C-set

X={l(ra) | (ra)RxA+aCrAaNa={}[}
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Efficient States 5133

There is a notion of telephone exchange system efficiency, a constraint that governs its operation,
hence the state, at any one time. The efficiency criterion says that all requested calls that can actually
be connected are indeed connected:

value
eff X: X = Bool
eff X(ra)=~3a"Acaca A(ra)eX

Formalisation of Action Types s134

type
Cmd = Call | Hang | Busy
Call' == mk_Call(p:S,cs:C)
Call = {| c:Call’ » card cs(c) > 1}
Hang == mk_ Hang(s:S)
Busy == mk_ Busy(s:S)

Pre/Post and Direct Operation Definitions s135

We shall, for each operation, define its meaning both in terms of pre/post conditions and in terms of
a direct “abstract data type algorithm”.

Multi-party Call 5136

A multi-party call involves a (primary, s) caller and one or more (secondary, ss) callees. Enacting such
a call makes the desired connection a requested connection. If none of the callers are already engaged
in an actual connection then the call can be actualised. A multi-party call cannot be made by a caller
who has already requested other calls.

value
int_Call: Call 5 X 5 X
int_ Call(mk__Call(p,cs))(r,) as (r',a")

prep ¢ Ur
post r' = r U {{p} U cs} A eff_X(r',a")

int_ Call(mk_Call(p,cs))(r,a) =
let ' = r U {{p} Ucs},
2 =aUif ({{p} Ucst N U a) = {}
then {{p} U cs} else {} end in
(r',a’) end

pre p & U

The above pre/post-definition (of int_Call) illustrates the power of this style of definition. No algo-
rithm is specified, instead all the work is expressed by appealing to the invariant!

Call Termination 5138

It takes one person, one subscriber, to terminate a call.
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value
int_Hang: Hang — X & X
int_Hang(mk_Hang(p))(r,a) as (r',a")
preexistScCeccaAp€Ea
postr' =r\ {clcCecerApec}eff X(a)

int_Hang(mk_Hang(p))(r.a) =
letr'=r\{c|cCeccanpec}
a’=a\{c|cCescernpecct}in
leta’ =a’U{c|cCecerAcNa ={}}in
(r,a") end end
pre existScCececaApeEa

The two ways of defining the above int__Hang function again demonstrate the strong abstractional
feature of defining by means of pre/post-conditions.

Subscriber Busy s139

A line (that is, a subscriber) is only ‘busy’ if it (the person) is engaged in an actual call.

value
int_Busy: S — X = Bool
int_ Busy(mk_Busy(p))(_,a) as b
pre true
post if bthenp € Jaelse p ¢ | a end

int_Busy(mk_Busy(p))(_.a)=pelJa

Here, perhaps not so surprisingly, we find that the explicit function definition is the most straightforward.
This ends Example 14

4.1.4 Mathematics and Formal Specification Languages s140

Using mathematical concepts has shown to be the most powerful way of expressing abstractions.
The discrete mathematical concepts of sets, Cartesians, sequences, maps, that is, enumerable
functions and functions, as well as mathematical logic and algebras has served mathematicians
well for quite some time and will serve professional software engineers well.
Formal specification languages, like Alloy [90], Event B [1,33], RSL [17-19,61,62,64], VDM
[26,27,55,56], Z [77,78,137,138,145] and others, embody the above-mentioned mathematical
concepts in quite readable forms. The current book favours the RAISE specification language RSL.
The first use of the RSL notation was in Example 10 starting Page 9. That first use of RSL will be
extensively annotated and with margin references to sections and pages of Appendix A.

4.2 Modelling s142

Definition 7 Model: A model is the mathematical meaning of a description of a domain, or a
prescription of requirements, or a specification of software, i.e., is the meaning of a specification
of some universe of discourse. .

Definition 8 Modelling: Modelling is the act (or process) of identifying appropriate phenomena
and concepts and of choosing appropriate abstractions in order to construct a model (or a set of
models) which reflects appropriately on the universe of discourse being modelled. =
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4.2.1 Property-oriented Modelling s144

Definition 9 Property-oriented Modelling: By property-oriented modelling we shall under-
stand a modelling which emphasises the properties of what is being modelled, through suitable use
of abstract types, that is, sorts, of postulated observer (obs_ ), generator (mk_ ) and type checking
(is_) functions, and axioms over these. .

4.2.2 Model-oriented Modelling s145

Definition 10 Model-oriented Modelling: By abstract, but model-oriented modelling we shall
understand a modelling which expresses the properties of what is being modelled, through suitable
use of mathematical concepts such as sets, Cartesians, sequences, maps (finite domain, enumerable
functions), and functions (in the sense of A-Calculus functions). .

4.3 Model Attributes 146

Specifications achieve their intended purpose by emphasising one or more attributes. Either: (i.1)
analogic, (i.2) analytic and/or (i.3) iconic; and then either: (ii.1) descriptive or (ii.2) prescriptive;
and finally either: (iii.1) extensional or (iii.2) intensional. That is, a model may, at the same
time (although time has nothing to do with this aspect of models), be one or more of analogic,
analytic and iconic; expressed either only descriptive, or mostly descriptive (with some prescriptive
aspects), or only prescriptive, or mostly prescriptive (etc.); and expressed either only extensional,
or mostly extensional (with some aspects), or only intensional, or mostly intensional (etc.). We
may claim that a good model blends the above consciously and judiciously — including featuring
exactly (or primarily) one attribute from each of the three categorisations. We next take a look
at these model attributes.

4.3.1 Analogic, Analytics and lconic Models s148

Definition 11 Analogic Model: An analogic model resembles some other universe than the uni-
verse of discourse purported to be modelled. .

Definition 12 Analytic Model: An analytic model is a mathematical specification: It allows
analysis of the universe of discourse being modelled. =

Definition 13 Iconic Model: An iconic model is an “image” of the universe of discourse that is
the target of our attention. .

Example 15 - Analogic, Analytic and Iconic Models: We lump three kinds of examples into
one larger example:

e Analogic models: (1) The symbol, on the visual display screen of your computer, of a trash can,
denoting an ability to delete files.2 (2) A four-pole, electric circuit network of resistors, inductances,
capacitors and current or voltage supplies can be used to analogically model some aspects of the
behaviour of certain mechanical vibration and/or spring dampening aggregations. (3) A tomographic
image of, say the brain, with its colour-enhanced “blots” is an analogic model of a cross section of
that brain!

2Thus Macintosh systems, although undoubtedly so-called “user-friendly”, got the concept name
wrong: The Macintosh ‘trash can’ symbol is not an icon! It is an analogic!
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e Analytic models: (4) The differential equations whose variables model spatial x,y, z coordinates
and the temporal ¢ dimension, and whose constant, m, model the mass of a stone, may be an
analytic model of the dynamics of the throwing of such a stone in a vacuum. (5) A description,
in RSL, involving quantities that purport to model bank accounts, their balance, time, etc., may
be an analytic model of a banking system — in the real world — provided the model reflects at
least “some of the things that can go wrong” in actual life. (6) A graph with labelled nodes and
weighted arcs may be used as a model of a road net with cities and distances between these, and
can be used for the computation of shortest distances, etc.

e Iconic models: Typical iconic models are certain advisory or judicially binding traffic signs: (7) The
roadside sign showing, typically in Sweden, an Elk, denoting that elks may be crossing the road
ahead at any time; (8) the roadside sign showing an automobile (from behind) "underlined"
with two crossing S curves, denoting that the road surface ahead may be slippery and hence
that automobiles may spin out of control; and (9) the roadside sign showing a crossed-out horn,
denoting that use of the automobile horn is not allowed.

Observe that a model may possess characteristics of more than one of the above attributes. .

4.3.2 Descriptive and Prescriptive Models s152

Definition 14 Descriptive Model: A descriptive model® describes something already existing.

Definition 15 Prescriptive Model: A prescriptive model* models something as yet to be im-
plemented. .

Thus domain specifications are descriptive, while requirements specifications are prescriptive. A re-
quirements specification prescribes properties that the intended software (cum computing system)
shall satisfy. A software specification prescribes certain kinds of computations.

We remind the reader that we use the terms model and specification near synonymously. A
specification defines a set of zero, one or more, possibly even an infinity, of models. But we use
the term the model in connection with a given specification to stand for the general member of
the set of models. Hence when we use the term model below, please read specification.

Example 16 — Descriptive and Prescriptive Models: A descriptive model: A railway net consists
of two or more distinct stations and one or more distinct railway lines. A railway line consists of a
linear sequence of one or more linear rail units. Any railway line connects exactly two distinct stations.
A route is a sequence of one or more, and if more, then connected railway lines. Two railway lines are
connected if they have the connecting station in common.

A prescriptive model: The train timetable shall, for each train journey, list all station visits. A train
timetable station visit shall list the name of the station visited, the time of arrival of the train, the time
of departure of the train. No train timetable train journey entry lists the same station twice. Times
of train departures and train arrivals shall be compatible with reasonable stops at stations and with
the distance between stations visited. Two immediately time-consecutive train timetable station visits
must be compatible with the railway net: It shall be possible to route a train between such consecutive
stations. u

Notice in the descriptive model the unhedged use of the verbs consists, connects, is and are. A
description is indicative:® It tells what there is. Likewise notice in the prescriptive model the use
of the (compelling) verbs shall and must. A prescription is putative: ¢ It tells what there will be.

3 Descriptive: factually grounded or informative rather than normative, prescriptive, or emotive [139].

* Prescriptive: to lay down a rule [139].

SIndicative: of, relating to, or constituting a verb form or set of verb forms that represents the denoted
act or state as an objective fact [139].

6 Putative: of “putare” to think, assumed to exist [139)].
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4.3.3 Extensional and Intensional Models s158

Definition 16 Eztensional Model: An extensional model” (black, opaque box) presentation
models something as if observed by someone external to the universe of discourse. =

Definition 17 Intensional Model: An intensional model® in logic, correlative words that in-
dicate the reference of a term or concept. Intension indicates the internal content of a term or
concept that constitutes its formal definition. . .

Intensional versus extensional meaning: (i) intensional meaning: consists of the qualities or at-
tributes the term connotes (the attributes of class membership); (ii) extensional meaning: consists
of the qualities or attributes the term denotes (the class members themselves).

Connotation: the suggesting of a meaning by a word apart from the thing it explicitly names
or describes.

Denotation: a direct specific meaning as distinct from an implied or associated idea. (glass (or
white), transparent box) presentation models the internal structure of the universe of discourse

An extensional model presents, i.e., reflects, the behaviour as seen from an outside. In that sense
one may claim, but the claim cannot be justified from extensionality alone, that an extensional
model focuses on properties, on what the thing that is being modelled offers an outside world, i.e.,
users of that thing. If a model is expressed in a property-oriented style, then we can claim the
converse: that the model is extensional!

An intensional model presents the internal mechanisms of what is being modelled in a way
that may explain why it has the extension that it might have.

The subject of intension and extension, in mathematical logic as well as in philosophy, is not a
closed book. It is still very much subject to analysis, redefinition, rethinking. In this paper we shall
restrict ourselves to the views expressed above. Extension is the “black box” view of observing
only externally perceivable properties of what is being specified. Intension is the “glass box” view
of observing some, most or all of the inner workings of what is being specified.

Example 17 - Extensional Model Presentations: (1) To explain the square root function, \/n =
r, by explaining that 7 x r =n A r > 0 is to give an extensional definition, hence model.

(2) To explain a stack extensionally we may define (a) the stack sorts for elements and stacks, (b)
the signatures of the empty, pop, top and push functions, and (c) the axioms which relate sorts and
operations. .

Example 18 - Intensional Model Presentations: (1) To explain the square root function, v/n,
by presenting, e.g., the Newton—Raphson algorithm ([121] pp. 230, 347, 355 and 360), is to give an
intensional definition, hence model.

(2) An intensional model of stacks may model stacks as lists of (extensionally modelled) elements,
and define the (i) empty, (i) pop, (iii) top, and (iv) push functions in terms of (i) constructing the
empty list, of (ii) yielding the tail of a list, of (iii) yielding the head element of a list, and (iv) of
concatenating a supplied element to the front of the list. .

4.4 Roéles of Models 5163

We pursue modelling for one or more reasons:

(i) To gain understanding: in the process of modelling we are forced to come to grips with
many issues of the universe of discourse.

(ii) To get inspiration and to inspire: abstraction often invites such generalisations that induce,
in the writer, or in the reader, desires of change.

(iii) To present, educate and train: a model can serve as the basis for presentations to others
for the purposes of awareness, education or training.

" Extensional: concerned with objective reality.
8 Intensional: TBD
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(iv) To assert and predict: a mathematical, including a formal model, usually allows abstract
interpretation — in the “vernacular”: calculations, computations — that simulates, estimates or
otherwise expresses potential properties of the universe of discourse.

(v) To implement: two kinds of implementations can be suggested: in business process re-
engineering we propose the re-engineeringof some domain on the basis of a model and in computing
systems design we base the development of requirements on a domain specification and we base
software design on requirements.

4.5 Exercises

See Items 3—4 (of Appendix D, starting Page 230).
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Semiotics

s165

5.1 An Overview

The following decomposition of language concepts and their explication is taken from [6]. The
syntax-semantics-pragmatics sub-structuring is believed to be due to Morris [34-36,108,109, 147].
In fact, the term ‘semiotics’, as we use it, is really to be taken in its widest meaning [37].

Definition 18 — Semiotics: Semiotics is the study of and knowledge about the structure of all
‘sign systems’. We divide this study (and our knowledge) into three parts: syntax, semantics and
pragmatics. =

Conventional natural language as spoken (written) by people is but one ‘sign’ system. Examples
of sign systems are sound (audio), sight (visual), touch (tactile), smell and taste — and in all
contexts: dance, film, politics, eating and clothing [37].

Definition 19 — Syntax: Syntax is the study of and knowledge about how signs (words) can be
put together to form correct sentences and of how sentence-signs relate to one another. .

We shall understand signs (words) and sentences in a wide sense. Programs in a programing lan-
guages and specifications in a formal specification language will here be considered to be sentences.
and variable and function identifiers (a, ab, id, fct, etc.); constants (0, 1, 2, ..., true, false, chaos,
etc.); expressions and statements; statement and expression symbols (such as value operators
(+,—,/, %, X, —, etc.), and dom, rng, elems, len, card) etc.; type operators (Boolean, integer,
real, char, string, etc., and -set, -infset, *, ¥, —, =, ., x); parentheses ((,),{,},[,] etc.);
comma (,); semicolon (;); assignment symbols (:=, =, «); definition symbols (=, ::=) etc.) and
literals (such as begin, end, let, in, cases, of, while, do, type, value, axiom, etc.) will here be
considered words.

But also diagrams, say technical drawings and actual layout of, for example, buildings and
railway tracks, will be considered sentences, and the boxes and lines of diagrams, and the various
visual (proper) sub-components of actual physical phenomena will be considered words. That is, we
consider phenomena such as geographical and geodetic maps; buildings, and their “accompanying”
architectural and engineering drawings; railway tracks (lines and stations) and their “accompany-
ing” engineering drawings; cities and city plans; etc., as languages [5]. GIS and CAD/CAM systems
thus translate descriptions of such phenomena into database structures and GIS and CAD/CAM
system user commands are compiled and executed as language programs in the context of these
databases.

We define syntaxes in terms of either BNF grammars or RSL types. We distinguish between syn-
tactic types and semantic types. The syntactic types designate sentences and words. The semantic
types designate meanings (of sentences and words).

acm-semiotics
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38 5 Semiotics

Definition 20 — Semantics: Semantics is the study of and knowledge about the meaning of
words, sentences, and structures of sentences. .

Let

type
SynType, SemType

designate syntactic, respectively semantic types. Then

value
M: SynType — SemType

presents the signature of a semantic function M. It assumes all syntactic inputs to be well-formed.
If the syntax of SynType is such as to allow ill-formed sentences, then we must define a well-
formedness function:

value
Wif_SynType: SynType — Bool

and the signature of M must be sharpened:

value
M: SynType = SemType

Definition 21 — Pragmatics: Pragmatics is the study of and knowledge about the use of words,
sentences and structures of sentences, and of how contexts affect the meanings of words, sentences,
etc. .

5.2 Syntax s173

We recall our definition: syntax is the study of and knowledge about how signs (words) can be
put together to form correct sentences and of how sentence-signs relate to one another.

We shall divide our presentation of syntax into three parts: (i) BNF grammars, (ii) concrete
type syntax and (iii) abstract type syntax. These three are just three increasingly more abstract
ways of dealing with syntax.

The subject of syntax goes well beyond our software engineering treatment. The computer
science topic of formal languages and automata theory studies far wider consequences of gram-
mars and syntax than we cover. Seminal books are [83]! The computing science topic of regular
expression recognizers and context free language parsers likewise goes well beyond our coverage —
and their study is important for the software engineer to implement efficient software for language
handling. Seminal books are [4].2

BNF grammars define sets of strings of characters; concrete type syntaxes define sets of math-
ematical structures (numbers, Booleans, sets, Cartesians, maps and functions over concrete type
values); and abstract type syntaxes define properties of simple phenomena and concept entities.
We say that BNF grammars and concrete type syntaxes define simple phenomena and concept
entities in a model-oriented fashion whereas abstract type syntaxes define simple phenomena and
concept entities in a property-oriented fashion.

Dines: Find more recent references.

Dines: Find more recent references.




5.2 Syntax 39

5.2.1 BNF Grammars s176

BNF stands for Backus Naur Form. BNF grammars, as we shall see, stand for sets of finite length
strings of characters, including blanks and punctuation marks.

Definition 22 - Character: A character is a symbol that can be displayed (on paper, on a
computer screen, or otherwise). .

Example 19 - Characters: Our example is the conventional example of characters from an En-

glish/American computer keyboard: a, A, b, B, ¢, C, ..., 2z, Z,0,1,2,3,4,5,6,7,8,9, !, @, #, $, %,
&* (N4 H L+ <> 0t /| [blank], etc. .

Definition 23 — Alphabet: An alphabet is a finite set of characters. .

Example 20 - Alphabet: Three examples, A;, A;, Ay, of subsets of the above characters:

e A, :{ab,[blank],0,|}
o A;:{abcdefgh,ijklmnop.q,rstuvwxyzblank]}
e A;:{0,1,2,3,4,56,7,8,9 [blank],a,b,c,d.efgh,ijk,lm,no,p,qrstuvwxyz}

Definition 24 — Terminal: By a terminal we understand a sequence of one or more characters
of some given alphabet. .

Example 21 - Terminals:

e a, b cO1;
e 2, aa, aaa, abc, 0, 1, 00, 01, 001;
e open, deposit, withdraw, close, account, client, number.

Definition 25 — Non-terminal: By a non-terminal we understand a specially highlighted sequence
of one or more characters, not necessarily from the alphabet of a given set of terminals. =

Example 22 - Non-terminals:

4 Command;

°
e {Open¥}; «Deposit} «Withdraw}; «Close}
e L ClientName¥}; «AccountNumber};

[

4 Cash} <Amount}

Definition 26 — BNF Rules: By a BNF rule we understand a triple: (L, ::=, As) where L is
a non-terminal and As is a finite set of zero, one or more alternatives where an alternative is a
finite sequence of zero, one or more non-terminals and/or terminals. ::= is the definition symbol.

Example 23 - BNF Rules:

e {Command} ::= «Open} | «Close}

e {Open¥} = client £ClientName>} opens account

e {Withdraw¥} ::= client «ClientName3} withdraws {Amount¥}
from account < AccountNumber}

Definition 27 — BNF Grammar: By a BNF grammar we understand a quadruple
(N, T,R.G)
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e N is an alphabet of non-terminals, e R is a set of rules,
e 7T is an alphabet of terminals, e G is a non-terminal,

such that G is in N; all the left hand sides of rules in R are in N; all the non-terminals of right
hand sides of rules in R are distinct and together form N'; and all the terminals of right hand

sides of rules in R are in 7. .
5182
Example 24 - BNF Grammar: Banks: The ... (Identifiers,Alphanumerics,Numerals) are not part
of the syntax.
N : {«Command¥}; «Open} «Deposith «Withdraw}; «Close}; « ClientName}
4 AccountNumber¥}; <Amount}}
T : {client,opens account,deposits,into account,withdraws,from account,closes account} ...
... U Identifiers U Alphanumerics U Numerals
R : «Command*} ::= 4Open} | «Depositd | «Withdraw} | «Close}
4 Open} ::= client {ClientName} opens account
4 Deposit} ::= client «ClientName} deposits < Amount} into account «AccountNumber3}
4 Withdraw? ::= client {ClientName3} withdraws 4 Amount¥} from account < AccountNumber’
4Close} ::= client {ClientName} closes account 4 AccountNumber3}
4 ClientName¥} ::= ... Identifiers
£ AccountNumber} := ... Alphanumerics
£ Amount} 1= ... Numerals
G : £Command¥}
s183 .

The “... U Identifiers U Alphanumerics U Numerals” which is not part of the syntax, ought be
fully defined by a somewhat longer BNF grammar.
The example showed one form of BNF grammars. In the below definition of the meaning of
BNF grammars we abstract from the above forms of rules for BNF grammars.
Examples 26 on the facing page and 28 on page 45 follow up on this example of a BNF grammar
by presenting a concrete type syntax, respectively 