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Abstract

Although the need for formalisation of modelling techniques is generally recognised, not much liter-
ature is devoted to the actual process involved. This is comparable to the situation in mathematics where
focus is on proofs but not on the process of proving. This paper tries to accomodate for this lacuna and
provides essential principles for the process of formalisation in the context of modelling techniques as
well as a number of small but realistic formalisation case studies.
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1 Introduction

Traditionally, information systems has been a rather informal field of study and many methods and tech-
niques have been introduced without a formal foundation. The past decade, however, has seen a shift from
informal approaches to more formal approaches towards information systems development. On the one
hand, a number of new formal approaches have been introduced and on the other hand a number of ini-
tially informal techniques have been given a formal foundation. Nowaydays a vast body of literature exists
justifying the need for formality (see e.g. [Jon86, Spi88, Coh89, SFMS89, Hal90a, HE90, BH95]) and this
paper assumes that the reader is thoroughly convinced thereof.

Although the concept of proof is at the heart of mathematics, relatively few attention is given to the notion
of a correct and elegant proof. Furthermore, hardly any literature at all is devoted to the intuitive process of
proving: How to find a proof for a given problem? (as opposed to, of course, the growing computing science
field of automated proofs, see e.g. [Mac95]) A notable exception is Polya’s “How to Solve It” [Pol57]. In
this seminal work, the famous mathematician George Polya addresses the task of finding correct, elegant,
and general solutions for mathematical problems. Inspired by this work, we have set ourselves a simi-
lar task trying to facilitate the process of formalizing methods and techniques in the field of information
systems development. Naturally, our level of ambition is far beneath that of Polya’s and emphasis is on
formalization principles and their application in a number of concrete case studies. In that sense the paper
may be considered a sequel to [HW92], where emphasis was on the need for formalization and only a small
number of very small case studies was presented.



The main justification of this paper is the observation that the important process of formalization is very
complicated and typically requires substantial experience and mathematical maturity. It is also a process
that is usually not addressed in university curricula and many formalization experts are basically self-taught.

In this era of emphasis on applied research, this paper makes an indirect contribution only. An empirical
proof that a better understanding of the process of formalization leads to improved methods and ultimately
to better systems is extremely hard to give. Again, the reader is expected to be convinced that this is true.

The paper is organized as follows. Section 2 provides a definition of important formalization notions and
a discussion of five major formalization principles. Sections 3 and 4 provide case studies illustrating these
principles. Section 3 focusses on the formalization of a technique for process control specifications (illus-
trating four different styles of assigning semantics), while section 4 provides examples of the formalization
of a conceptual data modelling technique (illustrating within one style of assigning semantics the conse-
quences of three possible choices for the formal domain). The paper ends with conclusions and topics for
further research.

2 On Syntax and Semantics

Syntax defines what well-formed models are, while semantics is concerned with the meaning of well-
formed models. In section 2.1 concrete syntax and abstract syntax are contrasted, while section 2.2 dis-
cusses four different ways of assigning a formal semantics. Finally, section 2.3 provides a definition of five
formalization principles.

2.1 Concrete versus Abstract Syntax

In this section the distinction between concrete and abstract syntax is defined and illustrated. Further, it will
be emphasized why it is important to focus on an abstract rather than a concrete syntax in the formalization
of modelling techniques.

In the definition of the syntax of programming languages it is customary to use BNF. A definition of a
conditional would typically look like:

<conditional> = if <boolean_expression>>
then <statement>
else <statement>
endif

In this definition, an explicit choice for keywords is made as well as an explicit choice for the order of
the various parts in a conditional. Both confuse the underlying deeper meaning of what a conditional is
about. Different programming languages may use different keywords and may even use a different order
of the various parts mentioned above, the underlying meaning, however, remains essentially the same: a
conditional represents a choice between two program parts depending on the evaluation of a certain boolean
expression.

An abstract syntax definition simply gives the components of a language construct and would leave out
representational details. For the conditional this could look like:

<conditional> £ thenbranch: <statement>;
elsebranch: <statement>,
condition: <boolean_expression>.

In a sense, the abstract syntax can be compared to what is referred to as the conceptual level in the famous
three level architecture of [ISO87]. The conceptual level focusses on concepts as they are and not on how
they are perceived (external level) or implemented (internal level).



While leaving the phase of infancy behind in the field of information systems, it is clear that a shift from
representational issues to more conceptual issues has to be made. Often discussions are blurred as a result
of mixing representation with essence. Questions whether an entity type should be represented as a square
or as a circle are conceptually irrelevant. In some cases the way representational issues are interwoven with
essential issues are more subtle. In section 4 this is illustrated by the formalization of relationship types in
the context of conceptual data modelling.

In the field of information systems, abstract syntax could be defined by the use of grammars, but also,
typically, by the use of set theory or graph theory. A model could be defined as a many-sorted algebra with
a number of sets, functions, relations and possibly some special constants, as well as a number of axioms
that have to be satisfied. These axioms could be specified by means of logic. A state transition diagram for
example, could consist of a set of states, say S, a set of transitions, a relation, say Trig C S X S, and a
begin state sg € S. An axiom like

(s,50) ¢ Trig

would prevent transitions to the begin state. Typically, these axioms correspond to what is called static
semantics in the field of programming languages (see e.g. [Mey90]).

2.2 Assigning a Formal Semantics

Having defined an abstract syntax for a certain modelling technique, the next step is the definition of a
formal semantics. Often one will find though that these two steps are not strictly sequential. A choice for
a certain semantics may lead to a different design of the abstract syntax, one which leads to more elegant
formulations (this cannot always be foreseen).

There are many styles of assigning a formal semantics. The following approaches, taken from [Mey90],
are relevant here:

e Translational semantics: In translational semantics models specified in a certain modelling technique
are given a semantics by the definition of a mapping to models of a simpler language, a language
which is better understood.

e Operational semantics: If a translational semantics amounts to a compiler for a modelling technique,
an operational semantics is like an interpreter. The idea is to express the semantics of a modelling
technique by giving a mechanism that allows to determine the effect of any model specified in the
technique. Such a mechanism can be seen as an “interpreting automaton”.

e Denotational semantics: Denotational semantics may be seen as a variant of translational semantics.
In this method the syntactic constructs of a language are mapped onto constructs in another language
with a well-defined meaning. In contrast with translational semantics, the “target” of denotational
semantics is a mathematical domain and not another modelling technique.

e Axiomatic semantics: An axiomatic semantics treats a model as a logical theory, it does not try to
define what the model means, but what can be proved about the model only. As such, this approach
might be seen as more abstract than denotational.

In the context of the formalization of modelling techniques each of these approaches will be illustrated in
section 3, for task structures.

Clearly, each of these approaches to defining semantics requires a choice of a suitable target domain.
Classical logic/set theory for example, would not constitute a good target domain for dynamic approaches
as they are not really suitable to deal with change (as opposed to specialized logics, such as dynamic or
temporal logic, or “sugared” versions of logic such as Z or VDM, which have constructs for specifying
state changes and the conditions these have to satisfy). However, the choice of a target domain not only
depends on the type of modelling technique to be formalized, but also on the goal of the formalization. An
operational semantics is perfectly acceptable if one aims at rapid development of a support tool. This way



of defining semantics is less suitable, however, if focus is on investigating and proving properties about
a modelling technique. In section 4, three different domains for defining the semantics (in a denotational
way) of conceptual data modelling are investigated.

2.3 Formalization Principles

In this section five major formalization principles are outlined. Each of these principles is defined and
discussed at a fairly high level of abstraction. In the two following sections, they are illustrated by means
of some case studies. Principles imply guidelines and heuristics and occasionally some of these are stated.
No attempts are made though to reach any form of “completeness” (one may even question whether that
would be possible at all).

Principle — Primary Goal Principle
Determine the primary objective of the formalization and choose style and mathematical domain
accordingly. O

There may be many reasons for formalizing a method or technique. These reasons include educational
purposes, investigation of properties, establishing a sound basis for sophisticated automated support etc.
The Primary Goal Principle emphasizes that the style and domain is to be chosen on the basis of the
primary reason for formalization. An operational semantics is typically desirable if efficient and correct
implementations are needed, while a denotational semantics may be of more use for investigating and
proving formal properties of models. Similarly, the formalization goal determines the formal domain that
is most suitable. For educational purposes, highly abstract mathematical domains (e.g. category theory)
may not be very suited. This might also be true when the formalization goal is to arrive at a blueprint of an
implementation of a support tool. In general, the theory and notation available in a certain domain deserves
a close study as it may considerably facilitate, not only the formalization process, but also the manipulation
of the resulting formalization.

To discuss this matter in more detail, let us consider some concrete examples. In case of the formalization
of techniques for conceptual data modelling, such as ER (Entity Relationship approach, see e.g. [Che76])
and NIAM (Natural language based Information Analysis Method, see e.g. [Hal95]), possible mathematical
domains are logic, set theory, and category theory [BW90b] (each of these will be used in the case study of
section 4). Logic is particularly useful for educational purposes, but could also favorably be considered in
the context of a PROLOG [CKvC83] implementation. Set theory is more suitable in case the formalization
is required to be concise and formal properties need to be investigated. Category theory then could be
exploited as an even more abstract system, formalization is intellectually more demanding, but the rewards
are reduction in proof complexity (among others because of the principle of duality) and true generality
(this will be shown in section 4.5).

For dynamic modelling techniques, domains like logic (exception: specialized logics, such as temporal
logic [Gal87] and dynamic logic [Har79]) and set theory are less suited. Category theory can still be
used, but typically, domains like Petri nets and higher-order variants thereof and algebraic approaches
such as Process Algebra [BW90a], CCS [Mil89], and CSP [Hoa85] are particularly suitable. Petri net-
based approaches provide formal verification techniques (such as support for the computation of invari-
ants, see e.g. [Lau87]), but a limited number of concepts, while algebraic approaches typically provide a
wide range of operators and theories for determining equivalence of process specifications (e.g. bisimula-
tion [BW90a]), but usually less convenient means for process verification.

Principle — Semantics Priority Principle
Focus should be on semantics, not on syntax. O

In a formalization it is imperative to focus on formal semantics and to choose those syntactic elements that
facilitate the specification of this semantics. It is important not to get carried away by imposing possible



syntactic restrictions to exclude models that at first may seem undesirable. The main reason for this is that
at the early stages of formalization it is hard to characterize “undesirable” models and to provide a clear
justification for this. Often one finds that situations that might seem undesirable at first do make sense
from a semantic point of view and in some cases even add flexibility and expressive power. Recursive
decomposition in task structures (extensively discussed in section 3) provides an example. For those used
to traditional Data Flow Diagrams (see e.g. [DeM78]) decomposition should be hierarchical. As it turns
out, however, process specifications can be made more elegant by allowing recursive decomposition and in
addition to that recursive decomposition increases the expressive power of task structures (this is formally
shown in [HO97]).

As arule, only dismiss those models as not being well formed to which you cannot possibly assign a formal
semantics. Models that are initially well formed but “problematic” can then be formally characterized in se-
mantic terms. As an example consider the data modelling technique NIAM [Hal95]. Naturally, conceptual
data models that cannot be populated/instantiated are undesirable. As it turns out however the formalization
of NIAM in [BHWO91] showed that populatability is a complex notion which has several gradations. These
could only be expressed after an initial definition of what a population is had been given. Similarly, process
control specifications with deadlock or livelock may not be desirable, yet a syntactic characterization of
these specifications may be very hard to give (or not even possible).

Principle — Conceptualisation Principle
Choose representations that are as general as possible. |

In an interesting prologue in [Sch94] the author argues that the essence of computing might be summed
up in the word generality. Ultimately, computing has one fundamental objective: to study and to achieve
generality. Programs that have been set up in a general way are often easily adaptable to new requirements
and specifications that are general are easier to understand than those laced with details and choices which
are too specific. In the field of data modelling one may argue that the notion of generality is closely related
to the famous Conceptualisation Principle [ISO87] which states that conceptual models should deal only
and exclusively with aspects of the problem domain. Any aspects irrelevant to that meaning should be
avoided, as this might lead to exclusions of possible solutions in too early a stage.

The concepts of conceptualization and generality translate directly to formalizations. In a formalization
any choice irrelevant to the modelling technique under consideration should be avoided. In particular,
unnecessary representational choices should not obscure the essential meaning of concepts. An example in
the context of the formalization of relationship types is given in section 4. True generality can be achieved
if the semantics of a modelling technique is “configurable”, i.e. if the addition of semantic features does not
require a complete redesign of the formalization. For example, the addition of time, uncertainty, or missing
values to a data modelling technique. An example of how this can be achieved is discussed in section 4.5.

Another instance of the Conceptualisation Principle is the issue of abstract versus concrete syntax. Al-
though concrete syntax is important and necessary from a communication point of view, it introduces
non-essential elements and as such violates the Conceptualisation Principle.

Principle — Orthogonality Principle
Choose as few concepts as possible as the basis for the formalization. O

In formalizations it is preferable to keep the number of concepts small. This keeps the formalization concise
and facilitates subsequent proofs as it reduces the number of possible case distinctions.

At this point it is important to stress that it is absolutely imperative for formalizations to be readable.
Formalizations that are not readable cannot be used for communication nor educational purposes and are
difficult to check for correctness. Orthogonality is one of the prerequisites for achieving this goal. Another
important prerequisite is the availability of a suitable set of auxiliary operators, functions, relations etc. that
allow for compact formulation of complex expressions. This ties in with the next principle which advocates
a bottom up approach carefully defining the necessary mathematical base first such that the important rules
of the formalization can subsequently be captured in one line.



Principle — Bottom Up Principle
Work bottom up and start with a base of suitable syntactic elements such that subsequent semantic
rules can be formulated easily and do not require more than one line. O

Naturally, this principle derives from sound engineering practice as well as structured programming and is
perhaps slightly too strict in the sense that in practice often a mix of working top down and bottom up is
the most convenient way to go. However, it is very important to invest substantially in a sound base theory
and to investigate properties of several of the elementary mathematical objects used. In addition to that,
it might in some cases even be useful to introduce proof schemes. Of course, this principle ties in with
the Conceptualisation Principle in the sense that well-chosen generalizations tend to shorten specifications
considerably too.

3 Case Study I: Formalizing Task Structures

In this section the formalization of a dynamic modelling technique, task structures, is studied. The four
different ways of assigning a semantics, as presented in the previous section are illustrated:

1. Translational semantics by means of a mapping of task structures to Petri nets (section 3.3);

2. Operational semantics by means of a task structure interpreter specified in Predicate/Transition nets
(section 3.4);

3. Denotational semantics by means of a mapping of task structures to Process Algebra (section 3.5);

4. Axiomatic semantics by means of a mapping of task structures to logical derivation rules (sec-
tion 3.6).

First, however, task structures are explained informally, and a formal syntax in terms of first order predicate
logic is presented.

3.1 Introduction to Task Structures

Task structures were introduced in [Bot89] to describe and analyze problem solving processes. In [WH90,
WHO92] they were extended and used as a meta-process modelling technique for describing the strategies
used by experienced information engineers. In [HN93] they were extended again and a formal semantics
in terms of Process Algebra was given. In figure 1, the main concepts of task structures are represented
graphically. They are discussed subsequently.

The central notion in task structures is the notion of a rask. A task is defined as something that has to be
performed in order to achieve a certain goal. A task has a name representing its functionality; naturally,
different tasks may have the same name. In addition, a task can be defined in terms of other tasks, referred
to as its subtasks. This decomposition may be performed repeatedly until a desired level of detail has been
reached. For the purpose of this paper though, decomposition of tasks will not be considered.

Performing a task may involve choices. Decisions represent these moments of choice, they coordinate the
execution of tasks. Two kinds of decisions are distinguished, terminating and non-terminating decisions. A
decision that is terminating, may lead to termination of the execution path of that decision. If this execution
path is the only active execution path, the task as a whole terminates as well.

Triggers, graphically represented as arrows, model sequential order. Multiple output triggers are a means
to specify parallelism. After the execution of the task with name A for example, both the task with name
F and the task with name G are triggered in parallel. Initial items are those tasks or decisions, that have
to be performed first. Due to iterative structures, it may not always be clear which task objects are initial.
Therefore, this has to be indicated explicitly (in the example, the tasks with names A and B are initial).
Finally, synchronisers deal with explicit synchronisation. In figure 1 the task named C' (and decision ds for
that matter) can only start when the tasks with names A and B have terminated.
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Figure 1: An example task structure

3.2 Syntax of Task Structures

In this section the syntax of task structures (without decomposition) is defined using elementary set theory.

Formally, a task structure consists of the following components:

1. A set X of task objects. X is the union of a set of synchronisers S, a set of tasks 7 and a set of de-
cisions D. In D we distinguish a subset D; consisting of the terminating decisions. For convenience,

we define the set {4, the set of non-synchronisers, as 7 U D.

2. Arelation Trig C X x X of triggers, capturing which task object can start which other task object(s)

(if any).

3. A function TName : 7 — N/ yielding the name of a task, where A/ is a set of names.

4. A subset 7 of the set of non-synchronisers {4, consisting of the initial items.

Although additional well formedness rules could be specified, e.g. excluding non-terminating decisions
without output triggers or excluding non-reachable task objects, they are not needed from a semantical
point of view (Semantics Priority Principle). As will be shown it is possible to assign a semantics to task

structures not satisfying these rules.

Example 3.1
The task structure of figure 1 is formally captured by

X {t1,t2,t3,ta,t5,t6, t7, s, 51, d1, da },
T = {ti.to,ts,ta,ts5,t6, 17,18},

S = {81},

D = {di,d2},

Dy = {dl}-



Further, ¢, Trig s1, to Trig s1, t1 Trigts etc, and TName(t;) = A, TName(ty) = B, etc. Finally,
7 = {t1,t2}.

3.3 Semantics of Task Structures through Petri Nets

Petri nets (see e.g. [Pet81] or [Rei85]) are a technique for modelling communication between parallel
processes, developed by C.A. Petri in the sixties [Pet62]. Petri nets consist of places and transitions. Places
model states, while transitions model state changes. Applications of Petri nets can be found in many areas
such as communication protocols, process synchronisation and resource allocation. Recently, Petri nets are
also used for requirements specification (see e.g. [Dav90]).

Formally, a Petri Net (in its most elementary form) is a four tuple (P, T, I, O), where P is a set of places,
T is a set of transitions, I : T'— (J(P) is the input function, a mapping from transitions to sets of places
(yielding the input places of that transition), and O : T'— (P) is the output function, also a mapping
from transitions to sets of places (yielding the output places of that transition). A marking of the net is
an assignment of tokens to the places. Firing rules determine how transitions may change markings. A
transition can fire (in Petri net terminology: is enabled) if and only if each of its input places contains at
least one token. Upon firing a token is removed from each input place and added to each output place.

Mapping task structures to elementary Petri nets is relatively straightforward. Each task ¢ € 7 is mapped
onto a place F; € P, and a transition C} is created which has as input place E; and as output places all
places corresponding to the task objects triggered by that task (if such places exist!). An exception is the
treatment of synchronizers. For each synchronizer s € S and each task object z € X such that x Trig s,
a place with the name o , is created. Synchronisation is now achieved by creating a transition H, which
has all these places as input places and has as output places the places corresponding to the task objects
triggered by that synchronizer. Each decision d € D is mapped to a place E; and has for each of its choices
e € X an arrow to a unique transition G4 . which has an outgoing arrow to place E.. If d is terminating
as well, there is an arrow from the place corresponding to that decision to a transition F; without output
places (if that transition fires it will simply consume a token from that place). Finally, the initial marking
of the net is a marking with exactly one token in each of the places E; with ¢ an initial item. The following
definition captures this mapping formally.

Definition 3.1
Given a task structure )V, the corresponding Petri net Py, = (P, T)y, Iy, Oy ) is defined by:
P, = {Ez|x€TUD}U{az7S‘xTrigs/\sGS}
Ty = {Ci|teT}U{Fi|deDi}U{Gq. |dTrigende D}U{H, |s€S}
Ly = {(Co{E}) [teT}U{(Fu{Ed}) |deDi}U

{(Gae.{Ea}) |d € D} U{(Hs, {04 |2 Trigs}) | s€ S}
{(Ce,{E, |tTrigana ¢ S}U{ors |[tTrigsAseS}) [teT}U
{(Gae, {Ee |e ¢ S}U{04e |e€S}) [deD}U

{(

{(

The initial marking assigns tokens to Iy, and E,.

Ho {E, |sTrigana ¢ S}U{osy |sTrigs’' As'€S}) |seS}U
Fd,ﬁ) ‘dE'Dt}

The above definition provides a translational semantics for task structures and is particularly useful in the
case one is interested in studying properties of task structures (Primary Goal Principle). One may argue
whether this definition really adds anything to the explanation given before, it certainly is not readable
without it.
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Figure 2: Petri Net translation of Task Structures



Example 3.2
Figure 2 contains the result of applying the previously described translation to the task structure of
figure 1. The places are represented by circles, while the transitions are represented by thick lines.
The arrows capture the input and output relations.

3.4 Semantics of Task Structures through Predicate/Transition Nets

In [HLI1] two principal problems with Petri nets are stated. The first problem is that Petri net speci-
fications easily become huge, complicated and unstructured. The second problem is their structural in-
flexibility, making modification extremely difficult. In order to overcome these problems high-level Petri
nets have been developed. Examples are Predicate Transition nets ([Gen87]) and Coloured Petri nets
([Jen87, Jen91]). In this section we will define an operational semantics of task structures in terms of
Predicate Transition nets. First however, we will give a brief informal explanation of this type of high-level
Petri net.

Contrary to Petri nets, tokens in a Predicate Transition net are individualized and as such they may have
a structure. Arrows may be labeled with linear combinations of tuple variables (e.g. 2 (x, y) + (y, z)) and
transitions may have associated transition selectors (e.g. y < z). These transition selectors are to be inter-
preted in terms of a formal structure, referred to as the support of the net (usually a first-order structure).

A transition can fire if and only if a combination of tokens can be found in its input places conforming to
the arrow annotations, such that the transition selector evaluates to true. Tokens will then be produced for
the output places again conforming to the annotations of the arrows.

<XY> + <Y, 7>

Figure 3: Simple Predicate Transition net with initial marking

As a simple example of a Predicate Transition net, consider figure 3. The support of this net consists of
the structure <{a, b, c}, <>, where < captures alphabetic ordering. The marking resulting from firing the
transition with substitution (x,y, z) < (a, b, ¢) is shown in figure 4.

<WX,Y> + <Y, 7>

Figure 4: Simple Predicate Transition net with initial marking after firing of transition

The expressive power of Predicate Transition nets has been illustrated in [Gen87] by means of a simple
example involving tracks and trains. In this example there is a circular track consisting of seven segments.

10



Two trains may move along this track, but they should never be in the same nor in adjacent segments.
The Petri net solution consisted of 21 places and 14 transitions, while the Predicate Transition net solution
consisted only of 2 places and 1 transition. In addition to that, the Predicate Transition solution could
easily be generalized to n segments with m trains (the number of places and transitions would remain
the same). This solution was obtained by applying a number of “folding” transformations to the Petri net
solution. Basically, this same idea can be applied in the context of assigning formal semantics. The Petri
nets resulting from the translation described in the previous section can be generalized into one Predicate
Transition net which might be viewed upon as a task structure interpreter. This interpreter is shown in
figure 5. It provides an operational semantics to task structures.

CT Active PD
deD A
dTrigen

e¢ S

CS
deD A
teT dTrigen
ee S

seVN S A
agWAW=zD

25 W s+ <s,IS(s) — {a} >

Synchronizers

Figure 5: Predicate/Transition net semantics for Task Structures

The Predicate Transition net of figure 5 contains a place Active which is to contain tokens corresponding
to active instances of tasks and decisions. The place Synchronizers is to contain tokens of the form (s, W),
where s is a synchronizer and W is a set of task objects that s is waiting for. A token corresponding to a
decision may be replaced by a token corresponding to a non-synchronizer that is among the possible choices
of that decision (firing transition PD). Choosing a synchroniser requires that that decision is removed
from the waiting list for that synchronizer (this is achieved through firing transition CS). If the decision is
terminating, the token may also be removed altogether (firing transition CT).

An active task must fire, upon termination, all its successors. This is achieved by transition PF having
output place Trigger, which contains tokens of the form (¢, V'), where ¢ is a task and V is a set of task
objects (still) to be triggered by ¢. The annotation of the corresponding output trigger uses the auxiliary

11



function TS, yielding all task objects to be triggered by a task object, which is formally defined by:
TS(z)={yex |zTrigy}

If a successor of ¢ is a non-synchronizer, this successor becomes an active token in Active and is removed
from V' (by firing transition 7R). If it is a synchronizer s, then it is either removed from the set W in
a token corresponding to that synchronizer (transition SW), or, if there is no such set W, a token of the
form (s, W — {t}) is added to the place Synchronizers (transition SNW). Here the auxiliary function IS is
needed which yields all the task objects input for a synchroniser:

IS(s) ={yex |yTrigs}

This latter situation corresponds to the situation where ¢ is the first task object to activate synchronizer s,
which then has to await termination of its other input task objects.

A synchronizer s can become active if all its input task objects have terminated, and in terms of the Predi-
cate Transition net of figure 5 this means that there is a token (s, &) in the place Synchronizer. All output
task objects then have to be activated, which can be achieved in the same way as for tasks (transition PS is
enabled). Note that a task, or synchronizer,  with no output task objects would result in a token (z, &) in
the place Trigger. Such tokens are simply removed by firing transition NT.

The initial marking of the net is the marking which assigns tokens corresponding to the initial items to the
place Active. Further, in order to evaluate the transition selectors, the syntactic structure has to be provided.
This syntactic structure acts as the support of the net and simply corresponds to the syntactic definition of
a task structure as defined in section 3.2.

Example 3.3
By providing the Predicate Transition net of figure 5 with the syntax of the task structure of figure 1
and an initial marking which assigns the tokens (¢1) and (¢2) to the place Active, the operationale
semantics of this task structure is completely defined.

3.5 Semantics of Task Structures through Process Algebra

In this section the semantics of task structures is defined by means of a translation to Process Algebra
([BW90a]). Process Algebra has been applied to specify and verify a variety of processes and protocols
(see e.g. [Bae90]). One of its virtues is its ability to prove equivalence of process specifications. As an
algebraic theory Process Algebra belongs to the same family as CCS [Mil89] and CSP [Hoa85].

First a short introduction to the important ingredients of Process Algebra is given (for an in-depth treat-
ment we refer to [BW90a]), then the translation of task structures to Process Algebra is defined (based
on [HNO93]). This provides an example of denotational semantics.

Although the name Process Algebra suggests a single algebra to describe processes, it actually refers to
a whole family of algebras based on the same principles. Traditionally, only the family member used is
presented. In this section we briefly introduce the Algebra of Communicating Processes with the empty
action (ACP.) as the semantics of task structures will be defined in this algebra. Again, for an in-depth
treatment we refer to [BW90a]. The axioms of ACP. are listed in table 1.

The units of Process Algebra are atomic actions. The set of all atomic actions is called 4. Although they
are units of calculation, atomic actions need not be indivisible (see [GW96]). Starting with atomic actions,
new processes can be constructed by applying sequential and alternative composition (*-” resp. “+”"). The
algebra that results (axioms A1-AS) is called basic process algebra (BPA). As a convention, the names of
atomic actions are written in lowercase (e.g. a, b, red_nose_reindeer), while process variables are written
in uppercase (e.g. A, B, RUDOLPH). Normally, the - will be omitted unless this results in ambiguity. A
special constant 9, deadlock, denotes the inaction, or impossibility to proceed (axioms A6-A7). Axiom A6
captures the fact that a deadlock will never be chosen “voluntarily”, while axiom A7 captures the fact that
processes after a deadlock are not visible.
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X+4Y=Y+X Al X+4+60=X A6
X+Y)+Z=X+Y +2) A2 §-X =96 A7
X+X=X A3 X.e=X A8
(X4Y) Z=X-Z+Y -Z A4 X=X A9
(X-Y)Z=X(YV-2) A5

XY =X[|[Y+Y || X+X|Y+V/(X)/X) Cl aX|bY =(a|b)(X]|Y) Cc7
e X=9¢ C2 X+V)|Z=X|Z+Y|Z C8
aX ||V =a(X]|Y) 3 X|(Y+2)=X|Y+X|Z 9
X+ Zz=X|2Z+Y | Z C4  alb=n(a,b)ifv(a,b) defined C10
el X =96 C5  alb= 4 otherwise Cl1
Xl|e= Co6

ViE)=e TEl Qu(a)=aifa¢ H DI
V() =94 TE2 9p(a)=d6ifa€ H D2
VX +Y) = V(X) + () TE3 on(X+Y) = 9(X)+an(Y) D3
VX Y) = V(X) - (Y) TEA ou(X-Y) = 0n(X)-0n(Y) DA

Table 1: Algebra of Communicating Processes with the empty action

To add parallelism, an additional operator has to be introduced. This operator, called (free) merge and
denoted as ||, is defined with the aid of an auxiliary operator [L, the left-merge, which for two processes
tries to execute an action from the first process and then has the rest of that process run in parallel with the
second process (axioms C1-C4).

Another special constant €, the empty action, is used to denote the process that does nothing but terminate
successfully (axioms A8-A9). After adding e, processes may terminate directly. The termination operator
\/ determines whether or not this termination option is present for a given process (axioms TE1-TE4). The
inclusion of the expression 1/(X) +/(Y) in axiom C1 guarantees thate || ¢ = .

The communication merge | allows parallel processes to exchange information, i.e. to communicate (ax-
ioms C5-C9). Associated with communication is a communication function vy defined over pairs of atomic
actions (axioms C10-C11). Specific process specifications will have to define the (partial) communication
function ~y. This function is both commutative and associative. Axioms C10 and C11 assume that commu-
nication is binary, but higher order communication is permitted as well.

Finally, one needs a way to prevent the isolated occurrence of atomic actions meant to communicate with
other actions. This is achieved through the encapsulation operator 9. In fact it is a whole family of
operators, one for each H C A (axioms D1-D4). The set H contains the actions that are to be used for
communication.

In the translation of task structures to equations in ACP,, for every task object x € X an object E, is
introduced. Intuitively, £, should be seen as an entry point for task object x.

Forevery task ¢ € 7 the corresponding process algebra equation expresses that the associated atomic action
(the name of that task) has to be performed and that afterwards all task objects to be triggered are triggered
in parallel. The treatment of synchronizers brings a slight complication as in order to become active they
may have to await termination of other task objects. This problem is solved through a rather unusual use
of the communication operator. Every task object x which triggers synchroniser w starts an atomic action
0.0 after termination. A synchroniser is started upon availability of all the atomic actions of its input
task objects. Therefore, the communication function has to be defined for the ¢’s of each synchroniser.
As a synchroniser can have more than two input task objects, communication is not necessarily binary,
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which is quite uncommon indeed. Binary communication could be used at the expense of some additional
definitions. The equation for a task ¢t € 7 is:

Ot,s

)

E, = TName(t) - ’ E, ‘
welY, Trig(t,u) s€S, Trig(t,s)

As can be seen, tasks now produce a unique atom for all their output synchronisers. The set of atomic
actions 4 is defined as ran(TName). To comply with the notational conventions of Process Algebra, we
denote the elements of 4 in lowercase.

It should be noted that some tasks do not trigger any other task objects. In that case, the merge is specified
over the empty set. This exception is dealt with by defining the merge over the empty set to be the empty
action ¢ as this is the neutral element for the merge. Therefore, if no task objects x exist, such that Trig(¢, x),
the equation for task ¢ reduces to £y = TName(t).

For every terminating decision d € D; we have the following equation in Process Algebra:
B = > But ) ouste
uelY,Trig(d,u) s€S,Trig(d,s)

The execution of a terminating decision involves the choice between one of the task objects that are output
of that decision and termination. Although not very likely from a practical point of view, in theory it is pos-
sible that a decision does not have any output triggers. To comply with the Semantics Priority Principle, we
therefore define the sum over the empty set to be § as this is the neutral element with respect to summation.

The equation for non-terminating decisions is quite similar, except that termination is no option. Hence the
substitution of ¢ by §:

E; = ZEU+ Zad,s—i—é
welY, Trig(d,u) s€8,Trig(d,s)

Note that if a non-terminating decision does not have any output triggers, it will inevitably result in a
deadlock. Otherwise, the § is removed by axiom A®6.

The definition of a synchroniser comprises three parts: an equation, a definition of the communication
function and its encapsulation set. The equation for a synchroniser s € S is similar to the equation for a
task, except that no action is needed:

E, =

uelY,Trig(s,u) s'€8,Trig(s,s)

Os,s’

The communication function is defined as:

’ Ox.s = Es

x € X, Trig(z, s)

From this it is clear that all input task objects have to be ready before the synchroniser is initiated. It should
be noted that the above equation is only present for synchronisers that can be triggered by other task objects,
ie.s € Ssuchthat {z € x | Trig(z,s) } # 2.

In order to assure that the ¢’s are used only to trigger the synchroniser, the encapsulation operator, Jg,
has to be applied. The set of communication atoms H is {aw,s ‘ Trig(z,s) N\x € X Ns € S } The whole
system )4 can now be captured by the equation:

W = 0Ou H E;
€T
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Example 3.4
Consider the task structure of figure 1. Application of the previously described translation yields:

By = 8{Ut1,3170t2,51} (B || Ers) Ea, = Ey+E, +e
E, = a"(Et3 H E, H Uthsl) Ets = d

Etz = b Oty,s1 E81 = Edz H Ets

Etg = f Edg = Et7 + Etg + o
E, =9 E, = e

Et5 = C- Ed1 Ets = f

where
Ot1,s1 |Ut2,81 = Oty,s, |Ut1751 = E81

3.6 Semantics of Task Structures through Logical Derivation Rules

In this section an axiomatic approach to the semantics of task structures is taken. Task structures are mapped
onto a set of formal derivation rules, which define that under certain conditions a formula may be derived
from another formula. These derivations represent state transitions. In this context a formula basically
represents a state of the task structure. Formally, such a state is captured by the number of active instances
of each task object and the number of signals sent to synchronizers by their input task objects, i.e. S is a
state implies that

S: X —NUTriglx xS]— N

The square brackets denote function restriction in this definition. Ignoring traces, the semantics of a task
structure simply is the set of states that can be derived from the derivation rules.

To easily manipulate states, we need to introduce some notation (Bottom Up Principle). Firstly, states
can change. To express state change conveniently, the operator & is introduced which is equivalent to the
overriding operator of the Z notation. The notation S @ V denotes a function similar to .S except that its
values that are in the domain of V' are redefined:

S@V = Sdom(S) —dom(V)]uV

This is very similar to the typical definition of the overriding operator in Z (see e.g. [Edm92] p. 295) which
uses the domain subtraction operator <:

SeV = (dom(V)<gS)uV

The overriding operator can be used to define the auxiliary function incr which increases the number of
active instances by one in a state .S for all task objects satisfying a certain predicate P(x):

incr(S, @, P(z)) = S {z—ax+1 | P(x)}

Similarly decr decreases the number of active instances in a state .S’ by one for all task objects satifying a
predicate P(x). In some cases the number of active instances has to be increased/decreased for a specific
task object ¢; in that case the notation incr (.S, ¢) (or decr (.S, ¢)) is used as an abbreviation for incr(S, z, x =
¢) (or decr(S, z,x = ¢)).

Triggering a task or a synchroniser x in a state 7" increases the number of active instances of all its output
task objects by one:

Fire(T,y) = incr(T, z,y Trigx Ax ¢ S)Uincr(T, (y,s),y Trigs As € S)

First one instance of every initial item becomes active:

{G,1) \iez}[
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Firing a task or synchroniser x € 7 US corresponds to increasing the number of its active output task
objects and decreasing the number of active instances of x:

i [S(z) >0
Fire(decr (S, z), z) * v

Firing a decision d € D corresponds to making a choice for one of its possible output task objects e
(d Trig e) which is not a synchroniser (e ¢ S):

S
[5(d) >0
decr(incr(S, e),d) | (@) >

Choosing a synchroniser s (d Trigs A s € S) has to be dealt with in a separate rule:

S

Tna(s, @ o) 1@ >0

incr(S,

Choosing termination (d € D;) corresponds to:

m[S(d) >0

ecr
For a synchroniser s € S to fire, all its input task objects need to have fired at least once:

S
incr(decr(S, (x, s), z Trig s), s)

[z Trigs = S(x,s) >0

In an earlier version of this paper, this latter rule was formulated as:

S
(So{s+— S(s)+1}) @ {(z,s) — S(z,s) — 1 |z Trigs

; [2Trigs = S(z,s) >0

This again illustrates the importance of defining suitable auxiliary functions and relations (Bottom Up
Principle).

3.7 Comparison

This section provided, among others, an extensive illustration of the Primary Goal Principle: the goal of
formalization determines to a large extent the formalization formalism. In case of the formalization of task
structures, the formalization in terms of Petri nets has the advantage of being relatively easy (Petri nets
themselves are also easily explained and understood). In addition to that, a lot of theory is available for
the formal analysis of Petri nets and this theory can be applied to analyze the Petri nets resulting from the
translation to determine properties of the original task structures (e.g. whether they are free of deadlock).
While a substantial amount of theory is available for the formal analysis of Predicate Transition nets, the
Predicate Transition net specifying the formal semantics of task structures is much less suited for such
formal analysis as analysis of high-level Petri nets is much more complex (from a computational point of
view) than elementary Petri nets.

The main advantage of the Predicate Transition net formalization is its operational nature, which allows for
a straighforward implementation (analysis can then be performed by means of simulation). In [Wij91] a
PROLOG implementation of task structures is described which has been formally derived from a Predicate
Transition net formalization (very similar to the one described in section 3.4, except that decomposition and
an abort mechanism were formally specified as well, while on the other hand there were no synchronizers).

The Process Algebra formalization has as advantage that it is relatively compact and may exploit equiva-
lence theory developed for Process Algebra. In [HN93] the theory of bisimulation is used to demonstrate
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how task structures can be proven to be (in)equivalent (in this context: whether they can or cannot generate
the same traces). When working on [HOR9S], the first author experienced great difficulties in using the
Process Algebra formalization for proving properties (in particular deadlock freedom) of task structures
that satisfied certain requirements. It seems very likely that the Process Algebra formalization is not useful
in a context where proofs are to found for certain classes of task structures as this requires reasoning over
equation sets of a specific form. For this purpose, the axiomatic semantics proves to be much more suitable
(see also [HOR98]). However, if one considers natural extensions to task structures, such as task decompo-
sition, messaging, and time constructs, the axiomatic semantics becomes very hard to define properly and
it is best to exploit the wide range of operators supplied by Process Algebra (see e.g. [HH97]).

4 Case Study II: Formalizing ORM

In this section a formalization of a conceptual data modelling technique is studied. This study aims to
illustrate some trade-offs between the Primary Goal Principle and the Conceptualisation Principle, as well
as the importance of the Semantics Priority Principle.

The subject of our case study is Object Role Modelling (ORM) [Hal95]. The reason for choosing ORM
over the more popular Entity Relationship (ER) [Che76] family of data modelling techniques is that ORM
is a richer modelling language. Meanwhile, ORM also has a well established history of formalization using
different styles [Hal89, Hal90b, BHW91, HW93, BBMP95, HP95, CP96, HLF96], making it an interesting
case to study.

Although formalizations of the syntax of an information modelling technique are important, they tend to
be relatively simple. Most information modelling techniques have a fairly straightforward syntax. Formal-
ization of semantics, if done at all, usually is a much more complicated issue and thus provides us with
a more interesting case. Nonetheless, to study the definition of ORM’s semantics, a formalization of the
syntax is needed. Therefore, only a brief, and standardized, formalization of the relevant parts of the syntax
is provided.

In this section solely denotational semantics is studied, but with three different domains: logic, set theory,
and category theory.

4.1 Informal introduction to ORM

Before formalizing the semantics, a brief discussion of the technique itself is in order. We focus on some
of the key modelling concepts in ORM.

Two of the key concepts in data modelling are object types and relationship types. Generally, a relationship
type is considered to represent an association between object types. A relationship type may have any arity
(> 0). In figure 6, the graphical representation of a binary relationship type R between object types A and
B is shown in both the ER and ORM style respectively.

Figure 6: A binary relationship type in ER and ORM

ORM uses circles to denote object types, while ER makes use of rectangles for this purpose. A relationship
type (in an ORM context also referred to as a fact type) consists of a number of roles. Each of these roles
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represents the fact that the attached object type participates (plays a role) in the relationship type. In ORM,
the roles are made explicit, and are graphically represented by means of rectangles. This explicit treatment
of roles is also the reason why the technique is called Object Role Modelling.

In figure 6, it can be seen that the binary relationship R indeed consists of two roles. In a subsequent
example an example of a ternary relationship will be shown. Relationship types may also be objectified,
which means that they may play roles in other relationship types.

Many conceptual data modelling techniques offer concepts for expressing inheritance of properties [HP95].
In the literature many forms of inheritance have been documented, and terminology is far from being
standardized. In this section we only use the subtyping construct as it is used in an ORM context.

Subtyping is used when specific facts are to be recorded for specific instances of an object type only.
For example, in a data model concerned with persons working for departments, one may wish to express
that only for Adults, i.e. persons at least 18 years old, the Cars they own are to be recorded. In that case
Adult becomes a subtype of object type Person, and only instances of Adult can participate in the relation-
ship registering Car ownership. This is captured by the schema in figure 7. The relationshiptype labelled
“Coworkership”, is an example of a ternary relationship. The arrow from the Adult object type to the
Person object type signifies the fact that Adult is a subtype of Person.

"Age" "Coworkership"
has as age ... works for ... at...

Comy— T

"Ownership"
I owns a

Figure 7: An example of a domain with subtyping

A subtype inherits all of the properties of its supertype(s), but may also have additional properties. ORM
uses subtype defining rules as decision criteria to determining which instances of supertypes participate in
subtypes. These rules ensure that subtypes can be viewed as derived object types, since their population is
derived from their supertypes.

Although ORM features numerous types of constraints that restrict the set of allowed database popula-
tions [Hal95], they will not be part of this case study. Neither will be the discussion of identification
schemes, i.e. how each instance of an object type may be uniquely identified.

4.2 Syntax of ORM
An ORM information structure syntactically consists of the following elements:

1. A finite set R of roles.
2. A nonempty finite set O of object types.
3. A set of relationship types F C O.

4. A function Roles : F— R™, which should provide a partition of roles over the relationship types
(the notation R+ denotes the set of all role sequences).
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5. A function Player : R — (0, which yields the object type playing a certain role.

6. A binary relation SubOf C (©® — F) x ( capturing subtyping. x SubOf y is to be interpreted as “x
is a subtype of y”. This relation is required to be acyclic.

Two auxiliary functions will prove to be useful:

1. The function _[.] : F x IN— R yields the role on the given position in a relationship type, and is
identified by: f[i] £ Roles(f);.

2. Rel : R — F yields the relationship type in which a given role is contained, and is defined by:

Rel(p) = f < Jiendp = f[i]]-

Figure 8: Abstract schema example

Example 4.1
Figure 8 shows the graphical representation of an information structure, i.e. an information structure
diagram. This diagram is actually the same as the one from figure 7, where we now focus on the
mathematical constructs of the schema.

As the formal syntax of an ORM information structure needs to be able to refer to individual roles,
each of the roles has received a unique label: p,q, . . . ,v.

This schema is formally defined by:

R = {puquvsvt7uvv}
0o = {A,B,C,D,E,F,f,g,h}
F = {f7g7h}

where we have:
Roles(f) = (g, p), Roles(g) = {r, s, ), Roles(h) = {u, )

For players of roles we have:
Player(p) = A, Player(q) = B, Player(r) = B,

etc. Furthermore, E SubOf B.
One question that one may already ask is if there is really a need to represent the roles involved in a
relationship type as a sequence. Could this just be modelled as a set? In the remainder of this paper, a

discussion of this will be provided. It is related to an interesting trade-off between the Primary Goal and
the Conceptualization principles.
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4.3 A logic based formalization of ORM

Examples of using a logic based approach to express the semantics of ORM can be found in [Hal89] and
[De 93, De 96]. Using a logic based formalization has a direct advantage in that it, for example, allows
for automatic reasoning to prove the equivalence of conceptual schemas [Hal91, Blo93] using a theorem
prover. Furthermore, experience with teaching (Primary Goal Principle) shows that this is a very intuitive
way for students to see the relationship between logic and ORM, thus strengthening their understanding
and appreciation of both formalisms.

The first formalization of ORM, using the style of [Hal89, Hal90b], closely follows the syntax of ORM.
Doing this touches upon a trade-off between the Primary Goal Principle and the Semantics Priority Princi-
ple. Following the syntax of ORM makes the formalization of the semantics easier to follow. However, as
the Semantics Priority Principle suggests, this may impede the development of new theories and modelling
constructs for information modelling.

The basic idea of this style of formalization is to directly interpret an ORM schema as a first order logic
theory. This means that a schema should be transformed to a set of formulae; a database population then is
a set of additional (atomic) formulae that is consistent with the schema. Any constraints formulated on the
conceptual schema would also be translated to appropriate formulae in the theory. Actually, when delving
into ORM’s history one may find that it was, not surprisingly, highly inspired by first order logic.

The obvious thing to do would be to let each n-ary relationship type in a ORM schema result in one n-ary
predicate, and each object type (except for relationship types) result in a unary predicate. For figure 7 this
would yield the following predicates:

Person-has-as-age-Nr-of-years(zx, y), Person-works-for-Dept-at-Level(z, y, z), Person-owns-Car(z, y)
In figure 7 we would have the following unary predicates for object types:
Nr-of-years(x), Person(z), Adult(z), Department(z), Level(x), Car(zx)

The semantics of the schema could then be expressed by the following first order theory:

Person-has-as-age-Nr-of-years(z,y) = Person(z) A Nr-of-years(y)
Person-works-for-Dept-at-Level(z,y,z) = Person(z) A Department(y) A Level(z)
Adult-owns-Car(z,y) = Adult(z) A Car(y)

Adult(z) = Person(x)
Person-has-as-age-Nr-of-years(z,y) Ay > 21 = Adult(z)

The first three rules are conformity rules. For each relationship (instance) it is required that the instances
used are valid instances of the object types playing a role in that relationship type. Therefore, in general we
have for each f € F with Roles(f) = (p1, ..., pn) arule of the format:

f(z1,...,x,) = Player(p1)(x1) A ... A Player(p,) ()

Here we also see how this particular formalization needs the predefined order on the roles in the relationship
types. The order of the variables in the predicate corresponds to the order chosen for the roles.

The final two rules deal with subtyping. Each adult is by definition a person, while as a rule each per-
son older than 21 is to be considered an adult. In general, for each a SubOf b the following rule holds:
a(x) = b(x). If subtype a has as subtype defining rule L, then it should also be the case that: L(z) = a(x).

Example 4.2
An example population would be:
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Person(Erik), Person(Mark),

Department(Information Systems), Department(Computing Services),
Level(2), Level(1),

Nr-of-Years(19), Nr-of-Years(29),

Adult(Erik), Car(925DJX),

Person-has-as-age-Nr-of-Years(Erik,29),
Person-has-as-age-Nr-of-Years(Mark,19),
Person-works-for-Dept-at-Level(Erik,Information Systems,1),
Person-works-for-Dept-at-Level(Mark,Computing Services,2),
Adult-owns-Car(Erik,925DJX)

This style of formalizing has the advantage that it closely follows the syntactical structure of ORM, which
from an educational point of view seems to be a wise strategy. However, looking at the Conceptualization
Principle, this formalization can be viewed as having two major drawbacks. A first drawback is that it
presumes there is always a pre-determined order of the roles in a relationship type. For example:

Person = works for Department y at Level z

Versus
At Department y works Person x at Level =

Depending on the aim of the formalization (conceptualization vs. educational purposes), this may be ac-
ceptable or not. A decoupling between the surface structure (concrete syntax!) of information and deep
structure of information seems to be a good strategy to follow when expressing the semantics more con-
ceptually (Conceptualisation Principle). Ideally, one would like to view the above two facts as exactly the
same, not unlike we are used to when dealing with sets: {z,y,2} = {y,z,z}.

The second drawback of the above formalization style is the way it forces us to deal with objectification.
ORM allows instances of relationship types to be treated as any other instances. As a result, a relationship
(instance) may quite well play a role in other relationship types. This is illustrated in figure 9. There we
have depicted a concrete example as well as an abstract representation. The example domain deals with
students who attend subjects. For this attendance, they may receive a final mark at the end of semester. Not
all students will receive a mark since they may drop-out during the course of semester.

An objectified (n-ary) relationship type behaves, by its very nature, both like an object type and a relation-
ship type. Therefore, it must yield both an n-ary predicate and a unary predicate when mapping to a logic
theory. For instance, the schema in figure 9 yields both a binary predicate f and a unary predicate D. In
[Hal89] this situation is resolved by introducing the rule:

D(z) & z=(x1,22) N f(21,22)

Even more so than the use of a pre-defined order on the roles in predicates, the above rule is a violation
of the Conceptualization Principle. The rule unnecessarily reveals the underlying physical structure of
instances (tuples). There is no need to state that instances of an objectified relationship type are in fact
tuples.

Further abstraction from the syntax would yield a more conceptual formalization, and would remove some
of the above discussed drawbacks. However, due to the higher level of abstraction, the connection between
the schema as an expression in a graphical language, and the formalization becomes less apparent. This
may influence educational goals (Primary Goal Principle).

Consider again the objectified relationship from figure 9. We can translate a schema by producing for each
type (both object types and relationship types) a unary predicate, and for each role a binary predicate. For
this example, this leads to predicates:

A(z), B(x), C(x), f(x), 9(x), p(2,9), q(x, y), 7(2,y), s(x, )
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"Attendence” D

JE——
G —C> OO0

resulted in

"Attendence Result"

= =

Figure 9: Objectified relationship type

If we have p(x, y), then we can interpret this as: x plays role p in relationship y.

An important difference with the previous approach is that instances of relationships and objects are treated
alike. They are treated as abstract elements without any assumptions regarding their underlying structure.
The downside of this approach is that the connection to the graphical presentation becomes less obvious,
which, depending on the objective, may be undesirable (Primary Goal Principle). On the upside, the order
in which roles occur in a relationship type is no longer of importance making the formalization more
conceptual (Conceptualization Principle).

As a concrete example, for figure 7 the translation now becomes:

Nr-of-Years-is-Age(z,y) = Nr-of-years(z) A Age(y)
Person-has-Age(z, y) Person(z) A Age(y)
Person-involved-in-Coworkership(z,y) = Person(z) A Coworkership(y)
Department-has-Coworkership(z,y) = Department(xz) A Coworkership(y)
Level-of-Coworkership(z,y) = Level(z) A Coworkership(y)
Adult-has-Ownership(z,y) = Adult(z) A Ownership(y)
Car-with-Ownership(z,y) = Car(z) A Ownership(y)
Age(y) = 3. [Nr-of-Years-is-Age(z, y)]
A 3, [Person-has-Age(z, y)]
Coworkership(y) = 3, [Person-involved-in-Coworkership(z, y)]
A 3, [Department-has-Coworkership(z, y)]
A 3 [Level-of-Coworkership(z, y)]
Ownership(y) = 3. [Adult-has-Ownership(z, y)]
A 3 [Car-with-Ownership(z, y)]
Adult(z) = Person(x)

Person-has-as-age-Nr-of-years(z,y) Ay > 21 = Adult(x)

Although, the actual theory corresponding to a conceptual schema may have become more complicated we
now have a cleaner way in which to deal with objectifications. Moreover, the order in which roles appear
in relationship types has become irrelevant.

In general, the logic theory for a given schema can now be derived as follows. For any role p € R we
should have the following conformity rule:

p(z,y) = Player(p)(x) A Rel(p)(y)
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Furthermore, any instance of a relationship type r € F with Roles(r) = {p1,...,pn} (note that we
dropped the order of the roles) should have some associated role instance:

r(y) =3z [pr(z, Y] A+ A T [pa(2, )]

In this formalization style, an example population would be:

Person(Erik), Person(Mark),

Department(Information Systems), Department(Computing Services),
Level(2), Level(1),

Nr-of-Years(19), Nr-of-Years(29),

Adult(Erik), Car(925DJX),

Age(#01), Age(#02), Coworkership(#03), Coworkership(#04),
Ownership(#05), Ownership(#06)

Person-has-Age(Erik,#01), Nr-of-Years-is-Age(29,#01),
Person-has-Age(Mark,#02), Nr-of-Years-is-Age(19,#02),
Person-involved-in-Coworkership(Erik,#03),

Department-with-Coworkership(Information Systems,#03),
Level-of-Coworkership(1,#03),

Person-involved-in-Coworkership(Mark,#04),
Department-with-Coworkership(Computing Services,#04),
Level-of-Coworkership(2,#04),

Adult-has-Ownership(Erik,#05), Car-with-Ownership(925DJX,#05)

Here the instances #01, ..., #05 are placeholders for some abstract instance that represents the underlying
relationship instance.

4.4 A set theoretic formalization of ORM

The set theoretic approach views a data model as consisting of an information structure describing the
structure of information elements, and a set of constraints. A population is a mapping from object types to
sets of instances. This mapping should be conformant to the structural requirements and constraints. The
semantics of a data model is then defined as the set of all allowable populations. This style of formalization
can be found in e.g. [BHW91, HW93].

The set theoretic style of formalization also closely follows the syntax of a schema. However, unlike the
initial logic based approach, this formalization does not rely on the order of roles in a relationship type. A
schema is treated as a set of abstract concepts and the semantics are expressed without explicit reference to
names or orderings of roles in relationship types. Therefore, the formalization below will not be using the
fact that Roles returns a sequence. All that is needed is a set of roles: Roles : F— ¢J(R). This approach is
clearly better with regards to the Conceptualization Principle.

Formally, a population Pop of a data model assigns to each object type a finite set of instances, such that
all constraints are satisfied. The instances originate from an underlying universal domain (). This universe
of instances is inductively defined as the smallest set satisfying:

1. Aset © C () of atomic instances.
2. Ifzq,...,x, are instances from (), and r1, . . . , r,, are roles, then the mapping
{7‘1 > L1, 5T b—>xn}

is also an instance (note that a mapping is a set of tuples, the tuple (r;, z;) is denoted as r; — ;).
These mappings are intended for the population of relationship types.
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The population of a relationship type is a set of tuples. A tuple ¢ in the population of a relationship type h
is a mapping of all its roles to values, i.e. t : Roles(h) — ). For example, for a tuple ¢ representing the fact
that Adult ‘Erik’ owns car ‘925DJX’, this leads to:

t(u) = Erik and t(v) = 925DJX

where Roles(h) = {u,v}, and h is the relationship type Ownership. Note that in this approach the treat-
ment of objectified relationships is transparent. An instance of a relationship type is a mapping, and may
in itself (see definition of ()) occur as an object in another mapping for another relationship.

The requirement that a value assigned to a role should occur in the population of the object type playing
that role is captured by the following conformity rule:

T € F = Vyepop(a)pex U(P) € Pop(Player(p))]

Therefore, as t(u) = Erik, we should have Erik € Pop(E), as Player(u) = E. The following specialization
rule expresses which instances participate in a subtype:

2 SubOf y = Pop(z) = {v € Pop(y) | Re(v) }

if R is the subtype defining rule for subtype x.

This style of formalization is quite elegant and simple in its setup and is basically derived from what is re-
ferred to as the mapping oriented approach in [Mai88] for the formalization of the Relational Model [Cod70].
This approach guarantees nice properties of algebraic operators, such as associativity and commutativity
of joins.

What can be identified as a drawback of this style, however, is the fact that it reveals that instances of rela-
tionship types are “implemented” by means of mappings: ¢ : Roles(f) — . This is a direct consequence of
the style used in the relational model, where tables are modeled as sets (not sequences!) of attributes, and
each row in the population of a table is a mapping of these attributes to values. In the second logic based
formalization style, we have seen that there is no need to make such assumptions. There is, nevertheless, a
trade-off between the Conceptualization Principle and the Primary Goal Principle involved.

In [CP96], an alternative formalization using a set theoretic style is given that remedies the above drawback.
In the next formalization style, the category theoretic approach, we will see an even cleaner approach to
the problem of hiding unnecessary detail when formalizing.

4.5 A category theoretic formalization of ORM

A more abstract formalization approach usually requires readers to be able to understand the abstractions
used, as well as the formalism. In the case of logic we saw how a more conceptual formalization could
be obtained by dropping the ordering of roles in a relationship as well as removing the dependence on a
tuple representation for objectified relationships. In the set theoretic approach we have essentially seen a
repeat of this. This abstraction led to a cleaner formalization of relationship types with regards to the Con-
ceptualization Principle. One could view this as an application of this principle on the “micro” level. As
will be shown, the use of category theory provides another, far more substantial, advantage. The semantics
becomes “configurable”, a choice for desired semantic features (e.g. time stamps, null values, uncertainty,
etc), simply becomes a choice for an appropriate instance category and does not require a complete re-
design of the formalization (as it would in case of the previously presented formalizations). The idea of
configurable semantics provides an example of generalization on the “macro” level.

Category theory is a relatively young branch of mathematics designed to describe various structural con-
cepts from different mathematical fields in a uniform and highly conceptual way. Category theory offers a
number of concepts, and theorems about those concepts, that form an abstraction of many concrete con-
cepts in diverse branches of mathematics. As pointed out by Hoare [Hoa89]: “Category theory is quite the
most general and abstract branch of pure mathematics”. The resulting level of genericity and abstraction
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may, however, make category theory formalizations harder to understand for an “average” reader. If the
goal of the formalization is not the communication of a formal definition to a wide audience, and there
is a strong preference for a highly conceptual formalization, then category theory will be the most ideal
instrument. However, if a wider audience needs to be addressed, a more mundane formalization may be
more appropriate.

Goguen [Gog91] argued that category theory can provide help with dealing with abstraction and repre-
sentation independence: in computing science, more abstract viewpoints are often more useful, because of
the need to achieve independence from the overwhelmingly complex details of how things are represented
or implemented. This is particularly relevant in the context of this case study. Category theory allows the
study of the essence of certain concepts as it focuses on the properties of mathematical structures instead
of on their representation. This point will be illustrated later when the formalization of relationship types
is discussed.

Category theory, therefore, is an interesting approach when defining the semantics of a data modelling
technique. Category theory allows us to define these semantics in a highly abstract way, focussing on
the essential properties. The example formalization as discussed here, is based on the work reported
in [FHL97, LH96, HLF96, HLW97]. For this case study, however, only a fraction of this work is needed
and consequently only a few categorical notions are required.

A category C is a directed multigraph whose nodes are called objects and whose edges are called arrows.
For each pair of arrows f : A— B and g : B — C there is an associated arrow g o f : A— C, the
composition of f with g. Furthermore, (h o g) o f = h o (g o f) whenever either side is defined. For each
object A there is an arrow Id 4 : A — A, the identity arrow. If f : A— B, then foldy = f =Ildp o f.

IdACé f Bi\) Id,

Figure 10: A simple example of a category

In figure 10 a simple example of a category is shown. It is an abstract example, no assumptions about the
meaning of the objects and the arrows has been made (and indeed, has to be made!). In this category the
choice of composites is forced: f old4 = f = Idp o f. The objects and arrows of a category may also
have a concrete interpretation. For example, objects may be mathematical structures such as sets, partially
ordered sets, graphs, trees etc. Arrows can denote functions, relations, paths in a graph, etc.

In the context of this paper, some set-oriented categories are important. The most elementary and frequently
used category is the category Set, where the objects are sets and the arrows are total functions. The objects
of Set are not necessarily finite. The category whose objects are finite sets and whose arrows are total
functions is called FinSet. The category PartSet concerns sets with partial functions, while the category
Rel has sets as objects and binary relations as arrows.

For a categorical formalization, it is necessary to define a uniform syntax of conceptual data models that
is as general as possible. Conceptual data models are defined by means of type graphs (see also [Sie90]
and [Tui%4]). Type graphs provide a highly conceptualized view on data models and as will be shown in
definition 4.2, they enable a very elegant formal definition of populations (as such, this again illustrates the
Semantics Priority Principle).

The various object types in the data model correspond to nodes in the graph, while the various constructions
can be discerned by labeling the arrows. Relationship types, for example, correspond to nodes. An object
type participating via a role in a relationship type is target of an arrow labeled with role, which has as
source that relationship type. As an object type may participate via several roles in a relationship type a
type graph has to be a multigraph.

Definition 4.1
A type graph G is a directed multigraph over a label set {role, spe}. Edges with label spe are called
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subtype edges, The type graph may not contain cycles consisting solely of subtype edges. The func-
tion type yields the label of an edge.

An edge e, labeled with role, from a node A to a node B indicates that A is a relationship type in which B
plays a role. If e is labeled with spe, then A is a specialization of B.

An important observation with respect to the definition of the type graph is that it is very liberal. It allows
a binary relationship type to be a subtype of a ternary fact type for example. As will be shown assigning a
semantics to type graphs containing such relations is not a problem and from an OO perspective they are
even very useful (Semantics Priority Principle),

Example 4.3
As an example of how data models can be represented as type graphs, consider figure 11, which
shows the type graph of the ORM data model in figure 7.

Figure 11: An example typegraph

In this approach, a population is defined as a model from the type graph to a category. A model is a graph
homomorphism from a graph to a category (interpreted as a graph).

Definition 4.2
Given a category F, a type model for a given type graph G in F', isamodel M : G — F'. F is referred
to as the instance category of the model.

At this point no requirements on the mapping of edges in relation to their labels is imposed. These require-
ments will be discussed in the remainder of this section. The above definition implies that the semantics
of a data model depends on the instance category chosen. A choice for a category is a choice for desired
semantic features, and as such the semantics has become configurable. This leads to an elegant way to
introduce notions such as time (choose TimeSet), null values (choose PartSet), and uncertainty (choose
FuzzySet) as extra dimensions. No redesign of the formalization is needed. Not all categories provide a
meaningful semantics for data models. In [LH96] a number of requirements are imposed on categories to
act as instance category and for a number of categories it is proven that they satisfy these requirements.

When modelling instances of relationship types, category theory also allows for a highly conceptual ap-
proach. Contrary to a tuple oriented approach, or a mapping oriented approach, category theory does not
(have to) make any assumptions about an underlying way to represent instances. The categorical approach
follows the observation that for relationship instances it is sufficient to have access to their various parts.
As examples we will consider populations in three different instance categories.

. roFI)e . rocl‘e .

Figure 12: Type graph of figure 6

26



The type graph of the schema of figure 6 is shown in figure 12. Category theoretically, a population corre-
sponds to a mapping from the type graph to an instance category. An example population Pop in FinSet
therefore, could be represented as:

Pop(p) = {ri—ai,r2—as},

Pop(q) = {r1|—>b1,r2b—>bl}.

In this approach, the two relationship instances, r; and 72, have an identity of their own, and the functions
p and ¢ can be applied to retrieve their respective components. Note that in this approach it is possible that
two different relationship instances consist of exactly the same components, (this conforms to OO). This is
not possible in the set theoretic formalization.

Apart from FinSet it is also possible to choose other instance categories. As remarked before, the category
PartSet allows certain components of relationship instances to be undefined, hence allowing a natural
treatment of null values:

Pop(p) = {7"2 — ag},
POp(q) = {7‘1'—>b1,’r’2'—>b1}.

In this population, relationship instance r; does not have a corresponding object playing role p.

Another possible choice of instance category is the category Rel. In Rel the components of relationship
instances correspond to sets, as roles are mapped on relations. A relationship instance may be related to
one or more objects in one of its components (this is comparable to the notion of multi-valued attributes in
00). A sample population could be:

Pop(p) = {rz—ai,ry+ az},

Pop(q) = {7"1 — by, 70 > by, T bg} :

role

f ‘

Figure 13: A cyclic unary fact type

As an example of another important difference between the set theoretic formalization and the categorical
formalization of relationship types consider figure 13. This fact type, represented both as an information
structure diagram and a type graph, is populatable in the categorical formalization. A sample population in
the category FinSet could be:

Pop(p) = {fi— fi}

This schema however is not populatable in the set theoretic formalization. This can easily be seen as
follows. Every instance in () can be assigned a natural number representing the shortest proof of its mem-
bership of (). This natural number can be referred to as the depth of the instance. If fact type f were to
be populatable, then a population assigning a nonempty set of instances to f would contain at least one
instance with a minimal depth, say ¢. Application of the conformity rule then gives that ¢(p) should also be
a member of the population of f, which gives a contradiction as the depth of ¢(p) is less than the depth of
t.

As mentioned before, specialization is used when specific facts are to be recorded for specific instances
of an object type only. A specialized object type inherits the properties of its supertype(s), but may have
additional properties.
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—
Teaching
Figure 14: An example of a subtype hierarchy in ORM

As an example of specialization consider the ORM schema of figure 14. In this diagram the object type
Teaching-Assistant is a subtype of both Student and Employee. In set theoretic terms, the most general
formalization of a subtype relation would be to treat it as an injective function. This is more general than
requiring that Pop(A) C Pop(B) in the case that A is a subtype of B, as instances may have a differ-
ent representation in both object types (this is particularly so in object-oriented data models). Therefore,
category theoretically a subtype relation has to correspond with a monomorphism (in the category Set a
monomorphism corresponds to an injective function). The definition of a monomorphism is:

Definition 4.3
An arrow f : A — B is a monomorphism if for any object X of the category and any arrows x,y :
X—Aif fox=foy,thenx =y.

The requirement that specialization relations have to be mapped onto monomorphisms is not sufficient,
however, for an adequate formalization of specialization relations. Consider for example the following
population (in FinSet) of the schema of figure 14:

Pop(Person) = {Jones, Richards},
Pop(Student) = {ST1943},
Pop(Employee) = {EM237},
Pop(Teaching-Assistant) = {TA999} .

and the following subtype relations (see also figure 15):

L = {TA999 — EM237},
L = {TA999 — ST1943},
I3 = {EM237 — Jones},
I, = {ST1 943 — Richards} .
In this sample population each specialization relation is mapped onto an injective function, but the instance

TA999 of object type Teaching-Assistant corresponds to two instances of Person: Richards as well as
Jones. Clearly, this is undesirable.

To avoid such problems, subtype diagrams, i.e. diagrams consisting solely of subtype edges, are required
to commute. In terms of the presented subtype diagram this would imply that the function composition of
I with I, should be identical to the function composition of /; with I3 and therefore: I4(/2(TA999)) =
I5(1,(TA999)).

Since the subtype diagram is required to commute, subtypes inherit properties from their supertypes in a
unique way. In the example, every teaching assistant inherits the name from its supertype person.
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Rlchards Jones

Person

T

ST1943 x Student Employee x EM237

\/

Teachlng aSS|stent .*1,

TA999

Figure 15: A non-commutative diagram

4.6 Conclusion

In this section we have studied the formalization of a conceptual data modelling technique using denota-
tional semantics with three different target domains. In this study we have seen some trade-offs between
the Primary Goal Principle and the Conceptualisation Principle. We have also illustrated the importance of
the Semantics Priority Principle.

In general, for conceptual data modelling, a logical style seems to be most appropriate for a learner’s au-
dience or as the basis for a support tool (allowing e.g. constraint contradictions to be found by a theorem
prover [HM92]). The category theoretic style is most useful when developing and studying a theory of
conceptual data modelling itself, but is much less suited for a novice audience due to the high abstraction
level. As shown in [HLW97] it could also serve as the basis for a data modelling shell, allowing analysts to
define their own data modelling technique with required semantic features. The set theoretic formalization
style seems to provide a middle ground between the previous two. In [WHB92] it was shown how this for-
malization style leads to an elegant characterization of complex uniqueness constraints, while in [HPW93]
it was used as the basis for the conceptual query language LISA-D.

5 Conclusions

This paper presented a discussion on the how of formalization. Taking the need for elegant and concise
formalizations as a starting point, it recognized the importance for guidance of the process involved. This
guidance was provided in the form of a discussion of four different styles of assigning formal semantics
and five formalization principles. Two elaborate case studies illustrated these different styles as well as
these principles. Task structures, as an example of a dynamic modelling technique, were formalised in
four different styles of assigning semantics, while ORM, as an example of a static modelling technique,
was formalized using denotational semantics, with three different target domains. The first case study
highlighted the importance of the Primary Goal Principle, while the second case study highlighted trade-
offs between the Primary Goal Principle and the Conceptualization Principle, as well as the importance of
the Semantics Priority Principle.

The reader interested in formalization case studies in a different field of computer science is referred to
some work by C.A.R. Hoare. In [Hoa94b], a mathematical theory of programming is presented in three
different styles (denotational, operational, and algebraic, which in our terminology corresponds to ax-
iomatic). In [Hoa94a] the use of logic is advocated as providing the basis for a systematic design method-
ology (which is illustrated with a number of formalization case studies). In [JH93], it is shown how an
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axiomatic semantics can be transformed into an operational semantics. Finally, it is interesting to remark
that for the formalization of CSP a denotational style was used, for CCS an operational style, and for ACP
an axiomatic (algebraic) style.

Naturally, the level of ambition for this paper has been modest and there is a definite need to further
investigate formalization principles and to provide more in-depth guidelines and heuristics. This is a subject
for further research.
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