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CHAPTERTEN

TOWARDS APROGRAMMING LANGUAGE
ONTOLOGY

RAYMOND TURNER AND AMNON H. EDEN

Abstract

We examine the role of semantic theory in detemmginthe ontology of

programming languages. We explore how differentasgin perspectives result
in different ontologies. In particular, we comp#ne ontological implications of
set-theoretic versus type-theoretic semantics.

Key terms: Philosophy of computer science
Related terms: Mathematical logic, type theory

1. Introduction

Programming languages (PLs) combine two, not alwdigtinct, facilities: data
structures (e.g., numbers, lists, trees, finits,sabjects) and control structures
(e.g., assignment, iteration, procedure calls,nson) that operate on these data
structures. Such structures (Naur 1981; McCarth§119 andin 1964) are
immensely varied in their style of presentation amthceptual content. For
example, logic based languages such as PROLOGases lupon Horn clause
logic with a very primitive type structure. Functad ones such as Miranda™
have no imperative features and use recursion iegsatnd inductive data
types as their means of constructing programs. Hatipe languages such as
Algol employ a whole range of data types and aegatterised by the presence
of assignment and its associated imperative cortstruObject-oriented
languages such as Smalltalk insist that everytisranobjector, at very least,
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can be naturally represented as such. In all ofnfhee can express very
complex ideas and construct extremely complicated iatricate algorithms.
Indeed, PLs may be usefully thought oftheories of problem solving the
sense that each language proffers a means of gopiioblems with given
methods of representation and problem solving esiies enshrined in their
techniques of program construction. To varying degr each language forces
one to solve problems within a given conceptuahaork (itsprogramming
paradign). This underlying conceptual framework is what heve in mind
when we talk about the ontology of a PL. Our oljyectn this paper is to say
something about such ontologies: what is the best of characterising and
formalising them? Unfortunately, the very diveysif PLs makes it hard to see
how to start any such investigation. Consequentithe outset we say a little
about our approach (Smith 2004; Johansson 1988jttdogy.

2. Ontological Perspectives

Since PLs are formal languages, they have mucloimmon with the formal
languages used in logic, mathematics and physimeed, many have been
inspired by the languages of formal logic. Consetjyewe shall explore some
of the ontological options that have been suggegiedhese languages. We
begin with a famous one.

Quine (1961; 1969) distinguishes between the ogicéd commitments of a
scientific theory and the actual choice of a theibsglf. The latter is to be
decided in terms of overall scientific adequacy., i.explanatory power,
simplicity, elegance etc. However, once the thdmy been selected, within it,
existence is determined by what the theory sayst®xin theories stated within
the languages of formal logic, this unpacks in teghexistential quantification.
For example, Peano arithmetic is committed to zard the successor of any
number; second order arithmetic, to numbers andseta of numbers; and
Russell's simple type theory to classes, classetasbes and classes of classes
of classes etc. This also applies to scientifioties expressed within such
languages. So for example, axiomatic accounts ofitbldan physics are
committed to the mathematics required to expresltysics together with any
of the actual physical notions that do not formtpafr the underlying pure
mathematics. The same is true for any axiomatimédation of any branch of
science. Each theory has its own existential commits and these are
explicitly laid out by the axioms and rules of tiheory, and these determine its
underlying ontology.

It would be pleasant to be able to apply theselogizal guidelines to PLs,
i.e., to be able to read off the underlying ontgleta its existential structure.
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Unfortunately, as soon as we try to do so, we aesemted with an obstacle:
unlike logical languages, no programming languagexplicitly distilled as a

pure logical theory, not even PROLOG. We are ragdlgn anything like an

axiomatization that exhibits its ontological commméints. So unlike logical

languages, uncovering the ontological underpinniafya PL is not quite as
simple as searching through the axioms. In gengragre only presented with a
syntax of the programming language together withessformal account of its

semantics. What we are rarely given is anything kin axiomatization that
displays its existential commitmentd.(So this approach offers little direct
help.

A closely allied alternative line of enquiry is eféd by Frege (1952) and
Dummett (1973; 1991). Instead of focusing on aromwatic account of its
constructs, it associates ontology with semanfit® ontological implications
of a language are to be identified with the ergitrequired to provide its
constructs with a semantic interpretation. Fordaglanguages, such semantic
accounts are normally given in the form of its matleoretic characterisation.
Indeed, the axioms of the theory are often justifiy direct appeal to its
semantics. Consequently, for these languageswthertological strategies are
two sides of the same coin. This suggests that wghtnibe able to apply the
Quinean perspective via its semantic dimension.

But once more, with PLs, matters are less straghtfrd. Indeed, for them,
even the statement of this semantic strategy ittle Vague; presumably, it all
depends upon what one means by semantic accouaseTdre not logical
languages whose semantics can be given using Tsatikfaction. Moreover,
the notion that PLs have or need a formal semamtiose much after their
invention and use. Fortunately for us, semantic®lo§ has now been under
investigation for several decades, and so the d@napproach offers us a
strategy to move forward. While several flavourssefmantics are on offer,
Denotational SemanticfDS) (Stoy 1977; Strachey 1973; White 2004) is not
only the market leader, but is also the most ogfoldly self-conscious.
Consequently, DS will form our starting point. Eugally, by following this
trail and abstracting the central features, weldballed back to the primary
Quinean perspective.

! The nearest we get to any axiomatic account of asAn the work of Manna and
Hoare. However, they were mainly concerned withgmam correctness and devised
ways of attaching predicate information to programformation intended to record the
before and after states of the execution of a piégaogram text. Moreover, while the
presentation of Hoare (1969) is axiomatic, it does capture all the ontological
commitments of a language; it only records the khpaf the constructs on some
underlying notion of state.
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3. Set-Theoretic Semantics

In DS every data item and control feature is tatemlenote a mathematical
object of some kind. At a deeper level, all thet@motions of the underlying
mathematics are sets. For example, the functioqdoged in the semantics are
sets of ordered pairs. This is such a common ctearsation of the notion of
function that, as an assumption, it is rarely magplicit and it even seems
somewhat pedantic to spell it out. However, it valdy a crucial role in our
evaluation of DS as providing an acceptable ontofog PLs.

In order to be more explicit about matters, andvdvat some of its underly-
ing assumptions, we need to sketch the DS apprdAfehare advocating a
strategy of ontological classification with DS t lneart and, although we shall
discard a great deal of the underlying mathematfoahdations, we shall
maintain the essence of DS, as well as the methggobf recovering the
ontology from it. For this reason we need to sparititle time developing the
basic ideas and machinery of DS.

We illustrate matters with a simple imperative laage 8IL). Although it is
a toy language, it will suffice to illustrate somkthe central aspects of DS and
how the ontology of the language may be linkedtt&liL has three syntactic
categories: Booleans, expressions and commandshWlieuseB as the set of
Boolean expressionkg, as the set of expressions abds the set of commands.
The denotational semantics requires the followiats $or the denotations of
these syntactic categories.

Variables = {1z, @, 3, ...}
Bool = {true, false}
Nat ={0,1,2,...}

State = Variables — Nat
where A — B denotes some set of functions from the Adb the setB. In
addition, we require the following semantic funosofor the various syntactic
categories.

B : B — (State — Bool)

E: E— (State — State)

C: C— (Variable — State)
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To illustrate the semantics we shall concentrat¢henmost interesting part
i.e., the command language. This is generatednbylsiassignment statements,
conditionals, sequencing and a while loop; it igegi formally by the following
BNF syntax.

ci:=mx=c|ifbthencesec| ¢; c| whilebdoc

wheree is an expression arma boolean expression. The semantic functions are
defined by recursion on the syntax. We shall itatst with the command
language.

Clz:=e]s = Update[s, z, E]e] s
C[if b then ¢, else ¢;]s = Cond(B[b]s, Clc)]s, C[ey] 8]
Clee)s = Cle](Cle)]s)
Clwhile b do ¢]s = if B[b]s
then C[while b do ¢](C[c]s]) else s

The Update function changes the state: it forces the valueinfthe new state,
to be equal to the value efin the old one.Cond chooses the first or second
component according to the value of the Booleais;given the undefined value
(L) if the latter is. Sequencing is interpreted axfional compositiond) while
thewhile loop is unpacked in terms of the conditional whiosportant aspect is
that it is interpreted as a recursive definition:

Fls| = if B[b]sthen F(C[c]s) dse's

This is usually expressed by saying that the foncf is a fixed-point of the
implicit functional expression.

To provide mathematically support for such semantiee need to use a
class of functions, indeed theory of mathematitraictures and their associated
functions, that is guaranteed to support such saawrdefinitions. Such
structures were supplied by Scott’'s Theory of Comaten (Stoy 1977), i.e., his
theory ofDomain$. In DS all the sets employed are taken to be doshaDf

% These are partly ordered sét,C) whereD is a set andC is a partial ordering, with
a least element such that anyw-chain of elements has a least upper bound.

Or some other mathematical framework that suppalitthe constructions in a set-
theoretic setting. The last 30 years has seen ¢helapment of many variations and
alternative frameworks including those where thecepof functions is cut down to just
the computable ones-according to some indexing. f&uts these variations are not
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particular importance, is the domain of functior@if one domain to another. In
domain theory, the set — B is not taken to be the set of all functions frdm
to B but just the set afontinuousones {).

Given this mathematical background, we can now #adthe ontological
commitments of our language. To provide DS 8t, we require the sets
Variables, Nat, Bool to be domains. These are taken to be flat domams
sets with a bottom element added). Finally, we take
State = Variables — Nat to be the domain of continuous functions from the
domain of variables to the domain of values. Ofrseudifferent programming
languages require different domains i.e., they haiféerent ontological
requirements. Indeed, enrichments to the languagh ss the addition of
declarations and procedures will effect the stmecti domains considerabls) (

Domain theory provides an underlying mathematigatesn in which to
articulate the DS semantics of PLs and is a cateliolatology for PLs. Firstly,
at the level of individual PLs, the underlying dotical demands of each
language is articulated in terms of the domainsired and the relationships
between them. Moreover, the theory of domains pessithe general ontologi-
cal setting: it provides the general mathematicamework in which DS is
situated. This is an attractive picture: it is moly a mathematically elegant
approach to semantics but an insightful and usefay of pinpointing the
underlying ontological structures of PLs. We shiglito maintain the majority
of these features.

philosophically significant since it is on the ungimg set theory that we shall

concentrate.

“|.e. the ones that both preserve the orderingd and D’ and preserve the least upper
bounds ofv-chains.

° The set theoretic approach requires certain d@nincontain copies of their own

flﬁnction spaces. Instead we adopt recursive madetse sense of recursive function
theory.
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4. A Computer Science Per spective

Observe that there are three underlying assumptb3S: Compositionality,
Extensionality and Completene€mpositionalityinsists that the meaning of a
complex expression is systematically put togetmemfthe meanings of its
parts. In DS it unpacks as the demand that thersnrfanctions are defined by
recursion on the syntactic structure of the languiétgs largely uncontroversial,
and in some form it is accepted in all versionfoainal semantics. Indeed, it is
such a fundamental assumption of semantics irtsatjuises, that we shall not
pause to question it. It is the others that neetidu reflection.

Extensionalityrelates primarily to the interpretation of prograntsinsists
that two programs are equal iff their denotatiorestae same. This means that
their equality is given in terms of the functiomgy compute. It is enforced in
DS by making the denotations of programs be seidtie functions.

The third assumptionCompletenesss more of a consequence of the fact
that the semantics is set-theoretic than a sepprateiple. It demands that all
the semantic items be interpreted as sets givertension.

One of the fundamental ontological questions abitconcerns the role of
sets f). Some ontologists now acceggitsas a basic ontological structure. They
put them alongside individuals, properties and t&yehereby taking them to be
part of our conceptual framework. Within this framoek, extensionality and
completeness are natural assumptions. Indeedathmst follow as corollaries.

Despite this, we have some reservations. Doesdhthsoretic account of
programming languages satisfy the intuitions ofdbputer scientist (CS)? Is
this style of semantics definitive for the worki@®? Does it define a language
for her/him? We suspect that in all three casesatiswer is negative. It seems
that set-theoretic constructs do not reflect thwiifions of the computer
scientist. More exactly, any philosophically wortbptology should capture
what the computer scientist talks about and empidpgaut i.e., data structures,
programs and algorithms. These and only these shéxgst in their conceptual
universe.

With these concerns to hand, consider the lastphiviciples of DS. Exten-
sionality is interpreted in DS as the demand thag@ams denote set-theoretic
functions. But from a CS viewpoint, programs aré lpest understood as such.
For a start, we cannot compute with infinite fuoot given in extension.
Moreover, properties of programs such as efficieriexibility and elegance

 We shall not so much reflect upon domain theony tire fact that the functions are
continuous but on the fact that domains are sets camtinuous functions are set-
theoretic ones.
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are, from the CS view of things, absolutely essénBut these properties are
obliterated by DS. In particular, whatever the appiate notion of equality for
algorithms and programs, it should be at least skmidable. This is certainly
not delivered by its set-theoretic interpretatioa,, two programs are equal if
they denote the same set-theoretic function. Thiaat to say that the set-
theoretic interpretations are not worthwhile fortameathematical purposes;
they are. When we wish to explore the functionsmaied by a program and set
up theories of equivalence that abstract from #tait$ of a program, functions
are appropriate. However, the set-theoretic inetgpion does not represent the
way computer scientists treat programs and doesrefteict the underlying
ontology of CS; while modelling them as infinitetsenay bring about some
metamathematical insight, it cannot be definitiqfigl

Completeness is equally problematic from a CS petsge. Consider the
data type of natural numbers. A computer scientistss not see this as an
infinite set given in extension. For heeing a natural numbeas an operational
notion characterised by its rules of generationis & number and for any
number, its successor is a number. Much the samneedor lists, trees etc. For
the CS, these are operational notions that aretomdie characterised set-
theoretically. CS are Aristotelian about infinityn (@ manner not unlike the
justification for the extendable tape of the Turmgchine). They allow for the
possibility that we can keep adding one, but nottti@ possibility that we can
finish the process and thereby put everything &ntompleted totality.

If we are right, set theory cannot form the basrsHL ontology and, more
generally, an ontology of computer science. Theatibn is not that dissimilar
to that to be found in thpossible worldmodels of intuitionistic logic that
employ sets angbossible worlds Such models are not for the constructive
mathematician, but the classical one. They do eft¢at what the constructive
mathematician takes the logical connectives to m€anstructive logicians and
mathematicians appeal to notions suctopsrationand constructive proofas
ways of explaining the basic logical connectivebe Tsituation with PLs is
similar. While, for their own purposes, set thewrigre free to interpret
computational notions in their terms, it is clehattcomputer scientists have
their own ontology.

" Some of these objections can be met by appeabiray different foundation namely

category theory. Although these models are mopabile, it is still not that clear that

they can furnish the ontology of the working congsucientists who as we shall claim
shortly, has an ontology of their own. White (20p4dvides a fine summary of some of
these alternatives with some insightful commentsutitheir different roles and

properties.
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5. Computational Ontology and Semantics

In this section we shall suggest and sketch thénbetys of an alternative
ontological framework. The idea is simple enouga:return to the intuitions of
computer science itself. Instead of sets we propmgarn matters around and
use data types as our basic ontology. Once thisbbes sketched, we shall
indicate how DS can be redone in terms of themcafrse sacrificing the
offending principles of extensionality and comptetss in the process.

But to begin with we need to be clear about onectspf this program: we
cannot just use the CS notions of data type angrano as we find them in PLs.
There are two reasons for this. Firstly, our orgglonust be theoretically
secure. If it is to be a rival to domain theoryerht needs to be as rigorously
formulated as the latter. More importantly, we ne®d know what our
underlying ontology amounts to. For this we requaréormal ontology. One
way of unpacking this, and the standard way, ®tmulate axiomatic theories
of our data objects. This will be our approachthle following we shall only be
able to sketch the general idea but see (Turne8;IR&ner 1996; Turner 2005)
for more detalils.

First consider completeness and how this impingethe development of a
computationally acceptable ontological frameworke Wlustrate with the
natural numbers. We shall not adopt the set-thieargerpretation but rather a
type-theoretic one governed by the following rules.

N, Nat type N a: Nat

2

+
N, 0: Nat a :Nat

i.e., we are proposing to replace thet of natural numbers with thigype of

natural numbers as it is used in computing sciefltis. captures its role in type-
checking. But in general, type inference is notugiioto nail down a decent
theory of numbers. We require other rules to deieenits logical content
(Turner 2001; Turner 2005). For example, we museleprinciple of induction

#0] z:Nat +g[z] > gz

z : Nat F ¢[z]

whereg is a wif (well-formed formula) in our formal langge. Without such a
theory we would not be able to support recursiah faed-points.

In short, we are advocating th&ut is taken as a primitive notion, i.&Vat
is a basic type and is not interpreted in set-#t@wterms. The same applies to
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all types, namely, all our types are defined axiidcasly by their rules and,
while they can be modelled as sets, they need aadhterpreted as such. In
particular, we replace the set of functions frointo B with the type of
operationsfrom the typed to the typeB (Hindley & Seldin 1986). In a similar
way, constructors such as Cartesian products ajairdiunions are also given a
type-theoretic analysis.

We shall now illustrate how DS can be carried oitthiw such a mathemati-
cal setting. We shall re-examine the semanticSlbf and indicate how this
mathematical framework can be applied to provideraputationally acceptable
DS. It is important to realise here that we areprotnoting a semantics that is
closer to an implementation such as Stack semaMibse & Strachey 1977).
Our semantics will be at the same abstract levigt thre underlying theory will
be changed.

For the interpretation of programs BIL, we must explicitly deal with
partiality; programs may not terminate and so may produce a value.
Consequentlyt: T'is now to be understood as asserting thiit is defined, is
of typeT. With this in mind, we introduce a new type

State ~ State

i.e., the type of partial operations from statest&tes. This is determined by the
following introduction and elimination rules.

z : Variables v : Nat

Update(z,v) : State ~~ State

f : State ~» State g : State ~> State

f o g : State ~ State

b: Bool f: State ~ State g : State ~ State

Cond(b, f, g) : State ~ State

b : Bool ~~ State f : State ~> State

While b do f : State ~» State
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f : State ~» State a : State
Apply(f,a) : State

The notion of being defined/having a value (expedsas a down arrow) is
determined by rules such as the following:

Apply(t, s) { Apply(t, s) {
td s ¥

Such rules enforce strictne$y. Finally, we add some rules that determine the
equality criteria. We illustrate with the most imfzmt one i.e., the one for the
while loop.

b: Bool ~ State f : State ~ State s : State

(While b do f)s = Cond(bs,(While b do f)(fs),s)
where~ denotes partial equality, i.e.
axb2(@dAabd)osa=0b

Informally, this asserts that, where both sidethef equality are defined, they
are equal. The semanticsSIiL. can now proceed much as before but with these
constructs replacing the set theoretic ones, e.g.,

Clwhile b do ¢|s ~ While B[b]s do C[c|s

This has something in common with axiomatic sencariti the Hoare style
but we have concentrated more on the logic of thegrams themselves.
Although very much a sketch of such a theory, dvites enough details for the
reader to get the conceptual point being made:re@dvocating an axiomatic
account of data types where their status is simtitathat of constructive
mathematics (Turner 1993; Turner 1996; Martin-Le74) ). We claim that
such accounts better capture the fundamental reotimst computer scientists
operate with. However, the essence of DS remaitactin The semantic
functions and the structure of the semantics inolydhe structure of the

8 Other ways which impose some more operationatrimdtion are also possible.

® There are some obvious connections with constignti but also some major
differences. In particular, we are not advocatinchange of logic. Indeed, we assume
classical logic. Our interest is in the mathematieg directly reflects the CS intuitions.
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relationships between the various entities remaareover, we can read off
the ontology of the language just as before. Whatdhanged is the underlying
ontological theory. We claim that we have the beijigs of an axiomatic

account of underlying CS ontology. As such, thimds us full circle back to

Quine: the types of the logical language employethe axiomatic underpin-
nings of the denotational semantics determine tidenlying ontology of the

language.
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