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Article

Meaning and Reference in Programming Languages
Nicola Angius

Department of Cognitive Science, University of Messina, 98121 Messina, Italy; nicola.angius@unime.it

Abstract: This paper provides an analysis of the meaning–reference problem, as tradi-
tionally advanced in the philosophy of language, for imperative programming languages.
Addressing the problem is relevant for the philosophy of computer science in the context
of the debate of whether simulative programs can be considered representational theories
of their simulated systems. This paper challenges the thesis that, since programming lan-
guages have semantics, they also have reference, presumably to the external world. First,
denotational, operational, game theoretic, and axiomatic semantics are epistemologically
analysed to provide a theory of meaning for high-level language programs. It is argued that
programming language semantics can be seen, to some extent, under the light of Fregean
descriptivism, thereby rejecting the view that it is reference that determines meaning. Sec-
ondly, descriptivist, causal, character, and intentionalist theories of reference are examined
to argue that meaning is not sufficient for programming languages to determine reference,
thereby rejecting the view that meaning determines reference. It is argued that it is the
intentions of agents that allow programming language semantics to identify referents. The
paper concludes that if the semantics of programming languages may determine their
reference, the latter is not to the external world but to the internal operations of the imple-
mentation executing them. This does not prevent simulative programs from representing
empirical systems, but they do so not on the basis of programming language semantics.

Keywords: philosophy of computer science; operational semantics; denotational semantics;
meaning; reference; externalist view of programs; programs as theories

1. Introduction
The philosophy of computer science has developed as an attempt to provide an anal-

ysis of computer science under the light of traditional philosophical disciplines such as
ontology, epistemology, and ethics [1,2]. Ontological examinations involved investigations
into, for instance, the nature of computational systems [3], algorithms [4], or programs [5,6].
The epistemology of software verification and testing [7,8], malfunctioning [9], modelling,
and abstraction [10,11] helped in understanding the epistemological status and the founda-
tions of computing as a discipline [12,13]. Computer ethics focuses on compelling ethical–
legal issues concerning, among others, the moral responsibility of programmers [14], the
intellectual property rights of software [15], or the moral agency of computing systems [16].

One important area of philosophy is missing in this picture, namely the philosophy of
language At the same time, informal and formal languages play a pivotal role in software
development and verification, from specification languages through high-level program-
ming languages to specification and verification logic. The formal languages of computer
science are defined by syntax, semantics, and their relationship, which are well examined
in the philosophy of language and are the focus of this Special Issue on “Semantics and
Computation”.1
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This paper aims to contribute to the analysis of the semantics of computational lan-
guages by considering the meaning–reference problem for imperative, high-level program-
ming languages. The problem is a crucial one in the philosophy of language and, as origi-
nally put forward in the nineteenth century by the German logician Gottlob Frege [17], it is
the problem of determining whether the meaning of a language expression is determined
by what the expression refers to in the external world, or, vice versa, whether it is meaning
that determines reference, or even if meaning and reference are two linguistically and
cognitive independent aspects of language. Over the years, philosophers of language
advanced many different theories of meaning [18] and theories of reference [19], tackling the
meaning/reference problem in divergent ways.2

In the context of programming languages, the meaning–reference problem becomes the
question of whether the meaning associated with the constructs of a language enables that
language to refer to something.3 Indeed, high-level programming languages are defined by
syntax, defining the construction rules for instructions, and semantics, which are associated
with each type of instruction and meaning. Three related problems are at stake here:
whether programming languages are referential, if they are in virtue of their semantics,
and what kind of system they refer to.

The question of whether programming languages are referential is relevant to another
important debate in the philosophy of computer science, i.e., the problem of whether
computer programs are theories of an empirical system. The programs-as-theories thesis
was initially advanced in the context of the philosophy of artificial intelligence (AI) by Allen
Newell and Herbert Simon [20] and subsequently discussed in the philosophy of cognitive
science [21,22]. In its original formulation, it is the thesis that simulative programs in AI
can be considered as theories of the mind.

Moor [23] emphasises how considering simulative programs as theories of their sim-
ulated system is one of the myths of computer science. Programs can be understood
best as models rather than theories. Theories involve predictive and explanatory law-like
statements that programs do not include, while both programs and models may be able
to represent any given target system.4 The author nonetheless highlights how programs
can be understood as models provided that isomorphisms can be established between a
program and a represented system, in the same way scientific models do with their target
empirical systems. The question left open by Moore can be paraphrased by asking whether
programs, qua linguistic entities, are referential or, in other words, whether they are able to
refer to, and therefore represent, a system.

Answers to this problem have divided internalist and externalist views of computa-
tion [1]. According to the internalist view, programs are internal, narrow, local, and syntactic;
in other words, computation is understood as a manipulation of symbols and, at the physi-
cal level, it concerns the operation of the physical machine implementing the program.5

Typically, the internalist approach is in favour of the formal verification of correctness:
all that is needed to prove correctness is to demonstrate that a program is a model of a
specification expressing its desired functionalities; reference to the external word is not
needed to understand and evaluate program correctness.6

In contrast, the externalist view sees programs as directly referring to the world. Pro-
grams are, in this case, understood as wide, global, and semantic. Those, such as Newell
and Simon [20], arguing that programs are theories of the mind or of other simulated
systems, support the externalist view of programs. Holders of the externalist view are
typically critical towards formal verification: program correctness is not just about the
formal relationship between a specification and a program code, in that a machine imple-
menting a program satisfying its specification may still fail in achieving the desired goals
due to faulty hardware or a deficiency in the interaction with the environment. In other
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words, correctness is all about making an implemented program behave in its environment
as intended.7 Finally, according to the externalist view, programs are referential in that
they are semantic: the semantics of a programming language provide a reference for the
programming language.

Proponents of the externalist view of programs assume the semantics of program-
ming languages to be referential. Whether semantics are or are not referential has also
been a crucial problem in the philosophy of language in connection with the so-called
meaning/reference problem [25]. Originally put forward by Gottlob Frege in [17], it is the
problem of determining whether the expressions of natural languages have meaning by
virtue of their being able to refer to some external object in the world or not. In particular,
what the externalist view of programs seems to assume is the so-called “Fregean slogan”,
according to which meaning determines reference [18]. The aim of this paper is to examine
whether this is the case also for programming languages.

To this aim, Section 2 introduces to the four main programming language semantics,
namely operational, denotational, game theoretic, and axiomatic semantics. Section 3
considers the main theories of meaning developed in the philosophy of language to identify
which of them better reflects the usage of programming language semantics. Section 4
examines the theories of reference in philosophy of language, establishing a relation be-
tween semantics and reference to consider whether they apply to programming languages.
Finally, Section 5 answers the starting question, namely whether Fregean slogan holds true
for programming languages.

2. The Semantics of Programming Languages
Before defining the notions of meaning and reference for programming languages,

let us briefly recall what the semantics of programming languages amount to. As stated
above, every programming language is associated, in the first place, with a set of syntactic
rules defining the constructs of the language. For the sake of simplicity, let us consider a
pseudo-imperative language defined by an assignment instruction, a selection instruction,
a while loop, and a sequential composition. Syntax defines each construct and the elements
appearing there. The assignment instruction is defined as the construct,

a := E,

requiring that the value ‘E’ be assigned to the variable ‘a’, where ‘a’ corresponds to a
memory location in the machine running the program. ‘E’ can be a constant, a variable,
or an arithmetic expression made up of variables and constants.

The same goes for the other constructs. A syntactic rule may define the selection
instruction as the conditional construct:

i f E then I else I′,

requiring that instruction I be executed if a given condition E is true or a different instruction
I′ if the condition is false. By the same token, the while loop can be defined as the construct:

while E do I,

evaluating condition E and, as long as it holds true, requesting instruction I to be executed.
Finally, sequential composition can be syntactically defined as follows:

I; I′,

allowing two or more instructions to be composed in a single code line.
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Once syntax is fixed, semantics associate a meaning in different ways to each construct,
depending on the kind of semantics at stake. In the following, the focus is restricted
to the main programming language semantics considered in computer science, namely
operational, denotational, game-theoretic, and axiomatic semantics. These are called static
semantics, in that program execution is not required; they aid formal verification properly
in that they associate a meaning to the program code. So-called dynamic semantics,
by managing runtime errors, concurrency, or runtime resource management, will not be
considered here in that this study is more concerned with how instructions are executed
rather than directly with their meaning.

2.1. Operational Semantics

The main idea underpinning operational semantics is that the execution of a given
instruction determines a state change in the system [26,27]. This is often expressed as
< i, s >⇓ s′, stating that instruction i, executed in state s, brings the system into state s′.8 To
each syntactical construct, operational semantics associate a corresponding semantic rule
expressing the system state change induced by the execution of the instruction.

For instance, the operational semantic rule associated with the assignment instruction
is as follows:

(Val(E, s) = v)
(< a := E, s >⇓ Update[a, s, v]).

Specifying that given v the arithmetic value of expression E in state s (premise),
the execution of the assignment instruction x := E in state s brings the system into a new
state, identical to s, except the fact that the machine updates s by assigning value v to a
(conclusion).9 Ultimately, the meaning of the assignment instruction is an update operation
of the machine, namely Update[a, s, v].

The semantic rule for the conditional instruction corresponds to the following:

< E, s >⇓ true,< I, s >⇓ s′

< i f E then I else I′, s >⇓ s′,

< E, s >⇓ f alse,< I′, s >⇓ s′

< i f E then I else I′, s >⇓ s′.

The first rule states that if condition E is true in state s, and if executing I in state s
brings to state s′, then the execution of the conditional instruction in state s brings state s′;
the second rule goes in the same way but assumes that condition E in state s is false and,
therefore, instruction I′ is executed in state s, bringing state s′.

The semantic rule associated with the while loop is divided into two cases as well,
depending on whether condition E in state s is true or false:

< E, s >⇓ f alse
< while E do I, s >⇓ s,

< E, s >⇓ true,< I, s >⇓ s′,< while E do I, s′ >⇓ s′′

< while E do I, s >⇓ s′′.

Finally, the semantic rule for the sequential composition states that if instruction I
executed in state s leads to state s′, and I′ executed in state s′ leads to state s′′, then executing
the composition of the two instructions in state s brings the machine to state s′′:

< I, s >⇓ s′,< I′, s′ >⇓ s′′

< I; I′, s >⇓ s′′.
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As stated above, the semantics of programming languages are conceived as a means
to prove the formal correctness of programs. In the case of operational semantics, given a
program, the semantic rules allow one to build a state transition system representing the state
changes in the implementing machine when instructions are executed. A state transition
system is, in other words, an abstract machine. Correctness can be proved by formalising the
set of specifications in an appropriate logic, for instance, temporal logic, and a model-checking
algorithm checks whether each formula holds true in the model.10

2.2. Denotational Semantics

In denotational semantics [29–31] the syntactical constructs of a programming lan-
guage are interpreted as elements of mathematical structures called domains. Such interpre-
tations are models of programming languages: a domain is a partially ordered set and a
model is a family of partially ordered sets, each interpreting types of the language, such as
natural numbers, variables, Boolean constants, or functions.11 Generally speaking, denota-
tional semantics are defined by a set of domains, providing meaning to program constructs
and a set of functions mapping syntactical constructs to their meaning. In other words,
denotational semantics interpret a program as a set of functions from domain to domain.

Given a program, the functions of a denotational semantics map for each instruction,
from input states to output states, result from the execution of the given instruction. Since
it may well be the case that, for a given instruction, the program does not terminate and
there is no output state, denotational semantic functions are partial. A straightforward
way to present denotational semantics is to introduce a partial equality relation ≃ between
input and output states for the given syntactical construct, as conducted in [3]. The partial
equality relation for the assignment instruction is as follows:

||a := E||s ≃ Update(a, ||E||s, v),

associating state s, where the assignment instruction is executed, to the state resulting
after the Update operation. The partial equality relations for, respectively, the selection
instruction, the while loop, and the sequential composition can be defined in a similar way
as follows:

||i f E then I else I′||s ≃ {||I||s i f ||E||s is true; ||I′||s i f ||E||s is f alse},

||while E do I||s ≃ {s i f ||E||s is f alse; ||while E do I||(||P||s) i f ||E||s is true},

||I; I′||s ≃ ||I′|| (||I||)s.

Proving program correctness through denotational semantics requires, again, that
program specifications be expressed in some formal language which, as Hoare’s logic
suggests [32], specifies the program’s pre- and post-conditions. Correctness is proved by
showing that the denotations mapped by the semantic functions satisfy those pre- and
post-conditions.12

2.3. Game Theoretic Semantics

Both operational and denotational semantics induce an equivalence relation over
programs. From an operational point of view, two programs P and P′ can be said to be
equivalent, P ≡O P′, in case < P, s >⇓ s′ ↔< P′, s >⇓ s′, i.e., in the case when they are both
launched in a given machine state s, their execution leads to the same state s′. Denotational
semantics define the equivalence P ≡D P′ as the identity relation M(P) = M(P′), that is,
as an identity between the semantic interpretation, or model M(P), of program P and the
model M(P′) of program P′. According to the full abstraction property [33], denotational
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semantics are fully abstract with respect to an operational one if the relations P ≡O P′ and
P ≡D P′ agree. In other words, full abstraction is achieved when denotational models are
able to exhaustively encompass all the behaviours of the abstract machine for the involved
program. This amounts to saying that, on the one hand, two denotationally equivalent
programs should be indistinguishable from an observational point of view and, on the
other hand, that all observable behaviours, as represented operationally, should also be
included in the denotational model. Unfortunately, fully abstract denotational models can
hardly be provided for programming languages; this is known as the full abstraction problem.
The problem is related to the difficulty of making the denotational model so precise so as to
include all the needed details of the operational model.

The failure to prove full abstraction for denotational semantics led to game theoretic
semantics [34,35], which can be seen as a version of denotational semantics that is indeed
able to induce the same equivalence as the operational one. In other words, game semantics
are able to provide a fully abstract model with respect to operational semantics.

The main idea at the basis of game theoretic semantics is that computation can be
understood as a dialogue between a computing agent and the environment wherein the
former operates. Game theoretic semantics understand the meaning of a program in terms
of the observable behaviour of the computing agent, wherein interactions between the agent
and the environment play a fundamental role [36]. This kind of semantics was inspired by
the work of Jaakko Hintikka in game theoretic semantics for logic [37,38], wherein a game
is defined by a set of moves, two actors usually called the proponent and opponent, and a
set of positions, that is, a series of moves each characterised by an alternation of moves of
the opponent and proponent, starting with the opponent. The proponent proves the truth
of a statement; the opponent attempts to challenge the proof.

In the context of programming language semantics, the proponent attempts to prove
the correctness of the program, and the opponent attempts to prove incorrectness by
showing counterexamples. Moves within a position can be understood as strategies for
the proponent’s actions in response to the opponent’s movements. A game then takes the
form of a formal structure representing the dialogue game, wherein the proponent answers
questions advanced by the opponent. Game theoretic semantics are used to prove program
correctness by showing the winning strategy of the proponent.

2.4. Axiomatic Semantics

Axiomatic semantics [39] aim to define the meaning of a program in terms of axioms,
i.e., rules, allowing the formal proof of the properties of the program. As with other
semantics, axiomatic semantics were conceived in relation to the correctness problem: the
original aim was to logically derive the property formalised in a specification from the
axioms that define the program [32]. In this case, each program construct is associated
with an axiom; an entire program can thus be represented as a set of axioms. Rules of
this kind have the form of what is known as a Hoare’s triple {ϕ}i{ψ}, stating that if a
certain precondition {ϕ} holds true at a given state, the execution of instruction i leads to
a successor state wherein postcondition {ψ} holds true. Hoare’s rule for the assignment
instruction is as follows:

{ϕ[E/x]}a := E{ϕ}.

This means that the postcondition holds true if the execution of a := E has the same
precondition, except E was substituted for variable x. The semantic rule for the conditional
statement is as follows:
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{E ∧ ϕ}I{ψ}, {¬E ∧ ϕ}I′{ψ}
{ϕ}i f E then I else I′{ψ},

stating that the postcondition of both branches of the conditional statement is also a
postcondition of the whole statement. The while loop axiom

{E ∧ ϕ}I{ϕ}
{ϕ}while E do I{¬E ∧ ϕ},

specifies that if ϕ remains true when E is true and I is executed, then ϕ remains true
throughout the loop. Condition ϕ is called the invariant of the loop. Finally, the rule for the
sequential composition is as follows:

{ϕ}I{ψ}, {ψ}I′{χ}
{ϕ}I; I′{χ}.

Simply stated, if the postcondition of the first instruction is also the precondition of
the second instruction, then, given the precondition of the first instruction, the composition
of the two instructions leads to a state where the postcondition of the second instruction
holds true.

Specifications can be formalised using Hoares’ triple as well, requiring, given a pre-
condition, that must be the postcondition.13 Briefly speaking, once a program has been
formalised as a set of Hoare’s triple axioms, Hoare’s triple specification is treated as a
theorem to be derived by the axioms. To this aim, the precondition of the specification is
taken as the precondition of the first program instruction, and whether the postcondition of
the last program instruction corresponds to the postcondition required by the specification
is checked.

As a concluding remark on programming language semantics, only game theoretic
semantics and operational semantics can be proven to be equivalent via full abstraction.
However, operational semantics are considered to have a “definitional priority” over other
kinds of semantics, meaning that denotation and axiomatic semantics must agree with
operational semantics. According to Turner [3], such a definitional priority has a historical
motivation since both Turing machines and the λ-calculus were originally defined using
operational semantics. Denotational semantics can be seen as having a more theoretical
role, being better suited for exploring the mathematical properties of programs. Axiomatic
semantics were conceived to directly enable formal proof of correctness. The definitional
priority principle indicates that operational rules are those that better convey the meaning
of programming languages by showing how computations are actually carried out. This
paper endorses the definitional priority principle by focusing on operational semantics and
considering the other kinds of semantics adhering to it.

The next section will now go through the main theories of meaning that have been
historically discussed in the philosophy of language to see whether there are any that
comply with the semantics of the programming languages presented.

3. Theories of Meaning for Programming Languages
In the philosophy of language, a theory of meaning is a theory associating meaning

with the elements of a natural language. Historically, the first attempt to provide meaning
to the expressions of a language was by Gottlob Frege and his Begriffsschrift [40]. Indeed,
a semantic theory was also conceived for logical statements; as is known, the semantics of
a logical system can be provided in terms of model theory [41], initially formalised by Alfred
Tarski [42]. In model theory, the semantics of predicate logic are provided by introducing
a world and sets of functions mapping constants and predicates to (sets of) elements of
the world. Semantics are presented in terms of truth conditions, so for the meaning of the
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sentence, P(a) is its truth condition; P(a) is true if the object in the world corresponding to
constant a is an element of the set corresponding to predicate P and false otherwise. The
meaning of constant a is simply the world object it is mapped onto. Transposed to natural
language, this is tantamount to saying that the meaning of a sentence is its truth condition,
and the meaning of an element of a language is its contribution to determining the truth
value of the sentence it compares to. The meaning of the sentence ‘Antony is a physician’ is
its truth condition, and the meaning of the term ‘Antony’ is the person in the real world and
what the term is associated with (that is, Antony). This is to say that meaning is provided
by reference: in meaning, there is not anything more than reference, a position that has
been widely developed for natural languages by Donald Davidson [43].

The thesis that a theory of reference is all one needs to provide semantics works well
with formal languages, wherein there are no indexicals, where usually there are no different
sentences corresponding to the same proposition, and where a formal world can always
be defined to provide meaning. Indeed, among the four kinds of programming language
semantics, denotational semantics are the ones that provide meaning to a language in this
proper way. Denotational semantics consider programming languages as mathematical
languages, and meaning is provided in terms of a model, that is, a set of domains, each
interpreting a language type. One should be careful to notice here that the model providing
meaning to the language is a formal model representing the state change of an abstract
machine. The assignment instruction to recall the first case is associated with a function
from a machine state to the same state wherein variable a has been assigned value E.
It follows that the model providing meaning to the language is not the outside world,
the world any machine implementing the program would interact with; it is a formal model
providing a set-theoretic representation of an abstract machine for the program. Also,
given the assignment instruction, different semantics, i.e., meanings, can be associated
with it beyond the denotational one, all referring, in different guises, to that abstract
machine operation. Therefore, there seems to be a many-to-one relation between meaning
and reference.

Frege [17] himself famously argued that reference is not sufficient to determine the
meaning of a language expression, and different meanings may correspond to the same
referent. His well-known example shows that the expressions ‘the morning star’ and ‘the
evening star’ denote the very same entity in the external world, namely the planet Venus;
nonetheless, anybody would agree that the meaning of the two expressions is somehow
different. Since the two expressions have the same reference, any two sentences identical
except for the two expressions would have the same truth value, such as ‘the morning star
is the biggest star’ and ‘the evening star is the biggest star’, which have the same meaning
according to the referential theory of meaning. Nonetheless, the German logician maintains
that the difference in meaning between the two expressions is due to a difference in their
content, expressed by the two propositions they convey. In contrast, there are cases of
different sentences, such as ‘Mary is blonde’ and ‘Mary has got blond hair’, which have the
same content, same reference, and same truth value.

The conclusion is that, on the one hand, two expressions having the same reference
can convey different propositions and thus have different meanings; on the other hand,
two expressions having the same meaning cannot have different references. In this exact
sense, Frege states that meaning determines or fixes reference. Given the content of an
expression, this will determine its reference.

According to the propositional theory of meaning, expressions of a natural language are
associated with entities, notably propositions, that determine their meaning. But what are
these kinds of entities? Following Millian–Russellian semantics, those entities are structured
propositions defined by specific elements such as objects, properties, and relations [18]. So,
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for instance, a name in a sentence designates an object, an attribute or a property of objects,
or a predicate of a relation.14

The analyzed programming language semantics associate formal entities with lan-
guage constructs, and these entities are structured entities, such as operational rules, ax-
ioms, or game strategies; also, some of the language elements, such as variables, constants,
and expressions, can be associated with formal objects, such as memory locations, numbers,
or truth values. However, it remains true that instructions in a programming language
are not declarations, and there are elements of the language, say the assignment :=, or the
‘while’ symbol, that cannot be associated with single elements of a structured entity.

In keeping with Fregean semantics, the content of a sentence is still a structured entity,
but such an entity is not defined by objects, properties, and relations. As the planet Venus
example shows, the content of an expression is a mode of presentation of an object to a
subject. Such a mode of presenting or thinking of objects is called Frege sense. Fregean
senses are objective contents of language expressions that allow one to determine their
referents. In the case of names, sense is presented in terms of a definite description which,
such as ‘the morning star’ or ‘the current president of the United States’, specifies properties
or conditions of the referent and thus allows one to single out the referent. Given a referent,
such as the planet Venus, this may satisfy different conditions or properties, and this is why
it can be referred to by using different definite descriptions such as ‘the morning star’ or
‘the evening star’. This position is known as Fregean descriptivism [18].15

Beyond the different philosophical problems associated with Fregean descriptivism
(such as Kripke’s modal argument [44]), one aspect of this theory is useful to understand
the meaning of programming languages: the different analysed semantics provide different
ways or modes (Fregean senses) of presenting the meaning of programming language
constructs. Given, say, the assignment instruction, its meaning depends on a certain way
of presenting the operation of an abstract machine, which, in turn, represents the update
operation of a memory location value. The update operation of the abstract machine
can be presented by means of operational semantics, specifying that if a given variable
in a given state has a certain value, the execution of the assignment results in the same
machine state but such that the variable has a new value. The same abstract machine
operation is presented by denotational semantics but in a different guise, namely in terms
of functions from machine states to machine states. A yet different way of presenting
the update machine operation is provided by game-theoretic semantics, which sees the
update operation as a step-strategy in a game between an agent and the environment
trying to prove the correctness of a program. Finally, axiomatic semantics specify that the
abstract machine remains in the same state but updates the value of the involved variable
and specifies that the postcondition is the same precondition.16

To see if the Fregean slogan is valid for the semantics of programming languages,
one should examine whether different senses associated with the program constructs
determine reference, i.e., whether the constructs refer by virtue of their meaning. To do
so, a preliminary question is whether there is a theory of reference that programming
languages adhere to. Let us see.17

4. Theories of Reference for Programming Languages
One may identify as many as four theories of reference in the philosophy of lan-

guage [19]. The first one, the descriptivist model, is a referential counterpart of the descrip-
tivist theory of meaning provided in the previous section. In the Millian–Russellian guise,
the descriptivist theory maintains that sentences express propositions which are structured
entities wherein each term or substructure is referential and contributes to the meaning of
the whole sentence. So, for instance, the reference of the sentence ‘Aristotle is a philosopher’
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is its truth value, determined by the predicate ‘is a philosopher’, defining a property for
the object referred to by ‘Aristotle’, the philosopher born in Stagira in 384 B.C. Identifying
referents is essential to define the truth value of sentences.

As noted above in Section 3, even though expressions of programming languages are
structured and composed of distinct constructs, each constituted by distinct terms such as
variables, Booleans, constants, and commands, semantics do not directly associate any of
them with external objects. Semantics rather associate program expressions with formal
entities, such as states and transitions, sets and functions, proof rules, or game strategies.

Fregean descriptivism still sees sentences as expressing structured propositions whose
constituents, however, are not external objects and properties thereof but rather senses.
The sense of an expression is not directly its referent; according to Frege, senses and
reference must be distinguished. It was recalled above how the sense of, say, a name is
a mode of presentation of the referent to a human subject and how senses are definite
descriptions, with regard to propositions of the form ‘the morning star’, that allow one to
determine the unique referent satisfying the description. This is at the core of the Fregean
slogan, which is that sense determines reference.

Section 3 argued that programming language semantics comply, to a certain extent,
with Fregean descriptivism: each of the examined semantics associates constructs to entities
which have some implicit propositional form. Consider again the assignment instruction
a := E; operational semantics associate the instruction with an operational rule which
can be paraphrased by saying that the meaning of the assignment instruction is the state
transition such that the new state is identical to the previous one except for the fact that
value E has been assigned to a. Similar considerations were extended to the other kind of
semantics, which present in different ways (senses) the same propositional content.

The question becomes whether the propositional entities associated with the construct
of a programming language permit one to pick out a referent in the external world, such
as for Fregean descriptions. This is a known problem in the philosophy of language.
The limits of the descriptivist theory of reference have been discussed in connection with
definite descriptions with no referents, such as the known example “The King of France
is bald” [46], with names having more than one bearer [47], with definite descriptions
corresponding to multiple referents [48], and with definite descriptions which are false [49].

All the semantics introduced in Section 2 leverage the notion of the machine state
or machine state transition, that is, of an abstract machine.18 Abstract machines are a
formalism that enables one to reason about the property of a program; again, the aim of
programming language semantics is to aid verification and correctness evaluation. Meaning
to the constructs of a programming language is then provided in terms of the operations
of an abstract machine (presented in different ways by different semantics). Let us ask
whether this suffices to choose a referent. One should note that the kind of referent an
abstract machine may be associated with is the physical machine implementing it, a point
already emphasised by [50]. Even though abstract machines may also include variables
representing elements of the operating environment and users, they mainly represent the
computation that any implementing machine must realise.

Abstract machines do not correspond to a single implementing machine. States of
an abstract machine are indeed abstract; that is, they are often macro-states that can be
mapped to a set of machine states corresponding as a whole to the macro-state. Macro-
states are obtained by introducing a set of macro-variables, each corresponding to a set
of program variables, inducing a collapse of the abstract machine states and transitions.
Such a collapse is often required to reduce the state space of the abstract machine and,
with it, the computational resources the search algorithm needs to travel it [51]. Data
abstraction is also known to generate spurious paths in the abstract machine, that is, paths
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not corresponding to any execution of the physical machine [52]. Also, the abstract nature
of state transition systems makes them multi-realisable: an abstract machine corresponds to
a multiplicity of different physical machines, each unpacking macro-sates and transitions
in different ways. Multiple realisability characterises not just the abstract machine level
but all ontological levels defining a computational system [2]. Accordingly, the meaning
associated with programming language instructions does not suffice to individuate a
physical machine as its external referent. These further considerations lead us to conclude
that there is no many-to-one correspondence between senses and reference, as there is in
Fregean descriptivism, but rather a many-to-many relation.

The multiple realisability of abstract machines is an equivalent of the case of proper
names having multiple bearers, that is, physical people named in the same way. According
to [53], a potential solution to the multiple bearer problem is to treat names as indexicals.
The latter are not rigid designators [44]: they are terms that do not always refer to the same
entity but such that their referents change depending on the context of the utterance of the
sentence of interest. Speakers, hearers, times, and places contribute to defining the relevant
context of utterance. Examples of indexicals include ‘I’, ‘you’, ‘here’, or ‘tomorrow’. If it
is me saying ‘I’, the expression refers to myself or, in general, to whoever is pronouncing
the pronoun.

A second theory of reference is the so-called character model, related to the work of
David Kaplan [54]. According to Kaplan, whereas names have content, indexicals have
a character, which is to be understood as some sort of function or rule, mapping from
contexts of utterance to referents. The indexical ‘I’ has a referent, which is provided by a
function mapping from a context, for instance, me uttering a sentence to myself. Names,
for Kaplan, have a constant referent since they have a fixed character. It has been argued
that names with multiple bearers do not have a constant character [53].

Even though the question of whether there are rigid and non-rigid designators in
programming languages is an interesting one, the analysed semantics of programming
languages do not take into consideration anything similar to contexts of utterance, such as
some sort of “context of execution”: meaning semantics associated with program constructs
are the same, independent of the machine executing the program.

The purpose of the semantics of programming languages is to enable reasoning about
correctness at an abstract level. It is true that once a given program is implemented on a
physical machine, the chosen semantics (especially operational semantics) can be used to
map from program instructions to machine executions. However, identifying the referents
(machine executions) is not a job carried out by the semantics themselves; semantics are
certainly needed, but something more seems required.

According to [19], models of reference are not to be intended as mutually exclusive,
but they can be coupled, when needed, to overcome the inner limitations of each model,
depending on the context. For instance, a causal model of reference can be associated with
Millianism and the view that proper names are some sort of “tags” associated with names.
As recalled in the previous section, according to this view, the meaning of a name is just
its referent. However, a problem was left open as to who is labelling or tagging objects
in the world. According to the causal model of reference, in its more known form due to
Kripke [44] but also independently introduced by [55,56], there is an initial “baptism” with
which a referent is given a name; the current use of a name is justified since one can trace a
causal chain of usage of referents back to the original baptism.

The causal model of reference still sees reference as a one-to-one or a many-to-one
correspondence; once a name is associated with a referent, that name is always used
to refer to that referent. It follows that this model does not fit as well with the many-
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to-many relations characterizing programming language semantics and implementing
physical machines.

Finally, an intentional model of reference understands the ability of language expressions
to be related to the intentions of speakers and their usage of those expressions to refer to
intended referents. The intentional model is also known as the Gricean approach, given its
plain relation with the theory of the meaning of Paul Grice [57], and later systematized
in [58]. This model of reference was initially developed for so-called impure indexicals,
such as pronouns and demonstratives, for which the context of utterance may not be
sufficient to point to the direct referent. By saying ‘I’, the context of utterance (me saying
‘I’) determines the referent (myself); by saying ‘she’ or ‘that’, more than one referent may
fit with the context of utterance. The intentional model proposes to solve this problem
by referring to the speaker’s mental state, to the listener’s understanding of the speaker’s
mental state, and to the listener’s identification of the referent.

Intentions also play a fundamental role in the development and verification of com-
putational systems [2]. Intention is understood as the first level of abstraction defining a
computational system, and it roughly corresponds to the mental act with which stakehold-
ers conceive and ask for a certain system to be developed [59]. Intentions are articulated
and formalised into program specifications as a second level of abstraction; specifications
are realised into a set of algorithms, which are themselves realised into a high-level language
program. The program is compiled into machine code, which is finally implemented and
executed by a computational device, which is the last level of abstraction. One first consider-
ation is that each of the listed levels of abstraction corresponds to a multiplicity of lower
levels. So, for instance, given an algorithm, this can be realised in a multiplicity of different
programs using different programming languages. A low-level language program can
be executed by different machines. The choice of the level of abstraction that realises a
higher one is made on an intentional basis, and it is carried out by the developers. Inten-
tions of stakeholders and developers flow all the way down from intentions to physical
computational machines.19

Accordingly, an intentional theory of reference can be associated with a form of
descriptivism for associating referents with different senses of program instructions. A piece
of code is associated by language semantics with states and transitions of an abstract
machine; the abstract machine, as shown, may correspond to a multiplicity of physical
computational devices, so the meaning (and the different senses associated with it) of
the instructions alone does not suffice to identify the referent. It is on an intentional
basis that, during program verification, an abstract machine is made to correspond with a
physical one.

Software verification cannot be reduced to the algorithmic search for the validity of
the specification throughout the model. The reason is that, as specified above, abstract
machines, by being abstract, often contain spurious paths, so it may well be the case that a
path showing the validity, or the violation, of a specification, does not correspond to any
physical machine execution. During verification, software engineers must make sure that
those paths are not spurious; this is conducted by executing the program on a machine and
observing the executions corresponding to those model paths. For this reason, it has been
argued that formal verification always requires empirical testing [61]. It is the developer’s
intention that allows her to use an abstract machine to refer to a physical one.

5. Concluding Remarks
The first conclusion is that senses alone do not suffice to pick out a referent for

programming languages; developers’ intentions are needed as well. Strictly speaking,
Fregean’s slogan that sense determines reference does not hold true for programming
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languages. Clearly, this conclusion holds as long as one limits herself in considering the
main theories of meaning and of reference as they have been historically discussed in the
philosophy of language, as carried out in this paper. The meaning/reference problem
involves ongoing debate with new emerging definitions.20

A second conclusion is that high-level language programs do refer by means of their
language semantics and some intentional act, but not to an external world: they can be made
to refer to physical machines executing them. One may wonder why the intentional theory
of reference cannot be used to map from the program code to objects of the external world,
such as mapping a given variable temp to an external temperature. The reason is that, in the
presented account, the intentional acts of developers are bound by the semantics of the given
programming language, which relates programs to the operations of an abstract machine,
which, in turn, potentially refers to a multiplicity of physical machines. The intentional act
of developers identifies one given machine with the aim of performing verification. This is
not to say that computer programs cannot represent external magnitudes, but that if they
do, they do not refer to them by virtue of their language semantics! 21 This conclusion is
restricted to simulative programs only, which have been the focus of this paper and of the
discussion of the program as a theory thesis. A different kind of analysis is deserved for
so-called reactive programs, which continuously interact with the environment and whose
verification, therefore, involves reference to external magnitudes.

A given simulative program can be used for scientific purposes to refer to or repre-
sent an empirical target system, but this is carried out by means of a different theory of
reference. The causal model of reference can, for instance, be used to make, say, Newell
and Simon’s logic theory refer to an agent’s mental solution strategy. Moor argued that
programs can be epistemologically identified not with scientific theories but with models
of empirical systems, provided that mappings between program and empirical systems are
established [23]. But, those mappings cannot be established by means of the semantics of
the programming language.

In contrast to the dichotomy of the internalist/externalist view of programs, which
sees semantic programs as referential, programming languages are semantic but internal,
that is, not referring to an external world. It could be objected that machines do operate in
the external world and that some of their operations involve the external world. However,
in the debate between the internalist and externalist views of programs, the external world
is meant as an empirical system different to the machine itself, as it is the human mind in
Newell and Symon’s view on programs as cognitive theories.

Interestingly, the idea that a language might be semantic but not referential has also
been contended for natural languages, for instance, by Chomsky [64]. Chomsky maintains
that languages need not be referential in order to have meaning; the meaning of, say,
a name is provided without the necessity of identifying a referent in the external world.
His argument, in brief, is that meanings are individuated by syntax; syntax and semantics
are inseparable or intrinsic to each other.

A similar position has also been held in the context of the philosophy of computing
by Piccinini [65]. The author maintains that syntactical rules regulate how to construct
strings of symbols from strings of symbols and that those strings do not convey any content.
The machine where the strings are stored is able, by executing the program, to generate
new strings from the stored ones. The newly generated strings are considered by Piccinini
as internal semantics; they are semantics because they assign content to strings in terms
of their effects on the machine (the new strings); it is internal because the content is not
provided in terms of external objects and the properties thereof but rather in terms of
components and processes internal to the machine.
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A third and final conclusion is that whether computer programs can be considered as
theories does not depend on their language semantics. The latter allows one to consider
programs as, at best, theories of operations of implementing machines, a position already
maintained by Turner [50]. It remains to be investigated, as a future development, what
kind of referential theory, not related to programming language semantics, lets computer
programs be considered as theories of empirical systems.
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Notes
1 As extensively shown in the paper, the syntax of a programming language corresponds to the set of rules determining the

well-formed statements of the language; semantics amount to providing rules assigning meaning to those statements.
2 This paper recalls the main theories of meaning and of reference, respectively, in Sections 3 and 4. The reader wondering what is

meaning and what is reference will find in those sections the different definitions of the two terms that have been provided by the
philosophy of language.

3 The constructs of a programming language are to be intended as the building blocks of the language; they include variables,
data types, control structures, or functions. This paper mainly considers control structures, particularly the statements of
imperative languages.

4 Here, Moor uses the word ’model’ in the sense it assumes the philosophy of science as a representational entity referring to a
specific empirical system.

5 The philosophy of computer science has delved into the notion of implementation, providing different definitions [2]. In general
terms, an implementation is any physical system realising a computational process.

6 In computer science, a specification is a statement, expressed in natural or formal language, declaring the requested behaviours
of a computational system to be developed. Once developed, the system is then said to be correct in case it behaves as prescribed
by its specifications [24].

7 This is position notoriously supported by James Fetzer [7].
8 See also [3] (ch. 10) for a helpful introduction to operational semantics.
9 Notice that the rule-based form premise1,...,premisen

conclusion is used to express the conditional form of semantic rules.
10 It is beyond the scope of this paper to analyse model-checking techniques; for a complete introduction, the reader may refer

to [28].
11 The reader should be careful to notice here that the word ‘model’ is not used in the sense of scientific models, i.e., as a repre-

sentational entity. Both domains for denotational semantics and abstract machines for operational semantics are mathematical
structures set-theoretically conceived.

12 To provide a brief example, consider a program computing the factorial n! of any natural number n; its specification would
declare n ≥ 0 as a pre-condition and output = n! as a post-condition. In this case, the domain is the set of natural numbers and
the semantic function is the function F(n) = n!. Proving correctness means demonstrating that, for any n ≥ 0, the function
satisfies the post-condition.

13 Returning to the factorial example, given the precondition n ≥ 0, the specification demands that the postcondition be output = n!.
14 It is called Millian–Russellian semantics after John Stuart Mill and his idea that the meaning of a proper name is simply its

referent, and after Bertrand Russell who formerly endorsed this view of meaning in The Principles of Mathematics.
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15 It is a well-known fact that Frege himself did not provide a precise definition of what senses are. The meaning of a sentence
depends on its truth condition, determined by the proposition, or content, it expresses. However, content is not sufficient to
determine meaning; one should also consider the way such content is presented, namely its sense.

16 In other words, the abstract machine is intended to be the meaning (and not the referent) of programming languages, which is
presented in different ways (Fregean senses) by different language semantics. Different semantics present, in different ways,
the same abstract machine assumed here by the definitional priority principle, according to which all semantics must adhere to
operational semantics.

17 There are other theories of meaning which have not been discussed in this section. They include the character theory of meaning
and the intensional theory of meaning. Character theory, by also being a theory of reference, will be discussed in Section 4.
The intensional theory of meaning refers to possible world semantics [45] that help us understand the meaning of a natural language
expression as an intension. An intension is a function mapping from possible worlds, i.e., the possible state of things, to referents.
The meaning of the expression ‘the oldest electronic digital computer’ is accordingly a function mapping from the actual world to
the Atanasoff–Berry computer. The meaning of such an expression is not directly the referent, namely the ABC computer, since
one may well not know what the oldest digital computer is, and nonetheless understand the expression. None of the semantics of
programming languages provide functions mapping from the possible state of things to referents; again, what those semantics do
is map program constructs to propositional entities.

18 In any case, by assuming the definitional priority of operational semantics, one may consider the transitions of an abstract
machine as the meaning of any programming language.

19 This aspect has been deeply investigated by Turner [3,24] by arguing that each level of abstraction can be understood as a
specification for lower levels in that it defines what lower levels should accomplish. What makes any such a level a specification
is what he calls its intentional stance, that is, the act with which it is taken to have “correctness jurisdiction” over lower levels of
abstraction. One should be careful to distinguish the notion of intentional stance used in the philosophy of computer science
from the notion of intentional stance as introduced in the philosophy of the mind by Daniel Dennett [60]. According to the latter,
beliefs and desires are ascribed to rational agents in order to be able to predict and explain their behaviours.

20 An example of a quite different theory of reference is reference magnetism [62], originally proposed by David Lewis [63], according
to which the metaphysical structure of reality influences the way words refer to objects.

21 I am very grateful to one reviewer that helped me ro clarify this important point.
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