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Abstract

This dissertation investigates notions of program equivalence and metric for higher-order sequential
languages with algebraic effects.

Computational effects are those aspects of computation that involve forms of interaction with the
environment. Due to such an interactive behaviour, reasoning about effectful programs is well-known
to be hard. This is especially true for higher-order effectful languages, where programs can be passed
as input to, and returned as output by other programs, as well as perform side-effects. Additionally,
when dealing with effectful languages, program equivalence is oftentimes too coarse, not allowing, for
instance, to quantify the observable differences between programs. A natural way to overcome this
problem is to refine the notion of a program equivalence into the one of a program distance or program
metric, this way allowing for a finer, quantitative analysis of program behaviour. A proper account
of program distance, however, requires a more sophisticated theory than program equivalence, both
conceptually and mathematically. This often makes the study of program distance way more difficult
than the corresponding study of program equivalence.

Algebraic effects provide a powerful formalism to structure effectful higher-order (sequential) com-
putations. Accordingly, effectful computations are produced by means of effect-triggering operations
which act as sources of the side effects of interest. Such operations are algebraic, in the sense that their
(operational) semantics is independent of their continuation, and thus effects act independently of the
evaluation context in which they are executed. Algebraic effects can be used to model several compu-
tational effects, proving formal models for higher-order languages with nondeterministic, probabilistic,
and imperative features, as well as combinations thereof. In fact, contrary to other theories of compu-
tational effects, algebraic effects naturally support operations to combine algebraic theories, and thus
allow for the combination of effects with one another. These features make reasoning about program
equivalence for languages with algebraic effects challenging, as the operational behaviour of a program
may be determined by complex interactions between the program and the environment.

The first part of this dissertation studies bisimulation-based notions of equivalence and refinement
for A-calculi enriched with algebraic effects. In particular, notions of effectful applicative and normal
form (bi)similarity are defined for both call-by-name and call-by-value A-calculi, as well as a notion
of monadic applicative (bi)similarity for call-by-name calculi only. For all these notions, congruence
and precongruence theorems are proved, which directly lead to soundness results with respect to an
extension of Morris’ contextual equivalence to effectful calculi. In order to design the aforementioned
notions of equivalence and refinement, an abstract relational framework is developed, which is based on
the notions of a monad and of a relator, the latter being an abstract construction axiomatising relation
lifting operations.

The second part of this dissertation is devoted to the study of program distances for languages with
algebraic effects. Following Lawvere analysis of metric spaces as enriched categories, the abstract rela-
tional framework developed in the first part of the dissertation, is extended to relations taking values
over quantales, the latter being algebraic structures whose elements represent ‘abstract quantities’. Us-
ing such a framework, the notion of an effectful applicative bisimulation distance is defined, and its



main properties are studied. Due to the so-called distance trivialisation, however, the notion of an ef-
fectful applicative bisimulation distance is defined for a calculus supporting program sensitivity. The
latter is the law describing how much operational differences in output are affected by operational dif-
ferences in input. Relying on the notion of program sensitivity, an abstract (pre)congruence theorem for
effectful applicative (bi)similarity distance is proved, which states that the latter behaves as a Lipschitz-
continuous metric-like function, this way enabling compositional reasoning about program distance.
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Chapter 1

Introduction

This is why we call it a “calculus”.
We dare to use this word by analogy
with Leibniz’s differential calculus;
the latter - incomparably greater - is
based upon continuous mathematics,
while the z-calculus is based upon
algebra and logic; but the goal in
each case is analysis, in one case of
physical systems and in the other
case of informatic systems.

Speech by Robin Milner on receiving
an Honorary Degree from the
University of Bologna

Program equivalence is arguably one of the most important concepts in the theory of programming
languages. Besides its prime importance in the general understanding of programming languages, pro-
gram equivalence is also recognised as a fundamental tool in fields like program verification, compiler
optimisation design, and security. Unfortunately, giving satisfactory definitions and methodologies for
program equivalence is a challenging problem. In fact, in order to deem two programs as equivalent, sev-
eral aspects of their behaviour should be taken into account. Among those, one should consider whether
the two programs both terminate, what is their input-output behaviour, how the programs interact with
the environment, and which kind of side-effects (if any) are produced during their evaluation.

As a consequence, reasoning about program equivalence is particularly hard when dealing with
higher-order effectful languages i.e. languages in which programs can be passed as input to, and returned
as output by other programs, as well as perform side-effects. A remarkable example is provided by
programming languages based on algebraic effects (G. D. Plotkin & Power, 2002, 2003) — such as Eff*
(Bauer & Pretnar, 2015) — as well as extensions of mainstream languages — such as OCaml, Scala, and
C — with algebraic effects (Brachthduser & Schuster, 2017; Dolan et al., 2017; Leijen, 2017).

Programs written in such languages usually employ specific operations to produce effectful compu-
tations, such as probabilistic choices or primitives to raise exceptions. As a consequence, the result of
the evaluation of a program usually depends on the environment in which the program is evaluated,
hence making reasoning about effectful programs notoriously hard.

A further difficulty is provided by the possibility of combining effects with one another. In fact, real
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world programs are often designed to perform combinations of different effects — using e.g. probabilis-
tic, nondeterministic, and imperative primitives — and are thus complex entities. Reasoning about such
programs without an appropriate formal apparatus is simply not possible. For instance, even answering
a simple question like what does this program do? might require non-trivial forms of reasoning about
the interaction between the program and the environment. This cannot be safely done without a toolkit
of adequate formal techniques.

A less explored, yet increasingly important, concept than program equivalence, is the one of a pro-
gram metric or program distance, i.e. of a metric-like function defining a distance between programs
according to their behaviour. The notion of a program metric is emerging as a fundamental tool in the
study of languages for probabilistic computation (Crubillé & Dal Lago, 2015, 2017), differential privacy
(de Amorim, Gaboardi, Hsu, Katsumata, & Cherigui, 2017; Reed & Pierce, 2010; Xu, Chatzikokolakis, &
Lin, 2014), and effectful languages, more generally. In all these scenarios, program equivalence is a too
coarse notion for reasoning about program behaviour, as it does not allow to quantify the observable,
operational differences between programs. For instance, in probabilistic languages a small perturbation
in the probabilistic behaviour of programs may break program equivalence without proving any further
information.

To solve these issues, programming language theorists are increasingly interested in studying no-
tions of program distance, this way allowing for a quantitative (and thus finer) analysis of program
behaviour. A proper account of program metrics, however, requires a more sophisticated theory than
program equivalence, both conceptually and mathematically. This often makes the design and study of
program distances way more difficult than the corresponding study of program equivalences.

In the first part of this dissertation we aim to answer a simple, yet non-trivial question, namely when
two effectful programs should be deemed as (behaviourally) equivalent. In the second part, instead, we
tackle a different problem, namely the one of quantifying behavioural differences between programs.

Before introducing the results obtained, we informally outline the main ideas behind the models we
use, and the notions we investigate in this work.

1.1 Program Equivalence: a Conceptual Introduction

A programming language is an artificial formalism in which algorithms can be expressed. For all its
artificiality, though, this formalism remains a language®, and can thus be analysed using notions and
results from linguistics. However, looking at algorithms as specific mathematical functions (notably, the
computable ones), programming languages can also be seen as playing a role similar to algebra, as they
aim to control and manipulate complexity throughout linguistic abstraction. In this introduction we
will take advantage of both these views on programming languages, referring to them as the linguistic
and algebraic point of view, respectively.

Looking at a programming language as a language, we see that a program is ultimately a phrase
in such a language, and it is therefore natural to ask what its meaning is. The branch of programming
language theory that studies how to answer this question is called programming language semantics.
One of the most interesting question in program semantics is the one asking when two programs are
equivalent. Formally, answers to such a question are provided by relations between program phrases
that behave as notions of equality. According to the algebraic perspective, program equivalence is noth-
ing more than equality; according to the linguistic perspective, program equivalence can be understood
as a synonymy.

According to both these views, program equivalence is of paramount importance for the formal
study of programming languages. Algebraically, a good notion of program equivalence allows to de-
sign algebraic identities through which we can manipulate programs symbolically. Linguistically, a

2Quoted from (Gabbrielli & Martini, 2010).



well-behaved program equivalence =~ allows to regard the meaning of a program phrase e as the ~-
equivalence class of e (denoted by [e].). This is nothing more than stating that the meaning of an
expression is the meaning of its synonyms.

Let us now try to spell out which are the minimal features that qualify a relation between program
phrases as a candidate notion of program equivalence. First of all, we notice that some of such features
will actually depend on the specific language one is interested in. We will come back on that later.
Nonetheless, there are some structural properties that any notion of program equivalence has to satisfy.
Let = be a candidate relation.

1. In order to behave as an equality relation, ~ needs to be an equivalence relation, i.e. it must be re-
flexive, symmetric, and transitive. Algebraically, such properties allow to deduce the equivalence
e ~ ¢’ from a chain of equivalences e ~ e; ~ --- ~ e, ~ ¢’. Linguistically, =~ being an equivalence
relation we can state that the meaning of an expression e is the set [e]~.

2. Additionally, =~ has to be compatible with all language constructors. That is, =~ must be closed un-
der all language (syntactical) constructors. For instance, if our programming language has an ‘if-
then-else’ constructor, and e; =~ e], e, =~ e;, e3 ~ e;, then we also need to have if e; then e, else e3 ~
if e] then e else e]. Algebraically, thinking to language constructors as operations, we see that
compatibility makes =~ a congruence relation. This gives the powerful reasoning principle of sub-
stitution of equals for equals (also known as Leibniz’s identity law). Accordingly, we can infer
the equivalence C[e] =~ C[e’] between the compound phrases C[e] and C[e’] in virtue of the
equivalence e ~ e’. Linguistically, requiring =~ to be a congruence gives the so-called principle
of compositionality®. Indeed, the meaning [C[e]]~ of a compound phrase C[e] can be seen as a
function of the meaning [e]~ of its sub-phrase e. It comes with no surprise that a large part of this
dissertation will be devoted in proving congruence properties of program equivalences.

Having outlined some minimal desiderata any candidate notion of program equivalence has to sat-
isfy, we now look at the specific kind of equivalences we aim to study in this dissertation.

1.1.1 Higher-order Languages

According to our previous discussion, it comes with no surprise that answering the question of whether
two programs are equivalent is non-trivial. First of all, we should ask ourselves whether the latter is a
well-posed question. In fact, there is no unique notion of a program: different programming languages
might come with different notions of a program. It is thus of paramount importance for our investigation
to fix a good model for the languages we aim to analyse.

In this dissertation we focus on higher-order functional languages, that is languages in which pro-
grams are modelled as functions, and the latter are allowed to be passed as argument to, and returned
as result by other functions. A main feature of functional languages is that they have a solid formal
foundation, which allows for a fine mathematical analysis of their properties. In fact, starting from the
pioneering work by Landin (Landin, 1965a, 1965b) (see also (G. Plotkin, 1975)), the A-calculus (Baren-
dregt, 1984; Church, 1985) has been recognised as a foundational calculus for functional programming
languages.

The A-calculus

The A-calculus (Barendregt, 1984; Church, 1985) is a formalism to study functions as rules (as opposed to
the set-theoretic understanding of functions as graphs), i.e. as processes mapping arguments to values
(Barendregt, 1984). The syntax of the A-calculus is minimal: a term of the A-calculus is either a variable

3Whereby the meaning of a complex expression is determined by its structure and the meanings of its constituents.
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x, an application of terms fe, or a functional abstraction Ax.f. We call terms of the A-calculus A-terms.
The intended meaning of a A-abstraction Ax.f is to represent a function in the variable x with body f.
The latter describes how the variable x (which acts as a placeholder for an argument) is manipulated by
the function. Dually, an application fe represents the application of the function f to the argument e.
The only operation allowed to manipulate A-terms is the so-called f-rule, which rewrites a term of the
form (Ax.f)e as f[x := e]. The f-rule simply states that once a function Ax.f is applied to an argument
e, the A-term (Ax.f)e thus obtained is rewritten as the A-term obtained by replacing all occurrences of
the variable x in f (the body of the function) with e.

From this sketched description of the A-calculus, we immediately recognise that all A-terms indeed
represent and manipulate functions, so that the A-calculus may serve as a linguistic abstraction for
studying functions. As showed in (Turing, 1937), the class of functions expressible in the A-calculus is
exactly the class of computable functions, hence hinting the relationship between the A-calculus and
the idea of a programming language as a language to express and manipulate algorithms.

However, the link between the A-calculus and programming languages still needs some refinements.
In fact, since a A-term may contain several occurrences of terms of the form (Ax.f)e, (called redexes),
the B-rule can be applied to different redexes of the same A-term, hence giving potentially different
results. Such a nondeterminism can be eliminated by fixing a so-called reduction strategy (Barendregt,
1984). The latter is simply a rule that determines to which redex the S-rule should be applied in a A-
term. In this dissertation we are concerned with two different reduction strategies, the call-by-name
and call-by-value reduction strategy (G. Plotkin, 1975).

Roughly speaking, in the call-by-name reduction strategy, when a function Ax.f is applied to an
argument e, the redex (Ax.f)e is reduced as it is, thus giving f[x := e]. In the call-by-value reduction
strategy, instead, a redex is rewritten only if the argument of the function is a value, i.e. a A-term on
which the f-rule cannot be applied any further.

Once a reduction strategy is fixed, the A-calculus can be regarded as a foundational calculus for func-
tional programming languages, as showed by the pioneering work by Landin (Landin, 1965a, 1965b) who
established a correspondence between expressions of ALGOL 60* (Backus et al., 1960) and (a modified
version of) the A-calculus. Accordingly, A-terms can be roughly identified with programs, and evaluat-
ing a program corresponds to apply the f-rule to the A-term representing the program until a value is
reached. Notice that since we have fixed a reduction strategy, program evaluation is deterministic.

Actually, even when equipped with a reduction strategy the A-calculus is still lacking an important
feature of (mainstream) functional programming languages. In fact, almost no functional programming
language evaluates functions until they are called. Using the vocabulary of the A-calculus, that means
that the B-rule cannot be applied on expressions (redexes) under the scope of a A-abstraction®. As a
consequence, any A-abstraction Ax.e is regarded as a value. The A-calculus obtained by regarding A-
abstractions as values (independently of the reduction strategy adopted) is called the lazy A-calculus
(Abramsky, 1990a). Our interest being in programming languages, from now, unless explicitly men-
tioned, we assume the A-calculus to be the lazy one, and simply refer to it as A-calculus.

The A-calculus can be thus regarded as a foundational calculus for functional programming lan-
guages, and thus used as formal tool for their theoretical analysis. On one hand, the A-calculus is ex-
pressive enough to allow for the description of interesting features of several languages, on the other
hand, it abstracts from those concrete details of real languages that would make the analysis too depen-
dent on the language chosen.

At this point it comes with no surprise that the theoretical model we use for our investigation is

“Notice, however, that ALGOL 60 is a sequential procedural language, rather than a functional one.

5 Consider, for instance, the following Standard ML piece of code (Milner, Tofte, & Harper, 1990), to which we refer to as P:
fn x=>((fn y=>y)x). Regarded as a A-term, the latter can rewritten as Ax.((1y.y)x). According to our definition of reduction
strategy (say the call-by-value one), an application of the f-rule gives Ax.x. However, the evaluation mechanism of Standard ML
treats P as value, and does not evaluate (fn y=>y)x.

11



based on the A-calculus.

1.1.2 Three Views on Program Equivalence

In light of previous discussion, in order to study program equivalence it is somehow sufficient to study
equivalences between terms of the A-calculus. That is, we can rephrase the question when two programs
are equivalent? as when two terms of the A-calculus are equivalent?. Answering such a question means
nothing more than finding good notions of equivalence for the A-calculus. Here we give a lightweight
overview of the main ideas behind (some of) the equivalences we will study in this dissertation. In light
of the correspondence between programs and A-terms, we will sometimes use the latter expressions
interchangeably.

Before continuing, we remark that although in this introduction we deal with program equivalence
only, this dissertation focuses both on program equivalence and program refinement, the latter being
nothing but the order-theoretic counterpart of program equivalence®.

The kind of equivalences we will study in this work are the so-called operationally-based equiva-
lences, that is equivalences that aim to identify programs exhibiting the same operational behaviour. The
operational behaviour of terms in the A-calculus is essentially given by the f-rule (properly adapted to
the reduction strategy considered), and thus our notions of equivalence should be equate A-terms ac-
cording to how they behave when evaluated. For the sake of the argument, we fix the call-by-value
reduction strategy.

Does the Best Equivalence Exist?

Let us recall that any good notion of program equivalence must be a compatible equivalence relation.
Additionally, we remarked that such a relation should distinguish A-terms for their operational be-
haviour only. As a first approximation, the latter requirement might be formalised by stating that if two
terms e and e’ are related, then e evaluates to a given value v if and only if ¢’ does the same. The choice
of the value we look at does not really matter.

Such a choice, however, does not work well, neither for the call-by-name nor for the call-by-value
A-calculus. For instance, the two A-terms Ax.I and Ax.II, where I is the A-term Ay.y, should be deemed as
operationally equivalent, intuitively. However, being values they trivially evaluate to different values,
and thus we should regard them as operationally different. The standard solution to overcome this
problem is relaxing the above requirement asking that e converges (i.e. the evaluation of e terminates)
if and only if e’ does. That is, instead of comparing A-terms for converge to the same value, we compare
them convergence only.

It is then natural to ask: does a compatible equivalence relation that compare programs for convergence
exist?. The answer is obviously positive, as syntactic equality is such a relation. This is clearly an
unsatisfactory answer. What we would like to come up with is not just a compatible equivalence relation
that compare programs for convergence, but actually the coarsest one. That is, what we are looking for
is a compatible equivalence relation that discriminate programs only for their convergence behaviour.
Nothing more, nothing less. Mathematically, we are asking whether there exists the largest compatible
equivalence relation that compares programs for their convergence behaviour.

In his doctoral dissertation (Morris, 1969) Morris gave a positive answer to such a question, intro-
ducing the so-called contextual equivalence (also known as operational or observational equivalence).
Due to its universal property’, contextual equivalence is considered the golden notion of equivalence

® That is, a program refinement is a relation between program phrases relating pairs of programs e, e’ according to the rationale
that the behaviour of e is refined by (or approximates) the behaviour of e¢’. Mathematically, moving from program equivalence
to program refinement means moving from equivalences to preorders, and from congruence to precongruence relations.

7 Contextual equivalence being the largest relation satisfying a desired property P (notably, being a compatible equivalence
relation equating A-terms for their convergence behaviour), it can be seen as a canonical relation satisfying P. Its universal
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for the A-calculus. Moreover, contextual equivalence can be explicitly characterised by saying that two
A-terms e, e’ are contextually equivalent if and only if for all compound expressions C[e], C[e’], the
former converges if and only if the latter does, this way highlighting how compatibility is an essential
part of its definition®.

Unfortunately, contextual equivalence has a major drawback: in order to deem two A-terms e, e’ as
contextually equivalent, one has to analyse their behaviour in any possible compound expression Cle],
Cl[e’], which is something oftentimes not doable in practice, due to the higher-order nature of the A-
calculus. For that reason, semanticists are continuously interested in designing better proof techniques
for contextual equivalence. The proof techniques that are relevant for this dissertation take the form of
relations between A-terms that satisfy the following minimal desiderata:

1. They must be easier to use than contextual equivalence.

2. They must be sound for contextual equivalence, meaning that, as relations, they must be included
in contextual equivalence. If the other inclusion holds as well, the relation is said to be fully
abstract (or complete) for contextual equivalence.

If, additionally, such relations are congruence relations, then they can also become interesting notions
of program equivalence by themselves (i.e. independently of their relationship with contextual equiva-
lence). Among such techniques we mention logical relations (G. Plotkin, 1973; Reynolds, 1983), CIU-like
equivalences (Mason & Talcott, 1991), applicative bisimilarity (Abramsky, 1990a), and Bohm-tree like
equivalences (Barendregt, 1984; B6hm, 1968).

Interactions, Tests, and Experiments

Taking inspiration from ideas developed in process calculi (e.g. (Milner, 1989; Sangiorgi & Walker,
2001)), it is possible to look at notions of equivalence for the A-calculus from a concurrent perspective, as
well as to design new equivalences with a more ‘interactive’ flavor. Accordingly, one thinks to program
equivalence by means of experiments and observations, following the rationale that two A-terms should
be deemed as equivalent if there is no experiment (testing A-terms for their operational behaviour) that
can tell them apart.

This way, program equivalence is defined by means of an interactive process in which (pairs of)
programs (i.e. A-terms) interact with an external observer that tries to discriminate them using a given
apparatus of tests, experiments, and observations. The largest such an apparatus, the stronger the
discriminating power of the observer.

As we are interested in operationally-based equivalences, the main notion of observation we will
use is simply convergence, meaning that the outcome of an experiment will be a ‘yes/no’ answer telling
whether the tested program(s) converge or not. Moreover, dealing with higher-order languages (notably,
the A-calculus), the role of the experiment is oftentimes — but not always — played by specific families of
programs, that represent the environment in which programs are evaluated. Such programs are called

property states exactly that: any relation satisfying P is included in contextual equivalence.

8 Most textbooks take this characterisation of contextual equivalence as a definition, and then prove its universal property.
Moreover, we should notice that Morris’s notion of contextual equivalence is actually different from the one used nowadays for
the call-by-name and call-by-value A-calculus, as it is based on the idea of comparing terms for convergence to the same value
(normal form, actually), and not just for convergence. Morris’ notion of contextual equivalence, however, is formulated for the
A-calculus equipped with the so-called head reduction strategy (Barendregt, 1984). Without entering details, we simply remark
that such a strategy allows us to reduce under A-abstractions, and therefore does not regard Ax.II as a value (notice that II is
a redex). That allows us to prove that in such a A-calculus, the notion of contextual equivalence obtained comparing terms for
convergence and the notion of contextual equivalence obtained comparing terms for convergence to the same value coincide. The
proof of such a result is, however, non-trivial as it requires the so-called Separation Theorem (B6hm, 1968) (a result on which we
will come back later).
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contexts, and are roughly formalised as programs with a hole [—] to be filled in with the tested program.
This is nothing but the structure we have used so far to build compound expressions.

The larger is the family of contexts we use to test programs, the more testing power we have at
our disposal. In particular, if we test programs against any possible context, then we obtain Morris’
contextual equivalence. We thus notice how contextual equivalence captures the idea of operational
indistinguishability in a black-box scenario.

This perspective on contextual equivalence is essentially based on the ‘testing’ approach to be-
havioural equivalence (De Nicola & Hennessy, 1983), whereby the behaviour of a program is investi-
gated by a series of tests. There is another fundamental notion of program equivalence which is deeply
rooted in ideas coming from Concurrency Theory, namely applicative bisimilarity (Abramsky, 1990a). A
major contribution of Concurrency Theory has been the introduction of the notion of a bisimulation and
of bisimulation equality, called bisimilarity (Milner, 1989). Bisimilarity is a coinductively-defined (Park,
1981; Sangiorgi, 2011) notion of equivalence, which is arguably the most studied form of behavioural
equality for processes.

The theory of bisimulation has found an important application in the A-calculus starting with the
work by Abramsky (Abramsky, 1990a), who introduced the notion of an applicative bisimulation. Abram-
sky built on the assumption that A-terms ultimately represent (kind of) functions, notably A-abstractions,
and should be thus tested according to the function extensionality principle. The latter states that two
functions F,G : A — B are equal if for any a € A, F(a) = G(a). The fundamental assumption behind
this definition is that there is a notion of equality for elements belonging to the set B’. Applying ex-
tensionality to A-terms, however, gives problems of well-foundedness: deeming two A-terms fi, f to be
equal if and only if for any value v, fiv is equal to fov, we see that we are using the relation we are
trying to define as a part of its very definition.

Abramsky bypassed this problem imagining the following testing scenario. Given a A-terme, e is first
evaluated, hence testing it for convergence. If it passes the test, then obviously e converged to a value
v. At this point we have the real interaction phase between the environment and v. The environment
cannot inspect v, nor it can use it as desired. The only possible interaction it can have with v is by
passing a value w to v, hence resuming the whole testing process on the term vw.

Two terms are applicative bisimilar if they cannot be discriminated by the above testing process.
Obviously, testing A-terms in this way may take an infinite amount of time, and it thus comes with no
surprise that applicative bisimilarity is defined coinductively.

Comparing A-terms following Abramsky’s testing scenario, it is natural to ask how much testing
power we are loosing compared to contextual equivalence. In fact, applicative bisimilarity tests pro-
grams for their applicative behaviour only, hence drastically reducing the testing power given by arbi-
trary contexts, at least apparently. This is actually (part of) the strength of applicative bisimilarity, which
thus qualifies as a good candidate proof technique for contextual equivalence. Abramsky showed that
not only applicative bisimilarity works fine as a proof technique for contextual equivalence (soundness),
but it also provides an alternative characterisation of the latter (full abstraction).

Looking at the Past Throughout the Concurrency Glasses

Recalling that we are interesting in operational equivalences, and that the operational behaviour of a
A-term is essentially determined by the f-rule, there is candidate notion of equivalence that we have
not investigated, which is actually the most straightforward one: two A-terms are equivalent if and only
if they evaluate to the same value.

This equivalence is rooted in Church’s original idea that the meaning of a A-term is the value it
evaluates to, and is strongly related to the notion of f-equality (or -convertibility) (Barendregt, 1984).

% This is indeed the case in Set Theory, where everything is a set ( sets are essentially built starting from the empty set using
the axioms of e.g. Zermelo and Frankel (Jech, 1997)) and set-theoretic equality is defined by means of the axiom of extensionality.
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Broadly speaking, the latter is the notion of equality arising from the f-rule!’. The major drawback of
Church’s proposal is that not all A-terms converge!!, and thus all diverging terms should be regarded
as equal (or, from a linguistic perspective, as meaningless). Unfortunately, the theory induced by such a
notion of equality has been proved to be inconsistent (see (Barendregt, 1984) for a nice exposition of the
subject). Historically, this problem has been solved by looking at a more informative notion of a value,
which can be elegantly described via the notion of a B6hm tree of a A-term, giving raise to the so-called
standard theory (Barendregt, 1984).

Roughly speaking, the Béhm tree of a A-term e is a kind of infinitary value' representing all the
stable amount of information obtained by evaluating e. As a consequence, all A-terms have a Bochm
tree, and we can thus regard two A-terms as equivalent if and only if they have the same Bohm trees.
Actually, the Bohm tree of a A-term e is obtained by evaluating e using neither the call-by-name nor
the call-by-value reduction strategy, but the so-called head reduction strategy (Barendregt, 1984). We
will be sloppy on that for the moment, and simply recall that Bshm tree-like structures can be defined
for both the call-by-name (giving the notion of a Lévy-Longo tree (Lévy, 1975; Longo, 1983)) and the
call-by-value (see e.g. (Carraro & Guerrieri, 2014; S. B. Lassen, 2005)) A-calculus.

At this point of the story it is then natural to ask whether there is a link between the above ‘tree-
like’ equivalences, and the interactive approach to program equivalence of previous section. This is
indeed the case, as shown in (Sangiorgi, 1992, 1994). Moving from the theory of open bisimulation for
the m-calculus (Sangiorgi, 1993) and from encodings of the A-calculus into the 7-calculus (Milner, 1992),
Sangiorgi modified Abramsky’s testing scenario as follows: instead of testing a value (which, for the
sake of the argument, we assume to be a A-abstraction) Ax.e by passing it a value v as argument, the
environment can now inspect the body of the function, i.e. the term e under the lambda'®.

Compared to Abramsky’s idea of testing A-terms extensionally, open bisimulation can be seen as an
intensional notion of equivalence, whereby functions are not tested for their input-output behaviour,
but for their intensional (syntactical, to some extent) structure. The tree-like structures associated to
A-terms can be now seen as unfolded representation of this new testing process, and their equality thus
coincides with open bisimilarity, the latter being open bisimulation equality. This result had several
implications, as it provided (to the best of the author’s knowledge) the first coinductive account to tree-
like equivalences, whose theory was essentially induction-based at the time (see e.g. (Barendregt, 1984)).

The results proved in (Sangiorgi, 1992, 1994) concerned the call-by-name A-calculus and the as-
sociated notion of Lévy-Longo tree equality. Such results have been then extended to Béhm trees
(S. B. Lassen, 1999) and to the call-by-value A-calculus (S. B. Lassen, 2005), introducing the general
notion of a normal form bisimulation'*.

Open bisimilarity provides a powerful candidate proof technique for contextual equivalence, as A-
terms are essentially tested in isolation (the environment can interact with them inspecting their inten-
sional structure only, and does not have the power to influence computations'®), meaning that in order
to prove two A-terms to be open bisimilar it is enough to reason about them locally. Open bisimilarity
can indeed be proved to be a sound proof technique for contextual equivalence. Unfortunately, due to
the limited testing power provided by open bisimulations, open bisimilarity turned out to strictly finer
(i.e. strictly included) than contextual equivalence, in general'®.

10 That is, the congruence relation (inductively) generated by the relation relating terms of the form (Ax.e)v with e[x := v].

U Think, for instance, to Q £ (Ax.xx)(Ax.xx).

12Normal form, actually. We will say more on that later.

BDefining a A-term e to be closed if all its variables are bound by a A (and open otherwise), we see that the environment now
tests open terms, from which the name open bisimulation.

14The expressions normal form bisimulation and open bisimulation are used interchangeably, although the former is arguably the
most used one. We will stick with this convention, although we remark that the name open bisimulation seems more appropriate
given both the foundational link with the notion of an open bisimulation for the 7-calculus, and the relevance of testing open
terms (the latter being a central difference with applicative bisimulation).

I5E.g. by passing values as arguments to the tested terms.

16That holds for both the call-by-name and the call-by-value A-calculus, as we will see. However, due to the celebrated Bohm
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1.1.3 A Bird’s-eye View on Program Equivalence

In previous section we informally introduced some of the (operational) equivalences will study in this
dissertation. There are, of course, many other ones, such as logical relations-based equivalences (Ap-
pel & McAllester, 2001; G. Plotkin, 1973; Reynolds, 1983; Sieber, 1992), just to mention a single exam-
ple. Designing operational equivalences as well as (relationally-based) proof techniques for contextual
equivalence, it is possible to recognise a limited number of different principles (or patterns) behind such
techniques. These principles can be used to classify program equivalences according to the key ideas be-
hind their definitions, and thus provide a convenient lens through which our analysis can be viewed. In
the following, we summarise such principles, taking inspiration from (McLaughlin, McKinna, & Stark,
2018).

« Observational, whereby programs are tested against a restricted family of contexts. This idea finds
its prime example in Milner’s context lemma (Milner, 1977), and gives rise to program equiva-
lences such as CIU-like equivalences (Mason & Talcott, 1991).

o Applicative or extensional, whereby programs are tested according to the function extensionality
principle for their input-output behaviour. This principle gives rise to Abramsky’s applicative
bisimilarity (Abramsky, 1990a), and its extensions (e.g. environmental bisimilarity (Koutavas,
Levy, & Sumii, 2011; Sangiorgi, Kobayashi, & Sumii, 2011)).

« Intensional, whereby programs are tested in isolation according to the syntactic structure of suit-
able infinitary normal forms. This is the principle behind Bohm tree-like equivalences (Baren-
dregt, 1984; Bohm, 1968) and open/normal form equivalences (S. B. Lassen, 1999; Sangiorgi, 1994).

« Logical, whereby programs are tested against logically related inputs and are required to produce
logically related outputs. This is the principle behind logical relations (Appel & McAllester, 2001;
G. Plotkin, 1973; Reynolds, 1983; Sieber, 1992).

1.2 Computational Effects

The reader should now have some intuitions behind programs equivalence in general, and some concrete
A-calculus equivalence in particular. However, up to this point we have ignored one of the main issue
of this dissertation, namely computational effects. Roughly speaking, (computational) effects are those
aspects of computation that involve forms of interaction with the environment (sometimes referred
to as the external world). Classical examples are probabilistic and nondeterministic computations (in
both cases the environment provides the source of nondeterminism), imperative stateful computations
(where the environment is given by the machine state), and computations performing input and output
operations. It is clear that any serious analysis of program equivalence should be concerned with com-
putational effects!’, to some extent (after all, even printing the result of a computation on the screen of
a laptop is a computational effect).

Before looking at what a notion of an effectful program equivalence might be, we have to understand
what an effectful program is. In fact, the correspondence between programs and A-terms on which we
built our previous analysis does not directly scale to effectful programming languages.

Theorem (also known as Separation Theorem) (Bohm, 1968), open bisimilarity has been proved to be fully abstract for contextual
equivalence when the A-calculus is equipped with the head reduction strategy.

17 That of course does not mean that the analysis of effect-free programs is meaningless: several interesting notions can be
actually studied in the setting of effect-free programs, where such notions find good approximations.
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1.2.1 The Computational A-calculus

According to our informal understanding of computational effects, a fast examination of the syntax of
the A-calculus reveals a major drawback: the grammar of the A-calculus allows to write pure programs
only, i.e. programs that can be somehow described as mathematical functions'®. This is a major point
of departure with ordinary programming languages, which are, on the contrary, deeply effectful.

The notion of a pure program is usually identified with the one of a referentially transparent program
(Strachey, 2000)"?. Accordingly, a program is referentially transparent if it is equivalent to the value
(if any) it evaluates to. A more pragmatic, although less formal, definition of referential transparency
states that a program is referentially transparent if evaluating it multiple times always gives the same
result. This property is not enjoyed by effectful programs, in general, as their evaluation depends on the
environment in which they are executed (the result of program might depend on a keyboard input given
by the user, for instance). Terms of the A-calculus, instead, can be deemed as referentially transparent,
since the evaluation of a A-term is just the sequential application of the f-rule. As a consequence,
the A-calculus as it is, does not provide an adequate foundational calculus for effectful programming
languages.

This deficiency led semanticists to look at extensions of the A-calculus capable of modelling effectful
computations. In his seminal work on notions of computation (Moggi, 1989, 1991), Moggi gave a uni-
fied account of computational effects as monads (MacLane, 1971), and designed a core calculus, called
computational A-calculus, for effectful computations.

The key insight of Moggi’s analysis can be easily explained by means of a simple example. First of
all, let us recall that a pure program f can be roughly approximated by a function F : I — O mapping
inputs to outputs. In particular, the function F (and thus the program f) associates to any input i € I
its unique output value F(i) (notice that, according to such a reading, pure programs always terminates
...). This is no longer the case if f behaves nondeterministically, so that to any input i, f may associate
several outputs. That is, f cannot be modelled as a function from inputs to outputs anymore. Moggi
observed that such a nondeterministic program f can actually be modelled as function F, but instead
of having as codomain the set O of outputs, this time F has as codomain the powerset of O, denoted by
P(0). That is, to any input i € I, the function F associates a unique set F(i) of outputs, representing the
possible outputs f may (nondeterministically) produce. In this way, it is possible to model the impure,
nondeterministic program f by means of a function F : I — $(0), and thus by a pure program.

The very same analysis can be given for many other effects. For instance, programs printing numer-
ical strings can be modelled using the set N* x O. Abstracting, we can think to an effectful program f
as a function F : I — T(O), where T is some construction modelling the kind of effects f may produce.
We call such constructions notions of computations (Moggi, 1991).

It is then natural to ask what is the structure of T. To answer such a question, let us look at pure
programs first, and thus at functions. For simplicity, let us consider endofunctions, i.e. functions of the
form F : A — A, for some set A. The natural algebraic structure associated with the space of such
functions is the one of a monoid: function composition plays the role of monoid multiplication, and the
identity function 1 : A — A behaves as the unit of the monoid. This is the algebra of functions, and thus
of (pure) functional programs. Generalising from endofunctions to functions, the algebra of functions
gives the notion of a category (MacLane, 1971). In particular, given functions F : A —» Band G : B — C,
we can compose them obtaining Go F : A — C. Computationally, that means that we can pass the
output of a program as input to another program.

A minimal desideratum T should satisfy, is to allow to lift the algebra of functions to functions
of the form F : A — TB. Let us briefly expand on that. Consider two functions F : A — TB and
G : B = TC modelling effectful programs. We immediately notice that the output of F is different from

18 This is not entirely true, as, for the sake of the argument, we are overlooking issues related to non-termination and partiality.
Strachey took the expression referential transparency from (van Orman Quine, 1964).
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the input of G, as the former comes together with the effects produced by the program associated to F.
Nonetheless, we would like to be able to pass the actual value computed by F as input to G, combining
somehow the effects produced. What we need is thus an operation o7 allowing to produce the function
Gor F : A — TC. Additionally, we would like such an operation or to behave as kind of function
composition, this way allowing to restore the algebra of functions?’. The constructions T that allows
to perform such an algebraic constructions are called monad (MacLane, 1971), and are a well-known
notion in Category Theory (MacLane, 1971).

1.2.2 Algebraic Effects

Moggi’s account of effectful computations is mostly denotational, focusing more on the nature of the
functions associated with A-terms, rather than on the linguistic analysis of effectful programs. From
an operational perspective, the computational A-calculus has minimal differences with the ordinary A-
calculus, and thus it does not provide as an adequate calculus for an operational analysis of effectful
languages. In particular, the computational A-calculus lacks primitives to actually produce effects, with
the consequent necessity of extending it with suitable effect-triggering operations, whenever one is
interested in giving formal accounts of effectful languages.

Moving from these observations, Plotkin and Power have recently introduced the theory of alge-
braic effects (G. D. Plotkin & Power, 2001, 2002, 2003) aiming to provide a more satisfactory account of
effectful computations, both from an operational and denotational perspective. Accordingly, the theory
of algebraic effects focuses on the computational primitives producing effects, rather than on effects
on their own. In languages supporting algebraic effects, programs are written using effect-triggering
operations (such as probabilistic choices or primitives for raising exceptions) which act as sources of
the side effects of interest.

Although introduced only in recent years, algebraic effects provide a standard formalism for the
operational analysis of effectful languages. This is due to their wide applicability to model concrete
effectful calculi, on one hand, and on their nice operational properties, on the other hand. In fact, alge-
braic operations provide, among others, models for probabilistic and nondeterministic computations (by
means of probabilistic and nondeterministic choice operations), imperative computations (by means of
primitives for reading and writing global stores), computations with output (by means of primitives for
printing values), and computations with exceptions (by means of primitives for throwing exceptions), as
well as combinations thereof. In fact, contrary to monads, algebraic effects naturally support operations
to combine effects with one another (Hyland, Plotkin, & Power, 2006), hence providing facilities for the
design and analysis of languages exhibiting different kinds of effects.

Additionally, the algebraic nature of operations allows to have a tight control on the way effects are
produced and propagated in a computation. In fact, from an operational perspective, algebraicity of an
operation states that the operational behaviour of such an operation is independent of its arguments,
meaning that effects act independently of the evaluation contexts in which they are executed. Taking
advantage of this property of algebraic operations, (G. D. Plotkin & Power, 2001) defines a A-calculus
with algebraic operations, which plays the same role of Moggi’s computational A-calculus. Contrary to
the latter, however, the A-calculus in (G. D. Plotkin & Power, 2001) has a well-behaved operational se-
mantics, hence giving evidences that by enriching the A-calculus with algebraic operations, one obtains
an adequate foundational calculus for effectful languages.

Obviously, algebraic effects have their own limitations. For instance, neither continuations (Hyland,
Levy, Plotkin, & Power, 2007) nor exception handlers (G. D. Plotkin & Pretnar, 2013) can be modelled as
algebraic effects?!. Nonetheless, as previously stressed, several computational effects can be described

200f course we also need to have a special function 1 : A — T(A) playing the role of the unit of o7
A Moving from the analysis of exception handlers, the theory of algebraic effects has been extended to the so-called theory
of effects and handlers (Bauer & Pretnar, 2015; G. D. Plotkin & Pretnar, 2013; Pretnar, 2015). The latter is obtained by extending
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by means of algebraic operations. Additionally, by enriching the A-calculus with algebraic operations we
obtain a powerful (and mathematically well-behaved) formalism for the operational analysis of effectful
programming languages. Even if such a formalism does not allow for a comprehensive analysis of
effectful computations, it certainly allows for the development of a rich theory of effectful program
equivalence, as this dissertation aims to show.

1.2.3 Effectful Program Equivalence

In previous section we have identified a family of core calculi for studying effectful programming lan-
guages, namely extensions of the A-calculus with algebraic operations. The next step in our investigation
is to understand what a notion of program equivalence for such calculi might be.

Looking back at our general analysis of program equivalence, we notice that purity did not play
any role there, so that we are still interesting in finding suitable congruence relations between program
phrases. That is not the case for the concrete equivalences we have introduced in Subsection 1.1.2.
In fact, all of them rely on the fundamental assumption that the operational behaviour of a A-term
is entirely determined by the f-rule. Dealing with effectful programs, such an assumption has to be
dropped: the evaluation of a program cannot be identified with the f-rule anymore, as it also has to
take into account algebraic operations.

This is a great source of complexity for the operational analysis of program behaviour. Contrary
to the f-rule (which made program evaluation a local process), evaluating algebraic operations require
a program to interact with the environment, hence making the evaluation process itself interactive.
Looking at program equivalence in terms of tests and observations, this further source of complexity
results in far richer notions of observation, whereby the external observer can detect (to some extent,
at least) not only the result of the evaluation of a program, but also the effects produced during such an
evaluation (this way requiring to introduce suitable techniques to compare effects with one another).

The first part of this dissertation studies the equivalences introduced in Subsection 1.1.2 for A-calculi
extended with algebraic operations, with special focus on coinductive equivalences.

1.3 From Equivalences to Distances

Program equivalence answers the question of whether two programs have the same behaviour, and
gives meaning to programs via a notion of synonymy. However, when dealing with effectful programs
one may be interested in answering a different, more informative question: how much different two
programs are?. Our focus being on effectful languages, it is of prime importance for our investigation to
provide a satisfactory answer to such a question.

Our approach towards such an achievement is to design suitable notions of program distance (or
program metric). Quantifying differences between program behaviours is of paramount importance for
effectful languages, where effects are, by their very nature, context dependent. This is not the case for
pure programs, whose behaviour is independent of the environment in which they are evaluated. As
a consequence, changes in the environment do not affect the observable behaviour programs exhibit.
However, as we have already remarked, effectful programs interact with the environment, and are thus
sensitive to context changes. For instance, small perturbations in probabilities may break equivalence of
probabilistic programs. It is then useful to have information on how much changes in the environment
affect changes in the operational behaviour of programs, thus allowing for a finer, quantitative analysis
of program equivalence.

programming languages not only with algebraic operations, but also with the so-called effects handlers, the latter being syntactical
constructors handling the behaviour of (algebraic) operations.
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The design of well-behaved notions of program distance constitute a challenging problem in the con-
text of higher-order computation. In fact, higher-order programs have the ability to copy and evaluate
their input as they like, so to speak. That means that when a higher-order program receives inputs with
similar (but not equal) behaviour, each time it forces their evaluation an observable difference between
their behaviour is detected. Additionally, whenever such a difference is the detected, it is added to the
ones previously observed. As a consequence, by copying and evaluating its inputs enough times, the
program is able to fully discriminate between its inputs, even if their expected difference is, in principle,
negligible.

This observation mines our approach to the behavioural analysis of programs at its very roots: by
reasoning in terms of experiments and observations, an external observer can always fully discriminate
(i.e. assign maximal distance) to any pair of non-equivalent programs. As we will see, fixing this problem
will force us to change our notion of testing process, following the rationale that one should take into
account not only how a program is tested, but also how much it is tested.

The second main contribution of this dissertation is the design of a well-behaved program distance
capable of handling the above described phenomenon. As we will see, achieving such a goal is simply
not possible without providing information on the environment in which programs are tested. After
all, this does not come with a big surprise, since context dependency is an intrinsic feature of effectful
programs.

We conclude this informal introduction spending few words on the foundational meaning of moving
from program equivalence to program distance.

1.3.1 A Foundational Interlude

Following the linguistic perspective on programming languages, we may ask what is the linguistic coun-
terpart of the shifting from program equivalence to program distance. From a mathematical perspec-
tive, moving from program equivalence to program distance means refining equivalence relations into
pseudometrics’* (Searcéid, 2006), with the rationale that given a pseudometric §, the quantity 5(e, e’)
quantifies the (behavioural) differences between the program phrases e and e’. As a notion of program
equivalence describes synonymy, this way inducing a notion of meaning for program phrases, we may
now ask what is the linguistic interpretation of program distance.

A conceptual (philosophical, somehow) answer to such a question is provided by structural lin-
guistics (de Saussure & Baskin, 2011). Accordingly, meaning is produced differentially, i.e. throughout
differences. As a consequence, in order to understand the meaning of an expression it is necessary to
study its differences with the other expressions of the language, hence giving to the role of synonymy
a secondary role.

The kind of differences we will consider in this work are rather rudimentary, as they are essentially
based on (abstract) notions of quantities. Nonetheless, our analysis of notions of program distance can
be read as constituting a small contribution to a richer understanding of program semantics, whereby
the notion of identity (formalised through the notion of program equivalence) is secondary to the notion
of difference (here formalised through the notion of program distance??)?*.

Now that the reader has some background notions, we can outline the main contribution of this
dissertation in a more detailed way.

22Understanding how to refine compatibility is not straightforward, and we will come back on that later.

Bt is a fascinating question how to generalise the notion of a program distance to the (richer) notion of a program difference.

24The idea of regarding difference as having an ontological privilege over identity is at the heart of the field of philosophy
known as Differential Ontology (Donkel, 2001).
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1.4 First Contribution: Effectful Program Equivalence and Re-
finement

The first main contribution of this dissertation is the development of operationally-based notions of
program equivalence and refinement for A-calculi enriched with algebraic effects. The equivalences
and refinements designed are mostly of a coinductive nature (with some minor exceptions given by
contextual-like equivalences) and are based on different forms of bisimulation equivalence (resp. re-
finement). Following the classification of program equivalences outlined in Subsection 1.1.3, we can list
the equivalences and refinements designed as follows.

Observational. Concerning observational equivalences and refinements, we define the notions of ef-
fectful contextual approximation <* (resp. equivalence ~**) and effectful CIU approximation <
(resp. equivalence ~™). These are defined in Chapter 5.

Applicative. Concerning applicative equivalences and refinements, we define the notions of effect-
ful applicative similarity <* (resp. bisimilarity ~*) and monadic applicative similarity <™ (resp.
bisimilarity ~"). These are all defined in Chapter 5 and Chapter 6, respectively.

Intensional. Concerning intensional equivalences and refinements, we define the notions of effectful
normal form (bi)similarity (notably effectful eager normal for similarity <* and bisimilarity =,
and effectful weak head normal form similarity <% and bisimilarity ~"). These are defined in
Chapter 7.

We briefly expand on the contributions given.

1.4.1 Effectful Applicative Similarly and Bisimilarity

In Chapter 5 we define the notion of effectful applicative similarity and bisimilarity for a call-by-value A-
calculus with algebraic effects (Chapter 3). Applicative bisimilarity is a coinductive (Milner, 1989; Park,
1981) program equivalence for pure A-calculi that tests pure functional programs extensionally, i.e. for
their input-output behaviour. Due to its coinductive nature, applicative bisimilarity comes equipped
with a powerful proof technique, called the coinduction proof principle, which makes applicative bisim-
ilarity a powerful tool for proving equivalence between programs.

Since Abramsky’s seminal work (Abramsky, 1990b), applicative bisimilarity has been extended to
several effectful calculi, notable examples being its extension to nondeterministic (S. Lassen, 1998b;
C. L. Ong, 1993) and probabilistic (Crubillé & Dal Lago, 2014; Dal Lago, Sangiorgi, & Alberti, 2014) A-
calculi. However, all these extensions are rather specific to the effects considered, and seem to rely on
their specific properties (for instance, the proof of congruence of applicative bisimilarity in (Dal Lago
et al., 2014) relies on the Max-flow Min-cut Theorem (Schrijver, 1986)).

Our notion of effectful applicative (bi)similarity, instead, is designed to be parametric over a large
class of computational effects. Concretely, effectful applicative (bi)similarity is parametrised by a monad
and a relator (Barr, 1970; Thijs, 1996), the latter being an abstract construction axiomatising the struc-
tural properties of relation lifting operations (Kurz & Velebil, 2016). This level of abstraction makes
effectful applicative bisimilarity (resp. bisimilarity) a powerful notion of program equivalence (resp. re-
finement) for effectful higher-order languages. In fact, suitable choices of relators allow to recover pure,
probabilistic, nondeterministic, and imperative notions of applicative (bi)similarity, as well as combina-
tions thereof.

In order to develop the theory of effectful applicative (bi)similarity, in Chapter 5 we develop an ab-
stract relational framework in which several notions of effectful program equivalence and refinement
can be defined. We take advantage of such a framework to define and analyse, among others, effectful
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notions of contextual equivalence and approximation, CIU equivalence and approximation, and normal
form similarity and bisimilarity (Chapter 7). The main results proved in Chapter 5 are precongruence
(Theorem 4) and congruence (Theorem 5) theorems for effectful applicative similarity and bisimilar-
ity, respectively. These theorems state that for a suitable class of relators, whose members we call
>-continuous relators, effectful applicative similarity is a precongruence relation, whereas effectful ap-
plicative bisimilarity is a congruence relation. Remarkably, all the relators studied in this dissertation
(Section 4.3) are X-continuous. As an immediate corollary, we obtain soundness of effectful applicative
similarity (resp. bisimilarity) for effectful contextual approximation (resp. equivalence).

Theorem 4 and Theorem 5 are proved using an abstraction of Howe’s method, which take advan-
tage of the structural properties of relators. Howe’s method (Howe, 1996) is a powerful relational con-
struction used to prove (pre)congruence properties of operationally defined program relations. Howe’s
technique has been originally designed for the pure A-calculus, and has later been generalised to several
effectful A-calculi, prime examples being its generalisation to nondeterministic (S. Lassen, 1998b) and
probabilistic (Dal Lago et al., 2014) A-calculi. Contrary to the first extension, the latter one is highly
non-trivial, and relies on results from probability theory and linear programming (see Chapter 2 for an
extensive discussion on Howe’s method). This, as well as other further difficulties, led to the belief that
Howe’s technique is fragile in presence of effectful extensions of the A-calculus.

Besides providing a powerful construction to prove congruence properties of effectful notions of
equivalence, our abstract Howe’s method sheds some light on the very essence of Howe’s construc-
tion itself. In fact, using relators we can isolate the complexity of (pre)congruence proofs of applica-
tive (bi)similarity, showing how Howe’s method can be understood as a general relational technique
parametrised by the effects considered. Additionally, we show a further application of our abstract ac-
count of Howe’s method by proving that effectful CIU approximation (resp. equivalence) is fully abstract
for effectful contextual approximation (resp. equivalence) (Theorem 6).

1.4.2 Normal Form Similarly and Bisimilarity

In Chapter 7 we define the notions of effectful normal form similarity and bisimilarity for both call-by-
name and call-by-value calculi with algebraic effects.

The notion of applicative (bi)similarity is rooted in the idea that programs should be compared ex-
tensionally, i.e. according to their input-output behaviour. However, it is also possible to test programs
intensionally, i.e. by inspecting the syntactic structure of the (possibly infinitary) normal form pro-
duced by a term during (iterations of) the evaluation process. The notion of equivalence one obtains
by following this route is called open or normal form (bi)similarity® (S. B. Lassen, 1999, 2005; Sangiorgi,
1994).

Starting from the pioneering work by Bohm on the pure A-calculus, the notion of a B6hm tree (Baren-
dregt, 1984), and the associated notion of Bohm tree equality, has been proved extremely useful in rea-
soning about program behaviour. Roughly speaking, the Bohm tree of a A-term e is a possibly infinite
tree representing the infinitary head-normal form of e. The celebrated Bchm Theorem, also known as
Separation Theorem (Bohm, 1968), stipulates that two terms are contextually equivalent if and only if
their respective (appropriately n-equated) Bohm trees are the same.

The notion of equivalence induced by Béhm trees can be characterised without any reference to
trees, by means of a suitable bisimilarity relation (S. B. Lassen, 1999; Sangiorgi, 1992, 1994). Additionally,
Bohm trees can also be defined when A-terms are evaluated according to the call-by-name (S. B. Lassen,
1999; Sangiorgi, 1994) and the call-by-value (S. B. Lassen, 2005) reduction strategy. In both cases, the
notion of program equivalence one obtains by comparing the syntactic structure of trees, admits an ele-
gant coinductive characterisation as a suitable bisimilarity relation. The family of bisimilarity relations
thus obtained goes under the name of normal form bisimilarity.

%5See Subsection 1.1.2 for a short remark on terminology.
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Compared to other standard operational techniques, normal form bisimilarity has the major ad-
vantage of being an intensional program equivalence, equating programs according to the syntactic
structure of the (possibly infinitary) trees produced by their evaluation. As a consequence, in order to
deem two programs as normal form bisimilar, it is sufficient to test them in isolation, i.e. independently
of their interaction with the environment (the latter being allowed to observe, but not to influence, com-
putations). This feature makes normal form bisimilarity a powerful technique for program equivalence.
The drawback of such a restricted form of testing, is, however, that normal form bisimilarity is usually
sound but not fully abstract for contextual equivalence (although full abstraction results are known to
hold for calculi with a rich expressive power (Sangiorgi, 1994; Stevring & Lassen, 2007)).

In Chapter 7 we generalise normal form (bi)similarity to A-calculi with algebraic effects. The frame-
work employed for such a generalisation is the same one defined in Chapter 5 for effectful applicative
(bi)similarity. Perhaps surprisingly, the very same axioms of relators that guarantee effectful applicative
similarity to be a precongruence relation (and effectful applicative bisimilarity to be a congruence rela-
tions), guarantee our generalisation of normal form similarity, which we call effectful normal similarity,
to be a precongruence relation too (and thus effectful normal bisimilarity to be a congruence relation).
This is the content of Theorem 9, Theorem 10, and Theorem 11.

Additionally, effectful normal form (bi)similarity provides a sound proof technique not only for ef-
fectful contextual approximation (resp. equivalence), but for effectful applicative (bi)similarity as well
(Proposition 22). Finally, we show that normal form (bi)similarity allows for enhancements of the bisim-
ulation proof method (Pous & Sangiorgi, 2012) (Theorem 13 and Theorem 12), hence making normal
form (bi)similarity an extremely powerful tool for reasoning about program equivalence.

1.4.3 Monadic Applicative Similarly and Bisimilarity

In Chapter 6 we propose a new notion of applicative bisimilarity for a call-by-name calculus with alge-
braic effects, which we call monadic applicative (bi)similarity.

Contrary to effectful applicative (bi)similarity, monadic applicative (bi)similarity is not defined as a
relation between programs, but as a relation between their semantics. This paradigm shift originates
by the observation that in call-by-name calculi, contextual equivalence is de facto a form of trace equiv-
alence. In fact, contrary to call-by-value calculi, in a call-by-name A-calculus terms can be tested in
functional position only, meaning that testing a term in an arbitrary environment is morally equivalent
to testing the term against a finite sequence of inputs.

Taking advantage of this observation, monadic applicative (bi)similarity is shown to be not only
sound, but also fully abstract for effectful contextual approximation/equivalence, under mild conditions
(Theorem 8, Corollary 4, and Corollary 5). That holds, however, only for call-by-name calculi.

We summarise the soundness and completeness results obtained for call-by-value calculiin Table 1.1,
whereas the soundness and completeness results obtained for call-by-name calculi are summarised in
Table 1.2.

<ciu — <ctx

~~ciu =

1 I/ﬁ1
R[IA
>

NN
>
NN

Table 1.1: Call-by-value approximation/equivalence spectrum.
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Table 1.2: Call-by-name equivalence/approximation spectrum.
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1.5 Second Contribution: Effectful Program Distances

From Chapter 9 to Chapter 12 we tackle the problem of defining a well-behaved program distance for
effectful languages. As already remarked, the question of quantifying observable differences between
programs is particularly interesting (and challenging) for effectful higher-order languages, where ordi-
nary qualitative (i.e. boolean-valued) equivalences and refinements are often too strong. This is wit-
nessed by recent results on behavioural pseudometrics for probabilistic A-calculi (Crubillé & Dal Lago,
2015, 2017) as well as results on semantics of higher-order languages for differential privacy (de Amorim
et al., 2017; Reed & Pierce, 2010).

In Chapter 12 we define effectful applicative bisimilarity distance, the quantitative refinement of
effectful applicative bisimilarity, for an extension of the calculus Fuzz (de Amorim et al.,, 2017; Reed &
Pierce, 2010) with algebraic effects (Chapter 10). Fuzz is a foundational calculus developed in the context
of differential privacy (Dwork, 2006) with a linear-like type system (Maraist, Odersky, Turner, & Wadler,
1999) capable of expressing program sensitivity. Roughly speaking, the latter is the law describing how
much behavioural differences in output are affected by behavioural difference in input, and can thus be
used to provide information on the environment in which programs are tested.

The necessity of moving from the mainstream formalisms studied in previous parts of this disser-
tation to calculi with program sensitivity is grounded in the so-called distance trivialisation (Crubillé &
Dal Lago, 2015, 2017). Roughly speaking, a program metric trivialises when it collapses to a program
equivalence. Distance trivialisation results are rooted in higher-order features of functional languages.
Intuitively, when passing programs with distance ¢ as input to another program e, the latter can copy
and evaluate its inputs ad libitum, each time detecting a difference ¢ between them. Additionally, each
time such a difference is detected, it is also added to the one previously observed, so that in the end
e will be able to fully discriminate between its inputs. This makes reasoning about program metrics
compositionally simply not possible. Program sensitivity provides an elegant way to give information
about the testing power of programs, and thus about the environment in which programs are evaluated.
Relying on program sensitivity, it is possible to define a suitable notion of ‘metric-compositionality” in
the form of a Lipschitz-continuity condition.

In Chapter 10 and Chapter 11 we develop a general framework to study program metrics in the ab-
stract, and instantiate such a framework to define effectful applicative (bi)similarity distance (Chapter 12),
the quantitative refinement of effectful applicative (bi)similarity. Accordingly, the theory of effectful ap-
plicative (bi)similarity distance builds on three major improvements of the theory of effectful applicative
(bi)similarity of Chapter 5.

1. The first improvement is to move from boolean-valued relations to relations taking values on
quantitative domains (such as [0, co] or [0, 1]) in such a way that restricting these domains to
the boolean algebra {0, 1} makes the theory collapse to the usual theory of effectful applicative
(bi)similarity. For that, we rely on Lawvere’s analysis (F. Lawvere, 1973) of generalised metric
spaces and preordered sets as enriched categories, and work with relations taking values over
arbitrary quantales (Rosenthal, 1990). We call such relations quantale-valued relations.

2. The second improvement is the generalisation of the notion of a relator to quantale-valued rela-
tors, i.e. relators acting on quantale-valued relations. Perhaps surprisingly, such a generalisation
is at the heart of the filed of monoidal topology (Hofmann, Seal, & Tholen, 2014), a subfield of
categorical topology aiming to unify ordered, metric, and topological spaces in categorical terms.

3. The third improvement is the development of a compositional theory of behavioural quantale-
valued relations (and thus of behavioural distances). Due to distance trivialisation, ensuring com-
positionality in an higher-order setting is particularly challenging. In order to achieve composi-
tionality, we take advantage of the notion of program sensitivity, and use the latter to define a
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suitable notion of metric-like compositionality. As we will see in Chapter 9, such a paradigm shift
is necessary in order to ensure good properties of program metrics.

The result obtained is an abstract theory of behavioural quantale-valued relations that allows to
define notions of quantale-valued applicative similarity and bisimilarity — which we call effectful ap-
plicative similarity and bisimilarity distance, respectively — parametrised by a quantale-valued relator.
The notions obtained generalise the existing notions of real-valued applicative (bi)similarity and can
be instantiated to concrete calculi to provide new notions of applicative (bi)similarity distance. A re-
markable example is provided by probabilistic A-calculi, where to the best of the author’s knowledge
a (non-trivial) applicative distance for a universal (i.e. Turing complete) probabilistic A-calculus is still
lacking in the literature (but see Section 13.1).

Our first main result (Theorem 16) states that under suitable conditions on monads and quantale-
valued relators, effectful applicative similarity distance is a compatible (i.e. compositional) reflexive
and transitive quantale-valued relation. The second main result proved (Theorem 17), instead, states
that under mild conditions Theorem 16 extends to effectful applicative bisimilarity distance, which is
thus proved to be a compatible, reflexive, symmetric, and transitive quantale-valued relation (i.e. a
compatible pseudometric).
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Chapter 2

An Informal, Motivating Example

In signs one observes an advantage
in discovery which is greatest when
they express the exact nature of a
thing briefly and, as it were, picture
it; then indeed the labor of thought is
wonderfully diminished

Gottfried Wilhelm Leibniz,
Briefwechsel von G. W. Leibniz mit
Mathematikern

In order to introduce and justify the abstract framework developed in this thesis, we begin with a
gentle, yet non-trivial, example of an effectful (functional) calculus, namely a call-by-value probabilistic
A-calculus. Such a calculus, which we call A, is a fine-grain (P. Levy, Power, & Thielecke, 2003) version
of the probabilistic untyped A calculus studied in e.g. (Dal Lago et al., 2014; Dal Lago & Zorzi, 2012). The
latter is obtained by adding to the pure, untyped A-calculus (Barendregt, 1984; Church, 1985) a binary
fair probabilistic choice operator, hence making program evaluation inherently probabilistic.

The reason behind this choice is simple: A, allows to identify most of the features one encounters
when studying (algebraic) effectful extensions of A-calculi, and thus provides a good starting point to
build intuitions behind the abstract machinery we will introduce in next chapters.

Besides introducing the syntax and (operational) semantics of A, in this chapter we define the no-
tions of probabilistic contextual approximation (resp. equivalence) and probabilistic applicative similarity
(resp. bisimilarity), and prove that probabilistic applicative similarity is sound for probabilistic contex-
tual approximation, meaning that the former is contained in the latter. Although this thesis studies sev-
eral notions of program equivalence and refinement, such as applicative and normal form (bi)similarity,
contextual equivalence and approximation, and CIU equivalence and approximation, here we will de
facto focus on applicative (bi)similarity only. In fact, proving probabilistic applicative similarity to be a
precongruence relation (from which its inclusion in contextual approximation directly follows) is highly
non-trivial, and provides fundamental insights into the mathematical apparatus we will use in our ab-
stract analysis of program equivalence and refinement.

Let us expand on the latter point. In his seminal work (Howe, 1996) Howe introduced a powerful
relational technique to prove congruence of applicative bisimilarity for pure (i.e. effect free) A-calculi:
such a technique is nowadays known as Howe’s method (Pitts, 2011). Howe’s method has been extended
to several calculi with specific effects, its extension to nondeterministic (S. Lassen, 1998b; C. L. Ong,
1993) and probabilistic (Crubillé & Dal Lago, 2014; Dal Lago et al., 2014) A-calculi being prime examples.
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In most of these extensions the logical complexity of Howe’s method (which is essentially determined
by the so-called Key Lemma) is, in a way, comparable to the one of Howe’s original method for the pure
A-calculus.

This is not the case for probabilistic calculi, where the proof of precongruence for applicative similar-
ity (and thus the proof of congruence for applicative bisimilarity) requires to combine non-trivial results
from linear programming (Schrijver, 1986) with the standard relational technique of Howe’s method.
This is witnessed by the complicated proof of precongruence of probabilistic applicative similarity in
(Dal Lago et al.,, 2014). As a consequence, there is an apparent mismatch between the complexity of
Howe’s method when applied to different effectful calculi, which led several researchers to consider
Howe’s technique fragile in presence of effects.

The abstract analysis of applicative (bi)similarity we will make in Chapter 5 allows to isolate the
complexity of (pre)congruence proofs for applicative (bi)similarity, showing how Howe’s method can
be understood as a general relational technique parametric with respect to the effects considered. That
allows to understand the deep reasons why different instances of Howe’s method in the literature seem
to have different complexities: those are, so to speak, properties of effects, rather than of Howe’s method.

Organisation

After having introduced the syntax and operational semantics of A;,, we define probabilistic contex-
tual approximation and probability applicative similarity. Compared to their symmetric counterparts,
probabilistic applicative similarity and probabilistic contextual approximation are amenable to an easier
mathematical treatment, and thus we focus on the latter for now.

We stress the definition of probabilistic applicative similarity in terms of a suitable relation lifting op-
eration. This is major difference compared to previous works on probabilistic applicative (bi)similarity
(Crubillé & Dal Lago, 2014; Dal Lago et al., 2014). Looking at (probabilistic) applicative similarity in terms
of relation lifting operations allows to isolate the structural properties such operations should satisfy in
order to guarantee (probabilistic) applicative similarity to be precongruence relation. We conclude the
chapter discussing the proof of the precongruence theorem for probabilistic applicative similarity and
its possible generalisation.

Finally, we remark that the theory presented in this chapter is nothing more than a mechanical
instantiation of the abstract theory of effectful applicative (bi)similarity we will study in Chapter 5.
Such a theory might then appear to the reader as a rather straightforward generalisation of the the
theory of probabilistic applicative similarity presented here: if that is the case, then this introductory
chapter made its purpose. Chronologically, however, Ugo Dal Lago, Paul Blain Levy, and the author first
developed the theory of effectful applicative (bi)similarity, which then led to a better understanding of
probabilistic applicative (bi)similarity.

2.1 A Probabilistic A-calculus and Its Operational Semantics

We now introduce our running example calculus A,. We will not give all formal details here (these are
not needed for our purposes), which are given instead in Chapter 3 in full generality.

Terms of A, are divided into two disjoint classes: computations (denoted by e, f,...) and values
(denoted by v, w, . . .). These are defined in Figure 2.1, where x ranges over a fixed countably infinite set
of variables.

The difference between values and computation is the following: a computation produces (when
evaluated) a value, and in doing so can perform some (side) effects, whose nature is probabilistic. A value,
on the contrary, is the result of the evaluation of a computation. The key computation constructors are
these:
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e, f u=return v (return) u,W =X (variable)
| ow (application) | Ax.e. (abstraction)
|letx =ein f (sequencing)
|eor f. (probabilistic choice)

Figure 2.1: Syntax of As.

« return v is the trivial computation. It converts a value v into a computation return v that (trivially)
produces v (without performing any side effect).

« let x = e in f is the sequenced computation (also known as sequencing). Its operational meaning
can be informally described as follows: “evaluate e (say it produces a value v), bind v to x in f
(we use the notation f[x := v] to denote the resulting computation), then evaluate f[x := v]”.
Clearly the effects produced during evaluation of e and f must be combined (we will come back

on that later).

« eor f is the actual effectful computation. The operation symbol or acts as an effect-triggering
operation, evaluating e with probability %, and f with probability %

An example may help to clarify the intuitive (operational) semantics of A,.

Example 1. Let Pr(e | v) denotes the probability that the program e evaluates to the value v. For
instance, the term e £ (return v;) or (return v,) evaluates to v; with probability % and to vy, with
probability % Symbolically, Pr(e | v;) = % (for i € {1,2}). Let now f be a term with a single free
variable x such that f[x := v;] evaluates to u; with probability % and f[x := v;] evaluates to u, with
probability % Then the probability that the program let x = e in f evaluates to u; is obtained as the
product of the probability of e evaluating to v; and the probability of f[x := v;] evaluating to u;. This
is the way effects are composed in A,. More formally, the probability that the program let x = e in f
evaluates to a value w is obtained as:

Pr(letx=ein f | w) = ZPr(ellv) -Pr(f[x:=v] Jw)
X

Before giving a formal treatment of the operational semantics of A, let us introduce some syntactical
conventions. We adopt standard syntactical conventions as in (Barendregt, 1984). In particular, we write
e[x := v] (resp w[v/x]) for the capture-free substitution of the value v for all free occurrences of x in e
(resp. w) and identify terms up to renaming of bound variables. A programis a closed computation, i.e. a
computation without free variables. In light of the relational apparatus we will develop in next sections,
it is useful to introduce the ‘hygienic’ convention of keeping track of free variables of computations and
values. We do so by means of sequents of the form I’ +* e and T -V v. The letter T ranges over finite sets
of variables, and the intended meaning of a sequent ' +* e is that e is a computation with free variables
among I (the sequent I' + v has a similar reading). Rules for sequents are given in Figure 2.2, where
we write I', x in place of I" U {x}.

Clearly, provable sequents are closed under weakening, meaning that if I' +* e (resp. T +' v) is
provable, then so is I',x +* e (resp. I',x +' v). From now on when speaking about sequents we will
tacitly mean provable sequents. Closed terms thus correspond to sequents with empty premises (which
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ILxt'e THo THw o I'tte Ixt'f TH'e TH f
Ix+'x T+ Axe I+ ow It returnv THletx=einf Tr'eorf

Figure 2.2: Sequents for A,.

we simply denote as +* e and ¥ v). We also introduce the following notation:

A2 {e|AT.TH e} Ar2{e|TH e} Ao 2 {e]| e}
YV Eu|AC.TH v) V&2 (v |TH v) YV, 2 {v]| o)

We can now have a closer look at the operational semantics of A,. A convenient way of representing
the result of the evaluation of a program e is by means of (discrete) subdistributions over values. A
discrete subdistribution over a set X is a function g : X — [0, 1] such that the support supp(u) = {x €
X | p(x) > 0} of p is countable, and ¥, cqupp(y) #(x) < 1 (notice that because supp(y) is countable
such a sum always exists). Clearly, if X is countable (as it is e.g. the set of closed values), every map
#: X — [0,1] has countable support (and thus we simply write 3, ex p(x) in place of 3\ cupp(u) #(X))-
We denote by DX the collection of (discrete) subdistributions over X, and refer to its elements simply
as subdistributions.

We define the result [e] of the evaluation of a program e as a subdistribution over (closed) values.
The idea is that [e](v) gives the probability that e evaluates to v. That is, [e](v) = Pr(e | v). This
justifies our choice of using subdistributions rather than distributions: by assigning probability zero to
values we can model divergence. For instance, the probability subdistribution [Q] associated with the
purely divergent program Q = (Ax.xx)(Ax.xx) will assign probability 0 to any value (since Q diverges,
it converges to a value v with probability 0).

When trying to formalise this idea we immediately face a first difficulty. In fact, contrary to pure
calculi, we cannot give a standard, inductive operational semantics to A,. In pure (as well as purely
nondeterministic) A-calculi, if a term converges to a value, then it does so in a finite number of steps.
In a probabilistic setting a program may converge to a value with probability 1, but in infinitely many
steps only.

To see that, it is useful to represent the subdistribution obtained evaluating a program syntacti-
cally. We do so by means of the so-called computation trees (G. D. Plotkin & Power, 2001). These are
infinitary trees whose nodes are labelled with operation symbols (just the probabilistic choice symbol
or, in our case) and whose leaves are either values or a bottom symbol L denoting pure divergence.
For instance, the computation tree and its associated probabilistic reading of the recursive program
e £ (fix(z,x).((return I) or zx))v, where I is the identity combinator Ax.return x and fix is a call-
by-value fixed point combinator! , are given in Figure 2.3. Looking at Figure 2.3, we easily see that e
converges to I with probability lim, e 3.7 _, zlk = 1, but it does so taking infinitely many reduction
steps.

To model such an infinitary behaviour we follow (Dal Lago & Zorzi, 2012) and notice that DX carries
an w-cppo structure. The order C on DX is defined pointwise: we say that y C v holds if and only
p(x) < v(x), for any x € X. Clearly the always zero distribution L acts as bottom element for C.
Moreover, any w-chain (¢,), = o E gy E - -+ E ptp E - - - has least upper bound given by sup,, ji,.

! The call-by-value fixed point combinator fix is defined by the rule

Iz,xH e
T +Y fix(z, x).e

Its computational behaviour is given by a kind of generalised f-rule, which allows to rewrite a term of the form (fix(z, x).e)v as
e[z :=fix (z,x).e,x := v].
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Computation tree of e | Probabilistic reading of e
or AN
VN RN
I /or\ I 1/ o \1
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Figure 2.3: Computation tree of e £ (fix(z, x).((return I) or zx))ov.

Relying on the w-cppo of DV,, we define a N-indexed family of evaluation functions [-], : Ao —
DV, such that, for any program e, ([e],), forms an w-chain in DV,. Intuitively, [e], is the n-th ap-
proximation of the evaluation [e] of e. Accordingly, we define [e]o as L. Moreover, we would like the
resulting evaluation function [-] to satisfy some minimal desiderata. First of all, in order to give se-
mantics to programs of the form return v we need to regard values as subdistributions. In particular,
we expect [return v] to assign probability 1 to v (obviously return v converges to v with probability
one), and 0 to all other values. This can be easily done since we can regard any element of a set X as a
subdistribution by means of the map 5 : X — DX mapping x € X to its Dirac distribution 1(x) defined
by:

1)) = {1 ty=x

0 otherwise.

Secondly, in order to treat the operation symbol or as a fair probabilistic choice, we expect

[eor f10) = 5 - [e]@) + 5 - [f1(©)

to hold for any value v. Lastly, we analyse sequencing. Given a program let x = e in f we see that the
(open) computation x +* f induces a function [f[x := =]] : Vo — DV, defined by:

There is a natural way to lift a function f : X — DY (not to be confusion with the term f above) to a

function ' : DX — DY which corresponds to the way we ‘concatenated effects’ in Example 1. Simply
define:

Fmw 2 ) fE - pE).

xeX

As a consequence, we would expect [let x = e in f] = [f[x := —]][e]. We can thus give the following
definition.

Definition 1. The N-indexed family of functions [~], : Ao — TV, is inductively defined as follows:

lelo

[return v],,41

1

[I>

n(v)
[(Ax.e)v]ns1 = [e[x = v]]n
lletx = ein f[n1 2 [fLx = =1]} [e]n

le or flni1 = [e]n @ [f,

where for i, v € DX, (1 ® v)(x) £ % - p(x) +

[I>

- v(x).

D=
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To see that Definition 1 indeed gives an w-chain we notice that we have the following monotonicity
and continuity result.

Lemma 1. Recall that any function space of the form X — DY inherits an w-cppo structure from DY
pointwiseé’. The following monotonicity and continuity conditions hold, where n ranges over natural num-
bers.

puCuy' vy = pevcy &y Sup pi, ® sup v, = sup(up + vn)
feg = f'cy (sup f)" = sup f,l
n n
pEv = ffwef fT(sup pn) = sup £ ().

The proof of Lemma 1 is straightforward (just notice that summations commute with suprema, since
all numbers involved are positive). Using Lemma 1 (monotonicity) we see that the evaluation function
of Definition 1 defines an w-chain ([e],),, for any closed term e. As a consequence, we can define [e]
as the limit of such a chain:

[e] £ sup[e].

Finally, we observe that another consequence of Lemma 1 (continuity) is that our evaluation semantics
is continuous.

Proposition 1. The function [-] : Ao — DV, is the least function ¢ : Ao — DV, such that the following
identities hold:

¢(return v) = n(v)
p((Ax.e)v) = g(e[x := v])
p(letx = ein f) = (v - o(f[x := v]))p(e)
p(eor f) = g(e) & o(f).

At this point the reader might have noticed that so far we did not use anything really specific to
subdistributions. Our evaluation semantics relied on the existence of an w-cppo structure on sets of the
form DX, as well as on the existence of (families of) functions of the form 5 : X — DX and f' : DX —
DY, for f : X — Y. Such maps give D a monad structure (MacLane, 1971). We required these maps to
properly interact with the w-cppo structure of DX in the form of monotonicity and continuity properties.
The only place where subdistributions played an explicit role is in the definition of the semantics of
the operation symbol or. However, a more careful analysis reveals that the way we interpret such an
operation symbol does not really matter, as far as it is interpreted as a continuous binary operation on
DX. Moving from these observations, in the next chapter we will define an abstract, monadic semantics
for effectful calculi. But before that, let us introduce the notion of probability applicative similarity.

2 Overloading the notation, we define

fCgesVx e X. f(x) Eg(x)

1(x) £ 1.
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2.2 Probabilistic Applicative Similarity

Following Abramsky’s insights, we notice that the evaluation semantics of Definition 1 defines a prob-
abilistic labelled transition systems over computations and values of A,. Such a transition system is
better described abstractly, as a structure resembling a Markov chain.

Recall that a discrete time Markov chain (Howard, 2007) (Markov chain, hereafter) is given by a set
X (the state space of the chain) together with a map ¢ : X — DX. The function ¢ describes probabilistic
transitions over X, with the rationale that if ¢(x)(y) = p, then there is a transition from x to y with
probability p. A natural notion of equivalence on the state space X is given by Larsen-Skou probabilistic
bisimilarity (Larsen & Skou, 1989). Since most of the times we will be more interested in studying the
more primitive notion of probabilistic similarity®, we prefer to work directly with probabilistic similarity
(we will discuss probabilistic bisimilarity in later chapters).

Recall that for a set X, a relation R € X X X, and a set X C X, the R-image of X is defined as
R[X] £ {y € Y | Ix € ¥. x R y}. Moreover, for 4 € DX and X C X we write u(X) for 3, cx pi(x).

Definition 2. Given a Markov chain ¢ : X — DX, we say that a relation R € X X X is a probabilistic
simulation if

xRy = VYX C X.c(x)(X) < c(y)(R[X]).

Probabilistic simulation is defined by lifting a relation R on the state space X to the set of subdistri-
butions over X. Such a lifting can be defined more abstractly as follows. Given y € DX, v € DY, and a
relation R C X X Y, we define the relation DR € DX X DY by:

DR v &= VX C X, p(X) < v(R[X]).

With a further abstraction, we can regard D as a set-indexed family of functions from Rel(X,Y) to
Rel(DX, DY), where for sets X, Y, Rel(X, Y) denotes the complete lattice of binary relations (ordered by
set-theoretic inclusion) between X and Y. We can thus phrase Definition 2 as follows.

Lemma 2. Given a Markov chain c : X — DX, define the functional ® : Rel(X,X) — Rel(DX, DY) by:
R £ {(x,y) | c(x) DR c(y)).

Then a relation R € X X X is a probabilistic simulation if and only if R € ®R. That is, probabilistic
simulations are exactly post-fixed points of .

Since D is monotone (iee. RCS = DR ¢ ﬁS), we see that ® is a monotone endofunction
on Rel(X, X). By the Knaster-Tarski Theorem (Davey & Priestley, 1990; Tarski, 1955), ® has a greatest
fixed point, which we call probabilistic similarity and denote by <. Probabilistic similarity being defined
coinductively (i.e. as the greatest fixed point of a ®), it comes with an associated coinduction proof
principle (Milner & Tofte, 1991; Park, 1981): in order to prove that two states of a Markov chain are
similar, it is sufficient to exhibit a simulation relating them. Formally:

JR.RCIR xRy

X<y (X -coind.)
or, in point-free notation,
R C PR .
Rc< (X -coind.)

The notation employed to denote probabilistic similarity suggests the latter to be a preorder relation
(which is clearly a desired property). This is indeed the case. In order to see that, we first observe that
the map D satisfies the following properties.

3In general, a bisimulation is a relation R such that both R and its converse R° are simulation.
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Lemma 3. For all relations R € X XY, S C Y X Z the following hold:

=px C D(=x)

DS -DR C D(S-R),

where S - R = {(x,z) | Jy € Y. x Ry Ay S z} denotes relation composition.

We do not give a proof of Lemma 3 here, as proving properties of D is in general non-trivial. A guide
is given in the case of full distributions by Strassen’s Theorem (Strassen, 1965), an important result that
characterises D (whose definition is based on an universal quantification) existentially.

Theorem 1 (Strassen’s Theorem). Let p and v be full distribution over X and Y, respectively. A coupling
of p, v is distribution w over X X Y such that:

D 0xy) = u(x)

yey

D, oxy) = v(y).

xeX

We denote by Q(, v) the set of couplings of u and v. The following holds for any relation R € X X Y:
pDRv & [Aw e Qu,v). wo(x,y) >0 = xRyl

We will give intuitions behind the meaning of the notion of a coupling and Strassen’s Theorem in
Example 30. For now, it is sufficient to observe that using Strassen Theorem it is possible to easily prove
several properties of D, provided we restrict our treatment to full distributions.

Using Lemma Lemma 3 and the coinduction proof principle, we can prove that < is a preorder. For
instance, by showing that the identity relation is a probabilistic simulation, we can conclude < to be
reflexive. Let us briefly expand on that. To see that for any Markov chain ¢ : X — DX, the identity
relation =x is a probabilistic simulation, we simply observe that if x =x vy, then ¢(x) =px ¢(y), and
thus c(x) D(=x) ¢(y) by Lemma 3. In a similar fashion we can show that < - < is a simulation, hence
concluding < to be transitive.

We now look back at A,,. The evaluation function [-] : A, — DV, does not exactly define a Markov
chain but, since there is an injection mapping values to computations, we have a ‘kind of” Markov chain.
In particular, given a relation R, € V., X V, over closed values, we can modify Definition 2 by saying
that a relation R, C A, X A, over closed computations is a probabilistic simulation with respect to R,
if:

eR, f = [e] DRy [f].

At this point we just need to provide conditions on R, making the above implication meaningful. As
for the pure A-calculus, we test the behaviour of closed values (i.e. A-abstraction) applicatively, hence
requiring:

vRyw = Yu e V,.ouR, wu.

Summing up, we give the following definition of a probabilistic applicative simulation relation.

Definition 3. A pair of relations R = (R, € Ao X Ao, Ry © Vo X V,) is a probabilistic applicative
simulation if for all closed computations e, f, and all closed values v, w, we have:

eRy f = [e] DRy [f] (app 1)
vRyw = Yu eV, vuR, wu (app 2)
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Definition 3 induces an endofunction R + [R] on Rel(A,, Ao) X Rel(V,,V,) mapping a pair of
relations (R,, R+ ) to the pair of relations ([R],, [R]y) defined by:

e [R]s f <= [e] DRy [f]

v [R]y w EsVueV,. vu Ry wu.

In particular, we see that a pair of relations R as above is a probabilistic applicative simulation if and
only if R C [R]. Moreover, the set Rel(As, Ao) X Rel(Vs, V) inherits a complete lattice structure from
Rel(As, Ao) and Rel(V,,V,) pointwise. Monotonicity of D makes R — [R] monotone too, so that
the latter has a greatest fixed point, which we call probabilistic applicative similarity and denote by
< = (2, =y). That < is a good candidate program refinement is witnessed by the following result,
which, as before, can be proved by coinduction (relying on Lemma 3).

Proposition 2. Probabilistic applicative similarity is a preadequate preorder relation, where a pair of
relations (R, Ry) is preadequate ife Ry f = [e(Vs) < [fI(Vs).

Preadequacy of a relation (over closed computations) means that whenever two computations e, f
are related, then the probability of convergence of e (i.e. [e](V.)) is bounded by the probability of con-
vergence of f (ie. [f](V,)). Preadequacy is nothing but the non-symmetric counterpart of the notion
of adequacy, which simply states that related computations have the same probability of convergence
(which is indeed a desired property of any notion of probabilistic equivalence). We will expand on the
notions of adequacy and preadequacy in Chapter 5.

Proposition 2 gives good hints that probabilistic applicative similarity is an interesting candidate
program refinement for A,. Preadequacy tells us that probabilistic applicative similarity is consistent
with ground observations on the operational behaviour of programs, whereas reflexivity and transitivity
tell that we can use inequational reasoning to study program behaviour. In particular, transitivity allows
us to deduce the refinement e < e’ from the chain of intermediate refinements e < e; < ---e, < e’
However, in order to indeed qualify as a good program refinement, probabilistic applicative similarity
must support compositional reasoning about program behaviour.

Compositionality is a fundamental notion in programming language theory, as well as in many other
fields. In our context, we can roughly state that a program relation is compositional if it is preserved
by all language (syntactical) constructors. That is, compositionality provides a suitable variation of
Leibniz’s identity law, whereby a refinement between compound expressions Cle] < C[f] follows
from a refinement e < f between their sub-expressions. This way, we can take advantage of powerful
algebraic laws for inqueational reasoning*.

Formally, we say that a program equivalence is compositional if it is a congruence relation, and that
a program refinement is compositional if it is a precongruence relation. As a consequence, what we need
to show is that probabilistic applicative similarity is a precongruence relation. Before that, however, we
introduce the notion of probabilistic contextual approximation.

2.3 Probabilistic Contextual Approximation

In previous sections we identified some desiderata that any (good) notion of program refinement should
satisfy. These can be summarised as follows:

4 An analogous argument holds for probabilistic applicative bisimilarity (and more generally for notions of program equiva-
lence) and equational reasoning. Moreover, the notion of compositionality is oftentimes defined as the principle stating that the
meaning of an expression is a function of the meaning of its parts (i.e. its sub-expressions). If we define the meaning of a program
as its equivalence class modulo a given program equivalence, then our notion compositionality states exactly that the meaning
of a program is determined by the meaning of its sub-expressions.
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1. The candidate notion must be a preorder.
2. The candidate notion must be preadequate.
3. The candidate notion must be compositional, i.e. a precongruence relation.

It is therefore natural to ask whether there exists a canonical program refinement meeting all the above
desiderata. Obviously, the identity relation provides one such a refinement. In fact, it comes with no
surprise that syntactic equality behaves both as a notion program equivalence and as a notion of pro-
gram refinement. Moreover, syntactic equality is the least relation satisfying conditions 1,2, and 3 above,
meaning that syntactic equality is included in any refinement satisfying such conditions. However, it
comes by itself that comparing programs according to their syntactic structure only does not tell any-
thing useful about their operational behaviour.

There is another canonical notion of program refinement satisfying the above condition, namely
Morris’ style contextual approximation (also known as operational or observational approximation) (Mor-
ris, 1969). The latter is the largest, i.e. the less discriminating (or coarsest), relation satisfying conditions
1, 2, and 3. This universal property gives contextual approximation a prime position among program
refinements, making it the universally accepted notion of operational refinement for sequential, higher-
order languages.

From a more concrete perspective, contextual approximation is a syntax directed notion of refine-
ment that orders programs according to a prefixed notion of observation (such as probability of conver-
gence, in our case, or pure convergence, in the pure A-calculus). Accordingly, a program f contextually
refines a program e if there is no context of the language (the latter being a kind of program with a hole
to be filled in with the tested program) capable of detecting operational behaviours of e that cannot be
simulated by f. Such operational behaviours are specified by means of a suitable notion of observation,
which describes the observable outcomes of the execution of a program.

For our calculus A, (probabilistic) contextual approximation <** can be roughly defined as follows:

e <™ f e VC. [Cle]](Vs) < [CLFI(Vs).

Here C ranges over contexts, i.e. terms with a single hole that can be replaced by a given program e,
obtaining a new program C[e]. Defining and working with contexts, however, can be rather heavy and
error-prone, as contexts cannot be defined modulo renaming of bound variables (see Remark 10 for
details). We thus define probabilistic contextual approximation through its universal property. In order
to do so, we first have to introduce some basic notions of program relational algebra in the spirit of
(S. Lassen, 1998Db).

The expression program relational algebra is used to denote a a symbolic apparatus allowing for
algebraic manipulations and calculations with program relations. Such relations, which we call A-term
relations (S. Lassen, 1998b; Pitts, 2011), relate (possibly open) computations with (possibly open) com-
putations, and (possibly open) values with (possibly open) values.

Definition 4. 1. Aclosed A-term relation is a pair R = (R, Ry) of relations R, and R, on A and Vs,
respectively. We refer to R, as the computation component of R, and to R, as the value component
of R.

2. An open A-term relation R associates to each finite set of variables T a relationT +* — R — on Ar,
and a relation T +¥ — R — on Vr. We require open A-term relations to be closed under weakening:

I eRf F'reRw
Ix+t*eRf IxtYoRw
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Although it might appear cumbersome at first, the notation we use for open A-term relations has
several advantages and highly improves readability (especially when dealing with typed calculi) of the
relational techniques we will develop. As a convention, when referring to A-term relations what we
mean is open A-term relations.

Example 2. Both the discrete/identity relation | and the indiscrete relation 0 defined by the rules below
are open A-term relations. The empty relation is an open A-term relation too.

e € Ar veW e,f € Ar v,we WV
T'rttele 'tYolo T+re0f FrrYovow

Since e € Ar (resp. v € Vr) implies e € Ara (resp. v € Vra), for any finite set of variables A, both 0
and 1 are closed under weakening. X

We denote by Rel and Rel® the collections of open and closed A-term relations, respectively. We can
lift most of the usual (abstract) relational algebra to A-term relations. For instance, by noticing that for
any finite set of variables I both Rel(Ar, Ar) and Rel(‘Vr, Vi) form a complete lattice, we see that Rel
carries a complete lattice structure too, its ordering being defined pointiwise. In particular, we write

R C Sif:

Ve, TH'eRf = T+ eSS
VILowTHovRw = Tt oS w.

We will take advantage of the complete lattice structure of Rel by defining A-term relations both induc-
tively and coinductively.
Additionally, given A-term relations R and S we can define the composition of S with R, denoted
by S - R, as follows:
I't"eRg THgSf F'rYoRu THuSw
F'r*e(S-R)f Iro(S-R)w

Since both R and S are closed under weakening, then so is S - R. Moreover, we see that the unit of
composition is given by the discrete A-term relation I.

As a consequence, we obtain the notion of a preorder A-term relation. In fact, we say that A-term
relation R is reflexive if | C R and transitive if R - R € R. Moreover, we can define the converse A-term
relation R° of R by the rules below, hence obtaining the notion of symmetric A-term relation (i.e. a
A-term relation such that R° € R) and thus the notion of an equivalence A-term relation too.

I'Ht fRe rrYwRo
FrteRef rrYoR°w

Finally, we observe that there are maps —¢ : Rel — Rel® and —° : Rel® — Rel restring open A-term
relations to closed ones, and extending closed A-term relations to open ones. Formally, we define such
maps as follows. Given R € Rel, define the closed restriction® R¢ = (R,,R,) of R by:

HeR f FFoRw
e Ry f v Ry w

Dually, given a closed A-term relation R = (R,, Ry) we define R as its open extension. The latter is

defined as follows, where T £ ¥ £ xq,...,x, and 4 £ uy, ..., uy:
Yii € V,.e[X:= U] R, f[X := ] Yi € V,. v[u/X] Ry ulit/X]
F'r*eRef 'YoR°w

5 Notice that the notation R, (resp. Ry) is not defined for open A-term relations, so that we can safely use that to denote the
computation (resp. value) component of R€.
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Taking advantage of these definitions, for a closed A-term relation R = (R,,Ry) we will often write
F* e R f in place of e R, f,and T +* e R f in place of T +* e R° f (and similarity for values). Dually, for
an open A-term relation S we will use the notations +* e S f and e S, f interchangeably (and similarity
for values).

Next we introduce the notion of a substitutive A-term relation, which will be fundamental for proving
probabilistic applicative similarity to be a precongruence.

Definition 5. 1. A A-term relation R is value-substitutive if the following hold, where u ranges over
closed values:
Ix+t*eRf Ixr'oRw
T+ elx:=u] R flx:=u] T+ olu/x] R wlu/x]

2. A A-term relation R is substitutive if the following hold:

IxtHeRf FHoRw LxHoRw FuRu
I+ e[x :=v] R flx:=w] '+ ofu/x] R wlu'/x]

A closed A-relation is (value) substitutive if its open extension is. Moreover, we notice that the open
extension of a closed A-term relation is trivially value-substitutive.

We now have formal notions that allow us to talk about substitutive preorder (and equivalence)
A-term relations. However, what we are actually interested in are precongruence A-term relations. In
order to define the notion of a precongruence A-term relation, we introduce the notion of compatibility.
Roughly speaking, a A-term relation is compatible if it is preserved by all A, syntactic constructors. For-
mally, we follow (Gordon, 1994; S. Lassen, 1998b) and define compatibility via the notion of compatible
refinement.

Definition 6. The compatible refinement R of an open A-term relation R is defined by the rules in Fig-

ure 2.4. We say R is compatible zfﬁ C R, and that a closed A-term relation is compatible if its open
extension is.

—— - — (comp-var)
TxFxRx
IxreRf FT'FoRY TH wRwW
——— (comp-abs) = (comp-app)
I'Y AxeR Ax.f '+ owRo'w
THoRw F'+*eRe TxH fRS’
— (comp-ret) — (comp-let)
I +* return v R return w IF't"letx =ein f Rletx = ¢’ in f’

F't*eRe TH fRf’
I‘I—Aeorf‘l’ée’orf’

(comp-op)

Figure 2.4: Compatible refinement of R.

Notice that ’ﬁ is indeed a A-term relation (notably, 73 is closed under weakening). Moreover, Defini-
tion 6 induces a map R — R on the collection of open A-term relations which is monotone and satisfies

the identity (ﬂ) =8 R.In particular, a A-term relation is compatible if and only if it is a pre-fixed
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point of R R. It is not hard to see that the discrete open A-term relation | of Example 2 is a prefixed
point of R = R, and actually the least such. As a consequence, any compatible relation is reflexive.

Standard calculations show that compatibility is preserved by relation composition, and that the
arbitrary intersection of compatible A-term relations is compatible (the empty intersection being the
indiscrete A-term relation 0). This is not the case for set-theoretic union, as the union of compatible A-
term relations is in general not compatible. Nonetheless, we can define the join a family p of compatible
A-term relations as the smallest compatible A-term relation extending | p, i.e. as:

si1scs| Jpcs)

This way, we can give to the collection of compatible A-term relations a complete lattice structure (see
chapter 5 for details), and thus define compatible A-term relations both inductively and coinductively.
We now have all the necessary ingredients to define probabilistic contextual approximation.

Definition 7. We say that a A-term relation R is preadequate if R € Adeq, where:
R € Adeq & Ve, f € As. [e] (Vo) < [e] (Vo).

Define probabilistic contextual equivalence < as the largest preadequate compatible A-term relation.

It is not immediately clear whether Definition 7 indeed defines a A-term relation. In fact, we notice
that preadequacy is not a monotone property, meaning that R C S in general does not implies that
if R € Adeq, then S € Adeq too. As a consequence, we cannot extract (at least in a natural way) a
monotone functional from Definition 7. However, we can show that the A-term relation

ﬂ{ReAdeqw? c R}

is itself a preadequate compatible A-term relation, and thus identity probabilistic contextual approxima-
tion with the latter. We will not give a proof of such a fact here, as the latter is a special case of the more
result proved in Lemma 12.

The reader might also have noticed that the definition of the property Adeq involves only the be-
haviour of A-term relations on computations, and does not say anything about their behaviour on val-
ues. This is rather obvious, as adequacy is an operational notion based on the evaluation semantics of
a program. Formally, this does not mean that on values < coincides with the indiscrete relation 0.
In fact, compatibility of <** forces to relate only those values that behaves appropriately when used
inside computations. For instance, if ¥ v <** v/, then by compatibility (and reflexivity) of <** we have
F* vw <™ v'w too, which gives [ow](V,) < [v'w](Vs). Obviously, this cannot be the case for all pairs
of values v, v".

Definition 7 comes with an associated proof technique resembling a coinduction proof principle. In
order to prove that a program e contextually approximates a program f, it is sufficient to exhibiting a
compatible preadequate A-term relation R relating e and f. Symbolically,

R CR R € Adeq
Rgsctx

(= -UMP)

We can use this proof technique to prove that <** is a preorder, and thus a precongruence A-term
relation. For instance, in order to show that <™ is transitive, it sufficient to prove that (5@‘*) c
(2 2) and (X - <) € Adeq. By the proof principle induced by Definition 7 we can then infer
ML L™ C <™ e transitivity of <.

Although < has several interesting mathematical properties, it has a major drawback: proving
that a program f contextually approximates a program e is oftentimes simply not doable in practice.
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The reason is evident if we think to <** as defined with explicit contexts. In order to check whether
F* e < f holds, one has to study the behaviour of e and f inside any possible context of the language.
In particular, it is necessary to test the behaviour of e and f when passed as input to arbitrary programs,
of which we have no information about.

It is then useful to define suitable proof techniques for (probabilistic) contextual approximation. For
us, a proof technique has the form of a A-term relation R that has nicer operational properties than
(probabilistic) contextual equivalence. The technique is said to be sound if R €< and fully abstract if
R =<, Besides investigating probabilistic applicative similarity as program refinement per se, we can
think to it as a proof technique for probabilistic contextual approximation. In particular, probabilistic
applicative similarity testing values for their applicative behaviour only (i.e. in functional, as opposed
to argument, position) and coming with an associated coinduction proof principle, it definitely qualifies
as a powerful proof technique for <* (provided, of course, that it is included in <*).

Before giving a proof of precongruence of probabilistic applicative similarity, we remark that in this
section, even more than in previous ones, we have almost never used specific feature of A,. The only
place where we used its semantics is in the definition of the notion of preadequacy. It comes with no
surprise that we can abstract from such a notion and work with more general notions of preadequacy.

2.4 Howe’s Method

In light of previous discussion, it is of paramount importance for our aims to prove (the open extension
of) probabilistic applicative bisimilarity to be compatible. A direct attempt to prove compatibility of
probabilistic applicative similarity requires to show < to be substitutive, which turns out to be problem-
atic (see (Pitts, 2011)). Howe bypassed the problem by constructing a A-term relation < extending <
that is compatible by construction. The so-called Key Lemma states that < is indeed a simulation, and
thus coincide with <, by coinduction.

Definition 8. Given a closed A-term relation R, the Howe extension R” of R is inductively defined by
the following rules:

T eRig FI—AgRDf(H_l) THoRAu TH uRw
T eRY f T oR¥w

(H-2).

Unfolding Definition 8 we see that we can give an alternative characterisation of R” using rules in
Figure 2.5. Additionally, probabilistic applicative similarity being reflexive and transitive, we see that
<" satisfies nice several properties.

Lemma 4. The following hold:
1 <0 ¢ =M
2. =°. <M C <¥ (we refer to this property as pseudo-transitivity).
3. =¥ is reflexive, compatible, and substitutive.

We do not prove Lemma 4 here, as we will prove its generalisation in Chapter 5.

By Lemma 4, we know that < is compatible and extends <, so that the restriction of <¥ to closed
terms extends <. As a consequence, in order to prove probabilistic applicative similarity to be compat-
ible, it is sufficient to show that the restriction of < to closed terms is included in <. That is:

He<"f Ho<"w
Frex<f Ho=<w
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IxtYxRo

H-
IxrxRE v (H-var)

A H \%

Lxr'eR™ f I“r AefRo (H-abs) T oR¥Fy TH wR W TrH ovw Re (H-app)

Tt AxeRo T owR e pp

THYoR" w T returnwRe
T+ returnv R e

(H-val)

F'r*eRe T,x+" fRYf" Tr'letx=¢"in f'Ryg
IF't"letx=ein f R7 g

(H-let)

F't*eR"e TH fRYf" T+ eorf'Ryg
IF't*eor fR" g

(H-op)

Figure 2.5: Howe extension of R.

By coinduction, it is thus sufficient to prove that the restriction of <¥ to closed terms is a probabilistic
applicative simulation. This is the content of the so-called Key Lemma.

Lemma 5 (Key Lemma). The restriction of <™ to closed terms is a probabilistic applicative simulation.

Concretely, the Key Lemma requires to prove the following implications, for all closed computations
e, f, and all closed values v, w:

Fe<" f = [e] D(=3) [f]
Ho<Pw = YueV,. v vu<"wu.

Proving the second implication is straightforward, whereas proving the first one, i.e. condition (app 1)
in Definition 3, is non-trivial. First of all, we observe that attempting a proof of (app 1) by induction on
e, we get stuck in the case for sequencing, i.e. for e = (let x = e; in ez). In fact, treating such a case
requires to deal with the open computation x +* e;, and reasoning on instances of the form e;[x := v]
does allow us to use the induction hypothesis.

Standard proofs of the Key Lemma for the pure A-calculus proceeds by induction on the big-step
semantics of the language, which is something not possible for A, due to its infinitary operational
semantics. To solve this problem we notice that D satisfies the following induction-like principle. For
any w-chain (y,), in DX, relation R on X, and v € DX, we have:

(Yn = 0. gy DRv) = sup i, DR v.

As a consequence, we can attempt to prove (app 1) showing

¥n > 0. [e], D(ﬁﬁ) [£1.

and proceeding by induction on n. The case for n = 0 trivially holds, since for any v € DX and relation
R on X we have L DR v.

Let us now look at the (n + 1)-case. We proceed by case analysis according to the definition of
[-]», and relying on the definition of <* given by rules in Figure 2.5, which are syntax-directed. Let us
examine the most interesting cases.
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« Suppose e = return v. We assume +* return v <” f and show [return v],4+; D(<%) [f]. By rules
in Figure 2.5, the former must be the conclusion of a derivation of the form:

FHo<fw F returnw=< f
F* return v <" f

(H-val).

Since < is a simulation, return w < g implies n(w) D(<) [f]. If it is the case that ¥ v <" w implies
n(v) D(=¥) n(w), the we could conclude the thesis using Lemma 4 (pseudo-transitivity). That is
indeed the case. In fact, the operation D satisfies the following general law. For all sets X, Y, and
relation R € X X Y we have:

Vx,x' € X.x Rx" = n(x) DR n(x’).

« Suppose e = (let x = g in ¢’) and assume +* let x = g in g’ <* f. By very definition of [-],, we
have to show: . R
[9'x = —1I.[91 D(=5) [f].
By rules in Figure 2.5, +* let x = g in g’ <" f must be the conclusion of a derivation of the form:
Frg=<"h x+ g <"h +'letx=hinh’' < f
Frletx=ging’ <" f

(H-let).

We can apply the induction hypothesis on F* g <" h, obtaining [g], D(=%) [h]. However, we
cannot do the same on x +* g’ <¥ h’. Nonetheless, we notice that since <¥ is substitutive, we
have:

Yo,weV,. Ho"w =+ ¢'[x:= 0] <" K [x = w].

At this point the induction hypothesis can be applied, obtaining [¢’[x := v]], D(=) [W[x := w]].
Stated otherwise, the functions [¢’'[x = —]], [A’[x = =]] : Vo — DA, satisfy the following
generalised monotonicity condition:

Fo<fw = [¢'[x = 0]], D(=H) [1[x := w]].

What we need to prove in order to conclude the thesis — again by Lemma 4 (pseudo-transitivity),
noticing that +* let x = hin ' < f implies [let x = h in k'] D(<%) [f] — is that generalised
monotonicity is preserved by the operation —. That is, we wish the following general law to
hold. For all programs e, e’ and computations x +* f, f”:

Vo,0" € V. Yo <0 = [flx = 0]], D(=D) [f'[x := ']

[ela D) [e'] = [flx = ~1laleln D=3 [f[x = =1 [e']
Notice that the above law can rewritten as:

Vo,0' € Vo H o< v = [flx:=0]], D) [f'[x =]

le]l» D(z2) [¢'] = [letx = ein f],4 D(<E) [let x = €’ in f']

The above condition is nothing but a specific instance of a more general (algebraic) law describing
the general behaviour of D. For all sets X, Y, subdistributions y € DX, v € DY, functions f,g :
X — DY, and relations R, S over X and Y, respectively, we have:
Vx,x' € X.xRx" = f(x) DS g(x)
pDRv = f(u) DS ¢'(v)

Providing that D satisfies the above property, is non-trivial, and essentially requires a modification
of Strassen’s Theorem to subdistribution. We will prove that in a more abstract way in Chapter 4.
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« Finally, we consider the case for e = g or g’. This case can be proved as previous ones, simply
noticing that the following general law holds, for all sets X, subdistributions y, p’, v, v’ € DX, and
relation R on X: R .

uDR " vDRV
pevDR W &V

Summing up, the proof of the Key Lemma is rather straightforward once we know that the map D
satisfies some general properties, which are totally independent of A,. The reader may have noticed
that such properties can, in principle, be defined on any relation lifting operation. This is indeed the
case, as we are going to discuss.

2.5 Final Discussion

Looking back at what we have done in this chapter, we see that our definitions and results do not really
depend neither on subdistributions (and thus on the subdistribution functor D) nor on the map D in
an essential way. Rather, they follow from suitable structural properties of D and D. Such structural
properties can be summarised as follows:

1. In order to give operational semantics to A,, we noticed that the set DX comes with an w-cppo
structure, as well as with maps 7 : X — DX and f7 : DX — DY, for any map f : X — DY. Such
maps are required to be monotone and continuous. Abstractly, this means that the subdistribution
functor D is part of a monad carrying a suitable domain structure, and that the latter properly
interacts with the monad structure of D.

2. In order to define probabilistic applicative similarity, we introduced a suitable map D lifting rela-
tions over sets X to relations over DX. The map is required to be monotone and to quasi-preserve
the identity relation as well as relation composition. That guaranteed probabilistic applicative
similarity to be a preorder.

3. Finally, knowing that D satisfies a suitable induction-like principle, and some suitable conditions
with respect to the maps 7 and f¥ (meaning that D properly interacts with the monad structure of
D), we were able to use Howe’s method to prove compatibility of <, hence concluding the latter
to be a precongruence.

There are many other functors other than D that satisfy these properties, the powerset functor being
an example of such a functor.

However, to model effectful calculi we also need suitable effect-triggering operations, which act as
sources of side effects. This is done in A, using the probabilistic choice operation or. We observed
that the choice of operations does not really matter, as far as they can be interpreted as operations on
D, and behave in a suitable way. Again, this is not specific to the functor D (think, for instance, to a
nondeterministic choice operation interpreted as set-theoretic union on the powerset functor).

2.5.1 What’s Next?

In next chapters we will take advantage of the above observations, defining an abstract calculus para-
metric over collections of operation symbols and monads. We will then define an abstract notion of
applicative similarity, which we call effectful applicative similarity, and prove it to be a precongruence
using a generalisation of Howe’s method.

The resulting theory is rich, allowing to describe a large family of effectful calculi, including proba-
bilistic and nondeterministic calculi, as well as calculi with input/output, global states, exceptions, and
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combinations thereof. Additionally, the mathematical framework we will develop to define effectful ap-
plicative similarity provides a powerful formal tool to study several notions of program equivalence and
refinement. Among them, we will define and analyse generalisation of contextual approximation (resp.
equivalence), CIU approximation (resp. equivalence), and normal form similarity (resp. bisimilarity) to
effectful calculi.
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Chapter 3

A Computational Calculus for
Algebraic Effects

[...] what I will call a symbolic
calculus; which, with certain symbols
and certain laws of combination, is
symbolic algebra: an art, not a
science; and an apparently useless
art, except as it may afterwards
furnish the grammar of a science.

Augustus de Morgan, Trigonometry
and Double Algebra

In this chapter we introduce the main calculus we will use in this dissertation, namely a call-by-value
A-calculus (G. Plotkin, 1975) with algebraic operations in the style of Plotkin and Power (G. D. Plotkin &
Power, 2001, 2002, 2003). We call such a calculus Ay. Ay is a calculus with algebraic effects (G. D. Plotkin
& Power, 2002, 2003), meaning that effects are produced (and can only be produced) by suitable opera-
tions. In his seminal work on notions of computation (Moggi, 1989, 1991), Moggi gave a unified account
of computational effects as strong monads. An example is provided by the calculus A, of Chapter 2,
where we used the subdistribution monad to model (the result of) probabilistic computations. However,
notions of computation (and thus monads) describe the effects produced by computations only, and do
not prescribe the existence of computational primitives to produce such effects. To do so, one needs to
have operations in the language to actually make effects happen. This in indeed the case in A,, where
probabilistic computations are produced by the probabilistic choice operation or, and then propagated
using sequencing. The calculus Ay builds upon this observation. Therefore, As relies on monads to
model computational effects, and on (algebraic) operations to produce such effects.

These features qualify Ay as a minimal computational A-calculus with algebraic effects. On a syn-
tactic level, Ay is parametrised by a signature X of (uninterpreted) operation symbols. Examples are
operation symbols meant to model probabilistic and nondeterministic choices, input and output primi-
tives, as well as primitives to read and write from a global store, or rise exceptions. On a semantic level,
we use monads (on Set) to define an abstract operational semantics for Ay, which we called monadic
operational semantics. Following Plotkin and Power (G. D. Plotkin & Power, 2001, 2002), we interpret
operation symbols as algebraic operations on monads. From an operational perspective, algebraicity of
an operation means that the (operational) behaviour of the operation is independent of its arguments, or,
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equivalently, of the environment in which it is evaluated. Such a restriction allows to structure effectful
computations and gives a tight control on the way effects are produced. All the operation symbols pre-
viously mentioned can be interpreted as algebraic operations on suitable monads. An example of a non-
algebraic, yet monadic effect (Benton, Hughes, & Moggi, 2000) is provided by continuations!(Hyland et
al., 2007), whereas exception handlers” are an example of non-algebraic, yet natural operations.

This chapter is organised as follows: we first recall some necessary background notions on monads
and give examples of relevant notions of computation (i.e. monads modelling interesting computational
effects). We then introduce algebraic operations abstractly, giving examples of both algebraic and non-
algebraic operations. Lastly, we introduce the calculus Ay and define its monadic operational semantics.
Such a semantics is defined in the same spirit of the evaluational semantics of A,. This means that in
order to address infinitary behaviours, we need to require monads to carry a suitable domain structure
and operation symbols to be monotone and continuous.

3.1 Monads and Algebraic Operations

We assume the reader to be familiar with basic category theory (MacLane, 1971) and basic domain theory
(Abramsky & Jung, 1994). In particular, we assume the reader to know the notions of a category and
of a functor, as well as the notions of an w-pointed complete partial order (w-cppo, for short), and of a
monotone and continuous function. Throughout this dissertation, we will work with the categories Set
(of sets and functions) and Rel (of sets and relations), only®. As a consequence, the amount of category
theory we will use is minimal: we may say that we use the vocabulary of category theory, rather than
category theory itself.

Concerning notation, we try to use the same notation used in (MacLane, 1971) for category theory,
and in (Abramsky & Jung, 1994) for domains. In order to improve readability, we use the notation (x,),
to denote an w-chain xg C -+ C x, C --- in a domain (X,C, L), hence assuming n to range over
elements of N. As a minor difference with standard notation, we denote the composition of a morphism
g with a morphism f (with appropriate source and target) in a category C as g - f, rather than go f. We
denote by 1x : X — X the identity morphism, omitting subscripts when unambiguous.

We begin our technical exposition recalling the notion of a monoidal category (MacLane, 1971).

Definition 9. A monoidal category (C,®,I, a, A, p) consists of a category C equipped with a bifunctor
® : C® C — C, called the tensor product of C, a distinguished object I, called the unit of C, and three
natural isomorphisms:

axyz : X®Y®Z)=2=(XY)®Z
/1in®ng
px  X®X =X.

The natural isomorphisms are required to satisfy the following coherence conditions:

Ix®ayzw axyezw - (axy.z ® lw) = axy zew * AXeY ZW
(Ix ® Ay) axry = px ® 1y.

! According to (Hyland et al., 2007) continuations involve logical, as opposed to algebraic, operations.

2Non-algebraicity of exception handlers led to the development of more general theories of algebraic effects, where algebraic
operations are combined with specific algebraic morphisms manipulating the control flow of programs. Such morphisms are called
handlers, and the resulting theory goes under the name of theory of effects and handlers (Bauer & Pretnar, 2015; G. D. Plotkin &
Pretnar, 2013; Pretnar, 2015).

3 In Chapter 10 and Chapter 11 we will study a refinement of Rel, where relations take values over arbitrary quantales (Rosen-
thal, 1990).
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A symmetric monoidal category is a monoidal category C equipped with the additional natural isomorphism
Yxy: X ®Y =Y ® X subject to the coherence condition:

Yr.x =yxy = lxey.

Our primary example of a symmetric monoidal category is the category Set, with tensor product
given by cartesian product and unit object given by the terminal object. We now recall the notion of
a strong monad (Kock, 1972; Moggi, 1991). For our purpose, it is more convenient to work with the
equivalent notion of a (strong) Kleisli triple.

Definition 10. Given a monoidal category (C,®,I, a, A, p), a strong Kleisli triple on C is a triple T =
(T, n,—*) consisting of:
1. A map T over objects of C, called the carrier of T.

2. A C-object-indexed family n of morphisms nx : X — TX, called the unit of T on X.

*

3. An operation —*, called strong Kleisli extension, mapping a C-morphism f : Z® X — TY to
[ Z®TX — TY. The morphism f™ is called the strong Kleisli extension of f.

These data must satisfy the following identities, where f : W ® X > TY andg: W' ® Y —» TZ:

ff-venx)=f
(nx - Ax)" = Arx
g -Qwvef)avx) =9 (1udf) avyrx.

If we relax Definition 10 replacing —* with an operation —', called Kleisli extension, mapping a C-
morphism f : X — TY to f7 : TX — TY subject to the identities (where f : X — TY andg: Y — TZ)

’7; =1Irx
ffonx=f
g fr=u"-n.
then we obtain the notion of a Kleisli triple. With the exception of Chapter 9 to Chapter 12, throughout
this dissertation we will work with Kleisli triples ony.
We immediately notice that Kleisli triples can be defined on arbitrary categories (and not only on
monoidal ones), and that f' can be defined in terms of —* and the unit object. Moreover, (strong)

Kleisli triples and (strong) monads (MacLane, 1971) are in a bijective correspondence. Each Kleisli triple
(T,n,—") yields a monad (T, 5, 1) by defining:

Tf = (ny 'f)T
px = (1rx)".
Vice versa, for any monad (T, 1, i) we define
fIiTX > TY 2 py - TF.

Finally, if (T, n, u) has strength tx y : X ® TY - T(X ® Y), then we can define f* : V® TX — TY as
py - Tf - tv x. Vice versa, we can define tx y as n}@,y.

In light of these equivalences, we will abuse terminology and simply refer to (strong) monads to
denote both (strong) monads and (strong) Kleisli triples. We also recall that every monad on Set is
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strong. Finally, unless explicitly mentioned, all functors and monads will be on Set. Accordingly, when
speaking of functors and monads we tacitly assume to refer to Set endofunctors and monads on Set,
respectively.

When working with an arbitrary monad, we will use the traditional notation T = (T, , —T) to denote
it. Such a notation, however, is not very handy when dealing with either specific monads or with
multiple monads at the same time. To fix this issue, we sometimes use the following notation and
convention. Given a monad T = (T,n, -7y, we always use capital Latin letter to denote its carrier,
whereas the name of the monad is given by the same letter written in ‘blackboard style’. This might
in principle create confusion with the notation used for sets, i.e. Latin letters X, Y, W, Z, X", Y’, .., but
the context will resolve any ambiguity (either implicitly or explicitly). The unit of T will be denoted
by T — i.e. with same letter used to denote its carrier, but written in small capital style — whereas we
use the notation —7 in place of —T. For instance, when working with two monads T, U we denote them
as T =(T,1,-")and U = (U, u, -"), respectively. Finally, when unambiguous we omit subscripts. For
instance, for a fixed set X and a monad T we write n(x) (reps. T(x)) in place of nx(x) (resp. Tx(x)).

3.1.1 Relevant Examples

Before introducing algebraic operations, we give examples of monads modelling relevant computational
effects.

Example 3 (Partiality monad). We model partial computations using the partiality (also called maybe)
monad M = (M, M, —"). The carrier MX of M is defined as {just x | x € X} U {L}, where L is a special
symbol denoting divergent computations. The unit and Kleisli extension of M are defined as follows:

M(x) £ just x

FiE) 2 {f(x) %f}: = just x,

1 ifx = 1.
We notice that we can combine the maybe monad with any other monad T, as an instance of the so-
called sum of effects (Hyland et al., 2006), an operation on Lawvere theories (Hyland & Power, 2007;
W. F. Lawvere, 2004) introduced to combine algebraic theories. Since our focus is on monads, a general
treatment of such an operation is outside the scope of this dissertation. Nevertheless, for our purposes

the following result is enough.

Proposition 3. Given a monad T = (T, 1,-"), define the sum TM of T and M as the triple (TM, ™™, —™)
defined as follows:

TMX & T(MX)
T™Mx £ Tpx - Mx
&)
where, for a function f : X —» TMY we define fp; : MX — TMY by:

TMx(J_) iff =1

fux) = {f(x) ifx = just x.

Then TM is a monad.

Proving Proposition 3 is a straightforward exercise (the reader can also consult (Hyland et al., 2006)).
X
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Example 4 (Exception monad). Let & be a set of exception symbols. The exception monad E =
(E,E,—%), over &, has carrier E(X) = X + & (for simplicity we assume & to be disjoint from X), whereas
E and —F are defined as follows:

[I>

E(x) = x

F5 2 {f A,
e ifx=ecé&.
The exception monad is used to model total computations with exceptions, an element e € & denoting
the exception raised by a computation. It is easy to see that E has the same structure of M, so that we
can replace M with E in Proposition 3. In particular, we can model partial computations with exceptions
using the sum ME.
X

Example 5 (Output monad). Let A be a given alphabet and let A* be the set of finite strings over A.
We denote by ¢ the empty string, and write uw for the concatenation of the strings u and w The output
monad O = (O, 0, —°) has carrier O(X) £ A* x X, whereas 0 and —° are defined as follows:

o(x) £ (&,x)
fou,x) £ (uw,y),

where (w,y) = f(x). The output monad models total computations with outputs. An element (u, x)
represents the result of a computation outputting the string u and returning the element x.

We can extend O to take into account divergent computations. To do so, we have to take into account
divergent computations outputting infinitely many symbols (such as the recursively defined program
e = print_.e). Let A™ be the set of finite and infinite strings over A. We extend the definition of
string concatenation to infinite strings by defining uw to be u if u is infinite. The partial output monad
0% = (0%, 0%, —-°") has carrier 0°(X) £ A* x MX, whereas 0™ and —=°" are defined as follows:

0™ (x) £ (e, just x)

{(u,J_) ifx=1

(1>

7 (wx) (uw,p) ifx = just x and f(x) = (w,1).

X

Example 6 (Powerset monad). The non-empty powerset monad F = (F, F, =) has carrier FX £ {x C
X | x # 0}, whereas F and —" are defined by:

F(x) £ {x)
fFE 2.

x€eX

The non-empty powerset monad is used to model total nondeterministic computations, with the ra-
tionale that a set X € FX denotes the set of possible (nondeterministic) outcomes of a computation.
In order to model partial computations one can use the full powerset monad P = (#,p,—"), where p
and —* are defined as for F, or use FM, the sum F and M. In the former case we use the empty set to
model the result of a purely divergent computation, whereas in the latter case we explicitly keep track
of divergence using the symbol L. We prefer the latter alternative, as it provides a finer analysis of pure
nondeterminism*.

“For instance, consider the programs e = (return v) or Q and f = return v, where or is a nondeterministic choice operation.
Modelling nondeterministic computations using the full powerset monad P, we see that both both e and f produce the set {v}
as outcome. However, if we instead model nondeterministic computations using the monad FM, then we see that e produces the
set {just v, L} as outcome, whereas f produces {v}. Both e and f may converge, but, contrary to e, f must also converge.
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X

Example 7 (Distribution monad). The (discrete) distribution monad D = (D, b, —°) has carrier DX £
g+ X = [0,1] | Exesupp(u) #(x) = 1}, where supp(y) 2 {x € X | p(x) > 0} is the support of the
distribution y). The maps p and —° are defined as follows:

1 ifx=

P 2 D pe) - fEy

x€X

Sometimes it is useful to write a distribution y as a weighted formal sum. That is, we write y as the sum®
YierPi - xi such that p(x) = 3, _ pi. Accordingly, we can write D(x) as 1 - x. To improve readability®,
for a distribution 1 € DX, we will often write },.cx p(x) in place of ¥ esupp(u) #(%)-

We have already seen that D does not take into account partiality. Probabilistic partial computations
are modelled using the monad DM, the sum of D and M. Another possibility is to work with the subdistri-
bution monad D=, which is defined as D but requiring the weaker condition Y ,cx p(x) < 1. Although
we will work with DM, we notice that D=! is isomorphic to DM, the bijection ¢ : D<!X — DMX being
defined by:

o(p)(L) = 1 - p(X)
() Gust x) = p(x)
¢~ (W) (x) £ p(just x).
<

Example 8 (Global state monad). L Let £ be a set of public location names. For simplicity we assume
locations to store bits (later, we will allow locations to store more general values). A store (or state) is a
function ¢ : £ — {0, 1}. We write S for the set of stores {0, 1}<. The global state monad G = (G, G, -°)
has carrier GX £ (X x S)%, whereas 6 and —© are defined by:

6(x)(0) £ (x,0)
fe@)(o) £ f(x") (),

where a(o) = (x’,0’). An element of GX is thus a function @ mapping a state o to a pair (x’,0”")
according to the following rationale: « represents an imperative computation that when executed in
the initial state o ends in the final state ¢’, returning the result x. We can combine the global state
monad with the partiality monad, obtaining the monad M ® G whose carrier is (M ® G)X = M(X x S)5.
Actually, the global state monad can be combined with any monad T using the so-called tensor of effects
(Hyland et al., 2006). As for the sum of effects, the formal definition of the tensor operation is defined
in terms of Lawvere theories, and thus it is outside the scope of this dissertation. Nonetheless, for our
purposes the following result is enough.

Proposition 4. Given a monad T = (T, T,—") the tensor TG of T and G is the triple (T ® G, T® G, —"°®)
defined as follows:

(T®G)X 2 T(SxX)5
(T ® G)X = curry Tgxx

T (a)(o) = (uncurry ) (a)(0),

SFor simplicity, we write only those p;s such that p; > 0.
¢ Additionally, we will mostly work with countable sets (such as the set of values), so that Y e x p(x) will be always defined.
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where for f : X — YZ andg : Z x X — Y we haveuncurry f : Zx X — Y andcurry g : X — Y?. Then
T ® G is a monad.

Tedious calculations show that T ® G is indeed a monad, but we refer to (Hyland et al., 2006) for
a proper treatment. We notice that tensoring G with DM we obtain a monad for probabilistic impera-
tive computations, whereas tensoring G with FM we obtain a monad for nondeterministic imperative
computations. X

Example 9 (Cost monad). The (total) cost (also known as ticking or improvement (Sands, 1998)) monad
Co = (Cy, Co, =<0} has carrier CoX £ N x X, whereas ¢, and =0 are defined as follows:

Co(x) £ (0,x)
fo(n,x) £ (n+m,y),

where f(x) = (m,y). The (total) cost monad is used to model the cost of (total) computations. An
element (n, x) models the result of a computation outputting the value x with cost n (the latter being
an abstract notion that can be instantiated to e.g. the number of reduction steps performed). In order
to model the cost of partial computations, we consider the monad C = (C, ¢, —¢) defined as:

CX £ M(N x X)

c(x) £ just (0,x),

°(x) & 1 ifx =1 orx = just (n,x)and f(x) = L
f | just (n+m,y) ifx = just (n,x)and f(x) = just (m,y).

Our design choice can be motivated thus: as the element L models divergent computations, we can
assume the latter to have all the same cost, so that such information need not be explicitly written (for
instance, measuring the number of reduction steps performed, we would have that divergent computa-
tions all have cost o). X

3.1.2 Algebraic Operations

Monads provide an elegant way to structure effectful computations. However, they do not offer any
actual effect constructor. Following Plotkin and Power (G. D. Plotkin & Power, 2001, 2002, 2003) we use
algebraic operations as effect producers. As already remarked, from an operational perspective algebraic
operations are those operations whose behaviour is independent of their continuations, or, equivalently,
of the environment in which they are evaluated. This is reflected by important operational equivalences
and refinements, such as the following one that the reader can easily verify to hold in A,:

letx = (eor f)ing < (letx = ein g) or (let x = f in g).

We begin giving a formal definition of a finitary algebraic operation on a monad. Let us recall that a
signature ¥ consists of a collection of operation symbols op together with their arity, the latter being a
function associating to each operation symbol a natural number representing its number of arguments
(or operands). We sometimes use the notation op : n to indicate that the operation symbol op has arity

n. In the following, given a function f : X — Y we write [[,, f : X" —» Y" for f X --- X f.
—————
n

Definition 11. Let > be a signature. We say that a monad T = (T,n,—") is X-algebraic if associated with
any n-ary operation symbol op in 3. is a set-indexed family of functions [op]}, : (TX)" — TX such that

loply - [ [ 7= £ [oplk (alg op)

holds, for any n-ary operation symbol op € X and function f : X —» TY.
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Most of the times we will simply write [op] in place of [op] . Moreover, when unambiguous we will
omit subscripts, hence writing [op] in place of [op]x. Notice that Definition 11 is essentially requiring
TX to carry a X-algebra structure such that f is a X-algebra homomorphism, for any set X and function
f : X — TY. In fact, when written in pointiwise notation, (alg op) gives:

FT(loplx (1. . ... %0) = [op]y (f T (x1), . ... £ (xn))

Remark 1. If the monad is strong we straightforwardly generalise Definition 11 modifying (alg op) as

[ @ [oplx (x1,. . ) = [op]y (f" (v, x1), ..., f7 (v, %n)), (strong alg op)
where now f : ZxX — TY.

Example 10 (Partiality monad). The partiality monad M usually comes with no operation, as the pos-
sibility of divergence is an implicit feature of any Turing complete language. However, it is sometimes
useful to add an explicit divergence operation (for instance, in strongly normalising calculi). For that,
we consider the signature Xy 2 {1: 0}. Having arity zero, the operation 7 acts as a constant, and has
semantics [T]" = L. Since f7(L) = L, M is Zy-algebraic. We thus observe that although divergence is
often not considered an effect, from a mathematical perspective it certainly behaves as such. X

Example 11 (Exception monad). For the exception monad E (with set of exception symbols &), we
define the signature 3¢ £ (raise. : 0 | e € E}. Having arity zero, an operation of the form raise, acts as
a constant, and has semantics defined as [raise.] £ e, for any set X. Obviously E is Xg-algebraic. We
now generalise Proposition 3 to X-algebraic monad. We do so for the exception monad (as the maybe
monad might be regard as a trivial case with no operations).

Proposition 5. Let T = (T, T,—") be Xt-algebraic monad. Then the the monad TE is Xtg-algebraic,
where 31 = 31 U 3g.

As for Proposition 3, the proof is straightforward (again, the reader can consult (Hyland et al., 2006)
for details). In fact, we can interpret operation symbols in Yt as follows:
[opl® = [oplEx
[raise.]3s = Tex([raisee]%),

where op is an n-ary operation symbol in X7. Easy calculations show that (alg op) holds. For instance,
we have:

loply - [ |7 = [oply - | | (o)
n n
[By definitions in Proposition 3]
= (fe)" - [opl X
[By (alg op) for T]
= (fe)" - [oplx
[By definitions in Proposition 3]

where ff is the obvious modification of fj; in Proposition 3 to the exception monad.
X

Example 12 (Output monad). Both for the total (i.e. O) and the partial (i.e. O*) output monad we define
the signature 3o £ {print, : 1 | ¢ € A}. The intended semantics of a program print, (e) is to print the
character ¢ and then continue as e. Formally, we interpret print,, as [print.]°(w,x) = (c - w,x), where
(w,x) € O°(X) and c - w denotes the string obtained by appending c to w. Straightforward calculations
show that both for O and O are X-algebraic. X
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Example 13 (Powerset monad). For the non-empty powerset monad F we define the signature g £
{or : 2}. The semantics of or is defined as [or]"(X,9) £ X UY. Clearly F is Xpy-algebraic. Moreover,
by Proposition 5 FM is Xgy-algebraic. X

Example 14 (Distribution monad). For the distribution monad D we define the signature Xp £ {or, :
2 | p € QN[0, 1]}. The intended semantics of a program eor,, f is to evaluate to e with probability p, and
to f with probability 1—p. The interpretation of or,, is defined by [or,]° (u, v)(x) 2 pop(x)+(1-p)-v(x).
We will actually work with the single operation or 1 (abbreviated as or). We see that D is Zp-algebraic,
and that by by Proposition 5 DM is Zpyu-algebraic. X

Example 15 (Cost). For the partial cost monad C we define the signature ¢ = {tick : 1}. The intended
semantics of tick is to add a unit to the cost counter:

1 ifx =1
[tiek]°(x) £ L
just (n+ 1,x) ifx = just (n,x).
Clearly C is Xc-algebraic. X

Example 16 (Global State). For the global state monad G we define a signature containing operations
for reading the content of a location, and from storing bits in a location. Formally, define the signature
S 2 {setyp : l,get, : 2| € € L,b € {0,1}} whose interpretation is defined as follows:
[setz.-s]°(@)(0) 2 a(o[C := b])
a(o) ifo(€)=0
[get,]° (. B)(0) £ .
Blo) ifo(f) =1,

where o[ := b] denotes the function that behaves as ¢ on locations ¢’ # € and that returns b on £. We
can extend Proposition 4 to X-algebraic monads.

Proposition 6. Let T = (T, T,—") be Xt-algebraic monad. Then the the monad T ® G is Xy1gg-algebraic,
where S1gc = 37 U 3.

As for Proposition 4, proving Proposition 6 is straightforward (the reader can consult (Hyland et al.,
2006) for details). In fact, we can interpret operation symbols in X1gg as follows:

[opl (et - - ., an)(0) = [op]kys(@i(0),. . .. an(0))

[setr—p] (@) (0) £ a(o[t := b))

e a Ja(o) ifo(l)=1
[get, 3" (@ f)(o) = {/3(0) if o(€) = 0,

where op is an n-ary operation symbol in ¥1. Easy calculations show that indeed (alg op) holds. For
instance, we have:

FT(lopli™ (@, - @n)(0) = (uncurry f)"([oplixs(a1(0), - @n(0)))
[By definitions in Proposition 6]

= [op] kys((uncurry £)(a1)(0),. .., (uncurry £)7(a)(0))
[By (alg op) for T]

= [oplX*C(f ™% (@), . .., f7*%(@n)) (o).

[By definitions in Proposition 6]
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Working with global states we see a limit of our framework, namely that operation symbols must
have a finitary arity. If we allow locations to store arbitrary values (such as representation of natural
numbers), then it is natural to introduce an operation get, whose computational behaviour is as follows:
get,(x.e) reads the content of the location £, which is a value v, and continues as e[x := v]. In order to
model this kind of operation we introduce generalised operations (G. D. Plotkin & Power, 2003).

Definition 12. A generalised operation on a set X is a function @ : P x X! — X. The set P is called the
parameter set of the operation, whereas the (index) set I is called the arity of the operation.

A generalised operation » : Px X! — X thus takes as arguments a parameter p and amap x : [ — X
giving for each index i € I the argument k(i) to pass to . The notion of an algebraic signature is
modified accordingly.

Definition 13. 1. A generalised signature X consists of a set of operation symbols op together with
their generalised arity. The latter is given by a a parameter set P and an arity/index set I. We write
op : P ~~ I to denote that the operation symbol op has parameter set P and arity set I.

2. Given a generalised signature 3, we say that a monad T = (T,n,—') is 3-algebraic if associated
with any generalised operation symbol op : P ~ I in 3. is a set-indexed family of functions [op]} :
Px (TX)! — TX. such that the following identity holds for any map f : X — TY, parameterp € P,
and mapk : I — TX:

T (loplk (p.x)) = [op]} (. £ - 10). (gen alg op)

It is easy to see by taking the one-element set as parameter set and a finite set as arity set, gener-
alised operations subsume finitary operations. We apply the same notational convention introduced for
finitary operations to generalised operations.

Example 17 (Global states, revised). We consider a variation of the global state monad (which, over-
loading the notation, we still denote by G) in which locations store arbitrary structures which we assume
to be encoded as values (via some standard encoding). The main example the reader may keep in mind
is given by natural numbers and Church numerals. We denote by V' the collection of such values, and
assume V to be countable. Formally, we let S be the set V£, and consider a signature consisting of gen-
eralised operations set; : V ~+ 1 and get, : 1 ~» V. From a computational perspective such operations
are used to build programs of the form set, (v, e) (oftentimes abbreviated as ¢ := v; e) and get,(x.e). The
former stores the value v in the location ¢ and continues as e, whereas the latter reads the content of
the location ¢, say it is v, and continue as e[x := v]. Here e is used as the description of a function x,
from values to terms defined by k. (v) £ e[x := v]. The interpretation of the new operations on G is
standard:

[set¢] (v, @)(c) = a(a[t = v])
[get [°(x) (o) = K(c(£))(0).
X

For simplicity, we work with generalised operation symbols with generalised arity given by sets of
values only. As a convention, we simply refer to operation symbols and signatures to denote gener-
alised operation symbols and generalised signatures, respectively. Moreover, even if standard finitary
operation symbols can be modelled as generalised operation symbols, it is useful to allow signatures
to distinguish between different kinds of operation symbols. Given a signature ¥ and T, we allow X to
contain operation symbols of the following kinds:
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1. Finitary operation symbols. We write op : n to denote that the operation symbol op has arity n.
Its interpretation on T is given by a set-indexed family of functions [op]x : (TX)" — TX.

2. Finitary parametric operation symbols. We write op : P ~> n to denote that the operation symbol
op has arity n and parameter set P. Its interpretation on T is given by a set-indexed family of
functions Jop]x : P X (TX)" — TX.

3. Generalised (non-parametric) operation symbols. We write op : V to denote that the operation
symbol op has arity set V. Its interpretation on T is given by a set-indexed family of functions
Jop]x : (TX)V — TX.

4. Generalised operation symbols. We write op : P ~» V to denote that the operation symbol op
has parameter set P and arity set V. Its interpretation on T is given by a set-indexed family of
functions [op]x : P x (TX)"V — TX.

Remark 2 (Generalised operations, abstractly.). Our presentation of generalised operations is rather
concrete. Their original formulation in (G. D. Plotkin & Power, 2003) (where they are called algebraic
operations) is given in terms of enriched category theory (Kelly, 2005). Roughly speaking, an algebraic
operation is defined as a family of morphisms a, : (Tx)? — (Tx)" on a symmetric monoidal V-category
C parametrically natural in the Kleisli V-category Ct. Here V is a complete and cocomplete symmetric
monoidal closed category’, T is a strong V-monad on C, and (—)? denotes cotensor with an object v of
V. It is easy to see that taking V = Set we recover our, concrete, notion of generalised operation, the set
v being the arity set and w being the parameter set. Requiring a, to be parametrically natural in Cr is
essentially requiring (strong) Kleisli extensions of functions to behave as algebra homomorphisms, and
in the more abstract setting of (G. D. Plotkin & Power, 2003) ensures algebraic operations to commute
with evaluation contexts. The main advantage of the enriched approach is that it allows a uniform
treatment of complex arities as objects of V. Interesting examples are for V instantiated as Set, w-Cpo
(the category of w-cppos), the category of posets, and functor categories (working with categories of the
form [W, Set], where W is a suitable category of worlds, it is possible to model local states as algebraic
effects ).

Following the line of our working example A,, we see that %-algebraic monads do not have enough
structure to give operational semantics to effectful calculi. In fact, in Chapter 2 we relied on the w-
cppo structure of D to model the infinitary operational behaviour of A, programs. As a consequence,
in order to give a general monadic operational semantics to effectful calculi, we need to impose some
domain theoretic properties on monads, whereby we account for infinitary computational behaviours.
This can be elegantly done using the abstract notion of (w-cppo)-enrichment (Kelly, 2005). However,
such a level of abstraction is not necessary for our purposes, and thus we prefer the following more
concrete definition.

Definition 14. Given a X-algebraic monad T = (T,n,—") we say that T is Z-continuous® if to any set X
is associated an order Cx and an element Lx € TX such that(TX,Cx, Lx) is an w-cppo and the following
conditions hold, for any operation symbolop : P ~» V in X.

Monotonicity. For all functions f,g: X = TY, k,v:V — TX, and elementsx,1) € TX, we have:

kCv = op(p,x) C op(p,v)
fecg= ficy
iCy = @) C o).

7 A concept we will meet again when studying abstract generalised distances.
8Cf. (Goguen, Thatcher, Wagner, & Wright, 1977).
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Continuity. For all w-chains (kn)n, (fu)n, and (x,)n in (TX)V, (TY)X, and TX, respectively, we have:

[opx(p.| | xn) = |_|loplx(p.xn)
(=] |5
F =] ] e

Strictness. Forany f : X — TY we have:
i) =1

When clear from the context, we will write L and C in place of Lx and Ex, respectively.

Example 18. The monads M, ME, FM, DM, O, GM, and C are X-continuous. The order on MX, MEX,
and C is the flat ordering C defined by:

IEI)&)X:J.OHE:I).
Indeed L behaves as the bottom element. The order on FM is defined by:
xEnéVxeX.justxex = justx €.
Notice that we have { L} C p for any set 1. Similarly, the order on DMX is defined by:
HEV = Vx e X. p(just x) < v(just x).

Notice that we have (L) C p, for any g € DMX. The order on GMX is defined pointiwise from the flat
ordering on M(X X S), whereas we order O*X as follows:

(u,x);(w,r))é(x:J_/\uQw)v(xzjustx/\r)=justx/\u=w),

where C denotes the prefix order on A*. Checking the strictness, monotonicity, and continuity prop-
erties of Definition 14 is a routine exercise. X

With Definition 14 we have introduced all the abstract counterparts of the structural properties of
the subdistribution monad we used in Chapter 2 to give operational semantics to A,. Therefore, it is
time to introduce our vehicle calculus Ay and its monadic operational semantics.

3.2 A Computational Calculus with (Algebraic) Operations

In this section we define the syntax and semantics of Ay, our computational calculus with algebraic
operations. Ay is an untyped call-by-value A-calculus extending Levy’s fine-grain call-by-value (P. Levy
et al., 2003) with algebraic operations. The syntax of Ay is parametrised by a (generalised) signature of
operation symbols ¥, and it is given in Figure 3.1, where x ranges over a fixed (countably infinite) set of
variables, op : P ~~ I (I is countable) ranges over elements of 3, and p ranges over elements of P.

The rationale behind Ay is the same one behind A,. We have two disjoint syntactical classes, namely
the class of computations (denoted by e, f, . ..) and the class of values (denoted by v, w, . . .). We generi-
cally refer to syntactical expressions of Ay (i.e. computations or values) as terms. As for A, it is useful
to introduce the ‘hygienic’ convention of keeping track of free variables of computations and values.
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e, f ==returnv (return) U,W =X (variable)

| ow (application) | Ax.e (abstraction).
|letx =ein f (sequencing)
| op(p, x.e) (operation).

Figure 3.1: Syntax of As.

Ixte TH'o T w I+ o I't'e I'x+'f T.xt'e peP
IxH' x TH Axe I+ ow F't*returnv Tr'letx=ein f T +* op(p,x.e)

Figure 3.2: Sequents for Asy.

We do that by means of sequents of the form I' +* e and T' +¥ v. The letter I ranges over finite sets of
variables, and the intended meaning of a sequent I' +* e is that e is a computation with free variables
among I (the sequent I' ¥ v has a similar reading). Rules for sequents are given in Figure 3.2, where
we write I', x in place of I" U {x}.

Clearly, provable sequents are closed under weakening, meaning that e.g. if I' +* e is provable, then
so is I, x +* e. From now on when speaking about sequents we will tacitly mean provable sequents.
Closed terms thus correspond to sequents with empty premises (which we simply denote as e.g. +* e).
We also introduce the following notation:

A& {e|AT.TH e} Ar 2 {e | T+ e} Ao 2 {e| +e}
YV Eo|Ar.TH v} V2 (v | T+ o) YV, 2 {v]| ol

The intuition behind constructors of Ay is the same one given for A,. Concerning formal details,
we adopt standard syntactical conventions as in (Barendregt, 1984) (notably the so-called variable con-
vention). The notion of a free (resp. bound) variable is defined as usual (notice that the variable x is
bound in op(p, x.e)). In particular, the collection FV (e) (resp. FV(v)) of free variables of a computation
e (resp. value v) is the smallest set I' such that T' +* e (resp. T' ¥ v) is provable. As it is customary, we
identify terms up to renaming of bound variables and say that a term is closed if it has no free variables
(i.e. if " e is provable, and similarity for values).

Oftentimes we refer to closed computations as programs. Moreover, for finite lists of syntactic ex-
pressions (such as variables, computations, or values) we employ the ‘bar notation’, thus writing ¢ for
a finite list @1, ..., ¢, of @s. For instance, we write ¥ and d for a finite list of variables and values,
respectively.

Finally, we write e[x := v] (resp. w[v/x]) for the capture-free substitution of the value v for all free
occurrences of x in e (resp. w). Formally, we define e[x := v] and w[v/x] by mutual recursion on e and
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w as follows:

x[v/x] £ v
y[v/x] = x
(Ay.e)[v/x] & Ay.e[x := v]

(return w)[x :=v

(lety =ein f)

[
(wu)[x:=v
[
op(p,y.e)[x:=v

]
]

X = v]életyze[xzz v]in f[x :=v]
]

Obviously, the very definition of substitution gives the following inference rules (recall that we assume
the variable convention):

I'xr*e AF o Ixt'w Ar'ow

[,AF e[x = 0] [,AF wlo/x]

The fine-grain style has several advantages when studying meta-theoretical properties of calculi:
there is a neat distinction between computations and values (which gives, for instance, a smooth defini-
tion of the notion of an applicative (bi)simulation relation), and proofs are more streamlined. However,
calculi in fine-grain style has the drawback of being cumbersome for writing examples. For instance,
the identity combinator Ax.x in fine-grain style is written as return (Ax.(return x)). For this reason, our
examples will be mostly given using the following coarse-grain A-calculus syntax:

e, f u=x|Ax.e| fe| op(p,x.e).

It is not hard to convince ourselves that the two presentations are equivalent, as summarised by Table 3.1.

A-calculus syntax fine-grain syntax
X return x
Ax.e return Ax.e
fe let x = f in (e to y.xy)
op(p, x.e) op(p, x.e)

Table 3.1: Correspondence between fine-grain and coarse-grain calculi

We now define a call-by-value monadic operational semantics for Ay. In the following, we assume a
>-continuous monad T to be fixed.

Remark 3. Since we give semantics to programs, i.e. closed computations, it makes sense to consider
generalised operation symbols whose arity set I is encoded by some subset of V,. For simplicity, we
ignore the specific subset of (closed) values used to encode elements of I, and simply write op : P ~~ YV,
for operation symbols in 3. As already remarked, the standard example the reader may keep in mind is
given by I = N and the encoding of natural numbers as Church numerals.

Operational semantics is defined by means of an evaluation function [-] : A, — TV, mapping a
program to a monadic value, i.e. an element of TV.
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Definition 15. The N-indexed family of functions [~], : Ac — TV, is inductively defined as follows:

[elo
[return v]n4+1 = 7(v)
[(Ax.€)v] st = [e[x := v]]n
llet x = ein f]ue1 = [f =115 [e]n
lop(p, x.)]n+1 = [op](p,v > [e[x := v]]n).

1

(1>

1>

Notice that the index n in [-], does not actually refer to the number of S-reductions performed.
Moreover, since T is Z-continuous, ([e],), forms an w-chain in TV,, and thus has least upper bound

Lin[e]n-
Definition 16. The evaluation function [~] : Ao — TV, is defined as [e] = ||,<[e]n-
Finally, we notice that 3-continuity gives the following universal property of the evaluation function.

Lemma 6. The evaluation function [—] is the least function ¢ : Ao — TV, satisfying the following
identities:

¢(return v) = n(v)

o((Ax.e)0) = plelx := v))
p(letx =ein f) = (v > (f[x = v] )T<p(e)
¢(op(p, x.€)) = [op](p, v = g(e[x = v])).

Before giving examples of concrete instances of Ay we briefly expand on the operational meaning
of algebraic operations. At the very begging of this chapter, we informally defined algebraic operations
as operations whose semantics commutes with evaluation contexts. We can now make such definition
a formal result. First of all, we give Ay an operational semantics based on Felleisen’s notion of an
evaluation context (Felleisen & Hieb, 1992). We will extensively use these kinds of semantics in Chapter 6

and Chapter 7. Ay evaluation contexts are defined by the following grammar, where e is a computation
with FV(e) C {x}

E:=[-]|letx =Eine.

The hole [—] in an evaluation context acts as a placeholder for a computation, and we write E[e] for the
computation obtained by replacing the hole [—] in E with the computation e. We immediately notice
that any computation admits the following unique decomposition (see also Lemma 25).

Lemma 7. Any program e can be uniquely decomposed in one of the following (mutually exclusive) forms:

1. return v;

E[let x = (return v) in e];
3. E[ow];

Elop(p, x.€)].

Using Lemma 7 we can give Ay, an alternative operational semantics, and prove its equivalence with
the one defined in Definition 15.
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Definition 17. Define the N-indexed family of evaluation function (—), : Ao — TA, as follows:

e)o =

(return v),4; =

(E[(Ax.e) e[x == v]])n
(Elop(p, x-€)I)n+1 = [op](p, v+ (E[e[x = v]])n)-

As for Definition 15, ((e]),), forms an w-chain in TV;, so that we can define (e)) as | |, (e),. Since
for any op € 3, [op] is continuous, we see that (—) enjoys the following universal property.

n+l —

(
V)1 = (v
(E(let x = (return v) in e]) ,+1 = (E[e[x := v]])n
0])n+1 = (E[
1)

Lemma 8. The evaluation function (| is the least function ¢ : Ao — TV, satisfying the following
identities:

¢(return v) = n(v)
@(E[let x = (return v) in e]) = @(E[e[x := v]])
@(E[(Ax.e)v]) = p(E[e[x := v]])
E[op(p.x.€)]) = [op](p.v = ¢(E[e[x := v]])).

Finally, we can rely on Lemma 6 and Lemma 8 to prove that the two operational semantics given to
Ay are equivalent.

Lemma 9. For any closed computation e, (e C [e].
Proof. We first prove that [—] satisfies the identities in Lemma 8, for which we will infer (e)) C [e].
1. The first identity obviously holds.
2. For the second identity, we proceed by induction on E. Suppose E = [—]. We reason as follows:
[let x = (return v) in e] = [e[x := =1]"(n(v))
[By Lemma 6]

= [e[x := v]].
[Since Vf : X — TY. f' - nx = f]

Suppose E to be of the form let y = E’[-] in f, for some evaluation context E’. By induction
hypothesis we have [E’[let x = (return v) in e]] = [E’[e[x := v]]], so that we can calculate:

[let y = E'[let x = (return v) in e] in f] = [f[y := —1]"([E’[let x = (return v) in e]])
[By Lemma 6]

= [fly = =1 ([E'elx == 011])
[By induction hypothesis]

= [lety = E'[e[x := v]] in f].
[By Lemma 6]

3. For the third identity we proceed exactly as for the second one.
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4. We prove the fourth identity by induction on E. The base case is trivial. Suppose now E to be of
the form let y = E’ in f, and write ¢ for the function [[f[y := —]]. We have:

[let y = (E'[op(p, x.¢)]) in ] = ¢ ([E'[op(p, x.¢)]])
[By Lemma 6]

= o' ([op)(p, 0 = [(E'[eDly := ©1]))
[By induction hypothesis]

= [opl(p.v = " (IE'[e])[x = o]]))
[By (gen alg op)]

= [op](p,v = [lety = (E'[e])[x := v] in f]).
[By Lemma 6]

Finally, since x is bound in e we can assume x to fresh in E’, so to have:
[Elop(p, x.€)]] = [op](p,v + [let y = (E'[e])[x := v] in f])

= [opl(p.v > [let y = E'felx := o]] in f])

= [op](p,v = [E[e[x := o]]])

= [op(p, x.E[e])].

O
We now have to prove that for any closed computation e, [e] C (e)). That is a direct consequence of
the following result.

Lemma 10. For any closed computation e and evaluation context E we have:

(E[e]) = (v (E[return v]))" (e).

Proof. Let us write ¢ for the function v — (E[return v]). By induction on n with a case analysis on the
shape of E[e] according to Lemma 7, we show that for any n > 0 we have

(E[e])n C (v > (E[return v]))(e),
from which follows (E[e]) E (v + (E[return v]))"(e)). The case for n = 0 is trivial. We proceed with
the inductive step.

« If E[e] = return v, then we have
(return v) .41 = (v) = [return vﬂf.

Suppose now E[e] to be of the form F[let x = (return v) in f]. Then we must have E = E[E’[-]]
and e = E’[let x = (return v) in f], for some evaluation context E’. We have:

(Elel)ner = (ELE[let x = (return o) in f11) s

= (E[E'[f[x = v]]])n
[By Definition 17]

C ¢ (E'[f[x = 2]])
[By induction hypothesis]

= ¢'(E’[let x = (return v) in f])
[By Lemma 8]

=" ().
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« If E[e] = F[(Ax.f)v], then we must have F = E[E’[-]] and e = E’[(Ax.f)v], for some evaluation
context E’. We proceed exactly as in previous case.

« If E[e] = Flop(p,x.f)], then we have F = E[E’'[-]] and e = E’[op(p, x.f)], for some evaluation
context E’. Let us write x for the map v — (f[x := v]). Relying on the induction hypothesis, we
have:

(Ele])n+1 = (E[E"[op(p, x- /)] n+1
= [op](p. v = (E[E'[f[x = v]]])n)
[By Definition 17]
C [opl(p. v+ (¢ (E'[f[x := 0]1)))
[By induction hypothesis and Definition 14]
= [op](p. 9" - ¥)
= ¢'([op] (. )
[By (gen alg op)]
= 0" (e).

In a similar fashion it is possible to show that for any n > 0 we have (v + (E[return v]))"(e), E (E[e]),
from which we infer (v — (E[return v]))(e) C (E[e]), and thus the wished thesis. O

Corollary 1. For any closed computation e we have [e] = (e).

In particular, from Corollary 1 we infer the equality [E[op(p, x.e)]] = [op(p, x.E[e])] which states
that the operational semantics of op commutes with evaluation contexts. This is nothing but the oper-
ational behaviour we had in mind for algebraic operations.

We now give examples of concrete instances of Ay and show how our monadic operational semantics
can be instantiated to standard, concrete semantics. In doing so, we also discuss an example of a non-
algebraic - yet natural - operation, namely exception handling. We omit the example of the probabilistic
instance of Ay, as the latter obviously coincides’ with Ap.

3.2.1 Relevant Examples

Example 19 (Pure A-calculus). If we consider the empty signature and the partiality monad M we
recover Levy’s fine-grain call-by-value (P. Levy et al., 2003). We refer to such a calculus as Ay (we
prefer the latter notation to As,,). Concretely, the syntax of Ay is defined by the following grammars:

u,w == x| Ax.e
e,f == returnv |vw |letx =ein f.

We give Ay a standard big-step operational semantics by means of binary convergence relation |} be-
tween programs and closed values inductively defined as follows:

e[x =v]w elv flx:=v]lw

returno || v (Ax.e)o §w letx=cin fw

9 Notice, however, that Ap models probabilistic computations using the subdistribution monad and thus differs from the
instance of Ay based on the partial full distribution monad DM (and the signature Xpy), which we denote as Apy. Nevertheless,
since these two monads are equivalent, we can safely regard A, and Apy as equivalent too.
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Moreover, we can define a coinductive diverge predicate f} on programs as follows':

e[x =v] M el elv flx:=2]1
(Ax.e)v letx=ein f letx=ein f .

It is easy to show that [e] = just v if and only if e | v, and conversely that [e] = L if and only if e 1.
X

Example 20 (Nondeterministic A-calculus). Instantiating Ay with the the monad FM and its associated
signature Xpy we obtain the nondeterministic call-by-value A-calculus Apy. Concretely, Agy is defined
by the follows syntax:

v,w == x| Ax.e

e,f == returnv |vw |letx =ein f | eor f.
We inductively define the may convergence relation |J between programs and closed values as follows:

e[x =v]w elv flx:=0]lw elv flw

returno | v (Ax.e)v §w letx=ein f|w eor flo eor flw

Dually, we coinductively define a may divergence predicate 1} as follows:

e[x = 0] 1 et elo flx=o]1 g £
(Ax.e)v letx=ein f letx=ein f eor f eor f

It is straightforward to prove that e || v if and only if just v € [e], and dually e 1 if and only if L € [e].
Moreover, we can recover a must converge semantics by noticing that e must converge if and only if
1 ¢ [e]. It follows that [e] = L if and only if e must diverge. X

Example 21 (A-calculus with exceptions). We now instantiate Ay with the monad ME and its associated
signature g plus a new operation for handling exceptions. The concrete syntax of the calculus is thus
defined:

u,w = x| Ax.e

e,f == returnv | vw | let x = e in f | raise. | handle.(e, f).

Instead on giving semantics using the monad ME (that is not the purpose of this example) we inductively
define a converge relation || between programs and closed value and an inductive predicate 4 e with the
intended meaning that the exception e has been raised (for simplicity we assume only one exception e
to be available). These relations are defined as follows:

e[x:=v]lw elv flx:=0v]lw elv esje flo
returnv v  (Ax.e)v | w letx=ein flw  handle.(e, f) J v handlec(e, f) | v
e[x :=v]je ese elv flx:=v]se eje fie

raise.je (Ax.e)vie letx=ein fie letx=ecin fse handle.(e, f)se

The evaluation of a computation of the form handle. (e, /) depends on the evaluation of e. That is,
exception handling cannot be considered as an algebraic operation, as it directly depends on one of its
arguments. To see that, it is sufficient to observe that no reasonable notion of equivalence will equate

10 Throughout this dissertation we use double-lines inference rules for coinductive definitions.
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the two terms e and f defined as follows (where 0 and 1 denote the the booelan values false and true,
respectively):

E £ let x = [-] in (if x then raise. else x)

e £ E[handle.(return 1, return 0)]

f = handle.(E[return 1], E[return 0]).

In fact, we have e/ e, whereas f || 0.
X

Example 22 (Imperative A-calculus). Instantiating Ax with the monad M®G and its associated signatureXtgg
we obtain the calculus Aygs. The concrete syntax of the calculus (recall Remark 3) is as follows, where
we use the lighter notation ¢ := v; e in place of set (v, e):

u,w = x| Ax.e

e,f = returnv | vw |letx =ein f | £ := v;e | get,(x.e).

We define a convergence relation || by means of judgments of the form (e, o) | (v,0”) (where e is a
program and v is a closed value) inductively as follows:

(e[x :=v],0) | {w,0") e,y J(w,0”)y (flx:=w],0"”) | (v,0")

(return v, o) || (v, o) ((Ax.e)v,0) | (w,0") (letx =ein f,o) | (v,0")
(e[x :=w],o) U (v,0')y o(f)=w (e,o[€ :=w]) | (v,0")
(get,(x.e),0) U (v,0") € =w;e,o) | (v,0")
Dually, we define a divergence predicate f} coinductively as follows:
(e[x =v],o) (e, o) N (e,0) U {w,0") (flx:=w] o)1
((Ax.e)v, o) (letx =ein f,o) (letx =ein f,o)
(e[x =v],o) 1 o) =0 (e,o[t:=v]) N '
(get,(x.0). o) N {=veorl

As usual we can show that (e, o) || (v, ¢”) if and only if [e](c) = just (¢’,v), and, dually, (e, o) 1 if and
only if [e] (o) = L. Moreover, we see that the semantics given to operation symbols behaves as desired.
For instance, assuming o (£) = vy, we have:

[get,(x.e)[(0) = [get,](v = [e[x == v][)(0) = [e[x := vo][(0).
X

Example 23 (A-calculus with output). Instantiating As with the partial output monad and the associ-
ated signature Xo~, we obtain the calculus Ap~. The concrete syntax of Ao~ is defined by the following
grammar:

u,w == x| Ax.e

e,f == returnv | vw |letx = ein f | print_.e.

We inductively define a convergence relation || between programs and pairs of finite strings over A

(here denoted by letters a, b, . . . to avoid confusion) and values as follows:
e[x :=v] | {a,w) el{a,v) flx:=0v]lb,w) el (a,v)
return v || (¢, v) (Ax.e)v | (a,w) let x = ein f || (ab, w) print_.e | (C - a,v)
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Dually, we coinductively define a divergence relation f} between programs and possibly infinite strings
over A (again denoted by letter a, b, . . .) as follows:

e[x:=v]Na efla el (av) flx=0o]Nb efla
(Ax.e)v T a letx=ein ffa letx =ein f N ab print_eff C-a .

As usual, we can show e |} (a,v) if and only if [e] = (a, just v), and e T a if and only if [e] = (a, L). X

Example 24 (A-calculus with cost). Instantiating Ay with the cost monad C and its associated signature
3¢, we obtain the calculus Ac. The concrete syntax of the calculus is as follows:

x| Ax.e

U,W i

e,f u= returnv | vw | let x = e in f | tick(e).

The calculus by itself is not very interesting. However, we can consider its fragment defined by the
following grammar:

x | Ax.tick(e)

v]ovw|letx =ein f.

v,W
e, f =

By putting a ticking operation after all A-abstractions we can count the number of reduction steps

performed during the evaluation of a program. In fact, defining the encoding e of a computation of Ay
as follows

— 2

X=x

Ax.e £ )x.tick(e)
return v £ return ©
ow £ ow
letx=ein f £ let x =Ein?,

we see that [[e] = (n, just v) if and only if e || v performing n (-)reduction steps, i.e. steps of the form

(Ax.e)v > e[x := v]. X

So far we have only given examples of calculi with just one type of effect (provided we do not
consider partiality as an effect). We can also instantiate Ay, to obtain richer effectful calculi, as witnessed
by the following example.

Example 25 (Imperative probabilistic A-calculus). We instantiate Ay with the monad DM ® G and its
associated signature Ypwec. The concrete syntax of the calculus is given by:

v,w o= x| Ax.e

e,f == v|ovwl|letx=ecin f|eorf|{:=v;e|get,(x.e).
A computation e evaluates to a function [e] mapping an initial state o to (something equivalent to) a
subdistribution over pairs consisting of a value and a final state. The rationale is that [e](c')(v, ¢’) gives

the probability that the computation e when evaluated in the initial state o converges to a value v with
final state o”. X

Example 26 (Imperative A-calculus with cost). We instantiate Ay with the monad C ® G and its asso-
ciated signature Xcgg. We call the resulting calculus Acgg. As for Ac, it is more interesting to work
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with a subset of the calculus rather than with full Acgg. In particular, we can consider the fragment
defined by following grammar, where ¢ is fixed location and k ranges over locations different from ¢:

u,w = x| Ax.e
e, f =

The ticking operation is used to count the number of times we store a value in the location £ (obviously
slightly modifications of the above grammar allow to work with different subsets of £) during the
evaluation of a program. To see that, let us modify the big-step semantics of Amgc using judgments of
the form (e, o) | (v, 0’, n), where n is a natural number giving the number of times the location ¢ is used
to store a value:

returnv | ow |letx = ein f | k := v;e | tick({ := v;e) | get, (x.e).

(e[x :==v],0) | (w,0’,n) (e,oy J(w,0”,n)y (flx:=w],c”) v, o', m)

(return v, o) |} (v, 7, 0) {((Ax.e)v,0) | (w,0’,n) (letx =ein f,o) | (v,0’,n+ m)

(e[x =w],o) U (v,0',n) o(f)=w (e,c[€ :=w]) | (v,0’,n) (e,olk :=w]) | (v,c’,n)
(get,(x.e),0) U (v,0’,n) (€:=w;e,o) | {(v,0/,n+1) (k :==w;e, o) {v,0’,n)

Let us the consider the translation from terms in Aygg to the above fragment of Acgg induced by the
rules:

£ = v;eétick(f = 0;€) ki=ve £ k:=ve.
Then we see that [[e] (o) = just (¢, n,v) if and only if {e, o) |} (v, ¢/, n). X

Having defined both the syntax and semantics of Ay, it is time to study notions of program equiv-
alence and refinement for it. As for A,, we aim to develop a notion of applicative (bi)similarity for As,
which we call effectful applicative (bi)similarity. As we will see, such a notion can be instantiated to
the calculi of previous examples and allows to recover standard notions of applicative (bi)similarity for
them. However, in order to develop the theory of effectful applicative (bi)similarity we need a further
mathematical tool, namely the notion of a relator (Thijs, 1996) or lax extension (Barr, 1970; Hofmann et
al., 2014). Roughly speaking, the latter is an abstraction of the map D we used to define probabilistic
applicative similarity for A, axiomatising its relevant structural properties.
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Chapter 4

Relators and Relation Lifting

The third branch of science may be
called semiotics, or the doctrine of
signs. Because these are mostly
words, this part of science is aptly
enough termed also logic. The
business of this is to study the nature
of the signs that the mind makes use
of for understanding things and for
conveying its knowledge to others.
None of the things the mind
contemplates is present to the
understanding (except itself); so it
must have present to it something
that functions as a sign or
representation of the thing it is
thinking about; and this is an idea.

John Locke, An Essay Concerning
Human Understanding

In this chapter we introduce what we might say to be the central tool we use in this dissertation,
namely the notion of a relator (Thijs, 1996) or lax extension (Barr, 1970). Broadly speaking, a relator I for
a functor T (on Set) describes a possible way to lift a relation R between two sets X and Y to a relation
I'R between TX and TY. Clearly, there are many ways to perform such a lifting. Relators provide an
axiomatisation of those lifting operations that preserve some natural structural properties.

The notion of a lax extension of a monad has been introduced by Barr (Barr, 1970) in the context
of (categorical) topology. Building on previous works by Manes (E. Manes, 1969), Barr characterised
topological spaces as lax algebras for the ultrafilter monad in Rel, the category of sets and relations. That
is, any topological space can be described as set X together with a (convergence) relation « € UX X X
(where U denotes the carrier of the ultrafilter monad) satisfying suitable inequalities. The shift from
functions to relations, and from equalities to inequalities, required Barr to solve several difficulties, the
biggest one being to ‘extend’ the ultrafilter monad from Set to Rel in a suitable way.

Barr defined an abstract construction that allows to ‘extend’ not only the ultrafilter monad from Set
to Rel, but also any other monad (resp. functor) satisfying some minimal conditions (notably, preserva-
tion of weak pullbacks). Such a construction is nowadays known as Barr extension and (the outcome of)
its application to a monad (resp. functor) is called the lax extension of the monad (resp. functor), as the
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latter is extended from Set to Rel, laxly. Barr extension provides a canonical way to extend monads (resp.
functors) from Set to Rel, laxly, but there are many other possible such extensions, which are arguably
well behaved. The criteria that qualify such extensions as well behaved can be nicely axiomatised, the
resulting notion being the one of a lax extension of a monad (resp. functor) (Hoffman, 2015; Hofmann
et al., 2014).

Years later, Thijs (Thijs, 1996) introduced the notion of a relator (also called relational extension) to
study notions of (bi)simulation relation in the abstract setting of universal coalgebra (J. J. M. M. Rutten,
2000). Roughly speaking, given a relator I' as above and a T-coalgebra (on Set) y : X — TX, one defines
a relation R on X to be a simulation if x Ry = y(x) I'R y(y). The defining properties of relators
ensure that there exists a largest simulation, and that the latter is a reflexive and transitive relation.
Additionally, it is easy to extract a notion of bisimilarity from the one of similarity and to prove that the
latter is an equivalence relation. Since then, the ‘relator approach’ (as well as related ‘relation lifting’
approaches (Hermida & Jacobs, 1998; Jacobs, 2016; Kurz & Velebil, 2016)) has been extremely influent in
the field of (universal) coalgebra, as witnessed by the numerous works on the subject (see (Jacobs, 2016;
Kurz & Velebil, 2016) for further references).

In this dissertation we use relators to define several notions of simulation and bisimulation (notably
applicative, monadic, and normal form (bi)simulation) for higher-order effectful languages, as well as
other notions of program equivalence and refinement (notably contextual and CIU approximation and
equivalence). Our main results state that the structural properties of relators ensure precongruence and
congruence properties of the obtained notions of program refinement and equivalence, respectively.
Therefore, the general theory of relators qualifies as a formal toolkit that deserves a spot in the seman-
ticist’s arsenal.

4.1 Preliminaries

Before defining relators formally, it is useful to recall some background notions of relational calculus.
That will allow us to reduce the complexity of some proofs by means of simple, pointfree calculations.
Contrary to standard, set-based presentations of relations, we use an ‘algebraic’ notation for relations
and their algebra. This choice has the advantage of highlighting the connection between relations and
abstract notions of distance (the central theme of the second part of this work).

Throughout the rest of this dissertation, let 2 denote the complete lattice (2, <) of boolean values!
with 2 £ {true, false}. Moreover, we tacitly assume all functors and monads to be functors and monads
on Set, unless differently specified.

Definition 18. The category Rel has sets as objects and relations as morphisms. A relation R between two
sets X and Y, writtenas R : X = Y, isamap R : X XY — 2. Given elementsx € X,y € Y we say that
x is R-related to y, and write x R y, if R(x,y) = true. For any set X the identity relation lx : X - X is
defined as equality on X. Moreover, for relations R : X - Y and S : Y - Z, we define the composition
S -R: X+ Zof S withR as:

(S R)(x.2) 2 \/ R(x.y) A S(y,2).
yeYy

Composition of relations is associative, and | is the unit of composition, so that Rel is indeed a category.

Remark 4. Notice that relations are not defined as objects of Set (namely as subsets of cartesian prod-
ucts). We keep explicit the distinction between a relation, which is a morphism in Rel, and its graph?,
which is an object in Set.

IThe notation for joins and meets is as usual.
ZFor R : X — Y define the graph GR of R as GR £ {(x,y) | R(x,y) = true).
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Rel is a monoidal category with unit given by the one-element set and tensor product given by carte-
sian product of sets, with R X S : X X Y - X’ X Y’ defined pointwise via binary meet. Moreover, for all
sets X, Y, the hom-set Rel(X, Y) inherits a complete lattice structure from 2 pointwise. As it is custom-
ary, we denote the resulting order on Rel(X, Y) by C, whereas meets and joins are denoted by () and
U, respectively. The complete lattice structure of hom-sets nicely interacts with the monoid structure
of relation composition, meaning that Rel forms a quantaloid (Hofmann et al., 2014). In particular, for
all relations R : X - Y, S; : Y-» Z (i € I), and Q : Z— W the following distributivity laws hold:

Q-(Jsn=J@-s.

iel iel
(Jsn-r={JSi-R).
iel iel

Distributivity implies monotonicity of relation composition in both arguments. In fact, assuming R; C

Ry, ie. R = Ujeq12) Ri we have:

S R,=S- U R; = U (S-R)2S-R.

ie{1,2} ie{1,2}

In a similar fashion we can prove that §; € S, implies §; - R € S, - R, and thus monotonicity of
composition in both arguments.

We also notice that Rel is self-dual, since for all sets X, Y there is a bijection —° between Rel(X,Y)
and Rel(Y, X) mapping each relation R : X = Y to its dual (or opposite) relation R° : Y - X defined
by R°(y,x) £ R(x,y). It is a routine exercise to verify that —° is monotone and satisfies the following
identities (the third one stating that —° is an involution):

(S R)° =R S°
1°=1
(R°)° = R.

Additionally, there is a map —, from Set to Rel that interprets the graph of a function f : X — Y (the
latter being a morphism in Set) as the relation f; : X - Y defined by

true if f(x) =y
o(X, =
fo(x.9) {false otherwise.
The map —, defines a functor from Set to Rel, so that (g - f)o = ¢go - fo and 1, = |. Moreover, we see

that — is faithful. As a consequence, we write f : X — Y in place of f, : X - Y, unless we work in Set
and Rel at the same time (that will only happen in Subsection 4.3.1). The notation used for the graph
functor works as reminder for the following inequalities, for f : X — Y:

Ix € f° fo
for 7 Cly.

It is useful to keep in mind the pointwise reading of relations of the form ¢° - S - f, for a relation
S:Z-» Wandfunctions f: X - Z,g:Y - W:

9°-S- Nlxy) =S(f(x),9(y)).

Given R : X - Y we can thus express a generalised monotonicity condition in pointfree fashion as:

RcCg*-S-f.
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Indeed, taking f = ¢, we obtain standard monotonicity of f. We will make extensively use of the
following adjunction rules (Hofmann et al., 2014),for f : X - Y, g: Y 5> Z,R: X» Y, S8:Y-» Z, and
Q: X Z:

g-RCQ < RCqg°-Q (adj 1)
Q-f°CcS < QcS-f. (adj 2)

Using (adj 1) and (adj 2) we see that generalised monotonicity R C ¢g°-S- f can be equivalently expressed
via the following lax commutative diagram:

f
—_—

V4
-

— W
g9

S

bS]
~ <+

The diagram acts as a graphical representation of the expression g - R € S - f, which, by (adj 1), is
equivalenttoR C ¢g° - R - f.

Finally, since we are interested in preorder and equivalence relations, we recall that we can define
the notions of a reflexive, a transitive, and a symmetric relation pointfree. In fact, a relation R : X - X
is reflexive if Ix C R, transitive if R - R € R, and symmetric if R € R°.

4.2 Relators

The notion of a relator (Barr, 1970; Thijs, 1996) T for a functor T is an abstraction meant to capture the
possible ways a relation R : X - Y can be lifted to a relation 'R : TX - TY.

Definition 19. A relator for a functorT is a set-indexed family of maps (R : X » Y) —» IR : TX - TY)
satisfying conditions (rel 1)-(rel 4). We say that T is conversive if it additionally satisfies condition (rel 5).

Irx € T(lx) (rel 1)
IFSTRCI(S-R) (rel 2)
TfCTf, (Tf)°CTf° (rel 3)
RCS = I'RcCTS (rel 4)
['(R°) = (TR)°. (rel 5)

Conditions (rel 1), (rel 2), and (rel 4) are rather standard®. As we will see, condition (rel 4) makes the
defining endofunction of (bi)simulation relations monotone, whereas conditions (rel 1) and (rel 2) make
notions of (bi)similarity reflexive and transitive. Similarly, condition (rel 5) makes notions of bisimilarity
symmetric. Condition (rel 3), which actually consists of two conditions, states that relators behave as
expected when acting on (graphs of) functions. In (P. Levy, 2011) a kernel preservation condition is
required in place of (rel 3). Such condition is also known as stability in (Hughes & Jacobs, 2004). Stability
requires the equality

I'(¢°-R-f)=(Tg)° - TR-Tf (stability)
to hold. It is easy to see that a relator always satisfies stability.

Proposition 7. Conditions (rel 1)-(rel 4) implies (stability).

3Notice that since | = (1), we can derive condition (rel 1) from condition (rel 3).
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Proof. Proving that (Tg)° - TR -Tf CT(g°- R f) is straightforward. Indeed we have:

(Tg)°-TR-Tf CTg°-TR-Tf
[By (rel 3]

CI(g"-R-f)
[By (rel 2)]

To prove I'(g° - R - f) € (Tg)° - TR - Tf we reason as follows:

I(g"-R-f)c(Tg)® -Tg-T(g°-R-f)-(T)°-Tf
[Since Yh.1 C h°® - h]
C(T9)®-Tg-TI'(g°-R-f)-Tf°-Tf
[By (rel 3)]
c(Tg)®-T(g- 9" R-f-f)-TIf
[By (rel 2)]
C (Tg)° -TR-TFf.
[Since Yh. h - h° C 1]

We also notice that, since relators are monotone, stability gives the following implication
RCg"-S-f = I'RC(Tg)° - TS Tf,
which can be diagrammatically expressed as:

f Tf

X —7 TX —=TZ
’R~j~ - is - I‘R$ c ‘t'FS
Y—W TY —TW
g Tg

Finally, we observe that any relator I for T induces an endomap Tr on Rel that acts as T on sets and
as I on relations. It is easy to check that conditions in Definition 19 makes Tr a lax endofunctor. When
Tr is a functor, we say that T is functorial. Concretely, this is the case if conditions (rel 1) and (rel 2) are
equalities, i.e. if the following identities hold:

Irx =T (lx) (rel funct 1)
IS - TR =T(S - R). (rel funct 2)

Before giving examples of relators it is useful to observe that the collection of relators is closed under
specific operations (see (P. Levy, 2011) for a proof of the following proposition).

Proposition 8. Let T,U be functors, and let UT denote their composition. Moreover, let T', A be relators
forT and U, respectively, and {I;};c; be a family of relators for T. Then:

1. The map AT defined by ATR = A(T'R) is a relator for UT.
2. The map \;erTi defined by (\;e; Ti)R £ ;e iR is a relator for T.
3. The map T° defined by T°R = (I'R°)° is a relator for T.
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4. The map T' AT° is the greatest conversive relator smaller than T, according to the pointwise order.

Relators provide a powerful abstraction of notions of ‘relation lifting’, as witnessed by the numerous
examples of relators we will discuss in Section 4.3. Before discussing such examples, we introduce the
notion of a relator for a monad or lax extension of a monad. In fact, according to Definition 19 relators
extend functors from Set to Rel, laxly. However, we defined notions of computation (and thus modelled
computational effects) as monads. Therefore, it seems natural to require relators to extend monads (and
not just functors) from Set to Rel, laxly. Requiring such a condition is exactly what is needed to make
applicative (as well as normal form) similarity a precongruence relation. As the reader will notice, we
already met the defining conditions of a lax extension of a monad in our analysis of the precongruence
theorem for probabilistic applicative similarity (Chapter 2). In fact, such conditions provided exactly
those structural properties of D that made the semantics of return and sequencing well behaved with
respect to probabilistic applicative similarity.

Definition 20. Let T = (T, 1, —Y be a monad, andT be a relator for T. We say thatT' is a relator for T if
it satisfies the following conditions:

R Cny - TR nx, (rel unit)
RCg TS -f = I'Rc (¢ -TS- fT. (rel bind)

We can express conditions (rel unit) and (rel bind) diagrammatically as follows:

X 2. Tx
R$ c il"ﬂ
Y——TY
ny
f f!
X——=TX TX —TX
’R$ c iFS — F'R‘L‘ c iFS

9

It is an easy exercise in algebra to verify that a relator for a monad T laxly extends T to Rel, in the sense
that the natural transformations nx : X — TrX and px : TrTrX — TrX are oplax (see e.g. (Hofmann et
al., 2014)).

Proposition 9. Let T = (T,n,—") be a monad, andT a relator for T. Then property (rel bind) is equivalent
to the validity of the following set-indexed family of inequalities

py -ITR C TR - ux, (rel p)

which express the following (lax) commutative condition:

TTX 225 TXx

FFR$ c il‘ﬂ

TTY ——TY
Hy
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Proof. We show that (rel bind) implies (rel z)*.

py - TTRCTR - px & ITR Cpj - TR - ux
[By (adj 1)]
e ITR C (1},)° TR - (1},)
[Since pz = I;Z]
= TRC17, - TR 1rx
[By (rel bind)]
& T'RC13y -TR-17x
[Since 1° = 1]

Vice versa, we prove (rel pz) implies (rel bind). Assume R C ¢° - T'S - f. We have:

TRC (9" IS ff & I'RC (u-Tg)° TS (u-Tf)

[Since h' = yi - Th]

— TRCTg -y -ITS-u-Tf
[Since (k- h)° = h° - k°]

— IRcTg -ITS-Tf
[By (rel ) and (adj 1)]

— TRCI(g"-TS-f)
[By (stability)]

= RCyg-IS-f.
[By (rel 4)]

O

Finally we remark that Proposition 8 does not generalise to relators for monads, as the composition
of the carriers of two monads does not necessarily carry a monad structure. Nonetheless, we can still

prove that the collection of relators for a given monad is closed under specific operations.

Proposition 10. Given a monad T = (T, n, -7y and relators T, A forit, bothT A A andT® are relators for

T. In particular, T AT° is the largest conversive relator for T contained inT.

Proof. The proof is straightforward. As an example, we show that A = T A A is a relator for T. We use

Proposition 9 and show that

‘uy~AA'RQAR'/Jx.

4 Recall that 1, = I, so that we write e.g. 1 - R in place of 1, - R =1 - R.
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We have:

My - AAR C AR - px & AAR C py - AR - px
[By (adj 1)]
& ITRNTARNATRNAAR C 5 - TRNAR) - pux
[Since A=T A A]
& ITRNAAR C iy - TRNAR) - pux
[Since TTR NTAR N ATR NAAR C TTR N AAR]
> py - (ITTRNAAR) - u5 S TR N AR.
[By (adj 1) and (adj 2)]

To prove the latter inequality, it is sufficient to prove

py - (TTRNAAR) - p5 € TR
py - (ITR N AAR) - p5, € AR.
We prove the first one (the second one is proved in the same fashion). We reason as follows:
py - (ITRNAAR) -y CTR & ITRNAAR C py - TR - px
[By (adj 1) and (adj 2)]
& ITR Cpuy - TR - px
[Since TTR NAAR C ITR]
— (rel p).
(By (adj 1)]

4.3 Relevant Examples

We now examine examples of relators for the monads studied in Chapter 3.

Example 27 (Partiality monad). For the partiality monad M we define the set-indexed families of maps
M,M: Rel(X,Y) — Rel(MX, MY) as follows:

MR v PN x=Ll)V@xeX. AyeY.x=just x Ay =just y Ax Ry).

MRy &= W=1l)v(@xeX.AyeY.x =just x Ay = just y Ax Ry).
The mapping M describes the structure of the usual simulation clause for partial computations, whereas
M describes the corresponding co-simulation clause. It is easy to see that M is a relator for M and that

M = M°. By Proposition 10, the map M A M is a conversive relator for M. It is immediate to see that the
latter relator describes the structure of the usual bisimulation clause for partial computations. X

Example 28 (Exception monad). Proceeding as in Example 27, we define a relator for the exception
monad E as the mapping E : Rel(X,Y) — Rel(EX, EY) defined by:

xERt)é)(x:e = p=e)AVxeX. (x=x = dyeY. (h=yAxRy)).

Easy calculations show that indeed E is a relator for the monad E. As before, E induces a canonical
conversive relator, namely E A E°. We now generalise Proposition 3 and Proposition 5 to take into
account relators.
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Proposition 11. Given a monad T = (T, 1,-") and a relator T for T, define the sum TE of T and E as
TE £ TE. Then TE is a relator for TE.

The proof of Proposition 11 goes as follows. By Proposition 8, we know that TE is a relator for the
functor TE. Therefore, it remains to show that TE is also a relator for TE. Proving TEto satisfy condition
(rel unit) is straightforward. We show that it satisfies condition (rel bind) too. To see that, we observe
that TE satisfies the following ‘intermediate’ condition:

RCg-TMS-f = ER C g -TES- fz, (4.1)
or, diagrammatically:
x —Lo 1EX EX —- TEX
R} c %Es == Ev% < iﬁs
Y — TEY EY o TEY

In fact, if x ER 1, then either x = e or x = x, for some x € X. In the first case we must have y = e too,
and thus fg(x) = Txg(e) ar}d ge(v) = Ty;g(e). We can conclude the thesis since T satisfies condition
(rel unit) (and obviously e ER e holds). In the second case we have ¥ = x, for some x € X. Asa
consequence, since ¥ ER 1, we also have 1 = y, for some y € Y such that x R y. Therefore, fr(x) = f(x)
and gg(v) = g(x), so that the thesis follows by the main hypothesis. Using (4.1) we conclude the main
thesis as follows:
RCg-TES - f = ERCyg; -TES- fi
[By (4.1)]
= TER C (g;)° - TES - f;
[Since T satisfies (rel bind)]
e TER C (g)°-TES - fT=.
[Since h™ = hf]

X

Example 29 (Nondeterministic monad). For the monad F define maps F,F : Rel(X,Y) — Rel(FX, FY)
as:

AFRY > VxeX. Jye Y. xRuy.
%IER‘Dé:»VyE‘D.HxEX.ny.
It is not hard to see that the relator IEAdescribes Milner’s simulation clause for (unlabelled) transition
systems. We immediately see that F = F°, and that FAF° describes the bisimulation clause for transition
systems. Finally, easy calculations show that F is indeed a relator for F.

Since M has essentially the same structure of E, we can sum F and M obtaining a relator FM 2 FM
for FM. Spelling out the definition we obtain:

%FAMR‘D — VxeX. (x=justx = dneVD.y=justyAxRy).

Notice that {_L} FMR 9) always holds. The relator FM can be used to test nondeterministic computations
for may convergence, the resulting similarity notion being known as lower similarity (S. Lassen, 1998b;
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C. L. Ong, 1993). Additionally, working with the conversive relator FM A FM° one recovers the notion
of lower bisimilarity. Another interesting relator for FM is the given by the map FM defined as:

%mﬂ%éu_eéx = Lé¢PAMyeY.jutye) = IxeX. justxeXAxRy).

It is not hard to see that FM is indeed a relator for FM (the reader can also consult (P. Levy, 2011) for
further details on FM as well as other examples of relators for FM). The relator FM tests nondeterministic
computations for must convergence, the associated notion of similarity being upper similarity (S. Lassen,
1998b; C. L. Ong, 1993). As before, working with the conversive relator EMAFEM’ we recover the notion
of upper bisimilarity.

X

Example 30 (Distribution monad). Following our working example A,, we define a relator for the
monad D relying on the notion of a coupling and results from optimal transport (Villani, 2008).

Definition 21. Given two distributions i € D(X),v € D(Y), a coupling for u and v is a joint distribution
w € D(X XY) such that:
p= Z (=)

yeYy

V= Z w(x,-).

We denote the set of couplings of  and v by Q(y, v) and immediately observe that Q(y, v) is always
non-empty. In fact, the joint distribution w defined by w(x,y) £ p(x) - v(x) is a coupling of y and v.

Remark 5 (Couplings as transportation plans). Given distributions g € DX, v € DY, the notion of a
coupling w € Q(y, v) formalises the informal notion of a transportation plan. Thinking to a distribution
1 as assigning weight to points in X, then a transportation plan from y to v is a mapping specifying how
to move weights from X to Y in such a way that y is ‘transformed’ into v. Formally, a transportation plan
from pi to v is a family of maps 7 : Y — [0, 1] specifying for each y € Y how much weight of the weight
1(x) of x has to be moved to y. Accordingly to such a reading, we have to impose 7, some constraints.
First of all, 7z, does not move more weight than the available one: actually, since we want to move the
whole weight mass i, we require 7 to transport the whole p. Formally, we require 3, 7, (y) = p(x), for
all x € X.

Applying 7 to p we obtain a new distribution (a new mass, so to speak) on Y, denoted by T (1), and
defined as:

T (1) (y) = Z T (y).

xeX
Obviously, since 7 has to transform y into v, we require T, (1) = v. At this point it is straightforward to
see that any transportation plan 7 from p to v induces a coupling 77 € Q(u, v) defined by 7(x, y) = 7, (y),
and that any coupling w € Q(y, v) induces a transportation plan o defined by @, (y) £ w(x,y), so that
the notions of a transportation plan and of a coupling are equivalent.

Following Remark 5, we can define a relator for D simply requiring transportation plans to move
weight only between related points (that is, if 7, (y) > 0, then x and y must be related). Formally, we
define the (set-indexed) map D : Rel(X,Y) — Rel(DX, DY) as follows:

U DR v & [Ho € Qu,v). Vx,y. w(x,y) >0 = xRyl
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We will prove that D is a relator for D in a more abstract setting in Subsection 4.3.1. We conclude our
analysis of couplings stating the already mentioned Strassen’s Theorem® (Strassen, 1965) which shows
that D can be defined both universally (i.e. using an universal quantification) and existentially (i.e. using
an existential quantification).

Theorem 2 (Strassen’s Theorem). Let u € DX, v € DY be distributions, and R : X —-» Y be a relation.
Then:

pDR vV = VX C X. pu(¥) < v(R[X]).

Even if we will give an abstract proof that D is a relator for D, using Theorem 2 it is possible to prove
such a fact directly. Additionally, as a corollary of Theorem 2, we see that D describes the defining clause
of Larsen-Skou bisimulation for Markov chains (based on full distributions) (Larsen & Skou, 1989). Recall
that given a Markov chain ¢ : X — DX, we say that an equivalence relation R on X is a bisimulation if
x R y implies ¢(x)(B) = c(y)(B), for any R-equivalence class B. Then, it is easy to see that we have:

VX C X p(X) < v(R[X]) &= Y¥BeX/R.u®B) =v(B).
Finally, we observe that we can sum D with M obtaining a relator DM £ DM for the monad DM (and
thus for the subdistribution monad). X

Example 31 (Output monad). For the (partial) output monad O™ we define the map o® : Rel(X,Y) —
Rel(0O*X,0%Y) as follows:

(u,x)OA""ﬂ(w,l))é(x:J_/\uQw)V(x:justx/\I)=justy/\u=w/\x7€y).

Tedious calculations show that O is a relator for O%. X

Example 32 (Cost monad). For the total cost monad C, define the map Co: Rel(X,Y) — Rel(CoX,CyY)
as

CoR 2 (= xR),
where we recall that for R : X - Y, S: X'+ Y/, wedefine RXS: X xX'-» Y XY as
(RXS)((x,x). (y.y")) & R(x,y) A S(x'. ),

and > denotes the opposite of the natural ordering on N. It is straightforward to see that Cy is indeed a
relator for Cy. The use of the opposite of the natural order in the definition of Co captures the idea that
we use Cy to measure complexity. If we think to (n,x) as the result of a computation (the element x)
together with the cost of the computation (the number n), then (n, x) CoR (m, y) means that the results
x and y are R-related, and that n > m, meaning that right hand computation is more efficient than the
left hand one. By taking the sum of C, and M we obtain a relator for C that describes Sands’ simulation
clause for program improvement (Sands, 1998). X

Example 33 (Global states). For the global state monad G we define the map G : Rel(X,Y) — Rel(GX, GY)
as follows:

a GR B <= Vo € 8. a(o) (Is X R) B(o).

It is straightforward to see that G is a relator for G. Moreover, we can generalise Proposition 4 and
Proposition 6 to take into account relators.

5 The original formulation of Strassen’s Theorem is actually more general than Theorem 2 (notably, it does not require distri-
butions to be discrete). This is reflected by the possibility of giving a proof of Theorem 2 based on the Max-flow Min-cut Theorem
(Schrijver, 1986).
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Proposition 12. Given a monad T = (T,1,-") and relator'i'for it, define m as:
2 (T®G)R f &= Vo. a(a) T(ls x R) f(o).
Then (m) is a relator for T ® G.

Straightforward calculations show that (ﬁ) is a relator for T ® G. The most interesting part
of the proof of Proposition 12 is proving that ('ﬁé\G) satisfies condition (rel bind). We assume R C
¢°-(T ® G)S.- f, for relations and functions of appropriate source and target, and prove that a(T/QTG)R B
implies f™*¢(a) (fQZ)\G)S g"®®(p). First of all, we notice that since T satisfies condition (rel bind), we

have:
RCyg - (@)S - f = Is xR C (uncurry g)° - T(Is X S) - uncurry f
= T(ls xR) € ((uncurry ¢)")° - T(ls X S) - (uncurry f)".

In particular, for any store o, we have

a(o) T(Is X R) (o) = (uncurry f) a( T(Is X 8) (uncurry g)" (o)
= °(a) (T ® G)S g™ (B).

As a consequence, it is sufficient to prove a (o) T(IS X R) f(c). But the latter is a direct consequence of

o (@)R B, and thus we are done.

In particular, we can tensor G with M, FM, and DM obtaining relators for partial, nondeterministic,
and probabilistic imperative computations. Additionally, tensoring G with C we obtain a relator for
imperative computations with cost. X

Before continuing our analysis of relators, we make a small digression on the so-called Barr’s con-
struction (the content of such a digression is not needed to follow the rest of this work).

4.3.1 Digression: Barr’s Construction

Most of the conversive relators in previous examples are instances of a general construction known as
Barr construction (see e.g. (Hofmann et al., 2014; Kurz & Velebil, 2016)). Such a construction builds for
any functor T (on Set), a candidate relator T for T, called the Barr extension of T. If T preserves weak
pullbacks, then T indeed defines a functorial relator for T, which is also canonical (see Theorem 3).

At the heart of the Barr construction relies the double nature of relations as morphisms in Rel and
objects in Set. To avoid confusion, in this section we will adopt the following notational convention:
for a relation R : X - Y we denote by Gg € X X Y the corresponding object in Set. Any relation

Ggr € X X Y can be represented as a span (see Appendix B) (X Nl Gr =, Y), where 7; : Gg — X and
7y : Gg — Y are projection maps. In particular, we have the identity R = , - 7r; in Rel. We can now
define the Barr extension of T.

Definition 22. TheBarr extension of a functor T (on Set) is the set-indexed family of mapsT : Rel(X,Y) —
Rel(TX,TY) defined for R = 7y - 17 : X = Y by:

TR 2 Tn, - (Tmy)°,
where R = m, - 7. Pointwise, T can be characterised as follows:
¥TR 1y & Jwe TGg. Try(w) = A Try(w) =),
wherex € TX andy € TY
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In general, T is not a relator for T, as it might fail to satisfy property (rel 2). However, T has been
proved to be a a functorial relator exactly when T preserves weak pullbacks (see Appendix B for insights
on the role of pullbacks in Barr’s construction).

Theorem 3. Let T be a functor. The following hold:

1. T preserves weak pullbacks or, equivalently, transforms pullbacks into weak pullbacks, if and only if
T is a functorial relator for T.

2. T is canonical, in the sense that if T is a functorial relator for T, then T = T (and thus T preserves
weak pullbacks).

3. If additionally T is the carrier of a monad T = (T, n,—') and T preserves weak pullbacks, then T is a
relator for T.

The proof of Theorem 3 is not difficult, but is rather long. The reader can consult (Hofmann et al.,
2014; Kurz & Velebil, 2016) for a detailed exposition.

Example 34 (The relator D). We immediately see that D = D. Since D preserves weak pullbacks,
Theorem 3 implies that D is indeed a relator for D, and thus DM is a relator for DM.

In Example 30 we stated that it is possible to give a direct proof that D is a relator D relying on
Theorem 2 — the discrete version of Strassen’s Theorem — which in turn relies on Max-flow Min-cut
Theorem. Theorem 3 gives an indirect proof of such a result, and the reader may wondering whether
the complexity of Theorem 2 is still present in this indirect proof. This is indeed the case. In fact, in (de
Vink & Rutten, 1997) it is shown that the distribution functor preserves weak pullbacks (hence inferring
‘good properties’ of probabilistic bisimilarity) by presenting an argument relying on the the Max-flow
Min-cut Theorem. X

In light of the numerous examples of relators obtained as instances of Barr’s construction, the Barr
extension of a functor can be used to define a somehow canonical definition of a notion of bisimulation.
However, begin conversive, the Barr extension of a functor does not provide an adequate tool to define
canonical notions of similarity (and, as we will see, such notions of similarity are of paramount impor-
tance in this work). It is natural to ask whether there exists a canonical way to extract a relator defining
notions of simulation from a functor. Unfortunately, the answer appears to be negative.

First of all, we observe that given a functor T carrying an order < (that is, associating to any set X
an order <x on TX) we can define the candidate relator

R <y-T-<x

for T. For instance, in this way we can recover the relator FM for FM using the order defined in Ex-
ample 18. This observation led to the proposal in (Hughes & Jacobs, 2004) of considering notions of
simulation defined in terms of stable orders on functors. Intuitively, a stable order on a functor T (on
Set) is a functor F from Set to Preord (the category of preordered sets and monotone functions) map-
ping a set X to a preordered set (TX, <x) and sending weak pullbacks to preordered weak pullbacks
(see (P. Levy, 2011)).

(Hughes & Jacobs, 2004) showed that given a stable order F on a functor T, the map R — <y -
T - <x indeed defines a relator for T. However, in (P. Levy, 2011) it is shown that there is a bijection®

¢ Intuitively, given a relator I' satisfying (rel funct 2), one defines the stable order Fr on T as follows:
FrX £ (TX,T(lx))
Frf 2 Tf.
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between relators for T satisfying (rel funct 2) and stable orders on T, meaning that finding stable orders
is essentially equivalent to finding specific relators.

This essentially concludes our exposition of the general theory of relators. However, there is still
one point missing, namely the connection between relators and the domain structure we imposed on
monads.

4.4 Y-continuous relators

In order to accommodate infinitary computational behaviours, we required monads to come with a
suitable domain structure. It is then natural to require relators to properly interact with such a structure.
We have already seen an example of such an interaction in Chapter 2, where we proved precongruence
of probabilistic applicative similarity relying on a suitable induction principle for D. Relators allowing
such forms of inductive reasoning are called X-continuous relators.

Definition 23. Let T = (T,n,—') be a X-continuous monad and T be relator for T. We say that T is
>-continuous if it satisfies conditions (ind 1), (ind 2), and (ind 3) — called the inductive conditions — for
any w-chain (x,), in TX, elementy € TY, elements x,x’ € TX, and relation R : X - Y.

LTRY (ind 1)

xCx, ¥ TRy = xTRy (ind 2)

Vn i, TRy = |_| 1, TR . (ind 3)
n>0

Condition (ind 2) is actually not needed to prove congruence and precongruence properties of ap-
plicative bisimilarity and similarity, respectively. However, we will need it to prove the same properties
for normal form bisimilarity and similarity, and thus we take it as a defining condition of the notion of
a X-continuous relator. As a convention, when we want to stress that a property holds in virtue of one
(or more) of the properties (ind 1)-(ind 3), we will simply say that the property follows since the relator
is inductive.

Example 35. The relators l\7| MAE, FM, DAM, OA"", é, m FWG, DWG, C/(SE are X-continuous.
X

Remark 6 (2-algebraic relators). The reader might have noticed that up to this point we have not re-
quired specific interactions between relators and algebraic operations on monads. That might appeared
wired, since having required relators to properly interact both with the monad and the domain structure
of a X-continuous monad T, it seems natural to require relators to properly with its 3-algebra structure
too.

Formally, we can require the desired interaction by demanding a relators R to satisfy condition
(2 comp) below, for all operation symbol (op : P ~» I) € X, maps k,v : | = TX, parameter p € P, and
relation R.

VieL.k(i)TRv(i) = [op](p,x) I'R [op](p, V). (2 comp)
It is a remarkable result that if T is X-algebraic, then any relator I for T satisfies (X comp).

Proposition 13. Let T = (T,n, —T> be a X-algebraic monad, and let T be a relator for T. Then T satisfies
condition (X comp).

Proof. For simplicity we give the proof for the case of operation symbols without parameters. This is
not a real restriction, as we can assume without loss of generality all operations to be such. In fact,
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we simply replace an operation symbol op : P ~~» [ with a P-indexed family of operation symbols
op, : I. The proof proceeds using the correspondence between algebraic operations and generic effects
(G. D. Plotkin & Power, 2003). Given an arity set I, an I-ary generic effect is an element of T1. Moreover,
any I-ary generic effect g gives an I-ary algebraic operation op, defined by [[opg]](x) = «7(g). Vice
versa, any [-ary algebraic operation defines a generic effect gop € TI as [op];(n;). Straightforward
calculations show that these transformations give a correspondence between algebraic operations and
generic effects. Let us now move to (2 comp). We wish to prove

Vie L. k(i)TRv(i) = [op](x) TR [op](v).

Let g be the generic effect associated with op, and assume «(i) 'R v(i) to hold for all i € I. The latter
hypothesis can be rewritten as I; C v° - T'R - k, from which we infer T'l; € (v1)° - TR - 7, by (rel bind).
Therefore, we can conclude ' (g) TR v'(g) (i.e. our main thesis), provided we prove g T'l; g. The latter
indeed holds, since by condition (rel 1) we have Iy C T'l;. O

Proposition 13 concludes our exposition of the general theory of relators. Having at our disposal
this powerful machinery, we are now going to apply it to define and study effectful equivalences and
refinements for As.
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Chapter 5

Effectful Applicative Similarity and
Bisimilarity

questions which are not altogether
easy to answer . ..

Gottlob Frege, On Sense and
Reference

In this chapter we define three notions of equivalence and three notions of refinement for the cal-
culus Ay, of Chapter 3, namely:

« Effectful contextual approximation <** and equivalence =~ ( Section 5.2).
« Effectful applicative similarity <* and bisimilarity =~* (Section 5.3).
« Effectful CIU approximation <** and equivalence ~“* (Section 5.5).

All these notions are parametrised by a relator I', which specifies the observable properties of compu-
tations.

Our main results state that if I' is Z-continuous, then effectful applicative similarity is sound for ef-
fectful contextual approximation (Theorem 4), and effectful applicative bisimilarity is sound for effectful
contextual equivalence (Theorem 5). None of them, however, is fully abstract. That is because effect-
ful applicative similarity (resp. bisimilarity) subsumes lower applicative similarity (resp. bisimilarity)
(S. Lassen, 1998b; C. L. Ong, 1993) which is known to be strictly finer than lower contextual approxi-
mation (resp. equivalence). We will say more about that later. Our soundness results are proved with
a generalisation of Howe’s method (Howe, 1996), which takes advantage of the structural properties of
>-continuous relators.

A variation of Howe’s method also allows to prove that effectful CIU approximation (resp. equiv-
alence) is fully abstract with respect to effectful contextual approximation (resp. equivalence) (Theo-
rem 6). These results are summarised in Table 5.1.

This chapter is structured as follows. In Section 5.1 we introduce A-term relations and define a simple
relational calculus (as we did in Chapter 2) that we will use throughout the rest of this dissertation. We
will instantiate such a calculus to define the notions of effectful contextual approximation and equiva-
lence (Section 5.2) as well as the notions of effectful applicative similarity and bisimilarity (Section 5.3).
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<ciu — <clx

~Ciu — ~Ctx

1A
>

>
1NN

Table 5.1: Equivalences and refinements for Ay, part 1.

Section 5.4 is entirely devoted to Howe’s method and the proof of the precongruence theorem for effect-
ful applicative similarity (Theorem 4). Congruence of effectful applicative bisimilarity (Theorem 5) is
proved in Subsection 5.4.1. Finally, in Section 5.5 we define the notions of effectful CIU approximation
and equivalence, and prove them to be fully abstract (Theorem 6) with respect to effectful contextual
approximation and equivalence, respectively.

5.1 Relational Reasoning

In this section we extend the relational calculus developed in Chapter 2 for A, to Asz. Most of the
definitions and results presented in this section are slightly variations of the corresponding ones in
Chapter 2. Therefore, the reader already familiar with such notions can safely jump to the next section.

Definition 24. 1. A closed A-term relation is a pair R = (R,, R+) of relations R, and R, on A,
and V., respectively. We refer to R, as the computation component of R, and to R, as the value
component of R.

2. An open A-term relation R associates to each finite set of variables T a relationT +* — R — on Ar,
and a relation T +¥ — R — on Vr. We require open A-term relations to be closed under weakening:

I'theR f T'tYeRw
Ix+t*eRf IxtYoRw

Example 36. Both the discrete/identity relation | and the indiscrete relation 0 defined by the rules
below are open A-term relations. The empty relation is an open A-term relation too.

e € Ar veEW e,f € Ar v,we WV
IF'ttele 'tYolo F'+*eo0 f FrrYoow

Since e € Ar (resp. v € Vr) implies e € Arp (resp. v € V), for any finite set of variables A, both 0
and 1 are closed under weakening. X

We denote by Rel and Rel® the collections of open and closed A-term relations, respectively. For-
mally, we define Rel as [ Rel(Ar, Ar) X Rel(Vr, VI). Rel inherits a rich structure from Rel(Ar, Ar) and
Rel(‘Vr, V), as witnessed by the following result.

Proposition 14. Rel is a quantale (see Definition 61) with an involution. In particular, it is a complete
lattice.

Proof. We notice that Rel inherits a complete lattice structure from Rel(Ar, Ar) and Rel(Vr, Vr) point-
wise. The bottom element is the empty relation, whereas the top element is the indiscrete relation 0.
Monoid multiplication is defined as A-term relation composition: given A-term relations R and S, we
define the composition of S with R, denoted by S - R, as:

F'thteRg THgSf F'''YoRu T'tuSw
T+ e(S-R)f TrYo(S-R)w
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Since both R and § are closed under weakening, then so is S - R. Moreover, we see that the unit of com-
position is given by the discrete A-term relation I, and that Rel is indeed a monoid. It is straightforward
to see that composition is monotone in both arguments. This makes Rel an ordered monoid. Finally, we
observe that Rel also has an involution given by the mapping a A-term relation R to its converse R°.
The latter is defined as follow:

I'Ht fRe F'rYwRo

FrteRe f FrrYoR°w

O

By Proposition 14 we can define A-term relations both inductively and coinductively. Concerning
notation, we write R C S if:

Ve, THeRf = I't*eSf
VLo, w.THovRw = Tt v Sw.

Moreover, relying on the (complete) lattice structure of Rel we can define the notions of a preorder and
equivalence A-term relation. In fact, we say that A-term relation R is reflexive if | C R, transitive if
R - R € R, and symmetric if R° € R.

There are maps —¢ : Rel — Rel and —° : Rel® — Rel restring open A-term relations to closed ones,
and extending closed A-term relations to open ones. Formally, we define such maps as follows.

Definition 25. Given a A-term relation R € Rel, define the closed restriction! R® = (R,, Ry) of R by

HeR f HoRw
e Ry f v Ry w

Dually, given a closed A-term relation R = (R,,Ry) we define R° as its open extension. The latter is
defined as follows, where T L%, . xpandid Euy, ... u,:

Vi € V,.e[X := u] Ry f[X :=u] Vi € Vo. v[u/%] Ry ulit/X]
T+ eR®f 'ty oR°w

Taking advantage of Definition 25, for a closed A-term relation R = (R,,R) we will often write
F* eR finplace of e R, f,and T +* e R f in place of T +* e R° f (and similarity for values). Dually, for
an open A-term relation S we will use the notations * ¢S f and e S, f interchangeably (and similarity
for values). Next we introduce the notion of a substitutive A-term relation.

Definition 26. 1. A A-term relation R is value-substitutive if the following hold, where u ranges over

closed values:
IxrreR f Ixt'oRw

[ e[x:=u] R flx:=u] T+ ofu/x] R wlu/x]

2. A A-term relation R is substitutive if the following hold:

Ix+t"eRf HoRw Ix+t'oRw FuRu
T+ e[x :=0v] R flx:=w] I+ ofu/x] R wlu'/x]

A closed A-relation is (value) substitutive if its open extension is. Moreover, we notice that the open
extension of a closed A-term relation is trivially value-substitutive.

! Notice that the notation Ry (resp. R+) is not defined for open A-term relations, so that we can safely use that to denote the
computation (resp. value) component of R€.
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In order to define the notion of a precongruence A-term relation, we introduce the notion of com-
patibility. Roughly speaking, a A-term relation is compatible if it is preserved by all Ay syntactic con-
structors. Formally, we follow (Gordon, 1994; S. Lassen, 1998b) and define compatibility via the notion
of a compatible refinement of a A-term relation.

Definition 27. The compatible refinement R of an open A-term relation R is defined by the rules in

Figure 5.1. We say R is compatible lfﬁ C R, and that a closed A-term relation is compatible if its open
extension is.

— (comp-var)

IxFYxRx
Lxr'eRf T oRY TH wRW
———  (comp-abs) - (comp-app)
I'Y Axe R Ax.f '+ owRo'w
T oRw F't*eRe T,x+* fRf’
= (comp-ret) — (comp-let)
[ +* return v R return w F't*letx=ein f Rletx =¢ in f’

Ix+t*eRf
I +* op(p, x.e) R op(p,x.f)

(comp-op)

Figure 5.1: Compatible refinement Asy.

Notice that R is indeed a A-term relation (notably, R is closed under weakening). Definition 27

induces a map R — R on the collection of open A-term relations which is monotone and satisfies the
following identities (see Subsection 5.4.1):

S R=8-R
R° = (R)°.

In particular, a A-term relation is compatible if and only if it is a pre-fixed point of R R. It is not hard
to prove that the discrete open A-term relation | of Example 36 is a pre-fixed point of R R. Moreover,
it is the least such. As a consequence, any compatible relation is reflexive. Dually, the indiscrete open
A-term relation 0 is the greatest fixed point of R R.

Remark 7. If ¥ consists of finitary operations only (as in most of the examples studied), then Defi-
nition 27 can be slightly simplified by replacing rule (comp-op) with the following one (for any n-ary
operation symbol op in X):

F'r"egyRfi -+ TH e R fy

e 0p(e1,...,en)ﬁop(fl,...,fn)

Easy calculations show that the arbitrary intersection of compatible A-term relations is compatible
(the empty intersection being 0), whereas their union need not be so. Nonetheless, we can still give to
the collection of compatible A-term relations a complete lattice structure.

Lemma 11. The collection of compatible A-term relations forms a complete lattice ordered by C.

Proof. Given a set p of compatible relations we define the meet of p as () p. We cannot define the join
of p as |J p, since the union of compatible A-relations is not necessarily compatible. We get round the
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problem by defining the join of p as
si1Scs| Jpes)

It is easy to see that the latter indeed satisfies the universal property of the join. Finally, we observe that
the bottom element is given by the discrete A-term relation |, whereas the top element is the indiscrete
A-term relation 0. O

Lemma 11 allows us to define compatible A-term relations both inductively and coinductively. More-
over, we can rely on Definition 27 to define a closure operator mapping a A-term relation to the least
compatible A-term relation extending it.

Definition 28. The compatible closure R of an open A-term relation is inductively defined by the follow-
ing rules.

THeRf FFoRw TH eRCf vy Ry

L'+ eRC f 'Y o RCw '+t eRC f ' oRCw

It is easy to see that —° is a closure operator, i.e. it is a monotone and idempotent map extending
the identity function (meaning that R € R, for any A-term relation R). Moreover, R is the least
compatible A-term relation containing R.

We now have all the background notions needed to define and study interesting notions of program
equivalence and refinement for Ay. Although our focus is on effectful applicative (bi)similarity, we first
introduce effectful contextual approximation and equivalence. Most of the definitions given in the rest
of this chapter are parametrised by a 3-continuous monad T = (T,7n,~") and a relator T for T. As a
consequence, we assume both T and I to be fixed, thus oftentimes omitting to mention them explicitly.

5.2 Effectful Contextual Approximation and Equivalence

The universally accepted notion of operational equivalence (resp. refinement) for sequential, higher-
order language is Morris’ style contextual equivalence (reps. approximation) (Morris, 1969). The latter
is a syntax directed notion of equivalence (resp. refinement) equating (resp. ordering) programs ac-
cording to a prefixed notion of observation (mostly based on notions of convergence). Accordingly, two
programs are deemed as contextually equivalent if there is no context of the language (the latter being
a kind of program with a hole to be filled in with the tested program) capable of detecting differences
in the operational behaviour of the two programs, according to the notion of observation given. That
is, thinking to contexts as specific environments or as testing scenarios, contextual equivalence deems
two programs as equivalent, if no environment (resp. testing scenario) is capable of distinguish them.

We have already discussed in Chapter 2 the rationale behind the notions of contextual approximation
and contextual equivalence. Here we simply recall that in most languages, contextual equivalence (resp.
approximation) is characterised by a universal property: contextual equivalence (resp. approximation)
is the largest (i.e. the less discriminating) adequate (resp. preadequate) congruence (resp. precongruence)
A-term relation. A A-term relation R is adequate (reps. preadequate) if R relates programs exhibiting
the same operational behaviour (resp. the operational behaviour of the second refines the operational
behaviour of the first).

In this setting, (pre)adequacy predicates can be used in place of notions of observation. That is, in-
stead of dealing with an explicit notion of observation, we fix a predicate Adeq C Rel on A-term relations
according to the rationale that if a A-term relation R belongs to Adeq, then it does not relate programs
which are observationally distinguishable. For instance, in the pure, untyped A-calculus one is usu-
ally interested in observing convergence of a term (according to a given reduction strategy (G. Plotkin,
1975)). As a consequence, a relation is said to be adequate if whenever it relates two programs, then one
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of the programs converges if and only so does the other. We will follow a different route in Chapter 6,
where we will work with an explicit notion of observation.

The calculus Ay being untyped, we follow the convention of not observing values, but only effects.
As a consequence, our notion of adequacy will be defined with respect to a relator I only.

Definition 29. A A-term relation R is I'-adequate (just adequate, when T is clear from the context) if
F* e R f implies [[e] T0,, [f], where 0° = (0,,0.,) is the closed indiscrete A-term relation.

Example 37. The following examples give a taste of the rationale behind Definition 29.

« Instantiating Definition 29 with the relator |\7|, we see that a A-term relation R over terms in Ay
is adequate if whenever +* e R f holds, then if e converges, then so does f. Formally:

HeRf = (]#L = [f]#1) (5.1)
Replacing M with M A M°, we see that the rightmost implication of (5.1) becomes an equivalence.

« Instantiating Definition 29 with the relator FM, we see that a A-term relation R over terms in Ay
is adequate if whenever +* e R f holds, then if e may converge, then so does f. Formally:

FeRf = ([e] # {1} = [f]#{L). (5.2)

Replacing FM with FM A FM®, we see that the rightmost implication of (5.2) becomes an equiva-
lence.

« Instantiating Definition 29 with the relator DAM, we see that a A-term relation R over terms in Apy
is adequate if whenever +* e R f holds, then the probability of convergence of e is less or equal
than the probability of convergence of f. Formally:

FreR f = [e](Vs) < [fF1(Vs). (5.3)

Replacing DM with DM A DM’, we see that the inequality in (5.3) becomes an equality.
X

Remark 8 (Adequacy vs Preadequacy). Definition 29 makes redundant the terminological distinction
between adequacy and preadequacy. Accordingly, A-term relations are just adequate with respect to a
relator I'. Example 37 suggests that for for the examples studied in Section 4.3, preadequate relations
are captured by 'i'-adequate relations. Conversely, adequate relations are captured by (T 'i"’)-adequate
relations.

In light of Definition 29 we wish to define effectful contextual approximation (reps. equivalence)
as the largest adequate precongruence (resp. congruence). We have already seen that the collection of
compatible A-term relations forms a complete lattice. However, we soon realise that adequacy is not a
‘monotone property’, and thus we cannot appeal to the Knaster-Tarski Theorem to infer the existence of
the largest adequate precongruence. Following (S. Lassen, 1998b) we prove the existence of the desired
relation explicitly.

Lemma 12. Let « C Rel be a predicate on open A-term relations closed under non-empty union and
composition. If | € a, then there exists a largest compatible A-term relation in .

Proof. Define the A-term relation S as
S&|JirealRCR).

By hypothesis | € a, so that {R € « | R C R} is non-empty. As a consequence, since « is closed under

non-empty union, S € a. In order to conclude the thesis it remains to prove S C S. Formally, we prove
by simultaneous induction the following statements:
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1. IfT |—Ae:§f,then1" FHeS f.

2. IfT P’vgw,thenrl—vaW.

We prove a couple cases as illustrative examples.

o Suppose ' +* let x = e inf§ let x = e’ in f’, so that we have I' +* e S e’ and I, x +* f S f".
By very definition of S there exist compatible A-term relations Rq, Rz € a such that ' +* e R; e’
and I',x +* f Ry f”. Since both R; and R, are compatible, then so is R, - R;. Moreover, since «
is closed under composition, then R, - R; € a. We also notice that, since compatibility implies
reflexivity, both T +* e (Ry - Ry) e’ and T, x +* f (R - Ry) f hold. In fact, Ry = 1- R; € Ry - Ry.
Therefore

—

I+ letx =ein f (Ry-Ry)letx = ¢’ in [,
and thus (by compatibility of R, - R;)

T+tletx=ein f (Ry-R;)letx =¢"in f’.
We conclude the wished thesis by very definition of union of A-term relations.

« Suppose ' +* op(p, x.e) S op(p,x.f), so that I',x +* ¢S f. As a consequence, there exists a
compatible A-term relation R € a such that T, x +* e R f. Therefore, we have I' +* op(p, x.e) R
op(p,x.f) and thus I +* op(p,x.e) R op(p,x.f), by compatibility of R. We can conclude I" +*

op(p, x.e) S op(p, x.f).
O

Lemma 13. The adequacy property Adeqy = {R € Rel | " eR f = [e] T0,, [f]} contains the discrete
open A-term relation, and it is closed under non-empty union and composition.

Proof. We show that the open A-term relation | is in Adeq.. We first notice that +* el f implies el, f, and
thus e = f. By property (rel 1) we have that [e] I'l, [e], and thus [e] T0,, [e], since I is monotone. Let us
now prove closure under relation composition. Given two open A-term relations R, S € Adeqr, assume
F* e (S-R) f. We show [e] T'0,, [f]. Since both R and S belong to Adeqy, we obtain [e] (I'04 -T'04) [f].
We conclude the thesis by property (rel 2). Finally, given a non-empty set p C Adeq of A-term relations,
we see thatif -* e (| p) f, there there exists R € p (and thus R € Adeqy) such that +* eR f. We conclude

[f1Toy [f]- &

Definition 30. Define the A-term relation <, called effectful contextual approximation with respect to
T (effectful contextual approximation or even contextual approximation, for short) as the largest compatible
and I'-adequate relation.

Remark 9. The notion <** used to denote contextual approximation does not give any information
about the relator defining the relevant notion of adequacy. For that reason, a better notation for con-
textual approximation would be <{*. Since most of the times I' will be clear from the context, we will
write <* in place of <{* where possible. We also apply this convention to the rest of the equivalences
and refinements we will study in this dissertation.

The reader might have noticed that the definition of the property Adeq involves only the behaviour
of A-term relations on computations, and does not say anything about their behaviour on values. This
is rather obvious, as adequacy is an operational notion based on the evaluation semantics of a program.
Formally, this does not mean that on values <** coincides with the indiscrete relation. In fact, compati-
bility forces < to relate only those values that behave appropriately when used inside computations.
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For instance, if v <{* v, then by compatibility (and reflexivity) of <** we have vw <{* v’w too, which
gives [ow] T'0, [o’w]. Obviously, this cannot be the case for all pairs of values v,v’.

Definition 30 comes with an associated proof technique resembling a coinduction proof principle.
In order to prove that a program e contextually approximates a program f, it is sufficient to exhibit a
compatible and adequate A-relation relating e and f. Symbolically:

RCR Re Adeqp
ﬂgﬁctx

(2 -UMP)

We can use this proof technique to prove that <* is actually a precongruence relation.

Corollary 2. The relation <** is a precongruence relation.

Proof. Since the discrete A-term relation | is the least fixed point of R R and belongs to Adeq, it is
sufficient to show that <** is transitive. We use the proof technique associated with the definition of
< showing that (ﬁ@“x) C (2™ - =) and (2 - =) € Adeqy. The former obviously holds, since
the composition of compatible A-term relations is compatible. For the latter, we simply observe that in
Lemma 13 we show Adeqp to be closed under composition. O

Finally, we notice that we can extend Corollary 2 showing that if T" is conversive, then <** is sym-
metric. In light of this observation we give the following definition of effectful contextual equivalence.

Definition 31. The A-term relation ~, called effectful contextual equivalence with respect to T' (effectful
contextual equivalence or even contextual equivalence, for short) is defined as <\ ... In particular, ~* is
the largest compatible relation in Adeqp .

Notice that we are applying the convention of Remark 9 in the notation employed for effectful
contextual equivalence. It is straightforward to see that ~** is a congruence relation. Additionally, we
can characterise ~** as follows.

Proposition 15. =~ = <™ N ()°,

Proof. The proof uses the proof techniques associated with <* and ~*, and is rather straightforward.

The only relevant points to notice are the following: (<p*)° = <%} and Adeqr,r- = Adeqp NAdeqr.. [J

5.3 Effectful Applicative Similarity and Bisimilarity

We now introduce effectful applicative similarity and bisimilarity with respect to a relator I'. As usual,
we assume a 2-continuous monad T and relator I for it to be fixed. We begin our analysis defining
the notion of an effectful applicative simulation relation with respect to a relator I' (effectful applicative
similarity, for short). Contrary to effectful contextual approximation, effectful applicative similarity is
defined as a closed A-term relation, and then extended to an open A-term relation by means of its open
extension.

Definition 32. Given a closed A-term relation R = (R,, R) we define the closed A-term relation [R] =
([R1a, [R]+) as follows:

F e [R] f <= [e] TRy [f]
o [R]w e Vue V. H ouR, wu
A A-term relation R is an effectful applicative simulation with respect to I (effectful applicative simulation

or even applicative simulation, for short) if R C [R].
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Definition 32 can be equivalently stated by saying that a closed A-term relation R = (R,, R, ) is an
applicative simulation is the following conditions hold:

F'eRf = [e] TRy [f] (app comp)
FHoRw = YueV,. H* vuR wu. (app val)

Definition 32 induces a map R — [R] on the complete lattice of closed A-term relations. Since I is
monotone, then so is R — [R].

Lemma 14. The map R — [R] is monotone.

Proof. Suppose R C S. We first prove that +* e [R] f implies +* e [S] f, i.e. [e] TS, [f]. By hypothesis
we have [e] T'R,, [f]. Moreover, since R C S and I’ is monotone, we can conclude 'R C T'S, and thus
the wished implication. We now prove that +¥ v [R] w implies +* v [S]w, i.e. -* vu S wu, for any closed
value u. Since ¥ v [R] w, we have +* vu R wu, and thus +* vu S wu, because R C S. O

By Lemma 14 we can define effectful applicative similarity with respect to T, denoted by <*, as
the greatest fixed point of R +— [R]. Obviously, <* is the largest closed A-term relations satisfying
conditions (app comp) and (app val).

Definition 33. Define the closed A-term relation <*, called effectful applicative similarity with respect
to T (effectful applicative similarity or even applicative similarity, for short), as the greatest fixed point of
R — [R] (which exists by the Knaster-Tarski Theorem).

Again, notice that we are tacitly applying the notational convention of Remark 9. Additionally, since
in this chapter we will deal with applicative similarity only, oftentimes we will use the lighter notation
< in place of <* (the latter will be useful in later chapters, where other notions of similarity will be
studied).

Applicative similarity comes with an associated coinduction proof principle: in order to prove that a
program f applicatively refines a program e, it is sufficient to exhibit an applicative simulation relating
them. Symbolically:

R C [R]

RC < (=* -coind.)

Example 38. Instantiating Definition 33 with relators of the form T as defined in Section 4.3, we obtain
well known notions of applicative similarity. Notably, taking I' to be l\7| FM, DAM, and C we recover (call-
by-value) Abramsky’s applicative similarity (Abramsky, 1990a), (lower) nondeterministic applicative
similarity (S. Lassen, 1998b; C. L. Ong, 1993), probabilistic applicative similarity (Crubillé & Dal Lago,
2014; Dal Lago et al., 2014), and Sands’ improvement similarity (Sands, 1998), respectively. X

We now give an example of how we can use the coinduction proof principle to prove behavioural
refinements between programs. Our example is given in A,.

Example 39. Instantiating Definition 33 with the partial distribution monad DM and its associated
relator DM we recover probabilistic applicative similarity for A,. Let us consider computations e =
(return I) or Q, and f 2 return I, where Q is the purely divergent program (Ax.xx)(Ax.xx) and [ =
Ax.return x. We show that e <, f. Let us consider the A-term relation R = (R,, Ry) whose graph is

Gg, = {((return I) or Q, return I)}

Gry = (L)},
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In order to prove that R is an applicative simulation, we have to show [e] DMR,, [f], that is:
1 1 .
(5 - just I + 7 L) DMR,, (1 -I).
Define the distribution w over MV, X MV, as follows:

1 1
w(ust I, just I) £ > (L, justI) & =
and zero on all other elements. Clearly © € Q([e], [f]). We have to prove that for all o,w € MV,
w(v,w) > 0, implies MR, w. The only cases to consider are for v = just v and v = L. In the latter case

we are trivially done by very definition of M. In the former case we have w = just I too, and thus we
are done since I R, I. X

We now analyse the metatheoretical properties of applicative similarity. First of all, we see that the
coinduction proof principle allows for an handy proof of reflexivity and transitivity of <.

Proposition 16. Applicative similarity < is a reflexive and transitive (closed) A-term relation.

Proof. The proof is by coinduction. In order to prove reflexivity we show that the closed A-term relation
1€ = (I4, 1) is an applicative simulation. Clause (app val) is obviously satisfied, so that it remains to
prove clause (app comp). That amounts to show [e] Tl [e]. This is indeed the case, since by condition
(rel 1) we have

Ir, € T(lq,) =Tly

and obviously [e] I7, [e] holds. We prove transitivity of < by showing that < - < is an applicative
simulation. Again, the clause (app val) is obviously satisfied. Let us move to (app comp). We have to
show that +* e (2 - <) f implies [[e] T(Zy - <) [f]- By very definition of transitivity we have:

Fre(2-2)f = [e] T=y-T=y) [f]
[By (app comp) and Definition 33]
= [e] T(=zv - =) [f]-
[By (rel 2)]

Next, we notice that since I' is monotone, < € Adeq. For:

He<f = [e] =y [f]
[By (app comp)]
= [e] Toy [f].

[By (rel 4) since <, C 0]

The last (but certainly not least) property we wish to prove about applicative similarity is compatibility,
meaning that effectful applicative similarity is a (pre)adequate precongruence relation, and thus a sound
proof technique for effectful contextual approximation. However, as we saw in Chapter 2, proving < to
be compatible from first principles is bound to be hard, due to substitutivity. We prove a compatibility
theorem for applicative similarity using a generalisation of Howe’s method (Howe, 1996). Before that,
let us introduce effectful applicative bisimilarity.

Definition 34. Define the closed A-term relation ~*, called effectful applicative bisimilarity with respect
to I' (effectful applicative bisimilarity or even applicative bisimilarity, for short), as effectful applicative
similarity with respect toT' A T°.
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We apply the same notational and terminological conventions introduced for effectful applicative
similarity to effectful applicative bisimilarity. In particular, throughout this chapter, we oftentimes write
~ in place of ~*.

A first consequence of Definition 34 is that = is the largest applicative simulation with respect to
I' AT°. Additionally, a straightforward proof by coinduction shows that ~ is indeed symmetric (since
I' AT® is conversive) and contained in < (since I' A I'* < TI). Finally, we give the following alternative
characterisation of =, which will be useful when proving applicative bisimilarity to be a congruence
relation.

Proposition 17. Effectful applicative bisimilarity is the largest symmetric applicative simulation with
respect toT.

Proof. Define the closed A-term relation S as
SE[JIRIR=R"R C [R]}

Obviously § is a symmetric applicative simulation with respect to I, and actually the largest such. We
prove =~ C § using the coinduction proof principle associated with S. To do so, it is sufficient to show
that ~ is a symmetric applicative simulation with respect to I', which is indeed the case. Conversely,
we prove S C =~ using the coinduction proof principle associated with ~. Doing so amounts to show
that +* e S f implies [e] TS, [f] and [f] T°(Sy) [e]-. Since S is symmetric, the latter is equivalent to
[f1 TS, [e], and thus we can conclude the thesis since S is a symmetric applicative simulation with
respect to I'. O

It is now time to introduce the main results of this chapter, namely a precongruence theorem for
effectful applicative similarity, and a congruence theorem for effectful applicative bisimilarity.

5.4 Howe’s Method

Having observed the difficulties one encounters when trying to prove < to be compatible from first
principles, in this section we develop a generalisation of Howe’s method (Howe, 1996; Pitts, 2011) and
use it to prove a precongruence theorem for <, and a congruence theorem for =.

Atthe heart of Howe’s method is a relational construction (called precongruence candidate in (Howe,
1996)) extending < to a substitutive and compatible relation <”. The key ingredient to make such a
method work is the so-called Key Lemma. The latter essentially states that <¥ is an applicative simu-
lation, and thus coincide with <. Proving the Key Lemma is notoriously hard in presence of specific
effects, the case of probabilistic calculi being a prime example (Dal Lago et al., 2014). Perhaps surpris-
ingly, our proof of the Key Lemma is rather easy, and relies on structural properties of X-continuous
relators only. This allows to separate the core of Howe’s method, viewed as a syntactical construc-
tion, from its soundness, which instead is based on semantical and operational properties of the effects
considered. Let us now enter the details of Howe’s method.

Definition 35 (Howe extension, 1). Given a closed A-term relation R, define the open A-term relation R",
called the Howe extension of R, as the least fixed point of the map X — R° - X.

Since both X + X and X — X° are monotone, then so is X — R° - X , meaning that, by the
Knaster-Tarski Theorem, Definition 35 indeed defines A-term relation. In particular, R” is the least A-
term relation satisfying R° - R¥ C R (see (S. Lassen, 1998b; P. Levy, 2006) and Lemma 15 below). An
equivalent, more concrete characterisation of R” is given by the following definition.
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Definition 36 (Howe extension, 2). Given a closed A-term relation R, the Howe extension R of R is
the open A-term relation inductively defined as follows:

Tt eREg THgRf T oRAu TH uRw
TH eRA f T+ oR%w

Additionally, unfolding the definition of R, we see that R is inductively defined by the rules in
Figure 5.2.

Ixt'xRo

_ H_
Ixt xREv (H-var)

A H \%

Tx+treR f rt Ax.va (H-abs) T oREY TH wREwW TrH v'w Re (H-app)

'Y AxeRv T'r*owR¥ e PP

THoR®.w TH returnwRe
I't* returnov R e

(H-val)

F't*eR"e” T,x+" fR¥ f* TrH'letx=¢"in f'Ryg
I't*letx =ein f R" g

(H-let)

Ix+*eRY f TH op(p,x.f)Rg
T+ op(p,x.e) R" g

(H-op)

Figure 5.2: Howe extension of R.

The Howe extension of preorder A-term relation satisfies many nice properties. These are sum-
marised by the following result.

Lemma 15. Let R be reflexive and transitive closed A-term relation. Then the following hold:
1. R° C RY.
2. RO-RE CRH
3. R™ is compatible, and thus reflexive.
4. R* is substitutive.

Proof. The proof of Lemma 15 is standard (this comes with no surprise as the Lemma 15 focuses on syn-
tactical, rather than semantical, properties of Howe’s construction). The reader is referred to (S. Lassen,
1998b; Pitts, 2011) for detailed proofs. Here we sketch a proof of substitutivity of R”. We prove by
simultaneous induction on ', z +* e R¥ fand T,z +¥ v R¥ w the admissibility of the following rules:

IzrkeRf FoRw Tz oRw FuRu
T e[x = 0] R flx:=w] I+ ofu/x] R wlu'/x]

The key point is to observe that the definition of R¥ involves the open extension of R, which is value-
substitutive by construction. As an illustrative example, we show how to handle the case corresponding
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to rule (H-let). Concretely, we prove we prove I' +* let x = e[z := v] in f[z := v] R¥ g[z := w] given
the derivation
Izr*eR¥e T,zoxt" fRYf* T,z letx=¢"in f'"Rg
Izt*letx=ein fR" g

(H-let)

(notice that in the third premise, we are actually referring to the open extension of R, which is trivially
value substitutive). We apply the induction hypothesis on the first and second premise, obtaining:

I+ e[z:=v]R" e[z := w] Ox H flz = o] RY f'[z .= w].
Since the open extension of R is value-substitutive, from the third premise we obtain
[+ letx = e[z :== w]in f'[z := w] R g[z := w],
and thus an application of rule (H-let) gives the desired thesis. O

Since < is reflexive and transitive we can apply Lemma 15 on <. We obtain a compatible and
substitutive relation extending <. In particular, by property (rel 2), Lemma 15 gives the following
inequality, which we refer to as pseudo-transitivity of <*:

I<-T=<” cr=. (pseudo-trans)

We now prove the Key Lemma. Before entering the proof, the reader is invited to observe that so far
none of our proofs and definitions rely on the relator I being inductive nor on I' being a relator for T
(we only relied on I being a relator for T only). This will not be the case for the Key Lemma, as its proof
requires I to be X-continuous.

Lemma 16 (Key Lemma). Let ' be X-continuous. Then the (<7)¢ is an applicative simulation.

Proof. We first notice that ¥ v < w implies +* vu <¥ vu, for any closed value u. In fact, <" is reflexive
(meaning that +¥ u < y holds) and compatible. This shows that (<*)¢ satisfies condition (app val).
Next, we show (<)¢ satisfies condition (app comp) too. That amounts to prove that +* e <" f implies
[e]T=<2[f]-. Since [e] = ||,[e]n» and T is inductive, we can appeal to property (ind 3). As a consequence,
it is sufficient to prove the following statement:

Fre<” f = VYn=0.[e], <X [f]

We assume +* e < f and proceed by induction on n. The case for n = 0 requires to prove L I'< [f],
which indeed holds since I' is inductive. Let us not look at the (n + 1)-case. We proceed by case analysis
according to the definition of [-],.

- Suppose e = return v, so that [[e],+1 = n(v). We have to show:
H return v <" f = n(v) I'<4 [f].

Assume the antecedent of the above implication. By very definition of Howe extension, the latter
must be the conclusion of a derivation of the form:

Fo<fw Foreturnw<= f
F* return v <" f

(H-val)

By (app comp), we see that * return w < f implies n(w) ', [f], whereas ¥ v <" w implies
n(v) T<H n(w), by (rel unit). As a consequence, we have n(v) (I'<y - I'(z*),) [f] and thus we
conclude the thesis by (pseudo-trans).
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Suppose e = (Ax.g)v, so that [e] ,+1 = [g[x := v]],. We have to show:

H (xgo <" f = [glx = 0]] <L
Assume the antecedent of the above implication. By very definition of Howe extension, the latter
must be the conclusion of a derivation of the form:

xHg=<"h FAxh=zu
F Ax.g <"u

(H-abs) Ho<fw Fuw<f

F (Ax.g)o <M f

(H-app)

We have:

xH g h W osFfw =+ glx = o] < hlx = w]
[By Lemma 15 (substitutivity)]
= [g[x := 0]]. T [Alx := w]].
[By induction hypothesis]

Additionally:

FAxh2u =+ (Ax.h)w < uw
[By (app val)]
= [h[x := w]] T=, [uw].
[By (app comp)]
As a consequence, we conclude [g[x := v]], <", [uw], by (pseudo-trans). Finally, since +* uw <
f implies [uw] T<,, [f], by (app comp), we conclude the wished thesis, by (pseudo-trans).
Suppose e = (let x = g in h), so that [e] 41 = [h[x := =]]}[g] .. We have to show:
Hletx =ginh <" f = [h[x:==1]}[g]. T=2 [f].
Assume the antecedent of the above implication. By very definition of Howe extension, the latter
must be the conclusion of a derivation of the form:
Frg<"g x+*hz"h +trletx=g'inh’ <f
Frletx =ginh <" f

(H-let)

First of all we notice that in order to prove the thesis, it is sufficient to prove:

[hlx := =113lgla T<5 [7[x = ~1)"[g']. (5.4)
For, we have:
Hletx=¢g inh' < f = [W[x:=-1]"[¢'] T<v [f]
[By (app comp)]

= [hlx = 1139l =<5 [£]-
[By (5.4) and (pseudo-trans)]

Let us prove (5.4). Applying the induction hypothesis on +* g <" g’ we obtain [g], I'<% [¢']. As
a consequence, by condition (rel bind), in order to prove (5.4) it is sufficient to prove:

Fo<"w = [h[x :=0]], Tl [F[x = w]].
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The latter is a direct consequence of substitutivity of <" and of the induction hypothesis. More
precisely:
Ho<"w = " h[x = 0] <" h'[x := w]
[By Lemma 15 (substitutivity) and x +* h < ']
= [A[x :=0]], T=E [A'[x = w]].

[By induction hypothesis]

+ Suppose e = op(p, x.g), so that [e]n+1 = [op](p, v - [g[x = v]]n). We have to to show:
H op(p.x.g) <" f = [op](p.v & [glx := o]]) T [f].

Assume the antecedent of the above implication. By very definition of Howe extension, the latter
must be the conclusion of a derivation of the form:

xH g=<"h +*op(p,xh)<f
H op(p, x.g) <" f

As for previous cases, by (pseudo-trans) in order to prove the thesis it is sufficient to show:

[op](p. v = [glx := ©][a) T<y [op](p, v = [hlx := 2]]). (5.5)
To see that the latter holds we appeal to condition (3 comp):

(H-op)

(5.5) &= Yv € V.. [g[x := v]]n T=Z [hlx := o]]
[By (¥ comp)]
— +* g[x == v] < h[x =]
[By induction hypothesis]
— x+t'g=<"h

[ By Lemma 15 (substitutivity and reflexivity)]

O

Theorem 4. IfT is X-continuous, then the open extension of effectful applicative similarity is a precon-
gruence relation.

Proof. We already know that < is a preorder, and thus < is a preorder too. To prove it is compatible
(and thus a precongruence relation), it is sufficient to prove that < = <°. By Lemma 15 we already
know that the open extension of < is included in <", so that it is sufficient to prove:

F+he<xf f = T'+ttex<f.
For that, it is sufficient to show that (<")¢ C <. In fact, if that is the case, then we have (where I' = X):
Tthex" f = YO eV,. +e[x:=70] <" f[X:=7]
[Since <" is value-substitutive]
= Yo eV,. e[ :=7] < f[X:=7]
[Since ()¢ c< ]
= VoeV,. thexf.

[By definition of open extension]

Finally, to see that (<")° is contained in < we proceed by coinduction, showing that (<7)¢ is an ap-
plicative simulation. The latter is exactly the content of the Key Lemma. O
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An immediate corollary of Theorem 4 is that the open extension of applicative similarity is contained
in contextual approximation (recall that < is adequate), meaning that it qualifies as a sound proof tech-
nique for the latter. The reverse inclusion, which would give full abstraction of <° does not hold in
general. A counterexample is given by Agy, where applicative similarity is well known to be strictly
finer than contextual approximation (see Example 6.4.4 in (S. Lassen, 1998b)).

The next result we wish to prove is a congruence theorem for applicative bisimilarity. Since we
already know applicative bisimilarity to be an equivalence relation, what we have to do is to prove that
it is also compatible. It is not hard to realise that compatibility of ~ would easily follow if ~ coincides
with < N <°. This is the case in e.g. Ay and Apw, but it is not the case in Apy. Abstractly, the failure of
such a property is reflected by the non-validity of the identity '(R N S) =T'RNTS.

Applying Howe’s construction to =~ also raises some problems. In fact, the Howe extension of a
relation is built from relational refinement and postcomposition with the original relation, thus making
the construction intrinsically asymmetric. As a consequence, R” is in general not symmetric, meaning
that there is little hope to prove the coincidence of ~” with ~. Howe (Howe, 1996) fixed this problem by
observing that the transitive closure of ~" is indeed symmetric. The adaption of Howe’s construction
based on this observation goes under the name of transitive closure trick (S. Lassen, 1998b; Pitts, 2011).

5.4.1 The Transitive Closure Trick

In this section we adapt Howe’s original formulation of the so-called transitive closure trick to prove a
congruence theorem for applicative bisimilarity. Following (Howe, 1996), we begin by noticing that the
transitive closure of the Howe extension of an equivalence A-term relation is a compatible symmetric
A-term relation. Recall that the transitive closure R” of a relation R is defined as follows:

RO £
Rn+l) & p(n) @

RT 2| JR™,
J
Equivalently, we inductively define R” as follows:

I't"eRf I't"eRg TH' gR' f rrYoRw rtYoRu THuR w
T+ eR” f T+ eRT f F'roR™w F'roR™w

Lemma 17. Let R be a reflexive and transitive A-term relation. Then (R™)" is compatible. If additionally
R is symmetric, then (R™)" is symmetric as well.

o —

Proof. We begin by showing that (R”)” is compatible, i.e. (R¥)T C (R™)". Since the composition of
compatible relations is compatible, obviously (R")7 is compatible. However, since we did not give an
explicit proof of the above fact, we sketch a proof of compatibility of (R”)" from first principles. The
proof is by induction on the definition of @ . We show how to handle the case for sequencing (the
remaining cases are proved in a similar, but easier way). Suppose to have:

'_A e (RH)T e/ x |_A f (RH)T f/

P—

Frletx =ein f (R7)Tletx = ¢’ in f’

(comp-let)

We show +* let x = e in f (R¥)" let x = ¢’ in f’. By very definition of transitive closure, there exist
natural numbers n,m such that +* e (R#)™ e’ and x +* f (R¥)™ £’ hold. Since R¥ is reflexive and
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transitive, without loss of generality we can assume n = m. In fact, if e.g. n = m + [, then we can
‘complete’ (R?)(™ as follows:

(RH)(m) — (RH)(m) N C (RH)(m) . RH e RH = (RH)(H)‘
I-times [-times

We now prove the thesis by induction on n. The base case is trivial. Let us now prove the case for n + 1.
By very definition of transitive closure, we obtain the existence of computations e’’ and f”* such that
the following hold:

e RY ¢ xH fRY
pA o (RH)(n) e x A f// (RH)(n) f,-

We apply the induction hypothesis on +* e” (R")™ ¢’ and x +* f” (R")™ f’, obtaining +* let x =
e’ in f” (R")" let x = e’ in f’. Moreover, since R” is compatible, from +* e R ¢’ and x +* f R f”’
we infer +* let x = e in f R let x = ¢’’ in f"’. We thus have

Frletx = ein f (R")" - R")letx = ¢’ in f’,

from which the thesis follows, since (R¥)” - R = (R™)T.

We now show that if R is an equivalence A-term relation, then (R”)” is symmetric. That amounts
to show (R¥)T C ((R¥)T)°, which in turn is a direct consequence of R C ((R")7)°. Concretely, we
simultaneously prove by induction on their premise the following implications:

T+ eRY f = T+ fF(R")Te
FrHoR*w = T w (R 0.

The proof is straightforward, and thus we show how to handle a couple of cases as illustrative examples
only.

« SupposeT' +¥ vR*w is the conclusion of an instance of rule (H-var), so that we have the following

derivation: o VR
xF xRw
—= = (H-var
I xHF xR"w ( )
Since R is symmetric (and thus so is its open extension), I, x F¥ x R w implies I/, x ¥ w R x.
By Lemma 15 we know that the open extension of R is contained in R¥, and thus we conclude

I, x ¥ wR" x.
« SupposeI ' eR" f is the conclusion of an instance of rule (H-let), so that we have the following
derivation:
Frhe’ RTe” Txt* ffRYf” Trrletx=e¢"in "R f
It letx =e’in f' RY f

(H-let)

Since R is symmetric (and thus so is its open extension), I' +* let x = e¢” in f”” R f implies
F't* fRletx=¢"in f”,and thusT +* f R” let x = ¢’ in f”/, by Lemma 15. Moreover, we can
apply the induction hypothesis on T +* ¢’ R” ¢’ and T, x +* f'R¥ f”’, obtaining T +* e”" (R")" ¢’
and I, x F* f” (R™)T f’. By compatibility of (R")” we obtain

T't*letx =e” ine” (R¥) letx = ¢’ in f”.

We conclude T +* f ((R")" - R¥) let x = ¢’ in f’, and thus the desired thesis.
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O

We can now state and prove our congruence theorem for applicative bisimilarity. Before doing
so, let us remark that our proof of the Key Lemma does not depend on applicative similarity being
the largest applicative simulation. Rather, it makes use only of < being reflexive, transitive, and an
applicative simulation. As a consequence, we can generalise the Key Lemma over all reflexive and
transitive applicative simulation.

Theorem 5. IfT is X-continuous, then the open extension of effectful applicative bisimilarity is a congru-
ence relation.

Proof. We already know = to be an equivalence relation (and thus ~° is). We prove that ~° is compatible
by showing that =~ coincides with the restriction of ()" on closed terms. As for Theorem 4, from that
follows <° = (=")7, noticing that if a A-term relation R is value substitutive, then so is R”.

Let us show ~ = ((=")T)¢. Since ~° C ~" C (=¥)7, it is sufficient to show that the restriction of
(=")T on closed terms is contained in ~. We prove that by coinduction, relying on the characterisation
of =~ as the largest symmetric applicative simulation. As a consequence, we have to show that the
restriction of (=")" on closed terms is a symmetric applicative simulation (with respect to I'). Symmetry
follows by Lemma 17. Moreover, since = is a reflexive and transitive applicative simulation, by Key
Lemma it follows that ~" is an applicative simulation too. Notice that the characterisation of ~ in terms
of symmetric applicative simulations is central here. In fact, working with =~ defined as applicative
similarity with respect to I' A I'° does not allow us to apply the Key Lemma, since I' A I'° is in general
not inductive. Finally, since the composition of applicative simulations is an applicative simulation, we
see that (=")" is an applicative simulation too, and thus conclude that ~ coincides with the restriction
of (=")T on closed terms. Since by Lemma 17 the latter is compatible, ~ is compatible too, and thus a
congruence relation. O

It is straightforward to see that applicative bisimilarity is adequate, with adequacy being defined
by the predicate Adeqp,r.. Therefore, Theorem 5 implies that ~ is included in effectful contextual
equivalence, and thus that it provides a sound proof technique for the latter. As for applicative similarity,
the opposite inclusion does not hold in general (again, see (S. Lassen, 1998b)), meaning that effectful
applicative bisimilarity is not fully abstract for effectful contextual equivalence.

5.5 CIU Approximation and Equivalence

In previous section we showed that effectful applicative similarity (resp. bisimilarity) is sound for ef-
fectful contextual approximation (resp. equivalence), but not fully abstract. Following (Pitts, 2011), here
we show how to apply Howe’s method as developed in Section 12.2 to prove a generalisation of Mason-
Talcott CIU Theorem (Mason & Talcott, 1991), thus providing a handier characterisation of contextual
approximation (resp. equivalence).

Roughly speaking, CIU-like theorems are a family of context lemmas (Milner, 1977) stating that two
programs are contextually equivalent if no evaluation context can distinguish them. The acronymous
CIU stands for Closed Instantiation of Use, since the original theorem in (Mason & Talcott, 1991) states
that two terms are contextually equivalent if any closed instantiation of a use of the first is indistin-
guishable from the closed instantiation of a use of the second. Therefore, a use is simply an evaluation
context, i.e. an environment that uses its input program. We will say more about ideas behind CIU
approximation and equivalence in the next chapter, where such notions will be central themes.

Recall from Section 3.2 that Ay, evaluation contexts are defined by the grammar:

E == [-]|letx=Eine.
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The first requirement we have to make in order to define a meaningful notion of CIU approximation
(and thus equivalence) is that whenever a term e CIU-approximates a term f, then no use, i.e. no
evaluation context, can produce an observable behaviour using e that it is not able to produce using
f. As for contextual approximation, we model approximation under (ground) observations (such us
convergence, may convergence, or probability of convergence), as the relation I'0,,. Accordingly, we
said that a A-term relation R is adequate with respect to I if R € Adeqp. Therefore, we require CIU
approximation <™ to satisfy the following property:

e f < VE.[E[e]] T0, [E[f]].

That, however, does not take into account values, as evaluation contexts take computations as in-
put and produce new computations. As a consequence, we give the following definition inspired by
(P. B. Levy, 2007).

Definition 37. LetT be a relator. Define effectful CIU approximation < with respect to T as the largest
closed A-relation R such that:

FHeRf = [e] [0y [e'] (ciu 1)
FreRe = Vf €A, Fletx=ein fRletx=¢"in f. (ciu 2)
FFoRv = Vee A, Fe[x:=v]Re[x:=v']. (ciu 3)

Definition 37 indeed defines a A-term relation, since | J{R | R satisfies (ciu 1), (ciu 2), (ciu 3)} itself
satisfies (ciu 1), (ciu 2), and (ciu 3). Finally, we define effectful CIU equivalence ~ with respect to I as
<y (=)°,

As usual, we apply the notation and terminological conventions of Remark 9. Accordingly, we refer
to effectful CIU approximation (resp. equivalence) with respect to I" simply as CIU approximation (resp.
equivalence). It is a straightforward exercise to verify that < is a preorder (and ~* an equivalence)
relation.

Lemma 18. CIU approximation < is a reflexive and transitive A-term relation, whereas CIU equivalence
~ s g reflexive, symmetric, and transitive A-term relation.

We also notice that (the closed restriction of) <** satisfies conditions (ciu 1), (ciu 2), and (ciu 3),
meaning that ()¢ € <% (similarity, one easily sees that ()¢ is included in ~). Actually, proving
that ()¢ satisfies condition (ciu 3) requires to show substitutivity of <**. Although we did not give
any proof of that, the reader should notice that we can modify the theory of Section 5.2 working with
the complete lattice of compatible and substitutive relations, rather than with the complete lattice of
compatible relations only. In particular, an analogue of Lemma 12 can be easily proved for the space
of compatible and substitutive relations, meaning that there exists a largest compatible and substitutive
adequate A-term relation. This change does not affect our soundness results, as effectful applicative
(bi)similarity, as well as the other notions of equivalence and refinement studied in the next chapters,
are substitutive.

Another, more direct proof of substitutivity of < is obtained by showing that the (generalised)
B-equivalence relation =g, defined by:

I'xrt*e TH o
[ (Ax.e)v =5 e[x = 0]

is valid for <**. An elegant way to prove such a result is by showing that the open extension of effectful
Kleene approximation, defined by

F e < £ <= [e] Toy [£].
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is contained in <**. We do not prove such a result here (although that can be easily done). The reader
can consult e.g. Section 4.3 and Section 6.3 in (S. Lassen, 1998b) for details (although instantiated for Ay
and Agy only).

Lemma 19. Effectful contextual approximation is contained in the open extension of CIU approximation.

Proof. We have to show
Tthex™ f = T'+tex™f.
Let T’ = ¥X. Then we have:

THe <™ f = VYO eV,. +*e[x:=3] <™ f[¥:= 7]
[Since < is value-substitutive]
= VO eV,. ' e[¥:=7J] <" f[¥X:=7]
[Since (x**)¢ c<™ ]
= VO eV,. t'ex™f.

[By definition of open extension]

O

Next, we wish to prove that actually (<9)° provides an alternative characterisation of <, and thus
that it is fully abstract for it. For that it is sufficient to show compatibility of (<“)°. We prove such a
compatibility result using Howe’s method. In fact, by Lemma 18 < is a preorder, and thus by Lemma 15
we see that ()" is reflexive, compatible, and substitutive open A-term relation. Therefore, we wish
to show that the closed restriction of (<%*)” is contained in <*. Mimicking the proof of Lemma 19, we
see that we can then conclude (x)° = ()7,

Let us show ((x4)")¢ C <. Since (X™)" is compatible and substitutive, ((<)")¢ obviously
satisfies conditions (ciu 2) and (ciu 3). The next lemma, which plays the same role played by Lemma 16
for applicative similarity, shows that ()" is adequate.

Lemma 20. Let T be a 3-continuous relator. If +* e (<™)" f, then [e] T04 [f].

Proof. The proof goes as for Lemma 16. Since I' is inductive, it is sufficient to prove that for any n > 0
we have:

Fre < f = [e]n T0, [f]-
The case for n = 0 is trivial, as I is inductive. For the inductive step, we proceed by case analysis on e.
« If e is of the form return v, then +* return v (X™)” f must be the conclusion of a derivation of

the form: _ ‘
F o (2o H returno’ < f

F* return v ()" f

(H-val)

In particular, by condition (rel unit), ¥ v ()" v” implies n(v) T(2$")¥ n(v’), and thus n(v) T'04,
n(v’). Since +* return v’ < f, we have

[return o] = n(v) 0, n(v") = [return 0] T0, [f],

from which we conclude the desired thesis.
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« If e = (Ax.e’)v, then H* (Ax.e’)v (™) fmust be the conclusion of a derivation of the form:

xH e (2 g F Axg <™ u
FY Ax.e’ (2) 7 u

H-ab. . .
( a S) |_V v (ﬁclu)H U, |_A u'U’ ﬁclu f

F* (Ax.e)o ()7 f

(H-app)

From x +* e’ (™) gand +¥ v ()" ¢/, by substitutivity, we infer F* e’[x := v] (™) g[x := V],
and thus [e’[x := v]], [0, [g[x := v']]. We now reason as follows. First of all we observe that
we have the following closure properties for <.

VYo, v'. FY v <™ o’ = * return v <™ return v’

Yo,0". F o <o = Yw e V.. +* let x = (return v) in (xw) <™ let x = (return v’) in (xw).

In fact, the first implication follows by (ciu 3) taking the open computation x +* return x, whereas
the second implication follows from the first one and property (ciu 3) taking the open computation
y +* let x = y in xw. As a consequence, we have:

F Ax.g <™ u = +* lety = (return Ax.g) in (yv’) < let y = (return u) in (yov’)

= +* [let y = (return Ax.g) in (yv’)] [0, [let y = (return u) in (yv’)]
[By (ciu 1)]

= [g[x :=2']] T0, [uv']

= [e'[x := v]], [0q [uov’]
[Since [e'[x := v]], T0, [g[x := v']]]

= [e'[x :=v]], T0, [f]
[Since +* uv’ < f].

We are done since [(Ax.e”)v)]n+1 = [€’[x = v]]n.

« If e = (let x = g in g¢’), then the thesis directly follows from condition (rel bind) as in Lemma 16.
In fact " let x = g in g’ (X™*) f must be the conclusion of a derivation of the form:

'_A g (5Ciu)H h x '_A gl (ﬁCiu)H hl '_A letx — h/ in h/ ﬁciu f
Frletx = ging’ ()" f

(H-let)
By induction hypothesis, from +* g ()" h we infer [g], T0, [h]. Moreover, using substitutivity
of (2™)* and the induction hypothesis, we see that x * g’ (<9)* h’ implies:
Yo,v" € V,. H v (™) 0 = [g'[x :=v]], T0, [A'[x :=v']].
By condition (rel bind) we thus conclude
llet x = g ingTes = [g'x := ~1]4[gn TOy [H'[x := ][] = [let x = h in ]
and thus the wished thesis, since let x = A’ in b’ <™ f.
. If e = op(p, x.g), then +* op(p, g) ()" f must be the conclusion of a derivation of the form:

x |_A g (5ciu)H gl |—A op(P, xgl) ﬁciu f
H op(p, x.g) (=) f

(H-op)
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We have:

x g () g = Yo e Vo ¥ glxi=0] ()" ¢'lx =]

[By substitutivity and reflexivity of (<™)" ]

= VYo € V.. [g[x = v]], T0, [g'[x := v]]
[By induction hypothesis]

= [op](p,v + [g[x := v]]n) 0y [op](p,v = [¢'[x := v]])
[By (= comp)]

= [op(p,x.9)]n+1 T0+ [op(p, x.9")]

= [op(p. x.9)[n+1T0y [f]
[Since +* op(p,x.g") =™ f]

O

Theorem 6. (The open extension of) effectful CIU approximation and effectful CIU equivalence coincide
with effectful contextual approximation and effectful contextual equivalence, respectively.

Proof. By Lemma 20 (and previous discussion) (<)" restricted to closed values is contained in <, and
thus (2™)¥ coincides with (<)°. Therefore (<")° is compatible, substitutive, and preadequate, and
thus contained in <**. By Lemma 19 <** is included in (x%*)°, and thus we have (2%)° = <**, Finally,
by Proposition 15 we have (~™)° = ~* too. O
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Chapter 6
Monadic Applicative Similarity and

Bisimilarity

Language is the house of the truth of
Being.

Martin Heidegger, Letter on
Humanism

In Chapter 5 we have defined effectful applicative similarity and bisimilarity for Ay, a call-by-value
calculus with algebraic effects. It is not hard to see that the theory developed there can be rephrased
in a call-by-name setting with minimal efforts. Theorem 4 and Theorem 5 show that effectful applica-
tive similarity and bisimilarity are sound proof techniques for effectful contextual approximation and
equivalence, respectively, although they are not fully abstract. For instance, when instantiated with
the nondeterministic monad FM, effectful applicative similarity can be shown to be strictly finer than
contextual approximation (S. Lassen, 1998b).

In a call-by-name setting similar results hold. However, due to the simpler nature of call-by-name
calculi, whose programs can only test their inputs in functional position, it is possible to characterise
effectful contextual equivalence and approximation coinductively using a notion of effectful applicative-
like (bi)similarity. The definition and analysis of such a notion of (bi)similarity, which we call monadic
applicative (bi)similarity, constitute the main subject of this chapter.

Monadic applicative (bi)similarity builds on the idea of defining program equivalences not (directly)
on programs, but on their semantics (i.e. on monadic values), which is something simply unsound in a
call-by-value setting, as we will see. This way, the interaction between a program and the environment
can be modeled by an ordinary, deterministic, transition system and, with minimal side conditions, the
resulting notion of (bi)similarity can be proved to be sound and fully abstract with respect to contextual
approximation and equivalence.

Before entering technicalities, we outline the main ideas behind this chapter by means of a semi-
formal discussion. Before that, however, it is convenient to introduce the calculus used in this chapter
in full generality.

6.1 A Computational Call-by-name Calculus

First of all we notice that in a call-by-name setting, the distinction between values and computations
has a minimal importance. For that reason we will work with the coarse-grain version of Ay, denoted
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by A, whose syntax is defined by the following grammar:

x| Ax.e

vlef|op(p,x.e)

u,W

e, f =

All syntactical and notational conventions are the same given for Ay, with the exception that in A(zn)
we allow the substitution of a (generic) term inside another (generic) term: we write f[x := e] for the
term obtained by simultaneous substitution of all free occurrences of x in f with e. Since in this chapter
we will work with A(Zn) only, for readability we will omit superscripts, and simply refer to it as Asy.

Operational semantics of Ay is defined with respect to a X-continuous monad T = (T, 7, —T> which,
from now on, we assume to be fixed. Additionally, it is convenient to define the operational semantics
of Ay relying on Felleisen’s notion of a call-by-name evaluation context (Felleisen & Hieb, 1992). Call-
by-name evaluation contexts are terms with a single hole [—] defined by the following grammar, where
e is a closed term:

E,F == [-]| Ee.

We write E[e] for the term obtained by substituting the term e for the hole [-] in E. Notice that a call-
by-name evaluation context (evaluation context, hereafter) is just an expression of the form [—]e; - - - e,,.

Redexes are expressions of the form (Ax.f)e or op(p, x.e), the former producing a computation step,
the latter producing the effect described by the operation op. We notice that any term is either a value
or an expression of the form E[r], for a redex r. More explicitly, any term e is either a value v or can be
uniquely decomposed as either E[(Ax.f)e] or E[op(p, x.€)] (see also Lemma 25 and Lemma 29).

As usual, operational semantics is defined by means of an evaluation function [-] : A, — TV,
mapping each closed term e € A, to a monadic values [[e] € TV..

Definition 38. Define the N-indexed family of maps [-]n : Ao = TV, as follows:
lelo = 1
[]n+1 = n(v)
[EL(Ax.f)ellnr 2 [E[fTx = ellln
[E[op(p, x.€)]ns1 = [op](p, v + [Ele[x := v]]]n)

The sequence ([e]n)n forms an w-chain in TV, so that we can define [e] as | |, [e]n.

(1>

As usual, monotonicity and continuity of operations [op] and Kleisli extension ensure the evaluation
function of Definition 38 to be the least map ¢ : A, — TV, such that the following identities:

¢(v) = n(v)
¢(E[(Ax.e)f]) = ¢(E[e[f := x]])
¢(E[op(p. x.¢)) = [op](p. v > ¢(Ele[x := ]])).
Finally, we observe that we can rephrase the notion of an effectful applicative (bi)simulation to the

call-by-name setting. Even if we do not syntactically distinguish between values and computations, it
is still useful to work with (closed) A-term relations.

! In particular, A denotes the collection of all terms, whereas V C A denotes the collection of all values. Closed terms and
closed values are denoted by A, and V%, respectively.
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Definition 39. A closed A-term relation R = (R, Ry) is an effectful applicative simulation with respect
to a relator T for T (applicative simulation, for short) if:

eRy f = [e] TRy [f]
vRyw = Ve € A,. ve R, we.

Notice that we do not require R, C R,. However, by condition (rel unit) we can assume that to be
the case without loss of generality. In fact, any applicative simulation R = (R,, Ry) can be extended to
(RyURy,Ry), and the latter is still an applicative simulation (notice that v R+, v’ implies n(v) TR, n(v’),
by condition (rel unit)).

The notions of effectful applicative bisimulation, effectful applicative similarity, and effectful ap-
plicative bisimilarity are defined building on Definition 39 as in Chapter 5. In particular, we denote
effectful applicative similarity and effectful applicative bisimilarity by <* and ~*, respectively.

6.2 Lift Transition Systems, Not Relations

To illustrate the rationale behind monadic applicative (bi)similarity, we first of all give a more explicit
characterisation of effectful contextual equivalence and approximation. In fact, although in Chapter 5
we gave an elegant definition of effectful contextual approximation and equivalence (with respect to a
relator I'), here it is convenient to be a bit sloppy. We notice that, intuitively, e contextually approximates
f if and only for any context C, [C[e]]T'0+ [C[f]]. Here a context is a syntax tree with a unique hole
defined by the following grammar:

C == [-]| Ax.C | eC | Ce | op(p,x.C).

As usual, we write C[e] for the term obtained by the replacing the hole [-] with e in C. We say that a
context C closes e, if C[e] is a closed term. We denote by Cl(e) the collection of context that closes e.

Remark 10. Contrary to terms, contexts cannot be identified modulo renaming of bound variables. In
fact, given a context C, free variables of a term e may become bound in C[e] (e.g. consider the context
Ax.[-] and the term x). Equating contexts that differ only for the name of their bound variables can lead
to undesired behaviours. For instance, the two contexts Ax.[—] and Ay.[—] are equal modulo renaming
of bound variables, but give different terms when filled in with e.g. the term x.

As a consequence, working with contexts usually involves to deal with a lot of ‘syntactic bureau-
cracy’, which is the reason why in Chapter 5 we gave a ‘context-free’ definition of contextual equivalence
and approximation. The reader can refer to (S. Lassen, 1998b; Pitts, 2011) for further details.

We can then rephrase the notion of effectful contextual approximation <** with respect to a relator
T as follows:

e <™ f &5 YC € Cl(e) N CI(f). [Cle]] T0 [CLFI]-

It is straightforward to see that by slightly modifying proofs of Chapter 5 we can prove soundness of
(the open extension of) <* and ~* with respect to <** and ~** (the latter being defined as <* N (x)°),
respectively. That is, we have the inclusions:

(5A)0 g ﬁctx

(:A)O g zctx.

Moreover, the inclusion is strict. To see that let us consider the calculus Agy. It is not hard to convince
ourselves that all terms of the form e £ Ax.(f or g) and e’ £ (Ax.f)or(Ax.g) are contextually equivalent.
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An informal argument for their equivalence is the following (a formal proof of their equivalence will
be given later in full generality). Since in call-by-name calculi terms can only be tested in functional
position, any context C will either not test e and e’ at all, so that trivially no operational difference
between C[e] and C[e’] will be detected, or it will test them in functional position. That means that
the evaluation of C[e] and C[e’] will reach a state in which the terms eg and e’g” have to be evaluated.
Here g and ¢’ are terms produced during the evaluation of C[e] and C[e’] that may ‘contain’ other
occurrences of e, e’, respectively. In particular, we see that the only way for C to test e and e’ is to test
them against arbitrary input arguments. We thus reach the following conclusion: testing a program e
in a context C is equivalent to testing e in functional position against finite sequences of inputs. This is
nothing but the call-by-name version of the CIU Theorem in Section 5.5, which we can state as follows.

Theorem 7 (CIU). The following hold for all closed terms e, f:

e < f — vgl’. e Gn. [[691 .. .gnﬂ o, [[fgl gn]]

Notice that Theorem 7 states that <** (and thus and ~*) is a form of trace approximation, and thus
it is intrinsically deterministic. Using Theorem 7 we can now easily show that the terms e ans e’ are
indeed contextually equivalent. This comes with no surprise: contextual equivalence being a form of
trace equivalence it is not sensitive to ‘branching behaviours’, and thus by no means it can tell e and e’
apart.

This is not the case for applicative bisimilarity which, instead, is sensitive to forms of branching.
From a bisimulation perspective, the difference between e and e’ is clear: e postpones the nondeter-
ministic choice to the moment it receives an input, whereas e’ first makes the choice, and then waits to
receive an input. Accordingly, it is sufficient to instantiate? e as xQI and e’ as xIQ to observe that e and
e’ cannot be applicatively bisimilar. In fact, the reader might have recognised that e and e’ are nothing
more than the encoding in Agy of the labelled transition systems below, which are standard examples
in concurrency theory to show that bisimilarity is strictly finer than trace equivalence.

1 7
2N

[ ]
s
[ ] L] [ ]

Summing up, we observed that in a nondeterministic setting, applicative similarity is sensitive to
branching, whereas contextual approximation is not. This is because, in full generality, contextual ap-
proximation is a form of trace approximation, and thus intrinsically deterministic. This last observation
suggests an easy way to make applicative similarity fully abstract with respect to contextual approxi-
mation, namely to determinise our notion of effectful applicative similarity.

Recall that in Chapter 2 we argued the the operational semantics of A, induces a ‘kind of” Markov
chain. With a similar analogy, we can claim that the operational semantics of Ay induces a ‘kind of’
transition system with divergence, where a labelled transition system with divergence consists of a set
X (the state space) together with a transition function ¢ : X — (FMX)“ (the set A being the set of labels
or actions).

There are at least two natural notions of approximation for such systems. The first one is given by
‘Milner style’ similarity (Milner, 1989; Park, 1981), and can be defined using a suitable variation of the
relator FM. The second one is given by trace approximation, and can be elegantly defined using the

2 As usual, I denotes the identity combinator Ax.x whereas Q denotes the purely divergent term (Ax.xx)(Ax.xx).
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so-called powerset construction from automata theory® (Rabin & Scott, 1959). Roughly speaking, the
powerset construction lifts a transition system ¢ : X — (FMX)4 to a deterministic transition system
¢’ : FMX — (FMX)%, whose state space is now (morally) given by sets of elements of the original state
space. Writing Y for FMX, we see that ¢’ : Y — Y% is a deterministic labelled transition system, on
which a notion of similarity can be easily defined. Remarkably, similarity in ¢’ : Y — Y coincides with
trace approximation in ¢ : X — (FMX)4.

Taking inspiration from the powerset construction we aim to define notions of applicative similarity
and bisimilarity on monadic values, rather than on terms, so to obtain a coinductive characterisation of
contextual approximation and equivalence.

Remark 11 (The labelled transition system of A-terms). We already claim twice that the operational se-
mantics of the calculi considered so far induce ‘kind of” transition systems. We now make such intuition
a formal observation, defining the labelled transition system (Its, hereafter) of A-terms. Although we
will not work with the Its of A-term explicitly, the reader might find such a notion useful for intuitions
and informal arguments.

The lts of A-terms is a generalisation of Abramsky’s applicative transition systems (Abramsky,
1990a), and it is defined as the pair (eval : A, — TV,,apply : V., — (A,)*), where the evaluation
function eval and the application function apply are defined as:

eval(e) £ [e]
apply(v, e) £ ve.

Looking at the Its of A-terms we see how the key ingredient to define the notion of an effectful
applicative (bi)simulation is a notion of lifting (a relator) that allows to lift relations over values to
relations over monadic values. In fact, using the lts of A-terms we see that the proof obligations of
Definition 39 can be expressed by the following lax commutative diagrams (the right hand side diagrams
is actually a family of diagrams, as e ranges over arbitrary closed terms):

A eval TV Vv apply(-.e) A
'RA$ < irﬂrv Rr\/*} c {'R/\
Ao ———TYV, Vo ——— Ao

eval apply(—.e)

However, the lts of A-terms also suggests another route to define notions of program equivalence
and approximation. Instead of focusing on lifting relations, we can use the strong monad structure of T
to lift the whole Its to (eval’ : TA, — TV,,apply’ : TV, — (TA,)") where

A
eval’ £ eval®

L

apply” = curry(na, - uncurry(apply))*.

Using the new lts we can define monadic applicative simulation as a pair of relations (R : TA, »
TAo,S : TV, —» TV,) such that:
ERF = eval' (&) T0, eval’(F)
VSW = Vee€ A, apply’(¥,e) R apply’ (¥ ,e).
As usual, we define monadic applicative similarity as the largest applicative simulation. We will ex-
plain the rationale behind monadic applicative similarity in the next section. For now, it is sufficient

to observe that although coinductively defined, this new notion of applicative similarity is a trace-like
approximation.

3Such a construction has been extended to a large class of coalgebras in e.g. (Hasuo, Jacobs, & Sokolova, 2007; Jacobs, Silva, &
Sokolova, 2012).
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6.3 Monadic Applicative Similarity and Bisimilarity

In this section we define the core notions of this chapter, namely the notions of a monadic applicative
simulation and bisimulation.

We start by noticing that in previous section, oftentimes we compared programs using the relation
I'0.,. In Chapter 5 we proved such a relation to induce an interesting adequacy predicate, as it captures
the idea of ground observation indistinguishability. For instance, we see that [e] (DM A DM")0, [f]
holds if and only if e and f have the same probability of convergence. As a consequence, if we let our
ground observation to be the probability of convergence of a program, then [e] (DM A DM°)0., [ f] states
exactly that no ground observation can distinguish e and f.

The drawback of this approach is that the notion of ground observation remains implicit. Even if it
is possible to develop the theory of monadic applicative (bi)similarity using the relation I'04, only, it is
useful and instructive to introduce an explicit notion of ground observation, and to work with the latter.

Intuitively, a ground observation is a function that takes a monadic value (representing the result of
an effectful computation) and returns what is observable of it. Following standard practice, we assume
that the observable part of a computation consists of the side effects happened during such a compu-
tation only. As a consequence, the observable part of a computation is uniquely determined by the
semantics of the (algebraic) operations involved.

Definition 40. Let 1 = {x} be the one element set and !x : X — 1 be the unique function mapping
each element in X to *. Define the observation function obs : TV, — T1 as T(!«,). Observations trivially
extends to terms by defining obs(e) = obs([[e]).

We can immediately prove basic algebraic properties of the observation function.

Lemma 21. The following identities hold for any closed value v and w-chain (v,), in TV,.

obs(L) = 11
obs(ny, (v)) = 11 (%)
obs([op]lv, (p,)) = [op] (p. obs - k)

obs(u v,) = u obs(vy,).

n<w n<w

Proof. We first observe that by very definition of monad we have obs = (5;- !). As a consequence, we
can rely both on strictness and continuity of — to prove the first and last identities above. The second
identity can be easily proved using standard monad equalities, whereas the third identity one is a direct
consequence of algebraicity of operation symbols. O

Remark 12. Notice that the function obs is uniquely determined by the signature X. This is because of
our choice of not distinguishing between values. Nevertheless, it is easy to see that our definition of obs
can be extended to any function y : V, — O, where O represents a set of observables and y encodes a
ground observation on values. In fact, we would just define obs as 57 - y.

The following result links the map obs with the relation I'0,,. Intuitively, it states that depending on
whether we are dealing with relators for simulation or bisimulation, if [e] and [f] are related by T'0,,
ie. [e] T0, [f] holds, then either the ground observation of f refines the ground observation of e, or e
and f have the same ground observation.

Lemma 22. We say that a relator T for a functor T is flat if T satisfies (rel funct 1)*, and that a relator is
quasi-flat if T'lx = Cx (recall that Cx is an w-pointed complete partial order on TX). The following hold:

Te.Tlx = Itx
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1. IfT is flat, thenT04, = 0bs® - |71 - obs.
2. IfT is quasi-flat, then T0,, = obs°- Ty -obs.
Proof. Suppose T to be flat. Then calculate:
0bs®- C -obs = (T'q,)° - Tly - Ty,
[By (rel funct 1)]
= f('fvo . |]1'!(V°)
[By (stability)]
=To,.
Similarly, we see that if T is quasi-flat, then T'0., = 0bs°- Ty -obs. O

Finally, we notice that most of the relators of the form T AT® in Section 4.3 are flat, and that most of
the relators of the form T in Section 4.3 are quasi-flat. In fact, it is easy to see that since Ex N C5 = I7x,
if T is quasi-flat, then T' A T'° is flat.

From now on we assume relators to be quasi-flat. This is a convenient assumption, as otherwise the
following notions of contextual approximation and equivalence would be different than the one defined
in terms of relators. In fact, we rephrase the notions of contextual equivalence and approximation in
terms of obs, as well as the notion of effectful CIU equivalence and approximation, as follows.

Definition 41. Contextual approximation <**: A— A is defined as follows:
e <™ f &= YC € Cl(e) N CI(f). obs(Cle]) C obs(C[f]).
CIU approximation <%: Ao - A, is defined as follows, where e, f are closed terms:
e <™ f <= VE. obs(E[e]) C obs(E[f]).
As usual, we define contextual ~** and CIU equivalence ~™ as <™ N (X*)° and <9 N (X)°, respectively.

Finally, we define monadic applicative simulation and monadic applicative bisimulation. These are
relations over monadic values that test the latter applicatively. In order for that to make sense, we have
to lift the notion of application from terms to monadic values.

Definition 42. Forv € TV, and e € A, define the monadic application v * e € TV, of e tov as
vxe2 (v [of]) ().

We immediately notice that [ef] = [e] = f and that straightforward calculations give the following
identities:

1lxe=1;
n(Ax.f) = e = [fle = x]];
[op](p. k) = e = [op](p, i > k(i) * e).

Definition 43. A relation R : TV, -» TV, is a monadic applicative simulation (monadic simulation,

hereafter) if
DR w = obs(v) C obs(w) AVe € As.Dxe R xe.
Monadic applicative similarity (monadic similarity, hereafter) <" is defined as the largest monadic simu-

lation. We say that f is monadic similar to e, and writee <™ f, if [e] <™ [f].
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In particular, Definition 43 induced a monotone endofunction R + [R] (monotonicity being a
consequence of monotonicity of obs) on the complete lattice Rel(TV,, TV,) such that R is a monadic
simulation if and only if R C [R]. As a consequence, we can define monadic applicative similarity as
the greatest fixed point of R +— [R]. As usual, <™ comes with as associated coinduction proof principle:

RC<M
R C [R] (=™ -coind.)

Using the coinduction proof principle of monadic similarity we can prove <™ to be preorder.
Proposition 18. Monadic similarity is reflexive and transitive.

Proof. The proof is by coinduction. First we notice that I7, is a monadic simulation. Secondly, we
observe that if R and S are applicative simulation, then so is S - R (from which follows <™ - <M C <M).
In fact, if both v R w and w S u hold, then we have obs(v) C obs(u), as C is transitive. Moreover,

since R and § are simulation, for any closed term e we have v * ¢ R w % e and w * e S u * e, and thus
vxe (S-R)u=xe. O

We also notice that monadic similarity is deterministic, so that we can define monadic applicative
bisimilarity (monadic bisimilarity, hereafter) as <™ N (<")°. Since we have ~™ = <™ N (2™)° and =~ =
<N (2*)°, our metatheoretical results on program refinement will straightforwardly generalises to
the associated notions of program equivalence. Additionally, as a further consequence of determinism,
we see that monadic similarity is a trace-like approximation, and that it actually coincides with CIU
approximation.

Proposition 19. Monadic similarity <™ coincides with CIU approximation <.

Proof. We first prove <™ C <. We notice that by very definition of monadic simulation, e < f implies
eg <M fg, for any term g. As a consequence, for any evaluation context E, e <™ f implies E[e] <™ E[f],
and thus obs(E[e]) T obs(E[f]). To prove <™ C <™ we proceed by coinduction showing that

R 2 (([ELe]]. [ELFID) e < £}
is a monadic simulation. Clearly R is closed under the lifting of application, since [E[e]] = f = [E[e]f] =
[E’[e]], for E’ £ Ef. To conclude the thesis, we have to show obs(E[e]) E obs(E[f]). This is obviously
the case since e < f. O

Corollary 3. Monadic bisimilarity =™ coincides with CIU equivalence ~".

Example 40. We show that if Jop]y (p, i — 5(*)) = n(x), then As distribute over operations. Le.
op(p, x.Ay.e) = Ay.op(p, x.e).

By Corollary 3, it is sufficient to show op(p, x.Ay.e) =~ Ay.op(p, x.e). Let E £ [~]fi - - - e,. We show by
induction on n

obs(E[op(p, x.Ay.€)]) = obs(E[Ay.op(p, x.e)]).

The case for n > 1is trivial. Suppose n = 0, so that we have to show obs(op(p, x.Ay.e)) = obs(Ay.op(p, x.€)).
We calculate:

obs(op(p, x.Ay.e)) = obs([op]w, (p.v = [Ay.e[x := v]]))
= [op]1 (p. v = obs(n(Ay.e[x := v])))
= [op]1 (. v = n(+))
=n(*)
= obs(Ay.op(p, x.e)).

110



The condition [op]y (p,i — n(x)) = n(*) holds both for the partial nondeterministic monad FM (with
signature Ygy) and the partial distribution monad DM (with signature Xpy), but fails, for instance, for
the output monad O (with signature o). X

6.4 Full Abstraction

In this section we prove a CIU theorem (cf. Theorem 8) stating that <% coincides with <**. In virtue of
Proposition 19, we will also obtain full abstraction of < with respect to <**. Our proof of Theorem 8
follows (Pitts, 2011) and employs a variation of Howe’s technique as defined in Chapter 5. First of all,
we adapt the notion of Howe extension of a A-term relation defined in Chapter 5 to A(zn). In order to
deal with evaluation contexts, we also define a suitable extension Rf of a A-term relation R to closed
evaluation contexts (i.e. evaluation contexts built using closed terms only).

Remark 13. The calculus A(Zn) being coarse-grain, we work with A-term relations defined on the whole
set of terms. As a consequence, for a A-term relation R we simply write I' - e R f to say the the open
terms e, f with free variables in I" are related by R. As usual, we use the notion - e R f and e R f,
interchangeably. All the basic relational constructions (such as open extension and closed restriction)
of Chapter 5 are modified accordingly.

Definition 44. Given a closed A-term relation R, the Howe extension R” of R is the open A-term relation
inductively defined by rules (H-var)-(H-op) in Figure 6.1. The evaluation context extension R® of R is the
relation over closed evaluation contexts defined by rules (E-nil) and (E-nil) in Figure 6.1.

'rxRe
F'rxR"e (H-var)
ILxreR"g TrAxgRf F'reR"e THARY"g Tre'gRf
(H-abs) (H-app)
I'rAxeRY f IF'regR™ f
ILxteR"g Troplp,xg)Rf
5 (H-op)
I'+op(p,x.e)RY f
. FeR"e ERTE
————— (E-nil E-
[_] RE [_] ( ni ) Ee .RE Elel ( app)

Figure 6.1: Howe and evaluation context extension of R for A(z").

We observe that if R is a reflexive A-term relation, then R nicely interacts with R¥, in the sense
that the following holds (the proof is a straightforward induction on the derivation of E R® E’):

EREE TreRHe
T+ E[e] R¥ E'[E’]

Moreover, it is a straightforward exercise to show that the analogous of Lemma 15 holds in the context

of A;n). In particular, <™ being a preorder we see that ()" is compatible, substitutive (obviously
(2")° is value substitutive), and contains (<)°.
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The main technical part of our variation of the Howe’s method is Lemma 24, which is nothing but a
suitable variation of Lemma 20 of Chapter 5. In order to prove it, it is useful to first prove the following
auxiliary result.

Lemma 23. If+ E[e] (x“)" g, then there exist an evaluation context F and a term f such that E (<*)* F,
Fe (=) f, andr F[f] < g.

Proof. We proceed by induction on E. If E = [~], then we take F £ [~] and f £ g. The thesis follows
since <™ is reflexive. If E is of the form E’¢’, then + E’[e]e’ (<*)" g must be the conclusion of an
instance of rule (H-app), i.e. of a derivation of the form

FE'[e] (™) ¢ Fe' (2" f reff<™g
|_ E/[e]e’ (ﬁCiU)H g

(H-app)

for some terms ¢, f’. By induction hypothesis, from + E’[e] (2)" ¢ we infer the existence of an eval-
uation context F” and a term f such that E’ (2)f F/, + e ()" f, and + F’[f] < c. From the latter
we infer - F'[f]f’ <™ cf”, and thus - F'[f]f" < g, since +- cf’ <™ g and <™ is transitive. Finally, by
rule (E-app) we see that e’ ()" " and E’ (X™)* F’ implies  E’e’ (X)* F’ f”, and thus we are done
taking F = F'f". O

Lemma 24. For all closed evaluation contexts E, F and closed terms e, f, if E (X™)* F and + e (X™)" f,
then obs(E[e]) T obs(F[f]).

Proof. Since obs is continuous to prove the thesis it is sufficient to prove:
¥n > 0. obs([E[e]]n) E obs([FLf1])-

We proceed by induction on n. The case for n = 0 is trivial. Let n > 0 and suppose the thesis holds for
all m < n. We proceed by case analysis on the form of e.

« Suppose e to be a value Ax.e’. Then + e ()" f must be the conclusion of an derivation of the

form ) .
xke (2™ e FAxe=xf

F Ax.e’ (2)H f

(H-abs)

We now make a further case analysis on the shape of E. If E = [—], then, since E (<?)" F, we must
have F = [—-] too. Therefore, since + Ax.c <% f (meaning that obs([Ax.c]) € obs([f])), we have:

obs([e]n) = obs(n(Ax.e"))

=11 (*)
= obs([Ax.c])

C obs([f]).

Suppose now E to be of the form [—]gg, for some terms g, §. Since E (") F, there exists terms
h,h such that F = [—]hh, + g (X™)" h, and + g ()" h. Moreover, we have:

[Elel]» = [(Ax.€)gg]n = [[e'[x = g1g]n-1-

By substitutivity of ()", x + ¢’ (2™)" c and + g (Z™)7 h imply F '[x := g] (X

= c[x := h],
and thus F e’[x := g]7 ()" ¢[x := hlh, since (<) is compatible and + g (x*)*

)H
h. We obtain
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the wished thesis as follows:

obs([Ele]]n) = obs([e’[x := g]g]n-1)
C obs([c[x := h]h])
[By induction hypothesis]
= obs([F[Ax.c]])
C obs([FLF1]).
[Since Ax.c <™ f]

« Suppose e to be of the form E’[(Ax.e")c], so that we have + E’[(Ax.e")c] ()7 f. By Lemma 23
there exists an evaluation context F” and a term f” such that E’ ()¢ F/,  (Ax.e’)c (2*)¥ f, and
F F'[f'] < f. In particular, + (Ax.e’)c (2*)" f must be the conclusion of a derivation of the
form:
xke (2" h FAxh=xg
FAx.e’ (2P g

(H_abs) Fe (ﬁciu)H g/ E gg/ <eiu f’
F (Ax.e’)c ()" f

(H-app)

In particular, we now have the following CIU-approximations:

FAx.h < g (6.1)
- ggl Sciu fl
- Fl[fl] ﬁciu f.
From x + e/ (X™)¥ hand r ¢ (X™)¥ ¢, by substitutivity, we obtain  e’[x := ¢] (™) h[x := ¢],

whereas from E (<) F and E’ ()" F’ we infer E[E’[-]] (X*)® F[F’[-]]. Denoting by G and
G’ the evaluation contexts E[E’[—]] and F[F’[-]], respectively, we see that we thus have:

F Gle'[x := c]] ()7 G'[h[x = ¢']]. (6.4)
We obtain the wished thesis as follows:

obs([E[e]]n) = obs([G[(Ax.e")c]]n)
= obs([G[e'[x = c]]]n-1)
E obs([G'[hlx = g'11])
[By (6.4) and the induction hypothesis]
= obs([G'[(Ax.h)g']1])
C obs([G'[g99]D)
[By (6.1)]
C obs([G'[f'1])
[By (6.2)]
= obs([FLF'[f'11])
C obs([FLfI])
[By (6.3)]

« Suppose e to be of the form E’[op(p, x.¢’)], so that we have + E’[op(p, x.¢”)] () f. We proceed
exactly as in previous case. By Lemma 23 there exists an evaluation context F’ and a term f” such
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that E’ ()t F’, + op(p, x.€") (29)" f’,and + F’[f’] <% f. In particular, + op(p, x.e") ()" f’
must be the conclusion of a derivation of the form:

xre (2 ¢ rop(p,x.c) <™ f7

Fop(p.x.’) (=) f'

We thus have the following CIU-approximations:

Fop(p, x.c) <™ f’
- F/[fl] ﬁciu f
From x + e’ (29)¥ ¢, by substitutivity, we obtain + e’[x := v] (") ¢[x := v], for any closed

value v, whereas from E (<)* F and E’ (x*)* F’ we infer E[E’[-]] (2**)® F[F’[-]]. Denoting by
G and G’ the evaluation contexts E[E’[—]] and F[F’[—]], respectively, we see that we have:

(H-op)

F Gle'[x := v]] (™) G'[c[x = v]]. (6.7)
We obtain the wished thesis as follows:

obs([E[e]]n) = obs([Glop(p, x.¢")]] )

= obs([op]v, (p.v = [Gle'[x = v]]]n-1)

= [op]1(p, v = obs([G[e'[x := v]]]n-1))
[By Lemma 21]

C [oplu (p, v - 0bs([G'[c[x = o]]]))
[By (6.7) and induction hypothesis]

= obs([op]v. (p.v = [G'[c[x = 2]]]))
[By Lemma 21]

= obs([G'[op(p. x.c)]])

C obs([G'[f'1])
[By (6.5)]

= obs([F[F'[f'11])

C obs([FL£1])-
[By (6.6)]

O
An immediate consequence of Lemma 24 is compatibility of <" and thus its equivalence with <.
Theorem 8 (CIU equivalence). CIU approximation < is compatible and thus coincide with <.

Proof. We know by very definition of Howe extension that (<*)” is compatible. Therefore, to prove
compatibility of < it is sufficient to show that the open extension of < coincides with (™). As
usual, that follows if the closed restriction of (<) is included in <. That is, if for all closed terms

e, f:
Fe (2™ f = VE. obs(E[e]) C obs(E[f]).

The latter is direct consequence of Lemma 24, since E (<%)F E always holds. Finally, we observe that, as
in Lemma 19, we can show that <** is included in the open extension <, and thus conclude (<)° =
<, O
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In virtue of Corollary 3 we obtain full abstraction of (the open extension of) <™ with respect to <.

Corollary 4 (Full abstraction 1). The open extension of monadic applicative similarity <™ is fully abstract
with respect to <.

Finally, since =™ = <™ N (x")°, =™ = < N (2)°, and = = <N (2)°, we see that Theorem 8
and Corollary 4 give the following full abstraction result.

Corollary 5 (Full abstraction 2). The open extension of monadic applicative bisimilarity =™ coincides with
the open extension of CIU equivalence ~ which coincides with contextual equivalence ~*.

We conclude this chapter stressing that at the hearth of full abstraction of <™ and ~" is the simpler
nature of call-by-name calculi compared to call-by-value calculi. In the latter, a context can test its input
both in functional and argument position, thus obtaining a stronger testing power than call-by-name
contexts, where, instead, terms can only be tested in functional position. For instance, the call-by-value
context (Ax.C)[—] forces the evaluation of its input, and then pass the result obtained to C.

This is indeed the reason why monadic applicative (bi)similarity works for call-by-name calculi only.
In fact, extending monadic applicative bisimilarity to the call-by-value case (which is straightforward)
would be simply unsound. For instance, the call-by-value probabilistic terms Ax.(xorQ), (Ax.x)or(1x.Q)
are not contextually equivalent, as witnessed by the context (Ax.x(x(Ay.y)))[—]. However, we see that
obs(Ax.(x or Q)) = obs((Ax.x) or (Ax.Q)) and that

[Ax.(x or Q)] v =

—~

1. just (Ax.(x or Q))) * v

1
-justv+5~J_

[(Ax.x) or (Ax.Q)] x v = [ = - just (Ax.x) + % - just (/lx.Q)) %V

= DN
N | =

- just v + 1 -1,
2 2
meaning that Ax.(x or Q) = (Ax.x) or (Ax.Q).
Having studied applicative notions of program approximation and equivalence, in the next chapter
we apply our framework to design more intensional notions of refinement and equivalence, which we
call effectful normal form similarity and effectful normal form bisimilarity.
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Chapter 7

Normal Form Similarity and
Bisimilarity

The world is my world: this is
manifest in the fact that the limits of
language (of that language which
alone I understand) mean the limits
of my world

Ludwig Wittgenstein, Tractatus
Logico-Philosophicus

The notion of an applicative (bi)simulation is rooted in the idea that programs should be compared
extensionally, i.e. according to their input-output behaviour. This is reflected in the (bi)simulation clause
for values: if R is an applicative (bi)simulation and ¥ v R w holds, then so does +* vu R wu, for any
closed value u. Since v, w are closed values, they must be A-abstractions, i.e. terms of the form Ax.e, Ax.f,
respectively. Instead of testing v and w extensionally, one could test them intensionally, looking at the
open subterms e and f. The notion of equivalence and refinement obtained in this way, are called normal
form (bi)similarity (S. B. Lassen, 1999, 2005; Sangiorgi, 1994).

Starting from the pioneering work by Bohm, the notion of a Béhm tree (Barendregt, 1984), and the
associated notion of Bohm tree equality, has been proved extremely useful in reasoning about program
behaviour. Roughly speaking, the Bohm tree BT (e) of a A-term e is a possibly infinite tree representing
the infinitary head-normal form of e. The celebrated Bohm Theorem, also known as Separation Theo-
rem (Bohm, 1968), stipulates that two terms are contextually equivalent if and only if their respective
(appropriately n-equated) Bohm trees are the same.

Bohm Trees can also be defined when terms are not evaluated to their head normal form, like in
the classic theory of A-calculus, but to their weak-head normal form (S. B. Lassen, 1999; Sangiorgi,
1994), or to their eager normal form (S. B. Lassen, 2005). In both cases, satisfactory notions of program
equivalence can be given, although tree equivalence turns out not to coincide with context equivalence
(full abstraction can be recovered if the discriminating power of contexts is somehow increased, e.g.
through concurrency features (Sangiorgi, 1994), or when the whole calculus is more expressive, e.g.
by adding control and states (Stovring & Lassen, 2007)). Due to the infinitary nature of these ‘normal
form trees’, tree-like equivalences can be expressed in a pure coinductive way, without any reference to
trees, as first shown in (Sangiorgi, 1992, 1994). For that reason people often refer to them normal-form
bisimilarity relations.
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Contrary to applicative bisimilarity, contextual equivalence, and logical relations, normal form bisim-
ilarity is completely independent on how the environment behaves, and focus on the syntactical struc-
ture of the terms at hand. That is, when checking whether two terms e and f are normal form bisimilar,
only the syntactic structure of e and f is inspected. This is radically different from what happens for
e.g. applicative bisimilarity where in order to see whether e and f are applicatively bisimilar we have
to test them against arbitrary ‘external’ input values.

In this chapter we define effectful normal form similarity and bisimilarity for (variations of) Ay, and
study their main metatheoretical properties. As for applicative (bi)similarity, we will prove congruence
and precongruence theorems for normal form bisimilarity and similarity, respectively. Additionally,
normal form bisimilarity allows for the of so-called up-to enhancements of the bisimulation method
(Pous & Sangiorgi, 2012).

Remarkably, the very same notions of 3-continuous monad and X-continuous relator that we used
in Chapter 5 to prove (pre)congruence of effectful applicative (bi)similarity, guarantee similar results
for normal form (bi)similarity. As usual, we begin our analysis with some informal considerations on
the nature of the notions we aim to investigate.

7.1 From Applicative to Normal Form Bisimulation

In this section we informally introduce normal form bisimulation by studying some examples of (pairs
of) programs whose equivalence cannot be readily established using the techniques developed in pre-
vious chapters, but that can be easily proved to be normal form bisimilar (and thus contextually equiv-
alent). This gives evidence on the flexibility and strength of the proposed technique. We will focus on
examples drawn from fixed point theory, simply because these, being infinitary in nature, are quite hard
to be dealt with with “finitary” techniques like contextual equivalence. For simplicity, our examples are
given in coarse-grain style.

Example 41. Our first example comes from the ordinary theory of pure, untyped A-calculus. Let us
consider Curry and Turing call-by-value fixed point combinators Y and Z:

Y £ Ay.AA Z %00

A & dxy(Azxxz) 0 £ Jx.Ay.y(Az.xxyz).
It is well known that Y and Z are contextually equivalent, and thus applicatively bisimilar (recall that
in the pure untyped A-calculus applicative bisimilarity and contextual equivalence coincide). However,
proving Y and Z to be applicatively bisimilar is almost as hard as proving them to be contextually equiv-
alent from first principles. In fact, as already remarked in previous chapters, applicative bisimilarity is
an extensional notion of program equivalence, as it tests programs for their input-output behaviour. This
is reflected by its proof obligation, which is based on a universal quantification on function arguments.
A major drawback of extensionality is that proving Y ~* Z turns out to be extremely difficult.

To have a taste of that, let us try to construct an applicative bisimulation relating Y and Z. Let

R = (R4, Ry) be our candidate relation. Clearly we need to have (Y, Z) € R,. Since [Y] = just (1y.AA)
and [Z] = just (Ay.y(1z.00yz)), in order for R to be an applicative bisimulation, we need

Aly = v]Aly := v] R, v(1z2.00vz)
to hold for any value v. If that is the case, then we would need
[Aly := v]Aly := v]] = [o(Az.Aly = v]Aly = v]z)] MR., [v(1z.00vz)]
too. Assuming v = Ax.e, we can rewrite the above requirement as:

[elx := Az.Aly := v]A[y := v]z]] MRy [e[x := 12.00vz]].
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At this point we are stuck, as no information is available about the term e. That is, we have no informa-
tion on how e tests its input program. In particular, given any context C[—], we can consider the value
Ax.C[x] (so that e = C[x]), meaning that satisfying the above proof obligation (which is required in
order for R to be an applicative bisimulation) is morally equivalent to prove Y and Z to be contextually
equivalent directly. X

Example 42. Our next example is a refinement of Example 41 to a probabilistic setting, as proposed
in (Sangiorgi & Vignudelli, 2016) (although there it is formulated in its, slightly simpler, call-by-name
version). We consider a variation of Turing’s call-by-value fixed point combinator which at any iteration
can probabilistically decide whether to start another iteration (following the pattern of the standard
Turing fixed point combinator) or to turn for good into Y, where Y and A are defined as in Example 41:

Z 200
0 £ AxAy.(y(Az.AAz) or y(Az.xxyz)).

It is natural to ask whether these new version of Y and Z are still equivalent. However, following
insights from previous example, it is not hard to see the equivalence between Y and Z is an example
of an equivalence that cannot be readily proved by means of standard operational methods such as
(probabilistic) contextual equivalence, (probabilistic) CIU equivalence, and (probabilistic) applicative
bisimilarity. All the aforementioned techniques require to test programs in a given environment (such
as a whole context or an input argument), and are thus ineffective in handling fixed point combinators
such as Y and Z.

We will give an elementary proof of the equivalence between Y and Z in Example 45, and a more el-
egant proof relying on a suitable up-to context technique in Subsection 7.4.2. In (Sangiorgi & Vignudelli,
2016) the call-by-name counterparts of Y and Z are proved to be equivalent using probabilistic envi-
ronmental bisimilarity (Sangiorgi & Vignudelli, 2016). The notion of an environmental bisimulation
(Sangiorgi et al., 2011) involves both an environment storing pairs of terms played during the bisimu-
lation game, and a clause universally quantifying over pairs of terms in the evaluation context closure
of such an environment!, thus making environmental bisimilarity a rather heavy technique to use. Our
proof of the equivalence of Y and Z is simpler: in fact, our notion of effectful normal form bisimu-
lation does not involve any universal quantification over all possible closed function arguments (like
applicative bisimilarity), or their evaluation context closure (like environmental bisimilarity), or ‘closed
instantiations’ or ‘uses’ (like CIU equivalence). X

Example 43. Our third example concerns call-by-name calculi and shows how our notion of normal
form bisimilarity can handle even intricate recursion schemes. We consider the following argument-
switching probabilistic fixed point combinators:

P £ AA Q£ BB
A& AxAydz.(y(xxyz) or z(xxzy)) B £ Ax.Ay.Az.(y(xxzy) or z(xxyz)).

We easily see that P and Q satisfy the following (informal) program equations:

Pef = e(Pef) or f(Pfe) Qef = e(Qfe) or f(Qef).

Again, proving the equivalence between P and Q using applicative bisimilarity is problematic. In fact,
testing the applicative behaviour of P and Q requires to reason about the behaviour of e.g. e(Pef),
which in turn requires to reason about the (arbitrary) term e, of which no information is provided. The

IMeaning that two terms e, f are tested for their applicative behaviour against all terms of the form E[g], E[k], for any pair
of terms (g, h) stored in the environment.
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(essentially infinitary) normal forms of P and Q, however, can be proved to be essentially the same by
reasoning about the syntactical structure of P and Q, as we will do in Section 7.4. Moreover, as we will
see, our up-to context technique ( Definition 55) enables an elegant and concise proof of the equivalence
between P and Q. X

Example 44. Our last example discuss the use of the cost monad as an instrument to facilitate a more
intensional analysis of programs. In fact, as already remarked in Example 24, we can use the ticking
operation tick to perform cost analysis. For instance, we can consider the following variation of Curry
and Turing fixed point combinator of Example 41 obtained by adding the operation symbol tick after
every A-abstraction.

Y £ Jy.tick(AA) 7200
A & Ax tick(y(Az.tick(xxz))) 0 = Ax.tick(Ay.tick(y(Az.tick(xxyz)))).

Following Example 24, we see that every time a f-redex (Ax.tick(e))v is reduced, the ticking operation
tick increases an imaginary cost counter of a unit. Using ticking, we can provide a more intensional
analysis of the relationship between Y and Z, along the lines of Sands’ improvement theory (Sands,
1998). X

7.2 Computational Calculi Revisited

Contrary to Chapter 3 and Chapter 5, here we will work with the coarse-grain version of Ay, which for
simplicity we keep denoting as Ay. As already remarked, fine-grain calculi are in general better suited
for metatheoretical purposes, but are a bit cumbersome for writing and studying examples. Given the
emphasis we gave to examples and the link we will make with Béhm tree-like equalities, we prefer to
work with a pure untyped A-calculus as in e.g. (Barendregt, 1984) enriched with algebraic operations.

The syntax of the calculus is standard, and it is defined in Figure 7.1, where x ranges over a fixed
(countably infinite) set of variables, op : P ~» V ranges over elements? of ¥, and p ranges over elements
of P. Notational and syntactical conventions of Chapter 3 are left unchanged. In particular, we denote
by A and V C A the collections of (open and closed) terms and values of Ay, respectively.

e,f ==v (value) v,W u=X (variable)
| fe (application) | Ax.e. (abstraction)
| op(p, x.e). (operation)

Figure 7.1: Syntax of coarse-grain Asy.

The operational semantics of Ay is defined as in Chapter 3, with some minor differences. Before
defining such a semantics, we a make couple of useful remarks.

Remark 14. 1. Testing terms according to the their (possibly infinitary) normal forms obviously
requires to work with open terms. Indeed, in order to inspect the intensional behaviour of a value
Ax.e, one has to inspect the intensional behaviour of e, which is an open term. As a consequence,
contrary to all previous chapters, here we give operational semantics to both open and closed
terms. Actually, the very distinction between open and closed terms is not that meaningful in
this context, and thus we simply refer to terms. As a consequence, also the relational apparatus
developed in Chapter 5 collapses to simple relations over terms.

2We tacitly apply Remark 3, here properly modified to open values.
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2. According to point 1, we notice that values constitute a syntactic notion defined independently
of the operational semantics of the calculus: values are just variables and A-abstractions. How-
ever, giving operational semantics to arbitrary terms (and not just closed ones) we are interested in
richer collections of irreducible expressions, i.e. expressions that cannot be simplified any further.
Such collections, whose members we call eager normal forms in a call-by-value setting, and weak
head normal forms in a call-by-name setting, will be different accordingly to the operational se-
mantics adopted. For instance, in a call-by-name setting it is natural to regard the term x((Ax.x)v)
as a terminal expression, whereas in a call-by-value setting x((Ax.x)v) can be further simplified
to xv, which in turn should be regarded as a terminal expression.

7.2.1 Call-by-Value Operational Semantics

We begin by defining a monadic operational semantics for Ay relying on Felleisen’s notion of a call-
by-value evaluation context (Felleisen & Hieb, 1992) (recall Lemma 7 and Corollary 1). Call-by-value
evaluation contexts are terms with a single hole [—] defined by the following grammar:

E == [-]| Ee| ©E.

Notice that, contrary to Chapter 3 and Chapter 6 here evaluation contexts are built using open terms.
We write E[e] for the term obtained by substituting the term e for the hole [-] in E. Redexes are expres-
sions of the form (Ax.e)v or op(p, x.e), the former producing a computation step, the latter producing
an effect. Following (S. B. Lassen, 2005) we define a stuck term as a term of the form E[xv]. Finally, we
define the collection & of eager normal forms (enfs hereafter) as the collection of values and stuck terms.
We let letters s, t,. .. to range over elements in &. In particular, enfs are generated by the following
grammar:

s == x| Ax.e | E[xv].

We notice that any term is either a value, a stuck term, or an expression of the form E[r], for a redex r

(cf. Lemma 7).

Lemma 25. Any term e can be uniquely decomposed in one of the following (mutually exclusive) forms:
1. v;

2. E[low];

3. Elop(p,x.f)].

Proof. By induction on e we show that e can be decomposed in one of the above forms. If e is a value,
then we are trivially done. If e is a term of the form fg, then by induction hypothesis we have two cases
to consider.

1. Suppose f is a value v. We apply the induction hypothesis on g. If the latter is a value w, then
fg = vw and we are done (consider the empty evaluation context). Otherwise g is a term of the
form E[r], for a redex r. We are done since fg = vE[r] and vE is an evaluation context.

2. Suppose f is a term of the form E[r], for a redex r. Then fg = E[r]g. We are done since Eg is an
evaluation context.

We now prove uniqueness of such composition. This is indeed the case if e is a value. Suppose now e
to be of the form E[vw] and to admit another decomposition as above. Such a decomposition cannot be
a value. Say it is of the form E’[v’w’]. We show that then it must be the case that v = v/, w = w’, and
E = E’. We proceed by induction on E.
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If E is the empty context, we proceed by contradiction and assume E # E’. Then either E’ = Ff or
E’ = uF, for an evaluation context F. In the former case we would have v = F[v’w’], which is impossible
(F[v'w'] cannot be a value). Similarly, in the latter case we would have w = F[v’w’] which, again, is
not possible. We are done. Suppose now E to be of the form Ff. We immediately notice that E’ # [-]:
for we would have F[ow] = v’, which is impossible. Similarly we see that E’ cannot be of the form uE’.
We conclude E’ = F’ f’. The thesis now follows by induction hypothesis. The case for E of the form uF
is handled similarity.

In a similar fashion we can prove that if e = E[op(p,x.f)] and e = E’[r], then r = op(p,x.f) and
E=FE. O

Operational semantics of Ay is defined with respect to a 3-continuous monad T = (T, 5, - ) relying
on Lemma 25. More precisely, we define a call-by-value evaluation function [—] mapping each term to
an element in TE.

Definition 45. Define the N-indexed family of maps [-], : A = TE as follows:
[elo £ L
[0]ns1 = 1(0)
[Elxv]]ns1 = n(E[xv])
[E[(Ax.e)0]]ns1 = [Elelx := v]1]n
[E[op(p, x.€)]n1 = [op]e(p, v = [Ele[x := v]1]n)-

The monad T being 3-continuous, we see that the sequence ([e],), forms an w-chain in TE, so that we can
define [e] as | |,[e]n-

As usual, X-continuity of T ensures continuity of the evaluation function.

lI>

Lemma 26. The map [-] is the least function ¢ : A — TE& satisfying the following identities:

@(v) = n(v)
@(E[xv]) = n(E[xv])
p(E[(Ax.€)v]) = p(E[e[x := v]])
@(E[op(p, x.¢)) = [op]s(p, v = @(E[e[x = v]])).

In order to improve readability, in the rest of this chapter, for a monad T, an element ¥ € TX and a
function f : X — TY, we will sometimes write x »= f in place of f(x). In general, the bind operator
»=: TX X (X = TY) — TY is not equivalent to —T. However, if T is strong, then we can define »= as
the strong Kleisli lifting of the evaluation map ev: (X — TY) X X — TY (modulo isomorphisms of the
form X X Y = Y X X). Since every monad on Set is strong, we can always assume monads to come with
a bind operator »=. Moreover, we will occasionally use the notation A(ZV) when we want to emphasise
that we are working with Ay equipped with the call-by-value operational semantics.

Before giving Ay a call-by-name operational semantics, let us spell out some useful syntactical prop-
erties of Ag). Working with call-by-value effectful languages we are interested in substituting values
for variables in terms, rather than terms themselves. In order to improve readability, we will sometimes
denote a substitution —[x := v] as a map ¢ and write e’ in place of e[x := v]. We also notice that for
any value w, w7 is a value. The notion of substitution is extended to evaluation contexts in the obvious
way (defining [-]° = [~]). Notice that for any evaluation context E, E° is an evaluation context as well.

Finally, we notice that we can always decompose the evaluation of a term of the form e[x := v] as
follows: we first evaluate e obtaining an element [e]] € TE, and then use monadic binding to apply the
substitution —[x := v] to enfs in [e]] and evaluate the results obtained (this way composing the effects
produced during the evaluation process).
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Lemma 27 (Substitution Lemma for A(ZV)). Let o be the substitution —[y := w], and let us write [o] for
[~y := w]]. The following hold:

[e7]n E [e]n »= [o]x (7.1)
le]n »= [o] € [e7] (7.2)
[e?] = ([e] »= [o]) (7.3)

Proof. We immediately notice that (7.3) is a corollary of (7.1) and (7.2). Both (7.1) and (7.2) are proved
by induction on n proceeding by case analysis according to Lemma 25. We prove (7.1) by induction on
n. The case for n = 0 is trivial. Assume n > 0 and proceed by case analysis according to Lemma 25.

« Suppose e = v. We have:
[v°]n = n(%)
[By Definition 45 since v° is a value]
= n(v) »= [o]a-
[By Definition 45 since Vx € X.Vf : X = TY. n(x) »= f = f(x)]

« Suppose e = E[xv]. We have:
[e]n »= [o]n = n(E[xv]) »= [o]x
[By Definition 45]

= [(Elxv])?]n
[Since Vx € X.Vf : X » TY. p(x) »= f = f(x)]

= [e°]n-

« Suppose e = E[(Ax.f)v]. First of all notice that for any term e, and all values v, w such that x # y
and x ¢ FV(w), we have (cf. Substitution Lemma in (Barendregt, 1984)):

e[x :==v][y :=w] = e[y := w][x := o[y := w]]. (pure subst)
Therefore, we can reason as follows:

[(E[Ax.f)])]n = [E7[(Ax.f7)07]]n
[By definition of substitution]
= [E°[f[x := v )]t
[By Definition 45]
= [E7[(f[x = )7 I n-1
[By (pure subst). See also below.]
= [Elflx = 21D [
[By definition of substitution]
C [ELfTx = 0]t = [0]ams
[By induction hypothesis]
C [E[f[x == v]]]n-1 »= [o]n
[By monotonicity of »=]
= [E[(Ax.f)o]]n »= [o]n.
[By Definition 45]

122



In particular, we notice that the equality f7[x := v?] = (f[x := v])? follows by (pure subst),
since f9[x := v?] = fly := w][x := v[y := w]] and we can assume x ¢ FV(w) as the former is
bound by a A-abstraction.

« Suppose e = E[op(p, x.f)]. We have
[(Elop(p:x./)D)7]n = [E [op(p. x-f7)]]n

[By definition of substitution]
= [op](p. v = [E7[f“[x := v]]]n-1).
[By Definition 45]

We now observe that since x is bound in x. f, without loss of generality we can assume x ¢ FV(w),
and thus w[x := v] = w. As a consequence, we have:

folx =] = fly = w][x = 0]
= flx = 0]y := wlv/x]]
[By (pure subst)]

= flx = olly = w]
[Since w[v/x] = w]
= (flx = o))"

We can thus conclude our argument as follows:

[(Elop(p, x.f)])?]n = [op](p, v = [E7[f7[x := v]]].n - 1)

[By previous argument]

= [op](p.v = [(E[fx = ©]])7]n-1)
[By definition of substitution, since f°[x := v] = (f[x := v])?]

C [op](p. v = ([E[f[x := ©]]]n-1 »= [0]n-1))
[By induction hypothesis]

C [op](p.v = [E[f[x := ©]][n-1) »= [0]n-1
[By (gen alg op)]

C [op](p. v = [E[fx = ]]]n-1) »= [o]n
[By monotonicity of »=]

= [Elop(p. x./)]]n »= [o]n.
[By Definition 45]

O

Before giving Ay a call-by-name operational semantics, we make the following easy but useful ob-
servation.

Lemma 28. Ife[x := v] is a value, then e is a value. Similarly, if e[x := v] is a enf, then e is a enf.
Moreover, if e[x := v] is a A-free enf (i.e. not an abstraction), then so is e.

Proof. We immediately notice that if e is a variable, then we trivially have the thesis. Suppose e is not
a variable. We proceed by induction on e? = e[x := v]. If e = Ay.f, then since e is not a variable we
must have e = Ay.g with ¢g° = f, and we are trivially done. If e = E[yw], then we proceed by case
analysis on E.
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+ Suppose E = [~]. Then e must be of the form eje; with ef = y and e = w. By induction
hypothesis we have that e, is a value. Moreover, ef = y implies that e; must be a variable. We are
done.

+ Suppose E = Ff. Then e is of the form e;e; with e = F[yw] and e = f. By induction hypothesis
e; is a A-free enf. Moreover, e; cannot be a variable, and thus it must be of the form F’[zu]. We
conclude e;e; = F’[zu]es, and thus we are done.

« Suppose E = wF. As above.

7.2.2 Call-by-Name Operational Semantics

We now give Ay call-by-name monadic operational semantics. In order to do so, we first need to change
our notion of evaluation context. As in Chapter 6, call-by-name evaluation contexts are defined by the
following grammar, but contrary to Chapter 6 here we do not require e to be closed:

E == [-] | Ee.

As usual, we write E[e] for the term obtained by substituting the term e for the hole [-] in E. Redexes
are expressions of the form (Ax.e) f or op(p, x.e), whereas a stuck term is a term of the form E[xe]. In
particular, stuck terms are expressions of the form xey - - - ex. Following (S. B. Lassen, 1999; Sangiorgi,
1994) we define the collection ‘W of weak head normal forms (whnfs hereafter) as the collection of
values and stuck terms, and let letters s, ¢, . . . to range over whnfs. Notice that whnfs are generated by
the following grammar:

s u= x| Ax.e | xer---ep.
As for the call-by-value case, we can easily prove the following unique decomposition lemma.
Lemma 29. Any term e can be uniquely decomposed in one of the following (mutually exclusive) forms:
1. v;
2. E[ve];

3. E[op(p,x.f)];

Call-by-name operational semantics is defined with respect to a 2-continuous monad T = (T, 7, ")
relying on Lemma 29. More precisely, we define a call-by-name evaluation function [-] mapping each
term to an element in TW.

Definition 46. Define the N-indexed family of maps [~], : A — TW as follows:

[elo = L
[©]n+1 = n(v)
[Elxellns1 = n(E[xe])
[E[(Ax.f)ellns1 £ [ELf[x := €]]]n
[E[op(p, x.€)]ns1 = [op]aw (p, v + [e[x := v]],).

The monad T being X-continuous, we see that the sequence ([e]n)n forms an w-chain in TW, so that we

can define [e] as ||, [e]n-
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As usual, X-continuity of T ensures continuity of the evaluation function.

Lemma 30. The map [-] is the least function ¢ : A — TW satisfying the following identities:

o(E [ ]) n(E[xe])
@(E[(Ax.f)e]) = (E[f[x := €]])
@(E[op(p, x.¢)) = [op]w (p,v > ¢(E[e[x := v]])).

Following the convention introduced in previous section, we occasionally use the notation A(zn)
when we want to emphasise that we are working with Ay equipped with the call-by-name operational

semantics. It is a routine exercise to show that the analogue of Lemma 27 holds for A(zn).

Lemma 31 (Substitution Lemma for A(Z")). Let o be the substitution —[y := e’], and let us write [c] for
[-[y := €’]]. The following hold:

[e”]n E [e]n »= [o]n
[e]n »= [o] & [e”]
[e?] = ([e] »= [o]).

The proof of Lemma 31 closely follows the one of Lemma 27, but it is easier due to simpler form of
call-by-name evaluation contexts, and thus it is omitted.

In order to compare the behaviour of terms of Ay we now introduce effectful normal form similar-
ity and bisimilarity. The expression normal form (bi)similarity actually denotes two distinct notions,
namely eager normal form (bi)similarity (S. B. Lassen, 2005) and weak head normal form (bi)similarity
(also known as open (bi)similarity) (S. B. Lassen, 1999; Sangiorgi, 1994). As the names suggest, ea-
ger normal form (bi)similarity is nothing but the instantiation of the (informal) notion of normal form
(bi)similarity to call-by-value calculi, whereas weak head normal form (bi)similarity is the instantiation
of the (informal) notion of normal form (bi)similarity to call-by-name calculi.

As for monadic and effectful applicative (bi)similarity, our notion of effectful normal form (bi)similarity
is parametrised by a relator, whereby computational effects are taken into account.

7.3 Effecful Normal Form Similarity and Bisimilarity

In the rest of this section, let a Z-continuous monad T = (T, 1, -7y and a Z-continuous relator I for it
be fixed. As usual, E-continuity of I is not required for defining effectful normal form (bi)simulation,
but it is central to prove that the induced notion of similarity and bisimilarity are precongruence and
congruence relations, respectively. We begin with eager normal form (bi)similarity.

7.3.1 Eager Normal Form Similarity and Bisimilarity

In the rest of this subsection, we tacitly assume to work with the calculus A(zv). Although we are working
with a coarse-grain calculus, in an effectful setting it is important to distinguish between relations over
terms and relation over eager normal forms. For that reason we we will work with a variation of A-term
relations.

Definition 47. A A-term relation (term relation, for short) R is a pair (Ry : A+ A, Rg : E—+ &).
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The collection of A-term relations is the set Rel(A, A) X Rel(&E, &) which inherits a complete lattice
structure from Rel(A, A) and Rel(&E, &) pointwise, hence allowing A-term relations to be defined both
inductively and coinductively. We use these properties to define our notion of effectful eager normal
form similarity.

Definition 48. A term relation R = (R, : A - AR : & » &) is an effectful eager normal form
simulation with respect to T' (hereafter enf-simulation, as T’ will be clear from the context) if the following
hold.

eRy f = [e] TR [f] (enf comp)
XxRgs = s=x (enf var)
AxeRgs = dAf.s=AxfAeR, f (enf abs)
E[xv]Rgs = TE,v'.s =E'[xv']AvRs v Az ¢ FV(E) UFV(E’). E[z] R, E'[z].  (enf stuck)

We say that relation R respects enfs if it satisfies conditions (enf var), (enf abs), and (enf stuck).

Definition 48 is quite standard. Clause (enf comp) is essentially as (app comp). Clauses (enf var)-
(enf stuck) state that whenever two enfs are related by R then they must have the same syntactic
structure. For instance, if Ax.e R¢ s holds, then s must the a A-abstraction, i.e. an expression of the form
Ax.f. Additionally, e and f must be related by R,.

Clause (enf stuck) is the most interesting one. It states that whenever E[xv] R s, then s must be a
stuck term E’[xv’], for some evaluation context E’ and value v’. Notice that E[xv] and s must have the
same ‘stuck variable’ x. Additionally, v and v’ must be related by Rs, and E and E’ must be properly
related too. The idea is that to see whether E and E’ are related, we replace the stuck expressions xv,
xv’ with a fresh variable z, and test E[z] and E’[z] (thus resuming the evaluation process). We require
E[z] Rs E’[z] to hold, for some fresh variable z. The choice of the variable does not really matter,
provided it is fresh. In fact, as we will see, enf-similarity <* is substitutive and reflexive. In particular, if
E[z] <% E’[z] holds, then E[y] <i E’[y] holds as well, for any fresh variable y ¢ FV(E) U FV(E’).

Notice that Definition 48 does not involve any universal quantification. In particular, enfs are tested
by inspecting their syntactic structure, thus making the definition of an enf-simulation somehow ‘local’:
terms are tested in isolation and not via their interaction with the environment?.

Remark 15. Definition 48 does not require for an enf-simulation R to have Rs C R,. Nonetheless,
thanks to condition (rel unit) we can assume the latter to be case, without loss of generality. In fact, we
can always extend R, to a relation S, such that (S,, Rs) is an enf-simulation. For that, it is sufficient
to define S, = R, U {(s,s”) | s Re s’}. To see that we indeed obtain an enf-simulation it is sufficient to
prove (enf comp), which amounts to show 5(s) 'Rg 5(s”). That is indeed the case by condition (rel unit),
since s R s’.

Definition 48 induces an endofunction R +— [R] on the complete lattice Rel(A, A) X Rel(&E, E), where
[R] = ([R]a, [R]e) is defined as follows (here | x denotes the identity relation on variables, i.e. the set
of pairs of the form (x, x)):

[R1x = {(e, f) | [e] TRs [fT)
[R]e 2 1x U{(Ax.e,Ax.f) | e Ry f} U {(E[xv], E'[x0]) | v R ©" A Dz ¢ FV(E) U FV(E’). E[z] R, E’[2]}.
It is easy to see that a term relation R is an enf-simulation if and only if R C [R]. Notice also

that although [R]¢ always contains the identity relation on variables, R¢ does not have to: the empty
relation (@, @) is an enf-simulation.

3In the case of applicative simulation such interaction is expressed by clause (app val) in Definition 32: the environment
interacts with tested values by passing them arbitrary closed values as arguments.
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Lemma 32. The mapping R +— [R] is monotone.

Proof. Suppose R C S. If e [R], €, then we have [e] TR, [e’]. Since R € S and T is monotone, we
conclude [e] T'S; [e’]. If s [R]¢ s’, then we have three possible cases to consider.

« If (s,s") = (x, x), for some variable x, then we trivially have s [R]; s’.

o If (s,8") = (Ax.e, Ax.e’) with e R, e’, then since R C S we infer e S, €’, and thus Ax.e [S]¢ Ax.e’.
o If (s,s") = (E[x0’], E'[xv’]) with v Rg v’ and E[z] R, E[z], for some fresh variable z, then R C S
implies v Sg v” and E[z] S, E’[2z’]. We conclude E[xv] [S]g E'[xv].
O

By Knaster-Tarski Theorem, R + [R] has a greatest fixed point which we call effectful eager normal
form similarity with respect to I' (hereafter enf-similarity) and denote by <* = (<£, <f). Notice that, as
usual, we are applying the notational convention of Remark 9.

Enf-similarity is thus the largest enf-simulation with respect to I'. Moreover, <* being defined coin-
ductively, it comes with an associated coinduction proof principle:

R C [R]

Rc <t (XF -coind.)

Example 45. Recall the probabilistic call-by-value fixed point combinators of Example 42:

Y £ ly.AA Z %00
A & dxy(Azxxz) 0 = Ax.Ay.(y(Az.AAz) or y(Az.xxyz)).
Let us consider the relator DM for probabilistic partial computations. We show Y <* Z by coinduction,

proving that the term relation R = (R,, Rs) whose graph is defined as follows* is an enf-simulation
(where 1, and |¢ denote the identity relations on terms and enfs, respectively):

L2 {(Y,2), (AAz, Zyz), (AA, y(Az.AAz) or y(Az.Zyz))} U |,

e = {(y(Az.AAz2),y(Az.Zyz)), (Az.AAz, Az.Zyz),
(Ay.AA, Ay.(y(Az.AAz) or y(Az.Zyz))), (y(Az.AAz)z, y(Az.Zyz)z)}
Ul

The term relation R is obtained by starting with the relation {(Y, Z)} and progressively adding terms
and eager normal forms going through clauses (enf comp)-(enf stuck) in Definition 48. Checking that
R is an enf-simulation is straightforward. We show a couple of cases as illustrative examples.

1. We prove that AAz R, Zyz implies [AAz] DM(R;) [Zyz]. The latter amounts to show:
N 1 1
(1 - just y(/lz.AAz)z) DM(Rg) (5 - just y(Az.AAz)z + 2 - just y(/lz.Zyz)z), (7.4)

where, as usual, we write distributions as weighted formal sums. To prove (7.4), is is sufficient to
find a suitable coupling of [AAz] and [Zyz]. Define the distribution w € D(ME x ME) as follows:

w(just y(Az.AAz)z, just y(Az.AAz)z) =

Nlr—nwlr—n

w(just y(Az.AAz)z, just y(Az.Zyz)z) =

4 For readability we write R in place of Gg.
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and assigning zero to all other pairs in ME x ME. Obviously w is a coupling of [AAz] and [Zyz].
Additionally, we see that w(x, 1) implies ¥ MR 1, since

y(Az.AAz)z Rg y(Az.AAz)z
y(Az.AAz)z Rg y(Az.Zyz)z

hold.

2. We prove that y(Az.AAz)z Rg y(Az.Zyz)z implies Az.AAz Rg Az.Zyz and zpz R, zoz, where zj is a
(fresh) variable. The former holds by very definition of R, whereas the latter holds since 1, € R..

As already discussed in Example 42, the refinement Y <* Z is an example of a refinement that can-
not be readily established using e.g. the operational methods developed in Chapter 5 (notably CIU
approximation and applicative similarity), but whose proof is straightforward using enf-similarity. Ad-
ditionally, considering the symmetric closure of R we can convince ourselves that Y and Z are actually
enf-bisimilar, although such a notion has not been formally defined yet (see Definition 49).

Finally, in Subsection 7.4.2 we will prove an up-to context technique which will allow to reduce
the size of R, thus minimising the task of checking that our relation is indeed an enf-simulation. To
the best of the author’s knowledge, the probabilistic instance of enf-similarity is the first example of a
probabilistic normal form similarity in the literature. X

We conclude this subsection defining effectful eager normal form bisimilarity with respect to a re-
lator I following the same patter of Definition 34.

Definition 49. A term relation R is an effectful eager normal form bisimulation with respect to T' (enf-
bisimulation, for short) if it is an enf-simulation with respect toI' A I'°. Eager normal bisimilarity with
respect to I' (hereafter enf-bisimilarity) ~* is defined as eager normal similarity with respect toT AT°.

As usual, a routine proof by coinduction gives us the following characterisation of enf-bisimilarity.
Proposition 20. Enf-bisimilarity = is the largest symmetric enf-simulation with respect toT.

Before proving our main result, namely that <F is a precongrunce (and that ~* is a congruence), we
introduce the notions of effectful weak head normal form similarity and effectful weak head normal form
bisimilarity.

7.3.2 Weak Head Normal Form Similarly and Bisimilarity

Effectful weak head normal form (bi)similarity is the call-by-name counterpart of effectful eager normal
form (bi)similarity. In the rest of this subsection we work with A(zn). We start by defining the notion of

A-term relation for A(Zn)
Definition 50. A A-term relation (term relation, for short) is a pairR = (Ry : A+ A, Ry : W - W),

Definition 51. A term relation R = (R, : A » ARy : W — W) is a weak head normal form
simulation with respect toI' (hereafter whnf-simulation) if:

eRy f = [e] TRw [f] (whnf comp)
AxeRys = Af.s=Ax.fAeR, f (whnf abs)
xeg---enRys = Afo,..., fres=xfo- fru AVi.e; Ry fi. (whnf stuck)

We say that R respects whnfs if it satisfies clauses (whnf abs) and (whnf stuck).
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As for eager normal form similarity, Definition 51 induces a monotone endofunction R — [R] on the
complete lattice Rel(A, A) X Rel("W,“W). We can characterise whnf-simulations as post-fixed points of
R +— [R] and thus define weak head normal form similarity with respect toT' (whnf-similarity, for short)
<Y as the greatest fixed point of R - [R].

Example 46. Recall Example 43. We prove P <* Q by coinduction, showing that the term relation
R = (Ry, Rw) (whose graph is) defined as follows is a whnf-simulation:

Ry = {(P, Q). (y(Pyz) or z(Pzy), y(Qzy) or 2(Quz)). (Pyz, Qzy), (Pzy, Qyz)}
Ry £ {(Ay.Az.y(Pyz) or z(Pzy), Ay.Az.y(Qzy) or z(Qyz)), (Az.y(Pyz) or z(Pzy), Az.y(Qzy) or z(Qyz))
(y(Pyz), y(Qzy)), (2(Pzy), 2(Qyz))}-

The relation R is built starting from {(P, Q)} by progressively adding terms and whnfs going through
clauses (whnf comp)-(whnf stuck) in Definition 51. Although straightforward, checking that the rela-
tion R is indeed a whnf simulation is an annoying work. In Subsection 7.4.2 we will use an up-to context
technique to prove that P <% Q with minimum effort. Finally, we notice that we can show that P and
Q are actually equivalent by taking the symmetric closure of R. X

Following Definition 49, we define weak head normal bisimilarity with respect to T (whnf-bisimilarity,
for short), denoted by ~V, as weak head normal form similarity with respect to I' AT°. Without surprise,
<Y can be characterised as the largest symmetric whnf-simulation with respect to I

Proposition 21. Weak head normal form bisimilarity with respect to I is the largest weak head normal
form simulation with respect toT.

Previous examples give evidences that normal form similarity and bisimilarity are interesting no-
tions of program approximation and equivalence, respectively, even in presence of effects. However, in
order to qualify as such, we first have to prove precongruence and congruence theorems for them. The
next section is dedicated to such a task.

7.4 Meta-theoretical Properties

In this section we prove congruence and precongruence theorems for normal form bisimilarity and
similarity, respectively. Our proofs are based on a generalisation of Lassen’s relational construction for
the pure call-by-name A-calculus (S. B. Lassen, 1999) to both A(Zn) and Ag ). Such a construction has
been previously adapted to the pure call-by-value A-calculus (and its extension with delimited control
operators) in (Biernacki, Lenglet, & Polesiuk, 2018), whereas Lassen has proved compatibility of pure
eager normal form bisimilarity via a CPS translation (S. B. Lassen, 2005). Both those proofs rely on
syntactical properties of the calculus (mostly expressed using a suitable small-step semantics), and thus
seem to be hardly adaptable to effectful calculi’. On the contrary, our proofs rely on the properties of
relators, thereby making our results and techniques more modular and thus valid for a large class of
effects.

7.4.1 Congruence and Precongruence Theorems

We begin proving precongruence of enf-similarity, as proving the latter is much harder than proving
precongruence of whnf-similarity. As a consequence, unless explicitly stated, in the rest of this section

SLassen (S. B. Lassen, 2006b) studied weak head normal form (bi)similarity for a nondeterministic call-by-name A-calculus.
However, his treatment uses specific features of nondeterminism and, to the best of the author’s knowledge, is not extended to
the call-by-value case.
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we work with the calculus A(ZV ). As usual, we tacitly assume a 2-continuous monad T and a 2-continuous
relator I for T to be fixed. Moreover, in order to have a lighter notation, we reintroduce our sequent-like
notation for term relations. In particular, for a term relation R = (R,, R¢) and arbitrary terms e, f and
values v, w, we use the notations +* e R f and e R, e, as well as % e R f and e Ry f, interchangeably.
Notice, however, that in writing e.g. +* e R f we are not requiring e and f to be closed terms.

The main (new) tool we will use to prove the wished precongruence theorem is the so-called substi-
tutive and compatible closure of a term relation (S. B. Lassen, 1999).

Definition 52. Let R be a term relation. The substitutive and compatible closure (sc-closure, for short)
of R is the term relation R* defined inductively according to the rules in Figure 7.2, where in rules (E-sc.E)
and (A-sc.E) z is a fresh variable.

FEsR s’
e s R’

HreRe'
e RC e’

Lo s RSC s’

(A-sc.R) T RC s

(&-sc.R) (E-A-sc)

W (8-SC.V8.I')

F* E[z] R*“ E'[z] FE v R5 0/ (&-scE) FYE[z] R E'[z] +eR*Ce

+o E[xv] R E[x0'] 5¢ F* E[e] R E'[e']
|_A eRSC f |_A eRSC el l_A fRSC f/

——————— (A-sc.abs) —

Fe Ax.e R*C Ax.f Fref R e f

FEoR* Y FEwR W FreRCe o RO

F v[x := w] R v'[x := w'] F* ex := 0] R5€ e/[x := ']

(A-sc.E)

(A-sc.app)

(&-sc.subst) (A-sc.subst)

Fr e RC f
H op(p, x.e) R* op(p, x.f)

(A-sc.op)

Figure 7.2: Compatible and substitutive closure construction for Ag ),

We say that term relation R is compatible and substitutive if R = R*C. This definition obviously
agrees with the definitions of substitutivity and compatibility given in Chapter 5.

We immediately notice that thanks to rules (A-sc.R) and (&-sc.R), for any term relation R, we have
R C R*¢, and that the latter is always reflexive. As a consequence, in order to show that a term relation R
is compatible it is sufficient to prove R*® C R. We are now going to prove that if R is a enf-simulation,
then so is R*. In particular, we will infer that (<%)*° is a enf-simulation, and thus it is contained in
<%, by coinduction. That allows us to conclude that enf-similarity is compatible and substitutive. For
readability, we split the proof in two parts.

Lemma 33. IfR respects enfs, then so does R*°.

Proof. Suppose R respects enfs. We prove that R*¢ satisfies conditions (enf var), (enf abs), and (enf stuck)
in Definition 48.

« We show that R*C satisfies (enf var). That is, we prove:
FExRCs = s=x.

We proceed by induction on the derivation of ¢ x R s. The only relevant cases to consider
are those relatives to rules (E-sc.R), (E-sc.var), and (&-sc.subst). The first two are trivial. For the
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latter, suppose F¢ x R*C s to be the conclusion of a derivation of the form:

FwRCw FEoRC

F wly == 0] R w'[y == v']

(&-sc.subst)

so that we have x = w[y := v] and s = w'[y := v’]. As a consequence, w must be a variable.
If w # y, then we must have w = x and we conclude the thesis by induction hypothesis on
F w R w'. If w = y, then we must have v = x. By induction hypothesis on +¢ w R w’ we infer
w’ = y too, whereas from induction hypothesis on +¢ v R*¢ v’ we infer v’ = x, and thus we are
done.

« We show that R*¢ satisfies (enf abs), i.e.
AxeRys = s=Ax.fArC e R f.

We proceed by induction on the derivation of ¥ Ax.e R*¢ s. The only relevant cases to consider
are those for rules (&-sc.R), (A-sc.abs), and (E-sc.subst). The first two are trivial. For the latter,
suppose F¢ Ax.e R*C s to be the conclusion of derivation of the form

FEwRw P oR*C
F wly := 0] R w'[y := v’]

(&-sc.subst)

so that Ax.e = w[y := v] and s = w'[y := v’]. We do case analysis on the structure of w. The
following are the relevant cases.

- Suppose w = y. Then we have v = Ax.f. From +° y R w’, since by previous point R*
satisfies (enf var), it follows w’ = y. We conclude the thesis by induction hypothesis on
sv R .

— Suppose w = Ax.g. Then we have e = g[y := v]. By induction hypothesis on +° w R w
we have w' = Ax.g’ with g R*¢, ¢’, and thus s = Ax.g’[y := v’]. Since sv R*® v’ by rule
(A-sc.subst) we conclude +* g[x := v] R*® ¢’[x := v’], and thus we are done.

4

« We show that R5¢ satisfies (enf stuck), i.e.
F E[xv] R s s = FAE,v'.s = E'[xv']A F° o R* v ATz ¢ FV(E) UFV(E’'). +" E[z] R E'[z].

As before, we proceed by induction on the derivation of ¢ E[xv] R*Cs. Since E[xv] is not a value,
+e E[xv] R s cannot be the conclusion of an instance of rule (E-sc.subst) (as the substitution
of value for a variable in a value is itself a value). As a consequence, the only relevant cases are
those for rules (E-sc.R) and (E-sc.E), which are both straightforward.

O

Lemma 34 (Main Lemma.). Let R = (R,, Rs) be a A-term relation. If R is a enf-simulation, then so is
R3C.

Proof. The proof is long and non-trivial. First, we immediately notice that R*® respects enfs. This
directly follows from Lemma 33, since R is a enf-simulation (and thus respects enfs). As a consequence,
it remains to prove that e R, f implies [e] TR*“s [f]. Since T is inductive, the latter follows if

VY H* e R f = [e]. TR [f]-

We proceed by lexicographic induction on (1) the natural number n and (2) the derivation +* e R*¢ f.
The case for n = 0 is trivial (since T is inductive). The remaining cases are nontrivial, and we handle
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them either using Lemma 27 or observing that [E[e]] = [e] »= (s — [E[s]]) (cf. Lemma 10). Both
these observations allow us to apply condition (rel bind) to simplify proof obligations (usually relying
on part (2) of the induction hypothesis as well). This scheme is iterated until we reach either an enf (in
which case we rely on condition (rel unit)) or a pair of expression on which we can apply part (1) of the
induction hypothesis. We now give technical details. Assume n > 0. We proceed by cases on the last
inference rule in the derivation of e R*¢, f.

Case (A-sc.R). We have e R, f. Since R is a simulation we have [e], C [e] TR [f]. We conclude the
thesis by condition (ind 2) since Rs € R*‘; and I' is monotone.

Case (E-A-sc). We have to prove n(s) TR*¢s n(t) given s R* s t. This directly follows by condition
(rel unit).

Case (A-sc.app). We have to prove [eg], TR* s [fh], given e R*®, f and g R, h. We notice that

legln C [elln »= (s = [sg]x)
[fR] = [f] »= (s & [sh]),

where s - [[sh], denotes the function taking as argument an enf s and giving as result [sh], (and
similarity for s  [sh]). By condition (ind 2), it is sufficient to prove

[eln = (s = [sg]) TR [£] »= (s > [sh]).

which in turn, by condition (rel bind), amounts to show [e], TR*¢ [f] and that s R*“s s” implies
[sg]n TR* s [s’h]. The former directly follows by part (2) of the induction hypothesis, whereas
for the latter we assume s R*; s’ and proceed by case analysis on s.

Case s = x. Then by Lemma 33 we have s’ = x too. As before, we have [xg], T [g]. »= (t —
[xt]n) and [xh] = [A] »= (¢t > [xt]). Therefore it is sufficient to prove

[gln »= (t & [xt],) TR* ¢ [R] »= (¢t > [xt]).

By condition (rel bind) it is sufficient to show [g], TR [A] and that t R*; ¢’ implies
[xt]» TR s [xt']. The former follows from part (2) of the induction hypothesis, whereas
the latter amounts to prove n(xt) TR, n(xt’) for all enfs ¢, ¢’ such that t R*; ¢’ holds. By
condition (rel unit) it is sufficient to show xt R*¢ xt” which can be easily seen to be the case
by case analysis on t. If ¢ is a value v, then by Lemma 33 ¢’ is a value v’ too. But then both
xt = xv and xt’ = xv’ are stuck terms. We conclude the thesis by rule (8-sc.E). If t is a stuck
term, say E[yv], then by Lemma 33 ¢’ is a stuck term too, say E’[yv’] with v R*“; v’ and
E[z] R5¢, E’[z]. But then xE[z] R°¢, xE’[z] holds too, and thus we can conclude the desired
thesis by rule (&-sc.E), since both xE and xE’ are evaluation contexts.

Case s = Ax.c. By Lemma 33 we have s = Ax.c” with ¢ R*¢, ¢’. Proceeding as in previous case, we
reduce the proof to showing that ¢ R ¢’ implies [(Ax.c)t], TR [(Ax.c’)t’]. We assume
t R5¢ t’ and prove the thesis by case analysis on ¢.

Case t = v. Then by Lemma 33 we have that ¢’ is a value v’ too. We have to prove
[(Ax.c)v], = [elx := v]]n-1 TR [¢'[x := v']] = [(Ax.c")V].

The latter follows by part (1) of induction hypothesis, since ¢ R*¢, ¢/, v R* ¢ v’ imply
c[x = v] R*¢, ¢’[x := v’] by rule (A-sc.subst).
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Case t = E[yv]. By Lemma 33 we have t’ = E’[yv’] with v R*; v’ and E[z] R*“, E’[z], for
some fresh variable z. We have to prove:

[(Ax.c)E[yv]]» = n((Ax.c)E[yv]) TR* s n((Ax.c")E'[yv']) = [(Ax.c")E'[yv']].

By condition (rel unit) it is sufficient to show (Ax.c)E[yv] R*¢ (Ax.c’)E’[yv’], which
holds by rule (&-sc.E).
Case s = E[xv]. By Lemma 33 we have s’ = E’[xv’] with v R* g v’ and E[z] R*“, E’[z] for some
fresh variable z. We have to prove:

[E[xv]g]ln = n(E[xv]g) TR* s n(E'[xv']h) = [E’[xv']A].

By condition (rel unit) it is sufficient to show E[xv]g R*"¢ E’[xv’]h. This is indeed the case
since both v R*¢ v’ and E[z]g R*¢, E’[z]h hold, the latter being implied by g R*, h and
E[z] R*¢, E’[z] (notice that without loss of generality we can assume z to be fresh in g and
h since by rule (A-sc.subst) E[z] R*¢, E’[z] implies E[z’] R*¢, E’[z’] for any variable z fresh
for g, h, E[z], and E’[Zz]).

Case (A-sc.subst). We have to prove [e[x := u]], TR* s [f[x := u’]], given e R*, f and u R*; v’
Let 0 & —[x := u], 7 & —[x := u’]. By Lemma 27 and condition (ind 2) to prove the thesis it is
sufficient to show:

[e]n »= (s - [s7]n) TR*s [f] »= (s — [s7]).
Relying on condition (rel bind) we claim that [e],, TR [f] and that [s7],, TR*s [¢7] hold for
all enfs s, t such that s R*; t. The former directly follows by part (2) of the induction hypothesis,
whereas for the latter we assume s R*; t and proceed by case analysis on s.

Case s = v. By Lemma 33 we have t = w for some value w. Since both v? and w” are values, we
have to show 1(v?) TR*¢; n(w"). By condition (rel unit) it is sufficient to prove v7 R*“; w”,
which follows by rule (E-sc.subst).

Case s = E[yv],y # x. We proceed as in previous case.

Case s = E[xv]. By Lemma 33 we have t = F[xw] with v R*“5 w and E[z] R*, F[z] for some
fresh variable z. We have to prove

[E° [uv?]], TR [F* [u'w™]].

We proceed by case analysis on u. If u is a variable, the we proceed as in previous case.
Otherwise u is a A-abstraction Ay.g. By Lemma 33 we have u’ = Ay.h with g R*¢, h. By very
definition of operational semantics, we have to prove:

[E7[gly = v 11]n-1 TR [F* [Aly := w]][.
The latter follows by part (1) of the induction hypothesis, provided E°[g[y := v7]] R*“,
F7[hly := w"]]. This is indeed the case since E[z] R*¢, F[z] and u R s v’ imply E°[z] R*¢,
F7[z] (without loss of generality we can assume x # z). By rule (&-sc.subst), from u R* ¢ v’
and v R*g w we infer v7 R*; w”, and thus g[x := v?] and h[x := w"] by rule (A-sc.subst).
We conclude E° [g[y := v?]] R*, F*[hly := w"]] by rule (A-sc.E).

Case (A-sc.op). We have to prove [op(p, x.€)]|.TR:* [op(p, x.f)], given eR*“, f. For that, it is sufficient
to show

[op](p. v = [elx == v][n-1) TR [op](p.v = [f[x == 2]]).
Since R is reflexive, from e R3¢, f we infer e[x := v] R*, f[x := v], for any v. We can thus
conclude the wished thesis using condition (3 comp) and part (1) of the induction hypothesis.
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Case (A-sc.E). We have to prove [E[e]], TR*s [F[f]] given e R5, f and E[z] R, F[z], for some fresh
variable z. As usual, it is sufficient to show:

[eln »= (s > [EIsT]w) TR, [f] »= (s — [FIsTD).

By condition (rel bind) it is sufficient to prove [e] , R* s [ f] and that sR*“s ¢ implies [E[s]],T'R*“¢
[F[t]]. The former follows by part (2) of the induction hypothesis since e R*, f, whereas for the
latter we assume s R*“; t and proceed by case analysis on s.

Case 1. If s is a stuck term, say A[xv], then by Lemma 33 we have t = B[xw] with A[y] R*“,
Bly] and v R*; w. As a consequence, proving [E[s]], TR*; [F[t]] amounts to prove
n(E[A[xv]]) TR s n(F[B[xw]]). By condition (rel unit) to prove the latter it is sufficient
to show E[A[xv]] R*¢s F[B[xw]]. This is indeed the case thanks to rule (&-sc.E) since both
E[A[-]] and F[B[-]] are evaluation contexts and we have E[A[y]] R*¢, F[B[y]].

Case 2. If s is a value v, then ¢t must be a value w too, and we have to show [E[v]],, TR* s [F[w]].
Since z is fresh in E[-] and F[—] we notice that E[v] = (E[z])? and F[w] = (F[z])?, where
0% —[z:=v]and T £ [z := w]. By Lemma 27 to prove the thesis it is thus sufficient to
show
Bl = (r o [°]) TR [FIEA] 5= (- > [°]).

By condition (rel bind) to prove the latter it is sufficient to prove [E[z]] ,TR* s [F[z]] and that
ry R*C¢ ry implies [r7 ], TR* g [r]]. As usual the former follows by part (2) of the induction
hypothesis since E[z] R, F[z], whereas for the latter we assume r; R r; and proceed by
case analysis on r. If ry is a value, then so is r; (by Lemma 33) and proving the thesis is
straightforward. If r; is a stuck term A;[xv;], then r, must be a stuck term too, say A;[xv;],
with A;[y] R%¢, Az[y] and v; R*¢ v,. If x # z, then we have to show

[AS [xv] 1] TR* s A} [xv5 1],

By condition (rel unit) the latter follows from A [xv{ ] R* ¢ A [xv] ] which indeed holds. If
x = z, then we have to show

[AS [vof 1], TR [AZ[wosi]].

If v is a variable, then so must be w (since vR*“ s w) and we proceed as above. If v = Ay.g, then
by Lemma 33 we have w = Ay.h with g R*¢, h. By very definition of operational semantics
we have to show

[AT[gly = o7 1]n-1 TR* s [A7 [Aly = v;]1].
The latter follows by part (1) of the induction hypothesis, since we have A{ [g[y := v{ ]] R*,
A5Thly = 5]
O

Theorem 9. Enf-similarity is a precongruence relation.

Proof. From Lemma 34 we know that <f is a compatible, reflexive, and substitutive term relation. It
remains to prove that it is also transitive. By coinduction, it is sufficient to show that <* - <F is an enf-
simulation, which is a routine exercise (notice, however, that to handle condition (enf stuck) we rely on
substitutivity of <F). O
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Finally, we can rely on Proposition 20 to prove that enf-bisimilarity is a congruence. In fact, as dis-
cussed in Subsection 5.4.1, our proof of Lemma 34 requires the relator I' to be inductive, a condition
which is not satisfied by conversive relators, in general. However, by Proposition 20 we can keep work-
ing with the 3-continuous relator T and show that (=*)*¢ is a enf-simulation with respect to I'. In order
to conclude (=F)*¢ = ~F we need to show that (=F)*° is symmetric. An easy inspection of the rules in
Figure 7.2 reveals that for any term relation R, R* is symmetric whenever R is. We have thus proved
the following result.

Theorem 10. Enf-bisimilarity is a congruence relation.

We conclude this section with a short discussion on congruence and precongruence properties of
whnf-(bi)similarity. We can prove that whnf-similarity is a precongruence by mimicking the proof given
for enf-similarity. The substitutive and compatible closure of a term relation R = (R,, R+) is defined
according to the rules in Figure 7.3. Due to the simpler form of evaluation contexts (and thus of whnfs)

of A(Zn), the definition of substitutive and compatible closure for A(zn) is easier than the one for Ag). Such

simplicity is reflected in the proof of the analogous of Lemma 34 which closely follows the one for A(ZV)
but which is substantially easier.

Theorem 11. Whnf-similarity is a precongruence relation, and whnf-bisimilarity is a congruence relation.

FreR f FY sRt FY s R5 ¢t
R (A SR (el L SRUL -
e R f (A-se.R) FY s RC ¢t (W-seR) s RSt (W-A-sc)
W ("W-sc.var)
w E RSC F A RSC
Y E[z] (2] e f (W-scE)

" E[xe] R*C F[xf]

I-Aeﬂscf [ eRSCf FAgRSCh
-sc.ab A-sc.
FY Ax.e RS Ax.f (W-sc.abs) 7 g R [h (A-sc.app)
H e R g R h FA ¢ RSC
RS 2 (A-sc.subst) eR™f (A-sc.op)

F* e[x := g] R*C f[x := h] F* op(p, x.e) R* op(p, x.f)

Figure 7.3: Compatible and substitutive closure construction for A(z”).

Theorem 9, Theorem 10, and Theorem 11 qualify effectful normal form similarity and bisimilarity as
good candidate notions for program equivalence and refinement, at least from a structural perspective.
Additionally, such notions have been introduced looking at specif examples aimed to show limitations
of effectful applicative (bi)similarity. It is then natural to ask what is the relationship between all such
notions.

We now present a formal comparison between effectful enf-(bi)similarity and effectful applicative
(bi)similarity, as defined in Chapter 5. It is a straightforward exercise to rephrase such a comparison
for whnf-bisimilarity and the call-by-name effectful variation of applicative (bi)similarity as sketched at
the beginning of Chapter 6. We will say more about that below, and present a summary of the results
obtained in Chapter 8.

First of all, we cannot rely on the notation used in Chapter 5, as there would be some inconsistencies.
We thus use the following notational convention. Let Ay, V) denote the collections of closed terms
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and closed values, respectively. We keep using the notation [-] to denote the evaluation function of
Definition 45. We notice that if e € Ay, then [e] € TV,. Formally, we express that by saying that the
evaluation map [-] factors as follows, where 1 : V, < & is the obvious inclusion map:

Ag — T,

T
AN——TE
[-1

In particular, the map | — | is nothing but the evaluation function of Definition 15. We can thus phrase

the definition of effectful applicative similarity (with respect to a relator I') as follows.

Definition 53. A term relation R = (R, : Ag—+ Ao, Ry : Vo Vo) is an effectful applicative simulation
with respect to a relator I' (applicative simulation, for short) if:

HeRf = lel]TRy If] (app comp’)
F AxeRAx.f = Yoe V. Fe[x =v]R flx:=v]. (app val’)

Let <* = (<4, <A) denote applicative similarity, and <= (<,°, <;°) denote the restriction of enf-
similarity <* to closed terms and closed eager normal forms. Obviously <* describes effectful applicative
similarity as defined in Chapter 5, but adapted to the coarse-grain version of Asy.

Proposition 22. Enf-similarity restricted to closed term and enfs is contained in applicative similarity.
Proof. We show <¢ C <* by coinduction, proving that <¢ satisfies conditions (app val’) and (app comp’).

. We show:

F Axe <° Ax.f = VYo e V.. He[x :=v] ¢ f[x :=v].

We have:

Fe Axe <° Ax.f = +% Axe <F Ax.f
[Since <¢ C <F]
=ttexf
[By (enf abs)]
= Yo eV, Helx:=0v] <F flx:

[Since < is reflexive and substitutive]

0]

= +* e[x :=v] ¢ f[x:=0].

[Since e[x := v], f[x := v] are closed]

« We prove (app comp’). We have:
Fle<f =rextf
[Since <¢ C <F]
= [e]T=<; [f]
[By (enf comp)]
= Tile|T=<f Tulf].
[Since Ye € Ao. [e] = Ttlel]
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We conclude the thesis observing that since <€ = 1° - < - 1, we can use (stability) to calculate:
(Tl'l—l)o'rﬁs-Tl-l—I) = (|—|O~(Tt>°~rss-n-|—|) = (|—|°-r<:°-ss~z>-|—| ,

and thus conclude |e| T<:¢ [f].

O

By Definition 49 it follows that enf-bisimilarity restricted on closed terms and enfs is contained in
applicative bisimilarity (the latter being defined as the largest symmetric applicative simulation). This
means that effectful enf-similarity is a sound proof technique for effectful applicative bisimilarity and
thus for effectful contextual equivalence, in virtue of the results of Chapter 5. Moreover, Proposition 22
extends to enf-similarity and open applicative bisimilarity (i.e. the open extension of <*). For, let e, f
be open terms with free variables X. Then for all closed values U we have:

o<t f = e[ =] <L fl = 7]
[By substitutivity of < ]
= ¢[f = 9<), f[F = 7]

[By Proposition 22]

where in applying substitutivity we use the fact that U consisting of closed values only, sequential
substitution coincide with simultaneous substitution. An analogous result holds for values.

Although enf-(bi)similarity is sound for applicative (bi)similarity, it is not fully-abstract. In fact,
already in the pure A-calculus enf-bisimilarity is strictly finer than applicative bisimilarity (and thus
strictly finer than contextual equivalence too), as observed in (S. B. Lassen, 2005). To see that, let us
consider Example 1.4 in (Durier, Hirschkoff, & Sangiorgi, 2018): the terms xv and (Ay.xv)(xv) are obvi-
ously applicatively bisimilar but not enf-bisimilar.

Proposition 22 can also be easily adapted to whnf-(bi)similarity and the call-by-name version of
applicative (bi)similarity. Again, full abstraction fails. To see that, we can consider Example 2.3.10 in
(Abramsky & Ong, 1993), where it is observed that the (open) terms xx and x(Ay.xy) are applicatively
bisimilar, but not whnf-bisimilar.

7.4.2 Normal Form (Bi)simulation Up-to Context

The up-to context technique (S. B. Lassen, 1999; Pous & Sangiorgi, 2012) is a refinement of the coin-
duction proof principle of normal form (bi)similarity that allows for handier proofs of equivalence and
refinement between terms. When exhibiting a candidate (bi)simulation relation R, it is desirable for R
to be as small as possible, so to minimise the task of verifying that R is indeed a (bi)simulation.

The motivation behind such a technique can be easily seen by looking at Example 45 and Example 46,
where we showed the equivalence between probabilistic fixed point combinators working with relations
containing several administrative pairs of terms. The presence of such administrative pairs was forced
by Definition 49 and Definition 51, although they appear somehow unnecessary in order to convince
that e.g. Y and Z exhibit the same behaviour.

Normal form (bi)simulation up-to context is a refinement of normal form (bi)simulation that allows
to check that a relation R behaves as a (bi)simulation relation up to its substitutive and compatible
closure. We first define the notion of an enf-simulation up-to context.

Definition 54. A term relation R = (R, : A - AR : & » &) is an effectful eager normal form
simulation up-to context with respect to I' (hereafter enf-simulation up-to context) if satisfies the following
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conditions.

FreR f = [e] TR [f] (enf up-to ctx comp)

FFxRs = s=x (enf up-to ctx var)

FoAxeRs = Af.s=Ax.fA FeRCf (enf up-to ctx abs)
F E[xv]Rs = AE,v'.s =E'[xv'] A FP o R* v Adz ¢ FV(E) UFV(E’). +* E[z] R*C E'[z].

(enf up-to ctx stuck)

In order for the up-to context technique to be sound, we need to show that every enf-simulation
up-to context is contained in enf-similarity. This is a direct consequence of the following variation of
Lemma 34.

Lemma 35. IfR is a enf-simulation up-to context, then R* is a enf-simulation.

Proof. The proof is structurally identical to the one of Lemma 34, where we simply observe that wher-
ever we use the assumption that R is an enf-simulation, we can use the weaker assumption that R is an
enf-simulation up-to context. O

In particular, since by Lemma 34 we have that <* = (<F)*¢, we see that enf-similarity is an enf-
simulation up-to context. Additionally, by Lemma 35 it is the largest such. Since the same result holds
for enf-bisimilarity and enf-bisimilarity up-to context, we have the following result.

Theorem 12. Enf-similarity is the largest enf-simulation up-to context, and enf-bisimilarity is the largest
enf-bisimulation up-to context.

Example 47. We apply Theorem 12 to simply the proof of the equivalence between Y and Z given in
Example 45. In fact, it is sufficient to show that the symmetric closure of term relation R defined as
follows is an enf-bisimulation up-to context.

Ry 2 (Y, 2), (AAz, Zyz), (AA, y(Az.AAzZ) or y(Az.Zyz))}
Re £ 1.
X

It is not hard to see that the above results can be rephrased in terms of whnf-similarity and whnf-
bisimilarity.

Definition 55. A term relation R = (R, : A - ARy + W - W) is a weak head normal form
simulation up-to context with respect to I' (whnf-simulation up-to context, for short) if:

FreR f = [e] TR [f] (whnf up-to ctx var)
FY AxeRs = Af.s=Ax.fAr eRC f (whnf up-to ctx abs)
FW xep--renRs = Afo, ..o fees=xfo - fi AVi. F* e; R fi. (whnf up-to ctx stuck)

Theorem 13. Whnf-similarity is the largest whnf-simulation up-to context, and whnf-bisimilarity is the
largest whnf-bisimulation up-to context.

Example 48. We can use Theorem 13 to show the equivalence between the combinators P and Q of
Example 46. The reader is invited to compare the (considerably larger) size of the whnf-simulation
exhibited in Example 46 with the one defined below.

Ra £ {(P,Q), (Pyz, Qzy), (Pzy, Quz))
Ry 2 0.
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It is a straightforward exercise to show that R is indeed a whnf-simulation up to-context, so that we
have P <V Q. Moreover, the symmetric closure of R is whnf-bisimulation up to-context, and thus we
have P =V Q. X

We conclude this section spending a couple of words on up-to techniques. In this chapter we focused
on normal form (bi)similarity up-to context, as for our purpose the latter is probably the most powerful
technique. There are several other up-to techniques, such as (bi)simulation up-to similarity (Milner,
1989) or (bi)simulation up-to improvement (S. Lassen, 1998a). For instance, it is not hard to see the
up-to similarity technique to be valid for effectful applicative similarity (the proof is straightforward),
where the mapping R +— [R] is the one defined in Definition 32.

Proposition 23. The following law holds for any closed A-term relation R:

R C [(2M)°-R%-(=2Y)°]
RC <A

(up-to <%)

Proving an up-to similarity technique for normal form similarity requires to deal with some tech-
nicalities, as normal form similarity is defined on open terms. Nevertheless, if R is closed under the
substitution rule below, where x ¢ FV(E) U FV(F), then we can easily prove the validity of an up-to
similarity technique.

F* E[x] R F[x] =z ¢ FV(E) UFV(F)
+* E[z] R F[z]

In (S. Lassen, 1998a) several up-to techniques are proved to be sound for pure applicative (bi)similarity.
Among those, there are applicative similarity up-to similarity and applicative similarity up-to improve-
ment (Sands, 1998), as well as combinations thereof. In particular, the following restricted form of
the up-to context technique is proved to be valid for pure applicative similarity (again, the mapping
R + [R] is the one defined in Definition 32):

R C[R]
R < (up-to-ctx-closed)

The soundness of the ‘full’ up-to context technique

is, to the best of author’s knowledge, still an open problem.

7.5 Effectful Lévy-Longo Trees

At the very beginning of this chapter, we made several references to Bochm-tree like equivalences. That
was rather informal, as there is no precise definition of such equivalences. In this section we study
the formal connection between normal form similarity and Bohm-tree like approximation. Notably,
we define and analyse suitable generalisation of Lévy-Longo trees for effectful calculi as well as the
equivalence and approximation they induce on terms. As we will see, the latter coincide with whnf
bisimilarity and similarity, respectively. Finally, we briefly discuss tree-like equivalences associated
with enf-(bi)similarity.

Bohm trees (Barendregt, 1984) are infinitary tree-like structures used as mathematical descriptions
of the behaviour of pure, untyped A-terms when evaluated according to the so-called head normal form
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reduction (Barendregt, 1984). Lévy-Longo trees (Lévy, 1975; Longo, 1983; C. Ong, 1988) have been in-
troduced as the natural counterpart of B6hm trees in the context of the so-called lazy or weak head
normal form reduction, i.e. a call-by-name reduction strategy reducing terms to weak head normal
forms (Abramsky, 1990a).

The original formulation of both B6hm and Lévy-Longo trees is of an inductive nature, as witnessed
by e.g. (Barendregt, 1984). Moving from ideas developed in concurrency theory®, in (Sangiorgi, 1992,
1994) Lévy-Longo tree equality has been characterised coinductively, introducing the notion of open
bisimilarity, the latter being nothing but whnf-bisimilarity for Ay. The study of Lévy-Longo tree equal-
ity as a suitable notion of bisimulation opened the door to the analysis of tree like equivalences using
coinductive techniques, as witnessed by the numerous works on the subject (see e.g. (Biernacki, Lenglet,
& Polesiuk, 2018; De Liguoro & Piperno, 1995; S. B. Lassen, 1999, 2005), just to mention a few).

In this section we introduce effectful Lévy-Longo trees as an extension of Lévy-Longo trees to A(zn)
and show that we can define a suitable preorder (resp. equivalence) on such trees which coincides with
whnf-similarity (resp. whnf-bisimilarity). Specific notions of effecful B6hm trees have been introduced
in the context of nondeterministic (De Liguoro & Piperno, 1995) and probabilistic (Leventis, 2016) A-
calculi, and it is not hard to see that our notion of effectful Lévy-Longo tree is deeply related to such
proposals. The major differences are the following.

1. Differently from (De Liguoro & Piperno, 1995) and (Leventis, 2016) we work with lazy calculi,
meaning that we do not evaluate under lambdas, and thus we work with generalisations of Lévy-
Longo trees rather than Bohm trees.

2. Our approach is parametric over a large class of effects, and not tailored to specific ones.

3. Our definitions and results are mostly of a coinductive nature, whereas both (De Liguoro &
Piperno, 1995) and (Leventis, 2016) seem to be more inductively-oriented.

In the rest of this section we work with the calculus A(Zn) and fix both a X-continuous monad T and
a X-continuous relator I for it. For convenience, we use a compact notation to represent trees.

Definition 56. The collection VT (T) of effectful value Lévy-Longo trees (with respect to T) is coinduc-
tively defined as follows:

L If& e T(VT (1)), then Ax.& € VT (T).
2 Ifé1,....,6, € T(VT (T)), then x{&1,...,6n) € VT (T).
The collection of effectful Lévy-Longo trees (with respect to T) is defined as T(VT (T)).

As usual, where no confusion arises we will omit references to the monad T and refer to effectful
value trees and effectful trees as value trees and trees, respectively. Intuitively, a value tree of the form
Ax.& represent a tree with root Ax. and with the single child &. Similarly, x{(&, ..., &,) represents a

tree with root x and children &, . . ., &,. Pictorially, we can present such trees as:
Ax / x \
& & ... &,
The elements &3, . .., &, are, for instance, subdistributions of value trees when T is DM, sets of value

trees when T is PM, or simply trees (including the undefined tree L) when T is M. As for usual A-terms,
we work with (value) trees up to renaming of bound variables.

®Notably from the theory of open bisimulation for the -calculus (Sangiorgi, 1993).
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Example 49. We immediately notice that for any monad T we have L € T(V7 (T)), so that Ax.L isa
value tree. Moreover, we can define the tree T as the solution to the equation ¢ = Ax.5(&). Therefore,
we have T = Ax.p(Ax.n(Ax.p(...)))). Since we work up to renaming of bound variable, T intuitively
captures the behaviour of terms of order w without side effects (see (C. Ong, 1988; Sangiorgi, 1994) for
details). X

Definition 57. The effectful Lévy-Longo tree (hereafter tree or Lévy-Longo tree) LT (e) of a term e is
defined as T(¢p)[e], where the map ¢ : W — VT (T) is defined by:

p(Ax.e) = Ax.LT(e)
o(xer...ep) 2 x(LT(e1) ...LT(en)).
Pictorially:

LT(e) = T(p)[e] p(Axe) & Ix p(xer...ep) = / x \
LT(e) LT (ey) e LT(ey,)
Example 50. Let T be the partiality monad M. We immediately observe that LT(Q) = L, where as

usual Q £ (Ax.xx)(Ax.xx). Similarly, we can calculate the Lévy-Longo tree LT (Ax.xIQ), for I £ Ax.x,
as follows:

LT (Ax.xIQ) = just (Ax.LT (xIQ))
= just (Ax.just (x(LT(I),LT(Q))))
= just (Axjust (x(just (p(Ax.x)), L)))
= just (Ax.just (x(just (Ax.LT(x)), L)))
= just (Ax.just (x(just (Ax.just x), L))).

Omitting just annotations, we can represent LT (Ax.xIQ) as:

Ax

X

RN

Ax €L

X

Let us now consider the ogre combinator O = YK, where K 2 Ax.Ay.x and Y is Curry fixed point
combinator. Let us write Ag for Ax.K(xx). Since [O] = just A\y.AxAk and [AxAx] = just Ay.AxAx,
we see that LT (O) is given as the solution to the equation & = just (Ay.£). Omitting just annotations,
we can represent LT (O) as the following tree, and thus see that LT (O) coincides with T.

Ay

Ay

Ay
|

141



Example 51. Let T be the partial powerset monad FT. We have:

LT (Ax.(x or Q)) = {just (¢(Ax.(x or Q)))}
= {just (Ax.LT(x or Q))}
= {just (Ax.{just x, L})}

LT((Ax.x) or (Ax.Q)) = {just (p(Ax.x)), just (p(Ax.Q))}
= {just (Ax.{just x}), just (Ax.{L})}.

Omitting just annotations, we can represent LT (Ax.(x or Q)) and LT ((Ax.x) or (A1x.Q)) as follows:

Ax Ax  Ax
LT(Ax(xorQ) =1 | LT((Axx)or (@) =1 | . |
{x, 1} {x} {1}

Similarly, considering the partial distribution monad DM (and mitting just annotations) we can represent
LT (Ax.(x or Q)) and LT ((Ax.x) or (Ax.Q)) as follows:

Ax Ax 1 Ax

LT ((Ax.x) or (Ax.Q)) = % . |
. J_> 1-x 1.1

LT(Ax.(xor Q)) =1-

1 1
(3-x+3

Comparing effectful Lévy-Longo tree with plain equality can be easily seen to be too discriminating.
For instance, Ax.(x or Q) and Ax.x have different Lévy-Longo trees, but can be easily seen to be whnf-
bisimilar. As a consequence, our notions of effectful Lévy-Longo tree equivalence and approximation
are defined with respect to a relator I'.

Definition 58. Lévy-Longo value tree approximation with respect toI' (Lévy-Longo value tree approxi-
mation, for short) <"": VT (T) - VT (T) is defined as the largest relation R : VT (T) - VT (T) such
that:
MERE = AF e T(VT(M).F=x.F ANETRF
(&1, .. ERE = 3F9,..., 9, € T(VT(1).F=x(4,....%)AVi<n & TRY,.
As usual, Definition 58 induces a monotone endofunction R + [R] (monotonicity being a conse-
quence of monotonicity of T') on the complete lattice of binary relations on value trees. As a consequence,

we see that <" is nothing but the greatest fixed point of R — [R]. We can finally extract a A-term
relation from <" that provides an alternative characterisation of whnf-similarity.

Definition 59. Define effectful Lévy-Longo tree approximation with respect to I' (Lévy-Longo tree ap-
proximation, for short) as the A-term relation <"'= (<7, <7), defined by:
<A LT .T<"M LT,
AN

IT A o _VIT
S =@ =T e

That is:

e <\ f e LT(e) T<" LT(f)
st = o(s) = (1)
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Theorem 14. Lévy-Longo tree approximation <"" coincide with whnf-similarity <V.

Proof. The proof'is entirely by coinduction and relies on stability of T. Let us start by showing <V C <",
i.e. that the following implications hold:

e <) f = LT(e) T LT(f)
s<wt = o(s) <" o(2).
Since <*'" is defined coinductively, to prove the above implications it is sufficient to exhibit a relation
R: VT (T)-» VT (T) satistying proof obligations in Definition 58 and such that
<V CILT°-TR-LT
N Ce’ R0

In fact, since R satisfies proof obligations in Definition 58, by coinduction we have have R € <V*" and
thus 'R C T'<"'", as I is monotone. Define R as (¢ X ¢)(Z},), i.e.

R A{(p(s) (1) |'s < t}.
We claim that R satisfies proof obligations in Definition 58.

1. Suppose Ax.& R ¢(t). We prove that there exists .# € T(VT (T)) such that ¢(t) = Ax..%# and
& TR 7. By very definition of ¢, there exists a term e such that & = LT(e) and Ax.& = ¢(Ax.e).
By very definition of R we have Ax.e <}, ¢, and thus t = Ax.f, for some term f such thate <\ f.
In order to conclude the desired thesis we have to show LT (e) 'R LT(f). We have:

LT(e) TRLT(f) < T(p)[e] TR T()[f]
[By Definition 57]
= [e]T(¢"-R-0) [f]
[By (stability)]
= [e] =y [f]
[p"-R-¢ = <i]
= ex) f.

2. We can prove that x(&1,...,&,) implies that there exist .%#y,...,. %, € T(VT (T)) such that
o(t) = x(F1, ..., Fyyand & TR F;, for any i < n, as we did in point 1.

Obviously <, C ¢°-R-¢. It remains to prove that e <, f implies LT (e) TRLT(f), but that is exactly
what we showed in point 1 above. We now show that <" is a whnf-simulation, from which <'" ¢ <V
will follow. Proving that <'" respects whnfs is straightforward. It remains to show that e <" f implies
[e] T=%, [f]- We have:

e<" f — LT(e) T LT(f)

[By Definition 59]

= T(p)[e] T="" T(p)f]
[By Definition 57]

= [e]T(e° =™ o) [f]
[By (stability)]

= [e] T= [f]-
[By Definition 59]
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Finally, we define effectful Lévy-Longo value tree equivalence with respect toT', denoted as ="', as the
largest symmetric effectful Lévy-Longo tree approximation. The relation ~"'" induces a A-term relation
~'T as in Definition 59. Moreover, a slightly modification of Theorem 14 allows us to conclude the
following result.

Theorem 15. Effectful Lévy-Longo tree equivalence =" coincides with whnf-bisimilarity ~" .

We conclude this section as well as this chapter, with a short discussion on the analogous of effectful
Lévy-Longo tree equivalence for enf-bisimilarity. As we remarked above, Lévy-Longo trees have been
introduced as the analogous of Bohm trees for the so-called lazy A-calculus, where one works with
weak head normal forms, rather than with head normal forms. To the best of the author’s knowledge,
the notion of a Bohm tree has not been adapted to the eager A-calculus of (S. B. Lassen, 2005), where
weak head normal forms are replaced by eager normal forms. The reason why this has not been done is
rather evident: because such trees would faithfully mimic the bisimulation game associated with eager
normal form bisimulation. To see that, let us define the eager tree ET(e) of a pure A-term e.

Definition 60. The eager tree ET(e) of a pure term e is the (possibly) infinitary tree with edges possibly
labelled by variables coinductively defined as follows:

Fre 2t ld=1
o(s) ife] = justs
where the function ¢ is defined as follows, where z ¢ FV (E):

o(x) & x p(Axe) & x o(E[xv]) & /x \
D

ET(e) ET(E[z ¢(v)

Definition 60 has been proposed by Ronchi della Rocca to Sangiorgi and Durier’, and by the latter
to the author in a private communication.

Example 52. We can use Definition 60 to see that the applicatively bisimilar terms xv and (Ay.xv)(xv)
previously discussed have different eager trees.

X
RN
@(v)

x
ET(xv) = : \ ET(Ay.xv)(xv) = X
z/ ¢(v) Z/
Z’

In a similar fashion, we can prove the equivalence between the (pure) fixed point combinators Y and Z

¢(v)

7 They refer to ET (e) as the Lassen tree of e.
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of Examplex 41, observing that they have the same eager tree.

LT(Y) =

Ay
L
VRN
Yy l|z
7 )
N\
, z’ Az
NN
z z oy
RN
z/ Az
z”/ \\ |
z” z :

= LT(Z)

X

Finally, it is straightforward to see that we can generalise Definition 60 to full Ag ) simply defining
ET(e) as T(p)[e]. It comes with no surprise that we can define notions of eager tree approximation and
equivalence, and that the latter coincide with <* and =*, respectively.
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Chapter 8

Midterm Discussion

uéoov Te Kal apLotov

Aristotle, Nicomachean Ethics

Chapter 7 is the last chapter of this dissertation that deals with notions of program equivalence
and program refinement. Chapter 9 to Chapter 12 are entirely dedicated to the study of the so-called
program metrics or program distances.

Here we summarise the main results proved so far, and their relationship. In fact, we studied several
notions of program equivalence and approximation, and, although several soundness and completeness
(i.e. full abstraction) theorems have been proved, it is useful for the reader to have a conceptual map of
the results obtained.

Concerning program equivalence and refinements for call-by-value calculi, we introduced:

« Effectful applicative similarity <* and bisimilarity ~*.

« Effectful contextual approximation <** and equivalence ~.

Effectful CIU approximation < and equivalence ~".
« Effectful eager normal form similarity <* and bisimilarity ~*.

With the exception of CIU approximation (resp. equivalence) and contextual approximation (resp.
equivalence), these relations do not coincide, in general. In particular, we have:

« (The open extension of) effectful applicative similarity (resp. bisimilarity) is strictly included in ef-
fectful contextual approximation (resp. equivalence). Inclusion follows from Theorem 4 and The-
orem 5, whereas strictness has been proved for the nondeterministic calculus Agy in (S. Lassen,
1998b) (Example 6.4.4).

« Effectful eager normal form similarity (resp. bisimilarity) is strictly included in (the open exten-
sion of) effectful applicative similarity (resp. bisimilarity). Inclusion follows by Proposition 22,
whereas strictness has been in shown in (S. B. Lassen, 2005) for the pure, untyped A-calculus (see
also the discussion after Proposition 22).

« (The open extension of) effectful CIU approximation (resp. equivalence) coincides with contextual
approximation (resp. equivalence). This follows from Theorem 6.

These results are summarised in Table 8.1. Concerning program equivalence and refinements for
call-by-name calculi, we introduced:
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(ﬁciu)o — ﬁctx

(,\,ciu)o — ~Ctx

1 I/&n

SA)O
:A)O

NN

(
(

NN

Table 8.1: Call-by-value refinement/equivalence spectrum.

Effectful applicative similarity <* and bisimilarity ~* (we only sketched the definition).

«+ Monadic applicative similarity <™ and bisimilarity ~".

Effectful contextual approximation <** and equivalence ~*.

Effectful CIU approximation <" and equivalence ~".

Effectful weak head normal form similarity <% and bisimilarity ~".

Effectful Lévy-Longo tree approximation <'" and equivalence ~"".

The relationship between these equivalences and refinements is the following, where we assume relators
to be quasi-flat.

+ (The open extension of) monadic applicative similarity (resp. bisimilarity), effectful contextual
approximation (resp. equivalence), and (the open extension of) CIU approximation (resp. equiv-
alence) coincide. This follows from Theorem 8, Corollary 4, and Corollary 5.

« Effectful applicative similarity (resp. bisimilarity) is strictly included in monadic applicative sim-
ilarity (resp. bisimilarity), and thus in effectful contextual approximation (resp. equivalence), and
CIU approximation (resp. equivalence). Strictness has been showed for Agy at the beginning of
Chapter 6.

« Effectful weak head normal form similarity (resp. bisimilarity) is strictly included in (the open ex-
tension of) effectful applicative similarity (resp. bisimilarity). Inclusion follows by mimicking the
proof of Proposition 22, whereas strictness has been proved in (Abramsky & Ong, 1993), Example
2.3.10.

« Effectful Lévy-Longo tree approximation (resp. equivalence) coincides with effectful weak head
normal form similarity (resp. bisimilarity).

These results are summarised in table 8.2.

ﬁLT ﬁw g (ﬁA)O (ﬁM)O (5ciu)0 — Sctx

-
~LT — ~W C (:A)O E (:M)O — (:ciu)o — ~ctx

=

Table 8.2: Call-by-name refinement/equivalence spectrum.
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Chapter 9

A Theory of Abstract Behavioural
Metrics

Algebra is the intellectual instrument
which has been created for rendering
clear the quantitative aspects of the
world.

Alfred North Whitehead, The Aims
of Education

The rest of this dissertation is devoted to the study of effectful applicative (bi)similarity distance,
the quantitative-like refinement of effectful applicative (bi)similarity, as defined in Chapter 5. Roughly
speaking, such a refinement is obtained by moving from ordinary boolean-valued relations to relations
taking values over arbitrary quantitative domains (such as the real extended half-line [0, co] or the unit
interval [0, 1]). Accordingly, the theory of effectful applicative (bi)similarity distance builds on three
major improvements of the theory of effectful applicative (bi)similarity of Chapter 5.

1. The first improvement is to move from boolean-valued relations to relations taking values on
quantitative domains, such as [0, o] or [0, 1], in such a way that restricting these domains to the
(carrier of the) boolean algebra 2 makes the theory collapse to the usual theory of applicative
(bi)similarity. For that, we rely on Lawvere’s analysis (F. Lawvere, 1973) of generalised metric
spaces and preordered sets as enriched categories. Accordingly, we replace boolean-valued rela-
tions with relations taking values over quantales (Rosenthal, 1990) (see Definition 61) (V, <, ®, k),
i.e. algebraic structures (notably complete lattices equipped with a monoid structure) that play
the role of sets of abstract quantities. Examples of quantales include the extended real half-line
([0, 0], >, 0, +) ordered by the “greater or equal” relation > and with monoid structure given by
addition (and its restriction to the unit interval [0, 1]), and the extended real half-line ([0, oo], >
,0,max) with monoid structure given by binary maximum (in place of addition), as well as any
complete Boolean and Heyting algebra. This allows to develop an algebra of quantale-valued re-
lations, V-relations for short, which provides a general framework for studying both behavioural
relations and behavioural distances (for instance, an equivalence V-relation instantiates to an ordi-
nary equivalence relation on the boolean quantale ({false, true}, <, A, true), and to a pseudometric
on the quantale ([0, 0], >,0, +)).

2. The second improvement is the generalisation of the notion of relator to quantale-valued rela-
tors, i.e. relators acting on relations taking values over quantales. Perhaps surprisingly, such
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generalisation is at the heart of the filed of monoidal topology (Hofmann et al., 2014), a subfield of
categorical topology aiming to unify ordered, metric, and topological spaces in categorical terms.
Central to the development of monoidal topology is the notion of a V-relator or V-lax extension
of a monad T (with carrier T) which, analogously to the notion of relator, is a construction lifting
V-relations on a set X to V-relations on TX. Notable examples of V-relators are obtained from
the Hausdorff distance (for the powerset monad) and from the Wasserstein-Kantorovich distance
(Villani, 2008) (for the distribution monad).

3. The third improvement (on which we will expand more in Section 9.2) is the development of a
compositional theory of behavioural V-relations (and thus of behavioural distances). As we are
going to see, ensuring compositionality in an higher-order setting is particularly challenging due
to the ability of higher-order programs to copy their input several times, a feature that allows
them to amplify distances between their inputs ad libitum.

The result is an abstract theory of behavioural V-relations that allows to define notions of quantale-
valued applicative similarity and bisimilarity parametrised by a quantale-valued relator. The notions
obtained, which we refer to as effectful applicative similarity and bisimilarity, respectively, generalise
the existing notions of real-valued applicative (bi)similarity and can be instantiated to concrete cal-
culi to provide new notions of applicative (bi)similarity distance. A remarkable example is the case of
probabilistic A-calculi, where to the best of the author’s knowledge a (non-trivial) applicative distance
for a universal (i.e. Turing complete) probabilistic A-calculus is still lacking in the literature (but see
Section 13.1).

As for Chapter 5, the main theorem we prove states that under suitable conditions on monads and
quantale-valued relators, the abstract notion of effectful applicative similarity distance is a compatible —
i.e. compositional — reflexive and transitive V-relation. Under mild conditions such a result extends to
effectful applicative bisimilarity distance, which is thus proved to be a compatible, reflexive, symmetric,
and transitive V-relation (i.e. a compatible pseudometric).

This chapter aims to provide an extensive, informal introduction to Chapter 10, Chapter 11, and
Chapter 12, which, instead, are devoted to the technical exposition of the theory of effectful applicative
(bi)similarity distance.

9.1 An Abstract Theory of Distances

The observation that ordered and metric spaces share a common structure dates back at least to Haus-
dorff (Hausdorff, 1949). In fact, Hausdorff observed that an order on a set X can be described as a function
f: X xX — {<,=,>}. Accordingly, Hausdorff presented metric spaces as a direct generalisation of
ordered sets where now the map f associates to each pair of points in X the distance between them.
Decades later, this simple analogy has been extended by Lawvere (F. Lawvere, 1973) to a formal cor-
respondence. Metric and ordered spaces not only share the same structure, but also the same axioms.
Moreover, such axioms are nothing but a concrete instance of the definition of an enriched category
(Kelly, 2005).

In ordinary category theory, each category C comes with a map, the so-called hom-map C(—, —), that
associates to each pair of objects X, Y of C a set, namely the set of morphism from X to Y. Such hom-
sets must satisfy specific conditions; for any object X there is an identity morphism 1x belonging to
C(X, X). Additionally, for all objects X, Y, and Z there is a binary operation o associating to morphisms
geC(Y,Z) and f € C(X,Y) amorphism go f € C(X, Z), called the composition of f with g. Enriched
category theory moves from the observation that there is no formal reason to require hom-sets to be sets.
Hom-sets are then replaced by objects in another category V. In that case, we say that C is enriched
over V. However, the category V needs to have enough structure to allow the definition of identity
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morphisms and composition operations. For that, it is sufficient to require V to be a monoidal category.
The existence of a composition operation can be then formalised as a family of morphisms

mxyz:C(Y,Z)® C(X,Y) - C(X,Z)
in V, whereas identity is given by morphisms
iX I - C(X,X)

The coherence conditions of V ensures m and i to behave as composition and identity, respectively. For
instance, the category Set being monoidal, it is easy to see that a locally small category is nothing but
a category enriched over Set.

A more interesting example of an enriched category is provided by preorders. Recall that the two-
element boolean algebra 2 can be seen as a category with two objects (0 and 1, or false and true), and a
single morphism x — y if x < y. Moreover, 2 is monoidal, with tensor product given by binary meet A
and unit given by true. A preorder is thus a category X enriched over 2. The hom-set X (x,y) € 2 denotes
the truth value of the dominance of y over x. Accordingly, identity and composition are modelled by
the 2-morphisms:

true < X(x, x)
X(y,z) A X(x,y) < X(x,2),

which are nothing but the usual axioms stating that the order X(—, —) is transitive and reflexive.

Lawvere’s key insight is that another example of an enriched category is provided by what he called
generalised metric spaces, i.e. pairs of the form (X, ), with p : X X X — [0, co], satisfying the following
subset of the usual metric axioms (where x, y, z are universally quantified):

0> p(x,x)
px,y) + p(y, 2) = plx, 2).

In order to see the enriched nature of generalised metric spaces, we first observe that the extended
non-negative real line [0, o] carries a monoidal category structure. Arrows are given according to the
opposite of the natural ordering > (so that 0 is the terminal object, and oo is the initial one), whereas
the tensor product is given by addition, so that the unit is 0. In a category X enriched over [0, co], the
hom-set X (x,y) € [0, co] gives the ‘distance’ between x and y. Identity and composition are thus given
as the morphisms:

0> X(x,x)
X(y,z) + X(x,y) = X(x,2),

which are nothing but the usual axioms for identity and triangle inequality. We can also notice that there
is another natural way to give the set [0, co] a monoidal category structure, namely replacing addition
(i.e. the tensor product) with the binary maximum operator max. Composition now gives

max(X(y, z), X (x,y)) > X(x,2)

which is nothing but the usual strong triangle inequality axiom characterising ultrametric spaces.

Moving form these observations Lawvere built a beautiful theory of categories enriched over com-
plete and cocomplete monoidal categories that unifies the theory of locally small categories, preroder
spaces, and generalised metric spaces (as well as the logic(s) associated with those structures). Here, we
will be more concrete and work with relations taking values over quantales (Rosenthal, 1990), the latter
being the decategorification of complete and cocomplete monoaidal categories.
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More precisely, a quantale is a structure V = (V, <, ®, k) such that (V, <) is a complete lattice and
(V, ®, k) is amonoid. We require the complete lattice and monoid structure of quantale to nicely interact,
meaning that some suitable distributivity laws has to be satisfied (see Definition 61 for details). For
the moment, we simply observe that the structures 2 = (2, <, A, true), L = ([0, o], >, +,0), and SL =
([0, 0], =, max, 0) are quantales. We refer to them as the boolean, Lawvere, and strong Lawevere quantale,
respectively. Finally, for a quantale V as above, we define a V-relation between X and Y to be a map
a: XXY->V.

Intuitively quantales model abstract quantities, and thus quantale-valued relations can be used as
models of abstract distances. On a formal level, the structure of a quantale V allows to generalise the
usual algebra of boolean-valued relations to V-relations.

The correspondence between 2, L, SL, and an arbitrary quantale V = (V, <, ®, k) is summarised in
Table 9.1.

2 (boolean) | L (Lawvere) | L (strong Lawvere) | V (quantale)
Carrier 2 [0, 0] [0, 0] \
Order < > > <
Join E| inf inf \
Meet v sup sup A
Tensor A + max ®
Unit true 0 0 k

Table 9.1: Correspondence 2-[0, o0]-V.

We can use Table 9.1 as a recipe to lift the algebra of boolean-valued relations to V-relations, as well
as to translate standard relational constructions into their quantitative counterparts.

For instance, it is straightforward to generalise the usual notion of relation composition. In fact, the
latter is defined using only the join (J) and binary meet (A) of 2, and both these notions are defined in
any quantale. Applying Table 9.1 to the definition of relation composition we thus obtain the following
definitions of (generalised) composition, where R, S are 2-relations, y, v are L-relations, p, s are SL-
relations, and «, §§ are V-relations we have:

(S-R)(x,2) £ Ay. R (x,y) AS(y,2)
(v-p)(x.z) £ inf (x.y) + v(y.2)

(p-s)(xz) £ inf max(s(x, y), p(y, 2))

B @)(x.2) 2 \/ alx.y) ® B(y.2).

y

As a consequence, we can say that a V-relation « is transitive if & - @ < a. It is straightforward to
see that V-relation transitivity generalises the usual notion of transitivity of boolean-valued relations
as well as the well-known triangle and strong triangle inequality formulas.

Extending this line of reasoning to the notions of symmetry and reflexivity, we come up with pre-
order and equivalence V-relations (oftentimes abbreviated as V-preorders and V-equivalences). These
generalise standard preorder and equivalence relations, as well as generalised (ultra)metrics, and their
symmetric extensions (known as (ultra-)pseudometrics (Steen & Seebach, 1995)). As a consequence, our
notions of quantale-valued program equivalence and refinement provide abstract notions of program
distance, the latter subsuming both standard, boolean-valued program equivalence and refinement, and
program metric (the latter, as it is customary, denoting both program generalised (ultra)metrics and
program (ultra-)pseudometrics).
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Having clarified the basic intuitions behind the abstract approach to relations and distances used in
this work, we now discuss the so-called distance amplification phenomena.

9.2 Compositionality, Distance Amplification, and Linear Types

As usual, we begin our analysis with an informal example giving some insights on the nature of the
notions we aim to investigate. The informal example we study here is the calculus A, of Chapter 2 (and
actually is equivalent formulation Apm). Our goal is to define a notion of program distance § between
terms of A, refining probabilistic applicative bisimilarity. Intuitively, §(e, ") quantifies the observable
differences between (the operational behaviour of) e and (the operational behaviour of) e’. Since we
postulated the probability of convergence to be the only observable property of a program, it is natural
to let 5(e, e’) be a non-negative real number between 0 and 1. Following Section 9.1, we see that [0, 1]
carries the same quantale structure of L, the only difference being that the tensor product on [0, 1] is
defined as truncated addition'. We call the quantale thus obtained unit interval quantale, and denote it
as . We have thus obtained our first assumption.

Assumption 1. A program distance § in A, is a pair of functions (6*,5"), where §* : Ao X Ao — [0,1]
and 8% : Vo x V, — [0,1].

We now look at some minimal desiderata a candidate distance § should satisfy. First of all, since we
observe the probability of convergence of programs, it is natural to require 5" (e, e’) to be at least as big
as the absolute value of the difference between the probability of convergence of e and of e’. In fact, the
latter is somehow the minimal distance an external observer can detect, even without interacting with
e and e’. We are thus requiring § to be adequate with respect to the observable (operational) behaviour
of programs in A,,.

Assumption 2. Writing Y[e] for Yo, [e] (ust v), we say that a program distance § = (6*,8V) is

adequate if:
1> Tel - > e < 8e.e).

Next, we ask if and how much the distance §*(e,e’) is modified when e and e’ are used inside
a context C. Indeed we would like to reason about the distance 6*(C[e], C[e’]) compositionally, i.e.
in terms of the distance (e, e’). As we have already remarked, compositionality is at the heart of
relational reasoning about program behaviour, and most of the main results proved in previous chapters
are concerned with showing compositionality of several forms of (bi)simulation-based equivalence and
refinement relations. Formally, we modelled compositionality via the notion of compatibility, a relation
being compatible if it is preserved by all language constructors.

Analogous to the idea that compatible relations are preserved by language constructors, we are
tempted to define as compatible those distances that are not increased by language constructors. That is,
we would like to say that a behavioural distance § is compatible if the distance §(C[e], C[e’]) between
Cl[e] and C[e’] is always bounded by the distance (e, e’), no matter how C[—] uses e and e’. This
intuition gives our third assumption.

Assumption 3. A program distance § = (6%,8") is compatible if for all programs e, e’ and any context
C, we have:

5*(Clel,C[e’]) < 8%(e, ).

! Truncated addition is defined as min(x + y,1): we overload the notation and denote by + both ordinary and truncated
addition.
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Equivalently, § is compatible if for all programs e, e’ we have:

sup 5*(C[e], Cle’]) < 6 (e, €’).
C

Notice that Assumption 3 requires 6 to be non-expansive with respect to all language constructors.
At this point we encounter a serious problem: as noticed in (Crubillé & Dal Lago, 2015, 2017), requiring
Assumption 1, Assumption 2, and Assumption 3 can lead to some distance trivialisation phenomena.
Roughly speaking, we say that a program distance ¢ trivialises if for all programs e, e, either 5" (e, e’) = 0
or 0*(e,e’) = 1. That is, interpreting 0 as true and 1 as false, § trivialises if it behaves as a (boolean-
valued) relation.

Distance trivialisation is a consequence of higher-features of calculi. In fact, higher-order programs
can freely copy and duplicate their input several times, thus having the testing power to amplify dis-
tances between their inputs ad libitum. Here we are not concerned with distance trivialisation in full
generality (the interested reader can refer to (Crubillé & Dal Lago, 2017) for a formal analysis of dis-
tance trivialisation). For our purposes, it is sufficient to notice that Assumption 1, Assumption 2, and
Assumption 3 make any candidate distance not satisfactory. We clarify this point with the following
example taken from (Crubillé & Dal Lago, 2017), and here (re)formulated in the calculus A,,.

Example 53. Let § be a program distance satisfying Assumption 1, Assumption 2, and Assumption 3.
Let I be the identity combinator Ax.return x and Q be the purely divergent computation (Ax.xx)(Ax.xx).
As usual, we see that (return I) or Q evaluates to I with probability % and diverges with probability %
Since we observe the probability of convergence of a program, it speaks by itself that we would expect
&*(return I, (return I) or Q) = % However, we can easily prove §*(return I, (return I) or Q) = 1.
Consider the family of contexts {Cy, },>0 defined by:

Cn & Ax.((xI) ... (xI))(Ay.[-]).

n

Each context C, duplicates its input n times, meaning that the distance §*(return I, (return I) or Q) is
detected n times in C,. Therefore, the resulting distance §*(C,[return I], C,[(return I) or Q]) is the
observed (ground) distance between return I and (return I) or Q amplified of a factor n. In fact, as n
grows, the probability of convergence of C, [(return I) or Q] tends to 0, whereas the one of C,, [return I]
remains always equal to 1. Formally, we have:

Assumption 2 = VYn > 0. IZ[[Cn[e]]] - Z[Cn [e']]l < 8*(Culel,Cule’])
= sup| > [Calel] = D [Cule'1]] < sup5*(Cale], Cale'])

[By definition of sup ]
= 1 < sup5*(Cple], Cnle’])

[Since sup | Z[[Cn[e]ﬂ - Z[[Cn ']l =1]
= 1 < sup5*(Cle],Cle’])
C
[Since sup §*(Cy[e],Cule’]) < sup5*(Cle],Cle’])]
n C

= 1< 5%e,¢).

[By Assumption 3]

During its evaluation, every time the context C, evaluates its inputs the detected distance between
the latter is somehow accumulated to the distances previously observed, thus exploiting the linear —
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as opposed to classical — nature of the act of measuring. Such linearity naturally reflects the monoidal
closed structure of categories of metric spaces, in opposition with the cartesian closed structure char-
acterising ‘classical’ (i.e. boolean-valued) observations. X

The moral of Example 53 is that not only how a context uses a program matters, but also how much
it uses the program does. As a consequence, if we want to reason compositionally about behavioural
distances, we have to take into account how much programs can access their inputs.

We can give a precise meaning to the expression how much above through the notion of program
sensitivity (de Amorim et al., 2017; Reed & Pierce, 2010). Intuitively, the sensitivity of program is the
law describing how much differences in the output are affected by differences in the input. We thus
use the notion of sensitivity to formalise the testing power of contexts. For instance, we can define the
sensitivity of a context C in A, as a non-negative real number s, and refine our notion of compatibility
accordingly: we now allow a context C with sensitivity s to increase the distance d(e, e’) between e and
e’, but of a factor at most s. That is, the distance 5(C[e], C[e’]) must be bounded by s - 5(e, ’).

Remark 16. It is important to stress that the sensitivity of a program in A, is not the number of times
the program accesses its input. For instance, we obviously expect the single-hole context [—] to have
sensitivity 1, and the zero-hole context v, for a closed value v, to have sensitivity 0. Up to this point
indeed program sensitivity can be identified with the number of times inputs are used. However, it is
reasonable to expect the context [—] or v to have sensitivity % since with probability % it will test its
input (once), and with probability % it will not.

We can thus formulate a new notion of compatibility.

Assumption 4. A program distance § is compatible if for all programs e, e’ and context C with sensitivity
S,

S8(Clel,C[e’]) < s-5(e,€’).

We also remark that there are other reasonable notions of program sensitivity: for instance, we could
have defined the sensitivity of a context as a polynomial p bounding the testing power of the context.
Our approach will be more abstract, allowing the sensitivity of a program to be any function satisfying
some minimal structural properties, and thus leaving the freedom to choose the concrete notion of
sensitivity that fits best the concrete calculus at hand. In fact, it turned out that program sensitivity
can be seen as an instance of a more general notion, namely the one of a coeffect” (Brunel, Gaboardi,
Mazza, & Zdancewic, 2014; Gaboardi, Katsumata, Orchard, Breuvart, & Uustalu, 2016; Petricek, Orchard,
& Mycroft, 2014).

The introduction of the notion of program sensitivity seems to allow to resolve many issues related to
the notion of compositionality as defined in Assumption 3. However, it also raises an important question:
how can we track program sensitivity? To answer this question, we follow (Reed & Pierce, 2010) and
refines A, in a linear-like calculus. The resulting calculus has a powerful type systems inspired by
bounded linear logic (Girard, Scedrov, & Scott, 1992) and, compared to other linear type systems, has the
novelty of introducing types of the form !0, where s is a non-negative real number modelling program
sensitivity. Moreover, allowing the sensitivity of a program to be oo, meaning that we are working
with non-negative extended real numbers, we can model programs testing their input ad libitum. As a
consequence, we can recover the full bang type !o as !0.

2 Unfortunately, the author was not aware of the connection between program sensitivity and coeffects until the moment of
writing the present dissertation. As a consequence, a proper treatment of such a connection is not treated in this work.
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9.3 Structure of the Analysis

At this point the reader should have enough intuitions and motivations to follow the rest of this disser-
tation. The latter is structured as follows. In Chapter 10 we introduce V-relations and their algebra, as
well as the notion of a change of base functor (Kelly, 2005; F. Lawvere, 1973). We will use the latter to
define our abstract notion of program sensitivity. Having defined a notion of program sensitivity, we
define our vehicle calculus V-Fuzz. The latter is a generalisation of Reed’s and Pierce’s Fuzz (Reed &
Pierce, 2010), a PCF-like language with a powerful linear type system enriched with sensitivity-indexed
‘bang types’ that allow to track program sensitivity. V-Fuzz has two major differences compared to
Fuzz. First, V-Fuzz is parametrised by an arbitrary quantale and a signature of change of base functors.
This allows V-Fuzz to model several concrete calculi as well as several notions of program sensitivity.
Secondly, and most importantly, V-Fuzz is an effectful calculus parametrised by a monad and a signa-
ture of (algebraic) operation symbols. As a consequence, V-Fuzz qualifies as a refinement of Ay, which
we already argued by means of several examples to be good model for several effectful calculi. For
instance, V-Fuzz subsumes imperative, nondeterministic, and probabilistic versions of Fuzz, as well as
combinations thereof.

Next, in Chapter 11 we introduce relators on V-relations, which we call V-relators. The resulting
theory is the generalisation of the usual theory of relators as exposed in Chapter 4. We give examples
of relevant relators, notably relators associated with the Hausdorff (Munkres, 2000) and Wasserstein
(Villani, 2008) distance.

Finally, in Chapter 12 we define a notion of effectful applicative (bi)similarity distance for V-Fuzz,
i.e. a V-relation (parametric with respect to a V-relator) generalising the notion of effectful applicative
(bi)similarity of Chapter 5. Our main theorem (Theorem 16) states that under suitable conditions on V-
relators, effectful applicative similarity distance is a compatible (according to a suitable generalisation
of Assumption 4), reflexive, and transitive V-relation, and thus gives a compatible generalised metric
in the sense of (F. Lawvere, 1973). Similarly, we show that under mild conditions on change of base
functors, effectful applicative bisimilarity distance is a compatible equivalence V-relation (Theorem 17),
and thus gives a compatible pseudometric.
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Chapter 10

An Effectful Calculus with Program
Sensitivity

In language there are only differences

Ferdinand de Saussure, Course in
General Linguistics

In this chapter we introduce V-relations and their algebra, as well as the notion of a change of base
functor (Kelly, 2005; F. Lawvere, 1973). The latter provides the mathematical instrument we use to define
our abstract notion of program sensitivity.

We use change of base functors to define our vehicle calculus V-Fuzz. The latter is a generalisation
of Reed’s and Pierce’s Fuzz (Reed & Pierce, 2010), a PCF-like language with a powerful linear type
system enriched with sensitivity-indexed ‘bang types’ that allow to track program sensitivity. V-Fuzz
has two major differences compared to Fuzz. First, V-Fuzz is parametrised by an arbitrary quantale and
a signature of change of base functors. This allows V-Fuzz to model several concrete calculi as well as
several notions of program sensitivity. Secondly, and most importantly, V-Fuzz is an effectful calculus
parametrised by a monad and a signature of (algebraic) operation symbols. As a consequence, V-Fuzz
qualifies as a refinement of Ay, which we already argued by means of several examples to be good model
for several effectful calculi. Finally, following Chapter 3, we give V-Fuzz monadic operational semantics.

10.1 Quantales and Quantale-valued Relations

In this section we recall some necessary background notions on quantales (Rosenthal, 1990) and quantale-
valued relations (V-relations) along the lines of (F. Lawvere, 1973). The reader is referred to the mono-
graph (Hofmann et al.,, 2014) for a comprehensive introduction.

Definition 61. A (unital) quantaleV = (V, <, ®, k) consists of a monoid (V, ®, k) and a sup-lattice (V, <)
satisfying the following distributivity laws:

b®\/ai=\/(b®a,~)

iel iel
(v a;)®b = \/(ai ®b).
iel iel
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The element k is called unit of the quantale, whereas ® is called multiplication or tensor of the quantale.
Given quantales V,W, a quantale lax morphism is a monotone map h : V — W satisfying the following
inequalities:

¢ < h(k),
h(a) ® h(b) < h(a® b),

where € is the unit of W.

It is easy to see that ® is monotone in both arguments. We denote the top and bottom element of a
quantale by T and 1, respectively (notice that we use the symbol 1 to denote the bottom element of a
quantale V, and the symbol L to denote the bottom element of a 3-continuous monad). Moreover, we
say that a quantale is commutative if its underlying monoid is such, and that it is non-trivial if k # L.
Finally, we observe that for any a € V, the map a ® (=) : V — V has a right adjointa — (=) : V> V
which is uniquely determined by the law:

a®b<c & b<a-ec.

From now on we tacitly assume quantales to be commutative and non-trivial.
Example 54. The following are examples of quantales.
1. The boolean quantale 2 = (2, <, A, true) where 2 = {true, false} and false < true.

2. The Lawvere quantale L = ([0, 0], >, +,0) consists of the extended real half-line ordered by the
“greater or equal” relation > and extended' addition as monoid multiplication. Notice that in the
Lawvere quantale the bottom element is oo, the top element is 0, whereas infimum and supremum
are defined as sup and inf, respectively. Notice also that —e is truncated subtraction.

3. Replacing addition with maximum in the Lawvere quantale we obtain the strong Lawvere quantale
SL = ([0, 0], >, max, 0), which has been used to study generalised ultrametric spaces (J. Rutten,

1996). In fact, in the strong Lawvere quantale tensor and meet coincide.

4. The unit interval quantale | = ([0,1], >, +,0) is obtained by restricting the Lawvere quantale to
the unit interval [0, 1] and addition to truncated addition.

5. A left continuous triangular norm (t-norm for short) is a binary operator = : [0,1] X [0,1] —
[0, 1] that induces a quantale structure over the complete lattice ([0, 1], <) in such a way that the
quantale is commutative. Examples of t-norms are:

(@) The product t-norm: x *, y 2x.y
(b) The Eukasiewicz t-norm: x *; y = max{x + y — 1,0}.
(c) The Godel t-norm: x +4 y £ min{x, y}.

6. The collection Rel(X, X) of binary relations on a set X forms a quantale with monoid structure
given by relation composition and the identity relation.

7. The structure (7, C,N, X), where 7 is a collection of open sets on a set X is a quantale. Here the
join is defined as | J, from which we can define arbitrary meets (notice that these are, in general,

IWe extend ordinary as follows: x + c0 £ 0o £ 0o + x.
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different from arbitrary intersections). More generally, recall that a frame (Vickers, 1996) consists
of a sup lattice (V, <, \/) satisfying the following distributivity laws:

bA\ ai=\/(bAa)

iel iel
(\/ a)Ab= V(a,» Ab).
iel iel

We see that any frame is a quantale. More specifically, a frame is nothing but a quantale V with
monoid structure given by the poset structure (V, A, T).

. All complete boolean and Heyting algebras are (trivially) quantales.

. The three-element chain 3 = {1k, T} is a quantale, with . < k < T. We can use 3 to model
scenarios like the following one. Suppose we have a family of contexts C acting as experiments.
Given two programs e, e’ we can test them against contexts in C. The output of the experiment
performed by a context C is, as usual, an observation obs(C[e]). Each test can take only a given
amount of time, after which the test fails (meaning that we were not able to prove neither the
equivalence nor to discriminate between e and e’). In such a case we write 0bs(C[e]) T. We define
the distance §(e, e’) between e and e’ as the result of the whole experiment:

I if AC € C. obs(C[e]) # obs(C[e’])
S(e,e’) 24T ifVC € C.obs(C[e]) = obs(C[e’])
k if =3C € C. obs(Cle]) # obs(C[e’]) A AC € C.(obs(C[e]) T Vobs(C[e']) T)-

Obviously there are cases where performing the same experiment twice gives different results
(e.g. consider the program (return v) or Q), or we can extend old experiments with new ones (for
instance by enlarging C). It thus makes sense to introduce an operation ® to collect and update
the results of experiments. Obviously, we expect IL ® x = 1, as once we find an experiment
discriminating between e and e’, we can tell them apart. Moreover, if an experiment gives result
k at first, but once repeated a second time gives a conclusive result x # k, then it is desirable to
have k ® x = x. We can summarise these desiderata in the following multiplication table:

4|~ E|®
ElelElE
3|~ |~
S IEIGIE

It is a straightforward exercise to verify that (3, <, ®, k) is a quantale.

X

With the exception of Rel(X, X) and the three-element 3, all quantales mentioned in Examplex 54
have unit k coinciding with the top element T. Quantales with such property are called integral quan-
tales, and are particularly well-behaved. For instance, in an integral quantale a ® b is a lower bound of
aand b (and thus a® 1L = 1, for any a € V). For instance, by monotonicity of tensor products we have:

a®b<a®mT=a®k=a.

Due to their nice properties, we will work with integral quantales only. In particular, from now on we
tacitly assume all quantales to be integral.
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Having defined quantales, we can now define quantale-valued relations. As we have already stressed,
the notion of a V-relation, for a quantale V, provides an abstraction of the notion of a relation that sub-
sumes both the qualitative (i.e. boolean valued) and the quantitative (i.e. real valued) notion of a relation.
Moreover, sets and V-relations form a category which, thanks to the quantale structure of V, behaves
essentially like Rel. That allows to develop an algebra of V-relations on the same line of the usual algebra
of relations.

Formally, for a quantale V = (V, <, ®, k), a V-relation « : X - Y between sets X and Y is a function
a : X XY — V. For any set X we can define the identity V-relation Ix : X - X mapping diagonal
elements (x,x) to k, and all other elements to 1. Moreover, for V-relations ¢ : X = Yand f: Y - Z,
we can define the composition f§ - & : X = Z by the so-called ‘matrix multiplication formula’:

(B-a)(x2) 2 \/ alx,y) ® f(y.2).

yeYy

Composition of V-relations is associative, and | is the unit of composition. As a consequence, we have
that sets and V-relations form a category, called V-Rel. V-Rel is a monoidal category with unit given by
the one-element set and tensor product given by cartesian product of sets witha ® f : X XY - X’ xY’,
fora: X - X"and f: Y — Y’, defined pointwise. Moreover, for all sets X, Y, the hom-set V-Rel(X, Y)
inherits a complete lattice structure from V according to the pointwise ordering. Actually, the whole
quantale structure of V is inherited, in the sense that V-Rel is a quantaloid (Hofmann et al., 2014). In
particular, for all V-relations ¢ : X -» Y, f; : Y - Z (i € I), and y : Z -» W we have the following

distributivity laws:
y-(\/B)=\/-p

iel iel
(\/B)-a=\/(Bia).
iel iel

There is a bijection —° : V-Rel(X, Y) — V-Rel(Y, X) that maps each V-relation « to its dual a° defined
by a°(y,x) 2 a(x,y). It is straightforward to see that —° is monotone (i.e. @ < f implies a° < f°),
idempotent (i.e. (2°)° = a), and preserves the identity V-relation (i.e. 1° = I). Moreover, since V is
commutative we also have the equality (- a)° = a° - °.

Finally, we define the graph functor G from Set to V-Rel acting as the identity on sets and mapping
each function f to its graph (so that G(f)(x,y) is equal to k if y = f(x), and 1L otherwise). It is easy to
see that since V is non-trivial G is faithful. In light of this observation we will use the notation f : X — Y
in place of G(f) : X = Y in V-Rel.

A direct application of the definition of composition gives the equality:

(¢ - a- f)x,w) = a(f(x),g9(w))

for f: X > Y, a:Y—» Z andg : W — Z. Moreover, it is useful to keep in mind the following
adjunction rules (Hofmann et al., 2014) (for a, §, y V-relations, and f, g functions with appropriate source
and target):

ga<p = a<qg - p
p-ff<sy = p=sy-f.

The above inequalities turned out to be useful in making pointfree calculations with V-relations. In
particular, we can use lax commutative diagrams of the form
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S

Z
a iﬁ

w

!
E——
<
—_—
g

~ <t

as diagrammatic representation for the inequality g-a < f- f. By adjunction rules, the latter is equivalent
to @ < g°- B - f, which, pointwise, gives the following generalised non-expansiveness condition’:
Y(x,y) € X X Y. a(x,y) < p(f(x),9(y)). Among V-relations we are interested in those generalising
equivalences and pseudometrics.

Definition 62. A V-relation a : X -» X is reflexive if |y < a, transitive ifa - « < @, and symmetric if
a<al.

When read pointwise, reflexivity, transitivity, and symmetry give the following inequalities:

< a(x,x)
ax,y) ® a(y,z ) a(x,z)
a(x,y) < a(y,x),

for all x,y,z € X. We call a reflexive and transitive V-relation a preorder V-relation (V-preorder, for
short), and a reflexive, symmetric, and transitive V-relation an equivalence V-relation (V-equivalence,
for short).

Example 55. We have already seen that instantiating the transitivity formula on the boolean, Lawvere,
and strong Lawvere quantale we recover the notion of (boolean) transitivity, triangle inequality, and
strong triangle inequality, respectively. Proceeding in a similar fashion with reflexivity (resp. reflexivity
and symmetry), we see that V-preorders (resp. V-equivalences) generalise preorder (resp. equivalence),
generalised metric (resp. pseudometric), and generealised ultrametric (resp. ultra-pseudometric) spaces,
respectively. These correspondences are summarised in Table 10.1, where R : X - X is a 2-relation,

p: X - Xisal-relation, and p : X = X is a SL-relation X
Boolean Lawvere Strong Lawvere
true < R(x, x) 0> p(x,x) 0 > p(x,x)
R(x,y) < R(y, x) p(xy) 2 py, x) p(x,y) 2 p(y, x)
R(x,y) AR(y.2) < R(x,2) | plx,y) + p(y,2) 2 p(x,2) | max(p(x,y),p(y.z)) = p(x,2)

Table 10.1: Correspondences reflexivity-symmetry-transitivity.

Remark 17 (V-categories). In his seminal paper (F. Lawvere, 1973) Lawvere introduced generalised
metric spaces as L-preorder spaces, i.e. pairs (X, @) consisting of a set X and an L-preorder « : X - X.
Generalising from the Lawvere quantale to an arbitrary quantale V we obtain the so-called V-categories
(Hofmann et al., 2014). In fact, a V-category (X, ) is nothing but a category enriched over V regarded
as a bicomplete monoidal category. The notion of a V-enriched functor instantiates to the notion of a
non-expansive map between V-categories, so that one can consider the category V-Cat of V-categories

2Taking f = g generalised non-expansiveness expresses monotonicity of f in the boolean quantale, and non-expansiveness
of f in the Lawvere quantale and its variants (recall that when we instantiate V as e.g. the Lawvere quantale we have to reverse
inequalities).
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and V-functors. The category V-Cat has a rich structure. In particular, it is a (symmetric) monoidal
closed category. Given V-categories (X, @), (Y, B), their exponential (Y*, [a, f]) is defined by

[, B1(f.9) 2 )\ B(F(x).9(x)),

xeX

whereas their tensor product (X X Y, ® ) is defined pointwise. Instantiating V-Cat with the boolean,
Lawvere, and strong Lawvere quantale we obtain the category of preorders and monotone function,
the category of generalised metric spaces and non-expansive maps, and the category of generalised
ultrametric spaces and non-expansive maps, respectively. In particular, given monotone/non-expansive
functions f,g : X — Y, relations R : X - X, S : Y - Y, and generalised (ultra)metrics y : X - X,
v:Y - Y, we see that we have:

[R,S1(f.9) & Vx. f(x) S g(x)
vI(f.9) = sup v(f (x),9(x)).

Finally, we observed that given V-categories (X, @), (Y, ) and V-enriched functors we can equivalently
express [a, f1(f,g) as

J\ alex’) — B(F(x), 9(x)).

x,x'€X

In fact, since « is reflexive, for all x € X we have:

a(x,x) —» f(f(x),9(x)) = (a(x,x) — f(f(x),9(x))) @ k
< (a(x,x) — f(f(x),9(x))) ® a(x, x)
< B(f(x), 9(x)),

from which we conclude A, . a(x,x") —» B(f(x),g9(x")) < A, B(f(x),g(x)). Dually, since f is a V-

enriched functor and f is transitive, for all x, x” we have:
alx,x’ ®Aﬁ ,9(x)) < a(x,x') & B(f(x), g(x"))

< B(f(x). f(x) ® B(f(x'). g(x"))
< p(f(x), g(x))

By adjunction, we can infer A, f(f(x),g(x)) < a(x,x’) — B(f(x),g(x")), and thus A, f(f(x),g(x)) <
Nz a(x,x") —o f(f(x),g(x")).

Although here we do not work with V-categories (we work in V-Rel only), it is sometimes useful to
think in terms of V-categories for ‘semantical intuitions’.

10.1.1 Operations and Change of Base Functors

Since effects in V-Fuzz will be specified by means of a signature X of operation symbols, we need to
specify how operations in ¥ interact with V-relations (e.g. how they modify distances), and thus how
they interact with quantales. For simplicity, we will consider only finitary operation symbols. Although
we conjecture our results to hold also for generalised operations, the latter are not very natural in V-
Fuzz, as they would require to work in an infinitary type system. Nonetheless, we will give some hints
on how to extend our definitions to generalised operations too.
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Definition 63. Let 3 be a signature consisting of finitary operation symbols only. A X-quantale is a
quantale V equipped with monotone operations [op]y : V* — V, for each n-ary operation op € %,
satisfying the following inequalities:

k < [op]v(k,... k),
[oplv(as,...,an) ® [op]v(bi,...,by) < [op]v(ai ® by, ...,a, ® by).

Example 56. Both in the Lawvere quantale and in the unit interval quantale we can interpret the fair
probabilistic choice operation symbol or as: x [or]y y £ % X+ % -y, where W ranges over {[0, o0], [0, 1]}.
More generally, we can interpret the (unfair) p-probabilistic choice operation symbol or,, where p is a
rational number in [0,1], as x Jorp,Jwy = p-x+ (1 —p) - y.

In general, for a quantale V we can always interpret [op]v(ay,...,a,) bothasa; ® ... ® a, and as
a; A...Aay. Inorder to have a clear intuition about the above interpretation of operation symbols, it is
useful to look at the result of the evaluation of a program as a computation tree. Recall from Chapter 2
that each node in a computation tree is labelled by an operation symbol op which corresponds to the
evaluation of a computation of the form op(ey, ..., e,). Each subtree of the node represents the result
of the evaluation of one of the continuations ey, . . ., e,. As a consequence, the interpretation of op as a
tensor product corresponds to the view that all distances observed in each possible continuation should
be accumulated, whereas the interpretation of op as binary meet states that the observed distance is
obtained by taking the maximal distance observed in each possible continuation. X

It is easy to see that we can extend Definition 63 to generalised operation symbols as follows. Given
an operation op : P ~~» I, let k : I — V be the constant function mapping each i € I to k. Then we
require [op]y to satisfy the following inequalities:

k < [op]v(p, k)
[oplv(p. x) ® [op]v(p, v) < [op]v(p,k ® v),

where k ® v is defined pointwise. We also require [op]y to be monotone in its second argument, where
the order on V! is defined pointwise.

Finally, we introduce the notion of a change of base functor (Hofmann et al., 2014; Kelly, 2005; F. Law-
vere, 1973). As stressed in Chapter 9, we model program sensitivity as a function giving the ‘law’ de-
scribing how much distances between inputs are modified by the program. The notion of a change
of base functor provides a mathematical abstraction to model the concept of program sensitivity with
respect to an arbitrary quantale.

Definition 64. A change of base functor, CBF for short, between quantalesV, W is a lax quantale morphism
h :V — W (see Definition 61). If V. = W we speak of change of base endofunctors (CBEs, for short), and
denote them by s, r . ... Clearly, every CBE s is also a CBF.

The action ho of a CBF h: V — W on a V-relation & : X = Y is defined by ho a(x,y) £ h(a(x,y))
(to improve readability we omit brackets). Notice that since V is integral, CBFs preserve the unit k.

Example 57. 1. We define (extended) multiplication by a constant ¢ € [0, co] as the function c- (-) :
[0, 0] — [0, co] defined as follows, where x < co:

0-c020

1>

0

oo -0

[I>

o - X

(1>

X 00
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Extended multiplication by a constant is a CBE on the Lawvere quantale. Moreover, it also acts
as a CBE on the unit interval quantale, where multiplication is meant to be truncated.

Our definition of extended multiplication is different from the one given in (de Amorim et al.,
2017), where extended multiplication is defined as follows (with y # 0):

X -0

o0

(1>

0

00 -0
o - y é 0,

Despite making extended multiplication non-commutative, the above definition does not fit with
our intuition about program sensitivity. In fact, according to our informal reading, the equality
0 - co = 0 expresses the principle that if we test observationally distinguishable objects zero times
(i.e. we do not test them at all), then we are not able to tell them apart. Dually, the equality
00 -0 = 0 states that observationally indistinguishable objects cannot be told apart, no matter how
many times are tested.

We should also remark that although our definition of extended multiplication agrees with our
intuition of program sensitivity, it has the drawback of being non-continuous. For instance, con-
sider the set X = {¢ | ¢ > 0}. Continuity requires oo - inf X = inf(co - X), which is obviously not
the case since 0o - inf X = 00 -0 = 0 and inf{co - ¢ | £ > 0} = inf co = oo,

2. Another interesting example of a CBE both on the Lawvere and the unit interval quantale is
provided by polynomials P such that P(0) = 0. Such polynomials can be used to express sensitivity
of context having only polynomial testing power (meaning that contexts are required to be able
to discriminate programs efficiently).

3. More generally, given a quantale V we can define CBEs n,00 : V — V, for n < w as follows:

Notice that 1 acts as the identity function, and that on the Lawvere and unit interval quantale we
have n(c) = n- ¢ and co(c) = oo.

4. An important example of CBFs is given by the map ¢/ : 2 — V and its right adjoint ¢ : V — 2
defined by:

o(k) £ true U (true) =
p(a) = false i (false) = 1.

Intuitively, the map ¢ is used to collapse distances into relations, whereas ¢ is used to translate a
relation into a (trivial) distance.
X

Finally, we observe that the action of CBFs on a V-relation obeys the following laws:

(h-h)(a) =ho (W oa),
(hoa)-(hof) <ho(a-p).
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Remark 18. We saw that V-categories generalise both generalised metric spaces and preorders, and
that V-functors generalise both monotone and non-expansive functions. However, when dealing with
metric-like spaces, besides non-expansive functions a prominent role is played by Lipshitz-continuous
functions (Searcéid, 2006).

Given metric-like spaces (X, p) and (Y, v), a function f : X — Y is said to be c-continuous, for
¢ € Ry, if the inequality

¢ p(xx") 2 v(f(x), f(x7))

holds, for all x,x’ € X. Example 57 shows that multiplication by a (possibly extended) non-negative
real number c is a change of base endofunctor on the Lawvere quantale, meaning that using CBEs we
can generalise the notion of Lipshitz-continuity to V-categories. In fact, easy calculations show that
for any V-category (X, a) and any CBE s on V, (X,s o a) is a V-category. Moreover, since CBEs are
monotone, such an operation is functorial (with morphism left unchanged). In particular, we can define
s-continuous functions from (X, ) to (Y, ) as V-functors from (X, s o @) to (Y, §). That is, we say that
a function f : X — Y is s-continuous if

soa(xx’) < f(f(x), f(x))
holds, for all x,x” € X.
We conclude this section with the following useful result on the algebra of CBEs.

Lemma 36. LetV be a X-quantale. CBEs are closed under the following operations (where op is an n-ary
operation symbol in ¥):

(s ®r)(a) £ s(a) ® r(a)

(r-s)(a) = r(s(a))
(s Ar)(a) = s(a) As(b)

lop]v(si,- - -,sn)(a) = [op]v(si(a),...,sn(a)).

The proof of Lemma 36 is straightforward. Moreover, we can extend its content to generalised
operations as follows. Let op : P ~ I be a generalised operation, and let x be a function mapping each
i € I to a CBE k(i). We define the CBE [op]v(p, k) by:

[oplv(p. x)(a) £ [op]v(p.i > Ki(a)).

It is easy to see that Jop]lv(p, k) is indeed a CBE. For instance, suppose a < b. Since k; is a CBE, we
have x;(a) < k;(b), for any i € I. It follows that i - k;(a) < i > k;(b), and thus Jop]v(p,i — k;(a)) <
[op]lv(p, i — k;(b)), since [op]v is monotone.

10.2 The V-Fuzz Language

As already observed in Chapter 9, when dealing with behavioural V-relations a crucial parameter in
distance trivialisation is program sensitivity. To deal with such parameter we now introduce V-Fuzz, a
higher-order fine-grain A-calculus extending Fuzz (Reed & Pierce, 2010) with algebraic operations. As
Fuzz, V-Fuzz is characterised by a powerful linear type system with sum and recursive types inspired
by bounded linear logic (Girard et al., 1992) giving syntactic information on program sensitivity.

The syntax of V-Fuzz is parametrised by a signature ¥ of operation symbols, a 2-quantale V, and a
family IT of CBEs. From now on we assume 3, V, and II to be fixed. Moreover, we assume II to contain
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Typeso,7 ==t Values v, w = x Computations e, f == return v

| Z o; | Ax.e | ow
iel

|o—o1 | (i,v) | case v of {{i,x) — e;}
| ut.o | fold v |letx =ein f
| lso | v | case v of {!x — e}

| case v of {fold x — e}

| op(e,...,e).

Figure 10.1: Types, values, and computations of V-Fuzz.

at least CBEs n, co in Example 57 and to be closed under operations in Lemma 36. Types, (raw) values,
and (raw) computations of V-Fuzz are defined in Figure 10.1, where t denotes a type variable, I is a finite
set (whose elements are denoted by i, j, .. .), and s belongs to II.

Free and bound variables in computations and values are defined as usual, and we adopt the same
syntactical conventions defined in Chapter 3. We extend such conventions to types. In particular, we
denote by o[7/t] the result of capture-avoiding substitution of type 7 for the type variable t in 0. We
also write 0 for the empty sum type, 1 for 0 —o 0, and nat for pt.1 + t.

In order to define the class of well-defined V-Fuzz terms we equip V-Fuzz with a suitable type system.
Intuitively, the latter is based on judgments of the form x; :5, 01,...,%, :5, 04 F € : 0, Where s1,..., 5,
are CBEs. The informal meaning of such judgment is that on input x; (i < n), the computation e has
sensitivity s;. That is, e amplifies the (behavioural) distance between two input values v;, v; of at most
a factor s;. Symbolically, we have:

si o a(v;,v)) < ale[x; == v}], e[x; := v]]).

In order to define typing judgments formally, we need the notion of an environment. An environment
I is a finite sequence x; i, 01,...,Xn is, 0n of distinct variables with associated closed types and CBEs
(we denote the empty environment by () and oftentimes writes + e : ¢ in place of @ + e : ¢). We can lift
operations on CBEs in Lemma 36 to environments as follows, where op in an m-ary operation symbol
in >:

r-T'=x1.5 Ole s Xn ires, Ons
F'®A=x1:50n O1,...,%n ‘sp®rp Ons
1 my _ . .
[[op]]v(F R & ) =X 'HOPHV(S%,---,S{H) O01,...,Xn “[op]v(sk.....s™) On,
— . . — . . i _ . . 3
forT =x1 55, 01,...,%n 35, On, A = X1 3y O1,...,Xp i, Op,and I'* = x; i Olee s Xn g O Notice

that the above operations are defined for environments having the same structure (i.e. differing only on
CBEs). This is not a real restriction, since we can always add the missing variables y :; o, where k is
the constant function returning the unit of the quantale.

Having at our disposal operations on environments we can define a type system for V-Fuzz. Such
a type system is based on two kinds of judgment (exploiting the fine-grained style of the calculus):
judgments of the form T +¥ v : o for values and judgments of the form ' +* e : ¢ for computations. The
system is defined in Figure 10.2.

As for As, we denote by V7 and AJ for the set of closed values and terms of type o, respectively.
Accordingly, we will also use the notation Ar,a, for the set fe € A | T +* e : o} (and similarity for
values).
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s<1
Ixs0r x:0

I'xyorle:r THov:0—o7 A w:o

I'tYAxe:0 —orT TrA+ vow: T
'tVo:o; ItV o:dicgo Ax:igoittei:r (Miel)
T (,0): Yicr0i s-T®Ar casevof {{i,x) > e;}: 7T
THo:o F'tte:oc Ax ot f:t

F't*returnv:o (sA1l)-T®Ar'letx=einf:7

T'Vo:o TtYo:l,o Ax:i,otte:r

s-THWw:lo s-T®Ar*casevof {lx »>e}:7

T'Ho:olutoft] THo:pto Ax:sofpto/tlre:r
F'tfoldv:put.o s-T®A+"casevof {foldx —e}:r

L Hhe:o -+ IhHle,:o
[op]v(Ly,...,T,) +* op(er,....en) : 0

Figure 10.2: Typing rules for V-Fuzz.



Before giving examples of concrete instances of V-Fuzz, let us comment some of the typing rules in
Figure 10.2. Most of these rules are similar to those of Fuzz (e.g. in the variable rule we require s < 1,
meaning that the open value x can access x at least once) with the exception of the rule for sequencing
and the rule for operation symbols (which is just not present in Fuzz, the latter not having algebraic
operations). Concerning the former, let us consider the following instance of the sequencing rule on the
unit interval quantale:

xnotte:o ypobtf:r

X ‘max(01)1 0 Flety=ein f: 1

where f is a closed term of type 7, so that we can assume it to have sensitivity 0 on all variables.
According to our informal intuition, e has sensitivity 1 on input x, meaning that (i) e can possibly
detect (behavioural) differences between input values v, w, and (ii) e cannot amplify their behavioural
distance of a factor bigger than 1. Formally, point (ii) states that we have the inequality a(v, w) >
a(e[x := v], e[x := w]), where « denotes a suitable behavioural I-relation. On the contrary, f is a closed
term and thus has sensitivity 0 on any input, meaning that it cannot detect any observable difference
between input values. In particular, for all values v, w we have a(f[y := v], fly := w]) = a(f,f) =0
(provided that « is reflexive). Replacing max(0,1) with 0 in the above rule (i.e. s A 1 with s in the
general case) would allow to infer the judgment x :y o +* lety = e in f : 7, and thus to conclude
a(lety = e[x := v]in f,lety = e[x := w] in f) = 0. The latter equality is unsound as evaluating
let y = e[x := v]in f (resp. let y = e[x := w] in f) requires to first evaluate e[x := v] (resp.
e[x := w]) thus making observable differences between v and w detectable (see also Section 12.1 for a
formal explanation).

10.2.1 Relevant Examples

Example 58. Instantiating V-Fuzz with the empty signature, the Lawvere quantale, and CBEs I =
{c- (=) | c € [0,00]} we obtain the original Fuzz of (Reed & Pierce, 2010). Actually, to recover full Fuzz
we should add a basic type for real numbers, as well as primitive operations on its inhabitant. We can
also add nondeterminism considering the signature Zgy. X

Example 59. A more interesting calculus is obtained by instantiating V-Fuzz with the signature Zpy,
the unit interval quantale, and CBEs IT = {c - (=) | ¢ € [0,00]} ] (as usual we are actually referring to
truncated multiplication). We refer to the calculus those obtained as P-Fuzz. The interpretation of the
operation symbol or on [0, 1] is defined as in Example 56. In particular, we have the following typing
rule:

I'the:o A f:0o

1, 1, A .
s L+5-Arteorf:o

As a consequence, we see that we have

xyot x:0 xpyot' v:io

xyyotreturnx:oc x:otr'returnv:o

X0 +* (return x) or (return v)

for any value v € V. This witnesses that the notion of program sensitivity cannot be identified with
the number of times programs access their inputs, as already (informally) remarked in Chapter 9. X

Example 60. Let V be a frame, i.e. a quantale such that A and ® coincide. Taking the empty signature,
we see that V-Fuzz gives a linear-like A-calculus as follows. We take II £ {0,1, c0}. Since V is a frame,
obviously II is closed under operations of Lemma 36. The type !y has as inhabitants those values that
cannot be used, whereas the types !; and !, have as inhabitants those values that can be use linearly
and as libitum, respectively. X
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Example 61. Another interesting example is obtained by instantiating V-Fuzz with the signature o~
and the strong Lawvere quantale. The latter is a frame, and thus we obtain a linear-like A-calculus. We
interpret the operation symbol print_ as the identity function on [0, c0]. We will come back on this
example later. X

The typing system of Figure 10.2 makes V-Fuzz a refinement of the linear A-calculus (Maraist et al.,
1999). For instance, for any type o we have the term I £ return (Ax.return x) of type ¢ —o . Moreover,
as the above examples suggest, V-Fuzz is a Turing complete language. In fact, we can encode the linear
A-calculus in V-Fuzz by translating the type !o into !, 0. For instance, for any type o we have the purely
divergent program Q £ w!(fold w) of type o, where w € Ay (it t—oc)—oo 15 defined by:

© £ \x.case x of {!ly — case y of {fold z — z!(fold z)}}.

Finally, we remark that the syntactic distinction between terms and values gives the following (ob-
vious) result.

Lemma 37. The following equalities hold:

VT ={lxe|x:y0t e: 1)
VI =| JiGoylve v
iel
Vs ={lw|ve Vo)
Remark 19. Before defining the operational semantics of V-Fuzz, we briefly expand on the possibility
of considering generalised operation symbols. First, given a generalised operation symbol op : P ~ I
with interpretation [op]y on a quantale V (extended to CBEs according to Lemma 36), we extend [op]y

to environments as follows. Given a map y associating to each i € I an environment I = x i
O, Xp 150 Op, We define

[oplv(p.y) = x1 “[oplv(p,ir>si) 1«5 Xn ‘[op]y(p,ir>si) On-
We then extend the typing system of Figure 10.2 with the infinitary rule:

Viel.I},x:STFAei:U
[op]v(p,i—s-T;) v op(p,i—e;) : o

We can now define an operational semantics for V-Fuzz.

10.2.2 Operational Semantics

We give V-Fuzz monadic operational semantics in the style of Chapter 3. Let ¥ be an algebraic signature
for a X-continuous monad T = (T, 7, —"). Operational semantics is defined by means of an evaluation
function [-] ¢ indexed over closed types, associating to any computation in AJ a monadic value in TV.7.
The evaluation function [-]? is itself defined by means of the N-indexed family of functions [-]g.
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Definition 65. The N-indexed family of functions [-]9 : A — TV.? is inductively defined as follows:

[e]§ = Lo,
[return o], = v, (v)

[(Ax.e)v]?,, £ [e[x = o]]o

o A
n+l —

[case (i, v) of {(i,x) — e;}] [
[case (fold v) of {fold x — e}]%,, = [e[x := v]]]

[

(

n+1
[case v of {Ix — e}]7,,
[let x = ein f]9,, =
lop(es, ... ep)] 741 = [op], ([ea] 7. - [e;]7)-
The definition of [-]J is rather standard and closely resembles Definition 15. Moreover, it is straight-
forward to observe that indeed [-]9 a function from AZ to TV7.

Let us expand on the definition of [let x = e in f]7 . Since let x = e in f € AJ, the judgment
F* let x = e in f : o must be the conclusion of a derivation of the form:

et x5t fio

Hrletx =einf:o
As a consequence, for any v € V], we have [f[x := v]]9 € TV?. This induces a map [f[x := =]];°
from V] to T'V? whose Kleisli extension can be applied to [e]]; € TV/.
Finally, it is easy to see that ([e],), forms an w-chain in TV,?. As for Ay, we can thus define the
evaluation map [-]° : AZ — TV? as [e]° £ |,[e]g. In order to improve readability we oftentimes
omit type superscripts in [[e] . We also notice that because T is Z-continuous, [—]° is itself continuous.

Proposition 24. The following identities hold:

[return v] = n(v)
[(Ax.e)v] = [e[x := v]]
[case (i, v) of {{i,x) — e;}] = [ei[x := ©]]
[case (fold v) of {fold x — e}] = [e[x := v]]
[case 'v of {!x — e}] = [e[x := v]]
[let x = e in f] = [f[x := =1]"([e])
[op(es.. ... €)] = [op]v, ([ed]. - - .. [e]).

Having defined the syntax and semantics of V-Fuzz, it is time to look at program distances for it. In
order to do so, we first have to generalise the theory of relators of Chapter 4 to V-relations. We refer to
relators for V-relations as V-relators.

169



Chapter 11

Barr Meets Lawvere

It is indifferent to me where I am to
begin, for there shall I return again

Parmenides

In this chapter we define the notion of a V-relator (Hofmann et al., 2014) for a quantale V. The
latter is somehow the ‘quantitative’ generalisation of the concept of a relator. Analogously to ordinary
relators, V-relators for a set endofunctor T are abstractions meant to capture the possible ways a V-
relation on a set X can be turned into a V-relation on TX, and thus provide ways to lift a behavioural
distance between programs to a (behavioural) distance between monadic values. On a formal level, we
say that a V-relator extends T from Set to V-Rel, laxly.

V-valued relators have been introduced in the context of monoidal topology (Hofmann et al., 2014)
(where are usually called lax extension (Hoffman, 2015)), in order to provide a unifying account of Law-
vere’s theory of generalised metric spaces (F. Lawvere, 1973) and Barr’s categorical analysis of topo-
logical spaces (Barr, 1970). Using the notion of V-relator (which leads to the notion of lax V-algebra
(Hofmann et al., 2014)), it is possible to unify the notion of a (generalised) metric, preorder, topological,
and approach space, in purely categorical terms.

According to (Hofmann et al., 2014), the observation that a similar unification should have been
possible dates back to Lawvere. The reader can also consult (Hofmann & Reis, 2018) for an historical
introduction to the subject.

11.1 Quantale-valued Relators

In this section we introduce the notion of a V-relator for a (strong) monad, which will be a central tool for
our analysis of effectful program distance. After having introduced some basic notions and definitions,
we focus on some specific examples of V-relators, giving special attention to the so-called Wasserstein-
Kantorovich lifting (Villani, 2008). As usual, in the rest of this chapter we assume all functors (and thus
monads) to be on Set, unless explicitly stated.

Definition 66. For a fucunctor T a V-relator for T is a mapping (¢ : X -» Y) — (T'a : TX -» TY)
satisfying conditions (V-rel 1)-(V-rel 4). We say that I" is conversive if it additionally satisfies condition
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(V-rel 5).

lrx < T(1x) (V-rel 1)
I'-Ta<T(f-a) (V-rel 2)
Tf <Tf, (Tf)°<Tf° (V-rel 3)
a<f = Ta<Tp (V-rel 4)
I'(e®) = (Ta)°. (V-rel 5)

It is immediate to see that when instantiated with V = 2, the above definition gives the usual notion
of relator as defined in Chapter 4. We also observe that any V-relator I for T induces an endomap Tr
on V-Rel that acts as T on sets and as I' as V-relation. It is easy to check that conditions in Definition 66
makes Tr a lax endofunctor.

Before giving examples of V-relators it is useful to observe that the collection of V-relators is closed
under specific operations.

Proposition 25. Let T,U be functors, UT be their composition, ', A be relators for T and U, respectively,
and {I}};ie be a family of relators for T. Then:

1. The map A - T defined by (A - T)a £ AT« is a V-relator for UT.
2. The map \;c; T; defined by (\icr Ti)a 2 A;er T is a V-relator for T.

IS

. The map T° defined by T°a £ (Tar®)° is a V-relator for T.
4. The map T AT° is the greatest conversive V-relator smaller thanT.

Proof. The proof consists of a number of straightforward calculations. As an example, we show that
Nier Ii in point 2 satisfies condition (V-rel 2). Concretely, we have to prove

AT \Tie < \T:(B- ).

iel iel iel

For that it is sufficient to prove that for any j € I we have:

Ar,.ﬁ- /\Tia <T;(8 - a).

iel iel

Observe that we have A;;I;f < I;f and A;c;Tie < Tja, so that by monotonicity of composition
(recall that V-Rel is a quantaloid) we infer A;c;Iif - Ajer I < Tjf - Tja. The thesis now follows from
(V-rel 2). O

As we have already seen working with Ay, relators for a functor do not have enough structure to
guarantee effectful applicative (bi)similarity to be compatible, so that we worked with the richer notion
of a relator for a monad. This essentially holds for V-Fuzz too. However, what we need in order to prove
applicative distance(s) to be compatible are not relators for monads, but relators for strong monads.

The reason behind such requirement can be intuitively understood as follows. Recall that by Propo-
sition 24 we have (for readability we omit types) [let x = e in f] = [f[x := —]][e]. This operation can
be described using the bind operator »=: TX X (X — TY) — TY, so that we have [let x = e in f] =
[e] »=[f[x := —]]- Let now f,g : X — Y be functions, @ : X+ X, f : Y = Y be V-relations, and T be a
V-relator for T. Considering the compound V relation [a, '] ® I'xr (see Remark 17) and ignoring issues
about sensitivity, it is then natural to require »= to be non-expansive. That is, we require the inequality

[, TAI(f,9) ® Ta(x,9) < TS(x »= f,n »=g)
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ie.

/\ TA(f (x),9(x)) ® Ta(x,v) < TP(x »= £,y »= g).

xeX
Informally, we are requiring the behavioural distance between sequential compositions of programs
to be bounded by the behavioural distances between their components (this is of course a too strong
requirement, but at this point it should be clear to the reader that it is sufficient to require »= to be
Lipshitz-continuous, rather than non-expansive). Since »= is nothing but the strong Kleisli extension
apply”* of the application function apply : (X — TY)xX — TY (which is defined by apply(f,x) = f(x)),
what we need to do is indeed to extend strong monads from Set to V-Rel, laxly.

Definition 67. Let T = (T,n,—") be a strong monad, and T' be a V-relator for T. We say that T is an
L-continuous V-relator for T if it satisfies the following conditions for any CBEs < 1.

soTa=T(soa) (L-dist)
a<ny -Ta-nx (Lax unit)
y®Goa)<g” Tp-f = y®(sola)<(¢g")°-TB- [~ (Strong lax bind)

We can represent conditions (Lax unit) and (Strong lax bind) with the following lax commutative diagrams:

XX X
afi < il‘a
Y —=TY
ny .
ZxX—1 oy ZXTX — Ty
y®a$ < irﬂ - y®ra$ < i[‘ﬁ.
7' XX ——=TY' Z'XTX —=TY’
g

The condition s < 1 reflects the presence of s A 1 in the typing rule for sequencing and it will
be fundamental for our distances to be sound. Conditions (Lax unit) and (Strong lax bind) state non-
expansiveness of unit and strong Kleisli extension (this is particularly clear when instantiated on the
Lawvere quantale). Condition (L-dist) makes strong Kleisli extension Lipshitz-continuous with respect
to CBEs. In fact, we can replace conditions (L-dist) and (Strong lax bind) with the following condition:

yQ(soa)<g° T(rof)-f = y®(sola) < (¢g")°-(rolph) [~ (L-Strong lax bind)

where s,r < 1. Diagrammatically, we can express (L-Strong lax bind) as follows:

ZxX —L 1y ZxTX —L =Ty
y®soa<t> < ir(roﬁ) = y®(soI‘a)$ < irol‘ﬂ.
7' XX ——=TY’ Z'XTX' —=TY’

g9

We immediately see that (L-dist) and (Strong lax bind) implies (L-Strong lax bind):
y®(soca)<g’-T(rof) - f = y®I(sca)<(¢)° T(rof)-f
[By (Strong lax bind)]
= y®(sola) <(¢")° - (rolp)-f
[By (L-dist)].
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Dually, we can decompose (L-Strong lax bind) in the following two conditions, where s < 1:

yQ(soa)<g° Th-f = y®(soTa)<(¢g")°-T-f~ (L-Strong lax bind 1)
y@a<g® - T(sof)-f = y@Ta<(g") - (solp)-f* (L-Strong lax bind 2)

Instantiating (L-Strong lax bind 1) with Kleisli extension (rather than strong Kleisli extension) we ob-
tain:

(Lax unit) = soa <ny -T(soa) nx
= T(soa) < (1})° - (soTa) - n}
[By (L-Strong lax bind 1)]
= I'(soa) <soTa.

In a similar fashion, using condition (L-Strong lax bind 2) we can prove I'(s o a) < s o I'e, and thus
conclude (L-dist).

Before giving some relevant examples of V-relator, we observe that we can extend Proposition 10
to V-relators, provided that the CBEs are lattice morphisms, i.e. provided that the equality s(a A b) =
s(a) A s(b) (and thus s o (@ A ) = (s o &) A (s o f)) holds, for any CBE s and elements a,b € V. In fact,
if that is the case, thenI'(s c ) = s o T and A(s 0 &) = s o Aa imply:

TAAN(soa)=T(soa)AA(soa)
=(soTa) A (soAa)
=so (Ta A Aa)

o (T AA)a).

To see that soI'°a = I'°(s o «) it is sufficient to observe that s o «° = (s o «)°. This shows that if T', A are
relators (for a functor T) satisfying condition (L-dist), then so are I' A A and I'°. A similar result can be
proved for conditions (Lax unit) and (Strong lax bind) along the lines of the proof of Proposition 10.

11.1.1 Relevant Examples

Example 62. For the partiality monad M we define the V-relator M as:

a(x,y) ifx = just x,y = justy
Ma(x, ) £ ifx=1

k
i otherwise.

It is easy to see that M defines a relator for M satisfying conditions (Lax unit) and (Strong lax bind). We
also see that M satisfies condition (L-dist), where the condition s < 1 turns out to be crucial. In fact, we
see that M(s oa)(just x,1) = L and (s o Ma)(/ust x,L) = s(lL). Since s < 1, we have s(1L) < 1, and
thus s(1L) = 1, as desired.

To see the problem related with CBEs greater than 1, let us consider the Lawvere quantale with
CBE:s given by extended multiplication by a constant. Let us consider a convergent program e (meaning
that [e] = just v, for some value v) and a divergent program f (meaning that [f] = 1). Given a [0, oo]-
relation «, we have 0 - Ma(e,f) =0 - oo = 0, although M(O a)(e, f) = oo, which is a rather undesired
behaviour. Finally, we also have the conversive relator M A M°.

In Chapter 4 we showed how to sum monads and relators. It is immediate to see that the sum of
monads extends to strong monads (we simply replace Kleisli extensions with strong Kleisli extensions).
Similarly, we can also define the sum of V-relators.
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Proposition 26. Given a strong monad T = (T, e, =) with a V-relator T for it, if T satisfies condition
(indy 1) in Definition 69, then TM is a relator for TM = (TM, n,—™).

Proving Proposition 26 is rather straightforward. For instance, we have:
soTMa =so F(Ma)
=T(so Ma)
=T(M(s o a))
= FM(S oa).
In order to show that M satisfies condition (Strong lax bind), however, we need T to satisfy condition
(indy 1). Let us assume such a condition and show that I'M satisfies (Strong lax bind). For that, we
assume y ® @ < g° - TMB - f, and show y ® TMa < ¢g° - TMB - f, where f, g are functions with suitable

source and target. As for the case of (boolean-valued) relators, we can easily derive the conclusion once
we prove

y(z.2") @ Ma(x,¥') < TMB(fL(2,%), g (2, ")), (11.1)
where for any function h : Z X X — TMY we define h, : Z x MX — TMY by:

ho(ex) & h(z, x) if x = just x
emy (L)  otherwise.

Again, proving (11.1) is mostly trivial, except for x = L, in which case we have to prove y(z,z") ® k <
T'(MB)(L, g, (z’,%")). This is the case exactly if condition (indy 1) holds. X

Example 63. For the monad F we define the V-relator F (called generalised Hausdorff lifting) as

Ea(%,‘;)) = /\ \/ a(x,y).

xeXyed

If we instantiate V as the Lawvere quantale, then F gives the (non-symmetric) Hausdorff lifting (Searcoid,
2006) whereas FAF° gives the usual Hausdorff lifting. Similarly, when instantiating V as 2, F gives the
(2-)relator F of Chapter 4. It is easy to verify that F is a relator for F that satisfies conditions (Lax unit)
and (Strong lax bind). However, F does not satisfy (L-dist), in general. In fact, for that to be the case we
need CBEs to be continuous. X

Example 64. We now introduce one of the most interesting V-relators we will deal with. Let as in-
stantiate V as the unit interval quantale |. We define the map D as the Wasserstein-Kantorovich lifting
(Villani, 2008). Recall that for y € D(X),v € D(Y), we denote by Q(u, v) the set of couplings of p and v.
Define 50{, for a : X - Y as follows:

Dar(ye,v) £ infcaqu) ) a(x.y) - o(x.y).

Remarkably, 60{(;1, v) attains its infimum and has a dual characterisation.

Proposition 27. Let u € D(X),v € D(Y) be countable distributions and a : X - Y be a l-relation. Then:
Da(,v) =min ) a(x.y) - w(xy) | € Q)
= max{zx ay - p(x) + Zy by - v(y) | ax + by < a(x,y), ax, b, bounded},

where ay, by bounded means that there exist a, b € R such thatVx. a, < a, and Yy. by < b.
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Proof. The proof is a direct consequence of the following duality theorem for countable transportation
problems (Kortanek & Yamasaki, 1995) (Theorem 2.1 and 2.2).

Fact 1. Let i, j,... range over natural numbers. Let m;, n;, ¢;; be non-negative real numbers, for all i, j.

Define
inf{z CijXij | Xij 2 O,inj = miazxij =nj,}
7 f

Lj

(1>

M

M & sup{z m;a; + Z njb; | a; + b; < c;j,a;,b; bounded}.
i J

Then the following hold:
1. M =M.
2. The linear problem P induced by M has optimal solution.
3. The linear problem P* induced by M* has optimal solution.

First of all we notice that 50{(;1, v) is nothing but
inf( ) a(y) - 0(xy) | o(y) =0, ) olxy) = px), ) olxy) = vy)).
X,y y x

In fact, o(x,y) 2 0, X, w(x,y) = p(x) and ¥, (x,y) = v(y) imply w € D(X X Y). Moreover, since
a is a l-relation, a(x,y) € [0, 1] (recall that Fact 1 requires c;; to be a non-negative real number). We
conclude the thesis by Fact 1. In particular, it follows that there exists w € Q(g, v) such that:

Dar(,v) = " a(x,y) - 0(x,y).

x,y

Since a(x,y), w(x,y) € [0,1] we have a(x,y) - w(x,y) < w(x,y), for all x,y. It follows

0< Za(x,y) cw(x,y) < Zw(x,y) =1
xy

x.y
so that D is indeed a [0, 1]-relation. O

Using Proposition 27 we can show that D indeed defines a relator for D (but see Remark 20). We
now prove that D is also a relator for D.

Proposition 28. Wasserstein lifting D satisfies all conditions in Definition 67.

Proof. We start by showing that D satisfies condition (Lax unit). It is convenient to work with the
following notation: given an element x € X we denote by |x) the Dirac distribution on x, i.e. nx(x),
where 7 is the unit of D. We have to show that for any z € X,w € Y, a(z,w) > 6a(|z), [w)) holds. By
duality (Proposition 27) we have:

Ba(|z>, lw)) = max{Z ay - |z)(x) + Z by - |wW)(y) | ax + by < a(x,y)},
y

X

where ay, b, are bounded. Clearly Ba(lz), |w)) = ax + by, for suitable x € X and y € Y. Since a, + by <
a(x,y) we are done.
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We now show that D satisfies condition (Strong lax bind). Concretely, that amounts to prove the
following implication:

UxX—>Dz U x DX ——> Dz
y+oc~t» > iﬁ'g - y+6a$ > JL*B,B.
g9

We show that for any u € U,v € V,u € DX, v € DY we have:

DA(f* (u, 1), " (v, v)) < y(u,v) + Da(y, v)

(notice that in the right hand side of the above equations we can assume without loss of generality to
have ordinary addition in place of truncated sum). By very definition of strong Kleisli extension we
have:

Frume =) pe) - fux)e)
g @V)(w) = Y V() - 9@ y) (W),

Y

Let m = 5ﬁ(f* (u, ), g* (v, v)). By duality we have:

m=max() a.- Y p(x) - f@x)@) + ) by ) v(y) - 9.1 W) | @z + by < Bz w)),
z X w y

where a, and b,, are bounded. By Proposition 27, there exists w € Q(p,v) such that Ba(y, v) =
Yy @(x,y) - a(x,y). We have to prove:

n<y(uv)+ Z w(x,y) - a(x,y).
xy

From w € Q(y, v) we obtain pu(x) = ¥, o(x,y), v(y) = 2x ©(x,y). We apply the above equalities to mn,
obtaining (for readability we omit the constraint a, + b,, < f(z,w)):

71 = max{ Zaz Zu(x) fwx)(2) + Zb Zv(y 9.y (w))

= max Zaz Z o(x.y) - fu,x)() +Zb Zw(x,w -9(0.y)(w))

= max Z o(x.y) <Zaz fw0@ + 3 bw g0 1))

= Z 0(xy) - max{ ) az - fx)(@) + ) bw - g0.y)(w)

- Zw(x,y - DB(f (u,%),9(v, 9)).

7
We are now in position to use our hypothesis, namely the inequality:

DA(f (%), 9(0.9)) < y(u,0) + a(f (u,x), g(v.y))
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(notice that we actually have a stronger hypothesis, as the latter gives an inequality for truncated addi-
tion). We conclude:

m < Z o(x,y) - (y(u,0) + a(x,y))
X,y

= D oY) ywwo) + Y olxy) - alxy)
X,y

X,y

=y(@0) + ) ox,y) - a(xy)
XY

(where in the last equality we used the fact that w(x,y) € Q(p,v) implies 3, , w(x,y) = 1). We are
done.
Proving that D satisfies condition (L-dist) is straightforward. In fact, given ¢ € [0, 1] we have:

c- 50{(/1, v)=c- min{zx,y a(x,y) - w(x,y) | we Qu,v)}
min{ ) e a(xy) - oxy) | o€ Q)
=D(c-a)(u,v).

O

Finally, we sum Dand M obtaining a new relator DM for DM. X

Example 65. Let us instantiate V as the strong Lawvere quantale. Given an alphabet A, define the
SL-relation A : A® - A by:

A ) a ifu=w
W= olep(w.)  gtherwise,

where lcp(w, u) is the length of the longest common prefix of u and w. We then define the map 0% as
follows, where o : X - Y:

b“’;a((w, ), (u, 1)) £ max(A(u, w), (M A M;)a(x,r))).

It is not hard to see that O is a conversive [0, oo]-relator for O%. X

Remark 20. Following Subsection 4.3.1 we might ask whether there exist canonical V-relators for a
monad. This is only partially the case. In fact, recall that Definition 22 crucially relies on the double
nature of a relation, which can be viewed both as a morphism in Rel and as an object in Set. This
is no longer the case for a V-relation, and thus it is not clear how to define the Barr extension of a
functor T from Set to V-Rel. However, the Barr extension of T can be characterised in an alternative
way if we assume T to preserves weak pullback diagrams (although the reader can see (Hofmann, 2007;
E. G. Manes, 2002) for more general conditions). Let £ : T2 — 2 be the map defined by £(x) = true if
and only if ¥ € T{true}, where T{true} is the image of the map T for the inclusion ¢ : {true} — 2. That
is, £(x) = true if and only if there exists an element vy € T{true} such that Ti(y) = x. Notice that this
makes sense since T preserves monomorphisms (recall that we can describe monomorphism as weak
pullbacks) and thus T: : T{true} — T2 is a monomorphism. We can now characterise TR without
mentioning the graph of R:

Ty (w) =%,
TR (x,9) =true & Jw e T(X X Y). { T (w) =,
E-TR (w) =true.
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Since the existential quantification is nothing but the join of the boolean quantale 2, the above charac-
terisation of T can be turned into a definition of an extension of T to V-Rel parametric with respect to
anmap & : TV — V.

Definition 68. For a set endofunctor T and a map & : TV — V define the V-Barr extension iz of T to
V-Rel with respect to & as follows:

Tea(rn) 2 \/ & Ta(w),

weQ(x,n)

forx e TX,ny € TY, where the set Q(x,1) of generalised couplings of x,v is defined by:
Qx,9) £ {w e T(X xY) | Tmy(w) = %, Tmy(w) = p}.

We refer to & as the structure map, since it gives V the structure of a T-algebra. For instance, taking
& : FV — V defined by £(X) £ A X we recover the Hausdorff lifting F AP Similarly, taking ¢ as the
expectation function, so that & : D[0,1] — [0, 1] is defined by £(y) £ 3, x - u(x), we recover D.

Using the map £ : TV — V we can define an extension of T to V-Rel. However, such extension is
in general not a V-relator. Nonetheless, under mild conditions on ¢ and assuming T to preserve weak
pullback, it is possible to show that Tér is indeed a V-relator. The following proposition has been proved
in (Clementino & Tholen, 2014; Hofmann, 2007) (a similar result for real-valued pseudometric spaces
has been proved in (Baldan, Bonchi, Kerstan, & Konig, 2014, 2015)).

Proposition 29. Let T be a monad with carrier T preserving weak pullbacks, and & : TV — V be a
structure map. If & satisfies the following conditions, then T is a conversive V-relator for T. Moreover, if

conditions 1 and 2 belows are equalities, then T,g is functorial.

1. & respect quantale multiplication:

T(VxV) L2~ TV
(§~T7r1,§-T7r2>l < lg .

VXVT‘V

2. & respects the unit of the quantale:

3. & respects the order of the quantale. That is, the map ¢ — & - T, for ¢ : X — V, is monotone.

Finally, an open question (which the author has not yet investigated) concerns whether non-conversive
V-relators can be defined along the lines of Subsection 4.3.1. This is conjectured to be the case, provided
that we replace stable preorders with stable generalised metrics, i.e. with functors F mapping each set
X to a V-category (FX, ax) such that for each map f : X — Y in Set, Ff : (FX,ax) — (FY,ay) isa
V-enriched functor.
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At this point it should be clear to the reader that most of the relators studied in Section 4.3 are
instances of more general V-relators when V = 2. We now make this observation formal. Recall the
change of base functor i : 2 — V and its right adjoint ¢ : V — 2 of Example 57:

¥(true) £ k o(k) £ true
¥ (false) = 1 ¢(a) = false

Using ¢ and i we associate to every V-relation « its kernel 2-relation ¢ o @ and to any 2-relation R
the V-relation 1/ o R. Similarly, we can associate to each V-relator T the 2-relator AR £ ¢ o (1) o R).
Moreover, since ¢ is the right adjoint of {/ we have the inequalities:

Yo ArR < T(y o R)
Ar(poa) < gpoTla.
If Ar(¢p o @) = ¢ o T, we say that I is compatible with ¢.

Example 66. For T € {M,F,D} we see that Az = T and Az, 7. = TATe. Moreover, straightforward
calculations show that Az(¢p o a) = ¢ o Ta. X

Finally, we see that if I is compatible with ¢, then we have the following inequalities.

Lemma 38. Let I beV-relator compatible with ¢. Then the following hold:

x—L 17 x— o1z
aJ[ < %ﬂ = w% < ‘j‘Ar(wOﬂ) ,
Y — T™W Y — T™W
x—L.17 x—L o1z
7% < }Ars = ¢o7€§[ < J[r(l//o& .
Y e TW Y TW

Proof. The proof is straightforward. As an illustrative example, we show
a<g” Tp-f = goas<yg’-Ar(pop)-f.
We have:
a<g’ -Th-f = goa<g’ (poTh)-f
[By monotonicity of ¢]

= goa<g’-Ar(pof)-f
[By compatibility of I" with ¢].

O

As for ordinary, boolean-valued relators we required some compatibility conditions with the >-
continuous structure of monads, we do the same for V-relators.

Definition 69. Let T be a X-continuous monad, V be a X-quantale, and T be a \/-relator for T.
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1. We say thatT is inductive if the following inequalities hold:
k <Ta(Lx,v) (indy 1)
A\ Ta() <Ta(| | 2.) (indy 2)
n n
for any w-chain (x,), in TX, elementy € TY, and V-relationa : X - Y.

2. We say thatT is X-compatible if it satisfies the following condition, for all elementsuy, ..., u, € TX,
Y1,...,0 € TY, and n-ary operation symbol op € X.

Hopﬂv(ra(ula r)1)5 e ra(una I)n)) < ra([[opﬂx(ula CIRIS l‘n)’ HOPHY(DI’ L) r)n)) (2 CompV)
Notice that if T is inductive then we have the following ‘induction-like’ principle:

VYn>0.a< Fa(l_l ¥n,0)) = a < Ta(x,,n).
n

We refer to inductive and E-compatible V-relators for a monad T as X-continuous V-relators.

Example 67. Easy calculations show that M and FM are inductive and Y-compatible. Using results
from (Villani, 2008) and (Clément & Desch, 2008) (notably Lemma 5. 2) it is possible to show that DM is
inductive, the relevant inequality being DMa(supn Hn,V) < sup, DMa(yn, v). Proving X-compatibility
of D @QM is straightforward, as it amounts to show 'at(yy ® vy, pp ® v2) < Ty, pr2) ® Ta(vy, v2), for

€ {D,DM}. X

This concludes our exposition of the general theory of V-relators. We are now going to apply such
a theory to define abstract notions of program distance for V-Fuzz.
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Chapter 12

Effectful Applicative Distances

La onde, come sarebe male la
abolizione ed il non essere di questo
mondo, cossi’ non sarebe buono il
non essere de innumerabili altri.

Giordano Bruno, De l'infinito,
universo e mondi

In this chapter we define effectful applicative similarity and bisimilarity distance and prove pre-
congruence and congruence results for them, respectively. In order to achieve these results, we first
generalise the relational framework of Chapter 5 to V-Fuzz and V-relations, and the instantiate it to
define our notions of effectful distance.

Effectful applicative similarity and bisimilarity distance being defined coinductively, we easily prove
them to be preorder and equivalence V-relations, respectively. Additionally, relying on Lemma 38 we
prove that the kernel of effectful applicative (bi)similarity distance coincides with a refinement of ef-
fectful applicative (bi)similarity (Proposition 31).

(Pre)congruence results are proved using a refinement of abstract Howe’s method as developed in
Chapter 5, taking inspiration from (Crubillé & Dal Lago, 2015). As for the proof of Lemma 16, the proof
of Lemma 43 relies on the axioms of V-relators.

In the rest of this chapter we assume a signature ¥, a ¥-quantale V, a collection of CBEs II (according
to Section 10.2), a E-continuous (strong) monad T, and a 2-continuous relator for T to be fixed.

12.1 Behavioural V-relations

We begin our analysis extending the relational framework developed in Chapter 5 to V-Fuzz and V-
relations. Since the development of this section closely follows Section 5.1, we will be rather succinct,
not commenting routine definitions and results (the reader should already be familiar with them from
Chapter 5).

Definition 70. A closed A-termV-relationa = (a", @”) associates to each closed type o, binary\V-relations
ay, oy on closed values and computations inhabiting it, respectively.

Since the syntactic shape of expressions determines whether we are dealing with computations or
values, oftentimes we will write o, (e, f) (resp. a5 (v, w)) in place of &’ (e, f) (resp. oy (v, w)).
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Definition 71. Anopen A-termV-relation a associates to each sequentT +* o aV-relationT +* a(—,-) : o
on computations inhabiting it, and to each sequent ' +¥ o aV-relationT +¥ a(—, —) : o on values inhabiting
it. We require open A-term\ -relations to be closed under weakening, i.e. for any environment A we require:

T+ ale,f):0) <(TRAH ale, f): 0)
T+ a(v,w):0) < TRAF a(v,w) : o).

As for closed A-term V-relations, we will often write I' + (v, w) : ¢ in place of T' F¥ a(v,w) : o
(and similarity for computations) and simply refer to open A-term V-relations as A-term V-relations
(whenever relevant we will explicitly mention whether we are dealing with open or closed A-term V-
relations).

We notice that the collection of open A-term V-relations carries a complete lattice structure (ordered
pointwise), meaning that we can define A-term V-relations both inductively and coinductively. More-

over, we can always extend a closed A-term V-relation & = (@*, @) to an open one (as well as restricting
an open A-term V-relation to a closed one).

sgs A . A .
Definition 72. LetT £ xy i5, 01,...,%, t5, On be an environment. For values U = vy,. .., v, we write
v :Tifforanyi < n, v v; : 0; holds. Given a closed A-term \V-relation a = (a*,&”) we define its open
extension a° as follows:

TH e, f):r 2 A&r ol (e[% := 7], f[X := 7))
T a®(v,w): 172 /\a:r ay (v[u/x], wli/X]).

In the following we will adopt the notational conventions introduced in Chapter 5. We now define
the notions of substitutivity and compatibility for A-term V-relations. Due to the presence of program
sensitivity annotations in V-Fuzz, these notions are quite different than their boolean-valued counter-
parts for Ay.

Definition 73. We say that an open A-term V-relation « is value substitutive if for all valuesT', x :s o V"
v, w : T and computationsT,x :s o +* e, f : T we have:

T,x ;s 0+ a(v,w): 1) < (T + a(v[u/x], wlu/x]) : 1)
Cx:s ot ale, f): 1) < (TH ale[x:=ul, flx:=u]): 1)

for any closed value u € V7. We say that « is substitutive if for all valuesT',x :; ¢ +¥ v,w : T and
computationsT',x ;s © BA e,f : T we have:

(T,x ;s 0 F a(v,w) : 1) ® (soay(u,u’)) <T+ a(v[u/x],wlu'/x]) : t
Tx:sot ale, f): 1)@ (soay(wu’)) <TH alelx =ul, flx:=u']): 7
for all closed values u,u’ of type o.

The notion of compatibility captures an abstract form of Lipshitz-continuity with respect to V-Fuzz
constructors. Formally, we define the notion of a compatible A-term V-relation by means of the compat-
ible refinement operator.

Definition 74. The compatible refinement & of an open A-term V-relation « is defined by:

(n&(e,f):a)éV{aw|=Aaga(e,f):a}
T @, w):0) 2 \/{a ITE a<a(vw): o)
where judgmentsT =* a < @(e, f) : 0 andT ¥ a < a(v,w) : o are inductively defined fora € V,

T'the, f:0,andT +¥ v,w: o by rules in Figure 12.1. We say that a is compatible if & < a.
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compy-var
Ix:isokE*k<a(xx):o ( Pv )

a<T,xyoralef):r
IT'=Ya<alAxeAx.f):o—or1

(compy-abs)

a<TH a(@v):0—o1 bSAF alw,w):
T®AE*a®b < a(ow,v'w): 1

o
(compy-app)

a<T+ a(v,w):o;
I'E=Ya<a((@o),dw): Yieroi

(compy-inj)

a<TH a((v),d,w): Nieroi bi <Ax:, oir<ale, fi): v (Yiel)
s-T®A E* s(a) ® by < &(case (i,v) of {{i,x) — e;},case (I, w) of {(i,x) > fi}):7

(compy-sum-cases)

a<TH alv,w):o

— compy-val
I * a < a(return v, return w) : o ( pv-val)

a<Tra(ee):c b<Axisora(f,f):r
(sA1) TRAE*(sAl)(a)®b<a(letx=ecin f,letx=¢"in ") : T

(compy-let)

a<T " a(v,w):o

-b
s-TEYs(a) < a(lv,!w) : o (compy-bang)

a<TrH a(o,w): o b<Ax:i,oralef): 7

s T®AE"s(a) ®b < a(case v of {Ix — e},case wof {!x — f}): 7

(compy-bang-cases)

al' +¥ a(v,w) : o[pt.o/t]
I'E' a < a(fold v, fold w) : ut.o

(compy-fold)

a<Tr a(v,w):uto b<Ax:;solptof/t]rb<alef): T
s-T®AE"s(a) ® b < a(case v of {fold x — e}, case w of {fold x — f}) : r

(compy-fold-cases)

ag <Tirale,fi):o -+ apn<Ty+alenfn):o

[opv(Ly,. ... Tn) I=* [oplv(as,...,an) < a(oplei,...,en),0pler,. .. e,)) : 0

(compy-op)

Figure 12.1: Compatible refinement.



k< (TF a(xx): o)

Ixgortalef):t<TH a(lxeAx.f):0 —oT

TH a@v):0—-o1)@ (A a(w,w):0) < (T®A a(ow,v'w’) : 1)
T'H a(v,w):o; <TH a((i,v), I, w)) : Zid o

) ® (Ax:sor ale, fi) 1) <

s-T® A +* a(case (i, v) of {{i,x) — e;},case (i, w) of {{i,x) = fi}): 7

so (T F (@), @w): Y

i€l

'+ a(v,w): o <T +* a(return v, return w) : o

(sAD)o(TH ale,e’):0)@ (A, x:s ot al(f,f): 1) <
(sA1) T®AH a(letx =ein f,letx=¢"in f') :

so(TH a(v,w):0) <s-TH a(lv,!w) : lso

so(CH a(v,w) :,0)® (A,x:sr o F ale, f):T) <
s-T®A+" a(case v of {Ix — e},case wof {Ix > f}):

T+ a(v,w):olut.o/t] <T + a(fold v, fold w) : ut.c

so (T a(v,w) : ut.o) ® (A, x :s olut.a/t] F* ale, f) : 7) <
s T ® A +* a(case v of {fold x — e}, case w of {fold x — f}) :

[oplv(Ti +* aler, fi) : 0, ..., Ty H* alen, fn) : 0) <
[op]v (@i, ....Ty) +* a(op(ers- - ., en),0p(fi .-, fn)) : O

Figure 12.2: Compatibility clauses.

It is easy to see that if & is compatible, then it satisfies inequalities in Figure 12.2. Actually, « is
compatible precisely if it satisfies such inequalities. Notice also that in the clause for sequential com-
position the presence of s A 1, instead of s, ensures that for terms like e = let x = (return I) in f
and e’ = let x = Q in f, where f is a closed computation, the distance (e, e’) is determined before
sequencing (which captures the idea that although f will not ‘use’ any input, return I and Q will be still
evaluated, thus producing observable differences between e and e’). In fact, if we replace s A 1 with s,
then by taking s = 0 compatibility would imply a(e, e’) = k, which is clearly unsound.

We can finally define effectful applicative similarity distance, the generalisation of effectful applica-
tive similarity of Chapter 5 to V-relations.

Definition 75. LetT be aV-relator for T and a = (a*, ") be a closed A-term \/-relation. Define the closed
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A-term V-relation [a] = ([a]*, [«]") as follows:
[} (e, £) 2 T ([e]. [£])
[Q]XAOT(U, W) £ /\uE"V" a?(vu, wu)
(@Y (o) Gw) 2 o (v,w)

[}, o, (G20 (Gw)) £ 1

[a]t.5 (fold v, fold w) e Aglpt.o)e)(0; W)

iel Oi

[a]!sa(!v’ 'W) £ (S o lXU)(U, W)

(notice that the definition of [a]" is by case analysis on+¥ v, w : o). A A-term V-relation « is an effectful
applicative simulation distance with respect to T if a < [a].

The clause for o —o 7 generalises the usual applicative clause, whereas the clause for !0 ‘scale’
by s. It is easy to see that the above definition induces a map @ — [a] on the complete lattice of closed
A-term V-relations. Moreover, such map is monotone since both I' and CBEs are.

Definition 76. Define effectful applicative similarity distance with respect to T, denoted as 8, as the
greatest fixed point of a — [a]. That is, § is the greatest (closed) A-term V-relation satisfying the equation
a = [a] (such greatest solution exists by the Knaster-Tarski Theorem).

We apply notational convention of Remark 9 and simply refer to applicative simulation (resp. sim-
ilarity) distance in place of effectful applicative simulation (resp. similarity) distance with respect to T
Applicative similarity distance comes with an associated coinduction principle: for any closed A-term
V-relation «, if @ < [«], then o < §. Symbolically:

a < [a]
a<d

(6-coind.)

Example 68. Instantiating Definition 76 with DM, we obtain the quantitative refinement of probabilistic
applicative similarity for P-Fuzz. In particular, for two computations e, f € Ay, d(e, f) is (for readability
we omit subscripts):

Z w(just v, just w) - 87 (v, w) + Z w(just v, L)

min
@€Q([el.IFD v,WeV, veV,

where we have implicitly used the following identities:

MY (L, 1) =0
MS” (just v, L) = 1
M&V(J_,just w) = 0.

We immediately notice that § is adequate in the following sense: for all terms e, f € A, we have the

inequality
el - D If1 < 8% e, ),

where Y[e] is the probability of convergence of e, i.e. Y, [e] (just v), and subtraction is actually
truncated subtraction.
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Lemma 39. Forallp € DMX andv € DMY, and |-relation a : X - Y, we have:

Z”_sz ma(y,\/),

where — denotes truncated subtraction.
Proof. By Proposition 27 we have:

Wa(y, V) = max{z ax - pQust x) +ay, - p(Lx) + Z by - v(justy) + b, - v(Ly)},
xeX yey

where ay,a,,,by,b,, are bounded and satisfy the following constraints (already simplified according
to the definition of Ma):

ax +by < a(x,y), a, +by <0, ax +b,, <1, a,,+b, <0.

Choosing ay £, by £, ai £ b, £ 0 we obtain the desired inequality. O

Let now e, f be return I and (return I) or Q, respectively. We claim that 5" (e, f) = % By adequacy
we immediately see that % < 6*(e, f). We prove §*(e, f) < % Let us consider the coupling w defined

by:
. ) 1 ) 1
w(just I, just I) = > w(just I, 1) = 3

and zero for the rest. Indeed o is a coupling of [e] and [f]. Moreover, by very definition of 5 and DM
we have:
e, f) < w(ust I, just I) - V(I 1) + w(just I, 1).

The right hand side of the above inequality gives exactly 3, provided that §”(I,I) = 0. This indeed holds
in full generality. X

Proposition 30. Applicative similarity distance S is a reflexive and transitive A-term \V-relation.

Proof. The proof is by coinduction. Let us show that § is transitive, i.e. that § - § < §. We prove that
the A-term V-relation (6" - 6%, 8" - §") is an applicative simulation distance. We split the proof into five
cases:

1. We show that for all terms e, f € AJ we have:

\/ 85(e.9) @839, ) < T - 5)([el, LFD).

gehs

By (V-rel 2) it is sufficient to prove:

\/ Segr@dsg )< \/ T6)(le]v) @ 157 (. [£]).

geAg veTVE

For any g € A¢ instantiate v as [g]. Since 85 (e,g) < T8 ([e], [9]) and 85 (g, f) < T8 ([g], [f])-
we are done by very definition of §.

2. We prove that
(03 ar 07 or) @, w) < /\ (82 - 82) (o, wu)

ueVye
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holds for all values v, w € V7. For that it is sufficient to prove that for any u € V? and for
any z € V27°7 there exists a term e € Al such that:

5y o, (v,2) ® 5Y

o—oT

(z, w) < 82(vu, €) ® 52 (e, wu).

V

o We have:

By very definition of §

5y o (0,2) ®5y_ . (z,w) < /\ 5o, zu’) ® /\ M (zu', wu')

ueVve weVe

< 82 (vu, zu) ® 62 (zu, wu),
so that it is sufficient to instantiate e as zu.

. We prove that

( gisla'i .5gielo-i)(<i’ v), <j’u>) s
(BL o 8% (o) Gw) < (5 62) (@ w)

hold for all v,w € V7 and u € V., with { # j. We have

O o 08 oL Guy =\ Y (Gonda) el (62, w).
<f’z>€rvoziel o

Since i # j at least one among i # fand ¢ # j holds, for any (f, z) € (VOZ“I % Asa consequence,
by very definition of §, the right hand side of the above inequality is equal to something of the
form I ® a, which is itself equal to 1. To prove the second inequality, we have to show that for
any (i,u) € (VOZ"“ % there exists z € V" such that

Y (o) Gw) @Y (). G w)) < 8% (0,2) ® 5% (2, w).

Notice that for a value (j,u) € (VOZ"E’ % with j # § we would have, by very definition of J,
5'2‘:’. . ». (L0}, {j,u)) = L, and thus we would be trivially done. Proving the above inequality is
straightforward: simply instantiate z as u and observe that by definition of § we have

5%/1'61 Oi (<i’ o), <i’ u>) < 52: (U’ u)
8 o (), (B w)) < 85 (u, w).

iel Oi
. The case for ut.c follows the same pattern of the above one.

. We prove:
(5!(‘:0' ' 5!(‘:0')(!0, !W) <so (53/ : 53)(0’ W)'

For that we notice that for every lu € (VO!S” we have:

8 5 (10, u) ® 5, (lu,!w) < (s08,) (v, u) ® (s 0 5;) (u, w)
< ((s087) - (s085)) (v, w)
<so (87 80) (v, w).
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In light of Example 66 we can look at the kernel of § and recover effectful applicative similarity of
Chapter 5 (suitably generalised to V-Fuzz).

Proposition 31. Define applicative Ar-similarity < by instantiating Definition 75 with the 2-relator Ar
and replacing the clause for types of the form !so as follows:

0 Rio 'w = (¢ s ¢¥)oRs(v,w).
Then the kernel ¢ o § of § coincide with <.

Proof. The proof is by coinduction. We start proving that ¢ o § is an applicative Ar-simulation. Since
85(e, f) < T8Y([e], [f]) holds for all terms e, f € AZ, we can apply Lemma 38 and infer the inequality
@odhi(e f) < Ar(podY)([e]l, [f])- Let us now move to the value clauses.

1. We prove that for all values v, w € V2 °7 we have:

po 63—0‘[(’0’ W) < /\ @o 5?(0“, Wu)

ueVvye

Suppose ¢ 0 8Y__ (v, w) = true, so that §7___(v,w) = k. We show that ¢ o §2(vu, wu) = true
holds for any u € V. By very definition of applicative similarity distance, §,___(v, w) = k implies
NAueve 62(vu, wu) = k. Since V is integral (i.e. k = T), we must have &7 (vu, wu) = k (and thus
@ o 82 (vu, wu) = true) for any u € V7.

2. Clauses for sum and recursive types are straightforward.

3. We show that for all values v, lw € V%7, (p05?s'0(!v, 'w) = true implies (¢-s-¢/)o(@ody ) (v, w) = true.
By algebra of CBFs we have:

(p-s-y)o(pod))=(p-s-y-p)od,
=(p-s)od,
= go(so8)).

Since (pOS;ZU ('v,'w) = true, and thus 5;‘:6 (v, 'w) = k, by very definition of § we infer so5) (v, w) = k.
We conclude (¢ o (s 0 §7))(v, w) = true.
We now prove by coinduction () o <) < §, from which follows ((¢ - ) o <) € (¢ o §) and thus
< C (¢ o ). The clause for terms directly follows from Lemma 38. The clauses for values follow the
same structure of the previous part of the proof. We show the case for values of type !so. Suppose
Yo 5?;0 ('v,!'w) = k to hold (otherwise we are trivially done), meaning that !v 5?;0 'w holds as well.
As a consequence, we have ((¢ - s - /) o <¥)(v, w) = true, and thus s o ( o <¥)(v, w) = k. O

Remark 21. Notice that if R, (v, w) holds, then so does (¢ - s - /) o R, (v, w), but the vice versa is not
true, in general. For instance, taking s £ 0 we see that

(¢-0-9) 0 Ro(v,w) = p(0(¥(false))) = ¢(0 - c0) = (0) = true,

which essentially means we identify distinguishable values if they are not used. Nonetheless, the reader
should notice that the encoding of a ‘standard’ A-calculus A in V-Fuzz can be obtained via the usual
encoding of A in its linear refinement (Maraist et al., 1999) which corresponds to the fragment of V-Fuzz
based on CBEs 1 and oo, thus avoiding the above undesired result.

In order to make applicative similarity distance a useful tool for reasoning about program distance,
we need to prove it to be compositional. Formally, that amounts to prove that applicative similarity
distance is compatible.
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12.2 Howe’s Method

In order to prove compatibility of applicative similarity distance we design a refinement of Howe’s
technique as presented in Section 5.4, taking inspiration from (Crubillé & Dal Lago, 2015). We start
by defining the notion of Howe’s extension, a construction extending a A-term V-open relation to a
compatible and substitutive A-term V-relation.

Definition 77 (Howe extension (1)). The Howe extension a” of an open A-term V-relation « is defined
as the least solution to the equation f = a - .

It is easy to see that compatible refinement = is monotone, and thus so is the map ®, defined by

Du(B) 2 a- ,B\ As a consequence, we can define a as the least fixed point of ®,. Since open extension
—° is monotone as well, we can define the Howe’s extension of a closed A-term V-relation « as (a®)”. It
is also useful to spell out the above definition concretely.

Definition 78 (Howe extension (2)). The Howe extension a” of an open A-term V-relation « is defined

by:
Tra(e.f):0) 2 \/{a| T E a < a(e,f) : o,
T a"(o,w):0) 2 \/la| T a < a(v,w) : o),

where judgmentsT |=* a < a"(e,f) : 0 andT =¥ a < a”(v,w) : o are inductively defined fora € V,
IF'+e, f:0,andT v v,w: o by rules in Figure 12.3.

The next lemma is useful for proving properties of Howe’s extension. It states that ™ attains its
value via the rules in Figure 12.3.

Lemma 40. The following hold:
1. Given well-typed valuesT +¥ v, w : g, let
A2 a|TE a<a(v,w): o)
be non-empty. ThenT |=¥ \/ A < a”(v, w) is derivable.
2. Given well-typed termsT +* e, f : o, let
A2 {a|TE a<a(ef): o)}
be non-empty. ThenT |=¢ \/ A < a"(e, f) is derivable.

Proof sketch. We simultaneously prove statements 1 and 2 by induction on (v, e). We show a couple of
cases as illustrative examples:

1. Suppose
A2 |TE a<a(x,w): o)

to be non-empty. If the judgment T =¥ a < a”(x, w) : o is provable, then it must be the conclusion
of an instance of rule (H-var) from the premise:

a< (Ax:s ot a(x,w): o)
sothatT = A, x :5 0. As a consequence, we see that the set Aisjust{a | a < (A, x ;5 0 FY a(x,w) :

0)}. In particular, we have A, x :s 0 +¥ a(x,w): 0 = \V A€ A
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a<D,x:;sor alx,w): o

H-var
Ix:i ol a<a(x,w):0o ( )

I'xyolEta<a©eg):t c<Tra(lxg f):0—or1
Ir'=*a®c<a(Ax.e f):0—or1

(H-abs)

Fr=fa<a(v,v):0—o1r AR*b<a(w,w):o c<TQAral@w,f):r
TreAE"a®b®c<a(vw,f): 7

(H-app)

FT'EYa<a¥(v,w):0; b<T+ al{i,w),u): e 0i
IF'EYa®b<ali,v),u): Yeoi

(H-inj)

c<s-T®AW a(case (i, w) of {(i,x) > fi},g): 7
T'=Ya<a®({@ o), w): Yieoi Viel.Ax:so; =" b <a(e;, fi): 7
s-TQ®AE"s(a) ® b ® c < a(case (i,v) of {(i,x) > e;},g) : T

(H-sum-cases)

Il''=*a<a(v,w):0 c<Troa(returnw,f):o
I'=*a®c<a(returnv, f) : o

(H-val)

I=*a<a(e,g):0 Axsol=tb<a(e,g):7 c<(sAl) - T®Ara(letx=ging',f): 71
(A1) - TRAE"(sA)(a)®@b®c<a(letx=eine’,f): 7

(H-let)

lr'E*a<a®(v,w):0 c<s-Tra(w,z):!o
s-T =" s(a) ®@c < a”(lv,z) : Is0

(H-bang)

c<s-T®Ara(casewof {lx - g}, f):7
IF'E*a<a(v,w): o Ax:sroE"b<aleg):t

s - TRAE"s(a)®@b®c < a(casevof {Ix >e},f):T

(H-bang-cases)

c<s-T®A+ a(case wof {foldx - g}, f) : 7
I'="a<a(v,w): pto A x5 ofuto/t] E* b < a(e,g) : T
s -T®AE"s(a)@b®c < a(casevof {foldx — e}, f): 7

(H-fold-cases)

I'="a<a(v,w):ofuto/t] ¢ <TFa(foldw,z): pto
Il'="a®c < a(fold v,2) : pt.o

(H-fold)

Vi<nT E"a; <a(eg:) 0 ¢ < [op)vi.....,Tn) F a(op(g1,---s9n) f) i 0
[op]v (@, ....Tn) E* [oplv(ar,....an) ® c < a"(op(er,....en), f): 0

(H-op)

Figure 12.3: Howe extension of a.



2. Suppose
A2 {a|TE " a<a(letx=ein f,g): 7}

to be non-empty. That means there exists a € V such that T |=* a < a”(letx = ein f,g) : 7 is
derivable. The latter judgment must be the conclusion of an instance of rule (H-let) from premises:

SEb<a(ee): o
AxsolEe<a(f,f): 1
d<(sA1l)-Z®Ara(letx=¢"inf',g): T

sothatT = (s A1) - X ®Aand a = (s A 1)(b) ® ¢ ® d. In particular, the sets

B={b|ZE"b<a(ee):a)}
C={c|ANx:soE"c<a®(f.f): 7}

are non-empty. By induction hypothesis we have \/ Be Band \/C € C.Letd = (sA1)-ZQ® A +
a(letx = e’ in f’, g) : 7. We can now apply rule (H-let) obtaining (s A 1)( V B) ® ( V C) ®dec A
To see that the latter is actually \/ A it is sufficient to show that for any a € A we have a <
(s A 1)(\/3) ®(\/C) ®d. But any a € A (with a # 1) is of the form (s A1)(b) ® c® d for b € B,
c € C,and d < d. We are done since both (s A 1) and ® are monotone.

O

It is not hard to convince ourselves that Definition 77 and Definition 78 gives the same A-term V-
relation. In particular, for an open A-term V-relation a, a” is the least compatible A-term V-relation
satisfying the inequality ¢ - f < . The following are standard results. Proofs are straightforward but
tedious (they closely resemble their relational counterparts), and thus are omitted.

Lemma 41. Let a be a reflexive and transitive closed A-term V-relation. Then the following hold:
1. o is reflexive.

2. a° <ot

3 a-a” <a.

4. a" is compatible.

We refer to property 1 as pseudo-transitivity. In particular, by very definition of V-relator we also
have the following inequality.

Ta-Ta” <Ta". (T pseudo-trans.)

Notice that Proposition 30 implies that (§°)" is compatible and bigger than §°. Finally, we notice that
the Howe extension of a A-term V-relation is substitutive.

Lemma 42 (Substitutivity). Let a be a value substitutive A-term \V-preorder. For all values, ', x :5s o +"
u,z:tandvrv,w:o,andtermsT,x s ore, f:7,leta Ly a(v,w) : 0. Then:

(T,x 50 F a(u,z) : 1) ®s(a) < T+ a(uv/x], z[w/x]) : T
T,x:sora(ef):7)®s(a) <Tra(e[x :=0], flx :=w]): 7.

Proof. We simultaneously prove the following statements.

1. Foranya e VifT,x ;s 0 =" a < a”(e, f) : 7 is derivable, then

a®s(a) <Tra(e[x:=v], flx:=w]): 1.
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2. Foranya e VifT,x ;s 0 ¥ a < a”(u, 2) : 7 is derivable, then
a®s(a) <Tra”(ulv/x],z[w/x]) : .
The proof is by induction on the derivation of the judgments:

J 2T, x: o0k a<a(ef): 1
J &l xs0E a<a(uz):r.
1. Suppose J’ has been inferred via an instance of rule (H-var). We have two subcases to consider.

1.1 9 has been inferred via an instance of rule (H-var) from premises:

a<T,x:i 0 alxu):o

H-var),
I'x:soRFYa<a¥(xu):o (H-var)

sothats < land J'isT,x ;5 0 |F¥ a < a(x,u) : 0. We have to prove a®so (+' a” (v, w)) <
T+ a”(v,u[w/x]) : 0. Since « is value substitutive, from I',x :; 0 EY a < a(x,u) : o
we infer a < T +¥ a(w,u[w/x]) : 0. Moreover, since ¢” is an open A-term V-relation (and
thus closed under weakening), we have vV a”(v,w) : 0 < T +¥ a”(v,w) : 0. We can now
conclude the thesis as follows:

a®s(a) < T+ a’(v,w):0)®so T+ a(w,u[w/x]): o)
<(CH a(v,w):0)® T+ a(w,ulw/x]) : o)
[ sinces < 1]
<TH a(v,ulw/x]) : o

[ by pseudo-transitivity ].

1.2 9 has been inferred via an instance of rule (H-var) from premises:

a<Ty, x50 alyu): 7

H_
Ly,r,xsokE a<a(yu):r (H-var)

sothat J"isT,y : 7,x ;s 0 EY a < a”(y,u) : 7. We have to prove a®so (0 +¥ a” (v, w)) <
L,y 7+ a(y,ulw/x]): . As Vis integral and « is value-substitutive, we have:

a®so @+ a"(v,w)) <a<T,y: t+" aly,ulw/x]).
Since a < a'' we are done.

2. Suppose J has been inferred via an instance of rule (H-let) from premises:

Ix:; ;0= a<a(ee):o (12.1)
Axyoyp,o Fb<a(f.f):r (12.2)
c<(PpAl) - Tx:50)0 (Axyo)ra(lety=¢’in f',g) : 7. (12.3)

so that J is:

(PA1) TO®AX :(pa1)ser 0 E  (pA1)(@)@b®c <a(lety=ein f,g) : 7.
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We have to prove:

PAD(s@)®Tr(@)@PpAL)(a)@b®c<(pA1l) - TOAFa(lety = e[x :=v] in f[x = v],g[x:

We apply the induction hypothesis on (12.1) and (12.2) obtaining:

s(@)®@a <T+a(e[x:=v],e'[x =w]): 0’ (12.4)
r@eb<Ay:yo ra(flx:=0], flx=w]): 7 (12.5)

From (12.4) and (12.5) by compatibility of a” (and lax equations of change of base functors) we
infer:

PADG@)®PAD@@r(@eb< (pA])-TeA
a”(lety = e[x :=v]in f[x :=al,lety = ¢'[x := w]in f'[x:=w]): 7. (12.6)
Finally, since « is value-substitutive, from (12.3) we obtain:
c<(PpA1l) TRAra(lety=e'[x:=w]in f'[x :=wl,g): 7
and thus conclude the thesis from the latter and (12.6) by pseudo-transitivity.

. Suppose J has been inferred via an instance of rule (H-op) from premises (as usual we write x;
for items x1, ..., x,):

Vi.li,x:, 0 EMa; < a(ejef) : (12.7)

b < [oplv (L), X sfopjy(sp) O F @(0p(e]), f) : T (128)
so that J is

[[Op]]v F) X ‘Top]v(s) O |_ [[OPHV l ®b <a ( P(a),f) - T
We have to prove
_—
[op]v( sl(a) ® [op]v(a@:) ® b < [op]v(T}) + @ (ei[x := o], fx := w]) : 7.
We apply the induction hypothesis on (12.7) obtaining:
Vi.s(a) ® a; < T; + a”(e;[x == v],el[x :==w]) : 7. (12.9)

Monotonicity of Jop]ly on (12.9) followed by compatibility gives:

[op]v(si(a) ® a;) < [[opﬂv(l“) F a™ (op(e;i[x := v]), op(e}[x := w])). (12.10)

Finally, as « is value-substitutive, from (12.8) we obtain:

b < Jop]v(Ty), F a(op(e[x := w]) flx = w]) : 7.

The latter together with (12.5) implies

[op]v(si(a) ® ;) ® b < [op]v(T}) F a”(op(e;[x := ]), f[x == w])

by pseudo-transitivity. We conclude the thesis as Definition 63 entails:
————>
[oplv(51(@)) ® [op]v(@) < [op]v(s:(@) ® ay).
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The remaining cases follow the same pattern. O

Notice that the open extension of any closed A-term V-relation is value-substitutive. We can now
prove the main result of Howe’s method, the so-called Key Lemma. The latter states the Howe extension
of applicative similarity distance (restricted to closed terms) is an applicative simulation distance. By
coinduction, we conclude § = (6™)¢ (the latter being the closed restriction of §"), and thus §° = §",
meaning that the former is compatible.

Lemma 43 (Key Lemma). Recall that we assume I to be Z-continuous. Let a be a reflexive and transi-
tive applicative simulation distance. Then the Howe extension of a restricted to closed terms/values in an
applicative simulation distance.

Proof. Let us write o for the Howe extension of « restricted to closed computations/values. It is
easy to see that o satisfies the simulation clauses for values. For instance, we prove the inequality
af (v,!w) < soa (v, w), where for readability we omit values superscript in & and a”. It is sufficient to

show that for any a € V such that the judgment J £ (=" a < a”(!v, 'w) : |;0) is derivable, the inequal-
ity a < s o (v, w) holds. The judgment J must have been inferred via an instance of rule (H-bang),
so that without loss of generality we can assume a = s(b) ® o ,('u,!w), with |=* b < a(v,u) : o
derivable, for some value u. We conclude the thesis as follows:

a<soal(v,u)®a,(u!w)
<soal(v,u) ®soay(u,w)
[« is an applicative simulation distance]
<so(al(v,u) ® ay(u,w))
<so(as - al)(v,w)
<soal(v,w).

[pseudo-transitivity]

The crucial part of the proof is to show that o™ satisfies the clause for computations. We prove that for
any n > 0, and all computations e, f € A7, we have:

(@™)g (e, f) < T(a™)g ([e]n, [fD)-

Since I is inductive the above inequality gives the thesis as follows:
(@), ) < \T(@)" ([el . L£D)
<T@ (| |leln IfD)
- T (e 1D,

The proof is by induction on n with a case analysis on the term structure in the inductive case. For
readability we simply write « in place of a* and a”. Moreover, to avoid confusion we remark that
we explicitly distinguish between (ordinary) Kleisli extension and strong Kleisli extension. Given a
monoidal category (C, I, ®), recall that we denote by f* : Z ® TX — TY the strong Kleisli extension of
f:Z®X — TY and by g' : TX — TY the Kleisli extension of g : X — TY. Moreover, the latter can be

defined in terms of the former as g* £ (g-Ax)* - A% where Ax : I® X 5 X is the natural isomorphism

given by the monoidal structure of C. Notice also that g™ - 17x = (g - 1x)*. We now enter the details of
the induction.
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1. We have to prove:
ag (e, f) < Tag ([elo, [f])-

Since T is inductive and [e]o = L9, it is sufficient to prove af (e, f) < k. Because the quantale
is integral the latter trivially holds.

2. We have to prove:
all (return v, w) < I'af([return v] .1, [W]).

Since [return v],,11 = 1(v), it is sufficient to prove that for any a such that the judgment |=* a <
a® (return v, w) : o is derivable, a < TaZ(n(v), [w]) holds. Suppose =* a < a*(return v, w) : o
to be derivable. The latter must have been inferred via an instance of rule (H-val) from premises:

E*b <a(v,0) 0o (12.11)

¢ < ay(return v’, w). (12.12)

In particular, we have b < (v, v”) and thus, by condition (Lax unit), b < Ta(n(v), n(v’)). From,
(12.12) we infer, by very definition of applicative simulation distance, ¢ < Ta,((v’), [w]), and
thus b ® ¢ < Ta(5(v), n(v’)) ® Ta, (n(v’), [w]). We conclude the thesis by (I’ pseudo-trans.).

3. We have to prove:
&l (x.e)o, f) < Ta? ([(Axe)olun. [f])-

As [(Ax.e)v]n+1 = [e[x := v]]n, itis sufficient to show that for any a such that [=* a < o ((Ax.e)v, f) :
7 holds, we have a < TaZ ([e[x := v]]n, [f]) - Assume |=* a < a”((Ax.€)v, f) : 7. The latter must
have been inferred via an instance of rule (H-app) from premises:

b <a(v,w):0o (12.13)
E'c<a(Axeu):0 —or1 (12.14)
d < a;(uw, f). (12.15)

Let us examine premise (12.14). First of all, since u is a closed value of type ¢ —o 7 it must be of
the form Ax.g. Moreover, (12.14) must have been inferred via an instance rule rule (H-abs) from
premises:

xnqo0E e <a(eh):t (12.16)
¢z < Ug—or(Ax.h, Ax.g). (12.17)

In particular, we have the equality ¢; ® ¢; = ¢. From (12.16) we deduce ¢; < x :; o + @ (e, h) : T,
whereas from (12.13) we infer b < af (v, w). We are now in position to apply Lemma 42, obtaining
1 ®b < aff(e[x = v], h[x := w]). By very definition of applicative simulation distance, (12.17)
implies the inequality c; < a;(h[x := w],g[x := w]). Applying pseudo-transitivity followed by
the induction hypothesis we obtain:

1 ®e @b < all(elx = vl glx = w]) < Ta ([elx = o], [glx := wi]).
Finally, from (12.15), by definition of applicative simulation distance we infer
d < Ta-([glx := wI. [f])
(recall thatu = Ax.g, so that [uw] = [g[x := w]])). We can now conclude the thesis by (I' pseudo-trans.).

4. Cases for pattern matching against folds and sums are standard (they follow the same pattern of
point 5, but are simpler).
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5. We have to prove:
a) (case v of {Ix — e}, ) < Tal([case v of {!x — e}],+1. [f])-

As [case 'v of {Ix — e}],r1 = [e[x := v]],, we show that for any a such that =* a <
af(case v of {!Ix — e}, f) : r is derivable, the inequality a < Taf([e[x := v]],, [f]) holds.
Suppose =" a < a(case !v of {Ix — e}, ) : r. The latter must have been inferred via an
instance of rule (H-bang-cases) from premises:

0E*b <a(lv,u): 50 (12.18)
XxpsoEc<a(ee): (12.19)
d < a;(case u of {!x — €'}, f). (12.20)

In particular, we have a = r(b) ® ¢ ® d. Let us examine premise (12.18). First of all, since u is a
closed value of type !0, it must be of the form !v’. Moreover, (12.18) must have been inferred via
an instance of rule (H-bang) from premises:

0E* b <a¥(v,w):0o (12.21)
by < o o (Iw, 10). (12.22)

In particular, b = s(b;) ® b;. From (12.22), by definition of applicative simulation distance we infer
by < s o as(w,v’). Since (12.21) implies by < o (v, w), we have:

b=s(b)) ® by
<soal(v,w)®soa,(w,v’)
< 50 (a! (0, W) ® g (w,07)

< soa(v,v)

where the last inequality follows by pseudo-transitivity. From (12.19) we infer the inequality
c< x5 0Fa(ee’): 7. We are now in position to apply Lemma 42 obtaining;:

(r-s)oa(v,v)®c < al (e[x == v],e'[x :=)).
The latter, together with the inequality b < s o @l (v, v’), implies
r(b) ® c < al(e[x :=v],e'[x :=']).

Applying the induction hypothesis we conclude:

r(b) ® c < TaX([e[x := v]]n, [¢'[x :=']]).
Finally, from (12.20), by definition of applicative simulation distance we infer

d < Tay ([¢'x = 1L [f])
(recall that u = !v”) and thus conclude the thesis by (I pseudo-trans.).
6. We have to prove:
al(letx =ein f,g) < Tal([let x = e in fJnt1, [9])-

As [let x = ein o = [flx = _1]L[e]n, it is sufficient to prove that for any a such that

E* a < a”(let x = ein f,g) : 7 is derivable, we have a < Ta”([f[x := _]]L[e]n. [g])- Suppose
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E* a < a”(letx = ein f,g) : . The latter must have been inferred via an instance of rule (H-let)
from premises:

=" b <a(e,e): o (12.23)
xsoREe<ad'(f,f) T (12.24)
d<a;(letx=¢"in [, g). (12.25)

In particular, we have a = (s A 1)(b) ® ¢ ® d. We now claim to have:
(x:sora®(f.f):r)®@(sAl)oall(ece)
<Taf([letx =ein f]n41, [letx =€ in f']). (12.26)
By very definition of Howe extension, the latter obviously entails
(sA1)(b)®c <Ta([letx = ein f] 41, [let x = €’ in f']).

Moreover, by definition of applicative simulation distance, (12.25) implies d < Ta,([let x =
e’ in '], [g]), which allows to conclude the thesis by (I' pseudo-trans.). Let us now turn to the
proof of (12.25). First of all we apply the induction hypothesis on a’ (e, ¢’). By monotonicity of
s A 1 we have thus reduced the proof of (12.25) to proving the inequality:
(x:sora(f,f):7r)®(s A1) oTa([e]n [e])
<Taf ([flx = L leln [f ' [x == ] [e’]D).  (12.27)

Consider the diagram:

[fLe=_11} - Arye

IXTV? TV,
y®(sA1)ora§’JY[ < iraf (12.28)
IXTV?S TV

[f be=_11"Arye

where I = {*} and y(*,%) = (x ;s 0 F &"(f, f’) : 7). It is easy to see that (12.27) follows from
(12.28), since e.g.:

(IfLx = 1% - Arve ) (x [eln) = [elx := ]} [e]n-

To prove (12.28) we first observe that by very definition of strong monad we have [f[x := _]]]L .
Araze = ([f[x == _1]n-Awe)*. We can now apply condition (L-Strong lax bind). As a consequence,
to prove (12.28) it is sufficient to prove that for all closed values v, w of type o, we have:

(i ok a(f ) 1) @ (s A1) 0 al(0,w) < Ta ([f[x = o], [f[x := wi]).

By Lemma 42 and induction hypothesis we have:

(x:sora™(f,f) 1) ®soai(v,w) <Tal ([fx := 0l]n [f'[x := wl]).
We conclude the thesis since s A 1 < s.

7. We have to prove:

al(opley,....em), f) < TaZ([op(er,---,em)]nt1s Lf])
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where op is an m-ary operation symbol in 3. As usual, we use the notation x; for items x1, . . . , Xp,.
We show that for any a such that =* a < a”(op(€}), f) : o is derivable, a < Ta ([op(€})]~[f])
holds. Suppose to have =* a < a”(op(e;), f) : 7. The latter must have been inferred via an
instance of rule (H-op) from premises:

Yi<m |F*a; <a(e;, fi): o (12.29)
b <a;(op(fi,---, fm), ) (12.30)
In particular, we have a = [op]v(a,...,am) ® b. We apply the induction hypothesis on (12.29)

obtaining, for each i < m, the inequality a; < Ta"([e;]n, [fi])- By monotonicity of [op]ly we thus
infer:

[oplv(a:) < [op]v(Ta"([ei]n, [A]). - ... Ta" ([em]n, [fim]))
<Tag ([op]v, ([eilns - - - [em]n), [op]v, (LA - - - [fm]))
=Tal([oplet,---,em)]n+1> [0P(fis- - -5 f)])s

where the second inequality follows since T is 3-compatible. We conclude the thesis from (12.30)
by (I' pseudo-trans.) and definition of applicative simulation distance.

O
Theorem 16 (Compatibility). Applicative similarity distance is compatible.

Proof. We have to prove that §° is compatible. By Lemma 41 we know that §° < (6°)" and that (6°)"
is compatible. Therefore, to conclude the thesis it is sufficient to prove (§°)" < §°. The Key Lemma
implies that the restriction of (6°)” on closed terms is an applicative simulation distance, and thus
smaller or equal than §. We can thus show that for all T +* e, e’ : o, the inequality T +* (§°)"(e,€’) :
o <T +* §°e,e’) : o holds. In fact, since (§°)" is substitutive, and thus value substitutive!, we have:

*x:=9]):0

o

T H (8% (e,e) : o < /\ FY (8°)" (e[% = 0],

=i

oI
< /_\53(e[x = 3], ¢'[% = 7))
=T+ 5%e,e’) : 0.

A similar argument holds for values. O

It is worth noticing that Theorem 16 gives the following generalisation of the so-called metric preser-
vation (de Amorim et al., 2017; Reed & Pierce, 2010).

. - . A - -
Corollary 6 (Metric Preservation). For any environmentI' = x; 5, 0,...,%p 35, 0, valuesd,w : I, and
T'+* e : o we have:

$10 85 (1, W) ® - ® 5,08, (U, W) < 5y (e[X := T), e[X := W]).

Having proved that applicative similarity distance is a compatible generalised metric, we now move
to applicative bisimilarity distance.

Notice that in Definition 73 we substitute closed values (in computations and values) meaning that simultaneous substitution
and sequential substitution coincide. In particular, value substitutivity implies e.g.

(T ae.f): 1) < [\ ab(elx = 0] f[% = 7).
o
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12.3 Effectful Applicative bisimilarity Distance

In previous section we proved that applicative similarity distance is a compatible V-preorder. However,
in the context of programming language semantics it is often desirable to work with V-equivalences
(cf. pseudometrics). In this section we discuss two natural program V-equivalences: effectful applica-
tive bisimilarity distance (applicative bisimilarity distance, for short) and two-way effectful applicative
similarity distance (two-way applicative similarity distance, for short). We prove that under suitable
conditions on CBEs, both applicative bisimilarity distance and two-way applicative similarity distance
are compatible V-equivalences. Proving compatibility of the latter is straightforward, whereas proving
compatibility of the former is non-trivial, and requires a generalisation of the transitive closure trick of
Chapter 5.

Before entering formalities, let us remark that so far we have mostly worked with inequation and
inequalities. That was fine since we have been interested in non-symmetric V-relations. However,
for symmetric V-relations inequalities seem to be not powerful enough, and often plain equalities are
needed in order to make proofs work. For that reason in the rest of this section we assume CBFs to be
monotone monoid (homo)morphism. That is, we modify Definition 64 requiring the equalities:

h(k) = ¢ h(a ® b) = h(a) ® h(b).

Notice that we do not require CBEs to be join-preserving (i.e. continuous). We also require operations
[op]v to be quantale (homo)morphism, i.e. to preserves unit, tensor, and joins. It is easy to see that the
new requirements are met by most of the examples considered so far. We start with two-way applicative
similarity distance.

Proposition 32. ForaV-relatorT, define two-way applicative similarity distance as §® 5°. Then two-way
applicative similarity distance is a compatible V-equivalence.

Proof. Clearly 6 ® 6° is symmetric. Moreover, since CBEs are monoid (homo)morphism it is also com-

patible. O
We now move to the more interesting case of applicative bisimilarity distance.

Definition 79. Define effectful applicative bisimilarity distance with respect to I" (applicative bisimilar-
ity distance, for short), denoted as y, as effectful applicative similarity distance with respect toT' AT°.

Proposition 30 implies that y is reflexive and transitive. Moreover, if CBEs preserve binary meet, i.e.
s(a) A s(b) = s(a A b) for any CBE s in II, then y is also symmetric, ad thus a V-equivalence. Finally
we observe that y is the greatest A-term V-relation « such that both & and a° are applicative simulation
distance (with respect to T').

We now look at the proof of compatibility of y. As usual, we cannot rely on Lemma 43 since I' AT
being conversive is, in general, not inductive. To overcome this problem, we proceed as in Chapter 5
and characterise applicative bisimilarity distance differently.

Lemma 44. LetT be a V-relator. Define the A-term V-relation y’ as follows:

— \/{a |a® =a, a < [a]}.
Then:
1. y’ is a symmetric applicative simulation distance (with respect to '), and therefore the largest such.

2.y’ coincides with y.
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Proof. Obviously y is an applicative simulation distance (with respect to I'). Moreover, y is symmetric
and thus we have y < y’. To see that y’ < y it is sufficient to prove that y’ is an applicative simulation
distance with respect to I' A I'°. Clauses on values are trivially satisfied. We now show that for any
symmetric applicative simulation «, we have the inequality a? (e, e”) < Ta ([e], [e’]) AT (¥ )°([e’]. Te])
for all terms e, e’ € A,. For that it is sufficient to prove o’ (e,e’) < T(ay)°([e’], [e])), which obviously
holds since « is symmetric. O

Lemma 44 allows to apply the Key Lemma on y, thus showing that y” is compatible. However, as
we already know there is little hope to prove y* to be symmetric. We thus look at its transitive closure.
The latter is in general not symmetric, but it is so for a specific class of CBEs.

Definition 80. We say that a CBE s is finitely continuous, if's # co implies s(\/ A) = \/{s(a) | a € A},
forany set AC V.

Example 69. All concrete CBEs considered in previous examples satisfy the conditions mentioned in
this section, and thus are finitely continuous. Moreover, it is easy to prove the all CBEs defined from
the CBEs n, co of Example 57 using operations in Lemma 36 are finitely continuous® provided that V is
completely distributive (Hofmann et al., 2014) and [op]v(ay,...,L,...,a,) = L (which is the case for
most of the concrete operations we considered). X

The following is the central result of our argument.

Lemma 45. Assume CBEs in I to be finitely continuous. Define the transitive closure ™ of a V-relation
aasa” 2\, a"™, wherea® £ 1, and oV £ o) . g,
1. Let a be a reflexive and transitive A-term \/-relation. Then (a™)" is compatible.

2. Let a be an reflexive, symmetric, and transitive open A-term \-relation. Then (a™)"

is symmetric.

Proof. We start with point 1. First of all observe that by Lemma 41 «” is compatible. To prove com-
patibility of (a™)” we have to check that it satisfies all clauses in Figure 12.2. We show the case for
sequential composition as an illustrative example (the other cases are proved in a similar, but easier,
way). We have to prove:

(sADo(Tr (@) (ee):0)®(Ax:s ok (@) (f,f):1)
<(sA1)-Tr (@) (letx=cin f,letx=¢"in ') : .

Letc 2 ((sA1)-Tr (a)"(letx = ein f,let x = ¢’ in f’) : 7). By definition of transitive closure we
have to prove:

(sA1)o \/(r F (@) P (e,e’): o) ® \/(A,x 5ok (@M (F ) 1) <e

n

By finite continuity, either s A 1 = co or it is continuous with respect to joints. In the former case we
are trivially done. So suppose the latter case, so that thesis becomes:

\/(s A1) o (TF (@) P(ee):0)® \/(A,x s ok (@)™ ) ) <e

In particular, we also have s # co. We prove that for any n,m > 0 the following holds: for all e, ¢’, f, f”
(of appropriate type),
(sA1)o(Tr (@) (ee):0)® (Ax ok (@)™ (f.f): 1)
<((sAl)-Tr(@®)"(letx=cin f,letx=¢"in ') : 1)

Recall that since a is integral we have the inequality a ® L = L forany a € V.
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holds. First of all we observe that since a” is reflexive, we can assume n = m. In fact, ife.g. n = m + I,
then we can ‘complete’ (a")(™ as follows:

(@)™ = (@)™ o < (@)™ g g = (o)™,
[-times [-times

We now do induction on n. The base case is trivial. Let us turn on the inductive step. We have to prove:

(s A1) o (V(r Fa(ee”) o) @ (T F (@) P (e”,¢) : 0'))
® \/(A,x ok ad(f,f7) 1) ® (Ax i ok (@) F) 1) <.
fll

Since s A 1 is continuous it is sufficient to prove that for all terms e”’, f”” we have:

(sAl)o(Tra(e,e”):0)®(sAl)o (T F (@)™ (e, e): o)
@A x:sora™(f.f”):0)®(Ax:sor (@)D", f):1)<c

ie.

(sAl)o(Tra(ee”):0)@(Ax:sora(f,f"):r)@(sA1)o ([T F (@) ™(e”, e): o)
® (Ax:is ok (@)D 1) <e.

We can now apply compatibility of ™ plus the induction hypothesis, thus reducing the thesis to:
((s A1) -T®AFa(letx = ein f,letx = ¢” in f”) : 0))
® ((s A1) -T®AF (@) (letx = e in f”,letx = ¢’ in f) : a)) <c.

We can now conclude the thesis by very definition of (a™)”.

To prove point 2 we have to show (™)™ < ((@”)7)°. For that it is sufficient to show a™ < ((a™)7)°.
That amounts to prove that for all computations I' +- e,e’ : ¢ and values I' +¥ v,7’, and for any a € V
such that T' " a < a"(e,e’) : o is derivable we have a < T + (a”)"(e,e’) : o (and similarity for
I' Y v,v" : 0). The proof is by induction on the derivation of T' |=* a < a"(e, ¢’) : o using point 1. [

Finally, we can prove that applicative bisimilarity distance is compatible.
Theorem 17. If any CBE inll is finitely continuous, then applicative bisimilarity distance is compatible.

Proof. From Lemma 45 we know that (y)" is compatible. Therefore, it is sufficient to prove ((y)"”)" = y.
One inequality follows from Lemma 41 as follows: y < y# < (y)”. For the other inequality, we rely on
the coinduction proof principle associated with y, meaning that it is sufficient to prove that ((y)”)" is a
symmetric applicative simulation (with respect to I'). Symmetry is given by Lemma 45. From Lemma 43
(Key Lemma) we know that y* is an applicative simulation distance. Since the identity A-term V-relation
is an applicative simulation distance, and the composition of applicative simulation distances is itself an
applicative simulation distance (see Proposition 30), we see that (y)7 is itself an applicative simulation
distance (with respect to T'). O

We conclude this chapter by noticing that we can rely on Theorem 17 to come up with concrete
notions of compatible applicative bisimilarity distance. For instance, we obtain a compatible pseudo-
metric for for P-Fuzz (observe that CBEs are indeed finitely continuous). To the best of the author’s
knowledge, this is the first example of a compatible applicative pseudometric for a Turing complete
higher-order probabilistic sequential language (but see Section 13.2).
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Chapter 13

Conclusion

What if some day or night a demon
were to steal into your loneliest
loneliness and say to you: ‘This life
as you now live it and have lived it
you will have to live once again and
innumerable times again; and there
will be nothing new in it, but every
pain and every joy and every thought
and sigh and everything unspeakably
small or great in your life must
return to you, all in the same
succession and sequence - even this
spider and this moonlight between
the trees, and even this moment and I
myself. The eternal hourglass of
existence is turned over again and
again, and you with it, speck of dust!’

Friedrich Nietzsche, The Gay Science

Chapter 12 concludes our investigation on coinductive equivalences and metrics for languages with
algebraic effects. Before discussing some related and future works, it is useful to briefly summarise the
results we have achieved.

In the first part of this dissertation we have defined abstract notions of program equivalence and
refinement for higher-order languages with algebraic effects, aiming to answer the question of whether
two effectful programs can be deemed as operationally equivalent. To answer such a question we have
defined the notions of effectful applicative (bi)similarity, monadic applicative (bi)similarity, and effectful
normal form (bi)similarity. For all these notions we proved congruence and precongruence theorems,
as well several results about their relationship.

In order to define such notions of equivalence and refinement, we have developed an abstract re-
lational framework, based on monads and relators, which we have also used to define the notions of
effectful contextual approximation (resp. equivalence) and effectful CIU approximation (resp. equiva-
lence). The aforementioned congruence and precongruence theorems, directly lead to soundness of our
notions of (bi)similarity for effectful contextual approximation (resp. equivalence).

In order to prove soundness of effectful applicative (bi)similarity, in Chapter 5 we have developed
a non-trivial generalisation of Howe’s method, the standard relational construction used to prove con-
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gruence properties of applicative bisimilarity. We have argued that our abstract Howe’s method is of
interest by itself, as it sheds light on the very essence of Howe’s construction itself. Additionally, we
have showed a further application of such a method by proving full abstraction of effectful CIU approx-
imation (resp. equivalence) for effectful contextual approximation (resp. equivalence).

These results hold both for call-by-name and call-by-value calculi. In Chapter 6 we have showed
that we can strengthen our techniques and achieve, under mild conditions, full abstraction of monadic
applicative (bi)similarity for effectful contextual equivalence. That holds, however, only for call-by-
name calculi.

In Chapter 7 we have defined effectful normal form (bi)similarity, which gives the notion of effectful
eager normal form (bi)similarity, in call-by-value calculi, and effectful weak head normal form, in call-
by-name calculi. We have proved congruence and precongruence theorems for all these notions, as well
as their (strict) inclusion in effectful applicative (bi)similarity.

Compared to other standard operational techniques, normal form bisimilarity has the major ad-
vantage of being an intensional program equivalence, equating programs according to the syntactic
structure of their (possibly infinitary) normal forms. As a consequence, in order to deem two programs
as normal form bisimilar, it is sufficient to test them in isolation, i.e. independently of their interaction
with the environment. These features make normal form bisimilarity a powerful technique for program
equivalence. Additionally, we make such a technique even more powerful by proving suitable up-to
context techniques.

In the second part of this dissertation we have tackled a different problem, namely the one of quan-
tifying operational differences between programs. That directly led to the investigation of notions of
effectful program metric (or distance). In Chapter 10, Chapter 11, and Chapter 12 we have defined ef-
fectful applicative (bi)similarity distance for the calculus V-Fuzz. The latter is a linear A-calculus with a
powerful type system expressing program sensitivity.

In order to define effectful applicative (bi)similarity distance, which is de facto the refinement of ef-
fectful applicative (bi)similarity to quantale-valued relations, in Chapter 12 we have designed an abstract
relational framework for studying effectful program distances. Such a framework builds on Lawvere’s
insights on the categorical nature of metric spaces as well as on results from monoidal topology. In
particular, of a central importance is the notion of a V-relator (Chapter 11), i.e. of a relator acting on
quantale-valued relations. Prime examples of V-relators are provided by the well-known Hausdorff and
Wasserstein-Kantorovich distances.

Finally, in Chapter 12 we have proved our main results, namely congruence and precongruence
theorems for effectful applicative bisimilarity and similarity distance, respectively. Such results are
proved with a further generalisation of Howe’s method.

13.1 Related Work

The results presented in this dissertation are definitely not the first account of program equivalences,
refinements, and metrics for effectful languages. However, our results are, to the best of the author’s
knowledge, the first abstract accounts of operational coinductive techniques for languages with algebraic
effects.

Concerning applicative notions of equivalence, to the best of the author’s knowledge, no abstract ac-
count exists on applicative coinductive techniques for calculi with algebraic effects. Nevertheless, there
are several works that investigate such techniques for calculi with specific effects. Among them, prime
examples are given by (C. L. Ong, 1993) and (S. Lassen, 1998b), to which this dissertation is in great debt,
for nondeterministic calculi, and (Crubillé & Dal Lago, 2014; Dal Lago et al., 2014) for probabilistic cal-
culi. An abstract account of logic-based equivalences for higher-order languages with algebraic effects
has been developed in (Simpson & Voorneveld, 2018), where congruence properties of the equivalences
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defined are proved using our abstract Howe’s method. Applicative bisimilarity has also been investi-
gated for languages with non-algebraic effects, notably for languages with control operators (Biernacki
& Lenglet, 2014). However, we have to remark that applicative bisimilarity has been proved to be fragile
in presence of non-algebraic effects, and actually unsound in presence of information hiding (Koutavas
et al., 2011).

Normal form bisimulations have been extensively investigated for pure A-calculi (S. B. Lassen, 1999,
2005; C. L. Ong, 1993; Sangiorgi, 1994), as well as for calculi with non-algebraic effects, notably con-
tinuations (Biernacki, Lenglet, & Polesiuk, 2018) and control operators (S. B. Lassen, 2006a; Stgvring
& Lassen, 2007). Until Lassen’s work on eager normal form bisimulation (S. B. Lassen, 2005), normal
form bisimilarity has been mainly investigated for call-by-name languages, due to its equivalence with
Lévy-Longo tree equivalence, and for the so-called classical theory of A-calculus (Barendregt, 1984), due
to its equivalence with B6hm tree equivalence.

To the best of the author’s knowledge, no abstract account of normal form bisimilarity in the context
of languages with algebraic effects has been given so far. However, there are some works on specific
effectful extensions of B6hm trees, notably the work of de Liguoro and Piperno on nondeterministic
Bohm trees (De Liguoro & Piperno, 1995), and the work of Leventis on probabilistic Bohm trees (Leventis,
2018), as well as works on nondeterministic extensions of weak head normal form bisimulation, notably
(S. B. Lassen, 2006b).

The situation is rather different if one looks at non-coinductive abstract theories of program equiv-
alence. Denotational semantics of effectful calculi has been studied since Moggi’s seminal work (Moggi,
1989), thus implicitly providing a notion of program equivalence. All this has been given a more opera-
tional flavour starting with Plotkin and Power account of adequacy for algebraic effects (G. D. Plotkin &
Power, 2001, 2002). The literature also offers abstract accounts on logical relations for effectful calculi.
The first of them is due to Goubault-Larrecq, Lasota and Nowak (Goubault-Larrecq, Lasota, & Nowak,
2008), which is noticeably able to deal with nondeterministic and probabilistic effects, but also with dy-
namic name creation, for which applicative bisimilarity is known to be unsound (Koutavas et al., 2011).
Similar in spirit to our approach, the work of Katsumata and Sato (Katsumata & Sato, 2013) (as well as
(Katsumata, 2013)) analyses monadic lifting of relations in the context of T T-lifting.

Another piece of work which is related to ours is due to Johann, Simpson, and Voigtldnder (Johann,
Simpson, & Voigtlander, 2010), who focused on algebraic effects and observational equivalence, and
their characterisation via CIU theorems and a form of logical relation based T T-lifting. In both cases, the
target language is a call-by-name typed A-calculus. A further account on logical relations for languages
with algebraic effects is given in (Biernacki, Pirog, Polesiuk, & Sieczkowski, 2018). An extensive analysis
of observational equivalences and preorders for languages with algebraic effects (with a case studied on
combinations of probability with nondeterminism) is given in (Lopez & Simpson, 2018).

Concerning program metrics, several works have been done in the past years on quantitative rea-
soning in the context of programming language semantics. In particular, several authors have used
(cartesian) categories of ultrametric spaces as a foundation for denotational semantics of both concur-
rent (Arnold & Nivat, 1980; de Bakker & Zucker, 1982) and sequential programming languages (Escardo,
1999). Bisimilarity-based distances have been proposed for probabilistic first-order calculi (Du, Deng,
& Gebler, 2016), where, due to the absence of higher-order features, amplification phenomena do not
occur (but see (Gebler, K.G., & Tini, 2016)). A different approach is investigated in (de Amorim et al.,
2017), where a denotational semantics combining ordinary metric spaces and domains is given to pure
(i.e. effect-free) Fuzz. The main theorem of (de Amorim et al., 2017) is a denotational version of the
so-called metric preservation (Reed & Pierce, 2010) (whose original proof requires a suitable step-indexed
metric logical relation). Corollary 6 is the operational counterpart of such result generalised to arbitrary
algebraic effects.

A different but deeply related line of research has been recently proposed in (Crubillé & Dal Lago,
2015, 2017), where coinductive, operationally-based distances have been studied for probabilistic A-
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calculi. In particular, in (Crubillé & Dal Lago, 2015) a notion of applicative distance based on the Wasser-
stein lifting is proposed for a probabilistic affine A-calculus. Restricting to affine programs only makes
the calculus strongly normalising and removes copying capabilities of programs by construction. That
way programs cannot amplify distances between their inputs and therefore are forced to behave as non-
expansive functions. This limitation is overcome in (Crubillé & Dal Lago, 2017), where a coinductive
notion of distance is proposed for a full linear A-calculus, and distance trivialisation phenomena are
studied in depth. The price to pay for such generality is that the distance proposed is not applicative,
but a tuple distance somehow resembling environmental bisimilarity (Sangiorgi et al., 2011).

13.2 Future Work

Topics for further work are plentiful. Here we list some major lines of research.

13.2.1 Handlers

This dissertation analyses calculi with algebraic effects. As remarked in the introduction of this work,
the theory of algebraic effects has been extended with effect handlers, giving rise to the theory of al-
gebraic effects and handlers (Bauer & Pretnar, 2015; G. D. Plotkin & Pretnar, 2013; Pretnar, 2015). An
handler is a syntactical constructor for manipulating the control flow of the program by specifying how
to interpret operation symbols. For instance, consider the program print,.e that prints the character c
and continues as e. As usual, the operational semantics of print,.e is to first print c, and then continue
as e. We can use handlers to modify the control flow of computation, so that we first evaluate e, and
then we print c. For that we use the handler:

handler {print .k — let x = k in print_.(return x)}.

Accordingly, the handler acts as way to redefine the operational behaviour of print,, and thus behaves
as a kind of algebraic homomorphism.

It is an open question whether the techniques developed in this dissertation can be extended to
languages with algebraic effects and handlers. This is certainly the case for some (restricted) handlers.
An example is provided by Example 21, where a restricted exception handling constructor is introduced.
Although non-algebraic, such operation can be easily shown to satisfy condition (X comp), meaning that
we can apply our abstract soundness results to that calculus.

Extending such a result to arbitrary effect handlers, however, seems to require non-trivial extension
of the framework designed, as the semantics of an operation symbol is now determined by the context
in which it is evaluated. A promising route to achieve such a goal seems to look at specific normal form
bisimulations.

13.2.2 Full Abstraction and Non-algebraic Effects

Both effectful applicative (bi)similarity and effectful normal form (bi)similarity have been proved to be
sound, but not fully abstract for effectful contextual equivalence/approximation. An interesting question
is whether there exist conditions on monads and relators guaranteeing full abstraction results.

Full abstraction of applicative bisimilarity is known to hold for the pure A-calculus (Abramsky,
1990a), as well as for the probabilistic A-calculus (Crubillé & Dal Lago, 2014), but to fail for the non-
deterministic A-calculus (S. Lassen, 1998b). The latter perfectly fits the abstract theory of Chapter 5,
meaning that proving full abstraction results for effectful applicative (bi)similarity seems to require a
severe restriction on our axioms of ¥-continuous monads and relators. A promising route towards this
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challenge would be to understand which class of tests (if any) characterise effectful applicative bisim-
ilarity, depending on the underlying monad and relator, this way generalising results in (Van Breugel,
Mislove, Ouaknine, & Worrell, 2005) and (Crubillé & Dal Lago, 2014).

Another interesting line of research is to investigate whether the theory of normal form bisimulation
can be extended to languages with non-algebraic effects. In particular, normal form bisimilarity has been
extended to languages with local states (Stovring & Lassen, 2007), control operators (Biernacki, Lenglet,
& Polesiuk, 2018), and both control operators and local states, where it has additionally been proved
to be fully abstract for contextual equivalence (Stovring & Lassen, 2007). In light of such results, it is
natural to ask whether there exists an abstract notion of normal form bisimulation for languages with
local effects. Achieving such a result would be a major improvement in the theory of normal form
bisimulation, especially considering that applicative bisimilarity has been proved to be unsound for
several languages with non-algebraic effects (Koutavas et al., 2011).

13.2.3 Effectful Logical Relations

Recalling the distinction between observational, applicative (or extensional), intensional, and logical
program equivalence made in the introduction, it is clear that a major issue that has not been addressed
in this work concerns effectful logical equivalences. Logical relations techniques for effectful languages
have been extensively investigated both for languages with specific algebraic effects (Bizjak & Birkedal,
2015; Culpepper & Cobb, 2017) and for effectful languages in general (Goubault-Larrecq et al., 2008; Kat-
sumata, 2013; Katsumata & Sato, 2013). In particular, the latter work uses relation lifting constructions
resembling relators, and thus seems to suggest the applicability of our relational framework to study
effectful logical relations.

We also remark that logical relations for general algebraic effects have been studied in (Johann et
al., 2010) and (Biernacki, Pirog, et al., 2018). The latter work seems to have some limitations for our pur-
poses, since the calculus studied does not take into account pure algebraic operations, i.e. (algebraic)
operations whose semantics is defined independently of handlers. Having such operations give calculi
more expressive power, as handlers alone do not allow for a fine analysis of e.g. true probabilistic non-
determinism (the latter requires to have operations, either internal or external to the calculus, that act
as sources of probabilistic nondeterminism). More relevant for us is (Johann et al., 2010), where logical
relations for a call-by-name polymorphic PCF (G. Plotkin, 1977) enriched with algebraic operations are
defined. It is not hard to realise that the definition of such logical relations can be mimicked in our
framework relying on the observation function of Chapter 6 and on a suitable step-indexing (Appel
& McAllester, 2001), and that the logical relations thus obtained can be used to provide an alternative
characterisation of effectful contextual equivalence/approximation. That holds for both call-by-name
and call-by-value calculi.

An abstract understanding of the relationship between logical relations and notions of bisimulation
is, however, still missing.

13.2.4 Program Distances and Coeffects

Compared to the results achieved on program equivalence and refinements, our investigation on pro-
gram distance is at its very beginning. A first extension of the theory developed is the design of effectful
contextual and CIU distances. Such distances should be definable by generalising the results of Chapter 5
to V-Fuzz and V-relations. The author conjectures that to be possible, provided one restricts to finitely-
continuous change of base functors. On a similar line of research, the development of effectful distances
based on logical relations, along the lines of (Reed & Pierce, 2010), should be rather straightforward.

A potentially more interesting notion of program distance might be the generalisation of normal
form bisimilarity to the abstract setting of quantale-valued relations.
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On a different side, we observe that program sensitivity is an instance of the more general notion
of a coeffect. Coeffects (Brunel et al., 2014; Gaboardi et al., 2016; Petricek et al., 2014) are a formalism
introduced to model context-dependent computations, i.e. computations whose behaviour depends on
the context in which they happen. From a mathematical perspective, coeffects are the dual of effects. As
a consequence, as effects are modelled as monads, coeffects are modelled as comonads. This suggests
the possibility of looking at more general notions of distances (as well as equivalences), for effectful and
coeffectful calculi.

Finally, recalling the informal introduction to program metric of Chapter 9, we notice that the de-
velopment of the theory of applicative bisimulation distances is rooted in the refinement of Assump-
tion 3 (non-expansiveness) into Assumption 4 (Lipshitz-continuity). Such a refinement allowed us to
bypass problems raised by distance trivialisation. However, that was only one possible route to define
well-behaved notions of program distance. Another possibility is the one investigated in (Crubillé &
Dal Lago, 2017), where the proposed notion of tuple distance can be seen as a way to refine Assump-
tion 1 by defining distances not on pairs of terms, but on pairs of tuples. Looking at other possible
‘non-standard’ notions of program distance is a stimulating topic for further research.
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Appendix A

Names of Categories

The following is a list of the categories mentioned in this dissertation.

Set: the category of sets and functions. Objects are denoted by letters X, Y, . . . whereas morphisms
by letters f : X - Y,g: X > Y,....

Rel: the category of sets and relations. Objects are denoted by letters X, Y, . . . whereas morphisms
by letters R : X » Y, 8 : X—»Y,....

PreOrd: the category of preordered sets and monotone functions. A preorder on a set X is a
reflexive and transitive relation <x: X -» X. We denote objects of PreOrd as (X, <x), (Y, <y),.. ..
A morphism f : (X, <x) — (Y,<y) is a morphism f : X — Y in Set such that f - <x C <y - f
holds in Rel.

V-Rel is the category of sets and V-relations, for a quantale V. Objects are denoted by letters
X,Y,...whereas morphisms by lettersa : X » Y, f: X+ Y,....

V-Cat: the category of V-categories and V-functor. A V-category (X, ) consists of a set X to-
gether with a reflexive and transitive V-relation & : X -» X. We denote objects of V-Cat as
(X,a),(Y,p),.... Amorphism f : (X,a) — (Y, p) is a V-functor, i.e. a morphism f : X — Y in
Set such that f - o < - f holds in V-Rel.
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Appendix B

Spans

In order to have a better grasp of the Barr extension of a functor, it is useful to look at relations using
the notion of a span (Bruni & Gadducci, 2003; Carboni, Kasangian, & Street, 1984).

Definition 81. A span on a category C is given by an ordered pair of C-morphisms (« : U = X, : U —
Y). The object U is called the source of the span.

. a B . @ B @ 14
We use the notation (X «— U — Y) for spans. Given spans (X «— U — Y)and (Y < W — Z),

their composition can be defined as follows, provided that C has enough pullbacks. Let (U Zph W)
be a pullback of f: U — Y and ¢ : W — Y, then define:

veEwhzy xEubye & pln g

pr\ﬂiw
NN

Since pullbacks are unique modulo isomorphism, we need to work with equivalence classes of spans.

Diagrammatically:

For any C-object U the span (U “U > U) acts as identity for composition. In fact, given a span
(X Lu i Y), the composition (Y & Y i> Y) (X Lu i Y) is obtained by taking a pullback of
p:U—>Yand1:Y — Y. Obviously (U U i Y) is such a pullback, so that we have (Y fy L
1yw£Uin=w£Uin

Spans can be used as set-theoretic presentation of relations. In fact, any relation R can be represented

2 B .
as the span (X il Ggr N Y), and any span (X Py § N Y) defines a relation, namely - a° : X - Y.
Spans, however, retain more information than relations, as they are sensitive to multiplicity (in fact,
there is a correspondence between spans and relations over multisets; see (Bruni & Gadducci, 2003) for
details).
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Barr’s construction can be seen as a construction on spans. In fact, we can define the Barr extension
of a functor T as the map T on spans thus defined:

— T
T xEz0h e ax 221z % vy

This abstract perspective on Barr’s construction gives several insights on the structure of T. For
instance, given the prime role of pullbacks in the definition of span composition, it comes with no
surprise that in order for T to satisfy (rel 2) (properly generalised to spans), T need preserve weak
pullbacks.

We conclude remarking that we can indeed safely look at Barr’s construction in terms of span,
rather than relation. This is not evident, in principle, as spans and relations are not in a one-to-one
correspondence, and thus different spans may represent different relations. Nonetheless, we can easily
prove that Barr’s construction is independent from the span representation of a relation.

Lemma 46. Let R : X - Y be a relation, and let (X Z Gg iR Y) be the span associated with R. Let

T
(X Eu i Y) be another span representing R, that is such that p - «® = m, - 7 holds. Then (TX —

T T
TGg —> TY) and{(TX e TU —ﬁ> TY) represent the same relation too; that is, Tf-(Ta)° = Ty (Tmy)°
holds.

Proof. First of all notice that the map e = 1 - {«, ) is surjective.

U

<a§ﬂ>
o Y B
XXY

L

71 T2

X Gg Y

In fact, for any (x,y) € Gg we have x (3 -77) y, and thus x (- «°) y. That means that there exists u € U
such that a(u) = x and f(u) = y, meaning that e(u) = (x,y). Since e is a surjection, by the axiom of
choice Te is a surjection too. In particular, we have Te - (Te)° = I, and thus we can calculate as follows:

Tﬁ . (T(X)O = T(ﬂ'z . e) . (T(ﬂ'l . 8))0 = T7l'2 -Te - (Te)° . (T]l'l)o = T7l'2 . (Tﬂ'])o.
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