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Résumé

Titre: Distances comportementales pour des programmes probabilistes d’ordre supérieur.

Mots-clés :  Computations probabilistes d’ordre supérieur, sémantique des langages de
programmation, bisimulation applicative, espace cohérents probabilistes, distances entre
programmes

Cette these est consacrée a ’étude d’équivalences et de distances comportementales des-
tinées a comparer des programmes probabilistes d’ordre supérieur. Le manuscrit est divisé
en trois parties. La premiere partie consiste en une présentation des langages probabilistes
d’ordre supérieur, et des notions d’équivalence et de distance contextuelles pour de tels
langages.

Dans une deuxiéme partie, on suit une approche opérationnelle pour construire des no-
tions d’équivalences et de métriques plus simples & manipuler que les notions contextuelles :
on prend comme point de départ les deux équivalences comportementales pour le lambda-
calcul probabiliste équipé d’une stratégie d’évaluation basée sur [’appel par nom intro-
duites par Dal Lago, Sangiorgi and Alberti : ces derniers définissent deux équivalences—
la trace équivalence, et la bisimulation probabiliste, et montrent que pour ce langage,
la trace équivalence permet de completement caractériser—i.e. est pleinement abstraite—
I’équivalence contextuelle, tandis que la bisimulation probabiliste est une approximation
correcte de ’équivalence contextuelle, mais n’est pas pleinement abstraite. Dans la partie
opérationnelle de cette these, on montre que la bisimulation probabiliste redevient pleine-
ment abstraite quand on remplace la stratégie d’évaluation par nom par une stratégie
d’évaluation par valeur. Le reste de cette partie est consacrée a une généralisation quan-
titative de la trace équivalence, i.e. une trace distance sur les programmes. On introduit
d’abord une trace distance pour un A-calcul probabiliste affine, i.e. ou le contexte peut
utiliser son argument au plus une fois, et ensuite pour un A-calcul probabiliste ou les
contextes ont la capacité de copier leur argument; dans ces deux cas, on montre que les
distances traces obtenues sont pleinement abstraites.

La troisieme partie considere deux modeles dénotationnels de langages probabilistes
d’ordre supérieur : le modele des espaces cohérents probabiliste, di & Danos et Ehrhard,
qui interprete le langage obtenu en équipant PCF avec des probabilités discretes, et
le modele des cones mesurables et des fonctions stables et mesurables, développé plus
récemment par Ehrhard, Pagani and Tasson pour le langage obtenu en enrichissant PCF
avec des probabilités continues. Cette these établit deux résultats sur la structure de ces
modeles. On montre d’abord que I'exponentielle de la catégorie des espaces cohérents
peut étre exprimée en utilisant le comonoide commutatif libre : il s’agit d’un résultat de
généricité de cette catégorie vue comme un modele de la logique linéaire. Le deuxiéme
résultat éclaire les liens entre ces deux modeles : on montre que la catégorie des cones
mesurables et des fonctions stables et mesurable est une extension conservatrice de la
catégorie de co-Kleisli des espaces cohérents probabilistes. Cela signifie que le modele
récemment introduit par Ehrhard, Pagani et Tasson peut étre vu comme la généralisation
au cas continu du modele de PCF équipé avec des probabilités discretes dans les espaces
cohérents probabilistes.



Abstract

Title: Behavioral distances for probabilistic higher-order programs.

Keywords: probabilistic higher-order computations, semantics of programming lan-
guages, applicative bisimulation, probabilistic coherence spaces, distance for programs.

The present thesis is devoted to the study of behavioral equivalences and distances for
higher-order probabilistic programs. The manuscript is divided into three parts. In the
first one, higher-order probabilistic languages are presented, as well as how to compare
such programs with context equivalence and context distance.

The second part follows an operational approach in the aim of building equivalences
and metrics easier to handle as their contextual counterparts. We take as starting point
here the two behavioral equivalences introduced by Dal Lago, Sangiorgi and Alberti for the
probabilistic lambda-calculus equipped with a call-by-name evaluation strategy: the trace
equivalence and the bisimulation equivalence. These authors showed that for their lan-
guage, trace equivalence completely characterizes context equivalence—i.e. is fully abstract,
while probabilistic bisimulation is a sound approximation of context equivalence, but is
not fully abstract. In the operational part of the present thesis, we show that probabilistic
bisimulation becomes fully abstract when we replace the call-by-name paradigm by the
call-by-value one. The remainder of this part is devoted to a quantitative generalization
of trace equivalence, i.e. a trace distance on programs. We introduce first e trace distance
for an affine probabilistic A-calculus—i.e. where a function can use its argument at most
once, and then for a more general probabilistic A-calculus where functions have the ability
to duplicate their arguments. In these two cases, we show that these trace distances are
fully abstract.

In the third part, two denotational models of higher-order probabilistic languages are
considered: the Danos and Ehrhard’s model based on probabilistic coherence spaces that
interprets the language PCF enriched with discrete probabilities, and the Ehrhard, Pagani
and Tasson’s one based on measurable cones and measurable stable functions that interpret
PCF equipped with continuous probabilities. The present thesis establishes two results on
these models structure. We first show that the exponential comonad of the category of
probabilistic coherent spaces can be expressed using the free commutative comonoid: it
consists in a genericity result for this category seen as a model of Linear Logic. The
second result clarify the connection between these two models: we show that the category
of measurable cones and measurable stable functions is a conservative extension of the
co-Kleisli category of probabilistic coherent spaces. It means that the recently introduced
model of Ehrhard, Pagani and Tasson can be seen as the generalization to the continuous
case of the model for PCF with discrete probabilities in probabilistic coherent spaces.



Introduction

Context

Randomized algorithms—i.e. algorithms which are allowed to perform probabilistic choices,
formalized for instance as throwing a dice—are present from the beginning in computer
science [36], [96]: they are for instance central to most algorithms in computational cryp-
tography (where, e.g., secure public key encryption schemes are bound to be probabilis-
tic [57]). Probabilistic algorithms may also allow to solve a problem more efficiently—in
less time—than deterministic algorithms, with the payoff that the output coincides with
the correct answer with high probability, but not necessarily always. This idea is reflected
for instance in computational complexity, e.g. the BPPcomplexity class consists of all
problems that are solved by polynomial-time algorithms with probability at least % For
instance, we know that the polynomial identity testing problem—i.e. the problem of decid-
ing whether some given polynomial with several variables is the 0-polynomial—is known to
be in BPP, but it is still not known whether it is in P. Recently, there was a renewed—and
widened—interest in the role of probability theory in computing, in particular in the
machine-learning community. At the core of many machine-learning algorithms, there is
indeed Bayesian reasoning, that can be roughly summarized as the following paradigm:
we start from statistical models—i.e. a network of probability distributions over the set
of possible events—that express our beliefs about the world, and then we update those
models using Bayesian inference—this way developing the ability to condition values of
variables via observations. This kind of reasoning usually focuses on statistical models ex-
pressed using continuous probability distributions, for instance probability distributions
on reals.

In order to formally write and execute probabilistic algorithms, both abstract and
concrete programming languages have been developed. Our focus here is on functional
programming languages that are also higher-order, i.e. where subroutines can take func-
tions in input and produce functions in output. Higher-order languages enjoy a strong
connection with logic, formalized by the Curry-Howard correspondence, that originally
connects typed A-calculus—a minimal deterministic higher-order language without ground
types or side-effects—with intuitionistic logic. This connection with logic makes higher-
order languages a natural place to develop mathematical tools guaranteeing programs to
be well-behaved—where what well-behaved means may depend on which properties we
are interested in checking, for instance that the execution terminates, or that there is no
deadlock. Randomized algorithms can be written in language like Ocaml or Haskell, that
comes with a random primitive—that returns a real number chosen randomly between 0
and 1. Several concrete probabilistic higher-order languages handling Bayesian reasoning
have also been introduced such as Church [58], or more recently Anglican [I17].

In the present thesis, we focus on a problem central to program semantics: compar-
ing two programs implementing distinct algorithms, in order to decide whether they are



equivalent. This problem occurs for instance when we want to know whether a program
implements a given specification, or when we do code optimization, and we want to be
sure that we do not trigger any major change in the program behavior. Observe that, even
in the case of deterministic programs, it is not enough to simply ezecute two programs
once to decide if they always behave the same way, since the behavior of the program
can depend on the external environment: we need to check that no environment can
force the two programs to behave differently. In the case of higher-order programming
languages, this can be illustrated by taking programs distinguishers to be program them-
selves. This idea was formalized in Morris’s context equivalence [87], where the external
environment is modeled as a context, i.e. a program that contains a hole; the interaction
of a program with its environment is then modeled as filling the context’s hole with the
program. Two programs are context equivalent when their observable behavior—i.e. what
an external observer can see during the execution—is the same in any context. Morris’s
context equivalence is an almost universally accepted criterion for program equivalence,
but is complicated to use in practice, because all possible contexts need to be considered.
From there, the goal becomes to find handier ways to compare programs, that are sound
with respect to Morris’s context equivalence—i.e. they give us stronger or equal guarantees
than context equivalence—or ideally even fully abstract—i.e. fully characterizes context
equivalence.

Program analysis—including the study of Morris’s context equivalence—asks for a
formalization of the behavior of programs. In the present thesis, we will focus on two
approaches: the operational view where we mostly see programs as processes that can be
executed, and the denotational view, designed to abstract away from the implementation
details and the way the program is actually executed, in order to focus on its mathemat-
ical meaning. Denotational semantics was introduced by the pioneering work of Scott
and Strachey [109, [IT1] on domain theory, with the aim of building denotational models,
i.e. mathematical universes in which programs can be interpreted. In those universes,
there are often objects that are not the interpretation of any program, and this gap can be
used to inform the development of new programming constructs. Program interpretation
is usually built in a compositional way—i.e. the interpretation of a program can be recov-
ered from the interpretation of its sub-programs. Two programs are considered equivalent
in a denotational model when their denotational interpretations coincide. Operational
and denotational approaches should be seen as complementary: while operational seman-
tics allows to formalize—hence to reason about—how a program is executed, denotational
semantics aim to understand what a program actually do. When introducing a denota-
tional model for some language, this connection need to be made formal by proving an
adequacy theorem, that states that the program interpretation in the denotational model
is invariant under one step of execution on the operational side. Beyond the adequacy
result, we can look for stronger connections between operational and denotational worlds,
by looking at the ability of a denotational model to talk about the operational context
equivalence. A denotational model is sound when, in order to know whether two program
of our language are context equivalent, we can compare their interpretations in our model:
if the two interpretations coincide, then we know that the two programs are equivalent.
The model is fully-abstract when we obtain this way a characterization of context equiva-
lence, meaning that it is enough to look at program interpretations in the model to decide
context equivalence.

Among the operational methods for studying Morris context equivalence, we will focus
in the present thesis on coinductive methodologies [103], that were first used in computer
science for concurrency. Those techniques have been imported into the study of sequen-



tial higher-order languages by Abramsky’s applicative bisimulation [2] in the setting of
A-calculus. Applicative bisimulation has been generalized to a wide range of higher-order
languages: for instance languages with ground types [92], non-deterministic languages [76],
stateful languages [106] [69]... Abramsky’s applicative bisimulation consists in building a
transition system that models the operational semantics of the language interactively: this
way we obtain a labeled graph that represents all the possible interactions between a pro-
gram and the external environment. Then, we use a built-in—usually coinductive—notion
of equivalence for the corresponding class of transition systems, this way obtaining an
equivalence on programs. In A-calculus, the unique way for the environment to interact
with a program is to apply it to some argument, hence the name applicative bisimulation.
This approach enables us to use coinductive techniques—as for instance up-to reason-
ing [I03]—developed as enhancement of the bisimulation proof method, and thus gives us
new tools to handle context equivalence between programs. While denotational semantics
aims to understand the structure of those functions that can be implemented by pro-
grams—thus enabling the use of adapted mathematical tools—in the contrary coinductive
methodologies transform higher-order programs into first-order processes—i.e. forgetting
about functions in order of being able to reason on a transition graph. By the way, the
quest for soundness and full abstraction also holds for operationally inspired techniques
for program equivalence.

State of the Art.

The operational semantics of higher-order probabilistic languages have been studied in
depth in recent years, both for discrete and continuous probabilistic programming lan-
guages, with two main approaches. The first one handles explicitly probabilistic distribu-
tions, using a monadic type system: if o is a type, then Po is the type for probability
distributions over type o. Since probability distributions have a monadic structure, this
approach fits into Moggi’s computational A-calculus [86]: a probabilistic program taking
objects of type ¢ in input and outputing objects of type 7 can be typed as ¢ — P7, mean-
ing that it can be seen as a process taking non-probabilistic data of type o, and outputing
a probability distribution over data of type 7. It also gives a roadmap to then find a deno-
tational semantics, by building a categorical model of computational \-calculus, as defined
by Moggi in [86]. This approach has been for instance used for the discrete language used
by Jones and Plotkin [68], or the continuous languages introduced by Park, Pfenning and
Thrun [91]. In the present thesis, we will focus on another approach, that consists in seeing
all programs as possibly probabilistic, hence treating the same way non-probabilistic and
probabilistic data. It is the case of the untyped discrete probabilistic A-calculus Ag intro-
duced by Dal Lago and Zorzi [33]—and that will be our base language in this thesis. This
approach is especially adapted to probabilistic extensions of PCF—the A-calculus with
integers as ground types introduced by Scott—since the monadic approach enforces a call-
by-value evaluation strategy, while the PCF evaluation strategy is call-by-name: it is the
case of the discrete probabilistic variants of PCF used by Ehrhard, Pagani and Tasson [46],
or Goubault-Larrecq [60] . This approach has also been used for higher-order languages
with continuous probabilities as for instance the variant of PCF with continuous probabil-
ities used by Ehrhard, Pagani and Tasson in [45]—that have continuous distributions, but
does not allow bayesian reasoning—or the A-calculus with continuous probabilities and
primitives for Bayesian reasoning introduced by Borgstrom et al [16] as a foundational
calculus for Church.

A generalization of Abramsky’s applicative bisimulation to a probabilistic higher-order



language was introduced by Dal Lago, Sangiorgi and Alberti in [32]: the authors introduced
two equivalence relations on programs there—both of them being probabilistic adaptations
of Abramsky’s applicative bisimulation: probabilistic trace equivalence and probabilistic
applicative bisimilarity. They showed that for their probabilistic A-calculus equipped with
a call-by-name evaluation strategy, probabilistic trace equivalence is fully abstract with
respect to context equivalence, while probabilistic applicative bisimilarity is sound, but
not fully abstract. These results were generalized by Deng, Feng, and Dal Lago [38] to a A-
calculus designed for quantum computation. More recently, Sangiorgi and Vignudelli [107]
studied environmental bisimilarity for a A-calculus with state—i.e. the possibility for the
program to write and read from memory.

Several denotational models have been introduced for higher-order languages enriched
with either discrete or continuous probabilistic primitives, starting with Jones and Plotkin’s
seminal work [68], 67]. From there, different approaches to build models have been enriched
to model discrete probabilities: the domain-theoretic approach with the line of work initi-
ated by Plotkin and Keimel using Kegelspitzen [95], the game-semantics one starting from
the denotational model of probabilistic Idealized Algol of Danos and Harmer [35], and the
Linear Logic one with the introduction by Danos and Ehrhard of probabilistic coherence
spaces [34]. There have been several full-abstraction results for higher-order languages
enriched with discrete probabilities: for instance the Danos and Harmer’s model of prob-
abilistic Idealized Algol, or the model introduced by Danos and Ehrhard for probabilistic
PCF. It is also the case for a domain-theoretic model introduced by Goubault-Larrecq
for probabilistic PCF extended with statistical convergence testers, i.e. the ability to talk
inside the language about the probability that a program terminates [60]. More recently,
several models have been introduced for higher-order languages with continuous probabil-
ities: for instance the model developed by Staton et al [63] using quasi-Borel spaces with
a focus on interpreting Bayesian reasoning, or models that extend the game-semantics ap-
proach to handle continuous probability [89, 90]. Here, we will mostly focus on the model
introduced by Ehrhard, Pagani and Tasson [45] for PCF with continuous probability, that
is based to a probabilistic generalization of the domain-theoretic notion of stability—used
for instance by Berry for building dI-domains to handle sequentiality.

Challenges

e The results obtained by Dal Lago, Sangiorgi and Alberti [32] strongly rely on the
probabilistic language they chose: for instance, two programs can be context equiv-
alent in some language, and not context equivalent in an extension of the same
language that gives more discriminating power to contexts. Even when fixing the
syntaz of the language to be the one of the probabilistic A-calculus [32], the re-
sults are still only valid for the considered evaluation strategy—i.e. which part of
the program should be executed first. The evaluation strategy chosen in [32] is
call-by-name, meaning that when the program consists of a function applied to an
argument, the argument is passed unevaluated to the function. While the A-calculus
is confluent—i.e. the evaluation strategy does not matter—it is not the case anymore
when we add probabilistic primitives to the language, which limit the scope of the
soundness and full-abstraction results [32].

e The study of Morris context equivalence for higher-order language enriched with
continuous probabilities is still in its infancy, even though machine-learning algo-
rithms have focused the attention on programming languages able to directly handle



probability distributions on reals. There is for instance no definition of applicative
bisimulation for an higher-order continuous probabilistic language. As mentioned
earlier, sound denotational models have been developed in this setting in recent
years, but there is no full abstraction result yet. On the operational side, Culpepper
et al [30, 123] have full-abstraction results for equivalences build in the tradition of
Logical Relations, for a language with continuous random variables and scoring, but
there is as for now no work on coinductive methodologies for a higher-order language
with continuous probabilities.

e In a probabilistic setting, the observable behavior of any program is inherently quan-
titative: for instance, two programs can behave the same way on almost all prob-
abilistic paths, but have a totally different behavior on the few remaining paths.
Sometimes, we are not really interested to know if two programs have exactly the
same behavior, but rather investigate how close they are. This is the case for instance
in computational indistinguishability—a security notion coming from cryptography,
where two algorithms are indistinguishable when the difference between their ob-
servable behavior when interacting with any possible adversary must be negligible
with respect to the size of the security parameter. Accordingly, we would like to
be able to study a quantitative counterpart to Morris’s context equivalence: context
distance, namely a measure of how much a context may distinguish two programs.
Notions of distance have been studied in depth for probabilistic processes—for in-
stance [42], 40, 119]. Gebler and Tini [49] introduced and studied a context distance
for a first-order probabilistic language. We can also mention differential privacy [43],
which does not use Morris context distance, but look at certifying that algorithms
do not leak too much information. However, when this thesis started, there was—at
the best of my knowledge—no study of context distance for higher-order languages.
More recently, Gaboardi [6] et al looked at a denotational model for a probabilis-
tic language based on metric spaces, thus going towards a denotational handling of
context distance.

Our Approach

The present thesis aims at adapting tools that come from program semantics for non-
probabilistic—either deterministic or non-deterministic—programs, to the setting of pro-
gramming languages in which some kind of probabilistic primitive is available. In order
to do this, a major trend in the literature consists in transforming a qualitative structure
already used in language-programming theory into a quantitative one. We can interpret
this way the probabilistic generalizations of Abramsky’s applicative bisimulation by Dal
Lago, Sangiorgi and Alberti: indeed, they can be seen as transforming the underlying
LTS used for applicative bisimulation on the A-calculus into a quantitative transition sys-
tem. For probabilistic trace equivalence, this transformation is distribution-based, hence
we obtain a Observable Labeled Transition System (WLTS) [50], i.e. a LTS where each
state is equipped with a weight. In the case of probabilistic applicative bisimulation, this
transformation is state-based, meaning that the transitions themselves become quantita-
tive, and the transition system obtained this way is a Labeled Markov Chain (LMC) [39)
—a structure developed to represent the evolution of probabilistic processes. In game-
semantics [35], the approach taken is usually to transform strategies into probabilistic
strategies. Likewise, probabilistic coherence spaces—the objects at the core of the deno-
tational model developed by Danos and Ehrhard—are built in the tradition of web-based



Linear Logic models [54], but the cliques becomes quantitative.

These quantitative structures often come with new tools to analyze them, that are not
present in their qualitative counterparts. For instance, programs are interpreted in Danos
and Ehrhard model as power series, thus allowing us to use the rich class of results on
analytic functions from real analysis [71]. Similarly, LMCs comes not only with a built-
in notion of equivalence —the coinductive notion of bisimulation given by Larsen and
Skou [75]—but also with notions of distances, based on the Kantorowitch-Wasserstein lift-
ing [42]. On the other hand, quantitative problems arise when studying probabilistic lan-
guages: for instance, as highlighted above, program equivalence may sometimes be seen as
too much discriminating, and we can instead ask for approzimated equivalences—designed
to guarantee that two programs have almost always the same behavior—or for distances
—i.e. determining how much their behavior is different.

Beyond the usual qualitative measures to evaluate models relevance—i.e. soundness
and full abstraction—we would like to have a better understanding of the connection be-
tween the quantitative structure of the models, and the quantitative behavior of programs.
This work was more specifically designed as an attempt to use existing models of higher-
order languages to talk about context distance. This approach led us first to take a closer
look at context distance directly at the level of programs, and more precisely to explore
the trivialization problem: depending on the expressive power of contexts, when do there
exist programs at context distance strictly between 0 and 17 We then chose three models
of probabilistic higher-order languages, with the aim to explore built-in distances in those
models, that could allow us to gather information about context distance: we considered
two operational—the state-based and distribution-based probabilistic generalizations of
Abramsky’s applicative bisimulation—and a denotational one—the model based on prob-
abilistic coherence spaces introduced by Danos and Ehrhard. On the operational side,
this approach yields encouraging results: we present here results on how to retrieve the
context distance from the distribution-based model. We also obtained partial results on
the state-based models, that we do not present in this thesis, but that can be found else-
where [29]. On the denotational side, we ended up to explore more widely the structure
of the probabilistic coherent spaces model, with results designed to go towards a better
understanding of the kind of quantitative reasoning enabled by the study of probabilistic
higher-order languages.

Contributions

The contributions of the present thesis can be split into two parts: the first ones are re-
sults on behavioral equivalences and metrics, which arise from an analysis of higher-order
probabilistic programming languages using transition systems. Their common starting
point is the seminal work by Dal Lago, Sangiorgi and Alberti on probabilistic general-
izations of Abramsky’s applicative bisimulation, where they consider a call-by-name pure
probabilistic A-calculus.

e Full abstraction of applicative probabilistic bisimulation for a call-by-
value pure probabilistic A-calculus. Dal Lago, Sangiorgi and Alberti [32] showed
that for their call-by-name probabilistic A-calculus, applicative probabilistic bisim-
ulation is sound, but not fully-abstract. By contrast, we show here that applicative
probabilistic bisimulation is fully abstract for the call-by-value counterpart of their
calculus. This result shows a gap between non-deterministic and probabilistic choice,
since in a A-calculus with non-deterministic choice, applicative bisimilarity is not
fully abstract neither in call-by-name nor in call-by-value [77]. We also showed that



the asymmetrical counterpart of probabilistic applicative bisimulation—probabilistic
applicative simulation—isn’t fully abstract in call-by-value, thus highlighting a gap
between simulation and bisimulation. This result is a joint work with Dal Lago, and
published in [24].

e Full abstraction of applicative probabilistic simulation for call-by-value
probabilistic A-calculus with Abramsky’s parallel convergence tester [4].
In order to bridge the gap between the context preorder and applicative probabilis-
tic bisimulation, we looked at how to enhance the expressive power of contexts,
thus making them able to distinguish more programs. Introducing a programming
construct with some sort of non-sequential behavior has often proved successful in
the literature to transform a sound model into a fully abstract one—for instance,
Plotkin showed that the Scott model of continuous functions is fully abstract for
PCF extended with parallel or [03]. The parallel convergence tester works as follows:
it takes two programs as arguments, then evaluate them in parallel, and stops as
soon as one of those evaluation stops. This result is a joint work with Dal Lago,
Sangiorgi and Vignudelli, and published in [27].

e Two trivialization results for a Morris-style context distance—a quanti-
tative generalization of Morris’s context equivalence introduced as a way to talk
about how far apart two programs are. The context distance trivializes when the
context distance between any pair of non-equivalent programs is 1, hence the con-
text distance does not give more information as context equivalence. We show that
trivialization occurs as soon as the considered language has copying abilities and
moreover at least one of the two following assertions holds: all programs terminates,
or Abramsky’s parallel convergence tester is present in the language. The proofs are
based on the construction of amplification contexts, i.e. contexts powerful enough to
transform any small difference in programs behavior into a much bigger one. These
results are a joint work with Dal Lago, and published in [26].

e Definition of fully abstract trace distances for both an affine probabilistic
A-calculus, and a probabilistic A-calculus with copying abilities that are
fully abstract with respect to the context distance on their respective
languages. These trace distances are a quantitative generalization of the notion
of probabilistic trace equivalence. On the affine A-calculus, our trace distance is
a direct generalizing to the quantitative case of the probabilistic trace equivalence
from Dal Lago, Sangiorgi and Alberti. However, the direct way of generalizing trace
equivalence lead to a distance which is unsound for the probabilistic A-calculus where
functions have an unrestricted access to their arguments. To overcome this problem,
we introduced a different Labeled Transition System to model interactively the op-
erational semantics of the language, with the aim to keep trace of the way different
copies of the same program could be used by an external environment. To build
this LTS, we started from a probabilistic higher-order language with explicit copy-
ing operator, that embeds the more generic probabilistic A-calculus from Dal Lago,
Sangiorgi and Alberti. These results are joint works with Dal Lago and published
in [29 26].

The present thesis also contains contributions about the denotational semantics of prob-
abilistic higher-order languages. Our main focus here is the denotational model of prob-
abilistic coherence spaces, introduced by Danos and Ehrhard [34], and later shown to be
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fully abstract for probabilistic PCF by Ehrhard, Pagani and Tasson [46]. We present here
two results that shed light on the structure of this model:

e The exponential comonad of the category of probabilistic coherence spaces
(PCoh)—seen as a model of Linear Logic—is the free exponential comonoid,
thus making PCoh a Lafont model of linear logic. The exponential comonad ! in
Linear Logic transform an object A into an object !A that interpret an unlimited
source of objects of type A. In a model of Linear Logic, several distinct exponential
comonads may coexist: it is for instance the case in the category of coherence spaces,
introduced by Girard [51]. When the free exponential comonoid exists, however, it
defines uniquely— i.e. by a universal property from category theory, that specifies it
is more generic that any other exponential structure—an exponential comonad. This
result gives a category-theoretic justification to the choice of exponential comonad
of probabilistic coherence spaces done by Danos and Ehrhard. Our proof use the
construction developed by Mellies, Tabareau and Tasson [82] to build a free expo-
nential comonoid in a symmetric monoidal category equipped with finite products.
This result is a joint work with Ehrhard, Pagani and Tasson, and was published
in [28].

e The model of PCF equipped with continuous probability, based on mea-
surable cones and stable, measurable functions—introduced recently by
Ehrhard, Pagani, Tasson [45]—is a conservative extension of the model
of probabilistic coherent spaces. In particular, we showed that stable functions
between discrete cones—i.e. cones that can be expressed as PCSs—are in fact mor-
phisms in the co-Kleisli category of PCoh, that is power series with non-negative
coefficients. This result is significant, because it allows to see stable functions be-
tween cones as a generalization of analytic functions, and so we can hope to replicate
the full-abstraction proof for the probabilistic language PCFg in the model of prob-
abilistic coherence spaces, with the aim to obtain a full-abstraction proof of PCF
extended with continuous probabilities in the model of measurable cones and stable,
measurable functions. Our proof use a generalization done by McMillan [80] of a
theorem from real analysis due to S.Bernstein—presented for instance in [113]—,
that we recall at the beginning of this Chapter. The result was published in [23].

Outline.

The manuscript is divided in three parts:

e In a prelude, we mostly precise our approach, and the operational context which we
want to study : in Chapter [} we present the probabilistic higher-order languages,
in Chapter [2] we introduce Morris style context-equivalence, and in Chapter 3| we
formalize its generalization into a context distance for probabilistic languages.

e In a second part, we use tools from quantitative transition systems to study higher-
order probabilistic programming languages: Chapter [4] is a background chapter,
where we present both probabilistic applicative bisimulation and probabilistic trace
equivalence as they were introduced by Dal Lago, Sangiorgi and Alberti, and we
state the soundness and full-abstraction results already established in the litera-
ture. In Chapter 5] we complete this picture by showing various new soundness and
full-abstraction results: the more interesting one—as explained there—being full
abstraction for CBV probabilistic applicative bisimulation. In Chapter [6] we show
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our trivialization results for the context distance. In the next Chapter [7, we define
probabilistic A-calculi that allows for a finer understanding of copying: an affine
language, where no copying can occur, and a language with an explicit operator for
copying. In Chapter |8| we define fully-abstract trace distances for both the affine
calculus and the calculus with explicit copying, and we show that in these case the
trivialization phenomenon does not occur.

e The third part focus on denotational models of probabilistic higher-order languages.
In Chapter [9] we first give a brief overview of the denotational models developed for
probabilistic higher-order languages; then we present in depth two of these models:
the model introduced by Ehrhard and Danos for PCF with discrete probabilities
based on probabilistic coherent spaces, and the model developed by Ehrhard, Pagani
and Tasson for PCF with continuous probabilities using measurable cones and stable
measurable functions. While doing so, we will highlight the categorical structure
behind those models, i.e. that the first one is build as a model of Linear Logic, and
the second one is directly given as a cartesian closed category. Before doing that, we
will briefly recall what a model of Linear Logic is, and we will give two standard ways
to build one: as a Seely category and as a Lafont model. In Chapter we show
that the model of probabilistic coherence spaces is a Lafont model of Linear Logic.
In Chapter we show that the model based on measurable cones and measurable,
stable functions is a conservative extension of the one build of probabilistic coherent
spaces.

We sum up graphically the structure of the thesis in Figure [I} the arrows indicate the
dependencies between chapters.

12
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Chapter 1

Probabilistic \-calculi

In the present chapter, we present several abstract languages that have been introduced
in order to model and study higher-order probabilistic computation. They are all based
on A-calculus, a functional higher-order language introduced by Church. In the litera-
ture, A-calculus comes in many flavors: typed or untyped, pure or effectful, with different
evaluation strategies... In the first part of this chapter, we recall briefly some basic in-
formation about the pure untyped A-calculus. Through the present thesis, we will be
interested only in head-first, weak reduction—i.e. the left-most term is executed first, and
no reduction occurs under a A-abstraction; this paradigm will be precised in Section
—for the probabilistic A-calculi we will consider; the reader interested in the study or
probabilistic A-calculi with a strong reduction strategy can look for instance at Thomas
Leventis’s work [78]. Accordingly, we focus on two evaluation strategies in our presenta-
tion of the pure A-calculus: the head-first, weak call-by-value and call-by-name strategies.
In a second part, we do a detailed presentation of Ag, the A-calculus extended with a
probabilistic binary choice operator introduced by Dal Lago and Zorzi [33]. We will do
this presentation in such a way as to highlight the genericity of such a probabilistic ex-
tension for a deterministic higher-order language; we will use the same framework later in
this thesis to equip with probabilistic primitives various other A-calculi. In the third part,
we present two typed discrete probabilistic A-calculi with ground types, that have been
studied in the literature. The first one is a probabilistic variant of Goédel’s System T, that
has been studied by Breuvart, Dal Lago and Herrou [19]: we will use it in the present the-
sis when we will need a probabilistic programming language where all programs terminate
with probability 1. The second one is the probabilistic variant of Plotkin’s PCF that has
been given a fully abstract denotational semantics using probabilistic coherent spaces by
Ehrhard, Pagani and Tasson [46]. Finally, we illustrate how to equip an higher-order lan-
guage with continuous probabilities by presenting the extension of PCF with continuous
probabilistic primitives studied by Ehrhard, Pagani and Tasson in [46].

1.1 The Pure \-Calculus A

A calculus was introduced by Church in the 1930s, first as a logical formalism, and then as
a programming language. It has then been used to design concrete programming language,
as for instance Caml or Haskell. It is a functional higher-order language, in the sense that
programs represent functions, and that both their input and their output are also func-
tions. As a programming language, A-calculus is Turing-complete—i.e. every function
computable by a Tiiring machine can be expressed in A-calculus. It moreover has the ben-
efit of having a very clean mathematical presentation, with very strong connections with
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1.1. THE PURE ACALCULUS A

the field of logic. We give here a brief overview of the syntax and operational semantics of
pure untyped A-calculus—i.e. without computational effects or ground types—and while
doing so we introduce formalism that we will reuse when presenting probabilistic A-calculi.
A more detailed introduction to the A-calculus can be found for instance in [§].

1.1.1 Syntax of Pure \-Calculus

The pure A-calculus is characterized as a set of terms, designed to represent programs,
and a family of reduction rules, that specifies how to execute the programs represented by
the terms. We first define what terms are: let us suppose that we dispose of a countable
set of variables V. We define the set of A-terms A by giving a grammar in BNF (Backus
Normal Form, see [85]) that generates it:

M,N,L...e¢ A=z | Ax. M | MN when zeV. (1.1)

Observe that there are two constructs in the grammar above: the A-abstraction construct,
and the application construct. A term of the shape Ax.M represents a function as follows:
M specify the behavior of the function on an argument represented by the variable . The
application construct models passing an argument N to a function M.

If a term is of the shape Ax.M, we say that the variable z is bound, meaning it is under
the scope of a A-abstraction. In the following, we will always consider terms up to a-
equivalence, i.e. up to renaming of the bound variables. If M is a term, and x is a variable
that occurs in a non-bounded position—i.e. not under the scope of a A-abstraction—in
M, we will say that x is free in M. We will denote F'V (M) the set of variables free in M.
We say that a term is closed, when it does not have free variables. It is only those closed
terms which have a computational meaning, in the sense that they can be executed. For
this reason, we will call them programs in the following, and we will note P, the set of
programs.

1.1.2 Operational Semantics for A

We have now to specify how these programs should be executed, i.e. their operational
semantics. Several distinct choices of reduction rules are a priori admissible: the ones
we need to choose depend on the evaluation strategy we want to model, i.e. which part of
the program is going to be evaluated first. Observe that we could also choose to give a
non-deterministic reduction relation, in such a way that every reduction strategy would
then be valid. However, we would have then to consider the question of confluence: does
a program has the same computational behavior under all evaluation strategies? In the
case of pure A-calculus, it is well-known that it is actually the case. However, as soon as
we make computational effects available, as for instance the ability for the program to read
and write, or to do probabilistic choices—as we will do in the next section—the confluence
property is lost.

For this reason, we look here only at deterministic reduction relations: at each step
of the evaluation of the program, there is only one possible thing to do to go on with
the evaluation. More precisely, we will consider through the present thesis two evaluation
paradigms, called call-by-name (CBN), and call-by-value (CBV). Both specify head-first,
weak reduction—meaning respectively that we first reduce the left-sided term in the ap-
plication case, and that we never reduce under a A-abstraction. The difference between
them lies in the moment where arguments are passed to functions: in a CBN strategy,
we pass terms as argument to functions without evaluating them first, while in a CBV
strategy we do the evaluation first. In the literature, strong CBV and CBN strategies—i.e.
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1.1. THE PURE ACALCULUS A

where reduction may occur also under A-abstraction—have also been considered. Weak
paradigms present however benefits for concrete programming languages, since it allows
for instance to not reduce the body of a function when it is never going to be used. For
instance the evaluation strategy in Haskell is weak call-by-name, while in Caml it is weak
call-by-value.

We present here CBN and CBV operational semantics for programs in A. We do this
using the notion of rederes and evaluation contexts, that give us a generic framework to
define a reduction strategy that we will be able to reuse when looking at probabilistic
A-calculi. This style of operational semantics was first advocated by Felleisen and Flatt
in [47].

CBN and CBYV One-Step Reduction Relations for A.

The basic reduction rule for A-programs is the g-rule, which corresponds to passing an
argument to a function. We denote by M{N/z} the term obtained by replacing in M
every free occurrence of the variable by N. To define the g-rule for the call-by-value
paradigm, we need first to define formally when a program is a walue: for the pure A-
calculus, it only happens when it is a A-abstraction, i.e. it can be written as Axz.M. We
note Vj the set of all values: it corresponds to those programs that are already in normal
form.

Definition 1.1.1 (The CBN and CBV fj-rule) We define the CBN and CBV [-rules

as respectively the following relations —>gBN, —>ng§ Py x Py:

(Az.M)N —§PN M{N/xz}; (1.2)
Az M)V =GPV M{V/x}, V€ Va. (1.3)

Looking at Definition above, we see that when we follow the CBN reduction strat-
egy, the [-rule can be used on an application as soon as the left-sided program is a
A-abstraction, while in the CBV paradigm it is allowed only when both the left-sided and
the right-sided programs are values: it models the fact that the argument is evaluated
before being passed to the function in CBV, but not in CBN.

Redexes are those programs that can be reduced using directly the §-rule—or more
generally by other basic reduction rules when we will consider extensions of A-calculus.
When a program is not a redex, it can possibly contain sub-programs that are redexes in
a position of being executed—i.e. not under the scope of a A. The aim of the evaluation
consists in reducing all redexes inside a program until it contains no more executable
redexes, and then the program is in normal form. Observe that in a program, there can
possibly be more than one redex, hence the evaluation strategy must specify which redex
is going to be reduced first. To formalize the evaluation strategy, we use the notion of
evaluation contexts.

Definition 1.1.2 (A-Evaluation Contexts for CBN and CBV.) We define the A-
evaluations contexts for CBN and CBV as respectively the sets EgBN and EgBV gen-
erated by the grammars below:

ECESBN w= [] | EM, M € Py; (1.4)
ECESPY u= [] | EM | VE M e P,V eV, (1.5)

Observe that in an evaluation context C, there is ezactly one occurrence of the hole [-].
We denote by C[M] the term obtain when we replace the hole [-] with M in C. A choice
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1.1. THE PURE ACALCULUS A

of evaluation contexts for some language L is wvalid when evaluation contexts uniquely
specify where the reduction should take place, i.e. any program M that is not in normal
form can be written in a unique way as E[R|, with R a redex, and £ an evaluation context.
We can see that it is indeed the case for the evaluation contexts for the language A that
we presented in Definition above.

We now use the p-rule, and the set of evaluation contexts to define the one-step
reduction relation, in a generic way. Observe that our choice of evaluation strategy is
entirely encoded into the way we define the S-rules, and the evaluation contexts we take.

Definition 1.1.3 Let S € {CBN,CBV} denoting one of the two evaluation strategies we
consider. Then the reduction relation with respect to the strategy S, that we denote —°
18 the binary relation in Py X Py defined by the following rule:

M—=3N  E€Ef
E[M] =5 E[N]

We denote by —* the reflexive and transitive closure of —: it means that a step of —*
corresponds to an arbitrary number of execution steps.

Example 1.1.1 We illustrate Definition [1.1.5 on two prototypical A-programs: the pro-
gram I representing the identity function, and the program € well-known to be mon-
terminating—i.e. its execution loops forever. The identity term is defined as I := Ax.x.
Observe that it is a normal form, and moreover for any program M, IM — M, mean-
ing that the function I simply output the argument it has been given as input. The
term ) that we define is the textbook example of a term whose reduction never stops:
Q = (Oz.az)z.az). We can see that Q@ — °Q for S € {CBV,CBN}, hence we can
indeed see that the reduction of 0 is never going to reach a normal form.

We illustrate now on an example the difference between the call-by-name and the
call-by-value strategy.

Example 1.1.2 We define a program M := (Ax.I)Q. If we consider the CBN evaluation
strateqy, we have M —CSBN I and since I is a normal form it means that the execution
stops there. By contrast, when we look at the CBV evaluation strategy, we see that we
need to first reduce Q before doing the B-reduction. As a consequence M —SBY M, hence
the execution of M mnever stops.

Big-Step and Small-Step Operational Semantics

The reduction relations we have defined above talk about ezactly one step of execution.
We want now to look more globally at program execution by associating to every program
the normal form reached at the end of its execution—when it exists. We present here two
equivalent ways of doing so: small-step operational semantics and big-step operational
semantics. The small-step semantics explicitly uses the one-step execution relation, and
iterates here until reaching a normal form. The big-step semantics is more self-contained,
and takes a more compositional view of computation: the execution of a program is
deduced from the result of the execution of dependent programs.

Definition 1.1.4 (Small-step operational Semantics on A) Given a reduction rela-
tion — on A, the operational semantics on A with respect to — s the relation | C
Programs x Normal Forms defined inductively using the following rules:

V' is a normal form. M — N NV
ViV MV
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Observe that the fact that we have fixed a particular reduction strategy ensures that for
every program M, there is at most one normal form V such that M | V. If a program
M is such that there is no normal form V with M | V, we will write M 1: it means that
the program M never terminates. On the contrary, we will sometimes write M | to mean
that there exists a normal form V such that M | V.

Proposition 1.1.1 (Big-step semantics for CBN A) The operational semantics with
respect to the call-by-name evaluation strategy can be characterized as the smallest relation
1 verifying the following rules:

M | \x.L L{N/z} |V
Ax.M | Az.M MN |V

The first rule says that every abstraction is already a normal form. The second one says
that, if we have already done the evaluation of M and we have obtained the normal form
Az.L, then to evaluate the program M N, we have only to do the S-rule: (Az.L)N —
L{N/z}, and then evaluate the resulting program.

We can do the same as Proposition for the call-by-value operational semantics:
in Proposition we give a big-step characterization of the call-by-value operational
semantics: the A-abstraction rule is the same as for CBN, but the application rule changes,
since now we need to evaluate both the left-sided and the right-sided programs before doing
the substitution.

Proposition 1.1.2 (Big-step semantics for CBV A) The operational semantics with
respect with the call-by-value evaluation strategy can be characterized as the smallest re-
lation | verifying the following rules:

Ml L NIW L{W/}lV
o.M |z M MN [V

This way of looking at operational semantics is called big-step, since we do not consider
in the rules just one execution step, but all of them at the same time. In the present
thesis, we will consider interchangeably the small-step or the big-step view of operational
semantics, depending on which will be more convenient at the time.

Encoding of Basic Data Types in A

We present here examples designed both to illustrate the expressive power of A-calculus,
and to introduce programs that will be useful in the examples later in the present thesis.
Specifically, we give here an encoding in A of booleans and their if-then-else procedure,
then we will present an efficient scheme due to Scott for encoding the natural numbers
in weak A-calculus, and finally we will present briefly the fixpoint construction. Unless
otherwise specified, the evaluation strategy considered here is the call-by-name ones, but
the situation would be similar with the call-by-value strategy.

Definition 1.1.5 (Encodding of booleans) We define \-terms true, false and ITE
as follows:

true := \z.(\y.z);
false .= \x.(A\y.y);
ITE = Az \y.\z.xyz.
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1.2. Ag: A PROBABILISTIC EXTENSION OF A.

We can see that for every programs M, N:

ITE trueM N —* M
and ITE false M N —* N.

It means that ITE represents a function that takes three arguments, and behave as
follows: when it has true as first argument, it outputs its second argument, while when it
has false as first argument it outputs its third argument. In other words, true simulate
the boolean true, false simulate the boolean false, and ITE simulates the if-then-else
construct.

We now present the Scott encoding of integers in A-calculus. While the Church encod-
ing is more often used, the Scott encoding is —as highlighted in [3I]—more efficient when
dealing with weak operational semantics.

Definition 1.1.6 For everyn € N, we define a program n in A by the following inductive
definition on n:
0 = Az \y.x; n+1l = Az \yyn.

We then define A-programs encoding the successor function, and a case construct.

S = A xy.(yn); case := I a\f.(naf).

Observe that for every n € N, n is a value, and as a consequence n | n. The programs
S, and case allow to encode basic operations on integers. We need now to show that those
programs behave as expected with respects to integers, i.e. to look at their operational
semantics.

Example 1.1.3 Let be n € N. Then looking at the reduction relation, we can see that:
e Snlntl;
e for any programs M, N, it holds that case 0 MN —* M;

e for any programs M, N, it holds that casen+1 MN —* Nn.

While there is no recursion operator available in the syntax of pure A-calculus, we are
able to encode it. We present here Curry’s fixpoint combinator Y':

Y = Az ((A\y-2yy) (Ay-zyy)) -
Example 1.1.4 If we consider any term M, we see that:

YM — (Ay.Myy)(\y.Myy) — M(\y.Myy)(Ay.Myy).

1.2 A;: A Probabilistic Extension of A.

We are now going to present Ag, the probabilistic extension of pure A-calculus designed by
Dal Lago and Zorzi in [33]. The idea is to add to the pure A-calculus a binary probabilistic
choice operator @. Intuitively, we want the program M @ N behaves with probability % as
M, and with probability % as N. Formally, it means that the set of Ag-terms is generated
by the following grammar:

M,N,L...€Ag ==z | \e.M | MN | M&N  when z€V,
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1.2. Ag: A PROBABILISTIC EXTENSION OF A.

Here we have simply taken the grammar generating the pure A-calculus , and added
the probabilistic choice operator to it. Observe that, as a consequence all closed -
terms—as for instance those defined in Example and Example [I.1.5—can also be
seen as Ag programs.

We need now to endow Ag with an operational semantics, to specify how such pro-
grams are executed. As previously, we are going to specify a CBN and a CBV evaluation
strategies. We are going to follow the same path as we did for the pure A-calculus: first
we are going to define one-step reduction relations, and then we will use them to give the
operational semantics.

1.2.1 One Step Reduction Relation.

As before, the one-step reduction relation is meant to talk about one step of execution of
the program. However, observe that we need now to take into account the fact that pro-
gram behavior is now probabilistic. One solution would be to use a probabilistic reduction
relation: it is for instance what is done by Ehrhard, Pagani and Tasson [46] when defining
a probabilistic variant of PCF. Here however the approach we take is different: we replace
the A one-step reduction relation —C Py x Pj between programs by a deterministic
relation —C Py, x UZ-G{LQ}PZ@ between programs and sequences of programs. It means
that when M is not a normal form, we will write:

M — Ni,..., Ny,

which is designed to express that M is going to be reduced in each of the NV; with proba-
bility 1.

The Redex Rules

As before, we need first to specify what are the redexes, and the rules to reduce them.
Recall that in A, we had only one kind of redexes: the ones of shape (Az.M)N. We
now have to deal also with a second kind of redexes: the ones corresponding to the
evaluation of a probabilistic choice M @& N. As before, we have to make a decision here
regarding the evaluation paradigm: do we want to first do the probabilistic choice and
then evaluate the resulting program, or first evaluate both M and N and only then choose
fairly between the resulting normal forms ? By analogy with S-reduction, we can see these
options respectively as a choice-by-name and choice-by-value. In their original paper on
Ag, Dal Lago and Zorzi look at a choice-by-value paradigm—with the aim to be coherent
with their overall call-by-value reduction strategy. In the present thesis, however, we will
only consider choice-by-name—regardless if we consider a call-by-name or call-by-value
reduction strategy—because we consider it to be more significant computationally: we
want a program M @ N to encode a probabilistic choices between two execution branches
represented by M and N, instead of the juxtaposition of these two execution branches
followed by a probabilistic choice on values. To illustrate this point, we can look at the
program I @ €): in choice-by-name, it behaves half the time as I, and never terminates
half the time, while in choice-by-value it never terminates.

In Definition below, we define the redex rules for Ag. We keep unchanged (-
reduction rules from Definition and we add a redex rule corresponding to a choice-
by-name paradigm.
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1.2. Ag: A PROBABILISTIC EXTENSION OF A.

Definition 1.2.1 (The CBN and CBV Redex Rules for Ag) We define the CBN and
CBYV redex-rules as respectively the following relations —>%BN, %%ng Py, x Py, :

M&N - M,N forSe{CBN,CBV}; (1.6)
(Az.M)N —§PN M{N/z}; (1.7)
Az M)V =GBV M{V/x}  when V € V). (1.8)

The One-Step Reduction Relation for Ag.

The evaluation contexts are built exactly as those defined for the pure A-calculus—recalled
in Definition (1.1.2). We define V,,—the set of Ag-values—as the set of all A-abstractions
in Ag, and the evaluation contexts for Ag in respectively the CBN and the CBV evalua-
tions strategies as follows:

EeEng m= [ | EM, M € Pyg; (1.9)
ECEBYPV u=[] | EM | VE  MePy,, Ve, (1.10)

The following definition is simply the adaptation of Definition to the probabilistic
case: we have now to take sequences of programs into account.

Definition 1.2.2 Let S € {CBN,CBN}. The reduction relation on Ag with respect to
S is defined as:
M —% Ni,...N, €€ Ei@

EIM] =5 E[N1], ..., E[Ny]

We are going to illustrate on an example how we can write reduction for programs
that are probabilistic in a intrinsic way, i.e which cannot be written in pure A-calculus.

Example 1.2.1 We consider the following Ag closed term:
M = ITE (true® false) I,

where ITE , true, false are as defined in Example[1.1.5. We look at what happens when
we reduce M by the CBN one-step reduction relation:

M — (true @ false) [ Q) — truel Q, falsel ).

1.2.2 Operational Semantics

Recall that in the deterministic case, the operational semantics of a program M is given
by a relation M | V', meaning that when we execute the program M, we obtain the value
V. However, in a probabilistic setting, when we execute a program, we may obtain several
different values with different probabilities. It means that the operational semantics of
a probabilistic program cannot consist in a value, but in a sub-distribution of values,
designed to indicate for each value, with how much probability we may obtain it when
executing the program. We precise in Definition what we mean formally when we
talk about sub-distributions.

Definition 1.2.3 We call sub-distribution over a set S any function 2 : S — [0,1],
such that ) g P(s) < 1. We call weight of a sub-distribution 2, and we denote |9|
the quantity ..o Y(s). We say that a sub-distribution is a proper distribution when its
weight is equal to 1.
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1.2. Ag: A PROBABILISTIC EXTENSION OF A.

In the following, we will often say simply distributions when talking about sub-distributions.

Observe that a sub-distribution can possibly contain no value at all: we call empty
sub-distribution over S, and note ) the zero function S — [0,1]. If s is an element of S,
we can construct a distribution giving probability 1 to s: we call s-Dirac distribution, and
we denote {s'} the function defined by {s'}(s’) = 1 if &' is equal to s, and {s'}(s') = 0
otherwise. Moreover, if & is a sub-distribution over S, we will call support of Z, and we
will note S(2) the set of all the s € S with 2(s) > 0.

Approximate Operational Semantics

We are now going to explain how we use a one-step reduction relation for Ag), for instance
the ones we defined before for CBN and CBV reduction strategies, in order to define an
operational semantics for Ag. The idea is to do it in a similar way to what we have done
for the pure A-calculus in Definition Recall that the idea was to say: if the program
M is already a normal form, then M | M. Otherwise, we do one step of computation,
and if the resulting term is evaluated into a normal form V', then M is evaluated in the
same normal form V. We are going to adapt this definition to the probabilistic case.

Actually, we are going to give the definition of approximate operational semantics in a
generic way, that is for any probabilistic language Lg endowed with a one-step reduction
relation — £, between terms and finite sequences of terms. Definition can obviously
be applied when we take as language Ag, with the CBV or the CBN one-step reduction
relation.

Definition 1.2.4 Let Lg be a probabilistic language, and —C P, X Ujcgq 2y Prg, its one-
step reduction relation. We define the approximation semantics for Lg, with respect to —
as the smallest relation = between programs and sub-distributions over normal forms for
— verifying:

V is a normal form for —.

Empt NF
i Ay vy} V= (V1)

M — Ny,...,N, (N; = &i)1<i<n
M = Z1gign% - &i

Step

Observe the second and third rules are similar to the one in Definition for pure \-
calculus. Accordingly, our notion of CBN (CBV) operational approximation semantics for
Ag can be seen as a probabilistic extension of the CBN (CBV) operational semantics for
A, in the following sense: if M is a A-program such that M | V, then it also holds that
M = {V'} when M is seen as a Ag-program. We illustrate on an example the role played
by the first rule.

Example 1.2.2 We use here the CBN one-step reduction relation, and we consider the
program M := (true® false) I Q). We know already, as seen in Example that:

M — truel ), falsel (. (1.11)

Moreover, we know that when we consider A with a CBN semantics, it holds that truel 2 |
1, hence:
truel Q = {I'}. (1.12)
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We now use (1.11) and (L1.12)) to deduce a non-trivial approximation semantics for M.
Indeed, we can construct the following valid proof derivation for = :

(1) 12
M — truel ), falsel Q. truel Q = {I'}  falseI Q=0
M= 1 -{I'}

Observe that in Example the first rule of Definition is used to give up on
a branch of the probabilistic execution tree. We see this rule is necessary, because not
all branches of this probabilistic tree are necessarily going to reach a value. However,
adding this rule forces us to accept that we may give up at any point in the execution
tree. As a consequence, for a program %, there may be different sub-distribution & such
that M = 2. In particular, we have always M = (), which says that if we decide to
stop the execution before the beginning, no value at all is collected. Observe moreover
that we cannot be sure that there exists even one of the approximations semantics of a
program M that describes completely the possible behavior of M. Indeed, the fact that
= is inductively defined implies that, whenever M = &, then & has finite support, that
is that it always collects only a finite number of values. But it is possible to write Ag
program whose execution terminates with non-zero probability on an infinite number of
different values. We give below an example of such program:

Example 1.2.3 Here, Y corresponds to the fizpoint combinator defined in Example[1.1.]),
S and n are the A-programs used respectively to encode the successor function and the in-
teger n using Scott’s scheme, as we presented in Example[I.1.5. We consider the following
program—that we have extracted from [35].

M = YAz y.(y®2(Sy)))0

We are able to show, that for every N € N, M = 9Py with In = 3 o<y 2%{@1} The
proof can be done by induction on N.

Observe that when we execute the program M of Example we are going to obtain
each Scott’s numeral n with probability 2% Accordingly, we would like to obtain as
semantics of M the distribution over values 2 = 372, #{n'}. However, 2 cannot be an
approximation semantics for M since every approximation semantics has finite support.
To overcome this problem, we consider a partial order on the set of sub-distribution over
normal-form, in such a way that 2 will be the least upper-bound of the approximation

semantics for M—that are the (Zx)nen as illustrated in Example

Operational Semantics for Ag

We define a partial order on sub-distribution over a set, that consists simply in taking the
pointwise order.

Definition 1.2.5 Let be &, & two sub-distributions over a set S. We say that 9 < &, if
forany s € S, D(s) < &(s).

Looking at the set of sub-distributions over a set S endowed with this partial order, we
see that it is a complete meet semi-lattice. Moreover, as shown in [33], the set of all
approximation semantics for some fixed program M is directed.

Lemma 1.2.1 For every program M, the set {7 | M = 2} is a directed subset of the set
of sub-distributions over normal forms.
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Lemma allows us to talk about the supremum of all approximation semantics of
M. Accordingly, we take the operational of a program M as the supremum of all its
approximation semantics, as stated in Definition below for a generic probabilistic
programming language.

Definition 1.2.6 Let Lg be a probabilistic language, and —C P, X Ujc 19y Pr,, its one-
step reduction relation. We define the semantics of the program M with respect to —
as:

[M] = sup{2 | M = 7},

where = denotes the approximation semantics relation as defined in Definition [1.2.4).

Example 1.2.4 We look again at the program M defined in Example[1.2.3. We can see
that the operational semantics of M is as expected, i.e. [M] =372, 5={n'}.

1.2.3 Big-step operational semantics for Ag.

For pure A-calculus, we have seen that we could characterize alternatively the operational
semantics by way of a big-step definition. We are actually able to do the same for Ag. As
for the small-step semantics, the idea is to define for every program a family of approxi-
mation semantics, and then to take the supremum. It is a non-trivial result, shown in [33],
that for both the CBN and the CBYV strategy, it characterizes the operational semantics
for Ag as defined in Definition [1.2.6

CBN Big-step Approximation Semantics

Definition 1.2.7 We define the big step approximation semantics relation for call-by-
name as the smallest relation || between program and sub-distribution over normal forms
verifying:

M9 N} &
stop ——— nf prob ; T
M0 Az M |} {dz. M} M®&N| 59+ 58

M2  (L{N/x} I EL)(L with Az.Les(2))
MN |5, 2(A\x.L) - 6]

appl-cbn

Observe that, similarly to what happened in the small-step approximation semantics, we
need a rule (stop) allowing us to give up on some part of the evaluation of a term. The
rule (prob) says that the semantics of a program M @ N is the probabilistic sum of the
semantics of M and the semantics of N. The other two rules (appl-cbn) and (nf) are the
probabilistic counterparts of the rules given for pure A-calculus in Proposition Big-
step approximation semantics and small-step approximation semantics do not coincide:
indeed it is not the case that the same sub-distributions & verify M = 2 and M | Z.
However, the supremum of these two sets coincide, as shown in [33]. That’s the sense of
Proposition [T.2.2] below.

Proposition 1.2.2 (From [33]) Let be M a program in Ag. Then [M]" = sup{2 |
My 2).
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CBY Big-step Approximation Semantics

We are also able to do something similar to characterize the CBV operational semantics.
More precisely, we define {}.;,—the big-step approximation semantics relation for the CBV
strategy—Dby keeping the rules stop, nf, and prob given in Definition and replacing
the rule appl-cbn by the following appl-cbv rule:

Mz Ny&  AL{V/2} | Frviseres2)ves)
MN U Z@()\.%’L) : (o@(V) . ﬁL,V

appl-cbv

Similarly to Proposition for the CBN case, it holds that small-step and big-step
operational semantics for CBV Ag coincide, as shown by Dal Lago and Zorzi [33], and
stated in Proposition below:

Proposition 1.2.3 (From [33]) Let be M a program in Ag. Then

[M]? = sup{Z | M Uep 2}

1.3 Probabilistic Typed Higher-Order Languages

As seen before, we can express some wild programs in A and Ag, in particular non-
terminating programs as 2. A standard way to tame them, is by adding additional
constraints by way of a type system. It may also be convenient to have primitives to
handle ground data—for instance natural numbers or booleans—instead of dealing with
encodings of those types in untyped A-calculus. In the present thesis, we will follow this
approach in order to obtain probabilistic higher-order languages where all programs termi-
nate with probability 1, or when we will want to have more control on which argument of
functions can be copied. We present below two probabilistic higher-order languages with
ground types: the first one is a probabilistic variant of Gddel’s system T that has been
studied by Breuvart, Dal Lago and Herrou in [19], while the second one is a probabilistic
variant of the more expressive Scott’s PCF, that has been used as base language to define
a probabilistic denotational semantics by Ehrhard, Pagani and Tasson [46].

1.3.1 PCF,: A Probabilistic Variant of PCF

The language PCF was first introduced by Scott in [I10] as a formal system, and then
an operational semantics was given by Plotkin [94]: it is an higher-order typed language
with natural numbers as ground type and fixpoint operator. A probabilistic extension of
PCF has been first considered by Saheb-Djahromi [I0I]. In the present thesis, we will use
the variant considered by Ehrhard, Pagani and Tasson [46], that is obtained from PCF
by adding to it a fair coin primitive—i.e. a program that returns 0 with probability %,
and 1 with probability % The overall evaluation strategy of PCFg is call-by-name, but
ground types are used in a call-by-value fashion in the if-then-else construct. We present
here only the syntax and the type system for this language; a detail led presentation of
the operational semantics can be found in [46]. There is only one ground type N—that
models natural numbers—and an arrow construct, hence the grammar of types is given
by:
0,7 € GpcF, i=N|o =T

We look now at the syntax of PCFg —we again consider a fixed countable set of variables
V.
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Definition 1.3.1 The PCFg terms are generated as follows:

M=z | n ‘ succ(M) ‘ 1f(M,N,z- L) ‘ coin
| Az .M | MN ‘ fix M where 0 € @pcr,, v € V, n €N,

The fix M construct is an explicit function construct: it is needed because the fixpoint
operators from A-calculus—for instance the Curry fixpoint that we presented in Exam-
ple [I.I.4}—cannot be typed in the PCF type system. As said before, the if-then-else con-
struct is not the standard one in PCF, since in a probabilistic setting we need to handle
natural numbers in a call-by-value way, as explained in depth in [46]. The program
if(M, N,z - L) first executes M, then executes N—as expected—when the natural num-
ber obtained is 0. The call-by-value behavior occurs when the natural number obtained
is of the form n with n > 0: the program then executes L{n /z}. This construction was
chosen because we want to be able to use the output value of the conditional test when
executing the branch modeled by L, and since the execution of M is probabilistic, there
is no way to be sure to recompute the exact same value if it is not stored in he variable z.

We now give the typing rules for PCFg. A typing context is a partial function I' from
variables to @/pcF,, with finite domain; it represents a way to associate a type to each
free variable that occurs in an open term. We note Dom(I") the domain of the function
I. If « ¢ Dom(T"), (z : 0,T) represents the function which extends I'" to Dom(I") U {z}, by
associating o to .

Definition 1.3.2 A typing judgment is an assertion of the form I' = M : o, where I is a
context, M is a term, and o is a type. A typing judgment is valid if it can be inductively
derived by the rules of the formal system given in Figure [1.1]

(r,0) el neN 'M:N 'N:o Iz:NFL:o
I'tz:o 'kn:N P+ if(M,N,z-L)o
z:ob-M:7T . T'M:N
'tXeM:0—7 I'tcoin: N 'k succ(M): N
I'M:0— 1 I'N:o 'e:o—>717FHFM:0—>71
PEMN:7 I'HfixM:0—>71

Figure 1.1: Type Assignment in PCFg

It is important to notice that for a term fix M to be typable, we need M to be a func-
tion—i.e. typable by an arrow type ¢ — 7. Moreover, observe that the type system do
not take probabilities into account; it is obtained from the type system for deterministic
PCF simply by adding the rule for the fair coin primitive. It is because we consider prob-
abilistic and non-probabilistic data in the same way. As mentioned in introduction, an
alternative typing discipline for probabilistic languages views probability as a monad, this
way reflecting the behavior of programs in types: if o is a type, Oo would be the type
of probabilistic distributions over ¢, and the fair coin operator would always produces
elements of type CIN.
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Example 1.3.1 The program Q from \-calculus—see Example [1.1.1—is not typable in
PCF. However, we can use the fixpoint primitive to build never-terminating programs. We
define Q := (fizx) 0. We can also easily simulate a fair choice operator & similar to the
one used in Ag:

@© = Ax.\y.if(coin,x, 2z - y).

We call PCFg;-programs those terms M such that there exists o with = M : 0. In [46],
Ehrhard, Pagani and Tasson give an operational semantics for PCFg, that associates to
every PCFg-program M of type o a sub-distribution [M] over the normal-forms of type
.

Example 1.3.2 The following type assignments are valid:
e For every type o, and typing context I', ' F Q : o;
o OF fix (Mz.0) ® Xz.((x0) +1)) : N — N.

1.3.2 Tg4: A Probabilistic Variant of Godel’s System T.

Similarly to PCF, G6édel’s T is a A-calculus with natural numbers as ground type. Contrary
to PCF, there is no fixpoint primitive in T, and as a consequence the execution of a program
typable in T always stop. Breuvart, Dal Lago and Herrou [19] studied a probabilistic
extension of T, such that this termination property still holds. Here, we only present the
syntax of T, and we state its termination property. The type system and the operational
semantics can be found in [19]. The type system of Tg is @ la Curry, i.e. without explicit
typing annotations in terms. The grammar for types in Tg is as follows: the only ground
type is the type for natural numbers, and we can build product types and functional types.

o,Te g, ==N|o—=7|oxT.
The syntax of Tg is the one of T extended with a binary fair choice operator &.
Definition 1.3.3 The Tg terms are generated as follows:
M=z ‘ 0 ‘ suce(M) ‘ (M, N) ’ 1 | T | rec ‘ Mo N
| Ae.M | MN, withz € V, n € N.

The type system for this language is the type system for T extended with a rule for the
binary choice operator that can be summed up as follows: M @ N is of type o if and only
if both M and N are of type o.

I'-M:o I'-N:o

'FM@&N:o '
The operational semantics given by Breuvart, Dal Lago and Herrou is call-by-value. The
behavior of A-abstraction and application is as usual in A-calculi, and the binary fair
choice operator @ behaves as the one in Ag. The construct (M, N) represent a pair, and
71, mo are respectively the left and right projections: if V, W are two values, the one step
reduction relation is such that 71 (V,W) — V, and mo(V,W) — W. The operator rec
is a recursion operator on natural numbers, whose operational behavior is given by the
following rules:

rec((V,WW),0) = V; and rec((V,W),succ(n)) — Vnrec((V,IW), n).

Observe that contrary to PCFg, there is no primitive if-then-else construct in Tg. However,
it can be easily encoded in Tg using the recursion operator. Accordingly we will consider
to have such a primitive available when using the language Tg in Chapter [6]
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Definition 1.3.4 Let Lg be a probabilistic programming language, equipped with an op-
erational semantics [-]. We say that Lg is almost surely terminating (AST) when for
every program M, it holds that |[M]]| = 1.

Proposition 1.3.1 (From [19]) The language Tq is AST.

The authors of [I9] actually showed a much stronger result—that all the branches in
the execution tree have finite length—but we will need only the almost-sure termination
property in the present thesis.

1.4 Extending \-calculus with Continuous Probabilities.

As highlighted in Introduction, in some cases we want to model systems where the un-
derlying space of events has inherent continuous aspects: for instance in hybrid control
systems [5], as used e.g. in flight management. In this Section, we look at how to extend
higher-order language extended with primitives designed to model continuous probabilities.
First, we will recall basic concepts of measure theory—needed to handle continuous prob-
ability distributions in a rigorous way-—and then we will present the language PCFgymple
introduced by Ehrhard, Pagani and Tasson [45] as a continuous probabilistic extension of
PCF.

1.4.1 Overview of Measure Theory

Before now, we were considering discrete probabilities, and consequently we were able
to handle distributions over a countable set X in rather informal ways: they are those
functions 2 : X — [0,1] such that ) s Z(x) = 1. Suppose now that f is a function
X — R, and that we are interested in the average value of the following procedure:
first we sample from the distribution &, and then we apply f to the obtained value.
Then this average value—the expected value of f with respect to Z—can be computed
as Y .cx f(x) - Z(x). That’s because defining a distribution over a countable set means
assigning a probability to every element of this set. However, when X is not countable,
it is not always possible to do that: indeed when we consider for instance the uniform
distribution % over [0,1], we see that for every element a € [0,1], the probability of
obtaining exactly a when sampling from % is 0. Therefore, what we want to do in that
case to describe this distribution is to assign probability not to single points anymore,
but to intervals: that way, we can say that for every a,b with a < b, the probability
of obtaining an element in [a,b] when sampling from % is b — a. Now, to compute the
expected value of a function f : [0,1] — R, we need to use an integral instead of a discrete
sum: indeed this expected value may be computed as fme 0.1] f(x) - dz. Measure theory
allows to generalize the ideas behind continuous probabiiity beyond the real case. It
provides a general framework to talk about probabilities and integration on a large class
of spaces, called measurable spaces. We review the basics ideas here, but the reader should
refer for instance to [L08] for a more complete presentation of this field.

In the setting of measure theory, specifying a probability distribution means to assign
some non-negative real to some subsets—seen as event sets, and called the measurable
subsets. There are however constraints on the collection of measurable subsets we can
choose, namely that they have to form a o-algebra.

Definition 1.4.1 (Measureable Spaces) A c-algebra—also called o-field—over a set
S is a collection ¥ C Parts(X), such that:
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e e
e For every countable family (An)nen, with A; € ¥, U <<, Ai € ¥;
o ForeveryAe ¥, X\ AecX.

We call measurable space a pair (X,X), where ¥ is a o-algebra over X. If Q = (X, %) is
a measurable space, we will use x € ) to means x € S, and A a measurable subset of
to means that A € . We call measurable those function f : X — 'Y, such that for every
A € Xy, it holds that f~1(A) € Sy-.

A useful fact is that from any collection of subsets, we can form a o-algebra by considering
the closure by countable unions, countable intersections and relative complement. It allows
us to construct the smallest o-algebra containing this collection.

Proposition 1.4.1 Let X be a set, and © C Parts(X) a collection of subsets of X. Then
there exists a smallest o-algebra containing ©, that we call the o-algebra generated by ©.

Example 1.4.1 (Borel o-algebra) For any topological space X, the Borel o-algebra is
the smallest o-algebra over X containing all open sets. In the particular case where we
constder X to be R with the usual topology, the Borel o-algebra coincides with the smallest
o-algebra that contains intervals.

We call measurable functions R” — R* the functions measurable when both R” and R*
are endowed with the Borel Y-algebra associated with the standard topology of R. The
relevant properties of the class of measurable functions R® — R* is that they are closed
under arithmetic operations, composition, and pointwise limit, see for example Chapter
21 of [10§].

Definition 1.4.2 (Measure over a Measurable Space) Let (X,X) be a measurable
space. A measure over (X,Y) is a function v : ¥ — [0, 00] such that:

e v()=0

e for every countable collection (A;)ien of pairwise disjoint A; € X: v(J;eny Ai) =
> ien V(Aq).

When v(X) < 0o, we say that v is a finite measure. When moreover v(X) < 1, we say
that v is a sub-distribution over X, and we say that v is a (proper) distribution when
v(X) =1. We note Meas((X, X)) the set of all measures over the measurable space (X, ).

As said before, one of the main purposes of measure theory is to generalize the Riemann
integral well-known for real functions. We fix here a measurable space(X,Xx), and v is
a measure over X, and we equip R with the Borel algebra. To every measurable function
f+ X — R4, a quantity fX f-dv € Ry U {400} is defined, call the Lebesgue integral of
f with respect to v. We do not recall here the construction or properties of the Lebesgue
integral, but all results needed for our purposes may be found in [I08]. If f : X — R is
a measurable function, f is Lebesgue-integrable with respect to v when f | f|-dv < 400,
and we note L1(X) the set of those functions.

Measure theory also allows us to recover the intuitive view of discrete probability
theory, as we highlight now.

Example 1.4.2 Let X be a countable space. Then Parts(X) is the smallest o-algebra
that contains the atoms {a} for every a € X. We call it the generic o-algebra over X,
and we call measurable spaces of the form (X, Parts(X)) discrete measurable spaces.
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Proposition 1.4.2 Let S be any countable set, equipped with the generic o-algebra over
S. Then it holds that:

e if X is a measurable space, every function f : S — X is measurable;
o for every measure jr on S, and f: S =R, [ f-du=73,cqf(s) u(s).

A measure on a discrete measurable space is entirely characterized by its values on atoms:
indeed, for any A € Parts(S), we can write A as the countable disjoint union (J,c4{a},
and consequently p(A) = > ., pu({a}). It means that on a discrete space, a measure can
be seen simply as a function p: S — Ry U {oo}.

Lemma 1.4.3 Let S be a countable space, and f : S — R U{oco}. Then puy : Parts(S) —
Ry Uoo defined as pp(A) =Y o4 pn({a}) is a measure over (S, Parts(S)), and moreover:

® yuy is a finite measure, if 3 o f(s) < 00;
oy is a distribution if 3 e f(s) =1;
® yuf is a sub-distribution if 3 ¢ f(s) = 1.

Proof. We verify easily that 17 is a measure: indeed pf(0)) = 0, and for every countable
collection of pairwise disjoints A, € Parts(S), it holds that s (|J,cn An) = D onen s (An)-
Moreover,us(S) = > cg f(s), which concludes the proof. O

1.4.2 The Language PCFg npie

An example of higher-order language that handles continuous probability distributions is
PCFsanp1e, defined by Ehrhard, Pagani and Tasson in [45]. PCFgumple can be seen as a
continuous counterpart to PCFg, where the ability to flip a fair coin is replaced by the
possibility to sample from the uniform distribution on [0,1]. As such, it does not offer
the full range of continuous probabilistic primitives that other languages [16], [115] often
consider, for instance the score primitive used for Bayesian conditioning. An investigation
on the expressiveness of PCFgymple With respect to these probabilistic primitives can be
found in [45]. The base type of PCFganp1e is the real type R, and types are generated by:

0,T € YpcF =R | o —T.

sample

The terms of the language are generated by the grammar below:

M,N € PCFample 5= = | Az”.M | MN | fix M
| let(z, M,N) | if(M,N,L) | r | sample | f(Mi,..., M,),

where r is any real number, and f is in a fixed countable set of measurable functions
R™ — R. The constant sample stands for the uniform distribution over [0,1]. Observe
that since we can choose arbitrarily the countable set of measurable functions we take
as primitives, we can encode classical probability distributions as soon as they can be
obtained in a measurable way from the uniform distribution, as it is for instance the
case for Gaussian or normal distributions. Moreover, we can argue that this language is
also more general than PCFg: first it allows to encode integers (since N C R) and basic
arithmetic operations over them. Secondly, since the order operator >: RxR — {0,1} C R
is measurable, we can construct in PCFgayple @ program that simulates the fair coin as
follows: >(sample, 1).
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In [45] Ehrhard,Pagani and Tasson formalize the operational semantics for PCFgumpie-
They give a call-by-name semantics, but the let construct allows to simulate for instance
the non-standard if-then-else construct of PCFg. Recall that for any PCFg-term M of
type 7, [M] is a discrete distribution over normal forms of type 7. Accordingly, if M is
now a PCFgample-term of type 7, [M] should be a continuous probability distribution of
the values of type 7. However, as we highlighted when presenting the basic principles of
continuous probabilistic reasoning, to talk about a continuous probability distribution on
some set X, we have first to specify which o-algebra on X we consider. For this reason, the
first step if the construction of an operational semantics for PCFgmple [45] is to define, for
each type 7, a o-algebra over each set of normal forms of type 7, and then the operational
semantics is built as a Markov process on this probabilistic space.
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Chapter 2

Observational Equivalence

Having a good—and usable in practice—motion of program equivalence is a problem
that appears very often in computer science: for example, when we want to check that
a program implements a given specification, or that a compiled program is equivalent
to the original program. When the two programs considered output data of ground
type—e.g. booleans or integers—it is sufficient, while not necessarily easy, to look at
whether they output the same value—or, in the probabilistic case, the same distribution
over values. However, we consider here higher-order languages, hence the result obtained
after evaluating a program can itself be a function. To illustrate this point, let us consider
for instance the two A-programs Az.z and Az.(A\y.y)z: since we are in a weak evaluation
paradigm—see our presentation of A in Chapter [[}—those two programs are already in
normal form. These normal forms are distinct, but whenever we pass them an argument
M, the resulting terms (Az.z)M and (Az.(Ay.y)x)M have the same operational semantics:
it is an example of two programs that reduce to distinct values but that we nonetheless
would like to see as equivalent.

This idea leads to the notion of context equivalence, that was formalized by Morris [87]:
we say that two programs are equivalent if they have the same observable behavior in any
context. In this chapter, our goal is to formalize Morris context equivalence in the setting
of a generic probabilistic programming language. Observe first that in order to instantiate
this definition on a particular language, we need to decide what is an observable behavior,
and what is a context.

2.1 Observables

We first have to specify what is the observable behavior of a program. It depends on
the language we consider, as well as the distinguishing abilities we want to give to the
observer. For example, if we allow the observer to count the number of execution steps,
then two programs with different running times would never be equivalent. Such a notion
may be of interest—e.g. in computational cryptography, where side-channel attacks can
be executed by adversaries with this ability—but in the present thesis, we will never allow
observers to distinguish between programs that output the exact same data, no matter
how much time they take to produce it.

2.1.1 Deterministic Case:

Let us first consider the pure A-calculus A, with the weak reduction paradigm that we
describe in Chapter Recall that here our programs are actually closed A-terms. The
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2.1. OBSERVABLES

reasonable thing to observe in this setting is program termination: consequently, we for-
malize our notion of observables by a function Obs() : Py — {0, 1}, such that for any
closed A-terms M, we define:

0if M 1

ity € {0,1}.

Obs(M) = {

Observe that {0, 1}—which can be seen as the set of observations—is naturally equipped
with an order structure. It allows us to talk not only about observational equivalence,
but also about the observational preorder. If we compare for instance the observable
behavior of the non-terminating program {2 and the identity function /—both defined
in Example of Chapter [I}—we see that 0 = Obs(Q2) < Obs(I) = 1: it means that
O <obs T , and that  and I are not context equivalent—where <%s i the observational
preorder that we will formally define in the next section.

The above definition is suitable for the untyped A-calculus. If we consider a typed
higher-order language £ with ground types, for example PCF, we can also wish to allow
observations only at ground type—e.g. at type Bool. Formally, it means that the ob-
servation becomes two functions that express whether a program of type Bool stops on
respectively true or false:

Obs™(),0bs™() : {M € P, |- M : Bool} — {0,1}.

2.1.2 Non-deterministic Case:

We now look briefly at how the above notion of observation should be adapted for non-
deterministic higher-order languages, for instance the pure A-calculus extended with a
binary non-deterministic operator @. Observe that we cannot say anymore that a program
either terminates or has a non-terminating run. Actually, we have to choose between
observing the may-convergence, that is the fact that at least one run of the program
terminates, or the must-convergence, that is the fact that every possible run of the program
terminates. Observational equivalence for both may-convergence and must-convergence
have been investigated in depth by Lassen [77], as well as coinductive methods for studying
equivalence in a non-deterministic setting.

2.1.3 Probabilistic Case:

When we pass from the non-deterministic case to the probabilistic case, we see a change
in the nature of the observables: they are not binary anymore, but quantitative. Indeed,
a probabilistic program terminates with a given probability, that can be strictly between
0 and 1. Formally, we define a function Obs() : Pp, — [0, 1] as:

Obs(M) = Prob(M ) € [0,1].

It is the fact that observables are now quantitative that will allow us later to extend
the notion of observational equivalence to metrics, because now we can compare the ob-
servables of two programs, and talk about how far they are, instead of just look at if they
coincide or not.

Observe, that as in the probabilistic case, if we are considering a probabilistic A-
calculus with base type (for example, a probabilistic variant of PCF), we can also restrict
the observed program to consider only the type Bool, and then we take as observables
the sub-distribution over the booleans obtained when evaluating the program.
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2.2. CONTEXTS

2.2 Contexts

Contexts are meant to represent every way the environment can interact with the pro-
gram. Here, we consider that the environment itself consists in agents that use the same
programming language. Since languages that we consider are compositional, we can ex-
press that by saying that the environment is a term of a language with a hole inside, that
is replaced by the program at the time of the interaction. This idea give us a generic way
to construct, for a compositional language £ (where £ is one of the variation around the
A-calculus we are considering here), a set C* of contexts for L.

We give here formally the grammar generating contexts in C*® when we take as
language the probabilistic A-calculus:

CeCu=[]| xaCc | cM | MC |caoM | Mac.

We will denote as C[M] the term obtained by replacing the hole [-] by M. We would like
the execution of C[M] to correspond to the interaction between the execution environment
C and the program M. Observe, however, that we have to be careful here: for this to be
the case, we need to be able to certify that C[M] is indeed an executable program, that is
a closed term: it means that every free variable in M has to be bounded by the context.
To do that, we introduce closeness judgment on contexts, which are of the forms:
x1,...2, 1 C. It is designed to mean: for any term with free variables among the
Z1,...,Zn, then C[M] is a closed term. To design such ordered family of distinct vari-
ables 1, ..., x,, we will use the notation Z, and we will denote by V the set of all such
families. We will denote by Z,x the appending of x to the list =, where z is distinct of
all elements in T. We define validity for judgments of this form by inductive rules on
the structure of C, that can be found in Figure Observe that, if we consider a typed

T4C x¢7T
4[] z,xz 1 Ax.C
z4C T4C z4C MeP zT4C MeP
TAMC TACM zACHM TAM&C

Figure 2.1: Closeness Judgment for Ag contexts.

language, we will have to certify that the resulting program is well-typed too, and so we
have to replace our closeness judgment on contexts by well-typed judgments on contexts.

2.3 Observational Equivalence

We are now ready to give the definition of observational equivalence. We first formalize the
minimal requirements that must hold for a programming language so that our definition
of observational equivalence will make sense: we need a notion of programs, a notion of
contexts and a notion of observables,

Definition 2.3.1 An untyped observable programming language consists of:

e a set of terms Terms, built from the variables V and syntactical constructs, and a
function FV () : Terms — V that denotes the free variables of a term;
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2.3. OBSERVATIONAL EQUIVALENCE

e a notion of observation for programs: i.e. Obs() : P — O, where P is the set of
closed terms, and O is a set of possible outcomes for the observation function;

e a notion of contexts: i.e. for each family of variables T, a set Cz of contexts—where
a context is formally a function Terms — Terms—such that for every term M with
FV(M)C=z, C[M] e P.

When we consider a typed language, we have to take into account the fact that, as men-
tioned in Section the observation is not necessarily done at all types.

Definition 2.3.2 A typed observable programming language consists of:

o q set of terms Terms, built from the variables V and syntactical constructs, a set of
types </ and a set of valid typing judgments of the form I' = M : o, where o is a
type in o7, and I' a typing context of the form x1:01,...,Tn : Op;

e q set of observables types oy, a set of possible outcomes for the observation O, and
a notion of observation for programs: i.e. for every o € pps: Obsy() : {M € P,} —
O, where P, ={M |- M : o}.

e a notion of contexts: i.e. for each typing context I', types o, 7, a set C o)_r of
contexts C such that for every term M with I' = M : o, C[M]| € P,. We will also
note I',[[] : 0 = C : 7 to mean that C € C(p 4)_,.-

Two terms M and N are observationally equivalent if, no matter which contexts we
consider, we obtain exactly the same observables. We have however to be careful: the set
of contexts we consider depends on the free variables of the terms we want to compare.
For these reasons, we work with generalizations of relations, that we call open relations
with respect to the language L: those are families of relations R = (Rz); 3 over terms of
L, indexed by families T of variables. Moreover, we will also note T - M RN for denoting
M(Rz)N.

We extend now the usual notions of reflexivity, symmetry and transitivity to open
relations.

Definition 2.3.3 Let be R an open relation with respect to the language L. We say that
R 1s:
e reflexive, if for any M, for any T such that the free variables of M are among the
T, it holds that T = M RM ;

e transitive, if for any T € V,for any M, N, L with@+ MRN and T+ NRL, it holds
that T = MRL;

e symmetric, if for any T € V,for any M, N with T+ M RN, it holds that T+ NRM.

We say that a transitive and reflexive open relation is an open preorder, while a transitive,
reflexive and symmetric open relation is an open equivalence relation.

We give below the generic definition of observational equivalence for a language £ with
an observables function Obs(), and a set of contexts C.

Definition 2.3.4 (Observational Equivalence) Let £ be an untyped observable pro-
gramming language, with (Cz)z.y; its contexts. The observational equivalence = is the
open relation with respect to L defined by: for T = x1,...,xy a family of variables of
L, and M, N two terms of L with free variables among the x1i,...,x, , it holds that
THEM Ezbs N, when:

VC € Cz, 0bs(C[M]) = Obs(C[N]).
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We can see that =, ¢ is indeed an open equivalence relation. We will say that M and N
are observationally equivalent—or context equivalent—if there exists a family T of variables
withThH M =, N.

We are now going to give some examples. We take here L as the probabilistic language
Ag. In the case of the (deterministic) A-calculus, the evaluation strategy we choose has
no effect on the equivalence between terms (it comes from the fact that the calculus is
confluent). However, it is not the case anymore in the probabilistic case, as we are going
to illustrate here by two examples.

Example 2.3.1 (CBV Evaluation Strategy) Let us consider the two following terms
M and N:
M = (Ax.) ® (A\x.Q) N :=Xx.(I®Q).

Observe that the difference between these two terms is the place where we do the proba-
bilistic choice: in the left term, the probabilistic choice is done when the term is evaluated,
while in the right term, it is done when we pass an argument to the program and evaluate
the result.

Let us first place ourselves in a call-by-value strategy. We consider the context:

C = (\y-(y)(yD)[]-

Using the definition of operational (CBV) semantics for Ag in Chapter we can see that:
[CIM]]9BY = 2{I'}, and [CIN]]“PY = L{I'}. Observe that, when we know the semantics
of a program L, then we know Obs(L): indeed, Obs(L) is the probability of termination
of L, which is exactly the weight of the sub-distribution [L]. As a consequence, we can
see that: Obs(C[M]) = %, and similarly Obs(C[N]) = 1: it shows that M and N are not
observationally equivalent for a CBV evaluation strategy.

In Example below, we are going to consider the same terms as in Example [2.3.]]
above, but in the setting of a CBN evaluation strategy. We are going to see that, contrary
to the CBV case, these two terms are equivalent.

Example 2.3.2 (CBN Evaluation Strategy) Observe that the context C used in Ex-
ample [2.53.1] can not anymore be used to distinguish M and N: indeed, we can see that
[CIM]]CBN = [C[N]]“PN = L{I'}. Actually, no context is going to work, because M and
N are observationally equivalent for a CBN semantics. To show that, we need to show
that every context C is unable to distinguish them, that is |[C[M]]| = |[C[N]]|. Recall that
the definition of [-] is based on the definition of an approximation semantics . It means
that, to do the proof of equivalence, we need to use the approrimation semantics. More
precisely, we have to show that for any approzimation semantics 9 of C[M], we can find
an approzimation semantics & of C[N] of at least as much weight as 2, and reversely.
Formally, we can see that for every terms L such that FV (L) C x:

o for every sub-distribution 9 such that L{M/x} || 9, there exist a sub-distribution
& with |2| < |&|, and moreover L{N/x} | &;

e and the symmetric condition: V& such that L{N/z} || &, 32 with |2| > |&|, and
moreover L{M/z} || 2.

Example [2.3.2] show us that, even for terms which have a simple shape as M and N, the
proof of equivalence become complicated. In Chapters [4 and [f] we will see that we can
use characterization of the equivalence both in CBN and in CBV, that makes this kind of
proofs much simpler.
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We now give the definition of observational equivalence for a typed language. We
call open typed relations with respect to the language L the families of relations R =
(R(F’U))I‘ a typing context,cc«/, Where Rp , is a relation over the set of those terms M such
that I' = M : 0. Moreover, we will also note I' = M RN : o for denoting M (R ,))N.

Definition 2.3.5 (Observational Equivalence for typed Languages) Let £ be an
typed observable programming language, with (C(l“ﬂ-)_yr)jev its contexts. The observa-
tional equivalence =, is the open typed relation with respect to L defined by: for I a
typing context, and o a type, the relation =r 5)C {M|T+ M :0}? is defined as:

THM=%N when: V7€ dy,Ce C(r,0)=rs Obs:(C[M]) = Obs,(C[N]).

2.3.1 On the Observational Equivalence on Open Terms

In Definition we were considering all terms in the language, even those which are
not closed. However, in this section, we are going to argue that it is actually sufficient to
look at the equivalence between programs, i.e. closed terms: the idea is that, if we know
everything on the equivalence between programs, then we are able to deduce if any two
terms are equivalent or not. Let us suppose that we consider a language £ such that: for
any open terms M, and any family of variables x1,...,x, containing the free variables
of M, it holds that M is observationally equivalent to (Azj....Azp.M)zy,...,x,. It is a
reasonable thing to ask, since these two terms are S-equivalent. In particular, we can see
that it is the case for Ag with the CBV or CBN semantics.
With this hypothesis, it can be seen that the following holds:

T1,. oy M =P N oF Az Az, M) =95 (\zy.... Az, .N)

These considerations will allow us, in the following, to focus on equivalence relation
on programs. In particular, the coinductive definition of applicative bisimularity, that we
will give in Chapter [f] for Ag, doesn’t take open terms into account.

2.3.2 Context Preorder

We would like also to express the fact that, no matter its execution environment, a pro-
gram is going to terminate more often than another. That is the sense of the observational
context preorder, which consists in an asymmetrical version of the observational equiva-
lence.

Definition 2.3.6 Let L be an untyped observable programming language. Let x1,..., Ty,
be a family of variables of L, and M, N two terms of L with free variables among the
Tly--., Ty . We write x1,...,2y F M SZI’S N , and we say that M 1is observationally
smaller than N, when for every C € C with x1,...,x, F C it holds that:

Obs(C[M]) < Obs(C[N]).

Example 2.3.3 We place ourselves in the CBV operational strategy, and we look again at
the programs M = (Az.1) ® (Az.Q) and N = \z. (I ® Q) of Ezample[2.3.1 Recall that we
have shown in FExample that these two programs are not observationally equivalent,
by building a context C such that Obs(C[N]) < Obs(C[M]). We will show in Section[5.2.4
of C’hapteT@ that however they are comparable, in the sense that N <p, M.
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Chapter 3

Go Beyond Observational
Equivalence

As explained in the previous chapter, two programs are observationally equivalent if they
have exactly the same behavior in any context. However, when we consider quantitative
languages, for instance probabilistic languages, we could wish to be able to talk about not
only equivalent programs, but also close programs, i.e. programs that behave almost the
same way. We are going to illustrate this idea in Example below.

Example 3.0.1 For every € €]0, 1], we define:
M = Q and N, = Qo 1.

Observe that, when € become very small, M and N have almost the same behavior: the
program M never terminates, when N¢ terminates with the very small probability €. How-
ever, it is immediate that these two terms are not equivalent whenever € > 0, since it s
sufficient to consider the evaluation context || to distinguish them.

We would like to be able to use the quantitative difference between the observables to
define a metric about terms: when we consider two programs, we want to know how far
they are from each other. In that end, we are going to introduce a metric generalization
of the observational equivalence in Section below.

3.1 Observational Metric

We consider from now on a probabilistic programming language, hence a language with
observation outcomes the set O = [0, 1]. The idea is to say that the context C is able to
distinguish two terms M and N as far as |Obs(C[M]) — Obs(C[N])|, and then, similarly to
the observational equivalence, we say that the observational distance between M and N
is the supremum of how far any context can distinguish them. We need first to transform
the open relations that we considered in Chapter [2| into open quantitative valuations.

Definition 3.1.1 A quantitative valuation on a set X is simply a function ¢ : X x X —
[0,1]. An open quantitative valuation with respect to a language Lg is a family (gz)
where for each T, gz is a quantitative valuation on the terms M with FV (M) C Z.

TeV’

Definition 3.1.2 Let Lg be an untyped observable programming language, with [0,1] as
set of possible observation outcomes. We define 5222 as the open quantitative valuation
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with respect to Lg defined as: for every set of variables T, and M, N two terms of Lg
with free variables among the T,
ctx . ; __
6pe z(M,N) = sup{|Obs(C[M]) — Obs(C[N])| with C € Cgz}.
Observe that the observational distance behaves indeed as a distance, in the sense that

is symmetric, reflexive, and verify the triangular inequality. Formally, it is exactly what
is required to be a pseudo-metric, in the mathematical sense.

Definition 3.1.3 Let S be any set. We say that a function q: S x S — R4 is a pseudo-
metric if:

e g is reflexive, i.e. for every x € S, q(x,z) =0;
e g is symmetric, i.e. for every x,y € S, q(x,y) = q(y, z);

e the triangular inequality holds for q, i.e. for every x,y,z € S, q(z,z) < q(z,y) +
a(y, 2).

Moreover, we can recover the observational equivalence from the observational distance,
since the observational equivalence is exactly the kernel of the observational distance—i.e. two
programs M and N are observationally equivalent if and only the observational distance
between them is 0. It means that the observational distance encodes at least as much
information as the observational equivalence.

We are going to illustrate Definition here on a simple example: we are going to
consider the two terms I and 2. We know already that they are not equivalent, but we
now look at how much different they are.

Example 3.1.1 If we take C = [-] as context, we see that Obs(C[I])—the probability of
termination of C[I] = I—is equal to 1, and in the other hand, Obs(C[?]) = 0. It means that

C pulls apart I and 1 from the maximal separation possible, which is 1. As a consequence,
we see that 5th(§2,[) =1.

We have seen that [ and () are as far as possible with our definition of distance. Now,
we are going to look at what happens when we consider programs that are intuitively
between I and §2: we consider the terms N, = Q @€ I, as in Example Recall that
we showed in Example that the N, and €2 were not equivalent by considering the
context C. Using the same context, we see in Example below that it gives us also
quantitative information, i.e. that the distance between {2 and N, is greater or equal to e.

Example 3.1.2 For every e €]0,1], we define N = Q @ 1. By considering again the
context C = [-], we see that Obs(C[N.|) = e. We know already, as seen in Example

that Obs(C[I]) = 1, and Obs(C[Y]) = 0. Looking at the definition of context distance, we
see that it implies:

(5/0\2(9,]\/5) > € and 5f\t£(fv Ne) = (1—e).

Observe that, in Example we show a lower bound on the distance between the
programs we were considering. It is much more complicated to show an upper bound,
since to do that, we have to consider the separation induced by every possible context. We
can notice that, the more expressive power we allow to contexts, the more the distance
between two given terms may decrease, since then the contexts are able to do more tests
to separate the terms.
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We look now at the observational distance for a typed probabilistic language Lq. We
work here with typed open quantitative valuations, i.e. family of quantitative valuations
(q(r,0))T a typing context,cex Where each qr ) is a quantitative valuation over {M | T'+ M :

o}.

Definition 3.1.4 Let Lg be a typed observable programming language, with [0,1] as set
of possible observation outcomes. We define 5?; as the open quantitative valuation with

respect to Lg given by:

VM, N with Ut M :,No, 677 \(M,N) := sup {|Obs(C[M])~Obs;(C[N])| with C € Cp gy}
Y TEA ops

3.2 The Trivialization Problem

We argued, as a motivation to look at the distance, that it would allow us to express
quantitative information, and not only whether two terms are equivalent or not. However,
observe that it is not immediate that the observational distance is something else that an
equivalence: depending of the expressive power of the contexts, they can indeed achieve
to amplify every small difference to separate completely two terms.

3.2.1 Amplifying the Observed Distance by Copying

We are going to illustrate here, on an example, how, from a small difference in the semantics
of two terms, it is sometimes possible to construct contexts that amplify it. Recall that
we have shown in the previous section, that the distance between I and N, = Q @€ [ is at
least (1 —¢€). We are going to show that, if the class of C we consider is expressive enough,
then the distance between I and N, is actually 1 when € > 0.

Example 3.2.1 Suppose that we consider a class of contexts C, such that it contains the
family of contexts:
Cn=Azx.(xI)...(x))(My.[']).
—_——
n times

We see that Obs(Cp[1]) = 1: the program Cy[I] terminates with probability 1. On the other
hand, it holds that Obs(Cyp[Ne]) = €": indeed the program C,|N¢| terminates if every one
of the n copies of N, terminates, and each copy terminates with probability €.

As a consequence, the separation induced by the context C,, between I and N, is (1—€").
By taking the supremum over all these context C,, we see that the observational distance
between I and N, is 1.

We can see that if we take C*# (defined in as our class of contexts, it will verify
conditions of Example [3.2.1} indeed it has as much expressive power as the language Ag
itself. More generally, observe that the important point here is the ability of copying of
contexts: the idea is, if we are able to build a context C separating a little two programs,
then we can build a context that has the same behavior as several sequential copies of C.

3.2.2 Amplification Contexts

We can see that the behavior illustrated in Example [3.2.1] is not specific to the terms I
and © ¢ I. More generally, if we have two closed terms M, N, and that we have been
able to construct a context D, such that Obs(D[M]) = 1, and Obs(D[N]) = (1 — ¢), with
€ < 1, we can use the family of contexts C,, to amplify this distance €. Indeed,it holds that
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the separation induced between M and N by the context C,[D] is always (1 — (1 —€)™).
It means that the family of contexts C,, gives us a generic way to amplify a difference
between two terms that we have already been able to observe. For this reason, we say
that the family of contexts C,, defined in Example above are amplification contexts.

However, observe that the family C,, can amplify an observed difference only if one of
the program D[M] or C[N] terminates with probability 1, where D is the original context
separating M and N of a distance €. As an illustration of that, we look in Example |3.2.2
below what happens if we take the programs 2 and 2 &€ 1.

Example 3.2.2 We have seen in FExample that the terms € and Q ®° I were at
distance at least €, and we have shown that this separation was done by the context D = [-].

We see that Obs(C,,[S2]) = 0: the program C,[I] never terminates. On the other hand,
it holds (as before) that Obs(C,[Q2 @€ I]) = €. But contrary to the previous case, we see
here that using the context C, does not amplify the difference: actually, the context Cy
separates less these two programs than the original context [-].

3.2.3 Trivialization

By looking at Example [3.2.1] and [3.2.2] we see that in some circumstances, even a small
difference in the behavior of two programs can be amplified until the maximal distance, but
that building such amplification contexts can be complicated depending on the expressive
power of the language, and on the programs we consider.

Actually, observe that it is not direct (and actually not always true, depending on the
language we consider), that there exist terms such that the distance between them is not
0or 1.

Definition 3.2.1 Let be L a language, and C a class of contexts. We say that the ob-
servational distance on L with respect to the class C trivializes, if for every comparable
programs M, N of the language, (M, N) € {0,1}.

Observe that, if we know that the observational distance trivializes, it means that it
is exactly the same thing as the observational equivalence. It means that trivialization of
the observational distance can be seen as some kind of negative result, since it proves that
it is not possible to talk about quantitative information about the similarity in terms, for
a given language and class of context. It may also be seen as an indication that the class
of context we consider is very expressive, and possibly too much to obtain the quantitative
information we want.

3.2.4 Link with Cryptography

Here, we highlight a motivation for our developments on metrics, coming from security,
in order to give intuition of what kind of quantitative information we may want. A
central notion in security is the notion of computational indistinguishability: two programs
are computationally indistinguishable, if for any adversary running in polynomial time,
the advantage of the adversary is a negligible function of the security parameter. The
advantage of the adversary is then defined as the probability for the adversary to be able
to recognize if it interacts with the program M or with the program N. We can relate
out notion of observational distance with computational indistinguishability by seeing
the adversary as a context C, and expressing its advantage using observables, i.e. as:

I0bs(C[M]) — Obs(C[N])].
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Part 11

Operational Reasoning on Discrete
Probabilistic A-calculi.
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Chapter 4

Background: Applicative
Bisimilarities for Higher-Order
Probabilistic Calculi

As illustrated in the examples in Chapter [2] it is relatively easy to show that two given
programs are not equivalent: this boils down to exhibiting one context able to distinguish
them. However, it is much harder to show that these programs are equivalent, since we
have to show that their observables are the same under any context, as highlighted in
Example For this reason, an important part of the work on equivalences for higher-
order languages has been focused on developing notions or proof techniques for program
equivalence. To be useful, such an alternative equivalence relation R should fulfill two
objectives: proving that two programs are related by R has to be easier than proving that
they are contextually equivalent, and moreover whenever two programs are R-related,
they should also be context equivalent. The second requirement is the so-called soundness
property, and is formalized in Definition below.

Definition 4.0.1 An equivalence relation R on programs is said to be sound with respect
to observational equivalence if for any programs M and N, MRN implies - M =° N.

A weaker requirement—but easier to enforce—that we can ask an equivalence notion
to verify, is observational correctness: if two programs are equivalent, then their observ-
ables are the same. For most equivalence notions that we will consider in the following,
observational correctness will be a immediate consequence of the definition.

Definition 4.0.2 An equivalence relation R on programs is said to be an observation-
ally correct equivalence, if for every programs such that M R N, it holds that Obs(M) =
Obs(N). A pre-order R on programs is said to be an observationally correct pre-order, if
M RN implies that Obs(M) < Obs(N).

Ideally, we would also like the relation R to coincide with context equivalence: when
this is the case, we say that R is fully abstract.

Several different lines of work have been followed in order to define sound equivalence
relations for higher-order languages. One possibility is to define a denotational semantics,
i.e. a mathematical model of the language, and to say that two programs are equivalent
when they have the same interpretation in the denotational model. We will review the
results of this approach for the probabilistic case in Chapter [9) when we will present a
fully abstract denotational model of PCFg introduced by Ehrhard, Pagani and Tasson
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n [46]. In this section, we will focus on the approach initiated by Abramsky in [2] when
he defined so-called applicative bisimulation for call-by-name A-calculus.

4.1 Abramsky’s Applicative Bisimulation

In concurrency theory, a widely used notion to define equivalences between processes is
the one based on bisimulations relations (see [105] for an overview, and an historical take
on the parallel origins of bisimulation notions in computer science, philosophy and set
theory). Bisimulation is a generic coinductive way of defining equivalence relations for
non-deterministic processes, which comes equipped with a proof technique to show that
two states s, t of a system are indeed equivalent: it is sufficient to construct a relation
containing (s,t) which moreover is a pre-fixpoint for some operator on relations. For
programming languages, bisimulation-based equivalence have been first developed for the
concurrent language CCS by Milner in [83]. In its pioneering work [2], Abramsky adapted
it in order to define applicative bisimulation for an higher-order language, the deterministic
A-calculus with a weak call-by-name semantics. Programs of A are seen as processes, to
which the environment may ask to perform some elementary applicative action, consisting
in passing another program as argument to the current process. From there, Abramsky
defined his equivalence relation for A based on ideas from bisimulations for such processes.
Abramsky showed that his notion of applicative bisimulation is fully abstract for weak call-
by-name A. From there, notions of applicative bisimulations have been shown to be sound
for various A-calculi, for instance for A-calculus endowed with a non-deterministic choice
operator [77], as well as with a probabilistic one [32].

In this chapter, we do a brief presentation of Abramsky’s applicative bisimulation, and
we formalize the link with bisimulation for processes, by giving the underlying Labeled
Transition System used to define applicative bisimulation. Then, we present two sound
applicative equivalence notions developed by Dal Lago, Sangiorgi and Alberti [32] for Ag:
trace equivalence, and probabilistic applicative bisimulation. We do this presentation in
some details, since a major contribution of the present thesis is to generalize this applicative
approach to a quantitative setting, with the aim of obtaining metrics sound with respect
to context distance.

Abramsky’s applicative bisimilarity comes actually in two flavors, depending on the
underlying operating semantics of the weak A-calculus, which can be call-by-name or as
call-by-value: in a CBN setting, the environment may pass any argument to the program,
while it can only pass values in a CBV setting. We present below Abramsky’s applicative
similarity for call-by-name A.

Definition 4.1.1 (From [2]) A relation R on the closed terms of A is a simulation if
for any programs M and N, M RN implies:

o if M |V, then there exists a normal form W such that N | W, and moreover VRW .
o if (A\z.M)R(Ax.N), then for all programs L, M{L/x}RN{L/x}.

A relation R is a bisimulation if both R and R~ are simulations ( where R™1 stands for
the R-opposite relation: MR™'N when NRM.).

Example 4.1.1 We give here an example of simulation to illustrate Definition [{.1.1]
Let us consider: M = Ay.Q, and N = \y.((Az.Q)I). We define R = {(M,N)} U
{(92, (A2.Q)I)}. Observe that both R and R™' are simulations, so R is a bisimulation.
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We consider simulations and bisimulations to be pre-ordered by the inclusion preorder.
As shown in [2], the relation <®PP! defined as (U R|a simulation/t) € P X P—the union of
all the simulations—is also a simulation, and in the same way the relation =*PP' defined
as (UR|a bisimulationt) € P X P is also a bisimulation. It means that =2PPl is the greatest
bisimulation, and <?PP! the greatest simulation.

Definition 4.1.2 (Abramsky’s Applicative Bisimilarity) We will call applicative sim-
ilarity the relation <%P!, and applicative bisimilarity the relation =°PP!. If M =P! N,
we say that M and N are bisimilar.

Moreover, <?PP is a pre-order, and =?PP! an equivalence relation. We can also show that
(=2rPl) = (=z?PlN jappl_l If two programs are related by =*PP!, we say that they are
bisimilar. We illustrate in Example below the bisimulation proof technique: to show
that two terms are bisimilar, it is sufficient to show that there exists a bisimulation that
relates them.

Example 4.1.2 Recall the programs M and N of Example [[.1.1. We have shown in
Ezample that there exists a bisimulation R, such that MRN. Since =P is the
greatest bistmulation, it holds that R C (Eappl), and consequently M =PPL N,

In [2], Abramsky showed that applicative bisimulation is fully abstract for call-by-name
A, hence can be used as a complete proof technique for context equivalence, i.e that it
is sound with respect to context equivalence. We illustrate on the example below how
soundness of applicative bisimulation allows to turn the bisimulation proof technique into
a proof technique for context equivalence.

Example 4.1.3 Consider again the programs M and N defined in Ezample [{.1.1. In
Example we have shown that they are bisimilar. As a consequence, the soundness
property of applicative bisimulation tells us that M and N are context equivalent.

4.1.1 Modeling A Operational Semantics by a Labeled Transition Sys-
tem (LTS)

Abramsky’s applicative bisimulation is actually an instance of bisimulation on Labeled
Transition Systems (LTSs), a generic way of representing non-deterministic processes that
evolve by interacting with their environment, by performing actions. Here, we make
explicit the underlying LTS for applicative bisimulation. A LTS is a labeled directed
graph, where the nodes are the different possible system states, the labels are all the
possible actions the environment can do, and the edges specify how the system state
changes when the environment does some action on the system.

Definition 4.1.3 A Labeled Transition System (LTS) is a triple & = (S, L,—), where
S is a countable set of states, L is a countable set of labels, and -C & x L x S is the
transition relation of Z.

We say that a LTS is deterministic if it does not have internal non-determinism, i.e. that
for any pair (s,a), there exists at most one state ¢t such that s —— t. We say that an
action a is admissible from a state s if there exists a state ¢ with (s,a,t) €—.
Bisimulation techniques are a well-accepted way of defining equivalence for structures
describing non-deterministic processes, for instance on relational structures (unlabeled

Tt will still be true in the probabilistic case, but it doesn’t hold for instance in the non-deterministic
case.
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directed graphs) or on Kripke structures (see [105]). We give below the formal definition
of bisimulation in the LTS case, since it is the one we use for describing Abramsky’s
applicative bisimulation. Intuitively, we ask to a simulation R on the states of a LTS to
verify the following property: if two states s and t are related by R,whenever s may reach
a state s’ by doing an action a, then t is able to simulate this move, i.e. to perform the
same action a and to end up in a state ¢’ such that s’ Rt’.

Definition 4.1.4 Let ¥ = (S,L,—) be a LTS.

e A simulation is a relation R on S, such thatVs,t € S with sRt, it holds that whenever
s == u, there exists v such that t —— v, and moreover uRv.

o A bisimulation is a relation R such that both R and R~ are simulations.

The greatest simulation—called similarity and denoted =< —and the greatest bisimu-
lation—called bisimilarity and denoted =gy—exist (see [32]), and they are respectively
the union of all simulations and the union of all bisimulations; we call them respectively
similarity and bisimilarity . We explicit now the link with Abramsky’s applicative bisimu-
lation, by building a deterministic LTS .Zx modeling the operational semantics of A. Then,
we will see that bisimilarity on £, coincides with Abramsky’s applicative bisimulation.

Definition 4.1.5 (The Applicative LTS for A) We define L as the LTS (Sa, La, —A
) where we take:

o the set of states Sp = Py W 17/\, where closed terms and normal forms are taken
as usual modulo a-equivalence and V= {‘7|V € V} is a set containing copies of
the normal forms in A decorated with”. We call these normal forms distinguished
normal forms.

o the set of labels Ln = Pp W {eval}, where, again, closed terms are taken modulo
a-equivalence.

o the transition relation — defined by:

eval

o for every M € Py, M — o.N when M JAz.N.
e for every \e.M €V and for every N € Py, A\z.M X, M{N/x}.

We can see the LTS £, as an interactive way of modeling the operational semantics
of A: the environment is able to make a program evolves by asking it to do some action:
either to be evaluated, or, if it is already a value, to be applied to some argument. We
illustrate this idea by representing a fragment of Z, in Figure We can see that the
LTS %) is indeed the underlying structure for applicative bisimulation, in the sense that
=Pl and ~ ¢, coincide on programs, as well as =*PP! and =g, .

4.1.2 The Non-Deterministic Case

Notions of applicative bisimulations have also been developed for A endowed with a non-
deterministic operator @. Recall from Chapter [2|that there are two different ways of defin-
ing context equivalence for non-deterministic higher-order languages: one where we take
may-convergence as observable, and the other one where we take must-convergence. These
two paradigms lead to two distinct ways of adapting Abramsky’s applicative bisimilarity,
which are sound respectively for may and must context equivalence (see the extensive
study carried out by Lassen in his Phd Thesis [77] on equivalences for non-deterministic
A). In particular, it was shown [77] that applicative bisimilarity in this setting is not fully
abstract, neither for call-by-name nor for call-by-value operational semantics.
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My T

eval

Figure 4.1: Fragment of the Applicative CBV LTS .Z}.

4.2 Sound Equivalences for Ag.

We are going in this section to present two different generalizations of Abramsky’s ap-
plicative bisimulation, developed by Dal Lago, Sangiorgi and Alberti in [74] for the weak
probabilistic A-calculus Ag endowed with a call-by-name semantics: trace equivalence, and
probabilistic applicative bisimilarity. We will do this presentation in such a way as to high-

light how both equivalences can be seen as arising from a probabilistic generalization of
the A LTS.

4.2.1 Trace Equivalence for CBN Ag.

The difficult part while proving that two terms are context equivalent is usually to handle
the universal quantification on contexts. One way to make it easier may be to decide to
consider only a restricted set ¥ of contexts: to obtain a sound equivalence, we need to
choose € such that, if no context in € is able to distinguish two programs, then there is
no arbitrary context either that can distinguish them. Here, we present trace equivalence,
also known as CIU equivalence, which is the equivalence notion obtained by restricting
the contexts to applicative contexts , i.e contexts that are in the shape: [|]Mj...M,,
and so that correspond to the environment passing successively the terms M,..., M,
as arguments to the program. In the deterministic A-calculus, trace equivalence coincide
with applicative bisimilarity. It is not the case anymore for non-deterministic A-calculus
(see [77]).

For CBN Ag, trace equivalence was defined and studied in [74]. To highlight the link
with bisimulation for LTSs, we give here the definition using applicative tests, that we’ll
also call traces, and that can be seen both as an applicative context, or as a sequence of
actions done on the program by the environment.

Definition 4.2.1 A trace « is a sequence in the form My - ---M,y,, where My, -- M, are
programs. In other words, traces are generated by the following grammar:

az=¢| M-«

We note Tr the set of traces, and we associate to any trace o a context C,, that we define
nductively as:
Cc=1] and Cr.a = Co[[|M].
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Observe that the contexts associated to traces are exactly the applicative contexts, and as
a corollary, they are also evaluation contexts. We may now test a program M under a trace
a by evaluating C,[M], and this succeed whenever the execution of C,[M] terminates.

Definition 4.2.2 We define the probability that the program M performs successfully un-
der the trace o as Prob(M |)(a) = Obs(Co[M]).

Two programs are trace equivalent, if their probability of success is the same for all traces,
i.e. if no applicative context is able to distinguish them.

Definition 4.2.3 We say that M and N are trace equivalent, and we note M =" N, if
for every trace «, it holds that Prob(M |)(a) = Prob(N |)(a). We note M <' N if for
every tract o, Prob(M |)(«) < Prob(N |)(«)

Example 4.2.1 We consider the programs M; = (Az.I) & (Az.Q) and Mz = \z.(I & Q).
We are going to show that they are trace equivalent, i.e. that for every trace o, Prob(M; |
)(a) = Prob(Ms |)(«). The proof is done by case analysis on the trace o:

e Prob(M;i |)(e) = Prob(Ms |)(e) = 1.

o We look now to the case where o = L - 3. Unfolding the definition that a program
performs successfully under a trace a, we can see that for every term M, Prob(M |
)(a) = Obs(C3[ML]). Moreover, since Cg is an evaluation context, it holds that:

Obs(C3[ML]) = > [ML](V) - Obs(C5[V]).
Vey

Since [MiL] = [MaL] = 5 - [L], we can conclude that indeed Prob(M; |)(c) =
Prob(Ns |)(«).

Proposition 4.2.1 (From [74]) Trace equivalence is fully abstract for CBN Ag.

The definition of trace equivalence we have given in Definition following [74], is
inductive in nature. But trace equivalence may also be defined coinductively, using a
LTS obtained by doing the probabilistic lifting of .Z). We present here this alternative
view, that allows us to see trace equivalence on Ag as a probabilistic generalization of
Abramsky’s Applicative bisimulation. To do that, we construct a LTS £ (AgP™), which
we obtain from .#\ by adding probabilities as follows: states are not programs anymore,
but distributions over programs, while the labels of Z(Ag™) are defined as in %).
The transition function of Z(A5"™) is obtained from the one of £, by lifting it to
distributions.

Definition 4.2.4 We define the probabilistic trace LTS .2 (Ag ") = (Sg(AGBcbn), L y(pgetmy> =
) where:

o the set of states is Sy emy = AT (Pyg) ® A:(ﬁj\@);
o the set of labels is L p\ ey = Prg, ® {eval};

e the transition relation — is defined by:

~if 7€ A (Pay), 7 %% Y rep,, 2(M) - [M].
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—if9 ¢ A:(ﬁ/\@), and N € Py, :

7% N 90aM)- {M{N/z}'}.
Az.MEVy

We would like now to use bisimulation one .Z(Ag™™) to define an equivalence relation
for Ag programs: two programs M and N would be equivalent whenever {M'} and {N'}
are bisimilar as states of .Z(Ag"™). However, the notion of bisimulation for LTSs we have
presented in Definition [4.1.3]is not coarse enough: indeed, we can see that for instance the
states {I @ Q'} and {I'} are bisimilar in the LTS Z(Ag""). To overcome this problem,
we need to specify that whenever two distributions have different weight, they cannot be
bisimilar. To formalize this idea, we introduced an enriched notion of LTSs —weighted
LTSs—, where we add to the LTS a function associating a weight to every state, and we
ask for an bisimulation on weighted LTS, that every bisimilar states should have the same
weight.

Definition 4.2.5 A weighted LTS (WLTS) is a pair (£, w), where £ = (S,L,—) is a
LTS, and w is a function S — [0,1]. A simulation on the WLTS (£, w) is a simulation
R on the LTS £, such that moreover sRt implies that w(s) < w(t). A bisimulation on
(&L, w) is a simulation R on (£, w) such that R~ also is a simulation on (£, w).

Lemma 4.2.2 The greatest simulation and bisimulation on a WLTS exist, and moreover
they are respectively a pre-order and an equivalence. We call them respectively similarity
and bisimilarity.

Proof. Let be S the set of states of the WLTS. We first show that the greatest simulation
exists. We define:

R = (UR is a WLTS-simulation) € S X S.

We want to show that R is the greatest simulation; to do that it is enough to show that it is
indeed a simulation. Let s, t be such that sRt. Then there exists R a WLTS-bisimulation,
such that sRt. We see immediately that it implies that w(s) < w(t). Moreover, suppose
that s — s'. Then, since sRt, it holds that there exists ¢/, such that ¢ 5 ¢/, and s'RYt’.
Since R C R, it means that S/Rt; which allows us to conclude that R is a simulation.

We still have to show that R is a preorder. First, we see easily that it is reflexive:
indeed R = {(s,s) | s € S} is a simulation, and as a consequence R C R. We want now
to show that it is transitive: let s,t,u be such that sét, and tRu. It means that there
exists Ry, Ry two simulations, such that sRit and tRou. We define Ry o Ry = {(s,u) |
EBE s.t. sRit A tRou}. We can see that R; o Ry is a WLTS simulation, which implies that
R is transitive.

The proof for bisimilarity is similar to the one for similarity. O

We can now enriched the LTS Z(Ag®™) into a WLTS, by taking as weight function
W Sgpp eony — [0,1] defined by: w(Z) =3 cq() Z(s). In the following, we will denote
(by abuse of notation) also .2 (Ag") the WLTS (£ (Ag™), w).

Observe that, as in %), the transition relation of the WLTS .2 (A4 ") is deterministic:
it comes from the fact that we have embedded probabilistic aspects on the semantics of
Ag purely in the states. In the next section, we will present another way of adding
probabilities to the LTS %), by transforming it into a labeled Markov Chain where the
transition function itself becomes probabilistic.
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Figure 4.2: A Fragment of the weighted LTS .2 (Ag ")

Example 4.2.2 In Figure [[.3, we give as example a fragment of the weighted LTS that
talks about programs of Example[{.2.1]

Example 4.2.3 We consider M and N as in Ezample [{.2.1]:
M= (Az.I)® (\x.Q2) and N = z.(I ® Q).

We define, using the notations s;,t;,u to denote the states of ZL(Ag®) as represented in
Figure [.9:

R = ({Ml}, {Nl}) ) (Sl,tl) U (Sg,tg) U (’LL, u)
Looking at Figure we can see that both R and R™' are simulation, hence {M'} and
{N'} are bisimilar as states of the WLTS £ (Ag®™).

On deterministic WLTS, bisimulation can be characterized by linear tests, i.e by looking
at the behavior of states when we apply to them finite sequences of action.

Definition 4.2.6 (Traces for a LTS) Let be £ = (S,L,—) a LTS. A trace in .Z is a
(possibly empty) finite sequence of actions o = ay,...,a, such that for every i, a; € L.
Formally, the set of traces is generated by the following grammar:

aETg:::e‘wa where a € L.

If s €S, and a € Ty, we denote s — t when there exist ug, . .., u, € S, such that uy = s,
u, = t, and Vi, u;_q N u;. A trace « is said to be admissible for s if there exists ¢ such
that s¢. The set of admissible traces for s is indicated as 7(s). We denote Dom(a) the
set of those states s such that 3¢, s — ¢. The following is a well-posed definition since
by definition the underlying LTS of a deterministic WLTS is deterministic.

Definition 4.2.7 (Success Probability of a Trace) Let be . = (w,(S,L,—)) a de-
terministic WLTS. Let be s € S, and o € T (s). Then there is a unique u such that sSu,
and we define the success probability of a starting from s, that we note Prob(a |)s, as
w(u).
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We can now use the traces to give an inductive characterization of WLT'S bisimilarity.

Definition 4.2.8 (Trace Equivalence for a Deterministic WLTS) Let be £" = (w, (S, L, —
)) a deterministic WLTS. We define the trace preorder <., on L as: sjgﬂu,t when for
every trace t, if there exists s' such that s — ', then there exists also t' such thatt —— t/,
and moreover w(s') < w(t').
We say that two states s,t € S are trace equivalent, and we denote SEf(QU,t when s=1,t
and tjf@ws.

Proposition 4.2.3 Let be £ a deterministic WLTS. Then two states s,t of L% are
WLTS-similar if and only if s<"5.t, and they are WLTS-bisimilar if and only if they are
trace equivalent.

Proof. We consider the deterministic WLTS .¥ = (w, (S, £, —))

e Let be a a finite sequence over £: we are going to show by induction on the length
of o that if s <& t, it holds that whenever s —— &, there exists ¢’ with t — ¢/ and
w(s') < w(t).

— If « is the empty sequence, then the result holds: indeed since s and t are
WLTS-similar, it holds that w(s) < w(t).

— If @« = a-B. We suppose that there exists s’, such that s i s’. It means

that there exists s”, such that s — s”, and s” P, ¢ Since s and t are
WLTS-similar, s — s” implies that there exists ¢’, such that ¢t — ¢”, and

s"< ot"”. We can now apply the induction hypothesis to 3, and it tells us that

there exists ¢ such that ¢/ s ¢/ , and moreover w(s"”) < w(t"”). From there, we

can deduce that ¢ —— t', and we see that the result holds.

e Now, we suppose that sjgpt. In order to show that s and ¢ are WLTS-similar, we
construct a simulation relating them. We take:

R={(s,t)|3a, s 2 s At 5t}

We have now to show that it is a WLTS simulation. First, since sjf}t, we see that
whenever s'Rt’, it holds that w(s") < w(t'). Moreover, for any action a such that
s % ¢, we can deduce from s='2t that there exists ¢ such that ¢ 25 ¢/, and
moreover we see by looking at the definition of R that it also holds that s'Rt’. So R
is a WLTS-simulation, and the result holds.

0

Proposition 4.2.4 Let be £ a deterministic WLTS. For every M,N € Py, M and N
are trace equivalent if and only if {M"} and {N'} are bisimilar in the WLTS £ (Ag ™).

Proof. To do the proof, we are going to use Proposition [4.2.3} we see that it is enough to
show that {M'} = Z(hgm) {NV 1} whenever M and N are trace equivalent as Ag-programs.
We are going to use the fact that the traces applied to programs can be converted in
finite sequence of actions on the WLTS .Z(Ag™): for every a = Ny...N, € Tr, we
denote & = eval - N; - eval... N, - eval. We see that for every program M, it holds that

Prob(M |)(a) = w(2), where 2 is such that {M'} % 9.
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e We suppose that {M 1}55; ( A@Q,m){N 11, Then as we have observed above, for every
trace a € Tr, there exists Z,& such that Prob(M |)(a) = w(2), Prob(N |)(a) =

w(&) and {M'} % 2, {N'} % &. Since {Ml}zf;(A®cbn){N1}, it holds that
w(Z) = w(&). It means that Prob(M |)(a) = Prob(V ])(«), and since it holds for

every o € Tr, we see that M =% N.

e Now, we suppose that M =% N, and we want to show that {Ml}E;(Aeacbn){Nl}.

Let a be a finite sequence of actions in .Z(AgP"), and 2 such that {M'} 25 2.
Our goal is to show that the exists & with {N'} %5 &, and w(2) = w(&). We do
the proof by case analysis on «a: first, we see that « has to be an alternated sequence
of the shape eval - L; - eval. .., otherwise we would not have {M'} %+ @. There is
actually only two possible cases:

—or o = eval - Ly -eval... L, - eval, and then we see that there exists indeed
& = S yINLy...L,J(V) - {V'} with {N'} <% &, and moreover w(Z) =
Prob(M |)(L1...Ly), and w(&) = Prob(N |)(L; ... Ly,). Since M and N are
trace equivalent, the result holds.

— either a = eval - Ly - eval... L,, and then we see that there exists indeed & =
S kINLy ... Ly a](A\x.K) - {K{L,/z}'} with {N'} -% &. Moreover w(2) =
Prob(M {)(Ljy...Lp—1), and w(&) = Prob(N |)(L; ... Ly—1), so as previously
the result holds since M and N are trace equivalent.

0

The characterization of bisimilarity on deterministic WLTSs using traces makes it
easier to show that two states are not bisimilar, as we highlight in Example [£.2.4] below.

Example 4.2.4 We consider the two programs M = Ax.I, and N = (Ax.I & \z.Q),
in the setting of the CBN reduction theory. We associate to M and N the £ (Ag™)
states respectively {M*'} and {N'}. In Figure we represent the relevant fragment of
ZL(Ag™). We consider now the trace o = eval - I - eval. We can see that a € T({M'})N
T({N'}); it means that we can look at the success probability of o starting from respectively
{M*'} and {N'}. Looking at Figure we see that Prob(a [)({M'}) = 1, while Prob(a |
Y{N'}) = L. Using the trace characterization of bisimilarity on £ (Ae"™), we see that it

2
means that {M'} and {N'} are not bisimilar.

4.2.2 Larsen Skou applicative bisimulation for CBN Ag.

In [74], Dal Lago, Sangiorgi and Alberti introduced also another sound notion of equiv-
alence for CBN Ag, by adapting the A LTS into a Labeled Markov Chain (LMC)—aka
reactive probabilistic labeled transition system—to model the operational semantics of Agy,
and then use the bisimulation notion introduced by Larsen and Skou for LMCs to define
an equivalence on Ag programs, that they call probabilistic applicative bisimulation.

We first introduce the notion of Labeled Markov Chain, that also appears in the liter-
ature as reactive probabilistic labeled transition systems. It is a probabilistic generalization
of LTSs, in the sense that when we do some action starting from some system state, we
do not reach a single system state anymore, but a distribution—or sub-distribution—over
states. LMCs allow for external non-determinism (several different actions may be per-
formed from a given state), but not for internal non-determinism: given a state, and a
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Figure 4.3: A Fragment of the weighted LTS .2 (A4 ")

label, the system can reach only one distribution over states. The LMCs we consider take
divergence into account, since an action can lead to a strict sub-distribution. For this
reason, it has been also called in the literature partial LMC, or LMC with divergence.

Definition 4.2.9 A labeled Markov chain (LMC) is a triple #4 = (S, L, P), where S is
a countable set of states, L is a countable set of labels, and P is a transition probability

matrix, i.e., a function P : S x L x § = R such that for every state s € S and for every
labell € L, Y ,csP(s,1,t) < 1.

Larsen and Skou gave in [75] a definition of bisimulation for Labeled Markov Chain.

Notation 4.2.5 For any R C X x Y, when A is a subset of X, we denote R(A) = {z |
dr e A, 2Rz} C Y.

We can observe that this notation is well-behaved with respect to composition of relation,

in the sense where for every relation R, .S, it holds that (R;S)(A) = S(R(A)).

Definition 4.2.10 Let X,Y be two countable sets, and R C X XY a binary relation. We
H

define the asymmetric lifting of R to sub-distributions, as the relation (R)C A(X) x A(Y)
given by:

—

2 (R) & when YACX, 2(A) < &(R(A)).
We first state some easily checked fact about the asymmetric lifting of a relation.

Remark 4.2.1 Let X,Y, Z be countable sets. Then the following properties hold:

o [fRCS, then (R)C(95).

e fRC SxT,S CT xU binary relation, then 9 (R) & and & (S) F implies
—
2 (R;S) Z.
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o If (Zi)ien and (&;)ien are two countable family of sub-distributions over respectively
—

X and Y such that for every i, it holds that 2; (S) & , and (o;)ien a family of

-3
non-negative coefficients with Y, .oy <1, then Y-, i - D (S) D ey i - 6.
— —

o I[f&<.F,and 2 (R) &, then also 7 (R) 7.

Definition 4.2.11 Let # = (S, L, P) be a labeled Markov chain. A probabilistic simula-

.
tion is a relation R on S such that (s,t) € R implies that for every l € L, (P(s,l,-)) (R)
(P(t,1,-)). A probabilistic bisimulation is a relation R on S such that both R and R™1
are probabilistic simulation relations. We say that s is simulated by t (s=_4t) if there
exists a probabilistic simulation R such that sRt. States s,t are bisimilar (s=_4t) if there
exists a probabilistic bisimulation R such that sRt.

Lemma 4.2.6 For any labeled Markov chain A4 = (S, L, P):

e relations < 4 and = 4 are the largest simulation and the largest bisimulation on S,
respectively;

e relation =y is a preorder and relation = 4 is an equivalence.

We can adapt the A LTS to obtain a LMC fobé‘ for Ag. The states and labels are the
same as in %), while the transition relation — of %) is replaced by a probability matrix.

Definition 4.2.12 (from [74]) The labeled Markov chain Mf\bg = (SX%",EKZL,PX%") is
given by: ~

e the set of states is SKZB” = Pp, WV

e the set of labels is Ef\lg = Py, W {eval};

e the transition probability matrix PKZ;" is defined as:

o for every M € Py, and for every Ve ViAg
cbn 7a
Phra (M, eval, V) = [M](V)
cbn .
Pra (M, eval, M') =0 VM’ € Py;

e for every M. M € 17/\\@ and for every N € Py, :
by A7 1.
Pra (Ax.M, N, M{z/N}) = 1;
P (M. M, N, M') =0 VM'€ Py, s.t. M' # M{z/N}.

Example 4.2.5 We fix the CBN semantics, and we consider the terms M = Az.(I & Q)
and N = (Az.l) & (Az.Q). Recall from Ezample that they are trace equivalent.
However, we are going to show that they are not in EMng. In Figure we have

represented the relevant fragment of the LMC Mf\lgl We do the proof by contradiction:

suppose that there exists a simulation R, such that MRN. We take X = {\y. (2@ I)}:
it holds that PX%”(M)(eval)(X) = 1. From the definition of simulation for LMC, we can

deduce that PK%”(N)(@WZ)(R(X)) = 1. As a consequence (and by looking at Figure ,
it holds that m) and )\/y\l are in R(X), which means that both )\y.(/(_lg I)Rm) and

)\y.(/ﬁg I)Rm. But from the latter, doing again one step in the bisimulation game,
we can deduce: (Q @ I)RI. But then we reach a contradiction, since I can do the action
eval with probability 1, while Q @ I can do it with probability only % < 1.
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Figure 4.4: A Fragment of the LMC ./\/lfxbg.

As we have done for A with Z), we are now going to use bisimulation on the LMC M‘j\bg
to define an equivalence relation on Ag programs.

Definition 4.2.13 We define =, the equivalence relation on the programs of Ag, defined

cbn

by: M =x, N when M and N are bisimilar seen as states of LA®.

Observe that Example tells us that probabilistic applicative bisimulation is coarser
than trace equivalence, since there exist terms that are trace equivalent, but that prob-
abilistic applicative bisimulation is able to distinguish. As a corollary, since trace equiv-
alence is fully abstract, it means that probabilistic applicative bisimulation cannot be
complete.

Proposition 4.2.7 (from [74]) Probabilistic applicative bisimulation for CBN Ag is sound,
but not fully abstract.
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Chapter 5

Full Abstraction of Applicative
Larsen-Skou’s bisimilarity in CBYV.

We have presented in Chapter [4] two distinct equivalence notions developed by Dal Lago,
Sangiorgi and Alberti [74] for the probabilistic higher-order language Ag endowed with a
CBN semantics: trace equivalence and probabilistic applicative bisimilarity. In the same
work, they also investigate the link of these equivalences with context equivalence: trace
equivalence is fully abstract, while probabilistic applicative bisimulation is sound, but not
complete. One of the contributions of this thesis is a study of these equivalences in the
setting of call-by-value Ag: in this chapter, we show that CBV trace equivalence is not
even sound, while CBV probabilistic applicative bisimulation is fully abstract.

Most of the results we present here have been published in a joint work with Ugo
Dal Lago [24], in the setting of the typed language PCFLg, which is a CBV probabilistic
variant of PCFL—an extension of PCF with pairs and infinite lists introduced by Pitts
in [92]. Furthermore, we also studied probabilistic applicative bisimulation for CBV Ag,
extended with Abramsky and Ong’s parallel convergence tester operator, in a joint work
with Dal Lago, Sangiorgi and Vignudelli [27]. To keep the proofs simple, we chose to
present our results here in the setting of pure CBV Ag, but it is worth noting that the
techniques presented here are robust enough to be extended without much complications
to higher-order languages with more programming features than Ag. Throughout this
chapter, we will denote by —, |} , and [-] respectively the one-step reduction relation,
big-step evaluation relation and the operational semantics with respect to the weak CBV
strategy on Ag), as they were defined in Chapter

5.1 Probabilistic Applicative Bisimulation for CBV Ag..

We see in Chapter [4] that probabilistic applicative bisimulation was defined by Abramsky
for weak CBN A in [2]. Ong introduced in [88] a variant of Abramsky’s applicative
bisimulation for call-by-value A, and showed it to be fully abstract with respect to context
equivalence. At the end of their work on equivalences for CBN Ag, Dal Lago, Sangiorgi
and Alberti [74] consider briefly the CBV case; they give a definition of probabilistic
applicative bisimulation in this setting, and claim that this equivalence relation is sound
with respect to context equivalence. In this section, we present probabilistic applicative
bisimulation for CBV Ag, and we spell out the soundness proof, that uses Howe’s method
similarly to what is done in [74] for the CBN case.

61



5.1. PROBABILISTIC APPLICATIVE BISIMULATION FOR CBV Ag.

5.1.1 The Labelled Markov Chain MX‘;’B".

In order to adapt the definition of probabilistic applicative bisimulation—given in Defini-
tion [£.2.12] for CBN Ag—to the CBV setting, we have first to slightly change the Markov
Chain Mf\gl, in order to model CBV interactions instead of CBN ones: accordingly the

labels of MCbV are values instead of being the set of all possible programs.

Definition 5.1.1 (from [74]) The CBV labeled Markov chain MCb” is defined as MCb” =
(SKI;;’, £f\be§,730b“) where:
e the set of states is Sd’” = Cb” = Py, 4 VA®
e the set of labels is Ed’” = VA@ W {eval};
e the transition probabzlzty matrix Pd’” 1s defined as:
o for every M € Py, and for every Ve VAg: Pd’”(M7 eval, V) = [M)(V); and
PCb“(M eval, M’) =0 VM' e Py,.
e for every e M € VA@ and for every V € Va,: PCb”()\x.M, V,M{z/V}) =1; and
PCb”()\x.M, V,M') =0 for all M € Py, such that M' # M{z/V}.

Similarly to the CBN case—see Section 2| from Chapter |4 We define a preorder <Cb"

and an equivalence relation ERZ;’ on A@ programs, by taking respectively the 81m11ar1ty

and bisimilarity relations on the LMC Mj"\be‘)’. The question now, is whether the bisimi-

_cbv

larity =%°Y may be used to obtain some information on CBV Ag context equivalence. In

Section 5.1.2 below, we show that —Cbaj is sound with respect to context equivalence, and
in Section[b.2| we show that it even coincides with context equivalence.

In order to keep the notations readable, in the remainder of this chapter, we will denote
the CBV probabilistic applicative similarity -<Cb" simply as <, and the bisimilarity = —Cb"
simply as =

5.1.2 E?\%V is Sound wrt CBV Context Equivalence

Few years after Abramsky’s introduction of applicative bisimulation, Howe [64] gave an
alternative—more directl}soundness proof for this equivalence relation. His proof tech-
nique was then adapted by Ong [88] to show soundness of applicative bisimulation for CBV
A. Later, in [65], Howe gave a more general framework for his method, that encompassed
both call-by-name and call-by-value reduction strategies, as well as non-deterministic vari-
ants of A obtained by adding some non-deterministic operator. From there, this proof
method has been adjusted to higher-order languages with various programming features,
for instance to higher-order languages with types [59], or with states [99]. When proving
soundness for probabilistic applicative bisimulation in CBN Ag, Dal Lago, Sangiorgi and
Alberti adapted Howe’s method to a probabilistic setting. Here, we are going to adapt
their proof technique in order to show soundness of probabilistic applicative bisimilarity
for CBV Ag.

More precisely, Howe’s method is designed to show a stronger result than soundness.
Recall that—as defined in Section We call open relation a family R = (Rz)zcv,
such that each Rz is a relation over the set of Ag- terms that have their free variables
contained in T. Howe’s method provides a path to prove that some fixed open relation R
is compositional, in the following sense:

! Abramsky’s original proof is done by way of a denotational semantics, while Howe’s proof uses only
operational semantics.
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Definition 5.1.2 Let R be an open relation for an untyped observable language Lg. We
say that R is compositional if whenever two terms M and N are such that M Rz N, then
for every context C that captures all variables in T, it holds that C[M] Ry C[N].

So the first step we have to take is to extend =—a relation on programs—into an open
relation on all terms: we do that below by defining the open extension of the simulation
preorder.

Open Extension of Simulation Preorder.

To transform a relation R on programs into an open relation (R)° on all terms, there is
a generic way formalized by instance in [92]: two terms are related by (R)°, if for every
possible choice of ValuesE| to replace their free variables, the programs obtained after doing
the substitution are related by R.

Definition 5.1.3 Let R be a relation on Ag program. We define the call-by-value open
extension of R, that we denote (R)° by considering all closing substitutions, i.e., for
all M, N with FV(M),FV(N) C © = {z1,...,2,}, we have T = M(R)°N if: for all
Vi,o.o, Vi € VAg,

M{xi,...,xn/Vi,...,Va}RN{z1, ..., 2y /V1,..., Vi }.

Observe that, since =< is a preorder on programs, its open extension <° is also a reflexive
and transitive open relation—in the sense of Definition in Chapter 2l Our goal now
is to show that <° is compositional; we will see that among other things, compositionality
for <° induces soundness for the original relation < with respect to the context preorder.

Compatibility for Open Relations.

Instead of considering directly compositionality, we first introduce compatibility, an induc-
tively defined property on open relations that guarantee compositionality. Intuitively, an
open relation R is compatible, if when we start from pairs of programs related by R, and
we apply any possible sequence of rules in the grammar of Ag, we end up with a pair of
program still in R.

Definition 5.1.4 An open relation R is compatible if and only if the following conditions
hold:

(Coml) Vx € V.Vx €%, T+ zRx ;

(Com2) vz € V.Vy € T,VM,N, T,y - MRN = T - \y.MR\y.N;

(Com3) ¥Yz,YM,N,P,Q, (T MRN AT+ PRQ) =T+ MPRNQ);

(Com4) Vz,NYM,N,P,Q, T+ (MRN) AT+ (PRQ)=T+F (M @ P)R(N @& Q).

Observe that this definition is purely syntactic: in particular, it would be identical if
we were in a call-by-name setting. As a consequence, our definition of compatibility is
exactly the same as the one from Dal Lago, Sangiorgi and Alberti for CBN Ag [32].

We see now that compatibility is a stronger requirement than compositionality: first,
observe that we cannot derive (Com3) by compositionality, since the contexts we con-

sider have only one hole. However, compatibility implies compositionality, as stated in
Lemma [(.1.1] below.

20ur definition of open extension depends on our reduction strategy; indeed in CBV, only values may
be substituted during the execution of a program, while in CBN all terms may be.
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Lemma 5.1.1 Let R be a compatible open relation with respect to Ag. Then the following
hold:

1. R is a reflexive open relation;

2. R is compositional: if C is any context such that T 4C, and y, M, N are such that
T,y M RN, then it holds that y + C[M] RC[N].

Proof. o We first show that R is reflexive. Let M be such that FV (M) C 7. We
want to show that © = M R M. The proof is done by induction on the structure of
M.

— We first suppose that M = x. Since x € FV(M), it holds that x € T. As a
consequence, we see using (Coml) that T - zRz.

— We consider now the case where M = Azx.N. Since terms are considered modulo
a-equivalence, we can suppose that © € Z. Moreover, we see that FV (N) C T, x.
As a consequence, we have by induction hypothesis that Z,z F NRN. Applying
(Com2), we can conclude that T+ M RM.

— If M = NL, we have by induction hypothesis that T - NRN and T - LRL.
We can then conclude by applying (Com3).
— If M = N @ L, we obtain the result by applying (Com4).

e We now prove that R is compositional, by induction on the validity proof tree of x :
T -1 C. Recall that validity for closeness judgments on contexts is defined inductively

in Figure of Chapter

— If k is 4[], then C[M] = M, C[N] = N, and the result holds.
— If kK is T, 4 Azx.D, then the last rule in the proof tree of x is of the shape:

&l jD T¢T . Then C[M]| = Az.D[M], while C[N] = Az.D[N]. By induc-
z,x 14 \x.D
tion hypothesis, it holds that z,7 F (D[M]) R (D[N]). It allows us to apply

(Com2), and to conclude that 5 - (Az.D[M]) R (Az.D[N]).

— If kis T 4D @ L. Looking at the rules in Figure it means that T - D,
and L € P. By induction hypothesis, we obtain that = D[M] RD[N]. The first
statement of Lemma tells us that R is reflexive: as a consequence, since
L is a closed term, FV (L) = (), and consequently - L R L. We can conclude by
applying (Com4).

0

We explain now the relevance of the compatibility property for our purposes, namely
proving soundness of probabilistic applicative bisimulation. If a binary relation R on
programs is an observationally correct equivalence—in the sense of Definition in
Chapter [4] i.e an equivalence relation such that whenever two programs are connected,
they have the same termination probability—then compatibility of (R)° implies soundness
with respect to context equivalence. A similar result holds in the asymmetric case: if R
is a observationally correct preorder—i.e. a preorder such that whenever N is related to
M, the termination property of M is greater or equal to that of N—then as soon as (R)°
is compatible, it is also sound with respect to the context preorder.

Proposition 5.1.2 Let be R a relation on Ag programs, such that (R)° is compositional.
Then:
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1. if R is an observationally correct preorder, then (R)° is sound with respect to the
context preorder;

2. if R is an observationally correct equivalence, then (R)° is sound with respect to
context equivalence.

Proof. We suppose that R is a relation on programs verifying item [I, and such that
moreover (R)° is compatible. Let be M, N such that 7 = M (R)°N; our objective is to show
that T F M <°P® N. Let be C any context in the set C*® such that Z 4 C: it guarantees
that both C[M] and C[N] are closed terms. Since (R)° is compositional, Lemma
tells us that T = M (R)°N implies - C[M](R)°C|[N]. Looking at the definition of the open
extension, we see that since C[M] and C[N] are closed terms, it means: + C[M]RC[N].
Now, we apply (1)), and we can deduce from there that Obs(C[M]) < Obs(C[N]). Since it
is the case for any context C with Z - C, it means that Z - M <°> N.

The proof of is done similarly g

From there, we may see that in our path towards proving soundness of < and = with
respect to respectively context preorder and context equivalence, the key step consists in
showing that <° is compatible. Indeed, since =< is observationally correct, Proposition[5.1.2]
tells us that compatibility of <° implies soundness of < with respect to context equivalence.
Moreover, soundness of = with respect to context equivalence is implied as soon as we
know that < is sound with respect to the context preorder—because = coincides with
< N(=)"" (see Chapter , and also =% coincides with <°* N ( <ctx)=1,

Howe’s Method for CBV Ag.

This paragraph is devoted to show that <° is indeed compatible, by adapting Howe’s
method to our setting. The main idea behind Howe’s method is to define an auxiliary
relation (=<°), which is compatible by design, and thereafter to show that in fact <°
and (=°)¥ coincides. This auxiliary relation (=<°)¥ is build as the Howe’s lifting of <°,
where Howe’s lifting is a generic way to construct syntactically a bigger open relation R
starting from any reflexive open relation R.

Definition 5.1.5 Let R be an open relation. The Howe’s lifting of R s the open relation
RY defined inductively by the rules in Figure .

zU{z}FaRM  zU{z}FrMRYN ZFX.NRL
zU{z}FzRTM T o.M RI L

TFMREN ZHLRYK ZHNKRT
TFMLRET

TFMRIN ZFLRYK ZFH(N®K)RT
TH(MeL)RET

Figure 5.1: Howe’s Construction
Observe that Howe’s construction is asymmetric in nature; it is the reason why Howe’s

method has to focus on the similarity preorder, instead of considering directly bisimilar-
ity. Since the definition of Howe’s lifting depends only on the language, and not on the
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reduction strategy, our definition of R coincides with the one presented in [74]. It means
that the structural properties of Howe’s lifting shown in [74] still hold: we state them in
Lemma [5.1.3 below.

Lemma 5.1.3 (from [74]) Let R be an open relation with respect to Ag;.

o Compatibility: If R is reflexive, then R is compatible.

o Pseudo-Transitivity: If R is transitive, then: (T M RH N)/\(E FNRL)= (T - M RH L) .
e Extended Reflexivity: If R is reflexive, then T+ M RN implies T+ M R" N.

Observe that these properties do not imply a priori that RY is a preorder, since pseudo-
transitivity is weaker that transitivity. When moreover it holds that Z = M R" N implies
T M RN —i.e. that the Howe’s lifting is contained in the original relation—we say that
the Howe’s lifting of R is conservative.

When building <° as the open extension of <, we have noted that <° is a reflexive
and transitive open relation. As a consequence, we can deduce from Lemma that
(=°)" is compatible, and contains <°. So to conclude that =<° is compatible, we just
need to know that the Howe’s lifting of (<°)¥ is conservative, i.e that (=°)# C=<°. Recall
that to show that some relation R on programs in contained in =<, there is the powerful
cotnductive proof technique, i.e. it is enough to show that R is a simulation. Here, we need
to adapt this tool for the purpose of showing that an open relation is contained in <°. For
an open relation R, we call the binary relation Ry over P the restriction of R to programs,
and we denote it R|p. We would like to know that hypothesizing (jo)ff[, C<,implies that

(=z°)H C=°. It comes as a consequence from the fact that (=°) is value-substitutive, in
the sense of the definition below.

Definition 5.1.6 Let be R an open relation. Then we say that R is value-substitutive if
for all terms M,N and values V,W such that T,z + M(R)°" N and 0 + V(R)°?'W, it
holds that T+ M{xz/V} (R)°" N{z/W}

Looking at the structure of Howe’s lifting, we can see that (<°) is value-substitutive.
That’s because Howe’s lifting is designed in such a way that for any relation R on programs
(R)OH is value-substitutive, as expressed in Lemma below.

Lemma 5.1.4 Let be R a relation on Ag programs. Then (R)OH 18 value-substitutive.

Proof. We have to show that VM, N € Terms, and V,W € V such that T,z - M(R)OHN
and 0 F V(R)°" W, it holds that 7 - M{z/V} (R)°" N{z/W}. The proof is by induction
on the proof derivation for 7,z - M((R)°)N.

e If M =z and T,z + z(R)°N—with ¢ z—then the result holds by definition of
call-by-value open extension: for all V' € VAg, T+ V(R)°N{z/V}.

e In the case where the derivation is of the form:

Tz, yF P(R7TQ  Za+  A.Q(R°N
z,x+ \y.P (R N

Then it holds by induction hypothesis that z,y - P{V/x} (R)OH Q{V/x}, and by
definition of open extension, it holds that 7 b A\y.Q{V/z} (R)° N{V/xz}. From there,
by applying the abstraction rule of Howe’s construction, we obtain the result.

The proof is similar in the remaining cases. g
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We now see that value-substitutivity allows us to extend the coinductive proof tech-
nique to open relations: to show that a value-substitutive open relation R is contained in
=°, it is enough to show that its restriction to program is a simulation, hence contained
in <. The validity of this proof technique comes as a direct consequence of Lemma [5.1.5
below.

Lemma 5.1.5 Let R be a reflexive, value-substitutive open relation, and S a relation on
programs, such that Rjp C S. Then it holds that R C (S)°.

Proof. We suppose that Rp C 5. Let T = {x1,...,z,} € V, and M, N be such that
T M RN. We want to show that 7+ M (S)° N. Recall the definition of open extension
given in Definition [5.1.3} we have to show that for all Vi,...,V, values, it holds that
M{zy,...,zn/V1,..., Vi } SN{z1,...,2o/V1,...,V,}. Since R is value-substitutive, we
can deduce from =z - M R N that:

O M{zy,...,20/Vi,...,Va} RN{21,..., 20/ V1,..., Vo },
which allows us to conclude the proof since Ry = Ryp is contained in S. O

Since (=°) is value-substitutive—from Lemma Lemma tells us that con-
servativity of the Howe’s lifting of <° will be implied as soon as we know that (jO)H P
is contained in <. For this purpose, we use the coinductive proof technique, and show
that (=°)H jp is a simulation® on the LMC ./\/l?\ba‘;. To be precise, we have to consider the

binary relation on Sf\%" naturally induced by (50)&(): M and N are connected as soon as

M(jo)#, N, and V, W are connected as soon as V (jo)‘% W. We will denote (jo)gxbv
52
this relation on Sf\tg.

We first recall the Disentangling Lemma, shown by Dal Lago, Sangiorgi and Alberti
for the purpose of the soundness proof for probabilistic applicative bisimilarity in CBN.
Our formulation here is actually a corollary of their Disentangling Lemma. The intuition
is that when Z and & are related by the asymmetric lifting of R, then it is possible to go
from 2 to & by moving weight on paths that are valid for R, that is the path is either in

R, or go from the divergent state L to a state of T.

Lemma 5.1.6 (From [32]) Let S,T be two countable sets, and R C S x T a binary
relation. Let & be a finitely supported distribution over S, and & any sub-distribution
—

over T. Then 9 (R) & if and only if there exists a sub-distribution w over R such that :
o foreveryt €5, 3 ez (s, t) < E(H);
o forevery t €T, 3 1eqp) (s, 1) = D(s).
We will say that such a w is an asymmetric coupling from 2 to & that respects R, and
we will write m 4 (2&E).

Lemma 5.1.7 (Key Lemma) (=<°) is a simulation on the LMC M/C\Ig.

Hb
SCU
S5t

3In the proof of congruence for the probabilistic call-by-value A-calculus in [74], we had to consider the
transitive closure of (<°)¥, since the definition of simulation required the relation to be preorder, which
implies that the transitivity of (<°)” is needed. Here, however, following the presentation in [27], we have
relaxed the definition of simulation, so this is not anymore necessary.
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Proof. Looking at the definition of simulation, and at the structure of the LMC MCbe;’,
we see that we have to show:

1. For every V € V, and M, N € Terms such that () - Az.M (=°)¥ Az.N, it holds that
O+ M{V/x}(=z) N{V/z}.

—

2. For all programs M, N such that () = M (=°)? N, it holds that [M] ((=z°)¥)
H

[N]—where ((=°)f) is the asymmetric lifting to sub-distributions, as defined in
Definition of Chapter [ i.e..YA C V,[M](A) < [N]((=°)" (A)).

Proof of item If 0 - Az.M (=°) \x.N, and that V is a value. Then looking at
Howe’s construct, we see that it means that there exists L with x = M (2°)# L and
) = Ax.L =° Az.N. Since (=°)f is reflexive and value substitutive, we obtain that
0= M{V/x} (=°)" L{V/z}, and since < is a simulation, we obtain that () - L{V/z} (=°
Y N{V/z} . We can now conclude by the pseudo-transitivity property from Lemma
and we see that 0 = M{V/z} (=) N{V/z}.

Proof of item We first use the following property of the asymmetric lifting—that
can be easily checked from its definition: for any binary relation on S x T, if D is a directed
set of sub-distributions over .S, and & any sub-distribution over 7', it holds that:

V2 € D,2 (R) & =supD (R) &.

This remark allows us to use the approximations semantics instead of the exact semantics
of M, so we we can now reformulate our goal as:

—

0-M(=)PN =  vVowith M2, 2 (=) [N]. (5.1)

It is easier to show that directly the statement in Lemma since now we can
reason by induction on the proof derivation of M | 2.

We will also use the fact that given a set of set of open terms X, let Az.X = {Az.M |
M € X}. Since all values are A-abstractions, a set A C V may be represented as Az. X,

where X is a set of open terms that no other free variables that . Now, by looking at the
definition of (=°)#, we see that (=°)7(A4) ==° (A\z.(=°)7(X)). To sum up:

(=) N{(L,K) | LeV}={(z.L,K) | 3T with L (=) T AXzT =° K}, (5.2)

We now show ([5.1) by induction on the proof derivation of M | 2. We consider
separately each possible rule which can be applied at the bottom of the derivation:
e If the rule used corresponds to the fact that, for every term, the empty distribution

is an approximate semantics, the derivation is: s 10 bV then 9 = (), and indeed
H

0 ((=z°)") [N]. )
o If M is a value V = Az.L and the last rule of the derivation is vV {Vl} v

then 2 = {V1} is the Dirac distribution for V and, by the definition of Howe’s lifting,
((Z) F Az L (=) N) was derived by the following rule:

v LK QFX.K <°N
OF Xz L(=x°)IN
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Recall that () - Az.K =<° N) and that < is a simulation on our LMC. Since < and =<°

—
coincide on closed terms, it tells us that {\z.K'} (=°) [N]. Our goal now is to show
H

that also Az.K ((=°)) [N]. Let Az.X C V. If Av.L € A\z.X then 2(\z.X) = 0.
Otherwise, Z(\z.X) = Z(M\z.L) = 1 = [N](=° {\z.K}). It follows from L(=°)7K
and from Az.L € Az.X that Av.K € \z.((2°)” X); hence, [N](=° {\z.K}) < [N](=°

—

Az.((=°)7 X)). So using (5.2)), we can conclude that {V!} ((=°)) [N].
If the derivation of M | & is of the following form:

My & My |} 7 {P{z/V} I E2 9 }rx.Pesr),
VEeS(F)

MM 4 Yy esz) (V) (Z,\I‘Pesusf) L%/()\x-P)-éaP,v>
Then M = M;Ms and we have that the last rule used in the derivation of ) - M (=<°
VAN is:
DF M (=M, OF My(=2) My  OF MM} <°N
0+ My My(=)EN

We are first going to apply the induction hypothesis to the derivation of M; || £ and
My || #: by using the Disentangling Lemma—that we recalled in Lemma we
H

see that there are two couplings 71, 72 that respect ((<°)) such that 7 <€ (# &[M]])
and 7y € (FZ&[M]).
.

Recall that our goal is to show that 2 ((=°)f) [N]. First, we use these couplings to
express the sub-distribution 2:

9= F(V)> H(\xP)épy
14

Az.P

_Z(ZWI(V,W)> ZWQ()\x.P,Ax.Q) Epyv
V,P \ W Q

— Z Z m(V,W) - m(Az.P,A\x.Q) - Epv

w.Q PV

We fix now W and @, and we consider V, P such that m (V, W) > 0 and ma(Az.P, \x.Q) >
0. Observe that since m; and 7y respect (=<°), it means that () F V (=°)# W and
0+ \z.P(=°)" A\z.Q. It implies—by construction of Howe’s lifting—that there exists
S with z - P (=°)# S and O - A\z.S <° \z.Q.

o We first utilize z - P (=°)# S . Since (=°)" is value-substitutive, it holds that
0 - P{V/x}(=°)7 S{W/z}; we may apply the induction hypothesis, and we
obtain that

—

Epyv ((2)T) [S{W/x}]. (5.3)

e We now utilize the fact that @ - Az.S <° Az.Q. Since < is a simulation—and

=< and =° coincide on closed terms—and that in the LMC ECbe;’, for U € {S,Q},

)@T]V—K{U{W/x}l}, it holds that @ - S{W/x} <° Q{W/x}. By doing again one

step forward in this LMC, we see that for U € {S,Q}, U{W/:r}egl[[U{W/x}]]
Since = is a simulation, it tells us that:

l

[S{W/x}] (

IA

°) [Q{W/x}]. (5.4)
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Using Remark of Chapter |4 on composition for the relational lifting, we see that
—

we can combine ([5.3) and (5.4) to obtain &py (=° o(=°)H) [Q{W/x}]. Recall that we

know also from Lemma that <° o(=°) C (=x°)#. Moreover, we know also—from
— —
Remark |4.2.1| of Chapter 4| —that whenever R C S, then (R) C (S). As a consequence,
—

we deduce that &py ((=°)H) [[Q{K//a:}]]

Summing up, and using that ((=<°)¥) is stable by linear combinations —from Re-
mark of Chapter [4] —we obtain that:

9 ((Q)H) SN m(V,W) - m(Ae. P Aa.Q) - [Q{W/x}]. (5.5)

w,Q P,V

Now, we use the fact that m; < (£ &[M{]) and 7o <« (F&[MJ]) tellus: > p mi(Az.P, A\z.Q) <
[M{](Az.Q), and similarly > mo(V, W) < [M3](W). From there, we can use the fact

E—
that (R) is right-stable under pointwise order—see once again Remark {4.2.1{—we can

deduce from ({5.5) that:

—

7 ((=)") Y IM10.Q) - [M3[(W) - [Q{W/x}]. (5.6)

W?Q

Observe now that the right part in (5.6)) is exactly [M]M}]. As a consequence ([5.6)

_>
implies 2 ((=°)) [M]Mj].
We are now almost ready to conclude: indeed we know by hypothesis that () = M M5 <°
—_
N, and that <° is a bisimulation, it holds that also [M{MJj] (=°) [N], and we can
conclude by using again that <° o(jo)H C (jO)H and the composition Lemma for
4)

relational lifting that 2 ((=°)¥) [N].
o If M || Z is derived by:

My |} P My |} Py
UMy ® Mys 9 + 5%

then () - M (=°)? N is derived by:

0+ M (=°)" Ny 0 My (=°)" N, PFENL &Ny <=° N
0+ My & My (=°)EN
By the inductive hypothesis, for i € {1,2} we have that for any Az.X C V,

Zi(Ae.X) < [NiJ(=° M. ((=°)1 X))

Hence, the result follows from:

% . 91(/\1'.)() + % : .@2(A$.X)
< 5 - [INl(° Az (207 X) + % [Ne] (=7 Az.((2°)7 X))

N | —

We have now all ingredients necessary to state compatibility of <°.

Theorem 5.1.8 =<° is compatible.
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Proof. Recall that we know already that (jO)H is compatible, and moreover <°C (jO)H :

as a consequence it is enough to show that the Howe’s lifting of <° is conservative. Using

the key Lemma [5.1.7], we see that (jo)gcbn is a simulation. Since =< is the greatest
Ag

simulation, it holds that (50)@ C=. We can conclude by applying Lemma m it tells
us that (=°)7 C=°, ]

We may now apply Proposition since = is a observationally correct preorder, and <°
a compatible open relation, and we obtain that < is sound with respect for the context
preorder, and by symmetry we also obtain soundness of =.

—cbv
—A

Corollary 5.1.1 jf\beg s sound with respect to context preorder, and s sound with

respect to context equivalence.

5.2 Full Abstraction for Probabilistic Applicative Bisimula-
tion.

In the setting of CBN Ag, Dal Lago, Sangiorgi and Alberti [74] showed that neither prob-
abilistic applicative bisimilarity nor probabilistic applicative similarity are complete—i.e
bisimilarity does not coincide with context equivalence, and similarity does not coincide
with context preorder. In this section, we show that by contrast, for CBV Ag, probabilis-
tic applicative bisimilarity and context equivalence actually coincide, while probabilistic
applicative similarity do not coincide with the context preorder. It highlights a previ-
ously unobserved gap both between the CBN and the CBV semantics, and between the
symmetric and the asymmetric case. At the time where we published it—in a joint work
with Ugo Dal Lago [24]—, it was an unexpected result, because these phenomenon appear
neither in the deterministic case—where both applicative similarity and applicative bisim-
ilarity are fully abstract, irrespective of whether the reduction strategy is call-by-name
or call-by-value—mnor in A enriched with a non-deterministic operator—where neither ap-
plicative similarity nor applicative bisimilarity are complete, irrespective of whether the
reduction strategy is call-by-name or call-by-value, and of whether we take a may-converge
or must-converge flavor [77].

To show full-abstraction of probabilistic applicative bisimilarity, we are going to use
the characterization of LMC bisimilarity established by Breugel et. al., that is based
on a notion of testing: two states are bisimilar if they have the same success probability
under some family of tests. Our proof method consists in showing that when we consider
the LMC Mdg, every relevant test & may be emulated by a Ag-context C—i.e. for any
program M, the termination probability of C[M] is the same as the probability that the
test a succeeds when executed on M.

5.2.1 Labeled Markov Processes (LMP)

Breugel et al actually work with more general objects than LMCs: they consider Labeled
Markov Processes, that are a generalization of LMCs designed to deal with continuous
probabilities. The concept of probabilistic bisimulation has been generalized to LMPs
by Desharnais et al, more than ten years ago [39] [41]. Later, Breugel et al showed that
similarity and bisimilarity as defined in the aforementioned paper exactly correspond to
appropriate, and relatively simple, notions of testing [118]. We are going to summarize
here those of their results that are relevant for our purposes. To this end, we will need
the elementary notions of measure theory that have been presented in Chapter
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The first step consists in giving a the definition of Labelled Markov Processes: they
are a generalization of LMCs in which the set of states is not restricted to be countable:

Definition 5.2.1 A Labelled Markov Process (LMP in the following) is a triple A4P7%*° =

(Q, Act, p), consisting of a measurable set of states Q = (S,X)—i.e. S is a set, and

> a o-field over S—, a countable set of labels Act, and a transition probability func-

tion p: S x Act x ¥ — [0, 1], which has to be a Markov Kernel on (Q, Act), i.e. such

that:

o for all x € S, and a € Act, the naturally defined function pyq(-) : ¥ — [0,1] is a
sub-probability measure on €);

o for all a € Act, and A € X, the naturally defined function p(yo(A) : & — [0,1] is
measurable.

We note Ker(), Act) the set of all Markov Kernels on (2, Act).

The notion of (bi)simulation can be smoothly generalized to the continuous case. We
give here the definition following [41]. The one given in [I18] is slightly different, but as
noted there it leads to the same similarity and bisimilarity notions.

Definition 5.2.2 (From [118]) Let (2, Act, ) be a LMP, with Q = (S,%) and let R be

a relation on S.

e R is a simulation, if it is a preorder and if whenever s Rt, then for every a € Act
and A measurable R-closed subset of , it holds that jisq(A) < p,qa(A).

e R is a bisimulation if it is an equivalence relation, and if whenever s Rt, then for
every a € Act and A measurable and R-closed subset of Q, it holds that s q(A) =
fit,a(A).

For a LMP .#P*°* both the greatest simulation and the greatest bisimulation exist [41]:
we call them respectively similarity—that we denote <_jprocess—and bisimilarity—denoted
= yrrocess. Liabelled Markov Chains can be seen as a particular kind of LMPs—the ones
on discrete measurable spaces, where the states space S is countable, and the o field ¥ is
taken as Parts(S) —as highlighted in Example from Chapter [1|it is indeed a o-field
over . We express in Lemma [5.2.1] below that Markov Kernels on those kind of discrete

LMPs are in one-to-one correspondence with probability matrices, meaning that discrete
LMPs are exactly LMCs.

Lemma 5.2.1 Let S be a countable set, and Act a countable set of labels. Let Qs be the
measurable set (S, Parts(S)). Then we can build a bijection ¢ from Ker(Qs, Act) into the
sets of all probability matrices over S, by taking:

¢ p € Ker(Qg, Act) — Py, with P,(s,a,t) = psq({t}).

Proof. First, we have to show that for every Markov Kernel u € Ker(Qs, Act), ¢(u)
is indeed a probability matrix i.e that for every state s € S and for every label I € L,
Y es P(i)(s,1,t) < 1. It is a direct consequence of the fact that psq(-) is a sub-probability
measure on §)s: indeed 1 > 154(S) = > cg is,a({t}) since S is countable.
Then, we define a function % from the set of probability matrices over S into the set
of Markov kernels over (£2s), and we show that 1 is the inverse of ¢. Whenever P is a
probability matrix, we define )(P) : S x Act x Parts(S) — [0,1] as ¢(P)(s, Act,S) =
Y zes 4 (s,a,x). We see that ¢)(P) is indeed a sub-distribution over 2s. Moreover since
S is countable, any function S — [0, 1] is a measurable function: it means that 1 (P) is
indeed a Markov kernel. Moreover, we see easily that both ¢ o+ and 1 o ¢ coincide with
the identity, that concludes the proof.
([l
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In the following, if #Z = (S, Act,P) is a LMC, we will use .Z° to denote the LMP
((S, Parts(S)), Act, =1 (P)). We show now that bisimilarity and similarity are preserved

by ¢.

Lemma 5.2.2 Let # = (S, Act,P) be a LMC, and s,t two states in S. Then it holds
that:

1. s Xy t,if and only if s 2 yo t;
2. s =y t,if and only if s = yo t;

Proof. We first show item We are going to show that any pre-order R on § is a
simulation for the LMC . if and only if it is a simulation for the LMP .Z°.

e Let R be a preorder on § which is a simulation for the LMC .#Z. Let s,t € S be
such that s Rt. Let a € Act and A be a measurable R-closed subset of 2. Since
R is a simulation on the LMC .#, it holds that P(s,a, A) < P(t,a,R(A))). Since
A is R-closed, P(t,a,R(A)) = P(t,a,A), hence P(s,a,A) < P(t,a,(A)). We can
rewrite this inequality using the bijection ¢ as ,u¢71g///)(s, a, A) < prg1( ) (t, a, A).
As a consequence, R is a simulation on the LMP ¢= (%) = .#°.

e Let R be a preorder on S which is a simulation for the LMP .#°. Let s,t € S be such
that s Rt. Let a € Act and X C S. First, observe that R(A) is a measurable set with
respect to the o-field s—since in the discrete o-algebra, all subsets are measurable.
Since R is a preorder, it holds that R(R(X)) = R(X), hence R(A) is a R-closed
measurable subset of {2s. As a consequence, we can use the fact that R is a simulation
for the LMP .#°, and we obtain that: p_gzo(s,a, R(A)) < p g (t,a, R(A)), which
we can rewrite by looking at the way we define .Z7 from .# as: P(s,a, R(A)) <
P(t,a, R(A)). Since moreover A C R(A)—since R is reflexive—we can deduce that
also P(s,a, A) < P(s,a, R(A)). By combining these two inequalities, we deduce that
P(s,a,A) <P(t,a, R(A)) and from there we obtain that R is a bisimulation for the
LMC .#.

Since we know that both the greatest simulation for the LMC .# and the greatest sim-
ulation for the LMP .#° are pre-order, we can conclude that they coincide. The proof
of item [ is similar. O

It means that we are able, using the function ¢ defined in Lemma to transfer all
results that hold for bisimilarity or similarity on LMPs to the analogous notions of LMCs.
It is in particular the case of Breugel et. al.’s testing characterization for LMP bisimilarity,
that we present in the next paragraph.

5.2.2 Bisimilarity and Similarity are Characterized by Tests

In 1980, Milner and Hennessy [62] 61] introduced the so-called Hennessy-Milner modal
logic (HML), and showed it fully characterize bisimilarity on LTSs that are image-finite—i.e.
such that, from any state s, and for every action a there is a finite number of state ¢ such
that s—5t—, i.e. that two states s and ¢ are bisimilar if and only if they satisfy the same
formulas. Using this logical characterization, Abramsky developed in [I] a testing char-
acterization for those LTSs that are both image-finite and finitely branching —for every
s, there is a finite number of actions a that may be done. Intuitively, a test specifies an
interaction between an experimenter and a process, and this interaction may succeed or
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fail. Since LTSs are non-deterministic, several runs of a test on a given process may lead
to different outcomes; for this reason, the behavioral semantics of a test « is a function
[o] : & — Parts({L, T}). Abramsky’s showed that his testing language characterizes
bisimilarity, in the sense that two states s, ¢ are bisimilar if and only if, for every test «,
[e](s) = [ed(2).

When introducing bisimilarity for LMCs [75], Larsen and Skou also introduced a test
language designed to characterize it. As in the LTS case, different runs of a test may lead
to different outcomes; however since we are now in a probabilistic setting, we are not inter-
ested anymore into the set of all possible outcomes, but in the probability of obtaining each
outcome. It means that the semantics of a test is now a function [a] : S — A=({L, T}).
Observe that since we consider proper distributions, the probability of obtaining 1 can
actually be computed from the probability of obtaining T, and so we see that it is enough
to specify for each state s the success probability of o« on s. Larsen and Skou showed
that when a LMC verifies the so-called minimal deviation assumption [(5]—intuitively,
it requires that whenever two transition probabilities are different, they must not be ar-
bitrarily close—two states s and ¢ are bisimilar if and only if for each test a expressible
in the test language, the success probability of « is the same irrespective of whether it
is applied to s or t. Unfortunately, the minimal deviation assumption is not verified by
the LMC E‘j\be;’ we are interested in. Breugel et al extended in [I18] Larsen Skou’s testing
characterization to the more general class of LMPs, which encompass all LMCs, and so
allows us to get rid of the minimal deviation requirement. They actually consider two test
languages: a language 7 similar to the one of Larsen Skou, that characterizes bisimilarity,
and a larger one 77 that characterizes similarity: two states s,t of a LMP are bisimilar if
and only if they have the same probability of passing successfully each test of Ty, while
they are connected by the similarity relation if for every test in 77, t has a greater or equal
probability of passing it successfully than s. We present here the test language 71, 7o and
how to compute the success probability of tests when executed on some LMP state.

We first define tests as purely syntactic objects, generated by a BNF grammar, and
then we construct a family of measurable functions S — [0, 1], that specify the success
probability of a given test starting from any state in S.

Definition 5.2.3 Let .#P™ = (S, Act, ) be a LMP. We define the test language for
similarity 77 (#P"°°*%), and the test language for bisimilarity To(.#ZP™%*%) respectively as:

a € Ty (AP = w ‘ a- o ‘ (o, o) | aVa;
a € To( AP = w ‘ a- o ‘ (o, ) where a € Act.

Please observe that tests are finite objects. Each test in 7; specifies an interaction
between an experimenter and a system with buttons: for each action in a, the experimenter
may push the corresponding button, and then the system may fail or accept to carry on the
interaction. We describe now for each test which experiment it specifies. w is the test that
always succeeds. The test a-« represents the experimenter pushing the button a to ask the
system to perform this action, and in case of success proceeds with performing the test a.
The test («, 5) is a conjunctive test, that makes two copies of the current underlying state
of the system, tests them independently according to a and 8 and succeeds iff both tests
succeed. The test oV 3 is a disjunctive test, that also makes two copies of the underlying
state and tests them independently according to a and 3, but succeeds as soon asat least
one of these experiments succeed. We now give a behavioral semantics to tests, in a way
consistent with the interpretation of tests as experiments described above. It consists in
associating a success probability to every tests, that depends on the LMP describing the
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underlying system being tested, and also on which state of this LMP we take as initial
state when starting the test run. It is formalized accordingly in Definition below.

Definition 5.2.4 (From [I18]) Given a labeled Markov Process #P™*° = (S, %, ), we

define the behavioral semantics for tests in 77 (L"), as the indexed family { Pr?"" " (., Q) YaeTi (arprocess)
(such that Pr"" " (.,a) : S — R is a measurable function) by induction on the structure

of a:

PT%pTocess(s, W
PT%??"OCSSS(S7 a- o

‘Prﬁp’l‘(ﬂ:(iss(s7 <a7 >
Pr%process(s’ a \/ B

P //pmce‘m( )dusya;

— Pv%Pmcess(Sja) . Pr//?roccss(sﬂg);
— Pr/”process(s’ a) + PMPT'OCSSS((g’ B) o Pr%})’!'{)CGSS(S, a) . PMPT'OCSSS((g’ B)

Observe that both 77 and 7y encompass traces—i.e. the linear tests presented in Sec-
tion from Chapter [@—but also offer more possibilities to the experimenter who, at
each step of the experiment, may also decide to copy the process he interacts with.

We consider now the particular case where LMPs are discrete, i.e of the form .#°
where .# is a LMC, we denote Pr#(s,a) to mean Pr?’(s,a). Looking at the way
success probability for tests on .#7 are defined, we see that we can give a more direct
formulation of Pr? (s, ) as expressed in Proposition below, that takes advantage of
the discrete setting to replace Lebesgue integration with an infinite sum.

Proposition 5.2.3 Let .# = (S,L,P) be a LMC.

Pr(s,w) = 1;
Pr/// (s,a- ) ZP’F t,a) - P(s,a,t);
tesS

Pr///(s, (o, B)) = Pr///(s, a) - Pr///(s,ﬂ);
Pr(s,a Vv B) = Pr¥(s,a) + Pr’(s,8) — Pr?(s,a) - Pr?(s, )

Proof. It is a direct consequence of the characterization of Lebesgue integrals for discrete
spaces given in Chapter ]

Example 5.2.1 We give here an example of how operates a test on the LMC [,Cb” We

consider the test a = eval -V - (eval- w, eval - w) € 76(/\/1?\[’6;’), where V' is any value in
V. The interaction specified by this test is as follows: first the experimenter evaluates
the program, and passes to it the value V as an argument, then he takes two copies of
the resulting program, and evaluates each of them independently; the test succeeds if both
evaluations terminate.

We look now at what happens when we apply o to the programs M = \y.(Q @ I),
and N = (A\y.Q) & (A\y.I). We represent in Figure the main steps needed to compute

Prﬁfc‘bﬂg (M, «) and Prﬁfc\bé (N,a). Due to the inductive nature of the definition of tests
success probability, this computation has to be done starting from the states represented to
the bottom of Figure[5.9, towards the states represented at the top: we start from the fact
that Pr(u,w) = 1, and from there, we build step by step the success probability of a on M

and N. At the end, we obtain that preve (M, ) = 1, while PrEve (N,a) = 3.
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p1(v) :=Pr(v,eval - (y’)[sl =\y.(Q& I)] [t1 =(\y.Q) & ()\y.I)]

p1(s2) = % eval | p1(t1) = %
eval 1 0
/

ZZ_V' ‘,1. .‘fl, - o — —
o :=V - (eval - w, CV? s2 = A\y.(Q @ I)] [t2 = )\y-Q] [t/2 )\y.I]

pQ(U) = Pr(v, (6] ) T = ) =
p2(s2) = § palt) =0 palta) =1

p3(v) :=Pr(v,eval - w)

Figure 5.2: Examples of Tests’s Success Probability in the LMC Mf\be;’.

We state now the characterization of bisimilarity and similarity by testing, as shown by
Breugel et al. for LMPs: it is possible to decide which pair of states are similar and
bisimilar by looking at the probability success of tests when applied to these states.

Theorem 5.2.4 ([118]) Let .47 = (S,%, ) be a LMP, and s,t € S. Then:
o 5= goocess tiff Pr7"" 7 (s,0) = Pr7 (4, a) for every test a € To(APT).
o 5 = gpocess tiff Pr" T (s,0) < Pr7 (4, a) for every test a € Ti(APT0).

Recall that bisimilarity on .# and .#° coincide, and it is also true for similarity. It
means that for characterizing bisimilarity or similarity on .#, Theorem tells us it is
enough to consider the success probability of tests on .Z°.

5.2.3 Every Test in 7; has an Equivalent Context

Our objective now is to apply the testing characterization given in Theorem [5.2.4] to the
particular case where we consider the LMC Eﬁ\bﬂ;’—introduced in Section define
probabilistic applicative bisimilarity on CBV Ag—in order to show completeness of Ej\bv
with respect to context equivalence for CBV Ag. Theorem tells us indeed that
proving (Eﬁ\be;’) D ( =*) boils down to show that whenever M and N have exactly
the same convergence probability under any contexts, they have also exactly the same
success probabilities for all tests. Or, more precisely, that for a given test «, there exists
a context C, such that for all programs M, the success probability of a on M is exactly

the convergence probability of C[M]:
L.cbv
Prte (M, o) = [[CIM]]].

When we are able to build such context C, we say that C emulates the test a. We have

to be careful here, since we have in fact two different kinds of states in S/C\E’];’: programs

and distinguished values. In consequence, we define two encodings OF,0Y : Ty — Che
that build contexts emulating the action of tests when they are executed respectively on
programs and distinguished values. It means that for each test «, its success probabil-
ity starting from the state M is the same as the termination probability of the context
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a OF (o) = A2.(OY(V - (eval - w, eval - w))[z])[]
eval

OY(V - (eval - w, eval - w)) = OF ((eval - w, eval - w))[([]V)];

v
A OF ({eval - w, eval - w)) = f(OF (eval - w), OF (eval - w))
OF (eval - w) = (Az.((6Y(a)[x])))[]
eval \eval
w b V(W) =yl

Figure 5.3: Context OF (a) emulating the test a = eval - V - (eval - w, eval - w).

OF (a)[M], and similarly, its success probability starting from the state V is the same as
the termination probability of ©Y(a)[V].

Definition 5.2.5 We define ©Y,07 : T()(MXZ’G;’) — C by mutual induction on the
structure of o € 76(./\/1%’6;’), as specified below:

1. Non-relevant actions: OP(V - a) = Q[] and ©Y (eval- a) = Q;
2. Buver-Successful Test: OF(w) = Ax.[]; OV (w) = Az.[];

3. Action V: OV(V - a) = OP()[([]V)];

4. Action eval: ©P(eval- o) = Az.(0Y(a)[z])]] with z ¢ VOV (a);
5

. Conjunction: ©F((a, B)) = f(OF(a),07(8)) and ©¥({, 8)) = f(6(a),0Y(8));
where f : Che x Cre — Cre s defined aéﬁ:

f(C, D) = Oax.(\y, 2.1)(C[zI])(D[zI]))(Ax.[]);  where x & VCU VD

Observe that Definition [5.2.5] is actually ambiguous, since we have to choose the variable
x arbitrarily in item [4] item [5] However, the contexts it is possible to build are equivalent
using a-conversion, which is enough since we fill them with programs only.

In the example below, we show how the ability of CBV contexts to first evaluate
and mext copy programs allows us to emulate tests with a conjunctive structure. By
contrast, CBN contexts do no have this ability, and in consequence are not able to emulate
conjunctive tests.

Example 5.2.2 We look at the test o = eval-V -{eval - w, eval - w) of Example .' recall
that we used this test to distinguish the programs Az.(Q @ I) and (Az.Q) ® (A\z.I), that
cannot be distinguished by linear traces alone. We illustrate Definition by building
the context emulating the test a: we want to compute ©F(a). The inductive step-by-
step computation from Definition [5.2.5 is represented in Figure where the test o is
represented by its syntax tree. We analyze here the behavior of the resulting context, looking
at each block used to buslt it.

4 Actually, we could replace I in the definition of f by any other program that terminates with probability
1.
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e First, we see that OF (evalw) = (A\z.(\y.x))[-]. We denote this context C*¥; intuitively,
it evaluates its argument and then store the result. Observe that for every N, it holds
that the convergence probability of C*[N] is equal to that of N.

o We look now at the context OF ({eval - w, eval - w)), that we denote C***+. Observe that
as represented in Figure we may compute CPF by using C* and the conjunctive
function f. We obtain:

CPY = (\z.(\y 2. I)CHaI|CHzI]) (M. []).
We denote this context We see that for any program N, it holds that:
CPYN] = Ay A2.I)(CH (M. N)]) (CH(Az.N)T]).

Recall from Chapter that (Az.N)I is contextually equivalent to N —since they re-
duce to exactly the same distribution over values. As a consequence, the termination
probability of C**+[N] is the same as that of the program below:

(Ay.-Az.I)(CH[N])(CHN).

On this form, it is easier to understand what C¥*+ does: it takes two copies of its
argument N, evaluates each of them independently using the context C*, and returns
I—the identity term —whenever this computation terminates.

e Finally, we see that ©F(a) = (Ax.OF({eval- w, eval- w))[xV])[-]. It means that
OF(a) does the following: first it evaluates its argument, then it passes to them
the value V', and finally it gives the result to the context C2*+.

If we sum up the considerations above, we see that the context ©F(a) emulates indeed the
interaction specified by the test «, that has been analyzed in details in Example[5.2.1].

We now state the main result of this section: for each test o € Ty, its behavior on programs
is indeed emulated by the context ©F (o). This result is crucial for showing completeness
of E?\kg with respect to context equivalence in CBV, since it amounts to show that the
testing characterization of bisimilarity on Mf\lg’ can be translated into a characterization
by a family of contexts.

Theorem 5.2.5 Let a be a test in 76(./\/110\1;;’). Then for every M closed term and every
V' wvalue it holds that:

P (M, ) = ([0 (a)[M]]); P (V,0) = |[07(0) V]

Proof. We are going to show the thesis by induction on the structure of the test a.
cbv
e If o = w, then for every closed term M, and every closed value V', both prie (M, w)
cbv .

and Pr'"'e (V,w) are equal to 1, and we have defined accordingly OF (w) = 6Y(w) =
Az.[]. Since ©F (w)[M] and ©Y(w)[V] are values, their termination probability is 1,
and so the result holds.

o If o = (f31, B2) we see by induction hypothesis, that for all 1 <i <2, VM € P,VV €

v: P (0, 8;) = |[OP(8)[M]]| and PrY%e (17, 8,) = [[6V(8,)[V]]|. Looking at
Definition [5.2.5 we see that :

OF ((B1, B2)) = £(OF (B1), 0% (52))
OV ({B1, B2)) = f(©¥ (1), 0¥ (B2))
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The overall behavior of the context f(C,D) is to copy the content of its hole into the
holes of the two contexts C and D. For any closed term M, and as soon as x does not
already appear neither in C nor in D, we can express the convergence probability of
f(C,D)[M] as a function of the convergence probability of C[M] and D[M]:

[, D)[M]]| = ([[C{(Az-M)I]]) - (I[D[(Az. M)I]][)
= ([c[M) - ([PIMI]])  since VL € P, L= (Az.L)I

As a consequence, for any closed term M, and any value V:

OP (81, o)) M| = Pr5e (01, By) - P13 (M, B) = Pr'*e (M, (81, o));
0¥ (B, B)) V]| = Pr5s (7, By) - PeMRe (7, Ba) = P (7, (81, Ba)):

and so the result holds.

e If a = a - 3, then we consider separately the case where a is the action eval, and the
case where it is a value:

e First, let us suppose that a = eval. We first consider ©Y(a): since the eval action

is relevant only for states of /\/leV which are terms (and not distinguished values),

we want to show that ©Y(a )[V] always diverges. Since ©Y(a) = Q[] and since
[2] = 0, we have indeed that for any V € V, [0Y(« )[ ]]] = (). We consider now

OF (a): by the induction hypothesis, we know that prMig (V1. 8) = 18 (B)[VI]I-
Please recall that we have defined ©F (a - 8) = A\z.(0Y(3)[z])[-], where z is a fresh
variable that in particular does not already appear in ©Y (8). We can see now that
for every M € P, it holds that:

6P (a- B)[M]]| = Z[[Mu ) [[e¥ BV
- Z[[M]](V) M ([v], 8)

= Z Cb" (M, eval,s) - Per‘bﬂg (s,B) = pris (M, 5)

SGSCbV
Ag

e Now, we suppose that a = V, with V € V. First, recall that we have defined
cbv
OP(V - B) = Q[], and so Pr’" % (M, V - B) = 0 = |[OP(V - B)[M]]]|. We look
now at ©Y(V - 3), that as been defined in Definition as ©F (B)[[]V]. For any
W = Ax.M €V, we can see that:

[ev(v - )Wl = I[[@P(
—Pr

uagi

WV,B3) by induction hypothesis

M{V/x},B) since [WV] = [M{V/z}]
- B).

=Pr
MCb

&)
1
MA®(
@ (W

0

We can now use the contexts emulating %(MCbV) to finally show that = —Cb" is fully abstract
with respect to context equivalence in CBV A@

Theorem 5.2.6 = is fully abstract with respect to the contextual equivalence.
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Proof. We already know from corollary that = is sound, that is =C =“* . Hence,
what is left to show is that =" C=. Let M, N € P be such that M =* N. We want to
show that M = N. The testing characterization of simulation tells us that it is sufficient

cbv cbv
to show that, for every test a € %(beﬂ;’), pr’he (M, «a) = e (N, @), which in turn
is a consequence of Theorem since every test a of 76(./\/17\2;’) can be simulated by a
context of CBV Ag. n

5.2.4 The Asymmetric Case: jf\%" is not complete

Theorem 5.2.6|establishes a precise correspondence between bisimilarity and context equiv-
alence. However, it cannot be extended into a correspondence between similarity and the
context preorder; we are actually able to show that similarity and context preorder do
not coincide, by giving a counterexample, namely a pair of terms which can be com-
pared in the context preorder but which are not similar. This counter-example actually
consists of the same programs as the counter example to completeness of probabilistic
applicative bisimilarity for CBN Ag. Let us fix the following terms: M = A\y.(Q2 @ I) and
N = (A\y.Q) @ (\y.I).

Recall that in CBN, M and N are contextually equivalent, but not bisimilar. By
contrast, in CBV M and N are neither context equivalent, nor bisimilar: it is for instance
witnessed by the context C = OF («) build in Example as the context emulating the
test & = eval - V - (eval - w, eval - w) that distinguished M and N. Since C emulates «, we
can in particular deduce from the success probability of @ when applied to M and N—as
computed in Example [5.2.1] —that |[C[M]]| < |[C[N]]|: it means that the context C and
the test a actually witness respectively —=(N < M) and —(N jf\be;’M ).

We look now at the reverse comparison: does M < N and M j‘ijg N hold 7 We
first consider the situation with respect to the probabilistic applicative similarity.

Lemma 5.2.7 M 5?&% N does not hold.

Proof. We are able to build a test 5 € ﬂ(Mbee;’), that witnesses —(M j?\be;/ N). We take
g =eval- V- (eval-w Veval -w), and we compute its success probability when executed

cbv
on M and N as represented in Figure we see that that Pr’ Ae (B, M) = %, while

cbv
prAs (8, N) = L. 0

Observe that the test 5 that witnesses —(M j?\be: N) contains a disjunctive construct,

cbv )

hence is not in To(M Ay ) It means that we cannot construct a context emulating it

by using OF. Actually, there doesn’t’ exist a context that emulates /3, because it does

hold that M <®* N. Since we cannot use soundness of applicative similarity to show it,
we need to deal with the universal quantification over all contexts. The proof has been
detailed in [24], we recall here only the main steps. Let us first introduce some notation:
we call Ly = M\y.Q, and Ly = My I. If b = by,...,b, € {0,1}", then L, denotes the
sequence of terms Ly, --- Ly, . If K is a term, K = p means that there is a distribution
2 such that K = & and |2| = p (where = is small-step approximation semantics; see
Definition from Chapter [1)). The idea, now, is to prove that in any term K, if we
replace an occurrence of M by an occurrence of N, we obtain a term 7" which converges
with probability smaller than the one with which K converges. We first need an auxiliary
lemma, which proves a similar result for Ly and L;.
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p1(v) ::= Pr(v,eval - B) [51 =y.(Q® I)] [tl = (A\y.Q) @ ()\y.I)}

pi(s2) =4 eval | p1(t1) =3
eval ) )

n=V - (eval -w Veval - — —— —

o (,Lge” Pr(o.8) b= w@en] (=wo)(s =)
2\V) i= (v, [
p2(s2) = § pa(ta) =0 pao(th) =1
14 % %

p3(v) := Pr(v,eval - w) (ts _ Q) [tg _ I]

ps(s3) = 5 p3(t3) =0 _p3(ty) =1

eva,

Figure 5.4: The test 8 € ﬂ(MKbe:) witnessing —(M jfxbe;’ N)

Lemma 5.2.8 For every term K, if (K{x/Lo}) = p, then there is another real number
q > p such that (K{z/L}) = q.

We are now ready to prove the central lemma of this section, which takes a rather com-
plicated form just for the sake of its inductive proof:

Lemma 5.2.9 Suppose that K is a term and suppose that (K{xz,y/M,L}) = p, where
U=UYly.--Yn. Then for every b € {0,1}" there is py such that (K{x,y/N, Ly}) = pp and
> 5r =P

We may then conclude by using Lemma in the case where n = 0, that indeed
M <®* N. As a consequence, jf\kg’ is not complete with respect to the context preorder,

since there are programs connected by <®* but not by j?xbg-

Proposition 5.2.10 jf\be;’ is not fully abstract with respect to the contextual preorder.

5.2.5 Adding Parallel Convergence Testing to Ag

The incompleteness result for the preorder jf\be;’ may be seen as a consequence of the
impossibility to write Ag contexts that emulate disjunctive tests: the crucial point here
is that failure for tests means non-termination for the corresponding conterts. For this
reason, a context is not actually able to emulate the independent execution of two tests,
since once a program in Ag begin to evaluates a sub-term, it may only stop when the
evaluation of this sub-term stops. However, when we consider a conjunctive test {(a, ),
we are able to sequentialise the experiment: we can decide that the experimenter first
executes the test «, and then if o succeeds he executes the test 8. But it is no possible
to sequentialise the disjunctive test oV 3, since the experiment should succeed as soon as
one of the two tests succeed: it is not possible for the experimenter to decide to begin by
executing « or 5. To sum up, non-completeness of the similarity jf\bﬂ‘; comes from the fact
that the Ag contexts may only emulates sequential tests.

A way to address this issue is to add parallelism to the language Ag, by enriching it
with a parallel convergence testing operator, similar to the one introduced by Abramsky
and Ong in [4] for lazy A-calculus. The addition to a higher-order language of some kind of
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parallel operator has been used before to close the gap between soundness of a denotational
semantics and its full abstraction, for instance in [4] for CBN A, or by Plotkin in [93],
where he adds a parallel or operator to PCF ﬂ In a joint work with Dal Lago, Vignudelli
and Sangiorgi [27], we looked at applicative similarity for the higher-order language A!B,
which is Ag extended with a parallel convergence testing operator. We sum up briefly the
results presented there.

The syntax of AQB is generated formally as follows:
M,N,L...eAL =2 | aM | MN | Me&N | [M| N].

The behavior of the parallel convergence testing construct ([- || -]) is meant to be as
specified in [4]: the program [M | N| returns I if at least one of the two programs M
or N terminates, and otherwise does not terminate. We need to extend the operational
semantics to implement this behavior; we define the operational semantics of A!B, by
adding the two following redex-rules to the Ag reduction relation presented in Chapter

V| N] »rl and M || V] =-r 1,
We define now the evaluation contexts of A|e|9 as follows:
Ex=[] | eM | VE | [glIM] | [M] €]

Observe that the reduction may now happens arbitrarily in the two branches of [M || N]:
it means that the one-step semantics becomes non-deterministic. However it is still true
that {Z | M = 2} is a directed set, which allows to extend the operational semantics [-]
to AQB, by taking [M] = sup{Z | M = 2}. Equivalently, we can also define a big-step
approximations operational semantics:

M2 NUI&
[M [N (121 +161 = (12]-16D) -{T"}

bOT‘ Y

and we can still show that [M] =sup{Z | M | 2}.
We may easily define a LMC Mjﬁv that is the counterpart of the LMC fobe;’ for CBV
®

Aga’ that allows us to define probabilistic applicative similarity and bisimilarity for CBV

AQB. Soundness of probabilistic applicative similarity and bisimilarity for CBV A|e|9 is shown
in [27], using Howe’s method—the proof is an immediate extension of the one for CBV
Ag. We look now at the full abstraction problem for jf\kl’l" with respect to the context

preorder. Recall that in the completeness proof for bisim?larity for CBV Ag, we build
contexts designed to emulate all tests in 75. By adding the parallel convergence tester
we gain the ability to emulate also the disjunctive test, hence the whole testing language
T1. We illustrate this by showing that we can write a context that emulates the test
B =V -(eval -wVeval -w). Recall that it is the precise test we have used in Section
when showing that it was not the case that Ay.(Q & I) jffé;’ (Ay.Q) @ (A\y.1).

Example 5.2.3 We consider = eval-V - (eval - wV eval - w). We consider the Ag context
C=Az.[zV || zV])[:]. Observe that for every program M : [C[M]] = (|[[MV]| — [[MV]])-
{1'}.

°It should be noted that in a calculus with ground data, parallel or and parallel convergence testing

are not equivalent: for instance parallel or is not expressible in PCF enriched with a parallel convergence
tester, see for instance [4]
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5.3. ON TRACE EQUIVALENCE FOR CBV Ag.

As we outlined in [27] we are able to systematize the construction we have done in Ex-

ample i.e. to extend the encodings ©Y OF : 76(/\/15\';‘6;’) — Che into @h’,@ﬁ’ :

I
7'1(/\/[53‘") — C"% | in such a way that the context @ﬁ () indeed emulates the test o when

®
applied on states of the LMC that are programs. It means that all tests in 77 can be emu-
lated by contexts of Agg, and consequently we have the following full-abstraction theorem

Il
for CBV Ag:
Theorem 5.2.11 Both jd’H” and Ed’“” are fully abstract with respect to respectively context
Ag Ag
preorder and context equivalence for CBV AQB.

5.3 On Trace Equivalence For CBV Ag.

Recall that for CBN Ag, Dal Lago, Sangiorgi and Alberti studied two behavioral equiva-
lences: probabilistic applicative bisimilarity and trace equivalence, that was fully abstract
in this setting. We look here briefly to trace equivalence for CBV Ag. We can actually
follow two distinct approach when generalizing trace equivalence to CBV Ag, depending
how we interpret CBN trace equivalence. The first possibility consists in considering that
trace equivalence is the behavioral equivalence witnessed by traces, i.e. linear tests, while
the second one consists in considering that it is the behavioral equivalence corresponding
to evaluation contexts. Recall that in CBN, these two notions coincide, because evaluation
contexts are exactly applicative contexts, i.e. those contexts that emulate linear tests.

5.3.1 Applicative Contexts Equivalence for CBV

We first define the CBV counterpart of CBN applicative contexts that were defined in Sec-
tion of Chapter 4 CBYV applicative contexts are those contexts of shape [-][V1 ...V},
where Vi,...,V, are values. Similarly to what was done for CBN, we say that two pro-
grams M, N are trace equivalent, if for every CBV applicative context C, it holds that
Obs(C[M]) = Obs(C[N]). However, the induced equivalence relation is unsound. Indeed,
let us consider again the terms: M = Az.(I®Q) and N = (Az.I)® (Az.Q2). We have shown
in example that M and N were trace equivalent in CBN, and we can see similarly
that they are also trace equivalent in CBV. However, they are not context equivalent in
CBYV, as we have shown in Example [2.3.1]of Chapter [2} it is because in CBV, we can write
contexts that evaluate their argument before copying and using it, which is never done by
an applicative context.

It means that trace equivalence is not really relevant when we consider Ag endowed
with a CBV evaluation strategy.

5.3.2 On CBYV CIU-Equivalence

We look now at what happens if we consider the equivalence notion induced by CBV
evaluations contexts. By contrast with the CBN case, evaluations contexts in CBV are
more expressive as linear tests. Indeed, recall from Chapter [If that CBV evaluations
contexts are generated by the grammar below:

Ex=[]] &M | VE

We denote =cqu the equivalence relation based on evaluation contexts. Observe that it is
immediate that = C=cy.
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5.3. ON TRACE EQUIVALENCE FOR CBV Ag.

We show now that the reverse inclusion also holds. First, observe that it is equivalent
to show =y szxbe;’. Suppose that M, N are two programs that verify —(M Ef\be: N); we
want to show that =(M =cry N). We are again going to use the testing characterization.
Observe that whenever a test a is of the shape eval - a, ©F (a) is an evaluation context.
Moreover, we can see that whenever two terms can be distinguished by some test in 7o,
the they may also be distinguished by a test of the shape eval - a. As a consequence, M

and N may also be separated by an evaluation context, and so we obtain the result.

Proposition 5.3.1 =¢ry is fully abstract with respect to context equivalence for CBV Ag.
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Chapter 6

The Trivialization Problem for
Observational Distance: A Case
Study.

We argued in Chapter [3|that for the purpose of comparing probabilistic programs, observa-
tional distance is often a more adapted notion than the 2-valued observational equivalence,
because it allows us to talk about programs which behave very similarly, although not be-
ing equivalent. This chapter and the next one are devoted to a more in-depth look at the
structure of observational distance, when considering higher-order languages with discrete
probabilistic primitives. In the present chapter, we focus on the trivialization problem,
which we have informally described before in Section more precisely, we identify two
distinct cases where we can build enough amplification contexts—see the considerations
on trivialization in Section 3.2lto enable trivialization of the observational distance: in
the former all programs terminate with probability 1, while in the latter the expressive
power of contexts is enhanced with parallel or. We develop these two cases on concrete
languages: for the first one, we consider Tgq, the probabilistic extension of Godel’s system
T—introduced by Breuvart, Dal Lago and Herrou [I9]—that we presented in Section[1.3.2]
of Chapter |1} For the second one, we will consider the language Aga—i.e. the variant of
Ag enriched with parallel convergence testing that we have presented in Section of
Chapter
The work we present here was published jointly with Ugo Dal Lago [29].

6.1 On Amplification Contexts

As we have illustrated in Example of Chapter [3| there can well be classes of terms
such that the observational distance collapses to observational equivalence, due to the
copying capabilities of the underlying language. The trivialization problem can in fact be
seen as a question about the expressive power of contexts: given two duplicable terms, how
much can any context amplify the observable differences between their behaviors? More
precisely, we would like to identify trivializing fragments of A!é”, that is to say fragments
such that for any pair of duplicable terms, their context distance (with respect to the
fragment) is either 0 or 1.

Our approach is as follows: as soon as two programs M, N are not observationally
equivalent, there exists at least one context C that separates them. Our idea is to take
this context as a starting point, and to see if it is then possible to amplify the difference
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6.1. ON AMPLIFICATION CONTEXTS

induced by C, by building another context D with
|Obs(D|C[M]]) — Obs(D[C[N]])| > |Obs(C[M]) — Obs(C[N])].

The context D that we are going to build for this purpose actually interacts with its
argument only by copying it, and then evaluating all the copies: essentially, Obs(D|[L])
depends only of the termination probability of L—it is because D is designed just to
amplify existing differences in the observables.

We want to present this approach in the setting of a generic probabilistic programming
language, no matter typed or untyped: this way, we will be able to apply it to both
Tq—probabilistic variant of Godel’s system T—and Ag We use here the formalism for
a generic observable programming language that we have introduced in Chapter [2—in
Definition for an untyped language, and in Definition for a typed language.
In order to talk about amplification conterts in this setting, we first need to enforce that
contexts can be composed.

Definition 6.1.1 (Compositionality for Contexts) Let Lg be an observable program-
ming language. We say that the compositionality requirement for contexts holds when:

o if Lo is an untyped language, we ask that for every C,D € Cy, C[D] is also in Cy;

o if Lo is a typed language, we ask that for every type o,t, for every observable type
T € Hpps, if C € C(@p)%ﬂ and D € C((]),L)%m it holds that C[D] S C(@,L)%T'

In the following, the compositionality requirement for contexts will hold for all the prob-
abilistic programming languages that we will consider. Looking now at the amplification
context we mentioned above, we see that we must require that it accepts all observable
programs in argument. We formalize this by asking it to be an universal context, in the
sense of the definition below.

Definition 6.1.2 (Universal context.) Let Lq be a probabilistic observable program-
ming language. We say a universal observable context is:

o any context C € Cy, if Lg is an untyped language;

o if Lg is a typed language, a context C such that: Yo € Hyps, IT € gy with C €
Cp,0)=r-

Ideally, we would like to be able to build for every « an universal amplification contexts
D, that simulate the threshold functions T, that we define in Definition We first
precise in Definition below what we mean by simulating a function by a context.

Definition 6.1.3 We say that a universal observable context C simulates a function g :
[0,1] — [0,1] 4f:

VM observable program , Obs(C[M]) = g(Obs(M)).

Indeed, if we have Obs(C[M]) < Obs(C[N]), then we can take any « € [0, 1] between them,
and we see that C[M] and C[N] are completely separated by T, in the following sense:
|T*(Obs(C[M])) — T*(Obs(C[N]))| = 1.

Definition 6.1.4 (Threeshold Functions) For « in [0,1], we define the function T :
[0,1] — {0,1} as follows:
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6.1. ON AMPLIFICATION CONTEXTS

L Il Il Il Il
0 02 @ 04 0.6 0.8 1 0 0.5 1
T T

(a) T* for « > 0 (b) T for « =0

Figure 6.1: The threshold test functions 7'¢.

e 7°(0) =0, and T°(z) = 1 for z > 1.
o ifa>0:T%x)=0ifx<ca,l otherwise.

The threshold functions are represented in Figure [6.1] However, requiring the existence
of a context D that simulate 7% for every a € [0, 1] is too strong: we are now going to
progressively weaken this condition. First, we observe considering every « € [0, 1] is not
necessary: since the set Q is dense in R, it is sufficient to look at the T for a« € QN [0, 1].
We then see that we don’t really have to find a context that exactly simulates T, but
that it is enough to find a family of contexts that approximates this function, in the sense

of Definition [6.1.5] below.

Definition 6.1.5 Let f :[0,1] — [0,1] be a real function, and I C [0,1]. An approxima-
tion by contexts of f on I is a family (Cy)nen of universal contexts such that for every
program M with Obs(M) € I,

lim Obs(C,[M]) = f(Obs(M)).

n—oo

We illustrate now the notion of approximation by contexts. Recall the Ag-contexts C,
considered in Example in Chapter |3, that we used to show that 6%:;([ JTeQ)=1.

In Example below, we reformulate them as a family of approximations for T'!.

Example 6.1.1 We first build in Ag a n-ary conjunction operator A" ([]1,...,[].) such
that if My, ..., M, are programs, \" (M, ..., M,) terminates if and only if all the M,
terminate. Indeed, for every n € N, and n terms My, ..., M,, we take:

/\ (My...My) = (Az1. Xz . Ay (yz1 ... zn) )My ... My,

Using this conjunction operator, we can now use the copying ability of Ag to build for
every n € N, a Ag-context C,, as follows:

Co= O\ (2I,...,xD)) (M. []).

The behavior of this context on a program M is as follows: first it produces n copies
of M, then it evaluates successively all those copies of M, and stops only if all of them
terminate. As a consequence:

Y program M,  Obs(C,[M]) = Obs(M)™ =, 0o T (Obs(M)).
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6.1. ON AMPLIFICATION CONTEXTS

It means that (Cp)nen 48 an approzimation family for the threshold test T on the whole
interval [0,1]. As a consequence, for every program M, N, with Obs(M) =1, Obs(N) < 1,
it holds that 5f\t£(M, N)=1.

1
08|
§ 06|
)
3 i
2 04
02|
0 | |
0 02 04 06 08 1
Obs(M)

Figure 6.2: Approximation Contexts (Cp,)pnen in Ag for T

As soon as we are able to approximate this way every threshold function by a family of
contexts, we can show that the observational distance trivializes. We state this formally
in the following lemma.

Lemma 6.1.1 Let Lg be any probabilistic observable programming language. If for every
a € (0,1) there exists an approxzimation of T by universal Lg-contexts on [0,1] \ {a},
then the observational distance on Lg, trivializes, i.e.:

VM, N comparable programs € Leg, 6?;(]\4, N) e {0,1}.

Proof. We give the proof for the untyped case, but the proof when Lg is a typed prob-
abilistic language is similar. Let M, N be two programs in Lg. If M and N are observa-
tionally equivalent in Lg, then 5?;§(M ,N) = 0, and so the result holds. We suppose now
that M and N are not observationally equivalent: it means that there exists a Lg context
C such that Obs(C[M]) # Obs(C[N]). We now fix € > 0, and show that 1—(5?6’9‘(]\4, N) <e.
We denote tg := Obs(C[M]), and ¢t; := Obs(C[N]). Suppose for instance that tg < ti.
Then we take « € (tg,t1). By hypothesis, there exists a sequence of universal Lg contexts
(Dp)nen that approximates T%. Looking at Definition we see that it implies:

lim Obs(D,[C[M]]) =0 and nh_{]gO Obs(D,[C[N]]) =1

n—oo

As a consequence, there exists n € N such that both:

Obs(D,[C[M]]) < and Obs(D,[C[N]]) > 1—

€
2a

o DN

and from there we deduce that indeed 1 — 5?$(M ,N) <e O
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6.2. TRIVIALIZATION IN A!B

We now add a supplementary layer to the condition given in Lemmal[6.1.1] that guarantees
trivialization. Indeed, in some cases it is too complicated to explicitly write the family of
contexts approximating the threshold function itself, but we are able to write a sequence
of functions that tends towards it, and such that every function in it sequence can be
approximated by contexts. We precise this idea in Lemma below.

Lemma 6.1.2 Let Lg be a probabilistic observable programming language. If for every
a € (0,1) there exists a sequence of real function fy : [0,1] — [0,1] such that:

o for every t € [0,1] \ {a}, lim, o0 frn(t) = T(t);

e and for every n € N, there exists a family (C]})men of universal contexts that ap-
prozimates fp, on [0,1],

then the observational distance on Lg trivializes.

In the case where the language considered is Ag—with the CBN or the CBV opera-
tional semantics—it is not possible to approximate all the T by Ag contexts: indeed the
observational distance on Ag doesn’t trivialize since for instance 57{;(9, (I®Q)) = 3 the
formal proof can be done using the coinductive tools we will develop in Chapter It
also means that there is no possible ways to approximate 7° in Ag. We are now going to
explore two paths that lead to trivialization: in the first one, we enhances the expressive
power of contexts by adding a parallel convergence tester operator, while the second con-
sists in enforcing termination for all programs. We will illustrate these two approaches
respectively on the languages Tg and AQB, by showing that in these two cases, we are able
to approximate the threshold functions, and that consequently the observational distance
trivializes.

6.2 Trivialization in Al

We work here with the language Al , which is strictly more expressive that Ag, since it has a
parallel convergence tester operator: [M || N| returns [ if at least one of the two programs
M and N terminates, and doesn’t terminate otherwise. Recall that we have introduced
and studied the language Aga in Section of Chapter To be consistent with our
development there, we keep the same CBV operational semantics—but our trivialization
result would also hold for a CBN strategy. Our goal here is to show that all threshold
functions T can be approximated by A!B contexts, which will then allow us to obtain
trivialization of the observational distance on A!B by using Lemma

Recall from Example that we can approximate 7' in Ag; we can see that the

same reasoning still holds in Aga- In contrast, we are not able to approximate T in Ag.
Here, we first illustrate how the presence of the parallel convergence tester enhances the
discriminating power of contexts by highlighting that 79 can be approximated by a family
of Ag9 contexts.

Example 6.2.1 In the same way as we defined n-ary conjunction operator in Exam-
i

ple|6.1.1, we now define a n-ary disjunction operator in Ag

\/ M, M) = (M| Mz ]

The term \/" (M, ..., M,) behaves as a n-ary disjunction: if My, ..., M, are programs, it
terminates if at least one of the M; terminates. We now build the family of Aga universal
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6.2. TRIVIALIZATION IN A!B

contexts designed to approximate the threshold function T°. For every n € N, we build C,,
as:

Co = O\ (@), (1)) (My.[ ).

Essentially, C,, makes n copies of its argument, and then converges towards I if at least
one of these copies itself terminates. As a consequence, Obs(Cn[M]) =1—(1— Obs(M))".
Thus the family (Cp)nen 48 an approzimation by contexts of the threshold function T° on

[0,1], see Figure[6.3

—Cio
h Cao
—Csp

Obs(C[M])

| | | | |
% 02 04 B 06 08 1

Obs(M)

Figure 6.3: Approximation family (Cy,)pen in Aga for TV with n € {5, 10,20, 50}.

Observe that from Example|6.2.1] we can in particular derive that 55&"(9, Qal)=1.

52
Our goal now is to show the existence, for every a € (0,1), of an approximation by
contexts of 7% on [0,1] \ {a}. From there, we will be able to apply Lemma and
thus to show that 5?‘?‘ trivializes. To this purpose, we are going to miz the conjunction

@
and the disjunction operators—defined respectively in Example and in order
to obtain a new kind of contexts that we will use later to build threshold approximations.

Definition 6.2.1 We call mixed amplification context of conjunction order n and dis-
junction order m, the universal context (O )n.men defined as follows:

o =2 (A" NV (@D, @), N (@), @D)) O )

Observe that the contexts )" compute m-ary conjunctions of n-ary disjunctions. If we
look at the termination probability, we see that:

Obs(O™[M]) = (1 — Obs(M)™)".

Using these mixed amplifications contexts, we are now able to approximate threshold tests.
More precisely, for every a € (0, 1), we need to associate to every index n € N a mixed
amplification context of the form Oz(n’a). We do this construction in Definition
below, and we will then show that the family of contexts (CS)nen obtained this way is
indeed an approximation by contexts of 7% on [0,1] \ {«a}.
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6.2. TRIVIALIZATION IN A!B

Definition 6.2.2 Let o € (0,1), and n € N. We build the n-th context approximation of

T as the Aga context C5y = z(n’a), where we take:

1 ™
r(n,a) = [(1_0) .
1 0.3
7Cg3
0.8 | s
Cl’
= 7CS@3
= 06/ .
5=
")
2 04f )
o
0.2 s
0 t | | |
0 0.2 @ 04 0.6 0.8 1
Obs(M)

Figure 6.4: Behavior of the contexts C% for n € {3,5,10,20}.

We illustrate in Figure the action of C: we can see on an example that indeed
the greater the value of n is, the closer the n-th approximation function is to T<. We
need now to prove that this is always the case, i.e. that the C are an approximation by
contexts of the threshold tests. To keep the notations readable, we introduce functions
fra: [0,1] = [0,1] defined by f,a(z) = (1 — (1 —2)")"™4) i.e. such that:

VM, Obs(Cﬁ[M]) = fn,a(Obs(M))'

Accordingly, we can reformulate our goal as follows: we want to show that for every
a € (0,1), and t € [0,1] \ {a}, limp—y00 fra(t) = T(t). The proof will use tools from
real analysis, essentially the Bounded Convergence Theorem, that we recall below. The
statement and the proof can for instance be found in [I00]. It is a particular instance
of a number of theorems in classical analysis, that give conditions to permute limit and
integration.

Theorem 6.2.1 (Bounded Convergence Theorem) If k,, is a sequence of uniformly
bounded real-valued measurable functions which converges pointwise on a bounded measure
space (S, %, 1) to a function k, then the limit k is an integrable function and: fs limy, o0 kp =
limy o0 [g Fn-

The bounded convergence theorem is relevant here, because we can express the approxima-
tions functions f, o using an integral. In order to simplify the proof, we will work with the
reverse approzimation functions gn o : R — R defined as g, (z) = fni1-a(1—2). We can
express the g, o as an integral: indeed, the function g is derivable, and as a consequence,
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6.2. TRIVIALIZATION IN A!B

for every x € (0,1):

Y gl L()dt+1 if z < «
Goa(2) ={ 0 nall 6.1)

— fxl In.o(t)dt ifzr>a

We are now going to fix a, and use the Bounded Convergence Theorem by taking the k,
/
as g -

Lemma 6.2.2 For every a € (0,1), it holds that:

x
lim In.o(t)dt =0 when z < «

n—oo 0
1

lim G o(t)dt =0 when z > a.

n—0oo J. ’
Proof. We first fix an o € [0,1], z_ € [0,a[, z4+ €], 1]. Our goal now is to show that
both (g;, 4 : [0,2-] = R)pen and (g5, : [#4,1] = R)pen are indeed two sequences of uni-
formly—i.e. by a constant that does not depend from n—bounded real-valued measurable
functions which converge pointwise. Observe first that the measurability assumption obvi-
ously holds—we endow as usual both [0, z_] and [z, 1] with the Lebesgue measure—since
the g;, , are continuous functions. Let us now look for uniform bounds. First, we can give
a closed form for the function g;, ,: indeed it holds that for every ¢ € [0, 1]:

Gna(t) = —r(n,1—a)] -n- (1 — ¢y =t gt

Recall that r(n,1 — a) = [(1)"], and that moreover 0 < a < 1. As a consequence, there
exists N, such that Vn > N, r(n,1 — a) < (é)n +1< (é)nﬂ. From there—and since
0 < (1—1t") < 1—we can deduce the following bound on the absolute value of the g;, ,:

n—1
W e 00 lhal < g (1) - emer (6.2

From there, we consider separately the domains S; = [0,z_] and S2 = [z, 1].

e We first consider the sequence g, , : S1 — R. From (6.2), we see that for every
te€ S, | gnat) <K -n- (é)n_l, where K is a constant. We need now to use the
following well-know result of asymptotic hierarchy.

lim n™ - e " =0 for every m € N,b > 0. (6.3)

n—o0

Observe that can also be retrieved by seeing that limy o (In(y) — o - y) = —o0
for every a > 0. We can now use to see that gj%a : S1 — R converge pointwise
to the 0-function. We’re now going to show that this sequence of functions admits
a uniform bound.

’ xr_\n—1
|gna(t)‘§K'n'<7> since t < z_.
' o
r_\n—1
< K -sup(n- (—) ) < 00 since (6.3) and z_ < «
neN «a

Thus we have shown that the sequence g(’l,n : 51 — R is a sequence of uniformly
bounded real-valued measurable functions that converges pointwise toward the 0
function. Consequently, we can apply the Bounded Convergence Theorem, and we
obtain that lim, ;e [y In.o(t)dt = 0.
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6.3. TRIVIALIZATION IN Tg.

e We now consider the sequence of functions g;, , : S2 — R. We start from , and
we use the fact that since ¢ € [0,1], In(1 — ") < —t". We moreover assume that
we take n > Ny, where Ny is the first natural number with (é)n — 1—it eventually
holds, since 0 < a < 1. We obtain that for every ¢t € So:

() < . (’“‘)”_1 (21 o

«
1 n—1 n " 1 1 n—1 T
< . 2 e (8)" et <—=-|- e (T e (6.5)
2 \a o? \«

It is another classical result from the asymptotic hierarchy—that can be retrieved
from [6.3[—that for every a,b > 1, it holds that:

lim a™-m-exp(—b™) = 0.
m— 00

From this equation, we can deduce that:
1 /1\"! oy \n

Now, please observe that combining (6.5)) and gives us both the pointwise limit
and the uniform bound (since gy o(t) is bounded by a sequence that doesn’t depends
on t, and has a finite limit when n goes towards infinity). So we can apply the
bounded convergence theorem, and we obtain that lim,,_, fxl+ In.o(t)dt = 0, and
this concludes the proof of Lemma [6.2.2]

O

Lemma 6.2.3 Let n € N, and o € (0,1). Then for every x € (0,1) \ {a} it holds that
limy, o0 fra(z) = T(x).

Proof. By combining Equation (6.1) and Lemma we obtain that:

1 ifr<a
li = 6.7
s oo In.a(2) {0 if v >« (6.7)
Since gn o) = fu,1-a(l — ), it concludes the proof. O

Lemma means that for every a € (0, 1), the family of Aga contexts (CS)nen is indeed
an approximation by contexts of 7% on [0, 1] \ {a}—in the sense formally stated in Defini-
tion As a consequence, we can now apply Lemma and we obtain trivialization
of the observational distance on Aé, as stated below.

Theorem 6.2.4 510:‘% trivializes.
D

6.3 Trivialization in T.

We now consider the language Tg, introduced by Breuvart, Dal Lago and Herrou [19], and
that we have presented in Section of Chapter [I} Recall that this language is AST,
i.e. that for every term M, |[M]|= 1.
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Since Tg is a typed language, the relevant notion of observational distance is the one
we gave in Definition from Chapter [3] for typed observable programming languages.
Recall that, following our formalism for a generic typed observable language, we need to fix
a set of observable types: we choose the natural number type N, and if M is a program of
type N, we take Obs(M) = [M](0), i.e. the probability that the outcome of the execution
of M will be 0. Observe that since this language is AST, we are forced to take a non
termination-based notion of observation.

(072)e (M, N) = sup [[C[M]](0) — [C[N]](0)]
C s.t. [J:oFC:N

In the following, our goal is to show trivialization of context distance on Tg, as defined
above. To do so, we will use Lemma based on a double-layered approximation of the
threshold tests T'%: the first step consists in building for every o € (0, 1) a sequence of real
functions that converge pointwise to T'%, while in the second step we need to exhibit an
approximation by contexts for each of those functions. Our approach to the second step is
based on Bernstein’s constructive proof [13] of the Stone-Weierstrass theorem which states
that every continuous function [0, 1] — R can be uniformly approximated by polynomials.
Bernstein’s proof consists in building, for any fixed continuous function f : [0,1] — R,
a concrete sequence of polynomials that indeed uniformly converges towards f. More
precisely, our overall approach is as follows: we first construct contexts that are able to
simulate Bernstein’s polynomials for some class of functions f, and then we exhibit in this
class of functions a particular sequence f,' that approximates the Threshold test T*.

6.3.1 Simulating Bernstein’s Polynomials.

Bernstein’s construction is as follows: the n-th Bernstein’s polynomial with respect to f is
defined as:

Pl(z) = Zogkgnf (:{;) - Bj(x), where B} (x) = <Z> k(1 —2)n R (6.8)
We illustrate on Figure how Bernstein’s polynomials approximate a particular contin-
uous function f built as follows: it is zero before some real number «, 1 after some real
number 5 > «, and an affine function between a and 8. Our goal is to show that the con-
texts in Tg, are able to simulate the Bernstein’s Polynomials for some continuous functions
that globally looks like the f of Figure i.e. that verifies the following specification: it
must be a partial test separating o and 3, i.e. that returns 0 if x < «, and 1 if x > 5.
Observe that this test is partial, in the sense where we do not specify what happens when
z € (o, B).

In the following, even if our base data are natural numbers, we will consider them as
booleans, where 0 is the encoding of true, and any other n the encoding of false.

We are going to build now step by step the contexts that we will use to simulate
Bernstein’s polynomials. The first step consists in a context C such that for any pro-
gram My, ..., M,, C[My,...,M,] has the following behavior: it counts the number of its
arguments that are equal to true, and then executes the corresponding M;.

Definition 6.3.1 (Counting Contexts) For every n € N, we define a Tq context C
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Figure 6.5: f and its approximations P! for n € {5,20,50}.

with n + 1 holes, as follows:
C[HO; sy Hn] = )\1'1)\1'2. . )\l’n

leti= &ogignl‘i m
if (i ==0) then []o
if (i ==1) then [-|;

if (i ==mn) then []p.

Remark that local variables definitions are not a primitive of Tq. However, we used them
in Definition as a notation for nested if-then-else procedure, to keep the definition
above readable. For instance, when n = 1, the real context C is as follows:

C[[-Jo, [']1] = Az1.Aze. if 2o then ( if 21 then [-]2 else []1)
else ((if 1 then []; else [-]o).

An important point guaranteed in the unfolded context is that during an execution each
variable z; is evaluated ezxactly once.
Observe that for every type o, it holds that

[li:o,...,[]ln:oFC[[oy- -, []n] : N— ... > N—o.
We formalize now the operational semantics of C.

Lemma 6.3.1 We fix 0 a type in Tq,. Then for every n-uple My, ..., My, of programs of
type N, and every (n + 1)-uple (Ny, ..., Ny) of programs of type o, it holds that:

[CIMy, ..., M) No, ..., N = > s+ [Ny,
0<j<n
where for every j, the coefficient p; € [0,1] is as follows:

pj = > [T obs(h) 11 (1 — Obs(M;)).

{k1ye kiYL, n) (ko kin ) Ge{l,n\{k1,skn}
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Proof. Intuitively—and looking at C as given in the Definition [6.3.1}—it is because the
probability that the local variable ¢ is equal to j is exactly p;: indeed, it is the probability
that exactly j among the programs M; are true, and that the remaining n — j are false.
Formally, we have to show the result by unfolding the if-then-else procedure, and then
doing the proof by induction on n. O

Actually, for our purpose, we will only ever fills the counting context C with n identical
copies of some program M. In this setting, we can give a more compact formulation of
Lemma that highlight the link with Bernstein’s polynomials.

Lemma 6.3.2 For every M program of type N, and every (n + 1)-uple (Ng, ..., N,) of
programs of same type o, it holds that:

[CIM,...,M]No,...,No] = Y B} (Obs(M))-[Nj],

0<j<n

where B} are the polynomials defined in —as a building block for Bernstein’s polyno-
maals.

The next step is to look at the Nj programs. First, since we want the program C[M, ..., M][No, ..., Ny]
to be observable, it needs to be of N type, which means that the IN; themselves must be

all natural numbers. We now use Lemma [6.3.2] in order to compute the observable of the

program C[M, ..., M][Ny,..., No].

Lemma 6.3.3 Let M be a program of type N, and (Ny, ..., Ny,) of n+1 programs of type
N. Then:

Obs(C[M, ..., M|Ny,...,N,) = > BJ(Obs(M))- Obs(Ny),
0<j<n

Proof. It is a direct consequence of Lemma [6.3.2, and from the definition of observable
for Tg. O

Looking now at Lemma and at the shape of Bernstein’s polynomials in , we see
that the last step before being able to simulates —in the sense of Definition [6.1.3}—Bern-
stein’s polynomials PT{, is to exhibit Tg programs N; such that Obs(N;) = f(%) A
natural candidate is given by N; = false /(%) true. However, recall that this term is
only defined when f (%) is a dyadic number—since the construction in Ag of a p-biased
probabilistic choice in Example [7.4.1] of Chapter [7]is valid only when p € D. Observe that
it is not guaranteed for instance for the function f represented in Figure [6.5

Proposition 6.3.4 Let f : [0,1] — [0,1] be a continuous function, such that f(Q) C D.
Then there exists a Tgqy, context that simulates 28

We call reachable functions, and we denote by R the class of such continuous functions
[0,1] — [0,1] such that f(Q) C D.

6.3.2 Approximating 7 with reachable functions

We can first remark that the existence of one function in this class can be established by
looking at Minkowski’s question mark function 7, which is a continuous function [0, 1] —
[0,1] that sends Q into D. We don’t recall here the concrete definition of the question-
mark function, but the interested reader can find a detailed description of its definition
and properties for instance in [121].

Using this question mark function, we now define a sequence of reachable functions
that converge pointwise towards 7% on [0, 1] \ {«a}.
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Definition 6.3.2 Let a € (0,1). Since Q is dense in R, there exists two sequences (ap,)neN
and (bp)nen of elements in Q such that for every n € N, a,, < a < by, and moreover
limy, 00 @, = limy, 00 by, = . We define the function r& : [0,1] — [0, 1] as:

0 ifx<an
ro(z) =491 ifx>b,

(=) otherwise.

Observe that for every n € N, the function 7o is a reachable function, and moreover
that the sequence 7% converges pointwise towards T'“. Using this result, and Proposi-
tion [6.3.4—which says that the Bernstein’s polynomials of any reachable functions can be
simulated by Tg contexts—we see that the requirements of Lemma [6.1.2] are met, and so
the observational distance trivializes on Tg.

Theorem 6.3.5 The context distance (5%2;5 trivializes.

Proof. We see that the requirements of Lemma [6.1.2] hold:
o for every t € [0,1] \ {a}, limy o0 v () = T*(t);

e for every n € N, there exists—by Proposition [6.3.4] a family of contexts C;;* that
simulates the Bernstein’s polynomials of r,. From there, Bernstein’s theorem tells
us that the Bernstein’s polynomials of r, converge towards r,, and consequently
that the C[* are a family of approximations for r,,.

As a consequence, Lemma tells us that the observational distance trivializes. ]
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Chapter 7

/\!@: A A-calculus with Explicit
Copying

As we have seen in Chapter [6] the behaviour of the context distance depends strongly on
the copying abilities of the language. For this reason, we will use in this thesis a variant of
probabilistic A-calculus, that we call Linear Probabilistic \-Calculus (A!GB)’ designed to give
us more control on the copying mechanisms: we are able to specify in A!EB which function
arguments can be duplicated, and which one cannot. The present chapter is devoted to
the presentation of A!@.

7.1 The Language A!@.

7.1.1 Simpson Surface Calculus

In [114], Simpson introduced a deterministic A-calculus called Surface Calculus, which we
denote A'. We give here a very short overview of this programming language, since we
designed A!69 as a probabilistic extension of it. The language is based on a distinction in
the syntar between those subterms that can be copied, and those that cannot. To that
end, two A-abstractions coexist in the syntax: a linear one Ax.M, where we ask x to
be used ezactly once in M, and a non-linear (or exponential) one Nx.M, where x may
appear several times in M. In the syntax, there is also a box operator !: the term !M
represents the term M endowed with the ability to be duplicated infinitely often. To an
exponential A-abstraction Alz.M, we can only pass as argument a box !N. In [I14], two
different ways of enforcing this linear/ non-linear policy are presented: the definition of
criterion on variables assuring that terms are well-formed, and a type system with !-types.
To fix ideas, we give here the syntax of A':

M,N :=x ‘ MN | Ax. M ‘ Az M | M where z € V.

It is endowed in [I14] by an operational semantics. Since there are two different -
abstractions, there are also two different kinds of -redexes:

(Ax.M)N —g M{N/x}
(Mz.M)IN —5 M{N/z}

Observe that, as a consequence, only functions of the form Alz.N can open a box, and
thus destroy it.
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Reduction in [IT4] is strong, i.e. it goes under the A-abstractions, and surface, in the
sense where it doesn’t go inside a box !M. The idea is that boxes can be copied, but the
content of the box cannot be executed until the box is opened. It is shown in [I14] that
this reduction is confluent, hence CBV and CBN evaluation strategies are equivalent.

Surface Calculus is an untyped language, but it is inspired by the explicitely typed
language Lily, introduced by Bierman, Pitts and Russo in [I4]. We will inspire ourselves
loosely of Lily type system when we will design a type system for A?e. The main difference
is that, since Lily has also a recursive operator in the syntazx, the variant of system F
with I-types given as type system for Lily in [I4] gives an expressive enough calculus,
in particular with infinite behaviour. For A!@, we will need to incorporate also recursive

types.

7.1.2 The Language A!@.

While there is no computationnal effects in Surface Calculus, managing copying through
boxes interacts well with probabilistic execution, since delaying the opening of the box
allows us also to delay the moment when we do the probabilistic choice. Here, we are
going to present Aée as a probabilistic extension of A'.

Syntax of A!@.

The syntax of A!@ is an extension of both Ag and Surface Calculus. Together with A-
abstractions, applications and the operator @ for fair probabilistic choice, we take the
same operators as in Surface Calculus to manage copying: the operator !, which is the
constructor for boxes, and the exponential A-abstraction Alx.-, which is the destructor for
boxes—functions of the form Alxz.M accept only boxes as argument, and destroy the box
passed to them in the application process. Therefore, as in Surface Calculus, we have two
distinct A-abstractions in the syntax. However, we modify here slightly the meaning of
Az.M: we do not want the variable x to appear in M ezxactly once anymore, but at most
once. It means that the resource x in M is now affine instead of being linear. We will
enforce this by a type system, that we will present in Section

Definition 7.1.1 We assume a countable set of variables V. The set of terms of A!EB 18
defined by the following grammar:

M,N,L...€ Ay =z | MN | Xe.M | Na.M | IM | M@ N
where x € V.

As in Chapter |1} we call programs those terms in A!69 that are closed, i.e have no free
variables.

Operationnal Semantics of A!@.

We define now an operationnal semantics for A!GB programs, following the approach pre-
sented in Section for Ag: we first define the one-step reduction relation between
programs and finite sequences of programs modelizing one execution step, then we use
it to associate to a program M a family of distribution over programs—the approzima-
tion semantics of M—and finally we take the semantics of M as the supremum of its
approximation semantics.

As in [I14], the reduction in A!ea is going to be surface—we do not reduce inside boxes.
However it is also going to be weak—we don’t reduce under A-abstractions either, in order
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to be in line with the presentation of Ag in [33], as well as with the work on coinductively
defined equivalences for Ag done in [32]. Unfortunately, this choice of weak reduction stop
us to have confluence, therefore we have to choose a non-ambiguous evaluation strategy.
We choose the call-by-value paradigm: this semmingly arbitrary choice is justified by the
fact that, as we will show later, we can embedd both CBN Ag and CBV Ag in A!69 endowed
with our CBV semantics.

The One-Step Reduction Relation for A!@.

The one-step reduction we take now depends on the evaluation strategy we want: actually,
as highlighted in Chapter [I] for a generic probabilistic calculus, the one-step reduction
completely determines the language operational semantics. We are going to define it using
the reduction semantics approach based on evaluation contexts, that we have presented in
Chapter [1] for the probabilistic A-calculus Ag. Since we are in a call-by-value framework,
the first step consists of defining the set of values—programs, that we want to be non-
reducible under our reduction strategy. Since we want our reduction to be weak and
surfaces, they are A-abstraction, and boxes.

Definition 7.1.2 We define the set VA!@ of A!@ values as follows:
VeVy s=AeM | Na.M | M.

We need now to define what our redexes are, and to give rules specifying how to reduce
them. We have three different kinds of redexes: the S-reduction of linear abstraction, the
[B-reduction of a !-abstraction and the fair probabilistic choice.

Definition 7.1.3 We define the sets of A!@—Tedexes L%’A!@ as follows:
RS € Ay == (Ar.M)V | \z.M)IN | M@ N,

where M,N,L € A",V € VA!@ and x,y € V. We define the reduction =%, for redexes,
b

as a relation between elements in %, and sequences of programs in A!EB :
®

(e M)V =, M{V/z}  M&N =g, MN

(Maz.M)IN =5, M{N/z}.

Observe that the two first rules are the same as for Ag in call-by-value, while the third
one is the same as the opening of a box in Surface Calculus.

Following the reduction semantics approach, we need now to define the evaluations
contexts: it specifies where in a term we are allowed to reduce redexes. As in Ag, the
execution of a program is done left-first, i.e. a function is evaluated before its argument.
Since we are in call-by-value, the argument has to be evaluated too before reducing the
redex. We sum up these considerations by giving the following grammar for evaluation
contexts:

EFu=1[]] EM | VE  with M e A,V eV,.
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Approximate Semantics for A!@.

We then define the approximate operationnal semantics M = & by applying Defini-
tion of Chapter [1, which has been given for a generic probabilistic language endowed
by a reduction semantics. For any program M, it gives us a family of approximation se-
mantics. We would like now be able to say that this family has a supremum. Recall that
Lemma[I.2.T] of Chapter [I] tells us that it is the case, provided that the one step reduction
relation is unambiguous.

Lemma 7.1.1 The relation — induced by redexes, redexes rules and evaluation contexts
s unambiguous.

Proof. It is enough to see that for every M, there exists at most one £, and R, such that
M = E[R). O

As a consequence, we see using Lemma that sup{Z | M = 2} is a directed set.
Following Definition [1.2.6] we define for any closed term M:

[M] =sup{Z | M = 2}.

Example 7.1.1 We adapt the non-terminating term given in Ezxample to our ex-
plicit copying setting: we need to replace the \-abstractions by exponential A-abstractions,
since the variables are used several times. Hence, we define:

Q= Nz.z(lz))(INz.z(lz)).
We look mow at the operational semantics of §2:
Q _>5 Q)

As a consequence, we see that the only approximate denotational semantics for € is given
by the (Empty) rule of Definition m Q = 0: it means that [Q] = 0.
We will see later that Q can be typed in the type system for A' that we will give in

Section [7.3.

Recall that we have also defined a recursion operator Y in Example which has a
shape similar as 2. We are going to do here the same thing as we have done for 2: modify
it in order to obtain a program in A' respecting our policy on affine /exponential variables.

Example 7.1.2 We are going to present here a variant of Y fixpoint combinator for call-
by-name A, which we adapted to our affine/exponential policy, as well as to our evaluation
strategy. We define Y' the fixpoint combinator in A!@ as:

Y= M. (Mgl (y('y)! (Ay.a!(y(y)))) -

We are now going to highlight how we can see Y' as a fizpoint operator. Observe that we
have to pass as argument to Y a term in a box: it corresponds to the fact that the variable
x s used twice. Let be M in A!ea- We define

L= (Ay.M!(y('y)))! (Aly.M(y(ly))) -

Then we can see that Y!(!M) — L and moreover when we do one step of execution from
L, we obtain the function M applied to L: indeed it holds that L — M!L.
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7.2 Type System for A!@.

As explained before, when we write a program of the form Ax.M, the variable x is meant
to be affine i.e. it has to be used at most once in M. However, we are able to write terms
in A!eB that do not respect this rule. To leave such terms out, we introduce now a type
system to enforce our affine/exponential policy on variables. Besides, this type system
will also allow us to avoid deadlocks, i.e. terms that are not values, but are not reductible
by the reduction - — - either: for instance terms as (Alz.x)Az.x, where the left-hand side
wait for a term in a box, but is given a A-abstraction.

Observe that we do not want our type system to be too restrictive: we want to enforce
our policies on the use of resources and the absence of deadlocks, but we also want to
be still able to encode Ag. To do that, we use first-order recursive types.To sum up,
our approach consists in combining in our type system tools to manage resources (using
affine and exponentials variables, as well as a ! operator on types to denote the ability
to be copied infinitely often), and tools to increase expressiveness (recursive types), thus
enabling us to encode Ag. We first give a presentation of generic first-order recursive
types for A-calculi, following [17]. We give it a brief and presentation of it, see [9] for a
more complete account.

7.2.1 Types for A!ED

Our Aée—type system is a la Curry—we don’t add typing anotations to the syntax, but
instead define typing judgments for terms without typing annotations. We have a func-
tionnal type constructor —, a pair type constructor x, a constructor ! to denote the ability
to be copied, and the fixpoint type operator ua.o.

The fixpoint type operator p should be seen as a finite notation for a solution of a
recursive type equation. For instance, the type o = pa.ac — a represents a solution to the
recursive type equation: A = A — A.

Definition 7.2.1 (Types for A!QB) We consider here a fived countable set of type vari-
ables VT'. The set MAz@ of types for A!EB is defined by the following grammar:

U,T...EMA;@ t=w ‘ o—=T | lo | oo
with o, 3 € VT

The least fixpoint operator pa.c bound the variable o in ¢. From now on, we consider
types up to a-congruence on the bound type variables.

We have to formalize in which sense a type poa.o can be seen as a solution of an
associated recursive type equation. We follow here [7], and do this by interpreting every
type o in @7y1 with its (possibly) infinite unfolding of every recursive equation in it: thus
we obtain a (possibly) infinite tree T'(c). We denote by Tree the set of all reqular—i.e
with a finite set of subtrees—trees whose leaves are in V7' U {L}, and whose nodes are
the non-recursive operators of the language, i.e O = {!, =, x,Va}.

Definition 7.2.2 Let be 0 € @7y1. We define co-inductively T'(c) € Tree as follows:
e T(a) =a;
e T'(c — 1) = Node(—,T(0),T(7));
e T(lo) = Node(!,T(0));
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Lifo=pubr...pubn-a
T(c{pa.o/a}) otherwise.

o T(ua.o) = {

We consider the set Tree up to a-equivalence. We illustrate below how first-order recursive
typescan be used for encoding infinite data types. For the purpose of this example, we add
a product type X to our type constructors. Observe however that our language A!69 has no
constructors for pairs, and accordingly our type system for A!@ has no product operator.

Example 7.2.1 Let be o € VT, and o such that a doesn’t occur freely in o. We consider
the type:
InfiniteList, = pa.(o X a).

Observe that this type is indeed designed to model infinite lists of elements of type o, since
every element of type InfiniteList, is the given of an element of type o —the head element
—and another element of type InfiniteList, —the tail. We see that T(InfiniteList,) is the
following infinite tree:

X
/\
g X
/\
g X
/\
g .

Observe that two different A!@ types can be the finite representation of the same infinite
tree. For instance, the type pa.(o x (0 X a)) has the same associated tree as InfiniteList, .
It is an intrinsic feature of recursive types, since the same type can be a solution of several
different recursive equations. Since we are actually interested in the tree itself, and not its
finite representation, we will consider A!EB types modulo equality of their associated tree,
following [7].

Definition 7.2.3 =7 is the equivalence relation on ‘Q{A!@ defined as: o =7 1 if T(c) =
T(T).

With this definition, we can now formalize our earlier idea of recursive equations: if
we consider the type InfiniteList, of Example we see that it indeed holds that:
InfiniteList, = ¢ x InfiniteList,. In the following, we will always consider implicitly the
types up to this equality relation.

Lemma 7.2.1 The equality relation on types =7 verify the rules given in Figure .

7.2.2 Typing System for A!EB

Now that we have defined a set of types %A;@ , we are going to specify the typing rules.
The typing rules we are going to give here are inspired of the one for Lily (see [14]). We
want to establish typing judgments, that guarantee that a term M of A!69 is well-typed
under some typing environment I': this typing environment specify the type of the free
variable in M. More precisely, a typing judgment will be of the form I' = M : ¢: it means
that when the free variables of M are replaced by terms having the type specified by the
typing environment I') then the resulting term is of type o.

Recall that in a term M of A!ea’ free variables may have two different meanings: they
may be meant to be affine, and in this case they must appear at most once in M, or they
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B=7A
Fold-Unfold ~ ————————— p-compat
po A =7 Al — pacAl po.A =2 po.B

A= B;for1<i<n op € O ={—, x,,Va.}
op(A1,...,An) =< op(By,...,B,)

o =7 Ala — o] = Ala = 7] A contractive in

U:'Q{T

Contract

where oo — 7] is the type obtained by substituting all free occurrences of a by 7 in o;
A is contractive in o« when every free occurence of o arrive under an operator in O.

Figure 7.1: Rules verified by = Relation

may be meant to be exponential, and then they may appear several times. Accordingly,
there will be two kind of elements in our typing environment: affine pairs of the form
(x,0) which specify that x is an affine free variable of type o, and exponential pairs of the
form (lz,!o), that specify that x is an ezponential free variable of type o.

Definition 7.2.4 An environment is a set of expressions in the form x : o or lx :lo,
where x € V and o € &), , and in which any variable x occurs at most once.
®

To make notations more readable, we will indicate the exponential part with metavari-
ables like IT", which stands for an environment with only exponential pairs (!z,!0), and the
affine part by metavariables like A standing for an environment where all the elements are
affine.

Definition 7.2.5 We say that a typing judgment \I' A = M : o is valid it it can be
derived from the rules given in Figure[7.2.

I
Dz oAb x:0 -V T, Ajz:obx:0 v
T,x:00AFM:T Ab lz o, IV A M : 7 LAb
T AF e M oo 200 P AF Az Mg = 7 Pstr
T,AFM:0— 71 T,OFN:o A THM:o B
T,A,OF MN : 7 PP T HIM o 0%
I,AFEM:o NAFN:o Chot
T,AFM®N : 0 olee

Figure 7.2: Typing Rules
We give now some explanations on the typing rules given in Figure First, observe

that the (Var) and (!-Var) rules imply the ability to weaken variables, in the sense that
non-used variables (both affine or exponential) can be discarded.
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Then, we can see that we have two rules (Abstr) and (!-Abstr), respectively, for the
affine and exponential abstractions. It us an adaption to our affine/ exponential framework
of the standard abstraction rule in typed lambda-calculus.

Let us now look at the application rule (App). We see a difference in the treatment of
the affine typing context and the one of the exponential typing context: when exponential
variables can be used to type both M and N, we have to choose for every affine variable
whether it is going to be used to type M or to type N. This specifies that exponential
variables can be duplicated, while affine variables cannot.

The rule (Box) allow to type terms of the shape |M. It says that if we are able to type
M with the type o using a typing context with only duplicable variables, then we can put
M in an exponential box, and we obtain a term of type !o. The idea is that, since all the
free variables of M may be duplicated, we are also able to duplicate M.

The rule (Choice) for probabilistic choice says that we can only do a probabilistic
choice between two programs of the same type. Crucially, an affine variable z can be used
to type both components of a probabilistic choice: it is because it is not a duplication,
but simply the consequence of the fact that x can be used in every probabilistic execution
path.

Definition 7.2.6 We say that M € A?e is a program of type o, if (F M :0) is a valid
typing judgment. We denote by P the set of programs of type 0. We denote by 77 the
set of programs of type o which are also values.

We are now going show that there exist valid typing judgments for the terms of A!69
we gave as examples in the previous section.

Example 7.2.2 (Type for Q) We are going to show here that for every type o € szfAs@,
it holds that (F Q : Va.«) is a valid typing judgment.

Q= Nz.z(lz)(INz.x(1z)).

In the proof tree, we will use the type T = pa.la — o. The relevance of T comes from
the fact that looking at the fold-unfold equation in Figure we can see that T =71 — o.

v

r="lr 5 g ) lz:lrkx: 7T
-V or —V v 1 1 1 .
Appl lz!lrkFalr— o lo v Hla 27 :
et z(lx) 1o Fza(lz):7=%1 =0
I-Abstr Box
FMzaz(lz):lr —» o Hl(Mz.z(lx)) 17

App
F MNzz(lz)(INz.z(lz)) - o

where we take T == (pa.lae — o).

Observe that, on the right, it remains to be shown that - Nz.x(lx) \7 — 0. However, we
see that it is sufficient to use again the same derivation tree as in the left part.

Recall that we have also defined a recursion operator Y for A!@ in Example We
are now going to see that we can adapt the proof of typability of 2 to Y.

Example 7.2.3 (Type for the fixpoint combinator Y.) Recall the fixpoint combina-
tor Y that we have defined in Ezample [7.1.9:

Y = Az, (My.z!(y('y)! (Aly.z!(y(1y)))) -
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We are also able to type Y in our type system. Indeed, it holds that for every type o € JangeB :
FY :l(lo - 0)—o0.

In the proof, we use the same auzilliary type 7 = pola — o as in Ezample [7.2.5:
recall that it verifies T =7\t — o. We also use the fact that we have shown in the proof of
Ezample that !y :\7 b yly : o (it is the premise of a sub-derivation in the proof tree
presented in FExample .

(see Example[7.2.2])
lydrkyly:o
I- Box
A lz:l(lo »o),ly:lrkz:ilo >0 ly I Hl(yly) :lo :
PP lz:l(lo = o), ly I Fzl(y(ly)) : o lzllo s o)k Ly:7=7IT 5 o
I-Abstr Box
A lz:l(lo > 0)F Ly :lr > 0 Iz :!(lo — o) FILg :I7
pp le Nlo o) LylLy i o
I-Abstr

FAa.Ly!Lg (lo—0) >0
FY =Ma.Ly!Ly :Vo!(lo > 0) > o

V intro

where we take 7 ::= (pa.la — o).
and Lz == (My.z!(y(ly)))

Figure 7.3: Proof Tree of Y : l(lo = 0) = o

Since we are able to type the fixpoint operator Y, we may now use it to express program
recursively defined.

In the following, it will be sometimes useful to type evaluation contexts too. We write
[[] : o0 = & to express the fact that, if we fill some evaluation context £ by any program of
type o, then we will obtain a well-typed program.

Notation 7.2.2 (Typing Judgment for Contexts) Let C be a context. We write [-] :
obC:7 whenx:ot E[x]: 7. When we don’t need to specify the result type, we will note
[[] : o = &, whenever there exists a type v such that [-] : o = C : v is a valid typing judgment.

7.2.3 Soundness of the Type System for A!@-

We are now going to study which properties on programs are enforced by our type system.
We first want to ensure that no deadlock can occur when we execute a well-typed program.
To show that, we need the following two lemmas, that ensure that our type system is well
behaved. The first one is the probabilistic counterpart of the Subject Reduction property
for deterministic typed A-calculi: it says that, whenever we do one execution step from a
program of type o, every program we may obtain as a result is also of type o.

Lemma 7.2.3 (Subject Reduction) Let be M a program such thatt= M : o, and more-
over M — Ny, ..., Ny. Then for everyi € {1,...,n}, it holds that - N; : o.

Proof. As in the deterministic case, the proof of Lemma is based on an auxilliary
Substitution Lemma:

Lemma 7.2.4 Let be M a program such that = M : o. Then:
e ifx:ob N:7, then it holds that = N{M/x} : T.
o iflz:lo N: 7, then it holds that - N{M/x} : 7.
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Proof. The substitution lemma is shown by induction on the structure of V. O

We conclude the proof of the Subject Reduction lemma by case distinction on redex rules.
O

We show now that our type system enjoys the Progress Property, that says that if
a well typed program cannot be reduced anymore, then it is a value, and not merely a
deadlocked term.

Lemma 7.2.5 (Progress) If M is a typable program which is a normal form for —, then
it is a value.

We are now able to use Subject Reduction and Progress to show that our A!69 type
system is sound: if an execution path with a non-zero probability stops at a normal form,
then this normal form is a value of the same type as the original program. We can interpret
this property by saying that it guarantees that well-typed programs are well-behaved.

Proposition 7.2.6 (Soundness of the Type System.) Let be M a program of type o.
Then for every term N in the support of [M], it holds that N is a value of type o.

Proof. Let be M a program of type o. Recall that [M] = sup{Z | M = Z}. It means
that to show Propsition it is sufficient to show that whenever M = 2, S(2) C ¥°.
The proof is done by induction on the derivation of M = Z.

e If the derivation uses the (Empty) rule as last rule, it means that it is of the form:

M=0=9
and since the support of the empty distribution is empty, the result holds.

e If the derivation uses the (NF) rule as last rule, it means that it is of the form:

V is a — normal form.
M=V={V}=9

Val

It means that the only term in the support of & is M itself, and moreover it is
already in normal form. Using Lemma [7.2.5] we see that it implies that M is a
value.

e If the derivation use the (Step) rule as last rule, it is of the form:

M — Ny,...,N, (Ni = &i)i<i<n

Step I
M:>92215¢§nﬁ'gi

First, we apply Lemma [7.2.3} it tells us that each one of the program Ny,..., N,
is of type 0. We can apply now the induction hypothesis on every one of the sub-
derivations IV; = &;. As a consequence, we know already that S(&;) C 77 for every
i €{l,...,n}. Since 2 = 3, ,., L&, it holds that S(2) = U;;<, S(&)i. We
can see that it leads to the result.

0
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While our type system for A!@ is sound and allows us to enforce our ressource policy
on variables, we should also note that type inference is undecidable.

Example 7.2.4 (Boolean in A!@.) Recall the terms true = \x.\y.z, false = \x.\y.y,
and ITE = Ax.\y.Az.xyz, that we presented in Fxample to simulate the boolean
data type in A. For every type o, we note B, := 0 — 0 — o. Then for every type o, we
have:

F true: B, F false : B, F ITE : (By — 0 — 0)

Since we have fired a CBV strategy, it means in particular that when evaluating
ITE MNL both conditional branches N and L are executed. To obtain a more intu-
itive version of conditional, we use the term ITE to define the if-then-else procedure,
which is a A!EB context with three holes, defined as:

if ([1) then [y else [z := (ITE [Ji(Az.[]2)(Az.[]3))]

7.3 Embeddings from A; into A!69

We see now that A!ea allows to encode the untyped probabilistic A-calculus Ag. To
make this connection more precise, we will define encodings []é Ly — A!@, for Lg €
{AS™ A%BV}, and we will show that these encoddings preserve operational semantics.
Here, we present the embedding [[°®® from Ag endowed with its CBN semantics as
presented in Chapter |1} into A!@. To design it, we made use of the connexion between A!@
and Linear Logic (LL). Linear Logic is a logic which talk about the use of ressources. A!ea
can be seen as a linear calculus, in the sens that the syntactic construct of the language
(apart from the probabilitic choice) correspond to the connector of the MELC (Multiplica-
tive Exponential Linear Logic) fragment of LL. In [51], Girard looked at standard ways
to translate the intuitionnistic logic into intuitionnistic linear logic. Using the connection
between logic and lambda-calculi, it gives equivalently a way to translate the simply typed
A-calculus in the linear term calculus. Girard proposed actually two translations, which
were shown to correspond to a CBN and CBYV evaluation strategy. Here, we are going
to adapt these translations to translations from the untyped probabilistic lambda-calculus

Ag into Aé? that can be seen as a probabilistic linear language enhanced with recursive

types.

The Call-By-Name Embedding
We adapt here this translation to an embedding []P" : Ag — Al
Definition 7.3.1 We define 0™ = pala — «a, and []" : Ag — Al as:
(2] = [Az. M) = M. [M]on
[MN]e = [M]ebm[N]ebn [M @ N = [M]<" @ [N]eon

Observe that the type 0" is a solution to the recursive equation P =lg" — 7P We
illustrate it by giving the representation of its infinite unfolding;:

_)

_)

!
‘ /\
— | —
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Proposition 7.3.1 Let be M € Ag, with FV(M) C {z1,...,x,}. Then it holds that
Ly o Ly, o = (M ot

A positive point about this embedding, that will be relevant in the following, is that
it is compositionnal, i.e. it preserves the structure of the term. We formalize this idea in
Lemma [7.3.2] below.

Lemma 7.3.2 e Letbe M, N € Ag, and z € Vars(). Then [M{N/z}]" = [M]"{[N]¢*"/z};

e Let be M € [Ag]", such that there exists an evaluation context £, and N € Ag,
verifying [M]" = E[[N]®"]. There for any term L € Ag, it holds that E[[L]""] €
[A@]cbn'

The operational semantics of CBN Ag is preserved by the embedding in the following
sense:

Proposition 7.3.3 Let be M a closed term in Ag. Then [[M]]*™ = [[M]*"].

The Call-By-Value Embedding

Girard gives actually another translation from intutionnistic logic into ILL, that lead to a
CBYV evaluation strategy.

Definition 7.3.2 We define 0% = pal(a — «), and []?: Ag — Al as:

[JJ]CbU =z [)\l'.M]CbU :!)\!:L'.[M]va
[MN]cbv — ()\!a:.x[N]Cb”)[M]Cb” [M D N]cbv _ [M]cbv o [N]cbu

7.4 Aélz An affine )\-calculus

Here, we are going to define a A-calculus which is affine, i.e. no variable can be duplicated.
This language is designed to model functions using their arguments at most once.
Observe that we could obtain such an affine higher-order language by looking at the
fragment of Aéa obtained when removing the exponential constructs of the syntax of the
language, and similarly the exponential type operator ! of the syntax for types. However,
we instead opt for a presentation with affinity constraints, which is the one we used in the
joint work with Dal Lago in [29]. The Aél terms are generated by the following grammar:

Mu=z | Ae.M | MM | Me M | Q,

where €2 models divergence—since we only consider affine terms, we cannot encode diver-
gence by the usual constructions of A-calculus, and = ranges as usual over a countable set
V of variables. The wvalid terms of AESB1 are isolated by way of a formal system, whose
judgements are in the form I' - M (where T is any finite set of variables) and whose rules
are the following (where I', A stands for the union of two disjoints contexts):

_ NI M AFN
Lakw - Az M [,AF MN
'M TFN
TFMoN r'EQ

A program is a term such that ) = M, and P, < is the set of all such terms. We
£

will call them closed terms. We say that a program is a wvalue if it is of the form Az.M,

and V, < is the set of all such programs. The semantics of the just defined calculus is
2

expressed as a binary relation |} between programs and value subdistributions.
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Definition 7.4.1 The relation | is inductively defined by the following rules:

Vey My N|&
QU0 VY MoNylo+le

M9 N|&
{L{V/2} | ZLv }re.Les(2),ves#)
MN > 2 x.L)-&(V) - FLv

The divergent program €2, as expected, evaluates to the empty value distribution () which
assigns 0 to any value. Recall that the expression {V1} stands for the Dirac’s value distri-
bution on V; more generally the expression {V}",..., V/’"} indicates the value distribution
assigning probability p; to each V; (and 0 to any other value). For every program M, there
exists precisely one value distribution 2 such that M |} 2, that we note [M]. This holds
only because we restrict ourselves to affine terms. Moreover, [M] is always a finite distri-
bution. The rule for application expresses the fact that the semantics is call-by-value: the
argument is evaluated before being passed to the function. There is no special reason why
we adopt call-by-value here, and all we are going to say also holds for (weak) call-by-name
evaluation.

The way |} is defined means that it is a big-step notion of semantics. In some cir-
cumstances, we need to have a more local view of how programs behave. We can define
small-step semantics, again as a relation = between programs and value distributions (it-
self defined on top of a relation — between programs and program distributions capturing
a single evaluation step).

Aél, seen as a fragment of A!@, is stable by the A!@ reduction relation —. It means
that we can endow Aél with an operational semantics [ ] simply by taking the restriction
of the A!@—operational semantics.

However, we can also give a simpler caracterisation of [] for A%l programs. Indeed,
enforcing affinity in terms leads to removind recursion. As a consequence, the set of
approximation semantics of a program in A%l becomes finite. Recall that the operational
semantics of a program is defined as the supremum of its approximation semantics: the
previous observation means that we can give a direct inductive caracterisation of the
A%I—Opera‘cional semantics.

Proposition 7.4.1 The operational semantics in Aél can be caracterised by the following
inductive definition:

V is a — normal form. st M — Ny,...,N,
ep
[Vl ={v'} [M] = Y1<icn - [NI]

Observe that the rules are the same as for defining approximation semantics (see C’hapter
Definition m}, except that we removed the (Empty) rule.

NF

Proof. What we have to show is that for every program M € P<! there exists 2 such
that we can show M = & using the rules of A!€B for the approximation semantics, but
without using the (Empty) rule.

The proof is based on the fact that we can define a function ¢ : PS' — N, such that,
if M is a well-typed affine program, and M — Ni,...,N,, it holds that for every i € N,
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c(M) > ¢(N;). We define ¢(M) inductively on the structure of M, as follows:

(x)=0 c(Ax.N) = ¢(N)

Q=1 ¢(NL)=1+¢(N)+c¢(L)
(M @& N)=14max{c(M),c(N)} c((M,N)) = c¢(M) + ¢(N)
(let (z,y) =M in L) =c¢(M) +¢(N) + 1

Q

(o) (o)
Tl

o

The idea is that we take ¢(M) as the maximal number of redexes on every possible exe-
cution path. We first show the following auxilliary lemma:

Lemma 7.4.2 Let be M such that x1 : T1,...,Tm : Tm & M : 0 is a valid affine typing
judgment, and a family of terms N such that = N; : ;. Then it holds that

e(M{Ny/a1} .. ANpm/zm}) <c(M)+ > c(N;)

1<i<m

Proof. The proof of Lemma is done by induction on the structure of M. We do
explicitely here the application case: suppose that M = KL. Using the typing rules,
we see that we can split the typing context A = x1 : 71,..., %y : Ty into two disjoints
typing contexts Ay = x;, @ Ty, ..., %4, ¢ 04y, and Ao = x4, 1 Ty, ..., x5 : Tj, such that
A1 FN:v—o0,and Ay - L : 1. Moreover, since A; and Ay are disjoint, a free variable
x; of M is substituted either in K, or in L, but not in both. It means that we can write:

M{N/a1}.. . {Np/zpm} = K'L'
with K" = K{N;, /i, } ... {Ni, /2, }
and L' = L{Nj, [z, } ... {Nj, [z}

Using the definition of ¢, it tells us that
c(M{Ny/x1}...{Npm/xm}) =1+ c(K") + (L. (7.1)

We apply now the induction hypothesis to both K and L: we obtain that:

oK) <c(K)+ Y. () (7.2)
pE{i1,...,ik}

and (L) <c(L)+ Y ¢(Np) (7.3)
PE{J1,-,1 )

(7.4)

Since ¢(M) = ¢(K) + ¢(L) by the definition of ¢, we see that by combining (7.1), (7.2
and ([7.3]), we obtain the result.
]

Using we are now able to show that the function c strictly decrease at each step of
execution. Recall however that we still nonetheless have non-convergence in the calculus
A%l, but it is not modelled as a program with an execution that never stops as in A or
Ag, but by the primitive program € whose reduction rule is Q — ().

Lemma 7.4.3 M is a well-typed affine program, and M — Ni, ..., N,, it holds that for
every i € N, ¢(N;) < (M) — 1.
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Proof. The proof is by case distinction on the redex which is actually reduced by —. [

We can now end the proof of Proposition using Lemma Indeed, recall that we
have to show that there exists a finite proof derivation of M = & (seen as the operational
semantics of A!@) which does not use the (Empty) rule. Suppose by contradiction that
this is not the case. Since we have a progress Lemma, the fact that there is no finite proof
derivation implies that there exists a family of programs (M, ),en, such that M = My,
and for every ¢ € N, it holds that M; — N1, ... Nj, where M; 1 is one of the N;. But then
we have build an infinite strictly decreasing sequence of natural numbers by considering
¢(M;), which does not exist. O

Observe that since we don’t have recursion anymore, the program €' is not in A%l.
However, we still have non-terminating programs: indeed the generic non-terminating
term €2 is still a constant in the syntax. It is actually our motivation for introducing €2
in the syntax: we wanted to keep the possiblilty to express non-termination in the affine
fragment of A!®5 indeed recall that we take as our notion of observation on programs—for
defining context equivalence or context distance—the probability of non-termination (see

Chapters [2| and .

Corollary 7.4.1 For any Aél-progmm M, [M] is a sub-distribution with finite support.

Example 7.4.1 (Dyadic Choice.) Let D be the set of dyadic numbers (i.e. those ratio-
nal numbers in the form s (with n,m € N and n < 2™). It is easy to derive, for every
¢ € D, a new binary operator on terms - ®° - such that [M @° N = (1 — ¢)[M] + ¢[N]
for every closed M, N. It can be defined in A%l, e.g., as follows by induction on m:

M@’ N=M

Ma&'N=N
M & (M @71 N)  ifn<2m!

1

M@Qim N = o=
N@® (M@ 2T N) ifn>2m1

Definition 7.4.2 Contexts in A%l We call open A%l—contexts the terms C build using

the grammar of Aél, with Vars() as set of potential bounded variables, and [-] U Vars()

as set of potential free variables, and such that there exists X C Vars() with X U[-] F C.
We call AS'-context the open A3'-context such that [+ C.

Lemma 7.4.4 We can caracterise the open A%l—contexts as the terms generated by the
following grammar:

Ca=[]| Mc|cM | xec|coD | M,

and such that ||+ C.
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Chapter 8

Applicative Trace Distances for
Higher-order Probabilistic Calculi.

In Chapter [4] and [5] we studied two extensions of Abramsky’s applicative bisimilarity in
the setting of higher-order probabilistic calculi, that were both introduced by Dal Lago,
Sangiorgi and Alberti [32]: trace equivalence—that was shown by the authors of [32] to
be fully abstract for CBN Ag—and the probabilistic applicative bisimilarity—that we
have shown in Chapter [5 to be fully abstract for CBV Ag. We now want to extend
this line of reasoning to the quantitative case, i.e. to build distances on programs that
are easier to handle than the observational distance, while still allowing us to gather as
much useful information as possible about the observational distance. In the first part
of the present Chapter, we revisit the properties for equivalence relations on programs
that we presented in Chapters 4| and [5| —i.e. observational correctness, compositionality,
and soundness—by adapting them to distances, in the setting of a generic observable
probabilistic programming language. In the second part of the present chapter, our goal
thus becomes to extend trace equivalence into a quantitative notion, thus defining sound
trace distances on probabilistic higher-order programs. In the next chapter, we will do
the same for probabilistic applicative bisimilarity, thus obtaining applicative bisimilarity
distances.

When introducing trace equivalence for CBN Ag, Dal Lago, Sangiorgi and Alberti
used a presentation based on applicative contexts. Recall that in Chapter [4], we give also
an alternative presentation using WLT'Ss, that are deterministic Labeled Transition Sys-
tems with weight. With this viewpoint, defining a trace equivalence for some higher-order
probabilistic language means giving a WLTS that expresses interactively the operational
semantics of this language, and then to use bisimilarity on this WLTS to build an equiv-
alence on programs.

Our approach towards a quantitative extension of trace equivalence is as follows: we
first adapt the notion of WLTS-bisimilarity into a quantitative notion of bisimilarity dis-
tance for WLTSs, and then as in the equivalence case, we build a distance on the set
of programs of a particular language by using the bisimilarity distance of its associated
WLTS. Observe however that while this approach can a priori be used for any higher-order
probabilistic programming language, there is no guarantee that the resulting equivalences
and distances on programs will be sound with respect to the observational equivalence
and the observational distance of the language respectively. To illustrate this point, let
us recall what happens for the language Ag: while the WLTS % (A@Cb“)—the applicative
WLTS for CBN Ag that we defined in Definition in Chapter 4] —leads to a sound
trace equivalence, that is not the case anymore if we use a similarly built WLTS for CBV
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Ag, as we mentioned in Section in Chapter

Actually, the situation becomes worse in the quantitative case, since—as we will show
in this Chapter—the trace distance on CBN Ag induced by £ (A ™) is not sound. As we
will highlight, this gap between the 2-valued case and the quantitative case comes actually
from the copying phenomenon. For this reason, we will first consider the affine language
Aél, in which no copying can occur: we will adapt to this language the applicative WLTS
used for CBN Ag, and show that this WLTS indeed leads to a sound—and even fully
abstract—distance for Aél programs. The last part of this Chapter deals then with the
copying phenomenon: we look at the language A!ea with ! explicit that we presented in
Chapter [7} the presence of this additional syntactic structure allows us to design a WLTS
specifically to get around of the copying problem. We then show that the distance for
A!@—programs obtained with this WLTS is sound—and even fully abstract.

The work we present here was published jointly with Ugo Dal Lago in [29, 26], and
our presentation here follows closely the structure of these papers.

8.1 Well-behaved Distances for Higher-Order Languages

We have defined in Chapter [3| the observational distance for a generic observable proba-
bilistic programming language—that is any language equipped with a notion of observation
and a notion of contexts as formalized in Definition for untyped languages, and in
Definition for typed languages. In this section, we want to look at a larger class of
distances for such generic observable programming language, and at how we can describe
their behavior with respect to the observational distance.

The distances that we are going to consider are—contrary to the observational dis-
tance—defined on the set of programs, instead of all terms of the language; recall that it
is also the case of the coinductively defined equivalences that we have built in Chapter [4]
and 5l In the same way that we used open extension to go from a relation on programs to
a relation on all terms in the equivalence case, we will also be able to go from a distance
on programs to a distance on all terms, as we will illustrate in the next chapter. We
ask our distances to be essentially pseudo-metrics—see Definition [3.1.3] of Chapter [3—on
programs, but when we work with a programming language which is typed, we need to
take also into account the fact that we can compare only programs that have the same
type. Summing up, we formalize below in Definition the class of distances for any
observable probabilistic programming language.

Definition 8.1.1 Let Lg be an observable programming language. A distance on pro-
grams 1s:

o if Lg is untyped, a pseudo-metric p: P x P — [0, 1], where P is the set of programs
Of ‘CEB:'

o if Lo is typed, a family of pseudo-metrics indexed by the types: (,ug)g.eg{ﬁﬂB with
Ho @ Py x Py — [0,1], where p, is the set of Lg-types, and for every o € g,
P, is the set of all programs of type o.

As we have explained in Chapter [4] the primary requirement enforced in the literature
on an equivalence relation R on programs is soundness with respect to observational
equivalence, i.e. that M ECEZ’; N whenever (M, N) € R. We give here the quantitative
counterpart of this requirement: we ask to a distance u to move apart programs at least
as much as the observational distance does, in the sense formalized in Definition [8.1.2]
below.
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Definition 8.1.2 Let Lg be an observable programming language, and p a distance on
programs. We say that p is sound with respect to the observational distance when the
following conditions hold:

o if Lg is an untyped language, we ask that for every programs M and N, §¢*(M,N) <
p(M,N).

o if Lg is a typed language, we ask that for every o € o/, M, N € P,, §S%(M,N) <
o (M, N).

Observe that this soundness requirement on distances is a generalization of soundness
for equivalence relations, in the sense that whenever a pseudo-metric is sound w.r.t ob-
servational distance, then its kernel is sound w.r.t. observational equivalence. Proving
soundness of an equivalence relation on programs for some higher-order language usually
consists in proving both observational correctness and compositionality; this approach
was for instance followed [32] for trace equivalence and applicative probabilistic bisimi-
larity for CBN Ag, and we also illustrated it here when proving soundness of applicative
probabilistic bisimilarity for CBV Ag in Chapter We first look at how to generalize
observational correctness to the quantitative case. Recall that an equivalence relation R
is observationally correct when:

M RN = Obs(M) = Obs(N).

It means that whenever M and N are equivalent with respect to R, the dummy context
[-] that simply executes its argument should not be able to distinguish between M and N.
Similarly, we say that a distance p is observationally correct when it is at least as informed
as this dummy context, in the sense that it should separate programs at least as much.

Definition 8.1.3 Let Lg be an observable programming language, and p a distance on
programs. We say that p is an observationally correct distance if the following conditions
hold:

e if Lo is an untyped language, we ask that for all programs M,N € P, u(M,N) >
|Obs(M) — Obs(N)|;

o if Lo is a typed language, we ask that for every observable type o € o5, and every
programs M, N € Py: po(M,N) > |Obss(M) — Obsy(N)|., where o, is the set of
observable types of Lg.

Observe that observational correctness is weaker than soundness, since being sound means
to be at least as informed as all possible contexts. As developed in Chapter see
Proposition if a relation is an observationally correct equivalence, then we know it
is sound with respect to observational equivalence as soon as it is also compositional, i.e. :

M RN A Cacontext = (C[M])R(C[N)).

We now want to generalize compositionality to the quantitative case. We choose here to
ask for the distance u to be non-expansive, i.e. that an environment cannot increase the
p-distance between two programs by filling them into some context. It is the notion which
is used for instance by Reed and Pierce [97] to do compositional reasoning for differential
privacy, as well as by Azevedo et al [6] when developing denotational semantics that are
distance-based. We formalize in our setting this non-expansiveness requirement below.
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Definition 8.1.4 Let Lg be an observable programming language, and p a distance on
programs. We say that p is non-expansive, when:

o if Lg is an untyped language, we ask that for every programs M, N € P, and every
context C, it holds that p(C[M],C[N]) < (M, N);

o if Lg is a typed language, we ask that for every o, 7 € &7, every programs M, N € P,
and every context C € C 5)_r, it holds that ju(C[M],C[N]) < ps(M, N).

It can be interesting to note that non-expansiveness is not the only quantitative generaliza-
tion of compositionality considered in the literature. Gebler and Tini [49], for instance, ask
in their work on distances on a first-order probabilistic language for uniform continuity, i.e.
that if we fix a context C, and an objective € € [0, 1], to be sure that C[M] and C[N] are not
farther away than our objective ¢, it is enough to know that M and N are closer than some
quantity 6. Formally, it means that for every small e € (0, 1], and for every context C, there
exists a 0 € [0, 1], such that for all programs M, N u(M,N) < § = pu(C[M],C[N]) < e.
Observe that our non-expansiveness requirement is stronger than uniform continuity.

In Proposition of Chapter |5 we showed that when an equivalence relation on
program is both observationally correct and compositional, then it is sound with respect
to the observational equivalence. We prove now in Proposition below that the quan-
titative counterpart is also true, i.e. as soon as we have established both observational
correctness and non-expansiveness for some distance p on programs, we obtain that p
is sound with respect to the observational distance. Observe that the non-expansiveness
requirement is also interesting on its own, since it allows us to reason by compositionality
when computing the distance between two programs.

Proposition 8.1.1 Let Lg be an observable programming language, and p a distance on
programs. If p is both observationally correct and non-expansive, then it is sound with
respect to the observational distance.

Proof. We show Proposition in the case where Lg is an untyped language, but
the reasoning is similar in the typed case. Let u be a distance on programs, that is
both observationally correct and non-expansive. Let M, N be two programs. Recall the
definition of observational distance:

§™(M,N)= sup |Obs(C[M])— Obs(C[N])|.
C a context
It means that it is enough to show that for every context C, |Obs(C[M]) — Obs(C[N])| <
u(M,N). Since p is observationally correct, we see that |Obs(C[M]) — Obs(C[N])| <
u(C[M],C[N]), and since p is non-expansive, u(C[M],C[N]) < u(M,N). By combining
these two inequalities, we can conclude the proof. ]

8.2 Bisimilarity Distance for WLTSs

Recall that our presentation of sound equivalences for Ag in Chapter [4] and Chapter
relied on built-in notions of equivalence on various classes of quantitative transition sys-
tems. As highlighted there, WLTSs—Weighted Labeled Transition Systems, that we have
introduced in Section [£.2.1] of Chapter [dl—is the class of transition systems that allows
to express trace equivalences for probabilistic higher-order languages. In this section, we
focus on WLTSs, and we see that bisimilarity on WLTS can be generalized in a natu-
ral way into bisimilarity distance. Recall that we have gave two equivalent definitions of
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bisimilarity for WLTSs: the first one is inherently coinductive, while the other one char-
acterizes bisimilarity inductively by using linear tests. We follow a similar path here: we
first give a coinductive definition of bisimilarity distance, and then we show that we can
also characterize it by linear tests.

8.2.1 A Coinductive Definition of Bisimilarity Distance for WLTSs.

We look here for a quantitative generalization of the coinductive definition of WLTS-
bisimilarity as the largest WLTS-bisimulation—see Definition of Chapter[4 Observe
that a necessary condition for two states s and ¢ to be bisimilar is that w(s) and w(t) must
be equal. When dealing with distances, however, we want to be able to express the fact
that two states —that can possibly have distinct images by w(-)—are not farther away
than some small quantity €. This idea leads us to a relaxed notion of bisimulation: for
each ¢ € [0, 1], we define below the e-bisimulation requirement, designed to guarantee that
whenever two states s,t are related, their w-valuation will never be farther away than e
no matter the evolution of the system.

Definition 8.2.1 Let X" = (w,(S,L,—)) be a WLTS. Let R be a binary relation on S,
and € € [0,1]. We say that R is a e-bisimulation whenever the following two conditions

hold:
1. R is a bisimulation on the LTS £ = (S, L, —);
2. if sRt, then |w(s) —w(t)| <e.

When only the condition holds, we will say that the relation R s e-bounded. For
every € € [0,1], there exists a largest e-bisimulation, that we indicate as R%., and call
e-bisimilarity on Z%.

Observe that a 0-bisimulation is simply a WLTS-bisimulation, so the 0-bisimilarity R?%W
coincides with the bisimilarity on .ZV: in that sense our relaxed notion of e-bisimilarity is
indeed a quantitative extension of bisimilarity. If we now look at the 1-bisimilarity, we see
that since the image of w is contained in [0,1], R, is the bisimilarity on the underlying
LTS Z.In particular, it is an equivalence relation: we say that two states are comparable
when they are in the same equivalence class for R}Zwv and we denote by &(.Z") the set of
equivalence classes for R}ipw. We will often in the following ask binary relations on states
to be clustered, i.e. to respect the equivalence class of R'. We formalize this notion in
Definition [8.:2.2] below.

Definition 8.2.2 Let Z"Y be a WLTS. We say that a relation R is clustered if s Rt
implies that there exists E € &(Z), such that both s € E andt € E.

When R is a clustered relation, we use the following notation: for every E € &(Z£V),
we will denote s Rpt to mean that s,t € E, and s Rt. Observe that as soon as R is a
e-bisimulation for some ¢ € [0, 1], it holds that R is a clustered binary relation. If we
look now at the e-relaxed version of bisimilarity R%,. , we see that it is not necessarily an
equivalence relation (since it is not transitive). It is however an reflexive and symmetric
binary relation, as we show below:

Lemma 8.2.1 For every € € [0,1], it holds that R%,., is reflexive and symmetric.

Proof. The proof is similar to the one we did to show that the bisimilarity on some LTS
is an equivalence relation: we show that {(s,s) | s € S} is a 0-bisimulation; and that if R
is a ¢ bisimulation, then also R~! is a e-bisimulation. ]
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We illustrate on an example the notion of e-bisimulation, by looking at the WLTS
ZL(Ag®®), which is the applicative WLTS for CBN Ag that we used to present trace
equivalence in Chapter We want to compare the two programs M = Az.I, and N =
(Ax.I @ Ax.Q). Recall that we have shown—in Example of Chapter that their
corresponding states s(M) := {M'} and s(N) := {N'} are not bisimilar on .Z(Ag");
in other words there is no 0-bisimulation that connects them. We show in Example

1

below that we can however build a §—bisimu1ation that connects those states.

Example 8.2.1 We consider the two £ (Ag"™)-states s(M) = {M'} and s(N) :=
{NYY, with M = \z.I, and N = (A\z.I ® \x.Q). We represent the fragment of £ (Ag ™)
relevant for these two states in Figure of Chapter . We build now a %—bisimulation
that connect s(M) and s(N): recall that the set of states for this WLTS is Sy comy =

A(Py,) &JA(17A®), i.e. consists of both the distributions over the set of Ag terms, and the
distributions over the set of Ag distinguished values; we define a relation R C Sg(Ae;cbn) X

SX(AEB cbn) as:

Roi= (MU AN, (51,00, (52,020} U{(%, 5 - ) | 7 € A(PaL) & AP, )},

where s and t are as represented in Figure [[.3. We can then check that R is indeed a
$-bisimulation over (Mg cbny,

Intuitively, each of the e-bisimilarity R%,. is designed to contain all the pairs (s,t) such
that the states s and t are not farther away as €. When looking at this the other way
around, it means that the distance between s and ¢ should be the smallest £ such that
(s,t) € R%.. Accordingly with this intuition, we define now the bisimilarity distance on
the states of a WLTS.

Definition 8.2.3 Let be £ = (w,(S,L,—)) a WLTS. We define the bisimulation dis-
tance for the WLTS £V as the family of quantitative valuations (55 ) Ees(zw) where
§£"  Ex E —[0,1] is defined as:

6% "(s,t) = inf {e | s Rput}.

Observe that the definition above is indeed well-posed, since whenever s and ¢ are com-
parable, the set {e | s Rt} C [0,1] contains at least 1-—since s RL ¢ by definition of
comparable states—so it is not empty.

Lemma 8.2.2 For every class E € &(£"), it holds that 5% " is a pseudo-metric.

Proof. Using Lemma we see that (55 " is reflexive and symmetric. To see that
the triangular inequality holds, we use the fact that if R is a e;-bisimulation, and §' is
a &9 bisimulation, then R o S—i.e. the composition of R and S, see its definition in
Chapter 4} —is a (1 + e2)-bisimulation. O

Moreover, the infinum in the definition of (55 " is actually a minimum, as we show in
Lemma [8.2.3 below.

Lemma 8.2.3 Let " = (w,(S,L,—)) be a WLTS, E € &(ZL"), and s,t € E. Then
6gw(s, t) < e if and only if s R t.

Proof. The right-to-left implication is given by the definition of 5“5 ". The other one
comes from the fact that for every e € [0, 1], the relation R := {(s,t) | 0% (s,t) < e} isa
e-bisimulation. OJ
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The coinductive definition of the bisimilarity distance is well-adapted to show upper bounds
on the distance between two states: indeed, as we illustrate in the Example below, it is
enough to build one e-bisimulation that contains (s, t) in order to show that 0% - (s,t) < e.

Example 8.2.2 We consider once again the WLTS £ (Ag ™). Observe first that Rizﬂ(A@Cb")

. b .
hasAtwo equivalence classes: &(Z(Agp“")) = {Ep, Ep} with Ep := A(Pay), By =
A(Vpg). It means that we can compare either two states that are distributions over pro-
grams, or two states that are distributions over distinguished values. Recall that we have
shown in Example the existence of a %-bisimulation, that connects {(A\z.I) & (Az.)h

and {(\z.1)'}. As a consequence:

o (0D © (a0 {Owd) ') <

N |

8.2.2 An Inductive Characterization of Bisimilarity Distance for WLTS

In Section of Chapter [4] we also characterized inductively bisimilarity for WLTSs,
by using linear tests that are represented by traces, i.e. finite sequences of actions. Recall
that for each state s, we defined 7 (s) the set of traces that we can execute with s as point
of departure, and for every trace a € 7 (), we defined the success probability Prob(a |)(s)
designed to represent the probability that o succeeds when applied to the state s. Then
we showed—in Proposition [£.2.3}—that two states are bisimilar if and only if they have
the same set of admissible traces, and for each such trace the probability of success is the
same for the two states. Here, we keep the same class of tests, and we show that they
also characterize the bisimilarity distance: indeed, as stated formally in Proposition
below, the bisimilarity distance between two comparable states s and ¢ coincides with the
supremum of the separation induced by any trace o on (s,t).

Proposition 8.2.4 Let L% = (w,(S,L,—)) be a WLTS. For any set of traces A C Tgw,
we define: E5 = {s | T(s) = A}. Then it holds that the equivalence classes of R',. are
the E4, i.e. more precisely 8(LY) ={Ea | A C Tyw, E4 # 0}. Moreover, when A C Tgpuw
and s,t € E 4, it holds that:

5%, (s,t) = sup|Prob(a 1)(s) — Prob(ar 1) (t)].

a€cA

Proof. We show separately the two inequalities:

e First, if two states s and ¢ are related by an e-bisimulation, we can see that their set of
admissible traces coincide, and moreover |Prob(a |)(s) — Prob(a )(t)| < e (the proof
is by induction on the length of the trace «, since the states obtained after having done
every action in « are still e-bisimilar). As a consequence: 5%1 (s,t) > supyea|Prob(a |
)(s) — Prob(a 1) ¢)]

e To show the other implication, we define for every € the binary relation on states
R. := {(s,t) | JA C Tpw,s,t € E4 N Ya € A, |Prob(a |)(s) — Prob(a |)(t) < e}. We
can see that R. is indeed a e-bisimulation, by remarking that if s —— ', it holds that
T ={a|a-aeT(s)}, and for « € T(s'), Prob(a |)(s') = Prob(a-«a |)(s). It
means that two states s, t with the same admissible traces are e-bisimilar as soon as
the difference between their success probabilities for traces is never greater that €. As
a consequence, 55: (s,t) < sup,eca|Prob(a |)(s) — Prob(a ])()].

O
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An immediate corollary of Proposition is that 7 (s) and T (t) coincide as soon as
s,t are comparable. Accordingly, we will denote for E € &(£Y), T(E) := T(s) with s
any element of E. Recall that the coinductive definition of bisimilarity distance is well-
adapted to show upper bounds on the distance between states, as we have illustrated in
Example [8.2.2] By contrast, the inductive characterization allows to easily show lower

bounds, as we can see in Example below.

Example 8.2.3 We consider once again the Ag programs M = Ax.I, and N := \z. I &
Ax.Q, and we look at what we can learn using the trace characterization of the bisimilarity
distance on the WLTS £ (Ag®™). Recall that we have shown in E:mmple of Chapter
the ezistence of a trace a with Prob(a [)(({M'})) = 1, while Prob(a [)(({N'})) = 3. As
a consequence, Proposition [8.2.7) tells us that:

2L(A cbn 1
Ope " (M AN = 5.

By combining this result with the reverse inequality that we have shown in Ezxample

we see that the bisimilarity distance between {M'} and {N'} in the WLTS £ (As ") is
1

R

8.3 The Trace Distance in A=!.

We want now to build well-behaved—i.e. at least sound—distances for higher-order prob-
abilistic programming languages, by using the built-in notion of bisimilarity distance for
WLTSs. Since they are characterized by linear tests, and by analogy with trace equiv-
alences, we will call such distances trace distances. At this point, a natural thing to do
would be to look once again at the language CBN Ag, since we know already that the
WLTS .Z(As®™) leads to a sound—and even fully abstract—mnotion of trace equivalence
for this language, as shown by Dal Lago, Sangiorgi, Alberti [32]. However, a major prob-
lem occurs when we try to do so: the resulting trace distance on programs would be
unsound with respect for the context distance on Ag, as we state in Lemma below.

Lemma 8.3.1 There exist M, N programs in AL™ such that 5$(A®6bn)({M1},{N1}) <
§(M, N).

Proof. We take M = (Az.I) ® (Az.Q) and N = Az.J. We can see from Example [8.2.3]
that the bisimilarity distance—on the WLTS .Z(Ag®™)—between {M'} and {N'} is
equal to % However, as illustrated in Chapter the context distance between these
two Ag programs is 1—for both the CBV and the CBN reduction theory: it is the usual

trivialization phenomenon. ([l

As argued in Chapter [6] trivialization arises primarily from the copying ability of the
language. For this reason, as a first step to look at how we can build trace distances
for higher-order probabilistic languages, we ban copying altogether, by considering the
affine language A%l—tha‘c we introduced in Section of Chapter So we first build
a WLTS that expresses interactively the operational semantics for this affine language.
There are two main differences with respect to the WLTS for CBN Ag. First, since the
reduction strategy on AESB1 is call-by-value, the applicative labels are going to be only
values, instead of all programs. Second, the affinity constraint on the language enforces
that the operational semantics of a program has always finite support—see Corollary
in Chapter [7}—so the states of the WLTS are not all sub-distributions over programs, but
only those sub-distributions that have finite support.
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Definition 8.3.1 We define the affine LTS E(A%l) = (Sy<1, L<1,—) by taking its set
® ®
of states as: S <1 == {2 | 2 € A(Py,<1) WAV, <1) A Z has finite support.}, its set of
® ® ®
labels as L

ast = V<1 W{eval}, and the transition relation — as follows:
8 8

eval T T
VI EAP), TS Ty, (M) - [M]
EB

0 1%
e V7 €A )V Vs 7 Vowrer P(Ne. M) - {M{V/z}'}.

521

We turn X(Aél) into a WLTS by adding a weight function w : S, <1 — [0,1], taken as:
(7]
w(2) = |9|.

We first want to know which states s,t of & (ASI) are compamble i.e. what are the
equivalence classes in &(.% (A%l)). As stated in Lemma 2| below, the situation is
similar to the case of Z(Ag""): we can compare two states When either they are both sub-
distribution over programs, or they are both sub-distributions over distinguished values.

Recall that we called Ep and Ej; the two equivalence classes of Riﬂ( Aebn)* To keep the

notations readable, we will also write Ep and Ej; for the two elements in & (% (Aél)),
without specifying the language considered—unless otherwise specified, in the following
we will be referring to the affine language.

Lemma 8.3.2 The equivalence relation R1 (A has two equivalence classes, that are
®

Ep := {2 € A(P <1) | 2 has finite support} and By := {P € AV <1) | Z has finite support}.

Proof. The proof is similar to the one we did for .Z(Ag™™)—see Example in Sec-
tion 0

We now associate to every program M in AESB1 a? (Aél)—state—in the same way as
when characterizing trace equivalence for CBN Ag, by taking s(M) := {M'} € Ep. From
there, we define the trace distance between two programs as the bisimilarity distance on
Z (Aél)—as given in Definition between their associated states.

Definition 8.3.2 We define the applicative trace distance as the quantitative valuation

. .
5/\%1 : Pg(Aél) X Pg(Aél) — [0, 1] taken as:

2(AFh)

O (M. N) = b, " (a1 (1),

Observe that 52”51 is indeed a distance on programs for the untyped observable language

A%l—in the sense of Definition since Lemma tells us it is a pseudo-metric.
Recall that in Example[8.2.3| we saw that the trace distance between the CBN Ag-programs
Azl and (Ax.I @ A\x.Q)—i.e. the bisimilarity distance between their associated states in
the WLTS .Z(Ag®™)—is 1. In Example below we show that the situation is similar

when we look at those programs as Aél—programs.

Example 8.3.1 We consider here the A%l programs M = (Ax.I ® \z.Q) and N :=

Ax.I—recall that Q) is here a primitive construct of Agl, designed as a tool to add diver-
gence to our simplified affine language. To compute the trace distance between M and N,
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we need to consider the E(A%l)—states s={M'}, and t = {N'}. We can show that the
bisimilarity distance between s and t is % the proof is similar to the one we did for s

and t seen as states of L (Ag""), in Ezample and Example . From there, we

conclude:

5 (M, N =
Aél( )

N =

8.3.1 A Roadmap to Soundness.

We want now to show that the trace distance on Aél is sound with respect to the obser-
vational distance, i.e:

VM, N programs, 616\2‘1(M, N) < 5X§1(M, N).
52 2

To do that, we use Proposition see Section [8.I}—that tells us it is enough to show
that the trace distance is both observationally correct and non-expansive. The first step
is easily done, by using the inductive characterization by linear tests.

Proposition 8.3.3 The distance on programs 5;\21 s observationally correct for the lan-

®
<1
guage Az~

Proof. We can see it immediately by using the inductive characterization of bisimilarity
distance on the WLTS . (A%l). Indeed, for every program M, Obs(M) can be computed
as the success probability of the empty trace € on the state s/ . O

The proof of non-expansiveness, however, is considerably more involved. Since the
distance on programs is actually defined using the bisimilarity distance on a WLTS, the
first step consists in expressing non-expansiveness directly as a WLTS-property. More
precisely, we extend the notion of contexts, by transforming the A%l-contexts—that rep-
resent an algorithm that takes in input a program and returns another program—into
state-contexts that are algorithm that take in input a state of & (A%l) and return another
state. Since the structure of this non-expansiveness proof is similar to the one of the
proof for the trace distance on A!@—that we will introduce in the next section—we will
present the next steps in the setting of a generic WLTS equipped with state-contexts, in
the following sense.

Definition 8.3.3 (WLTS equipped with States-Contexts) Let . Z" be a WLTS. We
say that we equip £V with state-contexts when specifying for each pair (Ey, E2) of ele-
ments in &(L"Y), a set of functions E1 — Es, that we denote C(E] — Es), such that:

VC € C(E1 — E»),Vs € Ep, w(C(s)) = w(s).

By analogy with the contexts of a programming language, we will use C,D ... to denote
the elements of C(E; — FE2), and if s € Ey, we will note C[s] for C(s). There is a slight
abuse in notation here, in the sense that it also depends on the type B that we specify
as output type: the same state-context can be both in C(A — B;) and C(A — Bs). We
are now ready to formalize the non-expansiveness property on WLTSs that are equipped
with states-contexts: we ask that no state-context can increase the bisimilarity distance
between two states.
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Definition 8.3.4 (Non-Expansiveness for WLTS) Let £" be a WLTS equipped with
state contexts. We say that £ is non-expansive, if for every s,t in the same equivalence
class E, for any state-context C € C(E — E'), it holds that:

55 (Cls),Clt]) < 0F  (s,1).

We now equip our WLTs .& (Aél) with state-contexts: in this case, a state-context is
simply a context of the language A%l. Recall that here the states are sub-distributions
over A%l-programs; in this setting, applying a context to a state consists in applying it to
all the programs in the support of the sub-distribution. We have however to be careful,
because we have two equivalence classes in &(.Z (A%l)): the class Ep, that contains those
states that are sub-distributions over programs, and the class E) that contains those
states that are sub-distribution over distinguished values. It means that when considering
C(Ep — Ey), we keep only the Aél contexts that return always a value—even when
they are filled by a program that is not a value. We sum up these considerations in
Definitions [8.3.5] and R.3.6] below.

Definition 8.3.5 For every pair (E1, Es) of equivalence classes in @@(.Z(Aél)), we de-
fine the set of state-contexts with input E; and output in Es—denoted C(E, — E3)—as
follows:

o If By = Ep, C(E; — E») := CAZ';
o If By = Ey=FEy, C(E) — Ep) = {C€ CAF' |C=[]VC=A2.D}
o If By = Ep, and By = By, C(E1 — E») = {C € CA;' | C = \z.D}.

We now formalize what happens when we fill a .& (A%l) state-context in C(F; — E») by
a state in Fj.

Definition 8.3.6 Let E1, Ey be two equivalence classes in @@(.,E”(A;BI)), and s € Ey. Let
9 be the sub-distribution obtained by taking either 9 = s if Ey = P, or 9 such that
9 = s, if E1 =V. Let C be a state-context in C(Ey — E2). We define the state C[s] in
Es as follows:

o if By = P, we take C[s| = 3., 2(M) - {C[M]"};
~ —1
o if By =V, we take C[s] =) ,, Z2(M)-{C[M] };
In Proposition below, we show that our approach is valid, in the sense that as
soon as we are able to show that & (Aél) is non-expansive, it also holds that the trace

dist AS? i i
1Stance on ey -programs 1S non-expansive.

Proposition 8.3.4 We suppose that the non-expansiveness property holds for X(Aél),
equipped with state-contexts as specified in Definitions [8.53.9 and |8.3.60, Then the trace

- Str <1 . .
metric §"<; on A" programs is non-ezpansive.
D

Proof. Let M, N be two Aél—programs, and C a context in A%l. Then C can also be

seen as a state-context in C(Ep — FEp). Since the WLTS .¥ (A%l) is non expansive, we

<1 <1
obtain that: 5§;A@ )(C[SM],C[SN]) < 55(/\@ )(SM,SN). Observe that moreover, C[sy/] =
<1
sciv) and similarly C[sny] = s¢py). From there, we obtain that 55})(/\@ )(Sc[M],Sc[N}) <
[ <1
(551:(/\@ )(SM, sn), and it concludes the proof.

P

O
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8.3.2 Contexts Composition for Relations on States

Our objective now thus becomes to show non-expansiveness for £ (A%l). We see that
we can reformulate the non-expansiveness for a WLTS by asking that all e-bisimilarities
must be compatible, i.e. that as soon as two states s, t are e-bisimilar, then for every
context C that can be filled with s, ¢, it holds that also C[s] and C[t] are e-bisimilar. As a
consequence, a first idea would be to look at the binary relation we obtain by composing R
by state-contexts and to show that whenever R is an e-bisimulation, the relation we obtain
this way is also a e-bisimulation. Let us first formalize how we compose by states-contexts
a clustered—see Definition [8.2.2}—binary relation on states.

Definition 8.3.7 Let £" be a WLTS equipped with state-contexts. Let R be a clustered
binary relation on states. We call compositions of R by states-contexts, and we denote
by C[R] the binary relation on states defined as follows: for every equivalence class E for
RY,., s(C[R]y)t when there exists E', C € C(E' — E) and two states s',t' such that
s'Rpt' and s =C[s], t = C[t'].

Observe that the relation C[R] is also a clustered relation. Moreover, if R is e-bounded
for some e € [0, 1], that is also the case for C[R]. As stated in Proposition below,

we are now able to re-frame our objective of proving non-expansiveness for .Z(Ag") using
the composition by contexts of a relation on states.

Proposition 8.3.5 Let Y be a WLTS equipped with state-contexts. If for every e-
bisimulation R, there exists a e-bisimulation S such that C[R] C S, then non-expansiveness
holds for Z£".

As said before, we would like to establish that composition by contexts preserves e-
bisimulations, i.e. that when R is a e-bisimulation on & (A%l), then C[R] itself is also an
e-bisimulation. This is unfortunately not the case, as we can see in Example [8:3.2] below.

Example 8.3.2 We consider the states s = {(I ®Q)'} and t = {I'}. Using these two
states, we build an %—bz’sz’mulation:

R {(s,t)}u{(%-@,@) | @eEﬁ}u{(%-@,@) | 9 € Ep).

We consider now the relation C|R|, and we show that it is not a %—bisimulation. We start
from the context C = [-]® Az.[-]; we can see C as a state-context in C(Ep — Ep, hence we
can fill C with s and t, and C[s] and C[t] in Ep are as follows:
Cls] =1 Q)@ \x.(I ©Q); Clt] = (Q) & \x.(Q).
eval

We now look at the effect of the eval action on C[s] and C[t]. We see that C[s] — u,

Clt] v v, where the states u,v € Eg; are as follows:

1 1 — 1 1 ——1
u = 1'@“5{”]@9 booove=c{aat

We show by contradiction that (u,v) ¢ C[R]. Indeed, let us suppose that (u,v) € C[R].
Looking at the definition of C[R], we see that one among the three following statements
must hold:

1 -~ .
ECEC(EﬁéEﬁ),u:C[i-.@],U:C[ | with 9 € E (8.1)
3C € C(Ep — Ey), u=Cls|, v = C[t] (8.2)
3C € C(Ep — Ey), u= c% 9], v = C[0] with 7 € Ep (8.3)
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By looking at Deﬁm’tion that specifies how to fill a state-context by a state in .Z(Aél ),
we see that we can rewrite the cases (8.1)), (8.2), (8.3) respectively as follows:

€ € C(Ey — Ey) Z@ V1), v =0 with 9 € B

iC € C(Ep — Ey), u={CH} v={C[ '}
3C € C(Ep — Eg), Z@ CIM)' Y, v =B with 7 € Ep

Since none of the three cases above holds, we obtain a contradiction.

8.3.3 Convex Structure for a WLTS

Recall that our goal is to find a way to build from an e-bisimulation R, a relation which
is both a e-bisimulation and contains C[R]. Example tells us that this relation
must be larger that C[R]. To this end, we draw on the inherent convex structure of
Sy <1 —i.e. the fact that we are able to take convex combination of states, since they are

sub distributions over programs. We formalize this idea by defining a class of WLTSs
that have this property, in Definition below. We use there the concept of cone,
that can be found in Definition of Chapter [0}—where we use it for totally different
purposes, i.e. when presenting a denotational model developed by Ehrhard, Pagani and
Tasson of the language PCF enriched with continuous probability. A cone C' is essentially
a R -semimodule with a norm || - ||, that allows to talk about its unit ball ZC.

Definition 8.3.8 We say that a WLTS £" is equipped with a convex structure, if for
every B € &(L"), there exists a cone Cp such that E = #Cg, and w and || - ||, coincide
on BCE.

In Examplebelow we equip & (Aél) with a convex structure: we use the fact that the
set of finite measures—i.e. distributions-like object with weight in R4, see Definition [1.4.2]
of Chapter [[l—with finite support over some countable set is stable under addition and
multiplication by a non-negative scalar.

Example 8.3.3 For E € {Ep, Eg;}, we build a cone Cg as follows:

Cgp = {p finite measure over P| card(S(p)) < oo}; lpllo = pn(P)
Cp, = {u finite measure over V| card(S(p)) < oo} lulle = u(V)

We take as +, and . respectively the usual addition and multiplication by a scalar for finite
measures. We can check that Cg, and CE;, are indeed cones, and that moreover Cp = E

for E € {Ep, Eg}. It means that this way we have indeed equipped E(A%l) with a convex
structure.

If Z% is a WLTS equipped with a convex structure, we can define for every clustered
binary relation R on states its convex closure.

Definition 8.3.9 Let ZY be a WLTS equipped with a conver structure. Let R be a
clustered binary relation on states. We say that R is convex closed, if for every E €
E(L"Y), for every a, B € [0,1] with a+ 8 < 1, for every s1, s2,t1,t2 such that s1 Rgt1 and

s9 Rpte it holds that (a-s1+ 8- s2) Rg (a-t1 + B - ta). We write ( ) for the smallest
relation that is convex closed and that contains R.
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Observe that since each E € &(Z") is stable by convex sums, it holds that the convex

closure of R is also a clustered relation. We are in fact able to build explicitly ®+
starting from R, as stated in Lemma [8.3.6] below.

Lemma 8.3.6 Let £Y be a WLTS equipped with a convex structure, and R be a clus-
tered binary relation on states. Then s@Jr t if and only if there exists a finite sequence
(8nstn)1<n<n Of pairs of states in R, and (o )1<n<n a finite sequence of non-negative real
numbers, such that s =3 ., cnCnSn and t =Y o, cn Cn - tn.

Our goal in the following is to show that if R is a e-bisimulation on & (A%l), then

(C[R])Jr—the convex closure of the relation obtained by composing R by contexts—also is
an e-bisimulation and contains C|[R]—thus enabling us to apply Proposition We see

immediately that (C[R])Jr contains C[R], so from now on we will work towards proving
that this combination of contexts and convex closure preserves e-bisimulations. We first
look back at the %—bisimulation R considered in Example and we see that taking
the context closure of C[R] allows us to overcome the problem highlighted there. Indeed,
recall that our proof of C[R] not being a e-bisimulation consisted of exhibiting a pair
of states (s,t) € R, and a context C such that (u,v) ¢ C[R] with u and v defined as

eval eval

C[s] — u, C[t] — v. In ExampleM below, we show that (u,v) € (C[R])+: it means
that in this particular case we are indeed able to overcome the problem by considering

(CIR]) " instead of C[R].

Example 8.3.4 We keep the notation of Example[8.3.4. We can split u and v as follows:

u= 0Dl + 5D (P v = 50w i+ 5 (D

N[ —

Moreover it holds that both the pair (s,t) and the pair (% . {fl},@) € R are in R, and
C1 = Av.[] € C(Ey — Ep),C2 =[] € C(Ep — Ep). As a consequence, we obtain that

w(CR]) .

We look more in depth to the behavior of the convex closure: we are going to show that it
leads actually to an up-to technique for WLTS. A survey of up-to reasoning on transition
structures can for instance be found in [104]. The general idea is as follows: we want to
show that two states are bisimilar, without going all the way to find a bisimulation that
relates them. If we have a valid up-to technique, it becomes enough to show that the two
states are connected by a relation which is a bisimulation up-to some operator on relation,
which is a weaker requirement as being a bisimulation.

Notation 8.3.7 Let % = ((S,L,—),w) be a WLTS, and R,S C S xS. Then we write
R — S when: V(s,t) € R, Act(s) = Act(t), and Va € Act(s), (u,v) € S with s —* u and
t 2w,

With this notation, we can rewrite the e-bisimulation requirement: R is a e-bisimulation

if and only if it is e-bounded, and R — R.

Definition 8.3.10 Let % = ((S,L£,—),w) be a WLTS. We call operator on Z%-
relations a function O : {R C S x S} — {R C S x S}, non-decreasing for the inclusion
order. If O is an operator on L "-relations, we say that a binary relation RC S xS is a
e-bisimulation up-to O, if it is e-bounded, and R — O(R).
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In [I07], Vignudelli and Sangiorgi studied up-to techniques for environmental bisim-
ulations—that are equivalences defined using bisimilarity on structures similar to our
WLTSs—on probabilistic A-calculi. Here, since we are interested in distances, we look at
quantitative up-to techniques, that give us proof techniques for e-bisimulation.

Definition 8.3.11 Let £" = ((S,L,—),w) be a WLTS. We say that O an operator on
ZLY-relations is a valid quantitative up-to technique, if every R which is a e-bisimulation
up-to O is also contained in a e-bisimulation.

We are now going to exhibit a class of WLTSs with convex structure, such that taking
the convex closure is a valid quantitative up-to technique.

Definition 8.3.12 We say that a WLTS £ is equipped with a well-behaved convex
structure if it is equipped with a convex structure such that:

1. Vs,t states, and o, 8 with o+ < Lyw(a-s+B-35) =a-w(s)+ [ -w(t).
2. for every state s that can be decomposed as s = | ;N @ - ti with a; > 0, then:

o Act(s) = Act(t;) for every i € N.
e for a € Act(s), it holds that v - > 1<i<n @i - Ui, where the u; are defined by
t; i> Uj

We can see easily that the convex structure on the WLTS & (Aél)—as described in Ex-
ample [B:3.3—is indeed well-behaved.

Lemma 8.3.8 Let £ be a WLTS equipped with a well-behaved convex structure. If R is

a e-bistimulation then (R)Jr is also a e-bisimulation.

Proof. The proof consists of two steps:

. . . T . .
e if a clustered relation R is e-bounded, then also (R) is e-bounded—it comes from
Condition [1] in our definition of a well-behaved convex structure;

o if R — (R)+ then also ®+ — @Jr—it comes from Condition 2 in our definition of
a well-behaved convex structure.
O

An immediate consequence of Lemma [8.3.8] is that taking the convex closure is indeed a
valid quantitative up-to-technique for the WLTS & (AG—EI).

Proposition 8.3.9 If £"Y is a WLTS equipped with a well-behaved convex structure, the

+ . . . . .
convex closure R+ (R) s a valid quantitative up-to technique.

8.3.4 Combining Composition by Contexts and Convex Closure.

Recall that our goal in the present Section is to show that if R is a e-bisimulation, and
(s,t) are in C[R], then s and t are e-bisimilar. Since taking the convex closure is a
valid quantitative up-to technique, it is enough to show that C[R] is e-bounded—which
is apparent from the definition of C[R]—and that C[R] — (C[R])Jr
e-bisimulation, and we show that C[R] — (C[R])+, ie.:

So we fix R an

1. if s,¢ are in By, with s C[R] t then the pair of states we obtain after doing a V" action
—for any value V—is again in C[R)].

127



8.3. THE TRACE DISTANCE IN Aél.

2. if s,t are in Ep with s C[R]|t then the pair of states we obtain after doing a eval

action is in (C[R])+.

Requirements and are represented respectively on the right and the left part of
Figure We first show the requirement , that deals with the case of applicative

Ep M)
evalh
S/

Figure 8.1: Overview of the proof that (C[RDJr is a e-bisimulation.

C[R] t s CIR] t :Ep

eval %4 \%

]
(CIR]) " ¢ ¢ CIR ¢

actions. The proof is based on the fact that when the environment performs an applicative
action V on a state s of the form s = C[s'], it is going to trigger at most one action on the
internal state s.

Lemma 8.3.10 Let s,t € Eg;, with s C[R]t. LetV € ﬁ, and let s',t' be such that s Y
and t - t'. Then it holds that s' C[R]t

Proof. Let V be a A%l—value, and s,t € Ej such that s C[R]t. It means that there exists
a pair of states (s,t) € R, with s = C[s'], ¢ = C[t/]. Recall that moreover C must be in
C(E, Ey), for some E € {Ep, Ey}. We consider separately the case where £ = Ej; and
the case where ' = Ep.

e We first suppose that £ = Ep. It means that s’ and ¢’ are sub-distributions over
programs, and that C is of the form C = Az.D, where D is an open context for the
language Ae%l, with z as only possible free variable —see how we defined C(E — E')
in Definition We now spell out what it implies for the states s and ¢:

s=> s (M)-{\z.D[M]'};
t=> (M) {xz.DM]'}.
From there, we look at the effect of the applicative action V on s and t. Observe

that D{V/x} € C(Ep — Ep); as a consequence we can fill D{V/x} by the states s’
and t'. By looking at the transition relation in the WLTS & (A%l), we can see that

\% \% .
s — u, and t — v with:

u = {(D{V/a})[s] } (8.4)
v = {(D{V/aDIt] }. (8.5)

Since (¢',t') € R, Equations (8.4, and (8.5) tell us that (u,v) € C[R], hence
Lemma B.3.10] holds.

e We now look at the case where £/ = Ey: then s’ and ¢’ are sub-distributions over
distinguished values, and C can be either of the form C = Ax.D—as in the previous
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case—or of the form [-]. In the first case, we obtain the result in the same way as
when E = Ep. From now on, we suppose that C = [-]. It means that s’ = s, and

t’ =t. Since R is a e-bisimulation, and s’ Rt', we see that s Vs wand t 2 v, with
u Rwv. Since R C C[R], it implies that the result of Lemma [8.3.10] holds.

O

We have now to look at the eval action, and to show that Requirement is also
satisfied. This case is harder to handle that the case of applicative actions, because when
the environment performs an action eval on a state of the form ¢ = C[s'], it can trigger
a variety of possible sequences of actions on the state s'—depending on the form of the
context C. We first look at the simple case where every program in the support of the
states s, t is actually already a value: it means that the action eval for those states consists
only in transforming values into distinguished values.

Lemma 8.3.11 Let R be an e-bisimulation on Z(Aél). For every s,t € Ep such that
s (C[R])+ t, if moreover the support of s and t consists only of values, then it also holds that

~

S (C[R])-i_?—where u simply refers to the distribution u where every value in the support
of u has been replaced by the associated distinguished value.

Our approach to the general case is as follows: we are going to define an auxiliary
operational semantics, where programs are replaced by pairs of the form (C, s), that allows
us to split the action eval into a sequence of actions that have an atomic effect on s’.

8.3.5 A Contexts-Programs WLTS for A%l.

Definition 8.3.13 We call (C x S) the set of all pairs of the form (C,s), where there
exists E € 5(3(1\%1)) such that s € E, C € C(E — Ep) . We say thate € (C x S) is a
(C x S)-value if either s € Ey; and C = [-], or C is of the form \x.D, where D is a A%l
open context with x as only possible free variable.

Observe that if e = (C, s) is a (C x S)-value, then in particular all the programs in the
support of C[s] are Aél—values. We call (C x S)-state a sub-distribution over (C x ) with
finite support, and we denote S+ the set of all such states. We first formalize how we
can retrieve back a f(A%l)—state from any state in S¢).

Definition 8.3.14 We define the forgetful function F : S¢) — S, <1, as follows:
®
F(s) := Y s(Ct)-C[t].
(CH)E(CXS)

For any clustered relation R, we build the explicit composition of R by contexts, which is a
binary relation on S(+). Tt consists of simply putting side by side R-connected programs
and states-contexts.

Definition 8.3.15 Let R be a clustered binary relation on S, <i. Then we define a binary
®
relation (COR) C SO x SC) as:

(COR) = {({(C,9)'}.{(C,1)"}) | 3E € {Ey;, Ep}, C € C(E — Ep), s Rt}
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The relation (COR) on St should be seen as a transposition of the relation C[R] on

S ASt In Lemma [8.3.12] below, this observation is formalized using the forgetful function

Lemma 8.3.12 Let R be a clustered binary relation on .,Z(A%l), and s,t € S©) such
that s (COR)t. Then it holds that F(s) C[R] F(t).

We want now to define an small-step operational semantics on (C x S), designed to
express how we can execute—in a probabilistic way—the elements of (C x S).

Definition 8.3.16 We define the one-step transition relation over (C x S), that we note
—(cxs)C (Cx S) x A((C x S), as specified in Fz'gure below.

The S-rule of Figure is valid only because A%l is affine: indeed that N{C/x} is still
a context is guaranteed by the A%l—afﬁnity constraints—see Section of Chapter
Observe that this one-step reduction is deadlocks-free, in the sense that for an element
e € (C x §), there exists Z such that e — 2 if and only if e is not a (C x S)-value.
We now extend this one-step reduction to elements of S(+)—i.e. sub-distributions over
(C x S) with finite support.

Definition 8.3.17 We define —g(,)C S % 8| that we call the one-step transition
relation over S+, as follows: if s = Y icrDi {e;'} + & where all elements in the support
of & are (C x S)-values, and the e; are not (C x S)-values, and I not empty, then we
define s—g.) D + D icr pi - ti with e; = (cxs) ti-

N — &

CR -
(NC,s) =(cxs) 2o €(L) - {(LC,5)"}

(C,s) a (C x 8)-value N—>&
(CN,s) =(cxs) o €(L) - {(CL,s)"}

CL

(C,8) = @cxs) € Vev

SR & :
(VC,s) =cxs) 2p, (D) - {(VD,1)'}

(C,s) a (C x 8)-value
(Az.N)C,s) =(cxs) {(N{C/x},5)'}

Div

(2, 5) —(oxs) 0 (C®D,s) —>cxs) 5 {(C,8)'H+2{(D,s)'}
oval se Ep sﬂt seEg slnf v
([1,8) =exs) {([1,)'} ([Vy8) =coxs) {11, 0"}

Figure 8.2: The one-step reduction relation on (C x S).

We say that a state s € SO is in normal form if there is no ¢ such that s —(cxs) t- Using
the fact that the calculus is affine, and that we consider only finite sub-distributions, we
are able to show that the one-step reduction relation on SO+ is strongly normalizing, i.e.
there exists a normal form.
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(el petea)

\;&

(v, per29)))

(I, {z.(L GBQ)l})

([, % . {71\}) (C x 8)-value

Figure 8.3: Example of the effect of the one-step transition relation for (C x S)

Lemma 8.3.13 For every state s € S(+):
e cither s is in normal form, and then all e € S(s) are (C x S)-values;

e or s is not in normal form, and then there exists a unique t in normal form such
that s—7% )t
Proof. We can see that the first point holds simply by looking at the rules of Figure 8.2

We now look at the second point. Recall the cost function ¢ : Terms, <1 — N that we have
&b

used when proving termination for A?Bl-programs in Proposition from Chapter |7l We
defined ¢ inductively on the structure of terms. We extend here the inductive definition of

C by c([-]) = 1, which allows us to see c as a function C,<1 — C,<1. We now consider a
@ D

sequence of reduction: s = {(C, t)l}—>3<.,.>32—>3<4,) .... We are going to show by induction
on ¢(C) that this sequence is finite:

o If ¢(C) = 0, it means that C = Az.D, and moreover ¢(D) = 0. As a consequence,
(C,s) is a (C x S)-value, and so the result holds.

e We suppose now that the result holds as soon as ¢(C) = n, and we want to show it
when ¢(C) = n + 1. We first show an intermediary result:

either V(D,t) € S(2),c¢(D) < ¢(C)

C,s) — 9 =

To show this intermediary result, we do the proof by induction on the structure of
the proof derivation of (C,s) —(cxs) s2 —i.e. the first reduction step.

— if the first rule applied is eval, i.e. if C = [-],;then ([-], s) = (cxs) {([],t)'}, with
eval

s — t, and indeed s € Ep, t € E5;.

— if the first rule applied is Div, i.e. if C = €2, then (C, s) —(cxs) (), and the result
holds;
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— if the first rule applied is CR, i.e. if C = ND, when N is not a value, we see
that (C,s) —(cxs) 2o Z2(L) - {(LD, s)'}, with N — 2. Recall that, as shown
in Lemma the cost function c¢ decreases at each step of the execution of
programs: it means that for every L € S(2), ¢(L) < ¢(N) — 1. From there, we
obtain that ¢(LD) = ¢(L) + ¢(D) < ¢(C).

— if the first rule applied is CL, it means that C = DN, with (D,s) a (C x S)-
value. Then sy =) () Z(L) - {(DL, s)'}, with N — 2. We can see that
¢(DL) < ¢(C)—1 for every L € S(Z), and we conclude similarly to the previous
case.

— if the first rule applied is SR, it means that C = V' D. We apply the induction
hypothesis on (D, s) —cxs) €, and this way we obtain the result.

— If the first rule applied is 3 or V, we see that ((C,s) —cxs) {(D,t)'} with
¢(D) < ¢(C).

We now use the intermediary result to conclude the proof of Lemma [8.3.13

— We first suppose that s is such that V(D, t) € S(s2),c(D) < ¢(C). If s9 is actu-
ally the empty sub-distribution ), then the result holds since () is a (CxS)-value.
Otherwise, we can apply the induction hypothesis to all the e = (D, ) € S(s2):
for every e, there exists a reduction sequence t{ = {el}—>S(A,)t§ I
with ¢, is a normal form. Then we see that for every n, we can rewrite s, as:
Sp = ZeeS(52)|Nezn—1 16+ ZeeS(sg)|Ne§n—2 1%, Looking at the definition
of —g(.), we see that if the length of the sequence (t,) is greater than N, it
implies that {e | No. —1 > N} must be non-empty. Since all the reduction
sequences for the e € S(s2) are of finite length, and that S(s2) is a finite set, we
can conclude that the sequence (t,) is also of finite length.

— We now suppose that the second alternative of the intermediary result holds,

ie. s € Bp, and (C,s) —(cxs) {C,t'} with t € Eg. Then the first alternative
holds for (C,t), so we obtain the result.

O

We define accordingly the operational semantics for elements in (C x S).

Definition 8.3.18 Let e € (C x §). We call operational semantics of e, and we denote
[e] the sub-distribution over (C x S)-values defined as the unique state s € S) in normal
form such that {el}—%(_’_)s.

We extend this notation to all states in S¢): if s € S¢), we denote [s] the unique normal
form t such that s—>g(‘,,>t. This operational semantics on S(+) can be connected with the
operational semantics on A%l—programs: more precisely, executing (C, {M'}) is the same
thing as executing the Aél—program C[M], but with using a small-step reduction for C,

and a big-step reduction for M. We formalize this correspondence in Lemma [8.3.14] below.

Lemma 8.3.14 Let s € S). Then it holds that: 3" ;e pF(s)(M) - [M] = F([s]).

Proof. In order to simplify the notations, we extend the operational semantics on A%l—
programs to Ep, by noting [t] = > ,,cpt(M) - [M], when t € Ep, ie. tis a sub-
distribution over Aél—programs. With this notation, we can rewrite our goal as: Vs € S,
[F(s)] = F([s]). We show this result in two steps:
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Figure 8.4: A Fragment of the WLTS .£(C*5)

e first, we see—by looking at the rule for —(cxs)—that if s—g(.?, then the opera-
tional semantics of the underlying Aél—subdistribution is not modified, i.e. [F(s)] =

[F(@;

e then we see that if s is a normal-form, then [F(s)] = F(s), since all the program in
the support of F(s) are Aél—values.

We are now able to conclude: let s € S(+). By iterating the first step we obtain that
[F(s)] = [F([s])], and then since [s] € S(+) is a normal-form, we can use the second
step, and we see that [F([s])] = F([s]), and we have the result.

g

Our goal now is to start from a binary relation on S of the form (COR)—where R
is taken as a e-bisimulation—and to study the binary relation over S+ that we obtain
after one step of reduction, that is {(u,v) | (s,t) € (COR), s—g¢.)u,t—>g(,)v}. We thus
introduce a WLTS Z(€*S) which has S(+) as set of states, and whose transition relation
is designed to embed the one-step reduction relation on (C x §).

Definition 8.3.19 (The WLTS .Z(C*5).) We define the execution WLTS for S¢) as
LCx8) = (w, (SO {r}, —)), where:

o the weight function w is defined as: w(2) = 3¢ ses(o) Z(C. ) - |sl;
® if s = (cxs) b, then s s t; and if s is in normal form, s — s.

Observe that .Z(C*S) has only one equivalence class in &(Z(€*), that contains all its
states. Moreover, it has an obvious well-behaved convex structure, based on sum and
multiplication by a non-negative scalar for measures with finite support. We illustrate

how we build the WLTS .£(C*S) starting from the relation —(cxs) in Figure
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S0 C [R] to

Sécw) (COR) £(Cx8)
[
ol g7 [COR) " 1]
F F
F(lse” ) (CR)" F(lty )

eval

F(s&) €AY FS))

Figure 8.5: Proof Scheme

8.3.6 Using .Z(©*9 to conclude the Proof of Non-Expansiveness

We represent graphically in Figure our proof strategy, i.e how to use the WLTS .£(Cx5)
in order to conclude the proof of non-expansiveness for .Z (A%l). Recall that what remains
to be shown is:

+ eval eval

v, with s — u, t — v. (8.6)

<

Vs, t € SAél, s(C[R])pt = u(C[R])

So we fix so,to € Sy<1 such that so (C[R])p to. Our approach is as follows: we split the
52

1 1. . . .
moves sy — ug and ty —= v into a sequence of transformations with (so,to) as point of
departure, and (ug,vo) as end point.

1. In a first step, we translate our X(A%I)—sta‘ces so and tg into .Z(C*S)_states. By

definition of C[R], we know that there exists E € @Q(.X(Aél)), .t € E, and
C € C(E — Ep) such that sy = C[s], and tg = C[t']. From there, we define s(()cxs) =
{(c,s")"}, and t(()CXS) .= {(C,t")'}. Looking at the definition of (COR), we can

immediately see that—as represented in Figure [8.5—this transformation guarantees

that the resulting pair (séCXS),t[()CXS)) is in (COR).

2. Then, we take the operational semantics —as states of Z(C*S)—of s(()cxs), and
t(()CXS). For this step to work, we need to guarantee that the operational seman-

tics preserves the relation ((C(}R))+, i.e. that the resulting pair of S(-)-elements
([[s[()cxs)]], [[t(()cxs)]]) is still in (C[R])+. We will prove this—which in fact consists in
the core of the non-expansiveness proof —in Lemma later.

3. In the third step, we go back from S+ to Sx(Agl), by applying the forgetful function
52

to [[s(()cxs)]] and [[s(()cxs)]].We know that the resulting pair of states is back in (C[RDJr

as represented in Figure 8.5} it is an immediate consequence of Lemma [8:3.12]

4. At the end of the third step, we have states that are still in Ep—i.e. sub-distributions
over programs—but such that all the program in their support are actually values.
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The fourth step consists in taking the associated states in E5;. This transformation
5t
also preserves (C[R]) , as we have shown in Lemma [8.3.11

o — o —

5. In the last step, we see that the states F([[sécxs)]]) and F([[técxs)]]) obtained as

described above actually coincide with the states v and v defined by sq @2l 4 and
t <%y Ttisa consequence of Lemma |8.3.14} and of the fact that F(SSCXS))
and F(técxs)) = to. From there, as represented in Figure M we can conclude that

u (C[R])+ v, and as a consequence, we have proved Equation (8.6]).

)

To sum up, it means that what remains to be shown to conclude the proof that (C[RDJr

is a e-bisimulation is:
Vs,t € SO, s (COR)t = [s] (COR) [1].

The proof is based on the fact that (COR) is a e-bisimulation on the WLTS .Z(C*5) We

first remark that we have built (COR) in such a way that if Ris a .& (A%l) e-bisimulation,

then the convex closure of (COR) is a e-bisimulation on .Z(C*5),

Lemma 8.3.15 Let R be a e-bisimulation on X(Aél). Then ((C(}R))+ is a e-bisimulation
on L(CxS),

Proof. The action 7 is the only action on the WLTS .Z(C*S) and the transition relation
is defined using the one-step transition for S(+). It means that it is enough to look at each
rule of Figure and to see that indeed ((C(}R))Jr is preserved under those rules. [

Lemma 8.3.16 If s ((COR)) ' t, then it holds that also [s] ((COR)) " [¢].

Proof. The proof is by induction on the length of the reduction sequence s—..., [s].

e If it is 0, it means that s is a normal form. Then we can see from the definition of

((C<>R))Jr that it implies that ¢ too is in normal form: as a consequence [t] = t,
which shows the result.

e We suppose that the results holds for n, and that the length of the reduction sequence
is n + 1. Then we do one step of reduction for both s and ¢, and since ((C(}R))Jr

is a bisimulation, the resulting states are still related by ((COR))+. From there, we
can apply the induction hypothesis, and it concludes the proof.

0

Observe that we have now shown that all implications represented in Figure[8.5|can be de-

rived; we can deduce from there that whenever s C[R] 5, ¢, we have also that s’ (C[R])Jr By t,

where s’ and t' are the states obtained by doing the eval action respectively on s and ¢.
When combining this with the similar result we already have for the applicative actions

in Lemma we obtain Lemma [8.3.17] below.

Lemma 8.3.17 Let R be a clustered binary relation for E(Aél) such that R — R. Then
it holds that C[R] — (C[R]) .
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Since the composition by contexts preserves e-boundedness, it means that if R is a &-
bisimulation, then C[R] is a e-bisimulation up to convex closure. From there—and since
the convex closure is a valid up-to technique—we can conclude—as stated in Proposi-
tion m that the WLTS X(Aél) is non-expansive.

Proposition 8.3.18 The WLTS X(Aél)—equipped with state-contexts as specified in
Definitions [8.53.5 and[8.3.61—is non-expansive.

Since we have shown non-expansiveness for .Z (A%l), we are now able to apply Proposi-
tion which tells us that the trace distance on A%l is non-expansive.

Theorem 8.3.19 5/’5\21 s a non-expansive distance.
®

We know—from Proposition that the trace distance on Aél is observationally cor-
rect and—from Theorem [8.3.19}—that it is also non-expansive. As a consequence, we are
now able to apply Proposition which allows us to finally conclude that it is sound.

Theorem 8.3.20 The trace distance (5221 18 sound with respect to the observational dis-
®

<
tance in Aél.

8.3.7 Full Abstraction of the Trace Distance on A%l.

We now show that the trace distance is fully-abstract, i.e. that it coincides on programs
with the observational distance. Since we already know that it is sound, what remains to
be shown is that it is complete, i.e.:

V programs M, N, 5XS1(M, N) > 5;’\2‘1(M, N).
® ®

Our proof is based on the testing characterization of the bisimilarity distance on a
WLTS—that we presented in Proposition More precisely, we show that the traces
on ¥ (Aél) can be emulated by A%l contexts, that play a similar role to the applicative
contexts we used to define the trace equivalence for CBN Ag in Definition in Chap-
ter @l—or the Ag-contexts we used to show completeness of the probabilistic applicative
bisimilarity for CBV Ag in Chapter [5}—Observe that our construction is closer of the
former than of latter, since we are using WLTSs here instead of LMCs. When we look at
the set of those traces that are admissible from a state that consists in a sub-distribution
over programs—that is, a state in Ep—we see that:

T(Ep) ={e} U{eval.V;...eval.V, .eval | Vi, V; a value}
U{eval.Vi...eval.V, | Vi,V; a value}.

For every trace a € T(Ep), we build a context that emulates «, i.e. for every program
M, Obs(C[M]) = Prob(a |)(s(M)).

Definition 8.3.20 Let « be a trace in T(Ep). We define the A%l—context emulating a,
that we denote Cq, as follows:

Ce = H,
Ceval.V1...eval.Vn.eval = []Vi cee Vn;

Ceval.Vl...eUal.Vn = Ceval.V1...eval.anl.eval
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Observe that we indeed obtain Aél—con‘cex‘c7 since for every trace «, x F Clz] is indeed
a valid affinity judgment. Moreover, we can see that for any program M, and for «
admissible trace from {M!}, it holds that: Prob({M'} |)(a) = Obs(Co[M])—the proof is
done by induction on traces, and uses the fact that all applicative actions are deterministic.
From there, looking at the inductive definition of bisimulation distance for WLTS, we can
show that the context distance is a lower bound on the trace distance.

Proposition 8.3.21 (Completness of the Trace Distance on Aél) 5/”\%1 < 5;%1.
@ 52

Proof. Let M, N be two A%l programs. Using the trace characterization of bisimilarity
distance—Proposition we see that:

ST (M,N)= sup [Prob({M'} )(a) - Prob({N'} {)(a)].
@ a€T (Ep)

If we take o € T (Ep), we see now that Prob({M1} |)(a) = Obs(C,[M]), while Prob({N1} |
)(a) = Obs(C,[N]). Now we observe that by definition of the observational distance it
holds that:
ObS(Ca[M]) — Obs(Ca[N)] < 6%, (M, N).
2]

Since it is true for every trace o € T(Ep), it implies that 5XS1(M, N) < 55;“;‘1 (M, N),
® o
which shows the result. O]

When we combine this completeness result with the soundness result from Theorem [8.3.20
we obtain that the trace distance and the observational distance coincide on A%l—programs.

Theorem 8.3.22 The trace distance §

f\rgl s fully abstract with respect to observational
52]

distance for A%l.

8.3.8 ¢ up-to composition by contexts and convex sums.

We have shown already that taking the convex closure is a valid quantitative up-to tech-
nique. We want now to study a more involved up-to technique, in the aim of generalizing
to the quantitative case the up-to-contexts line of reasoning, that is a regular occurrence in
the study of higher-order programming languages. Since we work in a probabilistic affine
setting, we need to combine up-to contexts with up-to convex closure: more precisely, we
are going to show that the operator R — (C[R])Jr is a valid quantitative up-to technique.
First, we can see that this operator preserves e-boundedness. Recall that in the course of
the non-expansiveness proof, we have shown that:

R—R = C[R— (CR])".

This statement is however weaker than what we need to show now, that is:

R— (C[R)" = CIR~ (CR)".

The proof follows roughly the same path as the non-expansiveness proof. We consider
separately the applicative actions and the eval action: we deal with the first ones in
Lemma [8.3.23]
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Lemma 8.3.23 Let R be such that R — (C[R])Jr Let V. € V, and s,t be such that
SC[R]E‘A} t. Then it holds that u (C[R])+Ep v, where u, v are the X(Aél)—states defined

1% 1%
as s — u, and t — v.

Proof. By looking at our definition of C[R], we see that there exists E € éo(Z(AG%l)),
(s',t') € Rg, C € C(E — Ey) such that s = C[s] and ¢ = C[t']. We distinguish two cases:

e cither C is of the form A\z.D, and then u = D[s'|{V/x}, and v = D[¢'|[{V/z}, and we
see that the result holds.

e or C =[], and it implies that ¥ = Eg. In this case, we see that s v, u, t Y, v and
from there we can conclude using the hypothesis on R.

0

We want now to show the counterpart of Lemma [8.3.23] for the action eval. In this end,
we need once again to use the WLTS Z(C*S) The main idea is as follows: as in the proof
of non expansiveness, we reduce step-by-step an element in (C x S) of the form (C,s),
with s a X(Aél)—state, but we now allow ourselves to also rearrange the £ (C*S)-state as
each step of the reduction. Essentially, a rearrangement is a change in the way we split
the underlying global . (AG%1 )-state between a context and a program.

Definition 8.3.21 Let S be a clustered relation on J(A%l), and (s,t) a pair of L(€*S)-
states in (COS) such that there exist:

e [ a finite set, a family (E;)ier over @‘"(E(Aél)), and a family (C;)ier over states-

contexts such that C; € C(E; — Ep);

e for everyi, a finite set J;, a family (F; ;)jer; over é"(f(/\él)), and a family (D j)jer,

over C(F;j — E;);

such that the L(C*S) _states s and t can be written as follows:

S—Zaz- Cz,sl % Vi el, sZ—Zﬁm i § s” S;J-EFi,j;
el ]er

t—Za,‘ CZ,t Vi e I, t'L_Z/B'L] i J] tajEFi,j;
i€l Jj€Jd;

with Vi € I, (w(s;) = 0 Aw(t;) = 0) implies J; = 0. Then we say that the pair of states
(u,v) is a meaningful rearrangement for the pair (s,t), where u, v are defined as:

1
- Z ;i - Bij - {(Ci[Dijl, 5i5) "}
iel,jed

v = Z Qg - B’L,j { [ J]v z,])}

el jed

Observe that rearranging does not change the underlying global .Z (A%1 )-state, that can be
retrieved by the forgetful function F: whenever (u,v) is a rearrangement of (s, t), it holds
that F(s) = F(u), and F(t) = F(v). We can also observe that if s,¢ are both in normal
form, then it is also the case that w and v are in normal form. Moreover, rearranging

is exactly what is needed to go back to ((C(}R))Jr when we start from two states (u,v)
obtained as s — u, t — v with (s,t) € ((COR))+, as we state in Lemma |8.3.24| below.
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+

+
Lemma 8.3.24 Let s,t be two states in L C*S) such that s ((CO(C[R])")) t. Then
et

there exists (u,v) a meaningful rearrangement of (s,t) such that v ((COR)) wv.

We represent our proof technique in Figure The idea is that—similarly to what we
have done in the non-expansiveness proof—we start with two .Z(C*S)_states that are in
(COR). Then, we reduce these two states step-by-step in parallel, and at each step we
rearrange them in order to force them to go back in ((C()R))+. In Lemmabelow, we
show that this process indeed terminates—i.e. we reach S(+)-elements that are in normal
form—and then in Lemma [8.3.26] we will show that by using F we can indeed retrieve
from those normal forms the ¥ (Aél)—states produced by the action eval.

Lemma 8.3.25 Let S be any clustered relation, and (s,t) € (COS). Then there exists no
pair of infinite sequences (tn)nen, (Vn)nen over SU) such that:

1. ug =s, vg =1t;
2. ’Lf’L 18 odd, Ui () Ui+1 and Vi—5(,)Vi+1 5
3. if i is even, (uiyr1,vit1) 1S a meaningful rearrangement of (u;,v;).

Proof. Observe that we had to show in Lemma a similar—but weaker—result
—with the aim of defining the operational semantics on (C x S). Recall that a key point
there was that if (C,s) —cxs) Z, then for every (D, t) in the support of 7, ¢(D) < ¢(C),
where ¢ : C — N is as defined in Proposition from Chapter [7] Here, we cannot use
the function ¢(-) anymore, because when rearranging a state {(C,s)'}, we can obtain for
instance a state {(D, )'} with ¢(C) < ¢(D). Instead, we build a function p : (C xS) — N3,
where N3 is equipped with the lexicographic order, as follows:

p((C, 8)) = (sup{c(M) | M € S(F(C[s]))}, height(s), is-val(s)),

where is-val(s) = 0 if s € Ej;, 1if s € Ep; and height(s) = supyses(s) height(M) with
height(M) the number of symbols in M. We now associate to each pair s,t € S a
element in N3, by taking

p(s,t) =sup{p(C,s’) | (C,s") € (S(s) US(t)) not a (C x S)-value},

where the sup is taken with respect to the lexicographical order on N3. We first show the
following auxiliary result: if (s,,tn)nen is @ sequence such that Conditions hold,
then:

CxS)

1. if 4 is odd—i.e. there is a step of reduction in .Z! —then p(sit+1,tit1) < p(si,ti),

2. if i is even—i.e. the step consists in a rearranging—then p(s;11,ti+1) < p(s;, ti).

From this auxiliary result, we will be able to conclude since there can’t be any infinite
decreasing sequence in N3 equipped with the lexicographical order. We now show that our
auxiliary result indeed holds:

e We first show item [2] We can see by looking at the definition of rearrangement that
if p(si,ti) = («, B8,7), then the first component of p(s;+1,ti+1) is also a—since a
rearranging cannot change F(s;), F(¢;). We then see that « can increase only when
B decreases, and that § cannot increase, and we have the result.
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e We then show item[I] To do that, we see—by looking at the rules of Figure 8.2} —that
for any (C,s) € (C x S), (C,s) —(cxs) Z implies that for every (C',s") € S(2), it
holds that p(C’, s") < p(C, s).

0

It means that a sequence of pairs (s;,¢;) as specified in Lemma must at some point
reach a pair (sy,ty), such that at least one among sy, ¢y is in normal form for —g(.).
In Lemma below, we show that when it happens, then both sy, ¢y are in normal
form, and moreover when applying the forgetful function, we get back the pair (u,v) of

Z(AS")-states defined as F(sp) @2l & and F(to) 23 5.

Lemma 8.3.26 Let S be any clustered relation, and s,t be two states connected by (CO.S).
Let (un)o<n<n, (Un)o<n<n be two mazimal finite sequences—i.e. there cannot be ex-
tended—such that the conditions [1], [3, [3 of Lemma hold. Then it holds that un
and vy are in normal for for =gy, and moreover F(un) = [F(s)], and F(vy) = [F(s)]

Proof. The proof is similar to the one we did when showing validity for the operational
semantics on (C x S). O

We are now ready to show the counterpart of Lemma [8.3.23| for the action eval.

Lemma 8.3.27 Let R be a clustered relation on the states of the WLTS X(Aél), such

that R — (C[R])+ Then it holds that, for every s,t such that s C[R]|p,t, u (C[R])+E

~ U,

4
. ! [

with w, v defined by s == u, and t == v.

Proof. The proof is as represented in Figure First s C[R] pp U means that there exist
E e é’(iﬂ(Aél)), and a state-context C € C(E — Ep), such that s = C[s'], and t = C[t/].
Looking at the £(€*S)_gtates {(C,s')'} and {(C,#)'}, we sce—using Lemma [8.3.24|—that

because R — (C[R])+, there exists a pair of sequences (un)i<n<n, (Un)i<n<n OVer the
states of .Z(C*S) such that:

® Uy = {(C,S,)l}, vy = {(C,t/)l}, and if ¢ is Odd, U; H(CXS) Ui+1y Vs H(CXS) Vi+1,
while if 4 is even, (u;41,v;+1) is a meaningful rearrangement of (u;, v;).

e N is even, and one among the uy, vy is in normal-form for —cys);

e if i is even, (u;,v;) € ((C(}(C[R])+))+ ;if 4 s odd, (u,v;) € ((C(}R))+.

Observe that we can indeed suppose that one among wuy, vy is in normal form, because
otherwise we could do one more step —(cxs)- It means that we can apply Lemma 8.3.26

that tells us: m) = u, and F(vy) = v. We moreover know that (uy,vn) € (COR)) ,
so when we apply the forgetful function to this pair, we end up in (C[R])+, i.e. it means
that (F(un),F(vy)) € (C[R])+. We are now able to conclude by using Lemma
that tells that (C[R])Jr is preserved by O

Proposition 8.3.28 The closure up-to convexr sum combined with the composition by
context R — (C[R])Jr is a valid up-to technique on the WLTS X(Aél).
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S0 C [R] to
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Figure 8.6: Proof Scheme for validity of the up-to technique R — (C[R})Jr.

Proof. Recall that since we know already that taking the convex closure is a valid up-to

technique, it is enough to show that:
st 5t
R — (C[R]) = C[R]— (C[R]) .

So we take R such that R — (C[R])Jr Lemma |8.3.23| and Lemma tell us that the
right-hand side holds. g

We now illustrate how the up-to techniques we have just developed help us to compute
the trace distance between Aél—programs.

Example 8.3.5 Consider, as an example, a sequence of terms (My)nen defined induc-
tively as follows:

MO = )\JZ.Q; NO = )\(IZ.Q;
1n+1
Mn—H = )\Z/-(Z/Mn); Nn—H = )\y(y(Nn D2 Q))
We define an := ngz’gN(l — 2%\,) Our goal is to show that the trace distance between

Mpy and Ny is smaller or equal to (1 — ay). To do that, we fit N € N, and we build
a (1 — ay)-bisimulation up-to closure by oriented contexts. We first define a sequence
(BN)o<i<n of non-negative real numbers in [0,1], by: By =1, and B = H;V:Hl(l - 2%)
From there, we take as e-bisimulation candidate the reflexive closure of:

RN ={({Mx"}, INN'DYU{{M . 8- {N; )| 0<i < N}

— 1
1

UM}, Bir - {N; @7 T Q 1) | 0<i < N —1}.
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We can first see that R is indeed (1 — an)-bounded: indeed, for every (s,t) € RN, it
holds that |w(s) —w(t)| < (1 —infocicn BY) = (1 — an). Figure allows us to see that
moreover RN — C[R]N, which concludes the proof. Observe that it would have been much
more complicated to find directly a (1 — ay)-bisimulation, since it has to contain all the

1
pairs ({VMy_1'}, {V(Ny_1 692N1*1 Q) }) for every value V.

{Mn'} R {Nn'}
weight = 1 weight = 1

eval eval

—1 —1
sy ={Mny } R ty ={Nn '}
weight = weight = 1

—~1 —1
s; ={M; } R ti = BN{N; }
weight = 1 weight = f3 ;\f
1 1
{VM;1'} BN{V(Ni_1 @7 Q) }
W’Cight =1 C[R] weight = 5;\7
= Clu;—1] =Cfv;—1]

1 1
ui:{Mil} R ”izﬁﬁ1'{(Ni@2”+1 Q) }
weight = 1 weight = 8;11

leval
—1 i+1 —1
{M; "} (1—=3")- 8N, -{N:'}
weight = 1 R weight = BN
=8 =t

{SO = (Mo} ={No'} = to}

weight = 1

Figure 8.7: Fragment of the WLTS & (Aél) to compute the trace distance between My
and Ny.

8.4 Trace Distance for A!@

Recall that the bisimilarity distance on WLTSs .Z(AgP") and .2 (AgPY) lead to unsound
distances for respectively CBN Ag, and CBV Ag. Moreover, as we will see in the next
chapter, it is also the case when we consider the bisimilarity distance on the LMC Mf\bg.
So in order to account for the copying phenomenon, we need a significant change into the
structure of the underlying transition systems. Our approach consists in asking a state
of the transition system to represent several programs—instead of just one program, as
we have done until now. This way, we become able to keep track of the evolution of
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several copies of the same program. In this chapter, we build accordingly an applicative
WLTS for A!@ and thus define the trace distance for A!@, using the bisimilarity distance
on this WLTS. We then show that this trace distance is fully abstract with respect to the
observational distance for A!@.

The work in this section has been published in a joint paper with Ugo Dal Lago [26]. A
long version of this paper can be found in [25]. It contains in particular the details of the
non-expansiveness proof, which is similar—while more involved—to the non-expansiveness
proof for the affine calculus Agl, and that we will not recall in full details in the present
thesis.

8.4.1 Some Useful Terminology and Notation

In this section, we will make heavy use of sequences of terms and types. It is thus conve-
nient to introduce some terminology and notation about them.

A finite (ordered) sequence whose elements are ey, ...,e, will be indicated as e =
le1,...,en], and called an n-sequence. Metavariables for sequences are boldface variations
of the metavariables for their elements. Whenever E = {i1,...,i,} C {1,...,n} and
i1 < ... < im, the sub-sequence [e;,,...,e;, | of an n-sequence e will be indicated as eg.
If the above holds, E will be called an n-set. If e is an n-sequence, and Z is a permutation
on {1,...,n}, we note ez the n-sequence [ez(1), ..., ez(,)]. We can turn an n-sequence into
an (n + 1)-sequence by adding an element at the end: this is the role of the semicolon
operator. We denote by [e"] the n-sequence in which all components are equal to e. We
denote by 0 the unique 0-sequence—i.e. the empty sequence.

Whenever this does not cause ambiguity, notations like the ones above will be used
in conjunction with syntactic constructions. For example, if o is an n-sequence of types,
then lo stands for the sequence [loq,...,!o,]. As another example, if o is an n-sequence
of types and E is an n-set, then xp : o stands for the environment assigning type o;
to z; for every ¢ € E. As a final example, if M is an n-sequence of terms and o is an
n-sequence of types, = M : o holds iff - M; : ; is provable for every i € {1,...,n}.

8.4.2 The WLTS .Z(A}).

Our first building block towards formalizing what the states of Z(AL,) are is the notion
of a tuple: a tuple element consists in two sequences of programs, where the programs in
the first sequence are non-evaluated programs meant to be duplicable, while programs in
the other one are not allowed to be copied.

Definition 8.4.1 Tuples are pairs of the form K = (M, N) where M and N are se-
quences of A!@—progmms. The set of all such tuples is indicated as TUPLES. The first
component of a tuple is called its exponential part, while the second one is called its linear
part.

We now equip tuple elements with types, in order to be able to control the type of each
program contained in the tuple. Moreover, we design typing judgments for tuples which
specify that the programs that appear at some fixed indexes in the linear part of the tuple
must be A?e—values. Observe that this idea is a generalization of what happens in .Z (Aél),
where we have the class of programs, and the class of distinguished values. We first extend
our typing judgments on Aée—program: if M is a program, and o* = (0,b) € & x {L, T},
we write - M : 0* when = M : 0 and moreover ((b=T) = M € VA!@).
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Definition 8.4.2 We define the set of tuple types as
T = {(o,7") | o sequence over o7, T* sequence over o/ x {T, L}}.
We write - (M,N) : (o, 7*) ift M : 0 , - N : T*.

We say that (o, T) is a (n,m)-tuple type if o and T are, respectively, an n-sequence and

an m-sequence. To make the notations more readable, if (0,b) € & x {L, T}, we will

sometimes denote it as o®.

Definition 8.4.3 We call a pair (K, A) € TUPLES x T such that = K : A an explicitly
typed tuple. We denote by Ti- the set of all explicitly typed tuples.

In Example 8:4.1] below, we illustrate this notion of valid typing judgment for tuples.

Example 8.4.1 We consider the program M := (Mz.I) ® Q. Observe first—using the
typing rules for A!EB given in Chapter @—that FM:o witho =la— 5 — 3. We use
this program M to build a tuple element: we take K = ([M,Q],[I]). We look now for a
tuple type for K: we take A := ([o,a = o], [(a = a)")]). Since a = a is a valid type
for both I and ), and that moreover I is a value, we see that = K : A, hence (K, A) is an
instance of explicitly typed tuple.

We now define the set of states we will use for the AéB—applicative WLTS. Recall that
the states of the WLTS . (A%l) were of two kinds: sub-distributions over programs, and
sub-distributions over distinguished values. Here, we generalize this idea: the set of states
is the disjoint union over all tuple types A, of sub-distribution over tuples of type A. We
formalize this in Definition [8.4.4] below.

Definition 8.4.4 (States of the Applicative WLTS for A!@) We define the set of tuple-
states SA!@ as follows:

Sy = U {2 4)2ca(K|F-K:A})}
A tuple type

Similarly to what we have done for the WLTS & (A%l) for the affine calculus, or the
WLTS ¥ (A@Cbn) for Ag, we associate a state to every valid typing judgment on A!ea'
programs. First, to any program M, we associate a tuple element M as follows: we put
M in the linear part, and we leave the exponential part empty.

Definition 8.4.5 Let M be a A!@—progmm, and o a A!@—type. We define M as the tuple
element M := (0,[M]), and & as the tuple type & := (0, [o]) . Ifk = (- M : o) is a valid
typing judgment in Ay, we define the state associated to & as s(k) = ({M'},5) € SA!@'

We will also use the notation s,(M) to mean s(k M : o), when - M : o is a valid typing
judgment.

Example 8.4.2 As in Example we consider M = (Mz.I) ® Q, and 0 :=la —
B — B. Then the tuple state associated to the typing judgment for program (& M : o) is
as follows:

s(- M 1 o) = ({0, [(Na.D) @ Q)'}, (0, [0+ ])).
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Action Modalities for the environment

How do states in S A, interact with the environment? This is captured by the labels
in A R and the associated probability matrix. As the WLTSs .Z (Ae%l) and £ (Ag "),

Z (A!@) has applicative and evaluation actions. However, it has also two other kinds of
actions, called storing actions and Milner’s actions, that are designed to track more closely
the copying phenomenon. All these actions are type directed in the sense that when we
consider some state s = (Z2,4) € S a7k the ability of the environment of performing an
action a depends only on the type A, and similarly the type we will obtain after having
done the action a depends also uniquely on A. Similarly, the actions respect the convex
structure of the states, in the sense that the effect of a on (2, A) can be recovered—in the
natural way—from the action of a on the ({K1}, A) for all K € S(2). As a consequence,
our approach to define the transition relation for the WLTS £ (A!@) is as follows: for each
kind of action, we first specify the effect those actions have on types—i.e. for each action
a of this kind, we give a relation —— C T x T—and then we specify the effect they have
on atomic states —i.e. we give a relation — C T X Syt . From there, we will put back

everything together, and we will define the full transition relation in Definition [8:4.1§]

Evaluation Actions

We first define the counterpart of the eval action for .Z (A%l). The base principle is that
only programs in the linear part of the tuple can be evaluated: this reflects the fact that
in the operational semantics of A!@, no reduction can take place inside !-boxes. Observe
that a major difference with the WLTS ¥ (A%l), or the applicative WLTSs for Ag, is
that a state can now contain possibly more than one non-evaluated program available
to the environment. It means that the environment must choose to which one of those
programs he wants to apply an evaluation action. It must be a program that has not been
already evaluated, i.e. it must be typed by a 7; after the evaluation, the tuple type will
be updated to indicate that the program has been evaluated.

Definition 8.4.6 (Evaluation Actions on Types) We define the transition reduction

at type level for evaluation actions: eval CTxT by:

x\ eval’ * N * 1
(o, 7%) — (0,7 {1,..i-1}:Ty 5T {z‘+1,...,n}) when 7/ = ;.

If A is in the domain of cvaf , we say that eval' is an admissible action on A.

Definition 8.4.7 Leti € N. We define M CTL x SAz69 —that we call atomic transition
relation for the action eval’ —as follows: if k = (K,A) € T such that eval' is an

admissible action for A, we say that eval® is an admissible action for k, and we define:

eval’
k— (Z[[Nz}](V) {(M, N{L...,i—l}; V; N{i—l—l,...,n})l}a B),
%

where the sequences M, N are such that K = (M, N), and A wail g,

Storing Actions

We introduce now the storing actions: it corresponds to the environment choosing a term
of the form !M from the linear part of the underlying tuple, unboxing it and transferring
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the content to the exponential part of the tuple. Observe that for specifying such an
action, it is sufficient to give the index corresponding to the position of the program that
we want to unbox. We will denote (7*) the corresponding label, so we define:

As = {(7)]i e N}

Definition 8.4.8 (The Storing Action on Types) Let A = (o,7*) be a tuple type.
We say that (?%) is an admissible action at the type A if 3 with 7; =\ . If it is the case,

we write A Q) B with B = (o5, T*{l,...,n}\{i})‘

Observe that whenever the action (71) is admissible for some type for tuple A, it holds
that for every tuple K = (M, N) of type A, the program N; must be of the form !L. This
remark allows us to define the storing action on such tuple K: we remove N; of the linear
part of the tuple, and we store L in the exponential part.

Definition 8.4.9 (The Storing Action on Tuple Element) Let i € N. We define

2t i
u) C Tr x SA!@ —that we call transition relation for the action (?*) —as follows: if

(K, A) € T is such that (?) is an admissible action at the type A, we say that (%) is an
admissible action for (K, A), and we define:

(%)
(K,A) — ({(M;L,Ng__api)'}) B)

where B is the unique type with A @ B, the sequences M, N are such that K = (M, N),
and the program L is such that N; =!L.

Please observe that this action is in fact deterministic: it means that the resulting tuple
element is uniquely determined.

Example 8.4.3 We consider the tuple element K = [I],[I,!€], and we note 0 = a — «.
We can see that - K : A with A = ([0], [0+,107]) € T. Looking at Definition and
Definition we see that the action (?') is admissible at the type A, so the atomic

transition relation (?—1)> is admissible from (K, A), and:
(&, 4) (1.0 1) (.01, [o]).

Milner’s Actions

We now look at Milner’s actions, that we named this way in reference to the so called
Milner’s law !4 = A®!A in Linear Logic. The action (1) takes the i-th term in the
exponential part of the tuple, makes a copy of it, evaluates it and put the result into the
linear part. Observe that—as storing actions—a Milner’s action is entirely specified by
giving the index 4 identifying the program. We denote (!*) the corresponding label, and
accordingly we define Ay := {(!) | i € N}.

Definition 8.4.10 (Milner’s action on Tuple Types) Let A = (o, 7*) be a tuple type.
We say that (%) is an admissible action at the type A if the length of the exponential part

1@
o is not smaller than i; when it is the case, we define A Q> (o, 7*;0]).
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Definition 8.4.11 (Milner’s action on Tuple Elements) Let i € N. We define 0,

CT- XSA!@ —that we call transition relation for the action (1*) —as follows: if (K, A) € T-

is such that (1) is an admissible action at the type A, we say that (!*) is an admissible
action for (K, A), and we define:

(5, 4) 4 (SSI(v) - {(M; N3 V), B)
1%

1%
where B is the unique tuple type with A Q B, and the sequences M, N are such that
K=(M,N).

Example 8.4.4 We note 0 = a — a. We define respectively a tuple element K and a
type for tuple A as:

K=(Ueo.[);  ad A=, |o7]).

We see that = K : A holds, and that the action (I') is admissible at the indexed tuple
type A, hence the action (') is admissible when starting from (K, A). We see that:

(K,4) DG @ e, 1.0)Y. (o), [T 07]).

Applicative Actions

We look now at applicative actions, that play the same role as the applicative action on
£ (A%l): they model environments passing arguments to programs. Here, we have to
adapt this idea to our tuple framework: indeed, we can see the tuple as a collection of
programs available to the environment, which is free to choose with which of the programs
to interact with by passing it an argument. A crucial point, however, is that when building
this argument, the environment is allowed to use other components of the tuple. For
this reason, we need to be able to express all open terms M that can be build by the
environment using free variables that are designed to be replaced by components of the
tuple.

We first look at a more general problem, which is to describe how we can transform
a tuple into another tuple—in a uniform way: to do this, we define here a notion of
tuple context, that we will use also later. Intuitively, a tuple context is simply a tuple
whose components can possibly have free variables, taken in the set of special symbols

[y, [y oo [Ly - - -, []n—that are not regular variables, so cannot be used as bounded

variables.
Definition 8.4.12 A tuple context is a pair (M, N) where M and N are sequences of

(not necessarily closed) typable terms, and their free variables are contained in the set

{11 e NYU{[] | i € N).
IfC=(M,N) is a tuple context, and B = (o, 7*), A = (¢, v*) are tuple types, we say
that C is a tuple context from A to B, and we note C € C(B — A) when:

o I[]'lo - M, :uy;

e We note T and v the underlying sequences over &7 from T* and v*, and n and m their
respective length. We ask that there exists a partition {E1,...Ey,} of {1,...,n} such
that for every j € {1,...,m}, it holds that ![-]' :lo, []E] cTE Ny v

e for every j such that UJ*- 1s of the form U]T, then either N; = [-]; with 7 = TZT, or Nj is
of the form Az.N, Mz.N, or |N.
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We now formalize how we can fill a tuple context with a tuple element:

Definition 8.4.13 Let A, B be two tuple types, and C = L, K € C(A — B). Let K =
(M, N) such that = K : A. Then we define C[K| = (T,U) € TUPLES where:

Vie{l,...,n}, T; = Li{M/[-]"}
Vie {1,...,m}, Uy = K;{M/[]H{N/[1},
and n, m are such that B is a (n,m)-tuple type.

Observe that when C € C(A — B), and - K : A, it indeed holds that - C[K] : B. Recall
that our goal here is to build a value that will be passed as argument to one of the values
of type ¢ — 7 contained in the linear part of the original tuple, in order to model the
environment doing an applicative action—so we need to generate a tuple that consists
only of a value in the linear part. More precisely, if we fix A a tuple type, and o a A!@—type
that we take as target, we have to ask for a tuple context C € C(4 — (0, [¢"])): indeed
it guarantees that C[K] will be of the form V, with V some value of type o, as soon as
F K : A. We also have to keep track of the programs in the linear part that are consumed
when building the value V, hence if A is a tuple type, and E a set of indexes, we define
aset CY(A — o | E) that corresponds to all the way of generating a value when having
in input a tuple of type A, and such that the only non-duplicable programs used are the
ones with index in F.

Definition 8.4.14 Let A = (o, 7*) an tuple type. We denote by CY(A — o | E) the set
of those A -terms M —with possible free variables the [-]; and [-];—such that (0,[M]) €
C((o,7*g) — (0, [UT])).

We now define the applicative actions: we need to specify which tuple type we take as
starting point, the index iy of the non-duplicable program to which we want to pass a
value as argument, and a A!@—term that will be used to generate the argument.

Definition 8.4.15 We call applicative labels the objects of the form (A, i, E, M) where:
o A= (o,7*) is an tuple type, and there exists 1, v such that T = (1 = v)"';

o M is a Aly-term such that M € CY(A — 1| E), and i ¢ E.
We note Aq the set of all applicative labels.

We will also sometimes denote @ (E, M) for the label (4,4, E, M). An applicative action
(A,i, E, M) is admissible only when starting from the type A. After having done the
action, the resulting tuple type is as follows: 7; must be replaced by v, and all the programs
in the linear part—hence usable only once—that have been used to build the argument
must be removed.

Definition 8.4.16 (Applicative actions on Types) Let B = (o, 7*) be a tuple type,
and a = (A, 1, E, M) be an applicative label . We say that this label is an admissible action
for the tuple type B when A = B. If it is the case, we write B — (o, T (1, )\ (BU{i})5 vl),
with A = (o, 7*), and v the Al-type such that 77 = (1 — v)T.

Definition 8.4.17 (Applicative actions on Tuple elements) Leta = (A, i, E, M) be
an applicative label. We define — C T- x Syt as follows: for every (K, A) € Tt such
that a is admissible for A, we take: ?

(K, A) = O Wi MIKD](V) - {(M, N1 apogip; V)' 1 B).
\%
where B is the unique type with A —— B, the sequences M, N are such that K = (M,N).
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Definition of the WLTS

We are now ready to define the applicative WLTS for A!@. Our definition is based on
the atomic transition relations — that we have defined for evaluation actions, storing
actions, Milner’s actions, and applicative actions respectively in Definitions
[8-4.17] and [8.4.17. We also add actions indexed by tuple types, in order to be always able
to distinguish between two explicitly typed tuples with distinct types.

Definition 8.4.18 We define the applicative WLTS for A!€B as X(A!@) = (SAz@,EA;@,%

,w) where:
) SA!@ s as defined in Definition '

o Ly = {eval' | i € N} UA U A2 U Aa U #upLEs;

e The transition relation is defined as follows: if s = (2, A), then an action a is
admissible for s if:

—ora=A, and then s 25 s.
— ora € {eval | i € NYUAUA?U Aa, and the action a is admissible at the type
A. Then:
s () 2(K)- &k, B),
Ke
where B is defined by A - B, and for every K € S(2), Py is defined by
(KaA) L> (@@KvB)

w(2, A) = |2|.

Example 8.4.5 We give in Figure a fragment of .,S,”(A!QB), designed to illustrate our
definitions. We consider programs of the form M. =!(Q2 @ I), for e € D. We type those
programs with the recursive type o := po.(la —=la): recall that it means that o =lo —lo.
We look at the effect of some of the actions that can be triggered by the environment when
starting from the state:

s10(M2) = ({0, [M.])' 1,0, [1o]).

8.4.3 The Trace Distance for A!@

Our goal now is to use the WLTS Z(A!,) to build a distance on Al-programs, as we

have done for the affine language A%l with & (Ae%l). We first look at which states of

< (A!@) are comparable: we have to find the equivalence classes for R}g( ALY As stated in
®

Lemma below, these equivalence classes are obtained by taking all states with the
same underlying tuple type.

Lemma 8.4.1 For every tuple type A, we define E4 = {s € SA!@ | 32,5 = (2,A)}.
Then &(ZL(A5')) = {Ea| A€ T,Ex # 0}.

Definition 8.4.19 We define the applicative trace distance as the distance on A!ea pro-
grams (5% )o : Po X Py — [0,1] taken as:
52}

(55, )o (M, N) = b, A8) (5, (M), 55 (N)).
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Figure 8.8: A Fragment of .Z(Al,)

Example 8.4.6 Recall that the two Aél—progmms Q@ I) and (Q®°2 1) are at observa-
tional distance |e1 — 2| —as we can see easily for instance using the characterization by
traces of the observational distance for A%l. We want now to look at what happens when
we are allowed to duplicate these programs, so we consider the family of A!@—progmms
M, :=1(Q&° I) for e € D that we introduced in Example . We fix any type T, and
define 0 = 7 — 7; we can see that = M, :lo. In the present Example, we show—again by
using a characterization by traces—that:

(522 )U(M€17M€2) > Sup|€7ll - 53’
@ neN

Indeed, observe that s(- My :lo) = ({(0,[/(Q @ I)])'}, (O, [lo+])). Let us now consider,
?1

for every n € N, the trace a,, = eval' - (?1) - (1), For every e € [0,1], the execution of the

Lehy o 1"
trace oy, starting from sy := s(E M. :lo) is as follows: sy, eval t(—>)so(—>). . .(—>)sn with:

t=({(@. 1@ D'} @, |lo7])
si= ({100 1, 1L 1)L (0], [T o T
As a consequence, we see that Prob(syr. |)(an) = €™, which allows us to conclude that:

(55\7«%)!0(M517M52) > Su§|PTOb(SM51 \L)(Oén) — P’f’Ob(SME2 l«)(an” — Su§|€’il _ 63"
ne e

We will show later—using an up-to technique combining contexts and convex closure—that
the other inequality also holds.

Our first correctness criterion for a distance on programs is that it should be observa-
tionally correct, in the sense of Definition i.e. that the distance should distinguish
at least as much as the context [-], that simply executes the program it receives as input.
As we show in Proposition @ below, it is indeed the case for the trace distance on A!69
that we have just defined.
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Proposition 8.4.2 The trace distance on A!@—progmms 527] is observationally correct.
52

Proof. Let o be a type in 42{/\!@, and M, N two A!@—programs at this type. Our goal is to
show that (0%, )s(M, N) > [Obs, (M) —Obs,(N)|. As a first step, we unfold the definition
®

of (65{, )o, and rewrite the observational correctness requirement using the trace distance
®

on .Z(AL). It becomes:

5i(Aé)(So(M)7sa(N)) > |Obs, (M) — Obs, (N)].

We are going to use the characterization by traces of distance bisimilarity. Observe
first that w(ss(L)) = Obs, (M) for every L with - L : 0. Then we see that the empty
trace € is admissible for every state s, and besides w(s) = Prob(s |)(«), hence we can
conclude:

57 (5, (M), 5,(N)) > [Prob(s, (M) 1)(e) — Prob(s,(N) 1)(¢)|

— (s (M)) — w(s,(N))| = |Obs, (M) — Obs, (V)]

Full Abstraction

The proofs of soundness and non-expansiveness for the trace distance on A!EB follow the
same path as the ones for the A%l trace distance—that we have presented in details in
Section We give here the main steps, but a complete proof can be found in [25]. We
first equip the WLTS .Z(A%)) with state-contexts—in the sense of Definition since
we want to be able to express non-expansiveness as a property of the WLTS . (A!@)' To
do this, we use the tuple-contexts that we have build in Definition [8.4.12} recall that for
every pair of tuple types A, B, we called C(A — B) the set of tuple context with A as point
of departure, and B as target. Here, we need to define sets of state-contexts C(E; — Es)
for every pair Ey, Es of equivalence classes in &(Z(A%)). Recall that we have shown in
Lemma that &(Z(AL)) = {Ea | A € T}, where the E4 are all the states of the form
(.@ R A) es AL

Definition 8.4.20 We take C(E4 — Ep) == C(A — B). If s = (2,A) € E4, and
C=(M,N)ec C(A— B), we denote by C|s] the state in Ep defined as:

Cls] = (D 2(K) - {C[K]'}.
K

Any context for the programming language A!@ can also be seen as a state-context: we
state this formally in Remark below.

Remark 8.4.1 For every A!@-progmm M of type o, and C a A!@—context such that [-] : o &
C:7. ThenC' = (0,[C{[]1/[]}]) is a state-context in C(E; — E:). By abuse of notation,
we will again note C for the state-context C'. Observe that with these notation, for every
program M of type o, s-(C[M]) = C[ss(M)].

We first show that proving non-expansiveness for the WLTS % (A!@) is a valid approach
to show non-expansiveness of the trace distance on the programming language A!@.

Proposition 8.4.3 If the WLTS g(A!@) equipped with state-contexts as specified in Def-
mition 18 non-expansive, then the trace distance on A!69 18 also non-expansive.
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Proof. Let M, N be two A!eB—programs of type o, and C a A!@—context such that [-]: o F C:

7. To prove non-expansiveness of the trace distance, we need to show: 5§(A® ) (s+(C[M]), s+(C[N]))

+

65;(/\@)(

sp e

holds as soon as the WLTS £(AL) is non-expansive, which concludes the proof. O

S¢(M),s5(N)). Using Remark [8.4.1, we are able to rewrite our objective as:

)(C[SU(M)],C[SU(N)]) < 5§(A®)(SU(M),SU(N)). We see that the latter statement

&

The path to show non-expansiveness for the WLTS & (A!@) is broadly similar to the one we
followed when showing non-expansiveness of the WLTS .# (A%l). The first step consists in
equipping .& (A!@) with a convex sum operator. As for . (A%l), our construction here is
based on the fact that finite measure are a cone: if s = (2, A) and t = (&, A) are two states
in E4, we can take a-s+ -t 1= (a-Z+5-&, A). It means that we can consider the convex
closure of any clustered relation on states, as defined in Definition Moreover, we can
see that the convex structure . (Al,) is well-behaved, in the sense of Deﬁnition as a
consequence, using Proposition we see that taking the convex closure is a valid up-to
technique. However, there is a major difference with .Z (A%l)7 that essentially comes from
the fact that Aél is an affine calculus, hence the operational semantics of a A!@—program
has always finite support. It is not the case here for A!@’ and as illustrated in Example
below, it implies that we cannot replicate the main component of the non-expansiveness

proof for AZ'—the fact that as soon as R is a e-bisimulation, it is also the case of (C[R])+.

Example 8.4.7 We fix 0 = 0™ — o —where 0" is the type for the encoding of CBN
Ag into A!@, that we defined in Chapter @—, and we build a %-bisz’mulation on X(A'@) as
follow:

R = {(50(0), 50(T & D)} U{(0, 4), (5 - 2, 4) | (7, 4) € 5. }

We are now going to build a particular context C in C(Es — &), such that it is not the
case that (C[sx(Q)],C[sc(I ®Q)]) — (C[R])+. To do this, we are going to use the program
L € Ag—that we build in Example[I.2.3 and analyzed in Example[1.2.]) of Chapter[]—such
that its operational semantics in CBN Ag is [L] = 7%, o - {n'}, where n is the n-th
Scott natural number. We look at the encoding of L in Aé, and we denote again n for the
encoding of n in A!@.

We now consider the AL -context C = \z.(A\y.[-]z)L, and we transform it into a tuple
context by taking as usual (0, [C{[]1/[]}]). We denote again C this state-contexts, and we
see that C € C(6 — ¢). We see that:

Clso ()] = ({.1C190)'1.6) % 5 = 3 o (0. (o)), @, [ 7))

neN

Clso(N)] = (@, €T & A)'1,6) “ 1= 3 (0, D (T o )]}, @, [7))
neN

But we can see now that (s,t) & (C[R])+, hence (C[R])Jr is not a 3-bisimulation.

This problem comes from the fact that the probabilistic execution tree of a A!@—program
can have infinite branches. To overcome this, we define the closure of a relation up-to
infinite conver sum. We first need to add additional structure to a WLTS equipped with
a convex structure, in order to be able to talk about infinite sum of states.
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Definition 8.4.21 We say that a WLTS " is equipped with a countable convex sum
operator, if it is equipped with a convex structure, and that moreover for every E € & (L"),
the cone Cg is sequentially complete—in the sense of Definition[11.1.1] in Chapter[9

The completeness requirement on cones guarantee that, if (s, )nen is a sequence in E for
some E € &(£Y), such that all the terms of the increasing sequence ty = ), - Sn are
still in £, then the sequence (fx)nen has a supremum in E, that we denote by > sn.

Definition 8.4.22 Let Z" be a WLTS equipped with a countable convex sum convex oper-
ator. Let R be a clustered binary relation on states. We call closure of R by infinite convex
sum, and we denote (R) the clustered relation defined as: for every E € &(ZL(AL)):

V(8n)neN, (tn)nen sequences over E, ¥ (pp)nen with Zpi <1,
(VneN sy, Rty) = O pu-s0) B (O pn-tn):

neN neN

The key of our non-expansiveness proof is that the operator R +— (C[R]) preserves e-
bisimulation on the WLTS .#(Al;). The proof of this result—that can be found in [25]—is

similar to the one we did to show that R — (C[R])+ preserves e-bisimulation on & (Aél),
but more involved, since we need to deal with approximation semantics.

Proposition 8.4.4 Let R be a e-bisimulation on Z(AY). Then (C[R]) is also an e-
bisimulation.

Since C[R] C (C[R]) , Proposition tells us that the WLTS Z(A%) is non-expansive.

Theorem 8.4.5 The WLTS DZ”(A!@), equipped with state-contexts as specified in Defini-
tion[8.4.13, is non-expansive.

As a consequence, we obtain using Proposition that the trace distance on A!€B is
non-expansive.

Theorem 8.4.6 (Non-Expansiveness) The trace distance on Al is non-expansive.

Since we have shown that the trace distance on A!EB is both observationally correct and
non-expansive, we can now use Proposition [8.1.1) and concludes that it is sound with
respect to observational distance. We can also prove completeness of the trace distance,
by using the inductive characterization of the bisimilarity distance on the WLTS .Z(A}).
Similarly to the A%l case, the proof—that can be found in [25]—is based on building
contexts design to emulate traces. By combining completeness with soundness, we obtain
full-abstraction as stated in Theorem below.

Theorem 8.4.7 (Full Abstraction) For every o, for every program M, N of type o, it
holds that:
(85 )o (M, N) = (53)5(M, N).

8.4.4 Up-to techniques on the applicative WLTS for Aée

We also looked at up-to techniques on the applicative WLTS ¥ (Aé)' A detailed account
can be found in [25], we recall here only the main results.

Proposition 8.4.8 Both R — (R) and R — (C|R|) are valid quantitative up-to tech-
niques on £ (Al).
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We can observe that these quantitative up-to technique are respectively the quantitative
counterpart of the up-to lifting technique and up-to lifting and contexts technique that
Vignudelli and Sangiorgi [107] develop for environmental bisimulation on Ag.

Example 8.4.8 Recall the programs M, :=1(Q @&° I), for e € D, that we considered in
Ezample |8.4.0, and we fir o any type of the form T — 7. We have shown in Exam-
ple —usmg the trace characterization of the bisimilarity distance on .X(A!@) a lower
bound on the trace distance between M, and M, for any €1,e2 € D:

(0% 1o (Me,, Me,) > suple} — e5].
® neN

Using our up-to techniques, we are now able to show that this lower bound is also an upper
bound. In order to simplify the notations, we define for every e € D, and n € NU {—1},

the states s;, € £\ as:
®

52 = ({01207 D'} @, [107]))
si, = (" {([(2e° ],0)'}, ([0],0)),
We fix e1,e9 € D, and we define the relation R as:
R ={(s10(Me,), 510(Mc,))} U{(s;},5;7) [ n € NU{—1}}.

For any €, We represent in Figure the effect of all admissible actions that start from
the states s\, (M) and 5. We can see that R is a a-bisimulation up to R — (C[R]) , with
a = sup,cnlel — €5]. Since, as stated in Proposition the infinite convex closure of
the composition by contexts is a valid up-to technique, we obtain that:

(631 )o (M, M.,) = sup|e} — eb].
@ neN

8.4.5 Trace Distance for A, via encoding in Aée

In [25], we also show that our results on the trace distance for A!EB can be lifted back to
ordinary probabilistic A-calculi Ag, both when call-by-name evaluation and call-by-value
are considered. It is based on the embeddings of CBN and CBV Ag into AéB, that we
have presented in Section of Chapter [71 More precisely, we defined .2 (Ag P"V) and
ZL(Ap“BY) two restrictions of the WLTS Z(AL,) for respectively the CBN and the CBN
operational semantics, by keeping only the states and action relevant in the setting of the
embedding, and we showed that the trace distances obtained this way are fully abstract.
It may be remarked that the WLTS obtained this way looks closely like the structure used
by Vignudelli and Sangiorgi to define environmental bisimulation on CBN and CBV Ag
in [I07]. In this sense, what we obtain in this case can be seen as a quantitative extension of
the environmental bisimulation studied by Vignudelli and Sangiorgi. We actually develop
our trace distance for Aée roughly at the same time as Vignudelli and Sangiorgi worked on
environmental bisimulation for probabilistic A-calculi, and our common point of departure
was the behavioral equivalences for Ag developed by Dal Lago, Sangiorgi and Alberti
in [32]. Our objectives were however different, since our goal was to be able to talk
about distances instead of equivalences, while they were looking for a notion of applicative
equivalence compatible with imperative features as the ability for programs to store data.
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510 (M) ¢ = ([FA] 1) € C(([0],0) = (o] . [+7])
eval®
(52 = (@& )1 @. [17])
(H]
85 = ~
{(0e° 0,0},
(1], 0)
(1 -
. € 1 51 = —
{5 Mo oy } e (0@ 1,0)'),
’ (1o],0)
e 1 55 =
[ 52-{(([$]®[UIT,£I}) 3 } 2. (9 ésﬂ76)1}7
’ (1], 0)
= C[sg]
: ()]

Figure 8.9: A Fragment of .#(A%)

It is remarkable that the answer to these two problems actually happened to be similar,
i.e. to look at states that track the evolution of several programs—that correspond to the
program we test, and its environment in environmental bisimulation—instead of just one
program.
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Denotational Semantics for
Higher-Order Languages with
Probabilities.
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Chapter 9

Background: Two Denotational
Models for Higher-Order
Languages with Probability

The growing interest in enhancing programming languages with various probabilistic prim-
itives led to a drive for adapting existing denotational semantics in order to make them
able to interpret probabilistic behaviors. The first denotational semantics for an higher-
order language with probabilistic features was put forward by Saheb-Djahromi in [102],
but while overall his language is higher-order, the probability distributions are considered
only on values of ground types, i.e. integers and booleans. To handle his language, Saheb-
Djahromi adapts the non-deterministic powerdomain—considered before by Plotkin—into
a probabilistic powerdomain for ground domains, i.e. the ones that interpret the integers
and booleans types. Then, in their pioneering work [68], 67] Jones and Plotkin extend the
probabilistic powerdomain to all types, and use it to give a denotational semantics for
a higher-order language similar to PCFg, resulting in a computationally adequate model.
Their construction is based on Moggi’s work on computational A-calculus [86]—where he
gives a denotational semantics to a A-calculus with generic computational effect in any
Cartesian closed category equipped with a strong monad—that they apply with a monad
built from the probabilistic power-domain. This monadic approach has been continued
by several works [10] [84] aiming to add a notion of approzimation to Jones and Plotkin’s
model, with changes to both the monad and the underlying category. Another branch of
the domain-theoretic approach based on the study of powerdomains for probability led
to the introduction of Kegelspitzen by Keimel and Plotkin [95] that combines both the
structure of a convex set and the structure of a directed-complete partial order; it has
resulted in a denotational model of a variant of PCFg based on Kegelspitzen that has
been built in [98]. A very different perspective on denotational semantics for higher-order
probabilistic languages has been brought from the tradition of games semantics, where
types are interpreted as games, and programs as strategies on these games. The first
probabilistic model using games semantics is defined by Danos and Harmer [35], who in-
troduced a fully abstract semantics for a probabilistic variant of idealized algol—i.e. an
extension of PCFg with ground state. Recently, a model of PCFg itself, using concurrent
game semantics has also been introduced and shown to be fully abstract [22]. In this
thesis, we are actually mainly interested by yet another approach, that uses ideas coming
from quantitative semantics and Linear Logic. It has been introduced by Girard in [55]
for the purpose of defining probabilistic coherent spaces, designed as a generalization of
coherent spaces, the objects he used in his model of Linear Logic. Danos and Ehrhard [34]
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then used this notion to build a model of PCFg,, that was then shown to be fully abstract
in [46]. Probabilistic coherent spaces were also used to build a fully abstract model of a
probabilistic variant of Levy’s Call-by-push-value language [116].

If instead of adding primitives for expressing discrete probabilities, we want to add
primitives for continuous probabilities to a programming language, the problem of giving
an adequate denotational semantics becomes even more complex. The first attempt in
this direction was done by Kozen [70] on a first-order language with a while loop that
was enriched with a random generator on real numbers. Kozen interpreted programs as
stochastic Markov kernels between measurable spaces, obtaining a fully abstract denota-
tional semantics. The category of Markov kernels and measurable spaces, however, is not
Cartesian closed, which makes it impossible to use this category to build a model of an
higher-order language. While there is at the present time no known fully abstract model
for higher-order languages with continuous probabilities, a variety of models have been
proposed over the past few years, and are still under investigation. Staton et al. devel-
oped [63] a denotational semantics for a continuous higher-order language that moreover
handles Bayesian reasoning. Their model is based on Quasi-Borel spaces, that both al-
low to express continuous probability, and give rise to a Cartesian closed category. More
recently, Ehrhard Pagani and Tasson [45] introduced a denotational model for PCFgmpie
based on the notion of cones and a stability condition on morphisms. The game semantics
approach has been extended as well to the continuous case: Danos and Harmer model has
been generalized by Ong and Vékar [89] into an adequate model of Idealized Algol enriched
with continuous probabilities, while Paquet and Winskel [90] gave an adequate model for
PCFsample—PCF enriched with continuous probabilities, presented in Chapter using
concurrent game semantics.

In this chapter, we are going to present the model of PCFg based on probabilistic
coherent spaces introduced by Danos and Ehrhard [34], and the model for PCFg,mp1e based
on complete cones and stable functions introduced by Ehrhard, Pagani and Tasson [45].
In the first part of this chapter, we recall briefly some notions of category theory, that we
then use to describe the underlying structure of the models. We then introduce PCoh,
the category of probabilistic coherence spaces, and Cstab,y,, the category of measurable
cones and measurable stable functions.

9.1 Categorical Semantics For Higher-Order Languages

In this section, we are going to present some tools from category theory that are designed
to build denotational models for programming languages. Indeed, category theory allows
us to describe which structural properties a concrete model should verify, in order to be a
good candidate for soundness with respect to a given programming language. We assume
the reader familiar with the basic definitions about category theory, for which we refer
to [79]. A category is a collection of objects connected by arrows —called morphisms—that
can be combined by a composition operator o. If C is a category, and A, B two object
of C, we denote by C(A, B) the collection of morphisms from A to B. Since we will
usually consider in the following small categories, this collection will actually be a set,
and accordingly we will call hom-sets the sets of morphisms of the form C(A, B). We
denote by C x D the product category of two categories C and I, as defined in Chapter 2
of [79] .
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9.1.1 Cartesian Closed Categories

When interpreting a typed programming language in a category, types are interpreted
as objects, while programs are interpreted as morphisms. It means that the category
we consider should come with functors designed to express the type constructs. For
instance, in the very simple setting of the simply typed \-calculus with pairs, there are two
type constructs: the binary product x, and the arrow construct —. The corresponding
categorical structure is Cartesian closeness, that ensures that every objects A, B of such
category have a product object A x B, and an arrow object A = B. We recall here
the definition of Cartesian Closed Category, since such categories are the natural place to
build any model of higher-order computations.

Definition 9.1.1 (Product) Let C be a category, and Ay, As two objects of C. A prod-
uct of A; and Aj is an object (A1 x Ag) together with two morphisms m : A1 X Ay — Ay,
mo 1 A1 X As — Ao, that verifies the universal property represented below:

B
3 \Lf1><f2 f2
Al <;7T1 Al X A2 *)m Ag

Whenever—as it is the case for Cartesian Closed categories, that we define below —binary
product exists for every pair of objects, it actually defines a functor x : C x C — C
(see [79]). To interpret also the — type construct, we need our category to have moreover
an arrow object. Accordingly, we ask for it to be cartesian closed, as defined below:

Definition 9.1.2 A category C is a Cartesian closed category (CCC) if:

e it has a terminal object T —i.e. such that, for every object A of C, there exists
exactly one morphism from A to T.

e Any two objects A, B have a product A x B in C—in the sense of Definition[9.1.1]

e For any two objects A, B, there exists an object (A = B), and a morphism evaly g :
(A= B)x A— B in C such that:

VC' object , Vg € C(C x A, B),
dlcurry(g) € C(C, A = B) such that g = evaly p o (curry(g) X ida)

C CxA
icurry(g) curry(g) xida i 9
A=1B (A=B)xA —— B

We say that the morphism curry(g) is the currying of g.

In any Cartesian closed category, we can construct a model of simply typed A-calculus:
a typing judgments of the form xy : o1,...,2, : 0y = M : 7 is interpreted as a morphism
from the object Jo1] x ... X [o,] to the object [r]. If we want to be able to interpret
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not only the simply typed A-calculus, but also more expressive higher-order languages, we
need to add additional structures to some Cartesian closed category. We can for instance
add coproducts, which led to models of A-calculus with sum-types, and on the logical side
to models of propositional intuitionistic logic. We could also want to interpret the untyped
A-calculus: in this case we have to ask for the presence of a reflexive object A, i.e. such
that A is isomorphic to A = A; it comes from the fact that in an untyped setting, we
cannot distinguish between first order function, second-order function, etc, as we do in the
simply typed A calculus. The first example of such Cartesian closed category with reflexive
object to be looked at—the category DCpo of directed complete partial orders and Scott
continuous functions—was built by Scott and Strachey [109) [IT1] in their pioneering work
that gave rise to domain theory.

If our target language is PCF, we need to add to a model of simply typed A-calculus the
categorical structures needed to deal with ground types and with the fixpoint construction.
Scott [110] introduced the standard model of PCF in the category DCpo, that was then
shown by Plotkin [93] to be adequate, while not fully abstract. It has been then generalized
into the class of standard models of PCF which are the cartesian closed category, with
moreover a natural number object—the categorical structure encoding a recursive definition
of natural numbers—and that is w-cpo-enriched—in particular, it has for consequence that
for every object A, B, the hom-set C(A, B) is a w complete partial-order. A more general
axiomatisation of sound models for PCF has been later formalized by Hyland and Ong [66]
using the notion of c-fix category. A categorical axiomatisation for adequate—i.e. every
non-terminating program is interpreted by the bottom element of hom-sets—models of
PCF has also been proposed in [I8].

9.1.2 Categorical Model of Linear Logic

Linear Logic (LL) has been introduced by Girard in [51]. We recall here only some basic
facts about this logic; more intuitions and details may be found for instance in [54]. Linear
Logic has three kind of connectives used to build formulas: the multiplicative connectives
%,®,1, L, the additive ones &, P, T,0, and the exponential ones !, 7. An essential feature
of LL is the presence of two disjunctions % and @, as well as two conjunctions & and ®.
The formulas of LL can be interpreted in terms of resources available to some operator;
for instance, we can interpret the two conjunctions as follows: A ® B corresponds to the
case where the operator may use simultaneously the resource A and B, while A & B means
that the operator has to choose whether he wants to use the resource A or the resource
B. The exponential construct !A means that the operator have unlimited access to the
resource A.
The Classical Linear Logic (LL) formulas are generated as follows:

Az=p | pt | A@A | AGA | ALA | ABA
[ TlLf1]o
| 14 | 74,

where p is an element of a fixed set of logical atoms. Moreover, the dual operator L is
extended from logical atoms to all formulas using the following rules:

In its original presentation of LL, Girard defined inference rules using one-sided se-
quents, of the form F ~y, where v is a list of formulas. The sequent - A{, .. ., A#, Bi,...,Bnm
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B): == At @B*

B): := At @Bt

1t=1 1t=1 o0t:=T Tt:==0
) (AT = 1(AY)

Figure 9.1: Duality Operator in Linear Logic

FI A B,A —— init.seq. FT,A FAL A
FT.BA A Kb FAAY FT.A cut
FTLA - FALB FT,A,B L fT
L
FT.AAB © FraAms » 1 FT, L
N N FT,B -

"T.A&B ¥ Trass O Traes ®F FLT

kL weakenin, F LA A .
FT,7A g T T.7A  contraction
F A : FT,A o
T, IA promotion TT.79A dereliction

Figure 9.2: Deduction Rules for Linear Logic

should be understood as follows: whenever all the formulas A; are true, then at least one
of the formula B; holds. The LL inference rules are the ones presented in Figure Ob-
serve that both the cut rule and the initial sequent rule use the duality operator defined in
Figure The resource policy is reflected in the deduction rules: for instance, the rule ®
may be read as follows: in order to know that - I'", A®@ B—i.e. if all formulas in the list I’
hold, then A ® B also holds—we have to split the list ' into two disjoint parts, where the
first one has the resources needed to build A, and the second one has the resources needed
to build B. By contrast, the rule & may be understood as: in order to show - I', A & B,
it is enough to prove that with the resources from I', we are able to construct separately
both A and B. We can interpret the rules for exponentials in the same resource oriented
framework. The weakening rule expresses the possibility of discarding a resource of type
IA. The contraction rule allows to transform a data of type !A into a pair consisting of two
data of type !A: it may be interpreted as observing that whenever we have an unlimited
source of A, this situation is equivalent to having two unlimited sources of A available.
The promotion rule should be interpreted as follows: if we are able to construct an element
of type A using only resources of type !B, then as soon as we have an unlimited access
to resources of type B, we can also build as many resource of type A as we like ; it is
because we can duplicate the procedure to produce a A res-source as many times as we
want, and so we are actually able to build an unlimited number of data of type A. The
dereliction rule should be interpreted as extracting a single resource of type A from an
unlimited supply of resources of type A.
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If we have a proof—i.e. a derivation tree built using the rules and axioms of Fig-
ure [9.2}—for a particular sequent F I', we are able to transform this proof into another
proof of the same sequent - I' that is cut-free—i.e. such that the rule Cut doesn’t ap-
pear in its derivation tree; this transformation is called the cut-elimination procedure,
and its definition may be found in [54]. There is also an intuitionistic variant of Linear
Logic—ILL (Intuitionistic Linear Logic)—that was formalized in a subsequent paper by
Girard and Lafont [52]. In ILL, the connective %, 7, L are absent, and we add as connec-
tive the linear implication —o, that can be encoded in LL as A — B == A+ % B. The
rules for ILL may be found for instance in [54]. We will consider also in the following
the fragments MLL—Multiplicative Linear Logic—and MILL—Multiplicative Intuitionis-
tic Linear Logic, that consists in the restriction of respectively LL and ILL to formulas
and proof trees that use only the multiplicative connectives.

The resource interpretation makes LL a natural framework for building a type system
for higher-order programming languages that handle limited resources. LL, and relevant
fragments of it, have been given this way a computational content in the spirit of the
Curry-Howard correspondence; several linear A-calculi have been proposed, including by
Lafont [72], Abramsky [3], by Wadler [122], etc. The Surface A-calculus we presented in
Chapter [7] corresponds to ILL extended with recursive types. Recall that this language
has non-terminating programs, meaning that the underlying logic has no cut-elimination
procedure.

Categorical Semantics for Exponential Free Linear Logic

As illustrated before, when building a model for a typed programming language in some
category, we usually interpret types as objects, and programs as morphisms. Simi-
larly—once again in the spirit of the Curry-Howard’s correspondence—a model of a logical
system L is a category C equipped with an interpretation function [-], that associates to
every formula of £ an object in C, and to every proof in £ a morphism in C. We also ask
for a correctness criterion on models: a model of a programming language is sound if the
program interpretation is invariant by reduction. Similarly, we look at the equivalence on
proofs defined as the reflexive and transitive closure of the cut-elimination procedure, plus
some additional modularity constraints —we refer to [81] for a more precise definition of
this equivalence relation—and we say that a model of LL should be sound with respect to
this equivalence, i.e. that whenever two proofs are equivalent then their interpretation in
the model coincide.

Definition 9.1.3 If L is a logical system equipped with a cut-elimination procedure, a
category C is a sound model of L if there exists an interpretation function [-] such that
whenever two proofs are equivalent with respect to the cut-elimination procedure, their
interpretation by [-] coincide.

The next step consists in investigating the minimal requirements needed to guarantee that
some concrete category is indeed a sound model for LL. We follow here the perspective
developed by Mellies in [81]. We first look at less complex fragments of LL. First in order to
have a model of MILL—multiplicative intuitionistic linear logic, i.e only the connectives
®,—o,1 are present—, we need a symmetric closed monoidal category (SMCC): it is a
category equipped with a tensor product, and an object of morphisms, that allows to
interpret respectively the connective ® and —o, and with symmetry morphisms, that allows
to implement the exchange rule. Below, we present the formal definition of SMCC in three
steps: first we define what a monoidal category is, then we add symmetry requirement to
it, and finally we give the definition of SMCC.
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Definition 9.1.4 (Monoidal Category) A monoidal category (MC) is a category C
equipped with:

o A bifunctor ® : C x C — C, called the tensor product;
o An object 1 called the unit object;

e Three natural isomorphisms expressing respectively associativity of ®, and that 1 is
a left and right neutral element:

asBCc:(A®B)®@C=A® (B®CC);
14:(1®A) 2 A4
ra: (A®1) = A4
such that the two diagrams below commute:

aA,1,B

(A®1l)® B » A® (1 ® B)
r,®idp
\ A@lB
A®B

(A®B)®C)® D —22%0 . (A@ B)® (C ® D)
laA,B,C(X)idD

(A (B®(C))®D a4,B,C®D
laA,B(X)C,D

ida®apg,c,D

A® (B®C)® D) A®(B®(C®D))

If we want moreover to be able to swap the objects A, B in the tensor product A ® B,
we need to ask the monoidal category to be also symmetric, i.e. equipped with a natural
isomorphism swap that performs the swapping.

Definition 9.1.5 (Symmetric Monoidal Categories) A symmetric monoidal category
(SMC) is a monoidal category (C,®,1) equipped with a natural isomorphism

swvap, p: AR BE B® A,

such that the three following diagrams commute:

ARl — 20 104 B®A
ra SW&PV %’B,A
N AT
A A® B - A®B
1dA®B
swa ®id
(A® B)® C “2A27C (B A) @ C
laA’B’C laB,A,C
A® (B 0) B®(A®C)
lswapA,B@)C lidg@swapA’C
(BoC)o A —2° , Be (C® A)
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Every cartesian category—i.e. equipped with a terminal object and finite products—is
also a symmetric monoidal category: indeed, we can define natural isomorphisms for
associativity and elimination of the neutral element as a, 1, r by combining the projections
T, 2.

To model the linear arrow of ILL, we need to add a closed structure to a SMC. The
approach is similar to the way we add a closed structure to a cartesian category in Defi-
nition thus obtaining a cartesian closed category.

Definition 9.1.6 (Symetric Monoidal Closed Category) A symmetric monoidal closed
category (SMCC) C is a SMC equipped, for every object A, B with an object (A — B)
and a morphism evaly p: (A — B) ® A — B such that:

VC object , Vg € C(C ® A, B),
Jlcurry(g) € C(C, A — B) such that g = evaly g o (curry(g) ® ida).

We want now to add to a categorical model of MILL—i.e. a SMCC—the categorical
structure required in order to obtain a categorical model for MLL. Observe that the LL
multiplicative connective % not present in ILL may be expressed by using the duality
operator and the multiplicative connectives from ILL. It means that as soon as we have
an appropriate duality mechanism in our category, we can reconstruct a denotation for
multiplicative LL from a denotation for multiplicative ILL. We can use this observation to
define what is a categorical model of multiplicative LL: it is a x-autonomous category, i.e. a
SMCC with a dualizing object. The notion of x-autonomous category was introduced by
Barr [11].

Definition 9.1.7 (x-autonomous category) A x-autonomous category is a symmetric
monoidal closed category (C,®,1,—o) endowed with a dual object L such that the mor-
phism

dg:A—>(A—ol)—o L

is an isomorphism —where d is defined as the transpose of the evaluation map evalp | :
(A—-ol)®A— L.

The definition of a x-autonomous category may also be understood in a logical way: indeed
asking for d to be an isomorphism correspond to adding the law of excluded middle to a
model of ILL.

When we want to add the additive connectives &, @, we need to add Cartesian product
to our model: accordingly, a model of exponential-free LL is a x-autonomous category with
finite products.

Categorical Models for Linear Logic

Difficulties arise, however, when we want to add to a x-autonomous category a structure
interpreting the exponential connective !. Our account here follows again [81], to which
we refer the reader for a more extensive presentation. A slightly different viewpoint may
be also found in [37]. We can see first that ! should be a comonad, i.e. a functor ! : C — C
with two natural transformation 1 : ! — Idc and p : ! — !? that moreover verify additional
commutative diagrams (that the reader may find in [79]). From this co-monadic structure,
we obtain morphisms for the dereliction and digging : for every object A € L, we have
morphisms dery : !4 — A, and diggy : !A — !l!A. However, a co-monad ! does not
necessarily give rise to a sound model of LL. From there, several distinct propositions to
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strengthen the interaction of ! with the structure of the x-autonomous category had been
put forward, and it’s only recently that they were discovered to be all particular instances
of linear-non-linear models, a categorical axiomatisation introduced by Benton [12].

We present below two of the earlier axiomatisations of sound LL models, in the sense
of Definition : the new-Seely Model and the Lafont Model. The notion of Lafont’s
model was introduced by Lafont in 73], while the new-Seely model is due to Seely [112]
and Bierman [15].

Lafont Models of Linear Logic

Lafont’s model is based on the notion of commutative comonoid, that we recall below.

Definition 9.1.8 Let (C,®,1) be a monoidal category. Then a co-monoid consists of
a triple (M,d,e), where M is an object of C, and d : M — M ® M —called co-
multiplication—and e : M — 1 —called the co-unit—are two morphisms in C such that
the two diagrams below hold:

M—2 s MeoM N (Mo M) oM

ld laM, M, M

MeM 1dard M ® (M ® M)

e®idps idy®e

1M +—— MM — (M ®1)

T

If (My,d1,e1) and (Ms,ds, es) are two comonoids, a morphism of comonoid from M; to
My, denoted f : (Mi,d1,e1) — (Ma,da, e2), is a morphism f € C(My, My) that respects
the comonoid structure, i.e. such that the two diagrams below commute:

Ml%MQ M14>M2

et N A

My @ My —— My @ Mo

If moreover (C,®,1) is a commutative monoidal category, a comonoid (M,d,e) is
commutative if the following diagram holds:

M

T

Swapar a1

M@ M : M & M

The next step to present Lafont construction is the notion of free commutative comonoid
generated by some object A.

165



9.1. CATEGORICAL SEMANTICS FOR HIGHER-ORDER LANGUAGES

Definition 9.1.9 Let (C,®,1) a commutative monoidal category, and A an object of C.
A comonoid (M, d,e) is the free commutative comonoid over A if there exists a morphism
€a: M — A, such that moreover the following universal property holds:

V(M d',e") commutative comonoid Vf : M' — A
31T comonoid morphism(M',d’, e') — (M, d, e)

such that the diagram below commutes in C :

MLA
e AT
M/

The universal property of Definition implies that when it exists, the free comutative
comonoid over A is unique up to (unique) isomorphism. Another formulation of this uni-
versal property is that the category of commutative comonoids over A has M as terminal
object. By definition, the structure of an exponential modality turns an object A into a
commutative comonoid !4, with the comultiplication given by contraction and the neutral
element given by weakening:

weak, contr
1A 1A 1A

A®!A.

The converse does not hold in general, since commutative comonoids may lack a comonad
structure (dereliction, digging, and the action on morphisms). However, Lafont proves
that in case the commutative comonoid is the free one then its universal property allows
one to canonically construct the missing structure, in such a way that we obtain a sound
model of LL.

Definition 9.1.10 (Lafont Model) A x-autonomous category C is a Lafont model if:
1. it has finite products and,

2. for every object A, there exists a commutative comonoid (!fA,weakng,contryfA)
which is the free commutative comonoid generated by A.

For every A, we denote by derg, the morphism in C(!;A, A) obtained by the universal
property stated in Definition It is this morphism that implements the dereliction
rule of LL.

New-Seely Models of Linear Logic

Another axiomatisation was proposed by Seely—and then corrected by Bierman. It may
be noted that until now, every known concrete sound models of LL is a new-Seely category.

Definition 9.1.11 (New-Seely Category) A new-Seely category consists of:
o A x-autonomous category C with finite products
e A comonad (!,der,digg) to model the modality

o Two natural isomorphismsm® : 1 2 !T and m? : '1A® !B (A& B).
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such that the diagrams below commute:

!l'l2 al 1 !
IA®Q 1B ——2% 5 1(A& B) (IA®B)®!C =25 1A(IB® 1C)
ldiggA&B \LmzA,B(@id!C lid,A@)sz,C
digg,@diges (A& B) (A& B)®!C IA® (B& C)
ll(!mX!’TZ) lmi&s,c lmi,B&c
m?i4 la
NAQ B —22 5 1(1A& !B) (A& B) & C) 225 1(A& (B& ©))
ARl — 1A 12!1B—2 1B AR 1B 248 1BwIA

J/id!A®mo !rAT lm()@idgg !IBT lmzA,B lsz,A
m? m?

Iswa:
ADIT 25 (A& T) ITe!B 5% (T&B) A& B) A2 1(B& A)

The definition of new-Seely category may also be expressed in a more elegant way by using
the notion of monoidal adjunction; this viewpoint is developed in [81].

Every model of Linear Logic may be seen as a model of Intuitionistic Logic, i.e. we can
construct a Cartesian closed category from any sound model of Linear Logic. The Seely
axiomatisation of LL models had the explicit purpose of guaranteeing that the co-Kleisli
category associated to ! should be cartesian closed, thus giving a model of Intuitionistic
Logic, or equivalently of simply typed A-calculus. We recall below the co-Kleisli construc-
tion.

Definition 9.1.12 (Co-Kleisli Category) Let C be a category, and (T,n, i) a co-monad
on C. The co-Kleisli category Cr associated to T is defined as:

o the objects of Cr are the same as those of C;
o for every A, B objects of Cr, Cr(A, B) = C(TA, B).

When the category C is a new-Seely category, the co-Kleisli category C; becomes Cartesian
closed, and consequently a model of simply typed A-calculus.

Proposition 9.1.1 IfC is a new-Seely category, then the category C, is Cartesian closed.

Example 9.1.1 (Coh) The first model of LL was introduced by Girard using the notion
of coherence space [51)]. A coherence space A = (|A|,<4) is a pair of a set |A|, the web,
and a symmetric reflexive relation <4, the coherence.

The exponential modality of the original model is given by the finite cliques functor,
Al = {z Ct |A] |Va,d € z,a =4 d'}, leading to a new-Seely model. By contrast, the free
exzponential modality |'f Al = {n € My(|A|) | Va,a’ € S(n),a <4 a'} is given by the finite
multi-cliques functor, as shown in [120]. The morphism (deria)’ factoring |A through It A
is given by the support relation: (deria)t = {(S(u),pn) ; u € [!fAl}.

On the non-uniqueness of exponential structure.

The additive and multiplicative connectives of LL are entirely determined by the logical
rules that we have presented in Figure 9.2} indeed, if we add another tensor product
®’ to the logical system, then for every formulas A, B, it holds that A ® B and A ®' B
are isomorphic. This phenomenon is reflected in the categorical semantics of LL: given a
category, the multiplicative-additive structures (if exist) are unequivocally characterized by
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universal properties as soon as a notion of multilinear map is given. It is notably different
for the exponential: if we add another exponential connective ! into the linear system,
we are not able, using the linear logic rules, to show that ! and !" are equivalent. This
has also consequences on the semantics side: it means that several unrelated exponential
notions can coexist in a model of linear logic. An example of such situation may be found
when looking at the category Coh, the model of Linear Logic introduced by Girard, that
we have already considered in Example As mentioned in Example we can
define two distinct exponentials in the Coh model: the finite cliques functor and the
finite multi-cliques functor. Such a situation also arises in the category Rel of sets and
relations, when the standard exponential is given by the multiset functor, but where a wide
family of exponential modalities has been introduced using infinite multiplicities [21].

The choice of an exponential structure decides how the model is going to implement
the erasure and copy operations when interpreting a programming language. It may have
deep consequences on the structure of programs interpretations: for instance choosing the
finite cliques functor lead to a finite model of simply typed A-calculus with finite ground
types—e.g. booleans. Such a choice of exponential structure may also depend on which
computational properties we want the denotational semantics to capture: for instance, in
Rel the exponential from [21I] leads to a non-sensible —meaning that non-terminating
terms do not have necessarily the same denotational semantics—model of untyped A-
calculus, while every model of this language based on the standard exponential is sensible.
A well-chosen exponential modality may also allow to model a more expressive language
in the category: for instance, the Rel modalities introduced in [2I] were used in [20] to
give a denotational semantics to a A-calculus with co-effects.

In this setting, Lafont’s models—presented in Definition [9.1.10}—offer a canonical cri-
terion to choose an exponential modality. Indeed, while for every exponential modality,
1A is a commutative comonoid generated by A with respect to ®, there is at most one free
commutative comonoid.

Moreover, Lafont’s way of defining the exponential structure expresses a direct con-
nection with the tensor product of the underlying symmetric monoidal category. The
universal property associated to the free exponential allows to express every exponential
modality using the free one, thus giving some genericity to the Lafont construction. More
precisely, if | is any exponential modality in the same symmetric monoidal category, the
fact that der is a morphism of comonoids means that we have the diagrams presented in

Figure 9.3}
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deI'fA wf
A ——— A A —51
Jider! der dert T %
A 1A
A — 1 AR A /\
derTT TderT @derf ARA®..
XN
A —Ciapia ... da

Figure 9.3: Expressing any exponential modality ! using the free exponential modality !;.

9.2 PCoh: The Category of Probabilistic Coherent Spaces

We present now the category PCoh of probabilistic coherence spaces, and its structure
as a model of Linear Logic, as investigated by Danos and Ehrhard in [34]. Linear Logic
formulas are interpreted by probabilistic coherence spaces (PCS). A PCS consists of both
a web, and a set of quantitative cliques that are vectors over this web, and that moreover
must verify some conditions designed to guarantee that the set of quantitative cliques is
well-formed.

We use the following notations: Ry is the set of non-negative real numbers. When
talking about vectors over a countable set |A|, e, denotes the base vector for a € |A|:
(€a)b := 0qp, with ¢ the Kronecker delta; and for any vector v € RMI. we denote v, its a
component. If X is a set of vectors over |A|, we call dual of X the set X+ = {y | Vz €
X, (z,y)< 1}, where the scalar product for z,y € R'j:” is taken as (z,y)= Za€|A| Tala €
Ry U {oo}.

Definition 9.2.1 ([55,, [34]) A probabilistic coherence space is a pair A = (|A]|,P (A))
where | Al is a countable set called the web of A and P (A) is a subset of (Ry)A! called
the cliques of A, such that the following conditions hold:

closeness: P (A)* =P (A),
boundedness: Va € |A|, 3u >0, Vv € P (A), vg < p,
completeness: Va € |A|, I\ > 0, Xe, € P (A),

where the dual of a PCS A is defined by A+ := (|A],P (A)*).
A pair (|A|, P (A)) that verifies the boundedness and completeness conditions—but that
may not be closed—is called a pre-PCS.

The boundedness condition means that for every a in the web, we can look at the supremum
of the valuation of any clique on this particular element of the web. Since we will need
later to talk about those least upper bound, we introduce the following notation now.

Notation 9.2.1 For any PCS A, we will call maximum coefficient of a in A the positive
real (sup A)q 1= SUpep(4) Ta-
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We may observe that the family of maximum coefficients for all a do not completely
characterize the PCS: it can be seen for instance by looking at the PCSs represented
respectively in Example and Example|9.2.6

PCSs are a probabilistic generalization of coherent spaces: instead of coherence spaces
cliques—sets of vertices contained in the web—we are now interested into quantitative
cliques: a PCS clique do not associate a boolean value at each vertex anymore, but a
weight that is an element in R, . The bi-duality condition enforced in Definition is
also similar to the one used by Girard on coherence spaces, in order to distinguish the
family of set vertices that are indeed the cliques of some underlying graph structure.

The duality operator gives us a standard way to construct PCS from some generating
elements: indeed if we take any pre-PCS X, it holds that X1 is a PCS. We also endows
the set of cliques P (A) with a partial order: we take the pointwise order on vectors,
i.e. u < v when for all a € |A|, ug < v,. With this partial order, we can express in a more
geometrical way the requirements enforced in Definition The bi-duality operation
can indeed be interpreted as taking the closure of the space of cliques under Scott-closure
and convexity. It is expressed by the following proposition, proved in [55] by a standard
application of the Hahn-Banach Theorem.

Proposition 9.2.2 ([55]) Let I be a countable set and S C Ry[I]. The pair (I,S) is a
probabilistic coherence space iff:

1. S is bounded and complete (see Def. ;

2. S is Scott closed, i.e. Vu < v € S, u € S, and VD C S directed, it holds that
supD € S;

3. S is convex, i.e. Yu,v € S, A€ [0,1], \u+(1—N)v e S.

The convexity inherent to PCSs makes PCoh particularly suitable for modeling (discrete)
probabilistic computations: the barycentric sum kv + pw (for k,p € [0,1], K+ p < 1, v,w
vectors) expresses a computation which returns v with probability x, w with probability
p, and the remainder 1 — (k + p) is the probability that the computation diverges. We
illustrate this idea by looking at the PCSs modeling data, i.e. corresponding to ground

types.
Example 9.2.1 (The PCS Bool.)

To model the boolean type, we take as web the pure—i.e. non-

£ probabilistic—data of this type, i.e. |Bool| = {t,f}. The cliques

are then generated as P (Bool) = {(1,0), (0,1)}*+, meaning that

we take the convexity closure and Scott closure of the program

that returns true with probability 1, and the one that returns

L false with probability 1. What we obtain is all the sub-probability
distributions over booleans, i.e P (Bool) = {(p,q) ; p+ q < 1}.

The way we defined the PCS Bool may be extended to other kinds of ground type data.
We give below the PCS modeling the type N of natural numbers in PCFg: the cliques are
all sub-distributions over natural numbers.

Example 9.2.2 (PCS of Natural Numbers) We define the PCS NPCO! by taking |N|FCR =
N, and P (NPCoh) = {4, e RY | 3 qun <1}
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We look now at the morphisms of the category PCoh: the morphisms from a PCS A to
a PCS B are the Scott-continuous and linear functions mapping the vector set P (A) into
the vector set P (B). These linear maps are described as (usually infinite-dimensional)
matrices. The connective —o is interpreted in such a way that we have immediately the
correspondence with PCoh-morphisms: the cliques over A — B are exactly the morphism
from A to B.

Definition 9.2.2 (PCS morphisms) Let A, B two PCSs.

o A PCS morphism from A to B is a matriz f € (Ry)MAXIBl 5.¢.:
VoeP(A), foeP(B), (9.1)

where fuv is the usual matricial product: Vb € B|, (fv)s = ¢ a) fapVa-

o The object of linear morphisms A — B is defined as |A — B| = |A| x |B|, and
P (A — B) := PCoh(A,B).

We will often use Lemma below, allowing us to infer condition (9.1)) for all v € P (A),
just by testing it on a set G of generators of P (A).

Lemma 9.2.3 Let A, B be two probabilistic coherence spaces and f be a matriz in lelﬂgl.
Let G C P (A) such that: (i) G+ =P (A), and (i) Vv € G, fv € Rf',then: f(G)*H =
F(P(A)).

We illustrate Definition by looking at the morphisms from Bool to itself. Using
Lemma(9.2.3] we see that it is those matrices that send both e;—the pure state true—and
es—the pure state false—into the cliques space of Bool. We see that these morphisms
correspond exactly to Markov chains on two states.

Example 9.2.3 (Morphisms in Bool — Bool.) The element of P (Bool — Bool) are

the matrices x € Rf’f}x{t’f} such that x¢ +xer <1, and also vsy + s < 1. Those

matrices are the one that represent Markov Chains on two states, as illustrated on the

figure below.
1 1
z € P (Bool — Bool) defined as:
1 Tyt = 0 Ty f = 1 Tft = i Tff = %
2

2

We define now the category PCoh: we need to specify its objects, its hom-sets, and
how the composition and identity for morphisms are defined.

Definition 9.2.3 The category PCoh has as objects PCSs, and PCSs morphisms as
morphisms.

e The identity id* on A is defined as the diagonal matriz given by (idA)aﬂ/ = g0’ -

e Composition of morphisms is matriz multiplication: (gof)a.c = ZbelB\ fapgn,c, where
f € PCoh(A,B), g € PCoh(B,C), and a € |A|, c € |C|.

The above sum ZbEIBI fapb,c converges in Ry, because f, g verify condition (9.1)).
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9.2.1 PCoh as Model of Exponential-Free Linear Logic

We are now going to present the structure of PCoh as a model of linear logic, that have
been built by Danos and Ehrhard in [34]. First, we give the x-autonomous structure of
PCoh, and then we define the comonad that have been introduced in [34] in order to
make PCoh a new-Seely category. Our presentation here follows the same structure as
the one done in [2§].

We first look at the monoidal structure of PCoh: we present here the bifunctor ® :
PCoh x PCoh — PCoh that interprets the tensor product.

Definition 9.2.4 (The bifunctor ®.) We define a bifunctor ® : PCoh x PCoh —
PCoh as follows:

e The action of ® on objects is specified by: |A® B| := |A| x |B|, and P(A® B) :=
{fvaw|veP(A),weP (B}, where (£ @Y)@ap) = Tl for a € |A| and b € |B.

e The action of ® on morphisms u € PCoh(A, B) and v € PCoh(A’,B') is defined
as (U ® U)(a,a’),(b,b/) = Ug Vo’ b for (a, a’) € |A® .A,’, (b, b/) € |B (= B,’

e The symmetry swap € PCoh(A® B,B ® A) is given by swap(, ) /.01y = Oa,a'0b,b-
The other natural isomorphisms (associativity, neutrality) are given similarly.

Example 9.2.4 (The PCS Bool ® Bool.) Looking at the definition of ®, we see that:

‘BOOl@ BOOl’ = {(tvt)v (tvf)a (fat)v (fvf)}
P (Bool® Bool) = {x € R‘EOO@BOO” | Ty o+ To s + 2o +xee < 1}

Observe that the cliques of Bool ® Bool correspond to all sub-distributions over pair of
booleans—it is because the tensor product distributes on the coproduct due to the monoidal
closure. Consider the program M = (N, N), where N = true ® false. We see that we
can take as denotation: [[M]](bth) = % for every by, ba € {t,£}. It corresponds to the fact
that the probability of obtaining (b1, bs) after evaluating M s equal to the probability of
obtaining first by and then by when we evaluate twice N.

Example 9.2.5 (Actions of ® on morphisms from Bool to Bool.) Weillustrate here
the action of ® on morphisms, by considering u,v € PCoh(Bool, Bool) corresponding to
the Markov chains in Figure[9.4d and[9.4Y respectively. The resulting morphism u®uv may
be interpreted as follows: it is the Markov chain that has for states the pair of booleans,
and whose transition function is defined as follows: from a state (b1,bs), it applies in-
dependently the transition function of the Markov chain encoded by u to the boolean on
the left, and the one encoded by v to the boolean on the right. This morphism u ® v is

represented in Figure [9.4d

The unit of ® is given by the singleton web PCS 1 := ({x},[0, 1]¥*}), which is also equal to
A®0 for any A. Observe that, accordingly to the rules of Linear Logic, we can express the
object of linear morphisms in PCoh using only the bifunctor ® and the dual construction
on PCSs: indeed, it holds that A — B = (A ® B)t. With the bifunctor ®, and the
linear implication —o, we have in effect equipped the category PCoh with a symmetric
monoidal closed structure, i.e. a model of multiplicative ILL.

Proposition 9.2.4 (from [34]) The category PCoh is symmetric monoidal closed.
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v € PCoh(Bool, Bool)

1 /\
(false, true)
) | (o))

C{(true, true)} |
1 1
C{(true, false)} [(false, false)}D2

T\\\\‘___’////

(¢) u®v € PCoh(Bool ® Bool, Bool ® Bool)

(a) u € PCoh(Bool, Bool)

I I

—_

=1l

[\

Figure 9.4: Example of tensor product of morphisms in PCoh.

To obtain a model of multiplicative LL. —i.e Linear Logic with only the multiplicative
connective ®,%, 1—we need to define now a dualizing object L in the category PCoh,
that makes it x-autonomous: we take L := 1+. Moreover, we can see that 1 is preserved
by dualization, i.e. 1 = 1.

Proposition 9.2.5 (from [34]) The category PCoh is x-autonomous.

Example 9.2.6

(£, %) We illustrate here the use of the dualizing object by

considering the PCS (Bool — 1). Looking at the

definition of the linear implication —o, we see that

|Bool — 1| = {(t,x),(f,x)} and P (Bool — 1) =

P (Bool — 1) {z € RLBOOHL' | T < LA®ee < 1) Observe
(t, %) that this PCS is isomorphic to Bool™.

Recall that to have a model of exponential-free LL, we need to build finite products
on top of the x-autonomous structure of PCoh. It will allow to interpret the additive
connective &, and by duality also the additive connective .

Proposition 9.2.6 (from [34]) PCoh admits Cartesian products of any countable fam-
ily (Ai)ier of PCSs, defined as

‘&ieI-Ai‘ U ‘-A ‘ - U ‘AZD

icl el
P (&z‘eIAz') = {U S R+|&i€IA"|;VZ' el,mveP (.Al)}
where w; v is the vector in (R+)|Ai| denoting the i-th component of v, i.e. T vy = V(;q)-

Notice that the empty product yields the terminal object T defined as |T| = @ and
P (T) = {0}. We may write the binary product by A; & Ay. If u € P (A) and v € P (B),
we note (u,v) the cartesian product of the vector u and v defined as: for a € P(A),
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(U V)(1,4) = Ua, and for b € P(B), (u,v) 4 = vs. When P (A) and P (B) are disjoint,
we will also omit the indexes. Observe that any v € P (A; & Asg) is equal to the pair
((m1v,mav)) € P (A1) x P (A2) of its components.

Example 9.2.7 We illustrate the product construct of Proposition[9.2.6 by looking at the
PCS Bool& Bool. By definition, P (Bool & Bool) consists of those elements x such that
both w1 x and my x are in P (Bool). For instance, it contains the following element:

—_

T(1g) = 3 T(1t) = 3 and T(24) = 1 T(o) = 0.

We can see that elements in P (Bool& Bool) encode two independent distribution over
the booleans, in contrast with elements in P (Bool® Bool), that encode one distribution
over the set of pairs of booleans.

Observe that using the product construct &, we can easily constructs PCSs that cannot
be interpreted as the set of sub-distributions on some underlying set: it is for instance the

case of the PCS Bool & Bool of Example

9.2.2 PCoh as a new-Seely category, hence a model of LL.

We recall here briefly the exponential modality given by Danos and Ehrhard in [34], that
makes PCoh a new-Seely category and as a consequence gives it the structure of a model
of linear logic. We call this exponential modality the entire exponential modality, denoted
by !.. The use of the adjective entire is motivated by the fact that the morphisms in the
Kleisli category associated to !¢ should be seen as entire functions from P (A) to P (B), as
we will highlight in this section. We refer to [34] for details.

Definition 9.2.5 We define a functor !, : PCoh — PCoh.

e Jts action on objects is taken as:
oAl == M(|A)), P(A) = {0 [ve P, (92)

where v'e is the promotion of v, i.e. the vector of (Ry)MsUAD defined as vij =
[aes(o o6, for any u € My(|A)).

e The action of . on a morphism f € PCoh(A,B) is defined, for any p € |\cA|l and
v=1[b,...,by] €|lB|, as:

(efup = Z Hfai,b,- (9.3)

(a1yeryan) s.t. =1
[alymvan}:ﬂ

Notice that the above sum varies on the set of different enumerations of pu. If p is a
multiset [a, ..., a] of support a singleton, then the sum has only one term, while in case
of multisets with no repetitions, the sum has n! terms. Remark also that the definition is
independent from the chosen enumeration of v.

Example 9.2.8 We look to the effect of |. on the morphisms from Bool to itself. Let us
consider the morphism g € PCoh(Bool, Bool) defined at Example|9.2.5. g becomes then
a morphism from \.Bool to itself. First, we see that !cg, , = 0 whenever the cardinality
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of u and v are not equal. We look then at what happens when we consider multiset v, u
of cardinality 1:

(e = 9oy CeDpnig = 9y (e = 9iee)  (edi) g = 9ie0)

So we can see that the projections of g on the set of multiset of cardinality 1 are essentially
the linear morphism g. If we consider now the multisets of cardinality 2, we see that for
mstance:

(e@re2 e8] = 90 9s)  (led)[e2] e8] = I(e,0)9(e.5)
("eDre,,6,8] = 9(6,0)9(¢,2) T 9(.6)9(2.¢)
We see that the coefficients are obtained by looking at all the possible ways to choose how

to send elements of the multisets p into elements of the multiset v, and then taking into
account the cost of sending them using the Markov transition g.

Example 9.2.9 FEquation introduces arbitrary large scalars, moving us away from
the intuitive setting of distributions and stochastic matrices (see Examples .
For an example, consider the morphism f € PCoh(Bool, 1) defined by firuex = ffaisex =
1. Remark that for any n,m € N, we have: lcfiryen faisem) xntm] = %, which s
the number of different enumerations of the multiset [true”, false™] with n (resp. m)
occurrences of true (resp. false). This shows why, in the definition of a PCS, coefficients

have to be in the whole of Ry and cannot be restricted to [0, 1].

Denotations of PCFg, programs are going to be morphisms in the co-Kleisli category
associated with the comonad !, i.e. elements of PCoh(!..A, B). Recall that the morphisms
in PCoh(A, B) are the linear functions from the set of A cliques to the set of B cliques.
Formally, morphisms in PCoh(!..A, B) are matrices in Rf‘f AD*IBl  WWe can however

represent them also as functions from P (\A) into P (B), as highlighted below.

Definition 9.2.6 We call functional interpretation of @ matriz f € RTMADX'B' the func-

tion:
fP(A) = (R U {oc})
z— fa'e
Lemma 9.2.7 (from [34]) The functional interpretation entirely characterizes the mor-
phisms in PCoh(l.A, B), in the following sense:
o For an M (A x|B| . o | . .
y f e Ry , [ is a morphism in PCoh(l.A, B), if and only if the
image of the functional interpretation of f is contained in P (B).

e Two morphisms f,g € PCoh(!cA, B) are equal if and only if their functional inter-
pretation f and g coincide.

Observe that the functional interpretation of morphisms in PCoh(!..A, B) are the power
series with non-negative coefficients from A cliques into B cliques. We highlight this below
on examples for the Bool type.

Example 9.2.10 We consider the denotation of the following two PCFg programs—for
a CBN operational semantics.

My = Az [if x then (if z then I else Q) else (if 2 then Qelse I)] ;
My = Az [if x then (if z then Q else I) else (if  then I else Q2)] .
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These programs take as argument a probability distribution on booleans. At execution time,
they both sample two times their argument. My L terminates if and only if the two sampling
of L coincide, while MsL terminates if and only if the two sampling of L do not coincide.
We represent this idea below by looking at the execution tree:

L + tru L + false
L« tru\/ \L/ «— false [ «+ tru/ \—j + false
MLl | [ML?t MLt | [ML}
MsL ML | MsL | MyL 1

The morphism f', f2 in PCoh(!Bool, 1) interpreting respectively the program My and
Ny are as follows:

{1 if p=[t,t] or p = [£,£]; r _{2 if 1= [t,£];
TR

o= =
pox 0 otherwise.

0 otherwise.
Observe that the coefficient fﬁy* above corresponds to the number of paths in the execution
tree such that the multiset consisting of all sample results coincide with wu, and moreover
the path end up in a terminating state for M;L. In particular, we see that we can obtain
coefficients that are greater that 1, as soon as we consider types build using .. Those
scalars may become arbitrarily large when we construct programs that sample arbitrarily
many times from their argument. We can now look at the functional interpretation of f:

it it the function from P (Bool) into P (1) defined as:
fYx) = fla' = m![i’t} + a:![;,f] f2(x) = fPae =2. a:![;’f]
=22 4 12 =2 7y - Tt

We can see that both F and }VQ are polynomials of order two with two indeterminates,
that moreover have all their coefficients non-negative.

Example 9.2.11 We present here an example of morphism in PCoh(!.Bool, 1) that is
not a polynomial, but is still an analytic function, i.e. a power series. Let us consider the
following program of PCFg, build using the fizpoint construction—see the syntax of PCFg

in Definition of Chapter [1:
N = firzB71\y. B (if y then I else xy)

This program’s behavior is as follows: it takes an argument of boolean type, and samples
it repeatedly until it gets the value true. In PCoh, the program N 1is interpreted as the
morphism g € PCoh(!.Bool, 1) defined as:

1 if In, p=[f"t];
9ub = .
0  otherwise.

Looking now at the functional interpretation of g, we see that g is a power series which
has as indeterminates Ty and x¢:

gla) =) afw,
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The functorial promotion is equipped with a structure of comonad. The counit (or
dereliction) der 4 € PCoh(!cA, A) is defined as (der4)ua = d,,(q)- The comultiplication
(or digging), denoted as digg, € PCoh(lcA, l!eA), is given by (diggs)um = >
where | M is the multiset in |!c.A| obtained as the multiset union of the multisets in
M e |l A

Proposition 9.2.8 (from [34]) PCoh with the co-monad . is a new-Seely category,
hence a model of Linear Logic.

In particular, contraction contr 4 € PCoh(!.A, . A®!..A) and weakening weak 4 € PCoh(!..A,1)
are given by (contra),, () = Ouurwpr, and (weaks)y . = 0,

9.2.3 PCoh;: a model for higher-order languages with discrete proba-
bility.

In [34], Danos and Ehrhard define a denotational semantics in PCoh, for both Ag and
PCFg. We first look at how the convexity inherent to the PCS structure allows to encode
the probabilistic choice: the interpretation of a term M @ N is taken as the morphism
$IM] + 3[N], where [M] and [N] are respectively the denotational interpretation of
the terms M and N . Danos and Ehrhard then need to build in PCoh, the categorical
structure allowing to build models of untyped A-calculus and PCF: as we have already
mentioned, it is respectively the existence of a reflexive object, and the existence of a
natural numbers object and cpo-enrichment. The reflexive object is obtained in PCoh, as
the fixpoint of the operation A +— (!( &pnen.A))*. The natural numbers object is the PCS
NPCoh that we have presented in Example while the partial order on morphisms is
taken as the componentwise order on matrices—i.e if u,v € PCoh(A, B), u < v if for all
p € Ms(|B|), and b € |BJ, it holds that u,, < v,,. Observe that this order is stronger
that the extensional order on the functional interpretations of morphisms—where the
extensional order is taken as: u <®** ¥ if for every z € P (A), u(z) < v(z), with < the
componentwise order on |A|.

Building on these elements, Ehrhard and Danos define formally an interpretation of
every PCFg term in PCoh,. The resulting denotational model has been shown to be fully
abstract by Ehrhard, Pagani, and Tasson in [46].

9.3 Cstab,: The Category of Measurable cones and mea-
surable stable functions.

We give here a brief overview of the Cartesian closed category Cstaby, that was introduced
by Ehrhard, Pagani, and Tasson in [45]. It has been designed to provide a model of higher-
order computations with continuous probabilities. To illustrate this, the authors of [45]
built in Cstaby, a computationally adequate model of the language PCFg,pple—the higher-
order language with continuous probabilities presented in Chapter The construction
of the category Cstaby, in [45] is done in two steps: the authors first built the category
Cstab of abstract cones and so-called stable functions between cones, and then defined
the category Cstab,, as a refinment of Cstab with additional measurability constraints.
We present here the two categories Cstab and Cstaby, following the presentation in [45].
All the results we state in this section have also been extracted from [45].
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9.3.1 Cones

The use of a notion of cones in denotational semantics to deal with probabilistic behavior
goes back to Kozen [70]. We take here the same definition of cone as in [45].

Definition 9.3.1 A cone C is a Ry -semimodule given together with an Ry valued function
| - | called norm of C, and verifying:

(z+y=az+y) = y=y laz|o = allzllo
|z +2'|l¢ < llzlle + 12"l [zl =0=2=0
lzllo < llo+ 2|l ¢

The most immediate example of cone is the non-negative real half-line, when we take as
norm the identity. Another example is the positive quadrant in a 2-dimensional plane,
endowed with the euclidean norm. In a way, the notion of cone is the generalization of
the idea of a space where all elements are non-negative. This analogy gives us a generic
way to define a pre-order, using the + of the cone structure.

Definition 9.3.2 Let be C' a cone. Then we define a partial order <¢ on C by: x 2¢cy
if there exists z € C, with y = x + z.

If x <¢y, we will denote by y — x the—unique—element z such that y = = + z. We define
HBC' as the set of elements in C' of norm smaller or equal to 1. We will sometimes call it
the unit ball of C'. Moreover, we will also be interested in the open unit ball 28°C', defined
as the set of elements of C' of norm smaller than 1. In [45], the authors restrict themselves
to cones verifying a completeness criterion: it allows them to define the denotation of the
recursion operator in PCFg, e, thus enforcing the existence of fixpoints.

Definition 9.3.3 A cone C is said to be sequentially complete if any non-decreasing
sequence (zn)nen of elements of BBC has a least upper bound sup,,cy xn € HBC.

We illustrate Definition [11.1.1] by giving the sequentially complete cone used in [45] as the
denotational semantics of the base type R in PCFgample.

Example 9.3.1 We take Meas(X) as the set of finite measures over a measurable space
X and we take ||l yeasx) = #(X) as the underlying norm. It holds that Meas(X) is a
sequentially complete cone, and moreover its unit ball is exactly the set of sub-probability
Measures.

The cone Meas(R) —where R is endowed with the Borel o-field as done in Exam-
ple m Chapter—allows to model continuous data, as shown in [{5]: indeed we can
interpret in it the term v of PCFsqmpie for every r € R: we take its denotational semantics
as Or, the Dirac measure with respect to r defined by taking 6,(U) = 1 ifr € U, and
0-(U) = 0 otherwise.

Example 9.3.2 We look now at another example of sequentially complete cone. We fix
X a measurable space, and p a measure on X. We take as cone the set of measurable
function X — Ry for some measurable space X, with the norm gwen as || f|| = [, fdp.
Lebesgue Monotone Convergence Theorem—see [100]—shows that this cone is sequentially
complete.

Definition 9.3.4 The product cone is defined as [[;c; Ci = {(xi)ier | Vi € I,2; € Ci},
and Hx||HEI ¢, = supicy ||zillo,- We denote by Cy x Cy the binary product [[;cq oy Ci
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The object of the category Cstab are going to be sequentially complete cones. We
need now to look at the morphisms between such cones. The relevant part of the cone for
interpreting programs is actually its unit ball: as a consequence, our morphisms from a
cone C into a cone D are going to be a particular class of functions BZC — D.

Definition 9.3.5 Let C, D be cones. We call cone-functions from C to D the functions
BC — D.

o We say that a cone function f from C to D is bounded, if there exists o > 0 such
that f(BC) Ca-BD ={a-z|x € BD}. We say that f is 1-bounded if it holds
with o = 1.

o We say that a bounded cone function is sequentially Scott-continuous if it is non-
decreasing, and it commutes with the least upper bound of non-decreasing sequences.

It is standard, in order-based denotational models, to ask morphisms to be Scott-
continuous. We can first observe that the addition and the scalar operation—seen as
cones functions—of a sequentially complete cone are always Scott-continuous.

Lemma 9.3.1 Let C be a sequentially complete cone. The addition + : C x C — C
and the scalar multiplication - : [0,1] x BC — C are sequentially Scott-continuous.

However, Ehrhard Pagani and Tasson remarked that if we take as morphisms all Scott-
continuous and 1-bounded cones functions, the resulting category is not Cartesian closed.
We sum up briefly the problem here; it essentially comes from the fact that the cone
order on Scott-continuous functions is much stronger than the extensional order. First,
we will consider the denotation of Abramsky’s parallel convergence tester—it takes two
programs, and terminates if at least one of them terminates; see Chapter [5| for a more
detailed computational description.

Definition 9.3.6 (Parallel Convergence Tester for Cones) We denote as 1 the se-
quentially complete cones Ry, with the absolute value |-| as norm. We consider the cone

Junction T} : B1 x $1 — H$1, defined as:
Ty(z,y) =z +y—z-y.

The cone function T) is 1-bounded, non-decreasing, and also Scott-continuous—it can be
seen by observing that it is continuous in the sense of real analysis.

Suppose now that the category of sequentially complete cones, and Scott-continuous 1-
bounded cones functions is Cartesian closed. It means that we can consider the currying
of T}, that is a morphism T”Cu” :1 — (1 = 1). Since it is a morphism, it has to be
non-decreasing, and as a consequence T”C“”(O) < T”C“”(l). It’s here that the fact that
we take an order on cones much stronger than the extensional order intervenes: indeed,
what the previous inequality means is that there exists a 1-bounded non-decreasing Scott-
continuous function g : 1 — 1 such that T|‘|3u”(0) +g= T|‘|3u”(1). However, we can see
that:

H“”(O, ) A1 — 1 ‘T“rr(l, A1 — 1
Zz z— 1,

and as a consequence we should have g = 1 — 2. We reach a contradiction here, because
it means that g isn’t non-increasing: it proves that the category we considered cannot be
Cartesian closed.
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To obtain a Cartesian closed category, Ehrhard Pagani and Tasson ask for an ad-
ditional condition, i.e. the stability condition presented in the next section. Another
possibility would be to relax the requirement of Scott-continuity, by asking them to be
Scott-continuous for the extensional order, instead of the cone order. It is similar to what
is done for Kegelspitzen, for instance in [95]. However, sticking with the cone order and
adding the stability condition also allows to put more constraints on the morphisms.

9.3.2 Cstab: The Category of cones and stable functions.

Stable functions on cones are a generalization of well-known absolutely monotonic functions
in real analysis: they are those functions f : [0,00) — R which are infinitely differentiable,
and such that moreover all their derivatives are non-negative. The relevance of such
functions in real analysis comes from a result due to Bernstein: every absolutely monotonic
function coincides with a power series. Moreover, it is possible to characterize absolutely
monotonic functions without explicitly asking for them to be differentiable: it is exactly
those functions such that all the so-called higher-order differences—which are quantities
that can be define for any real function—are non-negative. (see [124], chapter 4). The
definition of pre-stable functions in [45] generalizes this characterization.

First, we want to be able to talk about those @ = (u1, ..., uy), such that ||z + > u;|» <
1 for a fixed x € #C, and n € N. To that end, we introduce a cone C}' whose unit ball is
exactly such elements. It is an adaptation of the definition given in [45] for the case where
n = 1, and we show in the same way that it is indeed a cone.

Definition 9.3.7 (Local Cone) Let be C a cone, n € N, and x € #°C. We call n-local
cone at z, and we denote C}} the cone C™ endowed with the following norm:

. 1
[(u1, ..., un)llcn = inf ;|a:+7"- Z u; € BC AT >0

1<i<n

For n € N, we use P4 (n) (respectively P_(n)) for the set of all subsets I of {1,...,n} such
that n — card([l) is even (respectively odd). We are now ready to introduce higher-order
differences. Since we have only explicit addition, not subtraction, we define separately
the positive part A’} and the negative part A" of those differences: For f : ZC — D,
r € BC,ue BC, and € € {—,+}, we define:

Al(f)(x | u) = Z fw—i—ZuZ

I1€P:(n) el

Definition 9.3.8 We say that a cone function f : BC — D is pre-stable if, for every
n €N, for every x € BC, i € BCY, it holds that:

A (f)(x | @) < AL(f)(z | @).

If f is pre-stable, we will set A" f(x | @) = Al f(x | @) — A" f(x | @). Observe that
the quantity A" f(z | @) is actually symmetric in , i.e. stable under permutations of the
coordinates of .

Definition 9.3.9 A cone function f : BC — D is called a stable function from C' to D
if it is bounded, sequentially Scott-continuous, and pre-stable.
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Definition 9.3.10 The category Cstab has as objects the sequentially complete cones,
and as morphisms from C to D the stable functions f from C to D such that f(BC) C
ABD.

It was shown in [45] that it is possible to endow Cstab with a Cartesian closed structure.
The function cone C' = D is the set of all stable functions, with || ||~ p = sup,czc | (@)| p-
It was also shown in [45] that these cones are indeed sequentially complete, and that the
lub in C = D is computed pointwise. We will use also the cone of pre-stable functions
from C to D, which is also sequentially complete.

9.3.3 Adding Measurability Requirements

In order to obtain a model of PCFg,mple based on stable functions, the authors of [45]
imposed measurability requirements to the category Cstab. The necessity of taking into
account the measurability appears when looking at the denotational semantics of the
letx = M in N. First, recall the typing rule for the let- = -in construct:

I'N'e:R-M:R I'EN:R
'Fleter = NinM : R

The interpretation of those typing judgments—in the case where I' is the empty typing
context—in the denotational model should be as follows:

[x:REM: R] : Meas(R) — Meas(R)
[F N : R] : Meas(R)

The computational behavior of the term letz = Nin M is as follows: first it samples
from the distribution over reals encoded by M, and then it executes the program N
with replacing the variable x by the result of the sampling. To express this behavior
mathematically, we would like [~ letz = Nin M : R] to be the measure over R expressed
as follows:

[Fletz = NinM : R] : Borels(R) — Ry

U / gu(r)dp
reR

where the measure p is obtained as p = [I' F N : R], and the function gy : R — Ry is
defined as gy(r) = [ letz = NinM : R]({r'})(U). However, to be able to write this
integral, we need to be sure that the function gy is measurable. It is for this purpose that
Ehrhard Pagani and Tasson impose additional measurability constraint at all types, thus
refining the category Cstab into another category Cstaby,.The objects of Cstaby, are
going to be complete cones, endowed with a family of measurability tests.

If C is a complete cone, we denote by C’ the set of linear and Scott-continuous functions
C —Ry.

Definition 9.3.11 A measurable cone (MC) is a pair consisting of a cone C, and a
collection of measurability tests (M™(C))nen), where for every n, M™(C) C C™", such
that:

e for everyn € N, 0 € M™(C);

o for every n,p € N, if l € M"(C), and h : RP — R" is a measurable function, then
lohe MP(C);
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o for anyl e M"(C), and x € C, the function u € R™ — [(u)(x) € R is measurable.

Example 9.3.3 (from [45]) Let X be a measurable space. We endow the cone of finite
measures Meas(X) with the family M(X) of measurable tests defined as:

MY X)={ey |U € Ex} where ey(r)(pn) = wU),

where X x is the set of all measurable subsets of X. Observe that in this case, the measur-
able tests are those functions that takes a measure—and a parameter ¥—and return the
value of the measure on some measurable set U. In the following, we will denote Meas(X)
the measurable cone (Meas(X), (M™(X))nen)-

We define now measurable paths, which are meant to be the admissible ways to send R™
into a MC C.

Definition 9.3.12 (Measurable Paths) Let be (C,(M"™(C))nen) a measurable cone. A
measurable path of arity n at C' is a function v : R™ — C, such that v(R"™) is bounded in C,
and for every k € N, for every | € M*(C), the function (7,5) € RF™ s 1(F)(v(5)) € Ry
s a measurable function.

We denote Paths™(C) the set of measurable paths of arity n for the MC C' . When a
measurable path v verifies v(R™) C ZAC , we say it is unitary. Using measurable paths,
the authors of [45] add measurability requirements to their definition of stable functions.

Definition 9.3.13 Let be C, D two MCs. A stable function f : BC — D is measurable
if for all unitary v € Paths"(C), f o~ € Paths" (D).

The category Cstaby, is therefore the category whose objects are MCs, and whose mor-
phisms are measurable stable functions between MCs. In [45], the Cartesian closed struc-
ture of Cstabyy, is derived from that of Cstab by endowing its exponentials and products
with the measurability tests presented in Figure

M([[Ci) ={EPli|Viel,lie M*(Ci)} with I finite set.

el el

M"(C =, D) = {y1>m | v € Paths"(C),m € M™(D)},

with (@e; li(7) ((#i)ier) = 22ier li(7) (i) € Ry;
and (y > m)(7)(f) = m(7)(f(+(7)))-

Figure 9.5: Cartesian Closed structure of Cstabyy,.

182



Chapter 10

l'is the free comonoid in PCoh.

As we developed at some length in Chapter [J] distinct exponential structures may coexist
in a model of Linear Logic. The axiomatisation proposed by Lafont, where the exponential
modality !A is the free comonoid generated by A, leads to a genericity criterion, since
there is at most one free exponential modality in a model, and moreover it allows—up to
some point, see the considerations in Section [9.1.2}—to factorize every other exponential
structure. The free exponential modality is well-known in both the coherence space model
of LL. Coh—see Example in Chapter 0—and the relational model of LL Rel, being
given respectively by the multi-clique and the multi-set functors. The goal of this chapter
is to prove the existence of and to study the free exponential modality of the category
PCoh of probabilistic coherence spaces. The only known exponential modality of PCoh
is the entire exponential modality !¢, introduced by Danos and Ehrhard in [34], that we
have presented in Chapter [9] and which is based on the notion of entire function. It is
then natural to ask whether ! exists in PCoh and if it is the case, how it relates with
le. In this chapter, we answer the first question positively and prove that !; and !. are
the same modality, in spite of their different presentations. This result was published in a
joint work with Ehrhard, Pagani and Tasson in [2§].

Our main tool is a recipe given by Mellies, Tabareau and Tasson [82] for constructing !f
out of a model of the multiplicative additive fragment of LL—i.e. a x-autonomous category
with finite products, see Chapter [9] The idea is to adapt the well-known formula defining
the symmetric algebra generated by a vector space, the latter being the free commutative
monoid. More precisely, the recipe gives (under suitable conditions) !r.4 as the limit of a
sequence of approximates A=" which correspond to the equalizers of the tensor symmetries
of a suitable space (see Section . At a first sight, AS™ moves us far away from the
entire exponential .. A of [34], in fact the coefficients appearing in AS" are greater than
those of lc.A, so that one is tempted to suppose that !.A is a space much bigger than !..A,
exactly as it is the case for standard coherence spaces where the images under the finite
multi-clique functor strictly contain those under the finite clique functor (Example .
For any n, the coefficients of AS" are larger than those of !,.A, but as n — oo, these
coefficients tend to be exactly those of .4 (see Section |10.3)).

10.1 Mellies, Tasson and Tabareau’s formula

Mellies et al. give a recipe for constructing free commutative comonoids in [82], adapting
the well-known formula defining the symmetric algebra generated by a vector space in the
setting of LL. This adaptation is non-trivial mainly because the vector space construction
uses biproducts, while products and coproducts are in general distinct in LL models, and
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in fact this is the case for PCoh. The idea of [82] is to define !y A as the projective limit
of the sequence of its “approximates” AS?, AS! A<2  where an approximate AS" is
the equalizer of the n! tensor symmetries over (A & 1)®". Intuitively, the object A"
describes the behavior of data of type !fA when duplicated at most n times. This be-
havior is given by the equalizers of the tensor symmetries because the model does not
distinguish between the evaluation order of the n copies (in categorical terms, we are con-
sidering commutative comonoids). We start from A & 1 instead of A because, in order
to have a sequence, we need that each AS™ in some sense encompasses its predecessors
ASO ASE CASPTl The exact meaning of “to encompass” is given by a family of mor-
phisms p,, ,—1 € C(AS", AS"~1) generated by the right projection of the product 4 & 1
(see Definition . In standard coherence spaces, this turns out to be the simple fact
that the set of cliques of AS™1 contains the cliques of AS™. In contrast, this intuition is
misleading for PCoh (Example , making our construction considerably subtler.

10.1.1 The tensor product of n objects

This section deals with the formal definition of the categorical object A®™, as well as
the n! symmetries over it, in the setting of any symmetric monoidal category. The for-
mal construction is a bit involved, but we deemed necessary to include this presentation
here, because symmetries are the basic building blocks of the categorical construction
done by Mellies, Tabareau and Tasson, on which we rely heavily for this work. How-
ever, as it will be highlighted in Example the concrete symmetry morphisms in
PCoh are actually quite simple, and can be easily inferred from the definition of the ®
bifunctor—Definition [9.2.4] from Chapter [9}

To handle the tensor product of n objects in a monoidal category C, we would like to
consider an object of the form A; ® (A2 ® (...)), but we have to be careful since there
are different possible ways to do the bracketing. In [79], Mac Lane encodes syntactically
those bracketing as ®-words.

Definition 10.1.1 The set of ®-words is generated by the following grammar:
wn=1 ‘ - | (w®w)

We associate inductively a length to all @-words, by taking length(1) = 0, length(_) = 1
and length(w @ w') = length(w) + length(w').

For any ®-word of length n, and any MC C, we define a functor @€ : C* — C, as
follows: when Ay, ..., A, are objects of C, WC(Ay,...,Ay) is defined inductively on the
length n of w as:

~C —~C

1) =1c; (1) (A) =4

¢ _ ~C

(w ® ’UJ’) (Alv B Am An-i-l’ ) An+m) = wC(AL ) An) Qc w’ (An+1a ) An+m)

when w of length n, w' of length m.

Example 10.1.1 We illustrate here the action of @-words on any MC C, by looking at
®-words of length 4. We consider the two different bracketings given by the ®-words:
w=(®)(®)amdw =122 (®(-®_))). Whenever Ay, ..., Ay are four objects

of C, the functors @C and w' act on these objects as follows:
@ (As,..., As) = (A1 ®c A2) ®c (A3 @¢ Ag)
~C
w' (Ag,..., A1) = 1c ®c¢ (A1 ®c (A2 ®@c (A3 ®c Ag))).
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Notation 10.1.1 We illustrate here how the functors w allow to formalize the different
ways of bracketing a tuple of elements. We place ourselves in the symmetric monoidal
category Set, when we take the monoidal product as x —the cartesian product on sets—and
the set with a unique element {x} as lget- If a1,...,a, are n elements of some set
X, we note wget(a1,...,a,) for the unique element in the set w({a1i},...,{an}). With
this notation, we see that if we consider for instance the ®@-word w = (L® ) ®@ (L ® ),
wset (a1, a2, as, aq) is the tuple ((a1,a2), (as,aq)), while if we take w' =12 (L@ (LR (.®_))),
we obtain wgy (a1, az, a3, as) = (%, (a1, (a2, (a3, as)))).

Notation 10.1.2 Recall that when we presented the bifunctor ® for PCoh—in Defi-
nition [9.2.4 of Chapter [§—we also defined a tensorial product @ on vectors with non-
negative real coefficients: if t € RY, y € RY, x ® y is the vector in foy defined as
(T @ Y)(ww) = v Yu- Below, we formalize the n-tensor product of such vectors by using
the functors w from Definition[10.1.1. We will indeed need to talk about n-tensor products
of vectors when considering the n-tensor product in the category PCoh.

We define the category Vect as follows: the objects are the pair (A,x) such that A
s a countable set, and x € Rﬁ, and the only morphisms in the category are the identity
morphisms. We endow Vect with a symmetric monoidal structure: the action of ® on
objects is as follows (A,xz) @ (B,y) = (A x B,x ®y), where (£ @ y)qp = Tq - Yp for every
a € A,b € B, accordingly to what we did in Definition[9.2.]]. Since the only morphisms are
the identity morphisms, we define @ on morphisms asid ,®idp , = (4 pyo(By)- We take
as 1vect the pair (x,1). Ifz € R, we will also note simply x for the object (A, z) in Vect.
To illustrate the notation, we see that if w = (- ® _) ® _, then GVect(%et + %ef, €, ef) =

3
Le(o + Seann €RED

We look now at the unitary restriction of the functors w, i.e. when they are seen as
functors C — C instead of C"* — C. Indeed recall that our goal in this part is to investigate
the n-th tensor product of a single object A.

Definition 10.1.2 (Power Tensor Functors) Let be C a MC. If w is an ®@-word of
length n, we note WC : C — C the functor defined as W (A) = w°(A,. .., A), and WC(f) =
@C(f,..., f).

For every n € N, we define a particular ®-word w": it is the @ word of length n that
corresponds to the precise bracketing (((-® -) ® -)...), i.e. the rightmost bracketing. We

call n power of A the object A®™ = wn : (A).
Observe that the bracketing is chosen in such a way that A"+t = A®" @ A. We illustrate
her the n-th tensor power when applied to the category PCoh: recall indeed that we

are primarily interested in applying Mellies, Tabareau and Tasson recipe to this concrete
SMC.

Example 10.1.2 Let be n € N, and A be a PCS. Recall the definition of the bifunctor ®
i PCoh—given in Definition . We see that A®™ is the PCS described as follows:

AS] = {5 (ay, ... an) | Vi, a; € | A}
P (A®") = {@V° (21, ..., 2p) | Vi, 2; € P (A}
The next step is to look at how we can go from one bracketing to another, when using
only the morphisms induced by the monoidal structure of C, i.e. a,1,r and their inverses.
Observe that, as we illustrate in Example [10.1.3| below, if w; and wy are two different

®-words, then there may actually be several different ways to construct such morphism
from wi(A) to wa(A).

185



10.1. MELLIES, TASSON AND TABAREAU’S FORMULA

Example 10.1.3 Let C be a monoidal category. We consider the two ®-words wi =
(c®)®)®-), and wy = (-®@(-®(-®-))). The two paths in the diagram below represent
two different ways to go from the bracketing specified by wy to the one specified by w,.

ap,A,A®idg

(AR A ®A)®A (AR (AR A)® A
laA®A,A,A laA,AQ@A,A

(A® A) @ (A A) ®(A® A)® A)

A4, A,ARA
ida®aa A4

AR (A® (A® A))

From the coherence diagrams for a symmetric monoidal category—that we recalled in Def-
inition [9.1.4) from Chapter[§—it it possible to show that the diagram above commutes. As
a consequence these two different ways to go from wy to we are equivalent.

As illustrated in Example the morphisms induced by the monoidal structure may
be combined in different ways to go from one bracketing to another. Mac Lane shows
in [79] a coherence theorem, that states that all these combinations lead actually to the
same morphism in the category C. We first define syntactic expressions to handle the
construction of those morphisms. We say that a formal SMC morphism is a syntactic
element generated by the following grammar.

e -1 B
ex=(e®e) | e ‘ id,, ‘ 1, | Tw | Quwy wows | €0E,

where w, w, ws, w3 are ®-words. To an expression e, we can associate in a natural way
both a domain D(e) and a co-domain C(e), that are ®-words. Observe that we cannot in
fact do this for all expressions, but for those which are wvalid, i.e. such that o occurs only
between expressions such that the domain of the first and the codomain of the second
coincide.

Definition 10.1.3 We say that a formal morphism e is valid if it is possible to associate
to it a domain Dom(e) and a codomain C(e) under the inductive procedure of Figure[10.1]

D(idw) = w C(idyw) = w
D1w)=1Q®w Clw)=w
D(rw)=w®1 Clrw)=w
D(aw; ,wp,ws) = (w1 @ w2) ® ws Claw, ,wy,ws) = w1 ® (w2 ® ws)
D(e®e') = (D(e) ® D(e")) Cle®e) = (Cle) ® C(e))
D(e ") = Cle) C(e™") =D(e)

if C(e') =D(e) D(eoe’) =D(e') C(eoe’) =C(e)

Figure 10.1: Domain and codomain for formal morphisms

For any valid formal MC morphism e, and for any category C, we can define the inter-

. .o C C .
pretation of e as a natural transformation in C from the functors D(e)  to C(e) . It is
obtained simply by replacing the syntactic construct id, ®, ... in the formal morphism by
the concrete morphism of same name in the category C.
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Definition 10.1.4 Let C be a MC. The interpretation of a valid formal MC morphism e in
C with wy as domain and wo as co-domain is the natural transformation [e](c : WIC — wat

formally defined in Figure[10.3

1dw] A= 1d—C<A)

[

L], = 1w@(A) [Tl = r%C(A)

(8w wp ] 4 = a(lcul C(A)w3C(A),w5C(A) e®e]” =[] ®[¢]°
e = ()" leoe]” =[e] o ¢

Figure 10.2: Interpretation for valid formal morphisms

Example 10.1.4 We illustrate here how we interpret a formal morphism in some monoidal
category C. We consider the formal morphism

e=(idg ®1 Yoa!

—y—y—

It is indeed a valid morphism, since we are able to attribute a domain and a codomain
to e, by following the procedure in Figure [10.1. We represent graphically this procedure
below, by splitting e into its basic components, and exhibiting the domain and codomain
for each of them.

a”! id g @171

®(®) 2 (@) —= (e )®(1®.)

It means that Dom(e) = @ (-® _), while C(e) = (L® )@ (1®_). Since e is a valid formal
morphism, it has an interpretation in every MC C: for every object A in C, [e]g 1s the C
morphism in AQ (AR A) =5 (AR A)® (1c ® A) built as follows:

AAA daga®l A(

AR (AR A) — (AR A)® A ARA)®(1®A)
As stated in Mac Lane’s Coherence Theorem below, if we take any two expression e and
¢/ with the same domain and codomain, then their interpretation in any MC C coincide.

Moreover, there always exists such an interpretation between two ® words of same length.

Proposition 10.1.3 (Mac Lane’s Coherence Theorem) Let C be a monoidal cate-
gory, and wy,ws be two ®-words of length n. Then for every object A, there exists a
unique (natural) isomorphism WiC(A) — wWa"(A) which is the interpretation of a valid
SMC' formal morphism.

As a consequence of the coherence theorem, every formal morphism—i.e. resulting from
the interpretation of a formal morphism with w™ as both domain and co-domain—that
we can draw from A®" to itself coincide with id 4en.

When moreover the category C is a symmetric monoidal category, we can also use the
symmetry swap on the object A®", and we obtain a new class of formal endomorphisms
on A®",
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Definition 10.1.5 The SMC formal morphisms are the syntactic expression generated by
the grammar below:

- -1 ;
e=eQe ‘ e | idy, | 1w ‘ Tw ‘ Awy wa w3 | eoe ‘ SWaP,; o5
where w, w1, Wws, w3 are ® words.

We now extend the definition of valid formal morphisms, domain and codomain to this
new class of formal morphisms. We need to extend both the definition of domain and
codomain from Figure [I0.1], and the definition of interpretations from Figure to the
SMC formal morphisms, i.e. to specify how we deal with the formal morphism swap,, ,,-

D(swap,,, ,,) = (w1 ® ws) C(swap,, 4,) = (w2 ® w1)

C

C
[Swapwl,wg] A Swame(A)7@C(A)

Observe that it is not necessarily true—i.e. false in the non trivial case—that the
interpretations of all SMC formal morphisms with w” as both domain and codomain
coincide with the identity on A®". This phenomenon is highlighted in Example [10.1.5
below.

Example 10.1.5 Let C be any SMC. Observe that we can construct for instance a formal
morphism f with w3 = (_® _) @ _ as both domain and codomain, as follows:

swapﬂi@id a___
- - L/ (=R - - -9 -
(®)® ((®)® ®(-®.)
lid,@swapﬂi
((®)®_ + = ®(®)

It does not hold in general—and indeed it does not holds in PCoh, that the interpretation
of f and the interpretation of id_ coincide on every A®3.

What actually happens is that a formal morphism is not characterized just by its do-
main and co-domain anymore, but also by its underlying permutation, that keep track of all
the transposition done while applying the morphism, and that can be defined inductively
on the structure of formal morphisms.

Definition 10.1.6 (Underlying Permutation) For every SMC formal morphisms e,
with domain and co-domain of length n, we define its underlying permutation as the el-
ement p(e) € &, defined inductively on the structure of e as specified in Figure .

Example 10.1.6 We see that the underlying permutation of the formal SMC morphism
f defined in Example iso=(2,3)0(1,2) € Gs.

Mac Lane showed for SMC a similar coherence theorem as the one for MC: essentially it
states that every formal diagrams generated by the structural SMC morphisms commute
as soon as they have the same underlying permutation, and that moreover such a diagram
exist for every permutation.
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p(idw) = 1e,; P(lw) = 1s,; p(rw) = le,; with n = ||

P(aws w,ws) = L6, with n = |wi| + [wa| + |ws]
ple®e’) =ple)™ | p(e') with n = [D(e)|; m = |D(e)]
p(e™!) =ple)™" p(eoe’) = ple) op(e)

p(svap,, ,,) =7 €{l,...,n+m}=(j—nif j >n;j+mifj <n)

with n = |w1|,m = |wy|

Figure 10.3: Underlying permutation for SMC formal morphisms

Proposition 10.1.4 (Mac Lane’s Coherence Theorem for SMC) Let be C a SMC,
and n € N. Then for every permutation o, there exists a unique natural isomorphism
AP 5 A®™ which is the interpretation of a formal morphism with w™ as domain and
codomain, and underlying permutation o. We will call symmetry specified by o over A®"
this isomorphism, and we will denote it s% : A®™ — A®™,

Example 10.1.7 Let A be a PCS. Recall the expression of A®™ from Ezample 10.1.2
For every n € N, and o € &,, we can see that 8% € PCoh(A%®", A®™) is the matriz
defined as follows:

(Si)w"(ah...,an),w"(a’l, Lah) — 5a1,a0(1 cee 6(1;1,(10(")-
In the following, we will use sequences of the form @ = a1, ..., a, to represent the elements
w(ay,...,a,) € |A®"|. We will also use 11 @ ... x, to represent w"(x1,...,xy,), when

the x; are vectors with non-negative real coefficients.

10.1.2 The Equalizer of symmetries

We present now the first building block of Mellies, Tabareau and Tasson’s construction:
it consists in building the exponential approximations AS™, for every order n € N. These
AS™ are taken as—when it exists—the equalizer of the n! symmetries from (A & 1)®".
Here, we recall the definition of equalizers in category theory, as well as Mellies, Tabareau,
Tasson’s definition of the exponential approximations.

Definition 10.1.7 (Equalizer) Let C be some category, and A, B two objects of C. Let
fi,.-., fn a family of morphisms in C(A, B). An equalizer of the (fi)i<i<n 1S a pair
(E,eqp), where E is an object in C, and eqp € C(E, A), such that:

/ iB
fl Tqu fn

e '..fT;/ B C 7777} E

QET gt

Universal property:

Vi,jfiog= fjoeqp
Vi,j, (fioeqr = fjoeqg) = gt g=eqpog!
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Observe that there is no guarantee on the existence of such equalizer. However, as
soon as it exists, the universal property implies that the equalizer object is unique up
to (unique) isomorphism. Mellies, Tabareau and Tasson’s construction does not only ask
for the existence of some equalizers, but also ask for those to commute with the tensor

product, in the sense of Definition [10.1.8| below.

Definition 10.1.8 (Commutation of an equalizer with ®) Let C be a monoidal cat-
egory, A1, Ay two objects of C, and fi,..., fn a family of morphisms in C(A1, Az). We
suppose that the equalizer of the (fi)i<i<n exists, and we denote it by (E,eqp). We
say that this equalizer commutes with the tensor product, if for every object B in C,
(E ® B,eqp ® idp) is an equalizer for the family of morphisms (f; ® idp : A1 ® B —
Ay ® B)i<i<n-

Looking at Definition|10.1.8|we can see that asking for an equalizer (E, eq) for the (fi)1<i<n
to additionally commutes with the tensor product actually boils down to require the
following additional universal property:

® id -
EoBE"YA 9B ° A, B
—

H!QT B / (fl ® idB)igN
g

¢ (10.1)

Mellies, Tabareau and Tasson’s construction asks for equalizers to exist for very specific
families of morphisms: the symmetry morphisms over objects build as (A4 & 1)®". We
consider from now on C to be a SMC with finite products. Recall that the symmetry
morphisms s9 are the one formalized in Proposition Once such equalizers are
obtained, Mellies, Tabareau and Tasson use them to define the exponential approximations
to all orders, that will be used in the next step of the construction to build the free
exponential structure.

Definition 10.1.9 (Exponential Approximations) Let C be a SMC with finite prod-
ucts, such that for every object A, and every n € N, the equalizer of the family of mor-
phisms s, : (A& 1)®" — (A & 1)®" ezists. Then we denote by (AS™, equ<n) this
equalizer, and we say that the object AS™ is the exponential approximation of the object
A at order n.

We sum up graphically below the requirements for the AS"—they are inferred from
the relevant instantiation of Definition

Universal property of.(AS”,eq): YO Vf € AS%/;S(WA&l)@” 4 (A&1)%"
C(C, (A ® 1)®") invariant under ® Sy, pa e
J1ft € C(C, AS") making the adjacent dia- o % sy

gram comiute.

The exponential approximation AS" should be understood as follows: it contains the
resources of type A that can be duplicated as most n times. If we go on with this analogy,
we see that whenever a resource of type A may be duplicated at most n + 1 times, we
can discard the information about its n + 1-th occurrence, and obtain a resource that
may be duplicated at most n times. Mellies, Tabareau and Tasson formalize this in their
categorical framework by looking at the canonical projection morphisms AS"Tt — AS™
that arise from the universal property for exponential approximations as described below.
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Definition 10.1.10 Let C be a SMC with products, and n € N such that both AS™ and
AS™L gre defined. We define the projection morphism at order n, that we note Pn+lin
as the morphism in C(AS"FL AS™) obtained by applying the universal property of the
equalizer (AS™, eq <n) to:

e the object C = AS"T!

o the morphism f : C — AS" taken as f = T(ag1)en © (1d ® ma) 0 eqy<nir, with my
denoting the right projection of A& 1.

We represent graphically the definition of pn41,, below:

q n! symm.

< Sdasn n E— N

A= (A&1) T (A&1)
r(A&1)®nT

3!P?’:,~|»1,'r7, (A & 1)®n ® ]_

idag1yen @ 2481 T

ASn+1 f (A & 1)®n+1
€qp<n+1

10.1.3 The free Commutative Comonoid as limit of the exponential ap-
proximations.

To complete their construction, Mellies, Tabareau and Tasson assume the existence of
the exponential approximations to all orders, and additionally ask for the existence of a
categorical limit to the diagram formed by the projection morphisms between them. More
precisely, the idea is to look at the diagram AS below, that sums up the action of the
projection morphisms on the AS™ and to take ! 1A as the limit cone, when it exists, of this
diagram AS—what it precisely meant for such a diagram to have a limit will be stated
later in Definition

P3,2 4S8 P4,3

) )

AS . A=O ASt A=?
The next definitions deal with the formal presentation of limit cones for diagrams that are
chain-like—i.e. that have the same shape as AS. There is in fact also a generic categorical
way to define the limit object of an arbitrary diagram, that can be found for instance
n [79], but for this work we need to consider only chain-like diagram. We actually split
our definition in two parts: in Definition below, we define projective cones for
chain-like diagram, and then we take the limit cone as the most general projective cone,
in a sense formalized by a universal property that we give in Definition

Definition 10.1.11 (A-cone) Let C be a category, and A a chain-like diagram, i.e. that
consists of a family of objects (A;)ien and a family of morphisms (fit1, @ Aix1 — Ai)ien:

f1,0 f21 f3,2 fa3
N Ay Ay As Ay
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A projective cone based on A is an object C, and a family of morphisms (g; : C — A;)ieN
such that Vi € N, (¢; = fit1, 0 git1) i.e. the following diagram commute:

4 f1,0 4 fa1 4 f3,2
QOT /g/
C

A chain-like diagram A admits a limit when one of its projective cones is more general
than all the others. We formalize this idea by a universal property in Definition [10.1.12
below.

Definition 10.1.12 Let C be a category, and A = ((A;)ienN, fi+14 : Aiv1 — Ai) a chain-
like diagram. A limit cone for the diagram A is a projective cone based on A (Ao, (fooi
Asx — A;)) such that: for every projective cone based on A (C,(g; : C — A;)ien) I :
C — As such that Vi € N, (g5 = foo,i 0 u). We represent this requirement graphically
below:

fi fo s,
AO 1,0 Al 2,1 A2 3,2
] o
00,2 "
C foo,O Aoo

Al u

We say that moreover the limit cone (Ao, (foo,i * Ao — Ai)ien) of the diagram A com-
mutes with tensor products, if the projective cone (Ao @ B, (fso,i ® idp : Ao ® B —
A; ® B)ien) is the limit cone of the diagram A ® B taken as:

fi0®1idp fo,1 ®1idp f32®1idp
Awp.  AEBE A @B @B

Observe that the universal property specified in Definition above guarantees
that as soon as the limit of A exists, it is unique—as usual, up to unique isomorphism.
The result of Mellies, Tabareau and Tasson in [82] said that: assuming the existence of all
the AS?, and moreover of a limit cone for A<, as well as some additional requirements with
respect to the commutation of these structures with ®, it holds that the limit cone of A<
is exactly the free commutative comonoid. It means that when we start from a category
C which is already a model of exponential-free LL—i.e. x-autonomous, see Chapter [9}—we
obtain this way a Lafont model—see Section [9.1.2}—and consequently a sound model of
LL.

We state formally this result in Proposition below.

Proposition 10.1.5 (Melliés, Tabareau Tasson [82]) Let A be an object of a sym-
metric monoidal category with finite products C. The free commutative comonoid gener-
ated by A is the limit cone !y A of the diagram A<, provided that:

1. Vn € N, the equalizer AS™ exists and commutes with tensor products;

2. the limit cone (1A, (Poo,i ! fA — ASY)ien) of the diagram AS exists and commutes
with tensor products.

We sum up graphically condition [2] of Proposition [10.1.5] in Figure
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P10 ®id p2,1 ®id P32 ®id

AS0® B ASl@ Bs—— AS2@B+— -

fo[ 1W ®id
C S1,A® B

Al

Figure 10.4: Diagram defining the commutation of the limit !y A with ®: for every objects
B, C and family of morphisms (f;);en as represented in the diagram, there exists a unique
u € C(C,!fA ® B) making the diagram commute.

10.2 The free exponential structure in PCoh.

Our goal now is to apply Mellies, Tabareau and Tasson’s construction in order to build
the free commutative comonoid in PCoh. In that end, we need to check that PCoh
verifies the conditions [T and [2] of Proposition We introduce now some notations to
handle sequences and multiset over a PCS web, that we will need in the following technical
development

Notation 10.2.1 We denote by My (X) the subset of Ms(X) consisting of the finite
multisets over X of length exactly n, and M<n(X) = Up<,, Mr(X) the set of those of

length not greater than n. If @ is a sequence of n elements in |X|, we denote by a the
underlying multiset in My (X). With this notation, if we have any multiset p € My(X),

we call enumerations of u all sequences d such that their underlying multiset d coincides
with . We denote Enum(u) the set of all enumerations of p. We call multinomial
coefficient of p, and denote m(u) the number of the enumeration of u, i.e. the cardinality
of Enum(p).

10.2.1 Construction of the equalizer of n! symmetries.

The next lemmas and definitions deal with the proof that condition [I} indeed holds in the
category PCoh; we will be able to state this result in Proposition More precisely,
starting from any PCS A, we build here the equalizer of the symmetries over A®"—that
we will note A="—and we show that it commutes with ®. From there, we will be able to
build the exponential approximations, since by Definition AS" = (A& 1)%m,

We first discuss our construction informally: we want to build a PCS A=" such that
the diagram below commutes:

s
A
A= qu:n> A(Xmﬁ;‘@n

and we want to do so in the most general possible way, in the aim that A=" also meets
the requirements of the universal properties of Definition Our approach is as
follows: we take the cliques in P (A®") as a starting point, and we seek to erase from
them any information that is not invariant under symmetries. This erasure operation can
be expressed internally in the category PCoh, by the morphism j7 : A®™ — A" formed
as the barycentric sum of the actions of &,, over A. Formally, for n € N, and A a PCS,
we define j7% € PCoh(A®", A%") as:

1
SN a,n
J.A = E E S.A .
.UGGn
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Observe that this construction is made possible by the convex structure on P Coh-morphisms
highlighted in Proposition Looking at the concrete description —done in Exam-

ple |10.1.7—of the symmetry morphisms si{n in PCoh, we also give in Lemma [10.2.2
| A®@n|x|A®n
¥ .

below a more direct characterization of this morphism, as a matrix in R
Lemma 10.2.2 Let A be a PCS, and n € N. Then for every @,a € |A®"|:
1

m(3)

(iWaa =0

~~ ,
aa

where @ and m(d) have meaning as specified in Notation |10.2.1|

Proof. To see why Lemma [10.2.2 holds, it is enough to see that:

We can think about this endomorphism as a jammer, in the sense that it chooses randomly
a permutation, and then applies it to its input. We illustrate this point in Example|10.2.1
below, where we consider pairs of booleans.

Example 10.2.1 (Jammer morphism on Bool®2) There are only two elements in the
permutation group Sq: the identity and the exchange map. As a consequence, we see that:

1 1
2 i 2 2
JBoot = 51dBoolz Bool + 55WaP BooL Bool Bool®? — Bool®

. . o tE}x{t,f :
Thus j%,,; s the matriz in Ri p{et) defined as: (J2Bool)(a1,a2),(a’1,a’2) = %6[“,&/15%&/2 +

%5(11’(1/25&2’&/1, i.e. represents the following Markov chain:

C{(true, true)} % [( false, false)jDl

C{( true, fal.@[(]"alse7 true)}Dé

Observe that as desired, the morphism jQBool erases asymmetric information: when we
apply the morphism jQBool to some arbitrary distribution 2 over pairs of booleans, the
probabilities Z(true, false) and Z(false, true) are uniformly reallocated between these
two states. We illustrate this by looking for instance at u = % “€(p) T % e(gg) N
P (Bool @ Bool). Then we see that indeed (j%,,,u) € P (Bool® Bool) is as follows:

1 1 1

j2BoolU = 9 €(t,5) T 1 €(t,1) T 1 €(£,t)-

The observation done in the example above holds more generally: indeed for any PCS A,
j" acts on A®" by reallocating the coefficients in such a way as to erase the information
about the orders of the elements in a n-length sequence. Accordingly the morphism
3" is dnvariant by all symmetries, in the following sense: for every o € &, it holds that
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s%" 03" = j’—we prove this by looking at the definition of j, since 7 € &, = oot € &,
is a bijection over &,,.

It is tempting, as a consequence, to choose as cliques for A=" the set j’y (P (A®")) :=
{i% x|z P (A®")}. We have however to be careful, since (JA®"], j% (P (A%"))) is not a
PCS: indeed it is not even downward closed for the pre-PCS order—see Section from
Chapter [0}—as we illustrate on the example below,.

Example 10.2.2 We look at the same vector u € Bool®? as the one we defined in Ea-

ample |10.2.1.  We see that for instance % C€(t,8) Spaen| jQBoolu, but we can see that

% “e(ts) & j%ool(P (Bool®2)), since indeed this vector is not invariant under symmetry
morphisms—for instance, it is not invariant by the symmetry morphism that swaps the
states (t,f) and (f,t).

To overcome this problem, we choose to build a PCS (] A="|, P (A™")) whose set of cliques
P (A=") is isomorphic to j% (P (A®™)), through a change of basis: we see by Lemma |[10.2.2
that every vector of the form (j’j #) may be expressed as:

. 1
J:L‘lx = _— xa, . e;L’
2 m(p) 2
HEMy(|A]) dceEnum(p)

where for any multiset 4 € My, (|A[) we have taken e}, = > zcpum() €a- [t means that

My (JA]) can be seen as the canonical base of the image set j’y (P (A®™)).To make this

| A®™ [ x Mo (| A])
e R}

change of basis formal, we construct now a matrix jm’ , such that:

Vo € P (A®"), iz = Z (Jmly ). - €,
HEMn (|A])

Definition 10.2.1 Let A be a PCS, and n € N. We define the modified jammer matrix
AP X Mo (| A]) us:

jm’y € RL_
. 1 .
(Gmap =0 ~ - —, for ue My(JA]), ae ’.A®"‘
wa  m(p)
. n n = : Al 47 A=
Observe that (jm’); , = (34)aa for @ any enumeration of p. Essentially j% x € Ry
and jm’y x € Rf"(‘AD are the same vector, but expressed in a different canonical base. It

is relevant, because the canonical base generated by multisets lead to a presentation of
jm’ (A®™) as the cliques of a PCS—that we make explicit below—while it was not the
case with the base generated by sequences.

Definition 10.2.2 Let A be a PCS, and n € N. We define the PCS A=" by:
AT = Mu(JA])  P(A™") = {jmju|ueP (A®")}.

We see that the space A" is indeed a PCS by using Proposition 0.2.2 Our goal now
is to check that it is indeed the equalizer of n! symmetry. First, we define a morphism
eqy=n : A" — A®" designed to meet the requirements of Definition [10.1.7, We define it

as the matrix (eq4=n), s := 0 ~. Observe that it essentially reverses the change of basis,

m,a w,a

since indeed:

(equen 0 Julj) @ = Jlja. (10.2)
We need first to check that eq4-» is indeed a morphism in PCoh(A=", A®™). It comes
as a consequence of Equation [10.2] as can be seen in the proof of Lemma below:
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Lemma 10.2.3 Let A be a PCS, andn € N. Then eq =n is a morphism in PCoh(A=", A%™).

Proof. We need to show that for every z € P (A™"), it holds that (eq4=n)z € P (A%").
Looking at the definition of the PCS A™", we see that our goal can be reformulated as:

Vy € P (A®"), (equ=n o jmy)y € P (A®") (10.3)

From Equation ((10.2)), we can go one step further: (10.3) can actually be deduced
as soon as we know: Vy € P(A®"), (j%)y € P(A®"). Since j% is a morphism in
PCoh(A®" A®™) we see that the latter claim holds, which ends the proof. O

Using equation ([10.2)) we also see that every vector of the form eq -, x is invariant by all
symmetry morphisms, as stated in Lemma below.

Lemma 10.2.4 Let A be a PCS, and n € N. Then for every o € &, it holds that
(equ=n 08%" = eqy=n), i.e.

shM

A
A=n qu=n> A®nﬁ4®n

Proof. We have to show that for every o € &,,, and z € P (A™"), it holds that (eq 4= 0 8%") z =
equ-n. Let 0 € G, and z € P (A™"). Let y € A%, such that = s, y; from Equa-
tion we see that: eq -n z = j7 y. Recall that j’ is invariant by symmetry, it means
that (37 o si{n) Yy = si{" y, and it ends the proof. U

Our goal now is to check that the universal property for equalizers—as stated in Defi-
nition [10.1.7}—holds for (A=",eq4=.). Toward this goal, we first show in Lemma
below, an alternative characterization of A=", focusing on a set of generators that can be
computed directly from A.

Lemma 10.2.5 For every PCS A, andn € N, P (A=) = {jn’} (®}_ u;) ; u; € P (A

Proof. We denote by (A=")* the pre-PCS defined as [(A=")*| = M, (]A]), and P ((A=")*) =
{jm" (®F_ ;) 5 u; € P (A)}*+. First, we can observe that (A=")* is a PCS, since it is
generated by bi-duality, and that the boundedness conditions on coeflicients also hold. The
equivalence between (A=")* and A=" is then obtained by Lemma from Chapter [0}
taking A = A®", G = {®_ u; ; u; € P(A)}, B = A7 and f = jm’y. Then (A™")* is
equal to f(G)+ = f(P (A®"))++ which turns out to be the bipolar of B by Lemma
We conclude since we have already shown A=" to be a PCS, and as thus A=" = (A=")++.
U

We are now ready to check that (A=", eq 4=») is indeed the equalizer of the n! symmetry
over A®". Recall that it is the first step in order to apply Melli¢s, Tabareau and Tasson
recipe to PCoh, as presented in Proposition [10.1.5

Proposition 10.2.6 Let A be a PCS and n € N. The object A=™ together with the
morphism eq 4=n € PCoh(A™", A®™), is the equalizer of the n! symmetries of the n-fold
tensor A®™. Moreover, these equalizers commute with the tensor product, in the sense of

Definition [10.1.5.
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Proof. We only prove the commutation with ®, as the universal property of the equalizer
is a direct consequence of the commutation, taking B = 1. Let C be a PCS and f €
PCoh(C, A" ® B) be a morphism such that (s%" ® idg) o f = f for any o € &,,. Then,
define f' € PCoh(C, A" ® B) as follows: for every c € |C|, b € |B|, u € | A="|, fT (ub) =
Je,@@p)» Where @ is any enumeration of p (no matter which one because f is invariant under
the tensor symmetries). The fact that fT is the unique morphism commuting the diagram
of Equation is a trivial calculation. We have then to prove that it is indeed a
morphism in PCoh(C, A=" ® B), that means that, for any v € P (C), fTv € P (A~ ® B).

Consider w € P (A=" @ B)* and let us prove that (ffv,w)< 1. This will allow us to
conclude ffv € P (A=" ® B). Our proof strategy is as follows: we build a vector @ derived
from w, such that:

weP (A @ B)" (10.4)
(fTvo,w)=(f v, w) (10.5)
Define w € R|A®n®8| L

S Wigp) = m(g)wg’b. We first show that Equation ((10.4) holds.

In fact, for any u € P (A®™), 2z € P (B):

(u® z,w) Zu 2pW (g Zu

= Zzbw#,b(iju)u :<(iju) ® z,w) .
b

=2 Z

adcEnum(p

From there, we can use the fact that by definition of A=", (jm’yu) € P (A="). Since
z € P (B), it means that (jm’j u) ® z € P (A®" ® B). Recall moreover that we have taken
w e P(A=" @ B)*; it allows us to conclude that (u® z,@)< 1. Since the elements u ® z,
with u € P (A®"), z € P (B) are generators of A®" @B —see the definition of the bifunctor
® in PCoh stated in Chapter @ it means that indeed w € P ((A%" ® B)*).

We show now Equation [10.5¢ (ffv,w)=(fv,w). In fact,

(f )abw
<er1},11}> :Z(fTU>u,bwu,b:27 —Z fU abwab_<fv w) :

b ab  m(a)

Now from Equations (10.4) and (10.5) we can obtain the result, because by hypothesis
fveP (A% @ B), and thus (fT v, w)=(fv,w)< 1. O

Remark 10.2.1 We have tried to present above a way to understand where our con-
struction for A=" comes from, by starting from the jammer morphism j'. It should be
reminded, however, that the notion of equalizer is only defined up to (unique) isomorphism,
which means that the choice of the matriz jm'y is somewhat arbitrary. Our construction
has the advantage to make the equalizer morphism eq=n as simple as possible, i.e. a web
morphism, in the sense defined by Danos and FEhrhard: a morphism entirely specified by
a function between the PCSs webs.

Example 10.2.3 Let us illustrate the construction of A=" in the case where A is the
boolean space Bool. It is trivial to check that Bool™ is isomorphic to 1 and Bool=' to
Bool. Concerning Bool™2, we have:

|Bool=2| = {[t, £], [t, t], [£, £]}.
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By definition, P (BooF2) = {jm},,u | u € Bool®?}. Looking now at the definition of
ijBOOl we see that the action ofjszool on any clique u € P (Bool®2) s as follows:

1 1
ImBoort = U(t,t)C[e,t] T U(e,£)€[£,£] T (5 “U(e,g) T 5 Us,)) * Cfe,g]-

We want now to obtain a more direct characterization—i.e. one that does not use P (Bool)
explicitly. Recall that Example computes P (B00l®2) as the set of sub-probability
distributions over boolean pairs. As a consequence every element of the form (jm%,,;u)
must verify the following constraint:

2- (ijBool u)[t,f] + (jm%oolu)[t,t] + (ijBool u)[f,ﬂ = U(s,f) + U(£,t) + U(t,t) + Ut ) <1

This constraint means that P (Bool=2) C X, where X is the vector set defined as X :=

{w € Rff(Q)'BOOl' s Wi g] + Wieg) T 2w < 1}, We want now to show that the reverse

inclusion also holds. Recall that since Bool™2 is a PCS, it coincides with its bi-dual, and

consequently for every x € beﬂBooll):

(Vy ep ((BOOFZ)l) , (z,y) < 1) = z€P (Bool:2) (10.6)

Soletx € X, andy € P ((BooFg)l). To show that (x,y)< 1, we first enforce upper
bounds on the coefficients of y. Since y has to be dual with every element of the form
jm%, . (u1 ® uz) with u; € P (Bool), we obtain in particular the following inequalities:

1 >(y, i0B001 6+ ® €4))= Yo 1] 1 >(y, im0 (€2 @ €£))= Y 1]

. 1
1>(y, jmpee (ex @ ef))= 5 Y-
From those inequalities we are now able to show that:
(T,Y) = Tlep) - Yjer) + Tleg) - Yiee) T Teg] * Yieg]

S Tlee) T Ppeg] T2 Tlegg) Yo
<1 since ¢ € X.

And using Equation|10.6 we can now conclude that P (BoolZQ) ={we Rf{Q(‘BOOlD ; Wie,g)+

Wig 5 + 2w g < 1}

10.2.2 The approximations A"

The existence of equalizers for the symmetry morphisms over A=" for any PCS A —that
we established in Proposition —implies that we can now define in PCoh the expo-
nential approzimations, that consist of the family of PCSs AS" := (A & 1)=". Here, we
look at those PCSs more extensively, thus obtaining a direct characterization of AS" by
means of an operator (ui,...u,) over the vectors in P (A), crucial for the next step. This
characterization is presented in Lemma [10.2.7] below, where we use the following notation:
M<,(X) is the set of all multisets over X of length smaller or equal ton, and f: X — Y
to denote an injective function from X to Y.

Lemma 10.2.7 (Caracterisation of the AS") The PCS AS" can be presented as fol-
lows:

(A= = Man(JAD), - P (AS") = {(un, o) 5 Vi< nsus € P (AR

198



10.2. THE FREE EXPONENTIAL STRUCTURE IN PCOH.

7

where, for any [ay, ..., a] € |AS"

K
1
{ur, s tndfa,an] = N (O (10.7)

ceS, i=1

k
_ (n—k)! > T s (10.8)

n!
F{1,. k{1, n) i=1

Proof. In the proof, we note AS" for the new presentation proposed in the statement,
and (A & 1)=" for the one coming from the definition of symmetries equalizers in Defi-
nition First, notice that there is a bijection between |AS"| and M, (JA| @ {*}) =
|(A & 1)="] obtained just by adding the necessary number of +’s to a multiset in |A="|.
Second, the definitions of P (.AS”) and of (uq,...,uy) follow by remarking that the latter
is a notation for jm’ (((u1,e4)) ® -+ ® ((un, €4))), with jm’y the morphism (A & 1)¥" —
(A & 1)=" defined in Definition and (u,v) the cartesian product between vectors
defined in Section of Chapter [0}—i.e. when defining the cartesian product in PCoh.
The result is then a consequence of Lemma [9.2.3} indeed recall from the definition of ®
that G ={v1 ®...® v, |v; € P(A& 1)} is a set of generators for (A & 1)®". Moreover,
observe that for every v € P (A& 1) it holds that v <|4g1| (m10,€4). As a consequence,
if we denote G' = {((u1,¢e4)) ® -+ ® ((un,ex)) | u € P(A)}, we see that G’ C G, and
that every element in G is dominated by an element in G’, and since the bi-duality op-
erator is downward closing, it implies that G’ = G, As a consequence, G’ also is a
set of generators for A & 1, and we can conclude using Lemma that tells us that
P((A&1)™) = jm’y (G")*. O

Example 10.2.4 We have no simple characterization of Bool=?, but Lemma helps

us in computing its generators. For example, we have:

1 1 1
<et, €f> = e[ + §e[t7f] + 56[»4 + ie[f]

(ex,ex) = e[+ €[] + €[e 1
One can observe more generally that (sup Bool="),, = 1 for any multiset i € M<,({t,£})

which is uniform (i.e. of which support is at most a singleton), while (sup Boolgn)u <1
for p non-uniform.

Henceforth, we will consider A<" as presented in Lemma [10.2.7

10.2.3 The limit ;A

The quest for a limit ! A of the family (AS"),en requires studying the relations between
exponential approximations of different degree. This is done starting from the following
notions of injection and projection. Given A, B s.t. |A| C |B|, we define the matrices

mngjection Lo B € RL’:"X‘B' and projection pp 4 € le‘XlAl as follows:
(taB)ab = (PB.A)ba = dab- (10.9)
The injection ¢4 5 maps a vector u € R‘f‘ to the vector ((u,0)) € R'f‘ associating the

directions in |B|\ | A| with zero—here x denotes the cartesian product between vectors as
defined in Section of Chapter EI, and 0 the zero vector. The projection pg 4 maps
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a vector ({(u,v)) € R'f‘ to its restriction u to the directions within |A|. In order to have
these matrices as morphisms in PCoh, we have to prove that ((u,0)) € P (B) whenever
u € P (A) (resp. u € P (A) whenever ((u,v)) € P (B)).

The projection matrix p g<nt1_g<n of A"t into AS™ actually coincide with the cate-
gorically defined projection morphisms py1,, from Definition As a corollary, we
get the following lemma.

Lemma 10.2.8 For any m > n and A, we have: pj<m g<n € PCoh(AS™, AS") and
L_ASnL“ASmL c PCOh(ASnJ"ASmJ—)

Proof. Let n € N. Recall that p,1, is defined as the unique morphism such that the
following morphisms A<"*! — (A & 1)®" coincide:

T(Ag1)®n © (id ® m2) © €q y<nt1 = €q4<n O Pntin (10.10)

When we unfold Equation ((10.10)) by looking at matrix coefficients—recall the expressions
of r, my in PCoh, stated in Section we obtain that for every pu € M<,11(|A|),

and @ € |[A& 1|, 3, cpq, (a)(Pr+1,n) ~ =0 ~. We see that these constraints entirely
<n v,a w,a
characterize the matrix pn+1,,, and more precisely that p,+1,, must be exactly p g<nt1_g<n.

As a consequence, p g<n+1 g<n € PCoh(AS"+1 AS"). Since for every m,n with m > n,
PA<m A<n = PASnti g<n O ... 0 pg<m g<m-1, it also holds that p g<m g<n i & morphism
in PCoh(A<™, AS™). Moreover, we can also see that ¢ A<nt_g<mt 18 indeed a morphism

ASnt .Ang', since:
(Vo € P (A=), pgsm a<n € P (A="))
= (W € P (AS) "t ycnt qems € P (AS™)7)

O

The interesting point is that the dual version of Lemma [10.2.8 does not hold: in general,
the injection of AS™ into AS"*! (resp. projection of (AS"T1)L into (AS™)1) is not a
morphism of PCoh. We illustrate this using the boolean PCS Bool in Example [10.2.5
below.

Example 10.2.5 In Ezample |10.2.4), we discussed (eyx,es) € P (BoolSZ). Let us prove
now that tg, <2 goei<s (€tsez) ¢ P (Boolg?’). It is a consequence of the following facts:

1

(LBoolS{BoolS?’ <€ta€f>)[t,f] = <€t’6f>[t,f] = B
1
(sup P (Boolg?’))[t’f] =3

The latter claim is because:

P (Bool=?) = {{ex, ex, €1), (€5, ex, e5), (s, €5, €5), (eg, €5, e5) 1

and the mazimal value of these generators on [t, f] is % Since the bi-duality operator con-
sists in the convex, downward and Scott-closure, it means that no element in P (Bools?’)
may have a coefficient on [t,£] greater that %
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One can however, for every N > n, add a correction factor to the injection matrix ¢4, N

in order to obtain a new matrix Li‘l’;’%N that embeds A=" into ASY, ie. that is both

invertible, and a morphism AS" — ASN. We define the amended injection matriz 1°" as
follows:

(J]V\,T(fli)_!q,:)!m ifp=vand #u=%k<n
(X N = and ¢ = Y] and r = N modn; (10.11)
0 otherwise.

Lemma 10.2.9 For every PCS A, and for any n, N € N with n < N, the amended injec-
tion matriz (", v is a morphism in PCoh(A=", ASN) mapping, in particular, (u1, ..., u,) €
P (AS”) to (ul,...,ul,0") € P (ASN), where q is the quotient L%J and r the remainder

N q

N modn of the euclidean division +-. Moreover, u; is a notation for u;,...,u; (and simi-
—

q times

larly for O7).

Proof. One has just to prove the last part of the statement, the rest follows by Lemma[9.2.3
because the vectors of the form (uq, ..., u,) are a set of generators for P (AS") (Lemma/|10.2.7)).
We have, for any multiset u = [a1,...,ax],

k
cor (N —E)lgFn!\ (n —k)!
(v it 2m = < Nl(n — k)! n! 2 [1(wsi)a
FH{L k{1, n} i=1

N —k)! i
= (N!)qk Z H(uf(i))a

Fi{lk {1, ,n}i=1

N —k)!
R S | (T

F{1,.. k}—={1,...,nq} i=1
= (u‘f, coud,07)

where we use — to denote injective functions and where from line 2 to 3, we use the count
¢"* to enlarge the codomain of the injections f indexing the sum. O

At this point, we can do the following crucial observation: if we fix n € N, and we look
at the morphism (37 v : A" — ASN when N tends towards +oo, we can see that
the corresponding matrix coefficients also admit a limit. We express that formally in

Equations (|10.12f) and (10.13)) below. If we note N = nqg + r, it holds that:

(N — k)lgFn! n!

li = 10.12
N Nl(n —k)! nk(n — k)’ (10.12)
k
3 cor 1
(]\}gnoo LAn,N (Ut ... un))y = oy o Z H uf(z (10.13)
(% :

This observation allows us to take the following approach to construct the limit object:
the contribution of each A=" to the limit object ! ;.4 should be the limit of its contribution
to the ASN | when N is greater than n and tends toward +oo. We formalize this intuition
in Definition below, and then proceed to show that the object we build this way is
indeed the free exponential comonoid.
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Definition 10.2.3 Given A, we define |y A as:

A = Me(JAD),  P(pA) = {(ur, ... un)) s n € NVi <nyu; € P (AT,
where: (u1, ... 7un>>[a1,...,ak} = # Zf:{l,...,k};){l,...,n} Hf:l(uf(i))ai'
Notice that whenever k > n, {(u1,...,un)[q.,....a5) = O

Proposition 10.2.10 Let A be a PCS. The object |t A together with the family of mor-
phisms PryAAsn € PCoh(!;A, AS™) for n € N, constitutes the limit of the chain:

1,0 2,1 3,2
1700 ASTP p=2P27
Moreover, this limit commutes with the tensor product (Figure m)

Proof. First, we prove that p; 4 g<m is a correct morphism mapping P (14A) into P (AS™),
for any m. By Lemma it is enough to check that any ((u1,...,u,)) is mapped to the
PCS P (AS™) by py g g<m. As P (A7) = P (A5m)™

any n € N, u; € P(A), and w € P (.AST”)L we have:

, it is equivalent to show that for

(pryaasm (U, up)), w)< 1 (10.14)

Lemma |10.2.8| and |10.2.9) give us, VN > m,n, resp.: tg<m g<svw € P (.ASN)L and
L‘;{’,’;l’ N (Ui, .. up) €P (A—N ) Thus the inner product between the two vectors is bounded
by 1. Consider then the limit of this product for N — oo:

1> lim (0 N Uty Un)y b g<m g<n W)
N—oo 70 ’
=(u1, - un)), Lasm 4 ) (Eq. (10.13]) and Def. [10.2.3)
:<P!f,4,,4£m (ur, .. un)), (P!fA,Aém °© LASm,!fA) w)

:<p!f,4,,4§m <<U1, LR un»7 U)>

Line 2 gives line 3 using of the definition of + and 7 in (10.9). Now we prove that !rA
together with its projections p FAASM is indeed a limit cone. As for Proposition [10.2.6
we prove straight the commutation with the ®, as the first part of the statement is a
consequence of this latter, taking B = 1.

Take a PCS C and an N-indexed family of morphisms f,, € PCoh(C, AS" ® B) com-
muting with the chain BFLY At ® B! A2 ® BP2? ... We should define a unique f1
s.t. Figure commutes. The matrix fT is defined as:

fl(mb) = (f#,u)c,(,u,b) .

The fact that fT is the unique one such that Figure commutes is an easy calculation.
We should then prove that it is a morphism in PCoh(C, ! A® B), i.e. for every v € P (C),

flv e P(IpA®B). Since P(1IfA®B) = P (I, A® B)**, it is equivalent to prove that:
<n
VweP(l;A® B)*, (ftv,w)< 1. For any n, define w |, € Rk‘ e8| as:

%w(wb) if #p =k <n,

(W dn) (up) = {"

0 otherwise.
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Notice that, for any (uj,...,u,) € P (AS") and z € P (B), we have the inequality:
(U1, up) @ zyw Ln)=({u1, ..., up)) @z, w)< 1.
We conclude that w |,€ P (.AS” ® B)J‘, for any n. Then we have:
1> lim (fov,w dn)= lm ((pq a0 0 fv,wln)  (def f1)

|
¢t . . n: _
(fTv,w) since nh_>nca>o o Y 1

Propositions [10.1.5] [10.2.6] and [10.2.10] give the last corollary.

Corollary 10.2.1 For any PCS A, the PCS !t A yields the free commutative comonoid
generated by A.

The free comonad !fA yields to a Lafont model—see Definition in Chapter [0} —of
linear logic which seems different from the new-Seely one developed by Danos and Ehrhard
—that we’ve presented in Section of Chapter [J] —because the definition of !;.A seems
apparently different from the entire exponential modality !c.4 (Definition . In fact,
the two spaces are the same, as shown in the following section.

10.3 The free and entire exponential modalities are the same.

How do the exponential approximations AS" of ! s A relate with !c.A? Let us consider the
PCS A = Bool, and compare the maximal coefficients of these spaces on [t, f]. It is easy

to check that:
et + es ! 1

T)[t,ﬂ =1
On the other hand, if we look at the value of those same maximal coefficients in the
exponential approximations Bool=", we obtain:

(sup Bool=) ¢ = ((eh?), el ) oo = (el 2] eb?)) L 4,

(sup!eBool) ¢ = (

whose values are, for n = 2,3,4,... (using Equation ([10.8)):
1113 3 2 1 n,.n nesoo 1
ffffff e, —— == .. =" -
273737107107 7’ ’n(n—l)LQHQ1 4

This remark can be generalized, showing that the exponential approximations AS" are
actually approaching to l..A from above, giving that their limit is equal to !..A.

Proposition 10.3.1 For any PCS A, we have |y A =!.A.

Proof. The two spaces have the same web, we prove that P (!;A) = P (IcA). We first show
that P (1;A) C P (!.A). Take any ((u1,...,un)) € P (1fA), we have (u1,...,un)) € P (lcA),
because ((u1,...,un) < (237, u;)' € P (l.A).

Conversely, let 4™ denotes u, ..., u repeated n times in

k
n n! n! |
" Nov,on) = T =71 [Tva: = 2R (n— )1 o]
=1

As for k < n, #'—k)' is an increasing sequence converging to 1, we get that Yu € P (A4),
sup, (u™) = u'. Now, u' € P (I;.A) since it is Scott-closed. Since u' for u € P (A) are
generating P (!c.A), we conclude that P (IcA) C P (17A). O
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Chapter 11

PCoh is a full subcategory of
Cstabmy,

The category Cstaby,, was introduced as a model for PCFgay,p1e—the higher-order lan-
guage with continuous probabilities that we presented in Section [9.3]from Chapter [0]—by
Ehrhard, Pagani and Tasson in [45], i.e. they built in Cstaby, a sound and adequate
interpretation of PCFgapple. It is not known, however, if this model is also fully abstract.
We do not solve this question here, but the work we present now was designed in the hope
that it could be a first step in this direction. Our perspective is as follows: while we have
until now no full abstraction result for a model of an higher-order language with continu-
ous probabilities, it is different in the case of discrete probabilities: for instance PCoh is
a fully abstract model of PCFg,, and there are also game models that have been shown to
be fully abstract for diverse higher-order language with probabilities—see Chapter [J] for
a more precise account. What we do here is to look at Cstaby, from the perspective of
discrete probabilities: our result consists in establishing that the discrete model induced
by Cstaby, is exactly the PCFgq model in PCoh. It enables us to reformulate the full-
abstraction problem as follows: is it possible to generalize the full-abstraction proof for
PCoh in a more general—i.e. continuous—setting ?

To make more precise what we mean when we talk about Cstaby, as a model of discrete
higher-order computation, let us first consider a continuous higher-order language with
an explicit discrete fragment. We define a language PCFg sanp1e that has all syntactic
constructs of both PCFg and PCFgappie, with both a real type R, and a natural number
type N as base types. We want this language to be able to convert natural data types into
real data type, and reversely, in the following sense: first, we endow this language with a
conversion operatorreal, that turns every distribution over N into a distribution over R,
without information loss, and consequently is associated with a typing rule as follows:

I'EM:N
I'Freal(M): R

This operator is designed to enable the continuous constructs to act on the discrete
fragment, by giving a way to see any distribution on N as a distribution on R. The lan-
guage PCFg samp1e is designed to talk about approrimating by discrete tests the programs
in PCFgapp1e: for instance if we consider a PCFgappie program M : R — R, we can ap-
proximate its behavior by considering all programs Az - KM (Lx) : N — N, where L and
K are PCFg gamp1e programs of type respectively N — R, and R — N. Observe that
the program K may be built using for instance the order operators—see Section of
Chapter While the existence of such programs L is guarantee by our real(-) construct.
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11.1. A GENERALIZATION OF BERNSTEIN’S THEOREM FOR PRE-STABLE FUNCTIONS

We can extend in a natural way the denotational semantics of PCFgapp1e given in [45] to
PCFg samp1e: in the same way that the denotational semantics of R is taken as the set of
all finite measures on R, we take the denotational semantics of N as the set Meas(N) of
all finite measures over N. We take as denotational semantics of the operator real the
function: [real]cstaby, : ¢ € Meas(N) — (A € g — >, cnna 1(n)) € Meas(R). We will
see later that this function is indeed a morphism in Cstabmy,(Meas(N), Meas(R)). What
we would like to know is: what is the structure of the sub-category of Cstaby, given by
the discrete types of PCFg sampie, i.€ generated inductively by [N]cstabm: = X ?

The starting point of our work is the connection highlighted in [45] between PCSs
and complete cones: every PCSs can be seen as a complete cone, in such a way that the
denotational semantics of N in PCoh, becomes the set of finite measures over N. We
formalize this connection by a functor F™ : PCoh, — Cstab,,. However, to be able
to use PCoh, to obtain information about the discrete types sub-category of Cstaby,,
we need to know whether this connection is preserved at higher-order types: does the =
construct in Cstaby, make some wild functions not representable in PCoh, to appear,
e.g. not analytic? In this paper, we show that this is not the case, meaning that the
functor F™ is full and faithful, and cartesian closed. Since PCoh; is a fully abstract
model of PCFg, it means that the discrete fragment of PCFg sanpie is fully abstract in
Cstaby,. More generally, it tells us also that for any PCFgappie program M, regardless
of the continuous computations it does, every approximation of M by discrete tests has
for denotation in Cstaby, a power series: hence we are able to gather information on the
behavior of M by looking only at power series, that are much easier to handle that general
functions between cones.

It was noted in [45] that there is a natural way to see any probabilistic coherent space as
an object of Cstab. In this work, we show that this connection leads to a full and faithful
functor F from PCoh;—the Kleisli category of PCoh—into Cstab. We do that by
showing that every stable function between probabilistic coherent spaces can be seen as a
power series, using McMillan’s extension [80] to an abstract setting of Bernstein’s theorem
for absolutely monotonic functions. We then show that this functor F is cartesian closed,
i.e. respects the cartesian closed structure of PCoh,. In the last part, we turn F into a
functor F™ : PCoh; — Cstab,,, and we show that F™ too is cartesian closed. To sum
up, the contribution of this paper is the construction of a cartesian closed full embedding
from PCoh; into Cstaby,. Since PCoh; is known to be a fully abstract denotational
model of PCFg,, an immediate corollary is that Cstaby, too is a fully abstract model of
PCFg.

11.1 A generalization of Bernstein’s theorem for pre-stable
functions

In [80], McMillan generalized Bernstein’s Theorem on absolutely monotonic function from
real analysis to general domains with partitions systems. Here, we present its result in
the more restricted setting of pre-stable functions on directed-complete lattice cones. Its
approach consists in first defining an analogue of derivatives for pre-stable functions, and
then showing that pre-stable functions can be written as the infinite sum generated by an
analogue of Taylor expansion on %°C. We give here the main steps of the construction
directly on cones, and highlight some properties of the Taylor series which are true for
directed-complete lattice cones, but not in the general framework McMillan considered.
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11.1. A GENERALIZATION OF BERNSTEIN’S THEOREM FOR PRE-STABLE FUNCTIONS

11.1.1 Directed-complete Lattice Cones

We first define the restricted set of cones that we consider; it is designed to enable us to
use McMillan’s results while also containing all cones fenrated by PCSs.

Definition 11.1.1 A cone C is said to be:

e directed complete if for any directed subset D of BC, D has a least upper bound
sup D € AC.

e a lattice cone if any two elements x,y of C have a least upper bound x V y.

Observe that a directed-complete cone is always sequentially complete.

Lemma 11.1.1 Let be C a lattice cone. Then it holds that:
o Any two element x,y of C have a greatest lower bound x A y.

e Decomposition Property: if z < x + vy, there there exists z1,z0 € C such that z =
21+ 29, and z1 <z, and z3 < y.

Proof. Recall that, if a > b, we denote by a — b the element ¢ such that a = b+ c.

e We consider z = z 4+ y — (z V y), and we show that z is indeed the greatest lower
bound of z and y.

o We take z9 = (zV z) — z, and z; = z — z;. First, we see that zo < (x 4+ y) — z, and
80 23 <y. Moreover, z1 =z — ((z V 2) — 2) < .

O

11.1.2 Derivatives of a pre-stable function

We are now going, following McMillan [80], to construct derivatives for pre-stable functions
on directed complete cones. This construction is based on the use of a notion of partition:
a partition of x € BC is a multiset ™ = [u1,...,up] € Mf(C) such that z = >, ;.
We write m ~ = when the multiset 7 is a partition of z. We will denote by + the usual
union on multiset: [y1,...,Yn] + [21,--+s2m] = [U1s-++ s YUn, 215 -+, 2m]. We call Parts(x)
the set of partitions of x.

Definition 11.1.2 (Refinement Preorder) Ifm, w2 are in Parts(x), we says that m; <
mo if m = [u1,...,up), and T2 = a1 + ... + a, with each of the oy a partition of u;.

Observe that when w1 and 7o are partition of z, mo < m; means that m; is a more finely
grained decomposition of x. If @ is an n-tuple in ZC, we extend the refinement order to
Parts(@) = Parts(u1) % ... x Parts(uy,).

Lemma 11.1.2 Let C be a lattice cone, and x € C. Then Parts(z) is a directed set.

Proof. We are going to use the following notion: we say that two non-zero elements x
and y of C' are orthogonal, and we note x L y, if z Ay = 0. Let be m,m € Parts(z).
We first show that it cannot exist z € m; which is orthogonal to all the element of 7.
Indeed, suppose that it is the case: we take y1,...,y, such that 7 = [y1,...,ys]. Then
by hypothesis, z < & = Y, ;. ¥i. We can now use the decomposition property from
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11.1. A GENERALIZATION OF BERNSTEIN’S THEOREM FOR PRE-STABLE FUNCTIONS

Lemma It means that z = >, ., ., 2, with z; < y;. But since for all 4, z L y;, it
folds that z; = 0 for all ¢, and so z = 0, and we have a contradiction.

Now, we are going to present a procedure to construct a partition 7 of x with 7 < 7y,
and m < mo. We can suppose that all elements of m; and w9 are non-zero. We start form
m =1, 01 =71, 02 = M2, and w = x, v = 0. Through the procedure, we guarantee:

e 01,0, € Parts(w), m € Parts(v), and w + v = z;
e all the elements of ©®; and ©5 are non-zero;

o 7+ 01 <7, and 4+ ©2 < o (for the refinment order).

Then at each step of the procedure, if 61 is non empty, we do the following: let #; =
lai,...,ay), and 62 = [by,...,by]. Then we know that there is a j, such that a; and b;
are not orthogonal. We modify the variables as follows:

7r:7r—|—[a1/\bj]
UZU‘FCLl/\bj

0, — [al—al/\bj,ag,...an]ifal/\bj#al
as, . ..,an] otherwise.

[
0y — [bl, .-abj—labj_al/\bj,bj—i-l,-u,bm] if(ll/\bj?ébj
[bl, cbi1, 0541, ,bm] otherwise.

T=x—a1 Nbj
At every step of the procedure presented above, the quantity:
card((¢,j) | not (a; L bj))
decreases. Indeed:

e or we remove either a; of ©1, or b; of O2, and then the statement above holds.

e or we replace a; by (a1 — a1 A bj), and b; by (b; — a1 A b;). Then we see that
(a1 — a1 ANbj) L (a1 — a1 A bj). Moreover, the pairs that were orthogonal before are
still orthogonal: indeed for every z with z L a; it holds that z L a; — a1 A bj, and
the same for b;.

As a consequence, the procedure will terminates. It means that we reach a state where
©; is empty, and all the invariants presented above hold. Then we see that = € Parts(x),
and 7 < 7y, mo.

We are going to illustrate the procedure above on a very basic example. We consider
the cone consisting of the positive quadrant of R?, endowed by the order defined as: z < y
if 21 < y1, and 22 < yo. We take two partitions of a vector z € R?: 1 = [b1, be2], and
7o = la1, az], where aj,as,b1,be are taken as pictured in Figure We are going to
apply our procedure in order to obtain a refinment of both 7y and 7. At the beginning,
we have ©1 =1, Oy = m, w =z, v =0.

e The first step is represented in Figure Observe that the procedure is actually
non-deterministic: we may choose any (a,b) with a € 71, b € 72, and a and b not
orthogonal. Here, we choose to start from (b;,a;). We take v = a3 A by (and we
represent it by a red vector in Figure : it is going to be the first element of our
new partition m. Accordingly, we take 7 = [v]. We know update the partition ©; and
O3 into partitions of w = x — v: O3 becomes [a}, az], and ©1 becomes [b'1, by] where
ay = a1 — by Aay and b] = by — a1 A by are represented also in red in Figure
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e The second step is represented in Figure Observe that now a} and b are
orthogonal, so we have to choose another pair. Here, we choose (b}, a2). As before,
we add to 7 the glb of b} and ay: we obtain m = [a1 A b1, b} A az]. Observe that now
(as can be seen on Figure b < az, and so by A az = b}. So when we update
the partition ©1 and G2, we take: G2 = [bo], and ©1 = [a1, a}] where a, = ag — b1
is represented in purple in Figure

e By doing again two steps of the procedure, we see that the final partition 7 is
[a1 Aby, b, a), ab]. We can see by looking at Figure|11.1b|that it is indeed a refinment
of both m; and ..

(a) First step of the Pro- (b) Second Step of the
cedure Procedure

Figure 11.1: Illustration of the Proof of Lemmag11.1.2

O

Observe that, as a consequence, the refinement preorder turns also Parts(i) into a
directed set.

Definition 11.1.3 (from [80]) Let C be a lattice cone, D a cone, and let f : BC — D
be a pre-stable function. Then for every x € BC, and @ = (uy,...,u,) € BCY, we define
@i’g : Parts(i) — D as:

<I>f (m, . my Z Z A" f(x | Y1y Yn)-

Y1E™ Yn€Tn

It holds (see [80] for more details) that <I>f s 1s a non-increasing function whenever f
is pre-stable (it is shown in Lemma 3.2 of [80] by looking at the definition of higher-order
differences). Since Parts() is a directed set (by Lemma|11.1.2)), <I>£ 'z has a greatest lower
bound whenever D is a directed-complete cone.

Definition 11.1.4 (from [80]) Let be C' a lattice cone, D a directed-complete lattice
cone, and f : BC — D a pre-stable function. Let be @ € HBC. Then the derivative of f
in z at rank n towards the direction @ is the function D" f(x | -) : BCY — D defined as

D"f(z|@) = inf & (7).

geParts(@) Y

In order to highlight the link with differentiation in real analysis, we illustrate Defini-
tion on the basic case where f: R, — Ry,
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Example 11.1.1 We take C and D as the positive real half-line, and x € [0,1). Let be h
such that x + h < 1. Then:
D!'f(z|h)= inf wa—i—y (x).

7 with w~h

Since f is pre-stable hence an absolutely monotonic function on reals, f is convex, and
moreover differentiable (see [12]]). From there, by considering a particular family of
partitions, we can show that D' f(z | h) = h - f'(x).

Proof. First, let m be any partition of y. Since f is differentiable and convex, it holds
that:

V, fla+2) - f@) 2 ()2
As a consequence, we see that for any partition w of h, it holds that Zyew (x+y)—f(z) >

f'(x) - h, and it implies that D' f(x | h) > f'(2) - h. To show the reverse inequality, it is

enough to consider the particular family of partition m, = [%, cee %] of h: we see that

S fety) - F@) =+ ) — f@)

YET R

0

Lemma 11.1.3 (from [80]) Let C be a lattice cone, D a directed complete cone, f a
pre-stable function from C to D. Let be x € B°C. Then D"f(x | ) is a symmetric
function B(C3}) — D such that moreover:

e 0 < D"f(zx | @) < A"f(x | @);

o botht+— D"f(x | ) and @ — A" f(x | @) —D" f(x | @) are pre-stable functions from
Cl' to D.

Proof. The proof is given in Lemma 3.31 in [80]. It comes almost directly from Defini-

tion IT.1.4l O

We have seen in Example that our so-called derivatives of pre-stable functions
play the same role as the differential of a differentiable function, which are actually linear
operators dfl’ : R"™ — R. While the abstract domains considered in [80] do not have to be
R, semi-modules, so have no notion of linearity, we are able to show in our case that the
D" f are linear in the sense of Lemma below.

Lemma 11.1.4 Let C, D be two directed complete lattice cones, x € B°C.

o Let f: BC — D be a pre-stable function. Then D" f(z | -) : B(CY) — D is n-linear,
in the sense that:

D"f(z|ug,... ., A v4w,...up) =XN-D"f(x | ug,...,0,...up)
+D"f(z | uty...,w,...up).

o For any u € B(CY), the function f € Cstab(C, D) — D" f(x | @) € D is linear and
directed Scott-continuous.
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Proof. We are going to use the following auxiliary lemma:

Lemma 11.1.5 (from [80]) Let C' and D be two directed cones, and f : C — D linear
and non-decreasing, such that moreover for all subset F' of C' directed for the reverse order,
f(inf F') = inf f(F). Then f is directed Scott-continuous.

Proof. Let be E a directed subset of C. We define F' = {supF — z | z € E}. Since E
is directed, F' is directed for the reverse order, and as a consequence:inf f(F') = f(inf F).
But we see that inf F' = 0. Therefore, since f is linear, f(inf F)) = 0. As a consequence
(and again by linearity of f): f(sup E)) —sup f(E) = inf f(F) = 0. O

We are now going to show Lemma

o We first show that D" f(x | -) : Z(C}) — D is n-linear. The additivity is given by
Lemma 3.72 of [80]. The commutation with scalar multiplication is not proved on
this form in [80] because they have a more general notion of a system of partition.
We first show that the result holds when A\ is a rational number. To do that, we
use the fact that m = [7,..., 7] is always a partition of 2. Then, let A € Ry and
@ = (u1,...,uy) such that both @ and v = (u1,..., Au;,...,u,) are in BCY. Let be
T = ("m)meN, ¢ = (¢m)men two sequences of rational number such that 7 tends to A
by below, and g tends to A by above. We see that:

D"f(x | V) =2-D"f(x | w1, .., = Uj...Up).

Do | >

We take N such that for every m > N, g, < 2-\: since D" f(z | -) is non-decreasing,
we see that:

r
D fla | )
n A
SDf(ZE|’LL1,...,§'u“ aun)
San(x|ula'--7q7m'ulv aun)

1
rm-D"f(x\ul,...,i-uz, ) Un)
n A
<D f(x]ul,...,i-ui,...,un)
1
SQm'an(x|u17"'7§'uz7 7“”)
As a consequence:
" 1
sup rm - D f(:n|u1,...,§-ui,...,un)
m>N
n A
<D f(x|u1,...,§-ui,...,un)
. 1
< inf ¢uD"f(x |ur, .., 5 ui o un)
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and by Scott-continuity of -, it tells us that D" f(z | u,..., 5 U, ..., up) = AD"f(z |
Ul,..., 3 Uj,...,Up). We can now conclude: recall that D" f(z | ) = 2- D" f(x |

ul,...,%-ui,...un). Therefore:
1
D”f(:z|17):2-)\-D”f(m\ul,...,§'ui,...,un)
1
=A-D"f(z|W) since 3 € Q.

e We show now that f € Cstab(C,D) — D"f(x | @) € D is linear and Scott-
continuous. It is immediate that it is linear, since every one of the f — A" f(x | u)
is. We are now going to use to show the Scott-continuity: it tells us that
we have only to check that for every £ C C =, D directed for the reverse order,
D" f(inf E | @) = inf D" f(E | @). Observe that:

D"(inf B)(z | @)= _inf > ... > A"(infE)(z |y, ., yn)

TweParts(d
( )yleﬂ'l YnE€EMn

TeParts(d
( )y167r1 YnETn

= inf inf{z...ZA"f(x!y1,--.,yn)}

tcParts(ud) fEE
T @ f Yy1€Mm YnETn

= }ng D" f(z | @) since the infs can be exchanged.
€

O

The linearity of the derivatives means that for every x € #°C, we can extend D" f(z | -)
to a function C¥ — D. We will use implicitly this extension in the following, especially in

Definition TT.1.5

11.1.3 Taylor Series for pre-stable functions

We have seen above that the D™ f are a notion of differential for pre-stable functions.
Following further this idea, McMillan defined an analogue to the Taylor expansion. We
give here a slightly different, but equivalent, formulation, taking advantage of the linearity
of the derivatives for cones (the original formulation, as well as the proof of equivalence,
are detailed in the long version). In all this section C' and D are going to be directed
complete lattice cones, and f : ZC — D a pre-stable function.

Definition 11.1.5 Let be x € °C'. We call Taylor partial sum of f in x at the rank
N the function TfN(z |-) : BCL — D defined as:

N
TFV (e ) = F@) + 0 DA v,
k=1""

The next step consists in establishing that the TV f are actually a non-increasing bounded
sequence in the cone of pre-stable functions from C' to D, which will allow to define the
Taylor series of f, as the supremum of the TV f.

To that end, we are first going to establish an alternative characterization of the Taylor
series, which is the one used in [80], in the framework of abstract domains. It consists
in substituting each of the D" f(x | y,...,y) with its expression given by Lemma
below. The validity of Lemma [11.1.4] and thus the equivalence of the two definitions,
depends on the fact we work with directed-complete cones.
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Lemma 11.1.6 (Alternative Caracterisation of Derivatives) Letx € #°C,y € BC.,
and k € N. Then it holds that D*f(x | y,...,y) is equal to:

sup Z Dkf(l' | Ug(1)y - ua(n))

m=[u1,...,un]€ Parts(y) o:[1,k]—[1,n]

Proof. We first introduce the following notation: if 7 = (u1,...,u,) is a partition of
z, and o : [1,k] < [1,n] an injective function, we denote o(7) = (Ug1),...u, (k). We
denote by A = SuPrcparts(y) Do:[1, 4] [1,1] D*f(z | o(r)). We show separately the two
inequalities.

e We first show that A > D*f(z | y,...,y). For every n € N, it holds that 7 =

(% Yy, % -y) is a partition of y. Therefore for every n € N:

Az Y D[ D)

o:[1,k]—[1,n]

~nl k Y Y
= oD @l )

|
:(n/_Z/WDkf(x|y7"‘7y)

n!

The sequence h)TF tends to 1 when n tends to infinity (see in the long version).

By Scott-continuity, it means that A > D*f(x | y,...,y).

e Let us show now that A < D¥f(z | y,...,y). Let be 7 = (u1,...,u,) € Parts(y).
Then:

S DHf(e|o(n)

o:[1,k]—[1,n]

<Y Y D )

i1€{1,n} ige{l,...n}
=DFf(x|y,...,y) by n-linearity of D*f(z | -)

Since A = SUPrcparts(y) Do:[1,k][1,1] D*f(z | o(m)), we see that A < DFf(x |
Y,...,y), which ends the proof.

([l
With this characterization, [80] shows that the sequence of functions (z € BC} — T f™(x |
y)) is bounded by (z € %’C; — f(x +y)) in the cone of pre-stable functions from C} to
D.

Lemma 11.1.7 Let bey is in #°C, and x in BC,. ThenVN € N, TN(x|y) < flz+y),
and the function (xz € ,%’C; = fx+y) = TfN(x|y)) is pre-stable.

Proof. Let be z € #°C and y € AC,. We are able to express f(x+y) by using f(z) and
finite differences on any partition of y: indeed, for every partition m of y, it holds that:

fatn)=i@+ Y o Y Ao (11.1)

1<k<n  o:[1,k]—[1,n]
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Proof. It is an algebraic calculation, done in [80]. We give here the proof for n = 2. Let
7 = [y1,y2] a partition of y. Then we see that:

for Y Y AYEem)

1<k<n " o:[1,k]—[1,n]
= f(x) + Al f(z,p1) + Al f (=, o)
b3 (O nm) + A, )
= f(@)+ (f(z+y1) — f(x) + (f(z +y2) — f(2))

+(flz+y1+y2) — flx+y1) — fl@+y2) + f(x))
= flx+y1+y2) = flz+y).

0

Moreover we are also able to express the derivatives of f at x towards the direction y also
using the partitions of y (it is the sense of Lemma [11.1.6]). Accordingly:

N
TV y) = f@) + 3 DM g )
k=1

@+ = s S D o(n)

k=1 TEPAS(Y) oy ks [1,n]
Using Lemma [11.1.3] we see that it implies:

N

TN (x| y) < f(=) Z sup Y Af|e(m)

k=1 " TEPArS) gt ks 1, g(m)]
We can now use the Scott continuity of 4+ and -, and we obtain:

N

T@ |y < sw f Zi, S Ak o(m)

meparts(y) P S e
We can now conclude using (11.1)):

T |y) < sup  flz+y) < flz+y)
weParts(y)

The proof of the pre-stability of the function can be found in [80]. It is based on the
fact that each one of the above inequality can be seen as an inequality in the cone of
pre-stable functions. O

Since we have shown that the partial sum of the Taylor series of f was a bounded non-
decreasing sequence in the sequentially complete cone of pre-stable functions from C} to
D, we can now define the Taylor series of f as its supremum.

Definition 11.1.6 We define Tf(z | -) : BCL — D the Taylor series of f in = and
Rf(x|-): BCL — D the Remainder of f in z as:

Tf(x|y)=sup TfY(z]|y)
NeN

Rf(z|y) = f(z+y) =Tf(x|y).
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11.1.4 Extended Bernstein’s theorem

Our goal from here is to show that for any = € #°C, Rf(0 | ) = 0. We recall here the
main steps of the proof of [80]. It is based on two technical lemmas, that analyze more
precisely the behavior of the remainder of f. The first one is actually a summary of several
technical results shown separately in [80].

Lemma 11.1.8 Let be x € B°C. Then it holds that both:

Rfy:yc BCL— Rf(x|y) €D
and Rfy:xE%’Cylr—)Rf(xW)ED

are pre-stable functions. Moreover Rf,;(0) = 0, and for every x € %’Cyl, it holds that
T(RfY)(0 | x) =0.

Proof. We give here only sketches of the proofs. The detailed proof can be found in [80].

e For RfY, it is a consequence of the fact that both f¥ : (z € %’C’; — f(z +vy) and
TfY:xz € %’Cyl — T'f(x | y) are pre-stable functions, with T'f¥ < f¥ in the cone of
pre-stable functions, and RfY = f¥ — T fY.

e The pre-stability of Rf, is stated in Theorem 4.1. of [0]. It is based on a previous
technical lemma shown in [80], which says it is sufficient for a function to be pre-
stable, to have all its differences in 0 to be non-negative. Then the idea is to fix x, and
to consider for every N € N, the function gy : y € BCOL — f(x+y)—TfN(x | y). It
is then possible to show that for any n € N, and @ € #Cy}, A"gn(0 | @) = A" f(z |
@) — A™(TfN)0 | @), with TfN : y — TfN(x | y). By a computation on the
A™M(TfN)(0 | @), we see that the A"gn (0 | @) are non-negative. Then, we conclude
using the fact that Rf,(y) = infxnen TN (y).

e The fact that Rf,(0) = 0 is a direct consequence of the n-linearity of the map
U D"f(z | 4) for n > 1.

e The fact that T(RfY)(0| ) = 0 is shown in [80] in Lemma 5.26. It is based on the
fact that the Scott-continuity of f +— D™ f(z | @) allows us to show that if we take
g(y) = D" f(z | @), then D¥g(z | ¥) = D"** f(yo | @, ¥), and from there to compute
the Taylor series of RfY.

O

The second technical lemma gives us a way to decompose Rf(x | y) into smaller pieces.
It is stated in Theorem 5.3 in [80].

Lemma 11.1.9 Let be x,y such that v +y € BC. Then Rf(0 | = +y) < Rf(y |
)+ Rf(x | y), and furthermore Rf(0 | x+y) > Rf(x | y), and Rf(0| z+y) > Rf(y | x),

and moreover all the inequality are in the cone of pre-stable functions.

Proof. We give here a brief sketch of the proof of the first statement. More details can
be found in [80]. We introduce the function Rf** : y € BCL — Rf(0 | z +y). The proof
is based on the fact that it is possible to establish (see [80]):

T(RF)(0 | y) = T(RF™)(0 | y) (11.2)
and R(Rf)(0 | y) = R(RE)(O | y) (11.3)
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As a consequence, we can write:

Rf(z|y)+Rf(y|z)=Rfa(y) + Rf*(y)

=T(Rf:)(0]y) + R(Rf:)(0 [ y) +T(Rf)(0]y) + R(RF)(O0 | y)

=T(Rf:)(0]y) + RRfT)(0 ] y) + T(RF)(0 | y) + R(RF)(0 | y)
by and

=Rf™(y) + T(Rf)(0 | y) + R(R$)(0 | )

> Rf™(y) = Rf(0] 2 +y),

and we see that we have also shown that the difference is pre-stable. The other two
statement are shown in a similar way. O

We use Lemma [11.1.9 to show the a more involved upper bound on Rf(0 | z).

Lemma 11.1.10 Let be x € BC, and © = [x1,...,xy,] a partition of x, such that for
every z; € m, ¥ +x; € BC. Then Rf(0 | x) < 3 i infrijmma; Dosen, BE(2 ] 2).

Proof. For every z € #C, we denote g, : y € BCL + f(x +1y). From the definitions of
the D™, we see that it holds that Rg,(0 | y) = Rf(z | y).

Let be m1,...,m, such that =m; is a partition of x; over J. Then m + ...+ 7, is a
partition of x. Lemma applied several times , combined with the fact that Rg, (0 |
y) = Rf(z | y), tells us that:

Ri(O0|z)< Y RI( %),

zE€m1+...+mn

where 2/ = ZueﬂlJr.”Jrﬂnw#z u. Moreover, we know that Rf? is pre-stable (by lemma .
Since, for every z € m + ...+ 7y, 2/ < x (it is immediate, since 7 + ...+ 7, is a partition
of x), it folds that Rf(2' | z) = Rf*(2') < Rf*(z) = Rf(z | ). As a direct consequence,
we see that Rf(0 | zo) < >3, > .c,.. Rf(x | 2), which leads to the result. O

zZET;
We are now ready to show the main result of this section.

Proposition 11.1.11 (Extended Bernstein’s Theorem) Let be C, D directed-complete
lattice cones, and f : BC — D a pre-stable function. Then for every x € B°C, it holds
that f(x) =Tf(0 | z).

Proof. Let be x € #C. First, we consider the partition 7 = [§,..., ] of z, with V
taken such as z + § € #C. We know that such an N exists since z is in the open unit
ball °C. We use Lemma [11.1.10[on Rf(0 | ), and the partition 7, and it tells us that:

Rf(O]x)< ) y inf > Rf(z | w). (11.4)

E2
1§j§N7T ul,...,un)EParts(N)lgiSn

Observe that the above expression is valid, since for every w; in a partition m of %,
r +u; € BC. We know, by Lemma |11.1.8 that Rf(x | 0) = 0. Therefore, we can

rewrite as:
Rf(O[x)< ) y inf > Rf(z|uw)— Rf(x]0). (11.5)

E2
1§j§N7T u1,...,un)€Parts(N)1SZ,Sn
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Moreover, we are able to express the right part of (11.5) by the finite differences of the
pre-stable function Rf,; indeed for each 1,

A'Rfy(0,u;) = Rf(z | w;) — Rf(z | 0). (11.6)

By the definition of derivatives (see Definition [11.1.4]), we see that

D'Rf(0] 2)y= inf A'RF,(0, 11.7
RO = i S ARE0) (1.7

We see now that combining ((11.5)), (11.6)) and (11.7)) leads us to Rf(0 | z) < ZlgjgN D'Rf.(0 |
£). Moreover, we know that for every y € ZCL, D'Rf,(0 | y) < T(Rf2)(0 | y). Hence by
using again Lemma|11.1.8) which says that T'(Rf;)(0 | &) = 0, it holds that Rf(0 | ) = 0.
g

11.2 Cstab is a conservative extension of PCoh,

Probabilistic coherence spaces (PCSs) were introduced by Ehrhard and Danos in [34] as
a model of higher-order probabilistic computation. We presented them in Chapter [9} In
this section, we highlight an embedding from PCSs into cones. As highlighted in Example
4.4 from [45], we can associate in a generic way a cone to any PCS. The idea is that we
consider the extension of the space of cliques by all uniform scaling by positive reals. We
formalize this idea in Definition [1.2.1] below.

Definition 11.2.1 Let be X a PCS. We define a cone Cx as the Ry semi-module {c -
z s.t. a> 0,z € P(X)} where the + is the usual addition on vectors. We endow it with

|- llc, defined by:

. 1
zllc, = sup (z,y) =inf{= | r-z € P(X)}
yEP(XJ-) r

It is easily seen that it is indeed a cone—observe that the proof uses the so-called technical
conditions from Definition Moreover, we can see that Cy consists exactly in the
set P (X) of cliques of X. Looking at the cone order =, , as defined in Definition [9.3.2]
we see that it coincides on P (X) with the pointwise order in R, |X|. It is relevant since
we know already from [34] that P (X) is a bounded-complete and w-continuous cpo with
respect to this pointwise order.

Lemma 11.2.1 For every PCS X, it holds that C'x is a directed-complete lattice cone.

Proof. To show that Cy is directed complete, we use the fact that P (X') is a complete
partial order. To show that it is a lattice, we see that x VV y can be defined as: (z V y), =
max T, Y, Va € |X|. O

11.2.1 A fully faithful functor F : PCoh, — Cstab,,.

Recall that Definition [11.2.1] gave a way to see a PCS as a cone. Moreover, as stated in
Proposition [11.2.2] below, a morphism in PCoh; can also be seen as a stable function, in
the sense that £ C Cstab(Cy, Cy).

Proposition 11.2.2 Let be f € PCohy(X,Y). Then f is a stable function from Cyx to
Cy.
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Proof. We know from [34] that f : P (X) — P () is sequentially Scott-continuous with
respect to the orders =<¢, , =¢y, . Moreover f is pre-stable: it comes from the fact that

fcan be written as a power series with all its coefficients non-negative. Finally, we have

to show that f(#BCx) C #Cy). Since BCx = P (X), BCx = P (X), and moreover f is
a morphism in PCoh,(X,))), we see that the result holds. O

Thus we can define a functor F : PCoh; — Cstab, by taking FX = Cy, and Ff = f Our
goal now is to show that F is full and faithful, which will make PCoh, a full subcategory of
Cstab. As mentioned before, it was shown in [34] that ~ is a bijection from PCoh,(&X,))
to EYY. Tt tells us directly that F is indeed faithful. In the remainder of this section, we
are going to show that F is actually also full, hence makes Cstab a conservative extension
of PCoh,.

In the following, we fix X and ) two PCSs, and g € Cstab(F&', F)). Our goal is to
show that there exists f € PCoh,(&X,)) such that f = g. First, recall that we have shown
in Lemma, that for every PCS Z, the cone FZ is a directed complete lattice cone.
It means that all results in Section [11.1]can be used here: in particular, g has higher-order
derivatives D"g, which makes Definition below valid.

Definition 11.2.2 We define f € Ry M f(|X]) x | V| by taking:

gy,
f[ala---,ak]ﬁ = % (Dkg(() ‘ €ays - eak)>b eR".

where ay, = #{(c1,...,¢x) € \XF with = ey, ... e}

We have to show now that f € PCohy(X,)), and that f coincides with g on P (X). The
key observation here is that we have actually built f in such a way that it is going to

coincide with T'g(0 | -)—the Taylor series of g defined in Definition [11.1.6, We first show
it for the elements of P (X)) with finite support, by using finite additivity of the D¥g(0 | -).

Lemma 11.2.3 Let be x € P (X), such that Supp(z) = {a € P(X) | x4 > 0} is finite.
Then it holds that f - x' is finite, and moreover f -z' = Tg(0 | z).

Proof. Let A ={ai,...,an} C |X| be the set Supp(x). For any b € |)|, we can deduce
from the definition of f that:

oo
o
(Frap=2 > DRG0 | ey €0 )p -
k=0 ;L:[Cl,..‘,ck]EMn(k)A '
Looking at the definition of oy, we see that this implies:
) 1 k
(fra=) > ED’fg(o leers- e )s [ [ 2o (11.8)
k=0 (cy,...,.c)EAF i=1

By Lemma [11.1.4] we know that D¥g(0 | -) is k-linear. As a consequence, and since
T =" % - €, and that moreover A is finite, we see that (11.8) implies the result:

(F o =32 D90 2. 2)y = Tg(0 | 2)
k=0
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We are now going to apply the generalized Bernstein’s theorem, as stated in Proposi-
tion [11.1.11] to the stable function g from FX to F) . It tells us that:

Ve € °Cx, g(x)=Tg(0]x). (11.9)
Combining (11.9) with Lemma [11.2.3] we obtain that:
Vi € #°Cy with Supp(z) is finite, f - ' = g(x). (11.10)

We can now use ((11.10]) to show that fand g coincide on P (X): the key point is that
the subset of elements in P (X) of norm smaller than 1 and finite support is dense, and
that moreover g is Scott-continuous.

Lemma 11.2.4 Vz € P(X), f-2' = g(2), and moreover f € PCohy(X,)).

Proof. Let be x € P (X). It is easy to see that there exists a non-decreasing sequence y,,
with 2 = sup,ey Yn, and for every n, [lyn|c, < 1, and y, has finite support. For every
Yn, we can use (I1.10), and we see that g(y,) = f - ys,. Since g is a morphism in Cstab,
g is sequentially Scott-continuous, hence:

9(x) = sup g(yn). (11.11)
neN

Moreover, we know from [34] that both = +— z' and x — u - x are Scott continuous. It
means that:

f-z'=supf- yib. (11.12)

neN
Combining (I1.11)) and (T1.12)), we obtain f-z' = g(z). Since g(#Cx) C ZACy, it implies
also that f(P (X)) C P()). Thus by Lemma f € PColy(X,)). O

Since we have indeed be able to show in Lemma that for any fixed stable function
g in Cstab(FX, F)), there exists a f € PCoh(X,)) such that Ff = g, we have indeed
shown that F is full.

11.2.2 F preserves the cartesian structure.

We want now to give more guarantee on the functor F: we want to show that it is a
cartesian closed functor, meaning that it embeds the cartesian closed category PCoh,
into the cartesian closed category Cstab in such a way that:

e F preserves the product: for every family (X;);er of PCSs, F([] is isomor-

phic to Hicésltabm FX;;

PCoh, 4
el )

e F preserves function spaces: for every X', ) PCSs, F(X = )) is isomorphic to FX =
FY.

Lemma 11.2.5 F preserves cartesian products.

Proof. We fix a family .7 = (&});er of PCSs. In order to construct an isomorphism, we
have a canonical candidate, given by:

PCoh, Cstabm
U7 = (F(m) |iel)eCstab(F( [[ x), [[ FA).
el el
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Let us now see that 7 is an isomorphism. Looking at the definition of cartesian product
in PCoh; defined in Section [9.2] of Chapter [9] and the one of cartesian product in Cstab,

defined in Section we see that for every © € ABF (Hlic;()h! X;):

\Il’oz(m) = (Yi)ier where Vi€ I,Va € |X|, (yi)a = 2(iq)-

We want now to show that U7 has an inverse. The only candidate is ©7 : y €

B(Lic™ F) = O(y) € (F(ITey™™ i), defined by: Vi € I,a € | %], 0(y)ia = (uia-
We see immediately that ©7 is linear, hence pre-stable, and that moreover it is Scott-

continuous. Besides, it is also non-expansive sinceVy € ZD, |07 (y) PCoh,

I =
}—(Hiel Xi)
HyHHCsItab +x- We show now the non-expansiveness of ©7:

1€ z

107 Wl =mt(> |r-0”wer(I]) " %)

el

P
o mf{; ‘ VZ I~ I,’]“ . yl = P (X)’L} = Szlél}) HylH]-—XZ = HyHH?eSItab]:XZ

Thus ©7 is a morphism in Cstab. ]
Lemma 11.2.6 F preserves function spaces.

Proof. Let X,) two PCSs. As previously, there is a canonical candidate for the isomor-
phism: we define Y** as the currying in Cstab of the morphism:

QX=X Flevaly,y)

FX=Y)XFX —— F(X =YX X) — F),

where ©@Y=Y:¥ is as defined in the proof of Lemma above.

Unfolding the definition, we see that actually: Y¥Y : f ¢ BF(X = V) fe (FX =
FY). Since we have shown that F is full and faithful, we can consider =%+ the inverse
function of Y*Y. Recall from the proof of the fullness of F in Section that for
every 1 = lai,...,ar) € Ms(|X|), and b € |Y|:

(1]

Aaq,...;a
V(P = =2 (DEFO [ ears - cea)) -

Recall from Lemma that for any @ € Z(CF), the function f € Cstab(FX,FY)
D f(x | @) € FY is linear and Scott-continuous. As a consequence, Z¥* too is linear and
Scott-continuous.

To know that =%+ is stable, we have still to show that it is bounded: we are actually
going to show that it preserves the norm. Indeed, for every f € B(FX = F)), we see
using the definition of the norm on a cone obtained from a PCS (see Definition ,
that:

IZY () lmyy = int s |7 Z¥ () € P ()X = D)} (11.13)
It was shown in [34] that:
P EP()X=Y) o Ve eP(X), (- EV(f) A e PY).  (1L14)

We see that (r-ZYY(f))-2' = r- f(z) since ¥ has been defined as the inverse of T,
It means that we can rewrite (11.14) as:

r- 2% eP()X=Y) @ VzeP(X),r flz) eP()). (11.15)
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Since for every PCS Z, it holds that P (Z) = ZAF Z, we can now use ({11.15)) to rewrite (11.13))
as:

—_ : 1
IE¥Y (Pl prmy) = mf{; | Vo € BFX,r- f(z) € BFV} (11.16)

Looking now at the definition of the norm in the cone FX = F)), we can complete the
proof using ([11.16) and the homogeneity of the norm. Indeed:

—_ 1 1
IZ52 Nz eayy =08 i Sllzxmry < 1)

ool
= mf{; | Ml pxsry <1}
= [l 7=y

0

As a direct consequence of Lemma[11.2.5|and Lemma|[11.2.6) we can state the following
theorem:

Theorem 11.2.7 F is full and faithful, and it respects the cartesian closed structures.

11.3 PCoh, is a full subcategory of Cstab,,

We want now to convert the functor F : PCoh; — Cstab into a functor 7" : PCoh; —
Cstaby,. To build F™, we are going to endow each FX with measurability tests, in such
a way that F(f) will be a measurable stable function for any morphism f € PCoh,.
Observe that this requirement does not determine uniquely the choice of measurability
tests. For instance, it would be verified if we choose {0} as measurability tests for every
FX. However, as explained in the introduction of the present chapter, we want also
Fm(NPCoh) to be isomorphic to [Cstabm]cstab,,: We would like to be able to inject any
discrete distribution on N into a distribution on R. A natural way to ensure this is to use

the discrete structure of the web to give the following definition of the MC arising from a
PCS.

Definition 11.3.1 For any X € PCoh, we define C} as the measurable cone Cx en-
dowed with the family M™(X), oy of measurability tests defined as M™(X) = {e, | a €
|X|}, where e, (7, z) = 4.

We see that the ¢, are indeed linear (i.e commuting with linear combinations), and more-
over Scott-continuous: hence they are indeed element of C%.. It is easy to verify that the
other conditions are verified, and so C'} is indeed a MC.

Lemma 11.3.1 Let be X a PCS. Then Paths"(C%) is the set of those v : R™ — Cx such
that:

e I\ ER,y(RY) C ABCy

o Va € |X|, v, : 7€ R" = y(r)q € Ry is measurable.

Two MCs with the same underlying cone, but different measurability tests may be iso-
morphic in Cstab: it is enough for them to have the same measurable paths. It is what
happens in the example below, where we consider F™NPCoh and Meas(N). It is actually
also what happens at higher-order types, as we will explain in Section
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Example 11.3.1 Recall from the definition of F™ that the underlying cones of F™NFCoh
and Meas(N) are the same. However they have not the same measurable tests:

MM (FINPCOR) — (e | neN}; M*(Meas(N)) = {ey | U C N}.

We consider the identity function id : x € P (N)PC°P s (4 — Y neaZTn) € Meas(N). Let
v € Paths™(FTNPCOR)  We want to show that for every U C N:

4 € R" — ey(id(y(u)) € Ry is measurable.

We see that ey (id(y(@)) = Y ,cp en(¥(1)). Since v € Paths™(F™NFCOR) it holds that
for every n € N, the function (@i € R" — e,(y(4)) € Ry) is measurable. Since the
class of measurable functions are closed by finite sum and pointwise limit, we see that
(@ € R" — ey(id(~(@)) € Ry) is measurable too, and therefore id is a morphism in
Cstaby,. We show in the same way that its inverse is measurable too, and we have the
result.

Lemma 11.3.2 Let X,) be two PCSs, and f € PCohy(X,Y). Then Ff is measurable
Jrom C% into CF}.

Proof. We have to show that Ff preserves measurable paths. Let v € Paths"(C%):
our goal is to show that f oy € Paths"(Cj}). Recall that Lemma gives us a
characterization of Paths"(Cj}). Since v and Ff are bounded, we see immediately that
Ff o~ is bounded. Let b be in |)|. We see that:

(Ffov)(F) = Z Fub - H '7(1(77)'“(&)-

HEM (| X]) a€Supp(u)

Since v € Paths™(C%), it holds that v, : R®™ — R, is measurable for all a € |X|. We
conclude by using the fact that the class of measurable functions R™ — R, is closed

under multiplication, finite sums and limit of non-decreasing sequences: it tells us that
7€ R" — (Ffo~v)(r) € Ry is measurable, and the result folds. O

Theorem 11.3.3 The functor F™™ : PCoh, — Cstaby, defined as F"X = C¥, and
Ff=Ff, is full and faithful.

Proof. It is a direct consequence of the fact that F is full and faithful, coincide with F™
on morphisms, and moreover Cstabmy, (F™X,F™)) C Cstab(FX,F)). O

11.4 F™ is cartesian closed.

We want now to show that just as F, F™ is cartesian closed. Since the forgetful functor
between Cstaby,, and Cstab is cartesian closed, we see that we have only to show that
the Cstab-isomorphisms used in the proofs Lemmas [11.2.5 and [11.2.6] are also morphisms
in Cstaby,. Observe that it is immediate that the U7 and YT¥? are also morphisms
in Cstaby,: indeed we have defined them canonically by using the structural morphisms
linked to the cartesian structure of Cstab, which are the same in Cstaby, (see [45]).

Lemma 11.4.1 For all F = (X;)icr a finite family of PCSs,

Cstabm PCoh,
07 € Cstabm( [[ 74, F7( [ X))
el el
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Proof. Since we already know that ©7 is a morphism in Cstab, we have only to show that

it is measurable, i.e. that it preserves measurable paths. Let v be in Pathsn(HiCESItabm FMX;).
We have to show that ©7 o v is a measurable path for F m(HZ(;Oh! X;). Recall that
Lemma(11.3.1] gives us a characterization of such paths. Since both ©7 and ~ are bounded,

it is immediate that ©7 o~ is bounded too. Now we show that for all (i, a;) € ‘Hi(;(’h’ X;

07 o Y)(i,a;) s measurable.

By looking at the definition of ©7, we see that (07 o Va0 (F) = (V()i)a. We
see now that we can construct a measurability test m € MO(J[&FaP= F™X;) such that
(Y(M)i)a = m(-)(7(7)): it is enough to take m = @j¢crl;, with I; = 0 if j # i, and [; = €,,.
Since 7 is a measurability tests, it means that 77 € R"” — m(-)(v(7)) € Ry is measurable,
and the result folds. O

Lemma 11.4.2 For all X, Y PCSs, %Y is in Cstaby,(F™X = F™Y, F(X = ))).

Proof. We have to show that 2%+ preserves measurable paths. Let v be in Paths"(F"X =
F™Y). We fix p € Ms(|X]), and b € |Y|. Our goal is to show that (E¥Y o), , : R™ — Ry
is measurable. Since 7 is a measurable path, we know that for every p € N, and
[ € Paths? (F™X), €, > [ is a measurability test on F™X = F™)), and therefore:

(7, 10) € RPT™ i (e, > I(7))(v()) € Ry is measurable. (11.17)

We are going to apply (11.17) to a particular measurable path on F™X. Let p be the
cardinality of Supp(u), and {a1,...,ap} = Supp(p). We define [# : R — F™X as:

e RP Zlgigm Ti - €q, if 7 > O0Vi and Zlgz’gm r; <1;

0 otherwise.
We see that I#(RP) is bounded in F™X, and moreover for every a € |X|, the function
7 € RP — [M(F), € RT is measurable. Using the characterization of Paths?(F™X) in

Lemma|11.3.1} we see that [# is in Paths?(F"X). Thus we can apply (11.17) with [ = [*.

Observe that
(ep > () (v(@) = (V(@)(I*(7)))y -

Therefore tells us that ¢ : RPT™ — R, is measurable, with ¢*? defined as
ot o (7o) € RPF™ s (@) (I1M(F))p € Ry. We define J C RP as [0, %[p. We are going to
look at the restriction of the function ¢*? to J x R": indeed we are going to show that ¢*?
has partial derivatives on that interval. We define 1)** : J x R” — R as the restriction
of ¢*® to J x R™. Since ¢*? is a measurable function, and J x R™ a measurable subset of
RPH™ qhib also is measurable.

Lemma below (which is shown in the long version) is key: it says that we can
recover the coefficients of the power series 1/*® by looking at its partial derivatives. We
will then show that we can do it in a measurable way.

Lemma 11.4.3 For every multiset v € M¢({1,...,p}), there exists an interval K of the
8(1Z)H’b )cm“d(u)

form [0, c]P such that the partial derivative OVpH* = #ﬁa%y(m

oyt (0,11) = 2V (y(a@)),, - [ v

1<i<p

K xR™ — R, exists,
and moreover:
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Proof. Since IM(F) = >y, i - € for 7 € J, we see that:

PP (7, 1T) = Z EX’y(V(ﬁ))u,b -7 € Ry
veM(|X1)

For a fixed 5, we can see it as a generalization of entire series in real analysis. There
are well-known results about the differentiation of such series: for instance, a uniformly
convergent entire series is differentiable on its (open) domain of convergence. Here, we
are going to show the counterpart of some properties on entire series, on what we call
multisets series of p real variables: those are the series of the form

S(r) = Z a, - ™ where 7€ RP.
veMy(L,...,p)

First, we observe that for each 7, we can look at S(7) as an infinite sum over natural

numbers:
S =3 > ay - ).

neN peMy(1,...,m)|card(u)=n

We recall here a classical result of real analysis on power series, that we will use in the
following.

Lemma 11.4.4 [Derivation of a series] Let f, : I — R be a sequence of functions from
a bounded interval I. We suppose that f(x) =, cn fu(x) is convergent for every x € I,
and moreover for each n € N, f, is derivable and Y, _ f}, is uniformly convergent on I.
Then f is derivable, and moreover f' =37 _y fh-

Lemma 11.4.5 Let p € N, and S(¥) = Zyer({lw,p}) a, - ™ with non-negative coeffi-
cients a,,, such that S is convergent on an interval I = [—c,c]P, with ¢ > 0.

Then there ezists 0 < b < ¢, such that the function g : ¥ €] — b,b[P— S(¥) € R is
partially derivable in each of the r; variables, and moreover:

ag ) —|1 :
8—7%(7‘): Z ay -7 p(0).

veM({1,...,p})liev

Proof. We take b = §, and set J =] — b,b[. To simplify the notations, we suppose here

that ¢ = 1, but the proof is the same in other cases. We want to show that for any fixed
i € JP~1 the function hg : 7+ g(r, ) is derivable on J. Let us fix @ €] — b, b[P~L. We
are going to use Lemma [11.4.4 on hg. We see that hg(r) = >, cy hn(r), where

ho(r)=( > ayape-@) 1",

VEMf(2,...,p)

where [1"] is the multiset consisting of n occurrences of 1. We see that for every n € N,
the function h,, is derivable on J, and:

ha(r) = ( Z ayypng - @) -m "

veEM;(2,...,p)
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We see now that the series >
holds that:

nen P, is uniformly convergent on J: for every r € J, it

B < (Y gy fa@l) - n !

VEMf(2,...,p)
_— A
= ( Z au+[1n]'\u| 'C)'n'g' e
vEM[(2,...,p)
. 1 |rnt
=Y alen oy

77€Mf(1:--~7p)|77(1)=n

Since the series S(r) = > a, - ™ is convergent on I, and (c,|ud|) € I, it holds that there
exists M > 0, with Zuer(l,...,p)lu(l):n ay, - |(c,@)|” < M. As a consequence, and since
moreover for each r € J, it holds that |r| < b, we can now write:

n—1 n—1
Vred, [W@)|<M-Z. (”) SM-%- (b> (11.18)

C Cc C

Since b < ¢, we know that the quantity in the right part of (11.18) defines a convergent
series. As a consequence, the series ) by, is uniformly convergent on J, which means

that we are able to apply Lemma |11.4.4; we see that ex1sts on J", and moreover:
9y
= hl(r, (ra,. ..,
87“1 ( _') Z 7"2 P))
neN

- Z( Z au+[1n](7“2, cer)) pn—l

neN veM({2,...,p})

= Z ay -7 M. (1) and the result folds.
veM;({1,...,p})|1ev

We iterate now Lemma [11.4.5)in order to look at higher-order partial derivatives.

Lemma 11.4.6 Let S(7) = Zyer({l’wp}) a,-(7)" with a,, > 0. We suppose S convergent

on I =] —b,b[P, with b > 0. Then for every multiset v € M¢({,1...,p}), there exists
0 < b < a, such that, when we define g : 7 € [=b,b]P — S(7), the partial higher-order
derivative M%’;a—”g:)m exists, and moreover:
g orit) (n +v)(@)!
7)) — Ao/ A AN
I oy ) 2. aw ™ [

neMy({1,...,p}) 1<i<p

Proof. The proof is by induction on card(v), and uses Lemma It is clear that the
result holds for v = ). Now, we suppose that it holds for every v of cardinality N. Let
x be a multiset of cardinality N + 1, and we take v, and ¢ such that x = v + [i]. By the
induction hypothesis, there exists ¢ > 0, such that, when we define g : ¥ € [—c¢, ¢|P — S(7),

agcard(u) . .
I D) exists, and is equal to:

T(F): Z a77+l/'7m' H (77+V)'(J)

neM;({1,p}) 15y N0

the partial derivative
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We see we can apply Lemma [11.4.5| with T as multiset series, and I = [—¢, ¢[P. It means
that there exist 0 < d < ¢, such that gTTi exists, and

(

neMy({1,....p})li€n 1<<p

_ 3 aw-w-(w[i])(i)'nw

LEMf({17“'7p}) 1<j<p
- Z Qpr - T H (+rm0)!
TR - ' .

€M ({1,-.p}) ey W)

O

We end the proof of Lemma[11.4.3| by using Lemma|11.4.6|for each @ € R™ on the multiset
series given by

SaM) = 3 E @
veM;({L,...,p})
We see that it is indeed absolutely convergent on I =| — %, %[p, using the fact that for

7€ 0, %]p, Sg(7) = b (7, @) for ¥ € RP. O

We can now end the proof of Lemma Indeed, since the class of real-valued mea-
surable functions is closed by addition, multiplication by a scalar and pointwise limit, and
that 1" : K x RP — R, is measurable, it holds that the partial derivatives (when they

exist) are measurable too. Indeed, observe that %ﬁ((rl,r_&),ﬁ) = limy, o0 fn((r1,7), ),
with

o L. _
fn((rlv r)?“) =n: f((T’1 + E,r),u) - f((rhf% u)
As a consequence, applying Lemma with v = p leads us to:

a(d}u,b)card(#)
87“1#(1) . 87’;,'“(77)

Therefore (again by Lemmall1.4.3)), (@ € R" — EXy(*y(ﬁ))u b1 Ti<icp (2)! is measurable),
and the result folds. O

ueR" — (0, @) is measurable.

Theorem 11.4.7 F™ is a cartesian closed full and faithful functor.

11.5 Conclusion

Our full embedding of PCoh, into Cstab implies that every stable function f from P (X)
to P () can be characterized by an element Z%VY(f) € RMsIXDXIVl that has to be seen
as a power series. It gives us a concrete representation of stable functions on discrete
cones, similar to the notion of trace introduced by Girard in [53] for stable functions on
quantitative domains. There are well-known real analysis results on power series, as for
instance the uniqueness theorem—any power series which is null on an open subset has
all its coefficients equal to O0—on which is based the proof of full abstraction for PCFg
in PCoh, [46]. While we have not been able to extend such a concrete representation to
cones which are not directed-complete, as for instance the cone Meas(R) =, Meas(R), our
result could hopefully be a first step in this direction. This kind of characterization could
lead to a way towards a full abstraction result for the continuous language PCFgymple in
Cstaby,, and more generally gives us new tools to reason about continuous probabilistic
programs.
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Chapter 12

Perspectives

12.1  Abramsky’s applicative bisimulation for an higher-
order language with continuous probabilities.

The present thesis aimed to contribute to a better understanding of coinductive techniques
for studying context equivalence and distance for higher-order languages with discrete
probabilities. In this setting, we now have quite an extensive picture of the situation:
we can cite for instance the seminal work of Dal Lago, Sangiorgi and Alberti [32] on
state-based and distribution-based generalization of Abramsky’s applicative bisimulation
for call-by-name Ag), the study presented in the present thesis for call-by-value Ag, the
development by Vignudelli and Sangiorgi [I07] of an environmental bisimulation for a
probabilistic A-calculus with imperative features as local states... By contrast, operational
techniques based on coinduction have not yet been extended to higher-order languages
equipped with primitives handling continuous distributions. Such a step further would
ask to replace the quantitative transition systems on which are based the discrete proba-
bilistic generalization of Abramsky’s applicative bisimulation with quantitative transition
systems that also embed concepts of measure theory. This necessity already appears when
defining the operational semantics of the language: for instance when Ehrhard Pagani and
Tasson [45] define the operational semantics for their continuous language PCFgample, they
need to express it as a Labeled Markov Process—thus generalizing to continuous probabil-
ities the way they defined the operational semantics of the discrete probabilistic language
PCFg using a Labeled Markov Chain. Coinductively defined notions of both equivalences
and distances have been studied in depth for Labelled Markov Processes [39] 41}, 48] —and
in some cases, reasoning on these continuous transition systems has proved easier than
reasoning on their discrete counterpart, as we have highlighted in Chapter [5] when look-
ing at the testing characterization of equivalence on Labeled Markov Processes developed
in [I18].

12.2 State-based Applicative Bisimulation Distances for Prob-
abilistic Higher-Order Languages.

As we presented in details in Chapter |4 Dal Lago, Sangiorgi and Alberti introduced [32]
two generalizations of Abramsky’s applicative bisimulation to a discrete probabilistic set-
ting: the state-based and distribution-based applicative bisimulation. It may be noted
that while the underlying transition system of the state-based applicative bisimulation
has a more complex transition structure than the one obtained in the distribution-based
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12.3. THE FULL ABSTRACTION PROBLEM FOR PCFsamprLe IN THE CATEGORY OF MEASURABLE
CONES AND MEASURABLE STABLE FUNCTIONS.

setting—in the sense that the transition are truly probabilistic—the states space of the
former is by contrast simpler as the one of the latter, since it consists of all programs of
the language instead of all distributions over all programs of the language. In Chapter
we looked at quantitative generalizations of distribution-based applicative bisimulation,
for both a probabilistic affine A-calculus and a probabilistic A-calculus with copying capa-
bilities, and in both cases we showed that the resulting distances on programs are fully-
abstract with respect to context distance. In a joint work [29] with Ugo Dal Lago—that
is not presented in the present thesis—we looked at a quantitative generalization of state-
based applicative bisimulation, for our affine probabilistic A-calculus, and we showed that
we obtain this way a sound but not fully abstract notion of distance. To do so, we
used the existence of a built-in notion of coinductive distance on the states of a Labelled
Markov Chain [40} 42], and we applied it to the particular Labelled Markov Chain built to
model interactively the operational semantics of our language. The next step would be to
generalize the notion of state-based applicative bisimulation distance to the case of a prob-
abilistic language with copying abilities. The definition of such a state-based applicative
bisimulation distance for a A-calculus with copying abilities would have two challenges to
face. The first one is similar to the one we encountered when defining distribution-based
context distance: it consists in the fact that we cannot keep the Labelled Markov Chain
used to define state-based equivalence on Ag, because we will then obtain an unsound
distance. Similarly to what we did for the distribution-based distance, the solution may
lay in embedding the ability to copy into the states space of the transition system. The
second complication is more specific to the state-based setting. The soundness proof for
the state-based distance in the affine case were greatly facilitated by the fact that the
Labelled Markov Chain we used for the affine A-calculus was finitely branching—i.e. there
are a finite number of states that can be reached with non-zero probability when we fix the
state of departure and the transition label, hence allowing us to use the results from [42].
However, it is not be the case anymore as soon as we consider a Labelled Markov Chain
of a language at least as expressive as Ag, because it becomes possible to write programs
that can output an infinite numbers of possible values.

12.3 The Full Abstraction Problem for PCFg,,ple in the cat-
egory of measurable cones and measurable stable func-
tions.

There is no known fully-abstract denotational model yet for an higher-order language with
continuous probabilities. When introducing the model of measurable complete cones and
measurable stable functions for PCFgumple [45], Ehrhard, Pagani and Tasson designed it
as an extension of the denotational model based on probabilistic coherence spaces for the
discrete probabilistic language PCFg, already known to be fully abstract [46]. In Chap-
ter we formalized this connection categorically by defining a full and faithful functor
from PCoh;—the co-Kleisli category of the LL model based on probabilistic coherence
spaces—and Cstab,,—the category of complete measurable cones and stable measurable
functions. The fullness of this functor means that when we consider two discrete cones, the
stable measurable functions between them are ezxactly the power series with non-negative
coefficients that are morphisms in PCoh;. This connection could hopefully be a first step
towards generalizing the full abstraction proof for PCFg in PCoh, into a full-abstraction
proof for PCFg,mple in Cstaby,. The ability of seeing measurable stable function as a gen-
eralization of power series is especially encouraging, because the full-abstraction proof for
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PCFg uses crucially the power-series structure of program interpretation. More precisely,
if f is a power series is the denotation of some program M, it is possible to build for any
index a a sequence of arguments to pass to M that allow us to recover the coefficient f,
of the power series. From there, the aim would be to study stable functions with the aim
of generalizing the reasoning done on power series to the case where the cones we consider
are not discrete anymore.

12.4 Is Cstab,, the co-Kleisli category of a LL model ?

As highlighted in Chapter[d] the denotational model of PCFg lives actually in the co-Kleisli
category of the PCoh model of Linear Logic(LL). By contrast, the category of measurable
cones and measurable stable functions is a cartesian closed category, which is not yet known
as being the co-Kleisli category of a model of LL. The connection between PCoh; and
Cstaby, that we highlighted in Chapter [11] lead to the question of whether we can draw
a similar connection between PCoh, and a LL model that would generate Cstaby, as
its co-Kleisli category. Such a construction would allow for instance to interpret a linear
A-calculus with primitive for handling continuous probabilities—e.g. a continuous variant
of A!@. We can also recall that Ehrhard and Tasson [116] gave a fully-abstract denotational
semantics in PCoh to a discrete probabilistic extension of Levy’s Call-by-Push-Value—a
A-calculus with a polarized type system, that allows for the call-by-name and call-by-
value evaluation paradigm to coexist. Their construction of program interpretation use
the structure of PCoh as a model of Linear Logic. Similarly, having a model of LL
that would generate Cstaby, as its co-Kleisli category could potentially be used to give a
denotational semantics to a call-by-push-value with continuous probabilities.

12.5 A Context Distance adapted to Polytime Adversaries.

In Chapter [6| we show that for an expressive enough calculus where moreover all programs
stop, the context distance always trivializes, i.e. the distance between two programs is
either 0 or 1. Termination of programs is a strong requirement, but nonetheless one
which is often enforced on concrete programming situation. As a consequence, we can ask
ourselves whether our notion of context distance is really adapted to the aim of talking
about programs that are close without being equivalent, and in particular whether take all
contexts into account is really significant. In some setting, as for instance computational
cryptography, we do not want to consider all contexts, but only those that are run in
polynomial time on some security parameter—e.g. the size of the encryption key. Formally,
it would mean to have a more restricted language for contexts as the one for programs,
possibly using a type system guaranteeing polytime execution in the spirit of Bounded
Linear Logic [56]. Another option would be to explore tamed versions of the context
distances, where context have a price to pay each time they use their input: concretely
every time they call their input, they enter in an infinite loop with some fixed probability
€. These tamed distances are for instance considered for PCFg in a recent unpublished
work by Ehrhard [44]. The problem would then become how to adapt the coinductive
operational techniques for context distances that we explored in Chapter [§] to these new
way of comparing quantitatively programs.
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