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Abstract

Higher-order languages, whose paradigmatic example is the A-calculus, are languages with
powerful operators that are capable of manipulating and exchanging programs themselves.
This thesis studies behavioral equivalences for programs with higher-order and probabilis-
tic features. Behavioral equivalence is formalized as a contextual, or testing, equivalence,
and two main lines of research are pursued in the thesis.

The first part of the thesis focuses on contextual equivalence as a way of investigating
the expressiveness of different languages. The discriminating powers offered by higher-
order concurrent languages (Higher-Order w-calculi) are compared with those offered by
higher-order sequential languages (a la A-calculus) and by first-order concurrent languages
(a la CCS). The comparison is carried out by examining the contextual equivalences in-
duced by the languages on two classes of first-order processes, namely nondeterministic and
probabilistic processes. As a result, the spectrum of the discriminating powers of several
varieties of higher-order and first-order languages is obtained, both in a nondeterministic
and in a probabilistic setting.

The second part of the thesis is devoted to proof techniques for contextual equivalence
in probabilistic A-calculi. Bisimulation-based proof techniques are studied, with particular
focus on deriving bisimulations that are fully abstract for contextual equivalence (i.e.,
coincide with it). As a first result, full abstraction of applicative bisimilarity and similarity
are proved for a call-by-value probabilistic A-calculus with a parallel disjunction operator.
Applicative bisimulations are however known not to scale to richer languages. Hence,
more robust notions of bisimulations for probabilistic calculi are considered, in the form
of environmental bisimulations. Environmental bisimulations are defined for pure call-
by-name and call-by-value probabilistic A-calculi, and for a (call-by-value) probabilistic
A-calculus extended with references (i.e., a store). In each case, full abstraction results are
derived.
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Chapter 1

Introduction

Program equivalence is a delicate notion. Nevertheless, there is a unifying and general
way of defining what it means for two systems to be equivalent with respect to their
behavior. This is given by the so-called contextual, or testing, equivalences: contexts
of some language play the role of tests, and two programs or systems are contextually
equivalent if the execution of the same test returns the same observation. More formally,
given two systems S1 and Sy (the tested systems), a language £ that we can use to interact
with the systems (the testing language), and an observation Obs (the result of the tests),
we say that S; and S are contextually equivalent in £ if whenever we put them in the
same context C' of £ we have Obs(C[S1]) = Obs(C[S2]). This definition of contextual
equivalence thereby formalizes the idea of behavioral equivalence as interchangeability, or
indistiguishability, in a black-box testing scenario.

The study of contextually-defined equivalences has been pursued along different paths:

e analyzing the discriminating power of a language, as compared to other languages.
In this case, we are studying the expressiveness of a language by looking at the kind
of tests a context of the language can perform;

e studying methods allowing us to prove that two programs in a language are con-
textually equivalent (with respect to the same language). This approach is thereby
devoted to finding proof techniques for contextual equivalence.

The first perspective has been adopted in particular in concurrency theory, in which
several varieties of testing scenarios have been proposed. Given a class C of tested systems,
we look at how one or more languages interact with systems in C. Then language £, is
strictly more discriminating than language Lo if whenever S and Sy are equivalent with
respect to tests (or contexts) in £; then they are also equivalent with respect to tests in
Lo, and there are systems that can be discriminated by £1 but are equal in Ls.

In the second line of research, we typically consider contextual equivalences where both the
tested programs and the contexts are from the same language £. Contextual equivalence
defines what it means for two programs in the language to be equivalent, and we look for
efficient methods to prove program equivalence.

In both cases, however, the characterization of contextually-defined equivalences in terms
of equivalences whose definition is not directly of the form “for all contexts of the lan-
guage...” or “for all tests...” plays a crucial role. When studying the expressiveness of a
language, we aim at characterizing the contextual equivalence it induces on some class C

)
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14 Chapter 1 Introduction

of systems as an equivalence that is directly defined on the systems and does not mention
the testing language. This gives us a way of comparing the testing equivalences induced
by different languages with each other. On the other side, if we are interested in proving
contextual equivalence for a language, we can see that the universal quantification over
all contexts of a language makes it hard to exhibit proofs of equivalence. This holds in
particular for higher-order languages, whose operators are capable of manipulating and
exchanging programs themselves. In this setting, bisimulation-based equivalences have
been shown to provide efficient proof methods for contextual equivalences.

This thesis analyzes program equivalence for higher-order languages along these two
main lines of research: expressiveness and proof techniques. In particular, we focus on
how higher-order languages interact with probabilistic systems and features.

The theory of functional higher-order languages, starting from A-calculi, has been thor-

oughly studied in the literature, and higher-order languages for concurrent and distributed
systems have been investigated as well. The interest in probabilistic programming and
computation has been growing for the last few years, motivated, for instance, by the need
of modeling complex systems evolving with some degree of uncertainty, and by the need
of implementing randomized algorithms for both efficiency and security reasons. Proba-
bilistic languages, equivalences, and models have been thereby proposed to this end, and
they now form an established and productive research topic.
In the presence of probabilities, the definition of program equivalence must take into ac-
count the quantitative information that emerges from the systems under consideration. In
contextual equivalence, this information is embedded in the notion of observation, which
measures the successfulness of a test. On deterministic systems, we can observe whether
the execution of a test succeeds or not; if the system is nondeterministic, we can observe
whether there exists a succeeding run, or whether all runs succeed. By contrast, on proba-
bilistic systems we do not only observe the possibility of succeeding but also the probability
of success.

The following sections are devoted to a general introduction to the main languages and
notions studied in this thesis, and that we will formally introduce in the next chapters.
We conclude with an outline of the thesis.

1.1 Higher-order calculi, concurrency, and probabilities

Formally, higher-order calculi are calculi with variables that can be replaced by terms
of the language itself. We start from the A-calculus, the core of functional higher-order
languages. Then we move to process calculi and their extension with higher-order features
or probabilistic features.

1.1.1  A-calculi

The A-calculus |[Bar84] is the paradigmatic example of higher-order calculus, in that it is a
pure calculus of higher-order functions. Every term of the language represents a function,
and the only operation allowed is S-reduction. Given a function Az.f; in variable x applied
to an argument fy (a function itself), S-reduction allows us to substitute fs to the free
variable x in f7.

There are different reduction strategies that we can adopt when evaluating a term of the
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A-calculus. In the call-by-name reduction strategy, when a function is applied to an ar-
gument then the argument is substituted to the variable of the function as it is. On the
contrary, in the call-by value reduction strategy, the argument of a function is first reduced
to a value (i.e., a function that cannot be further reduced) and then substituted.

The A-calculus is at the core of functional programming languages, and many exten-
sions with computational effects have been considered. To take into account features of
imperative programming languages, A-calculi can be extended with references and a store,
as in ML-like languages [MTHM97|. Other computational effects for A-calculi concern
nondeterminism and probabilities. One of the easiest way to obtain such extensions con-
sists in adding to the pure A-calculus a binary choice operator &. In the nondeterministic
case, the choice between term M and term N is the term M @ N that nondeterminis-
tically reduces either to M or to N |Ong93; San94; dP95]. In the probabilistic case, @
denotes a choice with uniform probability, i.e., M @ N reduces with one half probability
to term M and with one half probability to term N [DZ12]. Hence, the result of the
evaluation of a term is a probability distribution on functions. An analogous solution in
the probabilistic case consists in endowing the choice operator with a probability value p,
where M @, N denotes the program that with probability p is M and with probability
1 —pis N [Jon90]. Indeed, several varieties of functional higher-order languages with
probabilistic operators have been introduced, from abstract ones [SD78; RP02; PPTO08|
to more concrete ones [Pfe01; Gool3|, also considering continuous distributions [BDGS16;

SYWHKI6).

1.1.2 Process calculi and models

In concurrent systems, we have multiple programs running in parallel. So, we can use
processes rather than functions as modeling tools, since the latter ones are more suitable
for representing sequential computations.

The process calculus CCS (Calculus of Communicating Systems) was first introduced
by Milner in |[Mil80], and its theory was further developed in [Mil89]. It is a language
with operators for parallel composition and nondeterministic choice, whose semantics is
formalized by means of labeled graphs (Labeled Transition Systems). These structures are
nondeterministic and have labels allowing us to represent interactions between processes:
we can think of labels as communication channels, on which processes can synchronize.
Higher-order concurrency combines functional programming and concurrent programming;:
the ability of exchanging values, common in concurrency, is enhanced by allowing values
to include terms of the language itself, the distinguishing feature of functional languages.
Calculi of this kind include CHOCS [Tho93] and the Higher-Order m-calculus [San92|,
which is the extension of CCS with higher-order features. CCS is a first-order concur-
rent language, since communication in CCS is just synchronization on atomic (first-order)
input-output channels. By contrast, communication in HO7 has a more complex struc-
ture. When a process communicates on an output channel, it sends in output a process.
A process with the same input channel can then synchronize with the output channel and
receive the process that was sent. This communication is higher-order, since it is a process
(i.e., a term of the calculus) that is exchanged in the communication.

An important extension to concurrent higher-order languages concerns distribution.
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This is usually achieved by means of constructs for expressing and operating on loca-
tions. As a consequence, the observable behavior of a system of processes depends not
only on the behavior of the constituent processes, but also on the locations in which these
processes are run. This can have a deep impact on the behavioral theory and algebraic
laws for the language. One of the simplest constructs that show these phenomena is
passivation. Passivation offers the capability of capturing the content of a certain loca-
tion, and then restarting the execution in different contexts. The semantics of passivation
has been the subject of a number of papers, usually in extensions of the Higher-Order 7-
calculus [LSS09a; |LSS09b; LSS11; PS12a; KH13|. Passivation is also featured in the Homer
calculus [GHO5| and the M-calculus [SS03|; a similar construct appears in the Seal calcu-
lus [CVNO5| and in Acute [Sew—+07]. Passivation has been advocated to support run-time
system updates, fault recovery and fault tolerance (by providing the basis for mechanisms
for checkpointing computations and replicating them), and to support adaptive behaviors.

As far as probabilistic extensions of process calculi are concerned, CCS with a prob-
abilistic binary choice operator and its semantics have been investigated, e.g., in [YL92],
and with a different semantics in [DDO07] and [Henl2|. Since the behavior of processes
running in parallel is nondeterministic, the processes represented in probabilistic exten-
sions of CCS have both nondeterministic and probabilistic choices.

A strict subset of this class of processes is that of reactive probabilistic processes (also
known as Markov decision processes or labeled Markov chains) which have, besides prob-
abilistic choices, only a limited form of nondeterminism, i.e., external nondeterminism.
External nondeterminism is a choice between different transitions with different labels
and represents choices that can be made by an external user interacting with the process.
By contrast, internal nondeterminism is a choice between transitions labeled by the same
action and represents choices that are internally made by the system. The classical parallel
operator of CCS is not closed with respect to this class of processes, hence process algebras
with a parametrized parallel operator have been proposed. See [SV04] for an overview of
probabilistic process algebras and classes of probabilistic processes.

Probabilistic extensions of higher-order process calculi have not been proposed yet.

1.2 Equivalence of programs

Section is devoted to bisimulations for nondeterministic and probabilistic processes.
Bisimulations for higher-order languages are presented in Section after discussing
testing and contextual equivalences (Section |1.2.2)).

1.2.1 Behavioral equivalences on processes

It is not easy to understand what it means for two processes to have the same behavior.
If we are only interested in the behavior of the systems, requiring the structures of the
processes to be isomorphic is too strong a condition. At the same time, many equiva-
lence relations defined in the literature might be too under-discriminating when applied
to nondeterministic processes ([Gla01] compares several varieties of equivalence relations
on processes). Trace-based equivalences, for instance, identify two processes by comparing
the sequences of actions they can (or cannot) perform. Hence, they are not sensitive to
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the branching-time of processes.

Bisimulation relations independently appeared in modal logic, in computer science and
in set theory between the 1970s and the 1980s [San12b|, respectively in the works by van
Benthem [Ben83] on the expressiveness of propositional modal languages and classical
first-order languages, in the works of Milner [Mil80; Mil89] and Park [Par81] on the se-
mantics of interactive systems, and in the works by Aczel on non well-founded sets [Acz88].
Bisimulations induce an equivalence relation on processes, i.e., bisimilarity, which is taken
to be a suitable notion of behavioral equivalence on Labeled Transition Systems. Ac-
cording to bisimilarity, processes P and () are equivalent if whenever P can perform an
action then ) can mimic the same action and the reached states are still equivalent, and
vice-versa. Furthermore, bisimilarity has a simple proof method: in order to prove that
two processes are equivalent, we exhibit a relation containing the pair of processes and we
verify that the relation is a bisimulation. This holds because bisimilarity is a coinductive
relation, whose definition rests on the dual of the induction principle and allows for a form
of circularity. See [Sanl2a] for a fixed-point approach to coinduction and [JR12| for a
(co)algebraic approach.

Probabilistic bisimulation was first proposed in [LS91], for reactive probabilistic sys-
tems. This bisimulation takes into account the quantitative information that is now avail-
able in the underlying structures it is applied to, by considering not only the possibility
but also the probability of performing a state-transition. The definition was extended
to processes with both probabilities and nondeterminism in [SL95; Seg95|. In recent
years, several varieties of definitions and characterizations of probabilistic bisimulation
and coarser probabilistic equivalences have been studied [DD11; Henl2; BDL14a; [Den14].

1.2.2 Contextual and testing equivalence

Contextual equivalence was first defined by Morris in [Mor6§| for the pure A-calculus.
Terms M and N are contextually equivalent if for any context C' (i.e., for any term of
the language with a hole), term C[M] (denoting the substitution of M to the hole of C)
converges (i.e., reduces to a value) if and only if C[N] does.
For the nondeterministic A-calculus, we observe the existence of a reduction sequence that
converges, or, in other words, the possibility of convergence; for the probabilistic A-calculus
[DLSA14; |(CD14] the observability predicate is the probability of convergence of a term.
On first-order process algebras, different formulations of contextual equivalence have
been examined. May testing equivalence |DH84; BDP99| is a contextual equivalence on
process algebras where the observability predicate holds if there exists an internal com-
putation that reaches a successful state, i.e., a state that can perform an action denoting
success (corresponding to convergence in pure A-calculi). Analogously, the observability
predicate of must testing equivalence holds if all the internal computations succeed. On
CCS-like languages, however, testing equivalences correspond to trace-based equivalences
[DH84; |Phi87]. In order to have a contextual equivalence for CCS that coincides with
bisimilarity, we have to consider barbed congruence |MS92|, that is, a bisimulation-based
contextual equivalence where the observability predicate is the set of actions allowed from
a state (its barbs) and the bisimulation game is only played on internal reductions. Barbed
congruence for HO is studied in [San92].



18 Chapter 1 Introduction

In the probabilistic case, may and must testing preorders for process algebras have been
studied in [DGHMZ07a; DGHMO09] for the process algebra pCSP, and have been proved
to coincide with the probabilistic simulation preorder and the probabilistic failure simu-
lation preorder, respectively. In [DDO07] and [Henl2|, probabilistic barbed congruence is
defined and it is shown that, analogously to the nondeterministic case, it coincides with
probabilistic bisimilarity on nondeterministic and probabilisitic processes.

Testing equivalences are defined in a general form by Abramsky in [Abr87]. A testing
equivalence is determined by a set of tested systems, a set of tests, a mechanism assigning
an output to the application of a test, and an observability predicate on the class of
outputs. The same paper focuses on defining a language of tests (that resemble logical
formulas, since they have explicit conjunction, disjunction and quantifiers) that allows
us to recover bisimilarity on nondeterministic processes as a testing equivalence. On
reactive probabilistic processes, characterizations of bisimulation as a testing equivalence
via “logical” tests have been proposed in [LS91] and [BMOWO5|, showing how a smaller
class of tests is sufficient in order to recover probabilistic bisimilarity in this case.

1.2.3 Bisimulations for higher-order languages

Due to the universal quantification on the contexts of the language, it is generally hard to
prove that two terms are contextually equivalent. Contextual equivalence proofs are par-
ticularly hard to carry out if the language under consideration has higher-order features.
Bisimulations offer an efficient, operational proof method; it is therefore desirable to find
bisimulation relations which are sound with respect to contextual equivalence, i.e., bisimu-
lations inducing an equivalence relation - bisimilarity - that implies contextual equivalence.
Ideally, bisimilarity should be fully abstract with respect to contextual equivalence, i.e.,
coincide with it.

Applicative bisimilarity [Abr90] is such an equivalence relation, reflecting the standard
definition of extensional equivalence for functions. Two A-terms M and N are applicative
bisimilar if whenever M reduces to function Az.M’, N reduces to a function Az.N’ such
that for any term P given as input to the functions we still have equivalent terms M {F/z}
and N{P/r}. Applicative bisimilarity coincides with contextual equivalence both in the
call-by-name and in the call-by-value A-calculus, while it is only sound with respect to (and
does not coincide with) contextual equivalence in the call-by-name and the call-by-value
nondeterministic A-calculi [Ong93; Las98; Pit12]. The same result holds for probabilistic
applicative bisimilarity in the call-by-name probabilistic A-calculus [DLSA14], while in the
call-by-value case completeness is recovered, and thus probabilistic applicative bisimilarity
is fully abstract |[CD14].

Applicative bisimilarity has a simple definition, but it also has two main drawbacks.
First, the proof of congruence (the property that in turn allows us to prove soundness)
is carried out by exploiting a sophisticated and hard to scale technique called “Howe’s
method” [How89; How96; Pit12]. Then, as argued in [KLS11], in calculi with features
such as local store, exceptions, generative names, or existential types, and more generally
in calculi with forms of information hiding, applicative bisimulation is not sound and we
need to resort to bisimulations equipped with a notion of environment. FEnvironmental
bisimulations [SKS11], refining earlier proposals in [BS98; AG98; |JR99; [SPO7a; [KWO06D],
address the two problems illustrated above. Intuitively, the environments collect the ob-
server’s knowledge about values computed during the bisimulation game. The elements
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of the environment can then be used to construct terms to be supplied as inputs during
the bisimulation game. The notion has been applied to a variety of languages, including
pure A-calculi [SPO7b; SKS11|, extensions of A-calculi [SP07a; [KWO06b; KW06a; BL13;
ABLP16], and languages for concurrency or distribution [SS09; PS11; |PS12a].

1.3 Outline of the thesis

This thesis is divided into two parts, reflecting the two lines of research for contextual
equivalences discussed in the introduction.

e Part I, “Discriminating power via testing equivalences”, compares the expressive-
ness of different calculi and models, from higher-order ones to first-order ones, by
considering them as testing languages that are applied to discriminating both non-
deterministic systems and probabilistic systems.

e Part II, “Full abstraction for probabilistic A-calculi”, studies coinductive proof tech-
niques for A-calculi with a probabilistic choice operator. In particular, the problem
of defining relations that are fully abstract with respect to contextual equivalences
or preorders in extended lambda calculi is addressed.

Part I is based on works published in [BSV14a] and [BSV14b|. Both works are co-
authored with Marco Bernardo and Davide Sangiorgi. The material in Part II has been
published in [CDLSV15|, co-authored with Raphaélle Crubillé, Ugo Dal Lago, and Da-
vide Sangiorgi, and [SV16], co-authored with Davide Sangiorgi. These papers are briefly
summarized in Sections [[.3.1] and [.3.2

Each of the two parts of the thesis is composed as follows. First, we review the relevant
background. Then we present our contributions (each chapter corresponds to a revised
and extended version of the published works). Finally, we conclude and discuss additional
related work and future work.

1.3.1 Discriminating power via testing equivalences

In [BSV14a], the discriminating powers of a number of higher-order languages are analyzed
and compared. Both higher-order sequential languages (i.e., A-calculi) and higher-order
concurrent languages (i.e., Higher-Order m-calculi) are considered, and they are compared
to first-order process calculi (CCS-like) as well. The comparison is carried out by using the
languages to execute tests, formalized as contexts of the language, on first-order processes.
The tests are first applied to nondeterministic processes and then to reactive probabilistic
processes. The purpose of the paper is twofold:

e to compare the discriminating powers of the languages with respect to the same class
of processes (the class of nondeterministic processes first, then the class of reactive
probabilistic processes), and to characterize the contextual equivalences induced by
the languages as known behavioral equivalences;

e to compare the discriminating power of a language on nondeterministic processes
to that of the same language on probabilistic processes, highlighting some cases in
which the interplay between higher-order or concurrent features and probabilities
increases the discriminating power of a language.
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In [BSV14b|, testing equivalences on reactive probabilistic processes are analyzed, by
considering three classes of first-order tests: nondeterministic processes, reactive prob-
abilistic processes and processes featuring both (full) nondeterminism and probabilistic
choices. These classes of tests are proved to have different discriminating powers, and
their position in the spectrum of equivalences for reactive probabilistic processes is stud-

ied.

1.3.2 Full abstraction for probabilistic A-calculi

In |[CDLSV15|, a call-by-value probabilistic A-calculus endowed with Plotkin’s disjunction
operator (or “parallel or”) is considered. The paper proves that not only applicative
bisimilarity is fully abstract with respect to contextual equivalence (i.e., it coincides with
it, being both sound and complete), but also the applicative simulation preorder is fully
abstract with respect to the contextual preorder in this calculus. The latter result was
known not to hold without the disjunction operator [CD14].

In [SV16], environmental bisimulations for probabilistic A-calculi are defined, so as
to have a proof technique applicable to probabilistic calculi with effects such as a local
store. In order to achieve full abstraction of environmental bisimilarity, some non-trivial
modifications to the definition of environmental bisimulations for non-probabilistic calculi
are required:

e in probabilistic calculi a term might evaluate (even with probability one) in a non-
finite number of steps. Thus, the bisimulation game is played with big-step, infinitary
reductions;

e in order to have full abstraction, we are forced to define the bisimulation game
directly on probability distributions on values;

e we must distinguish between different forms of environment, depending on the lan-
guage we are considering.

The paper shows that bisimulations built by taking into account these three new features
are fully abstract for contextual equivalence for call-by-name, call-by-value, and imperative
(with a higher-order, local store) probabilistic A-calculi.
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Chapter 2

Background

We introduce three models for first-order processes: nondeterministic processes, formalized
as LTSs, probabilistic and nondeterministic processes (NPLTSs), and reactive probabilistic
processes (RPLTSs). We recall a number of behavioral equivalences for these first-order
processes, the relations between them, and some important alternative characterizations
of the equivalences. We conclude by recalling the language and semantics of pure A-calculi.

2.1 Nondeterministic and probabilistic models

The behavior of a (fully) nondeterministic process can be represented through a labeled
transition system.

Definition 2.1. A labeled transition system (LTS) is a triple (S,.4,—) where S is a
countable set of states (usually called processes), A is a countable set of transition-labeling
actions, and — C S x A x S is a transition relation. The LTS is image-finite if {s' € S |
s+ 5’} is finite for all s € S and a € A.

We can generalize LTSs to more expressive models, that admit both nondeterministic
and probabilistic choices.

Definition 2.2. A nondeterministic and probabilistic labeled transition system, NPLTS
for short, is a triple (S,.4, —) where S is a countable set of states, A is a countable set
of transition-labeling actions, and — C S x A x D(S5) is a transition relation, with D(.S5)
being the set of discrete probability distributions over S.

We denote probability distributions by A, ©.... We can represent an LTS as an NPLTS
where all distributions are Dirac distributions dirac(s), i.e., distributions assigning prob-
ability one to a single state. Formally: dirac(s)(s) = 1 and dirac(s)(s’) = 0 for all
s e S\ {s}.

In any state of an NPLTS, like in L'TSs, nondeterministic choices can be both internal
(i.e., multiple transitions each with the same label) and external (i.e., multiple transitions
each with different labels). A reactive probabilistic process features external nondeter-
ministic choices, probabilistic choices, but no internal nondeterminism. In other words,
we can see a RPLTS as a model where the choice of the action to be performed is made
by the external environment, and then the target state is selected internally but purely
probabilistically. Its behavior can be described as a variant of an NPLTS.

23
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Definition 2.3. A reactive probabilistic labeled transition system (RPLTS) is an NPLTS
(S, A, —) such that s 25 Ay and s — Ay imply A; = Ay for all s € S and a € A.

2.2 Behavioral equivalences for nondeterministic processes

We introduce several varieties of behavioral equivalences for nondeterministic processes,
from the coarser ones (trace-based equivalences) to the finer ones (simulation-based and
bisimulation equivalences).

In Chapter (3|, we will characterize the contextual equivalences induced on LTSs in
terms of simulation equivalence [Mil89], ready simulation equivalence [BIM95; LS91], trace
equivalence [BHR&4], failure equivalence |BHR84|, and failure-trace equivalence [Phi87;
Gla01].

2.2.1 Decorated traces and sets

Definition 2.4. Let £ = (S, A,—) be an LTS and s,s' € S. The sequence ¢ =

50,81 ...80_1,5p 18 a computation of L of length n from s = sy to s’ = s, labeled by
o = ai,as....,an if for all ¢ = 1,...,n there exists a transition s;_1 N s;. We denote by
Csin(s) the set of finite-length computations from s.

Let £ = (S, A,—) be an LTS and s,s1,52 € S. We define the following sets of
computations:

e C(s,0) is the set of computations from s labeled with trace ¢ € A* (the finite
sequences of actions in A).

e CC(s,0) is the set of completed computations from s labeled with o € A*, i.e., the
computations from s labeled with ¢ and such that the last state of the computation
cannot perform any other transition.

e FC(s,p), where ¢ = (0,F) € A* x 24 is a failure pair, is the set of computations
from s labeled with o such that the last state of each computation cannot perform
any action in F'.

e RC(s,0), where o = (0,R) € A* x 22 is a ready pair, is the set of computations
from s labeled with o such that the set of actions that can be performed by the last
state of each computation is precisely R.

e FTC(s,¢), where ¢ = (a1, F1)...(an, F,) € (A x 24)* is a failure trace, is the set
of computations from s labeled with a;...a, such that the state reached by each
computation after the i-th step, for 1 < i < n, cannot perform any action in Fj.

e RTC(s,p), where p = (a1, R1)...(an, Ry) € (A x 24)* is a ready trace, is the set
of computations from s labeled with aq ...a, such that the set of actions that can
be performed by the state reached by each computation after the i-th step, for
1 <1 < n, is precisely R;.
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2.2.2 Equivalences and preorders

We can now define several varieties of trace-based equivalences on LTSs, one for every
different kind of decorated trace.

Definition 2.5. Let (S,.A,—) be an LTS. Processes s1, s2 € S are:

e trace equivalent (s1 ~ty s2) iff C(s1,0) # 0 <= C(s2,0) # 0 for all o € A*;

e completed trace equivalent (s1 ~cry s2) iff s1 ~my s and CC(s1,0) # ) <= CC(s2,0) #
(0 for all o € A*;

e failure equivalent (s1 ~p s2) iff FC(s1,¢) # 0 <= FC(sa,p) # 0 for all p € A* x 24,
e ready equivalent (s1 ~g s2) iff RC(s1,0) # 0 <= RC(s2,0) # 0 for all o € A* x 24,

e failure trace equivalent (s1 ~p1y s2) iff FTC(s1,0) # 0 < FTC(s2,d) # 0 for all
¢ € (A x 24)*.

e ready trace equivalent (s1 ~gry s2) iff RTC(s1,p) # 0 <= RTC(s2,p) # 0 for all
p € (A x24)%

Traced-based equivalences are inductive equivalences. By contrast, simulation-based
equivalences have coinductive definitions.

Definition 2.6. Let (S5,.A, —) be an LTS and R be a binary relation over S. Relation
R is a simulation if, whenever (s1,s2) € R, then for all a € A it holds that for each
51— s} there exists sy —= s} such that (s},s5) € R. Relation R is a ready simulation if,
additionally, s; % implies sy —%. Relation R is a bisimulation if both R and its inverse
are simulations, i.e., whenever (s, s2) € R, then for all a € A it holds that:

e for each s; — s} there exists sy — s) such that (s},s5) € R
e for each sy — s there exists s; — s} such that (s}, s}) € R

Processes si,s2 € S are simulation equivalent (s; ~g s2) — resp., ready simulation
equivalent (s1 ~grs s2) — if there exist two simulations — resp., ready simulations — R and
R’ such that (s1,s2) € R and (s2,s1) € R'. Processes s1,s2 € S are bisimilar (s1 ~p s2),
or bisimulation equivalent, if there exists a bisimulation R such that (s1,s2) € R.

Except for bisimilarity, it is possible to define any of the equivalences ~ considered
above by first taking the corresponding preorder <, and then defining the equivalence as
the intersection of the preorder and its inverse, i.e., ~=< N(<) "L
For trace-based equivalences, the preorders are obtained by using = instead of <= in
the definition. For instance, the trace preorder is defined as: s1 <ty s2 iff CC(s1,0) #
) = CC(s2,0) # 0 for all o € A*. For the failure trace preorder and the ready trace
preorder, moreover, we have to require as well that the initial states have the same ready
set. This is implicit when considering equivalences, since trace equivalent states s, s’ have
the same ready set, but it has to be made explicit for the failure trace preorder and the

ready trace preorder, since in the definition of failure trace or ready trace we do not allow
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a failure set or ready set at the beginning of the traceE]

For simulation-based preorders, we simply require the existence of a simulation, or a ready
simulation. Hence, processes s1, s € S are in the simulation preorder (s; Sg $2) — resp.,
in the ready simulation preorder (s; Srg s2) — if there exists a simulation — resp., a ready
simulation — R such that (si, s2) € R.

2.2.3 Spectrum for LTSs

The relations between all the equivalences defined in the previous section are summarized
in Figure where arrows represent strict inclusions [GlaOl]E]

B

1

\ RTr
N
e
1
N

Figure 2.1: Spectrum for LTSs

2.2.4 Logical characterizations

In the following chapters, we are going to exploit the logical characterizations of the coin-
ductive equivalences that we have defined, in particular for ready simulation equivalence
and simulation equivalence. The logical characterization of bisimilarity is given by the
Hennessy Milner Logic (HML). The formulas of HML are defined by the following gram-
mar:

Fu=T ‘ ~F ‘ Fi A By ‘ (a)F

for a ranging over the labels in a given set A. Given an LTS (5,4, —), we define the
satisfiability of formula F' in state s (notation: s |= F') as follows:

"We could have equivalently defined failure trace equivalence using the definition of failure trace that
allows a failure set at the beginning of the trace as well, and analogously for ready trace equivalence.
2Standard counterexamples for the strictness of these inclusions will be presented in examples in Chapter

B
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sET always

s -F iff sEF

SlZFl/\FQ iff 5|:F1ands):F2

sE(a)F iff there is a s’ such that s — s’ and s’ |= F.

Proposition 2.7 ([HMS85]). Let (S, A,—) be an image finite LTS. For every si,s2 € S,
s1 ~p s2 if and only if for every formula F of HML, sy = F if and only if ss = F.

Analogous characterization results, using weaker modal logics, hold for ready simu-
lation equivalence and simulation equivalence. The formulas of Ready Simulation Logic

(RSL) on A are defined as follows:
F:u=T ’ -a ) Fiy N Fy ‘ (a)F

In contrast with Hennessy Milner Logic, this logic does not have a full negation operation
—F, since negation is limited to single (terminal) actions, via the operator —a. The
satisfiability of —a is defined as:

s = —a iff 5 —4>

The formulas of Simulation Logic (SL) are obtained by removing action negation —a
from the definition of RSL.

Proposition 2.8 (|Gla01]). Let (S,.A,—) be an image-finite LTS. For every si,s2 € S,
1. s1 ~rs s2 if and only if for every formula F of RSL, s1 = F if and only if so = F

2. 81 ~g s2 if and only if for every formula F of SL, s1 = F if and only if so = F

2.3 Behavioral equivalences for probabilistic processes

2.3.1 RPLTS

We start by defining equivalences and preorders on RPLTSs.

Given a transition s — A, a process s' € S is not reachable from s via that a-transition
if A(s') = 0, otherwise it is reachable with probability p = A(s’). The reachable states
form the support of A, i.e., supp(A) = {s' € S| A(s') > 0}.

In the RPLTS setting, each state-to-state step of a computation is derived from a
state-to-distribution transition s — A.

Definition 2.9. Let £ = (S, A,—>) be an RPLTS and s,s’ € S. The sequence ¢ def
50,81 -..8n_1,5n 18 a computation of L of length n from s = sy to s = s, labeled by
o = ai,as....,an if for all ¢ = 1,...,n there exists a transition s; 1 &Ai such that
s; € supp(4;), with A;(s;) being the execution probability of the step from s;—1 to s;
via action a; conditioned on the selection of transition s; 1 — A; of £ at state s;_1. We
denote by Cgy(s) the set of finite-length computations from s.

Given a computation ¢ € Cgy(s), its conditional execution probability prob(c) can be
defined as the product of the conditional execution probabilities of the individual steps
of ¢. This notion is lifted to a set C C Cqy(s) of identically labeled computations by letting

prob(C) = > o prob(c).
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Let £ = (S, A,—) be an RPLTS and s,s1,s2 € S. The definition of the sets of
decorated traces from s is defined as for LTS, but using the definition of computation
given above for RPLTSs. We then introduce probabilistic trace-based equivalences on
L as follows by analogy with [JS90; HT92|. Instead of only observing the possibility of
performing a (decorated) trace, we observe the probability of performing the trace.

o 51 ~pry So iff prob(C(s1,0)) = prob(C(s2,0)) for all o € A*.

e 51 ~pcTy S2 iff s1~pry s2 and prob(CC(s1,0))=prob(CC(s2,0)) for all o€ A*.
e 51 ~pF g iff prob(FC(s1,¢)) = prob(FC(s2,p)) for all p € A* x 24,

e 51 ~pR 52 iff prob(RC(s1,0)) = prob(RC(sz, 0)) for all o € A* x 24.

e 51 ~pp1y 52 iff prob(FTC(s1,8)) = prob(FTC(s2,$)) for all ¢ € (A x 24)*,

e 51 ~pRrry 52 iff prob(RTC(s1,p)) = prob(RTC(s2,p)) for all p € (A x 24)*,

The corresponding preorders can be defined by using < instead of = in the definitions
above, and, for failure trace and ready trace equivalence, by requiring that the initial
states have the same ready set.

To define probabilistic bisimilarity and similarity, we first define the lifting function
lift() : S xS — D(S) x D(S), which lifts a relation on S to a relation on distributions
over S.

Definition 2.10. Given a relation R over a set S and A,0 € D(S), we say that
A1ift(R) O if there is a countable index set I and probability values {p;}icr such that
the following holds:

® > icpi=1

o A =5 p;-dirac(s;)

e O =) p; dirac(t;)

o foreveryie I, s; Rt;

Definition 2.11. Let £ = (S, A, —) be an RPLTS. A binary relation R on S is a prob-
abilistic simulation iff, whenever (s1,s2) € R, then for all a € A it holds that s; Ay
implies sy — Ay with (Ay,Ag) € 1ift(R). Relation R is a probabilistic bisimulation
if both R and its inverse are probabilistic simulations. Processes s1,sy € S are proba-
bilistic simulation equivalent (s1 ~pg s2) if there exist two simulations R and R’ such
that (s1,82) € R and (s2,s1) € R’. Processes s1,s2 € S are bisimilar (s1 ~pp S2), or
bisimulation equivalent, if there exists a bisimulation R such that (s1, s2) € R.

Many equivalent definitions of probabilistic bisimilarity have appeared in the literature.
We have introduced probabilistic similarity ~pg and probabilistic bisimilarity ~pp using
the notion of probabilistic lifting of a relation, as in [Denl4]. This is analogous to defining
simulations and bisimulations using a weight function |JLI1; [Seg95; |Bai98]. As shown in
[Seg95], the resulting bisimilarity is equivalent to the one given by the definition by Larsen
and Skou in [LS91], which requires a probabilistic bisimulation to be an equivalence relation
and uses equivalence classes to compare the reached probability distributions:
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Figure 2.2: Strictness of inclusions in the spectrum for RPLTSs

An equivalence relation R is a probabilistic bisimulation iff
(s1,52) € R implies that for all @ € A it holds that s; —= A4 (PB1)
implies s — Ay with A1(S") = Ay(S’) for all S’ € S/R.

Since the relation is an equivalence, and thereby symmetric, it is not necessary to
include the clause from sy (i.e., s3 — Ag implies s; —— Ay with A;(S') = Ag(S’) for
all S € S/R). Requiring a bisimulation to be an equivalence relation is however not
convenient when we want to prove that two states are bisimilar, since it requires to build
a reflexive, symmetric and transitive relation.

The definitions of probabilistic bisimulation presented so far lead to the same notion
of probabilistic bisimilarity. In other words, although the definitions of bisimulation do
not coincide (i.e., a relation might be a bisimulation according to one definition, but not
according to another one), their unions (i.e., the bisimilarities given by the different notions
of bisimulation) all capture the same equivalence relation ~pg.

When referring to probabilistic systems, we sometimes write bisimulation instead of
probabilistic bisimulation, and analogously for the other probabilistic equivalences and
preorders. For decorated traces, we also sometimes omit the notation for the specific set
of computations when it is clear from the context (e.g., if we are explicitly considering
failure traces ¢ we write prob(s, @) instead of prob(FTC(s, ¢))).

2.3.2 Spectrum for RPLTSs

It was shown in [Bai98; BK00| that ~pp and ~pg coincide, hence the variants in between
(ready similarity, failure similarity, completed similarity) collapse too. Moreover, the
proofs of the results in [JS90; HT92] for fully probabilistic processes can be smoothly
adapted to the RPLTS case, and also extended to deal with ~prm, and ~ppr.. As a
consequence, we have the following spectrum under the assumption that every state has
finitely many outgoing transitions, i.e., it is finitely-branching.

Proposition 2.12. On finitely-branching RPLTS processes, it holds that:
~pPB = ~pPS & ~PRTr = ~PFTr & ~PR = ~PF & ~PCTr = ~PTr

The strictness of all the inclusions above is witnessed by the counterexamples in
Fig. The graphical conventions for process descriptions are as follows. Vertices
represent states and action-labeled edges represent action-labeled transitions. Given a
transition s — A, the corresponding a-labeled edge goes from the vertex for state s to a
set of vertices linked by a dashed line, each of which represents a state s’ € supp(A) and
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is labeled with A(s). The label A(s’) is omitted when it is equal to 1, i.e., when A is the
Dirac distribution dirac(s’).

2.3.3 Testing characterizations

On RPLTSs, probabilistic bisimilarity can be captured by considering a simple class of
tests. Let T be the language of tests t defined as follows:

ti=w | at | (t,to)

where a ranges over the labels in the action set A of the RPLTS. The test w represents
success, a.t sequentially checks whether it’s possible to do a and then proceeds with test
t, and (t1,t2) is the conjunctive test. Formally, given a reactive probabilistic process s,
the probability of success Pr(t, s) when the test t is executed on s is defined by structural
induction on t:

Pr(w,s) =1
0 if s =4

Pr(a.t,s) = “
rlat,s) {Zs/esuppm) A(s) -Pr(t,s) if s % A
Pr((t1,t2),s) = Pr(ty, s) - Pr(te, s).

It holds that two processes are bisimilar if and only if, for every test of T, they have the
same probability of passing the test.

Theorem 2.13. ([BMOWO05]) On reactive probabilistic processes, s ~pp s iff Pr(t,s) =
Pr(t,s") for every test t in T.

The theorem above provides a further simplification of the class of tests defined by
Larsen and Skou in [LS91], and proved to characterize probabilistic bisimulation. Indeed,
the tests in [LS91] also contain a probabilistic negation operator —a restricted to actions,
defined as
0 ifs-%

Pr(ta,s) = {1 if 5 A

2.3.4 NPLTS and resolutions

The definitions of simulation and bisimulation on NPLTSs are the same as on RPLTSs
(Definition . The definition of trace-based equivalences could not be applied directly
to NPLTSs, since they rely on the fact that the model has no internal nondeterminism.
To extend the definition to NPLTSs, we introduce resolutions, which represent RPLTSs
that can be obtained by applying a scheduler (resolving the internal nondeterminism) to
the NPLTS under consideration.

Definition 2.14. Let £ = (S, A,—) be an NPLTS and s € S. An NPLTS Z =
(Z,A,—z) is a resolution of s if there exists a state correspondence function corrz :

Z — S such that s = corrz(zs), for some z; € Z, and for all z € Z it holds that:

o If %52 A, then corrz(z) == A’ with corrz being injective over supp(A) and
A(2") = Al(corrz(2')) for all 2’ € Z.
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o If 2% - Ay and 2 -2 2 Ao, then a1 = ag and A1 = Ao.

We let 2Z denote the correspondent of s in a resolution Z of s (i.e., s = corrz(z%)),
and we sometimes simply write zs if the resolution we are referring to is clear from the
context.

Z is mazximal if, for all z € Z, whenever z has no outgoing transitions, then corrz(z)
has no outgoing transitions either. We respectively denote by Res(s) and Resmax(s) the

sets of resolutions and maximal resolutions of s.

As Z € Res(s) is fully probabilistic (i.e., it has no nondeterminism), the probability
prob(c) of executing ¢ € Cqy(zs) is the product of the (no longer conditional) execution
probabilities of the individual steps of ¢. This notion is lifted to C C Cgy(25) by letting
prob(C) = > o prob(c) whenever none of the computations in C is a proper prefix of one
of the others.

Using resolutions, we can define trace-based equivalences on NPLTSs

Definition 2.15. Let ~ be any of the trace-based equivalences defined for RPLTSs. Let
L= (S, A, —) be an NPLTS and s, s’ two states of the NPLTS. Then s ~ s’ if

o for every resolution Z of s there exists a resolution Z’ of s’ such that zZ ~ 25’

(where ~ is defined as for RPLTSs);

o for every resolution 2’ of s’ there exists a resolution Z of s such that zZ ~ 25’

(where ~ is defined as for RPLTSs).

In both items above, the second occurrence of ~ is defined as for RPLTS, since res-
olutions are indeed RPLTS. However, since also external nondeterminism is resolved by
resolutions, decorated traces would not be visible. Hence, we assume that failure or ready
sets are checked on the states of the original NPLTS. For instance, given a state s in a
NPLTS and a resolution Z of s, the probability of z; having the failure trace (ajasg...an, F)
is the sum of the probabilities of all the computations zs, 21, 2o, ...., 2, from zs in the res-
olution such that the computation is labeled by trace ajas...a,, and the correspondent
corrz(z,) of the last state of the computation in the original NPLTS cannot perform any
of the actions in F'.

The spectrum of equivalences for NPLTS and variations over the definition of resolu-
tions (e.g., by considering probabilistic, instead of nondeterministic, schedulers) can be
found in [BDL14a; BDL13|. Finally, the probabilistic equivalences considered in this thesis
are exact probabilistic equivalences, i.e., we require the observed probabilities to be the
same in the compared processes; different approaches allow the probabilities to differ up
to some bound p [DLT08]|.

2.4 Calculi

The terms of pure A-calculi are generated by the following grammar:
M,N ==z ( Az M ) MN

where x is a variable from a countable set of variables, Az.M is an abstraction and term
MN is the application of term M to N. A term M is closed if every variable x occurring
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in M is bound by Az. We identify a-convertible terms. We write M {N/x} for the capture-
avoiding substitution of N for x in M. The values are the terms of the form Ax.M. We use
meta-variables M, N ... for terms, and V,W,... for values. When we write terms of the
A-calculus, we use the standard notational convention for parenthesis: abstraction binds
to the right and application binds to the left.

A context C is an expression obtained from a term by replacing some subterms with
holes of the form [-];. We write C[Mj, ..., M,] for the term obtained by replacing each
occurrence of [-]; in C' with M;. Note that a context may contain no holes, and therefore
any term is a context. The context may bind variables in M, ..., M,; for example, if
C = M\z.[]y and M = =z, then C[M] is Az.z, not Ay.x. The indexing of the holes in
contexts is usually omitted.

In call-by-name, term M reduces in one step to term N if there is a derivation of
M — N using the rules Beta-CBN and EvCon in Figure using the CBN evaluation
contexts. Evaluation contexts, in contrast with standard contexts, may have only one
occurrence of a single hole [-]. In call-by-value, one-step reduction is defined analogously,
but using rule Beta-CBV and rule EvCon with the CBV evaluation contexts.

The rules are defined using a single-step (or small-step) reduction relation. We write
— for the multi-step reduction relation, defined as the reflexive and transitive closure of
—. N

We use a tilde to denote a tuple; for instance, M is a tuple of terms My, ..., M, for
some n, and (M); is its i-th element. Hence, we write C[M], with M = M, ..., M,,
for C[My, ..., My,]. Sometimes we write tuples as {M;}; when we want to emphasize the
indexing set. All notations are extended to tuples componentwise.

We use \.M to denote a thunked term, i.e., a term A\xz.M for x a variable not occurring
in M.

BrTA-CBN BrTa-CB
PIA-OBN COON S ey P OBY v S v

M — N (' is an evaluation context
C[M] — C[N]

EvCon

CBN evaluation contexts C=[]| CM
CBYV evaluation contexts cC=[]|CM | VC

Figure 2.3: Operational semantics for pure A-calculi



Chapter 3

The discriminating power of
higher-order languages

In this chapter we study the discriminating power offered by higher-order concurrent lan-
guages, and contrast this power with those offered by higher-order sequential languages
(which are deprived of all concurrency) and by first-order concurrent languages (which
are deprived of all higher-order features). The comparison is carried out by considering
embeddings of first-order processes into the languages, and then examining the equiva-
lences induced by the resulting contextual equivalences on the first-order processes. In
other words, the discriminating power of a language refers to the existence of appropri-
ate contexts of the language that are capable of separating the behaviors of first-order
processes.

The higher-order sequential languages are A-calculi with a store location, akin to im-
perative A-calculi. The A-calculi offer constructs for reading the content of the location,
overriding it, and for performing basic observations on the process stored in the location.
The higher-order concurrent languages are HOw, which allows higher-order communi-
cation, and HO7pass, an extension of HOm with passivation (similar to the languages
in [PS12a; KH13; LSS11]). Both languages also admit first-order communications, to
be able to interact with the embedded first-order processes. The first-order concurrent
language that we consider is CCS™, a CCS-like calculus.

The A-calculi also allow us to observe the inability for a process to perform a certain
action. In concurrency, this possibility is referred to as action refusal. For a thorough
comparison, we therefore also consider both restrictions of the A-calculi without the re-
fusal observation (though at the price of allowing computations that may get stuck) and
extensions of HOm, HOmpass, and CCS™ with the refusal capability.

Concerning the tested first-order processes, embedded into the above languages, we
consider both ordinary LTSs and RPLTSs. We show that, on LTSs, the difference between
the discriminating power of HO7 and HOmpaes is captured, in the A-calculi, through the
difference between the call-by-name and call-by-value evaluation strategies, both with and
without refusals. The correspondence between the HO7pass calculi and the call-by-value
A-calculi appears robust, and is maintained in all scenarios examined. The same does
not hold between the HOx calculi and the call-by-name A-calculi, whose correspondence
breaks on RPLTSs. The case of RPLTSs is more involved also when we consider the
first-order language CCS™. For instance, the discriminating power of CCS™ is strictly in
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between that of the call-by-name A-calculus and HO7. In contrast, the three languages
are equally discriminating on LTSs.

We also discuss variations of the above settings. In languages with locations, commu-
nication may or may not be affected by spatial proximity. This is the difference between
global vs. local communications. This difference is important for the semantics of the
languages but, as we shall see, does not impinge on their discriminating power.

The contextual equivalences that we consider are may-like (a test, i.e., a context, is
successful on a process if there is at least one successful computation). We also discuss
the contextual preorders, and ‘must’ forms of success (all computations are successful).
We isolate a few scenarios in which, surprisingly, the may and must forms of contextual
equivalence coincide.

Section [3.2] considers the embeddings of LTSs and RPLTSs into A-calculi. Section [3:3.1
shows the syntax and operational semantics of the concurrent languages (CCS- and HOx-
like), whose discriminating power is studied in Sections and Section discusses
variations of the scenarios examined, such as language extensions and must-equivalences.

Notation: In examples, we sometimes use a CCS-like notation, with prefixing and
choice, to describe the processes of an LTS or RPLTS.

3.1 Contextual equivalences

Given a set of processes as states of an LTS or RPLTS £ and an algebraic language AL
(i.e., generated by a grammar), we can embed the states in the grammar by first taking a
bijection f from the set of states s, s'... to a set of constants P, P’... added to the language,
and then defining the behavior of the constants as corresponding to the behavior of the
states, i.e., s — s if and only if f(s) = P % P’ = f(s'). Then we say that the equivalence
induced by AL equates the £ processes s1 and s if C[f(s1)] and C|[f(s2)] behave the same
for all contexts C' of AL.

Here ‘behave the same’ is formalized as in (‘may’) contextual equivalence: for any
Py, Py, C[Py] is as successful as C[P,] with respect to a special success observation, indi-
cated with w. The context C' is an AL-expression with a single occurrence of the hole []
in it.

We use P, Q... to range over the (constants for) processes in the language, corresponding
to L processes s, t.... For simplicity, £ is used both to denote the LTS or RPLTS of tested
first-order processes and to denote the corresponding constants embedded in the language.

Moreover, in these tested processes each transition represents a visible action, i.e.,
there is a corresponding coaction with which the action can synchronize and produce a
reduction; the actions available for £ do not include the success signal w. We write AL(L)
for the extension of AL with the (constants corresponding to) £ processes

In a language AL(L), reductions are represented as 7-transitions AN (or simply —, in
A-calculi). Each language AL used will have constructs for testing the action capabilities
of L processes; thus, the set of action names for £ is supposed to appear in the grammar
for AL. We emphasize that probabilities may appear in the tested £ processes, but they
may not appear in the AL languages that test the processes.

The operational semantics of AL(L) will be based on different LTS-like models depend-
ing on the nature of £. A finite-length computation ¢ from a term M € AL(L) is successful
if each step of ¢ is labeled with 7, the last state of ¢ can perform w, and no preceding state
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of ¢ can perform w. We denote by SC(M) the set of successful computations from M.
In the nondeterministic case, when £ is an LTS, the semantic model underlying AL(L) is
again an LTS.

Definition 3.1. Let £ be an LTS, P, and P» two processes of £, and AL an algebraic
language. In AL(L):

e P is contextually may-less than P, written Pj Sﬁ Py, if SC(C|PA)) # 0 =
SC(C[P]) # 0 for all contexts C' of AL.

e P is contextually may-equivalent to P,, written P :ﬁ P, if Py gﬁ P, and P, gﬁ
P

In the case that £ is an RPLTS, the definition of contextual equivalence is more involved
because the semantic model underlying AL(L) is a nondeterministic and probabilistic LTS
(NPLTS). Hence, we resort to resolutions (Definition [2.14)).

The contextual equivalence defined below is inspired by [YL92;|JY95; Seg96; [DGHMOS|.
Intuitively, P; is worse than P; if, for all contexts C, the maximum probability of reach-
ing success in an arbitrary maximal resolution of C[P;] is not greater than the maximum
probability of reaching success in an arbitrary maximal resolution of C[P]. To correctly
quantify success, we restrict ourselves to Res; max(C[P]), the set of maximal resolutions
obtained from C[P] by forbidding the execution of actions not resulting in interactions
(i.e., T actions).

Definition 3.2. Let £ be an RPLTS, P; and P, be two processes of £, and AL be an
algebraic language. We say that in AL(L):

e P is contextually may-less than Ps, written P; Sﬁ P, if for all contexts C' of AL it
holds that:

| ] prob(SC(zcipy))) < | ] prob(SC(zc(py))
Z1€Resr,max(C[P1]) Z9€Resr max(C[P2])

e P is contextually may-equivalent to Py, written Pj :ﬁ P, if P, §ﬁ Py and P §ﬁ
Py.

We sometimes abbreviate ‘contextual may equivalence’ as ‘contextual equivalence’ or
even ‘may equivalence’.

3.2 A-calculi

3.2.1 Syntax

Figure shows the syntax of the A-calculus with a location A¢ into which we embed
the processes of a (first-order) LTS or RPLTS L. The grammar of the language resulting
from the embedding, A"¢(L), has therefore the additional production

M := ... P
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Terms: M ::=x (variables) | Mjseq My (sequentialization)
| Ax.M (functions) \!loci (read)
| MjMs; (applications) | loc := M (write)
| ¢ (constants) | if M; then My else Mj (if-then-else)
R

action test)

Figure 3.1: Syntax of Al¢

where P is a constant for an £ process, as described in Section moreover, in the action
test, r is supposed to range over the actions in L.

The evaluation of a A-term M is defined with respect to a location containing a process.

The language includes a construct loc := M that evaluates M and writes the resulting
value in the location, and a construct !loc for reading the content of the location. The
language also features sequentialization M seq N, where M is a command (of unit type).
The action-test construct r? allows us to check whether the process contained in the
location can perform action 7.
The remaining constructs are common constructs of typed A-calculi. We assume that the
set of constants includes the boolean values true and false and the unit value x. The
writing construct loc := M rewrites the content of the location with the result of the
evaluation of M. The calculus is simply-typed with recursive types (typing rules are as
expected [Pie02]), and the type system ensures that the location has process type (the
type of the embedded first-order processes). Hence, reading the content of the location
always returns a process, and the term tested by r7 is a process.

The calculus is indeed an imperative A-calculus with a one-place store, and the seman-
tics and operators for interacting with the store of A¢ are those standard of such calculi.
Extensions and variations of A, and in particular the possibility of allowing more than
one location in the calculus, are discussed in Section [3.6.1]

Reduction is defined on terms that are closed (i.e., without free variables) and equipped
with a location containing a process P, i.e., configurations of the form (P ; M).

3.2.2 Nondeterministic processes

We consider both call-by-name and call-by-value reduction strategies. We call Af\?c (L) the
call-by-name language, A{?C([,) its call-by-value version, as usual omitting the parameter
L when referring to the pure languages (without £ processes). When £ is an LTS, a
reduction step has the form (P; M) — (P’; M'), saying that the evaluation of M with
P in the location produces a new term M’ with process P’ in the location. The rules for
reduction are in Figure |3.2

In the call-by-name language A¢(L), only the functional part of an application is
evaluated, hence rule BETA-V and the production V' C for evaluation contexts are omitted.
In call-by-value, both the function and the argument of an application are evaluated, hence
rule BETA-N is omitted in A{?C(ﬁ). In all these languages, although the operators of the
A-calculi themselves are sequential, nondeterministic computations are possible because
the process in the location may present internal nondeterminism. As usual, = is the



3.2 A-calculi 37

BeETA-N

(P; (Az.My)Ma) — (P Mi{Ma/z})
BETA-V

(P; Mo M)V) — (P; M{V/z})
Irl

(P; if true then M; else My) — (P; M)

IF2
(P; if false then M; else M) — (P; Ma)

WRITE o e = P) = (P AP T e — (P P)

P 5 P (in L) P 2% (in L)
(P;r?) — (P'; true) RerAcT (P;r?) — (P, false)

SEQ

Act

(P;xseq M) — (P; M)

C' is an evaluation context (P; M) — (P'; M)
(P; CIM]) — (P'; C[M"])

EvConN

Evaluation contexts:

- call-by-name C := [] | if C then M; else My |Cseq M |loc:=C|CM

- call-by-value C' := [-] | if C then M; else My |Cseq M |loc:=C|CM |VC
Values: V u=c|Xz.M | P

Figure 3.2: Reduction rules of A’¢(L) for £ an LTS

reflexive and transitive closure of —.

In the call-by-name calculus Af\‘fc (L), during a computation an £ process may be moved
around, may be copied, and may be placed into the location. However, once placed into
the location for evaluation, the process cannot be stopped and later re-evaluated. Indeed,
in call-by-name, when the READ rule is used, a value is produced and therefore the whole
computation terminates.

In call-by-value, by contrast, the READ rule may be used by the argument of a function,
and then the process so obtained may be passed to the function; as a consequence, the
process may later be evaluated. This gives us more sophisticated process tests than call-
by-name. Example shows how the terms in Af\?c and A{}’C can test the existence of
decorated traces in the behavior of a process placed in the location, and how some tests
are available only in call-by-value.

Example 3.3. Below, a test is encoded in Al\‘,’C as a thunked boolean expression A.M and

(A.M)* is its ‘unthunking’. (Thunking is useful in composition of tests. We assume here
that thunked variables are all of unit type.) A test A\.M is successful on a process P if
there is a run starting from (P; A\.M) in which true is produced, i.e., (P; (\.M)*) =
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(P'; true) for some P’

Ty = Na?
T, 4f \.if a? then false else true
@dg A AY A if x* then y* else false
And & Az YA ((Az.if z* then (loc := z)seq (yx) else false)!loc)

Test T, checks whether the process P in the location can perform action a (i.e., P i>)
Dually, T-, checks whether P is unable to perform a. Function Seq composes the two
argument tests sequentially. Thus, we can define the following test

def

My = Seq Tq (Seq Toe Ty)

that checks the existence of an a-derivative of the process in the location that cannot

perform ¢ but can perform b (i.e., P % P’ with P’ ¥ and P’ i>, for some P’). Function
And makes the conjunction of the two argument tests. In general, for any pair M, N
of tests, And M N checks whether P passes both the test M and the test N. Thus the

following term
def

My = Seq T, (And Ty T.)
checks the existence of an a-derivative that can perform both b and c¢. Finally, term

def

M3 = @ Tq (@(@ Ty Tc)(@ Ty Tﬂc))

checks the existence of an a-derivative with both a b-derivative that can perform c and a
b-derivative that cannot perform c.

In the call-by-name calculus AX¢, while Seq and T, , T-q, M; have the same outcomes
as in the call-by-value calculus A{‘,’C, function And (and so also My, M3) cannot be encoded.
As a consequence, only the call-by-value calculi can separate

P ab+ac and P a(b+c)+ P

When applied to P/, test M, consumes an action a and then, in case the first a-branch of
P’ is taken, the whole expression reduces to

(b+c; (Az.if Ty * then (loc:= z)seq (T.*) else false)!loc)

Now, term !loc is not a value, hence in call-by-value it is evaluated and produces process
b+ c. Since processes are values, b+ c is substituted for the variable z. Thus b+ ¢ is placed
in the location with which the test T. is performed on the same process b + ¢, once the
test Ty reports success. By contrast, in call-by-name !loc is substituted for z before being
evaluated, hence b + ¢ is lost before performing test T..

In A-calculi, well-typed terms are supposed to produce computations that never get
stuck. To maintain this property, we have to ensure that the action-test construct a?
returns a value even when the process in the location is unable to perform the requested
action a. That is, we are allowed to observe the inability for the process to perform a certain
action, in concurrency referred to as action refusal and usually omitted. We therefore
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consider also variants of the above A-calculi without the refusal capability. Formally, rule
REFACT is omitted. Of course, the price to pay is that computations from a well-typed
term may get stuck. The call-by-name calculus without REFACT is called Afffﬁref(ﬁ),
whereas call-by-value without REFACT is A% .(L).

Example 3.4. (We reuse P’, My, M3 from Example ) The processes P’ and P <
a.(b + c) are distinguished in A% and Al (via the test M), but they are equivalent in

A%\?iref and Al\?iref. In contrast, only in A{?C the processes

Q¥ abc+ab and Qa.(bc+b)
can be separated via test Ms.

Theorem summarizes the results on the discriminating power of the four A-calculi
when the embedded processes are fully nondeterministic.

Definition of contextual equivalence is adapted to the A-calculi supposing that the
reduction relation — is labeled with 7 and adding the rule:

OMEGA ————
(P; true) %

Contexts are terms with a single occurrence of a hole in one of the four languages
defined above. The contexts contain no £ processes, whilst the hole has process type.

In A-calculi with store, the definition of contextual equivalence usually quantifies over
all possible stores containing the locations occurring in the terms. In our case, this cor-
responds to quantifying over all possible assignments of the location to a process in £
(for simplicity, we omit the case in which the location does not occur in the terms, and
thereby the store would be empty). Hence, in this setting we have that processes P and
Q@ in L are contextually equivalent in AL if for any unary context C of AL and for any
process P’ € L, (P'; C[P]) has a successful computation if and only if (P’; C[Q]) has a
successful computation. In what follows, we use P; to denote the process used to initialize
the location in the definition of contextual equivalence.

Remark 3.5. The same results could be obtained by adding a constant c of process type
to the syntax of A"¢, and then defining “M has a successful computation” as “(c; M) has a
successful computation” (or, equivalently, by defining contexts as pairs of the form (c; C),
where C is defined as above). This would yield a definition of contextual equivalence that
immediately fits Definition [3.2] since it does not require the further quantification on all
possible instantiations of the location. We choose the definition with the universal quan-
tification over processes for continuity with the definitions in the literature of contextual
equivalence on A-calculi with store.

Theorem 3.6. If L is an image-finite LTS, then:

L.~ = ~Rs (ready simulation equivalence);
A%

2. zflm = ~p1y (failure trace equivalence);
N

3. gflm = ~g (simulation equivalence);
V —ref
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4. ~L

— Aloc
AN—ref

=~y (trace equivalence).

Sketch. The proofs are different for inductive and coinductive equivalences. For the induc-
tive equivalences, we discuss failure-trace equivalence and A% (item (2)). In one direction,
one shows that for every failure trace ¢ there is a context Cy of Af\‘fc such that P has the
failure trace ¢ iff (Pr; Cy[P]) produces true, for any process Py initializing the location.

For the opposite direction, suppose P and () have the same failure traces, and sup-
pose (Pr; C[P]) =-%. We show that there is also a computation (P;; C[Q]) =5,
proceeding as follows. Consider the computation (P;; C[P]) =—%. First, we show that
the reading capability in a boolean term in call-by-name is always followed by re-writing
the location, and therefore has no impact on the computation. Then, to analyze what
happens to the context and the processes inside them during the computation, we adopt
an annotated operational semantics (equivalent to the original one) thanks to which we
keep track of all the times a process is written in the location and of the observations
made on the processes in the location (the transitions performed, the actions refused).
Such observations are failure traces. Since process () has the same failure traces as P, the
configuration (P;; C[Q]) can mimic the successful computation (Py; C[P]) =>—%. Note
that during this computation the hole may get duplicated, and therefore the context may
become polyadic.

As an example for the coinductive equivalences, we consider ready simulation equiva-
lence and A{?C(ﬁ). In one direction, suppose P is not ready simulated by ). By proposition
there is a formula F' of Ready Simulation Logic that discriminates the two processes.
We show that there is an encoding of these formulas to Al\‘,’c—contexts, i.e., P satisfies F' if
and only if P in the context encoding F succeeds. Hence, there is a context discriminating
the processes.

For the opposite direction, one shows that the relation

R et {((P; C[P]),(Q; C[Q)])) | P,P are pairwise ready simulated by Q,Q}

where C' is a polyadic context of AX¢ is a strong ready simulation on reductions (in
the sense that if (P; C[P]) R (Q; C[Q]) and (P; C[P]) — (P'; M) then (P'; M) =
(P'; C[P]) and (Q; C[Q]) — (Q'; C[Q']) with (P'; C[PR(Q"; C[Q])). As a con-
sequence, any successful computation from (P;; C[P]) may be mimicked by (Pr; C[Q]).
More detailed proofs are presented in Section O

3.2.3 Reactive probabilistic processes

The reduction relation for A¢(L£) when £ is an RPLTS is the expected probabilistic
modification of the system for the nondeterministic case and is defined in Figure

For any probability distribution A; on processes and for any distribution As on terms
of the language, we define the probability distribution (Aj; As) on configurations (P ; M)
as follows:

(Ar; Ag)((P; M)) = Ar(P) - Az(M)

This is used to propagate the probability distribution reached from a process in the location
to a A-term, in rules AcT and EvCON in Figure Moreover, in rule EVCON, for a
distribution A on terms and an evaluation context C' we define the distribution on terms
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BETA-N
(P; (\z.M7)Ms) — dirac({P; M1{Mz/z}))
BETA-V
VP O M)V — dirac((P; M{V/e})
IF1 - -
(P; if true then M; else Mjy) — dirac((P; Mj))
Ir2
g (P; if false then M; else Ms) — dirac((P; M2y))
WRITE (P"; loc :== P) —» dirac((P; x)) READ (P; lloc)y — dirac((P; P))
P -5 A (in £) P £ (in £)
A A
or (P;r?) — (A; dirac(true)) RerAct (P; r?) — dirac((P; false))
SEQ

(P; xseq M) — dirac((P; M))

C' is an evaluation context (P; M) — (A1; Ag)
(P; CIM]) — (A1; C[Az])

EvConN

Figure 3.3: Reduction rules of A¢(L) for £ an RPLTS

C[A] as follows:

/ : !/
CIAJM) = {A(M) if M _.C[M]
0 otherwise
The definitions of values and of evaluation contexts for call-by-name and call-by-value are
the same as in the nondeterministic case (Figure [3.2)).

Since the tested processes do not feature internal nondeterminism, all terms of Af\?c,
Af{ffref, A{‘,’C and A{‘,’iref are reactive probabilistic processes, i.e., for any P, P and for any
context C' the operational semantics of (P; C[P]) describes an RPLTS where states are
configurations consisting of a term with a process in the location, and the transition are
given by the reductions from such configurations to distributions over such configurations.
Hence, for any context C' of these languages and for any reactive probabilistic process P,
(Pr; C[P]) has only one 7-labeled, maximal resolution on reductions.

Then we omit any reference to the resolutions and we write prob(SC((Pr; C[P]))) to
denote prob(SC(z(p,,c(p)y)), Where z(p,.c(p)) is the state associated with (Pr; C[P]) in
the (unique) resolution.

Example 3.7. Consider the processes and A-terms defined below, where Seq, And, Ty,
T, are as in Example [3.3] In all four A-calculi, the test M; separates between P and
P” | since the resulting success probabilities are 0.5 and 0.25, respectively. The term Mo
distinguishes P and P’ both in Al° and in AY°, since prob(SC((P; Ma*))) = 0.5 and
prob(SC({P'; Max))) = 0. The same processes are distinguished by Ms in AY° . which
shows that the refusal operator is not necessary if the tested processes can be copied.
Finally, only in A{?i rof and A{‘}C the test My distinguishes @ and @', since it is only in
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call-by-value calculi that we can encode test And.

def

a.((b+c.d) +os (f +ce))
" a((b+ce) +os (f +ed))
P” CE 0. (((b+ e.d) +o5 c.d) +os (f + c.e))
QL a.(b.c +o05b)
Q’difa b.(c 405 0)
M1 def Seq Ty (T4)
, & Seq Ty (Seq T (Seq T. Tyq))
M3 dif Seq Tq (And Ty (Seq T, Tyq))
(

M, Seq T, (And (Seq Ty Te)(Seq Ty, T¢))

A peculiarity of probabilistic processes (with respect to nondeterministic processes) is
that even when testing finite RPLT'S there can be infinitely many successful computations
from a term. This is because we are testing probabilistic systems using powerful languages
such as A-calculi, which can encode fixed-points. Hence, it does not generally hold that
there exists a maximal length of the successful computations, as the following example
shows.

Example 3.8. Let P def a.(b+050) and M be
Ay.(Az.Seq Ty (A if b7 then true else (loc:= x)seq (yy*)))!loc

In A{‘/’C, the term (P ; M Mx) with probability 0.5 reports success and with probability 0.5
becomes again (P; M Mx). Thus, there are infinitely many successful computations from
(P; M M%), and the overall success probability is 1. (Note that the typing of M requires
recursive types.)

Theorem 3.9. If L is an RPLTS, then:

L. ﬁﬁgc = _/600 .  TPB (probabilistic bisimilarity);

2. ﬁfzoc = ~pp1y (probabilistic failure trace equivalence);
N

3. —floc = ~p1y (probabilistic trace equivalence).

—ref

Sketch. For the inductive equivalences, the proof schemata are as in the nondeterministic
case, but we now have to reason directly at the level of probability distributions over
configurations of the form (P; M). To this end, we redefine reductions and trace equiv-
alences as relations over probability (sub)distributions, i.e., distributions that can have
weight possibly smaller than one.

For item (1), in one direction we exploit the testing characterization of probabilistic
bisimilarity presented in Section using the language of tests t ::= w ’ r.t ‘ (t1,t2).
We show that these tests are encodable in A{‘,’iref (some hints are provided by Example
and Example , i.e., for every test t in T there is a term My such that for every P,
Pr(t, P) = prob(SC({P; My))). Hence, if P £pg Q then there is a context of AX° . that

distinguishes P and ). The same holds for the language A{‘,’C, since it includes A{‘,’iref.
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For the other direction, the proof is in two steps, analogously to the case of nondeter-
ministic processes: we first prove that if P, Q) are probabilistic bisimilar £ processes and
C'is a A-calculus context, then also (P;; C[P]) and (Pr; C[Q]) are probabilistic bisimilar
when the bisimulation game is only played on reductions and success (w) transitions. We
then prove that, if (Pr; C[P]) and (Pr; C[Q]) are probabilistic bisimilar in this sense, then
prob(SC({Pr; C[P]))) = prob(SC((Pr; C[Q)]))), using the fact that probabilistic bisimilar-
ity implies trace equivalence. More detailed proofs can be found in Section O

3.3 Concurrency: syntax and operational rules

3.3.1 Syntax

We present here the concurrent languages used to test the first-order processes taken
from an LTS or RPLTS L. This section gives the syntax and operational rules. The
following two sections study the equivalences induced by the languages. To simplify the
presentation, we assume that also first-order communications exchange values, namely the
unit value x. Names include channels a,b, ... and locations I, m,.... The operators are
those common to CCS and Higher-Order m-calculi. The special prefix w indicates success
of a computation. We add the basic constructs of calculi with passivation, namely the
kell [M]; and the passivation prefix pass;(z).M. The refusal prefix 7;.M, where [ is a
location containing £ processes, succeeds if the process in [ is unable to perform the action
7. (The addition of other operators is discussed in Section [3.6.3]) Kells may be nested,
and the kell structure is transparent with respect to communications. In the remainder,
unless otherwise stated, all mentioned processes are supposed to be closed (without free
variables). A channel or prefix is first-order or higher-order depending on whether the
exchanged value is * or is a process. We sometimes abbreviate first-order prefixes a(x).M
and a(x).M as a.M and a.M respectively, and omit the trailing 0 in «.0.

The language with all operators, HOmpass ref, is given in Figure The subset without
the refusal prefix is HOmpass; the subset without passivation is HOm¢; the subset without
passivation and refusal is HOm. These are the higher-order concurrent languages. In a
first-order concurrent language, in contrast, all channels and prefixes are first-order (i.e.,
unit is the only communicable value) and the passivation prefix is disallowed. The resulting
language is CCS_;; when also refusal is disallowed, the language is CCS™. (The -’ sign
emphasizes the lack of the choice operator; see however Section W)

As usual, for any language, say AL, we write AL(L) for the extension of AL with the first-
order processes from the LTS or RPLTS L, i.e., with the additional grammar production

M:=...|P

where P is an L process. In the languages without passivation, the presence of kells is
irrelevant; e.g., a process N | [M]; behaves like N | M.

To avoid run-time errors in interactions, we assume a basic type system, that distin-
guishes three types of values: the unit value %, the set Pr, of tested £ processes, and
arbitrary processes Pr,j, with the subtyping Pry < Pra. As a consequence, there are
three types of names and variables. We distinguish the tested £ processes from arbitrary
processes because we allow refusal to act only on the former processes (this simplifies the
operational rules, though it is not essential).
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uz=a | I (names)
ri=a | a (input/output channels)
az=a(z) | aM) | w | pass)(z) | 7 (prefixes)
M:=M|M | aM | = | 0 | [M]; | * (processes and values)
Figure 3.4: Syntax for HOTpags ref
My 55 M| My 55 Mj
PARL ! 7 - PARR : 7 :
M1|M2—>M{|M2 M1’M2—>M1|Mé
My My B My P5 P (in L
Com L 0L D277 0 popp (in £)
My | My — M | M; P p
InpP ™ Our =)
a a
a(z).M —— M{N/z} a(N).M —= M
P T .
REFLoOC M REFPRE =
[Pl = [Pl n.N = N
M5 M
SUCC ————— KELL ———————
wM— M [M]; — [M'];
PassLoc —~ PASSPRE "~
[N], 2250 pass,(z).M "y M{N/x}

Figure 3.5: Operational semantics for HOmpags ref(£)

3.3.2 Nondeterministic processes

The operational rules for the full language HOmpags ref(£), when £ is an LTS, are presented
in Figure The grammar for action labels is:

pi=7 | aM) | o(M) | w | passiM | pass,N | 7 | 7

where @(M), pass; M, and 7; are the dual of, and synchronize with, a(M), pass;N, and 7.
The dual of y is 7z. In the languages without refusal (HOmpass(£), HOT(L), CCS™ (L)),
rules REFLOC and REFPRE are missing; in the languages without passivation (HOme (L),
HOmn (L), CCS™ (L), CCS, (L)), rules PASsLoc and PASSPRE are missing. Further, in
the CCS languages the only value exchanged is *.

3.3.3 Reactive probabilistic processes

If £ is an RPLTS, the rules for parallel composition (Figure propagate the probability
distributions reached from the processes in £. For any A1, Asg, we define the distribution
Aj | Ay on terms of the language as follows:

Ay [ Ay(M) =

get | A1(My) - Ag(My) if M = M | M,
0 otherwise
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M, 5 A PARR My L5 A,

PARL m w
M, ‘ My — Ay ‘ dirac(Mg) My ’ My — dirac(Ml) ‘ JAD

MM1i>A1 My 5 Ay

Co —
Ml‘MQ’—)A1|A2

Figure 3.6: Rules for parallel composition in the probabilistic setting

Differently from the contexts of A-calculi, now the contexts are nondeterministic.
Therefore, in general C[P] is a nondeterministic and probabilistic term (i.e., an NPLTS).

3.4 CCS languages: separation results

In the results on the concurrent languages, we include, in parenthesis, reference to the
results for the A-calculi to ease the comparison.

3.4.1 Nondeterministic processes

When £ is an LTS, zgcs, coincides with ordinary may-testing equivalence |DH84| and
hence with ~7y, because the canonical tests of [DH84] can be encoded without resorting

to the choice operator. For a similar reason, :gcs* coincides with the refusal testing

ref

equivalence of [Phi87] and hence with ~pry.

3.4.2 Reactive probabilistic processes

When £ is an RPLTS, the contextual equivalences induced by CCS™ and CCS_ are
comprised between ~pp and ~ppgry.

Theorem 3.10. If L is an RPLTS, then:

~pB C ~L Cok  Crppnm (=

~L )
~ces,, ¥ 005 F

— Aloc
AN

Sketch. To prove the first inclusion, we exploit the congruence of ~pp, and we observe that
if C[P1] and C[P,] are bisimilar with respect to actions 7 and w then for every resolution
of C[Py] there is a resolution of C[P,] that has the same probability of success, and vice-
versa. The details of the proof can be derived from the proof of the more general result
that ~pp C ZI€IO7r’ that we will present in the next section (Theorem [3.13] item (1)).

The second inclusion is immediate. To prove the third inclusion, we first show that
contextual equivalence (even when only deterministic, non-probabilistic contexts are con-
sidered) implies probabilistic failure equivalence. Then we show how, for any process, the
probability of an arbitrary failure trace ¢ can be recovered in terms of the probabilities of
failures, from which the result follows. The details of the proof can be found in the proof
of Theorem presented in the following chapter.
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The inclusion of ~L and hence of ~L in ~ppry 18 strict: the ~ppm-equivalent

—CCsT? COs_;’
processes

ref

def

P = a.((b.d+ce)+o5 (b.f +c.g))
P a.(b.(d 405 f) + c.(e +05 9))

are distinguished by the CCS™ context
C = []|a(bdw|cgw)

The maximum probability of succeeding for C[P] is 1, whereas that of C[P’] is 0.5. The

inclusion of :gcs_ in :gcs— is strict as well: the processes @, @’ in Example are not

ref

distinguished in CCS™, but they are distinguished by the CCS_; context
" a(bew | ba.w)

The maximum probabilities of success are respectively 1 and 0.5.

Finally, probabilistic bisimilarity is strictly included in :gcs_ , since the non proba-

bilistic bisimilar processes
def

R = d(eQ “+0.5 G.Q,)

R def de(Q “+0.5 Q/)
cannot be distinguished by any CCS__;-context. The different timing of the initial choices
in R and R’ is visible under bisimilarity but is not under the may semantics. (Intuitively,
in the may semantics @ and @’ can only be distinguished by tests that exhibit success
probabilities 1 and 0.5, respectively; we would need however a richer range of success

probabilities to be able to separate R and R’ )E] O

3.5 HOn languages: separation results

3.5.1 Nondeterministic processes

The proof schemata for Theorem are as those for the analogous results in A-calculi;
in one direction we essentially encode the (higher-order) separating tests of the A-calculi
into the Higher-Order m-calculi.

Theorem 3.11. If L is an image-finite LTS, then:

1.~k —~ —~L .
HOWpass,ref RS ( Ai;c )}

~L -~ _ L.
2. _HOﬂ'ref — ~FTr (— —A{\?c );
5 _HOﬂ—Pass S ( _A{(;ircf )’
~L _ L
b 2hor =~ (=% -

3 We will further discuss analogous examples in the next chapter.
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Example 3.12. In this example, we test a process P by placing it in a kell and then
running a test M in parallel, as in [P]; | M. The tests @.w and @;.w check whether P 2%
and P -2, respectively. The test M!, below, in HOm,.; performs the same test as the term
M in Af\‘fc discussed in Example while M/ in HOmpass corresponds to Mz in A{‘,’C_ref
(the second occurrence pass;(y) of the passivation operator destroys the first copy of the

tested process, so as to ensure that the test ¢.w is executed on the second copy).

def _ ~ T
M| =a.c.bw

M, et a.pass;(z).([z]; | b.pass,(y).([z]; | e.w))

3.5.2 Reactive probabilistic processes

The proof of Theorem (1) is analogous to the proofs for the A-calculi Al\‘}c and A{‘,"iref.
Again, in one direction we essentially encode the separating tests of the A-calculi. For the
opposite direction, we show that bisimilarity on RPLTSs P; and P, implies bisimilarity
on C[P;] and C[P] with respect to actions 7 and w. Unlike in A-calculi, we now have
that, as in CCS™, processes C[Pi| and C[P,] are NPLTSs, and thereby have internal
nondeterminism. Hence, we may have several resolutions (possibly an infinite number of
resolutions). We show that for every resolution of C[P;] there is a resolution of C[Ps] that
has the same probability of success, and vice-versa.

Theorem 3.13. If L is an RPLTS, then:

1. ~L — L =~ —~L L :
HOT"pass,ref HOﬂ'pass PB A Al\(/)E_ref)}

~L ~L
2. —HOmot < —HOm

~L ~L
3. *HOwrefg oSy,

ref

~L .
& ~6os-

The inclusions in (2) and (3) follow from the inclusions of the calculi. The following

processes witness the strictness of the inclusion of 21%071‘ in :gcsf:

def

P=dQ+e(f+050)
P'EA.Q +e.(f +050)

L

for Q,Q' asin Example Processes P, P/, different under ~pg, are identified by ~Cog--

They are also separated in HO7, via the context
C () | h(z).(z | da.(bew | bz |e) | Fw))

Intuitively, this context uses higher-order communication to make copies of the tested
process at the beginning, and then exploits the right-hand branch e.(f +¢5 0) of the
process itself in order to test the left-hand branch.

Analogously, let R, R’ be as in Section [3.4.2] and define the processes

S R+ f.(9+050) + h.(i +05 0)
S"E R+ f.(g +05 0) + h.(i +0, 0).
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It follows from R Nécs* R’ that § ~£ S’, while the HOm-context C” distinguishes S
and S’

ref ref

~L

Since HOm € HOmf, the example shows the strictness of the inclusion of ~“HOn .
re

~L
oSy,

ref

A summary of the results presented so far can be found in Chapter |5 figures and
0.2

3.6 Extensions and variations

3.6.1 Extending A-calculi

Both in the call-by-name and in the call-by-value A-calculi, a term is evaluated before
being written in the store. Formally, this corresponds to the fact that the location can
only be assigned to a process value (by rule Write only values can be written in the store),
and [ := C is an evaluation context. This is a standard property of the semantics of
functional languages with imperative feature, and it can be understood by noticing that
if this were not the case then we could write in the store terms capable of performing
operations over locations (e.g., reading, writing or testing a process, in our case). This, in
turn, would require us to define another store with respect to which such terms should be
evaluated.

The possibility of evaluating a term before assigning it to a location makes call-by-name
computations closer to call-by-value ones. This can be seen by considering call-by-name
calculi with a store that can contain more than one location, and with the operator for
testing actions indexed by the location containing the process to be tested. The presence
of multiple locations allows us to define the following term:

Mt it a?;, then (I3 :=!l1)seq (I3:=!1)seq N else false

with N & if b?;, then if c7;, then true else false else false. If /; contains
process P, term M allows us to check whether P can perform a and then reach a process
performing both b and c¢. Since the evaluation of M is independent of the evaluation
strategy, a call-by-name calculus with multiple locations could encode conjunctive tests
and be as discriminating as the call-by-value calculus.

To prevent this, we have considered a call-by-name calculus with only one location. An
alternative solution consists in defining a calculus with multiple locations which, however,
does not allow the evaluation of a term before a location assignment.

By contrast, a store with multiple locations would not increase the discriminating
power of call-by-value calculi.

3.6.2 Global vs. local communications

In our higher-order concurrent calculi, communications are network transparent, in the
sense that they take place irrespective of the locations in which the interacting processes
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are placed. In the literature, this approach to communication is sometimes called global, as
opposed to the local approach, where communication is subject to physical proximity. Un-
der local communications, kells form communication barriers, because they confine where
interactions can occur, with a finer control over communication interferences. This extra
precision in communications, which can be obtained by formalizing local communications
as in the Kell calculus [SS05], would not affect the discriminating power of the languages
as far as contextual equivalences are concerned.

3.6.3 Other operators

The concurrent calculi we have considered do not include certain common operators, such
as restriction, recursion, relabeling, and choice, so as to make the operational rules simpler
or because often omitted in higher-order languages. The addition of these operators would
not change the results presented (we assume that the hole of a context is not allowed to
occur in recursive definitions). Some care is necessary with restriction in the presence
of passivation, along the lines of [PS12a; KH13|, because the lazy scope extrusion on
restriction could allow contextual equivalence to make distinctions on processes solely on
the basis of their free names [LSS11].

In HO7 we only allow communication of processes; the addition of process abstractions, or
the name-passing communications of the 7-calculus, as in the full HO7w, would not affect
the results.

3.6.4 May vs. must equivalences

We have considered so far only contextual equivalences with success defined in the ‘may’
style. In the LTS case, the ‘must’ variants focus on the success of all maximal 7-
computations (i.e., whose steps are all labeled with 7). With respect to Definition
the preorder Sﬁmust is introduced by requiring that, if all maximal 7-computations from
C[P;] are successful, then so are those from C[P]. In the RPLTS case, the definition of
gﬁmust is obtained from Definition by simply using M in place of LI, i.e., by considering
the minimum probability of reaching success in the various maximal 7-resolutions.

The must-equivalences coincide with the may-equivalences when the tested processes
are RPLTSs and the testing language is a A-calculus, because internal nondeterminism
does not occur (C[P] is an RPLTS with a unique maximal resolution of nondeterminism).

In contrast, nondeterminism may spring up when the testing language is concurrent,
or when the tested processes are LT'Ss rather than RPLTSs. We discuss below a few
scenarios in which the relationship (and sometimes the coincidence) between must- and
may-equivalences can be derived despite the presence of nondeterminism.

Let us start with LTSs. Due to the absence of divergence, in CCS_; the must-
equivalence coincides with the refusal testing equivalence of [Phi87] and hence with ~pry;
thus, it coincides with the may-equivalence. In contrast, it follows from [Nic87] that in
CCS™ the must-equivalence coincides with ~p and hence is strictly finer than the may-
equivalence, which is ~my.

By contrast, we can show that, if the testing language is A{‘,’C or HOmpags ref, then the
reverse inclusion holds.

Theorem 3.14. If L is an LTS, then §ﬁ:§RS - Zﬁmust for AL € {A{?C, HOmpags ret } -
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Proof. In the proof of Theorem we have seen that if P <rg @ then C[P] <gs C[Q)],
with respect to actions 7 and w, for C' a context of HOmpags ref- In order to show that

L . . .
P ZHOT[—pass,ref:mUSt @, we prove that if all 7-labeled maximal computations from C[Q)]

succeed then all 7-labeled maximal computations from C[P] succeed. We show the result
by contraposition. If C[P] has a 7-labeled maximal computations that does not succeed,
one of the following holds:

e C[P] has a finite 7-labeled computation such that all states in the computation
cannot perform w, and the last state is stuck;

e (C[P] has an infinite 7-labeled computation such that all states in the computation
cannot perform w.

It is easy to see by induction on n that if C[P] R C[Q)] for some ready simulation R with
respect to actions 7 and w and C[P] = My — M; — ... = M, with M; - for
0 <i < n,then C[Q] = Ng — Ny — ... - N,, with N; % and M; R N/ for 0 < i < n.
Hence, in both cases described above, process C[Q)] has a corresponding path that does
not succeed, which implies the result.

The result for A{‘,’C follows analogously, using the proof of Theorem which implies that
if P <rs @ then (Pr; C[P]) <rs (Pr; C[Q]) with respect to actions 7 and w, for C a
context of A{‘/’C. O

As a corollary, we have that may-equivalence implies must-equivalence on LTSs for
these languages.

Corollary 3.15. If £ is an LTS, then :ﬁ = "’ngﬁﬁ,must for AL € {A%°, HOmpags vef }-

The refusal operator (respectively, the REFACT rule in A-calculus) is essential for the

inclusion to hold: the processes P © 4b+aand P ab are ~g-equivalent and hence
may-equivalent both in A{‘;C_ref and in HOmpags, but only P’ always succeeds when the
trace ab is tested.

We now move to RPLTSs. By Theorem the tests needed in order to distinguish
~pgp-inequivalent RPLTSs are encodable in A{‘;ﬁref. The passivation operator allows us
to encode these tests in HOmpass without losing the sequentiality of the tests. Since
RPLTSs do not have internal nondeterminism and the tests are sequential, the resulting
NPLTS has a unique maximal resolution. Hence, ~pp-inequivalent RPLTSs are neither
may-equivalent nor must-equivalent. Moreover, the same argument used to show that
~pp implies may-equivalence can be adapted to the must-case. We have seen in the
proof of Theorem that, on RPLTS, P ~pp @ implies C[P] ~pp C[Q] with respect
to actions 7 and w, for C' a context of HOmpass or HOmpags ref- We have also seen how
this implies that for every resolution of C[P] there is a resolution of C[Q] such that
prob(SC(z¢(p))) = prob(SC(2¢q))), and vice versa for every resolution of C[Q] there is a
resolution of C[P] such that prob(SC(zc(p))) = prob(SC(z¢jq)). Hence, we can conclude
that

I prob(SC(zcip)) = [ prob(SC(zciq)))
ZC[P]GREST,maz(C[P]) ZC[Q]GRSST,maZ (C[Q])

and thereby ~pp C 2ﬁmust-
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Theorem 3.16. If L is an RPLTS, then zﬁ,must = :ﬁ = ~pB, for AL € {HOmpass,
HOT"pass,ref} .

3.7 Proofs

Proof of Theorem - left-to-right inclusions

We prove the left-to-right inclusions of Theorem [3.6] by showing how to encode tests
that discriminate non-equivalent (with respect to simulation-like or trace-like equivalences)
processes.

For item (1) (zf,{;c C ~pgg), we prove that there is an encoding function Enc(-) from

the Ready Simulation Logic formulas (Section to A{‘}c-terms such that P = F if and
only if (P; Enc(F)) has a successful computation (i.e., (P; Enc(F)) =-3). Hence, if
P and @Q are not ready simulation equivalent then (by Proposition there is a formula
F such that P |= F and Q £ F, which is equivalent to saying that (P; Enc(F)) =
and (Q; Enc(F)) #=-%. Then, by defining context Cr = loc := [-]seq Enc(F) and
noting that (Pr; Cp[P']) =% iff (P'; Enc(F)) =% for any P’, we derive that
(Pr; Cp[P]) =% and (Pr; Cp[Q]) =—%. Therefore, P rg Q implies P /&ﬁ?cQ

We define the encoding as follows:

Enc(T) = true
(—r) = if r? then false else true
((r)F) = if r? then Enc(F) else false
Enc(Fy A Fp) = (Az. if Enc(F1) then (loc := z)seq Enc(F,) else false)!loc

We prove by structural induction on F that P |= F if and only if (P ; Enc(F)) =%,
The cases F' = T and F' = —r immediately follow from the operational semantics of A{‘}C. If
F = (r)F’ then the statement follows from the inductive hypothesis: if P —+ P’ for some
P’ such that P’ = F’ then (P; Enc(F)) = (P'; Enc(F')) =-%. Otherwise, either
P %, in which case (P; Enc(F)) = (P; false), or P [~ F for all P’ that P reaches
by doing r. In this case, by the inductive hypothesis we have that for every (P’; M) such
that (P; Enc(F)) — (P'; M), (P"; M) never performs w.

Finally, suppose that F' = F} A Fy. If P satisfies the formula, then we have the following
sequence of reductions:

<P, En (Fl /\F2)>

(P; if Enc(F1) then (loc := P)seq Enc(Fz) else false) = (inductive hypothesis)
(P'"; if true then (loc : P) seq Enc(F») else false) —

(P"; (loc := P)seq Enc(Fy)) =

(P; Enc(Fy)) = (inductive hypothesis)
(P"; true)

If F is false at P and P [~ Fy then

(P; Enc(Fy A Fy)) = (P; if Enc(F1) then (loc := P)seq Enc(F,) else false)
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and by the inductive hypothesis Enc(F7) never becomes true. The case when P = Fj
and P [~ F is analogous.

The same encoding allows us to prove that for every formula F' of Simulation Logic,
P |= F if and only if (P; Enc(F)) =—%. Since the encoding of Simulation Logic does
not exploit the capability of observing action refusal, we can use A{?iref as target language.

Thus, P g Q implies P /ﬁfloc Q.
V —ref
For failure trace equivalence, we prove that for any failure trace ¢ = (W,Fi)ign S

(A x 2%, process P has the failure trace ¢ if and if (P; t,) =>—>, where t, is defined
by induction on n:

typ = true

if rp41? then if tp, ., then i, ) else false else false

t(rivFi)lgignle = 1<i<n

and for any failure set F, term tp is true if F' is empty, while for r € F and F' = F\ {r}
we have tp = if r? then false else tps (we assume some ordering on the labels in
the failure set F', so that the term ¢y is uniquely determined by labels in the set).
Analogously, for traces we can build discriminating tests by considering the term
trs0)icn» fOT any trace ri,...,rn. In this case, rule REFACT is not necessary, hence test

Ui 0, COLL be built in A{?‘iref as well.

Proof of Theorem (3.6| - right-to-left inclusions
We start from the coinductive equivalences, and in particular from item (1) (~gsC

L

~ A“’“)' We first prove that that the following relation is a ready simulation on reductions:
%

RE{(P; CIP)).(Q; CIQ)) | P.P s Q.Q )

where C is a polyadic context of A{j’c.
Consider term (P; C[P]) and let P, P Srs @, Q. We prove by structural induction on

C that if (P; C[P)R(Q; C[Q]) and (P; C[P]) — (P’; M) then (Q; C[Q]) — (Q"; N)
with (P'; M)R(Q'; N).

o If C =[] or C is a constant or C = Az.C’ then both terms cannot perform any
reduction.

o If C' = C1C, then C[P] = C1[P]C5[P] and C[Q] = C1[Q]C-[Q] with P <ps Q. We
have two cases. If (P; C1[P]) — (P’; M) we have by the inductive hypothesis that
M = (P'; C{[P']) and (Q; C1[Q]) — (Q"; C1]Q']) with P/, P" <ps @', Q’. Hence,

(P; C1[P|Co[P]) — (P'; Cf[P'|Ce[P))

(@; C1[QIC2[Q]) — (Q'; C1[Q]C2[Q)
and the reached configurations are related.
If C1[P] is a value then if (P; Cy[P]) —s (P'; C4[P']) we have the same reasoning.
If both C}[P] and Cy[P] are values then C1[P] = Az.Cs[P] and

(P; C1[P]Co[P]) — (P C5[PI{CalF})

(Q; C1{QICL[Q)) — (Q; C3[QI{C2[Q)))
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Since x cannot occur in processes, (P ; C’3[~]5]{C2 [13]/33}) = (P; C3{C2/x}[P)]) is related
to (Q; Cs[Q{2[Q)z}) = (Q; Co{C42}(Q))-

o If O = if C} then C else Csand (P; C[P]) — (P'; M) then we have three

cases. If C is true then (P; C[P]) —s (P; C5[P]) and <(:2, clR) — (@Q; C2[Q))
with (P; Co[P]) R(Q; C2[Q]).

The case when C] = false is symmetric.

Otherwise, (P ; C1[P]) — (P; C}[P"]) and rule EVCON is used to derive the tran-
sition. In this case, the conclusion follows from the inductive hypothesis.

e If C = (1 seq Cy and C1 = % then by rule SEQ both (P; C[P)) and (Q; C[Q]) reach

configurations that are in relation R. If (P; C1[P]) — (P'; M) then the result
follows from the inductive hypothesis.

o If C' = lloc we have (P; lloc) — (P; P) and (Q; !loc) — (@ ; Q) and the result
follows.

o If C = loc := (' then:

— if C1[P] is process Py then (P; loc := P) —» (Py; ) and C1[Q] = Q1. There-
fore, <Q, loc := Q1> — <Q1 ; *), with Py SRS Ql ;
—if(P; ¢4 [P]) — (P"; M) then by the inductive hypothesis we have that M =

C1[P'] and (Q; C1][Q]) — (Q'; C1[Q']) and the configurations reached are in
R, hence the result follows.

o If C' = r? then we have two cases:

— if P 5 P’ then (P; r?) — (P’; true) and, since P is ready simulated by Q,
Q - Q' with P’ <grg Q" and (Q; r?) — (Q’; true), and the configurations
are related.

— If P /£ then Q /£ and the configurations reached are (P; false)R(Q; false).

Hence, since trivially P; <grs Py, if there is a path (Pr; C[P]) = (P’; true) then
there is a path (Pr; C[Q]) = (Q’; true) for some P’,Q’. Therefore, P ~grg @ implies
P~L Q.

— A loc
AV

— A loc
AV* re

we use simulations instead of ready simulations.

The proof for P ~g () implies P~k (@ is analogous, the only difference being that
f

We now prove the right-to-left inclusions for the inductive equivalences, starting from

trace equivalence (~C ~ o ). The proof is based on the fact that in call-by-name the
N—re

presence of a successful computation is not affected by the reading capability, as we now
show. We first note that the following holds:

Lemma 3.17. (P; M) — (P'; N) has a derivation where the READ aziom is used iff
either M = !loc or M = El[loc :=!loc] for E an evaluation context.
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Proof. The right-to-left implication is trivial, while the other direction follows by induction
on the derivation of (P; M) — (P’; N). We have two cases: either the derivation is
the READ axiom, in which case M = lloc, or the derivation has been derived using the
rule for evaluation contexts, i.e., there is an evaluation context E such that M = E[M],
N = E[M;] and (P; M) — (P'; N) is derived by (P; M;) — (P’; Ms). Then by the
inductive hypothesis on (P; M;) — (P’; Ms) we have two cases. Either My = F'[loc :=
lloc], and the result follows, or M; = !loc. In this case, we prove by induction on the
definition of E that either E = [-] or E = E'[loc := [-]], from which the result follows.

If E =[] then the property holds by definition. For the inductive cases, if E = loc := E’
then by the inductive hypothesis either E' = E"[loc := []] or E' =[], and in both cases
we have that F is of the form E"'[loc := [-]] for some E". Otherwise (if E = E’ seq M or
E=FEMor E= if E' then M else N) then, by typing, E’ cannot be of the form
[-], so by the inductive hypothesis E' = E”[loc := [-]] and the property holds. 0

Since in a derivation of the form (P; M) = (P’; true) the terms to which M reduces
to cannot be equal to !loc, it follows from Lemma that (P; M) = (P’; true)
ifft (P; M) =~ (P’; true), where =~ is defined as = except for the fact that we
substitute all pairs of transitions of the form

(P; E'[loc :=loc]) — (P; E'[loc :== P]) — (P; E'[])

with
(P; E'lloc :=loc]) — (P; E'[%])
Since these steps are deterministic and have no effect on the value in the location, in

what follows we can assume without loss of generality to have an operational semantics
where the READ rule is substituted by

READ’

(P loc :=lloc) — (P )

In the remainder of the proof, we omit the symbol ~— and we directly use — and = to
denote —~ and =—".
Based on this semantics, we now define the relation —— as follows, for w=Wr T

o (P; M) U (P’"; M') if the derivation of the transition (P; M) — (P"; M') uses
the WRITE rule;

o (P; M)+ (P'; M’ if the derivation of the transition (P; M) — (P’; M') uses
the ACT rule on label r;

o (P; M)+~ (P"; M') otherwise.

This relation is well defined since the rules WRITE and ACT cannot be used both in a
derivation, and they occur at most once in a derivation. For i/ = W, r and o a sequence of

labels in p/, we define the weak labeled transition (P; M) N (P"; M) (where any finite
number of 7-transitions can occur before and after action p is performed) and its reflexive
and transitive closure (P; M) == (P'; M') as usual, for 0 € ({W} U A)*

We prove the following lemmas. If not specified otherwise, contexts are assumed to
be polyadic and process names do not occur in the contexts, i.e., they are pure contexts
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of the A-calculus language. We say that C' is a P-evaluation context if it is an evaluation
context where the only process name that can occur is P. For o € A*, we write — for the
reflexive and transitive closure of — on processes, i.e., P — P’ if there is a computation
labeled by o from P to P’.

Lemma 3.18. If (P"; C[P]) = (P"; N) then:
e P'=P" and N = C'[P] for some C’

° VQ,VQ' (Q'; CQ]) = (Q'; C'[Q])

The lemma follows by induction on the length of —>. Suppose that (P'; C[P]) —
(P"; N') = (P"; N). The result follows from the inductive hypothesis if we can prove
that P’ = P” and N’ = C'[P] for some C’ and VQ,VQ', (Q'; C[Q]) — (Q"; C'[Q]).
This in turn follows by induction on the derivation of (P"; C[P]) — (P"; N’), since the
derivation cannot consist of axioms ACT or WRITE, and all the other rules (as well as
axiom READ’) satisfy the hypothesis.

Lemma 3.19. If (P ; C[P)]) ¥ (P/; N) with o € A* then:
e rule WRITE is not used
o N = C'[P] with P, % P}

® VQ1,Q2, if Q1 = Q) then (Q1; C[Qa]) ¥ (Q1; C'[Q2])

The first item follows from the definition of the relation ==. The others are proved by
induction on the length of the sequence o. Let 0 = ro’ By Lemma (P ClP]) =
(Ps ) s (Pl NY) 2 (P ), and ¥Qu, Qa, (Q1: ClQs)) = (@1: C'[Qu]). Tt
(Py; C'[Py]) /— (P} ; N, the derivation uses rule ACT and by induction on the derivation
we have that C'[Py] is of the form C”[r?] for C” a P-evaluation context, and (Pj; N') =
(P} ; C"[true]) with P, — P}, and VQ1, Q2, and for any Qs-evaluation context C, if Q1 —
Q) then (Q1; C[r?]) —— (Q; C[true]). Then we can apply the inductive hypothesis to

CTI

(P{; Ny = (P{'; N) and the result follows.
Lemma 3.20. If (P'; C[P]) ~%s (P"; N) then:
e C[P] = C'[loc := P] and C" is a P-evaluation context

e P"=P and N = C'[#]
¢ VQVQ' (Q'; CIQ) % (Q; C"[¥)) and C" = C'{Q/P}

As above, the proof is by induction on the derivation of the reduction.

Finally, we note that if (P;; C[P]) = (P’; true) then rule REFACT is never used in
the derivation of the sequence of transitions, since whenever REFACT is used we either
have false or a term that is stuck (and is not a value).

Suppose that P ~1, Q and (P;; C[P]) = (P’; true). It follows from the definition of
— that we have two cases. If a W-labeled transition is never performed then by Lemma

we have (Pr; ClQ]) = (P'; true). If it is, then by Lemma and Lemma



56 Chapter 3 The discriminating power of higher-order languages

we derive (Pr; C[P]) £ (P; C'[loc := P]) LN (P; C'[+]) E= (P'; true) with C’ a
P-evaluation context and o of the form Wo WaooW..Wa, for o; € A*, and for all i > 1,
P 2. Hence, by the same lemmas and by the assumption that P ~r Q we derive that
(Pr: CIQ)) K (P} C"[loc = Q)) " (Q; C"[]) = (Q'; true), for C" = C'{Q/P},
which in turn implies (Pr; C[Q]) = (Q'; true).

The proof of item (2) is analogous. We first assume that the reduction relation —
is based on the modified rule READ’, and then we define the reduction — as above, but
adding the following clause: (P; M) +—— (P'; M’} if the derivation of the transition uses
the REFACT rule on label 7. The set of negated action labels —r is denoted by —.A.

Now, rule REFACT can be used in a sequence of reductions that reaches success. Hence,
we have to modify Lemma [3.19] as follows: instead of traces o;, we use syntactic versions
of failure traces, i.e., o; € (AU =A)*, where P —» P’ if P = P and P 4. Then the
result follows as in the previous case, by considering processes P and @ that are failure
trace equivalent, rather than trace equivalent.

Proof of Theorem (3.9| - right-to-left inclusions

We first prove the result for item (1), i.e., ~ppC zﬁ?c.

In what follows, we use D, D’ and their indexed versions to denote distributions on
configurations of the form (P; M). For a distribution A = ), p;-dirac(F;) over processes,
we also sometimes use (A; M) to denote (A; dirac(M)), i.e., the distribution ), p; -
dirac((P;; M)).

Analogously to the nondeterministic case, we first show that strong probabilistic bisim-
ilarity is preserved by Al%-contexts, i.e., we prove that if P ~pg Q then C[P] ~pg C[Q],
with ~pp defined on the transitions — (corresponding to —) and —= (performed by the
term true).

We show that the following is a probabilistic bisimulation:

RE{((P; CIP),(Q; CIQ)) | PP~ Q.Q)

where contexts C are polyadic.
To do so, we prove by induction on C that if (P; C[P))R(Q; C[Q]) and (P; C[P]) — D
then (Q; C[Q]) — D’ with D1ift(R) D', which in turn means that there are an index
set I and probability values {p;}icr such that:

o A=Y.p;-dirac((P;; Ci[P))) ;
e O =3 .p;-dirac((Q;; CiQ4)) ;
e P, ~pp Q; and 157, ~PB @z

Most cases are proved analogously to the nondeterministic case, by either exploit-
ing the fact that the transition reaches a Dirac distribution or by directly applying the
inductive hypothesis. The interesting case is when the locations contain probabilistic
bisimilar processes P and ), and the terms perform an action test r?7, i.e., C’[ﬁ] =
C[@] = r?. There are two cases. If both P and @ do not perform r, then they re-
duce to distributions dirac((P; false)) and dirac((Q; false)), which are in 1ift(R)
since (P; false)R(Q; false). Otherwise, if P -+ A and Q — © then Alift(~pp)O.
Hence, there are an index set I and probability values {p;};c; such that:
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o A=)>" p;-dirac(F) ;
e O =>".p; dirac(Q;) ;
o P~pB Q.

Since (P; r?) — (A; true) and (Q; r?) — (O; true), by applying the decomposition
of A and © given above we derive that (A; true)1ift(R) (O; true).

Finally, probabilistic bisimilarity implies probabilistic trace equivalence, so we have
(P; C[P]) ~pmx (Q; C[Q]) with traces defined on the labels 7 and w.

Since for any P, P, C the semantics of (P; C[P]) is an RPLTS, and no state cannot
perform both an w and a 7 action, we derive that the probability of success of C[P]

coincides with
Z prob(C[P], 7"w)
n>0

i.e., the sum of the probabilities of performing a 7 trace of arbitrary length leading to
success. Hence, it follows from (P ; C[P]) ~pr (Q; C[Q]) that they have the same prob-
ability of success.

The proof for Al . is the same, except for the case in which C [P] = C[Q] = r? and
both terms get stuck, since both the bisimilar processes P and @ in the locations cannot
perform action r.

To prove the results for the inductive equivalences (items (2) and (3)), we redefine
trace (and failure trace) equivalence as a relation on subdistributions over configurations
of processes and terms, i.e., distributions of the form ), p; - dirac((P;; M;)) such that
>, pi is less than or equal to 1 (the difference being that the weights do not have to sum
to 1).

Given a labeled transition relation £5: S — D(S), we can lift it to subdistributions as
follows:

AL NIAN= > A(P)-der(P)(u)
Pesupp(A)*
where supp(A)* = {P | P € supp(A) A P 25} and der(P)(p) = A if P 2 A. For the
sake of simplicity, we use the same symbol £, for the lifted relation.

We extend the definition of the probability of o-compatible computations to distribu-
tions as follows:

1 if [o]=0
ZPGsupp(A)“ A(P) ' prob(der(P)(,u), OJ) if o = /’LOJ

It is easy to see that prob(dirac(P),o) = prob(P,o).
Let weight (), p; - dirac(P;)) = >, p; be the weight of a subprobability distribution.
We can define probabilistic trace equivalence on subdistributions as follows:

prob(A, o) = {

A ~p1y © if and only if Vo € A*, weight(der(A)(o)) = weight(der(©)(o))

Since prob(A, o) = weight(der(A)(o)) for every trace o, this relation coincides with prob-
abilistic trace equivalence on states if we consider the Dirac distributions over the same
states, i.e., P ~pr @ if and only if dirac(P) ~pr, dirac(Q).
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By considering transitions between subdistributions, we obtain the following useful
property of probabilistic trace equivalence:

Lemma 3.21. If A ~p1 O then:
e weight(A) = weight(O)
o if A A then © £ 0 and A ~pr, ©

As in the proof for nondeterministic processes, we first consider a transition relation
based on rule READ’, since the probability of success of C'[P] is invariant with respect to
this modification.

Then, analogously, we define a labeled transition s for uw = W,r T, from configu-
rations (P; M) to distributions of the form D =, p; - dirac((P;; M;)). We sometimes
omit the Dirac function and write ), p; - (P;; M;) to denote ) . p; -dirac((FP;; M;)). This
transition relation is lifted to a transition relation between subdistributions D 2 D’ as
described above. Then, we define the weak version of this transition and we have the
following lemmas.

Lemma 3.22. . p; - (P;; C[P]) = D implies:
o D=3 pi(P; C'[P])
o VQ, 0}, Q) X1 (Qy; ClQI) — X2, v - (Q5 C'[Q))
Lemma 3.23. 3, p; - (P;; C[P]) »% D implies:
o C =C'loc :=[]] for C" a P-evaluation context and D =3, p; - (P; C'[+])
© VQ.1, Qs X0 Q55 ClQI = X050+ (Q; C"[), for € = C'{Q/P}

Lemmas and follow as in the nondeterministic case, by induction on the
derivation of the transition.

Lemma 3.24. (A; C[P]) — D implies:

o D= (der(A)(r); C'[P)

* VQ,0, if A ~pry O then © 5 ©' for A ~p1, © and (0; C[Q]) — (©; C'[Q])

By Lemma [3.2I] we derive Lemma [3.24] as in Lemma for the nondeterministic
case, since (A; C[P]) —— D implies C[P] = C'[r?] for C' a P-evaluation context. Hence,
Lemma [3.25] follows by the definition of weak transition and by Lemmas [3.22) and [3.24]
Lemma 3.25. For o € A*, (A; C[P]) = D implies:

o D= (der(A)(0); C[P])

e VQ,0, if A ~pry O then © % O for A ~p1, © and (0; C[Q]) == (0’ C'[Q])
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Using the reduction relations between subdistributions, by the Lemmas above we can
see that: = and = are deterministic, and (A ; C[P]) — D iff (A; C[P]) > D with
p=W,r,7 and D of the form (A’"; C'[P]),

Moreover, whenever Y, p; - (P;; C[P]) +2» D with u = W,7 the whole distribution
progresses (i.e., no configuration (P;; C[P]) gets stuck or becomes true or false, and all
(P;; C[P]) perform a reduction), and whenever >, p;-(P; ; C[P]) — D the configurations
(P;; C[P]) that do not progress are stuck (and will never return true or progress).

Hence, there is a unique distribution D of the form ) . p; - (P;; true) such that
(dirac(Py); C[P]) = D. The probability of success of C[P] (given by the sum of the
probabilities of all the computations reaching a state of the form (P’ ; true) for some P’)
can be equivalently defined as the weight of D.

If dirac((Pr; C[P])) => (A; true) then, by Lemma [3.25] either dirac({P;; C[P]))
== (A; true) and dirac({Pr; C[Q])) = (A; true), or there exists a sequence o of
the form ooWo1WaaW..Wa, for o; € {A}* such that (by Lemma (Pr; C[P]) ¥
(A; C'[l == P]) = (A'; true), with C’ a P-evaluation context, and (Pr; C[Q]) F=
(A5 C"[1 = Q)), with C" = C'{Q/P}.

If (A; C[P]) ¥ D with o of the form oy WaoW...Wa,,, for o; € { A}*, then by Lemmas
and we have that D = (A’; C'[P]) and there exists a sequence Aq,....,A,
such that A =5 Ay, A’ = A, and, for 1 < i < n, if A; = ijj - P; then A;q; is
the subdistribution such that Zj pj - P AT A;11. By the same lemmas, if A ~pp. ©
and P ~p1y Q then (0; C[Q]) == (©'; C'[Q]) and there is a sequence O1, ...., 0, with
© =5 0,,0 =06, and, for 1 <i<n,if©; =) p;-Q; then Y. p;-Q = O;;1. Hence,
A’ and ©' have the same weight, and the result follows.

For probabilistic failure trace equivalence, we extend the labels of the reduction relation
— with actions in —.A. The proof is made more complicated by the fact that if we consider
the definition of — on subdistributions, we have that the relation is now (externally)
nondeterministic, since from a subdistribution (A; C[r?]), for C' an evaluation context,
there are two reductions, one with label r and the other with label —r. However, these
reductions capture the whole state space of the support of (A; C[r?]), since either a state
P performs 7, in which case (P; C[r?]) — (der(P)(r); C[r?]), or it does not, in which
case (P; C[r?]) —= (dirac(P); C[r?]).

For A = . p; - P, define A s AT A = Z{z‘\Pﬁsupp(A)/\Pin}pi - P;. Then
A ~pp1y © is defined as A ~ppy O, but using traces o € (AU —.A)*.

Lemma 3.26. (A; C[P]) — D implies:
e D = (der(P)(—r); C'[P])
* VQ,0, if A ~ppry O then © — O’ for A ~ppry O and (0; C[Q)) — (0; C'[Q))

The lemma follows since C'[P] must be of the form C’[r?] for C’ a P-evaluation context,
and if A ~ppry © then their derivatives after performing r or —r are still in ~pp1y. Lemmas
and [3.23|remain the same, Lemma [3.24 holds with ~ppy instead of ~pry, and Lemma
holds with ~ppr, instead of ~p. and o € (AU -A)*.

The probability of success of (Pr; C[P]) is now given by the sum of the weights of the
distributions A such that dirac({P;; C[P])) = (A; true), for all 0 € (AU-AU{W})*
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We show this by proving that for all n, (A; C[P]) =, —» D iff

D= > Dy

{o€(AU-AU{W })*[(A; C[P])ES n —3 Do }

This is well-defined since every o denotes a unique path. The labels in AU—A are the
only ones that can create a branching in the labeled transition system with subdistributions
on configurations as states and with transitions ——, where either D can perform only
transition —, or only transition &, or both — and —, but with every state in the
support performing either —s or —, and not both. Hence, the set of all D’ such that
there is a path of length n with D #% Dy #25 Dy.... 2% D/ for p e (AU-AU{W, 7}),
coincides with the set of D’ such that there is a 0 € (AU-~AU{W})* such that D ==,
D'

Proof of Theorem [3.9] - left-to-right inclusions

In order to prove ~ C~pp and :flac C~pp, we exploit the testing characteri-
zation of probabilistic bisi;nﬂarity described \i/n Section [2.3.3] using the language of tests
T. As we have seen, on RPLTS it holds that P ~pp @ iff Pr(t, P) = Pr(t,Q) for ev-
ery test t in T [BMOWO5|. We show that these tests are encodable in A{‘,’C_ref i.e., that
there is an encoding Enc() : T — A{?C_ref such for every test t in T and for every P,
Pr(t, P) = prob(SC((P; Enc(t)))). Hence, if P #pp @ then there is context of A¥¢ .
(namely, context C' def (loc := []) seq Enc(t), for some t) that distinguishes P and Q. The
same holds for the language A{‘,’C, since it includes A{?C_ref, and since the the possibility of
exploring the else branches does not allow to add any successful computation (since the
else branches always lead to false).

We define the encoding analogously to the encoding of the Simulation Logic Formulas
in the nondeterministic case:

Enc(w) = true
Enc(r.t) = if r? then Enc(t) else false
Enc((t1,t2)) = (Az. if Enc(t;) then (loc := z)seq Enc(tz2) else false)!loc

We prove by induction on the definition of t that Pr(t, P) = prob(SC((P; Enc(t)))).
The case t = w is trivial.

e Case t = rt’. The interesting case is when P - A. Then the result follows from
the fact that the set SC((P; Enc(t))) coincides with the set of computations of the
form

(
(P'; if true then Enc(t') else false),
(P"; Enc(t')),

C/
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for P’ € supp(A) and ¢ € SC((P'; Enc(t))). We have

prob(SC((P; Enc(t)))) = Y ccse((p: Bnc(t))) Prob(c)
= ZP/GSupp (P/) ZCESC (P’ ; Enc(t'))) prob( )
P’esupp(A (P/) Pr(t/ P,)

= Pr(t, P)

e Case t = (t1,t2). The set of computations SC({P; Enc(t))) coincides with the set
of computations of the form

(P; (Az.if Enc(t;) then (loc := z)seq Enc(te) else false)lloc),
(P; (Az.if Enc(t;) then (loc := z)seq Enc(ty) else false)P),
Cl]

(P"; loc := P seq Enc(t2)),

(P; *seq Enc(ts)),

C2 S

52

for ¢; € SC((P; Enc(t;))), and Clc;] denoting the computation ci, but with every
term put in the context C'= if [| then (loc := P)seq Enc(t2) else false, and
P’ the last value of the location in ¢;. Hence, the result follows from the inductive
hypothesis on t; and to:

prob(SC((P; Enc(t)))) = - csc((p; Bnc(t)y) PT0b(C)
= D crese((P;Enc(ty))) PTob(C1) - 2o cse((P s Encea)y) PTOD(C2)
= Pr(tl, P) . PI‘(tQ, P)
= Pr(t, P)

For the inductive equivalences, we first consider consider probabilistic failure trace
equivalence, i.e., we prove ~,, C~ppry. For o € (AU —A)*, we define the term ¢, as
N
follows by induction on o:

e if o is empty then t, = true
e if 0 = ro’ then t, = if r? then t,» else false
e if 0 = =r¢’ then t, = if 7?7 then false else ty

We exploit the definitions of reductions and labeled transition relations s used in the
opposite direction of the proof, and the definition of failure trace equivalence as a relation
on subdistributions.

We prove by induction on o that A % A"iff (A t,) E= (A’ true).

At each step from (A t,) either we have a reduction == where the whole distribution
progresses or we have a branch with —— and —, where one of the two branches deter-
ministically progresses to false. Hence, there is only one ——-path from (A t,) reaching
a distribution with states with values true, and this distribution is exactly the one such
that (A t,) == (A’; true). As a consequence, the probability of success of (A t,) is
the weight of A’, which in turn coincides with the probability of A of performing trace o.
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We derive that

prob(P, o) = prob(dirac(P),0)
= weight(der(o)(dirac(P)))
= weight(A’ | (dirac(P); t,) = (A’; true))
prob(SC((P; ts)))
= prob(SC({Pr; loc := Pseqt,)))

Hence, processes with different probabilities of performing a failure trace o (which is a
special case of a sequence o € (AU —.A)*) have different probabilities of success when put
in context loc := [-] seq t,-.

For trace equivalence the proof is analogous, but we only consider tests t, with o € A*.
At each step from (A; t,) either we have a reduction = where the whole distribution
progresses or we have a reduction == where the part of distribution that does not progress
gets stuck (and therefore never reaches a true state).

Proof of Theorem - left-to-right inclusions

For the coinductive equivalences, as in the proof for A-calculi, we show that the tests for
Ready Simulation logic and Simulation logic can be encoded in HO7pags ref and HO7pags
respectively.

We define the encoding as follows:

Enc(T) =w

Enc(—r) =1.w

Enc((r)F) =7.Enc(F)

Enc(Fy A Fy) = pass;(z).([z]; | Enc(F;){pass;(y)-([z]: | Enc(F2))/0}

For C' = [[]]; | Enc(F), we have that C[P] =% iff P |= F.
For failure trace equivalence, we prove that for any failure trace ¢ = (r;, F})i<n, process
P has the failure trace ¢ if and if P | ¢, — % where te is defined by induction on n:

bp=w triF)icnsr = Tt 1t H g B,

and tp is w if F' is empty, while for » € F and F' = F'\ {r} we have tp = 7.t .
All these tests are sequential, hence the proofs follow analogously to the A-calculi.

Proof of Theorem [3.11] - right-to-left inclusions
The proof structure is analogous to the A-calculus case.
We start from ready simulation equivalence and HO7rpassrer. In what follows, we write

pe Af it p =1 ‘ r | w ‘ ™ | 7, (as usual, r denotes action 7(x)) and p € A if
p=a{M) | a(M) | pass; M ‘ pass; M. We first show that ready simulation equivalence
is preserved by (pure) HOmpags ref-contexts, by proving that the relation

R def {(C[ﬁ]’ C[@]) | Pis ready simulated by @}

where (' is a polyadic context of HOTpass ref, is a strong ready simulation on transitions
labeled by first-order actions Af. As a consequence, since ready simulation equivalence
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implies trace equivalence, any successful computation (i.e., any trace of the form 7"w)
from C[P] may be mimicked by C[Q], and vice-versa.

The proof uses the following syntactical characterization of the shape of processes
performing an higher-order action, i.e., an action in A,

Lemma 3.27. If C[P] - M, for p € A", then C = Cy -G, [Ch,, i) for some n,
where:

o O, =Cl [y | CF fori <n, or a variant where one or both C} and C} (and the
parallel composition) do not occur and such that [-] is a hole labeled so as to be filled

with context Cy,_,,

e () = C’éLH | w.C" | Clzn+1u/.0/, where i/ = p if W = alC'[P)) or p =
pass; C'[P'], and y/ = pass)(z) if p = pass;N for some N, and p' = a(x) if

w=a(N) for some N.

n+1

The lemma follows by induction on the derivation of C[P] - M’
Then, we prove the result by structural induction on the contexts C' of HOmpags ref-

Let C[P]R C[Q]. We show that:
1. for all u € AT, if C[P] 5 M then C[Q] % M’ and M R M’, for some M’,
2. for all u € AT, if C[Q] - then C[P] 5.
e if C' =[], the result follows by C[P] = P <grs Q = C[Q].

o if C =w.C’,C=a(x).C', C=7.C",C=a(N).C', C = pass;(z).C" and the action

performed is first-order, then the reached processes are C'[P| and C'[Q], and for all
pe A, ClP] L iff 0[Q] 5.

e if C = [C'];, there are two cases:

— C'[P] %5 M’ with € AF, and the transition is derived by rule Kell.
Then the result follows by the inductive hypothesis.

— C[P] 5 M with p = 7 is derived by rule RefLoc.
Then C'[P] = P <% and C'[Q] = Q —%. Hence, M = [P];, M’ = [Q]; and
the result follows.

The second condition follows analogously, by considering the two cases above when
deriving C[Q] - and using the fact that P <gg Q and Q —= imply P -

o if C = (1 | Oy, then C[P] = C1[P] | C5[P] and C[Q] = C1[Q] | C5[Q] with
P; <grs Q;. There are three main cases:

— C[P] %5 M is derived by rule ParL (the case of ParR is symmetric). Then the
result follows by the inductive hypothesis.

-C []3] 5 M is derived by rule Comm, by the synchronization of actions u, i
in AF. The result follows again by the inductive hypothesis.



64 Chapter 3 The discriminating power of higher-order languages

- C []3] — M is derived by rule Comm, by the synchronization of actions p, i in
AH Then we cannot use the inductive hypothesis, and the result follows from

Lemma 3.271

Suppose now that C [@] 5. Then we have the same three cases, and the result
follows analogously.

The proof for HOmpass is analogous, but we consider contexts filled with processes such

that P < <s Q, and we only prove that the obtained relation is a simulation on actions in
AL,

Then the result follows since actions 7 and w are included in A%, and ready similarity
implies similarity, which implies trace inclusion. Hence, if P <gg @, or P <g @, and C[P)]
performs trace 7"w for some n (i.e., it has a successful computation) then C[Q] performs
trace 7"w.

For the inductive equivalences, as in the case of A-calculi, we consider an alternative
labeled semantics which is meant to keep track of when derivatives of the initial processes
are tested for actions.

Define the following:

e a process P in L is active in a term M of HOn (L) if M = M; | My | ... | Mz and
P = M; for some 1.

e we say that C'is a P-context of HOw if it is a context where the only process name in
L that occurs is P, and P is inactive (i.e., the context is not a parallel composition
where P occurs top level). We denote such a context with Cp, and we use Cg for
the same context with P substituted to Q.

Let Cp be a P-context and let S be a sequence of processes in £. Let (S’v)l denote
the i-th element of the sequence. We assume that every hole of a context is numbered
and occurs at most once. We write S — S/ if (g) ~s P and S is equal to S but with
P’ at the i-th place. We extend _this notation to the case where more than one action is
performed in parallel, i.e., S £y § for r a set of indexed labels T3, T ], ..., each with different

indexes (and where the labels are indexed in S , i.e., they have as maximal index the length
| S | of the sequence)

If CplS] = M’ then it follows from the operational semantics of HO7 that M’
Cp[S', P™], where S 5§ for some (possibly empty) set r of labels indexed in S, and P
is a sequence composed by n-copies of P.

This holds since a synchronization might bring to the top level some copies of P that
occur in Cp (that is, the sequence P™), and since it can be be given by three possible
kinds of interactions between processes at the top level:

e two prefixes of HOm synchronize, and then r = ()

e there is a synchronization where process .5; of S performing r synchronizes with a
prefix 7 in the context, in which case r = {r;}

e there are processes S; — and S Z5 in S that synchronize with each other, in which
case r = {r;,7;}.
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Moreover, for any @ and T such that T — T" we have ColT] = Co [T, Q"]

Since the three cases described above cover all cases in which C p[S ] performs a 7 action,
we can derive by induction on the length n of the 7-labeled sequence Cp[S] = M’ that
Cp[S] = M’ iff there are C; p[S;] for 0 < i < n such that:

o S, —L 8,

o Sit1= §£+1,ﬁ

o Cop[So] = CplS)
. M/:CnP[gn]

We write Cp[S] = O[S, P"] if Cp[S] 5 Cl[S, P"] with § 55 &, and we write
Cp[9] N M’  for its reflexive and transitive closure. Then, Cp[S] = M’ iff Cp[S] i
M’ with ST ~

Note that the actions in 7 might be indexed with indexes that are greater than | S |.
Then § 75 is defined by restricting the set indexes to those of S. More formally, given a
sequence T of sets of actions with indexes in n, each of which contains at most one action
for each index, let #;(T) be the sequence of actions with index i. Then S T, i <| S,

(g)l #i(T) '

Lemma 3.28. If Cp[g] = then for any Q such that P ~1, Q and for any T of the
same length as S such that (T); i for every index i <| S | we have that CQ[f] S8
ColT"].
We prove the lemma by induction on the length of . For the inductive case, suppose
¥

Cp[S] — M’ i:>ﬁ Then (by induction on the derivation of the transition) M’
O[S with § =5 §” and § = S, P, and Col[T] = CHT",Q), with T = T" and
(T"); FE for g <| S |=| /S\{ |. Then, since P and Q are trace equivalent, 5", P i
implies T",Q =, Therefore, we can apply the inductive hypothesis to Cf, [T”,Q] and
derive that Co[T] — CL[T", Q) =%

For failure traces, the proof is the same but the sets r now include not only indexed
actions 7; but also indexed refusal actions —r;, which correspond to the case when the
top-level process P; cannot perform action ¢ and synchronizes with a refusal operator on
T.

Proof of Theorem [3.13]

To prove item (1), we first show that the tests characterizing probabilistic bisimilarity
of Section [2.3.3| can be encoded in HO7r, as in the proof for call-by-value A-calculi.

We define the encoding as follows:

Enc(w) =w
Enc(r.t) = 7.Enc(t)
Enc((t1,t2)) = pass;(x).([z]; | Enc(t1){pass;(y)-([z]: | Enc(t2))L,}
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For any test t, since the encoding of t is sequential we have that the process [P]; |
Enc(t) has no internal nondeterminism (with respect to T-actions). Hence, there is only
one possible resolution of SC([P]; | Enc(t)), for any P, and the probability of success is
unique (i.e., may and must success coincide).

We prove by induction on the definition of t that Pr(t, P) = prob(SC([P]; | Enc(t)).
The case t = w is trivial.

e Case t = r.t’. The interesting case is when P — A. Then the result follows from
the fact that the set SC([P]; | Enc(t)) coincides with the set of computations of

the form
[P | Enc(t), [P']; | Enc(t), ¢

for P! € supp(A) and ¢ € SC([P]; | Enc(t)). We have

prob(SC([P[; [ Enc(t))) = X cese(ip), | nc(ty) PTob(C)
= ZP’Esupp(A) A P,) ’ ZCESC([[P’][ | Enc(t)) pT’Ob(C)
= ZP’Esupp(A) A(P/) ’ Pr(t/a Pl)
= Pr(t, P)

e Case t = (t1,t2). The result follows form the fact that the set of computations
SC([P]; | Enc(t)) coincides with the set of computations of the form

[Pli | Enc(t),
[P], | Enc(t,){pasei(s)-(IP]: | Bnc(ta))i}.
C1,

[P'T: | pass(y).([P: | Enc(ts)),

C2,
w

for ¢; € SC([P]; | Enc(t;)) but without the last term, and P’ the last value of the
location in ¢; (it is easy to prove by induction on t that c is a successful computation
from [P]; | Enc(t) iff it is a 7-labeled computation from [P]; | Enc(t) whose last
term is of the form [P']; | w).

Hence, we have zﬁOWpass C ~pg. Since HOWpass is a sublanguage of HO']Tpass,refy we

also have _Howpass,ref = _HOWpass‘

It remains to prove that ~pg C ~L .
prov PB = HO']Tpass,ref

As in the nondeterministic case, and like for A-calculi, we first show that probabilistic
bisimilarity is preserved by contexts of HO7pass ref, With respect to labels 7 and w.

Formally, we show that the following is a probabilistic bisimulation on the first-order
labels (defined as in the proof of the corresponding item in Theorem :

RE{(C[P],C[Q)) | P ~pp Q}

where contexts are polyadic. We prove by induction on C that if C[P] R C[Q] and
C[P] £ A for i € A¥ then C[Q] £ © with A1ift(R)©.
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The proof proceeds as in the corresponding case in the proof for the nondeterministic
case (Theorem . Whenever a higher-order action is performed, we have that the
analogous of Lemma holds, and performing the higher-order action leads to a dirac
distribution.

We only consider the case when C' = C; | Cy and C[P] < A = A; | Ay, derived

by rule Comm with a synchronization of C’l[ P] 5 Ay and Co[P] 25 Ay, for € AL
Then C[Q] = C1[Q] | C2[Q] with P ~pp Q, and by the inductive hypothesis C1[Q] — O,
and Cy[Py] 5 Oy, with A;1ift(R)©; and C[Q] —— © = ©; | O,. It remains to
prove that A1ift(R)©O. By A;1ift(R)O;, there are index sets J, K such that Ay =
> jesbj-dirac(M;) and ©1 = Y. ; p; - dirac(Mj), and Ay = > e qi - dirac(Ny) and
O2 = > ek Gk - dirac(Ny), and for all j, k, M; R M] and Ny R Ny. As a consequence,
we have that A =37,y pj - qi - dirac(M; | Ny) and © = 37 1 pj - qi - dirac(M] | Ny),
and it follows from M; R M]’ and Ny R N; that M; | Ny R M]’ | Ny.

We now prove that if C[P] and C[Q)] are probabilistic bisimilar with respect to actions
7 and w, then they have the same probability of success. There are two main differences
with respect to the proof for the A-calculus case in the probabilistic setting:

e C[P] (and C|Q)]) have internal nondeterminism with respect to T-actions, hence we
have different possible resolutions to consider.

e a state reached by C[P]| might perform both w and 7; Hence, given a specific
resolution Z of C[P] it does not hold that the probability of success of zclp) 18
ano prob(zg(p), T"w). Indeed, prob(zc(p), T"w) also includes the weights of paths
where not only the final state, but also some states before, are successful, and such
weights should not be added to the probability of success, since they do not corre-
spond to weights of successful paths. Hence, we are going to consider probabilistic
failure traces instead of probabilistic traces.

Since P ~ppry @ on RPLTS implies that P, ) have the same initial labels, we have
that P, @ are equivalent also with respect to “extended” probabilistic failure traces of the
form ((Fj,7i)i<nF'), where an initial failure set is allowed.

Let SC,, P denote the set of successful computations from P of length n. Then for any
RPLTS P its probability of success at length n is prob(SC,.((P)) = > .csc., p Prob(c).

Hence, we have that prob(SC(P)) =", prob(SCn((P)) = prob(P, ({w}r)"w).

We know from |[BDL14a} BDL13| that on NPLTSs, as for LTSs, bisimilarity implies
failure trace equivalence.

Hence, it follows from C[P] ~pp C[Q] with respect to labels 7,w that C[P] ~pp1, C[Q)]
with respect to the same labels. Since C[P] and C[Q], this is equivalent to saying that for
every resolutions Zg(p) of C[P] there is a resolution Zg(g) on C[Q] such that z¢(p] ~pF1x
20(Q] (where, since zp and zg are RPLTSs, the last instance of ~ppr, is defined as on
RPLTSs). Hence, for every n > 0, given the (extended) failure trace ({w}7)"0wl) we have
prob(zcp) ({w}T)"Q)w@) = prob(zciq), {w}T)"0wh), and we derive that

prob(SC(zcpy)) = >_,, prob(SCr((2c(p))
= >, prob(zep), ({w}r)"0wd)
=>. prob(zC[Q {w}r) 0wi)
=, prob(SCn((2¢q)))
= prob(SC(zC[Q )
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Symmetrically, for every resolution Zg(g) of C[Q] there is a resolution Z¢(p) of C[P] such
that prob(SC(z¢yq))) = prob(SC(zc(p)))-
As a consequence,

| | prob(SC(zcip))) = | | prob(SC(zciq)))
Zcop)€Resr maz(C[P]) Zoqi€Resrmaz (ClQ))



Chapter 4

Probabilistic testing

In the previous chapter we have considered testing equivalences induced by contexts of
languages that may have higher-order and/or concurrent features, but that do not have
probabilistic features. In this chapter, we study testing equivalences for RPLTSs where
the tests may have also probabilistic choices. Instead of considering testing equivalences
where tests are given by contexts from some language, we define the equivalences using
tests that are semantically defined. In particular, we consider three different classes of
observers respectively formalized as RPLTS, LTS, and NPLTS. These can be seen as the
semantics of terms of first-order process calculi, possibly allowing probabilistic choices. In
order to apply such a test to an RPLTS, we look at the interactions between the RPLTS
and the observer running in parallel.

In Section we introduce the testing scenario used in this chapter. We give upper
and lower bounds to the discriminating power of the three classes of observers on RPLTSs
in Section and then we investigate the relationships among the resulting testing
equivalences (Section. We conclude by discussing two open problems and conjectures
(Section . Detailed proofs of the results presented in this chapter can be found in
Section 4.4

4.1 Testing equivalences for RPLTS processes

Given an RPLTS, we assume that the elements of its action set A are all visible. The
action set of each considered test will be AU {w}, where A = {a | a € A} is the set of
coactions for A4 and w ¢ A is a distinguished action denoting success. Every coaction
must synchronize with the corresponding action; when this happens, the invisible action
7 ¢ A is produced. Therefore, the resulting interaction system is an NPLTS with action
set {7,w}, whose transition relation — is derived from the transition relation — of the
RPLTS process under test and the transition relation —o of the observer, through the
following two rules:

SihAl OL&AQ OL>2A2

(5,0) — (A1, Ag) (s5,0) = (dirac(s), As)

where (A,0)(s',0") = A(s") - ©(0’). This operation corresponds to putting in parallel the
tested process and the observer seen as terms of some language, and only considering the

69
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7-labeled transitions resulting from the synchronization of inputs from the tested term
with outputs from the observer.

We then apply the definitions of computations, successful computations, and resolu-
tions we have seen in Section to the NPLTS resulting from the observer interacting
with the RPLTS. This allows us to define testing equivalences analogously to the previ-
ous chapters. In contrast with previous chapters, we consider directly test-equivalence,
which is the intersection of may- and must-equivalence. May equivalence is defined by
considering the supremum of the probabilities of success of al resolutions. By contrast,
must-equivalence checks whether the infimum is the same. The relationship between may-
and must-equivalences in this setting is further discussed in Section [4.3.1]

Given a resolution Z of (s, 0), we denote by SC(zs,) the set of successful computations
from the state z;, of Z corresponding to (s,0). We respectively denote by U and M the
supremum and the infimum of the set of probability values prob(SC(zs,)) computed in the
various resolutions of the interaction system. To avoid infima to be trivially zero, in the
next definition, which is inspired by [YL92; JY95} [KN98|, we restrict ourselves to maximal
resolutions.

Definition 4.1. Let £ = (S, A,— ) be an RPLTS. We say that s1,s0 € S are proba-
bilistic LIN-testing equivalent, written s1 ~preyn S2, iff for every test T = (O, A, —7)
with initial state o € O it holds that:

L prob(SC(zZ1,)) L prob(SC(222,))

Z1€Resmax(s1,0) Z3€Resmax(52,0)

M prob(SC(z31,)) [ prob(SC(z32,))

Z GRESmax(ShO) ZQERESmax(827O)

The equivalence is respectively denoted by ~pTe.1m,rps ~PTe-Ur,nd> OF ~PTe-Ur,np depending
on whether the considered tests are all reactive probabilistic, (fully) nondeterministic, or
nondeterministic and probabilistic.

We assume tests to be finite, i.e., finite state, finitely branching, and loop free.
On the one hand, this entails that interaction systems will have finitely many maximal res-
olutions, thus ensuring the validity of our results also for a slightly finer variant of ~pre_
that we could define following [Seg96; DGHMO0S8]. On the other hand, this restriction will
be exploited in the proofs of some results.

4.2 Properties of the RPLTS testing equivalences

4.2.1 Placing the testing equivalences in the RPLTS spectrum

Our first result is that the three relations ~pte. i rp, ~PTe-Ur,nd, ad ~pTe.n,np are com-
prised between ~pp1, and ~pg. This confirms the power of the interplay between proba-
bilities and nondeterminism for discriminating purposes, which was already noticed in the
testing theory for NPLTS processes [JHSY94; DGHMZ07b; BDL14b].

The proof that each of the three equivalences is strictly finer than ~ppr, benefits from
an analogous result with respect to ~pgr. Both proofs focus on tests that are deterministic
LTS models (DLTS for short) as they admit neither internal nondeterminism nor prob-
abilities. Since these tests constitute a submodel common to RPLTS, LTS, and NPLTS
tests, the inclusion proofs relying on them scale to the three more expressive families of
tests.
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Figure 4.1: Counterexample for testing equivalences and probabilistic failure trace equiv-
alence on RPLTSs

Lemma 4.2. On RPLTS processes, for all x € {rp,nd,np} it holds that:
~PTe-LiNx & ~PF

Theorem 4.3. On RPLTS processes, for all x € {rp,nd,np} it holds that:
~PTe-UMx & ~PFTr

The inclusions in ~ppy are strict as shown by the two RPLTS processes, the DLTS
test, and the two NPLTS interaction systems in Figure because we have U = 1 and
M =0 in the first system and LI = M = 0.5 in the second one.

The proof that ~pp is included in each of the three testing equivalences exploits the
fact that ~pp is a congruence with respect to parallel composition. Inclusion stems from
showing that, under ~pg, for each maximal resolution of any of the two interaction sys-
tems, there exists a maximal resolution of the other interaction system, such that the two
resolutions have the same success probability.

Theorem 4.4. On RPLTS processes, for all x € {rp,nd,np} it holds that:
~PB C ~PTe-Ln,«

4.2.2 Relationships among the RPLTS testing equivalences

Our second result is concerned with the relationships among the discriminating powers of
~PTe-UM,rps ~PTe-Ur,nds and ~pTe.unnp, Which will help us investigating the strictness of
the inclusions of Theorem [4.4]

First of all, we observe that ~pre.(j np is included both in ~prejm,rp and in ~preim nds
because RPLTS tests and LTS tests are special cases of NPLTS tests. Both inclusions are
strict, as shown in the upper part of Figure where the NPLTS test yields L = 0.75
and M = 0.25 in the first interaction system and U = M = 0.5 in the second one. We
remark the need of both internal nondeterminism and probabilities in the distinguishing
test. A linear test succeeding after performing a, b, and ¢ would not be able to tell apart
s3 and s4. Likewise, those two states would not be distinguishable by a test obtained from
the previous one by replacing the c-transition with a probabilistic choice between that
transition and a terminal /success state, or introducing a nondeterministic choice through
a further b-transition to a terminal /success state after the a-transition.

Secondly, it turns out that, in general, ~pre.unp and ~pre.nnd are incomparable
with each other. For instance, in the middle part of Figure we have that s5 ~pTe-un,p
s¢, while s5 pTe.unnd S6 because the LTS test yields L = 1 and M = 0 in the first
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Figure 4.2: Counterexamples for probabilistic bisimilarity and testing equivalences on

RPLTSs

interaction system and LI = M = 0.5 in the second one. Notice the necessity of internal
nondeterminism in the distinguishing test. In contrast, in the lower part of Figure [4.2
we have that s7 ~pre.innd s8, while s7 %pre.mrp S8 because the RPLTS test yields
U = 0.75 and M = 0.25 in the first interaction system and LI = = 0.5 in the second one.
Unlike the upper part of Figure here internal nondeterminism is not necessary in the
distinguishing test.

Thirdly, if ~preun,p admitted only restricted RPLTS tests, then it would include
~PTe-Ln,nd, With the inclusion being strict as shown in the middle part of Figure A
restricted RPLTS (RRPLTS for short) test is a test such that its probabilistic choices,
i.e., its non-Dirac transitions, are not preceded by nondeterministic choices. The proof of
this fact is based on the deprobabilization of an RRPLTS test. This is an algorithm that
performs a top-down traversal of the test until a set of DLTS subtests is generated, which
preserves the extremal success probabilities induced by the original test.

When encountering a non-Dirac transition in the top-down traversal of the RRPLTS
test, as shown in Figure the algorithm replaces the test with as many RRPLTS subtests
— which are DLT'S subtests in the final steps — as there are ways of resolving the probabilis-
tic choice. For simplicity, only the non-Dirac transition, labeled with @, originating the
probabilistic choice is depicted in the figure, but in general it could be the last transition
in a computation — traversing states where no nondeterministic choices occur — going from
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Figure 4.3: Deprobabilization of an RRPLTS test (applies recursively to 71,72, ..., Tpn)

the initial state o of the test to the probabilistic choice. Given a state s of the process
under test, the two formulas in Figure [£.3] witness that the two convex combinations of
the extremal success probabilities induced by the n subtests respectively coincide with the
two extremal success probabilities induced by the original test.

Should a nondeterministic choice precede the considered probabilistic choice, it would
not be appropriate to generate subtests by resolving both choices. The reason is that it
would then be natural to focus on the maximum and the minimum of the extremal success
probabilities induced by the various subtests arising from the resolution of the nondeter-
ministic choice. This certainly works when the nondeterministic choice is originated from
the initial state of the test, or from the state reached by a Dirac transition of the test that
synchronizes with a Dirac transition of the process under test. However, the synchroniza-
tion of a Dirac transition of the test with a non-Dirac transition of the process results
in a non-Dirac transition in the interaction system, for which a convex combination (as
opposed to maximum and minimum) of the extremal success probabilities of the various
subtests needs to be computed.

Fourthly, if ~pre.imnd admitted only DLTS tests, then it would include ~pre.mrp,
with the inclusion being strict as shown in the lower part of Figure[d.2] The reason is that
a DLTS test is a special case of RPLTS test in which there are no probabilistic choices.
In conclusion, we have:

Theorem 4.5. On RPLTS processes, it holds that:

1. ~PTe-UM,np - ~PTe-LM,nd and ~PTe-UM,np - ~PTe-UM,rp-
2. ~PTe-Lnnd and ~pTe-Ln,rp are incomparable with each other.
3. ~PTe-un,nd & ~PTe-un,rp if only RRPLTS tests were admitted by ~pTe-nrp-

4. ~PTe-Linrp & ~PTe-unnd if only DLTS tests were admitted by ~pre-nnd-

It follows from Theorem and from Theorem 1) that the testing equivalence
induced by RPLTS or LTS tests is strictly included in probabilistic bisimilarity.

Corollary 4.6. On RPLTS processes, for all * € {rp,nd} it holds that:
~PB & ~PTe-UN,*
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4.3 Open problems and conjectures

4.3.1 May vs. must testing

In the case of testing LTS or NPLTS processes, it is known that must testing equivalence
is strictly finer than may testing equivalence in the absence of divergence, otherwise the
two equivalences are incomparable [Nic87; DGHMZ07b|. When testing RPLTS processes,
the relationships between ~pre(; (may testing) and ~ppen (must testing) are not clear,
even if we restrict ourselves to NPLTS tests and we admit 7-actions within them.

In that case, we could derive that ~pTe.rnp € ~PTe-,np by exploiting the construction
used in [DGHMZO07b] for proving an analogous result on NPLTS processes. The purpose
of that construction is to build from a given NPLTS test a dual one, which generates all
complementary success probabilities in the interaction system. The idea is to transform
every state of the test having an outgoing w-transition into a terminal state, and to add
to any other state a 7-transition followed by an w-transition.

The absence of internal nondeterminism within RPLTS processes would however pre-
vent us from concluding that the above inclusion is strict. Indeed, the typical counterex-
ample made out of a test succeeding after performing a followed by b, which distinguishes
a process that can perform either a followed by b, or a followed by ¢, from a process that
can perform a and then has a choice between b and c, is not applicable because the first
process is not an RPLTS.

Such considerations lead us to conjecture that, for each of the three variants of ~pre.im,
its may part ~pre; coincides with its must part ~prer, and hence both coincide with
~pTe.un by virtue of the definition of the latter. This is certainly true when restricting
attention to fully probabilistic tests — as they yield, when interacting with an RPLTS
process, a single maximal resolution, in which LI and M necessarily coincide — or tests
having exactly one nondeterministic choice that occurs in the initial state — as can be
easily proved by induction on the number of maximal resolutions of each such test.

4.3.2 Characterizing RPLTS testing equivalences

Our findings in Section leave open the question whether ~pp is strictly finer than
~PTe-Ln,np OF coincides with it. In the latter case, we would have that, in the RPLTS
setting, testing equivalence reaches the same discriminating power as bisimilarity not
only in the presence of an explicit copying capability within tests [LS91], but also in the
absence of it, provided that tests are equipped with both internal nondeterminism and
probabilities. We point out that this would be a peculiarity of RPLTS processes, because
it is known that NPLTS tests are less powerful than bisimilarity in the case of NPLTS
processes |[BDL14a].

The numerous examples of RPLTS processes that we have examined lead us to con-
jecture that on RPLTS processes ~pre.uimnp = ~PB. As a consequence of Theorem it
suffices to prove that ~pre.mnp is included in ~pp. This is equivalent to showing that,
given two states s; and sy of an RPLTS, if s1 otpp s2, then s1 o¢pre-Linnp S2-

The idea is to use a logic characterizing probabilistic bisimilarity on RPLTS to build a
distinguishing NPLT'S test. Probabilistic Modal Logic (PML), a modal logic characterizing
~pp on RPLTS, was first proposed in [LS91] and then led to a minimal form in [DEP02].
PML comprises the always true constant T, logical conjunction - A -, and the diamond
operator (a),- where a is an action and p is a probability lower bound. Formula (a),F
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is satisfied by an RPLTS state if an a-labeled transition is possible from that state, after
which a set of states satisfying F' is reached with probability at least p. The proof of the
conjecture appears far from being trivial. The connection between PML and the testing
approach of |[LS91] is intuitively clear, as multiplying the success probabilities resulting
from the application of independent choice-free tests to as many copies of the current
state under test is analogous to taking the logical conjunction of a number of formulas
each starting with a suitably decorated diamond. In contrast, the tests used in this chapter
follow the classical theory of [DH84], hence do not admit any copying capability and, most
importantly, may contain choices, which fit well together with logical disjunction rather
than conjunction. The characterization of probabilistic bisimulation via a modal logic
based on disjunction has been recently studied in [BM16|, and could be used as basis for
proving the conjecture.

We conclude by mentioning that an alternative proof strategy for this conjecture, when
only considering may testing equivalence, may exploit Proposition m (~pp =~pg) and
the characterization of may testing via simulation provided by [DGHMO08|. However, we
recall that in [DGHMOS8| T-actions are admitted, the considered probabilistic simulation
is not the standard one, and the focus is on preorders rather than equivalences.

4.4 Proofs

Proof of Lemma [4.2]
We first prove that the same result holds for probabilistic trace equivalence.

Lemma 4.7. On RPLTS processes, for all x € {rp,nd,np} it holds that:

~PTe-UM,x & ~PTr

Proof. Since ~pre.n« is included in ~pe 4, it is sufficient to prove that the latter is
included in ~pT.. Moreover, let us restrict ourselves to consider only DLTS tests, in which
neither internal nondeterminism nor probabilities are allowed, and denote by ~pre.; 4 the
may part of the resulting probabilistic testing equivalence. Since a DLTS is a submodel
common to RPLTS, LTS, and NPLTS, ~pre.,« is included in ~pe; 4. Thus, if we prove
the inclusion in ~p1, for the DLTS case, then the inclusion in ~p1, will hold also for the
other three cases.

Given an RPLTS £ = (S, A, —) and s1, s3 € S, we consider the contrapositive statement.
If s1 opry S2, i.€., if there exists a trace o € A* such that prob(C(s1,0)) # prob(C(sz2,0)),
then the DLTS test 7, with initial state o, having a single maximal computation that is
labeled with & w yields:

|_|( )pmb(SC(Zsl,og)) = prob(C(s1,0)) #
Z1€Resmax (81,00
# prob(C(s2,0)) = L prob(SC(2sy.0,))

Z9€ ResSmax(52,00)
which means that s1 #pre.d S2. O

As in the previous proof, to show that all testing equivalences are included in ~pp it
is sufficient to prove the inclusion of ~pre;q in ~pp.
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Given an RPLTS £ = (S, A,—) and s1,s2 € S, suppose that s; ~pre.q S2. For an
arbitrary failure pair ¢ = (0, F'), where F' # () to avoid overlapping with ~pTy, we consider
a DLTS test 7, with initial state o, that can only perform a computation labeled with &,
after which a state is reached having an outgoing a-transition followed by an w-transition
for each a € F.

For all s € S it holds that:

|_| prob(SC(z&%)) = prob(C(s, o)) — prob(FC(s,))
ZEResmax (5,04)

hence we have s1 ~pre)d 52 and s1 ~p1y s2 (by Lemma 4.7)), and it follows that:

prob(FC(s1,¢)) = prob(C(s1,0)) — L prob(SC(zs,,0,)) =
Z1€Resmax(51,00)
= prob(C(s2,0)) — L] prob(SC(zSQ,%)) = prob(FC(s2,¥))

Za€ReSmax (52 70<p)

which means that s; ~pp s9.

Proof of Theorem [4.3]
As in the previous proof, it is sufficient to demonstrate the inclusion of ~pre.;q in
~PFTr-
Given an RPLTS £ = (5, A,—) and s1,s2 € S, suppose that s; ~ppeq S2. For an
arbitrary failure trace ¢ = (a1, F1) (ag, F2) ... (an, Fy,), where n > 1, a; ¢ F;_; for all
i=2,...,n,and F; # () for some i = 1,...,n to avoid trivial cases as well as overlapping
with ~pty, we consider a DLTS test 7, with initial state o4 that can only perform a
computation labeled with ajas ... a, such that, for all = 1,...,n, the state reached after
performing a; has also an outgoing a-transition followed by an w-transition for each a € F;.
For all s € S it holds that:

e L] ( )pmb(SC(zS’%)) = prob(C(s,a1))
’ _ meb(]—"TC( (an, 1) .. (@51, Fy1 U {ai})))
—prob(}'TC( ,0))

The reason is that, for all: = 1,...,n — 1, given a computation of s labeled with a; ... a;,
for each state in the support of the target distribution reached after performing a; there
are the following three alternative cases:

e the state can perform at least one action in Fj, thereby leading to success in the
interaction with 7Tg;

e the state can perform neither actions in F; nor action a;41, thereby leading to failure
in the interaction with 7;

e the state can perform no actions in F; but can perform action a;41;

where the last two cases boil down to the same one leading to failure when i = n (the
state can perform no actions in F,,). Therefore:

|_| prob(SC(2s.0,)) meb (a1, F1) ... (ai—1, Fi—1) (@i, 3F})))
Z€Resmax(s,04)
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where C'(s, (a1, F1) - .. (a;—1, Fi—1) (a;, 3F;)) is the set of computations of s compatible with
the failure trace (a1, F1) ... (a;—1, F;—1) that can subsequently perform action a; and reach
a state in which at least one action in Fj is enabled. For all ¢ =1,... n it holds that:

pTOb(C/(S, (al, Fl) e (ai_l, Fi—l) (ai, 3F1>))
= prob(C"(s, (a1, F1) ... (aj—1, Fi—1) a;))
— prob(FTC(s, (a1, F1) ... (ai—1, Fi—1) (a;, F})))

where C”(s, (a1, F1)...(a;—1,F;i—1)a;) is the set of computations of s compatible with
the failure trace (a1, F1)...(a;—1, F;—1) that can subsequently perform action a;, hence
C"(s,a1) = C(s,a1) while for all i = 2,...,n it holds that:

prob(C" (s, (a1, F1) ... (ai—1, Fi—1) a;)) = prob(FTC(s, (a1, F1) ... (a;—1, Fi_1)))
— pT‘Ob(]:TC(S, (al,Fl) e (ai,l, F,_1 U {al})))

Summing up:

L] prob(S8C(2s,,)) = [prob(C(s,a1)) — prob(FTC(s, (a1, F1)))]

ZGResmax(S,oqb) n
+ Z [pTOb(.FTC(S, (al, Fl) e (ai_l, Fi—l)))
=2 prob(FTC(s, (a1, F1) ... (ai_1, F;_1 U{a;})))
— prob(]:TC(s, (al, Fl) . (ai_l, Fi—l) (al-, E)))]
= prob(C(s,a1))
— > prob(FTC(s, (a1, F1)...(ai—1, Fi—1 U{a;})))
i=2
— prob(FTC(s, 9))
Recall now that s; ~preid S2, hence s; ~pry s2. We show that prob(FTC(s1,¢))
= prob(FTC(s2,¢)) by proceeding by induction on | ¢ |=n > 1:

e Let n =1. Then:

prob(FTC(s1,$)) = prob(C(s1,0)) — L] prob(SC(zsh%)) =
Z1€Resmax(51,04)
= prob(C(s2,0)) — L] prob(SC(2sy,0,)) = prob(FTC(s2,))

Z2€Resmax(52,04)

e Let n > 1 and suppose that the result holds for each failure trace of length j such
that 1 < 7 <n — 1. Then:

prob(FTC(s1,$)) = prob(C(s1,a1))

n

— ;pTOb(fTC(Sl, (al, Fl) A (ai,l, F,_1U {al})))

- L] prob(SC(zs,,04))

Z€Resmax(51,04)
= prob(C(se,a1))

— épmb(}"TC(sQ, (a1, F1) ... (ai—1, Fi-1 U{a;})))
— |_| p?"Ob(SC(zsg,od,))

Z€Resmax(52,04)

= prob(FTC(s2,9))
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We can thus conclude that s; ~pp; So.

Proof of Theorem [4.4]

We prove that ~pg implies ~pTem,np-
We know that ~pp on NPLTS is preserved by the parallel operator [SL95|, which implies
that if (s1, s2) € ~pp then ((s1,0), (s2,0)) € ~pp, for 0 an arbitrary NPLTS test. Then the
proof proceeds analogously to the proof of Theorem (item (1)). Bisimilarity implies
failure trace equivalence on NPLTS [BDL13|, which means that for each resolution Z; of
(s1,0) there is a resolution Z, of (s2,0) such that for every failure trace computation ¢:

pTOb(FTC(Zs1,Oa¢)) = prOb("rTC(252707¢))

and vice versa.

Let SCp(zs;,0) denote the set of successful computations from zg, , of length n, for
i € {1,2}. Then the probability of success at length n of zy, , is prob(SCp(zs,0)) =
ZCESCn(zsi,o) prob(c), and it is in turn equal to prob(FTC(zs, 0, ({w}T) 0wd)).
Hence, we derive

prob(SC(zs,.0)) = Zprob(SCn(zsi’o)) = meb(]—'TC(zsi,o, {w}r)"0wd)) .

(Note that we are here allowing a failure set also at the beginning of the failure trace. As
we have seen, failure trace equivalence allows us to do so.)

Since for each resolution Z; of (s1,0) there is a resolution Z3 of (s2,0) such that for every
n?

prob(FTC(2s;.0, {w}r)"0w0)) = prob(FTC(zsy,0, ({w}r) 0w))

(and vice versa) the result follows.

Proof of Theorem [4.5]
Let £ = (S, A,—) be an RPLTS:

1. The two inclusions immediately follow from the fact that LTS tests and RPLTS tests
are special cases of NPLTS tests.

2. Incomparability stems from the middle part and the lower part of Figure [4.2

3. First of all, we establish the correctness of the deprobabilization algorithm for
RRPLTS tests, i.e., the fact that the set of DLTS subtests generated by the algo-
rithm preserves the extremal success probabilities induced by the original RRPLTS
test. More precisely, given s € S and an RRPLTS test T = (O, A, —7) with initial
state o € O, it holds that:

k
LI prob(SC(zs0)) = 20 45 L prob(SC(zs,q,))
ZER@SmaX(S,O) ]:1 Z;eRESmax(S,Og-)
k
[T prob(SC(zs0)) = 22 a5 [] prob(SC(zs01))
Z€Resmax(s,0) Jj=1 2} € Resmax(s,05)
as we prove below by proceeding by induction on the number £ € N>; of DLTS
subtests ST7,...,S8T}, with initial states of,...,0} and associated probabilities

qi, - --,qr generated for 7 by the deprobabilization algorithm:
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If £k =1, then T has no non-Dirac transitions at all, and hence the only DLTS
test ST with initial state 0] = o and associated probability 1 generated by the

deprobabilization algorithm coincides with 7. In this case, the result trivially
holds.

Let £ > 2 and assume that the result holds for all RRPLTS tests for which
the deprobabilization algorithm generates at most £k — 1 DLTS subtests. From
k > 2, it follows that 7 has at least one non-Dirac transition. Consider the first
of these transitions encountered in the top-down traversal of T, whose target
distribution is supposed to assign to the states in its support the probability
values p;, 1 <7 < n, with n € N>o. Let §T;, 1 < i < n, be the corresponding
RRPLTS subtests generated by the deprobabilization algorithm, with initial
states o; for i = 1,...,n (see Figure [£.3).

Due to the absence in T of nondeterministic choices preceding the considered
non-Dirac transition, we have that:

LI prob(SC(zs0)) = X pi- L prob(SC(zs,,))
Z€EResmax(s,0) =1 Z;€Resmax(8,0i)

[l prob(S8C(zs0)) = > pi- [ prob(SC(zs,0,))
Z€ Resmax(8,0) =1 Z;€Resmax(8,04)

Since the application of the deprobabilization algorithm to each such subtest
ST generates k; < k — 1 DLTS subtests (which are DLTS subtests of T too)
ST;’h, 1 < h < k;, with initial states 0;71, NN r, and associated probabilities
gi1,-- -k, by the induction hypothesis we derive that:

n ki
LI prob(SC(zs0)) = Dopi- 20 dih- L prob(SC (24, ))
ZeResmax(s,0) =1 h=1 Z;’hEResmax(s,o;’h) ’
n k;
[T prob(SC(zs0)) = 22pi- 22 Gih - M prob(SC(zs,. )
Z€Resmax($,0) i=1 h=1 2] j,€Resmax(s,0] ) '

which can be rewritten as follows due to the distributivity of multiplication
with respect to addition:

n ks
|| prob(SC(zs,0)) = > > (Pi- Gin) - L prob(SC(2s07,))
Z€Resmax(s,0) i=1h=1 Z] p€Resmax(s,0] 1,) 7
n ki
M prob(SC(zse)) = > > (Pi*@in) - [l prob(SC(zs;,))
Z€EResmax(s,0) i=1h=1 Z; p€Resmax(s,07 1) 7

Given s1,s3 € S, suppose now that s; ~pre.umnd S2 and consider an arbitrary
RRPLTS test T = (O, A, —7) with initial state o € O for which the deprobabiliza-
tion algorithm generates k € N> DLTS subtests ST7,...,ST), with initial states

/
o, -

., 0} and associated probabilities g1,...,qr. From s; ~pre.nna S2, it follows
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in particular that s; and so cannot be told apart by any DLTS test, hence:

NgES
&

L prob(SC(zs,,0)) = L prob(SC(2s,,01))
Z1€Resmax(s1,0) j=1 Z{ﬁjGResmax(m ,0;.)
k
= Z q; |_| prOb(SC(ZSQ,o;-))

<
Il
—

Zé’j € Resmax(s2 ,o;-)

= L] prob(SC(zs,.0))

Z9€Resmax(52,0)

k
[] prob(8C(zs,0)) = > a5 [] prob(SC(zy, 1))
Z1€Resmax(51,0) j=1 Z{’jeResmax(sl,o;)
k
~Sg T prob(SClane)

7j=1 ZéﬁjeRSSmax(SQ,O;)

= [ prob(SC(2s,.0))

Z2€ Resmax(82,0)

4. The inclusion immediately follows from the fact that DLTS tests are special cases of
RPLTS tests.
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Conclusions

5.1 Additional related works

There are analogies between our results on the contextual equivalences induced by higher-
order languages on ordinary LT'Ss and results in the literature on the equivalences on LTSs
that characterize the coarsest congruences contained in trace equivalence for operators
whose operational rules comply with certain rule formats. Some of these formats allow
negative premises in the rules, with which refusals may be encoded, or allow rules in which
an argument of an operator may end up, in the derivative of the rule, within a predefined
context; when the context is polyadic, this yields a form of copying. In higher-order
languages, in contrast, copying is achieved through the variable binding mechanisms of
the languages. Passivation or, in the A-calculi, call-by-value, are necessary to obtain the
discriminating power of powerful formats such as GSOS [BIM95] and tyft/tyxt |[GV92]
(which give ready simulation equivalence and simulation equivalence, respectively).

Rule formats for probabilistic processes include [Bar02; LT09; DL12|, where the empha-
sis is on ensuring congruence properties for bisimilarity. Testing of reactive probabilistic
processes is studied in [KN98|, obtaining an equivalence strictly coarser than bisimilarity,
though the comparison with the equivalences induced by our contextual equivalences is
unclear.

5.2 Conclusions and future work

In Chapter [3| we have studied the discriminating power offered by higher-order concur-
rent languages such as HOmx, without and with passivation, and contrasted it with those
offered by higher-order sequential languages a la A-calculus and by first-order concurrent
languages a la CCS. We have measured this discriminating power on the basis of the dis-
tinctions that the languages, possibly extended with refusal, allow us to make on first-order
processes that are either fully nondeterministic (LTSs) or reactive probabilistic (RPLTSs).

The discriminating power of HOm with passivation coincides with that of the call-by-
value A-calculus, both on LTSs and on RPLTSs. Intuitively, HO# with passivation and the
call-by-value A-calculus are both capable of implementing the ‘and’ of two tests. That is,
the equivalence induced by these languages are characterized by modal logics that include
the ‘and’ connective between formulas and are therefore ‘branching-sensitive’.

81
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ready simulation equivalence
!
A\?c = HOﬂ'ref,pass

simulation equivalence / \ failure trace equivalence

Ae o = HOmpass A = HOmer = CCS;;

~

Alee = HOm = CCS~

trace equivalence

Figure 5.1: The spectrum of equivalences for nondeterministic processes

The addition of refusal increases the discriminating power of all the considered lan-
guages when testing LTSs. This is not always the case on RPLTSs. One reason is that,
similarly to fully probabilistic processes [JS90; JLI1|, the spectrum of equivalences for
RPLTSs is narrower than for LTSs.

On LTSs, the extra discriminating power offered in concurrency by passivation over
higher-order communication corresponds, in A-calculi, to the call-by-value possibility of
reducing the argument of a function and then capturing the result.

On RPLTSs, we do not know exactly what are the equivalences induced by CCS™and
CCS,¢, though we know they are strictly in between probabilistic failure-trace equivalence
and probabilistic bisimilarity. We are not aware of RPLTS equivalences in the literature
with the same property. The lack of any copying facility makes the CCS™ equivalence
also strictly coarser than those of HOm and of all other concurrent languages considered.
Another question that remains open is whether the equivalences induced by HO7 (with or
without refusal) coincide, and whether they are strictly coarser than probabilistic bisimi-
larity.

Figures and summarize the relationship among the various equivalences on a
first-order LTS or RPLTS, respectively, that have been considered in Chapter [3] In the
figures, the name of a language, say AL, stands for the contextual equivalence :ﬁ. A
single arrow denotes a strict inclusion, unless the arrow is coupled with a question mark,
in which case we do not know whether the inclusion is strict or not.

The contextual equivalences we have focused on in Chapter [3] are ‘may’ forms of con-
textual equivalence. We have discussed a few instances of ‘must’ contextual equivalence,
and we leave it as future work to systematically address the must-equivalences.

When testing LTSs and RPLTSs with contexts from CCS-like or higher-order languages
in Chapter [3| we have admitted probabilities in the tested first-order processes, but not in
the testing languages. It would be interesting to see if and how the addition of probabilities
to the testing languages affects the results. A first attempt at answering this question
is given by the testing scenarios presented in Chapter [4] where RPLTS processes are
tested using probabilistic tests as well. We have considered testing equivalences induced
on RPLTSs by three classes of tests: LTS-like tests, RPLTS-like tests and NPLTS-like
tests. The testing equivalence induced by RPLTS and LTS tests are incomparable with
each other and they both are strictly more discriminating than probabilistic failure trace
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probabilistic bisimilarity
A{?C_ref = Ale = HOWpass = HOTrref,pass

|

HOﬂref
HOx Cesy

CCs™

l

probabilistic failure trace equivalence Af\?c

l

loc
AN—ref

probabilistic trace equivalence

Figure 5.2: The spectrum of equivalences for reactive probabilistic processes

equivalence on RPLTS processes. NPLTS tests induce a testing equivalence that is strictly
more discriminating than the ones induced by RPLTS or LTS tests. In particular, in a
language-based testing akin to that of Chapter |3 the case ~prenp When the tests are
NPLTS would correspond to testing RPLTS by putting them in contexts of the form
C =[] | M, where M is a term from a probabilistic, finitary and synchronization-
free CCS language. Hence, the discriminating power of the language is deeply increased
by the presence of probabilities already when a restricted, first-order class of contexts is
considered. Indeed, we have shown that probabilistic bisimilarity is included in ~pre-ymnp
and we have conjectured that these equivalences actually coincide. This would mean that
probabilistic bisimilarity can be captured by first-order tests (and languages) featuring
both probability and nondeterminism.

The tested LTSs/RPLTSs processes in this work do not feature internal (i.e., 7-labeled)
moves, which means that the induced equivalences are ‘strong’. A natural developments of
this work thus consists in admitting internal actions in the tested processes and therefore
move to ‘weak’ behavioral relations.

Finally, we have examined the equivalences induced on purely nondeterministic pro-
cesses (LTSs), and on reactive probabilistic processes (RPLTSs), but we have not con-
sidered combinations of them; this would amount to studying whether the contextual
equivalences induced on NPLTSs coincide with known probabilistic testing equivalences,
e.g., [Seg96; DGHMO8; DGHMO09| (characterized also as variants of simulation), or other
behavioral relations are needed. The study of the spectrum of equivalences for NPLTSs is
a non-trivial extension of the one for RPLTSs, since many of the characterization results
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for probabilistic equivalences presented in the previous chapters rely on the fact that the
considered processes only feature external nondeterminism. For instance, the proof that
the contextual equivalences induced by languages Al\?iref, A{j’c, HOpass and HOT ef pass all
collapse and coincide with probabilistic bisimilarity on RPLTSs (Theorems and
could not be adapted to the case when the tested processes are NPLTSs. The proof that
these contextual equivalences imply probabilistic bisimilarity exploits the peculiar result
that probabilistic bisimilarity and probabilistic similarity coincide on RPLTSs, and that
on RPLTS they are captured by tests that only admit conjunction and testing of actions

(see Section [2.3.3)).
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Full abstraction for probabilistic
A-calculi
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Chapter 6

Background

We recall the definitions of applicative and environmental bisimulations for pure (non-
probabilistic) A-calculi, and we discuss counterexamples motivating the use of environmen-
tal bisimulations for richer languages such as imperative )\—Calculiﬁ Then in Section
we introduce the semantics of pure probabilistic call-by-name and call-by-value A-calculi.

6.1 Bisimulations for A-calculi

In pure non-probabilistic A-calculi (Section , the definition of contextual equivalence
is based on observing convergence, or termination. We say that a term M converges
(notation: M |}) if M = V for some value V. Otherwise, we say that M diverges
(notation: M ).

Definition 6.1 ([Mor68]). Terms M, N of the call-by-name A-calculus (respectively: call-
by-value) are contextually equivalent if for every context C' of the calculus, C[M] | iff

C[N] {.

Example 6.2. Terms Q = (Az.zx) (Az.zx) and | = Ax.z are respectively a diverging
term and the identity function. Trivially, they are not contextually equivalent since using
the empty context C' = [-] we have C[Q2] {+ and C[I] §. This holds both in call-by-name

and in call-by-value.

Examples of contextually equivalent terms, both in call-by-name and in call-by-value,
are the identity function | and its variant Az. | 2z. We will prove that they are contextually
equivalent in call-by-value using applicative bisimulations in the following section.
Notation: We use M, N, L, P,Q for terms of A-calculi, and V, W for values.

6.1.1 Applicative bisimulation

We define both applicative and environmental bisimulation using big-step clauses. This
aims at simplifying the comparison between the non-probabilistic definitions and the defi-
nitions for probabilistic calculi, which we will present in the following chapters and which,
as we will see, have to be big-step.

4 The results presented in this section and references to these results in the literature have been discussed

in Section m
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In applicative bisimulation, we test that equivalent terms both converge (clauses (1)
and (2)) and, if so, that the reached values are equivalent whenever they are given the
same argument (clause (3)).

Definition 6.3 (Applicative bisimulation, call-by-name [Abr90|). A relation R over closed
terms of the call-by-name A-calculus is an applicative bisimulation if M R N implies that:

1. if M = V then N = W and VR W;
2. if N= W then M =V and V R W (i.e., the symmetric condition, from N);
3. if M = Az.M’ and N = \x.N’ then for every term P, M'{F/z} R N'{F/x}.

Terms M and N are applicative bisimilar if there is an applicative bisimulation R such
that M R N.

Definition 6.4 (Applicative bisimulation, call-by-value). The definition for the call-by-
value A-calculus is the same except for the third clause, which becomes:

3. if M = Ax.M’ and N = A\z.N’ then for every value V, M'{V/z} R N'{V/z}.

If we used general terms instead of values to test abstractions in call-by-value, then
the terms A.| (recall that a thunk A\.M is a term Az.M where x does not occur free in M)
and Az.(A.1)z would not be bisimilar in call-by-value, since when x is substituted with
argument € the first term converges and the second one diverges. However, the two terms
are contextually equivalent in call-by-value.

The greatest applicative bisimulation (applicative bisimilarity) is an equivalence re-
lation, and coincides with the union of all bisimulations. In pure, deterministic calculi,
applicative bisimilarity coincides with applicative simulation equivalence. Simulations are
defined, as usual, by removing the second (symmetric) clause in the definition of bisimu-
lation.

The definition of applicative bisimulation can be recovered as the standard (first-order)
bisimulation applied to an LTS, as defined in Section (Definition . To this end,
we define an LTS whose states are A-terms and with transitions representing both the
evaluation of A-terms and the test of a value carried out by providing it with an argument.

We define here the LTS for the call-by-name A-calculus’] Let A and V be the sets of

closed terms and values of the calculus, respectively.

Definition 6.5. The LTS (S,.A, —) is given by:

e A set of states S = {A} W {V}, where terms and values are taken modulo a-equivalence
and V = {V | V € V} is a set containing copies of the values in A decorated with”. We
call these values distinguished values.

e A set of labels A = A U {ewval}, where, again, terms are taken modulo a-equivalence.

e A transition relation — such that:

° foreveryMeAandforeveryf/'ef),M%Viﬂ’MzV;

o for every Az.M € V and for every P € A, Av.M -5 M{P/x}.

5This LTS is built analogously to the ones in [DLSA14} |CD14| for the probabilistic case, that we will
present in the next chapter.



6.1 Bisimulations for \-calculi 89

If V € V, then both V and V are states of the LTS. Distinguished values allow us to
distinguish between a value V seen as term that is going to be reduced and a value V seen
as the result of the reduction of a term.

The LTS for call-by-value is defined analogously, but with set of actions A = VU{eval},
since only values are given as arguments to functions in the bisimulation game. Hence,
the last item of the definition of the transition relation becomes:

for every Az.M € V and for every V € V, \e.M - M{V/z}

Applicative bisimulations enjoy a simple and easy to apply definition, and have been
proved to be fully abstract with respect to contextual equivalence both in pure call-by-
name and in pure call-by-value A-calculi (see [Pit12] and Section [I.2.3). Full abstraction
means that applicative bisimilarity is sound (applicative bisimilarity implies contextual
equivalence) and complete (contextual equivalence implies applicative bisimilarity), and
thus coincides with contextual equivalence.

Example 6.6. By the full abstraction results, if we want to prove that in the call-by-value
A-calculus terms | and Ax.lx are contextually equivalent, we can exhibit the following
relation:

R ={(lLA A1)} U{(V,1V)]| Vis avalue} U{(M,M)| M is a a term}

The relation is an applicative bisimulation since terms | and Az.lz are already values
and thereby trivially satisfy clauses (1) and (2). Then, whatever value V' they are given
as input we obtain a pair of the form (V, 1V), which is in R by the second set and so
clause (3) holds. In a pair of the form (V, 1V) the two terms evaluate to the same value
V', and we stay in the relation since identity is included in the relation. Finally, equal
terms evaluate to equal values, and if we substitute the same terms to the same values we
obtain equal terms. Hence, also the second and third sets in the definition of R satisfy
the applicative bisimulation clauses.

6.1.2 Applicative vs. environmental bisimulation

We recall here the definition of environmental bisimulation [SKSH]E] and we discuss how
it solves some drawbacks of applicative bisimilarity.

An environmental relation is a set of elements each of which is of the form (£, M, N) or
E, where M, N are closed terms and & is a relation on closed values. In a triple (£, M, N)
the relation component £ is the environment, and M, N are the tested terms. We write
MTRgN for (£,M,N) € R. The contextual closure R* of a binary relation R is the set

{(C[M, ..., My],C[N1, ..., Ny,]) | M; R N;}

Definition 6.7 (Environmental bisimulation, call-by-name). An environmental relation
R is an environmental bisimulation if

1. M'ReN implies:

(a) if M =V then N = W and EU{(V, W)} € R;

5The definition of environmental bisimulation in [SKS11] uses small-step clauses. For uniformity with
the rest of the thesis, we define here the big-step version.
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(b) the symmetric condition, from N;

2. if & € R then for all (A\z.P,A\z.QQ) € £ and for all (M,N) € &£* it holds that
P{M/zr}ReQ{N/r}.

Environmental bisimilarity is the union of all environmental bisimulations.

Hence, in environmental bisimulation terms are related with respect to a set of values
& that grows during the bisimulation game. As in applicative bisimulation, related terms
should both converge (clause (1)). In contrast with applicative bisimulation, the reached
values are collected in environment £, and the values in £ are then tested by using argu-
ments in the contextual closure of the same environment £ (clause (2)). As a consequence,
we are allowing a larger class of tests for functions with respect to applicative bisimulation
(since the identity relation on terms is included in £*).

Analogously to applicative bisimilarity, the definition for call-by-value is obtained by
only allowing values as arguments for related abstractions. Formally, we write R* for the
contextual closure of R restricted to values, and clause 2 becomes:

2/, if £ € R then for all (\z.P,\z.Q) € &£ and for all (V,W) € £ it holds that
P{Viz} Re Q{W/z}.

Remark 6.8. In definition [6.7], we have defined the environment £ as a set of pairs of
values, following |[SKS11]. This environment can be alternatively formalized using tuples
of values. Instead of sets £ we use pairs of tuples of values (‘7, W) where V and W have
the same length, and then we define an environmental relation as a relation on pairs of the
form either (‘7, M,W; N), i.e., configurations of tuples of values each with a running term,
or (V,W) (note that the relation is directly defined on tuples, so V R W does not denote
the pointwise relation on corresponding values in the tuples). Then an environmental
relation R on such pairs is an environmental bisimulation (for call-by-name) if

1. V:M R W; N implies:

(a) if M =V then N => W and V.,V R W, W,

(b) the symmetric condition, from N;

2. if VR W then for all (Az.P,\z.Q) such that (V); = Az.P and (W); = Az.Q for
some i (i.e., the i-th projections of the tuples) and for every (M, N) € (V,W)* (i.e.,
M = C[V] and N = C[W] for some C) we have V; P{M/z} R W; Q{N/z}.

The usefulness of this alternative definition will become clear in Chapter

As argued in the introduction (Section , the definition of applicative bisimulation
has some drawbacks, that can be solved by resorting to bisimulations with a more complex
definition such as environmental bisimulations. First, it is generally hard to prove that
applicative bisimilarity is a congruence. To prove congruence in a direct manner, we
can try to show that the contextual closure of an applicative bisimulation R is itself an
applicative bisimulation. Such a proof fails since we have to show that the application
of values in R to pairs of terms in the contextual closure of the relation is again in the
contextual closure of the relation. The problem is that when Ax.M R Ax.N:
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e we want to derive that M{P/z} R N{Q/x}, for all (P,Q) in the contextual closure
of R;

e by the definition of applicative bisimulation, we can only derive that M{F/z} R
N{P/z}, for every P.

Hence, the congruence proof of applicative bisimulation is carried out using Howe’s method
[How89], which is based on building a syntax-based relation which enjoys substitutivity
properties by definition. Then we have to prove that this relation coincides with applicative
bisimilarity, by showing complicated properties of the defined relation. By contrast, the
congruence proof for environmental bisimulation can be carried out directly, since by
definition functions are tested with inputs built from the contextual closure of terms in
the environment.

Secondly, applicative bisimilarity is not sound in many extensions of pure A-calculi
[KLS11]. In particular, suppose we add imperative features, namely higher-order refer-
ences (with private locations), to the call-by-value calculus, along the lines of the languages
in [KWO06b; SKS11].

Reduction is now defined on configurations (s; M), where s is a store (a function
mapping locations to values) and M is a term. We assume a countable set of locations .
The syntax of the calculus is extended with constructs for reading and writing in the store,
for creating fresh locations, and for performing operations on constants (e.g., arithmetical
operations or identity checks on integers), that include booleans, integers and the unit
value *. We only consider a minimal version of the language, that is however sufficient
for our purposes in this section. We will consider an extended, probabilistic version of the
calculus in Chapter

The syntax of terms and values is:

M=z variables
‘ c constants
’ Ax. M functions
‘ M7 Mo applications
‘ (vax:=M;)M, new location
‘ 1 dereferencing
‘ l:= M, assignments
‘ op(Mu, ..., M) primitive operations
‘ if M; then My else My if-then-else

Vi=c ‘ Ax.M

The small-step reduction and the evaluation contexts are defined in Figure We
write s[l — V] to denote the the update of s (possibly an extension of s if [ is not in
the domain of s). The language is typed, to ensure that in any store update s[l — V7],
value V' has the type appropriate for [. In all semantic rules, any configuration (s; M) is
well-formed, in that M is closed and all the locations in M and s are in the domain of s.

In A-calculi with imperative features, and in particular in calculi with a local store
(where fresh locations might be created at run time, and not made available to the con-
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B T V) (s M{VE))

! not in the domain of s
(s; (wa:=V)M) — (s[l = V]; M{l/x}>

NEwW

ASSIGN DEREF 5
(s;1:=V) — (s[l = V]; %) (s; 1) — (s; V)

IFTRUE
(s; if true then M; else M) — (s; My)

IFFALSE

(s; if false then M; else Ms) — (s; My)

Prim(op,c) =¢

PRIMOP 72 @) — {(3: )

(s; My — (s'; M') C is an evaluation context

FVAL (s: CM]) — (s C[M)

Evaluation contexts C:= [] ‘ CM ‘ Ve | if C then M; else My
| op(¢, C, M) | l:=C

Figure 6.1: Single-step reduction relation for imperative A-calculus

texts), applicative bisimilarity is not sound. For instance, consider the following terms:

M e (vz:=0)(\.if !z =0 then (z := lseqtrue) else Q)

def
N = \true

where M seq My denotes term (A.Ma)Mj, i.e., the execution of M; and M in sequence.
The terms are not contextually equivalent, since they are discriminated by context C' =
(Az.(xx) seq (zx))[], starting from the empty store s = (). When put in context C, a term
is evaluated in argument position, then the produced value is copied two times and the
two copies are executed in sequence. Term M creates a fresh location [ that is set to 0,
and evaluates to V %' A\.if 1l = 0 then (I :== 1seq true) else (). The first time the
context applies V' to «, it converges to true and sets the location to 1. Then, the second
time V' is evaluated, it diverges. By contrast, Nx always converges. As a consequence,
we have (0; C[M]) 1 and (0; C[N]) |

Suppose we extend the definition of applicative bisimulation to the imperative calculus
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defined in this section, by simply considering terms evaluated with respect to a store. Using
this definition, terms (; M) and (#; N) would be applicative bisimilar by relation:

R ={(0; M),(D; N)),((I=0; \.if I =0 then (I:=1seqtrue) else ),(0; N)),
({l=1; true), (D; true))}

and so applicative bisimilarity would be unsound with respect to contextual equivalence.
The reason for this is that bisimulations are forgetful, since they do not allow us to
accumulate terms and possibly test them twice in a row.

The example above is inspired by [KLS11]. The same paper presents several interesting
and more involved examples justifying the different features of the definition of environ-
mental bisimulation and its increased complexity with respect to applicative ones.
Environmental bisimulations allow us to accumulate and reuse values in the environment,
and would thereby be able to discriminate terms M and N. Indeed, environmental bisim-
ulations are fully abstract with respect to contextual equivalence in imperative A-calculi
[SKS11].

6.2 Probabilistic A-calculi

We extend the syntax of the pure A-calculus with a binary choice operator &, that we will
interpret as a probabilistic, fair choice.
The terms of the probabilistic A-calculus Ag are generated by the following grammar:

M,N =z ‘ Az M ‘ MN ‘ M&N

The values are the terms of the form Az.M (the abstractions). We call Vg the set of
values. As usual, contexts are terms with holes [-].

6.2.1 Semantics

Because of the probabilistic nature of choice in Ag, a program does not evaluate to a
value, but rather evaluates to a probability subdistribution on values. Therefore, we need
the following notions to define an evaluation relation]

A value (sub)distribution is a function A : Vg — [0, 1], such that 3 ycy,, A(V) < 1. As
we will see, we use subdistributions instead of distributions (i.e., we allow the total weight
of a distribution to be strictly less than 1) in order to model divergence. We generally omit
the prefix and use “distributions” to denote subdistributions, unless otherwise specified.
Given a value distribution A, we let supp(A) denote the set of those values V' such that
A(V) > 0. Given a set X of values, A(X) is the sum of the probabilities assigned to every
element of X, i.e., A(X) = > ,cx A(V). Moreover, we define weight(A) = >, A(V),
which corresponds to the total weight of the distribution A. A value distribution A is
finite whenever supp(A) has finite cardinality. If V' is a value, we write dirac(V') for the
value distribution A such that A(W) = 1if W =V and A(V) = 0 otherwise. We use
A < O for the pointwise preorder on value distributions and we let A, ©, ®, = range over
value distributions.

"We recall here and adapt to the present setting some notions concerning probability distributions
introduced in Chapter
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As is [DZ12], we first define an approzimation semantics, which attributes finite proba-
bility distributions to terms, and only later define the actual semantics, which is the least
upper bound of all distributions obtained through the approximation semantics. The
reason why the semantics is infinitary is that, intuitively, while in pure A-calculi a term
converges (i.e., it terminates its computation) in a finite number of small-step reductions,
in probabilistic calculi there may be several terminating computation paths, in which the
total number of reductions need not be finitary (see Example .

We define the approximation semantics in a big-step style, by means of a binary relation
|l between closed terms and value distributions, which is defined by the set of rules from
Figure Hence, M || A means that A is an approximation of the semantics of M. As
in non-probabilistic calculi, the application rule is different depending on the evaluation
strategy. In call-by-name we use rule APP-CBN, and in call-by-value we use rule APP-CBV.
A small-step semantics (of approximations) for probabilistic call-by-name and call-by-value
calculi can be defined as in [DZ12]. In Chapter 8| we will exploit an alternative, small-step
semantics for probabilistic A-calculi.

My{A Ny©
MeN|i-A+L1-0

EMPTY ———— VALUE
M0 V | dirac(V) SuM

M A {P{N/‘T} ) GP})\z.Pesupp(A)
MN | ZAm.PEsupp(A) A()\Z'P) Op

APP-CBN

M U A N ‘U’ @ {P{V/x} il ®P,V})\I.P€supp(A),VEsupp(CD)
MN | Z\/Esupp(@) (I)(V) ’ (Z)@.Pesupp(A) A()\:EP) ’ @P,V)

APP-CBV

Figure 6.2: Operational semantics for pure probabilistic A-calculi

Definition 6.9. For any closed term M, we define the (infinitary) big-steps semantics
[M] of M as [M] =sup{A | M | A}.

Since distributions form an w-complete partial order, and for every M the set of those
distributions A such that M || A is a countable directed set, the semantics is well-defined
[DZ12].

Example 6.10. The semantics [2]] of the always diverging term Q = (Az.xzx) (A\x.zz) is
the distribution () assigning probability 0 to every value. The semantics of | = \z.z is the
distribution 1-dirac(1). In between, one can find terms such as | @ Q, and | & (1 & Q),
whose semantics are the probability distributions assigning % and % to |, repectively.

The following example shows why we adopt an infinitary semantics in probabilistic
A-calculi.

Example 6.11. Consider the terms

def def

PERR and Q¥ ANQ, for RE Az.(zz) D Q
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Both P and @ have probability 1 of becoming term @ i.e., they have the same semantics
1-dirac(Q). Intuitively, after some computation steps, P may become @) or may become
P again, with equal probability. However, the semantics of P is given as the supremum
of an infinite set of distributions A such that P | A, and none of these approximants
coincides with [P] = 1-dirac(@Q), since A can only be a distribution assigning to @ a
probability value strictly smaller than one.

In the following chapters, the pure (probabilistic) A-calculi will be untyped, whereas
we will find types convenient to treat the extension with store presented in Chapter

6.2.2 Contextual preorder and equivalence

In contextual equivalence for probabilistic calculi, the observation M | becomes proba-
bilistic. Instead of checking the possibility of convergence, we check the probability of
convergence, i.e., weight(M). Then, a term M is contextually equivalent to N if for any
context C, the probability of convergence of C[M] is the same as to the probability of
convergence of the program obtained by replacing M by N in C. In the contextual pre-
order, we require the probability of convergence of C[M] to be less than or equal to that
of CNJ.

Definition 6.12. Terms M, N are in the contextual preorder (M <.y N) if for every con-
text C' of Ag such that C[M] and C[N] are closed terms, it holds that weight([C[M]]) <
weight([C[N]]). M,N are contezstually equivalent (M =cix N) if M <cex N, and
N gctx M.

Equivalently, M =.¢x N if for every context C' such that C[M] and C[N] are closed
terms, weight([C[M]]) = weight([C[N]]).

It is easy to verify that the contextual preorder is indeed a preorder, and analogously
for equivalence. The definitions of contextual preorder and equivalence can be applied to
both closed and open terms. If the term is open, the contexts can bind the free variables
of terms.
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Chapter 7

Full abstraction for probabilistic
applicative simulation

In [DLSA14], Abramsky’s applicative bisimulation [Abr90] is generalized to the call-by-
name, untyped A-calculus with a binary, fair, probabilistic choice [DZ12]. Probabilistic
applicative bisimulation is shown to be a congruence, thus included in context equivalence.
Completeness, however, fails, but can be recovered if call-by-value evaluation is considered,
as shown in |[CD14]. This can appear surprising, given that in nondeterministic A-calculi,
both when call-by-name and call-by-value evaluation are considered, applicative bisimi-
larity is a congruence, but finer than context equivalence [Las98|. But there is another,
even less expected result: the aforementioned correspondence does not hold anymore if we
consider applicative simulation and the contextual preorder.

The reason why this happens can be understood if one looks at the testing-based
characterization of probabilistic similarity and bisimilarity from the literature [DEP02;
BMOWO5]: the class of tests characterizing bisimilarity (see Section is simple enough
to allow any test to be implementable by a program context. This is impossible for tests
characterizing similarity, which, as we will see in Section include not only conjunction
(which can be implemented as copying) but also disjunction, an operator that seems to
require the underlying language to be parallel.

In this chapter we show that, indeed, the presence of Plotkin’s parallel disjunction
[Plo77; ]AO93] turns applicative similarity into a relation which coincides with the con-
text preorder. This is done by checking that the proof of precongruence for applicative
bisimilarity [DLSA14} [CD14] continues to hold (Section [7.3), and by showing how tests
involving conjunction and disjunction can be implemented by contexts (Section .
This somehow completes the picture about how applicative (bi)similarity behaves in a
probabilistic scenario.

7.1 Probabilistic applicative simulation and bisimulation

In this section we recall the notions of probabilistic applicative simulation and bisimulation
from [DLSA14} [CD14] for the pure, probabilistic A-calculus presented in Section [6.2] We
directly define the relations for call-by-value calculi. The definitions for call-by-name
calculi can be obtained as usual by considering terms as arguments, instead of values.

97
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Given a relation R € X xY and aset Z C X, let R(Z) = {y | 3z € Z such that
TRy}

Definition 7.1. A relation R C Ag X Ag is a probabilistic applicative simulation if
MR N implies:

e for all X C Vg, [M](X) < [N]J(R(X))

o if M = \z.M’ and N = A\z.N' then M'{V/z} R N'{V/z} for all V € V.

A relation R is a probabilistic applicative bisimulation if both R and R ~! are proba-
bilistic applicative simulations. We say that M is simulated by N (M < N) if there exists
a probabilistic applicative simulation R such that M R N. Terms M, N are bisimilar
(M ~ N) if there exists a probabilistic applicative bisimulation R such that M R N.

Analogously to what happens in pure A-calculi, these definitions correspond to simu-

lations and bisimulations on a probabilistic first-order system.
We show how to define an RPLTS representing terms of Ag and their evaluation. States
in the RPLTS correspond to A-terms, and the states M, N in the RPLTS are in the sim-
ulation preorder (respectively, bisimilar) if and only if terms M, N are in the applicative
simulation preorder (respectively: applicative bisimilar).

In order to model divergence, we are now considering terms that evaluate to sub-
distributions. Hence, we loosen the definition of RPLTS by allowing subdistributions
(as opposed to distributions) to be reached after performing a state transition, follow-
ing [DEP02|. In what follows, we use RPLTS to denote systems defined as in Definition
2.3 except that we have subdistributions instead of distributions.

Definition 7.2. The Reactive Probabilistic Labeled Transition System Lg = (S, A, — )

is given by:

e A set of states S = {Agp} W {Vg}, where terms and values are taken modulo a-
equivalence and Vg = {V | V € Vg is the set of distinguished values, containing
copies of the values in Ag decorated with".

e A set of labels A = Vg W {eval}, where, again, terms are taken modulo a-equivalence.

e A probabilistic transition relation —C (S x A x D(S)) such that:

eval

o for every M € Ag, M —— [[M ], with [[M ] a probability subdistribution that
behaves analogously to [M] on distinguished values, i.c., [M](V) = [M](V) for
every V € Vg, and [[M]](M’) =0 for all M’ € Ag;

e for every Az.M € Vg and for every V € Vg, Az. M Y, dirac(M{V/z}).

If V € Vg, then both V and V are states of the RPLTS Lg. This RPLTS is defined in
[DLSA14] for the call-by-name untyped probabilistic A-calculus Ag, and for a call-by-value
typed probabilistic version of PCF in [CD14]. As in the first-order LTS for non-probabilistic
calculi (Deﬁnition, actions in Vg and action eval respectively represent the application
of a term to a value and the evaluation of a term.

On an RPLTS with subdistributions, instead of distributions, we can directly apply
the definition of bisimulation as defined by Larsen and Skou in [LS91] (see definition
(PB1) in Section Ff] For probabilistic simulation, we can use a definition based on the

8 To apply the definition based on 1ift(R), we have to redefine the probabilistic lifting by allowing
distributions to have weight smaller than 1. By contrast, when it comes to probabilistic simulation,
requiring the reached probability subdistributions to be in the lifting 1ift(R) of the simulation relation
R is too strong a condition, since it would imply that the subdistributions must have the same weight.
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eval
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Figure 7.1: RPLTS for M, N.

comparison of the weights of the R images of sets of states, as in [BMOWO05; DLSA14;
CD14].

Definition 7.3. Let £ = (S,.A, —) be an RPLTS. A probabilistic simulation is a binary
relation R on S such that if (s1,s2) € R then for all a € A it holds that s; 25 A; implies
$9 — Ay with A1(S") < Ag(R(S")) for all ' C S.

Requiring a simulation to be a preorder is not necessary, since the largest probabilistic
simulation according to Definition is a preorder, and it coincides with the union of
all simulations. We let <pg denote the simulation preorder based on this definition;
probabilistic bisimilarity coincides with Sps N Spg [DLSA14]. The definition of simulation
implies that whenever M is simulated by N we have that weight([M]) < weight([N]).
Analogously, if M is bisimilar to N, then weight([M]) = weight([N]).

An applicative simulation R on terms of Ag can be easily seen as a simulation relation
R’ on states of Lg, obtained by adding to relation R the pairs {(V,W) | VRW}.
Analogously, a simulation relation on Lg, corresponds to an applicative simulation for Ag.

Hence, we derive that on terms of Ag, applicative similarity < and bisimilarity ~
coincide with <pg and ~pp defined on the RPLTS Lg.

In what follows, we will often use the characterizations of simulation and bisimulation
for the RPLTS Lg. Moreover, < coincides with the simulation preorder defined in [CD14],
which requires simulations to be preorders themselves. Consider now the terms M and
N defined in Example and represented in Figure as states in Lg. Term M is not
simulated by N: if a simulation R relates them, then it must also relate term (2@ |) to
both term 2 and term |. However, (2@ |) can perform eval and reach | with probability
one half, while ) has zero probability of becoming a value, which means that R cannot be
a simulation relation. In the other direction, we have that N cannot be simulated by M
either. If R is simulation such that N R M then it must relate term | to term (2@ |),
but the former has probability one of convergence and the latter has probability one half
of convergence.
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7.2 A probabilistic A-calculus with parallel disjunction

In this section, we present the syntax and operational semantics of Ag,., a A-calculus
endowed with probabilistic choice and parallel disjunction (or “parallel or”) operators.

Definition 7.4. The terms of Ag,, are expressions generated by the following grammar:
M,N,L=z | \e.M | M&N | MN | [M| N]— L
where x € Var.

We let FV (M) denote the set of free variables of the term M. A term M is closed
if FV(M) = (. Given a set T of variables, Ago-(Z) is the set of terms M such that
FV (M) Cz. We write Agor for Agor(0).

The constructs of the A-calculus have their usual meanings, and M @ N is the binary,
fair, probabilistic choice operator. The construct [M || N] — L corresponds to the so-
called parallel disjunction operator: if the evaluation of M or N terminates, then the
behavior of [M || N] — L is the same as the behavior of L, otherwise this term does
not terminate. Since we are in a probabilistic calculus, this means that [M || N] — L
converges to L with a probability that is equal to the probability that either M or N
converge. (This formulation of parallel disjunction is equivalent to the binary one, without
the third term.)

The evaluation relation is the extension to Ag,, of the evaluation relation presented in
Figure for the untyped probabilistic A-calculus. Since the calculus has a call-by-value
evaluation strategy, function arguments are evaluated before being passed to functions.
Hence, the operational semantics is given by adding the rule in Figure to the rules for
the probabilistic call-by-value A-calculus.

MU{A NUy© L|E

O
t [M || N] — L || (weight(A) + weight(©) — (weight(A) - weight(0))) - E

Figure 7.2: Big-step semantics for parallel disjunction

Lemma 7.5. For every term M, if M | A, and M || ©, then there exists a distribution
= such that M || Z with A < Z, and © < =.

Proof. The proof is by induction on the structure of derivations for M | A. We only
consider two cases, since the others are the same as in [DZ12]:
e If the derivation for M || A is EMPTY W , then it is enough to take Z = ©, and
since ) < © and © < O the result holds.
e If the derivation for M |} A is of the form:

Pl A N | Ay L As

A M=[P| N)— L | A= (weight(A;)+ weight(As) — (weight(A;) - weight(Aj))) - As

Since M = [P || N] — L, there are only two possible structures for the derivation of
M |} ©: either © = () and the result holds by Z = A, or the structure of M | © is the
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following:

Pl 6, N | 6, L ©;
Or

M= [P| N]— L | © = (weight(0;) + weight(O2) — (weight(©;) - weight(©2))) - O3

By applying the induction hypothesis, we obtain that there exist =i,Z,Z3
value distributions such that P | =, N | =9, L | Z3, and, more-
over, Al,@l < El, AQ,@Q < EQ, and Ag,@g < Eg. We define = =
(weight(Z;) + weight(Zs) — (weight(Z;) - weight(Z2)))- =3, and we have that M || Z.
We must show that A < Z and © < E. Let f :[0,1] x [0,1] — [0, 1] be the function
defined by f(z,y) = x+y—x-y. The result follows from the fact that f is an increasing
function, which holds since its two partial derivatives are positive.

O

Since distributions form an w-complete partial order, and for every M the set of those
distributions A such that M |} A is a countable directed set (by Lemma , the infini-
tary big-step semantics [M] = sup,;ya A is well-defined, and associates a unique value
distribution to every term.

The definitions of probabilistic applicative bisimulation and simulation can be directly
applied to Age, and its operational semantics, and the RPLTS Lg,, for Ag,, is defined as
Lg. The contextual equivalence and preorder are as in Definition using the contexts
of Agor, which are defined by the following grammar:

Cu=z | []| aC|COM | MC|CoM | MaC
| C|M]—~N | [M|C]—N | [M||N]—C.

Example 7.6. To see how things differ when we consider the contextual preorder in Ag
and in Ag,r, consider the following terms of Ag:

M=XM.2aI) N = (\y.Q) & (\y.1).

where Q2 and | are defined as in Example We let <g and =g respectively denote
the contextual preorder and equivalence for the language Ag, i.e., the relations restricted
to terms and contexts without the parallel disjunction construct. In [CD14] it is proved
that M <g N. The converse does not hold, since if we take the Ag context

C = Ax.(xl)(x))[]

we have that in C[M] the term Ay.(2 @ 1) is copied with probability one, while in C[N]
both term Ay.(2 and term Ay. | are copied with probability one half. Hence, C[M] converges
with probability one quarter (i.e., the probability that Q@ | converges two times in a row)
while C[N] has probability one half of diverging (i.e., one half times the probability that
diverges two times in a row) and one half of converging (i.e., one half times the probability
that | converges two times in a row). In Ag,, we still have that N ¢y M, since the
contexts of Ag are contexts of Agy,r as well, but we also have that M L.ty V. Consider
the context

C =) || (@)]— [

If we put term M in context C' then Ay.(2@ 1) is copied, and A\y.(2 @ |) has probabil-
ity one half of converging when applied to |. Hence, by summing the probabilities of
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convergence of the two copies of (Ay.(Q2 @ 1))l and subtracting the probability that they
both converge, we obtain that [C[M]] = 3 - dirac(l). Term C[N] only converges with
probability one half, since with one half probability we have the parallel disjunction of two
terms that never converge and with one half probability we have the parallel disjunction
of two terms that always converge. Hence, both in Ag and in Ag,, terms M, N are not
contextually equivalent, but it is only in Ag,, that neither M is below N nor N is below
M in the contextual preorder. We will see in the following section that this corresponds
to what happens when we consider the simulation preorder.

7.3 The simulation preorder is a precongruence

The extension =, of the applicative simulation preorder to open terms is defined by con-
sidering all closing substitutions, i.e., for all M, N € Agor(z1,...,2,), we have M S, N
if

M{‘/lv ce 7V’n/f£1, . ,l’n}joN{Vh te ’Vn/lrl, - ,xn}, for all ‘/1, ce ,Vn S V@oT.
Here we show that =, is a precongruence, i.e., closed with respect to the operators of
Agor-

It is here convenient to work with generalizations of relations called Ag,.-relations, i.e.
sets of triples in the form (z, M, N), where M, N € Agor(T). Given a relation R on open
terms, if M RN and M, N € Agor(T) then the triple (z, M, N) is in the corresponding
Agor-relation. We denote this by TH M R N. We extend the usual notions of symmetry,
reflexivity and transitivity to Age-relations as expected.

Definition 7.7. A Ag,-relation R is compatible if and only if the following conditions
hold:
(Coml) VZ,Vzx €z, TFHzRx;
(Com2) vz,Vx ¢ Z,YM,N, zU{x} F M RN = T+ Az.M R A\z.N,
(Com3) Vz,YM,N,P,Q, - MRNANZTFPRQ — T+ MPRNQ;
(Comd) VZ,YM,N,P,Q, T+ MRNATHFPRQ — T+ MBS PRN & Q;
(Comb) Vz,YM,N,P,Q, T, T+ MRNATFPRQ —
TH[M|Pl—TR[N|Q —T.

It follows from these properties that a compatible relation is reflexive, since this holds
by (Com1) on variables, and it is preserved by the other operators by (Com?2)-(Comb):

Proposition 7.8. If a relation is compatible, then it is reflexive.

7.3.1 Howe’s method

The main idea of Howe’s method consists in defining an auxiliary relation =< such that
it is easy to see that it is compatible, and then prove that <, ==,

Definition 7.9. Let R be a relation. We define inductively the relation R by the rules
in Figure

We are now going to show that if the relation R we start from satisfies minimal
requirements, namely that it is reflexive and transitive, then RY is guaranteed to be
compatible and to contain R. This is a direct consequence of the following results, whose
proofs are standard inductions:
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TU{z}FaRM  zU{a}F MRYN Z+AzNRL
TU{z}FaRE M T A MRAL

ZFMRIN ZHFLRYP T+HNPRR
zF MLRYR
ZFMRIN ZHLRYP ZTHFN®PRR
TFMaLRIR
TFMRYN ZHLRUP ZH[N|Pl—TRR
TH M| L —TRER

Figure 7.3: Howe’s construction

e Let R be a reflexive relation. Then R is compatible.
e Let R be transitive. Then:

@FFMRYNYA@FNRL)= (z- M R" L) (7.1)

o If R is reflexive, then T+ M R N implies 7+ M RH N.
We can now apply Howe’s construction to =, since it is clearly reflexive and transitive.
The properties above then tell us that < is compatible and that <, C<¥. What we are
left with, then, is proving that < is also a simulationﬂ

Lemma 7.10. < is value-substitutive: for all terms M, N and values V,W such that

~vO

ek M ZHN and 0FV ZH W, it holds that O = M{V/z} 30 N{W/x}
Proof. By induction on the derivation of z - M 55 N. 0

We also need an auxiliary, technical, lemma about probability assignments, that we
will use in the proof of the Key Lemma ((7.13]).

Definition 7.11. P = ({p;}1<i<n, {T[}Ig{lw"n}) is said to be a probability assignment
if for every I C {1, ..,n}, it holds that > ,c;pi < > n7297-

Lemma 7.12 (Disentangling Sets). Let P = ({pi}lgz’gm{TI}IQ{L...,n}) be a probability
assignment. Then for every non-empty I C {1,...,n}, and for every k € I, there is an
sk.1 € [0,1] satisfying the following conditions:

o for every I, it holds that ), sk,1 < 1;

e for everyk € 1,...,n, it holds that p < Z{I|kel} Sk TI-

The proof is an application of the Max-Flow Min-Cut Theorem, see e.g., [DLSA14;
CD14].
Given a set of set of open terms X, let \e.X = {\z.M | M € X}.

°In the proof of congruence for the probabilistic call-by-value A-calculus presented in |[CD14|, the tran-
sitive closure of <X is considered, since the definition of simulation required the relation to be preorder,
which implies that the transitivity of < is needed. Since we relaxed the definition of simulation, this is
not anymore necessary.
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Lemma 7.13 (Key Lemma). For all terms M,N, i

f0 - M <H N, then for every
A2.X C Vaor it holds that [M] (Az.X) < [N] (Z. (Az. 37 (X))).

~vO

Proof. We show that the inequality holds for every approximation of the semantics of
M, which implies the result since the semantics is the supremum of the approximations.
In particular, we prove by induction on the structure of the derivation of M | A that,
for any M, N, if M || A and 0 - M =2 N, then for every Az.X C Vg, it holds that
A(Az.X) < [N](Z6o (Az. 27 (X))). We consider separately every 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: M0 then A = (), and for all set of

values Az. X, A(Azx.X) = 0, and it concludes the proof.

o If M is a value V' = Az.L and the last rule of the derivation is ", | dirac(V)

then A = dirac(V) is the Dirac distribution for V' and, by the definition of Howe’s
lifting, (0 + Az.L 35 N) was derived by the following rule:

rFLIE P OF o P2 N
DAoL 3TN

It follows from the definition of applicative simulation and from () F Az.P 2, N) that
1 = [N[(Zo{Az.P}). Let \e.X C Vgor. If .l & Az.X then A(Az.X) = 0
and the thesis holds. Otherwise, A(Az.X) = A(Az.L) = 1 = [N](Z. {Az.P}). It
follows from L ZH P and from \z.L € Az.X that A\z.P € Az.(ZZ X); hence,
[NI(Ze {Az.P}) < [N](Zo Az (3S X)),

e If the derivation of M || A is of the following form:

Ml ll o M2 ll = {P{V/l'} l} 6P,V})wc.PEsupp(tb),VEsupp(E)

My M; § ZVESUPP(E) E(V) (EAw.PGsupp(@) (I)(/\J"P) : @P,V)

Then M = M M, and we have that the last rule used in the derivation of - M <H N
is:

O M 32 MY 0= My 3 M) 0+ M{My=N
OF M My, 30N

Let supp(®) = {\z.Py,..., \z.P,} and K; = Z.{\z.L | 2 - P, 2 L} and, sym-
metrically, supp(Z) = {Vi,...,Vi} and X = Zo{dz.L | V; = Aa.M' and z F
M’ =<H L}. Then by the inductive hypothesis on M; || ® and My | ZE we have
that @ (U,c;{ z.P}) < [M{](U;e; Ki) for every I C {1,..,n} and E(Ue {Vi}) <
[MS] (Uges Xi) for every I C{1,..,1}.

Lemma allows us to derive that for all U € Ulgign K; there exist probability
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values 7¥, ... 7Y and for all W € U1§k§l X}, there exist probability values s}, .., s}’V
such that:
M) = > )= > sy we | Kawe | Xk
1<i<n 1<k<I 1<i<n 1<k<l
oMe.P) < Y vl 2V < D s Vi<i<n,1<k<lI
UekK; WeXy

Hence, for every value Z € Vg,,, we have that:

AZ)= ) EW)- Y. ®M\a.P) Opy,(2)

1<k<i 1<i<n
w U
<22 a2, 2 enu(2)

If U = M\z.U’ € K; then there exists S such that:

(2) OFX.SZU (3) zk P

'LNO

S

By (2), 0 - S{W/z} 2, U'{W/x}. By (3) and by Lemma for W € X} we have
that O - P{Vi/u} 20 S{W/j}. Tt follows from that 0 - P {Vi/x} 20 U {W)z}.
Hence, by the induction hypothesis applied to P;{Vk/z} we derive that Op, v, (Az.X) <
[U{W /e ] (ZoAz.(ZH X)). Therefore,

A(dx.X) Z Zsk Z Zr pv, (Az.X)

1<k<IWeXy 1<i<n UeK;
< > Y (X )X ) rewlEaeEE )
We U XpUe U Ki {kWeXy} {ilUeK;}
1<k<l 1<i<n

< Y > )W) - M) - [Low](ZoAe. (32 X))
W€1<LICJ§LXI€ U€1§L2J§nKi

< [M{M5](ZoAx. (3 X))

where Ly w = U'{W/x} for any U such that U = \z.U".
A detailed proof for this case is presented in Section

o If M || A is derived by:

My Ay M § A
My @ My |} 541+ 540

then ) - M <H N is derived by:

OF M 3H N O+ My ZH Ny OFN @& Ny3SoN

~v O ~0

OFM, &My, SN

~0
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By the inductive hypothesis, for i € {1,2} we have that for any \z.X C Va,r,
Ai(ha.X) < [Ni] (Zoa. (32" X))
Hence, the result follows from:
3 A1 X) + 5 A2 X) < 5 - [NM](ZeAe. (3T X)) + 5 - [Ne] (Zoa (T X))
e If the last rule applied in the derivation of M | A is of the following form:

My Ay My ) Ay
[My || Ma] — T | (weight(A1) + weight(Ay) — weight(A;) - weight(As)) - dirac(T)

then M = [M; || Ma] — T and ) - M 3 N is derived by:

@FMljglNl @FMQigINQ @F[NlHNZ]HTjON

O My || Ma] » T ZEN

By inductive hypothesis on M; || A we have that for any Ax. X C Vgor, A1(Az.X) <
[N1](ZoAz.(ZH X)). Hence, for Az.X = supp(A;) we have that:

weight(Ar) = Aj(Az.X) < [M](Zore- (3¢ X)) < [N](supp([M1])) = weight([N:])

and, symmetrically, by the inductive hypothesis on My |} Ag we have weight(Ag) <
weight([N2]). Therefore,

weight(A); + weight(A)y — weight(A); - weight(A)g
< weight([N1]) + weight([N2]) — weight([N1]) - weight([N2])

Let Ax. X C Vgor. If T & Ax. X then A = 0 and the result follows. Otherwise, it follows
from T = \o.T' € S w.(ZH {T'}) (since both =X, and 2 are reflexive) that

Az X) = A(Az.T') = weight(A); + weight(A)s — weight(A); - weight(A)s
< weight([N1]) + weight([N2]) — weight([N1]) - weight([N2])

= [N](\2.T") = [N](Zoda. (32 X))
a

A consequence of the Key Lemma, then, is that relation <¥ on closed terms is an
applicative simulation, thus included in the largest one, namely <. Hence, if M, N are
open terms and z1,...,2, = M <P N then it follows from Lemma that for all
Vi,o.., Vi, Wh, ..., W, such that 0 - V; < W, we have that

1 ~v0
@l—M{Vlw-an/xh...,xn} :jgl N{Wla"'aWn/{Iil,...,.’En}

which implies (by the reflexivity of <X and by <X C =, on closed terms) that for all
Vi,...,V, we have that

@l_M{Vla"'7Vn/.’L‘1,...,Sﬁ'n}joN{Vh'"vvn/l'h...,l‘n}

i.e., M=Z,N. Since 3, is itself included in <X, we obtain that <, ==¥. Hence, it follows

from the transitivity of <, and from the fact that < is compatible that:
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<o 8 a precongruence .

~

Theorem 7.14 (Congruence).

The congruence of =, allows us to prove that it is a sound with respect to the contextual
preorder.

Theorem 7.15 (Soundness). If MZSoN then M < N.

Proof. Let M=3,N. Using Theorem it can be easily proved by induction on C that
for any context C' it holds that C[M]Z.C[N]. If C[M]Z.C[N] then weight([C[M]]) <
weight([C[M]]), which implies the result. O

7.4 Full abstraction

As we have seen in Section bisimilarity on reactive probabilistic processes is charac-
terized by the language of tests T, defined by the following grammar:

ttun=w | a.t | (t,u)

where a € A ranges over the actions of the considered probabilistic transition system.
This characterization is used in [CD14] to show that applicative bisimilarity on terms is
fully abstract with respect to contextual equivalence.

This full-abstraction result is based on the fact that, when we consider the particular
probabilistic transition system for the probabilistic A-calculus defined in Section any
of these tests can actually be encoded by a context. However, the characterization of the
simulation preorder requires to add disjunctive tests.

Definition 7.16. Let £ = (S, A,—) be a RPLTS. The test language T\ is given by the
grammar t,u ;1= w ‘ a.t ‘ (t,u) ‘ t V u, where a € A.

The probability of success of a test is defined as in Section for w, the test for
actions a.t and the conjunctive test (t,u). The probability of success of the disjunctive
test corresponds to the probability that at least one of the two tests is successful:

Pr(t Vu,s) = Pr(t,s) + Pr(u,s) — Pr(t, s) - Pr(u,s)

The following proposition characterizes the simulation preorder on RPLTSs by means of
sets of tests.

Proposition 7.17 (BMOWO5|). Let £ = (S, A, —) be an RPLTS and let s,s' € S. Then
s < & if and only if for every t € Ty it holds that Pr(t,s) < Pr(t,s’).

Example 7.18. Consider the two terms M = Az.(1 @) and N = (Az.1) ® (Az.Q) from
Example We already know that, since they do not verify M < N, there exists a
test t € T\, whose success probability when executed on M is strictly greater that its
success probability when executed on N. We can actually explicitly give such a test: let
t = eval.(l.eval.w V |.eval.w). Then it holds that:

Pr(t, \e.(1 & Q) = Z; Pr(t, (. 1) @ (\e.Q2)) = %
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7.4.1 From tests to contexts

It is shown in |[CD14] that the applicative simulation preorder is not fully abstract for
PCFLg with respect to the contextual preorder: a direct consequence is that disjunctive
tests cannot be simulated by contexts. In other words, it is not possible to write a program
that has access to two sub-programs, and terminates with a probability equal to the
probability that at least one of its sub-programs terminates. The proof of |[CD14] is based
on an encoding from T to the set of contexts. We are going to extend it into two encodings
from T\, to the set of contexts of Ag,-: one encoding (denoted by Enc) expresses the action
of tests on states of the form M, and the other one (denoted by En\c) on states of the form
V. The intuitive idea behind Enc and Enc is the following: if we take a test t, its success
probability starting from the state M is the same as the convergence probability of the
context Enc(t) filled by M, and similarly, its success probability starting from the state
V is the same as the convergence probability of the context Enc(t) filled by V.
We let € denote the set of all contexts of Agor.

Definition 7.19. Let Enc : Ty — % and Enc: Ty — % be defined by:

Enc(w) = Az.[]; Enc(w) = Az. ['];
Enc(Vt) = Q[]; Enc(V:t) = Enc(t)[([]V)];
Enc(eval.t) = (A\z A(t)[x])[], Enc(eval t) = Q[;
Enc(t V u) = g(Enc(t), Enc(u)); Enc(t Vu) = g(Enc(t), E&:(u)),
Enc((t,w)) = f(Enc(t), Enc(u)); Enc((t,u)) = f(Enc(t), Enc(u));

where f,g: € X € — € are defined by:

f(C, D) = (Az.(Ay, 2. )(Clz 1) (D]z 1) (Az.[]);
9(C, D) = A.([Cle!] || Dlz 1] — 1) (Az.[])-

The apparently complicated structure of f and g comes from the fact that we chose not
to build contexts with several holes, to highlight how unary contexts can mimic polyadic
contexts in the calculus. Intuitively, we could say that ¢g(C, D) would correspond to a
multihole context [C || D] — | . Moreover, the encoding of the fragment of T\, corre-
sponding to T does not use parallel disjunction, i.e., the image of T by the encoding is a
subset, of the contexts of Ag. We can now apply this encoding to the test we defined in
Example

Example 7.20. Recall the test t = eval.(l.eval.w V |.eval.w) defined in Example
We can apply the encoding to this particular test:

Enc(t) = (Az. (Az. [Ay-Qw.y)z1 1 || Ay.(Aw.y)zl 1] — 1) (Ay.z))[].

We can see that if we consider the terms M = Az.(1 & Q) and N = (A\z.1) & (A\x.Q) defined
in Example the probability of convergence of the context Enc(t) is the probability of
success of the test t with respect to M and N:

Pr(t, M) = weight([Enc(t)[M]]) Pr(t, N) = weight([Enc(t)[N]]).
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Theorem 7.21. Let t be a test in Ty. For every closed term M and every closed value
V it holds that:

Pr(t, M) = weight([Enc(t)[M]]) Pr(t,V) = weight([[En\c(t)[V]]]).

Proof. We prove the thesis by induction on the structure of t.

e Ift = w, then for every closed term M and every closed value V', Pr(w, M) = Pr(w, V) =
1, and we have defined Enc(w) = ETn\c(w) = A\z.[-]. Since Enc(w)[M] and E/)rTc(w)[V} are
values, the weight of their semantics is 1, and so the result holds.

o If t = (uj,uy), we can directly adapt the construction proposed in [CD14] to the
untyped case. By the inductive hypothesis, for 1 <7 < 2 it holds that for every closed
term M and every closed value V,

Pr(u;, M) = weight([Enc(u;)[M]]) Pr(u;, V) = weight([Enc(uw;)[V]]).

The overall effect of f is to copy the content of the hole into the holes of the two
contexts C' and D. For any closed term M, we can express the convergence probability
of f(C,D)[M] as a function of the convergence probability of C[M] and D[M]:

weight([f(C, D)[M]]) = (weight([C[(Ax.M)I]])) - (weight([D[(Az.M)1]]))
= (weight([C[M]])) - (weight([D[M]]))

Recall that we have defined:

Enc((uy,us)) = f(Enc(u;), Enc(us))

Enc((u1, uz)) = f(Enc(u), Enc(uz))
We have that, for any closed term M, and any closed value V:

weight([Enc((uy, us))[M]]) = Pr(uy, M) - Pr(ug, M) = Pr((uy, us), M)
weight ([Enc((uy, u))[V]]) = Pr(uy, V) - Pr(us, V) = Pr({ug, uz), V)

e Now the case t = uy V us. By the inductive hypothesis, for all 1 <14 < 2 it holds that
for every closed term M and every closed value V,

Pr(u;, M) = weight([Enc(u;)[M]]) Pr(u;, V) = weight([[ﬁr;(ui)[‘/]]]).

The definition of g allows us to show:

weight([g(C, D)[M]]) = weight([C[M]]) + weight([D[M]])
— weight([C[M]]) - weight([D[M]])

and now it is straightforward to see that:

weight([Enc(u; V ug)[M]]) = Pr(u; V ug, M);
weight([Enc(uy V up)[V]]) = Pr(uy V uy, V).

e If t = a.u, there are two different kinds of actions:
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e when a = eval, we first consider E/)n\c(t): since the eval action is relevant only for
states of Lg,r which are terms (and not distinguished values), we want E/Jn\c(t)[V] to
always diverge. Since E/JrTc(t) = Q-] and since [Q2] = 0, we have that for any closed
value V, [Enc(t)[V]] = 0.

Now, we consider Enc(t). By the inductive hypothesis, we know that:

Pr(u, V) = weight([Enc(u)[V]]).

We have defined: Enc(a.u) = )\LL‘(E/)H\C(U) [z])[-]. Let be M a closed term. Then it
holds that:

weight([Enc(a.u) Z[[M]] weight([[ﬁn\C(U) V1D
= Z[[M]] - Pr(u,V)
= Z [[M]] - Pr(u, V)

= Pr(u, M)

e When a = V, with V' € Vg, we consider first Enc(V.u). It has been designed
to be a context which diverges whatever its argument is, and so we indeed have:
Pr(Viu, M) = 0 = weight([Enc(V.u)[M]]). Then we consider Enc(t). Recall that
we have defined: E/JITC(V.u) = Enc(u)[[/]V]. Let W = Az.M be a closed value:

weight([[E/)-n\c(V.u) [W]]) = weight([Enc(u)[WV]])
= Pr(u, WV)
= Pr(u, M{V/z}) since [WV] = [M{V/z}]
= Pr(Viu, W).

Theorem 7.22. < is fully abstract with respect to the contextual preorder.

Proof. We already know that < is sound, that is <C<.¢x. Hence, what is left to show
is that <. ¢xC<, which follows from Theorem [7.21] m Let M and N be two closed terms
such that M <. ¢y N. We want to show that M < N. By the testing characterization of
simulation, it is sufficient to show that, for every test t € T\, Pr(t, M) < Pr(t, N). Then
the result is a consequence of Theorem since every test t of T\, can be encoded by
a context of Agop.

a

7.5 Proofs

Proof of Theorem - application case
We show the detailed proof of the application case of the Key Lemma.
If the derivation of M || A is of the following form:
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My | ® M | E {P{V/r} I Opv }re. Pesupp(@),

V esupp(E)

My M, U ZVGsupp(E) E(V) (Z)\I‘PESUpp(CI)) CI)()\:L‘P) ’ G)P,V)

then M = M;M>, and we have that the last rule used in the derivation of §) - M jgf N
is:
OFM ZHE M O M ZE MY 0 M]MLZN
0 MMy ZHN

We are first going to apply the induction hypothesis to the derivation of M; |} ®. The
support of the value distribution ® is a finite set, say supp(®) = {\z.Py,..., \z.P,}. For
every Az.P;, we define the set K; = J.{\z.L | 2 - P; 3 L}. Now we can apply the

induction hypothesis to the derivation of M; | ®. Since we know that § - My 32 M{, we
derive from the induction hypothesis that for all I C {1,..,n},

o (U{m.a}) < [M1] (U K) (7.2)
icl iel

Inequation allows us to apply Lemma . For every i € {1,...,n}, let p; =
®(Az.P;) and for every I C {1,..,n} define r;y = > [M{](U). We can see that

Ust. {ilUeK;}=I

((pi)1<i<n, (T1)1cqu,..,ny) 15 @ probabilistic assignment. So we can conclude, by applying
Lemma that for I C {1,...,n} and for i € I, there are s; r that satisfy the conditions
in the Lemma.

For every U € |J K; and for every i € {1,...,n}, define r{/ = silver;y - [Mi](U)

1<i<m
ifi € {j|U € K;} and r¥ = 0 otherwise. We have that:
M) = Y we |J K
1<i<n 1<i<n
oV < Y Y Vi<i<n
UeK;

In the same way, we can apply the inductive hypothesis to My. Let supp(Z) = {V1,...,Vi}
and let X; = Zo{A\z.L | V; = Ae.M’ and z - M’ 2 L}. We have by the induction
hypothesis that for all I C {1,...1}, 2{Vs | k € I}) < [M3] (Upes Xk)- Hence, for all
W € Uy <p<; Xk, there exist [ real numbers s‘l/V, . SZW, such that:

PLIW) = Y s we |J X
1<k<l 1<k<l
EV) < Y sy VI<k<I
WeXy

For every value Z € Vgor, we have that:

AZ)= > EV) > ®(\a.P)-Opy,(2)

1<k<I 1<i<n
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= Z Z SZV Z Z TZU '@Pz‘,Vk(Z)

1<k<l \WeX, 1<i<n \U€K,
W U
=2 (2 X | 2 ern®@
1<k<l \WeXy 1<i<n \U€K,

We prove that for any Az.X C Vg, if U = AU’ € K;, and 1 < i < n, and W € Xy,
then Op, v, (Ax.X) < [U'{W/e}](\z. 38 X).

Let U € K; and W € X, for some i, k such that 1 <i <n and 1 < k <[. Then there
exists S such that

0 \v.S 3. U (7.3)
P 3PS (7.4)

Moreover, since W € X} we have that:
OF Ve 38 2oy (7.5)

By (7.3), 0 - S{W/x} 3. U'{W/x}, and by (7.4), and Lemma we have that
0+ P{Vir} 2B S{W/x}. Tt follows by that 0 - P{Vx/x} 20 U'{W/x}. Hence, by the
induction hypothesis applied to P;{Vk/z} we have Op, v, (A\z.X) < [U{W/r}](ZoAx.(ZH
X)). Then we derive:

A(Ax.X)
< Z Z Sk T?-@phvk()\l‘.X)
1<k<l \WEX} 1<i<n \U€K;
DI - Lowl(ZoAe (32 X))
1<k<l \WeXy 1<i<n \U€K;
< ¥ S| o] (ora (22 X))
k s.t. I/VEX;C ist. UEK;
WE( U Xk) ( U Kz
1<k<l
< > > () - ([MIW)) [Low](Zere. (32 X))
1<k<I 1<i<n

< MM (e (3H X))

where Lyw = U'{W/r} for any U such that U = A\z.U".



Chapter 8

Probabilistic environmental
bisimulation

Applicative simulations and bisimulations are known to have some significant limitations,
as we have seen in Chapter [6] With probabilities, the drawbacks of applicative bisimilarity
are magnified: full abstraction with respect to contextual equivalence may fail also in a
pure A-calculus, and Howe’s technique has to be enriched with non-trivial ‘disentangling’
properties for sets of real numbers, these properties themselves proved by modeling the
problem as a flow network and then applying the Max-flow Min-cut Theorem (see Section
in the previous chapter).

The price to pay to go beyond these limitations is moving to a more complex definition
of bisimulation, based on a notion of environment. In this chapter, we define environmental
bisimulations for probabilistic higher-order languages. As representative calculi we con-
sider call-by-name and call-by-value A-calculi, and a (call-by-value) A-calculus extended
with higher-order references.

In Section [8.1] we discuss the main features of our definitions of environmental bisimu-
lations for probabilistic calculi. We then present in Section[8.2]environmental bisimulations
for pure call-by-name, establish basic properties including full abstraction for bisimilar-
ity and similarity, and develop various up-to techniques. Section is devoted to the
pure call-by-value A-calculus, and in Section we study the extension with imperative
features. In each case we derive full abstraction results for probabilistic environmental sim-
ilarity and bisimilarity with respect to the contextual preorder and contextual equivalence,
respectively.

8.1 Main features

We discuss here the main differences of our proposals in comparison with ordinary (i.e.,
non probabilistic) environmental (bi)simulations.

Static and dynamic environments In ordinary environmental bisimulation the val-
ues produced during the bisimulation game are placed into the environment, so that the
observer can later play them at will during the bisimulation game. This schema is irrespec-
tive of the evaluation strategy (call-by-name or call-by-value), and is the distinguishing
feature of environmental bisimulations over the applicative ones. ‘Playing a term’ means

113
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copying it. However, in the A-calculus the copying possibilities for call-by-name and call-
by-value are quite different. In call-by-name, evaluation only occurs in functional position
and therefore the term resulting from the evaluation may not be copied. In call-by-value,
in contrast, a term may be evaluated also in argument position, and then given as input to
a function; thus copying is possible also after evaluation. The different copying behavior
is well visible, for instance, in linear logic interpretations of call-by-name and call-by-value
[MOTW99|.

Now, as we have seen in the previous chapter, the semantics of probabilistic languages is
sensitive to the copying operation; for instance the probability of success of an experiment,
if non-trivial, may be lowered by playing the experiment several times. This has a strong
impact on behavioral equivalences for call-by-name and call-by-value in probabilistic -
calculi. As an example,

A \2(z0Q) and B (\ra)® (\.Q) (8.1)
are contextually equivalent in call-by-name: if evaluated alone they always terminate; if
evaluated with an argument, they return the argument with the same probability. More
generally, in call-by-name abstraction distributes over probabilistic choice. In contrast, dis-
tributivity fails in call-by-value, exploiting the possibility of copying evaluated terms; e.g.,
the probabilities of termination for A and B are different in the context (Az.z (x Ay.y))|[]
(see Example [7.6)).

To be able to express such behavioral differences, in our environmental bisimulations
the values produced during the bisimulation game are placed into the environment only
in call-by-value. We call such a value environment a dynamic environment because it may
grow during the bisimulation game. It is precisely the use of the dynamic environment
that allows us to separate the two terms A and B above. In probabilistic call-by-name,
dynamic environments would break full abstraction for contextual equivalence. The only
environment for call-by-name is static. The static environment for two compared objects
F, (G is a pair of A-terms M, N, which are, intuitively, the initial A-terms from which, using
evaluation and interaction according to the bisimulation game, the objects F, G have been
derived. This (small) static environment is sufficient to ensure that the congruence proof of
the bisimilarity remains in the style of ordinary environmental bisimulation (i.e., it does not
require sophisticated techniques such as Howe’s). In short, the static environment reflects
the copying possibility for terms before evaluation, whereas the dynamic environment
reflects the copying possibility for values resulting from evaluation.

Formal sums In our probabilistic relations the objects compared are not plain A-terms
but formal sums, that are the objects produced by the semantics of a term. These are,
intuitively, syntactic representations of probability distributions. As a consequence, envi-
ronments are not just tuples of values, but formal sums of tuples of values. To see why
related objects must be formal sums, consider again the terms A and B in : our en-
vironmental bisimulation for call-by-name equates A and B by relating A and the formal
sum resulting from the evaluation of B. None of the components of the formal sum, Az.x
and Az.Q), could separately be related with A. (A form of bisimulation on formal sums,
namely a probabilistic version of logical bisimulation, is already defined in [DLSA14] for
call-by-name; its drawbacks are discussed in Section )

In pure call-by-value A-calculus, full abstraction for contextual equivalence would also
hold without formal sums (i.e., relating plain A-terms), for the same reason why, in the
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same language, applicative bisimilarity on plain terms is fully abstract [CD14]. We do not
pursue this simplification of environmental bisimulations because it would be unsound in
extensions of the calculus. For instance, consider the following terms of a probabilistic
A-calculus with store (again, an instance of distributivity):

HE wz:=0)A(Mo®N)) K% @wz:=0)(AMoAN)
where, as in Section (v z :=0) indicates the creation of a new reference, initialized
with 0, A.L is a thunk (i.e., Az.L for z not free in L), and where, using L seq Ly for the
sequential evaluation of L; followed by Lo,

M® if 12 =0 then (x := 1seq true) else (2

N if 1z =0 then (r := 1seq false) else (.

The terms M and N only differ at their first evaluation, when the fresh location [ (that
was created with value 0 and substituted to ) is set to 1 and M produces true whereas
N produces false; thereafter [ is 1 and both terms diverge. As a consequence, H and K
are contextually equivalent: at their first evaluation they always terminate, each returning
true and false with the same probability, and at later evaluations they always diverge.

To place H and K in a bisimulation, H has to be related with the formal sum obtained
from the evaluation of K; again, the single components alone would be distinguished. Once
more, this is a copying issue, due to the possibility of copying terms but not stores.

Big-step reduction, term closure, and congruence proof To achieve full abstrac-
tion, in the probabilistic case the bisimulation clauses have to use a big-step, rather than
a small-step, reduction relation. As we have seen in Section [6.2] the semantics of the prob-
abilistic A-calculus is given by taking the supremum of its finitary big-step approximants.
Consider once again the terms defined in Example

PERR and Q¥ N\Q, for RYE Az.(zx) @ Q (8.2)
The terms P and @) are contextually equivalent. However, only by exploring the whole
computation tree produced by P does one find out that the infinite number of leaves in
the tree makes a probability 1 of obtaining @ (i.e., a formal sum made of a finite subset
of the leaves of the tree would not be equivalent to Q).

When the reduction relation is small-step, as in ordinary environmental bisimulations
[SKS11], the related terms need not be values, because a normalizing term need not
produce a value in a single step and bisimulations must be closed under the reduction
adopted. In contrast, as our environmental bisimulations are big-steps, the bisimulation
game may be confined to values.

A more significant consequence of the adoption of big-step reductions concerns the
congruence proof. In environmental bisimulations the proof of congruence goes by in-
duction over contexts, as in proofs for first-order languages. For this, the proofs in the
literature rely on a ‘small-step’ reduction relation. This allows a tight control over the
syntax of the contexts, which fails with big-step reductions because in a higher-order lan-
guage contexts may arbitrarily grow during reduction. The induction over contexts in the
proofs of congruence for ordinary environmental bisimulations is replaced, in probabilistic
environmental bisimulation, by an induction on the number of small-step reductions with
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which a big-step approximant is derived (possibly coupled with an induction on the size
of a context), combined with two levels of continuity arguments. One level stems from the
least fixed point construction employed in the definition of the infinitary big-step seman-
tics on terms. The second level stems from a characterization of bisimilarity as the kernel
of the similarity preorder and, in turn, as the kernel of a finitary similarity in which (on
the challenger side) the big-step reduction relation employed is finite. The proof of the
characterization with the finitary similarity makes use of least fixed-points via a saturation
construction on formal sums where, intuitively, a formal sum is better than another formal
sum if the former one conveys more accurate probabilistic information than the latter one.

Up-to techniques Our proofs and examples rely on a few enhancements of the bisim-
ulation proof method (‘bisimulations up-to’), some of which are extensions of common
(bi)simulation enhancements, others are specific to probabilistic calculi. An example of
the latter is ‘simulation up-to lifting’, whereby it is sufficient, in the coinductive game,
that two derivative formal sums are in the probabilistic lifting of the candidate relation,
rather than in the candidate relation itself.

While the bisimulations act on formal sums and use infinitary big-step reductions to
values, we also explore coinductive games played on plain A-terms and on finitary multi-
step reductions to terms (not necessarily values) as sound proof techniques. In particular,
we combine these with up-to context, so to be able to compare terms in the middle of
their evaluation when a common context can be isolated and removed.

8.2 Probabilistic call-by-name A-calculus

The terms of the probabilistic A-calculus, as we have seen in Chapter [6] are generated by
the following grammar:

M.N =z ’ Az M ‘ MN ’ Ma®N

In probabilistic languages, the semantics of a term is usually a (sub)distribution, that
is, a function that specifies the probabilities of all possible outcomes for that term. We
define here an alternative semantics based on formal sums, i.e., syntactic representations
of distributions. Formal sums allow us a tighter control on the manipulations of the
operational semantics, which is important in various places of our coinductive definitions
and proofs. Formal sums have the form

> icr Pis Mi

where 0 < p; <1, for each 4, > ,.;p; <1, and I is a (possibly infinite) indexing set. In a
summand p;; M; of a formal sum, p; is its probability value (or weight), and M; is its term.
The terms of different summands of a formal sum need not be different. We extend some
definitions for probability distributions to formal sums. The weight weight(} . ; pi; M;)
of a formal sum is ) ;.; p;. We let F, G range over formal sums, and we write the empty
formal sum as () (i.e., the formal sum with no summands). We write ' = G if F and G
are syntactically equal modulo a permutation of the summands and modulo the presence
of ) as summand. We use ‘+’ for binary sums, in the usual infix form, and sometimes
apply it also to formal sums, as in F' + G. We write the empty formal sum as (). Value
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formal sums, ranged over by Y, Z are formal sums in which the term of each summand is
a value.

There is an obvious mapping from formal sums to distributions, whereby a formal sum
F yields the distribution in which the probability of a term M is the sum of the weights
with which M appears in summands of F. The mapping is not injective: in general,
infinitely many formal sums yield the same distribution (because of possible duplicates in
the terms of the summands of a formal sum). For instance, %; M + %; M and %; M are
two different formal sums, that correspond to the same distribution assigning probability
% to term M and probability 0 to any N such that N # M.

We sometimes decompose formal sums using a lifting construction. Given formal sums

F;, = ZjeJi pi j; M; j, for i € I, we define

> icr PirE = dierjer; Pi pigi Mij
with p; -0 = 0. The semantics of a term M, written [M]), is a value formal sum produced
as the supremum of the value formal sums obtained by finite computations starting from
M, using a preorder <.px on formal sums in which F} <.p, F» if F| is an approximant of
F5 (in other words F, conveys more information than F}); formally, F» = F} + G for some
G. The semantics is obtained in various steps, whose rules are presented in Figure [8.1

1. a single-step reduction relation — from terms to formal sums (where the evaluation
contexts are the usual ones for call-by-name, i.e., C':=[] | CM) ;

2. a multi-step reduction relation = from terms and formal sums to formal sums,
from which a relation = to value formal sums is extracted by retaining only the
summands whose term is a value via the function val:

def
Val(Zipi;Mi) = Z{i\Miisavalue}pi;Mi )

3. the semantics [ ], mapping terms and formal sums to value formal sums via the
supremum construction.

If M = > ,c;pi; M; then I is finite, and each i represents a ‘possible world’ of the
probabilistic run of M, with probability p; and outcome M;. The subset of possible worlds
in which M; is a value makes for an approximant of M, and from such approximants the
semantics of M is obtained.

Since value formal sums form an w-complete partial order with respect to the <«
preorder, and for every M the set of those value formal sums Y such that M — Y is a
countable directed set, the semantics [M] of a term M exists and is unique.

Relations = and == are finitary in the sense that a derivation proof where one of such
relations appears in the conclusion only contains a finite number of ‘small steps’ (relation
—). When reasoning by induction, sometimes we will need to make such number explicit,
therefore writing =, and =, respectively.

Rule MULT, in contrast with MULFS, does not need a finitary condition on the in-
dexing set because a formal sum obtained in a small step from a term may have at most
two summands.

Additional notation. We introduce here some additional notation, allowing us to easily
manipulate terms and formal sums. This simplified notation is only used in the proofs
of our results; in the rest of the paper, we use the extended notation defined above. For
Y =5 pi; Ae.M; and F =), p;; M;, we define:



118 Chapter 8 Probabilistic environmental bisimulation

single-step reduction relation from terms to formal sums

BETA

SuUM
(Az.M)N — 1; M{N/r} My @ My — 33 My + 35 My

M — . pi; M; C is an evaluation context
CIM] — >, pi; O[M;]

EvaL

Evaluation Contexts C:=[]]|CM

multi-step reduction relation from terms to formal sums

MunL) —— MuLT z

multi-step reduction relation from formal sums to formal sums:

M; = F;

MuLFS I finite

multi-step reduction relation from terms and formal sums to value formal sums

_ / N —
M= F val(F) =Y MULVFS F=F val(F") =Y

MuLVT MY F=Y

the semantic mapping, from terms and formal sums to value formal sums

[M]E sup{Y | M =Y} [F]Esup{Y | F=Y}

Figure 8.1: Operational semantics for call-by-name

Ax.M o P = M{P/z} ;

Y o PE Y pis My{ P}

- CIF] = 3, pis C[M] 5

def

- FP =), pi; M;P .

Remark 8.1. By default, the results and definitions of environmental bisimulations we
will present are (implicitly) stated for closed terms. They can be generalized to open terms
in a standard way for bisimulations in A-calculi [SP07a; KW06b; SKS11], essentially deriv-
ing properties between open terms M and N from the corresponding properties between
the closed terms Az.M and Az.N, for {z} DO FV(M)U FV(N). We will often omit the
word “closed” when referring to closed terms and values.



8.2 Probabilistic call-by-name \-calculus 119

8.2.1 Environmental bisimulation

In call-by-name, a probabilistic environmental relation is a set of elements each of which
is of the form (M,N) or (M,N),Y,Z), where M,N,Y,Z are all closed, M, N are Ag-
terms and Y, Z value formal sums. Intuitively, in the former elements M and N are terms
that we wish to prove equal, and in the latter elements Y and Z are value formal sums
obtained from M and N via evaluations and interactions with the environment. We use
R, S to range over probabilistic environmental relations. In a triple ((M, N),Y, Z) the pair
component (M, N) is the static environment, and Y, Z are the tested formal sums. We
write R(az,ny for the relation {(Y,Z) | ((M,N),Y,Z) € R}; we accordingly use the infix
notation Y Ry ny Z, and similarly for M R N. In the remainder of the chapter, when
discussing probabilistic environmental relations, bisimulations, simulations, or similar, we
abbreviate ‘probabilistic environmental’ as ‘PE’, or even omit it when non-ambiguous.
Static environments (that is, pairs of Ag-terms) are ranged over by €. If £ = (M, N) then
its context closure, written £*, is the set of all pairs of the form (C[M], C[N]). We use a
similar notation for the context closure of relations on A-terms.

Remark 8.2 (Static environment). Our results would also hold admitting arbitrary sets
of pairs of Ag-terms as static environments, rather then single pairs. We have chosen
single pairs so to bring up the minimal requirement on static environments for our proofs
to hold (notably the congruence for bisimilarity).

Definition 8.3 (Environmental bisimulation, call-by-name). A PE relation R is a (PE)
bisimulation if

1. M R N implies [M] Rearny [N]
2. > pis Ar.M; Re 32, qj; Av.Nj implies:
(a) >2;pi = Zj q; ;
(b) for all (P,Q) € &%, %y pi [Mi{Ple}] Re S, 05 IN; (9]
We write ~ for (PE) bisimilarity, the union of all PE bisimulations.

While ~ is a PE relation, we are ultimately interested in comparing A-terms (M ~ N
if MR N for some bisimulation R).

Remark 8.4. Using the additional notation defined in Section we can write the
bisimulation clauses for formal sums as follows:

(2) Y R¢ Z implies:
(a) weight(Y) = weight(Z) ;
(b) for all (P,Q) € &*, [YoP|Re[ZeQ] .
Example 8.5. We have
ME QAN ~AAQ0Q) TN,
This is proved noting that [M] = ; AX.Q+1; A.Q and [N] = 1; N, using the bisimulation

R in which M RN, [M] Rrny [N], 3: A9 Rany 33 A2, and O Ray w) 0. Terms M, N

could not be equated by a bisimulation that acted only on terms (ignoring formal sums),
as neither A.\.Q2 nor A.Q can be equated to N.
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Definition 8.6 (Simulation). In Definition and in the remainder of the chapter for
other definitions of probabilistic bisimulation, the corresponding simulation is obtained
by replacing the equality '=" on the weights with ‘<’; thus in Definition clause (2a)
becomes >, pi < . qj.

The union of all simulations, similarity, is written <.

Theorem 8.7.
1. = and < are the largest bisimulation and simulation, respectively.
2. < is a preorder, and ~ an equivalence.
3. x=<n<L

Proof. 1. If M = N then there is a bisimulation R such that M R N. Therefore,
((M,N),[M],[N]) € RC~. Analogously, if (£,Y,Z) €~ then (£,Y,Z) € R for
some bisimulation R and the formal sums have the same weight and, for all P, Q) € £*,
(E,[Y o P],[Z e Q]) € RC=~. The same holds for simulation.

2. Identity is a simulation, hence < is reflexive. If R ,S are simulations, then their
relational composition

R S={(M,N) | 3P such that MRP S N}
U{((M, N),Y, Z) | 3Y", P such that Y R (yy.p)Y" S Z}

is a simulation. If M R P S N then [M] Rp) [P] Spay [N]. Hence,
IMI(R S)mun[N]. I YR a,p)Y' Sipny Z then weight(Y) < weight(Y') <
weight(Z) and for every C, [Y ¢ C[M]] Rn,p) [Y' @ CIP]] S(p,n) [Z @ C[N]]. Then
< is transitive and reflexive. Analogously, ~ is reflexive and transitive, and for any
bisimulation R it holds that

RV ={(M,N) [NRM}U{((M,N),Y,2) | ZR (van)¥'}
is a bisimulation as well
3. The result follows from (1) and from the fact that the calculus is deterministic:

a) 1 1s a bisimulation then bot an ~+ are simulations;
(a) if R b | hen both R and R~} 1 ;

(b) to prove that <N <! Cr, we show that <N <! is a bisimulation. Let
R and S be two simulations. If M R N and N § M then [M] R, n
[N] and [N] Sy sy [M], which implies that ((M,N),[M],[N]) eSn <
If (M,N),Y,Z) € R and ((N,M),Z,Y) € S then for all C' we have [Y o
CIM]] Ru,ny [Z o C[N]] and [Z e C[N]] Sy [Y o C[M]]. Therefore,
((M,N),[Y e C[M]],[Z e C[N]]) €< N <L Finally the clause on the weights
holds by (M, N),Y,Z) € Rand ((N,M),Z,Y) € S, which imply weight(Y) <
weight(Z) and weight(Z) < weight(Y), respectively.

a

The bisimilarity, or similarity, is directly defined using the semantics of terms, which
is a least-fixed point on top of big-step approximants. When proving properties about
bisimilarity and similarity, therefore, we need to reason about such approximants. For this,
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we introduce a finite-step simulation in which the challenge reductions of the simulation
game employ the big-step approximants (the relation = of Figure . We cannot
have characterizations of bisimilarity in terms of a finite-step bi-similarity because in
general the weights of the approximants of two bisimilar terms are different, as shown in
Example Hence, to reason about bisimilarity we go through its characterization via
similarity (Theorem @, and then the characterization of similarity via the finite-step
similarity (Corollary @D

Example 8.8. Let P and () be the terms discussed in (8.2)) in Section A bisimulation
relating P and () is

{(Pv Q)? ((Pa Q)?Zn21 2%;@7 1;@)7 ((P7 Q))®7®)} .

We could not prove the equality using finite-step approximants for bisimulation, since
those for P are of the form lengm %;Q, for some m, and thus have a smaller total
weight than the formal sum 1; ) immediately produced by Q.

Definition 8.9. A PE relation R is a finite-step simulation if
1. MRN and M =Y imply Y R,y [N] ;
2. > pis Ae.M; Re Zj ¢j; Ax.N; implies:

(a) 2pi <32505 5
(b) for all (P,Q) € &*,if >, pi; Mi{P/x} =Y then Y R¢ > q;-[N;{Qz}] .

We write <g, for finite-step similarity. In finite-step simulations, the challenges are
expressed by finitary reductions. Moreover, any result about finite-step similarity <g, on
Ag-terms can be established using a finite-step simulation with finite formal sums on the
challenger side, though this constraint is not required in the definition.

Remark 8.10. Clause of Definition cannot be written thus:

for all (P,Q) € &*, if M;{P/z} = Y; for every i

then 3=, piY; Re 32 ; ¢5-[Ni{9e}]
because, as the index set I can be infinite, the challenge in the bisimulation game might
not be finitary. By contrast, reduction = on formal sums (from Figure is finitary.
This allows proofs by induction on the number of single-steps in a reduction.

We denote by Pairs(R) the set of pairs of terms in a PE relation R. We use two
saturation constructions to turn a simulation into a finite-step simulation and conversely.
Given a PE relation R, its saturation by approzimants is

Pairs(R)U{(£,Y,Z) | thereis Y/ with Y’ Reg Z and ¥ <upx Y’ }

and its saturation by suprema is | J,, R", where

def

R =R
R+H1EE Ry {(£,Y, Z) | there are {Y;}; with
Yi RE Z, Yi <apx Yit1, and Y = sup{Y;};}.
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Lemma 8.11.
1. The saturation by approximants of a simulation is a finite-step simulation.
2. The saturation by suprema of a finite-step simulation is a simulation.

Proof. The proof of (1) follows from the definition of [M] as the supremum of the set
{Y | M = Y}. For (2), the crux is proving by induction on n that if ), p;; Ae.M; RE
>~ 4j; Ax.Nj then:

L>pi<3,45

2. 3, pi; Mi{ P/} ==Y implies Y RE Y, ¢;-[N;j{@/x}], for all (P,Q) € £*.

The details of the proof can be found in Section O
Corollary 8.12. The similarity and finite-step similarity preorders, < and <gn, coincide.

Proof. The result follows from Lemma and from the fact that a simulation (respec-
tively: a finite-step simulation) is included in its saturation by approximants (respectively:
by suprema). O

The following example highlights the differences between simulations and finite-step
simulations, by proving the equality in Example using finite-step simulations.

Example 8.13. Terms P and @ of Example [8.8| can be proved equivalent by exhibiting

the following finite-step simulations, where Y{ L) and v, & Y i<n<m 2%; Q for m > 1:

def
R=A(P.Q), (P.Q),0,0)} U{((P,Q), Y, 1;Q) | m 20} o
def
S é {(Qa P)> ((Qa P)7 ®7 0)7 ((Q7 P)v 1; Qv ZnZl 2%; Q)}
To derive the substitutivity properties of the similarity, and hence of the bisimilarity,
we also need an up-to technique for the finite-step similarity. Specifically, we need an
up-to lifting technique whereby, in the simulation game, two derivative formal sums can

be decomposed into ‘smaller’ formal sums and it is then sufficient that these are pairwise
related. We write 1ift(S) for the probabilistic lifting of a relation S on formal sumsﬂ

1ift(S) E{(F,G) | there are I, p;, F;, Gy, for i € I, with
F,S§Giand F =) pi-Fyand G =), pi-Gi}.

Definition 8.14. A PE relation R is a finite-step simulation up-to lifting if
I. MRN and M =Y imply Y 1ift(Ryn)) [N] ;
2. Y pis Ax.M; Re Zj gj; Axz.N; implies:
(a) Tipi < 05

(b) for all (P,Q) € £*,if >, pis Mi{P/z} =Y then Y 1ift(R¢) > qj- [N {Q/x}].

Tn contrast with the lifting relation defined in Chapter [2| (definition , the lifting relation defined
here takes a relation on formal sums and returns a relation on formal formal sums. The lifting relation
in Chapter |2| takes a relation on states (corresponding to terms in the setting of the present chapter) and
returns a relation on distributions on states (formal sums in the present chapter).
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Lemma 8.15. If R is a finite-step simulation up-to lifting then R C <gy.

Proof. Let R be a finite-step simulation up-to lifting. Then § is finite-step simulation:

def

S Pairs(R)U{((M,N),Y,2) | Y 1ift(R (n)) Z}

If M S N then MR N, which implies that if M = Y then Y 1ift(R (a,n)) [V].
Hence, Y Sipsn) [V]-
Let Y Spny Z, ie, Y = > piYi, Z = Y ;pirZ; and Y; R (yr,N)Z;. For every i,
weight(Y;) < welght(Z) hence weight(Y) < weight(Z).
For every i, Y; @ C[M] =Y implies Y] 1ift(R (as,n)) [Zi @ C[N]] by the definition of R.
Since Y o C[M] ==Y’ implies Y’ = 3. p;-Y/, for some Y/ such that Y; e C[M] = Y/,
and [ZeC[N]] = >, pi; [Z;  C[N]], then Y’llft(llft(R ) ) [ZeCIN]]. The result
follows from 1ift(1lift(R (arn))) = 1ift(R (arn)) - O

Example 8.16. Let P =Y Q,Q ==DWY Q, and

ME(PoP)®QaQ), NE(PaoQa(PaQ).

The following finite-step simulation up-to lifting shows M <g,NV:

R (M, N),((M,N),1; P,1;P),(M,N),1;Q,1;Q),
(M, N),0, 1, P), (M, N),0,1:Q)} .

The ‘up-to lifting’ technique allows us to have a relation with only empty or Dirac formal
sums (i.e., a single summand with probability 1).

Remark 8.17. We have seen in Example that the terms P and @ defined in ,
Section cannot be proved equivalent using a bisimulation with small-step, finitary
clauses. We could prove the terms equivalent by using a bisimulation with small-step
clauses if we allowed the reached formal sums to be decomposed into equally weighted for-
mal sums (formally: using the up-to-distribution-and-lifting technique discussed in Section
. In this case, it would be sufficient to define a bisimulation relating P and @), and
we would only need to consider the formal sum %; P+ %; Q@ (reached by P in one step)
and decompose 1; @ (the formal sum reached in zero steps by Q) as %; Q+ %; Q.

However, such a bisimulation would not be complete, since the same reasoning would
not apply to the terms M and N defined below, where R € Az (zx) & Az.QQ and

Ry, & )\w(xx) ®Q

def

MY (RiR) ®ANQ N\ (RR)®A.Q

Terms M and N cannot be proved equivalent using a small-step bisimulation, since 1; N
is only equivalent to the semantics of M, which is not reachable in a finite number of
steps. Indeed, no decomposition of 1; N can be matched with a decomposition of any
approximation of the semantics of M.

Lemma 8.18. If M<g,N then C[M|<a,C[N], for any context C'.
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Proof. Given a a finite-step simulation R saturated by approximants, we prove that the
PE relation

{(C[M],C[N]) | MR N}

U{((CIM), CIN]), 15 Aa.C"[M], 15 Aa.C'[N]) | MR N}
U{((C[M],C[N]),Y,Z) | Y R ()2}
U{((M,N),0,Z) | for some M,N,Z}

is a finite-step simulation up-to lifting. The details of the proof can be found in Section
0

Hence, (pre)congruence results for bisimilarity and similarity follow from Lemma
Corollary and the fact that ~ = <N <! (Theorem .

Corollary 8.19. On Ag-terms, =~ is a congruence, and < a precongruence.

8.2.2 Contextual equivalence

The contextual preorder and equivalence are defined as in Section [6.2.2] using the weight

of the semantics of terms, which are now formal sums. We set M |} %= weight([M]) (the
probability of termination).

Definition 8.20 (Contextual preorder and equivalence). M and N are in the contezstual
preorder, written M <.ty N, (resp. in contextual equivalence, written M =4y N), if
CIM] | <CIN] | (resp. C[M] || = C[N] |), for every context C.

Lemma 8.21 (Completeness). On Ag-terms, <ctx C <.

Proof. We prove that the following is a simulation:

def

R = (Sctx) U {((M>N)7[[C[M]H7HC[NH]) | Mgctx N}

We have M R N if and only if M <.y N, which by definition of R implies that
[M] R,y [N]-
IfY Rany Z then Y = [C[M]] and Z = [C[N]] for some context C. Hence, for any C’ we
have [Y oC'[M]] = [[C[M]]eC"[M]] = [C[M]C"[M]] and [ZeC'[N]] = [[C[N]]eC"[N]] =
[CIN]C'[N]] and by the definition of R we have [C[M]C'[M]] R (ar,n)[C[N]C'[N]].

O

Corollary 8.22 (Full abstraction). On Ag-terms:
1. relations <c4x and < coincide.
2. relations =¢tx and =~ coincide.

Proof. Completeness of the simulation preorder holds by Lemma [8:21] The converse, i.e.,
soundness, follows from the fact that < is a precongruence (Corollary and M < N
implies weight([M]) < weight([N]) (by clause (2a) of simulation). Hence, M < N
implies C[M] < C[N] implies weight([C[M]]) < weight([C[N]]).

Completeness and soundness for &~ follow from (1) and the fact that ~ (respectively: =¢¢x)
is the kernel of < (respectively: <cty), by item (3) of Theorem O
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8.2.3 Up-to techniques

We have pointed out (Example and that our simulations (and bisimulations) have
to be based on formal sums and cannot employ finitary reductions, as in ordinary envi-
ronmental bisimulations, in order to faithfully represent contextual equivalence. However
each of these features is sound and can therefore be used in proof techniques. In this
section we show examples of such techniques. These techniques are very limited and we
leave for future work the development of more conclusive ones.

Finitary reductions — the possibility of stopping the evaluation of a term after a
few [-reductions — are interesting in enhancements with up-to context (the ability of
isolating and removing common contexts in derivative terms) because sometimes such
common contexts appear in the middle of a reduction. For applicability, up-to context
is usually combined with further up-to techniques that allow us to bring up the common
contexts. In the first up-to technique, where the coinduction game still uses formal sums,
we combine up-to context with up-to lifting, so to be able to decompose related formal
sums into pieces with different common contexts. In the technique, the context closure of
the up-to context is only applied onto A-terms. The closure could probably be made more
powerful by applying it also on formal sums, at the price of a more complex proof, but its
usefulness is unclear.

In clause below, and in the remainder of the chapter, we use the function dirac
that takes a set of pairs of A-terms (M, N) and returns the pairs of their (Dirac) formal
sums (1; M, 1; N).

Definition 8.23. A PE relation R is a finite-step simulation up-to lifting and context if:
1. MRN and M =Y imply Y 1ift(R (ar,z)) [NV] ;
2. > pis A M; Re Zj ¢j; Ax.N; implies:
(@) >, pi < Zj qj 5
(b) for all (P, Q) € £*, one of the following holds:
e there are F, G such that >, p;; M;{f/x} = F and > N;j{Q/z} = G with
F1lift(dirac(&))G ;
o if 3. pi; M;{F/r} =Y then
Y lift(dirac(E) U Re) ;a5 [N{Y}]

The following lemma proves the soundness of the up-to lifting and context technique.
Lemma 8.24. If R is a finite-step simulation up-to lifting and context then R C <gy.

Proof. Let R be a finite-step simulation up-to lifting and context. We prove that

R < Pairs(R)
U{((M,N),Y, Z)
U{((M,N),1; \z.
U{((M,N),0,7)

| Y'R (m,vyZ and Y <gpy Y, for some Y’}
CIM], 1; Az.C[N]) | M'R N}
| for some M,N,Z}

is a finite-step simulation up-to lifting, from which the result follows by R € R’. The
details of the proof can be found in Section
Od



126 Chapter 8 Probabilistic environmental bisimulation

Example 8.25. The up-to lifting and context technique allows us to prove that terms
A, B defined in (8.1)) in Section are bisimilar. We prove A < B using the PE relation

{(4, B), ((4, B), [A], [B])} -

Indeed, [A] = 1; A and [B] = %; Az.z+ 3; Az.Q and, for any pair of arguments of the form
(C[A],C[B]) used to test the formal sums, we have 1; C[A] ® Q@ — 3; C[A] + 1;Q and the
pair (3; C[A]+3:Q, 3;C[B]+%;Q) is in lift(dirac({(4, B)}*)). Analogously, using the
relation {(B, A), ((B, A),[B], [A])} U{((B,A),0,Z) | for any Z} we prove B S A .

In the second up-to technique, the game is entirely played on terms, without appeal to
formal sums. We present the technique in combination with forms of up-to context, up-to
distribution, up-to reduction, and up-to lifting. This technique will allow us to prove the
equivalence of two probabilistic fixed-point combinators in Section [8.2.4]

A term relation is a relation 75/ ) on values of Ag and the index (M, N) is a pair of
Ag-terms. The index corresponds, intuitively, to a static environment of an environmental
bisimulation. We use the notation 7'(*]‘27]\]) for Ty U {(M, N)}*.

A term M deterministically reduces to G (notation: :d>) if M = G and only the
last reduction in the sequence may be derived using rule Sum. We write M > M’ if M
and M’ deterministically reduce to the same formal sum, but M’ takes fewer steps. That
is, there are G, m,m’ with m > m’ and with M :d>m G, and M’ ém/ G. Thus, in
Definition D> ’T&\; Ny 1 the set

{(P,Q) | P> P for P' with P'(Tuny U (M, N)})Q} .

We then write F' =435 F' if F and F’ represent the same probability distribution. In the
up-to technique below, > gives us the ‘up-to reduction’, and =435 the 'up-to distribution’.
We use up-to distribution to manipulate formal sums, which are purely syntactic objects.

Finally, :d>:dis is the composition of the two relations, i.e., M :d>:dis F if there is F”
with M =2 F’ and F/ =44 F.

Definition 8.26. A term relation Ty ny is a bisimulation up-to context closure, distri-
bution, reduction, and lifting if

1. [[M]] —dis dirac(’ﬁM’N)) —dis [[N]] N

2. if Ax.M" Tpr,ny Az.N' then for all (P,Q) €{(M, N)}*,

M'{Phr} =% =4;s 1ift(dirac(* Torn) —aisc= N'{Qfr} .

We first establish the soundness of the up-to distribution and lifting technique. For
a relation R on formal sums, we write dislift(R) for the set of pairs F,G such that
F =4is 1ift(R) =ais G. The up-to distribution and lifting technique is obtained by
substituting 1ift(-) with dislift(-) in Definition

Lemma 8.27. If R is a finite-step simulation up-to distribution and lifting then R C <gp.

The proof follows as the one for the up-to lifting technique (Lemma|8.15)), and exploits
the fact that dislift(dislift(-)) = dislift(-). Then we derive the soundness of the
full technique (the proof can be found in Section [8.5).
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Lemma 8.28. If Ty Ny is a bisimulation up-to context closure, distribution, reduction,
and lifting then (M,N) € =.

Remark 8.29. The first clause of the up-to technique in Definition [8.26| is not sound if
T(m,n) is substituted by 7’(*]\2 %L in this case, for any pair of values V, W, relation 7Ty, W)déf

() would satisfy the definition, since [V] = 1;V, [W] = 1; W and 1; Vdirac({(V, W) }*)1; W.

8.2.4 Fixed-point combinator example

In the reductions of this example, we write a Dirac formal sum 1; M as M, so to have
reductions between A-terms. We exploit the up-to technique of Definition [8:26] to prove
the equivalence between two fixed-point combinators. One of the combinators is T:

def

1= Xy.y(Dy(Dy))
where D = Ay A\z.y(zz) .

For any term L we have

YL — L(DL(DL)) (8.3)
and then ~ DL(DL) —s—s L(DL(DL)) .

The other combinator at any cycle can probabilistically decide whether to behave
differently (i.e., as Turing’s fixed-point combinator) or to turn for good into the previous

T combinator:
1'% p'p!

where D' = Az \y.((y(Dy(Dy))) & (y(zay))) -

Thus the computation of Y’ L will unveil, for a while, some L’s while computing as Turing’s
combinator, and then will continue unveiling L’s by computing as T. Indeed, for

11 % My (y(Dy(Dy)) & (y(D'D'y))),
we have
Y'L — Y\ L — (L(DL(DL))) ® (L(D'D'L)) (8.4)
— L L(DL(DL)) + 3; L(D'D'L) .
We can establish T ~ Y/ using the term relation
Terrn = {(T, 7))}

The interesting case is the bisimulation clause for (T, Y}). Take any M {(T,Y’)}* N.
By (8.3), we have YM — M(DM(DM)), whereas by (8.4), T'N =% L. N(DN(DN)) +
%; N(D'D’'N). Now we could conclude, up-to context closure, distribution, reduction, and
lifting, if we can show that the pairs
(M(DM(DM)),N(DN(DN)))
and (M(DM(DM)),N(Y'N))

are in >* ’76\2 ) This holds because: the first pair is in {(T, T')}*; for the second pair, by
(8.3) we deduce DM (DM) > YT M, and then we have

M(DM(DM)) * M(YM) {(T,T)}* N(Y'N).

The example also shows the usefulness of static environments (whose terms need not
be values) for context closures in ‘up-to context’ techniques.
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8.3 Probabilistic call-by-value \-calculus

In call-by-value, the static environments are not anymore sufficient. As in ordinary envi-
ronmental bisimulations, we need a dynamic environment to record the values produced
during the bisimulation game. In ordinary environmental bisimulations we can see such
environments as tuples of valuesE In the probabilistic case formal sums come into the
picture. Environment formal sums are terms of the form

Zipﬁﬁi

(i.e., sums of weighted tuples) in which all tuples ‘N/Z have the same length and, as for
ordinary formal sums, 0 < p; < 1 for each ¢ and ), p; < 1. We call the length of the
tuples Vi’s the length of the environment formal sum. The tuples Vi represent the dynamic
environment: the knowledge that an observer has accumulated during the bisimulation
game. There may be several such elements ‘Z, reflecting the possible worlds produced by
the probabilistic evaluation. During the bisimulation game, the environment formal sum
is updated. Viewing the environment formal sum as a matrix, in which 171 represents the
i-row and the elements (V1),, (Va)r, ... (the r-th element of each row) represent the r-th
column, a column is a set of values that the various possible worlds have produced at the
same step of the bisimulation game. (This explains why the tuples Vi’s of the sum have
the same length.)

More precisely, in the bisimulation game at each possible world i a term M; (con-
structed from the V;’s using a context closure discussed below) is evaluated. The evalua-
tion of M; yields, probabilistically, a multiset of values (as a formal sum). This multiset
is empty when all evaluations from M; diverge; in this case the whole row ¢ disappears,
meaning that in the i-th possible world the observer never receives an answer. When the
multiset is non-empty, the row ¢ is split into as many possible worlds as the values in the
multiset. For instance if the evaluation of M; produces V with probability % and V'’ with
probability % then the row p;; V; is split into the two rows % - Di; ‘71-, V and % - Dis YN/i, V.

This splitting operation is captured by the following multiplication of an environment
formal sum ), ; p;; V; and a tuple of formal sums Y; = ZjeJi pijiVij e

Zie[pﬁ Vi Y; et Ziel,jeJi DPi - Pijs Vi, V;,j .

We use Y,Z to range over environment formal sums, and we sometimes treat a formal
sum as a special case of environment formal sum in which all tuples have length one.

The view of environment formal sums as matrices is illustrated in Figure 8:2] for an
environment formal sum Y D 1<i<3 Pis Vi of length 4. The figure also illustrates the
extraction of the column r of the formal sum, written Y|, that yields the tuple of values
along the same column, and the multiplication of an environment formal sum with formal
sums resulting from the semantics of terms, one per row (where | = Az.z is the identity
function).

The dynamic environment of two environment formal sums ) . ; p;; 171 and ) jeg 4G Wj

is the pair of tuples (of tuples) ({V;}ier, {Wj}je 7). In environmental bisimulations, the

' The definition of environmental bisimulation given in Chapter |§| (Definition for non-probabilistic
calculi has a unique notion of environment £, which corresponds to what we call here the dynamic environ-
ment. In remark[6.8] we have seen how this environment can be alternatively formalized in non-probabilistic
calculi using tuples of values.
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P1;
YZZ p2; | Vo | Va2 | Vo3| Vau
p3; | V31| V32| V33| Va4

N

Vi Vsl @ 9 Bl Vg | Vig |l
p1; [Vip|Vig|- L& — .
Z o (Vo1 [ Vaa |- 11 & A9 Z %2, Vo1 | Vool

’ ’ ’ %; Vg}l VQ’Q A0

Figure 8.2: Formal sums as matrices

input for two higher-order functions is constructed as the context closure of their environ-
ments. In call-by-value, the environments have both a static and a dynamic component
and the inputs are constructed accordingly. Given a static environment (M, N) and a
dynamic environment ({V;};, {W] };), their context closure, written

({M, Vi, (N, W)

is the set of all pairs of tuples ({7T}};, {U;};) for which there is a context C' such that for
every i we have T; = C[M, XN/Z], and for every j we have U; = C[N, /VVJ] Thus every T;
is obtained from the same context C by filling its holes with the first element M of the
static environment and the dynamic environment Vi. Similarly for Uj, using N, the tuple
Wj and the same context C. Moreover, as we are in call-by-value, C' should be a value
context, that is, terms 7; and U; are values for all i, j.

The operational semantics of call-by-value is defined as in call-by-name, provided that
the rule for g-reduction and the evaluation contexts are redefined thus:

BETAV
A M)V — 1; M{V/ac}

Evaluation contexts C=1] ’ CM ‘ Ve

8.3.1 Environmental bisimulation

In call-by-value, a probabilistic environmental relation (that we still abbreviate as PE
relation) is like for call-by-name, except that formal sums are replaced by environment
formal sums. That is, each element of the relation is either of the form (M, N) (a pair of
Ag-terms) or Y R¢ Z (two environment formal sums, collecting the dynamic environment,
with a static environment).
If £ = (M,N) is a static environment, then & and & denote the projections, i.e., the
terms M and N, respectively.

In a PE relation, related environment formal sums are compatible, meaning that they
have the same length. In the remainder, compatibility of environment formal sums is
tacitly assumed.
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Definition 8.30 (Environmental bisimulation, call-by-value). A PE relation is a (PE)
bisimulation if

1. M R N implies [M] Rearny [NV]
2. >0 vis V; Re Zj q]';Wj implies:
(a) 22pi=22;0;

(b) for all v, if (Vi)y = Az.M; and (Wj), = Az.Nj then for all ({I;}:, {U;};) €
({&1,Viti, {&2, W;};)* we have

S pii Vi [MAT/e}] Re 325 a3 Wi - [INj{Usfe}]

(c) YypiiVi- [61] Re X5 455 W - [€2] -

(PE) bisimilarity, =, is the union of all PE bisimulations, and the corresponding
similarity is <.

The structure of the above definition is similar to that of ordinary environmental
bisimulations. There are three main differences: first, the appearance of formal sums and
of probability measures (notably in clause (2a)); second, the use of an (infinitary) big-step
semantics, rather than a small-step, which shows up in the function [ ] in clauses (1),
(2b) and (2c); thirdly the appearance of a static environment, that is used in the context
closure and in clauses (1) and (2c). In clause (2b), the related environment formal sums,
viewed as matrices, grow by the addition of a new column resulting, on left-hand side,
from the multiplication of each row p;; V; with the formal sum [M;{Ti/z}], and similarly
on the right-hand side. Thus the compatibility between related environment formal sums
is maintained. Clause (2c) allows to re-evaluate the static environment at any time. This
clause and other features are necessary in order to achieve full abstraction in the imperative
case (see Section ; they could be removed in pure call-by-value, following |[CD14].

Remark 8.31. Clause (1) could be substituted by
(1) M R N implies 1;0 Rpsny 1;0

where 1; () is the Dirac formal sum with empty environment. Clause (2¢) then guarantees
that [M] Runy [N]. We did not use this definition for continuity with the call-by-
name case, and since not needed for pure calculi. By contrast, a modification of clause
(1) analogous to (1’) is used in Definition of bisimulation for imperative calculi (see

Example [8.42)).
Theorem 8.32.

1. = and < are the largest bisimulation and simulation, respectively.
2. < is a preorder, and ~ an equivalence.
3. ~=<n<h

Proof. The proof is analogous to the one for call-by-name. The addition of the dynamic
environment is not relevant for this proof, and the extra clause (2c) is treated analogously
to clause (2b). O
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Example 8.33. Terms M and N in Example [8.5] are equivalent in call-by-name, but
not in call-by-value. A bisimulation relating these terms should contain the formal sums
[M] = $:AXQ + 3;A.Q and [N] = 1; N, with static environment £ = (M, N), and
thus the triple (&, %; AN, N.Q, %; N, A.Q2) would be in the relation as well. However, the
values in the first column of the dynamic environment can be tested again, by clause (2b)
of bisimulation, leading to the triple

(&, 5 AN A0, LN A0, NQ),

which does not satisfy clause (2a).

The main results for environmental bisimilarity and similarity in call-by-value (congru-
ence and full abstraction with respect to contextual preorder and equivalence) are as for
call-by-name, and the structure of the proofs is similar. The details are however different
due to the presence of dynamic environments. As for call-by-name, so in call-by-value to
reason about bisimilarity and similarity we need a finite-step simulation, with challenges
produced by the finitary big-step approximants. To make sure that the challenges are
finite-step, we define extended environment formal sums, i.e., terms

Zﬂ%? ‘Z‘; M;

in which the environment formal sum ), p;; XN/Z is extended with an additional column
of arbitrary Ag-term (not necessarily values). Intuitively, an element I~/i;~ M; indicates
that the A-term M; has to be run with an observer whose knowledge is V;. Extended
environment formal sums are ranged over by F, G and val(F) is defined analogously to
formal sums:

7 def e
Val(Zz‘ pi; Vis MZ) = Z{z|M115 a value} pis Vi, Mi .

Extended environment formal sums allow us to define the multi-step reduction re-
lation from extended environment formal sums to environment formal sums: for F =
Y icr Pii Vis M; + G, where I is a finite set, we set

M, =Y, for every i
Fi= > ..;pi;Vi Y+ val(G)

This intuitively corresponds to the multi-step reduction relation from formal sums to value
formal sums. In clause (1) below we see formal sums as special cases of environment formal
sums. For an extended environment formal sum F =) p;; Vi; M;, we let [F] def sup{Y |
F = Y}. Since ), ps; V;-[M;] = [F], we could have equivalently defined the operational
semantics for call-by-value directly on extended environment formal sums.

Additional notation. We extend to (extended) environment formal sums the notations
for B-reduction, contexts, and application on formal sums, and introduce a notation for
extending the dynamic environments. We use r to range over indexes of columns of
environment formal sums, and we let | Y | denote the length of an environment formal
sum Y. Abusing notation, we sometimes write | Y | also for the index set {1,...,| Y |}.
Let Y =), pi; V; and F = > Dis Vi: M; and P be a term.

- for any 7, if (V;), = A\z.M; we let Y;Y|, o P e > i Vi; Mi{P)z}
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- for any r, if (V;), = Ax.M; and C is a context with holes with indexes ranging over
| Y | +1 we let Y; Y|, 0 C[P, Y] S py; Vis M{CIP.Vilj}

def

- Y, PE Y i Vi P

for any context C, we let C[F] et > i Dis Vi; C[M;)] ;

def
- for Fj = Y,cp pjas My, we let 30,453 Ci[E)] = 30, e, 45 - pigs Ci[ M-

Using this notation, the call-by-value bisimulation clauses for environment formal sums
become as follows:

(2) Y Re Z implies:

(a) weight(Y) = weight(Z) ;
(b) for all r and for all contexts C, [Y;Y |, e C[&1,Y]] Re [Z;Z], o C[&2,Z]] ;
(c) [Y;&1] Re [Z: 8] -

As for call-by-name, we will use this additional notation only for proofs.
Definition 8.34. A PE relation is a finite-step simulation if

1. MRN and M =Y imply Y Ry [V] ;
2. >0 vis V; Re Ej q]';Wj implies:
(a) Dipi <3005

(b) for all 7, if (Vi)r = Az.M; and (W}), = Az.N; then for all ({T:}i,{U;};) €
({€1, Viis (€2, W) we have 32, pi; Vi; Mi{Ti/x} == Y implies
Y Re Zj 4j; Wj INAUife}] 5

(c) 22 pis Vi; €1 =Y implies YR¢ > 4 Wj [&] -

We write <g, for the union of all finite-step simulations. Analogously to call-by-
name, we use a saturation by approximants and a saturation by suprema to move from
a simulation to a finite-step simulation and conversely, and exploit this to prove that
similarity and finite-step similarity coincide.

Lemma 8.35. Relations S and Sg, coincide.

The proof follows as in call-by-name. We prove that the saturation by approximants of
a simulation is a finite-step simulation and that the saturation by suprema of a finite-step
simulation is a simulation. Clause (2c) is treated analogously to clause (2b).

As in call-by-name, we derive congruence for bisimilarity and similarity by first prov-
ing the property for finite-step similarity. We also exploit a combination of two up-to
techniques for finite-step simulation, namely up-to lifting and up-to environment. Up-to
lifting is defined analogously to call-by-name, using the lifting operation on environment
formal sums. Up-to environment intuitively allows us to exchange columns of environment
formal sums (when these are viewed as matrices as in Figure[8.2)), and to add new columns.
Adding columns is safe because it means enlarging the dynamic environment: terms that
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are equal in the larger environment are also so in the smaller environment as the tests
that can be built (when playing the bi-simulation game) with the latter environment are
a subset of those that are obtained from the former environment.

The up-to environment technique is based on the definition of the preorder <., on
pairs of formal sums (where, for each pair, the formal sums in the pair have the same
length). Environment formal sums (Y, Z) are below formal sums (Y’, Z') if, in the second
pair, the dynamic environment of the first pair is extended and the columns have been
possibly permuted. Formally, (Y,Z) <env (Y, Z) Y =5, p;; Vi, Z = > Ui W;,Y' =
> Vi, 2 =", q;; W) and for every index r in | Y | there is an index 7" in | Y' | such
that Y|, =Y'|,» and Z|,, = Z'| .

Hence, given a relation R on environment formal sums, Y 1ift(>eny (R)) Z holds if there
are p;, Y; and Z;, for i ranging over some index set, such that Y = >, p;-Y; and Z =
> pi-Zi, and for every i there are Y, Z! such that Y;RZ, and (Y;,Z;) <env (Y}, Z)).

(]

Definition 8.36. A PE relation is a probabilistic finite-step simulation up-to lifting and
environment if:

1. MR N implies M =Y implies Y 1ift(>env (R(ar,n))) [N];
2. Zz Di; ‘71 Re Zj qj; Wj implies:
(a) Zz’pi < Zz qi;

(b) for all =, if (V;), = Ax.M; and (W}), = Ax.N; then for all ({T;}:,{U;};) €
({&1,Vi}i, { &2, Wj}j); we have that >, p;; Vi; M;{Ti/z} =Y implies

Y Lift(>ens (Re)) 32, a53 Wy - [N {Usfe}] 5

(¢) Xupis Vis &1 =Y implies Y 1ift(>eny (Re)) ;a3 W, - [E2] -
We now prove that the up-to lifting and environment technique is sound.

Theorem 8.37. If R is a finite-step simulation up-to lifting and environment then R C
<

~fin-

Proof. Let R be a finite-step simulation up-to lifting and environment. Then the following
is a finite-step simulation:

S=Pairs(R)UUe 1ift(Zen (Re))

If M S N then M R N, which implies that if M =Y then Y 1ift(>eny (R(ar,n))) [V]-
Hence, Y Sy vy [IV].

Let Y Siyny Z, ie, Y =3, pi- Y3, Z = 37, pi-Z; and for every i there are Y; Ry n) Z;
such that (Y;,Z;) <env (Y}, Z)).

Clause (a) holds since for every i, weight(Y}) < weight(Z,). Therefore, weight(Y) <
weight(Z).

To prove clause (b), suppose that Y;Y|, e C[M,Y] = W. Then W = >, p;-W;, for
some W; such that Y;;Y;|, e C[M,Y;] = W,. Analogously, we have

1Z;Z\, o C[N,Z]| = >, pi-[Zi; Zi| » C[N, Zi]].
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Suppose that Yi; Yz LT o C[M, YZ] = Zj qj; i}j; Mj and Zi; Z,L LT L] C[M, Z,L] = Zk q;; Wk; Nk
Then it follows from the definition of the environment preorder <ep, that there are
r; and C; such that Yi; Y|, ¢ C;[M,Y]] = 3, qJ,V M; and Z[;Z!|,, ¢ C;[N,Z]] =
> ok Qs /W/,g, Nj,. Therefore, there is a W/ such that Y.; Y|, e C;[M, Y]] = W/ and

(Wi, [Zi;Z;], @ CIN, Zj]]) <env (W}, [Z};Z.|,. @ C;[N,Z]])

with Wi 1ift(>eny (Roas,n))) [Z5; Z51r; @ Ci[N, Z]]), since R is a finite-step simulation
up-to hftmg and env1ronment and Y Rm,n) Z!. Hence, we have

W1ift(Zeny (1ift(Zenv (Rar,n))) ) [Z; Z) o C[N, Z]]

and the result follows from 1ift(>eny (1ift(Zenv (Ran))))) = 1ift(Zenv (R(ar,n))) -
Finally, clause (c) follows analogously to clause (b).
O

Having these up-to techniques, we derive the result by showing that the context closure
(which, differently from call-by-name, is now applied both to terms and to the environ-
ments of formal sums) of a finite-step simulation saturated by approximants is a finite-step
simulation up-to lifting and environment.

Lemma 8.38. If M Sa,N then for every context C' we have that C[M]<Sa,C[N].

Proof. We first define, for any pairs of terms (M, N), the preorder <cce( MmNy (context
closure of environments) on pairs of environment formal sums: (Y Z) <cce(ar,N) (° (Y',Z')
Y =5 ,.p;Vi, Z = quj;Wj with | Y |=|Z |, Y =, p;V/, = qu],W]( with
|Y' |=| Z' | and

e for every index r in | Y | there is an index 7' in | Y’ | such that such that Y|, = Y'|,/
and Z|, = 7’|,/

e for every index 7’ in | Y’ | there is a value-context C' whose indexes range over
| Y | such that for every 4,7, (V’)T/ = C[M,Vj] and (W’) = CI|N, W] (i.e.,
(Yl Z',0) € ({(M, Vidi, AN, Wj}5)%).-

Intuitively, this corresponds to considering all finite subsets of the context closure of
a relation: given formal sums (Y, Z), related elements are columns of their environments
that have the same indexes, and (Y’, Z’) expands (Y, Z) (up-to permutation of columns of
the pair) with columns that are obtained by filling the same context with related columns
and with the static environment.

Let R be a finite-step simulation saturated by approximants such that M R N. We
can assume without loss of generality that this is the only pair of terms in R and that for
any & such that R¢ C R we have £ = (M, N). We can also assume that R, x) contains
all pairs in relation {(0,Y) | Y is an environment formal sum}, and that it contains the
pair of Dirac formal sums with empty environment (1;(),1;()), since these pairs trivially

satisfy the finite-step simulation clauses.

Let 7?,?]?; N)dif<cce(M Ny (R(a,ny), which is turn denotes the set

((Y,Z) | 3Y',Z' such that (Y, Z') <ccermrvy (Y, Z) A Y Ripsny 2}
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We prove that the following is a finite-step simulation up-to lifting and environment:
def cce
S {(C[M],CIN] | M R N} U{((CM),CIN)). Y. Z) | Y RESS ) Z}.
We require Ry, n) to contain the pair (1;0,1;0) in order to include triples such as
((A\x.C[M], \z.C[N]), 1; \z.C[M], 1; Az.C[N])

which must be in S since \x.C[M] S Az.C[N].

We assume () R(m,ny Z for any Z since, for any C' that is not a value context, we have
C[M] = 0, so we want to derive ) 1ift(>eny (R{37 ) [CIN]]-

Finally, relation R must be saturated by approxunants since, as shown in Example
a finite-step simulation need not to be and it might contain, e.g., the triple ((P, Q), %; Q+
i;Q,l;Q) but not the triple ((P,Q),$;Q,1;Q). However, if C = I[] then %;C[Q] +
4, ClQ] = 4, @ and it might be the case that there are no Y,Z such that Y R(p ) Z
and (4,Q,1,Q) <cce (Y, Z).

The proof follows the same steps as the congruence proof for the imperative A-calculus,
and we thereby refer the reader to Section proof of Theorem [8.51 O

8.3.2 Contextual equivalence

The definitions of the contextual preorder and equivalence, <.ty and = ¢y, are as for
call-by-name.

Theorem 8.39 (Completeness). If M <. xN then M<N.

Proof. We prove that the relation

R = {(M,N), X pis Vi o Vi S0 Wi, WL
M <cex N A 3C such that [[C[ V] = > pis Ax.aVy.. Vg
A [CINT] = 325 g5 AwaWH .. Wi}

is a simulation. Then we derive the result as follows: let M <.y N and P = (AyA\z.zy).
Then if [M] = >, p;; Vi and [N] = >, q;; W; then [PM] = 37, p;; Az.2V; and [PN] =
>~ 43 Ax.xWj, which implies that [M] R,ny [V]. Hence, M < N.

To prove that R is a simulation, suppose that there are M, N, C such that M <.ty N,
[CIM]] =, pis AwaVi...V, and [C[N]] = >0 @ AW Wi Let Y = 37, pis Vi L,V
and Z =3, q],Wl, WA

We Want to prove that for any r € {1,...,n} and for any context C”,

[Y;Y | o C"[M, Y]] RNy [Z;Z]  C"[N, Z]]
which is equivalent to saying that there is a context D such that

[DIM]] = 32, pis M.z Vi VRV @ C7[ML VY L VT
[DIN]] = 32 aj; Az (a W] .. Wi [W7 o C"[N, W, .., Wi]]).

Let C’ be any context and let

Pyror = Aoty oy T (A2, 2221 .00, 2) C' [M, 21, .., T



136 Chapter 8 Probabilistic environmental bisimulation

and Py ¢ the same term with M substituted to N. It follows from M <. N that
C[M]PJ\/LC/ <ctx C[N]P]\LC/. We have that:

[CIM] Py ] = [[CIM]] Pas.cr]
[[Z Di; (PM C"Vl VZ)]] ) )
= [, pis Az, 2 Vi Vi) C'[ML VY, Vi
= Xipis Oz, 22V Vi) [O'[M VA, ., Vi
=2 pi; AwaVi VIO M, VY, VAT

and analogously for IV:
[CINIPy.c] = 32, a5 W] . WA [C'[N, WY, .. W)
Then by the definition of R we have that for any context C’,
S pis Vi VE [CIMVE VI Ry 325 053 W s WE - [CIN, WY W]

This holds in particular for any context of the form C’ = [-],41C”, for r € {1,...,n} and
C" a value-context, which implies the clause (b) of simulation on formal sums.

Clause (c) is proved using the same result, by taking ¢’ = [];.

Finally, to verify the first clause of simulation on formal sums, we must prove that . p;
2_; 4, which directly follows from M <c¢x N, weight([M]) = >, p; and weight([N])

i -

oIl IA

Theorem 8.40 (Full abstraction). On Ag-terms:
1. relations <ctx and < coincide;

2. relations =cix and = coincide.

Proof. < is complete by Theorem The soundness follows from the fact that it is a
congruence, which is obtained by exploiting the characterization <= <gy,.
The result for the equivalences follows from ~=< N <™ and =¢ix = <ctx N <o Ctx O

8.4 Probabilistic imperative A-calculus

In this section we add imperative features, namely higher-order references (locations),
to the call-by-value calculus, along the lines of the languages in [KWO06b; SKS11]. The
language is an extension of the one presented in Section The syntax of terms and
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values is:
M=z variables
‘ c constants
‘ Ax.M functions
‘ My Moy applications
’ l locations
‘ (v :=M;) My new location
‘ M dereferencing
‘ My := My assignments
‘ op(Mu, ..., M) primitive operations
‘ if M, then My else M;j if-then-else
‘ #i(M) projection
’ (M, ..., My) tuples
‘ My ® M, probabilistic choice

Viz=e | XM | 1| (W, V)

We use s,t to range over stores, i.e., mappings from locations to closed values, and [, k
over locations. Then s[l — V] is the update of s (possibly an extension of s if [ is not in
the domain of s). The locations that occur in a term M are Loc(M). We assume that the
set of primitive operations contains the equality function on constants, and write * for the
unit value (i.e., the nullary tuple).

The language is typed — a simply-typed system with recursive types — to make sure
that the values in the summands of a formal sum have the same structure (e.g., they
are all abstractions). We allow recursive types to maintain the peculiar possibility of
probabilistic languages of having infinite but meaningful computation trees. Whenever
possible, we omit any mention of the types. For instance, in any store update s[l — V|
it is intended that V has the type appropriate for [; in this case we say that the type of
V' is consistent with that of [. In examples, M; seq Ms denotes term (A.Ma)Mj, i.e., the
execution of M; and My in sequence. o

Reduction is defined on terms with a store, i.e., configurations of the form (s; M);
hence such configurations appear also in formal sums (where we omit brackets). The
small-step reduction and the evaluation contexts are defined in Figure where we
assume that the semantics of primitive operations is already given by the function Prim.
The rules for the semantic mapping, [ |, and the multistep reductions relations, = and
>, remain those of Figure with the addition of a store. In all semantic rules, any
configuration (s; M) is well-formed, in that M is closed and all the locations in M and
s are in the domain dom(s) of s. As in the previous calculi, it is easy to check that the
semantics of a term exists and is unique.

Notations and terminology for (environment) formal sums are adapted to the extended
syntax in the expected manner. We only recall the multiplication of an environment formal

def = def . .
sum Y = ). p;;s;; Vi and formal sums Y; = ZjeJi Pij; Sij; Vi; which is defined as:

def ad

2P Vi Yo = 32, se g, it Digi Sigi Vi, Vi -
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BETA SuMm

(s; M. M)V) — 1; 8 M{V/x} (s; My @ Ma) — 3557 My + 3553 Mo
s(ly=V
AssiG D
! N(s;l::V)—>1;3[l—>V];* PREE (s; ) — 1;8,V

! not in the domain of s

W w2 =V)M) — L sll = V] M{Ts}

I[FTRUE
(s; if true then M; else M) — 1;s; M,

IFFALSE
(s; if false then M; else Ms) — 1;s; M,

. 0
PROJ _ _ PRIMOP Prim(op,¢) = ¢ /
(s; #:(V)) — Lis; (V)s (s50p(c)) — 158;¢

(s; M) — >, pissi; M;  C'is an evaluation context

A (s CIMI] — 3, pis 53 CIM
Evaluation contexts C := [/] ’ CM ’ |46¢ | IC | C:=M ’ l:=C
| if C then M; else M, ‘ (?,C,M) | #.C
| op(&,C, M)

Figure 8.3: Single-step reduction relation for imperative probabilistic A-calculus

The context closure of an environment, ({M,V;};, {N, Wj}j);, is defined as in the
previous section, but now contexts are location-free, i.e., no locations occur in the contexts.
This constraint, standard in environmental bisimulations for imperative languages, ensures
well-formedness of the terms and is not really a limitation because locations may occur in
terms of the environments and may thus end up in the terms of the context closure.

8.4.1 Environmental bisimulation

The notion of environmental relation is modified to accommodate stores, which are needed
to run terms. The elements of an environmental relation are now well-formed pairs of
configurations ({s; M), (t; N)) or well-formed triples

(&, 2 ipissis Vi, D 455t W)
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Well-formedness on triples ensures that the store s; of the possible world i defines all
locations that appear in s;, V;, and &, and similarly for ¢;, W; and &. Further, the
triples must be compatible: the related environment formal sums should have the same
length, and should respect the types, that is, corresponding columns of the environment
formal sums should contain terms that have the same type.

Since locations could occur in the terms we want to prove equivalent, we parametrize
bisimulations with respect to a set {l} of locations such that the pairs of terms in the
relation must have stores with domain {l}. This allows us to put these locations in the
dynamic environment of the relation (clause ), which reflects the fact that the locations
occurring in the terms are public (i.e., contexts can access them). In what follows, when
we write {/} we assume that no repetitions of the same location occur in the sequence
. For a pair ({s;}i,{t;j};) of (tuples of) stores, we say that locations ({l;};, {k;};) are
({si}i, {tj};)-fresh if for every i,j we have l; ¢ dom(s;) and k; ¢ dom(t;).

Definition 8.41 (Environmental bisimulation, imperative). A PE relation is a (PE) {{}-
bisimulation if

1. (s; M) R (t; N) implies dom(s) = dom(t) = {T} and 1;3;’[73(M7N) 1:t:0 ;
2. X2 pi; Si; Vi Re Zj qj; ty; Wj implies:
(a) Zipi = Z]’ qj ;

(b) for all r, if (V;), = Ax.M; and (W;), = Az.N; then
for all ({Ti}i, {Uj};) € ({1, Vibi, {€2, Wjts)™,

i Vi [(sis M{Tal)] 1ige(Re) 3055 W; - [ty s Ny{Usfa})]

(c) for all r, if (V;), ={; and (W}), = k; then
o SipiisiiViysi(lo) 1ift(Re) 2 aystys Wi t(ky)
e for all ({Tl}l, {Uj}j) S ({517‘/2'}1') {527 Wj}j);v
Sipissilli = T Vi Re X5 ajistylky — Ul Wy 5
(d) for any ({s;}i, {t;};)-fresh locations ({l;}s, {k;};),
and fOl“ all ({TZ}“ {UJ}J) S ({517‘/1'}ia {827 Wj}j)*’
S pis sills = Tl Vi li Re 3o ajstylky — Uy Wi kj

(e) for all r, if (V;), = ¢; and (W}), = ¢; then all constants in the two columns are
the same (i.e., there is a ¢ with ¢; = ¢; = ¢ for all 4, j);

(f) for all r, if (V;)r == (‘/i,la ceey V;JL) and (Wj)r == (ijl, ceny Wj,n) then

diPisii Vi Vin, oo, Vi 1iE(Re) 325453t Wi Wi, oy W s

(8) Siwis Vi [(si5 E)]1ig6(Re) 2, a5 Wi - [ty £2)].
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We let &~} denote the union of all {{}-bisimulations.

With respect to the definition for pure call-by-value, the definition above has the
additional ingredient of the store, and of clauses and to deal with the case in
which the values are locations: (2¢) gives an observer the possibility of reading and writing
the store, and the possibility of extending the store with fresh locations. Clause
adds all elements of a tuple to the dynamic environment. These aspects are similar to
those in ordinary environmental bisimulations for imperative languages [SKS11; KLS11].

Three further aspects, however, are new. First, by clause , related environment
formal sums should be first-order consistent, meaning that corresponding columns of con-
stants should contain exactly one constant. This constraint is a consequence of the equality
test on constants in the language. To ensure that first-order consistency is maintained in
the bisimulation game, most of the clauses use a lifting construction. Thus, when the
evaluation of first-order terms may probabilistically yield different constants, lifting allows
us to separate the final possible worlds according to the specific constants obtained. This
constraint is further discussed in Examples and [8:46] A second new aspect is that,
since the effect of the evaluation of the terms in the static environment may change de-
pending on the current store, clauses and allow us to derive a congruence result for
arbitrary terms (not necessarily values), as illustrated in the example below. Finally, we
parametrize the relation with a set of locations in order to deal with terms where (public)
locations may occur.

In what follows, we sometimes omit any reference to the set of locations parametrizing
the relation, and simply refer to (bi)simulations and (bi)similarity when the parametrizing
set is not relevant.

Example 8.42. Let M Tl =1and N if 1 =0 then [ :=1 else Q. Without

the static environment, terms ({ = 0; M) and (Il = 0; N) are bisimilar. However, they are

not contextually equivalent: if C' % []seq [], then (I = 0; C[M]) terminates whereas
(I =0; C[N]) does not. This aspect is determined by the store, probabilities do not really
matter. Ordinary environmental bisimulations do not have a static environment, and
cannot therefore test repeated runs of given terms that are not values; as a consequence
M and N are equated, and bisimulation is not fully substitutive on arbitrary terms (see
[SKS11, Section 5.2]).

Clause is also modified with respect to pure call-by-name and call-by-value calculi.
Indeed, if we defined the clause as follows:

(s; M)R(t; N) implies [(s; M)]1ift(Rsny) [(t: V)]

then the bisimulation would not be sound with respect to terms that diverge at the first

run. For instance, the terms M 4 if Il =1 then true else Qand N % if 1] =

1 then false else () (that are not contextually equivalent thanks to context C et

[ := 1seq []) would be bisimilar with store [ = 0, by simply considering the relation
[((1 =03 M),), (I = 0: N)}.

Even if we make the location [ public by starting the bisimulation game from terms (M, 1)
and (N, 1) and by exploiting clause , so as to allow contexts to use the location as in
[SKS11, Theorem 5.10], we still have that (I = 0; (M,l)) and ({ =0; (N,l)) are bisimilar,
since [({ =0; (M, 1)) = =0; (N,0))] =0.

Hence, clause ensures that location [ is actually put in the dynamic environment, so
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that we can use clause to change the value of [ and then evaluate again M and N
using clause .

If the domains of the stores are empty then we can consider bisimulations parametrized
by the empty set of locations, and in clause (|l) we will have empty sequences of values
in the dynamic environment. Anyway, clause can be applied independently of the
presence of values in the dynamic environment.

The following examples are meant to further illustrate and motivate the form and the
clauses of our bisimulation. The examples only use boolean and integer locations, and
we accordingly assume that all locations in the language are of these types. Higher-order
locations would not affect the essence of the examples and would complicate the description
of the required bisimulations due to the possibility of extending the store (clause (2d))).
(The full abstraction results will not rely on the existence of locations of specific types.)
Moreover, since the terms compared always have the same locations, we assume that fresh
locations for the extensions of the store are the same on both sides.

Example shows that in imperative call-by-value, in contrast with pure call-by-
value, to achieve full abstraction it is necessary to define bisimulation on formal sums
rather than on terms.

Example 8.43. We have explained in Section [8.1] why the terms

def def

H= ve:=0)A\(M&N)) K= waz:=0)(A.M&AN)

where

M% if 12 =0 then z:=1 seq true else ()

N if 1z =0 then z:=1 seq false else 2
are contextually equivalent, but would be separated by a bisimulation that acted on terms.
With our bisimulation, we can prove H and K equal using a relation that contains the pair
((s; H),(s; K)), for s the empty store, and all triples ((H, K),Y,Z) in which Y,Z are
first-order consistent, have the same total weight and, seeing them as matrices, for every
column r of the dynamic environments that is not made of constants one of the following
properties holds:

(a) there is [ such that all terms in Y|, are A.(M @ N){//z}, whereas all terms in Z|,
are either \.M{l/z} or \.N{!/z}; moreover | does not occur elsewhere in terms of the
dynamic environment and its value in the stores is 1;

(b) there is I such that all terms in Y|, are \.(M @® N){l/z}, whereas Z|, contains
both A.M{l/z} and A.N{//z}; moreover | does not occur elsewhere in the dynamic
environment and its value in the stores is 0. The right-hand matrix obtained by
erasing all columns that are not of this shape is either () or (without considering the
stores) of the form (...((Y1-Y2)-Y3)-...) Yy, for Vi = L A M {lifb} + 1, A.N{li/z}. This
clause guarantees that \.M{li/z} and \.N{li/z} have the same probability in every
column (if /; is set to 0 in the stores), and that this property still holds if the matrix
is splitted by separating the rows with A.M{li/z} from the rows with \.N{li/z};

(c) there is [ such that all terms in Y|, and Z|, are [; moreover [ is set to the same
value in all the stores.
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Finally, we add to the relation the triple ((H, K), 1; s; 0, 1; s; ), where () denotes the empty
dynamic environment, to satisfy clause of Definition Clause is handled
appealing to item (b). The most interesting case is the bisimulation clause applied
to a column r of functions that satisfy item (b). The result of the evaluation of such
functions (with x as argument) is that [ is set to 1 and then true and false are returned,
with the same probability. Using the lifting construction we can now split the possible
worlds in which true has been produced and those in which false has been produced,
yielding two pairs of environment formal sums both of which are in the bisimulation (note
that the lifting splits the original column 7 so that the corresponding column in the two
final pairs satisfies item (a) above).

In this work we sometimes view environment formal sums as matrices (Figure .
This however is only for representation convenience: our environments are tuples of rows
(each row representing a possible world originated by the probabilistic evaluation of terms),
rather than tuples of columns, that is, tuples of formal sums. The next example shows
that if the environments were tuples of formal sums, where formal sums are added to
the environment following the evaluation of terms during the bisimulation game, then
bisimilarity would not be complete. Intuitively this happens because the histories of
different possible worlds would not be anymore separated and could interfere.

Example 8.44. Let

A (vy:=0)(Lo M) B (vy:=0)(La N)

LNy ME M\ (y:=1seq2) NE 2.

Terms A and B create a new location and allow the reading capability on it in the
subterm L. The writing capability, in contrast, exists only in the subterm M of A. A
behavior from A that could not be mimicked with B is the run of M, where 1 is assigned
to the location z, followed by a run of L, where z is read and 1 is emitted (with B, any
value produced by L would be 0). This behavior, however, is impossible, because L and M
are in a probabilistic choice and are therefore obtained in two distinct possible worlds, in
one of which x can only be read, in the other x can only be written. Moreover, the writing
capability alone is irrelevant, because the location is private; hence it can be omitted
from M, resulting in the term NN that appears in B. Indeed, A and B are contextually
equivalent.

However, the ‘wrong’ behavior above for A could be reproduced in the bisimulation if
the environments were tuples of formal sums (that is, all possible worlds have the same
environment, made of formal sums). The formal sum obtained by the evaluation of A,
with summand terms L and M, would be stored in the environment and could then be
executed several times, with possible interleaving of evaluations of L and M. (The example
could be made more complex so as to obtain a ‘wrong’ behavior from the execution of two
different formal sums in the environment, rather than by multiple executions of the same
formal sum.)

With our bisimulation, we can prove A, B equal using a relation composed by (A, B)
(for simplicity, we leave out the store) and by all triples ((A4, B),Y,Z) where the environ-
ment formal sums Y = 1;s;V1,...,V, and Z = 1;t; W1, ...,W,, are first-order consistent,
and for each column r that does not contain constants one of the following holds:
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(a) there is [ such that V,, = L{l/y} = W,; moreover | does not occur elsewhere in the
dynamic environment or within a location of the stores, and is set to 0 in both stores;

(b) there is [ such that V,. = M{l/y} and W, = N; and, again, [ does not occur elsewhere
in the dynamic environment or within a location of the stores; moreover in the store
s we have s(I) € {0,1} whereas in t we have t(I) = 0;

(¢) V. =W, =1 for some [ assigned to the same value in both stores.

The proof that this relation is a bisimulation crucially exploits the lifting construction.
For instance, using (a) and (b) one shows that the semantics of A and B are in the lifting
of the relation, and similarly one proceeds when handling clause of the bisimulation.

The main purpose of the lifting construct in Definition of environmental bisimu-
lation is to maintain the first-order consistency of related environment formal sums. One
may wonder whether something simpler would suffice, namely avoiding the lifting con-
struct altogether and simply requiring that, whenever two first-order terms are evaluated,
the probability of obtaining a given constant is the same on both sides (and thus main-
taining fist-order consistency by avoiding the addition of such values onto the dynamic
environments). The example below shows that this would be unsound.

Example 8.45. We compare the terms A % (v x:=0)(M, N,) and B detf (v z:=0)(M, Na2)
where

M\ if lz = 0 then (v := 1 seq true) @ (z := 2seq false)) else

N €N\ if lz = 2 thena := 3 seq n else ()

No BN if (lx =1V!r=2) thenz :=3seq (n G Q) else N
and n is any integer. The terms A and B produce the values (M, N1){!/z} and (M, No){l/x}
and [ is a location that is accessible only to such values. The definitions of M{!//z} and
Ni{l/z} (for i = 1,2) use conditionals on the content of [ in such a way that the only
meaningful manipulations with the values (M {Vz}, N;{!/z}) is to evaluate M {l/x} first,
and then, possibly, to evaluate N;{!/z}. Any other order of evaluation would produce a
divergence.

We explain why, intuitively, bisimilarity would equate A and B if, on constants, bisim-
ulation simply checked the probabilities of obtaining each constant (rather than employing
the lifting construction). The evaluation of (the body of) M{//z} produces true or false,
with the same probability % and with [ respectively set to 1 and 2. Then the only meaning-
ful observation is the evaluation of the values N;{//z}. This means evaluating the formal
sums

B L= 5N {ee+ 31 = 2 N {lfa}x
and Fp = L1 = 1 No{lnyx + 51 = 2; No{U}x .

The evaluation of Fi terminates only when [ = 2, yielding the value formal sum Y; et
%;l = 3;n. The evaluation of Fs, in contrast, may terminate under both stores, yielding

the value formal sum Y5 def i;l =3n+ i;l = 3;n. Both in Y7 and in Y5 the outcome n
has the overall probability %
The terms A and B however are not contextually equivalent, because distinguished

by a context C that evaluates M {!/z} and then proceeds with the evaluation N;{l/z} only
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when the outcome from M{/z} was true. Now, C[A] never terminates, whereas C[B]
terminates and produces n with probability i.

Our environmental bisimulation distinguishes A from B because we separately analyze
the possible worlds in which the evaluation of M {//z} has produced true and the possible
worlds in which the evaluation has produced false, somehow mimicking the effect of the
context C' above.

Yet another possibility for avoiding the lifting construct of the Definition of bisim-
ulation might have been to drop the requirement of first-order consistency, allowing envi-
ronment formal sums in which a first-order column may contain different constants. Thus
constants would be added to the dynamic environment as any other type of value, and one
would simply check that, at any time, the weights for the occurrences of a given constant
in related columns are the same; formally, replacing clause with:

(2¢[) for every column r and every constant c,

24| (Te=e} Pi = 24 ()=} U

Example shows that this choice would be unsound too. We write (v z, y :=0)M
for the creation of two locations in which the initialization of the first one is irrelevant.

Example 8.46. This is a variation of the previous example.
def def

We compare the terms M; = (vz, y:=0)(A, B1) and My = (vz, y:=0)(A, By) where
A% if ly = 0theny = Iseq (A\z.(z := zseq 2))(true @ false) else )
By LN if ly =1 theny := 2seq !z else )

By &\ if ly =1 theny := 2seq (true @ false) else (2

As in the previous example, M; and M, respectively yield the values (A, By){l!/z,y} and
(A, Bo){l;V/z,y}, and the interactions of the terms with the store is such that the only
meaningful experiment is to evaluate A{l;!'/z,y} first, and then B;{l:/z,y} (indeed, the
location !’ is only used to this end).

We explain why, intuitively, the variant ) above of the clause for first-order values
would incorrectly equate M; and My. The evaluation of A{l!/z,y} adds to the dynamic
environment the formal sum

%;l = true,!’ = 1;true + %;l = false,l’ = 1;false

(the values produced are also placed in the location [).

Now, in one case the evaluation of By{l:!/z,y} adds to the dynamic environment a
column of boolean values identical to the column produced above (because By{l!/z,y}
emits the value stored in [, which is identical to the value produced by the evaluation of
A{LU/z y}). This means that we end up with an environment formal sum in which the
relevant columns are
; true, true (8.5)
false, false

N | DO | =

In contrast, when evaluating Bg{l,l//:my} each possible world is split into two, in each
of which true and false have probability % Thus the relevant columns of the final
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environment formal sum are

% ; true, true
i ; true, false
i ; false, true
% ; false, false

In each of these columns, the probabilities for true and false are the same as in the
columns of , as required by ).

However the terms are not contextual equivalent. They are separated by a context
that evaluates B;{l:!/z,y} only if the outcome of the evaluation of A{l;!/z,y} is true.
Thus the overall probability of obtaining true at the end is % in one case, and i in the
other. Similarly the terms are distinguished in our bisimulation, reasoning along the lines

of Example [8.45

The definition of {I}-simulation is the same as the definition of {I}-bisimulation, but for
the first clause on environment formal sums with stores, which becomes: >, p; < > ;-
We let <t denote {{}-similarity.

The basic properties and definitions for environmental (bi)simulations in pure call-by-
value remain valid, with the due adjustments. In some cases, however, some subtleties
arise.

It can be easily proved that, for any set {I}, {{}-bisimilarity and {I}-similarity are an
equivalence and a preorder relation respectively. For proving transitivity, in particular, the
restriction to parametrized relations, rather than to arbitrary relations, is fundamental.
Analogously, we have that {l}-(bi)simulations are closed under union, and thus relations
~ and < are respectively the largest {I}-bisimulation and {I}-simulation.

In finite-step simulation, clauses and are modified so to make sure that only a
finite number of reductions are performed on the challenger side. No modification is made
to the clauses , , , and for locations, constants, and tuples, because
there is no evaluation of terms involved.

The definition of extended environment formal sum and of the multi-step reduction
from extended environment formal sums to environment formal sums is adapted to the
imperative case as expected, by assuming that when ) . p;; s;; XN/Z-; M; =Y there is only
a finite number of (s; ; M;) that actually perform some reduction steps.

Definition 8.47. A PE relation is a finite-step {I}-simulation if it satisfies the same

clauses (1)), (24), 2d), (2d), and of (the simulation version of) Definition
and, in place of clauses and we have:

(2) ZZ Dis Si; ‘71 Re Zj q;j; t; Wj implies:

(b) for all r, if (V;), = Ax.M; and (W;), = Az.N; then
for all ({Tl}}j {Uj}j) € ({51’ VZ}Z? {82’ Wj}j)*’ N
if 32, pis si; Vi Mi{Tife} ==Y then Y 1ift(Re) 3, q5; W - [(t; 5 Nj{Vifa})];

(8) if 32y pissis Vi &1 = Y then Y Lift(Re) 3, q5s Wy - [{t55 &)1

~ We write S{ln} for finite-step {/}-similarity. We prove that {I}-similarity and finite-step
{l}-similarity coincide by exploiting the saturation by approximants and the saturation by
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suprema of {l~}-simulations and finite-step {ZN}—simulations, respectively. Since only clauses
(2b) and (2g) are modified, we can proceed as in the proofs for the pure calculi.

Theorem 8.48. S{T}: SJEZH}

Precongruence is derived for the finite-step similarity using ‘up-to lifting and envi-
ronment’ techniques, and then transported to similarity, from which it is transported to
bisimilarity using the characterization of bisimilarity as the equivalence induced by the
simulation preorder.

The up-to lifting and environment technique is defined analogously to the probabilistic
call-by-value case. The environment preorder is as follows: (Y,Z) <eny (Y',Z) if Y =
Sipiisii Vi Zo= 3 qjit;; W with | Y |=| Z | and Y’ = ¥, pz,sz,V’ 7' =Y qjity; W
with | Y' [=] Z" | and for every index r in | 'Y [ there is an index " in | Y" | such that for
all 3,5, (), = (V) and (W), = (W),

Definition 8.49. A PE relation is a finite-step {T}-simulation up-to lifting and environ-
ment if:

1. (s; M)R(t; N) implies dom(s) = dom(t) = {I} and 1;s;l~R(M,N) L;t;1
2. Zz Dis Si; ‘7; Re Zj qj; ty; Wj implies:

(a) 2P <2415
(b) for all r, if (V;), = Az.M; and (W )r = Az.N; then

for all ({T;}:,{U;};) € ({&1, Vidis {E2, Wi 1)), N
if Y2 pis sis Vis Mi{ Tifc} = Y then Y 1i£t(Zeny (Re)) 32 53 Wi [ty s Ny{Usfe )] 5

(c) for all 7, if (V;), = l; and (W )r = k; then
for all ({73}, {U;};) € ({517%}17{5271/‘/]}]) )
o S piisii Vi si(l) ift(Zeny (Re)) 32, a5t Wi t(ky)
o Sipisill = Tl Vilift(Zen (Re)) X5, 55ty lk; = Ujli Wi
(d) for any ({s;}:,{t;};)-fresh locations ({l;}, {k: }])
and for all ({T;}:,{U;};) € ({&1, Vil {EQ,W )5
Sipissilli = Tl Viy l 13 (Zeny (Re)) 35, 55 t5lky — Ul Wi by

(e) for all 7, if (V;), = ¢; and (Wj)r = ¢; then all constants in the two columns are
the same (i.e., there is ¢, with ¢; = ¢; = ¢, for all ¢, j) ;

(f) for all v, if (Vi) = (Vi1, ..., Vi) and (W), = (Wj1,..., W, ) then
Zipi;SiQViaV;',ly Vin1ift(Zeny (Re)) 225 Qj;tﬁwjawj,lamawj,n;
(8) i pissi; Vis &1 = Y then Y 1ift(Zeny (Re)) 2553 Wy - [(ty5 &)] -

Theorem 8.50. If R is a finite-step {T}—simulation up-to lifting and environment then
R C <{l}

= ~fin *
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The soundness of the up-to lifting and environment technique follows as in call-by-
value (Lemma . Given a finite-step {7} simulation up-to lifting and environment R,
we prove that S= Pairs(R)UJe 1ift(>env (Rg)) is a finite-step {/}-simulation.

We first prove congruence of finite-step {l} similarity for contexts with locations in
{7}, and then we show how to derive congruence for general contexts. The proofs of these
results are reported in Section The proof structure for Theorem [8.51]is as in call-by-
value; we define the context closure of a finite-step {l}-simulation and we prove that it is
a finite-step {T}—simulation up-to lifting and environment.

Theorem 8.51. Finite-step {T} stmilarity is a precongruence for contexts with locations

in {T}: if (53 MYSD (13 NY then (s; C[M]Y<D (t: CNT), for every C with Loc(C) C {1},

~fin ~fin

Then we derive precongruence for general contexts by showing how to move from
relations parametrized by a set {{} to relations parametrized by {I'}, for {I'} a set including

).

Theorem 8.52. Let I’ = 1,1" and let V! =V, V" be a sequence of values whose types are
consistent with those of l’ and with locations in {l }. Let C be a context with locations in

{U}. If (s; M )N§Q< N) then:
o (sl = V" CIMYSEI I — V)5 CIN)

o 7=V cp<NT =V oV,

~fin

8.4.2 Contextual equivalence

We set (s; M) = weight([(s; M)]). Contextual equivalence and the contextual preorder
are defined by quantifying over all stores and contexts.

Definition 8.53. M and N are in the contextual preorder, written M <.t N, (resp.
contextually equivalent, written M =¢¢x N), if, for any store s and context C' such that
(s; C[M]) and (s; C[N]) are well-formed, (s; C[M]){ < (s; C[N]){ (resp. (s; CIM])|} =
(s3 C[NDY).

Theorem 8.54 (Completeness). Let Loc(M) U Loc(N) C {I}. If M <cex N then (I =
Vi M)y < (1=V; N), for any V whose types and locations are consistent with, [.

Proof. We prove that the relation

R={{I=V;:M),(I=V; N)) | M <¢x N A {I} = Loc(M) ULoc(N)} U
{((M, N) ) pz,suVl,. . n, Z q],t],Wl,...,Wﬂl) | M <cex N
A 3C, V such that ([(I =V ; C[M])] = > pis sis Ara VLV
AA=T;CIN) =¥, e Wi W
with Loc(C) U Loc(M) ULoc(N) C {I}
A they are first-order consistent)}

is a {T}—simulation. The full proof is in Section O
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We can now derive full abstraction for the simulation preorder and bisimilarity. Con-
textual equivalence and preorder are defined on terms, while bisimilarity and the simula-
tion preorder are defined over configurations of a term and a store. In the full abstraction
result we show that congruence on terms corresponds to bisimilarity when an arbitrary
store is considered.

Theorem 8.55 (Full abstraction). Let {1} be the set of locations that occur in M or N.
We have, for any V whose types and locations are consistent with :

o M <eox N if and only if =V ; M) <O 1=V ; N);
o M =¢x N if and only if { =V ; M) ~B T=V; N).

Proof. Theorem proves completeness. For soundness, suppose that (lN: ‘7; M) S{T}

(I = V; N) for some V consistent with [. Let s be a store and C a context such
that (s; C[M]) and (s; C[N]) are well-formed. We want to prove that (s; C[M]) |<
(s; CIN]) 4.

By well-formedness, we know that s = @[? — V'], for some 1" such that I’ = [, and for
some consistent V’ , and that C' has locations in {I'}. By I=V; M) 5{7} (I=V; N) we
have (I = V; M),ng (I=V; N) and by Theorem|[8.52 we derive (I' = V' ; C[M]>§§f (I =
V'; CIN]). Then (I' = V'; C[M]) < (' = V'; C[N]) .

a

The universal quantification over stores in the full abstraction is outside, and not
inside, the double implication, i.e., we do not prove

M <cex N if and only if for all consistent V, (I = V'; M) §{l~} (I=V;N)
but rather
for all consistent V, M <cex N if and only if <l~: v, M) 5{7} (lN: v, N).

The former statement implies the latter one, since the latter allows us to only consider
one store. The reason why we can use the latter one, and thereby consider an arbitrary
store, is that the definition of simulation and bisimulation already includes the universal
quantification over different assignments of the locations in [, since the locations are in the
dynamic environment and we can apply the second item of clause , as we have seen in
the proof of Theorem [8.55

8.5 Proofs

Proof of Lemma [R.11]

1. The proof of (1) follows from the definition of [M] as the supremum of the set
{Y | M = Y} with respect to the <gpx preorder. Let R be a simulation and let S
be its saturation by approximants.

If M'S N then [M] S,y [N], since <apy is reflexive and [M] Ry,ny [N]. If
Y Suny Z then there is a Y’ such that Y <gpx Y’ and Y Ry n) Z. We have



8.5 Proofs 149

that weight(Y) < weight(Y”), by the definition of approximant, and weight(Y”) <
weight([Z]), since R is a simulation.
Suppose Y +Y” =Y’. Then, for any context C,

[V o CIM]] Sapx [Y @ CIM]] + [Y" o CIM]] = [Y"  CIM]] R(ar,ny [Z o C[N]]
which implies [Y o C[M]] Siar,ny [Z @ C[N]].

2. Let § = |J,, R™ be the saturation by suprema of a finite-step simulation R. The
clause on A-terms is immediate, since M S N and M = Y implies Y R(()M N) [N]
(by the definition of finite-step simulation), which in turn implies that [M] R%M, N)
[N] (since [M] =sup{Y | M = Y} and thus we can find an ordered sequence of
formal sums that satisfies the condition for R1).

For the clause on formal sums, the crux is proving the following lemma.

Lemma 8.56. If > . pi; Ax. M; R Zj qj; Ax.N; then:

(@) >;pi < Zj q;
(b) >ipis Mi{P/x} =Y implies Y R% > 4 [Nj{Q/x}], for all P,Q € E*.

Proof. The proof is by induction on n.

For the case n = 0, the two properties above are immediate consequences of the
definition of R.

For the inductive case, if Y R?A';}N)Z then either Y R?M, N)Z , and the result follows
by the inductive hypothesis, or Y = sup S for S = {Y} }1>0 a set of formal sums such
that Yy R?M, N)Z for all k and Y}, <apx Yi41. As a consequence, there is a sequence
Y, such that Yo = Yj and Y311 = Ya + Y}, i.e,, Yi = D> o<1 Y- Hence, it follows
from Y =sup S that Y =3, Y/

The first item follows by the inductive hypothesis, since Y is the supremum of S and
Y), € S implies weight(Y)) < weight(Z).

As to the second item, we have that Y e C[M]| = sup{Y; e C[M]} = >, ., Y. e C[M].
We want to prove that if ) ,.,Y/ e C[M] X for some formal sum X then
X R [Z « CINT].

If >0 Y, @ C[M] = X then, by the definition of the multi-step reduction relation
(which guarantees that only a finite number of terms are evaluated in the formal
sum), there is an m > 0 such that > (.., Y, ¢ C[M] = X' and X = X' +
val(d o Yi @ C[M]).

For any m’ > 0 we have that

ZOﬁkSerm’ Yk/ s C[M] = X' + Val(ngkngrm’ Yk/ b C[M])

Since Y o< p<mtm Y, =Y tm and Yy, 4y R?M, N)Z , by the inductive hypothesis we
have > g cp<pmim Yi @ CIM] = X'+ val(} , ch<mim Y ® C[M]) implies

X'+ val(X m<hamim Vi ® CIM]) R {3y ) [Z @ C[N]].

Hence, by the definition of R?A';}N) and by

X =sup{X’' + val(d ., <h<mim/ Y, o C[M]) }p>0
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we derive that XREL]\Z}N) [Z e C[N]].
O

Then the result follows since Y = >, p;; Az.M; Sg Z]. ¢j; Ax.N;j = Z implies Y R? Z
for some n, and we have ), p; <> ;4 (by the first item of Lemma 8.56)), and

> pi [Mi{Ple}] = sup{Y | 32, pis Mi{Pla} /= Y} Rg™ 505 453 INH{ Qe

for all P,@ € &* (by the second item of Lemma and by the definition of relation
R™1), which implies R CSe.

Proof of Lemma [8.18
Let R be a finite-step simulation saturated by approximants and let

S={(C[M],C[N]) | MRN}U{((CIM],C[N]),Y,Z) | Y 83, ny Z}

with S = {((M,N), 1; \e.C'[M], 1; \e.C'[N]) | M R N}
U{((M,N),0,Z) | for some M,N, Z}

We first prove the following result:
Lemma 8.57. For any context C, if M R N and C[M] =Y thenY 1ift(SéM ) [CINT] -

Proof. We prove by induction on the length n of the reduction that M R N and C[M] =,
Y imply Ylift(SEM N)) [C[N]]. Y = 0 then the result follows by the third set of &'
Suppose that Y # (). If n = 0 then we have two cases:

e C'=[]and M is a value. Then M Y and since R is a finite-step simulation we
have that Y R (3 x)[N] = [C[N]], which implies that they are in S(M Ny as well.

e C =X\z.C'. Then Y = 1; \x.C’'[M] S{MN) 1; Ax.C’'[N] = [C[N]], by the first set of
S'.

Suppose now that C[M] =41 Y.

e C =[] and M =41 Y. The result follows from the fact that R is a finite-step
simulation, as in the first case of n = 0.

e C=C1&Cyand CM] — 3;C1[M] + 3;Co[M] =, Y. Then C1[M] =, Y1,
Co[M] =y, Yo and Y = 3;Yi+3;Ys. We have [C[N]] = 1; [C1[N]]+12; [C2[N]] and
it follows from the inductive hypothesis on n; and ng that Y; 1ift(8é ) [CLN]]
and Y2 1ift(SéM7N)) [C2[N]]. Hence, Ylift(S(’MW)) [C[N]].

o C = C1Cy. Then C[M] =41 Y implies that C[M] =, Y1Ca[M] =, Y,
where Ci[M] =, Y1 = >, pi; A\x.P;. Since n; < n (by Y # (), we can ap-
ply the inductive hypothesis and derive that Y lift(SEM N)) [C1[N]], ie., Y1 =
erj’}/j, and [[CI[NH] = Zj’l“j'Z],- for ij/ S(M,N) Z; HGDCG, chg[M] =n, Y
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implies Y’;Cy[M] = Y/, with 3.0 = ng and Y = 37, 7Y/, and [C[N]] =
(G NGV = [S, 75 ZiCalN]] = 32, ri- [ZLCoIN)] = X2, 755 [ 2] » GolN].
Since 1lift(1lift(R)) = 1ift(R) for any relation R, the result follows if we can
prove that for every j it holds that Y/C2[M] = Y/ implies Y}’ 1ift(S(’ M) [Z)e
Co[N]]. It Y] SE M.N) Z; then either Y, = ) and the result trivially follows or one of
the following cases hold:

— Y] =1;Ar.C"[M] and Z} = 1; Az.C"[N]. Hence, either Y;" = (), in which case the
result follows by the third set of &', or Y/Co[M] — 1; C'[M]{Ca[M]/z} =
Y/, with nf < n. Terms C'[M){C2IM]jz} and C'[N]{C2IN)/z} are respectively
of the form C”[M] and C"[N], so we can apply the inductive hypothesis to
derive that Yj”lift(SEMN)) Z; ® Co[N].

— Y/ R (m,n)Z}- Tt is easy to check that Y/Co[M] = Y] iff Y] eC2[M] =Y for
some Y;" <apx Y/. Since R is finite-step simulation saturated by approximants
we have that Y, eCy[M] ==Y implies Y;" R (y; n)[Z] ® C2[N]], and the result

follows from R (a7 ) C lift(SEM N))'
a

We derive from Lemma that S is a finite-step simulation up-to lifting as follows:

Let C[M] § C[N] with M RN. If C[M] = Y then by Lemma we have

Ylift(SéMyN)) [C[N]]. Therefore, Y 1ift(Sca,crny) [CINV]]-

Let 1; Ax.C'[M] Scpan,crny 1; Az.C'[N] with MR N. Then for any C” there is a con-
text C" such that 1; Az.C'[M]e C"[C[M]] = 1;C""[M] and 1; \x.C'[N]e C"[C[N]] =
1;C"[N]. Tt is easy to check that 1; P — Y iff P = Y and that [1; P] = [P]
for any term P. Therefore, by Lemma we derive that 1; C"'[M] = Y implies

Ylift(SEM,N)) [1; C""[M]], which implies that Y 1ift(Scian,cqv) [1; C"[M]].

Let YR cp)cvyZ with YR (ayn)Z. Then by the fact that R is a finite-step
simulation it holds that for any C’, Y e C'[C[M]] == Y implies Y'R 3y n)[Z ®
C'[CIN]]], which in turn implies Y’ Sepan,cqn) [Z o C'[C[N]]].

Let DR cpar,cinZ- Then for any P we have that ()e P =Y implies Y = ) and we
stay in the third set.

Proof of Lemma [8.24]
Let R be a finite-step simulation up-to lifting and context. We prove that

R = pairs(R)
U {((M, N),1: \e.C[M], 1, Ae.C[N]) | M R N}
U{((M,N),Y,Z) | YR un)Z and Y <gpy Y, for some Y'}
U{((M,N),0,Z) | for some M,N,Z}

is a finite-step simulation up-to lifting, from which the result follows by R C R’.

Note that the relation 1ift(R’( M, N)) is saturated by approximants, i.e., the following
property holds: if ¥ <.px Y’ 1ift(R’(M7N)) Z then Y 1ift(R2M7N)) Z. We first prove the
following result:
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Lemma 8.58. For any context C, if M R N and C[M] =Y thenY lift(R’(MN)) IC[N]].

Proof. We prove by induction on the number of small-step reductions n that M R N and
CIM] =, Y imply Ylift(R’(MN)) [C[N]]. If Y = 0 then the result holds by the last
set of R/. Suppose that Y # (). If n = 0 then we have two cases:

e C =[] and M is a value. Then M =Y and we have that Y 1ift(R n)) [N] =
[CIN]]-
o C=Xz.C'. Then Y <upx 1;Az.C'[M]dirac((M, N)*)1; Az.C'[N] = [C[N]].
Suppose now that C[M] =41 Y.

e C =[] and M =>p41 Y. The result follows from the fact that R is a finite-step
simulation up-to lifting and context, as in the first case of n = 0.

e C =01 ®Cs and C[M] — 1;C1[M] + 4, Co[N] =, Y. Then C1[M] =, Y3,
Co[N] E=p, Yo with n +no < mand Y = V] + 1;Y5. We have [C[N]] =
2 [C1[N]] + 3;[C2[N]] and it follows from the inductive hypothesis on ny and
ny that Y; 1ift(R’<M’N)) [C1[N]] and Yglift(R’(MN)) [C2[N]]. Hence, we derive
Y 1if6(R{y, ny) [CINV]]-

o C = C1Cy. Then C[M] =41 Y implies that C[M] =, Y1Co[M]| =, Y,
where Ci[M] =, Y1 = >, pi;Ax.P;. Since n; < n (by Y # (), we can ap-
ply the inductive hypothesis and derive that Y; lift(SéM’N)) [C1[N]], ie., Y1 =
>_;riY] and [Ci[N]] = 2, r;-Z; for Yj,R,(M,N)Z;" Hence, Y1Cs2[M]| =, Y im-
plies Y;Co[M] = Y/, with >2.n} = np and Y = > . 7;-Y/", and [C[N]] =
[CAINTIC[N]] = [ 2575+ Z5Ca[N]] = 52, m5-[Z5Ca[N]] = 325 73 [ 25 @ Ca[N].
Since 1lift(1lift(R)) = 1lift(R) for any relation R, the result follows if we can
prove that for every j it holds that Y, Ca[M] = Y/ implies Y}’ Lift(Ry n) [Z)e

Co[N]]. £ Y] R’( MN) Z; then one of the following cases hold:

— Y/ = L z.C'[M] and Z} = 1; \z.C'[N]. Hence, either Y" = 0, in which case
the result follows by the last set of R', or Y/ Co[M] — 1; C'[M]{C2[M]/z} =
Y/, with nj < n. Terms C'[M]{C2[M]/z} and C’'[N]{C2[Nl/z} are respectively
of the form C”[M] and C”[N] and we can apply the inductive hypothesis to
derive that Y lift(R’(M N)) [Z} o Co[N]].

- Yj' <apx XR(MyN)ZJ’-. If Y]-’CQ[M] = Y}" then there is a X’ such that
XCs[M] = X' and Yj” <apx X', for some n;’ < n; It is easy to check
that there is exists a X” such that X e Cy[M] = X" and X' <upx X", for

some n;-” < n;’

* X 0 C2[M] = F and Z} e C5[N| = G with F lift(dirac((M,N)"))G.

Hence, I ==, m X" with X" <apx X", for some n/" < nf' < n. We
J

can apply the inductive hypothesis to the pairs in (M, N)* whose projec-
tions respectively compose F' and G through the lifting, and derive that
X" 1ift(13£t(RYy, v)) ) [G]- It follows from V" <qpx X that

V' 1i£t(R{y n)) [G] = [Z] © Co[N]] .

. Since X R (M,N)Z]/‘a there are two cases:
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* X"1ift(dirac((M, N)" )U R n)) [Z] o Co[N]].
Since Y] <gpx X", this allows us to derive that Y 1ift(R), y)[Z] e
Cy[N]], smce llft(R( M, N)) is saturated by approximants.

— the result is immediate if Y}’ =0.

Then we derive from Lemma that R’ is a finite-step simulation up-to lifting:

. if M R' N then M R N, and M ==Y implies Y 1ift(R,n)) [IV], by the defini-
tion of R. Then the result follows by R C R’.

2. if Y R/

(M,N) Z then:

o if Y <opx Y R(par,nv) Z then for all P,Q € (M, N)* we have two cases:

—Y' eP = F and Z ¢ Q = G with F1lift(dirac((M,N)))G.
If Y e P=Y" then there is a Y such that Y’ ¢ P — F = Y and
V" <apx Y. Tt follows from F lift(dirac((M,N)”))G and from Lemma
8.58 that F' = Y"” implies Y/ 1ift( 11ft(R2M’N))) [G], which is equiv-
alent to saying that Y’”lift(R’(M’N)) [Z e Q]. Since F" <upx Y and
lift(R’(MvN)) is saturated by approximants we derive Y/ 1ift(R’(M7N)) [Ze
Ql-
— Y'e P X and X lift(dirac((M, N)")U Ru,ny) [Z o Q.
If Y e P> Y" then there is a Y such that Y/e P — Y"+Y" = X and,
by the definition of R, Y + Y" 1ift(dirac((M, N)*)U R,y [Z « Q],
which implies Y + Y 11££(R{,, v,) [Z @ Q]. Since Y Sapx Y” Y, we
have Y 11££(R{,, v)) [Z © Q]
o if Y = 1; \x.C[M] and Z = 1; \x.C[N] with M R N then for all P,Q € (M, N)*
we have Y o P = 1;C'[M] and Z e Q = 1; C'[N] for some C’. Then by Lemma
we have that Y ¢ P = Y implies Y’ lift(R’(M’N)) [Z e Q].

e if Y = () then the simulation clause holds and we stay in the last set of R'.

Proof of Lemma [8.28
Let >*! denote the transitive closure of o*, i.e., P >*! P’ if there are P=P,P,. Pk =
P’ such that for T every 1 <i < k there are a context C; and tuples P, P’ with P; = C;[P}]

and -P'H-l C; {Pl] = Cz—‘rl[-Pz—‘rl] and P > P/

7
Define the following term relation

R ® (5 (M. NF) U (5 Tor)
Let 1iftd() denote lift(dirac()).
Lemma 8.59. We prove that
(*) P>*' P and P =, Y imply P =, Y' withn >n' and Yliftd(Dﬁ) <apx Y’

(**) P(>*" (M,N)*)Q and P =Y imply Ydisliftd(Ry,n)) <apx [Q]



154 Chapter 8 Probabilistic environmental bisimulation

Proof. We first prove (*). Let P = Py, P5, ..., P, = P’ be such that for every i, for 1 <i <

k, there are a context C; and tuples ﬁi, P! with P, = C; [ﬁz] and P11 = C[P!] = Cit1[Piy1]
and ]3Z > E Suppose that P =, Y. We prove by induction on k that for every 7 such
that 1 <i < k we have P; =, Y; and m; > m;y; and Y; liftd(Dit) Zapx Yifl-

The result is trivial for £ = 1. Suppose that k& = k' + 1. The result follows from the
inductive hypothesis and from

=t =t =t
Y 1iftd(D*) <apx Y/ 1iftd(D*) <apx Y implies Y 1iftd(>*) <apx Y7,

if we can prove that for any C and P, P’ such that P> P’ we have C []5] =, Y implies
CIP) = Y withm >m’ and Y liftd(D;t) <apx Y. This is proved by induction on
m. If m =0 then Y =Y’ and the result follows. Suppose C[P] =41 Y. We have three
cases:

e if C' =[] then the result immediately follows by P = P> P = P

e C=C180). -
Then there are Y7,Y5 such that Y = %;Yl + %;YQ and C;[P] =, Y; for i = 1,2
and m; < m + 1. The result follows from the inductive hypothesis

o ('=C100. -
If C1[P] is a value then, by the definition of >, C1[P’] is exactly the same value.

Then the terms resulting after the S-reduction are in Dit, and we conclude by the
inductive hypothesis.

If C1[P] =, Y1 then we can apply the inductive hypothesis to m; and the result
follows.

We can now prove (**) by showing by induction on n that P(>*' (M, N)*)Q and
P =, Y imply Ydisliftd(Ry, n)) <apx [Q]-
Let P>*' P/, P' = C[M] and Q = C[N]. If n =0 and Y # () then P is a value, Y = 1; P
and by (*) P’ is a value too, with P >*' P’ We have two cases:
e C' =[], with P' = M a value, and Q = N.
By the definition of 7/, ny we have 1; P’ = [M]dis1iftd(7y,ny)[/N] and it follows
from P >* P’ that Ydisliftd(>* T n)[Q]-
e P/ =)\z.C'[M] and @ = \z.C'[N].
Then Ydisliftd(>* (M, N)")[Q].
If P ==>,,41 Y then by (*) we have that P/ ==, Y/ withm < n+1and ¥ 1iftd(>* ) <apx
Y’. Suppose that Y’ # (). We have three cases:

o O =[] If M =, Y then Y’ <ypx [M]disliftd(T(ps,n))[IN], which implies
Ydisliftd(T(un)) <apx [N]

by <apx disliftd(T(a,n)) SapxC disliftd(7(arn)) Sapx- Since for any S,8" we
have 1iftd(S)disliftd(S’) C disliftd(SS’), we derive

Ydislittd(>" Ty ny) <ape [N]-
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e C = C;+C5. Then there are Y1, Y5 such that Y/ = 1, ¥, + 3; Y5 and Ci[M] =, Y;
for i = 1,2 and m; < n. By the inductive hypothesis, we have that

V' 1iftd(dislift(Ryny)) Sapx [Q]-

Hence, since for any pari of relations S, S’ we have 1iftd(disliftd(-)) = disliftd(-),
and 1iftd(S)disliftd(S’) C disliftd(SS’), and by >*'>*'=p*' we derive

Ydislift(R(MJV)) <apx [Q] -

e (' = (C1C5. We consider two cases:

— C1[M] =M and M = Xz.M' and N = \x.N’ are values.
Then M T(3.x) N and we have MCy[M] =, Y iff M'{Ca[M]fz} L5 F =,
Y’ with m’ < m < n+1 and [NCy[N]] = [N'{C2[N)z}] = [G], where
Fdisliftd(b*ﬁ’;\;N))G (note that here the determinism of the reduction to
F is used in order to guarantee that F =, Y’ and that m’ < m < n +1).
Hence, we have Y'dislift({(Y;, Z;)}:)[G], with either Ygdirac(b*’ﬁ*ﬂim)Zi
(which implies Yidirac(Rsn))Zi) or M; =, Yi and [N;] = Z; for M;
(M,N)*N; and m; < m’ < n+ 1, and by applying the inductive hypoth-
esis we derive Yidisliftd(R(M,N)) <apx Z;. Therefore, Y 1iftd(>*") <apx
Y'dis1iftd(R s n)) <apx [@], and the result follows.

— C1[M] = Xz.C{[M] and C1[N] = \x.C{[N].
We can apply the inductive hypothesis to Cf[M]{C2[M]/z} ==, Y’ to derive

Y'disliftd(R s n)) Sapx [C'[N{C2IV)}],
then we have Y 1iftd(>*") <apx Y/disliftd(R(y,n)) <apx [C'[N{C2(N]}],
which implies the result.
d
We can now derive that the relation
S={(M,N)} U{((M,N), VW) | V Ryn) WHUI{((M,N),0,2Z) | for any Z}
is a finite-step simulation up-to distribution and lifting:
e since M(>*' (M, N)*)N, by Lemma **) we have that if M =Y then
Ydisliftd(Ro,n))Y" <apx [V],

which implies Y'dis1ift(Sy, n))[N] (using the last set of relation Sy ) to elimi-
nate the approximation preorder <upy).

e the weight of the formal sums is the same.

o if 1,V Sy LW and V 55 V/(M, N)*W then for any (P,Q) € (M, N)* we have
that VP >*' V/P(M, N)*WQ. Then clause (2b) of finite-step simulation holds by
Lemma .
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It V 5 V! Tuny W then for any (P,Q) € (M,N)* we have that VP * V/P.
Hence, VP = Y implies by Lemma (*) that V/'P = Y'with Y liftd(Dit) <apx
Y’. By the definition of T(m,ny and by the fact that L i deterministic, we de-
rive from V'P = Y’ and from Lemma 8.59(**) that Y'disliftd(R( n)) <apx
[WQ] (see the proof of Lemma *%), application case, for more details). Then
Ydisliftd(Ra,n)) <apx [WQ], which implies Ydis1iftd(Sy n))[WQ]-

Proof of Theorem [8.51]

Let R be a finite-step {T}—simulation saturated by approximants. We first define,
for any pair of terms (M, N), the preorder <..o(as,n) (context closure of environments)
on pairs of environment formal sums with store: (Y,Z) <ccerny (Y, Z') if Y =
Yoipissi Vi, L = Zj gty Wi with | Y | =|Z|and Y =), pi;si; V), 2 = Zj qj;tj;Wj{
with | Y'|=|Z'| and

e for every index r in | Y | there is an index ’ in | Y’ | such that Y|, = Y’'|,» and
Z|, =17,

e for every index 7’ <| Y’ | there is a location-free value-context C' such that for every
i,j it holds that 7'(V/) = C[M,V;] and +'(W}) = CIN,W;] (i.e, (Y|, Z'].v) €
({(M, Vi}i, {N, Wj};)%)-

For any indexed relation Ry ) on environment formal sums, we write R{;7

A% for

relation <cce(nr,ny (Ru,n), i-e.,
”R,‘(:]‘(‘ZN): {(Y,Z) | Y, Z’ such that (Y',Z') <cce(M,N) (Y,Z) NY' RN 7'}

Note that we can add to a finite-step {T}—simulation R saturated by approximants the
set
{((M,N),0,Y) | Y is an environment formal sum}

for any (M, N), and we still have that R is a finite-step {I}-simulation saturated by
approximants, since the presence of the empty formal sum on the left is irrelevant and
trivially satisfies the simulation clauses. Hence, we assume that finite-step simulations
have this property, that we refer to as R is saturated by ().

The following result is used in the proof of Lemma [8.61] (in Lemma and the

set of locations parametrizing the relations is not relevant, hence we omit it).

Lemma 8.60. Let R be a finite-step simulation and let

Y =2 ipiisis Vi R?J?/?,N) Zj g t;; Wi =4

Let ({Az.P}i, {A2.Q;}5) € ({M, Viyi, AN, W;},)* and ({T3},{U;};) € ({M, Vi}s, {N, W;},)".
Then one of the following holds:

o (P{Ti}}i AQi{Uifa}};) € ({M,Vi}i, {N, W;}y)*
o for every W, > . pi; si; Vi, \z.P; P{Ti/i} = W implies

WL (RES? ) [3; 053 s Wy, Ae.Qj3 Qi {Usf}]
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Proof. We have three cases:

o if \o.P; = Az.C'[M, V;] and Az.Qj = Az.C'[N, Wj] for some location-free context C”,
then there is a location-free context C” such that

S i si; Vi P{Tife} = 32, pi; 86 Vi; " [M, V]
> ity Wy Qi{Uife}y = 32, q55t5; Wy C [N, Wi

and the first item holds.

e if there is an r such that A\z.P; = (V/), and \z.Q; = (WJ/)T for some

Y' =3 pissi V) Ry 2 453 tys Wi = 2/

such that (Y',Z') <cce(nr,n) (Y, Z), then it follows from the fact that R is a finite-
step simulation that ), p;; si; 172.’ ; P{Ti/x} = W' implies

W LiEE(R ) [X; 453 £ Wi Qi{ Ui/}
Since Y, pi; Si; Vi, \x.P; PA{Ti/i} = W implies
(W' 1225 455t Wj; Qi{Yifr}]) <ccers,nvy (W, [X2; 453t Wj, Az.Qj; Qi{Uifx}]),

we derive

W Lift(RE52 ) [0 453 ts Wy, A Q3 Q{Uifr}]

o if \e.P; = M and Ax.QQ; = N then M and N are values and by clause (2g) applied
to Rar,n) we have

Zip% Si3 ‘71‘,7 M R(M,N) Zj qj; t; W;, N
for some (Zipi;SiﬂN/i/ijNQj;tj;W]{) <cce(m,n) (Y,Z). By clause (2b) applied to
R(m,n) we have Y ps; si; V), M; Pi{Ti/x} = W' implies

w’ lift('R(M’N)) [[ZJ q;j; t; /V\[;],, N; Qj{Uj/x}ﬂ :

Since by assumption Az.P; = M and Az.Q); = N, there are already columns in the
dynamic environments of Y and Z composed by M and N respectively, and thus

(le [[ZJ qj; s lev N Qj{Uj z}]) Scce(M,N) Zenv (W, [[ZJ qj; s Wj; Qj{Uj/x}]])v

from which the result follows.
Od

In what follows, we sometimes use relations <ijsy and <ijsy <env, defined as follows:

e (Y,Z) <ai¢c {(Yg, Zg)}g if there are probability values pg such that Y =3 pg- Y,
and Z =3 pg -2y ;
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o (Y,Z) <1ist<env {(Yy,Zy)}, if there are probability values p, such that Y = Zg Dy
Yy and Z =} py - Zy with (Yg, Zy) <env (Y, Zg) for every g.

The notation, as for relations <eny and < co(ar,n), is extended to environment formal sums
with running terms by requiring the running term to be the same everywhere.

Lemma 8.61. Suppose that Ry Ny is a finite-step simulation saturated by approzimants

cce

(only defined on formal sums).  For any location-free context C if Y R(M7N) Z and
Y;C[M, Y| = W then W 1ift(>epny (RCJCV?N ) [Z; C|N, Z]].

Proof. Suppose that Y = ", piisi Vi RGN > qj7tj,W =7, with Y = Zipi;si;f/i’

and Z' = Z 4 tjs W related by R(y,n) and such that (Y',Z") <cco(ar,ny (Y, Z).
We prove by 1nduct10n on n and then by induction on the structure of C' that

> pii 843 Vi C[M, V] =, W implies W 1ift(Zeny (RESE ) [ @53t W5 C[N, W]

(In the proof we sometimes assume that Vi = 171»’ , ‘7;-” and Wj = Wj’ , WJ/’ . This does not
affect the results since the context closure of environments allows to permute the columns
in the formal sums.)

If W = () then the result follows by the fact that R is saturated by (). Suppose that
W = () and n = 0. We have one of the following cases:

e C'=[]; and M is a value. Then
Sipi Vi (L (si 5 ) M) LifE(Rarny) 32, 43 Wh- [(t5 V)]

and we derive
S pii Vi (15 (55 3) M)(L£6(RESS ) ) X a5 Wi - [{ty5 V)T

e C # []1 and for every i,j, C[M,V;] and C[N, W]] are values. Then it follows from
the definition of <cco(ar,n) that

W = 32,0 i3 Vi, CIML VI RES ) 325 455t Wi, CIN Wil = [ a3 t3 Wi, OIN, W]
Suppose now that . p;; s;; Vi: C[M, ‘72] F=>ni1 W, with W # (). We have the follow-
ing cases:

e C' = []; and M is not a value. Then the result follows analogously to the n = 0
case.

e C = (1 ® Cy. We have that ), p;; si; Vi; (C1® Co)[M, XN/Z} = W implies
S pis 803 Vi (C1 @ Co)[M, Vi) — 157 i 543 Vi CLIML Vi + 3 32, pis 563 Vi; Co [ M, V]

and W = - Wy + L. Wy, with 3, pi; 513 Vi; Ch[M, Vi) ==, Wy, for h = 1,2 and
np, < n. Since

[ 453 153 W3 (Cr @ Co) [N, W] =
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3 - [ 45t Wi CLIN, WL + 5 - [0 453 55 Wi CLIN, W]
we can apply the inductive hypothesis to n; and no and derive
W Lift(1ift(Zeny (RE5EN)))) [ 05315 Wi (Ch @ Ca) [N, W]
The result follows from 1ift(1lift(R)) = lift(R).

o C=CCh.
Suppose that there exists some i such that C1[M, V;] are not values and they perform
some small steps in the reduction leading to W. Hence, there is a set I’ C I such
that

Y Dis 865 Vs O M, VI Co[M, Vi) =y S e g g Piks Sicks Vi Vi Col[ M, Vi] =, W
with n; > 1 and
Zie]pi§5i§‘7i§cl[Ma Vi =, Ziep,kpi,k§5i,k§‘7ivv;,k~
We have that
I3 e @i ts Wy CLIN, WHCo N, Wil = [ e g Gans tins Wis WinCalN, W]

for [[ZjeJ g;; t5; Wy C1 [N, Wj]] = EjeJ',h Qi tin; Wi, Wjp. Then we can apply the
inductive hypothesis to n; and derive that

> ier k Piks Siki Vi, Vik 1ift(>eny (Rffwe N))) Y iern G tin Wi Win

which is equivalent to saying that
(Xier gk Pijs Siks Vi Vidr 2o jer n Gk Bk Wi Win) Svsse<env {(Yg, Zg)}g SR{GT v

with Y, = Zi,kelg pg’k; Si ki ‘N/Lk, and Z, = Zj,hng q;’h; tihs /W7j7h such that for every
g there is a context C, such that for all i,k € I, and for all j,h € J; we have
‘/Z‘JCCQ[M, Vz] = Cg[MNaVi,k] and WthCQ [N, Wj] = Cg[N, WjJJ.

If Zie]'gl,k Pik; Sike; Vis VikCa[M, Vi] ==y, W then for every g there is a W, such
that Zi,kelg pak;si,k;%,k;c (M, Vlk] F=>n, Wy and E ny = ng and

(W, 22 e a3t Wi CLIN, W3] Ca[N, Wj])
<1irt<env {(Wga [[Zj}he‘]g q}h; tj,h; Wj,h; Cg [Nu W],h]]])}g

By the inductive hypothesis on each of the nfq we derive that

(W, [ hes, G tins Wins Co [N, Winl]) by © 1ift(Zeny (RESS 1))

from which the result follows by 1ift(>eny (1ift(Zeny (R)))) = Lift(Zenv (R))-
We now consider the case when no C1[M, V] contributes to the multi-step reduction
to W.  If there exist some i such that Ca[M, XZ] contributes to the multi-step
reduction to W, then we can derive the result using the same reasoning as above.
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Otherwise, there is a set I’ C I such that Cy[M,V;] and Co[M,Vj] are values for
every i € I', and

S ier pii 53 Vis C1[M, Vi) Co[ M, Vi) = 31 i 833 Vis (A P) Ca [ M, XZL
=m Ziep Dis 8iy Vi Pi{C2 [M, Vz}/x}
=, W

with n; <n+1 and ny <n. . -
Suppose that for all j we have that Ci[N, W;] = Az.Q); is a value and Co[N, W] is
a value. Then,

[3; a3 t53 Wis 1[N, W] Co [N, W] =

[[Z QJ’t]’WJ’)‘x QJC2[N WH] =
[>-; q]’tJ7WJﬂQJ{C2 [N, W] Je}]

Since R is saturated by approximants,
Sier i 5i3 Vi REGTIN) 22) gj;t5; W
which implies by Lemma [8:60] that one of the following holds:
— there is a context C’ such that
S sep pis 863 Vis PAC2 LML Viljn} = S, pis 4 Vi C'[M, Vi)
and N — N —
S5ty Wy Qi{CoIN Wille} = 37 g5 855 Wi C'[N, W,
Then we can apply the inductive hypothesis on the reduction
S iep i 53 Vi C'[M, Vi) ==y W
and derive the result.
— for any W', if 3, pi; si; Vi, Az Py; B{C2[M.Vils} = W' then
WL (RESS 1)) [52; 053 55 Wi, Ae.Qy3 Q{ Co N Wil
Then we have
(W15, 47553 Wy Q{ClN- Wi}
Sens (WIS, a5t Wy A Q3 Q{ CoIN Wille}])
and the result follows by >epy 1ift(R) C 1ift(Zeny (R)).

It remains to consider the case when C}[N, WJ] or Cy[N, WJ] are not values for some
j. If C1[N, W;] is not a value for some j then C; = [-]; and N is not a value. Suppose
C5[N,Wj] is a value for all j. Then we have

[[Z]ejqpthwNCz[N WH] =
HZ]GJ’CJh Qj,h3 tj,h3 W]’ Az.Qj, hC?[N W, i1l =
[[ZjeJ’gJ,h Q5,3 tjhs WJ’ Qy,h{CQ [NV, W /1’}]]
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for [[Zjej g3 t;; Wi N| = ZjeJ’,h ¢hstin; Wi, Ax.Q;j . Since R is a finite-step sim-
ulation saturated by approximants, by clause (2g) we derive

doier Pissi Vi Ax B LA (R ny) D jegrn Goni tins Wi A.Qjon
which implies
ZiEI’ Dis Si; ‘/;, )\CC.PZ 1lft( E:]CWe,N)) ZjEJ/,h (:Ij,ha t‘%h, W], )\SUQ]JZ .

Then
(Xier pis 56 Vis Ae. Py, 3 e o Ghi tins Wy Ae.Qjn) <asee {(Yg, Zg) g SREGT vy

with Y, = Zz’elg Dl Si; Vi, \z.P;, and Z, = Zj,hejg q;,h;tj,h;/l/i//j,)\x.@jﬁ such that
for every g we have that

Yic1, P 565 Vio A Py A PCo[M, V]
and N s
> ined, Gns tins Wiy Ax.Qjn; Ax.Qj n C2[N, W]
satisfy the premises of Lemma [8.60} Then we can proceed as in the previous case
and derive that Eiefg Dl 503 Vi, A Py; Pi{C2[M, Vilje} = W, implies

W Litt(Zenv (RE57 ) [ nes, Thni tin: Wi A.Qjns Qja{C2 [N, Wik},

from which the result follows.

Finally, if there are are some j such that C[N, W]] is not a value then we can proceed
as in the previous case, exploiting clause (2g) on R(nm,n) in order to evaluate N in
argument position as well.

e case C' =1C". _
The interesting case is when for every ¢ we have that C’'[M, V;] does not contribute
to the reduction (otherwise, we can apply the inductive hypothesis analogously to
the application case), i.e., there is a subset I’ C I such that

Yoicr Piisi; Vi lC MLV = 37 cp pis i Vis s ==ng1 Diep Dis i3 Vis 5i()

Since R is saturated by approximants, Y ;. pi; 5i; Vi R Zj g5ty W]’

Since contexts are location-free, there are two cases:

— C'[M,V;] € V/. Then C'[N, W/]] =1 € W]' and by clause (2¢) on R we have

> icr Pii Sis ‘71‘/7 si(li) 1ift (R ny) D25 a5i tss W]@ ti(l)
and the result follows from

[32; ajstys Wis 5 = 325 ags tys Wi (1)
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- C=[]iand M =1.
Suppose that N =[’. Then by clause (2g) we have

Ele]/pwsuv MRMN) Z q]at]aW N

and by clause (2¢)

Ezel/pz,sz,v M, s;(l;) Lift(Rarvy) 22 453ty W’ N, t;(1%)
Then

S ier pis 83 Viy i(li) Lift (Zeny (RESE 1)) 2 a5 15 W £5(1)
The case when N is not a value follows analogously.

o O =C(C:=0Cs.
Again, the interesting case is when for every i neither C1[M, V;] nor C2[M,V;] con-
tributes to the reduction, i.e., there is a subset I C I’ such that

Dier pi;Sz’;‘N/z‘;le[M, V] == Co[M, Vi
=Y ierpisu Vil =1,
F=ng1 D iep Pis Silli = Ti]; Vi, x

As above, since R is saturated by approximants, > ;. pi; i3 Vi’ Ror,ny 25 @53ty Wi
and, since contexts are location-free, there are two cases:

— C1[M,Vj] € V/. Then Cy|N, W]] =1; € W]’ Suppose that C3[N, W]] =Uj is
a value for every j. Then ({Ti}s,{U;};) € ({M, V/}i, {N, fW/j’}jf and by clause
(2c) on R we have

Zie[’pi; Si[li — TZ], ‘Z‘llift(R(M,N)) Zj qj;tj[l;- — Uj]; WJI

and the result follows. .
If CyN, W, ] is not a value for some j then Cy[M, V] M and Co[N,W;] =
Then we derive from clause (2g) that

Zzejlp’mslav M 7?'(M,]V) [[Z] QJ,tjvw‘jlvN]] = Zthj hs jhaW U
and we can derive, as in the previous case, that
Yicr pis silli = MYV, M1t (R ) 255 455 tilly — Uinls W, U

from which the result follows.

- C=[]yand M =1.
Suppose that N = l’ and CQ[N W] = Uj is a value for every j. Then
({Ti}i {U;}5) € M, V] }i, {N, W’}]) Then by clause (2g) we have

Ez [/pwslav MRMN Z q]at]aW/
S
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and by clause (2¢) on R we have
Sier pissill = T V! M1itt (R ) X aji tyll! = Usls WL N

and the result follows.

If N or C3[N, W] are not values then we proceed analogously to the previous
cases, by proving that we can add to the environment the values they evaluate
to while staying in relation R/ n.

o C = (vz:=C1)Cq, with Cy a context with free variable x.
We consider the case when

Yier i sis Vis (v :=C1[M, Vi])C2[M, V]

=D ier Piisis Vis (o :=T;)Co[M, Vi]
=y Yoier Pis silli = T); Vi Co[ M, Vil {lifx}
=, W

and C1[M, TN/Z] = Uj is a value for every j, thus

[32; 45t Wis (v 2 :=C1[N, W) Ca[N, W]
= [ 453 tslky — Usls Wi; Co[N, W) {Fsfe}]

for ({Ti}:, {U;};) € ({M, V{}s, {N,W/};)* and for locations ({l;};, {k;};) which are
({si}i, {t;};)-fresh. By clauses (2d) and (2c) we have

>oier Pissilli = Tl Vi L Ry 225 453tk — Ujl /V[V/J', k;
which implies that

S iep i silli = Til; Vi, L Co [ M, Vi) {life}

REGE Ny 2o 55tk — Ujls Wy, ks Co[ N, Wil{Fife} .
Then the result follows from the inductive hypothesis on ns.

e case C' = if () then Cy else (3 and case C = op(CY,...,Cp).
The result follows from the fact that RN satisfies clause (2e) for constants and
then from the inductive hypothesis.

o (= (Cl, ,Cm)
Since the multi-step reduction to W has length strictly greater than one, there is
some z such that 1 < z < m and some i such that C,[M,V;] contributes to the
multi-step reduction to W. Then we can apply the inductive hypothesis on the
contexts to C, and derive that:

Y ier Pissis Vis Co[M, Vil = 3 e pg Piks ik Vi Vik
for n’ < n + 1 implies

Sier k Piki Siki Vi Vi 1iE6(Zeny (RGN 2jesn dini b Wi Win
= [>2; 43 t5;s Wi C=[N, Wj]]
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ie.,
(EiEI/Jg DPik; Si ks Vi, W,k? Zje]lyh qj,hs tj,h; W]a Wj,h) <1ift<env {(Y )} R&cwe N)

with Y, = Zi,kelg p;k;si’k;f/@k, and Z, = Zj,hng q}h;tj’h;wj’h and for every g
there is a context C, such that for every i,k € I, and j,h € J,:

C[M, Vil{Vis/C-[M, Vil} = Cy[M, Vi]

C[N, Wi{WirfC.IN, W]} = Cg[N, Wj]
(where the substitution only concerns the specific instance of C,[M, V;] in C, [M, Vil
that occurs as the z-th element of the tuple C[M, V], and the same for C,[N, W;]).

Finally, we derive the result by applying the inductive hypothesis on the number of
reductions from

2iker, Pk Siks Viks Cg[M, Vig].

C =#.(C"). N
We consider the case when C'[M,V;] = (Vi1, ..., Vim) is a value for every ¢ and

S ier i 563 Vi #2(C'[M V) — W = S Diks Siks Vs Via
We have three cases:

~ C'IM,Vi] = (Vit, e, Vi) € V7.

Then C'[N,W;] = (Uj1,...,Ujm) € W]’ and we have by clause (2f) on R that
S pis 863 VL Vit ooy Vi LEE(R(ag ) 35 @55 s W Ut ooy U
Therefore,

(W, [[Z qjthva#Z( G155 Ujm)])
<env (E plash‘/l"/l,l:“ VYZWL?Z qJ7tJ7WJ7UJvI""’Uj7m) € lift(RE](\:/?,N))

— C'IM, V)] = (Ci[M, V], ...Cou[ M, VE]).
Then C’[N, W] (Ch [N W] ., Cm[N,W;]) and the result directly follows
from the definition of the preorder <cce(M,N)-
— O =[]
The result follows from clauses (2g) and (2f) for R.
a

Lemma 8.62. Suppose that Ry ny is a finite-step {7}—simulati0n saturated by approxi-

mants (only defined on formal sums), and that C is a context with locations in {I}. The
following relation satisfies the clauses on formal sums for finite-step simulations up-to
lifting and environment:

S={((CIM),CIN). Y. 2) | Y RSy, Z}
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Proof. We can assume that the relation R/ ) is closed by {lN}, i.e., each location [ € {l~}
occurs in corresponding columns in the dynamic environment of the formal sums (formally:
for any Y, Z in the relation and for every [ € {i} there is an index r, for 1 <r <| Y |, such
that both Y|, and Z|, are tuples composed by location ). This assumption simplifies
our proof, while not affecting the results. Indeed, we can eliminate all the pairs that do
not satisfy the requirement of {i}-closure and we still have a finite-step {l}-simulation
saturated by approximants. _

The proof exploits the fact that if Rz ny is closed by {l} then Rfjj N) is closed
by {I} and, for any C such that Loc(C) C {I}, if > pis sis Vi RGN > qj,tJ,W and
(T} {Us}) € {CIM], Viki, {CIN], W;},)F then ({Ti}i, {U;};) € ({M, Vids, {N, W, )%,
since the locations in {l} are guaranteed to occur at corresponding columns in {V;}; and
{I/Tfj }; and then C can be turned into a location-free context.

The condition (2a) on the weights is immediately satisfied by the definition of Rff\j N)
since R is a simulation.

Then we prove that the conditions from (2b) to (2g) of finite-step simulation up-to lift-
ing and environment are satisfied by S§. Suppose that Y = Zipi;si;XN/i S(cm,cN)

> q],t], =Z with Y = Zipi;si;vi’,Z’ =2 qj;tj;WJ( related by R(ys,n) and such
that (Y/ Z) =cce(M,N) (Y Z)

for all r, if (V;), = Az.M; and (W )r = Az.N; then

for all ({Ti}i’{U]}]) ({cM ]aVz}za {CIN ]7W]}]) )
if > pissi; Vi; Mi{Tifr} = W then

W 1ift(Zenv (Sicp,oivy)) 22 a;; Wj - [(t;; Ni{Ui/e})]

Proof. We have three cases:

— if (V;), = Az.C'[M, V/] and (W )r = Az.C'|N, W’] for some location-free context

C' then, since R(u,ny 1s closed with respect to l, there is a location-free context
C" such that

Z pz,SMVuM{T/x} Z pl,Sl,Vl,C”[M V]
Z q%tJ?WJ’N{UJ/x} E QJvt%W]ﬂC//[N W]

and we derive the result by Lemma [8.61
— if (Vj), = ({Z’)  and (W )r = (W]’)w for some 7’ then, since Ry ) is closed
with respect to l, there is a location-free context C” such that
> i i Vis Mi{Tif} = 37, pis s Vi M O [M. Vi o}
25 453t Wis Ni{Usfey = 325 a5 W Ni{ O, Wil
Since Ry, is a finite-step simulation,
S i 86 Vi M{C"'[M, ‘7/]/95} = W

implies W 1ift(Ra,w) [>2; a5t W’ N;{C"IN, W] il/x}], which in turn implies
the result analogously to Lemma 3. 60
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—if (V3)r = M and (W), = N then M and N are values and by clause (2g)
applied to R, n) we have

S pii s Vi M1itt (R ) 3, 4ji tys Wi N
Hence, by clause (2b) applied to Ry, ) we have
> i Dis 8i; ‘7,-’, M; M {C"[M, XN/Z.’}/QC} — W

implies W 1ift(Ry,n)) [0 43 s WJ’, N; N;{Uj/z}], which in turn implies the
result (see the proof of Lemma (8.60)).
a

for all r, if (V;), ={; and (W}), = k; then

— S pissis Vi si(l) Lift(Sepa.o) > aj;ti; Wy ti(kj)
~ for all ({T3};, {U;};) € ({C[M],Vi}i, {C[N],W;};)* we have

i sills = T Vi Scopag.om) > itk — Ujl; W .

Proof. Since contexts used in < cq(as,n) are location-free and Ry, ) is closed with

respect to the locations in | (and thereby the locations in C[M], C[N] are in the
dynamic environment of the formal sums in Ry, 5 in corresponding columns), there

is an / such that (V/),» = I; and (W]’)T/ = k;j, then:
— DD 8 ‘N//,Si(li) Lift(Rovny) 2o; Qj§tj§/w7]/'7tj(kj) and we have
> pii sii Vi si(la)i TEL(RESE ) 30, a5ty W, 5 (Ry )

from which the result follows.
— by ({T:}:, {Us}) € ({M, V/}i, {N,W;};)* we derive

Sipissilli = TV Rowy 3 agstilky — Ul W
which implies
S pis sills = Tl Vi Sepa,omy o @i tilks — Uil Wi
(2d) for any ({si}s, {t;};)-fresh locations ({li}s, {k;};), R
and for all ({T;}i, {U;};) € {C[M], Vi}i, {C[N], W;},)*,
Sipissills = T Vil Scopy o) > @i tilk; = Usls Wi,k .

Proof. The result follows from ({T;};,{U;};) € ({M, ‘N/i’}i, {N, Wj’}]); as in the pre-
vious clause, by exploiting clause on K. O
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for all r, if (Vz)r =¢; and (W )r = ¢; then all constants in the two columns are the

(21)

(2g)

same (i.e., there is ¢, with ¢; = ¢; = ¢, for all 4, j).

Proof. For every r, there are three cases: either Y|, = Y'|,» and Z|, = Z’|,» for
some 7', in which case both columns are composed by the same constant, since R
is a finite-step simulation; or the value-context is a constant and Y |, = Z|, = ¢; or
the constants are respectively M and IV, in which case

S pis s Vi, M 1ift(R (M,N)) 225 353 Ly W’
(by clause (2g)) and thus they have to be the same constant, otherwise R would not

respect condition (2e). O

for all r, if (‘7@)7« = (Vi1,..., Vi) and (/I/I\?j)r = (Wj1,...,W;n) then
S pii 53 Vi, Vit oo, Vi LEE(Siep,omv)) 35 a3t Wi Wity o Wi

Proof. Y|, =Y'|,» and Z|, = Z'|,, for some 7’ then it follows from the definition
of R that

> pii 865 Vi Vit oo Vi LifE (S, cg) 25 0535 Wi, Wit oo, Wi,

Otherwise, for 1 < h < n we have that ({Vin}i,{Ujn};) € ({M, V/}i, {N, WJ’}]);,
which implies that

(Y, Z') <coe(ns,n) (i 563 Vi, Vi, oo Vims D i3t Wi, Wiy ooy Win),

i.e., the formal sums are in relation 1ift(Sicp,cny)) -
Finally, if (V;), = M and (W )r = N then the clause follows as in the previous cases

from Zipi,sZ,V M 1ift(Rwm,n)) Z qj;tis W N, by clause . O
Sipi Vi - [sis CIMD]Litt(Siepn,ongy) 5y 43 Wi - [ty CIND] -

Proof. Since Ry, ny is closed with respect to Z there is a location-free context C’
such that
Y;C[M]=Y;C'[M,Y]
Z;C|N] =1Z;C’'|N, Z]
and the result follows from Lemma O
O

We can now derive from Lemma [8.62] the congruence result. Let C' be a context such
that Loc(C) C {I}. Let R be a finite-step {I}-simulation such that (s; M) R {(t; N).
Then the relation

{({s; €M), {t; CIN]))} U{((CIM],CIN]), Y, Z) | Y R{z;ny Y}

is a finite step simulation up-to lifting and environment, since:
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e clause (1) on terms follows since Loc(C') C {1} and by clause (1) for R we have that
(1; s; 1,15t l) S R(M,N) gR((:]C\;N);

e the clauses for formal sums follow by Lemma [8.62

Proof of Theorem [8.52]

Let I = 1,1" and let V' = V, V" be a sequence of values whose types are consistent
with those of I/ and with locations in {I'}. Let C be a context with locations in {I’} and let
R be a finite-step {I}-simulation (saturated by approximants) relating (s; M) and (¢; N).
Then 1; S;TR( MmNy L t;Tand by repeatedly applying clause we derive that

1;s[l" — W],? R,y 1;¢[I" — W]j’

for a conswtent sequence of values w. (Note that we cannot guarantee by just using
clause that the tuple of values V" is assigned to {”, since locations in " might occur
in any Value in V”. Hence, we first have to put all the locations in {l’ } in the dynamic
environment.) Then by repeatedly applying clause (2c]) we derive

1; s[?” — ‘7”];7’ Rm,n 1;t[7" — ‘7"];7.
It is easy to see that if we restrict R(ys,n) to those pairs of formal sums whose dynamic

environments begin with the sequence 1" of locations then the clauses of finite-step {l~’}—
simulation are satisfied. Let R’( M,N) be such a restriction of R ). Then we can apply
Lemma [8.62] (see the proof of Theorem [8.51)) and derive that relation

S={((C[M],C[N]),Y,Z) | Y R'{3i vy Z}
is a finite-step {7’}—simulation (up-to lifting and environment). Since

(Lis[l”" — V"0, 140" = V"):T) € Ry € R (v =Scem,cn

we conclude (s[I” — V"] ; CIMDN<E @i — V7] C[N)).

~fin

Finally, by repeatedly applying clause to locations [ in the pair
1; 8[27/ — ‘7”];27 S(C[M},C[N]) l;t[flv” — ‘7//];7/

we derive L L
LU=vU Sceeny b '=v"U

which in turn implies (I’ = V'; C[M])<k < }<l’ V'; C[N]).

Proof of Theorem [8.54]
We prove that the relation

R={({I=V;:M),(I=V; N)) \ M <ex N A {I} = Loc(M) U Loc(N)}U
{((M7N)7Zipi5 Sis Vl'v P n ) Z 455 5 Wl ) 7W7jl) | M <cex N
A 3C,V such that ([({ =V ; C[M])] = > pis sis Ara VLV
A=V CIN)L = 5, st AWV 07
with Loc(C) C {I} = Loc(M) ULoc(N)
A they are first-order consistent)}
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satisfies the clauses of {I}-simulation. Let | = Iy,..l, = Loc(M) U Loc(N) and (I =
VM ) R <l VN ). Hence, M <y N and clause holds since, using context
C = M\x.xly...l,, (with no holes) we derive from M < ¢y N that 1; | = V liy s ln R,y
1;7: ‘7; I1, .0y ln.

To prove that R satisfies the clauses of simulation for formal sums, we first show the
following lemma.

Lemma 8.63. If Y Ry n) Z then for any C with Loc(C) C Loc(M) ULoc(N):
o If[Y;C[M,Y]] and [Z;C|N,Z]] are first-order consistent then
[Y; CIM, Y]] R,y [Z; CIN, Z]] ;

o If[Y;C[M,Y]] and [Z;C[N,Z]] are not first-order consistent then

[Y; C[M, Y]] 1itt (R ny) [Z: C[N, Z]].

Proof. If Y = Zipi;si;Vf,...,VTf R,y Zj qj;tj;ij...,W,]; = Z then they are first-
order consistent environment formal sums and there are C,s such that [(s; C[M])] =
Sipissis Ar.aViL Vi and [(s; C[N])] = > qji tj; Ae.aWi Wi and Loc(C) C {l} =
Loc(M) ULoc(N).

Let C’ be any context with Loc(C)) C {I} = Loc(M) ULoc(N) and let

Prror = Ao1, oy (A2, 2221 .0.20,2) C' [M, 21, .y )

and Py ¢ the same term with M substituted to N. It follows from M <. N that
C[M]PM,C’ Sctx C[N]PN,C"
We have that:
[(s; C[M]Pr,cn)] = [[{s; CIMD]Prmcr]
= [>2; pis sis (Parer Vi Vi)l 4 4
= [Spis 56 vz, 2.0V Vi) O,V V]
= ik Piks Sig; Az, 2.xVEL ViV k)

for [>°, pi; si; C'[M, Vf, V] = sz Dik; Sik; Vir and analogously for N:
[(s: CINIPxn.c)] = 32 @ity AwaW{ . WAW;

for [32; a3 ty3 C'IN, WY, s WAll = 32 1 i tins Wi ,
If [[Zzpl,sl,C’[M,Vl,..., V] and [[ZJ qji t;; C'[N, Wi, ...,W{]] are first order consistent,
then we can conclude, by the definition of R, that

b Vi Vi Usis C'IML VY, Vi

Ry 35 45 Wi, Wi - [t 3 C'IN, W, W)

If [, pis s6; C'[M, VY, ., V] and [32) g5 55 C'[N, W, ...,W}]] are not first order consis-
tent, which means that the dynamic environment is composed of different constants, then

for any constant ¢ we can use the term

Pyrore = Ax1, oy (A2, 2221 .0y 2) if C'[M, 21, ..., x,] = ¢ then ¢ else ()
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to derive, analogously as above, that

D (isklVi e} Piks Siei Vs ooy Vit Vi ROUNY 205 miw; et D Eihs W oo, Wit Wi,
and thus
Y OM, Y] = 30 3 v e} Pisks Sies Vi ooy Vit Vi
1ft(Rrw)) . .
D e 2o bWy p—c} Gk tns Wi s ooy Wi, Wy = Z; C[N, Z]
Od
Let Y =Y. pis si; Vi, o, Vi R(m,n) Zj g5 ty; le, - Wﬂ) = Z be first-order consistent

environment formal sums and let C,s be such that [(s; C[M])] = >, pi; 8i; Av.aV{... V!

and [(s; C[N])] = 32, gj;tj; Aw.aW{..Wi. We can now prove that R satisfies the simu-
lation clauses on formal sums.

It follows from the definition of <.ty that M <.ty N implies C[M] < tx C[N], which
implies weight(Y) = weight([(s; C[M])]) < weight([(s; C[N])]) = weight(Z).

@0) Let Vi = Az.M; and W] = Ax.N;. The result follows from Lemma using
context C' = [-],41C’, for any value context C”.

[2d) Let Vi =1; and wi = kj;. The result follows from Lemma respectively using
contexts C1 = [],4+1 and Cy = [],41 := C’, for any value context C’. In the latter
case, since the formal sums are first-order consistent we can use directly relation
R (m,n), Without the lifting construction (by the first item of Lemma [8.63).

(2d) The result follows from the first item of Lemma using context C' = (v 2:=C1)Cq,
for C; a value context and Cy a context with free variable x.

(2€¢) The result directly follows from the definition of R.

@f) For all r, if V! = (V;1,..., Vi) and Wi = (Wi, ..., Wjy) then the result follows by
iteratively applying Lemma using contexts C1 = #1([-],41), Cn = #n([],11)-

(2g) The result follows from Lemma using context C' = [];.
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Conclusions

9.1 Additional related works

We discuss here some additional works on probabilistic calculi based on different notions
of bisimulations (with respect to applicative or environmental) or different techniques for
proving contextual equivalence.

In [DLSA14] and [CD14] probabilistic applicative bisimulations for pure call-by-name
and call-by-value A-calculi are shown to be congruences. Completeness however only holds
in call-by-value, while it fails in call-by-name. In call-by-name, completeness is obtained
using coupled logical bisimulation, a probabilistic version of the logical bisimilarity for de-
terministic languages [SKS07]. While applicative bisimulation requires two functions to
be related whenever they take as input the same argument, logical bisimulation requires
two functions to be related whenever they take as input terms in the contextual closure
of the relation itself. Since the contextual closure of a relation includes identity, the set
of terms with which related functions are tested is enlarged with respect to applicative
bisimilarity. This makes the congruence proof easier by allowing a direct use of the induc-
tive hypothesis, thereby removing the need for Howe’s technique. Drawbacks of all forms
of logical bisimilarity are a non-monotone functional (which makes it harder to prove that
bisimilarity is the largest bisimulation) and a confinement to pure A-calculi. Further, up-
to techniques may be difficult in logical bisimilarity. For instance, Example cannot
be proved with the techniques in [DLSA14]: the equality fails for applicative bisimilarity,
and the up-to context technique provided for logical bisimilarity is not powerful enough
(the paper shows a similar example, akin to Example where however the functions
employed immediately throw away their input, and this is essential for the proof).

An alternative bisimulation for enriched calculi is normal form (or open) bisimulation
[San94; [SLO7; |LLO7; JPRO9]. This is complete (with respect to contextual equivalence)
only in certain extensions of the A-calculus (e.g., call-by-value with both state and callcc),
and would be incomplete in other languages (such as A-calculus without state or/and
callce, and languages with constants or types).

Another approach to contextual equivalence in higher-order languages is via logical
relations (see, e.g., [Mit96, Chapter 8] and |[Pit05]). This technique has been applied to
probabilistic typed higher-order languages by Bizjak and Birkedal [BB15]. Their prob-
abilistic logical relation uses biorthogonality, and is defined on terms, rather than on
distributions. These features introduce some universal quantification (e.g., on evaluation
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contexts) which makes it difficult to prove examples such as as discussed in |Biz16,
Section 1.5]. Proof techniques combining features of bisimulations and logical relations in
the non-probabilistic case are studied in [HDNV12; Nei+15; JT15].

In denotational semantics, fully abstract models for probabilistic PCF have been stud-
ied in [GL15] using domain theory and adding statistical termination testers, and in
[ETP14] using probabilistic coherence spaces. [DH02| provides a fully abstract game se-
mantics for probabilistic Algol, using a quotienting step.

Finally, in this work we have only considered exact behavioral equivalences, as op-
posed to approximate behavioral equivalences (allowing the programs to differ up to a
certain probability value p) or metrics (measuring the distance between the behaviors of
probabilistic programs) [DLT08; DJGP02]. Bisimulation metrics for an affine probabilistic
pure A-calculus have been recently proposed in |[CD15|. Applicative bisimulation metric is
proved to be sound with respect to the contextual distance, and a metric for an extensions
of the language with tuples is defined. In order to be sound with respect to the contextual
metric, the tuple distance is endowed with a notion of environment.

9.2 Conclusions and future work

In probabilistic A-calculi, even in cases where applicative bisimilarity is fully abstract for
contextual equivalence, the corresponding simulation may not be fully abstract for the
contextual preorder. Pure call-by-value is such an example. We have seen in Chapter
that extending the probabilistic call-by-value A-calculus with a parallel disjunction op-
erator allows us to recover full abstraction with respect to the contextual preorder. The
soundness proof is carried out throught Howe’s technique enriched with non-trivial ‘dis-
entangling’” properties for sets of real numbers; the completeness proof is based on the
encoding of “logical” tests characterizing probabilistic simulation on RPLTSs.

In Chapter [§] we have studied fully abstract environmental bisimulations for proba-
bilistic pure call-by-name and call-by-value A-calculi, and for a probabilistic A-calculus
with higher-order, local references. In all the considered calculi, full abstraction for envi-
ronmental bisimilarity carries over to the corresponding simulation, with a similar proof.
This shows a further difference between applicative and environmental (bi)simulations in
the probabilistic setting.

While we have tried to respect the general schema of environmental bisimulations, our
definitions and results present noticeable technical differences. Some differences, such as
the appeal to formal sums, are specific to probabilities. Other differences, however, may
be seen as insights into environmental bisimulations that were suggested by the study of
probabilities. An example is the distinction between a static and a dynamic environment,
which reflects the copying facilities of the language on the terms of the environment. This
distinction yields sharper congruence results, which show up well in the imperative A-
calculus: with ordinary environmental bisimulations, bisimilarity is fully substitutive only
for values, since for general terms substitutivity holds only for evaluation contexts (see
Example F_Z] The example in Section shows that static environments can also
be useful in context closures of ‘up-to context’ techniques.

12As a consequence, in ordinary bisimulation, we can prove that terms M and N are contextually
equivalent by showing that A.M and A.N are bisimilar [SKS11].
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To understand environmental bisimulations for call-by-value calculi, we have found
important the study of the imperative extension. Only in the richer language do vari-
ous aspects of our definitions find a justification: the use of formal sums (Example ;
dynamic environments as formal sums of tuples of values, as opposite to, e.g., tuples of for-
mal sums (Example; the lifting construct to handle first-order values (Example.
The pure call-by-value calculus has allowed us to present the concepts in a simpler set-
ting, as a stepping stone towards the imperative extension, but seems a rather peculiar
language, one in which a number of variations of the definitions collapse.

The dynamic environments are used only for the call-by-value calculi. In general, the
form of the bisimulation clauses depends on the features of the calculus. It would be
interesting to investigate an abstract formulation of bisimulation, of which the concrete
definitions presented in Chapter [§ would be instances. Possible bases for such a framework
could be coalgebras [RJ12] or bigraphs [Mil06].

Related to the problems with congruence of applicative bisimulations are also the
difficulties with “up-to context” techniques (the usefulness of these techniques in higher-
order languages and its problems with applicative bisimulations have been studied by
Lassen [Las98|; see also [San97; [KWO06b; PS12b]). Enhancements of the bisimulation
proof method, as up-to techniques, are particularly useful for environmental bisimulations
[SKS11] because of the quantification over contexts that appear in the definition and that
can make bisimulation proofs tedious. We have explored some basic enhancements, mainly
in call-by-name, including new forms of up-to techniques specific to probabilities such as
‘up-to lifting’. The study of powerful enhancements goes beyond the scopes of this work.
It could be pursued in a number of directions, for instance investigating other forms of
up-to and strengthening the ‘up-to context’ enhancements.

Another interesting direction for future work is the addition of concurrency. A major
consequence of this could be the move to semantics that combine probabilities with non-
determinism.
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