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On Coinductive Equivalences
for Higher-Order Probabilistic Functional Programs

Ugo Dal Lago Davide Sangiorgi Michele Alberti

Abstract

We study bisimulation and context equivalence in a probabilistic A-calculus. The con-
tributions of this paper are threefold. Firstly we show a technique for proving congruence
of probabilistic applicative bisimilarity. While the technique follows Howe’s method, some
of the technicalities are quite different, relying on non-trivial “disentangling” properties for
sets of real numbers. Secondly we show that, while bisimilarity is in general strictly finer
than context equivalence, coincidence between the two relations is attained on pure A-terms.
The resulting equality is that induced by Levy-Longo trees, generally accepted as the finest
extensional equivalence on pure A-terms under a lazy regime. Finally, we derive a coinductive
characterisation of context equivalence on the whole probabilistic language, via an extension
in which terms akin to distributions may appear in redex position. Another motivation for the
extension is that its operational semantics allows us to experiment with a different congruence
technique, namely that of logical bisimilarity.

1 Introduction

Probabilistic models are more and more pervasive. Not only are they a formidable tool when
dealing with uncertainty and incomplete information, but they sometimes are a necessity rather
than an option, like in computational cryptography (where, e.g., secure public key encryption
schemes need to be probabilistic [17]). A nice way to deal computationally with probabilistic models
is to allow probabilistic choice as a primitive when designing algorithms, this way switching from
usual, deterministic computation to a new paradigm, called probabilistic computation. Examples
of application areas in which probabilistic computation has proved to be useful include natural
language processing [31], robotics [48], computer vision [8], and machine learning [36].

This new form of computation, of course, needs to be available to programmers to be accessible.
And indeed, various probabilistic programming languages have been introduced in the last years,
spanning from abstract ones [24, 40, 35] to more concrete ones [37, 18], being inspired by various
programming paradigms like imperative, functional or even object oriented. A quite common
scheme consists in endowing any deterministic language with one or more primitives for probabilistic
choice, like binary probabilistic choice or primitives for distributions.

One class of languages that copes well with probabilistic computation are functional languages.
Indeed, viewing algorithms as functions allows a smooth integration of distributions into the
playground, itself nicely reflected at the level of types through monads [20, 40]. As a matter of fact,
many existing probabilistic programming languages [37, 18] are designed around the A-calculus or
one of its incarnations, like Scheme. All these allows to write higher-order functions (i.e., programs
can take functions as inputs and produce them as outputs).

The focus of this paper are operational techniques for understanding and reasoning about pro-
gram equality in higher-order probabilistic languages. Checking computer programs for equivalence
is a crucial, but challenging, problem. Equivalence between two programs generally means that the
programs should behave “in the same manner” under any context [32]. Specifically, two A-terms are
context equivalent if they have the same convergence behavior (i.e., they do or do not terminate)
in any possible context. Finding effective methods for context equivalence proofs is particularly
challenging in higher-order languages.



Bisimulation has emerged as a very powerful operational method for proving equivalence of
programs in various kinds of languages, due to the associated coinductive proof method. To be
useful, the behavioral relation resulting from bisimulation — bisimilarity — should be a congruence,
and should also be sound with respect to context equivalence. Bisimulation has been transplanted
onto higher-order languages by Abramsky [1]. This version of bisimulation, called applicative
bisimulation has received considerable attention [19, 38, 42, 27, 39, 28]. In short, two functions M
and N are applicative bisimilar when their applications M P and NP are applicative bisimilar for
any argument P.

Often, checking a given notion of bisimulation to be a congruence in higher-order languages
is nontrivial. In the case of applicative bisimilarity, congruence proofs usually rely on Howe’s
method [22]. Other forms of bisimulation have been proposed, such as environmental bisimulation
and logical bisimulation [44, 45, 25], with the goal of relieving the burden of the proof of congruence,
and of accommodating language extensions.

In this work, we consider the pure A-calculus extended with a probabilistic choice operator.
Context equivalence of two terms means that they have the same probability of convergence in all
contexts. The objective of the paper is to understand context equivalence and bisimulation in this
paradigmatic probabilistic higher-order language, called Ag.

The paper contains three main technical contributions. The first is a proof of congruence for
probabilistic applicative bisimilarity along the lines of Howe’s method. This technique consists in
defining, for every relation on terms R, its Howe’s lifting R*’. The construction, essentially by
definition, ensures that the relation obtained by lifting bisimilarity is a congruence; the latter is then
proved to be itself a bisimulation, therefore coinciding with applicative bisimilarity. Definitionally,
probabilistic applicative bisimulation is obtained by setting up a labelled Markov chain on top of
A-terms, then adapting to it the coinductive scheme introduced by Larsen and Skou in a first-order
setting [26]. In the proof of congruence, the construction ()H closely reflects analogous constructions
for nondeterministic extensions of the A-calculus. The novelties are in the technical details for
proving that the resulting relation is a bisimulation: in particular our proof of the so-called
Key Lemma — an essential ingredient in Howe’s method — relies on non-trivial “disentangling’
properties for sets of real numbers, these properties themselves proved by modeling the problem
as a flow network and then apply the Max-flow Min-cut Theorem. The congruence of applicative
bisimilarity yields soundness with respect to context equivalence as an easy corollary. Completeness,
however, fails: applicative bisimilarity is proved to be finer. A subtle aspect is also the late vs.
early formulation of bisimilarity; with a choice operator the two versions are semantically different;
our construction crucially relies on the late style.

In our second main technical contribution we show that the presence of higher-order functions
and probabilistic choice in contexts gives context equivalence and applicative bisimilarity maximal
discriminating power on pure A-terms. We do so by proving that, on pure A-terms, both context
equivalence and applicative bisimilarity coincide with the Levy-Longo tree equality, which equates
terms with the same Levy-Longo tree (briefly LLT). The LLT equality is generally accepted as the
finest extensional equivalence on pure A-terms under a lazy regime. The result is in sharp contrast
with what happens under a nondeterministic interpretation of choice (or in the absence of choice),
where context equivalence is coarser than LLT equality.

Our third main contribution is a coinductive characterisation of probabilistic context equivalence
on the whole language Ag (as opposed to the subset of pure A-terms). We obtain this result
by setting a bisimulation game on an extension of Ag in which weighted formal sums — terms
akin to distributions — may appear in redex position. Thinking of distributions as sets of terms,
the construction reminds us of the reduction of nondeterministic to deterministic automata. The
technical details are however quite different, because we are in a higher-order language and therefore

— once more — we are faced with the congruence problem for bisimulation, and because formal
sums may contain an infinite number of terms. For the proof of congruence of bisimulation
in this extended language, we have experimented the technique of logical bisimulation. In this
method (and in the related method of environmental bisimulation), the clauses of applicative
bisimulation are modified so to allow the standard congruence argument for bisimulations in first-
order languages, where the bisimulation method itself is exploited to establish that the closure of
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the bisimilarity under contexts is again a bisimulation. Logical bisimilarities have two key elements.
First, bisimilar functions may be tested with bisimilar (rather than identical) arguments (more
precisely, the arguments should be in the context closure of the bisimulation; the use of contexts
is necessary for soundness). Secondly, the transition system should be small-step, deterministic
(or at least confluent), and the bisimulation game should also be played on internal moves. In
our probabilistic setting, the ordinary logical bisimulation game has to be modified substantially.
Formal sums represent possible evolutions of running terms, hence they should appear in redex
position only (allowing them anywhere would complicate matters considerably), also making the
resulting bisimulation proof technique more cumbersome). The obligation of redex position for
certain terms is in contrast with the basic schema of logical bisimulation, in which related terms
can be used as arguments to bisimilar functions and can therefore end up in arbitrary positions.
We solve this problem by moving to coupled logical bisimulations, where a bisimulation is formed
by a pair of relations, one on Ag-terms, the other on terms extended with formal sums. The
bisimulation game is played on both relations, but only the first relation is used to assemble input
arguments for functions.

Another delicate point is the meaning of internal transitions for formal sums. In logical
bisimilarity the transition system should be small-step; and formal sums should evolve into values
in a finite number of steps, even if the number of terms composing the formal sum is infinite.
We satisfy these requirements by defining the transition system for extended terms on top of
that of Ag-terms. The proof of congruence of coupled logical bisimilarity also exploits an “up-to
distribution” bisimulation proof technique.

In the paper we adopt call-by-name evaluation. The results on applicative bisimilarity can be
transported onto call-by-value; in contrast, transporting the other results is more problematic, and
we leave it for future work. See Section 8 for more details.

1.1 Further Related Work

Research on (higher-order) probabilistic functional languages have, so far, mainly focused on
either new programming constructs, or denotational semantics, or applications. The underlying
operational theory, which in the ordinary A-calculus is known to be very rich, has remained so far
largely unexplored. In this section, we give some pointers to the relevant literature on probabilistic
A-calculi, without any hope of being exhaustive.

Various probabilistic A-calculi have been proposed, starting from the pioneering work by Saheb-
Djahromi [41], followed by more advanced studies by Jones and Plotkin [24]. Both these works are
mainly focused on the problem of giving a denotational semantics to higher-order probabilistic
computation, rather than on studying it from an operational point view. More recently, there
has been a revamp on this line of work, with the introduction of adequate (and sometimes also
fully-abstract) denotational models for probabilistic variations of PCF [11, 16]. There is also
another thread of research in which various languages derived from the A-calculus are given types
in monadic style, allowing this way to nicely model concrete problems like Bayesian inference and
probability models arising in robotics [40, 35, 20]; these works however, do not attack the problem
of giving an operationally based theory of program equivalence.

Nondeterministic extensions of the A-calculus have been analysed in typed calculi [3, 47, 27] as
well as in untyped calculi [23, 7, 33, 13]. The emphasis in all these works is mainly domain-theoretic.
Apart from [33], all cited authors closely follow the testing theory [12], in its modalities may or
must, separately or together. Ong’s approach [33] inherits both testing and bisimulation elements.

Our definition of applicative bisimulation follows Larsen and Skou’s scheme [26] for fully-
probabilistic systems. Many other forms of probabilistic bisimulation have been introduced in the
literature, but their greater complexity is usually due to the presence of both nondeterministic and
probabilistic behaviors, or to continuous probability distributions. See surveys such as [5, 34, 21].

Contextual characterisations of LLT equality include [6], in a A-calculus with multiplicities
in which deadlock is observable, and [15], in a A-calculus with choice, parallel composition, and
both call-by-name and call-by-value applications. The characterisation in [43] in a A-calculus with
non-deterministic operators, in contrast, is not contextual, as derived from a bisimulation that
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Figure 1: Big-step call-by-name approximation semantics for Ag.

includes a clause on internal moves so to observe branching structures in behaviours. See [14] for a
survey on observational characterisations of A-calculus trees.

2 Preliminaries

2.1 A Pure, Untyped, Probabilistic Lambda Calculus

Let X = {z,vy,...} be a denumerable set of variables. The set Ag of term expressions, or terms is
defined as follows:
M,N,L :=z | \e.M | MN | M@ N,

where € X. The only non-standard operator in Ag is probabilistic choice: M @& N is a term
which is meant to behave as either M or N, each with probability % A more general construct
M &, N where p is any (computable) real number from [0, 1], is derivable, given the universality
of the A-calculus (see, e.g., [10]). The set of free variables of a term M is indicated as FV (M)
and is defined as usual. Given a finite set of variables T C X, Ag(T) denotes the set of terms
whose free variables are among the ones in Z. A term M is closed if FV(M) = () or, equivalently,
if M € Ag(0). The (capture-avoiding) substitution of N for the free occurrences of = in M is

denoted M{N/z}. We sometimes use the identity term I ef Azx.z, the projector K &f Az \y.x,

and the purely divergent term Q ' (Az.zz)(Az.ax).

Terms are now given a call-by-name semantics following [10]. A term is a value if it is a closed
A-abstraction. We call VAg the set of all values. Values are ranged over by metavariables like
V, W, X. Closed terms evaluates not to a single value, but to a (partial) value distribution, that is,
a function 7 : VAg — Rjo,1) such that -y oy, Z(V) < 1. The set of all value distributions is P.
Distributions do not necessarily sum to 1, so to model the possibility of (probabilistic) divergence.
Given a value distribution 2, its support S(2) is the subset of VAg whose elements are values to
which 2 attributes positive probability. Value distributions ordered pointwise form both a lower
semilattice and an wCPO: limits of w-chains always exist. Given a value distribution 2, its sum
2718 Y vevny Z2(V).

The call-by-name semantics of a closed term M is a value distribution [M] defined in one of
the ways explained in [10]. We recall this now, though only briefly for lack of space. The first step
consists in defining a formal system deriving finite lower approximations to the semantics of M.
Big-step approximation semantics, as an example, derives judgments in the form M || &, where M
is a term and 2 is a value distribution of finite support (see Figure 1). Small-step approximation
semantics can be defined similarly, and derives judgments in the form M = . Noticeably, big-step
and small-step can simulate each other, i.e. if M || 2, then M = & where & > 2, and vice
versa [10]. In the second step, [M], called the semantics of M, is set as the least upper bound of
distributions obtained in either of the two ways:

[M] e sup 4 = sup 2.
Mi2 M=2

Notice that the above is well-defined because for every M, the set of all distributions & such that
M | Z is directed, and thus its least upper bound is a value distribution because of w-completeness.

Example 2.1 Consider the term M L (K@ Q). We have M | 2, where 2(I) = 1 and 2(V))

is 0 elsewhere, as well as M || O, where O is the empty distribution. The distribution [M] assigns
% toIandi to K.

bs



expone f n = (f n) (+) (expone f n+1)
exptwo £ = (\x -> £ x) (+) (exptwo (\x -> f (x+1)))
expthree k f n = foldp k n f (expthree (expone id k) f)

foldp On f g
foldpmn f g

gn
(f n) (+) (foldp (m-1) (n+1) f g)

Figure 2: Three Higher-Order Functions

The semantics of terms satisfies some useful equations, such as:

Lemma 2.2 [(Az.M)N] = [M{N/z}].

Lemma 2.3 [M & N] = 1[M] + 1[N].

Proof. See [10] for detailed proofs. O

We are interested in context equivalence in this probabilistic setting. Typically, in a qualitative
scenario as the (non)deterministic one, terms are considered context equivalent if they both converge
or diverge. Here, we need to take into account quantitative information.

Definition 2.4 (Context Preorder and Equivalence) The expression M, stands fory [M] =
p, i.e., the term M converges with probability p. The context preorder <g stipulates M<gN if
CIM, implies C[N, with p < g, for every closing context C. The equivalence induced by <g
s probabilistic context equivalence, denoted as ~g.

Remark 2.5 (Types, Open Terms) The results in this paper are stated for an untyped language.
Adapting them to a simply-typed language is straightforward; we use integers, booleans and recursion
in examples. Moreover, while the results are often stated for closed terms only, they can be
generalized to open terms in the expected manner. In the paper, context equivalences and preorders
are defined on open terms; (bi)similarities are defined on closed terms and it is then intended that
they are extended to open terms by requiring the usual closure under substitutions.

Example 2.6 We give some basic examples of higher-order probabilistic programs, which we will
analyse using the coinductive techniques we introduce later in this paper. Consider the functions
expone, exptwo, and expthree from Figure 2. They are written in a Haskell-like language extended
with probabilistic choice, but can also be seen as terms in a (typed) probabilistic \-calculus with
integers and recursion akin to Ag. Term expone takes a function £ and a natural number n in
input, then it proceeds by tossing a fair coin (captured here by the binary infix operator (+)) and,
depending on the outcome of the toss, either calls £ on n, or recursively calls itself on £ and n+1.
When fed with, e.g., the identity and the natural number 1, the program expone evaluates to the
geometric distribution assigning probability 2% to any positive natural number n. A similar effect
can be obtained by exptwo, which only takes £ in input, then “modifying” it along the evaluation.
The function expthree is more complicated, at least apparently. To understand its behavior, one
should first look at the auziliary function foldp. If m and n are two natural numbers and £ and g
are two functions, foldp m n f g call-by-name reduces to the following expression:
(f n) (#) ((f n+1) () ... ((f n+m-1) (+) (g n+m))).

The term expthree works by forwarding its three arguments to foldp. The fourth argument is
a recursive call to expthree where, however, k is replaced by any number greater or equal to it,
chosen according to a geometric distribution. The functions above can all be expressed in Ag),
using fived-point combinators. As we will see soon, expone, exptwo, and expthree k are context
equivalent whenever k is a natural number.



2.2 Probabilistic Bisimulation

In this section we recall the definition and a few basic notions of bisimulation for labelled Markov
chains, following Larsen and Skou [26]. In Section 3 we will then adapt this form of bisimilarity to
the probabilistic A-calculus Ag by combining it with Abramsky’s applicative bisimilarity.

Definition 2.7 A labelled Markov chain is a triple (S, L, P) such that:
e S is a countable set of states;
o L is set of labels;
e P is a transition probability matrix, i.e. a function

PZSXKXS%R[OJ]
such that the following normalization condition holds:
Ve LYseS. P(s,¢,S) <1

where, as usual P(s, £, X) stands for Y,y P(s,{,t) whenever X C S.

If R is an equivalence relation on S, S/R denotes the quotient of S modulo R, i.e., the set of all
equivalence classes of S modulo R. Given any binary relation R, its reflexive and transitive closure
is denoted as R*.

Definition 2.8 Given a labelled Markov chain (S, L, P), a probabilistic bisimulation is an equiv-
alence relation R on S such that (s,t) € R implies that for every £ € L and for every E € S/R,
P(s,l,E) =P(t, {,E).

Note that a probabilistic bisimulation has to be, by definition, an equivalence relation. This means
that, in principle, we are not allowed to define probabilistic bisimilarity simply as the union of all
probabilistic bisimulations. As a matter of fact, given R, T two equivalence relations, R U T is not
necessarily an equivalence relation. The following is a standard way to overcome the problem:

Lemma 2.9 If {R;}ic1, is a collection of probabilistic bisimulations, then also their reflexive and
transitive closure ([J;c; Ri)* is a probabilistic bisimulation.

Proof. Let us fix T < (Uier Ri)*. The fact that 7 is an equivalence relation can be proved as

follows:

e Reflexivity is easy: T is reflexive by definition.

e Symmetry is a consequence of symmetry of each of the relations in {R;}icr: if s T ¢, then
there are n > 0 states v, ..., v, such that vg = s, v,, =t and for every 1 < ¢ < n there is j
such that v;—1 R; v;. By the symmetry of each of the R;, we easily get that v; R; v;i—1. As a
consequence, t T s.

o Transitivity is itself very easy: T is transitive by definition.

Now, please notice that for any i € I, R; C | i1 Ry C T. This means that any equivalence class
with respect to 7 is the union of equivalence classes with respect to R;. Suppose that s 7 ¢. Then
there are n > 0 states vy, ..., v, such that vg = s, v, =t and for every 1 < i < n there is j such
that v;_1 R; v;. Now, if € L and E € §/T, we obtain

P(s,¢,E) = P(vo,l,E) = ... = P(vp, {,E) = P(t,{,E).
This concludes the proof. O

Lemma 2.9 allows us to define the largest probabilistic bisimulation, called probabilistic bisimilarity.

It is ~%' (U{R | R is a probabilistic bisimulation}. Indeed, by Lemma 2.9, (~)* is a probabilistic

bisimulation too; we now claim that ~ = (~)*. The inclusion ~ C (~)* is obvious. The other way
around, ~2 (~)*, follows by (~)* being a probabilistic bisimulation and hence included in the
union of them all, that is ~.



In the notion of a probabilistic simulation, preorders play the role of equivalence relations:
given a labelled Markov chain (S, £, P), a probabilistic simulation is a preorder relation R on S
such that (s,t) € R implies that for every ¢ € £ and for every X C S, P(s,¢,X) < P(t, ¢, R(X)),
where as usual R(X) stands for the R-closure of X, namely the set {y € S| Iz € X. z R y}.
Lemma 2.9 can be adapted to probabilistic simulations:

Proposition 2.10 If {R;}icr, is a collection of probabilistic simulations, then also their reflexive
and transitive closure (;c; Ri)* is a probabilistic simulation.

Proof. The fact that R %' (User Ri)* is a preorder follows by construction. Then, for being a
probabilistic simulation R must satisfy the following property: (s,t) € R implies that for every
¢ € L and for every X C S, P(s,0,X) < P(t,4,R(X)). Let (s,t) € R. There are n > 0 states

v1,...,V, and for every 2 < i < n there is j; such that
S =11 Rj2 V.. .vn_lenvn =1.
As a consequence, for every ¢ € L and for every X C S, it holds that
P(vr, b, X) < Plug, 6, R, (X)) < Plus, £, R (Rjy (X)) < - S Pon, £, Ry, (- (Ryy (R, (X))
Since, by definition,
Ry, (- (R3 (R, (X)) € R(X),
it follows that P(s, ¢, X) < P(t,£,R(X)). This concludes the proof. O

As a consequence, we define similarity simply as gd:ef U{R | R is a probabilistic simulation}.
Any symmetric probabilistic simulation is a probabilistic bisimulation.

Lemma 2.11 If R is a symmetric probabilistic simulation, then R is a probabilistic bisimulation.

Proof. If R is a symmetric probabilistic simulation, by definition, it is also a preorder: that is,
it is a reflexive and transitive relation. Therefore, R is an equivalence relation. But for being a
probabilistic bisimulation R must also satisfy the property that sRt¢ implies, for every ¢ € £ and
for every E € S/R, P(s,{,E) = P(t,¢,E). From the fact that R is a simulation, it follows that
if sRt, for every £ € £ and for every E € S/R, P(s,{,E) < P(t,{,R(E)). Since E € §/R is an
R-equivalence class, it holds R(E) = E. Then, from the latter follows P(s,¢,E) < P(t,{,E). We get
the other way around by symmetric property of R, which implies that, for every label ¢ and for
every E € S/R, P(t,{,E) < P(s,{,E). Hence, P(s,{,E) = P(t,¢,E) which completes the proof. O

Moreover, every probabilistic bisimulation, and its inverse, is a probabilistic simulation.

Lemma 2.12 If R is a probabilistic bisimulation, then R and R°P are probabilistic simulation.

Proof. Let us prove R probabilistic simulation first. Consider the set {X;};c; of equivalence
subclasses module R contained in X. Formally, X = L+Jie ; X; such that, for all 7 € I, X; C E; with
E; equivalence class modulo R. Please observe that, as a consequence, R(X) = L+Ji€ 1 E;. Thus, the
result easily follows, for every £ € £ and every X C S,

P(s, 0, X) =Y P(s, 0, X;)
el

< Z'P(S,& Ei)
iel
i€l

Finally, R°P is also a probabilistic simulation as a consequence of symmetric property of R and
the fact, just proved, that R is a probabilistic simulation. O



Contrary to the nondeterministic case, however, simulation equivalence coincides with bisimulation:
Proposition 2.13 ~ coincides with < N <°P.

Proof. The fact that ~ is a subset of < N < is a straightforward consequence of symmetry
property of ~ and the fact that, by Lemma 2.12, every probabilistic bisimulation is also a
probabilistic simulation. Let us now prove that < N <°P is a subset of ~, i.e., the former of being
a probabilistic bisimulation. Of course, < N <P is an equivalence relation because < is a preorder.

Now, consider any equivalence class E modulo < N <°. Define the following two sets of states

X d:e% (E) and Y 4 X _E. Observe that Y and E are disjoint set of states whose union is precisely

X. Moreover, notice that both X and Y are closed with respect to <:
e On the one hand, if s €< (X), then s €< (S (E)) =S (E) = X;
e On the other hand, if s €< (Y), then there is t € X which is not in E such that ¢ < s. But
then s is itself in X (see the previous point), but cannot be E, because otherwise we would have
s < t, meaning that s and ¢ are in the same equivalence class modulo < N <P, and thus ¢t € E,
a contradiction.
As a consequence, given any (s,t) €SN <° and any ¢ € L,

P(s, 4, X) <P, ¢, < (X)) =P(t,¢4,X),
,P(tagaX) < ’P(S,E,g (X)) - P(S,Z,X)

It follows P(s, 4, X) = P(t,¢, X) and, similarly, P(s,,Y) = P(t,£,Y). But then,

P(s,L,E) =P(s,6,X) —P(s,£,Y)
= P(t7€7X) - ’P(t,E,Y) = P(ta L, E)

which is the thesis. O

For technical reasons that will become apparent soon, it is convenient to consider Markov chains in
which the state space is partitioned into disjoint sets, in such a way that comparing states coming
from different components is not possible. Remember that the disjoint union |#,.; X; of a family
of sets {X;}icr is defined as {(a,i) | i € I Aa € X;}. If the set of states S of a labelled Markov
chain is a disjoint union l,.; X;, one wants that (bi)simulation relations only compare elements
coming from the same X;, i.e. (a,7)R(b,J) implies i = j. In this case, we say that the underlying
labelled Markov chain is multisorted.

3 Probabilistic Applicative Bisimulation and Howe’s tech-
nique

In this section, notions of similarity and bisimilarity for Ag are introduced, in the spirit of
Abramsky’s work on applicative bisimulation [1]. Definitionally, this consists in seeing Ag’s
operational semantics as a labelled Markov chain, then giving the Larsen and Skou’s notion of
(bi)simulation for it. States will be terms, while labels will be of two kinds: one can either evaluate
a term, obtaining (a distribution of) values, or apply a term to a value.

The resulting bisimulation (probabilistic applicative bisimulation) will be shown to be a
congruence, thus included in probabilistic context equivalence. This will be done by a non-trivial
generalization of Howe’s technique [22], which is a well-known methodology to get congruence
results in presence of higher-order functions, but which has not been applied to probabilistic calculi
so far.

Formalizing probabilistic applicative bisimulation requires some care. As usual, two values
Az.M and \x.N are defined to be bisimilar if for every L, M{L/z} and N{L/z} are themselves
bisimilar. But how if we rather want to compare two arbitrary closed terms M and N? The
simplest solution consists in following Larsen and Skou and stipulate that every equivalence class
of VAg modulo bisimulation is attributed the same measure by both [M] and [N]. Values are



thus treated in two different ways (they are both terms and values), and this is the reason why
each of them corresponds to two states in the underlying Markov chain.

Definition 3.1 Ag can be seen as a multisorted labelled Markov chain (Ag(0) W VAg, Ag (D) W
{7}, Pg) that we denote with Ag. Labels are either closed terms, which model parameter passing,
or T, that models evaluation. Please observe that the states of the labelled Markov chain we have
just defined are elements of the disjoint union Ag(0) WVAg. Two distinct states correspond to the
same value V', and to avoid ambiguities, we call the second one (i.e. the one coming from VAg) a
distinguished value. When we want to insist on the fact that a value Ax.M 1is distinguished, we
indicate it with va.M. We define the transition probability matrix Pg as follows:
e For every term M and for every distinguished value vx.N,

P (M, 7,v2.N) L [M](va.N);
e For every term M and for every distinguished value vx.N,
Pa(va.N, M, N{M/z}) < 1;
o In all other cases, Pg returns 0.

Terms seen as states only interact with the environment by performing 7, while distinguished
values only take other closed terms as parameters.

Simulation and bisimulation relations can be defined for Ag as for any labelled Markov chain.
Even if, strictly speaking, these are binary relations on Ag(0) W VAg, we often see them just as
their restrictions to Ag(0). Formally, a probabilistic applicative bisimulation (a PAB) is simply
a probabilistic bisimulation on Ag. This way one can define probabilistic applicative bisimilarity,
which is denoted ~. Similarly for probabilistic applicative simulation (PAS) and probabilistic
applicative similarity, denoted <.

Remark 3.2 (Early vs. Late) Technically, the distinction between terms and values in Defini-
tion 3.1 means that our bisimulation is in late style. In bisimulations for value-passing concurrent
languages, “late” indicates the explicit manipulation of functions in the clause for input actions:
functions are chosen first, and only later, the input value received is taken into account [46].
Late-style is used in contraposition to early style, where the order of quantifiers is exchanged, so
that the choice of functions may depend on the specific input value received. In our setting, adopting

an early style would mean having transitions such as Ax.M EiN M{N/z}, and then setting up a
probabilistic bisimulation on top of the resulting transition system. We leave for future work a
study of the comparison between the two styles. In this paper, we stick to the late style because
easter to deal with, espectally under Howe’s technique. Previous works on applicative bisimulation
for nondeterministic functions also focus on the late approach [33, 38].

Remark 3.3 Defining applicative bisimulation in terms of multisorted labelled Markov chains

has the advantage of recasting the definition in a familiar framework; most importantly, this

formulation will be useful when dealing with Howe’s method. To spell out the explicit operational

details of the definition, a probabilistic applicative bisimulation can be seen as an equivalence relation

R C Ag (D) x Ag(0) such that whenever M R N:

1. [MJ(ENVAg) = [NJ(ENVAg), for any equivalence class E of R (that is, the probability of
reaching a value in E is the same for the two terms);

2. if M and N are values, say \z.P and \v.Q, then P{L/z} R Q{L/z}, for all L € Ag(0).

The special treatment of values, in Clause 2., motivates the use of multisorted labelled Markov

chains in Definition 3.1.

As usual, one way to show that any two terms are bisimilar is to prove that one relation
containing the pair in question is a PAB. Terms with the same semantics are indistinguishable:



Lemma 3.4 The binary relation R = {(M,N) € Ag(0) x Ag(0) s.t. [M] = [N]} W{(V,V) €
VA@ X VA@} 1s a PAB.

Proof. The fact R is an equivalence easily follows from reflexivity, symmetry and transitivity
of set-theoretic equality. R must satisfy the following property for closed terms: if MRN, then
for every E € VAg/R, Pgs(M,T,E) = Pg(N,7,E). Notice that if [M] = [N], then clearly
Peo(M,1,V) =Pg(N,1,V), for every V € VAg. With the same hypothesis,

P@(MaTaE) = Z P@(MvTv V)
VEE
=Y Pa(N,7,V) = Pg(N,T,E).
VEE

Moreover, R must satisfy the following property for cloned values: if va.MRvz.N, then for every
close term L and for every E € Ag(0))/R, Pg(ve.M, L,E) = Pg(vz.N, L,E). Now, the hypothesis
[ve.M] = [ve.N] implies M = N. Then clearly Pg(vz.M, L, P) = Pg(vz.N, L, P) for every
P € Ag (D). With the same hypothesis,

Pa(va.M,L,E) = > Pg(va.M,L,P)
PcE

= Ps(va.N,L,P)=Pg(vz.N,L,E).
PcE

This concludes the proof. O

Please notice that the previous result yield a nice consequence: for every M, N € Ag(0),
(Az.M)N ~ M{N/z}. Indeed, Lemma 2.3 tells us that the latter terms have the same semantics.

Conversely, knowing that two terms M and N are (bi)similar means knowing quite a lot about
their convergence probability:

Lemma 3.5 (Adequacy of Bisimulation) If M ~ N, then > [M] = Y_[N]. Moreover, if
M < N, then Y [M] < > [N].
Proof.

Y IMl= > Ps(M,rE)

EEVA g/~

= > Pa(N,7,E) =) [N].

E€VAg/~

And,

Z[[M]] =Ps(M,7,VAg)
S P@(Na T,,S (VA@))

= Pa(N,7,VAg) = Y [N].
This concludes the proof. O

Example 3.6 Bisimilar terms do not necessarily have the same semantics. After all, this is one
reason for using bisimulation, and its proof method, as basis to prove fine-grained equalities among
functions. Let us consider the following terms:

MY (Da.(za2)® (M) e

NEoe (Az.Ix);
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Their semantics differ, as for every value V', we have:

1 . .
_ 7 Vs x.(z D) or M.z
[MIV) = { 0 otherwise;
Lifvois Aa.Ix;
— 2 )
IN(V) = { 0 otherwise.

Nonetheless, we can prove M ~ N. Indeed, ve.(x @ x) ~ ve.x ~ va.lx because, for every
L € Ag (D), the three terms L, L& L and IL all have the same semantics, i.e., [L]. Now, consider
any equivalence class E of distinguished values modulo ~. If E includes the three distinguished
values above, then
1
Pe(M,7,E) = Y [M](V) = 5= > _[NI(V) = Pg(N,7,E).

VeE VEE
Otherwise, Pgy(M,T,E) = 0 = Pg (N, 7,E).

Let us prove the following technical result that, moreover, stipulate that bisimilar distinguished
values are bisimilar values.

Lemma 3.7 \o.M ~ Ax.N iff va.M ~ va.N iff M{L/z} ~ N{L/z}, for all L € Ag (D).

Proof. The first double implication is obvious. For that matter, distinguished values are value
terms. Let us now detail the second double implication. (=) The fact that ~ is a PAB implies, by
its definition, that for every L € Ag (D) and every E € Ag(0)/~, Pg(ve.M, L,E) = Pg(vz.N, L,E).
Suppose then, by contradiction, that M{L/z} £ N{L/z}, for some L € Ag (). The latter means
that, there exists F € Ag(0)/~ such that M{L/z} € F and N{L/z} ¢ F. According to its
definition, for all P € Ag(0), Pg(va.M,L,P) = 1 iff P = M{L/z}, and Pg(ve.M,L,P) = 0
otherwise. Then, since M{L/z} € F, we derive Pg(ve.M,L,F) = Y pcp Po(Ae.M,L,P) >
Pe(va.M, L, M{L/z}) = 1, which implies Y pop Pa(va.M, L, P) = Pg(ve.M, L,F) = 1. Although
vx.N is a distinguished value and the starting reasoning we have just made above still holds,
Po(ve.N,L,F) = pep Po(ve.N,L, P) = 0. We get the latter because there is no P € F of the
form N{L/z} due to the hypothesis that N{L/z} ¢ F.

From the hypothesis on the equivalence class F, i.e. Pg(va.M,L,F) = Pg(vz.N, L,F), we
derive the absurd:

1=Pg(ve.M,L,F) = Pg(ve.N,L,F) =0.

(<) We need to prove that, for every L € Ag(0) and every E € Ag(0)/~, Pg(ve.M,L,E) =
Pa(va.N, L,E) supposing that M{L/z} ~ N{L/z} holds. First of all, let us rewrite Pg(v2.M, L,E)
and Pg(ve.N, L,E) as ) pog Po(ve.M, L, P) and ) pp P (ve.N, L, P) respectively. Then, from
the hypothesis and the same reasoning we have made for (=), for every E € Ag(0)/~:

ZP@(W.M&P):{ 1 if M{L/z} € E; :{ 1 if N{I/z} € E;

PcE

=Y Pe(va.N,L,P)

PcE

0 otherwise 0 otherwise

which proves the thesis. O

The same result holds for <.

3.1 Relating Applicative Bisimulation and Context Equivalence

In this section, we prove that probabilistic applicative bisimulation is indeed a congruence, and
that its non-symmetric sibling is a precongruence. The overall structure of the proof is similar
to the one by Howe [22]. The main idea consists in defining a way to turn an arbitrary relation
R on (possibly open) terms to another one, R, in such a way that, if R satisfies a few simple
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conditions, then R is a (pre)congruence including R. The key step, then, is to prove that R is
indeed a (bi)simulation. In view of Proposition 2.13, considering similarity suffices here.

It is here convenient to work with generalizations of relations called Ag-relations, i.e. sets
of triples in the form (%, M, N), where M, N € Ag(Z). Thus if a relation has the pair (M, N)
with M, N € Ag(T), then the corresponding Ag-relation will include (%, M, N). (Recall that
applicative (bi)similarity is extended to open terms by considering all closing substitutions.) Given
any Ag-relation R, we write T+ M R N if (T, M, N) € R. A Ag-relation R is said to be compatible
iff the four conditions below hold:
(Coml) VZ € Pen(X), 2 €T: T2 Rz,
(Com2) VT € Pen(X),Vx € X —TVM,N € Ap(zU{z}): ZU{z} - M RN =ZF Az.M R Az.N,
(Com3) VZ € Pen(X),YM,N,L,P € Agy(z): TF MRNATFLRP =7+ MLRNP,
(Com4) VT € Pen(X),VM,N,L,P € Ag(T): TF M RNATFLRP=Z+-FrM®LRNG®P.
We will often use the following technical results to establish (Com3) and (Com4) under particular
hypothesis.

Lemma 3.8 Let us consider the properties

(Com3L) VZ € Pen(X),VM,N,L € Ap(Z): TF M RN =Z+ ML R NL,
(Com3R) VZ € Pein(X),YM,N,L € Ag(Z): T-F M RN =7+ LM R LN.
If R is transitive, then (Com3L) and (Com3R) together imply (Com3).

Proof. Proving (Com3) means to show that the hypothesis T+ M R N and T+ L R P imply
Tk ML R NP. Using (Com3L) on the first one, with L as steady term, it follows T+ ML R NL.
Similarly, using (Com3R) on the second one, with N as steady term, it follows T+ NL R NP.
Then, we conclude by transitivity property of R. O

Lemma 3.9 Let us consider the properties

(Com4lL) VT € Pen(X),YM,N,L € Ag(Z): TFMRN=TFMBPLRNSGL,
(Com4R) VT € Pen(X),VM,N,L € Ag(ZT): TF MR N=ZFLO®M RL®N.
If R is transitive, then (Com4L) and (Com4R) together imply (Com4).

Proof. Proving (Com4) means to show that the hypothesis T+ M R N and T+ L R P
imply T M @ L R N @ P. Using (Com4l) on the first one, with L as steady term, it follows
THM®LRN® L. Similarly, using (Com4R) on the second one, with N as steady term, it
follows TH N @® L R N @ P. Then, we conclude by transitivity property of R. O

The notions of an equivalence relation and of a preorder can be straightforwardly generalized
to Ag-relations, and any compatible Ag-relation that is an equivalence relation (respectively, a
preorder) is said to be a congruence (respectively, a precongruence).

If bisimilarity is a congruence, then C[M] is bisimilar to C[N] whenever M ~ N and C is a
context. In other words, terms can be replaced by equivalent ones in any context. This is a crucial
sanity-check any notion of equivalence is expected to pass.

It is well-known that proving bisimulation to be a congruence may be nontrivial when the under-
lying language contains higher-order functions. This is also the case here. Proving (Coml), (Com2)
and (Com4) just by inspecting the operational semantics of the involved terms is indeed possible,
but the method fails for (Com3), when the involved contexts contain applications. In particular,
proving (Com3) requires probabilistic applicative bisimilarity of being stable with respect to substi-
tution of bisimilar terms, hence not necessarily the same. In general, a Ag-relation R is called
(term) substitutive if for all T € Pen(X), x € X =T, M, N € Ag(Z U {z}) and L, P € Ag(T)

ZU{z}F M RNAZFLRP=7F M{L/z} R N{P/z}. (1)
Note that if R is also reflexive, then this implies

ZU{r}F M RNAL€E Ag(T) =7+ M{L/z} R N{L/z}. (2)
We say that R is closed under term-substitution if it satisfies (2). Because of the way the open

extension of ~ and < are defined, they are closed under term-substitution.
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TR M zU{r} - MR L T AX.L RN x¢T
=== (Howl)
Tz R M T Ae.MRHE N
TFMREP ZTHFNRMQ ZTHPQRL
THMNTRYL
ZFMREP ZTHFNRHYQ ZTHP®QRL
TFMaoNRYL

(How?2)

(How3)

(How4)

Figure 3: Howe’s Lifting for Ag.

Unfortunately, directly prove < to enjoy such substitutivity property is hard. We will thus
proceed indirectly by defining, starting from <, a new relation SH, called the Howe’s lifting of <,
that has such property by construction and that can be proved equal to <.

Actually, the Howe’s lifting of any Ag-relation R is the relation R defined by the rules in
Figure 3. The reader familiar with Howe’s method should have a sense of déja vu here: indeed, this
is precisely the same definition one finds in the realm of nondeterministic A-calculi. The language
of terms, after all, is the same. This facilitates the first part of the proof. Indeed, one already
knows that if R is a preorder, then R* is compatible and includes R, since all these properties are
already known (see, e.g. [38]) and only depend on the shape of terms and not on their operational
semantics.

Lemma 3.10 If R is reflexive, then R is compatible.

Proof. We need to prove that (Com1), (Com2), (Com3), and (Com4) hold for R¥:
e Proving (Coml) means to show:

VEEPHN(X),;UE?éinRH T.

Since R is reflexive, VZ € Pen(X), x € T = T F « R z. Thus, by (Howl), we conclude
ZF x R¥ x. Formally,
THFxRx
T2 R x

e Proving (Com2) means to show: VZ € Ppn(X), Vo € X =, VM, N € Ag(T U {x}),

(How1l)

zU{z}F M RT N =7F .M R” \z.N.

Since R is reflexive, we get 7 - Az.N R Az.N. Moreover, we have T U {z} - M R¥ N by
hypothesis. Thus, by (How2), we conclude - A\z.M R* Ax.N holds. Formally,

zU{z}FMREN THA.NR N *¢T
7 FAe.M R \x.N

(How?2)

e Proving (Com3) means to show: VZ € Prn(X), VM, N, L, P € Ag(Z),
TFMRYNAzZHLRY Pzt MLR" NP.

Since R is reflexive, we get T+ NP R NP. Moreover, we have T+ M RY N and z+ L RHY P
by hypothesis. Thus, by (How3), we conclude Z = ML R NP holds. Formally,

z-FMRHEN zHFLRY P EI—NPRNP(

— How3)
THMLRE NP

13



e Proving (Com4) means to show: VZ € Prn(X), VM, N, L, P € Ag(Z),
ZFMRENANZFLREP=Z+-MaLRY Na P.

Since R is reflexive, we get T+ N @ P R N @ P. Moreover, we have T - M R¥ N and
Z = L R" P by hypothesis. Thus, by (How4), we conclude 7 - M © L R N @ P holds.
Formally,

zFMRYN zFLRYP TFNOPRNGP
TFMae LRI NaP

(How4)

This concludes the proof. O
Lemma 3.11 If R is transitive, then T+ M RY N andz+ N R L implyz+- M R L.

Proof. We prove the statement by inspection on the last rule used in the derivation of 7 - M RH N
thus on the structure of M.

e If M is a variable, say = € Z, then T - 2 R N holds by hypothesis. The last rule used has
to be (Howl). Thus, we get T+« R N as additional hypothesis. By transitivity of R, from
ThaoR NandZhHF N R L we deduce T - R L. We conclude by (Howl) on the latter,
obtaining T+ 2 R¥ L, ie. T+ M R¥ L. Formally,

Tz RN TFNRL
Tz R L
TETRL (o
=+ oA v

e If M is a A-abstraction, say A\z.Q, then T - Az.Q R¥ N holds by hypothesis. The last rule
used has to be (How2). Thus, we get TU {z} + Q R P and T+ Az.P R N as additional
hypothesis. By transitivity of R, from TH Az.P R N and T+ N R L we deduce T+ Az.P R L.
We conclude by (How2) on 7 U {z} F Q R P and the latter, obtaining 7 - Az.Q R L, i.e.
Z+ M RH L. Formally,

TFXM.PRN ZFENRL
zU{z}FQRY P THAX.PRL
(How?2)

TFAQREL

e If M is an application, say RS, then T - RS R¥ N holds by hypothesis. The last rule used
has to be (How3). Thus, we get 7+ R R¥ P, 2+ S R” Q and 7 - PQ R N as additional
hypothesis. By transitivity of R, from T+ PQ R N and T+ N R L we deduce T+ PQ R L.
We conclude by (How3) on 7 - R R¥ P, 7+ S R¥ Q and the latter, obtaining 7 - RS R L,
ie. T+ M R L. Formally,

THFPQRN ZTHNRL
TFRREIP ZFSRHQ TFPQRL
THRSRH L

(How3)

e If M is a probabilistic sum, say R @ S, then T+ R® S R N holds by hypothesis. The last
rule used has to be (How4). Thus, we get - RRY P,z SR¥ QandZ+-PDQ R N as
additional hypothesis. By transitivity of R, from T P® Q R N and T+ N R L we deduce
T+ P®Q R L. We conclude by (How4) on 7 - R RH P, T+ S R Q and the latter, obtaining
ZFR®SRY L,ie. - M RY L. Formally,

ZFPOPQRN THFNRL
TFRRE P ZFHSREQ TFP®QRL
TFRO®SRYL

(How4)

This concludes the proof. O
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Lemma 3.12 If R is reflexive, then T+ M R N implies T+ M R¥ N.

Proof. We will prove it by inspection on the structure of M.
e If M is a variable, say « € T, then T+ R N holds by hypothesis. We conclude by (Howl) on
the latter, obtaining 7 -z R” N, ie. Z+ M RH N. Formally,

TR N

TE2RN w1
oA N WD

e If M is a A-abstraction, say Az.Q, then T+ Az.QQ R N holds by hypothesis. Moreover, since
R reflexive implies R¥ compatible, R¥ is reflexive too. Then, from zU {z} - Q R¥ Q and
Z - A2.QQ R N we conclude, by (How2), 7 F Az.Q R N,ie. T+ M R” N. Formally,

zU{z} FQRT Q THEAX.QR N x¢T
TFA.QRY N

(How?2)

e If M is an application, say LP, then T - LP R N holds by hypothesis. By reflexivity of R,
hence that of R too, we get 7+ L R¥ L and 2 - P R” P. Then, from the latter and
Z+ LP R N we conclude, by (How3), z+ LP R" N,ie. 7+ M RH N. Formally,

ZHFLRYL z-FPRHE P EI—LPRN<

How3
THILPRH N w3)

e If M is a probabilistic sum, say L @ P, then T+ L & P R N holds by hypothesis. By reflexivity
of R, hence that of R¥ too, we get T+ L R L and Z+ P R¥ P. Then, from the latter and
T+ L@ PR N we conclude, by (How4), z+ L& P RH N,ie. 7+ M R N. Formally,

THLRY L THPREP THFLAPRN
TFL®PREN

(How4)

This concludes the proof. O

Moreover, if R is a preorder and closed under term-substitution, then its lifted relation R is
substitutive. Then, reflexivity of R implies compatibility of R¥ by Lemma 3.10. It follows R
reflexive too, hence closed under term-substitution.

Lemma 3.13 If R is reflexive, transitive and closed under term-substitution, then R is (term)
substitutive and hence also closed under term-substitution.

Proof. We show that, for all T € Pen(X), 2 € X—Z, M, N € Ag(ZU {z}) and L, P € Ag(Z),
zU{e}F MRYNAZFLRY P=3F M{L/z} RY N{P/z}.

We prove the latter by induction on the derivation of ZU {z} = M R¥ N, thus on the structure of
M.

e If M is a variable, then either M = x or M € Z. In the latter case, suppose M = y. Then,
by hypothesis, U {z} -y R N holds and the only way to deduce it is by rule (Howl) from
TU{z} Fy R N. Hence, by the fact R is closed under term-substitution and P € Ag(T),
we obtain T F y{FP/z} R N{F/z} which is equivalent to T  y R N{F/z}. Finally, by
Lemma 3.12, we conclude T - y R¥ N{P/z} which is equivalent to T F y{L/z} R¥ N{FP/z},
ie. T M{L/z} R¥ N{P/z} holds. Otherwise, M =z and U {z} F x R¥ N holds. The only
way to deduce the latter is by the rule (Howl) from ZU {z} - © R N. Hence, by the fact R
is closed under term-substitution and P € Ag(Z), we obtain 7 - z{F/z} R N{F/z} which is
equivalent to 7 = P R N{P/z}. By Lemma 3.11, we deduce the following:

ZFLRY P THPRN{F})
zh LRY N{P/z}

which is equivalent to T - z{L/z} R¥ N{P/z}. Thus, T M{L/z} R" N{F/z} holds.
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e If M is a A\-abstraction, say A\y.Q, then 7 U {z} F \y.Q R¥ N holds by hypothesis. The only
way to deduce the latter is by rule (How?2) as follows:
zU{r,y} FQRY R TU{z} - \y.RR N T,y ¢TxT
zU{z} FAy.Q RE N

(How?2)

Let us denote ¥ = T U {y}. Then, by induction hypothesis on g U {z} F Q R¥ R, we get
7 Q{/z} RY R{P/z}. Moreover, by the fact R is closed under term-substitution and
P € Ag(T), we obtain that T = (\y.R){F/z} R N{FP/z} holds, i.e. T+ \y.R{F/z} R N{F/z}.
By (How2), we deduce the following:

TU{y} F Q{lYa} RY R{FP/a} 7+ Ay.R{P/u} R N{P/a} yéf(

7 Av.Q(L/s) R N{F/z} Fow2)

which is equivalent to T = (\y.Q){L/z} RY N{P/z}. Thus, T - M{L/z} R¥ N{F/z} holds.
e If M is an application, say QR, then T U {z} - QR R* N holds by hypothesis. The only way
to deduce the latter is by rule (How3) as follows:

ZU{r}FQRYT Q"  TU{2}FRRY R  ZU{z}FQ'RRN
ZU{z} FQRRY N

(How3)

By induction hypothesis on ZU {z} + Q R¥ Q" and 27U {z} - R RY R', we get T I
Q{L/z} RY Q'{P/z} and T F R{L/x} R” R'{P/x}. Moreover, by the fact R is closed under
term-substitution and P € Ag(Z), we obtain that 7 + (Q'R'){F/z} R N{F/z} holds, i.e.
7+ Q{F/z}R'{P/z} R N{P/z}. By (How3), we deduce the following:

T Q{Yz} RY Q{Ffz} 7k R{Ya} R R{F/z} 7+ Q{F/2}R'{F/z} R N{F/a}
T+ Q{l/z}R{L/z} R" N{F/z}

(How3)

which is equivalent to T F (QR){L/z} R¥ N{F/z}. Thus, - M{L/2} R® N{P/z} holds.
e If M is a probabilistic sum, say Q @ R, then ZU {2}  Q ® R R* N holds by hypothesis. The
only way to deduce the latter is by rule (How4) as follows:

TU{z}FQRY Q'  TU{z}FRRYR zZU{z}FQ R RN
ZU{r}FQ@®RRY N

(How4)

By induction hypothesis on Z U {z} F Q R¥ Q" and TU {z} - R R¥ R/, we get T F
Q{L/z} R¥ Q'{P/z} and T + R{L/z} RH¥ R'{P/z}. Moreover, by the fact R is closed
under term-substitution and P € Ag(Z), we obtain that T - (Q' @ R'){P/z} R N{F/z}, i.e.
7+ Q{F/z} ® R'{F/z} R N{F/z}. By (How4), we conclude the following:

T Q{Yz} R Q{F/z} 7k R{Y2} R R{F/z} 7+ Q{F/z} © R'{F/z} R N{F/x}
7 Q{lx} & R{L/x} RY N{P/x}

which is equivalent to T F (Q & R){L/z} R N{F/z}. Thus, 7+ M{L/z} R¥ N{F/z} holds.
This concludes the proof. O

(How4)

Something is missing, however, before we can conclude that §H is a precongruence, namely
transitivity. We also follow Howe here building the transitive closure of a Ag-relation R as the
relation R+ defined by the rules in Figure 4. Then, it is easy to prove R of being compatible and
closed under term-substitution if R is.

Lemma 3.14 If R is compatible, then so is R'.

Proof. We need to prove that (Com1), (Com2), (Com3), and (Com4) hold for R
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Figure 4: Transitive Closure for Ag.

e Proving (Coml) means to show:
VZ € Pen(X),z €T=TFa Rz

Since R is compatible, therefore reflexive, T - x R x holds. Hence T F 2 R™ z follows by (TC1).
e Proving (Com2) means to show: VT € Prn(X), Vo € X =T, VM, N € Ag(T U {x}),

ZU{z}F M RY N=7F Ax.M R" \z.N.

We prove it by induction on the derivation of ZU {x} F M R N, looking at the last rule
used. The base case has (TC1) as last rule: thus, ZU {z} F M R N holds. Then, since
R is compatible, it follows T F Ax.M R Ax.N. We conclude applying (TC1) on the latter,
obtaining T F Az.M RT Az.N. Otherwise, if (TC2) is the last rule used, we get that, for
some L € Ag(TU{x}), zU{x} - M RT L and TU {x} - L R™ N hold. Then, by induction
hypothesis on both of them, we have T - Az.M RT Az.L and T - Az.L R Az.N. We conclude
applying (TC2) on the latter two, obtaining T - Az.M R+ Az.N.
e Proving (Com3) means to show: VZ € Prn(X), VM, N, L, P € Ag(Z),

TEFMR"N ATHFLRT"P=2+MLR" NP.
Firstly, we prove the following two characterizations:

VM,N,L,P € A(T). T-F MRT N A - LRP =%+ MLR' NP, (3)
VM,N,L,P€A(T). T- MRN A THLR" P=z+ MLR' NP. (4)

In particular, we only prove (3) in details, since (4) is similarly provable. We prove (3) by
induction on the derivation Z = M R* N, looking at the last rule used. The base case has
(TC1) as last rule: we get that T+ M R N holds. Then, using R compatibility property and
Tk LR P,it follows T - ML R NP. We conclude applying (TC1) on the latter, obtaining
T+ ML RT NP. Otherwise, if (TC2) is the last rule used, we get that, for some Q € Ag,
THMRTQand TF Q RT N hold. Then, by induction hypothesis on - M Rt @ along
with # = L R P, we have T = ML R™ QP. Then, since R is compatible and so reflexive
too, T+ P R P holds. By induction hypothesis on T  Q R* N along with the latter, we
get T QP Rt NP. We conclude applying (TC2) on T+ ML RY QP and T+ QP RT NP,
obtaining T - ML Rt NP.

Let us focus on the original (Com3) statement. We prove it by induction on the two derivations
THMRT N and z - L RT P, which we name here as m and p respectively. Looking at
the last rules used, there are four possible cases as four are the combinations that permit to
conclude with 7 and p:

1. (TC1) for both 7 and p;

2. (TC1) for m and (TC2) for p;

3. (TC2) for w and (TC1) for p;

4. (TC2) for both m and p.

Observe now that the first three cases are addressed by (3) and (4). Hence, it remains to prove
the last case, where both derivations are concluded applying (TC2) rule. According to (TC2)
rule definition, we get two additional hypothesis from each derivation. In particular, for m, we
get that, for some Q € Ag(Z), T+ M RT™ Q and T+ Q R+ N hold. Similarly, for p, we get
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that, for some R € Ag(Z), T+ L RT R and T+ R R P hold. Then, by a double induction
hypothesis, firstly on z+ M RT Q, T+ LR"T R and secondlyonz-Q RT N, T+ RRT P,
we get TH ML RT QR and T+ QR RT NP respectively. We conclude applying (TC2) on
these latter, obtaining 7 - ML RT NP.

e Proving (Com4) means to show: VT € Prn(X), VM, N, L, P € Ag(T),

TFMRTNATZTHFLRTP=Z+-MaLR"NaeP.

We do not detail the proof since it boils down to that of (Com3), where partial sums play the
role of applications.
This concludes the proof. O

Lemma 3.15 If R is closed under term-substitution, then so is RT.

Proof. We need to prove R™ of being closed under term-substitution: for all T € Pgn(X), x € X—T,
M,N € Ag(zU{x}) and L, P € Ag(T),

TU{z}F MRY NAL € Ag(@) = 7+ M{L/z} R* N{L/z}.

We prove the latter by induction on the derivation of Z U {z} F M R™ N, looking at the last rule
used. The base case has (TC1) as last rule: we get that TU {z} - M R N holds. Then, since R is
closed under term-substitution, it follows = - M{L/z} R N{L/z}. We conclude applying (TC1) on
the latter, obtaining T = M{L/z} R* N{L/z}. Otherwise, if (TC2) is the last rule used, we get that,
for some P € Ag(zU{z}), zU{z} - M Rt P and ZU{z} - P RT N hold. Then, by induction
hypothesis on both of them, we have 7 - M{L/z} R* P{L/z} and T+ P{L/z} Rt N{L/z}. We
conclude applying (TC2) on the latter two, obtaining Z - M{L/z} Rt N{L/z}. O

It is important to note that the transitive closure of an already Howe’s lifted relation is a
preorder if the starting relation is.

Lemma 3.16 If a Ag-relation R is a preorder relation, then so is (R¥)*.

Proof. We need to show (R¥)* of being reflexive and transitive. Of course, being a transitive
closure, (Rf)* is a a transitive relation. Moreover, since R is reflexive, by Lemma 3.10, R is
reflexive too because compatible. Then, by Lemma 3.14, so is (R*)*. (]

This is just the first half of the story: we also need to prove that (<) is a simulation. As we
already know it is a preorder, the following lemma gives us the missing bit:

Lemma 3.17 (Key Lemma) If M <" N, then for every X C Ag () it holds that [M](\z.X) <
[N](A\.(S7 (X))).

The proof of this lemma is delicate and is discussed in the next section. From the lemma, using a
standard argument we derive the needed substitutivity results, and ultimately the most important
result of this section.

Theorem 3.18 < is a precongruence relation for Ag-terms.

Proof. We prove the result by observing that (SH)+ is a precongruence and by showing that
<= (<™)*. First of all, Lemma 3.10 and Lemma 3.14 ensure that (<7)* is compatible and
Lemma 3.16 tells us that (<7)* is a preorder. As a consequence, (S7)* is a precongruence.
Consider now the inclusion <C (<”)*. By Lemma 3.12 and by definition of transitive closure
operator (-)*, it follows that <C (<P) € (<), We show the converse by proving that
(§H)+ is included in a relation R that is a call-by-name probabilistic applicative simulation,
therefore contained in the largest one. In particular, since (gH)+ is closed under term-substitution
(Lemma 3.13 and Lemma 3.15), it suffices to show the latter only on the closed version of terms
and cloned values. R acts like (<)* on terms, while given two cloned values va.M and vz.N,

(ve.M)R(vz.N) iff M(ST)TN. Since we already know that (S7)T is a preorder (and thus R is
itself a preorder), all that remain to be checked are the following two points:
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o If M(<SM)TN, then for every X C Ag(z) it holds that
Po(M,7,v2.X) < Pg(N, 7, R(ve.X)). (5)

Let us proceed by induction on the structure of the proof of M(<?)TN:
e The base case has (TC1) as last rule: we get that 0 - M §H N holds. Then, in particular
by Lemma 3.17,

Py (M, 1, vx.X) = [M](Ax.X)
< N2 (X))
< [N)(a. (S (X))
< [N](R(vz.X)) = Pg(N, 7, R(va.X)).

e If (TC2) is the last rule used, we obtain that, for some P € Ag (), 0 - M (<H)* P and
0P (§H)+ N hold. Then, by induction hypothesis, we get

P@(M,T,X) S P@(P,T,R(X)),
PEB(P’ T, R(X)) < PGB(Nv T7R(R(X)))

But of course R(R(X)) C R(X), and as a consequence:
P@(MvTvX) < P@(NvTvR(X))

and (5) is satisfied.
o If M(<ST)TN, then for every L € Ag(0) and for every X C Ag () it holds that

Py(ve.M,L, X) < Pg(ve.N, L, R(X)).

But if M(<")tN, then M{L/a}(<") T N{L/}. This is means that whenever M{L/z} € X,
N{L/z} e <P(X) € (<) H(X) and ultimately
Po(ve. M, L, X)=1
= Pe(va.N, L, (") (X))
= Pg(ve.N,L,R(X)).
If M{L/2} ¢ X, on the other hand,
Pe(ve.M, L, X) =0 < Pg(va.N, L, R(X)).
This concludes the proof. O

Corollary 3.19 ~ is a congruence relation for Ag-terms.

Proof. ~ is an equivalence relation by definition, in particular a symmetric relation. Since
~=< N <° by Proposition 2.13, ~ is also compatible as a consequence of Theorem 3.18. O

3.2 Proof of the Key Lemma

As we have already said, Lemma 3.17 is indeed a crucial step towards showing that probabilistic
applicative simulation is a precongruence. Proving the Key Lemma 3.17 turns out to be much
more difficult than for deterministic or nondeterministic cases. In particular, the case when M
is an application relies on another technical lemma we are now going to give, which itself can be
proved by tools from linear programming.

The combinatorial problem we will face while proving the Key Lemma can actually be decon-
textualized and understood independently. Suppose we have n = 3 non-disjoint sets X7, Xs, X3
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Figure 5: Disentangling Sets

whose elements are labelled with real numbers. As an example, we could be in a situation like

the one in Figure 5(a) (where for the sake of simplicity only the labels are indicated). We fix

three real numbers p; def 6—54, D2 et %, D3 <f 6—54. It is routine to check that for every I C {1,2,3}

it holds that
ZP;‘ <|| UXiHa
i€l iel
where || X|] is the sum of the labels of the elements of X. Let us observe that it is of course possible
to turn the three sets X1, X2, X3 into three disjoint sets Y7, Y5 and Y3 where each Y; contains
(copies of) the elements of X; whose labels, however, are obtained by splitting the ones of the
original elements. Examples of those sets are in Figure 5(b): if you superpose the three sets, you
obtain the Venn diagram we started from. Quite remarkably, however, the examples from Figure 5
have an additional property, namely that for every i € {1,2,3} it holds that p; < ||Y;||. We now
show that finding sets satisfying the properties above is always possible, even when n is arbitrary.
Suppose p1,...,pn € Rp1j, and suppose that for each I C {1,...,n} a real number r; €
Rjo,1) is defined such that for every such [ it holds that Zielpi < Zml;ﬁ@ ry < 1. Then
({pit1<i<ns {rr}ticq,... ny) is said to be a probability assignment for {1,...,n}. Is it always possible
to “disentangle” probability assignments? The answer is positive.
The following is a formulation of Max-Flow-Min-Cut Theorem:

Theorem 3.20 (Max-Flow-Min-Cut) For any flow network, the value of the mazimum flow is
equal to the capacity of the minimum cut.

Lemma 3.21 (Disentangling Probability Assignments) Let P Lef ({pitici<ns Arrticq,...ny)
be a probability assignment. Then for every nonempty I C {1,...,n} and for every k € I there is
sk,1 € Rjg 1] such that the following conditions all hold:

1. for every I, it holds that ), _; sp,1 < 1;

2. for every k € {1,...,n}, it holds that pr. <), sk1-71-

Proof. For every probability assignment P, let us define the flow network of P as the digraph

Np & (Vp,Ep) where:
e Vp def (P({1,...,n})—0)U{s,t}, where s,t are a distinguished source and target, respectively;

e &p is composed by three kinds of edges:
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o (s,{i}) for every i € {1,...,n}, with an assigned capacity of p;;

o (I,1U{i}), for every nonempty I C {1,...,n} and ¢ € I, with an assigned capacity of 1;

e (I,t), for every nonempty I C {1,...,n}, with an assigned capacity of r;.

We prove the following two lemmas on Np which together entail the result.

e Lemma 3.22 If Np admits a flow summing to Eie{l,...,n} pi, then the s, 1 exist for which
conditions 1. and 2. hold.
Proof. Let us fix p def Zie{l won} Pi The idea then is to start with a flow of value p in input
to the source s, which by hyp;ofhesis is admitted by Mp and the maximum one can get, and
split it into portions going to singleton vertices {i}, for every i € I, each of value p;. Afterwards,
for every other vertex I C {1,...,n}, values of flows on the incoming edges are summed up
and then distributed to the outgoing adges as one wishes, thanks to conservation property of
the flow. Formally, a flow f : £, — Rjg 1] is turned into a function f : £, — (Rjp17)" defined as
follows:

e For every i € {1,...,n}, 7(5’{1-}) et 0,..., fs,{i})> - - -»0), where the only possibly nonnull
component is exactly the i-th;

e For every nonempty I C {1,...,n}, as soon as f has been defined on all ingoing edges of I,
we can define it on all its outgoing ones, by just splitting each component as we want. This
is possible, of course, because f is a flow and, as such, ingoing and outgoing values are the
same. More formally, let us fix 7(*71) def ZKQ{L_“,”} T(KJ) and indicate with ?(*J)JC its

k-th component. Then, for every i & I, we set f(l,ju{i}) def (g1 ~f(*71),1, ey Qni ~f(*71),n)

where, for every j € {1,...,n}, qj; € Ry,1) are such that > ., g5 f..n); = [, and

Z?Zl Qji ~f(*71),j = f(r,1u{iy)- Of course, a similar definition can be given to f(j’t), for

every nonempty I C {1,...,n}.
Notice that, the way we have just defined f guarantees that the sum of all components of f, is
always equal to fe, for every e € Ep. Now, for every nonempty I C {1,...,n}, fix s to be the
ratio gg of f(; ;; i.e., the k-th component of f(; ,y (or 0 if the first is itself 0). On the one hand,
for every nonempty I C {1,...,n}, >, o Sk 1 is obviously less or equal to 1, hence condition 1.
holds. On the other, each component of f is itself a flow, since it satisfies the capacity and
conservation constraints. Moreover, Np is structured in such a way that the k-th component of
?( 1) 18 0 whenever k ¢ I. As a consequence, since f satisfies the capacity constraint, for every

ke{l,...,n},
Pe <Y skr Fun <Y sk1eT1

kel kel

and so condition 2. holds too. O
e Lemma 3.23 Np admits a flow summing to Eiejpi.

Proof. We prove the result by means of Theorem 3.20. In particular, we just prove that the

capacity of any cut must be at least p def Zie{l,.‘.,n} pi- A cut (S, A) is said to be degenerate

if there are I C {1,...,n} and i € {1,...,n} such that I € S and TU {i} € A. Tt is easy to

verify that every degenerate cut has capacity greater or equal to 1, thus greater or equal to p.

As a consequence, we can just concentrate on non-degenerate cuts and prove that all of them

have capacity at least p. Given two cuts C def (S,A) and D def (T, B), we say that C < D iff

S <T. Then, given I € {1,...,n}, we call I-cut any cut (S, A) such that (Jg;ycg{i} = 1. The

canonical I-cut is the unique I-cut Cy def (S, A) such that S = {s}U{J C{1,...,n}|JINI # 0}.

Please observe that, by definition, C; is non-degenerate and that the capacity ¢(Cr) of Cy is at
least p, because the forward edges in C (those connecting elements of S to those of A) are
those going from s to the singletons not in S, plus the edges going from any J € S to t. The
sum of the capacities of such edges are greater or equal to p by hypothesis. We now need to
prove the following two lemmas.

e Lemma 3.24 For every non-degenerate I-cuts C, D such that C > D, there is a non-

degenerate I-cut E such that C > E > D and ¢(E) > ¢(D).

Proof. Let C &' (S,A) and D o (T, B). Moreover, let J be any element of S\T. Then,
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consider £ % (TU{K C{1,...,n}|JCK},B\{K C{1,...,n}|J C K}) and verify that
FE is the cut we are looking for. Indeed, F is non-degenerate because it is obtained from D,
which is non-degenerate by hypothesis, by adding to it J and all its supersets. Of course,
E > D. Moreover, C' > E holds since J € S and C' is non-degenerate, which implies C
contains all supersets of J as well. It is also easy to check that ¢(E) > ¢(D). In fact, in the
process of constructing F from D we do not lose any forward edges coming from s, since
J cannot be a singleton with C' and D both I-cuts, or any other edge coming from some
element of T, since D is non-degenerate. O

e Lemma 3.25 For every non-degenerate I-cuts C, D such that C > D, ¢(C) > ¢(D).

Proof. Let ¢ &' (S,A) and D def (T,B). We prove the result by induction on the

n |S| —|T|. If n =0, then C'= D and the thesis follows. If n > 0, then C' > D and, by
Lemma 3.24, there is a non-degenerate I-cut E such that C > E > D and ¢(F) > ¢(D). By
induction hypothesis on C' and E, it follows that ¢(C) > ¢(F). Thus, ¢(C) > ¢(D). O

The two lemmas above permit to conclude. Indeed, for every non-degenerate cut D, there is

of course a I such that D is a I-cut (possibly with I as the empty set). Then, let us consider
the canonical C;. On the one hand, ¢(C7) > p. On the other, since C; is non-degenerate,
¢(D) > ¢(Cr) by Lemma 3.25. Hence, ¢(D) > p. O
This concludes the main proof. ]

In the coming proof of Lemma 3.17 we will widely, and often implicitly, use the following technical
Lemmas. We denote with vz. < (X) the set of distinguished values {vz.M |3N € X. N < M}.

Lemma 3.26 For every X C Ag(z), S (vz.X) =va. < (X).

Proof.
veM e< (ve.X) < 3N € X.va.N Sve. M
<INeX. NS M
sve.Meve. S (X).
This concludes the proof. O

Lemma 3.27 If M < N, then for every X € Ag(z), [M](Az.X) < [N](Az. S (X)).

Proof. If M < N, then by definition [M](vz.X) < [N](< (v2.X)). Therefore, by Lemma 3.26,
[NI(5 (ve.X)) < [N](va. S (X)) O

Remark 3.28 Throughout the following proof we will implicitly use a routine result stating that
M < N implies [M](Az.X) < [N](Ax.<(X)), for every X C Ag(z). The property needed by the
latter is precisely the reason why we have formulated Ag as a multisorted labelled Markov chain:
<(vax.X) consists of distinguished values only, and is nothing but ve.<(X).

Proof. [of Lemma 3.17] This is equivalent to proving that if M gH N, then for every X C Ag(z)
the following implication holds: if M |} 2, then Z(Az.X) < [N](Az.($¥(X))). This is an induction
on the structure of the proof of M || Z.

e If 9 =), then of course Z2(Az.X) =0 < [N](Az.Y) for every X, Y C Ag(z).

o If M is a value A\x.L and 2(A\zx.L) = 1, then the proof of M ,SH N necessarily ends as follows:

{z}FL<T P OFXeP SN
DXL <IN

Let X be any subset of Ag(x). Now, if L ¢ X, then 2(Az.X) = 0 and the inequality trivially
holds. If, on the contrary, L € X, then P € SH(X). Counsider < (P), the set of terms that
are in relation with P via <. We have that for every Q € < (P), both {z} + L < P and
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{z} F P < Q hold, and as a consequence {z} - L <# @Q does (this is a consequence of a
property of ()", see [9]). In other words, < (P) C < (X). But then, by Lemma 3.27,

[[N]](/\x,SH(X)) > [N](Az. S (P)) > [Mz.P](A\z.P) = 1.
If M is an application LP, then M || Z is obtained as follows:

L7  {Q{F/z} ) #H plo.r
LP U, ZQ f()\xQ) : <9(fQ,p

Moreover, the proof of § = M §H N must end as follows:

prL<®R orP<fs OrRS <N
orLp <" N

Now, since L || # and O - L §H R, by induction hypothesis we get that for every Y C Ag(z)
it holds that .Z (Az.Y) < [R](Az.<™(Y)). Let us now take a look at the distribution

9 = Zﬂ )\fﬂQ <%ﬂQJa.
Q

Since Z is a finite distribution, the sum above is actually the sum of finitely many summands.
Let the support S(%) of # be {/\:E Q1,...,Ax.Qy}. It is now time to put the above into a form
that is amenable to treatment by Lemma 3.21. Let us consider the n sets <7 (Q1), ..., <" (Qn);
to each term U in them we can associate the probability [R](Az.U). We are then in the scope
of Lemma 3.21, since by induction hypothesis we know that for every Y C Ag(x),

F (M. X) < [R](hz.<H (X)),
We can then conclude that for every
Ues"({Qi,....Q.h = |J @)
1<i<n

there are n real numbers V7. +UR such that:

JOeU)> Y ) vue (J @)
1<i<n 1<i<n
F(Ax.Q;) < Z ’I"IU’R V1<i<n.
vesH(Qq)

So, we can conclude that

K2

n \Ue<H(Q))

= Z T?’R . <%in_’p.

1sisnyeg” Q)

9 < Z 7’-U’R . %th

,_.
IN
IA

%

Now, whenever Q;<”U and P< S, we know that, by Lemma 3.13, Q;{P/z} <" U{S/z}. We
can then apply the inductive hypothesis to the n derivations of Q;{F/z} || 55, p, obtaining

23



that, for every X C Ag(x),

202.X)< > Y

<

>

rO R U Sz} (e SH (X))

1sisnuesH(Qy)

r U/ (a2 (X))

>

ISisnUyesH ({Qr,-,Qn})

<

<

>

vesH({

> ( > r?’R) U2 O < (X))
,,,,, Qn}) \1<Zi<n

vesH ({1

>

vesH (@

> [BIOwU) - [U{S/a} (M. <7 (X))

UeAg(z)
= [RS](a.5 (X)) < [N](Az. S ((S7)(X)))
< [NJ(z. (X)),

which is the thesis.

ST PR S (e. 5T (X))

,,,,, Qn}) 1sisn

[RI(2.U) - [U{S/x}] (A2 5" (X))
,,,,, Qn})

e If M is a probabilistic sum L & P, then M || Z is obtained as follows:

LVZ PlY
LoPl}-7+1.9

Moreover, the proof of § - M SH N must end as follows:

O-L<"R

prP<”S  prReS <N

Now:

e Since L || % and 0 L §H R, by induction hypothesis we get that for every Y C Ag(z) it

prLeP<"N

holds that .Z (Az.Y) < [R](Az.<H (Y)):

e Similarly, since P || 4 and 0 - P §H S, by induction hypothesis we get that for every

Y C Ag(z) it holds that #(\z.Y) < [S](Az.<" ().
Let us now take a look at the distribution

The idea then is to prove that, for every X C Ag(z), it holds 2(Az.X) < [R & S](Az.<P (X)).
In fact, since [R & S](A\z.<7(X)) < [N](Az.<P (X)), the latter would imply the thesis

D=--F+--9.

1
2

2(A.X) < [N](Az.<"(X)). But by induction hypothesis and Lemma 2.3:

2(Mx.X)

This concludes the proof.

IN

—

3.3 Context Equivalence

We now formally introduce probabilistic context equivalence and prove it to be coarser than

T X) + % G\ X)

N = N =

RIS (X)) + 5 - 181057 (X))
R & S](Ax.<P(X)).

probabilistic applicative bisimilarity.
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Definition 3.29 A Ag-term context is a syntax tree with a unique “hole” [-], generated as follows:
C,DeCAg == []| a.C|CM|MC|CoM|Ma&C.

We denote with C[N] the Ag-term that results from filling the hole with a Ag-term N:

We also write C[D] for the context resulting from replacing the occurrence of [-] in the syntax tree
C by the tree D.

We continue to keep track of free variables by sets T of variables and we inductively define

subsets CAg (T ; 7) of contexts by the following rules:

———  (Ctx1

Techatm

CeCleg(@;yguis}) =¢y
Az.C € CAg(T; 7)

(Ctx2)

C € CAg(T;7) M € Ag(y)
CM € CAg(Z; 9)

(Ctx3)

MeAs(y) CeChg(T;7)
MC e CAg(T; 1)

(Ctx4)

CeChg(T;y) MeAg(y)
CoMeCAg(T;7)

(Ctx5)

MeAg(y) CeCAg(T;y)
M@ CeCAg(T;7)

We use double indexing over T and ¥ to indicate the sets of free variables before and after the
filling of the hole by a term. The two following properties explain this idea.

(Ctx6)

Lemma 3.30 If M € Ag(T) and C € CAg(T; 7), then C[M] € Ag(y).

Proof. By induction on the derivation of C' € CAg (T ; §) from the rules (Ctx1)-(Ctx6). O
Lemma 3.31 If C € CAg(Z; ) and D € CAg(7; §), then D[C] € CAg(T; 7).

Proof. By induction on the derivation of D € CAg(7; 7) from the rules (Ctx1)-(Ctx6). O
Let us recall here the definition of context preorder and equivalence.

Definition 3.32 The probabilistic context preorder with respect to call-by-name evaluation is the
Ag-relation given by TH M <g N iff VC € CAg(T; 0), C[M]{, implies CIN[}, withp < q. The
Ag-relation of probabilistic context equivalence, denoted T+ M ~g N, holds iff Tt - M <g N and
THN S@ M do.

25



Lemma 3.33 The context preorder <g is a precongruence relation.

Proof. Proving <g being a precongruence relation means to prove it transitive and compatible. We
start by proving <g being transitive, that is, for every T € Pgn(X) and for every M, N, L € Ag(T),
ThHM<g NandZTF N <g L imply T+ M <g L. By Definition 3.32, the latter boils down to
prove that, the following hypotheses

e For every C, C[M]|, implies C[N {4, with p < g;

e For every C, C[N]{, implies C[L]{,, with p < ¢,

e DM,
imply D[L]{s, with » < s. We can easily apply the first hypothesis when C' is just D, then
the second hypothesis (again with C equal to D), and get the thesis. We prove <g of being a
compatible relation starting from (Com2) property because (Com1l) is trivially valid. In particular,
we must show that, for every T € Prn(X), for every x € X—{Z} and for every M, N € Ag(ZU{z}),
ifzU{a}t M <g N then T+ Az.M <g Az.N. By Definition 3.32, the latter boils down to prove
that, the following hypotheses

e For every C, C[M]|, implies C[N]{,, with p < g,

o DAz. M),
imply D[Az.N]{s, with 7 < s. Since D € CAg(T; (), let us consider the context Az.[] €
CAg(ZU{z}; T). Then, by Lemma 3.31, the context E of the form D[Az.[]] is in CAg(ZU{z}; 0).
Please note that, by Definition 3.29, D[Ax.M] = E[M] and, therefore, the second hypothesis can
be rewritten as E[M]{,. Thus, it follows that E[N]{,, with » < s. Moreover, observe that E[N] is
nothing else than D[Az.N]. Since we have just proved <g of being transitive, we prove (Com3)
property by showing that (Com3L) and (Com3R) hold. In fact, recall that by Lemma 3.8, the
latter two, together, imply the former. In particular, to prove (Com3L) we must show that, for
every T € Pen(X) and for every M, N, L € Ag(Z), if T+ M <o N then T+ ML <5 NL. By
Definition 3.32, the latter boils down to prove that, the following hypothesis

e For every C, C[M]|, implies C[N]{,, with p < g,

e DML,
imply D[NL}{,, with r < s. Since D € CAg(T; 0), let us consider the context [-|L € CAg(T; T).
Then, by Lemma 3.31, the context F of the form DI[[|L] is in CAg(T; 0). Please note that, by
Definition 3.29, D[M L] = E[M] and, therefore, the second hypothesis can be rewritten as E[M]}.
Thus, it follows that E[N]{s, with r < s. Moreover, observe that F[N] is nothing else than
D[Az.N]. We do not detail the proof for (Com3R) that follows the reasoning made for (Com3L),
but considering E as the context D[L[-]]. Proving (Com4) follows the same pattern resulted for
(Com3). In fact, by Lemma 3.9, (Com4L) and (Com4R) together imply (Com4). We do not detail
the proofs since they proceed the reasoning made for (Com3L), considering the appropriate context
each time. This concludes the proof. O

Corollary 3.34 The context equivalence ~¢ is a congruence relation.
Proof. Straightforward consequence of the definition ~g = <g N <gP. ]

Lemma 3.35 Let R be a compatible Ag-relation. If T = M R N and C € CAg(T; Y), then
7+ C[M] R C[N].

Proof. By induction on the derivation of C' € CAg(T; 7):

o If C'is due to (Ctx1) then C = [-]. Thus, C[M] = M, C[N] = N and the result trivially holds.

o If (Ctx2) is the last rule used, then C = Ax.D, with D € CAg(Z; ¥ U {z}). By induction
hypothesis, it holds that 5 U {} = D[M] R D[N]. Since R is a compatible relation, it follows
7 Ax.D[M] R Az.D[N], that is 5 - C[M] R C[N].

o If (Ctx3) is the last rule used, then C' = DL, with D € CAg(T; 7) and L € Ag (7). By induction
hypothesis, it holds that 7 - D[M] R D[N]. Since R is a compatible relation, it follows
¥+ D[M]L R D|N]L, which by definition means g - (DL)[M] R (DL)[N]. Hence, the result
y = C[M] R C[N] holds. The case of rule (Ctx4) holds by a similar reasoning.
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e If (Ctx5) is the last rule used, then C = D @ L, with D € CAg(T;y) and L € Ag(y). By
induction hypothesis, it holds that § - D[M] R D[N]. Since R is a compatible relation, it
follows 5 = D[M] @& L R D[N]| & L, which by definition means 5+ (D & L)[M] R (D & L)[N].
Hence, the result 7 - C[M] R C[N] holds. The case of rule (Ctx6) holds by a similar reasoning.

This concludes the proof. O

Lemma 3.36 If T+ M ~ N and C € CAg(T; ), theny - C[M] ~ C[N].

Proof. Since ~=< N <° by Proposition 2.13, T - M ~ N impliesZ - M < N and
ThH N < M. Since, by Theorem 3.18, < is a precongruence hence a compatible relation,
gy CM] < C[N]and 5+ C[N] < C[M] follow by Lemma 3.35, i.e. g+ C[M] ~ C[N]. O

Theorem 3.37 For allT € Prn(X) and every M, N € Ag(T), TH M ~ N impliesT+ M ~g N.

Proof. If T+ M ~ N, then for every C' € CAg(7; 0), 0 - C[M] ~ C[N] follows by Lemma 3.36.
By Lemma 3.5, the latter implies Y [C[M]] = p = > [C[N]]. This means in particular that
C[M]4,, iff C[N},, which is equivalent to T F M ~g N by definition. O

The converse inclusion fails. A counterexample is described in the following.

Example 3.38 For M %' \z. L&P and N & (Ax.L)®(Az.P) (where L is Ay.Q and P is Ay.\z.Q),
we have M £ N, hence M + N, but M~gN.

We prove that the above two terms are context equivalent by means of CIU-equivalence. This is
a relation that can be shown to coincide with context equivalence by a Context Lemma, itself
proved by the Howe’s technique. See Section 4 and Section 5 for supplementary details on the
above counterexample.

4 Context Free Context Equivalence

We present here a way of treating the problem of too concrete representations of contexts: right
now, we cannot basically work up-to a-equivalence classes of contexts. Let us dispense with
them entirely, and work instead with a coinductive characterization of the context preorder, and
equivalence, phrased in terms of Ag-relations.

Definition 4.1 A Ag-relation R is said to be adequate if, for every M, N € Ag(0), - M R N
implies M, and Nl , with p <gq.

Let us indicate with CA the collection of all compatible and adequate Ag-relations and let
ca def
<2 ¥ Jca. (6)

It turns out that the context preorder <g is the largest Ag-relation that is both compatible and

adequate, that is <g = <§. Let us proceed towards a proof for the latter.

Lemma 4.2 For every R, T € CA, RoT € CA.

Proof. We need to show that Ro 7T = {(M,N)|3L € Ag(Z).T- M RLATHFLT N}isa
compatible and adequate Ag-relation. Obviously, R o T is adequate: for every (M,N) € Ro T,
there exists a term L such that M|, = L{, = N{,, with p < ¢ <r. Then, M|, = NJ,, with
p < r. Note that the identity relation ID %' {(M,M)|M € Ag(T)} isin RoT. Then, RoT is
reflexive and, in particular, satisfies compatibility property (Coml). Proving (Com2) means to
show that, f ZU{z} F M (RoT) N, then T+ Az.M (RoT) Ax.N. From the hypothesis, it
follows that there exists a term L such that 7U{z} - M R L and TU{z} - L T N. Since both R
and T are in CA, hence compatible, it holds T+ Ax.M R Ax.L and T+ Ax.L T Ax.N. The latter
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together imply T - Ax.M (RoT) Az.N. Proving (Com3) means to show that, if T+ M (RoT) N
and THQ (RoT) R, thenTH MQ (Ro7T) NR. From the hypothesis, it follows that there exist
two terms L, P such that, on the one hand, T+ M R L and T+ LT N, and on the other hand,
THFQRPand TF P T R. Since both R and 7 are in CA, hence compatible, it holds:

TFMRLATFQRP=7FMQR LP;

THFLT NATHPT R=Z+LPT NR.

The two together imply T+ MQ (RoT) NR.
Proceeding in the same fashion, one can easily prove property (Com4). O

Lemma 4.3 Ag-relation <& is adequate.

Proof. It suffices to note that the property of being adequate is closed under taking unions of
relations. Indeed, if R, T are adequate relations, then it is easy to see that the union R U T is: for
every couple (M, N) € RUT, either Z- M R N or T+ M T N. Either way, M, = N{,, with
p < q, implying R U T of being adequate. O

Lemma 4.4 Ag-relation <& is a precongruence.

Proof. We need to show that <§ is a transitive and compatible relation. By Lemma 4.2,
<§ o <& C <§ which implies <& of being transitive. Let us now prove that <§ is also compatible.
Note that the identity relation ID = {(M,M)| M € Ag(Z)} is in CA, which implies reflexivity
of <& and hence, in particular, it satisfies property (Com1). It is clear that property (Com2) is
closed under taking unions of relations, so that <§ satisfies (Com2) too. The same is not true
for properties (Com3) and (Com4). By Lemma 3.8 (respectively, Lemma 3.9), for (Com3) (resp.,
(Com4)) it suffices to show that <§ satisfies (Com3L) and (Com3R) (resp., (Com4L) and (Com4R)).
This is obvious: contrary to (Com3) (resp., (Com4)), these properties clearly are closed under
taking unions of relations.

This concludes the proof. O

Corollary 4.5 <§ is the largest compatible and adequate Ag -relation.
Proof. Straightforward consequence of Lemma 4.3 and Lemma 4.4. O
Lemma 4.6 Ag-relations <g and <& coincide.

Proof. By Definition 3.32, it is immediate that <g is adequate. Moreover, by Lemma 3.33,
<g is a precongruence. Therefore <g € CA implying <o C <§. Let us prove the converse.
Since, by Lemma 4.4, <& is a precongruence hence a compatible relation, it holds that, for every
M, N € Ag(T) and for every C € CAg(Z; y), T+ M <& N implies 7 = C[M] <& C[N]. Therefore,
for every M, N € Ag(T) and for every C' € CAg(T; 0),
TEM<EN=0FC[M] <G C[N]
which implies, by the fact that <§& is adequate,
C[MJ}, = C[N]ly, withp <gq

that is, by Definition 3.32,

Tk M <g N.

This concludes the proof. O
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5 CIU-Equivalence

CIU-equivalence is a simpler characterization of that kind of program equivalence we are interested
in, i.e., context equivalence. In fact, we will prove that the two notions coincide. While context
equivalence envisages a quantification over all contexts, CIU-equivalence relaxes such constraint to
a restricted class of contexts without affecting the associated notion of program equivalence. Such
a class of contexts is that of evaluation contexts. In particular, we use a different representation of
evaluation contexts, seeing them as a stack of evaluation frames.

Definition 5.1 The set of frame stacks is given by the following set of rules:
S,T :=nil | []M :S.

The set of free variables of a frame stack S can be easily defined as the union of the variables
occurring free in the terms embedded into it. Given a set of variables T, define FS(Z) as the set
of frame stacks whose free variables are all from Z. Given a frame stack S € FS(Z) and a term
M € Ag(T), we define the term Eg(M) € Ag(T) as follows:

Enil(M) d:ef M;

def
Eim.s(N) = Es(NM).

We now define a binary relation ~», between pairs of the form (S, M) and sequences of pairs in
the same form:

(S, MN) ~, ([N :: S, M);
(S, M & N) ~, (S,M),(S,N);
([]M :: S, Ax.N) ~, (S, N{M/z}).

Finally, we define a formal system whose judgments are in the form (S, M) [P and whose rules are

as follows:
s o

m (value)

(SvM) ~n (T17N1)73(T7L7Nn) (TMNZ) \l/%\)l
EESTIY
(S, M) L =7
The expression C(S, M) stands for the real number sup,, (S, M) |}

(term)

Lemma 5.2 For all closed frame stacks S € FS(0) and closed Ag-terms M € Ag(0), C(S,M) =p
iff Es(M)dp,. In particular, M, holds iff C(nil, M) = p.

Proof. First of all, we recall here that the work of Dal Lago and Zorzi [10] provides various
call-by-name inductive semantics, either big-steps or small-steps, which are all equivalent. Then,
the result can be deduced from the following properties:

1. For all S € FS(0), if (S, M) | then 32. Eg(M) =y Z with Y 2 = p.

Proof. By induction on the derivation of (S, M) |2, looking at the last rule used.

e (empty) rule used: (S, M) |Y. Then, consider the empty distribution 2 dZEf(Z) and observe
that Eg(M) =y 2 by se, rule.

e (value) rule used: (S,M) |! implies S = nil and M of being a value, say V. Then,
consider the distribution 2 & {V'} and observe that Ey;: (V) =V =y 2 by sv, rule.
Of course, Y, 2 =1=p.
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e (term) rule used: (S, M) ir,% 2i=1P ohtained from (S, M) ~, (T1,Ny),...,(Ty, Ny) and,
forevery i € {1,...,n}, (T4, N;) JBi. Then, by induction hypothesis, there exist &1, ...,&,
such that ETi (N,L) = n &; with Zéz =p;

Let us now proceed by cases according to the structure of M.

o If M = \a.L, then S = [[]P :: T implying n = 1, Ty = T and N; = L{FP/z}.
Then, consider the distribution 2 def &1 and observe that Es(M) = Epjp.v(Ax.L) =
Er((M\z.L)P) ~, Ep(L{F/z}) = Ex,(N1). Hence, Es(M) =y Z by sm, rule.
Moreover, > 2 =3 & =p1 = 3" pi=p.

e If M = L®P,thenn =2, T =Ty, =S, Ny = L and N, = P. Then, con-
sider the distribution 2 %' Z?:l 1&; and observe that Es(M) = Eg(L & P)
Es(L), ES(P) ETI(Nl),ET2(N2). Hence, Es(M) =y 2 by sm, rule. Moreover,

2 2
27 = Zzl 1 2 = %Zidzgi = %Zi:lpi =b.
e If M =LP,thenn=1,T; =[]P::S and N; = L. Then, consider the distribution

g &1 and observe that Ejp. S( ) =N &1 implies Eg(M) = v 2. Moreover,
Z @ Zgl rlt Zz:l bi =

This concludes the proof. O
. For all 2, if M =y Z then 3S, N. Eg(N) = M and (S, N) J? with > 2 = p.

Proof. By induction on the derivation of M =y 2, looking at the last rule used. (We
refer here to the inductive schema of inference rules gave in [10] for small-step call-by-name
semantics of Ag.)

e se, rule used: M =y (). Then, for every S and every N such that Es(N) = M, (S, N) |0
by (empty) rule. Of course, >~ 2 =0 = p.

e sv, rule used: M is a value, say V, and 2 = {V1} with V =y {V'}. Then, consider
S ¥ ni1 and N % v by definition Eg(N) = Ey1(V) = V = M. By (value) rule,
(nil, V) |} hence Y. 2 =1=np.

o sv, rule used: M =y Y1y 16 from M +—, Q1,...,Q, with, for every i € {1,...,n},
Q; =N &;. By induction hypothesis, for every ¢ € {1,...,n}, there exist T; and N; such
that Er,(N;) = Q; and (T, N;) |Pi with > & = p;

Let us proceed by cases according to the structure of M.

o If M = (A\z.L)P, then n =1 and Q; = L{P/z}. Hence, consider S f [[]P ::nil and
def

= Az.L: by definition, Eg(N) = E[,]P::nil(AI.L) Eui1((Ax.L)P) = (Az.L)P =
M By (term) rule, (S, N) ([[|P :: nil, Ax.L) ~, (nil, L{F/z}) with, by induction
hypothesis result, (nll L{P/m}) JB1. The latter implies (S, N) J2t. Moreover, Y. 9 =
ZZZ 1 n(/)pl Zéol =D

e If M = L®P,thenn =2, Qy = L and Q2 = P. Hence, consider S def ni1
and N & L & P: by definition, Es(N) = Euy(L® P) = L® P = M. By (term)
rule, (S,N) = (nil,L ® P) ~», (nil, L), (nil, P) with, by induction hypothesis

1y2
result, (nil, L) }2* and (nil, P) U’2 The latter implies (S, N) |3 Liapi, Moreover,
2 2
12=33 1néa PP 12 _%Zizlz@@i:%Zi:lpi:p-

o If M =LP and L —, Rq,..., Rn, then @Q; = R;P for every ¢ € {1,...,n}. Hence,
consider § ' []JP :: nil and N L by definition, Eg(N) = E[]p::nﬂ(L) =
Fan(LP) = LP — M. By (term) rule, (S,N) = ([P : nil,L) ~n (1P :
nil, Ry),...,([]P :: nil, R,) with, by induction hypothesis result, ([ ]P nil, R;) &

Lgn o
for every i € {1,...,n}. The latter implies (S,N) |+ iz P Moreover, Y. 9 =
)P iéal =5 5 i 26 = %Z?:lpi =p

This concludes the proof. O
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Generally speaking, the two properties above prove the following double implication:

(8, M) |} < Es(M) i 2 with Y7 =p. (7)
Then,
p=C(S, M) =sup(S,M) [i= sup > 7
g€eR Es(M)in2
=Y sup 2= [Es(M)] =Es(M),,
Es(M)4n2
which concludes the proof. O

Given M, N € Ag(0)), we define M <V N iff for every S, C(S, M) < C(S, N). This relation
can be extended to a relation on open terms in the usual way. Moreover, we stipulate M =V N
iff both M <Y N and N <Y ).

Since <Y is a preorder, proving it to be a precongruence boils down to show the following
implication:

M=) N = <9V .

Indeed, the converse implication is a consequence of Lemma 3.12 and the obvious reflexivity of
< relation. To do that, we extend Howe’s construction to frame stacks in a natural way:

TRl (Howstk1)
0FMRHIN SRAT (
([]M = )Y RE([-]N == T)

Howstk2)

Lemma 5.3 For every T € Prn(X), it holds T+ (Az.M)N =Y M{N/z}.

Proof. We need to show that both 7 = (Az.M)N =<V M{N/z} and 7 - M{N/z} =<V
(Az.M)N hold. Since <Y is defined on open terms by taking closing term-substitutions, it suffices
to show the result for close Ag-terms only: (Az.M)N <9V M{N/z} and M{N/z} <V (A\x.M)N.
Let us start with (Az.M)N =<9Y M{N/z} and prove that, for every close frame stack
S, C(S,(\e.M)N) < C(S,M{N/z}). The latter is an obvious consequence of the fact that
(S, (Ax.M)N) reduces to (S, M{N/z}). Let us look into the details distinguishing two cases:
e If S = nil, then (S, A\z.M)N) ~, ([]N : S, \z.M) ~~, (S, M{N/z}) which implies that
C(S, (e M)N) = supycn(S, (e M)N) 12= supcq(S, M{N/z}) 12= (S, M{N/a}).
e If S=[]L :: T, then we can proceed similarly.
Similarly, to prove the converse, M{N/z} <Y (\z.M)N, let us fix p as (S, M{N/z}) [P and
distinguish two cases:
e If S=nil and p = 0, then (S, (Az.M)N) [? holds too by (empty) rule. Otherwise,

([IN =8, Az M) ~n (S, M{N/z}) (S, M{N/z}) I
(S, M) ~, ([N = S, \e. M) ([]N == S, \e. M) [P
(S, O M)N) 17

(term)

(term)

which implies C(S, M{N/z}) = sup,cg (S, M{N/z}) |5= sup,c(S, (Az.M)N) |2= C(S, (Az.M)N).
e If S=[]L :: T, then we can proceed similarly.
This concludes the proof. O

Lemma 5.4 For every S,T € FS(0) and M,N € Ag (D), if S(jC'U)HT and M(jC'U)HN and
(S, M) |2, then C(T,N) > p.

Proof. We go by induction on the structure of the proof of (S, M) |2, looking at the last rule
used.
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o If (S, M) |9 then trivially C(T, N) > 0.

e If S =nil, M = Az.L and p = 1, then T = nil since S(jC'U)HT. From M(jc'U)HN7 it
follows that there is P with  + L (jC'U)H Pand 0 F \z.P <Y N. But the latter implies
that C(nil, N) > 1, which is the thesis.

e Otherwise, (term) rule is used and suppose we are in the following situation

(S,M) ~n (Ul,Ll),,(Un,Ln) (U“Ll) \I,g‘

(8. M) i == e

Let us distinguish the following cases as in definition of ~,:
o If M = PQ, thenn =1,U; = [|Q :: Sand L; = P. From M(jC'U)HN it follows that
there are R, S with 0 F P (29" R, 0+ Q (V)" S and 0 - RS <Y N. But then we
can form the following:

0-Q(=Y"s prs =T
OFU (=TS T

(Howstk2)

and, by the induction hypothesis, conclude that C([-]S :: T, R) > p. Now observe that
(T, RS) ~, ([[]S : T, R),

and, as a consequence, C(T, RS) > p, from which the thesis easily follows given that
0+ RS <Y N.

e If M =P@®Q, thenn=2 U, =U,=8and Ly = P, Ly = Q. From S(<)"T, we
get that Ul(jC'U)HT and Ug(jC'U)HT. From M(jC'U)HN it follows that there are R, S

with 0 F P (Y7 R 0 F Q (V)" Sand 0 - R® S <Y N. Then, by a double
induction hypothesis, it follows C(T, R) > p and C(T,S) > p. The latter together imply
C(T,R® S) > p, from which the thesis easily follows given that ) - R® S <V N.

o If M = Az.P, then S = []@ :: U because the only case left. Hence n =1, U; = U and

Ly = P{@/z}. From S(jC'U)HT, we get that T = [[|R :: V where § F Q (jC'U)H R and
U=V, From M (=Y N, it follows that for some S, it holds that z - P (<)
and 0 F Mz.S <V N. Now:

(T, \2.S) = ([|R : V, \z.8) ~, (V,S{f/z}). (8)

From z - P (XY S and 0 - Q (297 R, by substitutivity of <<V, follow that 0 -
P{Q/z} (jC'U)H S{R/z} holds. By induction hypothesis, it follows that C(V, S{f/z}) > p.
Then, from (8) and § - Az.S <“Y N, the thesis easily follows:

C(T,N) > C(T, A\z.S) = C(V, S{B/z}) > p.
This concludes the proof. O
Theorem 5.5 For all T € Ppn(X) and for all M, N € Ag(%), - M <V N iffz+ M <4 N.

Proof. (=) Since <“'V is defined on open terms by taking closing term-substitutions, by Lemma 3.13

both it and (jC'U)H are closed under term-substitution. Then, it suffices to show the result for
closed Ag-terms: for all M, N € Ag(D), if 0 = M <Y N, then ) - M <4 N. Since <V is
reflexive, by Lemma 3.10 follows that (<S"V)" is compatible, hence reflexive too. Taking T = S in
Lemma 5.4, we conclude that @ - M (jC'U)H N implies ) F M <Y N. As we have remarked
before the lemma, the latter entails that (jC'U)H =< which implies <Y of being compatible.
Moreover, from Lemma 5.2 immediately follows that <€l ig also adequate. Thus, <A is contained
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in the largest compatible adequate Ag-relation, <%. From Lemma 4.6 follows that <V is actually
contained in <g. In particular, the latter means ) - M <Y N implies ) - M <g N.

(<) First of all, please observe that, since context preorder is compatible, if § - M <g N then,
for all S € FS(0), 0 - Es(M) <g Es(N) by Lemma 3.35. Then, by adequacy property of <g and
Lemma 5.2, the latter implies ) - M <“Y N. Ultimately, it holds that () - M <g N implies
0 M <“Y N. Let us take into account the general case of open terms. If Z - M <g N, then
by compatibility property of <g it follows () - A\T.M <g AZ.N and hence ) - A\T.M <Y \Z.N.
Then, from the fact that <Y is compatible (as established in (=) part of this proof) and Lemma 5.3,

for every suitable L C Ag(0), it holds ) + M{L/z} <Y N{L/z},ie. T+ M <Y N. O
Corollary 5.6 =Y coincides with ~g.
Proof. Straightforward consequence of Theorem 5.5. O

Proposition 5.7 <g and < do not coincide.

Proof. We will prove that M <“Y N but M £ N, where

MY AT y.x D y;

N Az Ay.x) @ (Ax.Ay.y).

<Clu

M £ N can be easily verified, so let us concentrate on M N, and prove that for every S,

C(S, M) < C(S,N). Let us distinguish three cases:

e If S =nil, then (S, M) cannot be further reduced and (S, N) ~», (S, Az.\y.z), (S, Az.\y.y),

where the last two pairs cannot be reduced. As a consequence, C(S, M) =0 = C(S, N).
e If S=[]L :: T, then we can proceed similarly.
o If S=[|]L :: []P :: T, then observe that
(Sa M) ~7n (HP T \y.Le y) ~n (Tv Lo P)

T,L),(T, P);
S, \x.\y.x), (S, A\x.A\y.y);
[]P :: T, y.L) ~, (T, L);
HP i T7>\yy) ~n (T,P)

Wn

(Sa N) ~n

(S, Az A\y.x) ~,
(S, Az A\y.y) ~n

~ o~~~

As a consequence,
1 1
C(S,M) = iC(T’ L)+ i(C(T, P)=C(S,N).
This concludes the proof. O

Example 5.8 We consider again the programs from Example 2.6. Terms expone and exptwo
only differ because the former performs all probabilistic choices on natural numbers obtained by
applying a function to its argument, while in the latter choices are done at the functional level,
and the argument to those functions is provided only at a later stage. As a consequence, the two
terms are not applicative bisimilar, and the reason is akin to that for the inequality of the terms
in Example 3.38. In contrast, the bisimilarity between expone and expthree k, where k is any
natural number, intuitively holds because both expone and expthree k evaluate to a single term
when fed with a function, while they start evolving in a genuinely probabilistic way only after the
second argument is provided. At that point, the two functions evolve in very different ways, but
their semantics (in the sense of Section 2) is the same (cf., Lemma 3.4). As a bisimulation one
can use the equivalence generated by the relation

(Ut (expone, expthree 1)}) U {(M, N) | [M] = [NT}

U (U{()\n.B{L/f}, )\n.C{L/f})})
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using B and C for the body of expone and expthree respectively.

6 The Discriminating Power of Probabilistic Contexts

We show here that applicative bisimilarity and context equivalence collapse if the tested terms
are pure, deterministic, A-terms. In other words, if the probabilistic choices are brought into the
terms only through the inputs supplied to the tested functions, applicative bisimilarity and context
equivalence yield exactly the same discriminating power. To show this, we prove that, on pure
A-terms, both relations coincide with the Levy-Longo tree equality, which equates terms with the
same Levy-Longo tree (briefly LLT) [14].

LLT’s are the lazy variant of Bohm Trees (briefly BT), the most popular tree structure in
the A-calculus. BT’s only correctly express the computational content of A-terms in a strong
regime, while they fail to do so in the lazy one. For instance, the term Az.Q) and 2, as both
unsolvable [4], have identical BT’s, but in a lazy regime we would always distinguish between them;
hence they have different LLT’s. LLT’s were introduced by Longo [30], developing an original

idea by Levy [29]. The Levy-Longo tree of M, LT(M), is coinductively constructed as follows:

LT(M) def AZy....2n.L if M is an unsolvable of order n; LT (M) 4 T if M is an unsolvable of

order oo; finally if M has principal head normal form Azy....x,.yMj ... M,,, then LT (M) is a tree
with root Azy....z,.y and with LT (M), ..., LT(M,,) as subtrees. Being defined coinductively,
LLT’s can of course be infinite. We write M =pp, N iff LT (M) = LT(N).

Example 6.1 Let & be an unsolvable of order oo such as = def Az Ay.(zx))(Ax.Ay.(zx)), and
consider the terms

M e (20w (2E)E): N 2 a2 (2(220)2).

These terms have been used to prove mon-full-abstraction results in a canonical model for the
lazy A-calculus by Abramsky and Ong [2]. For this, they show that in the model the convergence
test is definable (this operator, when it receives an argument, would return the identity function
if the supplied argument is convergent, and would diverge otherwise). The convergence test, V,
can distinguish between the two terms, as MV reduces to an abstraction, whereas NV diverges.
However, no pure A-term can make the same distinction. The two terms also have different LL
trees:

LT(M) = Az.x LT(N)= Az
ZN
Ay T z T
ZON N
T Ly T 1

Although in Ag, as in A, the convergence test operator is not definable, M and N can be separated
using probabilities by running them in a context C that would feed & Az.Au.z as argument; then
C[Myy whereas C[N]{1.

Example 6.2 Abramsky’s canonical model is itself coarser than LLT equality. For instance, the

terms M < \v.xx and N & Az.(xAy.(zy)), have different LLT’s but are equal in Abramsky’s

model (and hence equal for context equivalence in A). They are separated by context equivalence in

Ag, for instance using the context C & [J(I @), since C[M]{}1 whereas C[N]{1.

We already know that on full Ag, applicative bisimilarity (~) implies context equivalence (~g).
Hence, to prove that on pure A-terms the two equivalences collapse to LLT equality (=r1,), it
suffices to prove that, for those pure terms, ~g implies =p1,, and that =y, implies ~.

The first implication is obtained by a variation on the Béhm-out technique, a powerful method-
ology for separation results in the A-calculus, often employed in proofs about local structure

34



characterisation theorems of A-models. For this we exploit an inductive characterisation of LLT
equality via stratification approximants (Definition 6.5). The key Lemma 6.7 shows that any
difference on the trees of two A-terms within level n can be observed by a suitable context of the
probabilistic A-calculus.

We write WM as an abbreviation for the term Q & M. We denote by @,, n > 0, the term
AT1. ... ATy TpT1T2 + - Tp_1. This is usually called the Bdéhm permutator of degree n. Bohm
permutators play a key role in the Béhm-out technique. A variant of them, the W-permutators,
play a pivotal role in Lemma 6.7 below. A term M € Ag is a W-permutator of degree n if either
M = @Q,, or there exists 0 < r < n such that

M=Xx1.... AT WAZpq1 -+ AT Tp @1+ Ty -

Finally, a function f from the positive integers to A-terms is a W-permutator function if, for all
n, f(n) is a W-permutator of degree n. Before giving the main technical lemma, it is useful some
auxiliary concepts. The definitions below rely on two notions of reduction: M —, N means
that M call-by-name reduces to N in one step with probability p. (As a matter of fact, p can be
either 1 or %) Then = is obtained by composing — zero or more times (and multiplying the
corresponding real numbers). If p = 1 (because, e.g., we are dealing with pure A-terms) =, can
be abbreviated just as =>. With a slight abuse of notation, we also denote with = the multi-step
lazy reduction relation of pure, open terms. The specialised form of probabilistic choice WM can
be thought of as a new syntactic construct. Thus AY is the set of pure A-terms extended with the
W operator. As W is a derived operator, its operational rules are the expected ones:
oM —, 0¥ e —, m E

The restriction on = in which WR, but not WL, can be applied, is called =. In the following, we
need the following lemmas:

Lemma 6.3 Let M,N,L, P be closed A¥ terms. Suppose > [M] = > [N], that M =, L and
N =, P. Then also > [L] = > [P].

Proof. Of course, p = 5 for some integer n € N. Then Y} [L] = 2" 3 [M] = 2" Y [N] = X [P].
U

The proof of the key Lemma 6.7 below makes essential use of a characterization of =p1, by a
bisimulation-like form of relation:

Definition 6.4 (Open Bisimulation) A relation R on pure A-terms is an open bisimulation if

M R N implies:

1. if M = A\z.L, then N = A\x.P and L R P;

2. if M = xLy--- Ly, then Py,..., P, exist such that N = zP,--- P,, and L; R P; for every
1<t <m;

and conversely on reductions from N. Open bisimilarity, written ~©, is the union of all open

bisimulations.

Open bisimulation has the advantage of very easily providing a notion of approximation:

Definition 6.5 (Approximants of ~©) We set:
o ~Q EAXA;
o M N,?H N when
1. if M = A\z.L, then P exists such that N => \z.P and L ~Q P;
2. if M = xLy--- Ly, then Py,..., P, exist such that N = xP;--- P, and L; N,? P;, for
each 1 <i<m;
and conversely on the reductions from N.

Please observe that:

35



O

Lemma 6.6 On pure A-terms, the relations =r1,, ~° and (Nnen ~n

) all coincide.
We are now ready to state and prove the key technical lemma:

Lemma 6.7 Suppose M %O N for somen, and let {x1,...,x,.} be the free variables in M, N. Then

there are integers my,, ..., My, and k, and permutator functions fs,, ..., fz,. such that, for all m >

k, there are closed terms Ry, such that the following holds: if M{fe: (M +may)/z,} . {fer (M +ma,)/2 AR, ||,
and N{fer(m+may)/g ). ASer (M +ma,)/2, YR s, then v # s.

Proof. The proof proceeds by induction on the least n such that M %9 N. For any term M, M7
will stand for M{fe:(m +may)/z,} . {fer (M +ma,)/2,} where z; ..., are the free variables in
M. We also write Q™ for a sequence of m occurrences of Q: so, e.g., MQ3 is MQQQ. Finally, for

any term M, we write M {} to denote the fact that M does not converge.
e Basic case. M «{ N. There are a few cases to consider (their symmetric ones are analo-

gous).
e The case where only one of the two terms diverges is easy.

o M = aM;---M; and N = xNy--- N, with ¢t < s. Take m, = s and f;(n) = Q,, (the
B6hm permutator of degree n). The values of the other integers (k, m, for y # z) and of

the other permutation functions are irrelevant. Set R, LT O™ We have
MIQ"™ = QM ... MIQ™ |y

since t + m < s +m. We also have

NIQ™ = Qs N .. NTQ™ 4

since m > 0 and therefore an ) term will be end up at the head of the term.
o M = zMy---M; and N = yN;--- N, with z # y. Assume t < s without loss of
generality. Take m; = s+ 1, my = s, and fz(n) = fy(n) = Qn. The values of the other

integers and permutation functions are irrelevant. Set R,, L Om . We have
MIQ™ =5 Quuyoi  M{ .. MIQ™ I,

since m + s+ 1 >t +m. We also have

NIQ™ = QuysN{ .. .NIQ™ ¢

since m > 0 and therefore an ) term will be end up at the head of the term.

e M = \x.M’ and N = yN, for some y and N. The values of the integers and permutator

functions are irrelevant. Set R,, ) (the empty sequence), and f,(n) def WQ,. We have

MT — o.M 11, whereas
NT = H—'JQm—%-myW <1

e Inductive case: M£Q, | N. There are two cases to look at.
o M — xM,---My, N = zN;---N, and for some i, MmégNi. By induction, (for all
variables y) there are integers m,, k and permutator functions f,, such that for all m > k

there are S,,, and we have Z[[Mif Sl # Y0 lf Sm]- Redefine k if necessary so to make sure

that k > s. Set R, def QmAme=s=L(\gy . Zpim, i) Sm. We have:

MIR, = fo(m+ma)M{ .. MIQ™ ™= (\z . 2o, 21) S =>p M S0
whereas
NIR, = fo(m+ma)N{ .. NJQ™ =" (\ay 2y i, ) S =>p NI S
1

where p is 5 or 1 depending on whether f; contains W or not. In any case, in both
derivations, rule WL has not been used. By Lemma 6.3 and the inductive assumption

E[[Mfm]] + Z[[Nf%}] we derive that Z[[MTE]] + Z[[me]] t0o0.
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o M = \z.M’', N = \z.N’ and M'AQN’. By induction, (for all variables y) there are

integers m,, k and permutator functions f,, such that for all m > k there are S and we

have ZHM,ZE]] 7 Z[[N/?E]]' Set Ry < fe(m +my)S,,. Below for a term L, L= is

defined as L except that variable z is left uninstantiated. We have:

MR, = Oa. M) fo(m +ma)Sp — (M7~ {fo(m+ma)/a )G, = M5,
whereas
NTRy = N5V fo(m + ma) 8 — (N {fa(m+m2)/ )5, = NS,

Again, by Lemma 6.3 and the inductive hypothesis, we derive SI[M7R,,] # S[N'R,..].
This concludes the proof. O

The fact the Bohm-out technique actually works implies that the discriminating power of
probabilistic contexts is at least as strong as the one of LLT’s.

Corollary 6.8 For M,N € A, M~gN implies M =p1, N.

To show that LLT equality is included in probabilistic applicative bisimilarity, we proceed as follows.
First we define a refinement of the latter, essentially one in which we observe all probabilistic choices.
As a consequence, the underlying bisimulation game may ignore probabilities. The obtained notion
of equivalence is strictly finer than probabilistic applicative bisimilarity. The advantage of the
refinement is that both the inclusion of LLT equality in the refinement, and the inclusion of the
latter in probabilistic applicative bisimilarity turn out to be relatively easy to prove. A direct proof
of the inclusion of LLT equality in probabilistic applicative bisimilarity would have been harder,
as it would have required extending the notion of a Levy-Longo tree to Ag, then reasoning on
substitution closures of such trees.

Definition 6.9 A relation R C Ag(0) x Ag() is a strict applicative bisimulation whenever
M R N implies

1. if M —1 P, then N =1 Q and PR Q;

2. if M —1 P, then N =1 Q and PR Q;

3. if M = \a.P, then N =1 A\z.Q and P{L/z} R Q{L/x} for all L € Ag(0);

4. the converse of 1., 2. and 3..

Strict applicative bisimilarity is the union of all strict applicative bisimulations.

If two terms have the same LLT, then passing them the same argument M € Ag produces exactly
the same choice structure: intuitively, whenever the first term finds (a copy of) M in head position,
also the second will find M.

Lemma 6.10 If M =1, N then M R N, for some strict applicative bisimulation R.

Terms which are strict applicative bisimilar cannot be distinguished by applicative bisimilarity
proper, since the requirements induced by the latter are less strict than the ones the former imposes:

Lemma 6.11 Strict applicative bisimilarity is included in applicative bisimilarity.

Since we now know that for pure, deterministic Ad-terms, =, is included in ~ (by Lemma 6.10
and Lemma 6.11), that ~ is included in ~g (by Theorem 3.37) and that the latter is included in
=11, (Corollary 6.8), we can conclude:

Corollary 6.12 The relations =11, ~, and ~g coincide in A.
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7 Coupled Logical Bisimulation

In this section we derive a coinductive characterisation of probabilistic context equivalence on the
whole language Ag (as opposed to the subset of sum-free A-terms as in Section 6). For this, we
need to manipulate formal weighted sums. Thus we work with an extension of Ag in which such
weighted sums may appear in redex position. An advantage of having formal sums is that the
transition system on the extended language can be small-step and deterministic — any closed term
that is not a value will have exactly one possible internal transition.

This will make it possible to pursue the logical bisimulation method, in which the congruence
of bisimilarity is proved using a standard induction argument over all contexts. The refinement
of the method handling probabilities, called coupled logical bisimulation, uses pairs of relations,
as we need to distinguish between ordinary terms and terms possibly containing formal sums.
Technically, in the proof of congruence we first prove a correspondence between the transition
system on extended terms and the original one for Ag; we then derive a few up-to techniques for
coupled logical bisimulations that are needed in the following proofs; finally, we show that coupled
logical bisimulations are preserved by the closure of the first relation with any context, and the
closure of the second relation with any evaluation context.

We preferred to follow logical bisimulations rather then environmental bisimulations because the
former admit a simpler definition (in the latter, each pair of terms is enriched with an environment,
that is, an extra set of pairs of terms). Moreover it is unclear what environments should be when
one also considers formal sums. We leave this for future work.

Formal sums are a tool for representing the behaviour of running Ag terms. Thus, on terms
with formal sums, only the results for closed terms interest us. However, the characterization of
contextual equivalence in Ag as coupled logical bisimulation also holds on open terms.

7.1 Notation and Terminology

We write Ags for the extension of Ag in which formal sums may appear in redex position. Terms
of AES are defined as follows (M, N being Ag-terms):

E,Fu:=EM | Sic/(Mi,p;) | MaN | Mo,

In a formal sum ¥;c(M;, p;), I is a countable (possibly empty) set of indices such that 3, p; < 1.
We use + for binary formal sums. Formal sums are ranged over by metavariables like H, K. When
each M; is a value (i.e., an abstraction) then X;c;(M;, p;) is a (formally summed) value; such values
are ranged over by Z,Y, X. If H = ¥;c;(M;, p;) and K = Xjc;7(M;, p;) where I and J are disjoint,
then H © K abbreviates X,.crus(M,, & ). Similarly, if for every j € J Hj is Xicr(M; 5, pi ), then
¥ (Hj, p;) stands for ¥, ;y(M; ;,pi ;- pj). For H = X;(M;, p;) we write 3(H) for the real number
Soipie It Z = S;(Mx.M;,p;), then Z o N stands for ;(M;{N/z},p;). The set of closed terms is
Ags((i)).

Any partial value distribution & (in the sense of Section 2) can be seen as the formal sum
Yvevag (V,2(V)). Similarly, any formal sum H = ¥;c7(M;, p;) can be mapped to the distribution
> icr Pi - [M;], that we indicate with [H].

Reduction between AEBS terms, written E ~» F'| is defined by the rules in Figure 6; these rules
are given on top of the operational semantics for Ag as defined in Section 2, which is invoked in the
premise of rule spc (if there is a ¢ with M; not a value). The reduction relation ~ is deterministic
and strongly normalizing. We use 3 for its reflexive and transitive closure. Lemma 7.1 shows the
agreement between the new reduction relation and the original one.

Lemma 7.1 For all M € Ag (D) there is a value Z such that M *3 Z and [M] = [Z].

Proof. One first show that for all E there is n such that E ~~™ Z. Then one reasons with a double
induction: an induction on n, and a transition induction, exploiting the determinism of ~~. O
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SS
M® N ~ (M, ) + (N, 3)

2 ’ 2

| [Mi] = spc
Ao M~ DM, 1) > S{(M;,pi) ~ Si(Z;, pi)
ZM ~ Z e M EM ~ FM

Figure 6: Reduction Rules for AES

7.2 Context Equivalence and Bisimulation

In Ags certain terms (i.e., formal sums) may only appear in redex position; ordinary terms (i.e.,
terms in Ag), by contrast, may appear in arbitrary position. When extending context equivalence
to Agas we therefore have to distinguish these two cases. Moreover, as our main objective is the
characterisation of context equivalence in Ag, we set a somewhat constrained context equivalence
in AS.;S in which contexts may not contain formal sums (thus the Agas contexts are the same as
the Ag contexts). We call these simple AES contexts, whereas we call general AES context an
unconstrained context, i.e., a Ags term in which the hole [-] may appear in any places where a term
from Ag was expected — including within a formal sum. (Later we will see that allowing general
contexts does not affect the resulting context equivalence.) Terms possibly containing formal sums
are tested in evaluation contexts, i.e., contexts of the form [-|M. We write E||, if E ¥ Z and
3(Z) = p (recall that Z is unique, for a given E).

Definition 7.2 (Context Equivalence in AL®) Two Ag-terms M and N are context equiva-
lent in Ags, written M zgs N, if for all (closing) simple Ag;s contexts C, we have C[M]||, iff
C[N]llp. Two Agas—terms E and F are evaluation-context equivalent, written E Egs F, if for all
(closing) AES evaluation contexts C, we have C[E]|l, iff C[F]llp.

In virtue of Lemma 7.1, context equivalence in Ag coincides with context equivalence in Ags.
We now introduce a bisimulation that yields a coinductive characterisation of context equivalence
(and also of evaluation-context equivalence). A coupled relation is a pair (V,€) where: V C
Ag(0) x Ag(0), € C AES(0) x AES(0), and V C €. Intuitively, we place in V' the pairs of terms
that should be preserved by all contexts, and in £ those that should be preserved by evaluation
contexts. For a coupled relation R = (V,£) we write Ry for V and Ry for £. The union of coupled

relations is defined componentwise: e.g., if R and S are coupled relations, then the coupled relation

RUS has (RUS); def Ri1US; and (RUS), def Ry U S,. If Vis a relation on Ag, then VC is

the context closure of V in Ag, i.e., the set of all (closed) terms of the form (C[M], C[N]) where C
is a multi-hole Ag context and M V N.

Definition 7.3 A coupled relation R is a coupled logical bisimulation if whenever E Ro F we

have:

1. if E~~ D, then FF 33 G, where D R G;

2. if E is a formally summed value, then F %2 Y with X(E) = 2(Y), and for all M RY N we
have (E e M) Rz (Y o N);

8. the converse of 1. and 2..

Coupled logical bisimilarity, =, is the union of all coupled logical bisimulations (hence =1 is the

union of the first component of all coupled logical bisimulations, and similarly for ms).

In a coupled bisimulation (R1,R2), the bisimulation game is only played on the pairs in Rs.
However, the first relation R is relevant, as inputs for tested functions are built using R; (Clause
2. of Definition 7.3). Actually, also the pairs in R; are tested, because in any coupled relations it
must be R; C Ro. The values produced by the bisimulation game for coupled bisimulation on Rs
are formal sums (not plain A-terms), and this is why we do not require them to be in Rq: formal
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sums should only appear in redex position, but terms in R; can be used as arguments to bisimilar
functions and can therefore end up in arbitrary positions.

We will see below another aspect of the relevance of Ri: the proof technique of logical
bisimulation only allows us to prove substitutivity of the bisimilarity in arbitrary contexts for the
pairs of terms in Rq. For pairs in R but not in R, the proof technique only allows us to derive
preservation in evaluation contexts.

In the proof of congruence of coupled logical bisimilarity we will push “as many terms as
possible” into the first relation, i.e., the first relation will be as large as possible. However, in
proofs of bisimilarity for concrete terms, the first relation may be very small, possibly a singleton
or even empty. Then the bisimulation clauses become similar to those of applicative bisimulation
(as inputs of tested function are “almost” identical). Summing up, in coupled logical bisimulation
the use of two relations gives us more flexibility than in ordinary logical bisimulation: depending
on the needs, we can tune the size of the first relation. It is possible that some of the above aspects
of coupled logical bisimilarity be specific to call-by-name, and that the call-by-value version would
require non-trivial modifications.

Remark 7.4 In a coupled logical bisimulation, the first relation is used to construct the inputs for
the tested functions (the formally summed values produced in the bisimulation game for the second
relation). Therefore, such first relation may be thought of as a “global” environment— global because
it is the same for each pair of terms on which the bisimulation game is played. As a consequence,
coupled logical bisimulation remains quite different from environmental bisimulation [45], where
the “environment” for constructing inputs is local to each pair of tested terms. Coupled logical
bisimulation follows ordinary logical bisimulation [44], in which there is only one global environment;
in ordinary logical bisimulation, however, the global environment coincides with the set of tested
terms. The similarity with logical bisimulation is also revealed by non-monotonicity of the associated
functional (in contrast, the functional associated to environmental bisimulation is monotone); see
Remark 7.17.

As an example of use of coupled logical bisimulation, we revisit the counterexample 3.38 to the
completeness of applicative bisimilarity with respect to contextual equivalence.

Example 7.5 We consider the terms of Example 3.38 and show that they are in ~1, hence

also in ~g (contertual equivalence of Ag), by Corollary 7.12 and ﬁgsz ~g. Recall that the

terms are M & Me.(L & P) and N Lef (Ax.L) & (A\x.P) for L LN and P Y Ay Az.Q.
We set Ry to contain only (M,N) (this is the pair that interests us), and Rg to contain the
pairs (M,N), ((M,1), (Az.L, 3) + (Az.P, 3)), (L + P,1), (L, 1) + (P, 3)), and a set of pairs with
identical components, namely (L, 1)+ (P, 5), (L, )+ (P, 1)), (2, $)+(Au., 1), (Q, 1)+ (M., 1)),
(A, 3), A2, 2)), (2, 3),(2,3)), (0,0), where 0 is the empty formal sum. Thus (R1,Ra2) is
a coupled logical bisimulation.

The main challenge towards the goal of relating coupled logical bisimilarity and context equivalence
is the substitutivity of bisimulation. We establish the latter exploiting some up-to techniques for

bisimulation. We only give the definitions of the techniques, omitting the statements about their
soundness. The first up-to technique allows us to drop the bisimulation game on silent actions:

Definition 7.6 (Big-Step Bisimulation) A coupled relation R is a big-step coupled logical
bisimulation if whenever E Ry F, the following holds: if E %3 Z then F 33 Y with 3(Z) = ¥(Y),
and for all M R$ N we have (Z « M) Rs (Y o N).

Lemma 7.7 If R is a big-step coupled logical bisimulation, then R CS for some coupled logical
bisimulation S.

In the reduction ~~, computation is performed at the level of formal sums; and this is reflected,
in coupled bisimulation, by the application of values to formal sums only. The following up-to
technique allows computation, and application of input values, also with ordinary terms. In the

40



definition, we extract a formal sum from a term E in Ags using the function D(-) inductively as
follows:

D(EM) def Si(M; M, p;) whenever D(E) = 3;(M;, p;);

D(M) ¥ (M,1); DH) ¥ .

Definition 7.8 A coupled relation R is a bisimulation up-to formal sums if, whenever E Ro F,
then either (one of the bisimulation clauses of Definition 7.3 applies), or (E, F € Ag and one of
the following clauses applies):
1. E ~ D with D(D) = (M, ) + (N, 3), and F ~ G with D(G) = (L, 3) + (P, 3), M Ry L, and

N Ry P;
2. E=)Xz.M and F = \z.N, and for all P RY Q we have M{F/z} Ry N{Q/z};
3. E=(\x.M)PM and F = (\x.N)QN, and M{P/z} M Ry N{Q/z}N.

According to Definition 7.8, in the bisimulation game for a coupled relation, given a pair (E, F') € Ra,
we can either choose to follow the bisimulation game in the original Definition 7.3; or, if F and F' do
not contain formal sums, we can try one of the new clauses above. The advantage of the first new
clause is that it allows us to make a split on the derivatives of the original terms. The advantage of
the other two new clauses is that they allow us to directly handle the given A-terms, without using
the operational rules of Figure 6 and therefore without introducing formal sums. To understand the

first clause, suppose E % (M & N)L and F %' P& Q. We have E ~ ((M, D+(N, L L1 G with
D(G) = (ML, 1)+ (NL, 1), and F ~ (P, 1) +(Q, 1) ©' H, with D(H) = H, and it is sufficient
now to ensure (ML) Re P, and (NL) Rs Q.

Lemma 7.9 If R is a bisimulation up-to formal sums, then R CS for some coupled logical
bisimulation S.

Proof. We show that the coupled relation S, with S;= R, and
SQdZEf RQU{(2i<Hi,pi>, Zi<Ki;pi>) s.t. fOI" each i, either Hi RQ Ki
or Hz = <Mi7 1>7Ki = <Nz 1> and MZ Rg Nz }7

is a big-step bisimulation and then apply Lemma 7.7. The key point for this is to show that
whenever M Ro N,if M 33 Z and N 33 Y, then Z S, Y.

For this, roughly, we reason on the tree whose nodes are the pairs of terms produced by the
up-to bisimulation game for Ry and with root a pair (M, N) in Ry (and with the proviso that a
node (E, F), if not a pair of values, and not a pair of Ag-terms, has one only child, namely (Z,Y)
for Z,Y st. EX Zand F R Y).

Certain paths in the tree may be divergent; those that reach a leaf give the formal sums that
M and N produce. Thus, if M = Z and N = Y, then we can write Z = %;(Z;,p;) and
Y = 3(Yi, pi), for Z;, Y, p; sit. {(Z;,Y;,pi)} represent exactly the multiset of the leaves in the
tree together with the probability of the path reaching each leaf. O

Using the above proof technique, we can prove the necessary substitutivity property for bisimulation.
The use of up-to techniques, and the way bisimulation is defined (in particular the presence of a
clause for 7-steps and the possibility of using the pairs in the bisimulation itself to construct inputs
for functions), make it possible to use a standard argument by induction over contexts.

Lemma 7.10 If R is a bisimulation then the context closure S with
S = RY;
Sy ¥ RyU RS U{(EM,FN) s.t. E Ry F and M; RS N;};

18 a bisimulation up-to formal sums.
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Corollary 7.11 1. M =~y N implies C[M] =1 C[N], for all C
2. E my F implies C[E] ~o C[F), for all evaluation contexts C.

Using Lemma 7.10 we can prove the inclusion in context equivalence.
Corollary 7.12 If M =~; N then M zgas N. Moreover, if E =5 F then E Egs F.

The converse of Corollary 7.12 is proved exploiting a few simple properties of Egs (e.g., its

transitivity, the inclusion ~ C ~£5).

Lemma 7.13 E ~ E' implies E =55 F'.
Proof. If E ~ E’ then E ~y E' hence E =55 E'. O

Lemma 7.14 Z ggs Y implies Z o« M &gf Y o M for all M.

Proof. Follows from definition of Egs, transitivity of &gs, and Lemma 7.13. O

Lemma 7.15 If M; :gas N; for each i, then X;(M;, p;) &gs (N, pi)

Proof. Suppose ¥;(M;,p;)M 3 Z and %;(N;, p;)M 3 Y. We have to show X(Z) = 2(Y). We
have Z = ¥;(Z;, p;) for Z; with M; 33 Z;. Similarly Y = X,(Y;,p;) for Y; with N; 33 N;. Then
the result follows from X (Z;) = X(Y;). O

Theorem 7.16 We have ,.:lés C =~q, and &gs C =s.

Proof. We take the coupled relation R with
Ry Z:ei {(M,N) s.t. M ~ES N}
Ry = {(E,F)st. BE=ES F})
and show that R is a bisimulation.

For clause (1), one uses Lemma 7.13 and transitivity of &E°. For clause (2), consider a term Z
with Z =5 F. By definition of 25°, F 33 Y with 3(Z) = 3(Y). Take now arguments M ~£° N
(which is sufficient, since zgscgzgs). By Lemma 7.14, Z ¢ M ~E° Y ¢ N. By Lemma 7.15,
WeM=Y eN. Hence also Ze M ~£° Y ¢ N, and we have Ze M Ry Y o N. O

It also holds that coupled logical bisimilarity is preserved by the formal sum construct; i.e., M; ~; N;
for each ¢ € I implies X, (M;, p;) ~a e (N, p;). As a consequence, context equivalence defined
on general Ags contexts is the same as that set on simple contexts (Definition 7.2).

Remark 7.17 The functional induced by coupled logical bisimulation is not monotone. For
instance, if V CW, then a pair of terms may satisfy the bisimulation clauses on (V,E), for some
E, but not on (W, E), because the input for functions may be taken from the larger relation WW.
(Recall that coupled relations are pairs of relations. Hence operations on coupled relations, such as
union and inclusion, are defined component-wise.) However, Corollary 7.12 and Theorem 7.16 tell
us that there is indeed a largest bisimulation, namely the pair (:gs, Egas).

With logical (as well as environmental) bisimulations, up-to techniques are particularly important
to relieve the burden of proving concrete equalities. A powerful up-to technique in higher-order
languages is up-to contexts. We present a form of up-to contexts combined with the big-step version
of logical bisimilarity. Below, for a relation R on Ag,, we write RCFS for the closure of the relation
under general (closing) AES contexts.

Definition 7.18 A coupled relation R is a big-step coupled logical bisimulation up-to contexts if
whenever E Ry F, the following holds: if E 33 Z then F 3 Y with X(Z) = X(Y), and for all
M RY N, we have (Z @ M) R{FS (Y o N).
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For the soundness proof, we first derive the soundness of a small-step up-to context technique, whose
proof, in turn, is similar to that of Lemma 7.10 (the up-to-formal-sums technique of Definition 7.8
already allows some context manipulation; we need this technique for the proof of the up-to-contexts
technique).

Example 7.19 We have seen that the terms expone and exptwo of Example 2.6 are not applicative
bisimilar. We can show that they are context equivalent, by proving that they are coupled bisimilar.
We sketch a proof of this, in which we employ the up-to technique from Definition 7.18. We use the

coupled relation R in which Ry ef {(expone, exptwo)}, and Rq LR U {(Ay,By) | M R$ N}

where Ay % An.((Mn) @ (expone M (n + 1))), and By ef (Ax.Nz) @ (exptwo (Az.N(z + 1))).

This is a big-step coupled logical bisimulation up-to contexts. The interesting part is the matching
argument for the terms Apr, Bn; upon receiving an argument m they yield the summed values
Si{M(m+1),p;) and S;(N(m +1),p;) (for some p;’s), and these are in RYFS.

8 Beyond Call-by-Name Reduction

So far, we have studied the problem of giving sound (and sometime complete) coinductive methods
for program equivalence in a probabilistic A-calculus endowed with call-by-name reduction. One
may wonder whether what we have obtained can be adapted to other notions of reduction, and in
particular to call-by-value reduction (e.g., the call-by-value operational semantics of Ag from [10]).

Since our construction of a labelled Markov chain for Ag is somehow independent on the
underlying operational semantics, defining a call-by-value probabilistic applicative bisimulation is
effortless. The proofs of congruence of the bisimilarity and its soundness in this paper can also be
transplanted to call-by-value. In defining Ag as a multisorted labelled Markov chain for the strict
regime, one should recall that functions are applied to values only.

Definition 8.1 Ag can be seen as a multisorted labelled Markov chain (Ag(0) W VAg,VAg W
{7}, Pg) that we denote with Ag,. Please observe that, contrary to how we gave Definition 8.1 for
call-by-name semantics, labels here are either values, which model parameter passing, or T, that
models evaluation. We define the transition probability matrix Pg as follows:

o For every term M and for every distinguished value vx.N,

Po(M,T,vx.N) def [M](vz.N);
o For every value V' and for every distinguished value vz.N,
Pe(va.N,V, N{V/z}) € 1;

o In all other cases, Py returns 0.

Then, similarly to the call-by-name case, one can define both probabilistic applicative simulation
and bisimulation notions as probabilistic simulation and bisimulation on Ag,. This way one
can define probabilistic applicative bisimilarity, which is denoted ~,, and probabilistic applicative
similarity, denoted <.

Proving that <, is a precongruence, follows the reasoning we have outlined for the lazy regime.
Of course, one must prove a Key Lemma first.

Lemma 8.2 If M <" N, then for every X C Ag(x) it holds that [M](\z.X) < [N](Az.(<, 7 (X))).

As the statement, the proof is not particularly different from the one we have provided for
Lemma 3.17. The only delicate case is obviously that of application. This is due to its operational
semantics that, now, takes into account also the distribution of values the parameter reduces to.
Anyway, one can prove ~, of implying context equivalence.

When we restrict our attention to pure A-terms, as we do in Section 6, we are strongly relying
on call-by-name evaluation: LLT’s only reflect term equivalence in a call-by-name lazy regime. We
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leave the task of generalizing the results to eager evaluation to future work, but we conjecture
that, in that setting, probabilistic choice alone does not give contexts the same discriminating
power as probabilistic bisimulation. Similarly we have not investigated the call-by-value version of
coupled logical bisimilarity, as our current proofs rely on the appearance of formal sums only in
redex position, a constraint that would probably have to be lifted for call-by-value.

9 A Comparison with Nondeterminism

Syntactically, Ag is identical to an eponymous language introduced by de’Liguoro and Piperno [13].
The semantics we present here, however, is quantitative, and this has of course a great impact on
context equivalence. While in a nondeterministic setting what one observes is the possibility of
converging (or of diverging, or both), terms with different convergence probabilities are considered
different in an essential way here. Actually, nondeterministic context equivalence and probabilistic
context equivalence are incomparable. As an example of terms that are context equivalent in
the must sense but not probabilistically, we can take I & (I & Q) and I @ Q. Conversely, I is
probabilistically equivalent to any term M that reduces to I & M (which can be defined using
fixed-point combinators), while I and M are not equivalent in the must sense, since the latter can
diverge (the divergence is irrelevant probabilistically because it has probability zero). May context
equivalence, in contrast, is coarser than probabilistic context equivalence.

Despite the differences, the two semantics have similarities. Analogously to what happens in
nondeterministic A-calculi, applicative bisimulation and context equivalence do mot coincide in the
probabilistic setting, at least if call-by-name is considered. The counterexamples to full abstraction
are much more complicated in call-by-value A-calculi [27], and cannot be easily adapted to the
probabilistic setting.

10 Conclusions

This is the first paper in which bisimulation techniques for program equivalence are shown to be
applicable to probabilistic A-calculi.

On the one hand, Abramsky’s idea of seeing interaction as application is shown to be amenable to
a probabilistic treatment, giving rise to a congruence relation that is sound for context equivalence.
Completeness, however, fails: the way probabilistic applicative bisimulation is defined allows one to
distinguish terms that are context equivalent, but which behave differently as for when choices and
interactions are performed. On the other, a notion of coupled logical bisimulation is introduced and
proved to precisely characterise context equivalence for Ag. Along the way, applicative bisimilarity
is proved to coincide with context equivalence on pure A-terms, yielding the Levy-Longo tree
equality.

The crucial difference between the two main bisimulations studied in the paper is not the
style (applicative vis-a-vis logical), but rather the fact that while applicative bisimulation insists
on relating only individual terms, coupled logical bisimulation is more flexible and allows us
to relate formal sums (which we may think as distributions). This also explains why we need
distinct reduction rules for the two bisimulations. See examples 3.38 and 7.5. While not complete,
applicative bisimulation, as it stands, is simpler to use than coupled logical bisimulation. Moreover
it is a natural form of bisimulation, and it should be interesting trying to transport the techniques
for handling it onto variants or extensions of the language.

Topics for future work abound — some have already been hinted at in earlier sections. Among
the most interesting ones, one can mention the transport of applicative bisimulation onto the
language Ags. We conjecture that the resulting relation would coincide with coupled logical
bisimilarity and context equivalence, but going through Howe’s technique seems more difficult than
for Ag, given the infinitary nature of formal sums and their confinement to redex positions.

Also interesting would be a more effective notion of equivalence: even if the two introduced
notions of bisimulation avoid universal quantifications over all possible contexts, they refer to an
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essentially infinitary operational semantics in which the meaning of a term is obtained as the least
upper bound of all its finite approximations. Would it be possible to define bisimulation in terms
of approximations without getting too fine grained?

Bisimulations in the style of logical bisimulation (or environmental bisimulation) are known
to require up-to techniques in order to avoid tedious equality proofs on concrete terms. In the
paper we have introduced some up-to techniques for coupled logical bisimilarity, but additional
techniques would be useful. Up-to techniques could also be developed for applicative bisimilarity.

More in the long-run, we would like to develop sound operational techniques for so-called
computational indistinguishability, a key notion in modern cryptography. Computational indistin-
guishability is defined similarly to context equivalence; the context is however required to work
within appropriate resource bounds, while the two terms can have different observable behaviors
(although with negligible probability). We see this work as a very first step in this direction: com-
plexity bounds are not yet there, but probabilistic behaviour, an essential ingredient, is correctly
taken into account.
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