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Chapter 1

Introduction

Programming languages theory, which has among its purposes to investigate the
logical foundations of computer science, finds in A calculus an optimal tool of analy-
sis. The A calculus, which was invented in 1930 by A. Church as a formal system to
capture the computational power of functional theories, is in many senses considered
as the first programming language and is currently the main instrument to study
the properties of the class of higher order functional languages, namely those where
functions are permitted as values for procedures. In this work the lambda calculus
is used to investigate the issue of equivalence among programs from a formal point

of view.

Program equivalence is one of the fundamental notions in the theory of program-
ming languages. Studying the nature of program equivalence is not only interesting
from a purely foundational point of view, but can also be the first step towards defin-
ing (semi)automatic techniques for program verification, or for validating compiler
optimizations. The most widely accepted notion of equivalence among programs,
namely Morris’s context equivalence [42], leans on the concept of observational be-
haviour: two programs are contextually equivalent if they may be exchanged for
one another in any possible larger program — which is precisely the definition of

context — without affecting its evaluation, hence the potentiality to converge. As a
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prerequisite, a well working relation to compare programs has indeed to be compat-
tble with the language, namely it should commute with its syntactic constructors
and it is relatively easy to show that context equivalence matches this condition.
Context equivalence relation is an effective tool to prove two programs not to be
equivalent, since this merely amounts to finding one context which separates them.
On the other hand, proving two terms to be equivalent requires one to examine their

behaviour in every possible context.

Various ways to alleviate the burden of proving the quantification over all con-
texts have been proposed in the literature. The proof of context equivalence can
be relieved for example by introducing the so called context lemmas, which have
the aim to reduce the class of contexts which are needed to show contextual equiv-
alence [41, 44|. Context lemmas ensure that the context equivalence between two
programs actually holds if they show to behave the same in a more restricted class
of contexts: thus the quantification over all possible contexts, required in proving
context equivalence, is replaced by proving the equivalence of two programs on a
smaller class of them. Among the possible classes it is relevant that of contexts
which are Uses of Closed Instantiations: the equivalence of programs within this re-
stricted set of contexts — the so called evaluation contexts —is called CIU equivalence
and can be proved to coincide with the general context equivalence. Denotational
semantics methods differ from those of operational semantics, where a program is
figured as a sequence of computational steps, because they aim to make programs in-
dependent of the abstract machine by finding a bijective relation between programs
and some mathematical structures easier to compare. Here two terms are consid-
ered equivalent if their semantics correspond to the same mathematical structure.
With logical relations [45], programs are compared by giving a family of relations
which connect contextually equivalent terms on the set of programs. More recently,
trace equivalence [17] has been considered as possible method of investigation: here
two programs are compared if they accept the same set of traces, a trace being a
sequence of actions that an external observer can perform on the system. We are

here especially interested in bisimilarity [1, 39|, which is a technique of comparison
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among systems defined in a coinductive way and to its applications in the fields of

probabilistic and quantum programming languages.

1.1 Coinduction and Bisimulation

It is well known that a set can be defined in an inductive way starting by the simpler
elements — usually included in the set by an axiom — and adding, with a sequence of
steps, the more complex ones thereby using inference rules from the premises to the
conclusions: a new element is added if it is somehow related to the old elements which
enjoy a property. The coinductive techniques, as duals of inductive ones [47, 48] ,
are used to build sets starting from a biggest one, where all elements are supposed
to be included — hence postulating that all of them belong to the set — and removing
those which don’t fulfil the condition expressed by an inference rule, which is used
backward, namely from the conclusion toward the premises. Bisimilarity is one of the
most pervasive techniques for checking equivalence among procedures, it is based on
the idea that two processes are equivalent when they behave the same when they

interact with the external environment.

Among the various notions of bisimulation which are known to be amenable to
higher-order programs, the simplest one is certainly Abramsky’s applicative bisim-
ulation [1, 25|, in which terms are seen as interactive objects where the interaction
with their environment consists in taking input arguments or outputting observ-
able results. Remarkably, the concept of bisimulation is not univocal, since many
relations of bisimulation can be arranged on the same set of objects, therefore the
union of all the bisimulation relations is taken as well-founded comparison relation
among terms, and it is called bisimilarity. In deterministic languages, when used
as an equivalence relation among programs, bisimilarity has been proved to be a
very powerful tool, since it has been shown to have both the properties of sound-
ness (which means that it is included) and completeness (which is understood as
to include) with respect to the context equivalent relation (e.g. [44]). Applicative

bisimulation is therefore well-known to be fully-abstract, hence sound and complete,
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w.r.t. context equivalence when instantiated on plain, untyped, deterministic \-

calculi [1, 4].

Even though the first attempts to extend the concept of bisimilarity toward non-
deterministic higher—order languages have been successfully accomplished since the
latest nineties [40], it is somehow underwhelming that in such nondeterministic
environments bisimilarity, even if it is sound with respect to context equivalence,
doesn’t fulfill the criterium to be fully abstract. When extended to probabilistic
systems [39], the notion of bisimilarity necessarily requires to define a more sophis-
ticated topological structure as the Labelled Marcov Chains (LMC). Probability is
inserted into the A calculus by means of a choice operator, which allows many pos-
sible paths in the calculation procedure and the LMC provides the way to manage
the set of possible transitions undergone by each program toward other ones when
some action of the system is performed. As for the assessment between context
equivalence and bisimilarity in probabilistic languages, the situation is more com-
plicated: while applicative bisimilarity is invariably a congruence, thus sound for
context equivalence, completeness generally fails [44, 40|, even if some unexpected

positive results have recently been obtained on this subject [10, 54].

The previous theme of equivalence overlaps with linearity, which is the re-
quirement to use exactly once every variable declared in a program. Linearity in
computer language theory, especially in the presence of typed environments, is a
straight derivation of linear logic conceived by Girard as a refinement of intuitionis-
tic logic [24]. Connections between linear logic and linear typed languages are given
by Curry-Howard correspondence: whatever type judgement finds its analogous in
a logical statement. Does applicative bisimulation work well when the underlying
calculus has linear types? The question has been replied positively, but only for
deterministic A-calculi |9, 8]. The soundness of the bisimulation in the frame of the
contextual equivalence relation, fails also for different, sligtly complex, definitions
of bisimulation such as the environmental bisimulation [33, 49]. In this thesis, the
constraint of linearity is introduced from the very beginning, in view of the purpose

to extend the results obtained for the deterministic and probabilistic languages, to a
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quantum calculi where the impossibility to clone variables becomes a crucial bond.
This is the so called no cloning theorem which expresses the impossibility to create
a copy of a quantum state — specifically a qubit — without observing it and hence

destroying superposition [32, 22].

1.2 On Quantum Computation

The increasing credit paid to quantum languages is justifiable because of its poten-
tiality to overcome classical limits, improve the efficiency and decrease the time of
computation by exploiting the parallelism intrinsically embedded in quantum me-
chanical processes, which allows to explore at the same time, with a certain proba-
bility, several computation paths. At a logical level, a quantum computer consists of
a set of operators, the so called quantum gates which are assigned to the elaboration
and manipulation of quantum data, stored in the computer memory in form of quan-
tum bits (qubit): thus a quantum algorithm is a sequence of quantum gates, but
since the qubits are physically comparable to vectors rather than to numbers, the
quantum gates act in a more complex way than their classic equivalent, by exploring
simultaneously, during the calculus, a plurality of possibilities. The structure of a
quantum algorithm is such that, during its execution, there are basically two kinds
of allowed operations: unitary transformations — which have as classical correspon-
dent the sequence of gate operations performed on the bits by classical circuits —

and the measurement, which is the observation of the final result.

Among the other quantum algorithms, we recall here Shor’s algorithm [55] for the
factorization of natural numbers, that given an integer finds its prime factors, and
Grover algorithm [28] to search an item in a list, which has improved the classical
one. The first one is mostly important because security protocols for the privacy
across the network communications, encrypt data exploiting the factorization of a
given number in primes to encode the sent data [46]. Shor’s algorithm requires a
polynomial time in the size of the input number entailing an exponential speedup

with respect to the classical ones: indeed no classical algorithm is known that can
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factor an integer in polynomial time. Grover’s algorithm gives a quadratic speedup.

Quantum computation is traditionally introduced at low level, presenting the
programs as an ordered series of quantum gates [43|, or modelling it as a quantum
Turing Machine [20], where both data and control are treated as quantum systems,
writing them as a superposition of classical states. Parallely to these purely quantum
patterns, some attempts to build quantum programming languages endowing the
computation with a set of operational semantics rules have been done [53, 52|.
There quantum variables as well classical ones, are permitted but they are controlled
and processed by classical devices and programs, represented by the terms of the
language. Thus various extensions of classical A calculus have been used to give
the operational semantics rules for first-order quantum calculus 35, 34| in a typed
frame. These methods of analysis have been efficiently summarized by the slogan

“quantum data, classical control” [50].

Whenever the analysis is limited to first order languages, quantum algorithms
and procedures may be compared as linear operators in a linear vector space [6],
claiming their equivalence if, by executing them on the finite number of space basis
vectors they give the same result. Various other techniques for comparing terms of
a quantum language have been studied and adopted for higher order quantum lan-
guages, as denotational semantics and context equivalence [52]|. In quantum environ-
ment too, the notion of context equivalence leans on the demand that two programs
have the same observational behaviour whenever they dived inside a whichever con-
text of an observable type. This means that the analysis is focused on “ground” types
contexts. The concept of quantum context equivalence is then compared with those
of bisimulation and denotational equivalence [52] and trace equivalence as well. On
the other hand, a number of notions of quantum bisimulation have been introduced
and studied as an efficient means to compare quantum procedures in the framework
of process algebra [23, 21, 17] modelling the equivalence between procedures for the

communications and the concurrency in quantum systems.
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1.3 Contributions

The rest of this thesis is organized as follows: in the next chapter a simply typed,
purely deterministic and linear language called (ST, is introduced, giving a set
of typing rules and a set of operational semantics rules, in a call-by-value reduc-
tion strategy. After having proved the normalization of this calculus, the notions
of context equivalence and applicative bisimulation are given: notice that context
equivalence is defined on a set of linear contexts, where indeed the marker must ap-
pear only once. Subsequently, the basics of applicative bisimulation are presented,
instantiated on £ST . Within this scope we show that, when instantiated on linear
A-calculi, bisimulation is both sound and complete with respect to linear context

equivalence.

Afterwards, in chapter three, the language is enriched with a probabilistic choice
operator with the purpose of discussing the impact of probabilities to equivalences
and bisimilarity. Keeping the linearity hypothesis, a set of semantics rules is given
introducing the notion of probabilistic context equivalence for linear contexts. The
probabilistic variation on £ST ) is called £PSTy: hereby a definition of probabilistic
similarity is introduced, where newly added features in the language are shown to
correspond to mild variations in the underlying transitions system, which in presence
of probabilistic choice becomes a LMC. Exploiting Howe’s techniques, the property
of compatibility for bisimilarity is shown to be valid also in probabilistic environ-
ment: the main contributions in this chapter are congruence results for applicative
bisimilarity in probabilistic linear A-calculi, with soundness with respect to context

equivalence as an easy corollary.

In the last part, the ¢ST) is extended introducing the syntactic elements and
operational tools to implement a quantum language. In particular we enrich the
former deterministic language with a set of unitary operators, which are a mathe-
matical representation of the quantum gates necessary for the implementation of the
quantum algorithms, with a measurement operator meas;, antagonist with respect

to the operator new, which is entrusted to the creation of quantum variables. Each
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term of the quantum variation on £STy, dubbed ¢QST,, always requires to be used
together with its quantum register, which keeps track of the position of variables,
that appear into the term as a linear superposition of “classical” configurations: this
is the notion of quantum closure, which is a pair built with the quantum register
as first component and the term as second one. Subsequently, we give a set of op-
erational rules for quantum closures, resorting to the results attained for the linear
probabilistic case and we introduce the notion of bisimilarity for (QST,, showing
that it is a congruence. A final section of this part is devoted to the discussion about
full-abstraction with respect to quantum context equivalence.

We see this thesis as the first successful attempt to apply coinductive techniques
to quantum, higher-order calculi. The literature offers some ideas and results about
bisimulation and simulation in the context of quantum process algebras |23, 17, 14].
Deep relations between quantum computation and coalgebras have recently been
discovered [31]. None of the cited works, however, deals with higher-order functions,

this is the main novelty of this work [11, 36].



Chapter 2

Setting the Deterministic Framework

2.1 Linear )M-Calculi: A Minimal Core

In this section, a simple linear A-calculus called ¢5T, will be introduced, together
with the basics of its operational semantics. Terms and values are generated by the

following grammar:
e, f,g=v ’ ef | if e then f else g ’ let e be (z,z) in f ’ Q;

v,u =T ‘ tt ‘ ff ‘ Az.e ’ (v,u). (2.1)

Here tt and ff are the usual boolean constants, the term A x.e is the symbol for a
A abstraction namely for the name of a generic function of argument x, whilst ef,
said to be an application, represents a function which has the term f as argument,
if e then f else g is as usual the constructor for conditional choice, (v,u) — whose
components are values — is called a pair. ¢ST) gives, however, the possibility to

built an arbitrary pair using the semantic equivalence

(e, f) = Az y(z,y)ef. (2.2)

Observe the presence not only of abstractions and applications, but also of pairs,
and of basic constructions for booleans. Finally, terms include a constant 2 for
divergence. The symbol b is a metavariable for truth values, i.e. b stands for either

tt or ff.
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Terms of the language whether they are constants, variables or expressions, are
defined within the scope of a number greater than or equal to zero of distinct assign-
ments of the form z; : Ay,...xn : Ay, where for each variable z; the corresponding
type A; is declared: such a set of assignments is called a typing context or environ-
ment and generally denoted by I' or A, or by another capital Greek letter. More
precisely, I' may be seen as a partial function which assigns a type to each variable
which belongs to a given domain dom(I"), which is a list of distinct variables of type
A; = T'(z;). By the notation I';y : B we mean the function obtained extending the
domain of I' to the new variable y.

A typing judgement, or assignment, is a statement of the form
'Fe: A,

which means that in the typing context I' it is possible to derive, applying the rule
of the language displayed in Table 2.1, the type of the term e to be A. A typing
judgement is assumed valid if it is derived applying exclusively these rules. The list
dom(I") is the set of the free variables of e, sometimes denoted by fv(e). A term is
said to be closed if it doesn’t contain free variables, hence if fv(e) = (). A closed
term is also called a program. Since we need a way to enforce linearity, i.e., the fact
that functions use their arguments eractly once, we operate in the framework of a

linear type system whose language of types is the following:
A, B:=bool | B—oA | A®B. (2.3)

Y is the set of all types. Typing rules are standard, even if, since the linearity
constraint forces the same variable to appear exactly once, in the rules the domains
of typing contexts referring to different subterms are disjoint. Rules are listed in
Figure 2.1: observe the presence of the same typing context in both branches of the
conditioned choice, in rule (#j — if) . The set 7}4"?4“ contains all terms e such that
'Fe: A, %%iTA is usually written as 7'XSTA. Notations like Vfi"gAT *or VﬁST* are the
analogues for values of the corresponding notations for terms.

The divergence is treated apart with a special rule (¢j — div). A term is called

divergent if, both, it doesn’t belong to the set V**T» and it can’t reduce. The set of
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TYPE JUDGEMENT RULE NAME

Db Dbool (tj — con)
r:AFx: A (tj — var)
Nz:AFe:B (4 — abs)

I'FXze: A—oB
'Fe:A—oB AFf: A

t'_
IVAFef:B (= app)
I'Fe:bool AFf: A AFg: A (4 — if)
A if ethen felseg: A J
'Fe: A AFf:B . :
1 —
AR (e, f): A® B (1 = pai)
lNz: X,y:Yke: A AFf: X®Y (4 — let)
Al let fbe (z,y) ine: J
(tj — div)

'FQ: A

Figure 2.1: Typing Rules: since we are in a linear language I' and A have disjoint
domains, as well as the variables x and y, appearing in rules (& — abs) and (&j — let)

don’t belong to dom(I') and dom(A).

divergent terms is generated by the syntax tree
0= |vo|oe|if otheneelsee|letobe (x,y) ine. (2.4)

Following [8], we chose to characterize the divergence with the constant term €,
rather than through the standard notion of fixed point operator fix x.e. This choice
could be motivated by the sake of simplicity, since it reduces both the number of
semantics rules (see Figure 2.3) and the the number of cases which must be treated
in the proofs of the lemmas and theorems. Moreover, depicting the convergence
through a fixed point operator, requires to allow, in the last step, that a term does

not use a variables appearing in the typing context and this will force to give up
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to the linearity requirement. Endowing ¢ST') with call-by-value small-step or big-
step semantics poses no significant problem. With regard to small-step reduction
one formally introduces a binary relation —C Tfs x % TXST* between closed terms
of any type by the usual rule for -reduction, the natural rule for the conditional

operator, and the following rule:
let (v,u) be (x,y) ine — e{v/x,u/y}.

Terms are evaluated by mean of the call-by-value reduction strategy, defined by

structural induction as displayed in Figure 2.2. Similarly, one can define a big-

SMALL STEP SEMANTICS RULE NAME
(Az.e)v — e{v/z} (appg)
e1 — f
Teren — feo a
er1e2 — feo (appr)
e—f
ve = uf a
ve = vf (appr)
if —a
if tt then e; else ey — €1 (if Tet )
if —a
if ff then e; else ey — ey (¢f Tts)
" (i)
if e; then ey else e — if f then ey else e
(let — azx)
let (v,u) be (x,y) ine — e{v/z,u/y}
o/ (let)

let e; be (x,y) in ey — let f be (x,y) in ey

Figure 2.2: Operational semantics rules of £5T,.

step evaluation relation | C 7—;5 Tx % VflST*, between closed terms and values by a

completely standard set of rules, shown in Table 2.3. Here the semantics of each
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term is fully determined by the knowledge of the semantics of its parts, where the
semantics of a term in this deterministic approach is intended to be the unique value

the term evaluates to. In Table 2.3 the big-step evaluation rules are displayed. A

BIG STEP SEMANTICS RULE NAME
v{v (v )
et Az f ex |l u fHu/z} v (app )
ereg Y v
e tt e v (e U)

(if e; then eg else e3) | v

e} £ es v (ifes 1)

(if e; then eg else e3) | v

er 4 (ui, ug) ea{ur/z, ugfy}t v (let |})
(let ey be (x,y) iney) Y v

Figure 2.3: Bigstep semantics of the language (ST .

program of a computing abstract machine finds its correspondent on closed A-terms
of the language — possibly nested — defined by the grammar (2.1). Moreover, the
control flow of an abstract machine, namely the sequence of instructions as the data
entry and the operations on them, finds its analogous in the derivation rules of
the operational semantics, listed in Figure 2.2. Thus the execution of a program is
simulated by a derivation tree built with the operational semantics of the language
itself.

As it has been remarked, linearity is a peculiar characteristic of £S5T', entailing
that each variable appearing within the domain of each typing context is used in

the scope of the terms exactly once as in the following examples:

not = Ax.if x then ff else tt
and = Ax.Ay.if = then y else (if y then ff else ff)

or = Az.Ay.if x then (if y then tt else tt) elsey (2.5)
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This is necessary in view to be able to exploit the language in a quantum com-
puting framework. The expressive power of the just-introduced calculus is rather
poor. Nonetheless, by virtue of the fact that every boolean formula can be written
in the conjunctive normal form, namely as a conjunction of disjunctions, it can be
proved that the language is complete for first-order computation over booleans, in
the following sense: for every function F' : {tt,ff}" — {tt,ff}, there is a term
which computes F,i.e. aterm ep such that egp(by,... b,) =% F(by,...,b,) for every
bi,...,b, € {tt,f£}". Indeed, even if copying and erasing bits is not in principle
allowed, one could anyway encode, e.g., duplication as the following combinator
of type bool —o bool ® bool: Az.if = then (tt,tt) else (ff, ff). Similarly, if
I'Fe: Aand x is a fresh variable, one can easily find a term weak x in e such that
[,z : bool - weak x in e : A and weak b in e behaves like e for every b € {ff, tt};

the term is defined as

. def .
weak x ine = if x then e else e.

2.2 Normalization of Closed Terms.

We say a closed term to be in normal form when it can not reduce anymore. Intu-
itively it is clear that the idea of normal form of a term is tightly related with that

of value, as indeed the following lemma shows.

Lemma 2.1 (Progress). Every term that can not be reduced in an empty typing

V@PST)\

context is either a value, thus it belongs to the set , or it is a divergent term.

Proof. By induction on the structure of the terms of the set 77, If e = tt,
e =ff, e = Ax.f, there is nothing to prove since the term can not reduce and it is
indeed already a value. Besides, if e = (), it can’t reduce by definition and it is a

divergence according to the definition (2.4) then there is nothin to prove.
—e = f1fo— Then we have the following derivation for the type judgement

0Ffi:B—A O0F fy:B
@'_flf2iz4

(tj — app).
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Now several possibilities can occur:
e if f) is a value then

— if fy = v is a value in turn then f) f5 can reduce by application of (apps);
— if fo = o is a divergence then also f;f; is a divergence according to
definition (2.4);

— if fo — g then applying (appg) one finds f; fo» — f1g and the term reduces,

therefore it is not a value.
e if f; = 01is a divergence the the term itself is divergent according to (2.4);

e if fi is not a value and neither a divergence, then by induction hypothesis the
reduction f; — g can occur and by application of (appy) one finds fifo — gfo,
therefore the term can not be a value. In each one of these cases which have
been examined, f;fy can reduce, unless it is a divergence: thus it never can be

a value.

—e = (if fi then f, else f3) — Here the typing judgement has the derivation tree

@|_f1b001 (bl_fQA (Dl_ng
() - if f, then fy else f3: A

(4 — if).
Here three cases must be distinguished:

e if f; is a value then, according to the typing judgement above, necessarily it
must be a boolean value: if f; = tt the rule (if — az,,) can be applied and we
get (if f then f; else f3) — fo, while if f; = £f, applying (if — ax;) one
obtains (if f; then fy else f3) — fo;

e if f = o then the whole term is a divergence according to the definition (2.4);

e finally if f; is not a value and neither a divergence, then by induction hypoth-
esis fi = ¢ and the small step reduction rule (if) tells us that the reduction

(if fi then f; else f3) — (if ¢ then f; else f3) occurs.
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Anyway, following the previous analysis (if f; then f, else f3) is a reducible term

or a divergence, thus it can’t be a value.
—e = (let fi be (z,y) in f5) — Then the derivation three for typing judgement is

0Ffi:BQFE r:B,z:EF fy: A
Dk (let fibe (z,y) in f5): A

(tj — let).
and the following three cases are possible:

e f1 is a value, whence the type inference says that it must be in the form
fi = (v,u) and by application of the small step reduction rule (let — az) the
following reduction occurs (let fi be (z,y) in fo) — fo{v/x,u/y}.

e fi is a divergence and thus the whole term is.

e fi is not a value neither a divergence and, recalling induction hypothesis we

get fi — g, whence by application of (let) we have (let f; be (x,y) in f2) —
(let g be (z,y) in f2).

Therefore also the term e = (let f; be (z,y) in f5) is anyway a reducible or diver-

gent. O

If a program can be put in normal form by a (finite) sequence of reduction steps
we say that it normalizes. Since in nondeterministic languages a different set of the
semantics rules can lead to a multiplicity of reduction paths, possibly evaluating to

different values [7], two different ways to normalize can be distinguished:

weak normalization A closed term () - e : A is weakly normalizable if at least a

reduction path exists which leads the term in normal form.

strong normalization esuch that () F e : A is strong normalizable if every possible

reduction sequence terminates in a normal form with a finite number of steps.

It is not particularly difficult to show that in /STy every terms strongly normalizes:
the intuitive argument is that in every linear language every reduction step decreases

the size of terms involved. With the purpose to prove it, it is necessary to define the
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e le]
constants and variables z, ¢ 1
A abstractions Ax.f | fl+1
applications Jife | ful+1]fo] +1
if if fi then fy else f3 | fi | +max(| fo],| fs )
let let fi be (z,y) in fo | fil+ | fo] +1
pairs (f1, f2) | fil+]fa] +1

Figure 2.4: Definition of size.

notion of size of a term: the size of e is denoted by | e | and recursively defined on
the structure of e itself with a set of rules shown in Figure 2.4. The notion of size

enters fully into the statement of the following substitution lemma.

Lemma 2.2 (Substitution). Let e € 7}{‘?4“ be a term such that ',z : EFe: A and

let At g: E be a valid type judgement, then the two following results are both valid:
2.2.1 » [AFe{g/z}: A

222  |elg/stl=le]+]g] -1

Proof. The proof is by induction on the structure of e.

If e = ¢, due to the typing rules for the constants, necessarily dom(I") = (). Thus,
this case is impossible.
—e=T—

2.2.1 we are under the hypothesis ',z : EFx: AANAF g: E. Since we are in a

linear framework, necessarily dom(I') = () and z = x, as well as E coincides

with A. Therefore it holds the relationship A + z{g/z} : A.
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2.2.2 Since here the type assignment is z : F F 2z : AAN A F g : E, in this
case A and E must necessarily be the same type; moreover | e |= 1 and
| efg/z} =g =1+ gl -1=[z[+]|g]|-L

—e=\x.f—
2.2.1 The hypothesisis ',z : EF A z.f : B— AN AF g: E and its first statement
may be derived only by the typing rule (¢j — abs) of Table 2.1, whence we have
Iz:FEx:BEFf:A ‘
’ ’ — 2.6
T2 EF o f B oA (10— abs). (26)
On the premise of the previous rule (2.6) we can apply the induction hypoth-
esis, whichis 'z : Ko : B f: ANAFg: E=T,2:BAF f{g/z}: A
Therefore, taking this result as a premise in (2.6) we can rewrite
I''A,x:BF A
) 2, T f{g/Z'} (t] _ abs), (27)
CVAFR ANz f{g/z} : B— A
which proves the thesis.

2.2.2 By induction hypothesis | f{g/z} |=| f | + | g | —1, moreover, by definition
of size for \-abstractions | Az.f{g/z} |=| f{g/z} | +1. Thus using inductive
hypothesis we have

le{z/g} |=| Az flo/=} =] f 1+ Tgl=l Az f|+]g] -1
—e= fifa—
2.2.1 We write the hypothesis as 'y, 'y, 2z : EF fifs : A and it has (#j — app) as last

rule. Since because of the linearity hypothesis, z belongs either to f; or fs,
but not to both of them, we can suppose that z belongs to f; without loosing

generality, so the rule becomes
Fl,ZiEl_fliB—OA Fgl_fQZB .
Fl,FQ,Z . E " f1f2 . A <tj app)
Now the induction hypothesis on f; gives I'1,z: EF fi: ANAFg: E =

(2.8)

', AF fi{g/z} : A and taking it as a premise in the rule (fj — app) we get
Fl,Al_fl{g/Z}B—OA Fgl_fng .
: (tj — app)
i To, AF fifo{g/2} - A
which is the thesis.
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2.2.2

For we are under the hypothesis of linearity, only one between f; and f, can
depend on the free variable z. Let suppose that f; depends on z and f5 doesn’t
contain it: by induction hypothesis | fi{g/x} |=| fi | + | g | —1, then using
the definition of size for the application given in Figure 2.4 together with
induction hypothesis on f; we find | e{z/g} |= | fifolg/2} |=] f1{g/2} | + |
Ll+l=lfil+lg|l-1+|fo|+1=[ifa|+]g]-1.

—e = (if f; then f; else f3) —

2.2.1

2.2.2

We start from the hypothesis I'y, 'y - (if f; then fr else f3) : AANAFg: E
observing that the first part must have the rule (j — if) as last derivation in

the typing tree.

Supposing, without loss of generality, that z is a free variable of both of the
subterms fy and f3, since by linearity it can’t belong to both of the domains
of typing environments ['; and I'y, we write

't F f1 : bool [,z EF fo: A I,z EF f3: A
['\,T9,z: Bt (if f; then fy else f3) : A

(ti —if). (2.9)

On the subterms f, and f3 the induction hypothesis can be applied. For
example for f3 we may write the statement: I's,2: EtF- fs: ANAFg: E =
Lo, AF f3{g/z} : A, thus inserting this result in the premises of (2.9) yields:

Iy F fi:bool  To Al fol{g/z}: A To,AF f3{g/z}: A

[Ty, A (if fi then fy else f3){g/z}: A (tj —if),

as it must be proved.

Under hypothesis of linearity again we must choose which subterm of e should
depend on the variable x. Let us suppose that f; is such a subterm and let us
apply the inductive hypothesis to fi obtaining: | fi{g/z} |=| i |+ | g | —1.
Thus the length is, by definition (Figure 2.4):

| (if fi then f; else f3){g/z} |=| fi{g/z} | + max (| f2 || f3 |) =
| fil+|g|—1+max(] fo|,| f3|) =| if fi then foelse f3 |+ |g| —1

thus the statement (2.2.2), | e{g/z} | =| e | + | g | —1 has been proved.
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—e = (let f; be (z,y) in fo) —

2.2.1

2.2.2

The hypothesis is ', 'y, z : E'F (let f; be (z,y) in fo) : ANAF g: E. Sup-
posing, by linearity, that only f; depends on z we write the typing judgement
referring us to Table 2.1

I',z: EF fi : BB Iy,o:B,y:B'F fy: A
[, [y, z: EF (let fibe (z,y) in fr) : A

(tj — let),.  (2.11)

and we apply the induction hypothesis to obtain I'1,2 : EF f; : B B’ A
AFg:FE=T,AF fi{g/z} : B® B’. Thus taking this statement as a
premise in (2.11) we get:

I',AF fi{g/z} : BB I'y,z:B,y:B'F f,: A

[, Ty, AF (let fibe (x,y) in f5) {g/2} : A (tj — let)  (2.12)

as it should have had to be proved.

Again we suppose that f; is the only subterm depending on z, then by inductive
hypothesis | fi{g/z} |=| f1 | + | g | —1 and by definition of size for term of

this form we have

| (Let fibe (z,y) in fo) {g/2} |=[ fi{g/z} |+ | fo | +1 =
| fil +1gl =14+ fo| +1 =|let fibe (z,y) in fo [+ |g| —1.

and again one gets the statement (2.2.2), namely | e{g/z} |=]e |+ | g | -1

which should have been proved.

The previous lemma enables us to prove the following result which is the base of

strong normalization in linear languages.

Lemma 2.3 (Determinism of one-step reduction operator and effect of reduction

on size of terms in (ST)). If e € T:STA 15 such that e — h, then h is unique and

| hl<lel.
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Proof. By induction on the structure of e and analysis of small-step semantics re-
duction rules.
By hypothesis e is not a value, then e # x, e # ¢, e # Ax.f, e # (u1, us); besides,

e is not a divergence, therefore it can reduce.

If e = f1f> then we have some possibilities:

e fi is not a value, then rule (app;) must be applied since we are in a leftmost
reduction framework. Thus f; — ¢ and fifo — ¢f> which is unequivocally
defined. Besides since by induction hypothesis | g |<| f2 |, we have | h |=| g |
+ | fol+1<|fil+]|f2]+1=]|e]| and the statement is proved.

e fi =wvis avalue and f; is reducible. Then rule (appg) must be applied which
gives fo — ¢ and vfy; — vg as unique result of reduction. Moreover since by

induction hypothesis | g |[<| fa | we get | b |<| e |.

e f1f> are both values, therefore by Lemma 2.1 they can not reduce. A simple
type analysis shows that the term f; is a A-abstraction, hence it has the struc-
ture fi = A x.g, whence rule (appg) will be applied to get f1fo — g{fo/x} = h.
Let us point out that in a linear environment the variable x must appear ex-
actly once. Now the substitution Lemma 2.2 ensures that | h |= | g{fa/2z} |=
(gl + 1l =1=[Xag|+|fal 2= fif2| -3=]e| -3 <|e]

If e = (if f; then f; else f3) then there are two possibilities

e fi is not a value, then we are in the scope of the rule (if) and e reduces
unequivocally to h = if g then f, else f3 and since by induction hypothesis
| g I<| fi |, we have | b |=[ g | +max(] f2 || f3 |) <[ fr | +max(] f2 || f5 |

) =lel

e fi is a value, and being a boolean constant it must be tt or £f. Supposing
fi = tt we must apply (if — az,,) obtaining e — f» and of course | h |=| f |
<| fi|+max(| f2],]| f3|) =| e |- Analogous is the case f; = ff.
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If e = (let f; be (z,y) in fo) again some cases must be distinguished with regard

whether f; is a value or it is not.

e If f; is not a value, then (let) have to be applied. In all these cases the form of

h is unequivocally determined and induction hypothesis grants that | o |<] e |.

e If fi = (uy,ug) is a value then only rule (let—ax) may be applied thus obtaining
e — fofui/x,us/y} and the form of h is determined. Invoking substitution

lemma here we have | h |=| fo |+ | fi| —2=]e| =3 <]|e].

This concludes the proof. O

Theorem 2.1 (Strong normalization in linear case.). Each term e € T*T has a

normal form.

Proof. By induction on the size of e. If the term is a value or a divergent term, then
it is irreducible and there is nothing to prove, otherwise Lemma 2.3 ensures that
e — h with | h |<| e |. Under this assumption, by induction hypothesis there must
exist a normal form ¢ such that h — ... — ¢ in at most N reduction steps, with
N <| h |, whence one gets M = N+1 <| h | +1 <| e |. Besides, while the reduction

relation is deterministic, also the reduction sequence is uniquely determined. O

Lemma 2.4 (Reduction is deterministic in £ST). If e || v then there exizls, unique,

a (finite) sequence of one—step reductions such thate — f — -+ = v

Proof. By induction on the structure of e.

—e=v—Ilfe=uz,e=c e=Az.f, e = (e, es), there is nothing to prove since the

term is a value already.

—e = (Az.f)u— By application of (apps) one get e — f{u/x} and we obtain the
thesis by linearity hypothesis (which ensures that the size of the reduced term is
less) and by induction hypothesis.
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—e = (Ax.f)ea— Here, since by application of (app ||) we get ey |} v, the induction
hypothesis on the smaller subterm and and Theorem 2.1 tell us that for a finite
number of one step reduction we must have es — g1 — ¢go-++ — -+ — v, whence

by application of (appg)
e— Ax.flgr — Ax.flga — - — (Ax.f)v, (2.13)

and we are reduced to the previous case.

—e = ejeg— Since the term must reduce, it is not a divergence, thus the application
of the rule (app |}) leads to the existence of a A—abstraction such that e || Ax.f, thus
induction hypothesis and Theorem 2.1 ensure for the existence of a finite number
of one-step reductions such that e; — g1 — ¢»... = ... — Ax.f, whence, by

application of (appy)
e — grea = goea ... — ... = (Ax.f)es, (2.14)

which bring us to previous case.

—e = if b then ey else e3— Using the one-step reduction axioms (if — azy) and
(if — axgs), we find e — e9 or e — e3 depending on whether b = tt or b = £f. Then

we get thesis by induction hypothesis on the smaller terms e; and es.

—e = if e; then ey else e3— In this case, the rules (ify, ) and (ifis |}) forecast, for
the smaller term eq, that e; |} tt or ey || ££. Thus, applying the induction hypothesis
on e wegete—>gy — gy — - — tt,ore — g — go — --- — -£f, whence, by

application of the rule (if), we obtain

e — 1if g; then e; else e3 — if gy then e; else es — --- — 1f b then e; else e3
(2.15)

and we find in the previous case.

—e = let (uj,us) be (z,y) in es— In this case, applying the rule (let), we find e —

ea{uy/z,us/y} and we get the result by induction hypothesis.
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—e = let ey be (z,y) in eo— Here we use the rule (let |}) and induction hipothesis,
which ensure that e; |} (u1,us) in a finite sequence of steps e; — g1 ... — (uy, us).

Then the (let) rule for this term, forecast the unique path

e — let g; be (r,y) in e — let go be (x,y) iney — - -

— let (uy,us) be (z,y) ineg (2.16)

and we are left within the previous case. O

In the end of this section we show that the subject reduction, namely the property
to preserve the type under both reduction and evaluation, holds in ¢ST,. The

following lemma will be proved:

Lemma 2.5 (Subject Reduction). If ) F e : A, e — f, and e | v, then both
OFf:AandDFov: A,

Proof. By analysis of small-step and big—step semantics rules with induction on the

structure of the terms.

Ife=z,e=ce=Ax.g, e = (v,u) there is nothing to prove as e is already a value

and f =w.

Ife=gigoand I'Fe: A, from (tj — app) we get Ay gy : B— Aand Ay - go : B,
whence I' = A1 A,.

({}) Applying the evaluation rule (app,) g1 ¥ Az.h g2 I u hu/z} b v ,

G192 4 v
by induction hypothesis one obtains that u has the same type B of g5, while A x.h has
the arrow type of g; whence A,z : BF h: A, therefore, by substitution lemma 2.2

we obtain that v has type A too.
g1 — h

. L G192 — hga ]
evince the type of h which is the same as g;, namely B — A. Thus invoking

(—) The induction hypothesis used on the rule (app;) allows to
(tj — app) again we conclude that hg, has the same type A of e. Similar conclusions
we get by the analysis of (appg) which must be used when ¢; is a value and gs is

not. In the last case g; and go are both values, being ¢y = Ax.h and g» = u, the
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type of gygs is preserved for the same argument used in ({}) case, by application of

(appg).

If e = (if g1 then gy else g3) and [' F e : A, we may evince the structure of I’
from the typing rule (#j — if) since for some typing context A; and A, it holds
AiF gy :bool and As b go: A, Ao g3 : A whence I' = Ay, As.

(1) From (ify, ) rule we infer — 9 Vet g v whilst from the
if g, then go else g3 | v

adff g lw
if g, then go else g3 | v
induction hypothesis to the premises we deduce that the type of v is A, as well as

(if ¢z 1) rule it comes , and since we may apply the

the type of both g5 and g3. In both cases v has the same type A of e.

(—) Similar conclusions we get by the analysis of small-step reduction rules
(if i) 5 (if¢¢) and (if ), whence we derive that, if e — f, in all cases the type of f is

the same of e.

If e = (let gy be (x,y) ingy) and T' - e : A, the typing judgement must be a
consequence of the application of typing rule (#j — let) and for some A; and A,
typing contexts it holds Ay F g1 : B® EF and As,x - B,y : E F g9 : A, where
I'=Aq, As.

() Applying rule (lety), g1 4 (uv) g2{ufz,v/y} § v and using both the
let g; be (z,y) ings | v

substitution lemma and the induction hypothesis, we obtain that the type of the

term go{u/x,v/y} is indeed A; thus by induction hypothesis we conclude that the

type of v is A too, as it had to be proved.

(—) The type analysis of the terms f which appears in the statement and may
be the result of the application of (let), leads to the conclusion that it must have
the same type A of term e, taking into account the induction hypothesis that must
be used on the subterms of the premises. The analysis of rule (let — ax) leads to the

same conclusion using the substitution lemma (2.2): here the term f is go{v/x,u/y}.

]
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2.3 Context Preorder

Now it is time to introduce the notion of equivalence among terms, always referring
to the elements of ¢STy: how could one capture the idea of equivalence for higher-
order languages like the one we are examining? The canonical answer goes back to
Morris, who proposed context equivalence (also known as observational equivalence)
as the right way to compare terms. Roughly, two terms are context equivalent iff
they behave the same when observed in any possible context, i.e. when tested against
any possible observer. Formally, a context is nothing more than a term with a single
occurrence of a special marker called the hole and denoted as [-]. The special feature
of operational contexts in a linear language as ¢ST,, is that the marker must be
used exactly once, that’s why it appears, e.g., in both the branches of a conditioned
choice. The contexts set, being part of the terms of the language, is recursively

defined by distinguishing the context which are values from the other ones:

VI = A2 CH VL w) [ (u, VD, (2.17a)
Cll==T[]| V]| fC[] | C[]f | if C|-] then f else g | if f then C[] else D[] |

| let f be (x,y) in C[] | let C[] be (z,y) in f. (2.17b)

Given a context C|-] and a term e, C|[e] is the term obtained by filling the single
occurrence of [-] in C[-] with e: the situation for the contexts appearing in syntax
tree (2.17b) is resumed in Figure 2.5. Among the elements of the syntax tree (2.17b)
those contexts which have boolean type are a particular class often defined in the

literature as ground contexts.

The typing rules for contexts, which are displayed, for /ST, in Figure 2.6,
while they provide a reliable way to correctly build contexts in a typing language,
are refined to specify, besides the type of the object which may be sheltered in
place of the hole, also if it must be a value or a generic term. Notice that, in
each rule of Figure 2.6, both the subscripts which appear immediately beside the
symbol F, can take the value e or v depending if the object which is typed is a

term or a value. A typing judgement for a context assumes generally the structure
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Cl] Cle]
[Fo ] v
[Fe ] e
Az.Cl- ] Az.Cle]
fClre ] fCle]
Clre1f Clelf

if Clf. ] then f else g

if f then C[-. -] else D[ |

let f be (z,y) in C[~, -]

let Cfr. -] be (x,y) in f

if Cle] then f else g
if f then Cle] else Dle]
let f be (z,y) in C[¢]
let C[e] be (z,y) in f
(Viel, w)

(u, V]e])

Figure 2.5: Filling a linear context with a term.
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'k, C[AF. Al : B, which can be read informally as saying that whenever the term

e is such that A+ e: A, it holds that T' - C[e] : B.

For subsequent uses, let here give the symbol CTXp (I' = A) which defines the

class of all (not necessarily ground) linear contexts such that § = C[I' - A] : B.

[,AF, (wV[OF. E)): A® B

TYPE JUDGEMENT CONTEXT RULE NAME
Th [TF A A (te = az)
TF TF A A (tje = az)
I, T AL A (tjc — vt)
M. [CF Al A
INe:BF.COF. E]: A (tjc — abs)
T, A2.COF E]:B —- A
'+ COF.El:B—-A AFf:B (tjc — appy)
AR COR Ef:A
I'bf:B—A AR C[OF E]:B (tjc — appr)
[AR fCOF E]: A
' COF. El:bool AFf:A AkFg:A (tjc — ify)
VAR, if C[© F, E] then felseg: A -
[Ffibool AFCOF.E:A AF.DOFE:A (0 0y
[ Abl,if fthen C[O . E] else DO+, E]: A i
'+ COF.E:B®F Axz:By:Fkf:A (tjc — lety)
VAR, let O[O+, E]be (z,y) in f: A '
P-f:B®F Az:By:Fr.COF E]:A (tjc — letp)
T AT, Lot f be (£,4) in OO -, £]: A "
'+, VIO El:A AFu:B (tjc — pair)
AR, (VIOF El,u): A® B !
'tu:A AR V[OF E]:B (tjc — pair)
- R

Figure 2.6: Context typing rules for contexts in a typed language: in a linear

frame, typing context I'; A have disjoint domains.
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Lemma 2.6 (On the filled contexts). Given a contert C|-] € CTX4 (A B) and a
term At e: B then
[ARCle]: A (2.18)

15 a correct type judgement.

Proof. By induction on the structure of operational contexts, ) H C[Fg] : A.

If C[Fp] =[FB] and A F e: B then necessarily A = B and the typing judgement
(2.18) holds.

If C[Fp] = Az.D[Fp] the last rule in the typing judgement tree must be (tjc — abs)
whence we get 'z : '+ D[Fp] : E, and hence A = F' — E. From the induction
hypothesis one gets I,z : I, A+ Dle] : E we immediately deduce the thesis from
the rule (Zjc — abs), namely ', A+ Az.Dle| : F — E.

If C[tp] = fD[Fp| let us start from the hypothesis I';,T's = C[Fp] : A which must
have been derived by (tjc — appr) to get the type judgements I'y - f : E — A and
'y + D[Fp] : E. By induction hypothesis on the premises it follows I'y, A - Dle| : E
and therefore, by application of (tjc — appgr) we get I'1, o, AF fDle] : A

If C[tpg] = D[Fpg]f then the typing assertion I'1,I'y F D[Fp]f : A must come
from the application of (tjc — appy) and then we deduce I'y - D[Fg] : E — A
and I'; F f : E. By induction hypothesis it can be derived the typing judgement
I'',AF Dle] : E — A, then from (tjc — appy) with this new premise, we get the
thesis I'1, I'y, A = Dle] f : A.

If C[Fg] = (if D[Fp] then f else g), the type assertion must come from the
application of (tjc — if;). Therefore it must hold that I'y = D[Fg] : bool and
Iy f:A T's Fg: A By induction hypothesis we get the validity of the state-
ment I';; A F Dle] : bool, whence immediately it follows the thesis I'y, Ty, A
(if Dle] then f else g) : A by application of (tjc — ify).

If C[Fp] = (if f then D[Fp] else G[F5]) then going back of one step in the type
derivation tree through (tjc — ifg) rule we get I'y = f : bool and T's - D[Fp| : A,
'y - G[Fp| : A. Here we can rely on the double induction hypothesis I'y - Dle] : A
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and I'y F Gle] : A. Therefore whichever is the value the guard evaluates to, by
application of (¢jc — ifg) we must deduce I';, 'y, A F (if f then D[e] else Gle]) : A

If C[Fg] = (1et D[Fg| be (x,y) in f) the typing assertion comes necessarily from
(tjc — lety) and we get 'y = D[Fg| : E®@ F and T'g,x : Ejy : FF'F f: A as valid
statements. Moreover the induction hypothesis ensures that I'\, A - D[e] : E® F
holds, and therefore applying (let;) the thesis I';, Ty, A - (let D[e] be (z,y) in f) :
A follows.

If C[Fp] = (let f be (z,y) in D[Fp|) going back through the rule (tjc — letg) we
get I'' F f: E® F and I'y,z : Eyy : F = D[Fpg] : A and exploiting inductive
hypothesis we find I's,z : E y : F;A F Dle] : A. With this premise, by applying
(tjc — letg) it follows immediately the thesis I';, Ty, A - (let f be (z,y) in Dle]) : A

If C[Fg] = (V[Fp],u) (and also for the symmetric configuration) one must use
(tjc — pai) as last derivation rule thus obtaining I'y - V[Fp]: E and s - u : F.
Therefore A = E ® F' and using induction we find I'y, A = Ve] : E, then by
(tjc — pai) with this premise one gets I';, 'y, A F (Ve], u) : A, which is what it had
to be proved. This concludes the proof. O

We are now in a position to define the context preorder: given two terms e and
fsuch that I' Fe, f : A, we write e <p 4 f iff for every context C[-] € CTXp (I' - A),
Cle] 4 v = C[f] I u, where v,u € V&, If e <4 f and f <p 4 e, then e and f
are said to be context equivalent, and we write e =p 4 f. For our future purposes it
will be found useful to define a function Obs : 721;’;1 — R on the terms set. In a
deterministic environment simply choose Obs(e) = 1 if e || v, Obs(e) = 0 in case

of divergent terms. Therefore, the previous relations may be restated as follows:

Ie<raf:Aiff VO[] €CTiz (T'+ A), Obs(Cle]) < Obs(C[f]) (2.19)
I'ke=paf: AiffVC[] € CTXp (I F A), Obs(C[e]) = Obs(C[f]).  (2.20)

What we have just defined, indeed, are two typed relations < and =, that is to
say two families of relations indexed by contexts and types, i.e. < is the family

{<r.a}r.a, while = is {=r a}ra. If in the scheme above the type B is restricted



Chapter 2. Setting the Deterministic Framework 31

so as to be bool, then the obtained relations are the ground context preorder and

ground context equivalence, respectively.

It can be easily proved that <r 4 is a preorder — namely a reflexive and transitive
relation — on 721;’%, and =p 4 an equivalence relation likewise. Among the preorders
which can be defined over the terms of an higher order language, a particular interest
is given to those relations which are compatible with the constructors of the language.

A relation R in ¢ST) is called compatible if it respects the following constraints

(c—1) Ve, z: Az Rx: A (2.21a)
(c—2) I'Nv:BFeRh:A = I'AzeRAz.h:B— A (2.21Db)
(c—3) TrFeRh:B—oA AFfRI:B = D,AFefRh:A  (2.21c)
(c—4) I'eRh:bool, A fR{:A AFgRa:A =

I'yAF (if e then f else g) R(if hthen{elsea): A (2.21d)
(c—5) TrFeRh:A®B,Az:Ay:BrFfRI:E =
['VAF (let ebe (z,y) in f) R(let hbe (z,y) in{) : £ (2.21e)
(c—6) 'FvRw:A AtuRv:B = TI'AF (v,u) R(w,v) : A® B.
(2.21f)

A compatible preorder is said to be a precongruence, likewise a compatible equiv-
alence relation is called congruence. Thus a congruence is a reflexive, symmetric,
transitive and compatible relation. We are going to show that <r 4 and =r 4 are a
precongruence and a congruence respectively over the set 72;%, through the follow-

ing two lemmas.

Lemma 2.7 (Compatibility of context preorder). <r 4 is a precongruence on 72;’%

(and =r 4 a congruence likewise.)

Proof. By examination of every constructor of ¢ST), relying on the definition of

context preorder (2.19).

(c —1) Vo, x <,.4.4 « this is obviously true as a special case of reflexivity of <r 4.
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(c—2) e <rpmpah = Ax.e <prpg.a Az.h. From hypothesis we evince VC[-] €
CTXp (I',z: E+ A), Cle] |} v = C[h] |} w. Thus denoting by {z;};cz the set of vari-
ables such that {x;},cz = dom(I"), for every generic context C'[-] €CTXp (I' - E — A)
we set C[-] = C'[A{x;}iez. A x.]-]]. In fact, the hypothesis e <r,.p 4 hentails Cle] | v
= C[h] |} v whence thesis Az.e <p g s Ax.h.

(c—3) (e1 <rypoahi N e2<p, g hs) = eres <p,r,.a hihs.

The statement for these terms can be written as follows:

(VC[] € CTXp (Ty + E —o A), VD[] € CTXp (T3 + E)
Obs(Cle1]) < Obs(C[h1]) A Obs(D[es]) < Obs(D[hs])) =
(VC/H € CTXB (F F A) Obs(C”[eleg]) S ObS(Ol[hth])) (222)

The hypothesis of contextual preorder for the subterms of e and f, can be written
as VC[-] € CTXp, (I1 F E — A), Cle1] v = C[h] § w and VD[] € CTXp, (I's - E),
Dles| |} v = D[hg] | w. Thus for each generic context C'[-] € CTXg (I' + A), let us
denote by {z;}ier the set {z;}icz = dom(I'y) U dom(I'y), choosing thereby C[-] =
C'Mzitier.[Froalea] € CTX4 (Tt F E — A) and D[] = C'[AN{z;}ier-hi[FE]] €
CTX4 (Dy F E).

Necessarily By = By = A, and since C[hy] = C'[A {x; }iez.h1ea] = Dles], one gets
the chain Cle] | v = C[h1] = Dles] I v = Dl[ho] | w, whence the thesis, being
Cled] = C'[Mwitiez-ere2] and Dlho] = C'[AM{wi}tiez.hnhal.

(c—4) (e1 <rypoor M1 A €2 <p, 4 hs Nes <p, 4 h3) = (if e; then e, else e3)
<r, .4 (if hy then hy else e3).

Now by the hypotheses of context preorder between the subterms we know
that VC[-] € CTXp, (I'1 F bool), Cles] I vi = C[hi] | wy, and similarly VD €
CTXp, (I'y F A), Dles] |} v9 = Dlho| § wy and Dles] |} v3 = Dlhs] | ws. Then, for
each C'[-] € CTXp (I' - A), considering the contexts

ClFpoor] = C'[M{xi}iez-(if [Fooo1] then ey else e3)]

Dl[l_B] == O,[/\ {I’,}zez(lf hl then [I_B] else 63)]
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Do[tg] = C'[M{x;}ier-(if hy then hy else [Fp])]

and By = By = By = A, where again we set {z;},cz = dom(I'1) U dom(T'y), we meet
the conditions Clhy| = Di[es] and Dy[hy] = Dsles], thus we get the chain Cle;] |} v
= C[hl} =D [62] U U = Dl[hQ] = D2[€3] U vV = Dg[hg] ~U, w. Therefore we get the

thesis from the first and last term of the chain.

(c—=5) (€1 <ryper M A €2 <ryapypa ha) = (let e; be (x,y) in es) <r,r,a
(let hy be (x,y) in hy) . Again using the hypothesis of context preorder for
subterms one gets VC[-| € CTXp, (1 F E® E'), Cler] $ v = C[hy] § uw and VD[] €
CTXp, (T2 - A), Dles] I v = Dlhs) | w.

Therefore let us take C|[-] = C’'[A{z;}icz.(let [Fper] be (x,y) in ey)] and D[|=
C'[M{x;}iez-(1et hy be (z,y) in [F4])] which fulfill the requirement Clhi] = Dley].
Joining the premises together we get the chain Cle;] || v = C[hy] = Dles] | u =
Dlhs] | v, which is the thesis.

(c—6) (v1 <pjawi A vy <p,pwsy) = (V1,V2) <pr,1y40r (W1, ws). Here, for any

C'] eCTXp (' A® E), we set

Cl] = C'[M{xibier-([Fal,v2)] € CTXagr (T F A)
DH = C/[)\ {(L’Z‘}Z‘ez.<w1, [l_ED] € CTXA@E (FQ H E)

such that C[w;] = D[vy]. Thus using the hypothesis of preconguence for subterms
we have C'[Mz;}icz.(v1,v2)] = Clni] § v = Clwy] = D] J u = Dlws] =
C’'[M ;i }iez.(wy, we)] | v, namely the thesis. O

Lemma 2.8 (Context preorder and context equivalence behaviour with respect
to contexts). Context preorder and context equivalence likewise are compatible with
respect to a whatever context application to terms, namely they enjoy the properties
I'te<rah:A=VC[Fa eCTXg(T'FA), 0F Cle] <gp C[h] : B and Tk e =r 4
h:A=VC[Fa €CTXg(I'FA), 0F Cle] =5 C[h] : B .

Proof. We treat the context preorder, the proof for context equivalence being anal-

ogous.
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The hypothesis I' - e <p 4 h : A entails that VG[F 4] € CTXp (I' = A), Obs(G[e])
< Obs(G[h]), and following the definition the statement to be proved 0 - Cle] <p s
Clh] : B is equivalent to

VD[Fp] € CTXg (0 - B), Obs(D[C[e]]) < Obs(D[C[h]]). (2.23)

Nevertheless for any D[Fp] and C[F 4], the new context G¢ p[F4] may be chosen,
defined as G¢ p[Fa] = D[C[F4]] which, since it belongs to CTXp (I' - A), complies
with hypothesis O]

2.4 Applicative Bisimilarity: Definition and Prop-
erties

Context equivalence is universally accepted as the canonical notion of equivalence of
higher-order programs, being robust, and only relying on the underlying operational
semantics. Proving terms not context equivalent is relatively easy: ending up with
a single context separating the two terms suffices. On the other hand, the universal
quantification over all contexts makes proofs of equivalence hard.

A variety of techniques have been proposed to overcome this problem, among
them logical relations, adequate denotational models and context lemmas. As first
proposed by Abramsky [1], coinductive methodologies (and the bisimulation proof
method in particular) can be fruitfully employed. Abramsky’s applicative bisim-
ulation is based on taking argument passing as the basic interaction mechanism:
what the environment can do with a A-term is either evaluating it or passing it an
argument.

Among the various approaches which can be followed to delineate the concept
of (bi)simulation in the framework of a linear A-calculus, here it has been decided
to present it on the top of a labelled transition system, with the purpose to make
easier to give its extension to probabilistic and quantum systems.

A labelled transition system (LTS in the following) is a triple & = (%, L, N),
where .7 is a set of states, L is a set of labels, and N is a subset of . x L x ..
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If for every s € . and for every ¢ € L there is at most one state t € . with
(s,0,t) € N, then & is said to be deterministic as it is indeed the case for £ST.
The theory of bisimulation for LTSs is very well-studied [48] and forms one of the
cornerstones of concurrency theory.

An applicative bisimulation relation can be thought as a bisimulation played on
an LTS defined on top of the A-calculus ¢ST), where the . elements are terms
of /STy and the actions which label the transitions among states match the ways
which the environment may operate on them. Therefore (s, ¢,t) is permitted as an
element of A if a suitable action ¢ € £ exists, such that the external environment
fosters the transition from s to t. The set of possible actions which the environment
may accomplish on a state of £ST) is shown in Figure 2.7, where the labels for
every action are listed with their meaning. Within the LTS, we distinguish between
external actions, namely those which entail an interaction of the system with the
environment, and the unique internal action labelled by eval, which is the evaluation

process of a program. More specifically, the LT'S.Zg7, is defined as the triple

TZST’\ %) VZST)‘,’ {aevab Oty Gety Gav, a®g7 Ay, , aﬁ}w/\/'ﬂST)\

7 c

where:

o T'STx is the set of pairs Uacy(T4° * x {A}), and similarly for V&Tx. Observe
how any pair (v, A) appears twice as a state, once as an element of TESTx and
another one as an element of VST, Whenever necessary to avoid ambiguity,
the second instance will be denoted as (v, A). Similarly for the two copies of

any type A one finds as labels.

e The label a.,, models evaluation of terms, namely the only action internal to
the system, which doesn’t have any effect for an external observer. Besides
it is the only action which the system can perform on a term, namely on an
element of the set 7457\ V{72 unless ask its type (ay,). The couple ag,

ass represents the (only) way the system can interact with a boolean constant,
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ACTION NAME TERN IN NV
Show the value of a  ay ((tt,bool), @y, (tt,bool))
boolean:

ss ((ff, bool), ass, (ﬁ,bool))
Gives an argument toa  aay <(/\/9-3.\e, B — A), aay, (e{v/z}, A)>

function type:

Substitutes a pair into  ag, <(m, A® B), agy, (g{v/z,u/y}, E)>

an open term:

Exhibits the type of a  ay, ((e,A), ay,, (e, A))
term:
Exhibits the type of a  ay- ((@, A), a5, (3, A)>
value:
Evaluates the term: Qeval Pepst, ((e, A), eval, (v, A)) .

Figure 2.7: Possible labelled actions of the LTS in /PST .

unless requesting for its type, which is asking to show its value. Finally the
actions aq, and ag, are the investigations that the system can accomplish on
a function type value and a pair value respectively: their meaning is shown in

Table 2.7.

e The relation Nygr, contains all triples in the following forms:

(@;, A —o B), aau, (e{v/z}, B)) ((f%,bool), ass, (T5, bool))

(({v,u), A& B), asy. (g{v/2,u/y}, B))  ((¥%,b001), tes, (£F, boo1))
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(e ), ap,, (e, 4))  ((,4), 055, (5,4)) (e, A), G, (3, 4))
where, in the last item, we of course assume that e | v.
As one can easily verify, the labelled transition system .Zjgsr, is deterministic. Be-

sides notice that, however, both are binary relations on states, i.e., on elements of

TESTx g VSTA | Let us observe, however, that:

e Two pairs (e, A) and (f, B) can be put in relation only if A = B, because each
state makes its type public through a label. For similar reasons, states in the

form (v, A) and (u, B) cannot be in relation, not even if A = B.

e If (v, A) and (u, A) are in relation, then also (v, A) and (u, A) are in relation.
Conversely, if (7, A) and (@, A) are in a (bi)simulation relation R, then R U
{(v, A), (u, A)} is itself a (bi)simulation.

The definition of (bi)simulation over the terms of /ST’ is given in the standard
way, playing the (bi)simulation game on the top of the LTS; anyway we give it
explicitly, for closed terms of /ST, as a family of relations indexed on the types,
denoting the first one by S, and the second by By, where we meant that A is the
type which the two terms that are on relation belong to.

It is given on the types and it distinguishes terms from values, starting from the
transitions of the generic LTS and instantiating them on the labels and the states

of our language Nygr, which have been listed above.

e For boolean values the elements of Nygr, containing the labels ay, and ags
are involved: therefore a relation Syoo1 1s a simulation over boolean values if

¢ST
YU, W € Viger”

0 F v Spoor W : bool =

Vb € Vi$5 ((0,bool), a, (b,bool)) € N = ((@,bool), ay, (b, bool)) € N
(2.24)



38 Chapter 2. Setting the Deterministic Framework

e The relation of simulation between (closed) functional values is given in its
applicative form, namely comparing the functions after they have been evalu-

ated with the same value as argument. Thus a relation Sg_.4 is a simulation

PLSTx

on function values if VA z.e, Ax.h € V5 3,

D-Xz.eSgoadx.h:B—o A=
vo e VT, (e, B —o A), aay, (efv/}, 4)) €N =

(<m, B —o A), aay, (h{v/z}, A)) eN A elv/z)Sah{v/z}. (2.25)
e For pair values the notion of simulation relies on the label ag, of the LTS:

O F (v1,v9) Sagp (U1, uz) : A® B = Vg € 7;@7,;:3,}37

<(<”/1’?2>7A ® B), a®g7g{vl/x,v2/y}> eN =

(w1, w2). A @ B), asys g/, sy} ) EN'A glon 0y} Sg{us . wa ).
(2.26)

e With respect to terms, the label eval is used:

DFeSsh: A=
(((G,A), Uevals (0, A)) €N = ((h, A), aepar, (W0, A) EN AN DFEvSqw : A)

(2.27)

In the following some important property of (bi)simulations are shown: symbols Sim
and BiS stand for the set of all simulations and bisimulation respectively, among

terms which belong to 747>,

Lemma 2.9 (Identity relation is a bisimulation). The identity relation 1 is a sim-

ulation, therefore it is a bisimulation, being a symmetric relation 1 € BiS.

Proof. The proof follows straightforward by the definition of (bi)simulation as a
family of relations indexed on types. The statement is proved in showing that

Ve € T, T'FeByWe: A, for some By @ € BiS.
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—e € VESTA— for boolean values, relying on the definition (2.9) we get the tautology

Vb € VST ((€,bool), a, (b, bool)) € N = ((€, bool), a, (b, bool)) € N;

—e € VTA— for A-abstractions we resort (2.25) to obtain, Ve € 74°"* and Vv € VP

(()\/x.\e, B —o A), aay, (e{v/z}, A)) eN =
(()\/ﬁ, B — A), aqy, (e{v/x}, A)) eEN A e{v/z} T se{v/z}.

which is again a tautology;

—e € Vﬁgg— for vector type values, we get again a tautology, being that (v, vs)

I agp (v1,v9) is equivalent to Vg € EZiZ*BE g{v1/z,v9/y} L g g{vi/x,vo/y} which

is trivially true;

—e e T8\ VP — in the end, for a term e € T4°™* we have again a tautology
being Vv € V4 ((e, A), tevar, (0, A)) € N = ((e, A), evar, (0, A)) € N where v 1 40.
O

Lemma 2.10 (One-step reduction is a (bi)simulation). The one-step reduction
relation (Figure 2.2) is a bisimulation (and, accordingly, the same holds for the

evaluation relation).

Proof. We enforce the induction hypothesis by defining a new relation on types
R 4 =— Ul 4 such that -C R 4 and by proving that since R 4 is a bisimulation,
also — enjoys the bisimulation property since it is included in R 4. By definition a

pair (e, f), belongs to the relation if the condition below is respected

e, fETE (e,f)e Ry & (e— f V elaf). (2.28)

—ee VT~ Ife = v, then f =e=wvand (e, f) € R 4, since (e, f) € I 4. Moreover

the simulation property is satisfied, since

1. If O e, f : bool then both e and f are tt or £f and fulfill (2.24).
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2. f 0k e, f: B—o A then both e and f are the same A\-abstraction and (2.25)

is satisfied.

3. fQFe, f: A® B then both e and f are the same pair for previous Lemma 2.9

they are in a bisimulation relation.

—e € 7ijT* \VﬁST*— If e is not a value, then e || v and by Lemma 2.4, there will be
a sequence of one—step reduction such that e — f — ... — v. Since the one step

reduction is deterministic, then necessarily also f |} v: thus the relation
((67 A)7 Qeyal s (@\, A)) S N = ((fv A)7 Qeyal (70\7 A)) € N

holds, and since by definition (2.28) v R 4v, this entails that e R o f, with R4 €
Sim. ]

Lemma 2.11 (On the composition of simulation — and bisimulation as well — ). The
composition of two (possibly) different simulations is a simulation itself. Namely if
Sa W, 84 e 8im, Ve, f,q such that eSqa W f and fS4Pg, we have e Sy P g, with
S4@ = 8,MWo 84 element of Sim.

Proof. By inspection of the definition of simulation for different types.
—e € Vfg%lk— For boolean, writing the hypotheses of the double simulation relation

according to the definition we get:

€ Spoor U f = ((€,bool), a, (b, bool)) € N:((f, b0o1), ay, (b, bool)> e N (hpl)

f Sooo1 Pg = ((f, bool), ay, (B, bool)) € /\/':((/g\, bool), ap, (/’5, bool)) e N (hp2)
whence it easily derivable the relation
((€,bool), a, (b, bool)) € N = ((g,bool), a, (b, bool)) € N/

which ensures that e( Spoor V) 0 Spoor )g.
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—e € Vé‘szg— For function values, for every tern belonging to the set YV2~4 such that

Ao.f Spoa™ Az.g and A2.g Sp_.s P A2.h we have, by the definition(2.25), that
Yo € V4 both the conditions

((XoF, B — 4), aa, (F{o/}, 4)) €N =
((Neg, B — 4), a0y, (gfv/}, 4)) € N A flo/e} S Vglo/x}
(X9, B = A), aay, (g{v/2},4)) €N =
((Xeh, B = 4), aay, (h{v/a}, ) € N A g{o/a} Sa @hfv/a}

hold. Therefore it follows straightly the relation

(()\/x.\f, B —o A), aay, (f{v/z}, A)) = (<m, B —o A), aay, (h{v/z}, A))
A f{v/z}(SaW o Sy Dh{v/z} (2.29)

which entails Az.f(Sp_oa M 0 Sp_oa @P)Az.h with Sp_oq W o Sp_o4 ? € Sim.

—e € Vﬁ%% — For each tern of values of vector type such that (vy,v2) Sags M (uy, us),

and (uy,us) Sawp @ (v1,1n) starting from the definition (2.26) one obtains the

relations Vg € 7;{:94?*:37,5, g{vi/z,vafyy Se® gluy/z,us/y} A glui/z,us/y} Sgp®@
g{v1/z,ve/y}, which lead to the conclusion

g{vr/z, v2/y}(Sa™ o SAP)g{v1/x,10/y}.

This last relation entails that Sigp @) € Sim.
—e € T\ VT~ Here, given three terms such that eSy V' f and fS,®g, re-

covering the definition (2.27 ), we get,

(e, A), tevar, (0, A)) €N = ((f, A), tepar, (W, A)) EN A USA(I)U
((f, A), Gevar; (@, A)) €N = (g, A), tepar, (D, A) €N A uS4 P

From previous relation it follows
((67 A)7 Qeyal (67 A)) € N = ((97 A), Qeval (/V\a A)) € N A USA & o ‘SA (2)V>

whence e(S4 ™M o Sy ?)g, where (Sy Mo S4 @)= S, € Sim O
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It should be evident at this point of the discussion, that starting by definitions
(2.24)—(2.27) many relations between terms of £ST, can be built: namely given a
subset of TXSTA, there may generally exist multiple relations enjoying the simulation
properties. Symbols BiS and Sim have been thereby adopted to denote the whole

set of all possible simulations and bisimulations respectively, on 7ij Tx,

What about the union of every possible simulation? It is a simulation in turn,
since if every element of a set of relations has the simulation property, also every

union of elements of this set has the same property.

The union of every possible relation in Sim is the greatest element of Sim and
it is called similarity denoting it by <4 . Analogously let attribute the name of

bisimilarity to the greater element in BiS using the symbol ~ 4 to denote it.

As a consequence, (bi)similarity can be seen as a relation on terms, indexed
by types. Thus bisimilarity is the greatest relation among terms symmetric and
featured by the properties (2.24), (2.25) and (2.26). Similarity as a relation among

closed terms without type distinction is denoted with =<, as well as bisimilarity with

Y,

Theorem 2.2 (On the preorder induced by similarity relation). Similarity is a

preorder on the set of the terms and hence bisimilarity is an equivalence relation.

Proof. The reflexivity of similarity follows from the previously proved Lemma 2.9.

With regard to the transitivity, it has been proved with Lemma 2.11 that the
composition of two possibly different simulations has again the simulation property.
Being similarity the union of every simulation, it contains every simulation relation,
namely it is the greatest one.

Given e, f,g € T4°" such that e Sy f and f Sy @y, by definition of composi-
tion e( Sy Mo Sy ¥)g and it has been proved with Lemma 2.11 that (Sq Mo S, @) €
Sim. Moreover, by definition of similarity we have Ve, f. g, (e, f) € Si =
(e, f) €24, (e,9) € Sa® = (f,g9) €Xa and (¢,9) € (SaW 0 S4®) = (e,9) €=a,

which prove the transitivity of <4.
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For the same arguments bisimulation in /STy, which is symmetric being a union

of symmetric relations is an equivalence relation. O

Example 2.1. An example of two distinct programs which can be proved bisimilar

are the following:
e = Ar.\y.\z.and (zy) (or ztt); f =X Ay Az.z(or (and z £f) y);

where and and or are the boolean function defined, in ¢ST), by relations (2.5).
Both e and f can be given the type (bool — bool) — bool —o bool —o bool in
the empty context: besides, if by, by € VEo1* and u € VIS .1, both e(u)(by)(by)
and f(u)(b1)(b2) may be validated to evaluate to g{b;/2’}, where u has been setted

to Az'.g. In fact

e ((u)(b1)(b2)) = Ay.A z.and (uy)(or z tt)(by)(b2) = A z.and (ub)(or z tt)(by) —
and (uby)(orby tt) — and g{by/z'} tt — g{by/x'};
f((w)(b1)(by)) = Ay.Az.wor (and z ££) y(by)(b2) — Az.u (or (and z ££)(by)(bs)

— wor (andby ££) (by) — uorffby; — g{by/z'}.

Thus e and f can be proved to be bisimilar just by giving a preorder defined as the

reflexive closure of

Reyr={(e.f),(e(), f(v)), (e(v)(b), f(¥) (b)), (e()(b)(¥), f(+)(0) (b)), }  (2.30)

where v € YPeol—tool and b, b’ € VP°°! are generic values.

Another interesting example of terms which can be proved bisimilar are the term
e = if f then g else h and the term £ obtained from e by A-abstracting all variables
which occur free in g (or, equivalently, in h), then applying the same variables to

the obtained term. O

Is it that bisimilarity is sound for (i.e., included in) context equivalence? And
how about the reverse inclusion? For a linear, deterministic A-calculus like the one
we are describing, both questions have already been given a positive answer [17]|. In

the next two sections, we will briefly sketch how the correspondence can be proved.
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2.4.1 Open Extension of Applicative (Bi)similarity

In last section, two new relations among closed terms of /ST have been introduced

that have been proved to be respectively a preorder and an equivalence relation

(Theorem 2.2).

Nevertheless, this is only one among the requirements that a well-built relation
on terms is required to fulfill, since the most desirable property for such a relation
is the compatibility, which prescribes that the relation commutes with the syntactic

operators of the language itself.

We exhibited the context equivalence, which fits these features, as a good tool to
compare terms and programs by stating that two (or more) terms are contextually
equivalent if they behave the same way — or they can be interchanged also — in

whatever context.

The context here must be understood as a bigger program with an hole inside,
acting as a container for smaller ones. Thus, the notion of context equivalence meets
that of observational behaviour since two programs are thought to be equivalent if

they behave the same when they are embedded inside whatever bigger environment.

Unfortunately, as it has been remarked, this notion of context equivalence is not
easily exploitable because of the difficulty to deal with the quantification over all
contexts. This is mainly the reason that the notion of bisimulation conceived in
the beginnings of eighties and strongly applied in theoretical computer science with
the works of Howe (1989) and Abramsky and Ong (1993) is now considered as one

reliable alternative to check the equality between programs.

To show that (bi)similarity is preserved by composing terms through the syn-
tactic constructors of the language, could prove to be a rather engaging challenge:
before accomplishing such a check, we should extend the notion of similarity so that
it could be possible to perform a comparison on both closed as well as open terms,
being the open terms those which are defined on a non—empty set of free variables.
This notion of (bi)similarity on open terms is known as open extension of applicative

(bi)similarity.
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Denoting by fv(e) the set of free variables of e, namely the domain of the context

I' involved in the typing judgement I' i e : A, we define the term e to be open if

fv(e) # 0.

Given a typing context I' such that dom(T") = {z;}ier # 0, a I'—closure for T" is
nothing more than a set of suitable values {v;};cz whose types make possible the
substitutions {v;/z; }ic7.

A pair of open terms I' F e, f : A which are typeable on the same context, is
similar on I" whether every I'—closure of the couple is similar, namely if they fit the

following requirement
V{v; biex —closure, e{v;/z;}ier 24 h{vi/x;}ier. (2.31)
If (2.31) is satisfied we will write e <p 4 h. Likewise for bisimilarity.

Lemma 2.12 (Open simulations and bounded variables). (Bi)similarity is preserved

under linkage of a variable, namely
)\y.e jF,B—oA /\yh ~ € jr7y13714 h (232)

Proof. Tt comes directly by the definition given for simulation on open terms, indeed

by definition of open simulation applied on e and h it follows:

Dy:BlFe=ah: A = Yulicr €V, _,Ywe Vg™
efvi/zi, w/ytier 2a h{vi/zi, w/ytier. (2.33)

Analogously, applying the same definition to Ay.e and Ay.h, we find

'FAye=<p.aAyh:B—-oA =
V{vi}iez € Vfgﬂi}iez, Ay.e{vi/x; tier 2a Ay.h{vi/x;}. (2.34)
Finally, using the definition (2.25) for closed terms of function type we get
Ay.e{vi/vitier Xpoa Ay.M{vi/Titier =
Vw € B, e{vi/xi, w/y}icr 2a hM{vi/zi,w/y}icr (2.35)

The result is obtained comparing the right hand sides of (2.33) and (2.35). O
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2.5 Similarity is a Precongruence

Now it is time to analyze more thoroughly the problem whether similarity may be
a precongruence, recalling that a relation over the set 77> is a precongruence
whether it is a preorder (reflexive and transitive) and it is compatible, namely if it

respects properties of compatibility previously stated in points (2.21a)—(2.21f).

Lemma 2.13 (Compatibility entails reflexivity). Every relation among terms which

1s compatible is also reflexive.

Proof. We prove it by induction on the structure of e.
—e =x— The relation z : A+ 2 Rz : Ais true because of (2.21a)

—e = Ax.f— Since R is compatible then by induction hypothesis it is reflexive on
the smaller terms and x : A+ f R f : A. Therefore by compatibility (2.21b) we get
the thesis 0 = Aa.f RAx.f : B — A.

—e = f1fo— Here the (double) inductive hypothesis on the compatible R tells that
0 fiRfi: B—o Aand 0 + fy R fy : B, whence by compatibility thesis comes
0+ fifaR fifa: A

—e = (if f; then f; else f3)— Here the induction hypothesis on the subterms of e
tells us that the relation is reflexive, being compatibele, whence it comes § = f1 R f; :

bool, 0 foRfy: ADF fs R f3: A, then by compatibility of R we get e Re.

—e = (let fi be (z,y) in fo)— the structure of the proof is analogous to that of pre-

vious cases. O

Lemma 2.14. Any compatible relation satisfies the following conditions listed below:

(c—3l) 'FeRh:B—-AN AFf:B = I''AFefRhf: A (2.36a)
(c — 3r) 'Fe:B—-o AN AFfR(:B =T, AFefRel: A (2.36b)
(¢c—5) TFeRh:E@QBA Az:Ey:BFf:A =

I'AF (let ebe (z,y) in f) R(let h be (z,y) in f): A (2.36¢)
(c — 5r) 're:EQBAN Ajx:Ey:BFfR{:A =
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I['AF (let ebe (z,y) in f) R(let ebe (z,y) in ) : A (2.36d)

Proof. Conditions (2.36a) and (2.36b) come from property (2.21c), and conditions
(2.36¢) and (2.36d) can be derived from (2.21e) by reflexivity. Indeed it has been

proved (Lemma 2.13) that a compatible relation is also reflexive. O

Lemma 2.15. In every transitive relation R properties (2.36a) and (2.36b) entail
(2.21¢c). Analogously (2.36¢) and (2.36d) entail (2.21¢)

Proof. Since Vf € T5°™ I',A F ef Rhf : A by property (2.36a) and Yh € 7512
A F hf Rhl: A by property (2.36b), then (2.21c¢) is true by transitivity.
Similar is the proof for (2.21e). O

A natural way to prove that similarity is included in the context preorder, (and
thus that bisimilarity is included in context equivalence) consists of first showing that
similarity is a precongruence, that is to say a preorder relation which is compatible

with all the operators of the language.

2.5.1 A First Failure

A direct proof that similarity is compatible could be driven by induction on the
structure of e. In the following only closed terms are examined, with the purpose to

later extend these results to open ones.

—(2.2la)— =z : AF 2z <4 x : A Since x is a variable, using the open extension for
similarity one gets z <4 = < Vv € V™ z{v/z} <4 z{v/z}, which is true

(Lemma 2.9).

—(2.21b)— Property e =54 h = Ax.e <pp.a Ax.h is a direct consequence of
Lemma 2.12.

—(2.21d)— Proving this property mean to show the validity of the following state-
ment: under the hypotheses € <pvoo1 h, f =pa ¢, g Zpa a, it holds the
property if e then f else g <p 4 if h then / else a.
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e Let e || v, then by the hypothesis of similarity € =g po01 /2, it follows that
e and h will evaluate to the same boolean constant b. Let suppose that
b = tt, then further hypothesis f <y 4 ¢ ensures that f || v = ¢ | w with
u <4 w and by applying rule (if,, {}) one finds (if e then f else g) || u
and (if g then h else a) |} w, therefore let us rewrite (2.27) as

((if e then f else g, A), Gepar, (U, A)) EN =

((if h then { else a, A), ey, (0, A)) EN Au =4 w

which is the thesis since condition (2.27) is matched. Similarly if b = £f
using the hypothesis g <y 4 a and the rule (if¢ {}).

e If eis divergent, then the whole term (if e then f else g) diverges, which

ensures thesis.

—(2.21e)— Here the statement (2.21e) may be splitted in two different parts: (2.36d)
and (2.36¢) which whether both verified allow to conclude that (2.21e) holds
by Lemma 2.15.

Vf e 7:5571*, e =249 = (letebe (x,y) in f) <4 (let g be (z,y) in f)(2.36¢)

Ve € Vé%Tg,f =ah = (letebe (x,y) in f) <4 (let e be (z,y) in h)(2.364d)
To prove (2.36d) just recall the definition of similarity (2.27).

e Supposing that e || (uj, us), the hypothesis A,z : E;y: BF f <4 h: A

gives

((let ebe (x,y) in f, A), depas, (U, A)) EN =
((let e be (x,y) in h, A), aepar, (W, A)) EN A v =4 w, (2.37)

where v and w can be obtained resorting the rule (let |}) which gives us
fur/z,uz/y} I v and h{uy/z,us/y} | w. Now we know by Lemma 2.10
that f{ui/x,us/y} ~a v and h{ui/x,us/y} ~4 w, and by definition
(2.31) that f{ui/z,us/y} 24 h{ui/z,us/y}.
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e If, instead, e is a divergence, this makes whole term (let e be (x,y) in f)

to diverge, proving the thesis.

This proves the first part of the thesis (2.36d). To prove (2.36¢) one starts by
the hypothesis ¢ <y goB 9.

e Supposing e |} (vy,vq), the hypothesis of similarity ensures that g |

(v1,12). Then one exploits the label agf to obtain

Vf < E%%Tny,A? (((Ula U2>7 E® B)’ O (f{vl/x7v2/y}v A)) eN =
(((w1,w2), E® B), agy, (f{v1/x,v2/y}, A)) € N A
f{vl/xa v2/y} =4 f{Vl/xa VZ/y}7 (2'38)

which proves exactly the desired property.

e Besides, likewise for property (2.36d), the divergence of e implies that
also (let e be (z,y) in f) will diverge, making the thesis true.

Thus property (2.21e) has been proved.

—(2.21¢)— To prove this property we should prove (2.36a) and (2.36b) and use
Lemma 2.15. The proof of (2.36a) starts from the hypothesis e <y 5.4 h.

e Supposing e |} v and using definition of similarity (2.27) gives:
((e; A), tevar; (U, A)) €N = ((h, A), tevar, (W, A)) EN A v Zpon w,

thus, choosing v = Az.¢ and w = A z.h let us use (2.25) supposing f | u,

the last statement v <p_,4 w will be equivalent to

(Ax.e, B — A), aau, (e{u/z},A)) e N =
((Az.h, B — A), aau, (M{u/z}, A)) € NN &{u/z}Ssh{u/z},

0ST

this proves the thesis Vf € V35" *, ef =<y hf since the last relation is
true by definition of simulation (2.25).
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e Otherwise, if e is a divergence, the term ef is divergent in turn and this

makes the thesis true.

This proved the first part (2.36a): now we would prove (2.36b), hence Ve €
TN £ Spl = ef Spel.

Thus from hypothesis f <y g £, one gets, by definition of similarity (2.27):
((f, B), tevar, (0, B)) € N = (({, B), Gevar, (0, B)) EN N v Zp w.

Let us notice that in the more general case B = F' — E is a function type.
Now supposing that e || Az.€, to prove (2.36b), namely Ve € TéiTﬁ, ef <a

el, requires to show that holds the following
e{v/z} 24 e{w/z}. (2.39)

Indeed, by definition of simulation (2.25) for functions and by the relationship
ef 24 el, Ve, we get:

((ef, A), Gepar; (U, A)) €N = ((el, A), tepar, U, A) €N A u =41, (2.40)

whence, provided that e{v/z} || v and e{w/z} |} v, the second condition of
(2.40) is equivalent to (2.39).

Unfortunately there is no chance to prove that similarity enjoys the subsitu-
tiwity, namely that given v <p v/, Ve € EZ%TQ e{v/z} <4 e{v'/z}. Since the

same argument can be repeated endless (v, v’ can be taken as A-abstractions

in turn ), we get stuck because we can not terminate the chain.

—(2.21f)— In a similar way we get stuck in attempting to prove the property of

compatibility for pairs — namely v; <4 wq, v3 g we = (V1,V2) <agp (W1, Ws)
— which would be valid only in case that the substitutivity was a character-

istic ascribable to the similarity, entailing this way the relation (vy,v2) <agn

(wi,we) = Vg € Ty g p 9{v1/x,v2/y} =6 g{wi/z, wa/y}.

This leaves open the problem whether similarity to be a precongruence or no.
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2.6 Howe’s Lifting

While proving that < is a preorder is relatively easy, the naive proof of compatibility
(i.e. the obvious induction) fails, because of application case. How can it be proved
that similarity is a compatible and therefore a precongruence? A nice way is due
to Howe [30], who proposed a powerful and reasonably robust proof based on so—
called precongruence candidates. Intuitively, the structure of Howe’s method is the

following [44]:

1. First of all, one defines an operator ()H on typed relations, in such a way that

whenever a typed relation R is a preorder, R is a precongruence.

2. One then proves, under the condition that R is an equivalence relation, that

R is included in R, and that R is substitutive.

3. Finally, one proves that <¥ is itself an applicative simulation. This is the

so-called Key Lemma [44], definitely the most difficult of the three steps.

Points 2 and 3 together imply that < and < coincide. But by point 1, <, thus
also =<, are precongruences. In Figure 2.8, one can find the rules defining ()H when

the underlying terms are those of £ST .

Lemma 2.16 ((T) Compatibility of R ).
If R is reflexive then R™ is compatible.

Proof. Let {e,}nen and {h, }nen denote the smaller subterms which enter in the
syntax of two terms e and h. The statement which must be proved may be written
as: Ve, h
ArkerREhy - Ay ... AytevRPhy : Ay = Ay---AxvFeRPh: A
(2.41)
Using this notation it is possible to rewrite the generic Howe’s relation as
Arkeg R7hy 1 A
: (2.42)
AnvFeyRPIhy : Ay Ai...ANFhRb: A
A...AyFeR"ph: A
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HOWE’S RULE NAME
DFcRb: A
- H c
OFcRYb: A (Howse)
rz: A2z Rb: A
Howy,
0 zRTp: A (Howsy)
I,z:BreRPh:A I'FAz.hRb:B— A (Hows)
2
I'AzeRYb:B— A
I'teRh:B—A A+ fRYr:B I AFhRb: A (Hows)
3
ILAbFefRUDp: A
I'FeRh:bool
AFfRY7:A (How,)
AtgRMa: A ' A (if hthenfelsea)Rb: A
I, AF (if e then f else g) R"b: A
I'teRh: XY
Az:X,y:YEfR70: A T, AF (let hbe (z,y) in () Rb: A Hows)
I,AF (let ebe (z,y) in f)R¥b: A
I'FeRh:A A+ fRr:B A (h,{)Rb: A® B (Hows)
6
D,AF (e, fYRTb: A® B

Figure 2.8: Howe’s lifting for the terms of ¢ST.

Since by hypothesis R is reflexive, in ( 2.42) it is possible to take b = h which drives
immediately to the thesis. O

Let point out as an immediate consequence of the previous Lemma 2.16, that if

R is a preorder, its Howe’s lifting R* is a precongruence.

Lemma 2.17 ((2) Inclusion). If R is reflexive and transitive, then it is contained
in RT.

Proof. The statement can be written as

Ve,b, T-e Rb:A=TFeR"b: A (2.43)

and the property can be proved by induction on the structure of e.

» In the basic case, when e is a variable it is a consequence of the corresponding
x:AFzRb:A

r:AFzRYb: A

Howe’s rule (Howy, ), indeed
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» When e is a more complex term, let us assume it is built with some constructors
of the language starting by simpler terms whose set is denoted by {e,},—1. n such
that e = cnstr ({e, }nen), where cnstr stands for some syntactic constructor of the
language. Similarly let us write h = cnstr ({h, }nen), being {h, }nen the subterms
of h.

By Lemma 2.16, it has been proved that the reflexivity of R entails the com-
patibility of R¥, then R is reflexive too, by Lemma 2.13, being a compatible

relation. Thus, considering the general Howe’s rule
Al F €1 Rth . Al

' (2.44)
ANl_eNRHhNIAN AlANl_thA

Ay...AyFeRHb: A

by the reflexivity of R¥, we may write the N statements {A, F e, R"e, : Ay }nen
and use these conditions as premises of (2.44) together with A, ... Ay FeRb: A.
Considering the last premise of (2.44), this prove the statement since Ve, b, I' F
eRb: A=TH+eR"b: A, choosing T = A; ... Ay. O

Lemma 2.18 (Pseudo transitivity of R*).
If R is transitive, then R enjoys the pseudo—transitivity property expressed by the

following relation
Ve, f,h,(AFe R"Tf:ANAFfRR:A) =AFeR"h: A (2.45)

Proof. Tt is easy to justify this property, indeed if e = cnstr ({e;};cz), the first
sentence in the hypothesis must be the result of the application of some Howe’s rule

with general form:
Al F €1 RHgl : Al

' (2.46)
ANl_eNRHENIAN AlﬁNl_fRfA

Al...ANI—eRHf:A
A
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here we understood the same notation previously used, where {e, },—1. n is the set
of subterms of e and likewise for /.

Now using the second hypothesis of (2.45) together with the transitivity of R
weget Ay...AyFCRf:Aand Ay... ANFfRA: A= A1...ANELRMQ:A,
whence taking this last result as a premise for the Howe’s general rule, we obtain

the thesis as a consequence of the application of the rule (2.46):
Al H €1 RH€1 : Al

: (2.47)
ANFGNRHENSAN AlANI—ERhA

Al...AN}_GRHhZA

]

Lemma 2.19 ((2) Substitutivity of R¥). If R is reflexive, transitive and closed
under substitution, then its Howe’s lifting R is substitutive. The property of sub-

stitutivity — which is the thesis — may be stated as
Ix:BFeR"h:A AN AFfR":B =T Ake{f/z} RTn{{/x}: A (2.48)
Proof. We prove it inductively, on the derivation of the generic term e.

—e = x— In the basic case e is a variable which may belong or not to dom(I).
In linear case x ¢ dom(I') and therefore e and f are the same type which is the

type of x and the statement to prove becomes
Doox:AFaRP A N AFFRY0:A =T, AFx{f/z} R"A{t/2z} : A, (2.49)

where the first type judgement in the hypothesis must be a consequence of the
application of rule (How,) which has as premise Iz : A2z Rh: A

Now, recalling that R is closed under substitution, the previous judgement en-
tails that V¢ € 7'A£€4T*, VA z{l/x} Rh{l/x} : A, and using this last result together
with the second hypothesis and the pseudo-transitivity of R we get

AbFRPC:A ANT,AFCRME/2}: A = T,AF fFRIR{(/2x}: A, (2.50)

which is the thesis in the statement (2.49).
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—e = cnstr ({e, tnen) — Here the hypothesis Iz : BF e R"h : Ain (2.48) must

be a consequence of a general Howe rule as

Fl F €1 RHg1 . Al
Iix:BFe R7g : A (2.51)

FNl_eNRHgNZAN Fer,IBl_thA
I'y...'nv,z:BFeR"h: A

where the usual notation has been followed, denoting by {ex}r=12., {gr}r=12.. the
subterms of e and g¢.
Using induction on the ¢-th term which, due to the linear hypothesis, is the only

one which can contain the x variable we will write

Tyo:BFeRY g Ay N AFFRY0:B =T, AFe{f/a} R g{t/x}: A,
(2.52)

Now let us use the property of R to be closed under substitution on the last premise

of (2.51)

Iy..Ty,2:BFgRh: A = Ve TP Th. Ty, Ak g{t/a} Rh{t/z} : A,

(2.53)
and use (2.52) and (2.53) as premises of a general Howe’s rule (2.51)
Fl F €1 RHgl . Al
Ty, AFe{f/x} R"g{t/x} : A
I'nyFexvRPgy: Ax Iy...Ty, A g{l/x} Rh{l/z} : A
Dr..TnAFelf/ay REglt/z): A ’
(2.54)

to get, as conclusion, the result which has to be proved. O
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Lemma 2.20 (Key lemma: in (ST, < C=).
<H is a simulation.

Since the simulation relation is defined on types and on the top of the transition
element of a LTS, we claim more properly this property distinguishing between values

and terms, according to the following statements

0 F b=<peo1’b’ : bool = b ="b’ (2.55a)
DAz f<poaAzh:B—-oA=>YoeVE™ Ok flo/z}=<a"h{v/z} : A
(2.55b)

0+ <v171}2>jA®BH<w1,IU2> AR B =

\V/g € Egiﬁ/}\B7E7 g{Ul/I', UQ/y}—jEHg{wl/x7 w?/y}
(2.55¢)

(@I—ejAHh:A A el}v) = (hl}w A @l—vjAHw:A.) (2.55d)

Proof. We start by the analysis of the cases when the terms involved are values.
» If e = b and its type is bool, the statement to prove is (2.55a). The hypothesis

0 F 5=poor’b’ : bool is necessarily a consequence of rule (How;.), whose unique
premise is ) F b <001 b’ : bool. Therefore with reference to the definition (2.24),
supposing b = tt it must be b = tt, too. The same holds for e = ff since
Vb € Vpet, ((€ bool), a, (b, bool)) € N = ((Q,bool), a, (b, bool)) € N. This
proves the thesis b =b’.

» If e = Az.f then the statement of the key lemma is (2.55b). The hypothesis

DF Xz f<poaX2z.h : B — A must have, as last rule (Howy) as shown below

v:BF f=,Hg: A (DI—/\x.ng_oA)\x.h:B—OA_

/ (2.56)
OFAXz.f2goa™ \x.h: B — A

The second premise of the last rule (2.56), namely ) - Az.g <p oa Az.h : B —o
A, which is a relation of similarity whose terms are arrow type value entails, by

definition (2.25), that

Yo € VJEBST*, ((/@.\g,B —o A), aay, (g{v/x}, A)) eEN =

((@, B —o A), aaw, (h{v/z}, A)) e N A glvfat < h{v/a},
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which gives, Yo € Vi2™ 0 - g{v/z} <4 h{v/z} : A. Putting together this last
result with the first premise of the rule (2.56) which is z : BF f<,%¢g: A and using
both property of substitutivity (Lemma 2.19) and Lemma 2.18 we get the thesis:

vo e VE, (0F f{v/z}=a"g{v/z}: A A OF g{v/z} <4 R{v/z} : A) =
= Yo e VB OF flv/z}=a"h{v/z} : A. (2.57)

» Let be e = (v, v9) so that the property to prove is (2.55¢). Since the term involved
is a pair, then we are under the scope of rule (Howg) and we have, as for the first

hypothesis
@ F UleHl/l A
@ + U2jBHV2 - B (Z) + <I/1,l/2> jA@B <w1,UJ2> : A® B (258)
0+ <U1>U2>jA®BH<w17”LU2> AR B '

Let us start from the last premise of (2.58) which is again a statement of similarity
whose first term is a value, being (v1,12) <agp (w1, wq). Starting from this hy-
pothesis and using the definition of simulation (2.26) for pairs values, we obtain the

following two results

Vg € 7;@7,;3,15
(((v1,12), A® B), agg, (9g{11/z,12/y}, E)) €N =
(w1, w2), A® B), agy, (g{w:1/x, w2 /y}, E)) € N A
g{vi/z,vafyt 2p g{lwi/z, wa/y}. (2.59)

Besides the first two premises of (2.58), by the substitutivity (Lemma 2.19) entail
that Vg € T30 no{v1/2, va/y} 26" g{v1 /2, 10y}
Now, using Lemma 2.18 we easily get the thesis since:
Vg € E{ij,;j;B,E
g{vr/z,va/y} =" g{n /e, a/yy A glvi/z, v /y} e glw /o, w/y} =

= g{vl/l’, UQ/y}jEHg{wl/x’ wQ/y}> (260)

which proves the thesis of the statement (2.55¢).
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» Supposing to deal with a couple of terms () - e<,7h : A which are non values,
the statement to prove is (2.55d). Here we suppose the term e as built up by a set
of smaller subterms {e, }nen writing e = cnstr ({e, }nen), denoting by cnstr some

generic syntactic constructor of the language.

If we look at the hypotheses of (2.55d) separately we must conclude that the first

one comes from a general Howe’s rule as

D er=<a, g Ay

(2.61)
DFen=aygn: An Fg=ah:A

@l—ejAHh:A

where () - g : Ax has the above discussed meanings and stands for a typing judje-

ment of a subterm of g.

The second hypothesis of (2.55d) must be consequence a generic big-step seman-

tics evaluation rule which may be resumed in the following way

er 4w

(2.62)
en b un [subst. rule({un nen) | V]

el v

where the substitution rule subst. rule({u,},enr) is in brackets since it appears

only in the semantics rules of the constructors for terms let and application.

The proof is carried out by induction on the size of the big—step—semantics terms
appearing in (2.62), but in addiction we may write down the N inductive hypotheses
for the subterms of (2.61). Supposing that the N relations between the subterms

has the simulation property we get the relationships

(endun A DF =4, g,:4,) = (gudvn A DFw, <41, A)) VYneN.
(2.63)

Since new N values {1, },en have been obtained as a result of the inductive hypoth-
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esis, applying the suitable evaluation rule, as in (2.62), we get

g1l
: (2.64)
g vy subst. rule({vgbi—12..) J v
glv

Taking this last result together with the last premise of (2.61) and using definition

of simulation (2.27), one obtains
gdv N OFg=4h:A = (hlwAn DFv=,4w:A), (2.65)

which proves the first statement of the thesis (2.55d).
As for the second statement, let us just recall that <4 is a compatible relation

and therefore, applying compatibility on (2.63) we find
{0 =0, v Andnen = OFv=,"v: A, (2.66)

To complete the prove just remember the pseudo-transitivity of <4 which has
been proved in Lemma 2.18 and let us apply it to relations ( 2.66) and ( 2.65) which
give

(@I—vjAHV:A/\@I—VjAw:A) = JrFo=<"w: A. (2.67)

]

Proposition 2.1. As immediate results coming from Lemma 2.17 and from key

Lemma 2.20 follow the relations < = <4 and ~ = ~,".
Proof.
=<4C =4" by Lemma 2.17 and <4% C=<,4 by Lemma 2.20, thus <47 ==,

To show the validity of ~= ~ one should make use of cosimilarity, the inverse of

similarity defined by the condition

Ve,h € TA™ e <4 h & h <% e (2.68)
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It is easy to check from its definition on LTS that ~= <X N <; likewise let define
~aH =<, (jff)H. Since Lemma 2.17 and 2.20 entail analogues results for

cosimilarity, we conclude that (ji‘p)H ==P whence it straight comes ~4 = ~ 4.

]

Thus <4 enjoys all the properties of <4, mainly it is therefore a compatible

relation, then it is a precongruence on the set 7':5 T (similarly ~4 is a congruence

on TfSTA ).

2.7 Comparing Relations among Terms

An interesting question which could be asked is about the relationship between
similarity and context preorder (and analogously between bisimilarity and context

equivalence). To answer it, the following lemma is requested.

Lemma 2.21 (On a similarity behaviour with respect to contexts). Similarity re-

lation is compatible with the context, namely it satisfies the condition
DEe=<4h:A = VO eCTXg (0 A), 0+ Cle] <5 C[h] : B.

Proof. This property is an easy consequence of the compatibility of <4. It may be

proved by induction on the contexts structure.

—C[] =[] €CTXa (0 - A) — gives the tautology 0 Fe <psh: A= 0Fe =<4 h:A,

obviously true.

—C[] = Ax.D[] € CTXp (0 F A) — requires to show 0 - Ax.D[e] <p_.p Ax.D[h] :
E — B. Using induction hypothesis x : E = Dle] <p D|h] : B, the property

comes to be an obvious result of application of (¢ — 2).

—C[-] = D[']f € CTXp (0 F A) — entails that one must prove ) - Dle]f <p DI[h|f :
B, with induction hypothesis ) - D[e] <g .5 D[h]| : E — B, where f has been
assumed to have type E. Here we should apply the rule (c — 3), keeping in
mind that Vf, 0 = f <g f: E. The proof for the class of contexts C[-] = fD[/]

is alike the previous one, employing property (c — 3).
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—C[] = (if D[] then f else g) € CTXp (0 - A) — Whether the context is in
this form we need to prove the statement () - (if Dle| then f else g) <p
(if D[h] then f else g) : B. This is an immediate result of inductive
hypothesis () = D[e] =poo1 D[h] : bool with relationships @ + f <p f : B
and ) - g <p ¢ : B, provided that the property (¢ —4) is granted. The
proof is similar, making use of (c —4), for linear contexts belonging to set

C[] = if f then D]-| else G[-].

—C[] = (1et D[] be (z,y) in f)— and C[] = (let f be (z,y) in D]]) ask the
statements () - (let Dle] be (z,y) in f) <p (let DI[h] be (x,y) in f) :
B and 0 F (let f be (x,y) in D[]) <p (let f be (z,y) in D[h]) : B
to be proved. We prove the first one since they are very similar and both
make use of property (¢ — 5). Thus we should apply the induction hypothesis
0 + Dle] =ggpr D[h] : E ® E’ and the reflexivity of <p on f, namely the
relationship z : B,y : E' = f <p f: B, exploiting the property (c — 5), to get

the desired result.

—C[-] = (D[-],v)— and C[-] = (v, D[-]). Contexts classes of this type are un-
der the domain of property (c —6). Here the property to be shown is () -
(Vlel,v) Zpgr (V[h],v) : B® E and the similar one () & (v, D[e]) =<pgr
(v, D[h]) : B® E. As for the first statement, the induction hypothesis tells us
that () - Dle] <p DIh| : B, whence immediately thesis comes using property

(c — 6) and reflexivity of <g. Similarly for the other case.

Theorem 2.3 (Soundness of (bi)similarity in £ST'y). In (ST, < is included in <,

thus ~ is included in =.

Proof. The statement of the theorem requires to prove the implication ) Fe <4 h :
A= 0Fe<4h:A, but following the definition of context preorder, the thesis
becomes VC[-] € CTXp (I + A), Obs(Cle]) < Obs(C|[h]).
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By the previous Lemma 2.21, the hypothesis gives immediately the result VC[-] €
CTXp (0 A), 0 - Cle] < Clh] : B, which by definition of simulation will be

rewritten as

VC e CTXp (I'+ A),

((Clel], B), tevar, (0, B)) € N = ((C[h], B), tevas, (0, B)) E N A v <pw. (2.69)
If the transition ((Cle], B), @evar, (U, B)) doesn’t occur, then Cle] is divergent and
Obs(Cle]) = 0, otherwise Obs(Cle]) = 1, but then the relation (2.69) ensures that
the transition ((Clh|, B), Gevar, (U, B)) occurs and Obs(C[h]) = 1, too. Therefore

the hypothesis ) e <4 h : A implies the relationship Obs(C[e]) < Obs(CIh]),
which is the thesis. O

Theorem 2.4 (Completeness of (bi)similarity in £STy). In (ST, < has the simu-

lation property, thus in (ST = is included in ~.

Proof. Let us suppose we deal with closed terms so that we must show the truth of

the statement

e <pa h = e =p.A h. (270)

If otherwise, we can always reduce to this case by application of property (2.21b)
r:BFe<h:A = 0FAXzxe<lzh:B-—oA (2.71)

Under the hypothesis of closed terms, let us show that the relation <, has the

applicative simulation property, hence

v <gpoor w = (((0,bool), ay, (U, bool)) € N = ((@, bool), a, (@, bool)) € N)
(2.72a)

Ax.e <gpoa Ax.h = (Vu c Ve, <()\/:13.\e, B — A), aay, (e{u/x}, A)) eN =

(<m, B —o A), aaw, (h{u/z}, A)) eN A efu/a} <oa h{u/a:}) (2.72b)
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LST
<U17U2> <0,49B wl,w2> = Vg€ E;A,ny,Ea

{
((<U17U277>A®B)7 (g, (g{vl/x>v2/y}>E)) eN =
= ((<wlaw2m>A® B)? Ogg; (g{wl/x,wg/y},E)) eN

N glvi/z,ve/y} <op g{wi/z,wa/y} (2.72¢)

e<pah = (((e,A), Geval, (0, A)) € N = ((h, A), tevar, (W, A)) € N A v <y 4 w)
(2.72d)

If v and w are two boolean values in a preorder relation they have to be the same
constant, otherwise the context C[-] = if || then tt else ) could separate them,
hence the relation (2.72a) follows immediately.

If Ae.e <ppoa Ax.h, we must show the implication VD[] € CTXg (D - A), Vu €
V&I Dle{u/x}] < D[h{u/x}], starting by the premise VO[] € CTXp (D F B — A),
Obs(C[Az.e]) < Obs(C[Az.h]). With this purpose let prepare the class of contexts
Cul-] = D[[-]ul.

Thus exploiting the definition of context preorder (2.19) one finds

Vu, VD[] € CTXg (0 + A), Obs(D[(Az.€)u]) < Obs(D[(Ax.h)u]) (2.73)

and this is enough to ensure that the transition ((m, B — A), aau, (h{u/z}, A))
is allowed every time that <()\/x.\e, B — A), aay, (e{u/z}, A)) is.

Since (Az.e)u =4 e{u/x} and (Az.hu) =4 h{u/z}, the condition (2.73) is
equivalent to Obs(D[e{u/z}]) < Obs(D[h{u/x}]), the second statement of (2.72b),
namely e{u/z} <p 4 h{u/z}, is also proved.

If (v1,v2) <paep (wi,ws) the thesis is Vg € T 25 . VD[] € CTXp (0 E),

D(g{v1/z,vs/y}] < D[g{w:/x,ws/y}], then we will preset the class of contexts
Cy[] = let [ be (z,y) in D[g] € CTXp (D - E), withg € T4 5 p-

Since the hypothesis tells us that VC[-] € CTXr (0 F A® B), Obs(C[{v1,v9)]) <

Obs(C[{wy,ws)]), because of the structure of the contexts which have been chosen,
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this entails that
VD[] € CTXr (0 F E) Obs(D[g{v1/z,v2/y}]) < Obs(D[g{w:/z,w2/y}]),

which is the thesis.

If e <pa h with e, h € TfSTA \VflST*, then one must exploit Lemma 2.10, namely
the relation || €= which, under the hypothesis e |} v and h |} w ensures that v <4 e
and h <4 w. Thus since by Theorem 2.3 we know that <4C <4, from hypothesis we
get the chain of relations v <4 e <4 h <4 w, which brings back the proof towards

one of the previous cases. O

Proposition 2.2. In (ST bisimulation is fully—abstract with context equivalence,

namely the two relations coincide.

Proof. Is a direct consequence of Theorem 2.3 and Theorem 2.4. O]



Chapter 3

Injecting Probabilistic Choice

The expressive power of £ST, is rather limited, due to the presence of linearity.
Nevertheless, the calculus is complete for first-order computations over the finite
domain of boolean values, as discussed previously. Rather than relaxing linearity, we
now modify £ST) by endowing it with a form of probabilistic choice, thus obtaining
a new linear A-calculus, called /PST), which is complete for probabilistic circuits.
The transition toward the probabilistic language is formally performed by enriching
(ST, with a suitable choice operator denoted by @®. If fi, fo € T4 are terms of
(ST, f1 @ f is a composite term that can behave either like f; or like fo. When
one component is selected the other is discarded, the choice being accomplished in
a probabilistic way. The choice operators, being possibly nested, take into account

the possibility to have many different evolutions paths during the calculus.

In a nondeterministic environment, a term e = f; @ f, obeys both the following

reduction rules: __hdw and __hlve , where it is understood that both
fr@ f2lun Ji® f2 4o o .

values v; and vy are possible. Nevertheless here we adopt a probabilistic point of

view, which is why every value must be supported by the probability which it has to

appear as a result of the evaluation process. We see /PST') as an intermediate step

towards /QST ,, a quantum A-calculus, where the structure of the language itself is

intrinsically probabilistic, since the system follows the quantum mechanics rules.

The set of the possible terms of the language, equipped with the new operator
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@, is fully described by the following bnf form, which comes directly from (2.1):
v,u =1 ’ tt ‘ ff ’ Az.e ‘ (v, u)

e, f,gu=wvlef|if e then felseg| (v,u)|letebe (x,y)in f|ed f |
(3.1)

The set Y of types is the same as the one of ST, with the new following typing
'Fe: A Al_f:A(t‘—h)

AlFed f: A ] Cho).
Since in a probabilistic framework we should suppose that at every step of reduc-

rule

tion a single term evaluates to a distribution of terms, the evaluation operation is
introduced as a relation | C 7, P’?TA x 947> between the sets of closed terms of type
A belonging to {PST) and the one of distributions of values of type A in ¢PST),.
The elements of QﬁPST* are actually subdistributions whose support is some finite
subset of the set of values VﬁPSTA, i.e., for each such &, we have & : VQPST* — Ry,
and Zvevffs” E(v) < 1. If e | &, each result of the evaluation of e comes with a
probability, thus the notation & = {v!'};,cz will often be used to denote the whole
set of element of &, each one with its probability.

Every subdistribution matches the condition ), ;p; < 1, where the sum is
possibly lesser than 1 due to the presence of divergent paths of evaluation. For the

set {v; }iez, namely the support of &, the symbol Sup (&) is used. In Figure 3.1

PST
2557 as a symbol

which denotes the space of subdistribution whose support is a subset of 7ij ST*7

the rules for big-step semantics in /PST' are given. If we take

the one-step reduction (—) and small-step reduction (=) operators in (PST are
binary relations — C T, °™ x 2¢7°™ and = C 7,7 x 247" which satisfy

following general rules

v = {Ul} (3.2a)

s B 2
e= Zjej qj%j

Thoroughly, — is the smallest operator which fulfills the whole set of rules given in

Table 3.2, while = is the reflexive and transitive closure of —. For this probabilistic
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BIG—STEP SEMANTICS RULE NAME
DU {o) (v ¥y
QUo (24)
e *U/ & f *u F {é{’d/l’} U &Aw.ﬁ,u) }Aa:.ZGSup(é"),uGSup(f) (Cbpp U’)p
ef | Z/\ z.£eSup(&),ueSup(F) g(A xg)y<u>°§/ﬂ(>\ z.£,u)
el fIF g9 Gf 1)
(if e then f else g) || &(tt).7 + &(££)¥ Y
el & flZz
e@fi}%@@—i—%ﬁ (cho ),
€ ‘U’ & {f{vl/x, ul/y} ‘U’ <%\i}@vi,uﬁESup(é”) (let U’)
)
(let e be (z,y) in f) | > twsuiyesup(e) € ((Vis i) F

Figure 3.1: Big-step semantics of /PST .

language, a set of small-step operational semantics rules [38] may be provided,

similarly to what has been done for £ST) (see Figure 2.2). This set of rules leads

¢PST .
2, " where every term occurs with

a single term in a sequence, an element of
the same probability: one-step operational semantics rules for ¢/PST) are listed
in Figure 3.2. More generally, in ¢/PST), the one—step reduction operator leads

subdistribution of terms in subdistribution of terms following the rule

em € Sup (&) Em — {f;']j}jzl...J '
& — E\{ebr U{f7T}

(3.3)

Moreover, in ¢PST), big-step reduction relation between terms and distribution
of values, with the operational semantics given in Figure 3.1, enjoys the property

highlighted by the following lemma.

Lemma 3.1 (Uniqueness of semantics). For each term e € ’TXPSTA; there is a unique

distribution & such that e | & and, Vv € Sup (&), | v |<]| e |
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ONE—-STEP SEMANTICS RULE NAME
Az.e)v = {e{v/z}'} (apps)e
1/N
€2 U _dnot (appr)e
eh — {fnhl/N}n:I...N
1/N
e = {f 1/]3 L.N (appr)e
ve — {Ufn }n:l...N
if tt then helsel — h (if — azyy)p
if £f then h else { — ( (if — atge)y
if e then h else £ — {(if f, then h else /)/N},_; y
(let — ax),,
let (v,u) be (x,y) in e — {e{v/z,u/y}'}
1/N
€ {f } 1..N (let)p

let e be (z,y) in h — {(let f, be (z,y) in A)'/N}, 1 n

e® f - {2 17

. div
Q=0 (e

Figure 3.2: One-step reduction semantics rules of /PST,. Rules are given in a

call-by—value leftmost reduction framework.

Proof. By structural induction of the generic term e € 7757 examining evaluation

rules.

—e=v— Ife=w, with v € VT there is nothing to prove, since by the evalua-
tion rule for values recalling the general rule (3.2a) one finds & = {v'} which is the

subdistribution whose support is a set with a unique value. Besides the condition
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on the size is fulfilled being | e |=| v |

—e = fi1fos—  Using the induction hypothesis we find that there exist unique %1,
Fy such that f1 | F, fo | %5 and YAzl € Sup (%), | Azl |[<| f1 | as well as
Vu € Sup (), | u |[<| fo |. Thus, by the definition of size given in Table 2.4 and
by Lemma 2.2, whereas the language is linear it holds the relation VA v.l € sup %1,
Yu € sup Fo, | H{u/z} |<| Axlu | <| fifs |. Therefore we can use the inductive

hypothesis also on ¢{f/x} and applying (app,), we get

Ll FA foll F {t{u/z} } 4 z‘e,u)}/\MGSUP(%)’%SHP((%) (3.4)
fl f2 U’ Z)\ z.lu ﬁl <)\ xé)ﬁ2 (u)g(/\ z.l,u)

P4
thus the distribution to which e evaluates, is indeed solely determined by the formula

&= Z)\r[Esup F1,u€sup Fo f}\l(}\‘rg)tg.2 (u)g()\fﬁ-zau)‘

—e = (if f; then fy else f3) —  The induction hypothesis applied on the subterms
{f;};ez, allows to state that three distributions {.#;};_1 23 exist unequivocally such
that {f; 4 F;},_, 55 and {Vu; € sup F;, | u; [<[ fj [},_, 55 Therefore using induc-

tive hypothesis on the premises of the semantic rule (if ), we get

fl‘ufgl f2l)y2 f3ll353 (35)
if fl then fg else f3 U/?l(tt)yg + ﬁl(ff)yg ' .
)4

which gives us as distribution & = .7 (tt). %2+ .%1(£f).%#3, determined by the values
of %5 and Z5

—e = (let f; be (z,y) in fo)—  If we invoke as usual the inductive hypothesis we
get that f1 || %1, with .%#; unequivocally determined, whose values fulfill the condi-
tion | (u,v) |<| fi | V{u,v) € sup #;. Thus, by Lemma 2.2 we obtain the condition

V{u,v) € sup F,
| f2{u/z,v/y} |<| let (u,v) be (x,y) in f> |[<| let fi be (z,y) in f |,
which allow to apply the inductive hypothesis to the premises of (lety),, writing
[l A {fQ{u/x, viyt | g<u,u>}<u7y>esllp(fl)
(let fi1be (x,y) in fg) (! Z<u7y>65up(%) T ((u,v)) - Gy

J/

, (3.6)

-~

&
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whence the distribution & such that e |} & is unequivocally determined.
—e = f1 ® fo— Let write down the rule for choice operator (cho |):

fluﬂll fQ‘UﬁQ : (37)
fi® foll 5 (F1+ F)

remarking that the existence and uniqueness of .%; and .%; such that Yu; € sup %1,
| uy |<| f1 | and Yug € sup %o, | us |<| fo |, are determined by induction hypothesis
on the subterms fi, and f5. It follows that e = f1 & fo = e | % (T + F2).

—e = (f1, f2)— Here the distribution & is univocally determined by induction hy-
pothesis, being by induction f; | %, fo | % and & = {(u;,v;)¥}es, where
u; € Sup (1), vj € Sup (F2). O

IfI'+el & : A, then the unique & from Lemma 3.1 is called the semantics of

term e and is denoted simply as [e].

3.1 Probabilistic Context Preorder

Context equivalence is defined very similarly to £ST', the only difference being the
underlying notion of observation, which in ¢ST takes the form of convergence, and
in /PSTy becomes the probability of convergence.

The set of possible linear contexts in /PST is indeed obtained by the bnf form
(2.17b) by simply adding the term C[-] & D[], being therefore

V[ =
Cl =

Fo 11 Az CL (V] w) | (w, VD) (3.8)

[Fe ]| V[] | if C[] then f else g | if f then C[] else D[] |

fCLLI CLf | 1et fbe (z,y) in C[] | et C[-] be (z,y) in f | C[] & D[.
(3.9)

Nevertheless, to properly give the context preorder in a linear probabilistic envi-
ronment, requires to adapt the already given definition of the function Obs to the

new probabilistic environment. Therefore here the function Obs : 7}{{2%A — R is
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defined as Obs(e) = > [e] !. The definitions of contextual preorder and contextual
equivalence are left unchanged with respect to deterministic £ST, (2.19, 2.20), with
the exception that the class of possible contexts can be built with the syntactic tree

given in ( 3.9). We have

¢ <rah < VO[] € CTXg (T - A), Obs(Cle]) < Obs(C[h]) (3.10a)
e=rah ©VC[]eCTXg(I'F A), Obs(Cle]) = Obs(C[h]). (3.10Db)

It is easy to show that the probabilistic context relation is a preorder as a mere

consequence of reflexivity and transitivity of <.

We shall denote by CTX4 (A B) the collection of all possible (not necessarily
ground) context such that § - C[A + B] : A.

Lemma 3.2 (Probabilistic context preorder and context equivalence basic prop-
erty). Probabilistic context preorder is a precongruence over ’TFZZSTA, and probabilis-

tic context equivalence a congruence likew:ise.

Proof. 1t is analogous to that of Lemma 2.7: only we add to the other cases the proof
for property (c —7): (e1 <p, a4 b1 A €2 <p, 4 ha) = €1 ® ez <p,rya b1 & hy. For
this operator we set the contexts as C[-] = C'[A{z;}iez.[Fa] B ea] € CTX4 (I'1 F A)
and D[] = C'[A{z;}iez.h1 @ [Fa]] € CTX4 (I'y F A) where where C'[-] is a generic
context, {x;}icz stands for dom(I';) U dom(I'y). Being C[hi] = Dles] we get the
chain e; @ ez <pry.4 €1 @ ho <p,1r,,4 h1 @ ho, which gives thesis by transitivity of
<rirs,A- O

Lemma 3.3 (Probabilistic context preorder and probabilistic context equivalence
behaviour with respect to contexts). Probabilistic context preorder and context equiv-

alence are compatible with respect to whatever context application to terms, therefore

Ve, h,VC[] € CTXp (I'F A),e <ra h = Cle] <y5 C[h]. (3.11)

15" [el, is a shorter form which stands for ZvESup([[e]]) [e](v).
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Proof. The proof is alike that one which has been given in deterministic case with
Lemma 2.8. Hypothesis entails as a consequence VD[-] € CTXp (I' - A), Obs(D]e]) <
Obs(D[h]), while thesis requires that

VG[] € CTXg (0 - B), Obs(G[C[e]]) < Obs(G[C[h]]),

thus simply let choose D[-] = G[C[']] € CTXg (I' - A).

3.1.1 Probabilistic Simulation

Would it be possible to define applicative bisimilarity for /PST, similarly to what
we have done for ¢ST,? The first obstacle towards this goal is the dynamics of
(PSTy, which is not deterministic but rather probabilistic, and thus cannot fit into
an LTS, which traditionally describes a deterministic behaviour.

In the literature, however, various notions of probabilistic bisimulation have been
introduced, and it turns out that the earliest and simplest one, due to Larsen and
Skou [39], is sufficient for our purposes.

A labelled Markov chain (LMC in the following) is a triple (., £, P), where ./
and L denote a set of states and of labelled action respectively, as in the definition
of a LTS, while P is a transition probability matriz, i.e., a function from . x L x .
to Rp,1). The set of labels for our state system is the same as the /ST, LTS and it
has already been discussed in Figure 2.7. Besides, to unburden formulas, here we
adopt this notation: P(s, ¢, X), when X C .7, stands for >,  P(s,(,t) .

Since in a probabilistic environment s € ., when undergoing an action labelled
¢ will evolve with a certain probability to t, P (s, ¢, t) just expresses the probability
of occurrence of this event. For every s and for every ¢, P(s, {,.%) respects the con-
straint to be equal or lesser than 1: as usual values strictly less than one correspond
to the possibility of divergent systems.

Given such a LMC .#, a preorder R on . is said to be a simulation iff for
every subset X of ., it holds that

Ps, 0, X) < P(t, L, R(X)) (3.12)
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where R (X) is a subset of . defined be the following condition:
R(X)={se.” |3t e X, tRs}. (3.13)

An equivalence relation R on .7 is said to be a bisimulation on .4 iff whenever
(s,t) € R, it holds that
P(s,l,E) =P(t,(,E) (3.14)

for every equivalence class E of . modulo R.

Since the states of LMC are no more than the terms of the language, it should
be remarked that the way that the environment can interact with them strongly
depends on their type, thus becomes crucial the necessity to exhibit it. This is the
reason that in the elements of the probability transition function, the type appears
every time with both values and terms.

Implementing a labelled Markov chain (LMC), denoted by .#;psr,, on the prob-

abilistic language requires to choose the tern (., £, P) as shown just below

F = TEPSTx |y YIPSTy (3.15a)
L= {a’eval) Aty Aggy Q@ Qohy BYy a)/):‘}7 (315b)
P = Prpsr, - (3.15¢)

Let us recall that 7¢7x is a set of pairs Ugey (74" * x {A}), and similarly for V&Tx,
The notation, used in Zsr,, to distinguish the couple (v, A) where v appears as
a term from the couple (v, A) where v plays role of a value has been conserved

identically. Beside, the function Pypgr, assumes the following values:
Pepst, (()\/ﬁ, A — B), aay, (e{v/z}, B)) =1;
Pepst, ((€,A), tevar, (U, A)) = [e] (v);
Perst, (({v.u), A® B), ae, (efv/z,u/y}, B)) = L
Pepst, ((a,bool), gy, (T, bool)) =1;  Prpsr, ((ﬁ, bool), ass, (ﬁ,bool)) =1;

PEPSTA ((67 A)a ay,, (67 A)) - ]-a PKPST)\ ((67 A)7 CL)’);, (67 A)) - 17
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and it has value 0 in all the other cases. It is easy to realize that Pypgr, can indeed
be seen as the natural generalization of Nysr,: on states in the form (U, A), the
function either returns 0 or 1, while in correspondence to states like (e, A) and the
label eval, it behaves in a genuinely probabilistic way. Probabilistic (bi)simulation,
despite the endeavor required to define it, preserves all fundamental properties of
its deterministic sibling.

The definition of (bi) simulation as a relation indexed on types is given consid-
ering the proper elements of transition matrix Pypgr,, depending on whether the

terms involved in the relation are values or they aren’t

e For boolean values the only possible transition is a check on the value itself,

therefore if the preorder Sp.e1 is a simulation over the set of boolean values:

0 F eSpoor h : ool = Vb € Vfﬁiﬂ

Pepsr, ((@,bool), ap, (g, bool)) < Pupsr, <(ﬁ,bool), Qp, (6, bool)) . (3.16)

e For function values, the usual definition of applicative simulation is traced out,

thus if the preorder Sp_.4 is a simulation on Vi 5°* then

0 AzeSposdah:B —oA = Yoe VT P ((A/:Ee, B —o A),
a0, (e{v/}. 4)) < Prsr, (N, B —o A). aa. (84 (efo/r}). 4))
(3.17)

e For pairs, the definition relies on the proper transition matrix elements, being

0 b (v1,v2) Sasp (U1, us) : A® B = Vg € T4 5 b,
Pipst, <(<U177J2>7 A® B), Axg, (g{vi/z,v2/y}, E)) <

Pepst, <(<m>,A ® B), Urg, (Se (g{vl/xan/y})7E>) . (3.18)

e For terms the simulation relation is determined as a probability to evaluate to

a set of values, hence its probabilistic nature is recovered:
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ObeSsh: A= VX eV
,PZPST)\ ((6, A)> Qeyal s (X, A)) < ,PEPSTA ((’% A); Qepal (SA (X)> A)) . (3-19)

Most of the (bi)simulation properties are shared also by its probabilistic extension.

Lemma 3.4. Every probabilistic bisimulation is also a probabilistic stmulation.

Proof. If B, is a probabilistic bisimulation and (e, h) € By, then the property
VOYE C VA By, Pipst, ((e, A), L, (E, A)) = Pipst, ((h, A), €, (E, A))  (3.20)

holds, with VA/ Ba quotient set of V4 modulo By. To show that B, has the

simulation property, the relation
VX C VA> ,P@PSTA <<€? A)> 2 (X> A)) < PEPST)\ ((ha A): 2 (BA (X)> A)) (3'21)

has to be proved. Let {E;};cs be the set of equivalence classes generated by B4 on
VA, If in relationship (3.20) we set X = E; for some j € J then the property comes
immediately, being a consequence of the inclusion =C<, since Sa (E,) = E,.

Otherwise let write the subset X in the form X = U;cz.X;, where X; = X NE;
and Z C J; so that

VX C VA, Prpsr, (e, A), L, (Uiez(Xi), A) = > Prpsr, ((h, A), £, (X, A)) <

ieT
< Z Pepsty ((hy A), L, (Ei, A)) = Pepst, ((hs A), £, (UiezEi, A)),
ieT
(3.22)
and the property is proved since Sy (X) = Sa (Uiez(X;)) = Usez(E;). S 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

Lemma 3.5. A symmetric relation which is a probabilistic simulation is a proba-

bilistic bisimulation.
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Proof. 1t has to be shown that if a relation ‘/S-A\ is a simulation and it enjoys the
property Ve, h € Ti°" (e, h) € Sy e (h,e) € 'S4, then it holds O - eBah : A

with g/S'Z = B4 bisimulation.
¢PST ), o .
Ife,h eV, , then we set e = v and h = w rewriting hypothesis as

PEPSTA ((/U\a A)? E, (av A)) < PZPSTA ((@7 A)? ev (/V\v A)) A
Pepst, (W, A), L, (v, A)) < Pipsr, (v, A),¢,(u, A)) (3.23)

where the label ¢ € £ depends on the type A. Since in all these cases the relation is

anyway deterministic, from (3.23) it follows immediately the equality
PEPSTA ((@\7 A)a E: (aa A)) = PKPSTA (({Ea A)7 f, (/V\v A)) )

which proofs the thesis.

Ife,h € 7,75\ VP> then let us remark that the relation S, being a symmetric

preorder is an equivalence relation. If E € {E,, },nen 1S a generic equivalence class

PEPSTA

belonging to the quotient set V / TS'X we may rewrite hypothesis as

VE7F g Vﬁ;STAv PZPST,\ ((67 A)7 Qeyal y (E; A)) S 7)EPST>\ (<h7 A>7 Qeval 5 (ﬁ/SX(E)u A)) A

7DZPST/\ ((h7 A)u Qeyal » (Fa A)) S PZPST)\ <(67 A)u Qeyal » (‘/SX(F)u A)) . (324)
Now let us recall that, by definition
SA(E)={ve V™ | 3uecE uS v} =E,

since v, u both belong to the same equivalence class; similarly g/S‘X(F) =F.

Using this result and setting, in (3.24), E = F one finds immediately

PKPST/\ ((67 A)7 Qeval (E> A)) = PZPST,\ ((h7 A)7 Qeyal (E, A)) 3

which completes the proof. O
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3.2 From Applicative Simulation towards Applica-
tive Bisimilarity

Following the deterministic procedure, it should be desirable that starting from
the definition of probabilistic simulation and probabilistic bisimulation, one could
upgrade to the more general concepts of similarity and bisimilarity, simply taking

the union of all possible simulation and bisimulation respectively.

Nevertheless the way to carry out this process in the probabilistic pattern is more
complex due to the slightly different definition of simulation and bisimulation which
is given in this scheme, where transitivity property is embedded in the definition
itself so that it is not possible assume that the union of all possible simulations is
necessarily a simulation itself, and analogously for bisimulation, as we will see just

below.

Indeed, a simulation was defined as a preorder relation which enjoys the gen-
eral property (3.12) and a bisimulation as an equivalence relation which enjoys the
property (3.14). Hereafter, in a probabilistic environment, a relation which has
the property (3.12) but not necessarily is a preorder will be referred as a pseudo—
simulation; analogously we will call pseudo-bisimulation a relation which has the

property (3.14) but it is not necessarily an equivalence relation.

Hence we use the symbol [P*?/Sim to denote the set whose elements are the
probabilistic pseudo-simulation, namely the relations among the elements of the set
of states . which have the property (3.12); similarly with [P*/BiS we will denote

the set of all possible probabilistic pseudo—bisimulations.

The following lemma will show that the sets defined above are closed by compo-
sition, therefore that taking two or more element of P*ISim ([P**/BiS respectively)
and composing them one obtains an element of P*ISim ([P*¢IBi8) in turn. It finds

its analogous in Lemma 2.11, valid in the deterministic framework.

Lemma 3.6 (Pseudo-(bi)simulation set is closed under composition.). S™ € Sim

and S@ € sim = SW o S@ ¢lrsel gim (and analogously for P*°IBiS).
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Proof. Exploiting the definition of composition between relation we write the hy-

pothesis as s S Wt and tS @r, namely

VXY €7, P(s, 6, X) <P (6 SWX)) A PHLY) <P (Y.L, SPY)),
(3.25)
recalling that, by definition SV (X) = {s € .7 ‘ 3t € X, tS Ws};_; 5 and likewise
for {S (V) }iz 0.
For any X, let set Y = S W (X), thus (3.25) becomes

VX C.7, P(s, 0, X)<P(t,¢, SV(X)) A
Pt SVX) <P (re, SP(SV(X))) (3.26)

whence

VX C.Z, P(s,0,X) <P (r,t,SP(SWV(X))). (3.27)

We are left to rewrite in a simpler way the set S (S ®(X)). Using the definition

we get
SO(SV) ={res | 3seX A teSVX), sSUE A SO}, (3.28)

namely S @ (SW(X)) = (SW o @) (X), which is properly the condition stating
that SM o S glrsel gim, O

The sets P*ISim and [P*BiS seem to be the better candidates to describe the
collection of all probabilistic simulation (and bisimulation respectively) although
the transitivity of their elements is not ensured (but reflexivity is!). Transitivity is,
indeed, a characteristic required in the definition itself of both probabilistic similarity
as well as probabilistic bisimilarity.

In order to overcome this hurdle it is necessary to introduce the concept of
transitive closure of a set: given a relation R — let choose it as a relation on a
subset of . — its transitive closure R T is the relation inductively defined from R

by the following two rules

sRt
sR ™t

(tc — 1)
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+t t +
sR SR+TR T (tC—Q)

where s,t,7 € .#; thus R is a preorder induced by R on the set .#. The transitive
closure preserves fundamental properties of relation above all compatibility and

closure under substitution, as the following lemmas state.
Lemma 3.7 (On the compatibility). If R is compatible then so is R ™.

Proof. By induction on the structure of the terms involved in the relation, examinig
the rules (tc — 1) and (tc — 2).

Given e, h € TXPSTA which are supposed to be built with some constructor of the
language by finite set of subterms { f; };ez and {;};cz such that e = cnstr ({ f, }nen)

and h = cnstr ({{, }nen), the statement requires to prove that
VneN, A, FfoR,:B,=TFeR h:A. (3.29)

e Let suppose that for every n the set of relations appearing in (3.29) hypothesis,
namely A, F f,, R *4, : B, all are a consequence of the application of (tc — 1), then
Vn the condition A, + f,, R{, : B, is matched. Since by hypothesis R is compatible
with the rule of the language, the previous set of relations entails that @ e Rh : A.
Thus applying (tc — 1) we get the thesis (3.29).

e Let now suppose that Vn # j the relations (3.29) all have (tc — 1) as last rule,
except for a unique subterm f; such that the condition A; & f; R™(; : B; is a
consequence of (tc — 2). Therefore it must exist a certain g; such that

AjbFfiR"g;:B;  Ajbgi Rl B,

tc — 2 3.30
Aj'_ijJrEj:Bj (C ), ( )

Now the induction hypothesis, entailing that R * is compatible on smaller terms
since R is, can be used. Denoting by g the term built with the operator cnstr with
subterms fi,...g;,... fy and using (tc — 1) for pairs belonging to the set N\ {j}

one gets

Vn#§, Ak fuR 0, By AN AjFg R B, =THgR h: A (3.31)
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Moreover recalling that R is compatible, and thus reflexive — see Lemma 2.13 — we
can write also by inductive hypothesis, which ensures that R T is compatible on

smaller terms R as it is, that
Vn#j, A E R fu:By AN AjEfiR g :B;=TFeR g: A (3.32)

Now, applying to the conclusion of (3.31) and (3.32) the rule (tc — 2) we find

'FeRTg: A F'FgR h: A
F'FeRTh:A

(tc — 2). (3.33)

e We will apply the same arguments to the cases where there are two (or more) pairs
of subterms (f;,, 9;1), (fin, 9jn) - -+ - - whose relation is consequence of the application

of (tc — 2) as last rule.

e Finally let us consider the case where all the terms have as the last rule (tc — 2),

whence the set of relations

+ . +..
VneN, AF R g, By, AyFg.R7g,: By
A, FfoRT, B,

(tc — 2) (3.34)
whence, by induction hypothesis on the premises of (3.34), we easily get
'FeRT"g:AANTFgR h: A, (3.35)

where, of course, ¢ = cnstr ({g,}nen). We find the thesis applying (tc — 2) with
premises (3.35). O

Lemma 3.8 (If a relation is closed under value substitution, so is its transitive

closure). If R is closed under substitution then so it is R ', namely

(F,x:BI—eRh:A A ve VST o FI—e{v/x}Rh{v/x}:A) =

<F,m:BI—eR hiA A ve VT o FI—e{v/x}R*h{v/x}:A) (3.36)

Proof. The proof is by induction on the derivation of the relation I,z : BFeR Th:
A. O
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Figure 3.3: Graphical idea of two probabilistic simulations composition: in a sys-
tem whose states belong to a set denoted by ., a state s € . may evolve to a
whichever set of states X C .. If s S ¢, being SV a simulation relation, then
the evolution of ¢ goes on towards a set Y = S M (X). As a useful remark, let notice
that since S is a simulation, it is reflexive and then VX, X C S W(X). If t is, in
turn related to r by mean of a different simulation S, then the latter will evolve

towards a set of the states Z = S®(Y) = S@(SW(X)).

The following step in our path consists in enlarging the above mentioned sets of
pseudo—simulations and pseudo—bisimulations in order to obtain new relations that,
enjoying transitivity, are good candidates for a definition of probabilistic similarity
and bisimilarity. These relations, formerly denoted as P*/Sim and [P*¢/BiS, have al-

ready been proved to be closed under composition: now we are going to show that



82 Chapter 3. Injecting Probabilistic Choice

they are closed with respect to a generic union of elements.

Namely, if Rgl) and R;m) both belong to P*¢)Sim also their union belongs to
it, and the same holds for [P**/BiS likewise: the elements of P*)Sim and [P*¢BigS
indeed, are not required to be transitive relations, the main problem to extend this
topics to transitive relations being that a whatever union of transitive relation is not
generally a transitive relation, while the union of relations preserves the properties
of reflexivity and simmetry.

As worthwhile remark, let observe that every possible relation written as [ J, .\
B4 ™, with By ™ e[Psel BiS Vn is reflexive and symmetric, whereas every pseudo—
bisimulation is a reflexive and symmetric relation and a whatever union of reflexive
and symmetric relations is in turn reflexive and symmetric. Hence | J,,.\ Ba (™) has
good right to belong to [P*IBig.

For what has been discussed until now, the relations defined by the symmetric
and transitive closures of a union of every element of [P*)Sim and [P**/BiS seem to

be good candidates to obtain a good definition of similarity and bisimilarity.

Lemma 3.9 (Transitive union of a collection of probabilistic pseudo simulations

and pseudo bisimulations). The transitive closure

+
SA+:{U R® | R® glpse] Sim} , and

.
Bt = {U RO | RO el BiS}

of the unton of every possible relations which belong to Sim and BiS are simulation

and bisimulation respectively.

Proof. Being Sy T transitive by definition, and reflexive as union of reflexive rela-
tions, it is necessarily a preorder: thus we should only show that it has the pseudo—

simulation property, namely I'FeSy Tf : A =

VO YX C T Popsr, ((e, A), 4, (X, A)) < Prpsr, ((f, A), 4, (Sa T(X), A)).
(3.37)
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If (e, f) € Sa T, then since the relation is a union of simulation, there are N > 1
elements of Sim and N — 1 intermediate terms such that e Sy Mgy A g1 S P gy A
oA g1 Sa M F

Hence, the same relation between e and f can be rewritten, by definition of com-
position, as e (Sq4 Mo §4 P o--.0 84 ™) f. Now, using the previous Lemma 3.6,

hence the property of closure under composition we find immediately
(SA(I) o SA(z)O"'O SA(N)) E[pse] Sim.

Analogously the relation B T, as transitive closure of the union of all possible
pseudo—bisimulations, is by definition transitive but it is also reflexive and symmet-
ric, since an arbitrary union of elements of Pl B, which are reflexive and symmetric
relations, is a reflexive and symmetric relation in turn: thus B, T is an equivalence
relation on the terms space T4 >,

Using the same procedure we evince that Ve, h € 'EfPST* such that ) -eBy Th:
A, there are M elements of P*IBiS, such that e B4 Mgy A g1 Ba@go A+ A gara
B4 ™M) therefore one gets the result (e,h) € B4 M o---0 By ™) where the relation

BsW o By ™) is an element of BiS by Lemma 3.6. O

Thus, let us resume the important results that have been found with Lemma 3.9

and Lemma 3.6 in the following:

Proposition 3.1. The transitive closure Sy = of the union of every possible prob-
abilistic pseudo-simulation s a probabilistic simulation and the transitive closure
Ba T of the union of a every possible probabilistic pseudo—bisimulation is a proba-

bilistic bisimulation.

Probabilistic similarity and probabilistic bisimilarity have similar definitions.

As for probabilistic similarity one sets it as the union

PR
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of all possible simulations and probabilistic bisimilarity likewise is

~ = {U R® | R EBiS},

understanding the meaning of the sets Sim = { R 4 | R 4 is a probabilistic simula-
tion on74"*"*} and BiS = { R 4 | R 4 is a probabilistic bisimulation on7; ">},

However, as already pointed out, a generic union of preorders is not necessarily
a preorder, and the same holds for a generic union of equivalence relations which
is not perforce an equivalence relation, since the transitivity is not saved when the
union is taken.

This entails that about <4 and ~ 4, symbols which denote similarity and bisimi-
larity as in deterministic £ST 'y, as a matter of fact we currently can’t say yet whether
<4 1s a preorder and then a simulation itself and ~4 an equivalence relation and

thus a bisimulation. This is proved by the lemma below.

Lemma 3.10 (Probabilistic similarity and bisimilarity). ~4 is an equivalence rela-

PST PST

tion over Tf and, likewise, <4 s a preorder over 7;{

Proof. Indeed ~4C By * since the second relation is the transitive closure of the
first, and ~4O B4 T since the second one is a bisimulation itself and, by definition
~ 4 contains all possible bisimulations.

Thus ~ A = B4 ' and ~ inherits all the properties of B4 T, then it is an

equivalence relation. Similarly <, is a preorder on 7':133 T, O]

Lemma 3.11. Probabilistic similarity < and co-similarity <P satisfy to the relation

~== N <P,

Proof. The statement can be proved showing both the inclusions ~C (=X N <) and
(2N =2P) C.

e ~C (=N =%): for previous Lemma 3.4, which holds for every simulation,
therefore for similarity too, we have ~C< and ~C =<, whence ~C (<X N <) comes

immediately.
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e (X N =X%) Cr~: the relation < N =X is necessarily an equivalence relation,
being the symmetric intersection of two relations which are preorders by definition.
Let E be an element of its quotient set: since the intersection of two similarity is

a similarity in turn, the following condition must hold, if ) - e(=4 N <XT)h: A
VE g VA’ PZPST)\((67 A)a 67 (E7 A)) S PZPSTA((ha A)7 67 ((jA N j?f)(E)v A))

where, by definition (X4 N XT)E) = {h C T | Je € E, 0 (e Z4 h Ae jzp)
h : A}. Since both <4 and <% are reflexive, E C (<4 N <7)(E); then let us define
B = (241 <7)(E)\E

Following the definition above, an element f € E' is such that de € E, e <4 f
Ne =% f Af ¢ E. Nevertheless, since as already remarked (X4 N <%) is an
equivalence relation, the first two conditions entail that f € E, indeed it is in the

same equivalence class of e and the the third condition leads to a contradiction, so

that necessarily E' = () and E = (<4 N <%)(E), proving then the condition:
VE C VAa PZPST/\((Q, A)7 f’ (Ea A)) = PEPSTA(UL A)a €7 (Ev A))a

which is the thesis. O

3.3 Probabilistic Applicative Similarity is a Precon-

gruence

With respect to ST, the simulation and bisimulation relations, and their largest
analogous, namely similarity and bisimilarity, can be given by just instantiating the
general scheme described above to the specific LMC modeling terms of /PST ) and
their dynamics, which has been done in definitions (3.16) — (3.19).

All these turn out to be relations on closed terms, but as for £5T ), they can be
turned into proper typed relations just by the usual extension to open terms (2.31).

The question now is: are the just introduced coinductive methodologies sound
with respect to context equivalence? And is it that the proof of precongruence for

similarity from Section 2.5 can be applied here? The answer is positive, but some
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effort is needed [37, 12] . Above all, we are supposed to enhance the applicative
similarity relation with a set of Howe’s rules, which are identical to those already
given for deterministic language (Figure 2.8) to which we must add a new rule for

the constructor @ which is written down just below

'eR¥h:A AFFfR"I:A T,AFh®(Rb:A
I AFed fRYb: A

The proofs of the properties of Howe’s relation such as
e compatibility of <# (Lemma 2.16)
o <C = (Lemma 2.17)
e substitutivity of <# (Lemma 2.19)
e pseudo-transitivity of < (Lemma 2.18)

hold identically in probabilistic and deterministic scheme (as well as in quantum
one). Nevertheless, the probabilistic nature of this systems makes it harder to prove
the key lemma, namely the simulation property of <.

Indeed we have a double hindrance given both from the definition of probabilistic
(bi)similarity which requires to extend through the symmetric and transitive closure
of a relation all properties already proved and, above all, from the greater difficulty
that the proof of key lemma entails in a probabilistic system.

In particular we are required to prove that the transitive closure of Howe’s lifting
of a general relation R, enjoys all the properties of compatibility, substitutivity and
closure under substitution that R itself has. This will be exploited obviously with
similarity.

Anyway we start by facing the problem to show that Howe’s lifting of the prob-

abilistic similarity relation is itself a probabilistic simulation.

Lemma 3.12. Probabilistic key lemma: Howe’s extension of probabilistic stmilarity
has the probabilistic simulation relation property.

Therefore Howe’s extension of probabilistic similarity is included in similarity itself



Chapter 3. Injecting Probabilistic Choice 87

which is, by definition, the greatest simulation. As a corollary of <4 C=4, we find

the analogous result ~ ™ Cr~ .

Proof. As it has been done in deterministic environment (relationships 3.16 —3.19),
according to the definition of probabilistic simulation we split the proof distinguish-

ing between values and terms according to the following statement:

0 F e<poor’’h : bool = Vb€ Vfc],ﬁﬂ,
Pepst, ((/6\, bool), a, (B, bool)) < Pepsr, <(h> bool), a, (jb°°1H(g)’ b001)>

(3.38a)

DAz f2p o 2l :B—oA = WYve VEPSTA, VX € VflPST*,
Pupst, ((m, B — A), aay, (X, A)) <
< Pepst, ((m, B —o A), aay, (Zp—a’ (X), A)) (3.38D)

TEPSTA

0 (v, U2>jA®BH<w17 wy) : A® B = Vg€ 2:Ay:B,E

Pepst, (((U/h?ﬁ, A® B), agg, (g{v1/z,v2/y}, E)) <

< Porsr, (((wrw2), A® B), asy, <5 (9{01/x,02/y}, B)) (3.380)

<(7)I—ejAHh:A A ei}é") = (w% A VX e VST

Papst, (63 A), tuuats (X, A)) < Pepsr ((hs A), ot (<47 (X), A))) (3.380)

We have to prove the lemma for values and for terms, according to the different

definition of similarity.

O If ) e=poorh : bool are boolean values we must prove the statement (3.38a).

Since the relation ) F e<ypoo1h : bool must be a consequence of (Howy,),
which has, as a unique premise @ F e <poo1 h : bool, we find the thesis

as a result of the definition (3.16). Indeed, if e # b the left-hand side of



88

Chapter 3. Injecting Probabilistic Choice

(3.38a) is zero and the inequality is obviously true; otherwise e = b and from
0 € =poor I : bool it follows h €=poo1 (b) € =poor(b). In this case both
sides of (3.38a) are equal to one.

If the value is a A—abstraction e = Az.f, then we should prove the property

(3.38b), originating from definition (3.17).

The hypothesis @ - Az.f<p oa"A2.l : B — A, is an immediate consequence
of Howe’s rule for lambda abstractions (Hows)

r:BF f=,Hg: A Q)l—)\x.ngﬂA/\x.f:B—oA7
DXz f<poafXal:B— A

Since Howe’s relation is compatible, from the first premise of (3.39), it follows

(3.39)

the relation Az.f<p .4 X\ z.g. Moreover the second premise of (3.39) entails,
by definition of probabilistic similarity (3.17), the relation Yo € V§ 5™ ¢{v/z}

€ =<4 (g{v/x}) or, equivalently,

Axd €=p .4 (A2.9). (3.40)

Now let us apply the induction hypothesis on the smaller terms in the premises

of (3.39), entailing that
Mo f=<p oA z.g = Ax.g € <p_aT(\x.f), (3.41)

as it is shown in Figure 3.4. Joining the results (3.40) and (3.41) we get that
Axdl € <p_oa (jBﬂ,AH(A xf)) Notice that the result given in Lemma 2.17,
implies that <p.a € =<p.a”, thus necessarily <p .a (Zpoa(Az.f)) =

=Boa’(Ax.f). Then we conclude that
Aol € <p o ® (Nx.f), hence Yue VS v/zy=a"(f{v/z}) (3.42)

and this result can be seen also a consequence of the pseudo—transitivity prop-

erty of probabilistic Howe’s lifting (Lemma 2.18).

Thus for any generic X C V™" if f{v/z} ¢ X the inequality (3.38b) neces-
sarily holds because the left—hand side of (3.38b) is equal to zero. Otherwise
f{v/x} € X and by previous arguments Az.f € <p_ .7 (Ax.f), whence we
get f{v/z} € 247 (¢{v/z}), and both sides of ( 3.38b) are equal to one.
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<af(xa.f)

<a(Az.g)

Figure 3.4: Graphical representation of the terms A z.f, Az.g and A x.¢ involved in

Howe’s relation and of theirs “evolutes” under the relations <4 and <4 respectively,

namely the sets <4%(Az.f) and <4 (Az.g). The cone <4 (Az.f) contains Az.g

according to the relation Ax.f<,7\x.g. Moreover Az.f €<, (Az.g), according to

the relation Az.g <z Ax.l: hence Ax.l € <y (jAH()\ xf)) However, since it has
been proved that <,C <4, then \x./ € jAH()\x.f).

&

We conclude the prove of the key lemma for valued terms considering the case

e = (vy,vq), referring us to the statement (3.38¢).

Here derivation tree for the hypothesis must terminate with the Howe’s rule

for pair, namely

D vi=4u s A
0 F vy=<4Hus: B 0 F (ur,u2) 2agp (w1, ws) : A® B
OF (v1,v2)<aep™ (wi,ws) : A® B

(Howg).
(3.43)
By compatibility of Howe’s relation, from the first two premises of (3.43) we
get
(v1,02) 2 aep™ (U1, us), (3.44)

whence by induction hypothesis it immediately follows, Vg € ﬁei‘qu E



90

Chapter 3. Injecting Probabilistic Choice

Perst, (((01,02), A® B), asy, (9{v1/,02/y}, B) ) <
< Pepsr, (((u/h;ﬁ, A® B), agg, <5 (g{vr /2, v2/y}, E)) (3.45)

and by definition of probabilistic similarity to the second premise of (3.43) one

finds, Vg € T{fogﬂz

T

Pepst, (((@%A ® B), agg, (g{u1/z,us/y}, E)) <

< Porsr, (((w1,02), A® B), agy, <5 (g{ur /2, w2/y} ) (3.46)

Thus, from (3.46) and from (3.45) respectively, it follwows that

Vg € TI0 S 5o glw /o, wa/y} € 2p(g{ur/z, ua/y})
Vg € Toriid i 9{un/z ua/y} € <6 (g{vr/z,v2/y}), (3.47)

whence, since by Lemma 2.17 we know that <pC <z, we find Vg € x{ff:gﬂ,

g{wi/z,wa/y} € =™ (g{vi/x,v2/y}). This is the required relation since it
ensure that the thesis (3.38¢) is fulfilled, namely

Pepst, (((U/hv\2>7 A® B), agg, (g{v1/x,v2/y}, E)) <
< Purs, (((w1,02), A B) asy, <5 (g{v1/7.02/y}, ) (3.48)

If e = fif, is an application term we write hypothesis as 0 - fi fa=4"h: A A
fifo U & and the statement of the key lemma takes the form

(@l‘flfQjAHh;A N ellé?) = (hU[[h]] A VWQVQPST)"

Parsr, (1o )yt (. A)) < Papsr, (1, A), s (47 (). ) ).
(3.49)
Lemma 3.1 and the big-step evaluation rule for applications suggest the nature
of f1fs semantics [e], which will be denoted by &

fl U' yl f2 ‘U’ <952 bZ{Vn/ZE} U’ <gﬁia”|)\:p.biESup(a‘"il),l/n€Sup(,,¢2) )
f1f2 U’ Zz\a:.biESup(yl),VnESup(fg) ﬁl(/\ xb»‘%}(y")ﬁ%n

&

(3.50)
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Since the hypothesis is a consequence of the Howe’s rule for applications

@ F fngHgg : B
OF fiXpoag1: B — A Ok gigo Zah: A (3.51)
OF fifa<a®h: A

we may apply a double inductive hypothesis to the smaller terms f; and fs,

obtaining
(@ Ffifpoalgn: B— A AN £l ﬁl) =
(91 V9 A YX SV Popsr, ((Fis B —o A), Gepats (X, B —0 A)) <
Persty, ((91, B —0 A), tevats (Xp—a™ (X), B —o A)))
(@ - f2pg B A f2l) ﬁ) = <92 b AYY C VP,

A Povs, ((fas B, tewats (Y, B)) < Pursrs (95, B, auwats (<57 (), B)) )

(3.52)

Referring to the first two premises of (3.51), let us take ¢g; || 4 and g¢» || %,
noticing that, due to (3.52), 4 and % are not empty distributions unless .7,

and %, are.

The reduction rule for application unfolds us the proper form of the distribu-

tion ¢ to which ¢;g-, evaluates:

N U gl 92 l) gQ bZ{VJ/I} U %j|/\m.biGSup(gl),VjESup(gg)
9192 U’ Z)\x.biESup(f%),VjESup(gg) gl()\ xbl)gQOJJ)gl]

4

(app 1), (3.53)

The existence of the semantics of g;g2, together with the similarity relation
(see (3.51)) between g1, and h, allow to conclude that h |} [h], as the thesis
requires. Now let us look at [ f1 f2] and [g192] using the same symbols already
introduced in equations (3.50) and (3.53) with the aim to compare them. Here

we are under the scope of the disentangling lemma (see [11] for further details)
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which ensures for the existence of two sets of numbers {r, . }icz and {sy, w }jes

such that the following inequalities hold

VUZ‘, fl(vi) < ZVU €<BwAH(U ) rvi,v’ A ZiGI Tvi,v’ S 541(1) />

(3.54)
VU], /2( ) < ZVU 'e<pH (u )Suj,u’ A Zje] Suju/ < ggQ(u/)'

With reference to the induction hypothesis (3.52), let us set v; € X C Vf;sjg
and u; € Y C VéST*: since by definition v’ € <p 4% (X) and v’ € < (Y),
by substitutivity (see Lemma 2.19), supposing v; = Az.b; and v/ = A x.b’, we
get

Yo, € X, Yu; € Y, Vo' € <poa (X)" Vu' € <5 (V) b{u;/a} <40 {u' [z},

and since the same relation holds also when the evaluation rules have been

applied we get Z; <47, ..

Using (3.54) and the last remarks one obtains the following inequality, which
holds for any w € W C V“DSTA

E(w) =3 ex ey F1(0i) F2(uj) Fij(W) < D2 pex ve<pa(v) Toi Suja-

u;€Y,u' €Xp_oa™ (uj)

Gt (5AH(U))) <X veEX' ey’ G(v)%(u' )G (<A ))

> vesw@)weswp@) N(0)G(u) G, (24T (w)) = G (24" (w).
(3.55)

where, to unburden the formulas the notations X C Vép_f? = X' ==<p_4"X)
= UL Zpea(v) and Y CVE™ = v/ = <57(Y) = UTL, <5" () have
been introduced.

Finally, recalling the definitions given for & and ¢ in (3.50) and (3.53) respec-

tively, we can rewrite (3.55) as

VIV e VT [el(W) < 9 (=45 (W) = [g] (a7 (W) . (3.56)

Moreover, the last premise of the rule (3.51), namely the more familiar prob-

abilistic similarity relation () = gygo <4 h : A, denoting by 7 the semantics
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of h implies that

VZ IV [9(2)=9(2) < (24 (2)) <A (247(2)) = [1] (247(2))
(3.57)
where for the last inequality of (3.57) the property < C=<, which has been

stated in Lemma 2.17, has used.

To complete the prove just choose the inequalities (3.56) and (3.57) setting
7 = =4"(W) and recalling the relation YW, <, (jAH(W)) = =45(W).

O Ife= fi®fe, e = if fi then fy else f3, then let us write e = cnstr ({f, }nen)
where cnstr is some syntactic constructor and {f,},en are subterms of e.
Hence we write the hypothesis as () b cnstr ({fulnen) Za7h : A A e} &
and the statement which has to be proved by induction on the size of terms
involved in big-step semantics rule is again (3.38d). We may refer to the thesis

in (3.38d) by rewriting it in a more appropriate form

h ‘U’ jf A\ VX g VQPSTA’ PEPST)\ ((CnStr ({fn}HEN) 7A)7 Qeval 5 (X7 A)) S

Pepsty ((hy A), tevar, (2a™(X), 4)),
(3.58)

and a suitable (big—step) semantics evaluation rule will allow us to find the

proper form of [e] which will be denoted by &

Uduor 4 (Fatoew (359
cnstr ({ futnen) U & ({ Fn}nen)

where by writing & ({.%, }nen) We understood that & is some function of the

subterms distributions &;,. Hereby the hypothesis must be read as a conse-

quence of general Howe’s rule, namely:

O fiza,%g1 0 Ay

0 fNjANHgN Ay O+ cnstr ({gn}nen) Sah: A
0+ cnstr ({fntnen) 2ah: A

(Howgen,)-

(3.60)
Now from the first N premises of (3.60), N new inductive hypotheses follow,
which may be written as: Vn € N,
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Ok fo<a, g0 Ay = (gn 9, AYX, C VT

PKPST/\ ((f’m An)7 Qeyal (Xn7 An)) S PEPSTA ((gna An)a Qeval » (jAH(Xn)a An)) )
(3.61)

which allow to build the distribution ¢, semantics of cnstr ({g, }nen) through

a suitable big—step—semantis rule, as it is shown below:

{9n}nen ¥ {% bnen , (3.62)
cnstr ({gntnen) 4 4 ({9} nen)

and since cnstr ({g, }nen) has a semantics 4 and through (3.60) we see that

it is related to h by a similarity relation, we must conclude that
hiL s AW C VT [g)l(W) < [R] (=4 (W)). (3.63)

By compatibility of <4, starting from first N premises of (3.60) one can
deduce 0 - cnstr ({fn}nen) 2acnstr ({g, nen) @ A, and since to this term

we can apply the induction hypothesis we find

0 F cnstr ({futnen) 2acnstr ({gntnen) : A =

= VX C VT £(X) < 9(=47(X)). (3.64)

Now let us simply rewrite the last statement making use of the semantics of

the terms as

VX C VT el (X) < [l (24" (X)), (3.65)

Thus the thesis is a consequence of (3.65) and of (3.63) if for each X we
set W = =<,4#(X), since using the property <,C =<, we obtain the re-
sult <4 (W) =<4 (Z47(X)) = <47(X), whence VX C V™ [e](X) <
[R)(=A"(X)).

¢ Taking e = (let fi be (z,y) in f5) leads to the statement

<® - (et fibe (z,y) in fo)=4"h: AAel é’) N (h I} A ANW C VST,

Pepsty (€, A), aevar, (W, A)) < Pepsry ((hy A), Gevar, (a7 (W), A)) ) (3.66)
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and hypothesis comes to be a consequence of the following Howe’s rule
r:By:EF fo=4"gy: A
O fi<perfg : BQFE Dk let gy be (x,y) ings <4 h: A
0+ let fi be (x,y) in fo=s"h: A

(3.67)
The semantics rule for terms of this type briefs us about the form of [e] as

functions their subterms semantics

fl U <%sl fQ{U/l’ U/y} ‘U’ g(”“ | (v,u)€ESup(F1)
let fl be <.Z' y) in f2 ‘U’ Z (v,u)ESup(-F1) /1<<”U U)) J\

o@

(let V), (3.68)

and the double induction hypothesis which stems from the first two premises of
equation (3.67), introduce to the semantics of the subterms g; and go. Writing
induction hypothesis for open terms such as fo and ¢ requires to use the

definition of open extension for applicative bisimulation, as in the following:
. <@ F fi=Bepg1 : BQE Afill §1> =
<91 V%9 N VX C Ve Pepsty ((f1, B® E), Gevar, (X, B® E)) <

Pepsty (91, B ® E), eval; (Xpor (X), B® E))) (3.69)
o (v:By: B R A A Vo) € VD R{vfou/yb b Fo) =
<v< w) € Vot go{v/a, ufy} b Gy A VZ € VT
Pepst, ((fo{v/z,uly}, A), Gevar; (£, A)) <

Pavsty (9200703}, A), dunats (<47(2), 4)) ) (3.70)

whence
251 U gl 92{1)/{[', U/y} ‘U g<vvu>|(v,u>68up(%1)
let gy be <:C7 y> in go ‘U’ Z(’U,u)GSup(gl) %1(@, u>)g<”7“>

J/

(app 1) (3.71)

-

%
After it has been obtained how (let ¢; be (z,y) in g2) || ¢, starting from
hypothesis of similarity supplied by the last premise of (3.67) one finds the
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condition

hib[R] A YW e T gl(W) < [R] (24 (W) (3.72)

To end the proof of this item of key Lemma requires to compare the distri-
bution &, ¥ and S, which appear as result in formulae (3.68) and (3.71)
and to this purpose let notice that, due to the proof of substitutivity given in

Lemma 2.19, we get

v By EF fxalgy s A= Vv,u)eVip, folo/zufy}<a g {v/z,u/y},

(3.73)
thus referring to the rule (3.67) and to the symbols used in (3.68), it may
be derived that V(v,u), YW, F.uy(W) < G0y (24 (W)). Therefore we will

write

vz CVPTE(7) = Z T (0, 0) Py (Z) <

(v,u)€Sup(F#1)

< > G ((u, )Gy (247(2)) =

(vu)expgr™ (Sup(F1))

3 G ((u, )G (24" (2)) <

(v)e{=Ber™ (Sup(F1))NSup(#)}

< Z G ((u, W)Yoy (24" (2)) = 9 (247(Z)). (3.74)

(v,u)€ESup(#)
Taking (3.72) and (3.74) and setting VZ, W = <,%(Z) we find the thesis.
Being for Lemma 2.17 <4C <4 we write
vZ SV el(2) = 6(2) < 9(24"(2)) = [9](247(2)) < [M])(247(2)).
(3.75)

]

3.3.1 On the transitive closure properties

Even though <4 is bigger (or equal) than <, by lemma (2.17), being it a prob-

abilistic relation it is not ensured to be a similarity, since a probabilistic similarity

must be by definition a transitive relation.



Chapter 3. Injecting Probabilistic Choice 97

Thus the transitive closure (jAH)+ should be rather considered, to be sure to
really deal with the bigger probabilistic simulation.Afterward it should be shown
that it fits, in turn, all the properties that < has. Many properties have already
been proved somewhere in previous sections, hence the results are resumed in the
following Table 3.5 where, beside to each property is featured the section where

corresponding lemma appears.

PROPERTY REFERENCE
R closed under terms sub- = R T closed for terms sub- Lemma 3.8
stitution stitution

R compatible = R T compatible Lemma 3.7
R closed under terms sub- = R substitutive Lemma 2.19
stitution

R transitive = R pseudo-transitive Lemma 2.18
R C RY Lemma 2.17
R reflexive = R compatible Lemma 2.16
R compatible = R reflexive Lemma 2.13

Figure 3.5: Reference Table for the proved properties about Howe’s lifting and

about traunsitive closure of a relation R.

Proposition 3.2. (X4)" is compatible.

lemma(2.16) lemma 37)
—

Proof. Since <4 reflexive <" is compatible (=4™) s compati-

ble. O
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Proposition 3.3. (X4)" is transitive.

Proof. by definition of transitive closure. O

Proposition 3.4. (X4)" is reflezive.

Lemma 2.16 Lemma 2.13
— —

Proof. Since <4 reflexive <4 is compatible =<4" reflexive (and

Lemma 3.7

compatible) LT (< H) T

is compatible and hence reflexive. O]

Proposition 3.5. (=X4)" is a precongruence.

Proof. This is a consequence of the previous Proposition 3.2, Proposition 3.4 and

Proposition 3.3. O

Proposition 3.6. (X4)" is closed under substitution.

Proof. Since <4 is closed under substitution =" <, H

closed under substitution) "= (<, H)*F

18. OJ

is substitutive (and hence

is also closed under substitution as <4

Proposition 3.7. <,C (=,4)".

Proof. Since <4C <47 C (=4#)" by Lemma 2.17 and from the definition of tran-

sitive closure. O

Lemma 3.13. <,/ C<, = (jAH)Jr C=4 Therefore, provided that — according
to the probabilistic key Lemma 3.12 — Howe’s lifting has the probabilistic similarity

behaviour, also its transitive closure has the same property.

Proof. This statement has to be proved in both cases whether e, h are values or

generic terms.
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PLPST

e,h,€ Vo1 *—  The statement to prove is:

e(Zoor™) Th = Vb e {tt, ££},
Pepst, ((E, bool), a, (g, bool)) < Pepsr, ((h, bool), a, ((jboolH)+(b),bool>> )
(3.76)

If € # b the statement (3.76) is obviously true (the left-hand side is zero), otherwise
let us recall that since e(jboolH)+h, then by definition h € (jboolH)+(e) and being

e = b, we must conclude that both terms of (3.76) are equal to 1.

e,h € V1A~ whence the thesis
Ao f(Zpoa) Aol = (VX C TEPSTNPy s, (()\/x.\f,A), dao, (X, A)) <
Pepsr, (Nl A), s, ((Zpa™) " (X), A))) (3.77)

Given the value of v € V5 "> if we choose the set X in a way that f{v/z} ¢ X,
the inequality (3.77) is obviously true (since its left-hand size is zero), otherwise if
the hypothesis )\/fo(jBﬂAH)+A/x.\€ is a consequence of the rule (tc — 1), we get
the relation )\/JTij%AHm, which gives Azl € <p .4 (A\z.f), entailing the
thesis, since <p_.47 C (jBﬂAH)JF. Otherwise, if the hypothesis is a consequence
of the rule (tc — 2), then for some value A x.g we must have that Az.f<p .17 \z.g
AAX2.g=poaAx.l, whence Aol € <p_ 2" (Nz.9) AN Az.g € <p_a (Nz.f) and
these relations together ensure that A .0 € < .4 (A x.f). This proves the inequal-

ity (3.77) because, by definition of transitive closure, <5 4" C (Xp_oa®) ™

e, h € Vﬁ%sgk— entails the thesis:
+ LPST
(v1,v2)(Raep™) (w1, ws) = Vg € Teny BB

Purst, (((01,v2), A® B), sy, (9{01/,02/y}, B) ) <

< Parsr, (((wr,12), A® B), asy, (X6™) " (g{vr/2,v2/y}), E) ) . (3.78)

If the hypothesis comes from (tc — 1) then thesis is a consequesce of Lemma 3.12,

otherwise there is a pair (v, s), such that (v, vq) (jA®BH)+ (v1,15) and (v, 1)
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(Zae8™) * (w1, ws) then, applying induction hypothesis, yields the conditions Vg €

TZPST)\
z:Ay,B,E

Pepst, (((U/hv\2>, A® B), agg, (g{v1/z,v2/y}, E)) <

< Pops, (01,220, A® B), aog, (26") (g1 /2, 02/9}), B) ) (3.79)

Purst, (((v1,12), A® B), sy, (g{1 2.2y}, E) ) <
< Persr, (w1, w2), A © B), asg, ((26™) (g /z,12/y}), E) ), (380)

whence we can obtain the two relations {11 /z, 15 /y} € (™) " (g{v1/z,v2/y}) and

gfwi/z,wafy} € (26" " (g{n/z,10/y}).
Since VX € T, (2pM) " ((<EH)+(X)) — (=x™) " (X), the thesis follows

from these last two relations.

e, h e TXPST*— Here as usual we enforce the induction hypothesis, twhich makes

the statement to be
e(=a™)"h A el [e] = <h U [R) A VX SV Prpsr, (€, X), Gevar, (X, A)) <
Pursty ({0, X), o, (247 (00, 0)) ). (38
We have therefore two cases:

» the hypothesis e(<4")h is a consequence of (tc — 1), whence e< 4" h must
hold, and as a consequence of the probabilistic key lemma (3.12) we obtain

both the statements e |} [e] and

VX g VIQPST)\’

Persty (€, A), epar, (X, A)) < Popsry, ((hy A), evar, (X4™(X), A)) . (3.82)

Moreover, considering that by definition of transitive closure, VX, <4 (X) C

(=a™) +(X), we get immediately the thesis applying this inequality to (3.82).
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» The hypothesis e(<4") " h is a consequence of (tc — 2), then for some g we
have e(<4") g A g(=4") " h. Thus, by inductive hypothesis applied on both

terms, we write

g U Lgl A VX SV, Prpsr, (e, A), tenars (X, 4)) <

Purst, (9, 4), e, ((247) (), 4))

hi[h] A VY SV Prpsr, ((9, A), Gevar, (Y, A)) <
Perst, (B A), dets ((2a4™) 7 (X), 4)) - (3.89)

then let just take Y = <4 (X) in the second equation (3.83)and let us recall
that (=,7) " ((jAH)+) (X) = (=47)T(X), to get the thesis.

3.4 Soundness and Completeness within the Prob-
abilistic Environment

Finally the most important feature that a relation among terms must match is to
be consonant with the most classical relation of context equivalence. This means
that whatever pair of term which are bisimilar must be context equivalent too.

This condition is shown by following Lemma.

Lemma 3.14 (On a probabilistic similarity behaviour with respect to contexts).
Likewise in deterministic case, the probabilistic similarity relation is compatible with

the context, namely it satisfies the condition
DFe=<a4h:A = VC[]€CTXg(0F A), D+ Cle] =5 C[h] : B.

Proof. Based on the compatibility of applicative similarity, it was given for deter-

ministic case — see Lemma 2.21. O

Theorem 3.1. In /PST ), = is included in <, thus ~ s included in =.
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Proof. Likewise in deterministic case, one has to prove that ) - e <4 h : A =
0 Fe <4 h:A, but following the definition of context preorder, the thesis becomes
VC[] € CTXp (0 + A), Obs(Cle]) < Obs(C[h]). With respect to the deterministic
case, were the analogous of the above Lemma 3.14 allows to write () - Cle] < C[h] :

B, only the definition of similarity and that of context preorder are different.

Indeed, here the sentence () - Cle] <5 Clh] : B is translated in the language of
LMC as

vX g VBa PEPSTA ((C[e]a B)> Qeval (X7 B)) S PEPSTA ((C[h]7 B)7 Qeval s (jB (X)a B)) )
(3.84)
where the set X can be chosen so that Sup (Cle]) € X and Sup (C[h]) C X.

Now it is enough to recall the meaning ascribed to these matrix elements in
the probabilistic environment as well as the definition given in (3.10a) to conclude,
at once ) e <4 h: A= VC[] € CTXg(0+A),D - Cle] < C[h] : B =
Obs(C[e]) < Obs(C1h)). O

In the deterministic calculus ¢ST', bisimilarity not only is included into context
equivalence, but coincides with it (and, analogously, similarity coincides with the
context preorder). This can also be proved, e.g., by observing that in Zgr, , bisim-
ilarity coincides with trace equivalence, and each linear test,namely each trace, can
be implemented by a context. This result is not surprising since it has already been

obtained in similar settings elsewhere [8].

But how about £ST,?7 Actually, there is a little hope to prove full-abstraction be-
tween context equivalence and bisimilarity in a linear setting, if probabilistic choice
is present. Indeed, as shown by van Breugel et al. [56], probabilistic bisimilarity can
be characterized by a notion of test equivalence where tests can be conjuctive, i.e.,
they can be in the form ¢ = (s,p), and t succeeds if both s and p succeed. Imple-
menting conjuctive tests, thus, requires copying the tested term, which is impossible
in a linear setting. Indeed, it is easy to find a counterexample to full-abstraction

already in ¢PST),. Consider the following two terms, both of which can be given
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type bool —o bool in /PSTy:
e = Ar.weak r in (tt & Q) f=(Az.weak z in tt) ® (Ax.weak x in ).

The two terms are not bisimilar, simply because tt and €2 are not bisimilar, and thus
also Az.weak = in tt and A x.weak x in {2 cannot be bisimilar. However, through
trace equivalence relation, they can be proved to be context equivalent: indeed there
is no way to discriminate between them by way of a linear context (see [11] for more

details).
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Chapter 4

Quantum Language

Although quantum computing has been historically studied at the hardware level
[43], since it has been described in terms of quantum gates, neglecting flow control,
in recent years an increasing consideration has been paid in deepening the knowledge
of quantum languages also in terms of flow control [50]: in most of these models the
inner logical gates, the flow control as well as the whole system with its mechanical
parts are purely quantum systems which, since such they are, must be seen as
superposition of many classical states. As an example, in the quantum Turing
machine the tape and the position of the head itself are assumed to be superposition
of several states. Nevertheless, in our analysis the quantum computation occurs
through a classical program, with an ordinary set of instructions and control devices
which are connected to quantum gates: this situation is usually depicted by quoting
the sentence “quantum data, classical control”. Linear A-calculi with classical control
and quantum data have been introduced and studied both from an operational and

from a semantical point of view [51, 52].

In a quantum calculus, linearity is a necessary constraint because of the well
known impossibility of copying an unknown system in a quantum, microscopical
state [32]. Besides, the other important feature, which is driven by the quantum
nature of the storage devices, is the need to keep track of the position of each variable
inside the quantum register — denoted in the following by 2 — which compels to give

together with the term some more information, with respect to the classical case,
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on the quantum variables which it depends on.

Generally speaking, a quantum system in a bound state is, mathematically, a
vector of a finite-dimensional complex Hilbert space H ({7, }nen): this entails that a
quantum microscopic system is described as a linear superposition of the set {¥, }nen
of basis vectors of the H({t,}ner), with complex coefficients determined by the
boundary conditions. Here the set A is not necessarily a proper subset of the
integer numbers Z and the squared modulus of a complex coefficient corresponding
to a given basis vector in the linear combination, gives the probability that after a

measurement, the system lies in this particular basis vector.

The Dirac notation became the standard in quantum mechanics because of its
conciseness and versatility in representing the vectors of Hilbert’s space. A generic
vector is written as a ket — symbol |a) — linear superposition of the basis kets
{lvn) nenr, following the usual notation |a) = "\  an|v,) with a, complex num-

bers.

The Hilbert’s space of kets has a dual correspondant, consisting of all linear
functionals on the kets’s space whose generic element, called bra, is denoted by the
symbol («|. In addition to the operations of sum and product for a number, there

are two other operations defined on the elements of the Hilbert’s space, namely

e the scalar product («|5) between two vectors |«) and |5) of Hilbert’s space,

enjoing the usual property (a|5)= (B|a)*;

e the tensor product |o) ® |5) which increases the dimension of the former

Hilbert’s spaces to which |a) and |5) belong.

A whichever linear operator of the Hilbert’s space can always be written using vectors

which belong to the Hilbert space and its dual, namely it can be put in the form

|} (5]
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4.1 On Quantum Data

The atomic unit for computation in quantum devices is the qubit, which is tra-
ditionally represented [43] as a mathematical object which may assume both the
classical values tt and ff. Since in quantum scheme a qubit can’t be separated
from the quantum register 2 in which it is stored, we will represent, for all practical
purposes, this last one as vector of the Hilbert’s space, in writing, according with

the Dirac’s notation

D = (ue|r < tt) + agg|r + 1), (4.1)

where 2 is a linear superposition of the couple of basis vectors |r < tt) and |r < £f)
with complex coefficients a; and as¢, and 7 is a quantum variable name for the

qubit.

Definitionally, one can think of quantum A-calculi as a classical one, in which
ordinary — classical — terms have access to the quantum register, which models
quantum data. A quantum register 2 on the set of quantum variables Q is patterned
through a generalisation of the equation (4.1). Thus, it is mathematically described
by a an element of a finite-dimensional Hilbert space whose computational basis is
the set SB(Q) of all maps from Q to {tt,ff} which attribute to each element r; of
the quantum variables set a boolean value which is hypothetically stored in the i-th

qubit of 2.

Using the Dirac’s notation, any element of this basis, a ket of Hilbert’s space,

takes the form

|T1(—b1,"‘ 7TN<_bN>7 (42)

where Q@ = {ry,...,rn} and by,..., by € {tt,£f}. It is worth remarking that the
order of the variables in the expression above is not essential, i.e., the configura-
tions |ry <= by, -+, 7y <= by) and [ro) < bya), o) < bo(ny) correspond to

the same quantum register whenever o is a permutation.

Quantum mechanics laws describe the state of a system as a linear superposition
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of basis vectors whence elements of this Hilbert space, called H(Q), are in the form

2= oy, (43)

nesSB(Q)
where the index of the sum belongs to SB(Q), the space of all possible maps from
the quantum variables set Q to boolean values, which are in number of 29!,

The complex numbers o, € C are the so-called amplitudes, and must satisfy the
normalization condition Y, sp o) |y = 1. If n € SB(Q) and r is a variable not
necessarily in Q, then n{r < b} stands for the substitution which coincides with 7
except on r where it equals b.

The interaction of a quantum register with the outer environment can create or
destroy quantum bits increasing or decreasing the dimension of 2. This shaping of

the quantum register is mathematically described making use of some operators:
e The probability operator PRy : H(Q) — Rjoj gives the probability to obtain
b € {tt,ff} as a result of the measurement of r € Q in the input register:

PRL(2) = ) oyl (4.4)

n{r<b}
where the sum is over the 2/9/=*th dimensional set of those 1 such that the

quantum variable r has the boolean value b.

o If r ¢ Q, then the projection operator MS] : H(QU{r}) — H(Q) measures the
variable r, stored in the input register, destroying the corresponding qubit.
More precisely MS},(2) and MSi;(2) give as a result the quantum register
configuration corresponding to a measure of the variable r, when the result of

the variable measurement is tt or ff, respectively:
MS}Z(Q) PRT Z An{r«o} ’77 (45)

where 2 is as in (4.3). A measurement of the variable r makes the quantum

register collapsing over one between the new following states, both instances

of (4.5):

Qtt - PRZt Z Apfrett} ‘7] Q PRff Z Qplretf} |77
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o If 1 ¢ Q, then the operator NWy : H(Q) — H(Q U {r}) creates a new qubit,
accessible through the variable name r, and increases by one the dimension of

the quantum register.

Qubits can not only be created and measured, but their value can also be modified
by applying unitary operators to them. Given any such n-ary operator U, and any
sequence of distinct variables 71, ..., 7, (where r; € Q for every 1 <i < n), one can
build a unitary operator U,, . on H(Q).

In the end we note that after a measurement all the «,, must rearrange in order

that the new amplitudes o’ can meet again the bound } _qs0) aj|* = 1, hence
/ Ay

)

they are related to the old ones by the equality «

4.1.1 The Language

We can obtain the quantum language ¢QST, as an extension of basic /S7Ty. The

grammar of /ST is enhanced by expanding the set 77> in the following way:
VU= | tt | ff ‘ Az.e ‘ (v, u) ‘ r (4.6)
e =v ’ ef ‘ if e then f elseyg ‘ let e be (x,y) in f ’ U (v) ‘

meas,, (v) ‘ new (v) ’ cmp (v,v), (4.7)

where r ranges over an infinite set of quantum variables, and U ranges over a finite
set of unitary transformations (each with an arity a(U)) and n is a natural num-
ber. Terms new (v), meas,, (v), and U (v) enrich the language ¢ST'y: new(v) takes as
argument a boolean constant and returns (a quantum variable pointing to) a qubit
of the same value, increasing this way the dimension of the quantum register. The
measurement operator meas,, (v) measures the n-th quantum bit in a quantum regis-
ter, therefore decreasing its dimension. Moreover, U(v) is a formal way to represent
a quantum gate, namely an atomic quantum algorithm which operates on a set of
variables leaving unaltered the sum of probability amplitudes in a Hilbert’s space

spanned by the quantum variables set itself. If n is a positive natural number, the
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expression (rq,...,r,), called a quantum variable sequence, is syntactic sugar for the

following term:

<T’1>:7’1;

(1o oy Tos1) = (P, ooy )y T

Quantum variable sequences are denoted with metavariables like V,W. Given a
quantum variable sequence V. = (ry,...,7,) and m such that 1 < m < n, the
expression V,, indicates (ri,...,"m_1,"m+1,---,"n). Given two quantum variable
sequences V = (ry,...,r,) and W = (sq,...,,,), the expression V - W is sometime
used to indicate (rq,...,7p, S1,...,8m). The length n of a quantum variable sequence
V = (ry,...,r,) is denoted as | V |. The binary operator cmp, takes as arguments

two quantum variable sequences V, W and gives V - W as a result.

This language is similar to that presented in [29], and it differs from the quantum
language introduced by Selinger and Valiron [51] in this sense: that the quantum
closures syntactically allowed in this language, whose terms can be typed using
the typing rules 4.1, do not generally have entangled variables, being the quantum
register of a term cnstr ({e, },en) the tensor product of the quantum register of
each subterm. The quantum entanglement is treated apart introducing the syntactic
construct cmp ((,v) u), which can create sequences of qubits which are allowed for the
entanglement. Specifically, in a pair of type gbit®gbit, each one the components of
the pair, can access only to its own part of the quantum register, while this doesn’t

happen in a term of type gbit?.

This choice is motivated by the difficulty to correctly implement the general
structure of the Howe’s rules in the quantum environment if the subterms don’t

have unentangled subregisters.

The class of types needs to be sligthly extended with a new base type called gbit”
valid for quantum registers, namely for quantum variables and quantum variable

sequences, thus

Y= bool | gbit" | B— A | A®B. (4.8)
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TYPE JUDGEMENT QUANTUM CLOSURE RULE NAME
[0, b] : bool (tjq — con)
z:AF[Dz]: A (tjq — var)
2eH{ri...ma}) (tjq — ser)
F[2,(r1,...,mn)] : gbit™
Iyz: AF[Z2)e]: B (tja — abs)
TF[2 \ae]:A—B !
F'+[2,e]:B— A Ab-|%,f]:B (tjo — app)
TAF[20%.ef]: A e
'k [2,¢] : bool AR, f] A AF[%,g9]: A (tia — if)
TAF[2Q® % ,if e then felseg]: A Ja
F'k[2,v]: A AF[%,u):B (tja — pai)
LAF[2%,(v,u)]: A® B
F'H[2,e]:EQF ANzx:Ay:BrE[%,f]: A (tja — let)
AR [2®%,1let ebe (z,y) in f]: A :
I'F [2,v] : bool (tja — new)
'k [2,new (v)] : qbit !
I'F[2,v] : gbita¥) (tjo — uni)
I'F[2,U (v)]: qoit*)
I [2,v]: gbit! (tja — mea)
'k [2,meas; (v)] : bool
[k [2,v]: qbit™T! 1<m<n (tja — mea)
I'F [2,meas,, (v)] : gbit™ ® bool :
'k [2,0] : qbit™ AF (%, u) : qbit™ (tja — emp)
't [2®%,cmp (v,u)] : gbit™ ™™ 7 P
TOa A (tjg — div)

Figure 4.1: Typing rules in /QST,: the symbol () denotes the empty quantum

register.

Since terms only make sense, computationally, only if they are coupled with a quan-
tum register, it is necessary to give the definition of quantum closure which is an

element (2, e) of the set H(Q) x ’7}%3‘%*, where Q is a suitable set of quantum
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variables, such that dom(I')NQ = (). We use the notation [2, €] to denote a generic
quantum closure. In Figure 4.1 the system of typing rules for [2,e] within the
language QST is given. Among the set of the quantum closures, two subsets are
particulary meaningful, namely the fotal quantum closures, which fulfill the condi-
tion 2 € H(Q), where Q is precisely the set of free quantum varables of e and the
closed quantum closures, such that dom(T') = Q = ().

A total and closed quantum closure is called a quantum program of /QST .

To correctly extend Howe’s techniques to the quantum environment, we need to
avoid that, in the closures of the language (QST',, the quantum variables belonging
to parts of the quantum register which refer to different subterms mix up, giving
rise to the so called quantum entanglement. The only exception to this general
rule occurs through the use of the special operator cmp (V, W), which implements
the operation of quantum entanglement between two quantum sequences. This
strong separation inherent to the quantum registers belonging to different subterms
is highlighted through the set of typing rules listed in Figure 4.1.

The semantics of QST is a binary relation on quantum closures: analogously
to what has been made for /PST, small step reduction operator — and the big step
evaluation operator || are given as relations between the set of quantum closures —
which must be correctly typed using a derivation tree based on the rules given in
Figure 4.1 — and the set of quantum closures distributions. In Figures 4.2 and 4.3,
we display the one-step semantics and big—step semantics for QST ,. Symbols as
ﬂQCMQSTA and VECMQST*, will be employed to denote the extensions of 7, and V,
to the quantum closures set.

In QST the property of substitutivity for the relation R implies the fullfille-

ment of the following condition between pairs of quantum closures

Iye:BE[2e] R[W,9]: ANAVF[U,f] R[%Z,h]: B=
AR 2. e{f/z}| R W @Z,9{h/x}]: A; (4.9)

The the following Lemma 4.1 shows how to deal with the substitutions between

quantum closures.
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ONE-STEP SEMANTICS RULE NAME
(2, A z.e)v] = {[2,e{v/z}]'} (apps )
(2, ¢e] = {[2i, vi]" }iez .
(2@ U . ef] = {[2: @ U, v f]" Yier (appr)q
(2, f] = {[2:, 6] }iex .
20U vf) > {120 U ] e (appr)a
[2,if tt then f else g] — {[2, f]'} (if — azy)g
[2,if £f then f else g] — {[2,4]'} (if — azse)q
[gv 6] — {[gh hi]pi}iel' (Zf)Q
(2 ® % ,if e then f else g] — {[2; ® % ,if h; then [ else g" }icr
[2,1et (v,u) be (z,y) in f] = {[2, f{v/z,u/y}]'} (let — azx)q
[3@7 e] — {[QH hi]pi}iel (let)
(2 ® U ,let e be (x,y) in g] = {[2; ® %, 1let h; be (z,y) in g]" }icr ¢
1<m<n
(2, meas,, (V)] — {[MS5e(2), (Vy, ££)]%D [UST, (2), (V,, t6) P2} (mea)q
[2, cmp (V,W)] = {[2,V - W]'} (cmp)q
[2,new(b)] — {(NW(2),r]"} (new)q
[Q> U <T1a .- rn>] - {[Un,...rnga <T1; .- ~7"n>]1} (UTLZ)Q
12,9 -0 (div)q

Figure 4.2: One-step semantics of QST .

Lemma 4.1 (Substitutivity in £QST,). If [2, €] 67}[??;21571* and (% ,u] GVE%ZQST*
are two quantum closures, correctly typeable through the rules of Figure 4.4, then it

holds that

DAF[2QU,e{u/z}]: A. (4.10)
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Proof. The proof is by induction on the structure of e, examining the typing rules

of figure Figure 4.4.

The cases O F [, b] : bool and O F [2, (ry...,r,)] : gbit™ are impossible since here

the context lacks and there aren’t free variables.

If [2,e] = [0, 2], then from linearity it follows that I' =@, A = B and x = 2. Thus
the relation A+ [0 @ % ,x{u/x}] : A is true since it is equivalent to the hypothesis
AF[%,ul:- A

If [2,¢e] = [2, Ax.f] we must prove the assertion

oz EF [ 2 a.f]  B—oAANF[%,u]: E =
'F[2e %, x.f{u/z}]: B— A. (4.11)

Since the first hypothesis is a consequence of a (tj — abs)q rule of Figure 4.4 whose
premise is [z : B,z : E+ [2, f] : A, the induction hypothesis on the open term
(2, f] gives immediately I,z : B+ [2, f{u/z}] : A. Thus we can take this type
judgement as the premise fo the rule (#j — abs)q, getting the desired result.

If [2,¢] = [2,new (v)], then we must prove that

[, 2:EF[2new(v)]:qgbit' A F [%,u] : E =
['F[2®%,nev (v{u/z})] : gbit’. (4.12)

Using the typing rule (#j — new)q in Figure 4.4, we find that the first hypothesis
in (4.12) is a consequence of the premise I' = [2,v] : bool, over which we can
apply the induction hypothesis, which gives I' - [2, v{u/z}] : bool. This result can
be taken of premise for the rule (#j — new)q leading to the thesis. The cases () -
[2,meas (v)] : bool, () - [2,meas,, (v)] : gbit” ® bool and @ + [2,U (v)] : qbit>V)

are similar to [2, new (v)] and Az.f.

If [2,¢] = [2, cnstr ({fu}nen)], where cnstr is some binary o ternary constructor

of the language, the statement to prove is

Iz:EF[2,cnstr(fi...fn), Ny AANF [, u]l: E =
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2%, castr ((fi... fn){v/z}), ]t A (4.13)

The first typing judgement is the result of the application of a general typing rule

as

Fll—[gl,fl]IAl...Fj,ZSEF[Qj,fj]IAj...FNI—[cQN,fN]IAN "[%,U]E

Iz:EF [Q,cnstr(fl...fj...fN)} A
(4.14)

where 2 = 2, ® ... ® Zy and, due to the linearity of (QST,, only one among
the smaller terms f;... fy owns z as free variable within its typing context. Thus

exploiting the induction hypothesis on this term, which is f;, we find
Djz2: EF[2, ]  ANFE[X,ul E=T1;F[2,0%, fi{u/z}] - A;, (4.15)

and taking the conclusion of the implication (4.15) as premise in (4.14), gives the

thesis (4.13). O

Lemma 4.2 (Subject reduction in ¢QST,). If a quantum closure & [2,¢e] : A
evaluates to a distribution [2,e] || {[2;,vi]" }iez, then it holds, Vi € I, the type
judgement & [2;,v] : A.

Proof.

If the quantum closure is - [(),b] : bool or x : A+ [(,z] : Aor - [2,(r1...1,)] :
gbit” or - [2,Ax.e] : B —o A, then using the reduction rule (val |})q we obtain a
distribution with a unique value, which is the quantum closure that we start from.

Thus the thesis coincides with the hypothesis.

If the quantum closure is I' - [2,new (v)] : gbit! then the type of the unique value
distribution follows from the structure of the function new(v) and by the rule (new
)q- The same remark we must do for quantum closures such as I' - [2 meas,, (V)] :
gbit"” ® bool, I' - [2,U (v)] : qbit®Y) T' I [2, cmp (v,u)] : gbit"™*™, since the
correspondent big—step reduction rules (mea {)q, (uni {})q and (cmp |})q ensure

that the type of these terms do not change during the evaluation.
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BIG STEP SEMANTICS RULE NAME

[2,0] I {[2,7]"} (val I)q

1 fresh variable

[2, new(b)]  {(W0;(2).7]'} (new 4)a
(2.U(ry .. cri)] U A{[Ury o 2, (1) (uni )q
(2, cmp (V,W)] |} {[2,V - W]'} (emp {)q

P (mea 1)q

[2,meas,, (V)] I {[MS5(2), (Vi ££)]75 ) [MSL,(2), (V,, £1)PHD)

[37 6] li {[Ql )‘w'hi}pi}ieI
(Li@ %, [V {2 ® %, u]"}jes (2 @ U, hi{u; [z} U & (app $)q
[Q ® ?Aef] N3 Zi,jpi “qj - éau

(Lee @ U, fI V[ @ Ui, 0i]" Yiex
(2, e] I {[Dss, ££]7 | [ Do, £]7} (Les @ U, g) | {[Les @ U, 03] e (if 4)q
[2® % ,if e then f else g] | {[Lee @ %, vi]"* " Viez + {[Loe @ U, w7V } jer

(2, ¢e] I {[2i, (vi, ud)]" Yiex Vi, [2; @ U, f{vi/z, wi/y}] | & (let 1))
(2@ %,1let ebe (z,y) in f] I >, pi - & e

(2,9] 0 (div )q

Figure 4.3: Big-step semantics of /QST,.

HTE (% @W, fgl: Aand [% © W, fg) b {[% & W5, 0050l ™ Vict e men then
we must show that the type judgement

VieZVje T, Nn e N\T' % @ W, 00+ A (4.16)

is valid. The first hypothesis is a type judgement which, for the rule (¢j — app)q has

premises

PH[%,f]:B—<AANOF[#,g]:B (4.17)

while the second hypothesis comes from the (app |})q rule, which has three premises

U, f] VA%, N w0 Yiex ANV (U@ W, g) U A{[% @ W, ui]" }ieq
N U @ Wi hilug /2] B AU @ W5, vi50] " Inenr (4.18)
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The induction hypothesis on the smaller terms in relation (4.17), entails the following

type judgements which hold for the distributions of (4.18):

D%, f1:B— AN, 1 {[% A whil” Viex

=>VieZ - [Z, xh]:B—A (4.19a)
0+ [7/’9} BN, [@/Z ®W’g] U{[% ®7/j>uj]qj}j€s7

=VjieJ, 0t (%@ W;, u;]: B. (4.19b)

and since the relation (4.19a) derives from a type judgement rule (& — abs)q, we

have
VieZ I',z: BF %, h): A. (4.20)

Thus, using Lemma 4.1 on the statements (4.20) and (4.19b) one finds

VieZ, VjeJ, T,o:B&F [, hi]: ANOF (%R W;,uj]: B =
' W, hi{u;/z}] - A (4.21)

With this last result, applying induction hypothesis to the last term of (4.18) we get

the thesis, since

U (%@ Wy, hifuj/x}] - AN [U @ W5, hidus o} VA% @ W5, 0in]™ Fnen
S ViETN €T NnEN, TF (%o W v, A (4.22)

UTH[Z @W,if fthengelseh|: AN [%Z @ W ,if f then g else h] |

{[#e @ Wi, v ]P0 | [Ues @ Wi wi )P ¥ Yier jes then we should prove the validity
of the type judgements Vi € Z,Vj € J, I' b % @ Wi vi] A, T & U @ W5, wj]
A. Since the first hypothesis is a type judgement coming from the rule (& — if)q

which has premises
Dy, f]: ool ATob[# gl : ANToF[# h]: A (4.23)

while the second hypothesis in the if statement, derives from the (if {})q rule, with

premises
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[%7f] ‘U’ {[%tt;tt]qtt ) [%ffuff}qﬁ} A VZ S I7 [%t ® ng] ‘U’ {[%tt ® %7Vi]pj}i€1'
ANV ET, [Uee @W D) U {[Ues @ W), wj|" }jeg. (4.24)

Here, the induction hypothesis on the smaller terms in relation (4.23), leads directly

to the following type judgements which hold for the distributions of (4.24):

Uy E (%, f]: ool A (%, [l I {[%, tt]"°, [Uss, ££]7'}
= I b (% @ W, tt] : oo, Ty b [%: @ W, ££] : bool (4.25a)
F2 l_ [Wag] : A A VZ € I7 [%tt ® ng] ‘U’ {[%tt ® Wia Vi]pj}iel

= VieZ Tyt (U@ W v A (4.25b)
Do b [W, 0 ANV €T, [Us@W A | {[Us @ Wi, w]P }es
= VJ € j, FQ H [%ff &® Wj,’lﬂj] : A, (425C)

which is the thesis.

UTH[%Z @W,let fbe (x,y) ing]: Aand [ @ #',1let f be (z,y) in g| |
{[% @ W5, v ;] }iez.jes then we must show the goodness of the type judgement

VieI,Vje J, U F (U W, v A (4.26)
The first hypothesis is a type judgement which, for the rule (#j — let)q has premises
O-|%,f]: EQF ANT,x:E,y: FFE[#,g]: A (4.27)

while the second hypothesis comes from the (let |})q rule, whose premises are

[02/7 f] U’ {[%v <uiv Vi)]pi}ieI A
Vie L %W, glui/v, vi/y}] VAU @ W, vi5]" e (4.28)

The substitution Lemma 4.1 ensures on the validity of the type judgement

VieZ Uix:Ey:FE[#,9|A: N0 [, (uj,v;)] : EQF =
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Thus, through the induction hypothesis on the smaller terms of (4.27) which is in

the form:

Oel%, 11 EQF N2, [ W[, (ui, vi)]" Yier

=VieZ 0 [, (u,v;)]: EQF (4.30a)

Uz, glufx,vify}] - AN [ U@ W gluifz,vify} ] % @ W) vig)" s
=VjieJ, IV, v, A, (4.30b)
we get the thesis. O]

4.2 Quantum Context Equivalence

In supplying the notion of equivalence between quantum programs, we must consider
that quantum closures are precisely what we want to compare in £QST,.

In order to give a definition of context preorder and context equivalence in a
quantum language, it shall be necessary to supply each context with its own quantum
register: with this purpose, we start giving, for the moment, the grammar necessary
to build a term context A+ C[I' = A] : B in QST distinguishing, as usual, the
quantum contexts which are terms, from those which are values and denoted, by

V[

VITs= Az CL VL) | (w, VI, (4.31a)
C[]==[]| fC[]| C[1f | if C[] then f else g | if f then C[] else D[] |

| let f be (z,y) in C[] | Let C[] be (z,y) in f | new (V[]) |

| meas,, (V[]) [ U(V]]) [ emp (V],V) | cmp (V, V]]). (4.31b)

Remarkably, the holes belonging to the quantum term contexts, can host both a
quantum closure or a single quantum term depending on their structure, which is
examined in Figure 4.4, where the typing rules for context closures are given.

A context (quantum) closure is a quantum closure [%, C|-]] whose second com-

ponent is a context: the quantum register % of the context closure, stores every free
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quantum variable of the context C[-], which is the second component of the context
quantum closure, recursively produced by the syntax tree (4.31a,4.31b). Sometimes
the symbol Cy[F 4] will be used for a short form of [%, C[F 4]]: this context closure
requires to be filled with a quantum closure such that I' - [2)e] : A. We will give
significance to the writing C4 [I' F [2, ¢] : A] imposing the equivalence

[%,CITF(2,¢: Al E % © 2,Ce]] (4.32)
where ® is the operator of tensor product between Hilbert’s spaces of the quantum
registers variables .

Since they must be employed to build a context preorder, the context closures
that will be used shall be both total and closed: thoroughly, if C[-] is a context and
Q is the set of its free quantum variables, then the quantum register of the context
closure [% ,C[-]] is such that Z € H(Q).

Similarly to what has been done with the deterministic and probabilistic lan-
guages, we will fix a symbol to identify the context closures that may be employed
in the definition of quantum context equivalence and context preorder, which are
those belonging to the set QCTXp (I' = A), denoting the total context closures with
type B, being by definition

QCTXy (T F A) = {[#%,C[]] | Q:qbitFC[LFA]: B, % € H(Q)}.  (4.33)

A function Obs : TF[?:MQST* — R, is also built likewise in ¢ST'y, as the sum of
probabilities that the quantum closure [2,¢] € 7}[?X]£QST* evaluates to whatever

qC] QST

element of the set VE j . Namely we define

Obs([2.¢]) = Y [[2.ell(1#,0]) = Y [12.€l. (4.34)

7 ]

denoting by [[2, e]] the probability distribution corresponding to the semantics of
(2, e]. Likewise in probabilistic case, the relation of context preorder is linked to
the notion of observational behaviour of the terms involved in the relation, which

can be “tested” in whatever context , thus we fix
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(2,e] <ra [Z,h] =V|%,C[]] € QCTXp (I'+ A),
Obs([% @ 2,C[e]]) < Obs([% @ #,C[h]]), (4.35)

where the symbols ® stands again for the operator of tensor product between the
Hilbert’s space of the two quantum systems 2 and %/. As in deterministic and
probabilistic languages, the relation of context preorder that we have just defined
is a preorder, being reflexive and transitive. Since we would like that it is a pre-
conguence in £QST, we must give the list of compatibility rules namely a new series

of conditions similar to (2.21a-2.21f), listed for the deterministic /STy language.

(C—l)Q Vx,x:Al—[@,QZ]R[@,I]:A AEngST/\,

Vr V2 e H({r}), 0 [2,r] R [2,r] : gbit (4.36a)
(c—=2)ql,z:BF[Z2,¢] R[#,h]: A = TF[2 A\xe] R[#Z,\x.h]: B— A
(4.36D)

(c—3)qTH[2,e] R[#,g:B—ANAF[%,f]R[%,}H:B=
= AR, ef] R[W QX gh]: A (4.36¢)
(c —4)q
I'H[2,¢] R[%,h] :b00l AA[%, f] R[S0 ANAVF W (| R[YV.d]: A=
AR ([20% QW ,if e then f else g]) R([#Z®./®V ,if h then (elsea)): A
(4.36d)
(c—5)q'F[2,¢] R[%,h:BRIE AN Ax:B,y,EF[%,f] R[%Z,h:A =
=D AF([2® %,1let ebe (x,y) in f]) R([# & %#,1let g be (x,y) in h]) : A
(4.36¢)
(c—6)qTH[20] R[#,v]: ANAF[%,u R|[Z,w]:B =
=T, A+[20%, (v W] R[# %, (v,v)]: A® B
(4.36f)
(c—c)qUH[20 R# V]:ANAF % U] R[Z w:B =
= T, A+ [2@ %, cmp (v,u)] R [# @R, cup (u,w)] : gbit™™™ (4.36g)
(c—n)gT'F [2,v] R [#,w] : bool = T F [2,new (v)] R [%,new (w)] : gbit



122 Chapter 4. Quantum Language

(4.36h)

(c—m)qTF [2,0] R [%,w]: qbit™! =
I+ [2,meas, (v)] R [#, meas, (w)] : qbit" ® bool (4.361)
(c—u)qT'FH[2,9 R[#Z,w]:= TF[2U@)]RI[%ZU(w) :qpit®”  (4.36)

Lemma 4.3 (Quantum context preorder behaviour with respect to contexts). If two
quantum closures are in quantum context preorder relation, the relation is preserved
whether they are embedded in a whatever context closures. This may be stated with

the entailment

[2.¢e] <ra %0 = (V[#,Cl]] € QCTXp (I'F A),
(% © 2,Cle]] <p (% ® %,C[h]]) (4.37)

Proof. The hypothesis implies the fulfillment of the condition
V(% ,D[]] € QCTXg (I'F A), [# @ 2,Dle]| <p [# @ %, D[h]], (4.38)
while the thesis requires that

V7, G eQCTXp (0 B), [ QU @ 2,G[Cle]]] <p [ @ % @ Z,G[C[h]]],
(4.39)
is verified. But, provided to have taken # = . ® % and D[4 | = G[C[F4 -]], as
well B = E, the condition (4.39) reduces to (4.38). This proves the thesis, entailing
the compatibility of the quantum context preorder relation in /QST,. n

4.2.1 Applicative Bisimilarity in {QST',

Would it be possible to have a notion of bisimilarity for ¢QST,? What is the
underlying “Markov Chain”? It turns out that LMC as introduced in Section 3.2
are sufficient, but we need to be careful. In particular, states of the LMC are not
terms, but quantum closures, of which there are in principle nondenumerably many.

However, since we are only interested in quantum closures which can be obtained
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TYPE JUDGEMENT CONTEXT CLOSURE RULE NAME
Tk, [0,CF, A]] : A (tjcqg — azy)
Tk [0,[C . Al : A (tjeq — axy)
ChH, [0,[CH, A]]: A (tiea — vt)
CH [0, [T A]]: A

Iz:BF [2,ClOF. E]: A (tico — abs)

Th, [2,A2.C[OF E|]:B —- A
'+, [2,COF.E):B—A AF[%.f]:B

T [20%,ClOF. E|f]: A
TH(%,f]:B—oA A [2,COF E]: B

Tt [20%, [COF, E]: A
[F, [2,C[0F E]]:bool AR [, f]: A

AF[U,g): A

AR [20%,if C[OF, E] then f elseg]: A
I't[2,¢e]:bool Al [%,COF.E]]:A A, [%,DOF.E]]: A

AR [2Q@%,if ethenC[O . Elelse DO F. E]]: A

', [2,VIOF. E]]: A A+ [%,u]:B
AR, [20%,(VIOF, El,u)]: A® B
'-2,v:A AF,[%,VIOF. E]:B
AR, [20%,v,VIOF. E])]:A® B

- [2,CO+ E]:BeF Ax:By: FH[#,f]: A

TAF (2@ %,1et C[OF, E]be (z,y) in f]: A
'-[2,f]:B®F ANx:By: Fr.|%,ClOF. E]]: A

AR [2® %, 1let fbe (x,y) inC[OF, E]] : A

'k, [2,V[OF, E]] : bool
'k, [2,new (V][O . E])] : bool

L'k, [2,V[OF. E]] : gpita¥)
L'k, [2,U(V[OF. E))]: qpit2®

'+, [2,V[OF, F]] : gbit!

I't, [2,meas; (V][O . EJ])] : bool
L'k, [2,V[OF, E] : gbit™H! 1<m<n
'k, [2,meas,, (V[O . E])] : qbit"™ ® bool

'k, [2,V[O . E]] : qbit" AF % ,u]: gbit™

IAR, [2Q® %, cop (VO . E],u)]gbit™™

I't[2,v]:gbit" Al [%,V[OF. E]] : qbit™

AR, [2® %, cmp (v, V][O k., E])|gbit™™

(tjcg — appr)

(tjcq — appr)

(tjeq — if1)

(tjcq — pair)

(tjcq — pair)

(tjeq — letr)

(tjcqg — letr)

(tjeg — new)

(tjeqg — uni)
(tjeg — mea)
(tjg — mea)

(tjcqg — cmpy)

(tjeq — cmpg)

Figure 4.4: Context typing rules for contexts closures.
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(in a finite number of evaluation steps) from closures having an empty quantum
register, this is not a problem: we simply take states as those closures, which we
dub constructible. .#;gsr, can be built similarly to .#;psr,, where (constructible)

quantum closures take the place of terms. Hence we set

S = TICILQST, |y YIAC]LQST (4.40a)
L= {aevah Qet, Agt, QY ) AQ[H g5 GV 4> Gﬁ, aQ[W,r]} (440b)
P = Pugsr,.- (4.40¢)

where 7}[32]6@3“ ={[2,¢e] | e €T} ZQST*} and 7}QCMQSTA is the set of pairs ([2, €], A).
Analogous meaning, just for values must be assigned to V; 8e]£QST and VECMQSTA =
VQC ST Ya. The non zero elements of the function Pygsr, are defined as
follows:

PKQSTA ((a7 bOO]')a Uyt (a,bool)) =1;
PZQSTA ((§7b001)7 Qss, (a,b001)> = 1’
PZQSTA (([Q,/\JJG],B —0 A>’ a@[W,’U]) ([Q ® W’ e{/U/./L‘}] 7A)> _ 1,

Pegsr, (([2.V],abit"), aqpy g1, (12 © #, g{V/}]  E)) = 1

—

Pegsr, (12 (0:u)], A® B), asiy 1, (12 8 W . g{v/z.u/y})  E)) = 1

PZQSTA (([‘Qae] 7A)7 Ay s ([‘3@76] 7A)) =1

—

Pegsr, (([Q, e, A),a a5 7([\,@ el, )) — 1.

Pegst, (((2.6), A), touar, (72 01, 4)) = [12, €]} (% 0)).

Please notice the presence of a new label for the qubits aqy 4 which models the

action of giving the qubit as an argument for the open term [#, g].

The simulation relation here is given on the set of the quantum closures 7}QCMQST*

using the suitable transition elements for each type and by distinguishing term by

values. The full set of labelled actions for .#ggr, is presented in
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ACTION LABEL(S)
Show the value of a boolean: Qgg, Qfs
Gives a quantum closure as argument to a function type: Q% u)

Substitutes a pair into the second component of a quantum U, f]

closure :

Substitutes the quantum variable s resident in the quantum ag[y g

register % in the open quantum closure [#, ¢

Exhibits the type of a value: 55

Va
Exhibits the type of a term: ay,
Evaluates a quantum closure [2, ¢ Qeval

Figure 4.5: The action allowed in .#;gs7, .

e For quantum closures belonging to the set Vt[,ii]leST*, the quantum context

is only formally involved in the definition, which is identical to the proba-
bilistic one (3.16), provided that the following identity has been settled, that
[0, €] coincides with e, where () is the notation for empty quantum register.
Shoo1 18 a simulation for boolean quantum closures if the following condition

is accomplished

v10,5] € Vo™, Prgsr, (([0,¢], bool), ay, ([0, b],bood) ) <
0.v]

Pegsr, (([0,h],b001), a, ([0,5],boo1) ) . (4.41)

e For function values the condition of simulation between quantum closures in-

volves, as usual, the action labelled by the subsitution of a value:
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D [2,\xe] Spon [#Z, x.h]: B—o A = V[¥# 0] € VEC]EQSTA7
Pugst, (12 A7), B~ A), aapy o), (2 & F, efv/z)], 4)) <
Peqsr, (([%,/)\?h],B —o A), agapp ), (Sa (2@ W, e{v/z}]) ,A)) . (4.42)

e For pairs, also in a quantum environment, the definition of simulation shall

rely on the tag agy 4 whose argument is here a quantum closure:

0+ [2, (v1,02)] Sasp [, (w1, ws)] : A® B =V [#,g] € TG
,PZQSTA (([ng], A® B): ag# g ([Q ® W,g{vl/x, 02/?/}] ) )) <

Peast, (12, (w1, w2)], A® B), aspyrg1, (Se (120 W, glur/w,v2/y}) . E))
(4.43)

e To compare quantum variable sequences we need the elements of transition
matrix labelled by aqpy 4, being g an open term of the quantum language,

namely g € 72[5051; sl

0+ [Q’ V] quit" [%7 h] : qbit", =V [W,g] c T[QCMQS]?A

T:qbit™;

(Prasr, ((2V1. a3, daw (20 7, 0V/2)], )

< Pugsr, ([ 1], dbit"), apr g (Sa (2@ W, g{V/a}]) 7A>)) (4.44)

e For terms the definition of simulation is similar to the probabilistic case, taking

into account that the domain of distributions is a subset of V) [ac] £QST , Tather

than VﬁQST*:

OF [2,¢] Su [#,h]: A = VX € PIIRSTx

PKQSTX ((["Q? 6] 7A)7 Qeval (X7 A)) < PZQSTA (([%7 h] 7A)7 Geval (SA (X)7 A)) .
(4.45)

Once we have a LMC, it is easy to apply the same definitional scheme we have

seen for (PST), and obtain a notion of applicative (bi)similarity: indeed properties
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proved in Lemma 3.9, Lemma 3.10 and Proposition 3.1, relying on the definition of
transitive closure remain unaltered also in quantum environment, whence we must
conclude that the transitive closure of the union of all possible simulations and
bisimulations, being a simulation and a bisimulation in turn on the set 719¢1¢@5Tx
of quantum closures of /Q)ST',, play the role of quantum similarity and bisimilarity

respectively.

Howe’s extension of the applicative (bi)simulation for £QST, is equally neces-
sary because here too we must face the same difficulties that have been raised in
deterministic and probabilistic languages, concerning the proof of compatibility for

the simulation relation.

Here Howe’s rules, listed in Figure 4.6, involve the quantum terms of the lan-
guage as well as the deterministic ones and they are given as a relation between
quantum closures. The full set of Howe’s rules for /QST', in Figure 4.6, resumes
in a unique instance the case of complex terms, built up with smaller subterms
through a syntactic constructor, cnstr. In /QST,, Howe’s relation enjoys the same
properties of compatibility, pseudo-transitivity and substitutivity, that have been
proved in deterministic case. We show these properties on the whole set of quantum
closures typed with the rules provided in Figure (4.1). The property R C R
stated in Lemma 2.17 holds unchanged, being independent of the terms.

Lemma 4.4 (Compatibility of R in £QST),).
If R is reflezive then R™ is compatible on the quantum closures of £QST,.

Proof. Starting from the reflexivity of R we want to prove the statement

Fl F [31761] RH [%hhl] : A1 .. .FN F [QN,GN] RH [%Nth] : AN =
'+ [Q, cnstr ({en}ne{l,_N})} RH [%, cnstr ({hn}ne{l_,N})} : A (4.46)

being cnstr a whatever constructor of /QST,, £ = 21®...Q0 2y, likewise Z. Since

the basic case is a tautology, being founded on Howe’s rules (Howy,s)q, (Howyas)q,
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HOWE’S RULE NAME

@ - ["@7b} -_<bool [%,h] : bool

Howeon,
0+ [2,b] Zpoor™ [#, 1] : bool ( Jo
r: AR [2,2] X4 [Z,h]: A (Hownr)o
v AR (2,2 A" [%#,h]: A
@ - [vi} jqbitf' [‘%7 h] : qbitl- (Howmg)q
012,V jqbitiH [Z,h] : qbit!

Az:BF[2e] =" [#,g: A AR [W Nv.g] 2poa|[#,h]:B— A (Howws)
abs

AF (2 Nze]<p " [ZAah]: B — A ?

AF [2,0] Zpoar ™ [#, V] : oO1 AE[# new (V)] Zgoier [%, 1] : qbit! (Howne)

AF [2,new (v)] jqbit1H (%, h)] : qbit! new /8

AF[2,0] 2 [#,v] : qbit! AF [# meas; (V)] <poo1 [%,h] : bool (Howner)q

At (2, meas; (v)] Zpoor? [#, h] : bool
AF [2,0] 2gaenn T [ V] 1 qpit™™ A b [# meas,, (v)] < [%,h] : qbit" ® bool
At [2,meas,, (V)] Zpoor™ [#, h] : qbit"™ & bool

(Howmen)ll
A+ [2,4] jqbit@mH (W, v]: qbitd™) A [#,U (v)] Sgpiva®) [Z, h] : gbit2¥)
AF[2,U ()] Rqpiven [%Z,h] : qpita @)
H (Howuni)q
A [31,61] =4, [7/1,91] Ay
AN F [QN,GN] jANH [WN,QN] : AN (Howgen)[l

A ANF Q... Q@ Wi, castr ({gntnen)] Sa [Z,h] - A
A, . ANE[21® ... ® 2y, enstr ({6, bnen)] 24 [2, 0] - A

Figure 4.6: Howe’s relation enhancement in quantum environment.
we analyse the rule (How,.,)q which we quote below

'+ [31761] RY [7/1791] c A

Iyt [2n,en] R Wy, gn]: Ax TH [W,cnstr ({gn}ne{lmN)] R [Z,h]: A
I [2,¢] RY [#,h]: A

bl

(4.47)
being as usual # = #, ®...® #y. Since by hypothesis R is reflexive, in ( 4.47) it
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is possible that [7/, cnstr ({gn}ne{l__N)] = (%, h]. This gives the thesis. O

Lemma 4.5 (Pseudo transitivity of R7).
If R is transitive, then R enjoys the pseudo—transitivity on the set of quantum,

closures of LQST y, namely

V(2.el,[f,%].[%.h,(A[2¢] R [%,f]: AN AV, f] R [%,h]:A)
= Ak [2,e] R" [%,h]: A (4.48)
Proof. Considering the first hypothesis as a consequence of (How,,)q we find:

AVEn [31,61] R [ngl] C A

AnF[2y,en] RY Wn,gn] :Av AF (W cnstr ({gntneiny)] RI%, f]: A
AF[2 e R %, A

(4.49)
From the last hypothesis of the previous relation (4.49) and the second hypothesis
of (4.48) by transitivity of R we get the result

(A [#,castr ({gntnep.ny)] R%, f]: ANAV (%, f] R [#,h]: A) =
Ak [7/, cnstr ({gn}ne{lmN})} R [%#,h]: A (4.50)
which may be taken as last premise for Howe’s general rule (4.49) to get

AR [091761] RrRY [7/1791] c Ay

An F[2n,en] RY Wx,gn] Ay AF [ cnstr ({gn}neqi.ny)] R [%2,h] - A
AF[2e] R"[%,h]: A

(4.51)
which is the thesis. O

Lemma 4.6 (Howe’s relation substitutivity for quantum closures). If R is a transi-

tive and closed under subsitution relation on the set of quantum closures ﬂQC]ZQST*,

then R™ is substitutive.
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Proof. Let us prove the quantum substitutivity property (4.9) for Howe’s lifting
R assuming that R is transitive and closed under substitution. The proof is by

induction on the structure of the quantum closure [2, €], examining Howe’s rules 4.6
—[2,e] = [2, 2] — Here the statement is

Dox:BF[D,x) RT[W, gl :ANAVF[U,f) R [#,h]: A=
DAF %, f) R W @ %, g{h/x}]: A (4.52)

where, for the the linearity of QST ,, © ¢ dom(T"), thus necessarily B = A. The
first hypothesis in (4.52), is necessarily a consequence of (How,; )q, then it holds the
relation I' = [0, z] R [#,¢] : A, and the closure under subsitution of R entails that
VAF [Z,h]: A, the relation

T,AF (%1 R [W @R, g{h/z}] : A. (4.53)

Thus, the thesis follows from both the second hypothesis in (4.52) and relation
(4.53), by pseudo-transitivity of Howe’s relation.

—[2,¢] = [2, cnstr ({e,}nen)] — , where cnstr (e;...ey) is a whatever construc-
tor of the language. This case, requires to resort to (Howge,)q rule to prove the
property (4.9) with R = R*. Starting from the first hypothesis, namely I', z : B I
(2, cnstr ({en tnen)] RT [#,g] : A and going back of a step in the derivation tree

we obtain the following set of relations, in the linearity hypothesis

Fl F [91,61] RH [:71,61] . Al
Fj,[[‘ B+ [Qj,ej} RH [%,gj] : Aj

Iyt [2y,en] R (PN, bn]: Ay T 2 : BFE [ costr ({{lnen)| R [# 9] - A
[,2:BF[2, cnstr ({en}nen)] RE[#,g]: A

(4.54)
where 2 = 21®---® 2y and .¥ = 1 ®---®.%N. By linearity, the variable x must
appear only once, namely in the j—th premise. Applying the induction hypothesis

(of substitutivity) on the smallest j—th term, one gets the relation
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Tj,2:BF[2,e] RT[S5,45): Ay NAF[%,f] R"[%,h]: B =
DA (2,0 %, ei{f/z}) RT .S @ R, 0;{h/z}]: A; (4.55)

likewise, applying the property of closure by substitution to the last premise in

(4.54), we get
I'z:BF [Y,cnstr(él...,éj...&v)} R[W,g: A=
L' [ ®R, costr (0 ..., 0i{h/z}.. . In)] R W @ R, g{h/z}]: A. (4.56)

Finally, to get the result and prove the general statement, we use (4.55) and (4.56)

as premises of the (How,.,)q rule, being.

Fl H [Ql,el] RH [yl,gl] : Al

D) A (250 %, ei{f/x}] R [F5 @ R, (;{h]x}] : A;

FN F [QN,BN] RH [yN,fN] ZAN
AR [ @R, cnstr (01, 0y .. . 4{h/x} ... {N)] R [ W @ X, g{h/x}]: A
Do :BF[2%,e{f/z}) R [W @ %,9{h/x}]: A

(4.57)
which is the thesis. O

Lemma 4.7 (Quantum key lemma). Howe’s extension of similarity between quan-
tum closures — denoted by the symbol < — has the simulation property.

Indeed we will show, for each couple of quantum closures ) = [2)e] : A, O
(%,h]: A€ TAQCMQST* the more general property

0+ [(2)7 6] jboolH [@, h] : bool =
Vb € VlffciTAa,PKQST/\ ( ([6,\6],bool)7 o, ([(D/,B],bool) ) <

— —

< Pegsr, (([@, h],bool), ay, (jboolH([@,b]),bool)> (4.58a)
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0 F[2,V] Zgpien [% h] : qbit" =
VIV, gl € T[chztgsg*, Pegsr, <([§,V],qbit ), aqyr ), (2@ W, g{V/s}], )> <

s:qbi

L —

< Pegsr, (([%’, hl,qbit), ag o, (X7 (2@ #, g{V/s}]), E)) (4.58b)

O (2,0 f] <poa™ [ B, N2.h] : B— A=Y [%,v] € TRV
Peast, (12 Aa-f1. B — A), aapyra, (2, f{v/a}] . 4)) <
< Pugsr, (([%’, Aa.h], B — A), aap ), (34" ([ Z @ U , f{v/x}]),A)) (4.58¢)
OF (2, (01, 02)] Sawp™ [, (wi,wa)] : AQ B =V [W ,g] € TS0 5
Pegsr, ((12: (01, v2)) A® B), asiy 1, (128 ¥, g{vr/w,v2/y}] . B)) <

Pegsr, (1w, w2)), A® B), asiy 1, (36" (12 & W, g{vr /2, va/y}))  B))
(4.58d)

0 [2,e] 2a 2,0 A N [2,e] I {[Z2i,vi]" }iez =

= ([%, B 4 AP 0™ bt AVX € VIFIEASTS,

Pegst, ([2.€], A), depar, (X, A)) < Prost, (%, 1], A4), teyar, (Za™(X), A)))
(4.58e)
Proof. We carry out the proof by induction on the big-step-reduction rules of £QST
o If e = b is a boolean constant, the quantum register is not involved in the
definition of similarity, which is identical to that given in the probabilistic
environment (3.38a). Indeed, if () denote the empty quantum register, we can

always set the identity [, b] = b. To become familiar with quantum closures

notation we formally write the statement as

Dk [0, €] <boor™ [0, h] : bool =, Vb € VI

Pegst, (([@],bool), U, (@,bool)) <
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Peasr, (([0,h],b001). s, ([0, 6], boo1) ) . (4.59)
The proof is the same as in probabilistic case (3.38a).

o If e = V, the statement to prove is (4.58b). Under this condition the hy-
pothesis 0 = [2,V] Zgpien [2,h] : qbit™ has, as last rule, (How,.z)q from
Figure 4.6. Thus 0 F [2,V] <gien [#Z,h] : gbit™ holds and, by definition
of simulation for quantum variables (4.44), V[# ,g| € S[?ﬂfgsg » %, h) €
=5 (207, g{V/s}]).

Therefore, recalling that, by Lemma 2.17, < C <M we have

(2.0 exp (207, g{V/s}]) € =" (27, g{V/s}]) (4.60)

which is the thesis.
o If e = Ax.f, the statement (4.58¢c) must be proved and hypothesis
DF[2 N e.f]<poa [Z,\x.h] - B — A (4.61)
hypothesis must have (Howgs)q as last rule — see Figure 4.6. Thus, the fol-

lowing premises hold

(abs:1)— x:BF[2 f]=2A5[#,g]: A

(abs: 2)— OF[# , Ax.g] Xpoa [#,h]: B — A.
From (abs : 1), by compatibility of < .4 it can be derived that ) F-[2, A z.f]
=poal [# ,Nx.g] : B —o A, which has as a consequence the result [#, A z.g] €

Sp—a" ([2, A 2.f]).
Furthermore from the properties of Howe’s relation (Lemma 2.17), it follows
that <p .4 ([2,A2.f]) € =B s ([2,\z.f]), whence the property

=<poa (Zp—a™) C Zpa™.

By latter argument, using (abs : 2) we find [#Z,h] €<p.a ([#,Az.g]) C
=poa? (W N2g]) C 2poa® (|2, z.f]). Since f{v/z} is a single term,

for each X C ﬂQC]ZQST* there are two possibilities:
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> (20U, f{v/x}] ¢ X C 7;£QCMQST* that entails thesis, since the left—hand—
side of (4.58c¢) is zero.

> (2@ %, f{v/x}] € X whence, recalling that we showed [Z,h] € <p .a”
([2, Az.f]), implies that both of the terms of the inequality (4.58¢) are equal

to one.

e = (v1,v9) —Here we should prove the statement in form (4.58d) knowing

that hypothesis
O+ [2, (v1,v2)] Rags™ [Z, (w1, ws)] : A® B, (4.62)

with 2 = 2,®%2,, is a consequence of a (Howge,, )q rule for pairs as it is shown

just below

(pair : 1)— O F [21,01] 247 [#,01] 2 A, OF [ Do, 00 <57 [#a,10] : B
(pair : 2)— O F [#1 @ W, (vi,12)] Raes [Z, (w1, ws)] : A® B.

Statement (pair : 1) entails, by compatibility of Howe’s relation, that
(21 ® 2y, (v1,02)] Raep™ (M1 @ W, (v1,10)]

thus, being # = #1 ® #5, by definition of Howe’s relation, we have V [%Z, f]

[QCc] ¢QST
S 7;3:14,y:B;EA

Pegst, (([Q@M, A® B), agiw g, (LU, f{vi/x,v2/y}] 7E)) <

Pegsr, (7 v, v2)), A® B), asiur s (26™ (2© U, f{orfz,02/y}])  E))

(4.63)

Moreover, using on (pair : 2) the definition of simulation we get V[%, f] €
T[QCVQST,\
x:Ay:B;E

Pegsr, (W (1,12}, A® B), aspur . (W @ U, f{mf2.0a/9}) E) ) <

Pugs, (12 (wnw2)), A® B) asiar g1, (Se (# © % fn/w,/y}]) . B))
(4.64)
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Joining the relations (4.63) and (4.64) one has, ¥ [%, f] € T 55>,

W @U, fin/o,m/y}] € 2" (LU, f{vi)z,v:/y}])
(% @ U, (i, w)] €Xp (W @ U, [{nn/x,12/y}]) (4.65)

whence considering the property of Howe relation <C < (Lemma 2.17) can

be derived that
(% @ U , (wi,ws)] € 2" (2@ %, f{v1/z,02/y}]),
which is the thesis.
o If e = meas,, (v) the statement to be proved is
0 F[2,meas,, (V)] Zgpitiaboor’” [%Z,h] 1 qbit"®@bool A [2,meas,, (v)] | & =
( [, h] 4 A NYX C Vgl
Pugst, (([2,meas,, (v)],0001), Geyar, (X, bool))
< Pugsr, (([%, h] ,0001), Gevar, (Z4™ (X), bool)) ) (4.66)
being, by the rule (mea {})q,
& = {157 (2), (Vin, 08)]D) | MSY,(2), (Vi, £6)]THD

Since the first part of the hypothesis is consequence of the rule (Howpe,)q, it

stems from the premises

(mea: 1)— wv:qbit,v:qbitF [2,v] Zgpigner? [#, V] : gbit"H!
(mea : 2)— O F [#  meas,, (V)] Zgpitneboor %, h| : qbit"” ® bool

From the premise (mea : 1) it follows, by compatibility of <7, the relation
0+ [2,meas,, (V)] Zgpitneboor” [# ,meas,, (V)] : gbit™ ® bool, thus applying

induction hypothesis on the the steps of big—steps semantics rule one obtains

(W meas,, V)| | ¥ AN VX € V[chﬁ%ifél,

qbi
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PKQST/\ (([‘:’@7 measy, (U)] 7qbit>a Qeval (Xv bOOl)) =
= PR% (L) < PR mxy (W) =

j1b1tn®bool

= PZQSTA (([W, meas,, (V)} 7qbit>7 Qeval y (jqbit”®boolH<X>7 bOOl)) ) (467)

where ¥ = {[MS%,(2), (V,n, )72 [MSY,(2), (V,p,, £1)]7 9} and PRY (2)
= Y vex PRE(L2). Whereas from (mea : 2) by definition of similarity we derive
the inequality

[QC] QST
vY € qult"@boél ’

Poost, (([# ,meas,, (V)] ,qbit" ® bool), Geyar, (Y, qbit" ® bool))=PRy (#)<

Rh %) = ,PEQST,\ (([%7 h] ) qbit)7 Qeyal s (jbool (Y), bOOl)) ) (468)

qbltn®bool (Y) (

Setting Y = =001 (X) the following chain of inequalities stems

&(X) =PR%(Z) < PR” i xy (W) < PR

<qb1t"®bool jqbit”@bool(jqbitn®boolH(X)) (

- %( gbit™®bool (jqbit"@boolH(X)))- (469)

R) =

If Sup (&) N X = 0 then the inequality (4.66) is necessarily true, otherwise

from (4.69) it follows that VX € Vé‘iﬁtﬁ%ifgl, E(X) < H(Zgpivravoor’ (X)),

namely the thesis.

o If e = new (v) the statement of the key lemma will be

O+ [2,nev (v)] Zquic”” [#,h] 1 qbit A [2,new (v)] || & = <[%, hl |} 7 N

VX C VR P Pugsr, (([2,new (v)],b001), deyar, (X, bo01))

< Pugst, (([2, 1] ,bool), aear, (4™ (X),bool)) (4.70)

where, from (new |})q we know the semantics of the quantum closure [2, €]
to have the structure & = {{NW’(2),7]'}. Going back through the derivation

tree we found that the hypotesys must come from the following premises

(new : 1)— O+ [2,0] Zpoor™ [#, V] : boO1

(4.71)
(new : 2)— AF [# new (V)] Zgpic [%,h] : qbit.
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The hypothesis (new : 1), via the application of the compatibility of Howe’s

relation (Lemma 2.16) gives us the result
0 F [2,new (v)] Zpoor™ [#,new (v)] : bool (4.72)
and imposing on (4.72) the induction hypothesis we get

0 [2,new (V)] Zboor” [# ,new (V)] : bool A [2,new (v)] |} {WW)(2),r]'} =
[# new (V)] 4 9 A VX € VEU DT 0(X) < 9(<pon™ (X)), (4.73)

where the semantics ¢ is the one-value set {[NW$(#/),s]'}. Moreover, from

(new : 2), by the definition of similarity we may write
VY € Vald T G(Y) < A (Sqpse (V). (4.74)

whence, if we take Y = =g (X), joining the inequalities (4.73) and (4.74)
yields

VX € Vaie O E(X) € D (S (X)) € A (Zgpre (B (X)), (475)

Considering that Lemma 2.17 entails < (=) = < two possibilities may
arise:
— if [NW)(2),7] ¢ X, then the thesis (4.70) necessarily holds;

— if [NW(2),r] € X, then every the term in (4.75) is equal to 1 and the
thesis (4.70) is fulfilled, likewise.

o If e = U (v) we must prove the statement

(T F [2,U (0)] Zgpsar ™ (2, 1] : qpit®™) A [2,U (v)] I &) =
([%, U A VX € VDTN £(X) < A (R pspn) (X))), (4.76)

gbitaV)
where from rule (uni |})q we know that & has the structure & = {[U, 2, v]l}.
Here the (first sentence of the) thesis comes from the premises

(uni: 1)— T F [2,0] Zgseen™ [#, 0] : qbitaV)
(uni: 2)— OF[#,U (V)] 2gpiear (%, 1] : gbit¥),
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From (uni : 1), applying induction hypothesis one gets the condition V [%, f]
e TOTN 19wy, f{v/a}] <u" [# @ U, f{v/x}]. Given that, from

Tz:qbit2(U) A

(4.76) [2,U (v)] | &, taking [%, f] = [0, U], yields
W U@ A VX € VIS £(X) < F(Zgmn (X)), (477)

being — from evaluation rule (uni |})q -4 = {[U,#, 1/]1}. Moreover (uni : 2)

entails, by definition of similarity, that

VY € VTN 9 (v) < (= e (V), (4.78)

qoital)
having denoted by J# the semantics of [%, h]. Now, taking Y = =< iaw) 7 (X)
and joyning (4.77) and (4.78) gives the chain

VX € Viii]ti?zim’ E(X) <G (Zgpiea (X)) < H(Zpirat) (Sgpiean (X)),

(4.79)
which is the thesis, since by Lemma 2.17 we know that VX, <4 (247 (X))=
=<a"(X).

Precisely, two cases may occur for any X:

— [U2,v] ¢ X, which makes (4.79) necessarily true.

— [UZ2,v] € X which entails all the terms in (4.79) are equal to one, and
hil {[Un2,h]'}, with [Uy 2, h] € = gpseeen ™ (X).
If e = cmp (v1, v2), the statement of key lemma is
(@ F [, cmp (v, v9)] jqbitn+mH [Z,h] : qbit" ™ A [2, cmp (vy,v2)] | é”) =
gbit™tm

([9?, W Yo AVX € VELIET £(X) < %(fqbitn+mH<X>>), (4.80)

being, for rule (cmp |)q, & = {[2, vy - v3]'}.

The first hypothesis results as an application of the (Howge,) and it has

premises
(emp:1)— OF [21,01] Zgpien™ [#4,11] : qbit™,
D+ (22, v9] Zqpigm™ [#a, 0] : qbit™ (4.81)
(cmp: 2)— O+ [#4 & Ws, cmp (11, 1)] Zavien [, h] : qoit™ ™,
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while the second hypothesis has not premises, coming from the rule (cmp {})q.

Starting from the hypothesis (¢mp : 1) we may apply the induction on the
subterms, which yields the semantics of [#; ® #5, cmp (v1,15)] in the form
G = [# @ W3, 11 - 1n]. The same hypothesis, recalling the compatibility of

Howe’s lifting, gives the relationship

0+ [2) ® Dy, cmp (v, v2)] jqbitn+mH [#1 @ W, cmp (v1, )] = gbit" ™.
(4.82)
Relation 4.82, still from induction hypothesis, gives

VX € VAP0 (X) < G (L gpipnim ™ (X)). (4.83)
From (cmp : 2), by definition of similarity in quantum framework, it follows
VY € VRIPETG (V) < (< g (V)), (4.84)

where (%, h] || . Now taking Y = < gien+m ™ (X), from (4.82) and (4.84) we

have the inequalities chain

VX € VAP 0(X) < G (2 gpipnin (X)) S (S gpiensm (Sqpaensn™ (X)),

(4.85)
which gives the thesis (4.80), since by Lemma 2.17, VX < gpsgmim (Sqpigmim ™ (X))
is equal t0 = gpipnim ™ (X).

o If e = if f; then f, else fy, to reduce the size of the formula involved
we will write e as cnstr ({f;};c7) where cnstr represents a generic syntactic
constructor. Then we should prove the statement in form (4.58e), which is
equivalent to show the following property

@ F [B@ X %, cnstr ({fj}jej)]jAH[t%a h] AN ["@ ® %7 cnstr ({fj}JGJ)Hl@@

= (vx C VRIS Dyosr (20 U, cnstr ({f;}jeq)] s A); Gevas (X, A))

< Prgsr. (1], A), ot (247 (X), 4) ) (4.586)
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The semantics & in (4.86), is defined by the big—step reduction (if |)q that

we quote just below

(2, AV A (2@ 511 Fs [2x@U, o] P
[Q X %, if f1 then f2 else fg] »U ﬁl(tt)yz + g\l(ff)yg

Y

where F3 = {[Zye @ U, 0i]" Yier, Fo = {[Zes ® %, u]" }jes for conditional

choice terms.

Referring us to Figure 4.6, we claim that the first hypothesis in the statement
(4.86) must have (Howgen)q as last rule. This one has a set of premises for

each subterm of e plus a general rule stated in (gen : 2)

(gen: 1)— O+ [2, fi] Zvoor” [, g1] : bool
D= 1%, fj] =AW 9] A j=2,3 (4.87)
(gen: 2)— O[S @ W, cnstr ({g;}jer)] 2a [%, 1] : A.

Therefore by induction hypothesis to subterms of (gen : 1) we have
(Q) F 2, fi] Zboor” |7, 91] 1 o0l A [2, fi] I §1) =

([f,gl] b A VX VRIS Dosr (12, 1], A), Gevar (X, bool)) <

Pogsr, (([5’, 1] ,001), Gevar, (Zpoor” (X)), bool))) (4.88)

Vie {23}y, (OF (%, f] 24" W, 950 AN F)) U F5) =

([W,gj] V9N VX, C VLSCMQSTA, Pogst, (([% . f5],A), tevar, (X, A)) <

P@QST)\ (([Wa gj] 7A)7 Qeval s (jAH(Xj), A))) (489)

As well as by induction on the size of big—step semantics, we may apply a suit-
able reduction rule whose premises are [, ¢1] | %4 and ([#,¢;] 4 94;)
to get the semantics ¢ such that [ @ #, cnstr ({g,};e7)] | 9.

je{2,3p

Now, using the definition of similarity on (gen : 2), imposing ¥ = . @ #/,

lead us to the following inequality
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(OF [, costr ({g;}jeq)] 2a [#Z,h] - A N[V cnstr ({g;}ijes) V9) =
([2.1] b 2 AVY SV LT Posr, (17, enstr ({95} jes)] s A)euas (Vs A))
< Pegst, ([Z. 1], A), ear, (Za (Y),A)) ) (4.90)

Moreover, since the relation < is compatible, by Lemma 4.4, the premises

(gen : 1) entail as a further consequence that
0 [2,e] 24" [V, enstr ({g;}jer)] : A,

namely the inequality

vZ C VRSN Dsr ((12,€], A), tevar, (7, A)) <
< ,PZQSTA (([Wv cnstr <{gj}j€j)] 7A>7 Qeval 5 (jAH(Z)J A)) (491)

We reach the thesis (4.86) applying the pseudo—transitivity (Lemma 4.5) to the
relationships (4.91) and (4.90) setting, for each Z C VEC}ZQST*, Y = <47(2)
and recalling the relation <, (247(Z)) = 4% (Z) as direct consequence of

Lemma 2.17.

o If e = fi fo, we list the statement as

<®I— (2R U, fifs) 24" [#,1h]: AN flfzué") =
[QC]ZQSTX
([%, WU A CVRVSTS D (20U, fufa] ) A)s tewass (X, A)) <
S /PEQSTA (([%7 h] ,A), Qeval s (jAH(X)v A)) ) (492)
where
& = z[,@j,)\z.lj}GSup(,%),[Qj®07/n,un]esllp(,%) gl([gjv )‘x'gj])gzé(["@j Q@ Un, Vn])yj»n

as a result of the application of the big step reduction rule for applications
in the quantum framework (app |})q. Recalling that first hypothesis must be

consequence of a (Howye,)q rule, we know that it has been derived by the



142

Chapter 4. Quantum Language

following premises

(app: 1)— OF[2, fil 2pa® [ 1] : B — A0 %, fo] 2" [V, go] : B,

(app: 2)— OF [ QY ,9192] 24 [Z, 1] : A.
(4.93)

Thus we write induction hypotheses on the subterms of (app : 1) in (4.93) as

° <@ H[2, /i) Rp—a" [Z 1] : B— A N2, /] yl) = ([yvgl] I A
VXA - VEEZQST}\, PZQSTA (([Qa fl] 7B - A)7 Qeval » (XA7 B —o A)) <
S PZQSTx (([02/7g1] 7B - A)7 Qeval (jBﬂaAH(XA)p B —o A)) ) (494)

where we set . #, = {[2;, \x.l;]" }iez and G = {[.F, A x.b;]" }ier.

. (@ U f <" Vg B A [ i) U %) N ([7/,92] 1%
N VXp C VECMQST)\aPZQSTA (([%, f2] , B), tevar, (XB, B)) <

< Pugst, ([, 9], B), evat, (25" (X5), B)) ) (4.95)

with F, = {[%m Vn]pn}ne/\/ and ¥, = {[qi/ma wm]qm}mGM-

By induction hypotheses, using the big-step semantics rule for application one

builds the semantics of term g,go defined as

g - Z[y’j,)\$.bj]ESup(Sfl),[“//m,wm]GSup(%g) gl([j?? A xbﬁ])gQ([,ymﬂ wm])gj,mv

provided to have settled that b;{w.,/z} { ¥ m.

With regard to relations (4.94) and (4.95), it should be remarked that

Xa ={[2i, v.li]bier = <pon”(X4) = Uier (Zp—a™([2i, A 2.4]))  (4.96)

XB = {[02/717 Vj]}ne/\/' = jBH(XB) = UnEN (jBH([OZ/mVn])) ) (497)

then from now on, we adopt the notation X} = Ujer (Xp—a”([2i, A2.03]))

and Xé = Une./\/'jBH([OZ/mVn])'
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The disentangling lemma [11] ensures us that for every set pair X4 and Xp
there are collections {r;4...7x*}, {577 ... 5%x"} of real numbers depending

on X4 and Xp respectively, such that

Y

o VXA CVERLTT PN € i nnsex, it S GUXD)

F
QCILQSTy 4 Xp ! (4'98)
o VXpCVp , Fo(XB) <2y vmlexy 550 < %(Xp)

Moreover, the induction hypothesis (4.95), is employed to compare the dis-
tributions .%;,, and ¥, involved in turn into the definitions of & and ¥
respectively: to this purpose, we use the substitutivity of <4, which has
been proved with Lemma 4.6, on the smallest terms of [2 ® %, f1f2] and
. @Y, q192], to get the following relation, which is fulfilled V[2;, Ax.(}]
€ Sup (F1), V%, v, € Sup(F), V[, Axb;] € Sup(4), V[V, wn] €
Sup (%2):

[Qi, )\.Z'gl] jB%AH [Z, >\$bj] A\ [dZ/n, I/n] jBH [/ym, wm] =

= [2; @ Up, li{vn )2} A" L @ Vi, bi{wm )2} = Fin 2" G . (4.99)
Putting together the inequalities (4.98), (4.99) we get

VX € VI[L;QC]KQST/\7 éf’(X) = Z [yj)\z.éj]GXA ﬁl(XA)ﬁQ(XB)yZm(X) <
[Vm,wm]eXp
Z [&”j,)\zlj]EXA T]XAS%B%,M (jAH(X)) < gl(XA)gQ(Xé)g],m (jAH(X))
[VYm,wm]eEXp
< %1(Sup (41))%(Sup (%)) jm (24" (X)) =4 (24" (X)) .
(4.100)

We come back now to the premise (app : 2) in (4.93); denoting by S the se-
mantics of h and exploiting both of the definition of similarity and the property

<4C <4 we must conclude that
vy e VIO g (v) < o (=4 (V) < 2 (=47(Y)). (4.101)

Thesis comes joining this last statement (4.101) with (4.100) and setting Y =
=<4 (X), thus concluding the proof.
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o If e = let fi be (x,y) in fo the statement
<® F[2® U, 1et fibe (x,y) in fo] <47 [2,h] 1 A A
let fi be (z,y) in fo cf) = <[92, bl L o A WX C PRIEOST
Pugst, ([2® % ,1et fi be (z,y) in fo] , A), teva, (X, A)) <
Prasr, (12, 1], A), tevas (247 (X), 4)) ) (1.102)

should be proved, where the semantics & of the term is obtained via the
application of the corresponding big—step semantics rule (let |})q, which states

Sl F=A{[2i, (v, ui)]" }iez (iU, [o{vi/z, ui/y}] L F (4.103)
[Q® %a let fl be <£L',y> in fQ] U &= ZiEIpi ’ Lgﬁil

The first statement of the hypothesis originates from the premises

(let: 1)— OF[2, fi] e 7, q1] : E® B,
v By BEU, fo) 24" [V, g2) 1 A, (4.104)
(let : 2)— O[S @V, let gy be (x,y) in go] <4 [#Z, D] : A.

And by induction on the dimensions of term involved in the big—step evaluation

rule we find

<@ H[2, fi] 2pes” [, 01 : EQ B N[2, fi] ilc%) = ([5”791] V% A
A VX C VR Pogsr, (12, 1], E © B), tevar, (X, E @ B)) <
< Pigsr, (7, 91], E ® B), tevar; (Zpor” (X), B® E)) ) (4.105)

with Fy = {[2;, (vi, w)]" Yiez, % = {75, (v, w))]Y }es-

Moreover, using open extension of applicative bisimulation and induction hy-

pothesis yields

v By B, LA [V g A =V W, (0, u)] € VELLET,
VY € VIO, oo (12 ® Wiy folva/ @, tn/y}] s A), tevats (Y A)) <
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< ,PEQSTA (([5” & %7 gQ{UN/x> un/y}] ) A)? Qeval s (jAH(Y)7 A)) . (4106)

The previous induction hypothesis (4.106) uses the distribution ¢, and the set
of distributions {¥/'};c 7 whose generic element &/’ is the result of the evalua-
tion of the quantum clusure . ® #;, g2{v;/xz,u;/y}]. This allows to write ex-
plicitly the structure of the distribution ¢ to which the term let g; be {,7) ings
evaluates, being & =375 . vesup(@n) 1 ([#], (vj, w;)]) - 4] whence, starting
from hypothesis of snnllarlty contained on the second condition of (4.104) one

finds
<® H[ @7, 1et g1 be (x,y) in go] 2 [, h] : AN
[ ® ¥, 1let g be (x,y) ingﬂl}%) = ([gg,h]l%%ﬂ A VZ C YISy

9(2) < H(Za <Z>>). (4.107)

Now we own all the elements to compare the semantics &, % and ¢: indeed
the first point of induction hypothesis (4.106) ensures that VX C VggéQSTA,
Z1(X) < 9(Zpep™ (X)) and the second points together with substitution
property (Lemma 4.6) suggest us that V(v;, u;) € V,‘;gij VY C VECMQST*,

F!(Y) <G/(247(Y)), thus

YW S VRIS o (W) = S o anex Z1 (120 (v, u)).F (W) <
Z[gi7<vi7ui>]€jE®BH(X) gl([gza <Ui7 ul)])gz/(jEH(W)) < g(ﬁAH(W) .

Now recall the last result (4.108) VIW C V[QC ST (W) < G(=pH (W
and let us join it with (4.107), namely VZ C V[QC KQST* ,Y9(2) <A (=24 (Z
simply setting VIV, Z = =<,7(W), to obtain VW C TQC t@sTx EW) <
G(=2p"(W)) < A (24 (24" (W))). The thesis is proved, since we resort to
the well known relation <4C <4 (Lemma 2.17), which entails that VIV,
=a (2T (W) = =a1(W)
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By carrying in quantum environment all the properties already stated in Propo-
sition 3.2 and following, until Proposition 3.7, we are reassured about the reflex-
ivity, transitivity and closure under substitution of the relation (=% )+ on the set
T0CI@ST - Finally, also Lemma 3.13 is still valid since it is proved basing only on
the properties of the relation (<) +, telling us that the transitive closure of Howe’s
extension of similarity has the simulation relation property — as we just proved that
the simulation on ¢QST, owns it — thus it is a simulation in turn. From here it

follows the
Theorem 4.1. In (QST,, = is included in <, thus ~ s included in =.

Example 4.1. An interesting pair of terms which can be proved bisimilar are the

following two:
e = Az.if meas; (z) then ff else tt; f = Azmeas; (Xy(z));

where Xy is the unitary operator which flips the value of a qubit. From the deriva-

tion rules we get
x:qbit F x:qgbit
x:gbit - meas; (z):bool @k tt:bool  (OF ff:bool
x :gbit - if meas; () then tt else ff : bool
) - Ax.if meas; () then ff else tt : gbit —o bool

x:gbitF x:gbit
x:qbit - U (x): gbit
x : gbit - meas; (U (x)) : bool
0 = \x.meas; (U (z)) : gbit —o bool
Whence, by definition (4.42)

€ quitwbool f =V [02/7 U] S Vé?:(i]teQST)\

(% ,if meas;{v/z} then ff else tt] Byoor [Xy% ,meas {v/z}],

and both these terms evalutate to the same distribution, namely {ttP*:(#) ££PRe(%)),

O
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4.3 On Full-Abstraction

Given the strong analogies between the probabilistic and quantum version of ¢5T ),
there is a little hope to recover full abstraction for bisimulation in the environment
of the context equivalence for QST ,, since we didn’t obtain it for /PST. Indeed
we can build a couple of terms, modelling them on the example given in /STy, which
are not bisimilar for the same reason, but can be proved to be context equivalent

using trace equivalence techniques. Consider, in £QST',, the terms

e = if meas; (r) then (Az.tt) else (A z.Q) (4.109)

f = Aw.if meas; (r) then tt else ff (4.110)

equiped by the same quantum register, which can be taken, e.g., in the form

1
QD =—(r <+ tt)+|r« £ff)).
= () + | - 28))

The terms have both type bool —o bool, and by analogy with the example
that we gave in £ST ', we claim that the quantum closures [2, e] and [2, f] are not
bisimilar since they evolve under th action of the same labelled Marcov chain .#gsr,
to a different distribution of values. On the other hand, being trace equivalent, they

are also context equivalent.

Rececently, an attempt to overcome this problem and recover completeness also
in the quantum language has been done, [18| giving a new notion of bisimilarity

based on the distributions rather than on the terms.

What one may hope to get is full-abstraction for extensions of the considered
calculi in which duplication is reintroduced, although in a controlled way. This has
been recently done in a probabilistic setting by Crubillé and Dal Lago [10], and is
the topic of current investigations by the authors for a quantum calculus in the style

of LQST,.



148 Chapter 4. Quantum Language

4.4 Conclusions

In the literature, various attempts have been made, to endow quantum languages
with a denotational semantic. Many of them exploit the game theory methods,
which has been formerly implemented [3] in PCF , where the types of PCF are

interpreted as games and the terms of language as game strategies.

Abramsky and Coecke [2]| developed a pattern where the terms, the techniques
and also the typical algorithms of quantum computing, such as the quantum tele-
portation protocols, are interpreted using categories theory. They focused their
analysis on quantum information protocols, describing phenomena such as quantum
teleportation and entanglement swapping, through the use of compact and closed
categories, and formalized the superposition as well as the uncertainty intrinsically
embedded in the measurement processes which characterize the systems of qubits,

with a biproduct structure.

Delbecque |15, 16| developed a model closest to that we deal: based on the
calculus conceived by Selinger and Valiron, he conducts its analysis on the first-
order non linear languages and he presents a typed lambda calculus in which the
typical structures of the quantum calculation are represented using the concepts of
the game theory [13] for the probabilistic calculation. In this scheme, the quantum
states and the quantum operations are represented as strategies of a game. The
aim is to build a denotational semantics for the language terms, which nevertheless
apparently doesn’t take into account the influence of the quantum register on the

behavior of the language objects.

Also Hasuo and Hoshino [29], based on the paradigm Selinger and Valiron of the
quantum language with classic controls, give a denotational semantic for a quantum
lambda caluculus. They use the category theory in order to equip the quantum
calculus with a denotational semantics, with the purpose to foster the development
of a tool for the analysis of the correctness for algorithms and protocols of quantum
communications, which are often uniuntuitive. Whithin their analysis, employing

the concept of monads [5] for structuring the branching, they also overcome the
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hypothesis of linearity by introducing the mode !, for deletion and duplication of
variables.

Another interesting, but complementary research branch focuses on the fascinat-
ing topic to implement a quantum functional language in giving a set of instruction
for the creation and the manipulation of quantum data, building this way a tool
to write the quantum algorithms, which have been presented untill now in term of
quantum gates, as a sequence of instructions. Despite that this language [26, 27| is
provided with an operational semantic, the authors have not dealt with the problem
of the equivalence between terms.

Nevertheless, here we have shown a method to extend Abramsky’s applicative
bisimulation to a linear A—calculi, adapting the Howe’s techinque, expressly though
for higher—order languages, to a simple grammar endowed with probabilistic choice
and quantum data.

For the sake of simplicity, we have deliberately kept the considered calculi as
simple as possible. We believe, however, that many extensions would be harmless.
This includes, as an example, generalizing types to recursive types which, although
infinitary in nature, can be dealt with very easily in a coinductive setting. Adding a
form of controlled duplication requires more care, e.g. in presence of quantum data
(which cannot be duplicated).

As a future perspective, we are also working for exploring another strengthened
technique for comparison among terms, namely the trace equivalence, with the pur-
pose to show that for quantum ¢QST,, trace equivalence coincides with context

equivalence [19].
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