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Extensional and Non-extensional
Functions as Processes

Ken Sakayori
University of Bologna and Inria

Abstract—Following Milner’s seminal paper, the rep-
resentation of functions as processes has received
considerable attention. For pure A-calculus, the pro-
cess representations yield (at best) non-extensional \-
theories (i.e., § rule holds, whereas 7 does not).

In the paper, we study how to obtain extensional
representations, and how to move between extensional
and non-extensional representations. Using Internal 7,
Im (a subset of the m-calculus in which all outputs are
bound), we develop a refinement of Milner’s original
encoding of functions as processes that is parametric
on certain abstract components called wires. These
are, intuitively, processes whose task is to connect
two end-point channels. We show that when a few
algebraic properties of wires hold, the encoding yields
a A-theory. Exploiting the symmetries and dualities of
Im, we isolate three main classes of wires. The first two
have a sequential behaviour and are dual of each other;
the third has a parallel behaviour and is the dual of
itself. We show the adoption of the parallel wires yields
an extensional A-theory; in fact, it yields an equality
that coincides with that of Bohm trees with infinite 7.
In contrast, the other two classes of wires yield non-
extensional M\-theories whose equalities are those of the
Lévy-Longo and B6hm trees.

I. INTRODUCTION

Milner’s work [I], [2] on the encoding of the pure
A-calculus into the w-calculus is generally considered a
landmark paper in the area of semantics and programming
languages. The encoding of the A-calculus is a significant
test of expressiveness for the m-calculus. The encoding also
gives an interactive semantics to the A-calculus, which
allows one to analyse it using the instruments available
in the m-calculus. After Milner’s seminal work, a number
of encoding variants have been put forward (e.g. [3] and
references therein) by modifying the target language (often
to a subcalculus of the m-calculus) or the encoding itself.
The correctness of these encodings is usually supported by
the operational correspondence against a certain evalua-
tion strategy of the A-calculus and by the validity of the
B-rule, (Ax. M)N = M{N/z}. (In this paper, by validity of
a A-calculus rule with respect to a certain process encoding
{1}, we mean that {{M]} ~ {{N]} for all instances M = N
of (the congruence closure of) the rule, where = is a basic
behavioural equivalence for the pure processes, such as
ordinary bisimilarity.)

The equality on A-terms induced by the encoding has
also been investigated; in this equality two A-terms M and
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N are equal when their images are behaviourally equiva-
lent processes. For Milner’s original (call-by-name) encod-
ing, such an equality coincides with the Lévy-Longo tree
(LT) equality [4], [5] (the result is by large independent of
the behavioural equivalence adopted for the processes [6]).
It has also been shown how to recover the Bohm tree (BT)
equality [3], by modifying Milner’s encoding — allowing
reductions underneath a A-abstraction — and selecting
divergence-sensitive behavioural equivalences on processes
such as must-testing.

Tree structures play a pivotal role in the A-calculus.
For instance, trees allow one to unveil the computational
content hidden in a A-term, with respect to some relevant
minimal information. In BTs the information is the head
normal forms, whereas in LTs it is the weak head nor-
mal forms. BT and LT equalities coincide with the local
structures of well-known models of the A-calculus, such as
Plotkin and Scott’s P, [7], [8], and the free lazy Plotkin-
Scott-Engeler models [9], [10], [11].

In BTs and LTs, the computational content of a A-
term is unveiled using the S-rule alone. Such structures
are sometimes called non-extensional, as opposed to the
extensional structures, in which the [-rule is coupled
with the n-rule, M = Az. M z (for x not free in M). In
extensional theories two functions are equated if, whenever
applied to the same argument, they yield equal results.
A well-known extensional tree-structure are BTs with
infinite 7, shortly BT s. The equality of BT, s coincides
with that of Scott’s Do, model [8], historically the first
model of the untyped A-calculus. A seminal result by
Wadsworth [I2] shows that the BT,.s are intimately
related to the head normal forms, as the BT, equality
coincides with contextual equivalence in which the head
normal forms are the observables.

In representations of functions as processes, extension-
ality and the n-rule, even in their most basic form, have
always appeared out of reach. For instance, in Milner’s
encoding, x and \y.xy have quite different behaviours:
the former process is a single output particle, whereas the
latter process has an infinite behaviour and, moreover, the
initial action is an input.

The general goal of this paper is to study extensionality
in the representation of functions as processes. In partic-
ular, we wish to understand if and how one can derive
extensional representations, and the difference between



TABLE I
INSTANCES OF THE ABSTRACT ENCODING

[ Encoding [ Parameter (wires) | Characterises |

Ao I-O wires BT
Ap P wires BTy 00
Aot O-I wires LT

extensional and non-extensional representations from a
process perspective.

We outline the main technical contributions. We develop
a refinement of Milner’s original encoding of functions,
using Internal 7 (Ir), a subcalculus of the w-calculus in
which only bound names may be exported. The encoding
makes use of certain abstract components called wires.
These are, intuitively, processes whose task is to connect
two end-point channels; and when one of the two end-
points is restricted, the wires behave as substitutions.
In the encoding, wires are called ‘abstract’ because their
definitions are not made explicit. We show that assuming
a few basic algebraic properties of wires (having to do with
transitivity of wires and substitution) is sufficient to obtain
a A-theory, i.e. the validity of the g-rule.

We then delve into the impact of the concrete defini-
tion of the wires, notably on the equivalence on A-terms
induced by the encoding. In the m-calculus literature,
the most common form of wire between two channels a
and b is written la(u). b(u) (or a(u).b(u), if only needed
once), and sometimes called a forwarder [13], [14]. In I,
free outputs are forbidden and such a wire becomes a
recursively-defined process. We call this kind of wires I-
O wires, because of their ‘input before output’ behaviour.
Exploiting the properties of Imr, e.g., its symmetries and
dualities, we identify two other main kinds of wires: the
O-1 wires, with an ‘output before input’ behaviour and
which are thus the dual of the I-O wires; and the P
wires, or parallel wires, where input and output can fire
concurrently (hence such wires are behaviourally the same
as their dual).

We show that moving among these three kinds of
wire corresponds to moving among the three above-
mentioned tree structures of the A-calculus, namely BTs,
LTs, BT,,os. Precisely, we obtain BTs when adopting the
ordinary I-O wires; LTs when adopting the O-I wires; and
BT),s when adopting the P wires. This also implies that
P wires allow us to validate the n-rule (in fact both n and
infinite n). The results are summarised in Table [I, where
Ay is the concrete encoding in which the X wires are used.

We are not aware of results in the literature that pro-
duce an extensional A-theory from a processes model, let
alone that derive the BT, equality. We should also stress
that the choice of the wire is the only modification needed
for switching among the three tree structures: the encoding
of the A-calculus is otherwise the same, nor does it change
the underlying calculus and its behavioural equivalence
(namely, It and bisimilarity).

There are various reasons for using I7 in our study.
The first and most important reason has to do with the
symmetries and dualities of Im, as hinted above. The
second reason is proof techniques: in the paper we use
a wealth of proof techniques, ranging from algebraic laws
to forms of ‘up-to bisimulation’ and to unique solutions of
equations; not all of them are available in the ordinary
m-calculus. The third reason has to do with n-rule. In
studies of the expressiveness of Ir in the literature [I5] the
encoding of the free-output construct into I resembles an
(infinite) n-expansion. The essence of the encoding is the
following transformation (which needs to be recursively
applied to eliminate all free outputs):

a(p) = vq (@(q) [ ¢(v)-p®)) - (1)

A free output of p is replaced by a bound output, that
is, an output of a freshly created name ¢ (for simplic-
ity, we assume that p is meant to be used only once
by the recipient). The transformation requires localised
calculi [I6], in which the recipient of a name may only use
it in output, and resembles an 7-expansion of a variable
of the A-calculus in that, intuitively, direct access to the
name p is replaced by access to the function A\y. ().

A possible connection between I and n-expansion may
also be found in papers such as [I7], where n-expanded
proofs (proofs in which the identity rule is only applied to
atomic formulas) are related to (session-typed) processes
with bound outputs only. Yet, the technical link with
our works appears weak because the wires that we use
to achieve extensionality (the P wires of Table are
behaviourally quite different from the process structures
mentioned above.

We derive the encoding into I in two steps. The
first step consists, intuitively, in transplanting Milner’s
encoding into Im, by replacing free outputs with bound
outputs plus wires, following the idea in above. How-
ever, is only valid in localised calculi, whereas Milner’s
encoding also requires the input capability of names to
be transmitted. Therefore we have to modify the wire
in , essentially inverting the two names p and gq.
The correctness of the resulting transformation relies on
properties about the usage of names that are specific to
the representation of functions. The second step adopted
to derive the encoding consists of allowing reductions
underneath a A abstraction; that is, implementing a strong
reduction strategy. This transformation is necessary in
order to mimic the computation required to obtain head
normal forms.

Encodings of strong reduction strategies have appeared
in the literature; they rely on the possibility of encoding
non-blocking prefixes (sometimes called delayed in the
literature) [I8], [19], [20], [21], [14], [16], [3], i.e., prefixes
p: P in which actions from P may fire before p, as long
as p does not bind names of the action. The encodings of
non-blocking prefixes in the literature require the names
bound in p to be localised. Here again, the difficulty was



to adapt the schema to non-localised names. Similar issues
arise within wires, as their definition also requires certain
prefixes to be non-blocking.

Structure of the paper Section [[I] recalls background ma-
terial on A-calculus and Ir. In Section [T} we introduce
wires and permeable prefixes. In Section [[V] we present
the abstract encoding, using the abstract wires, and the
assumptions we make on wires; we then verify that such
assumptions are sufficient to obtain a A-theory. Section [V]
defines an optimised abstract encoding, which will be
useful for later proofs. In Section [VI} we introduce the
three classes of concrete wires, and show that they satisfy
the required assumptions for wires. In Section [VII] we pick
the I-O wires and O-I wires, and prove full abstraction for
LTs and BTs. In Section [VIII we do the same for the
P wires and BT, s. Section @ discusses further related
work and possible future developments. For lack of space,
proofs of the main results are only sketched. The reader
may find the details in the Appendixes.

II. BACKGROUND

A tilde represents a tuple. The i-th element of a tuple
P is referred to as P;. All notations are extended to tuples
componentwise.

A. The A-calculus

We let & and y range over the set of A-calculus variables.
The set A of A-terms is defined by the grammar

M=z | Ax. M ‘ My M, .

Free variables, closed terms, substitution, a-conversion
etc. are defined as usual [22]; the set of free variables of M
is fv(M). Here and in the rest of the paper (including when
reasoning about processes), we adopt the usual ‘Baren-
dregt convention’ This will allow us to assume freshness
of bound variables and names whenever needed. We group
brackets on the left; therefore M NL is (M N)L. We abbre-
viate A\xq1. -+ . Ax,. M as Axy---x,. M, or AXx. M. Symbol

) stands for the always-divergent term (Az.zz)(Az. zz).
A number of reduction relations are mentioned in this

paper. The (standard) 8-reduction relation M — N is the

relation on A-terms induced by the following rules:

N— N
B A N = MV W STN S M
M — M M — M
VAN SN vy v T

The (weak) call-by-name reduction relation uses only the
0 and v rules, whereas strong call-by-name, written — g,
also has &; the head reduction, written —y, is a deter-
ministic variant of —4, in which the redex contracted is
the head ome, i.e., (\y. Mo) My of A\z. (\y. Mo) My -+ M,
Head normal forms are of the form Az.y M. As usual, we
use a double arrow to indicate the reflexive and transitive
closure of a reduction relation, as in = and =y,. A term
M has a head normal form N if M =, N and N is the
(unique) head normal form. Terms that do not have a head

normal form are called unsolvable. An unsolvable M has an
order of unsolvability n, if n is the largest natural number
such that M =y, Azy...x,.M’, for n > 0, and some
Z1,...,Tn, M'. If there is no such largest number, then M
is of order w. For instance, {2 is an unsolvable of order 0
and Az.Q of order 1.

We recall the definitions of Lévy-Longo trees and Bohm
trees; then in the equality induced by such trees two terms
are related if their trees are the same (as usual modulo a-
conversion). In contrast, we present the definition of B6hm
tree equality up-to infinite n-expansion as a bisimilarity,
as the proofs exploit this bisimulation-based definition.

Definition I1.1 (Lévy-Longo trees and Bohm trees). The
Lévy-Longo tree of M is the labelled tree, LT (M), defined
coinductively as follows:

1) LT(M) =T if M is an unsolvable of order w;

2) LT(M) = Az ...x,. L if M is an unsolvable of order
n < w,

3) LT(M) is the tree with AZ.y as the root and
LT(M,)...LT(M,) as the children, if M has head
normal form A\x.y My --- M, with n > 0.

The definition of Bohm trees (BTs) is obtained from that
of LTs using BT in place of LT, and demanding that
BT(M) = L whenever M is unsolvable (in place of clauses

(1) and (2)).

An n-expansion of a BT, whose root is Az.y and chil-
dren are BT(M),...BT(M,), is given by a tree whose
root is AZz.y and children are BT(My),...BT(M,), z.
Informally, an infinite n-expansion of a BT is obtained
by allowing this expansion at each step of the clause (3).
Equality over such trees can be formalised as a bisimilarity
in which (finite) n-expansion is allowed at each step of the
bisimulation game.

Definition I1.2 ([23]). A symmetric relation R on A-
terms is a BTy -bisimulation if, whenever M R N, either
one of the following holds:

1) M and N are unsolvable

2) M =y Aoy .%pym-y My My, and N =y
Azxy...x1.y Ny--- Ny, where x;41,...,2Z14m are not
free in y Ny,...,N,, and M; R N; for 1 < ¢ < n,
and also My, ; R x4 for 1 <j <m

3) the symmetric case, where N reduces to a head
normal form with more leading As.

The largest BT, -bisimulation is
bisimilarity. We also write BT,(M) =
when M and N are BT, -bisimilar.

called BTjs-
BT, 00 ()

Ezample 11.1. We have LT(Az.Q) =
BT(Az.Q) = L. For E o (Azy.z z) (Azy.zx) we have
LT(Z) = T, whereas BT(Z) = L.

Example 11.2. Let J be a term such that Jz =y,
Ay. z (Jy), which is easy to define using a fixed-point

Az. L, whereas



combinator. Intuitively, the term J z can be considered
as the ‘limit of the sequence of n-expansions’

Z =y A21.2 21 =g A21. 2 (A20. 21 22) = -

The terms z and J z have different Bohm trees, as BT (z) =
z whereas BT(J z) has infinitely many nodes, the root
being Az1.z. However, BT, (J z) = BT, (2) as the two
terms can be equated using an infinite form of n-expansion.

B. Internal w-calculus

In all encodings we consider, the encoding of a A-
term is parametric on a name, i.e., it is a function from
names to m-calculus processes. We also need parametric
processes (over one or several names) for writing recursive
process definitions and equations. We call such parametric
processes abstractions. The actual instantiation of the
parameters of an abstraction F' is done via the application
construct F(a). Processes and abstractions form the set
of agents. Small letters a,b,...,z,y,... range over the
infinite set of names. The grammar of Iz is thus:

A = P | F (agents)
P == 0 ‘ a(b). P ‘ a(b). P ‘ va P (processes)
| P[P | ta(b).P | F@)
F = (a)P ‘ K (abstractions)

The operators used have the usual meanings. In prefixes
a(b) and a(b), we call a the subject. We often abbreviate
vavb P as (va,b) P. Prefixes, restriction, and abstraction
are binders and give rise in the expected way to the
definition of free names, bound names, and names of an
agent, respectively indicated with fn(—), bn(—), and n(—),
as well as that of a-conversion. An agent is name-closed
if it does not contain free names. In the grammar, K is a

constant, used to write recursive definitions. Each constant
K has a defining equation of the form K def (z) P, where
(Z) P is name-closed; T are the formal parameters of the
constant (replaced by the actual parameters whenever the
constant is used). Replication could be avoided in the
syntax since it can be encoded with recursion. However
its semantics is simple, and it is a useful construct for
encodings; thus we chose to include it in the grammar.
Since the calculus is polyadic, we assume a sorting sys-
tem [24] to avoid disagreements in the arities of the tuples
of names carried by a given name and in applications of
abstractions. In Milner’s encoding (written in the polyadic
m-calculus) as well as in all encodings in the paper, there
are only two sorts of names: location names, and variable
names. Location names carry a pair of a variable name
and a location name; variable names carry a single location
name. Using p,q,r,... for location names, and z,y, z, ...
for variable names, the forms of the possible prefixes are:

p(e,q). P | z(p).P | Blz,q). P | Z(p). P

This sorting will be maintained throughout the paper.
Hence process transformations and algebraic laws will be
given with reference to such a sorting.

The operational semantics of Ir is standard [3] (Ap-
pendix [B.2)). The reference behavioural equivalence for Ir
is (weak) bisimilarity; it coincides with barbed congruence,
assuming image-finiteness. We also use the expansion pre-
order, written <, an asymmetric variant of ~ in which,

~?

intuitively, P < @ holds if P ~ @ but also @ has at least
as many 7-moves as P. As usual, L s =5= and &

is & for y # 7 and = otherwise.

Definition II.3 (Bisimilarity and Expansion). A sym-
metric relation R on Im-processes is a bisimulation, if

whenever PR Q and P - P/, then Q =& @’ for some
Q' with P’ RQ'. Processes P and (Q are bisimilar, written
P = Q, if PR Q for some bisimulation K.

A relation R over processes is an expansion if P R Q
implies, whenever P £ P’ (resp. Q £ @), there exists

Q' (resp. P') such that Q == Q' (resp. P %5 P’) and

P'R Q. Here, 5 is 25 if y £ 7and is = or D if u = 7.
We say that Q expands P, written P < @, if P R @, for
some expansion K.

All behavioural relations are extended to abstractions
by requiring ground instantiation of the parameters.

1) Proof techniques: In the proofs, we often use well-
known algebraic laws, notably laws for private replications,
and up-techniques for bisimilarity, notably bisimulations
up-to expansion and contexts; we use up-to expansion
rather than up-to weak bisimulation as the latter is known
to be unsound . Again, we refer to Appendix [B4] for
details.

We briefly recall the ‘unique solution of equations’
technique [25]. Fquation variables X,Y, Z are used to write
equations. The body of an equation is a name-closed
abstraction possibly containing equation variables (that is,
applications can also be of the form X (a)). We use E to
range over expression bodies; and £ to range over systems
of equations, defined as follows. In all the definitions, the
indexing set I can be infinite.

Definition II.4. Assume that, for each i of a countable
indexing set I, we have a variable X;, and an expression
E;, possibly containing variables. Then {X; = FEi}ics
(sometimes written X = F) is a system of equations.
(There is one equation for each variable X;.) A system
of equations is guarded if each occurrence of a variable in
the body of an equation is underneath a prefix.

We write E[F] for the abstraction obtained by replacing
in E each occurrence of the variable X; with the abstrac-
tion Fj;. This is a syntactic replacement, with instantiation
of the parameters: e.g., replacing X with (Z)P in X (a)
amounts to replacing X (@) with P{%/z}.



Definition I1.5. Suppose {X; = E;};cs is a system of
equations. We say that:

« Fis a solution of the system of equations for =~ if for
each i it holds that F; ~ E;[F].

o The system has a unique solution for ~ if whenever
F and G are both solutions for ~, we have F ~ G.

Definition I1.6 (Syntactic solutions). The syntactic so-
lutions of a system of equations {X; = E;};c; are the

recursively defined constants K . L p, [ﬁg], for i e I.

The syntactic solutions of a system of equations are
indeed solutions of it. The unique-solution technique relies
on an analysis of divergences. A process P diverges if it can
perform an infinite sequence of internal moves, possibly
after some visible ones (i.e., actions different from 7).
Formally, this holds if there are procesbeb PZ, i > 0, and
some n such that P = Py 2% P, 25 p, 225 . and for
all i > n, u; = 7. We call a divergence of P the sequence
of transitions (Pi My Pi+1)i>o' An abstraction F' has a
divergence if the process F'(a) has a divergence, where a
are fresh names.

Theorem IL.1 ([26]). A guarded system of equations
whose syntactic solutions are agents with no divergences
has a unique solution for ~

III. WIRES AND PERMEABLE PREFIXES

We introduce the abstract notion of wire process; and,
as a syntactic sugar, the process constructs for permeable
prefizes. Wires and permeable prefixes will play a central
role in the technical development in the following sections.
We use the notation a <> b for an abstract wire; this is,
intuitively, a special process whose purpose is to connect
the output-end of a with the input-end of b (thus a « b
itself will use a in input and b in output). We call such
wires ‘abstract’ because we will not give a definition
for them. We only state (Section some behavioural
properties that are expected to hold, and that have mainly
to do with substitutions; approximately:

1) if P uses b only in input, then

vb(a < b| P) > P{ap}
2) dually, if P uses a only in output, then
va(a < b| P) > P{ba}
Further conditions will however be needed on P for such
properties to hold (e.g., in (1), the input at b in P should
be ‘at the top-level’, and in (2), the outputs at a in P
should be ‘asynchronous’) Special cases of (1) and (2)
are forms of transitivity for wires, with the common name
restricted:
3) vb(a+b| b ) > (b e){ap) =
(a < b){h} =a < c.
When (1) holds we say that P is I-respectful with respect
to a < b; similarly when (2) holds we say that P is O-
respectful with respect to a +» b. When (3) holds, for any
a, b, c of the same sort, we say that wires are transitive.

As we have two sorts of names in the paper (location
names and variable names), we will correspondingly deal
with two sorts of wires, location wires and variable wires.
In fact, location wires will be the key structures: definitions
and properties for the variable wires will be adjusted
accordingly, so to guarantee the desired properties of the
location wires._ B

We write a(b): P and a(b): P for a permeable input and
a permeable output. Intuitively, a permeable prefix only
blocks actions involving the bound names of the prefix.
For instance, a permeable input a(b): P, as an ordinary
input, is capable of producing action a(b) thus yielding
the derivative PP. However, in contrast with the ordinary
input, in a(b): P the process P is active and running, and
can thus interact with the outside environment; the only
constraint is that the actions from P involving the bound
names b cannot fire for as long as the top prefix a(b) is not
consumed.

Given the two sorts of names that will be used in the
paper, the possible forms of permeable prefixes are:

p(qu|pqu|x P‘x : P

Moreover, it will always be the case that in a prefix
p(z,q): P process P uses z only in output and ¢ only once
in input, and conversely for p(z,q) : P; and in z(p): P
process P uses p only once in input, and conversely for
Z(p): P.

We stress that permeable prefixes should be taken as
syntactic sugar; formally they are defined from ordinary
prefixes and wires as follows

p(z,q): PE (vr,q) (p(a',¢). (x> &' | ¢ +>q) | P)
2(p): P vp (a(p)).p 5| P)

ﬁ(x,q»Pdéf(r/m (B’ q). (' <7 [ g 7)| P)
#(p): P < vp (z(p').p <+ 0 | P)

Such definitions thus depend on the concrete forms of
wires adopted. The definitions behave as intended only
when the processes underneath the permeable prefixes are
respectful. For example, we have

p(z,q): P p(z,q)
(vz',q) (x’ < T|lged | P{x,7q//m,q}) > P

if P is I-respectful with respect to ¢’ ++ ¢ and O-respectful
with respect to x <> 7', for fresh ¢’ and z’.

Later, when the abstract wires will be instantiated to
concrete wires, we will study properties of I-respectfulness
and O-respectfulness, as well as, correspondingly, proper-
ties of permeable prefixes, in the setting of encodings of
functions.

IV. ABSTRACT ENCODING

This section introduces the abstract encoding of A-terms
into Irm-processes. We call the encoding ‘abstract’ because



Ale], € #0):p o 0

A, M], < p(z,q): A[M],

AIM N, < vg ( A[M], |

q(z,p'): (2(r). A[N] [p < D) )

Fig. 1. The abstract encoding A.

it uses the abstract wires discussed in the previous section.
In other words, the encoding is parametric with respect to
the concrete definition of the wires. We then prove that,
whenever the wires satisfy a few basic laws, the encoding
yields a A-theory.

A. Definition of the abstract encoding

We begin by recalling Milner’s original encoding M of
(call-by-name) A-calculus into the w-calculus [2], [24]:

M, € z(p)
def

M z. M], = p(z,q). M[M],
M[M N]J, def (vq,z) M[M]q |Gz, p) | lz(r). M[N];)

The encoding of a A-term M is parametric over a port
p, which can be thought of as the location of M, for p
represents the unique port along which M may be called
by its environment, thus receiving two names: (a trigger
for) its argument and the location to be used for the
next interaction. Hence, M (as well as all the encodings
in the paper) is a function from A-terms to abstractions
of the form (p)P. We write M[M], as a shorthand
for M[M](p). A function application of the A-calculus
becomes, in the m-calculus, a particular form of parallel
combination of two agents, the function and its argument.
An argument of an application is translated as a replicated
server, that can be used as many times as needed, each
time providing a name to be used as location for the
following computation.

In Figure [I] we report the abstract encoding A. There
are two main modifications from Milner’s encoding M:

1) The encoding uses I, rather than m-calculus; for this,
all free outputs are replaced by a combination of
bound outputs and wires.

2) A permeable input is used, in place of an ordinary
input, in the translation of abstraction so to allow
reductions underneath a A-abstraction. (We thus im-
plement a strong call-by-name strategy.)

We report a few basic conditions that will be required

on wires. The main ones concern the behaviour of wires
as substitutions and transitivity of wires.

Definition IV.1 (Wires). As a convention, we assume
that names a,b,c are of the same sort, either location
names or variable names. Wires a <> b are processes that
satisfy the following properties:

1) The free names of a < b are a and b. Furthermore,
a <> b only uses a in input and b in output.

2) If a <+ b 2 P for some P, then p # 7.

3) vb(a<b| b )= a e

4) vq(p < q | q(z,7): P) 2 p(z,r): P, provided that
(ve,r)(x < & | 7 < 7 | P) 2 P{',7'fx,r}, where
2/, 7" are fresh names.

5) vp (p G| pz,r): P) 2
(ve,r)(a' <z |re 7| P
2/, 7" are fresh names.

6) vy (x < y | ly(p). P) 2 lz(p). P, provided that y ¢
fn(P)andvp(p' < p| P) 2 P{P/p} where p’ is fresh.

( ,7): P, provided that
) 2 P{*',"'/x,r}, where

Nve(zx < y| 2(p): P) 2 y(p): P, provided that
xé¢f(P)andvp(p<p | P) 2 P{P/p}, where p' is
fresh.

8) x «> y is a replicated input process at x, i.e. x >y =
lz(p). P for some P.

Condition [1] is a simple syntactic requirement. Condi-
tion [2] says that wires are ‘optimised’ in that they cannot
do any immediate internal interaction (this requirement,
while not mandatory, facilitates a few proofs). Law [3 I
is about the transitivity of wires. Laws [4}{7] show that
wires act as substitutions for permeable inputs, permeable
outputs and replicated input prefixes. We do not require
similar laws for ordinary prefixes, e.g., as in

vp (p < q|p(z,7).P) 2 q(z,r). P

because wires break the strict sequentiality imposed by
such prefixes (essentially transforming an ordinary prefix
into a permeable one: only for the process on the right any
action from P is blocked until the environment accepts an
interaction at ¢). Condition [§] requires = <> y to be an
input replicated processes, and is useful so to be able to
use the replication laws (Lemma [B.1)).

Hereafter we assume that p <> q and x <> y are indeed
wires, i.e., processes that satisfy the requirements of Def-
inition We can therefore exploit such requirements
to derive properties of the abstract encoding.

Lemma [[V] shows that the processes encoding func-
tions are I-respectful with respect to the location wires,
and O-respectful with respect to the variable wires.

Lemma IV.1.

1) vq(p < q| AlM],) 2 A[M],
2) va (z <y | A[M]p) 2 A[M{Y/x}],

B. Validity of B-reduction

The abstract encoding A validates S-reduction with re-
spect to the expansion relation. This is proved by showing
that substitution of a A-term M is implemented as a
communication to a replicated server that owns M. In
the proofs of the following statements, Lemma is
frequently used.



Lemma IV.2. If z ¢ fv(IV), then
ve (AIM], | '2(q)- A[NTy) 2 AIM{N/z}],

Theorem IV.3. If M — N, then A[M], = A[N],.

Since bisimilarity is a congruence in Ir and our encoding
is compositional, the validity of S-reduction implies that
the equivalence induced by the encoding is a A-theory.

def

Corollary IV.4. Let =, = {(M,N) | A[M] ~ A[N]}.
Then =, is a A-theory, that is, a congruence on A-terms
that contains [-equivalence.

Remark IV.1. From a A-theory, a A-model can be ex-
tracted [22], hence Corollary implies that we can
construct a A-model out of the process terms. The domain
of the model would be the processes that are in the image
of the encoding, quotiented with bisimilarity. We could not
define the domain of the model out of all process terms
(as in [B], as opposed to the processes in the image of
the encoding) because our proofs rely on Lemma m
and such a lemma cannot be extended to the set of all
processes.

V. OPTIMISED ENCODING

We introduce an optimised version of the abstract en-
coding, which removes certain ‘administrative steps’ on
the process terms. This will allow us to have a sharper op-
erational correspondence between A-terms and processes,
which will be needed in proofs in later sections. As in
the previous section, we work with abstract wires, only
assuming the requirements in Definition [[V.1]

To motivate the need of the optimised encoding, let us
consider the encoding of a term (x M) N:

(vpo, p1) ( Z(po): o < Po
| o(z1.p4): (i (re). [M]y, | 1 < PY)
| pr(z2,p2): (l22(r2). [N]r, [P <> P2) )

This process has, potentially (i.e., depending on the con-
crete instantiations of the wires), some initial administra-
tive reductions. For instance, the output at p; may interact
with the input end of the wire p; + pj.

In the optimised encoding O, in Figure [2] any initial
reduction of a process has a direct correspondence with
a (strong call-by-name) reduction of the source A-term.
With respect to the unoptimised encoding A, the novelties
are in the clauses for application, where the case of a head
normal form x My - - - M,, (for n > 1) and of an application
(Ax. My) My - -+ M,, with a head redex are distinguished.
In both cases, O™ (pg,p, O[M1] --- O[M,]) is used for a
compact representation of the encoding of the trailing
arguments M, ..., M,, as a sequence of nested permeable
prefixes and a bunch of replications embracing the terms
M;.

Analogous properties to those in Section [[V] for the
unoptimised encoding A hold for O. Using such properties,
and reasoning by induction of the structure of a A-term,
we can prove that O is indeed an optimisation.

Lemma V.1. A[M], 2 O[M],.

The details about the operational behaviour of O[M],,
and its operational correspondence with M, are described
in Appendix [E] We only report here the statements of a
few important lemmas.

Lemma V.2. If O[M], = P then there exists N such
that M —s, N and P 2 O[N],.

Lemma V.3. If O[M], £ P and y is an input action,
then 4 is an input at p.

Later, when we relate our encoding to trees of the A-
calculus, the notions of head normal form and (un)solvable
term will be important. Hence some of our operational
correspondence results concern them.

Lemma V.4. Let M be a A-term. If O[[Mﬂp@ P for
some P, then M has a head normal form Ay. z M, for some
(possibly empty) sequence of terms M and variables § with

Thus, if O[M], can perform an output action, then M
is solvable.

Corollary V.5. M is solvable then there are input actions
U1, pbn (n > 0) and an output action p such that
O[M], £ ... £L P, for some P.

By Lemma [V.I] Corollary [V.5] also holds for A. The
converse of Corollary [V.5 will also hold, in all three
concrete encodings that will be studied in the next section.
However we believe the result cannot be derived from the
assumptions on wires in Definition

We conclude by looking, as an example, at the unsolv-
able term Q & Ax.xz)(Ar.zx).

Ezxample V.1. The process O[], is

vpo( po(z,q): #(q0): qo(y1,q1): ('yi(r1). Olx]y, [ g < q1)
| po(z1,p1): (lz1(r1). O[Az .z 2], | p <> P1))

The only action O[], can do is a 7T-action or an input
at p. Whether the input can be performed or not will
depend on the concrete definition of the wire p <+ ¢q. The
possibility of an input action from an unsolvable of order 0
such as (Q is a major difference between our encoding and
encodings in the literature, where the encoding of such
unsolvables are usually purely divergent processes.

VI. CONCRETE WIRES

We now examine concrete instantiations of the abstract
wires in the encoding A (and its optimisation O). In each
case we have to define the wires for location and variable
names. The location wires are the important ones: the
definition of the variable wires will follow from them, with
the goal of guaranteeing their expected properties. We
consider three concrete wires: I-O wires, O-I wires, and
P wires. The main difference among them is in the order



Olely = 7

def _

p)pep

(
O z. M], Lef p(z,q): O[M],
(

OH‘T M --- Mn]]p = pO): On<p0,p7 O[[Ml]] T O[[Mnﬂ>

de

O[[(A-T MO) Ml e Mn]]p :f L% (po(-’)% Q): O[[MO]]Q | On<p0ap7 O[[Mlﬂ U O[[Mﬂﬂ>>

On<p0apa O[[Ml]] e O[[Mn]]> déf ﬁo($17p1)3 te 'ﬁn—l(xnapn):
(1 (r1). O[Mi]y, | -+ [0 (rn). O[Mp]r, | p < Dn)

Fig. 2. Optimised encoding. (The number n must be greater than 0 in the last three cases.)

in which the input and output of the location wires are
performed.

Location and variable wires will be defined by means
of mutual recursion. In contrast with the variable wires,
the location wires are non-replicated processes, reflecting
the linear usage of such names. We recall that the choice
of a certain kind of concrete wires (I-O wires, O-I wires,
or P wires) also affects the definition of the permeable
prefixes (as it refers to the wires), including the permeable
prefixes that may be used within the wires themselves.
We will also show de-sugared definitions of the concrete
wires, i.e., without reference to permeable prefixes. We
add a subscript (I0, 0I, P) to indicate a concrete wire
(as opposed to an abstract one). For readability, in the
definitions of the concrete wires the name parameters
are instantiated (e.g., writing a < b %" P rather than

def

s = (a,0) P).
1-O wires: In the I-O wires, the input of a wire precedes
the output.
_ def _ _ _
P a= ply,p)-d(e,q): (g @ @4 0)

I0 I0
_ def _ _
w4y = lep).yle):p g d

Inlining the abbreviations for permeable prefixes (as they
are, in turn, defined using wires, in this specific case, the
I-O wires), we obtain:

_ def — - _
P a= ply,p) (ve,q) @ q1)- (4 @ | 2 < 7)
1@ |z y)
_ def — - —
v g = lep).ve(@(d) ag dpga

I-O wires, beginning with an input and proceeding with an
output, are similar to the ordinary wires in the literature,
sometimes called forwarders, and used to prove properties
about asynchronous and localised 7-calculi (or encodings
of them) [13], [I4], [16], [15]. An important technical
difference, within location wires, is the appearance of a
permeable prefix, in place of an ordinary prefix, and the
inner wire pp < Q that, in a forwarder, would have
p1 and ¢; swapped. The reason for these differences is
that location wires are used with processes that are not

localised (the recipient of a location name will use it in
input, rather than in output). The difference also shows
up in the semantic properties: forwarders in the literature
are normally used to obtain properties of O-respectfulness
(Section , with the input-end of the wire restricted; in
contrast, I-O wires will be used to obtain properties of I-
respectfulness, with the output-end of the wire restricted.

In the definition above of location wires, the permeable
prefix cannot be replaced by an ordinary prefix: the tran-
sitivity of the wires (property [3|in Definitions would
be lost.

O-1I wires: The symmetry of I enable us to consider
the dual form of (location) wire, with the opposite control
flow, namely ‘from output to input’:

@) p.p): (& T 25 T)

_ def _ _
7= lep).u(e):p T

P a

Remark VI.1 (Duality). If duality is taken to mean the
exchange between input and output prefixes, then the
set of location I-O wires is the dual of the set of O-I
wires. Indeed, the location O-1 wires are obtained from
the corresponding location I-O wires by swapping input
and output particles; variable wires, in contrast are left
unchanged. This means that we obtain an O-I wire from
an I-O wire if any input p(b) is made into an output p(b),
and conversely (moreover, accordingly, the parameters of
the variable wires are swapped).

P wires: In the third form of wire, the sequentiality
in location wires is broken: input and output execute
concurrently. This is achieved by using, in the definition
of location wires, only permeable prefixes.

_ def _ _ _
P& d=plyp): dmq): (m o @z o)
_ def _ _
vy = l2(p).uq):p o q

Without the syntactic sugar of permeable prefixes, the
definition of the location and variable P wires are thus:

_ def _ _
P a= wpaw,y) (p, ). (0 o ly < §) |
4(q1,2") (1 & @1 | 2" < 7) |

P QT4 y)



_ def — _ _
vy = lep)ve@(d) a9 d |po )

The wire p <> g is dual of itself: due to the use of

permeable prefixes, swapping input and output prefixes
has no behavioural affect.

Lemma VI.1. The I-O wires, O-I wires and P wires
satisfy the laws of Definition

Proof. [Sketch] For each kind of wires, the proof is carried
out in two steps. First, we show that the wires are tran-
sitive, using up-to techniques for bisimilarity. Then, the
other laws are proved by algebraic reasoning (including the
use of transitivity of wires). The proofs of transitivity are
the most delicate ones, because of the concurrency allowed
by permeable prefixes, especially in the case of P wires,
and because permeable prefixes are defined in terms of
the wires themselves. For example, unlike for forwarders
in the literature, a wire vq(p <> ¢ | ¢ ¢» 7') can immediately

reduce at the internal name ¢. Moreover, the derivative
p(p1,y): (@1, @) (a1, 22) (T 21 | 21 4 22 | 22 € 0) |
(vs1,82) (p1 4 51 ] s1 4 S2 | s2 ¢ q1))

shows that the reduction has made the chain of wires
longer.

To prove transitivity, we crucially rely on up-to proof
techniques for I7, notably ‘expansion up-to expansion and
context’, and several algebraic laws. Thus we show that
the relation with pairs of the form

(ao < Qnit, (vai,...,an) (ag & a1 |- | an < Eln+1)>

is an expansion up-to expansion and context. It is unclear
how the proof could be carried out without such proof
techniques. O

Remark V1.2. The duality between I-O wires and O-1 wires
also shows up in proofs. For instance, for I-O wires the
proof of law [4] of Definitions [[V.1] does not use the premise
of the law (i.e., the respectfulness of P), whereas the proof
of the dual law [5]does. In the case of O-I wires, the opposite
happens: the proof of law [5| uses the premise, whereas that
of law [ does not.

In the following sections we examine the concrete en-
codings obtained by instantiating the wires of the abstract
encoding A (Figure [1)) with the I-O wires, O-I wires, and
P wires. We denote the resulting (concrete) encodings as
Aio, Aoz, and Ap, respectively. Similarly O1g, Opr, and Op
are the instantiations of the abstract optimised encoding
O. For instance, in Az and Oy an abstract wire a <+ b is
instantiated with the corresponding concrete wire a «» b;
and similarly for O-1 wires and P wires.

Having shown that all the wires satisfy the requirements
of Axiom[[VI] we can use, in the proofs about all concrete
encodings (optimised and not) the results in Sections
and [V] for the abstract encoding and its abstract optimi-
sation.

VII. FuLL ABSTRACTION FOR LTs AND BT's

In this section we consider A;g and Ag;, and prove full
abstraction with respect to the BTs and LTs, respectively.
Before that, we discuss the difference between A;g and
Apz on the encoding of unsolvable terms. In the proofs we
exploit the optimised encodings Oy and Org. Details of
the proofs are given in Appendix [G]

We recall that the differences between BTs and LTs are
due to the treatment of unsolvable terms (cf. Section [I-A]).
BTs equate all the unsolvable terms, whereas LTs distin-
guish unsolvables of different order, such as Q2 and Az. €.
We begin, as an example, with the terms Q and Az. Q. As
we have seen in Example in the abstract optimised
encoding O process O[], is:

vpo (po(x,q): Z(q0): Qo(y1, q1): ('ya(r1). Olalr, | g < @)
| Po(x1,p1): (fz1(r1). O[Az. 2 2], | p <> P1))-

Its instantiation with O-I wires, Og1[2],, cannot do any
input action: as p <> p; becomes the O-1 wire p & P
the input occurrence of the free name p is guarded by p1,
which in turn is bound by the (permeable) prefix at py.
Indeed, the only action that Op:[Q2], can perform is (up-
to expansion) O[], L> O [€]p, which corresponds
to the reduction Q — €. Hence, Op1[2], cannot match

the input action Opz[Az. Q, 222y Og[2],, and the two
processes are distinguished.
In contrast, with I-O wires, processes Org[Az. ], and

O10[Q], are indistinguishable. As before, the former pro-

cess can exhibit an input transition OrgfAz. ], p(2,9)

O10[Q]q- However now Or[f2], has a matching input
transition, because when p < p; is the I-O wire p 3 D1y

the input at p is not guarded. The derivative is

vpo (po(z,q): Onolz 2],
| Po(x1,p1): (fz1(r1). Ono[Az. 2 2],
| p1(@2,p2): (22 <3 Y | ¢ 45 D2)))

= vpo (po(,q): OIO[[x fﬂﬂq
| Po(w1,p1): (!z1(r1). Oo[Az. 2 2],
| p1(w2, p2): (l22(r2). Oroy]r. | 4 45 P2)))

= O[],

(exploiting the definitions of Orwfy],, and z2 4 ¥).
In a similar manner, one then shows that O[], and
O10[Qy]q can match each other’s transitions, and itera-
tively so, on the resulting derivatives.

More generally, only in Ogr a term Ogr [M]), can perform
an input transition if and only if M is, or may reduce to, a
function, say M = Az. M’, and the input action intuitively
corresponds to consuming the outermost ‘Az’. In addition,
only with Opr a process Opr[M], is bisimilar to 0 iff the
term M is an unsolvable of order 0. Therefore, we have:



Lemma VII.1. Let M and N be unsolvables of order m
and n respectively, where 0 < m,n < w. Then Og;[M], ~
OOI[[NHI) iff m =n.

We have discussed above why, in contrast, Org equates
Az. Q) and . Similarly, Og equates all the unsolvable
terms.

Lemma VII.2. For any unsolvable term M, we have
O1o [[Mﬂp ~ O [Qﬂp-

Proof. [Sketch] We show that the relation defined as
{(O1[M]p, O10[N]p) | M, N are unsolvable} is a bisim-
ulation up-to expansion. For this, we use Lemmas [V.2]
and [V-3] and exploit the property that, for any unsolvable

M, it holds that Ogo[M], 22~ O M ], where M x
is unsolvable since M is so. O

Theorem VII.3. [Full abstraction for LT and BT] For
every A-terms M and N, we have:
1) LT(M) = LT(N) if and only if Agr[M] =~ Ag:[N].
2) BT(M) = BT(N) if and only if Ag[M] =~ A[N].

Proof. [Sketch] The proofs exploit [6], which sets condi-
tions for obtaining full abstraction with respect to LTs
and BTs in an encoding of the A-calculus into a pro-
cess calculus. The conditions refer to the behavioural
equivalence of the process calculus and to an auxiliary
behavioural preorder contained in the equivalence. Our
proofs go through each such condition, showing that it is
satisfied. Below we report some of the conditions, tailored
to our setting, where the encodings are Ag; and Ajg,
the calculus is I, behavioural equivalence is =, and the
auxiliary preorder is <. Then, we briefly comment on their
proof. We refer to Appendix [G] for more details. Some
conditions are common to LTs and BTs, and include:

(i) the encoding validates the 8 rule with respect to <;
(ii) the encodings of the terms terms €2, ,731\7, .TM’, and
y M" are pairwise unrelated by =, assuming that x #
y and that tuples M and M’ have different lengths.
The conditions specific to LTs are:

LT-i) Apr[M] =~ Ao[N], for all unsolvables M, N of
order w;

LT-ii) for any M, the term Aoz [Az. M] is unrelated by ~
to Ap:[Q] and to any term of the form Ag;[z M].

The corresponding conditions for BTs are:
BT-i) Ap[M] =~ Ae[Q] for all unsolvable M of order

w?

BT-ii) M solvable implies that the term Arg[Az. M] is
unrelated by = to Ar[€2] and to any term of the
form Azgfz M].

Some of the common conditions can be proved at the ab-
stract level, for A or its optimisation O, and are therefore
valid for both Agr and Aipg: for instance, validity of (-
reduction for < is Theorem and the behavioural

difference among (the encodings of) Q, x M, and y M" is
obtained from the operational correspondence results for
the optimised abstract encoding O.

The conditions (LT{]) and (BT{i) are about unsolvable
terms. We have seen (Lemmas and that Opr
(hence also Ag;) satisfies (LTi) and that Org (hence also
Ato) satisfies (BTi). A delicate condition to check is (BT-
for Apg. For this, once more we exploit the optimised
encoding Oy and reason on the number of consecutive
outputs that the processes can perform. O

Remark VII.1. Neither Arg nor Ap; validates the n-rule
(i.e., the A-theories induced are not extensional); this
follows from Theorem (specifically, conditions (LT-
i) and (BT{ii) mentioned in its proof).

VIII. FULL ABSTRACTION FOR BT, .S

In this section we show that the encoding Ap obtained
by instantiating the wires of the abstract encoding A of
Section with the parallel wires (the P wires) yields
an encoding that is fully abstract with respect to BT, s
(Bohm trees with infinite n-expansion).

We begin by showing that Ap induces an extensional
A-theory. As we know (Section that Ap induces a A-
theory, we remain to check the validity of n-expansion.

Theorem VIII.1. For every M and z ¢ fv(M), we have
AP[[M]]p S Ap[[)\.’l? M.Tﬂp

Proof. The process Ap[Az. M z], is
p(x,q): vr (Ap[M], | 7(2’, ¢"): (l2' (). Ap[2] | ¢ > @)
As 12/ (r"). Ap[z],» = 2" > T, we have:

Ap[Az. M z],
=vr (Ap[M], | p(z,q): 7(z',¢"): (2’ <z | q < 7))
=vr (Ap[M], | p 4 7) 2 Ae[M],

using Lemma m (and identifying processes ‘up-to struc-
ture’). O

The above result relies on the use of permeable prefixes,
both in the encoding of A-abstraction, and within the P
wires.

Corollary VIIL2. Let =, < {(M,N) | A[M] ~

Ap[N]}. Then =, is an extensional A-theory; that is, a
congruence on A-terms that contains § and n-equivalence.

We are now ready to prove that Ap is fully abstract
with respect to BT,s. We focus on completeness: if
BT, oo(M) = BT,o(N) then Ap[M] ~ Ap[N]. Sound-
ness will then be essentially derived from completeness,
as BT, equality is the maximal consistent sensible -
theory (see e.g. [22]). To show completeness, we rely on
the ‘unique solution of equation’ technique, reviewed in

Section [T=B1]



Remark VIII.1 (Unique solutions versus up-to techniques).
Results about encodings of A-calculus into process calculi,
in previous sections of this paper and in the literature,
usually employ up-to techniques for bisimilarity, notably
up-to context and expansion. In the techniques, expansion
is used to manipulate the derivatives of two transitions so
to bring up a common context. Such techniques do not
seem powerful enough for BT, . The reason is that some
of the required transformations would violate expansion
(i.e., they would require to replace a term by a ‘less
efficient’ one), for instance ‘n-expanding’ a term Ap[z],
into Ap[Ay. zy],. A similar problem has been observed in
the case of Milner’s call-by-value encoding [26].

Suppose R is a BT;-bisimulation (Definition [II.2)).
We define a (possibly infinite) system of equations &g,
solutions of which will be obtained from the encodings
of the pairs in R. There is one equation for each pair
(M,N) € R. We describe how each equation is de-
fined, following the clauses of BT, -bisimulation. Take
(M,N) € R and assume y = fv(M, N).

1) If M and N are unsolvable, then, for the right-hand

side of the equation, we pick a non-divergent process
that is bisimilar to the encoding of €2

Xuny =Ko

For instance, we may choose Kq def (p) p(z,q): Kalq).
2) U M =y My xigm.2 M1 Mpgp, and N =
Axy...x;.2 N1+ Ny, then the equation is:

~ def
Xunyp=

p(r1,p1):  Pirm—1(Zigm, Piem) : Z(w, q):

optm | € Prem: Xty Ny (1) -5 Xt N, ()
XMn+17$1,+1 <yn+1>7 s 7XMn+m7zl,+m, <yn+m>

where  g; = fv(M;, N;) for 1 <i <n,

Ui =tv(M;,zi—py) for n+1 <i<n+m.
and where Of is the instantiation with P wires of O"
in Figure [2}

3) For the case symmetric to , where N reduces to a
head normal form with more leading A-abstractions,

the equation is defined similarly to (2)).

In , the use of a divergent-free term K allows us
to meet the condition about divergence of the unique-
solution technique. The right-hand side of intuitively
amounts to having, as a body of the equation, the process

OP[[)“rl <o Lltm- zXMl,Nl e XM'rL+7naajl+m]]'

Lemma VIII.3. For any M unsolvable, we have:
Op[M], = Op[Q], =~ Ka(p).

Lemma VIII.4. Let R be a BT, -bisimulation and £r

be the system of equations defined from R as above. For
each (M,N) € R, we define Fy n def (z,p) Op[M],

and Gu,N o (Z,p) Op[N]p, where T = fv(M, N). Then

{Fu,n}u,nyer and {G v n }ar,nyer are solutions of Ex.

Proof. [Sketch] There are three cases to consider, following
Definition [[21 The case of M and N unsolvables is
handled via Lemma The case of solvable term is
reported in Appendix [H] and exploits validity of the 7-
expansion (Theorem , the results of operational
correspondence for the optimised encoding discussed in
Section [V] and other algebraic reasoning. (]

We also have to show that the system Er of equations
we defined has a unique solution.

Lemma VIIIL.5. The system of equations £ is guarded
and the syntactic solution of £ is divergence-free. There-
fore, £x has a unique solution.

Proof. The system Er is guarded because all the occur-
rences of a variable in the right-hand side of an equation
are underneath a replicated input prefixing. Divergence-
freedom follows from the fact that the use of each name
(bound or free) is strictly polarised in the sense that
a name is either used as an input or as an output.
In a strictly polarised setting, no 7-transitions can be
performed even after some visible actions because in Ir
only fresh names may be exchanged. O

Theorem VIIL.6 (Completeness for BT,.). If
BT, oo (M) = BT, oo (N) then Ap[M] ~ Ap[N].

Proof. Consider a BT, o-bisimulation that equates M and
N. Take the system of equations Ex corresponding to R as
defined above. By Lemma Op[M] and Op[N] are
(components) of the solutions of Er. Since the solution
is unique (Lemma [VIIL)), we derive Op[M] ~ Op[N].
We also have Ap[M] = Ap[N] (equivalence on the non-
optimised encodings) because of Lemma (|

Theorem VIIL7 (Soundness for BT, ). If A[M] =~
Ap[N] then BT, oo (M) = BT, (N).

Proof. Let =, be the equivalence induced by Ap and Ir
bisimilarity. The equivalence =, is a sensible A-theory
by Corollary [[V4] and Lemma [VIIL.3] This theory is
consistent: for example we have Ap[z], % Ap[Q],. By
completeness (Theorem, it contains BT, equality.
Then it must be equal to BT, equality because the latter
is the maximal consistent sensible A-theory [22]. O

IX. CONCLUDING REMARKS

In the paper we have presented a refinement of Milner’s
original encoding of functions as processes that is paramet-
ric on certain abstract components called wires. Whenever
wires satisfy a few algebraic properties, the encoding
yields a A-theory. We have studied instantiations of the
abstract wires with three kinds of concrete wires, that
differ on the direction and/or sequentiality of the control
flow produced. We have shown that such instantiations
allow us to obtain full abstraction results for LTs, BTs,
and BT, s, (and hence for A-models such as P,,, free lazy
Plotkin-Scott-Engeler models, D). In the case of BT,



this implies that the encoding validates the n-rule, i.e., it
yields an extensional A-theory.

Following Milner’s seminal paper [I], the topic of func-
tions as processes has produced a rich bibliography. Below
we comment on the works that seem closest to ours. We
have mentioned in the Introduction related work con-
cerning LTs and BTs. We are unaware of results about
validity of the 7-rule, let alone BT, in encodings of
functions as processes. The only exception is [27], where a
type system for the m-calculus is introduced so to derive
full abstraction for an encoding of PCF (which implies
that n-expansion for PCF is valid). However, in [27],
types are used to constrain process behaviours, so to
remain with processes that represent ‘sequential functional
computations’. Accordingly, the behavioural equivalence
for processes is a typed contextual equivalence in which
the legal contexts must respect the typing discipline and
are therefore ‘sequential’. In contrast, in our work 7 is vali-
dated under ordinary (unconstrained) process equivalence
in which, for instance, equalities are preserved by arbitrary
process contexts. (We still admit polyadic communications
and hence a sorting system, for readability — we believe
that the same results hold in a monadic setting.)

In the paper we have considered the theory of the
pure untyped A-calculus. Hence, our encodings model the
call-by-name reduction strategy. A study of the theory
induced by process encodings of the call-by-value strategy
is [26].

Our definitions and proofs about encodings of permeable
prefixes using wires follows, and is inspired by, encodings of
forms of permeable prefixes in asynchronous and localised
variants of the w-calculus using forwarders, e.g. [16], [28].
As commented in the main text, the technicalities are how-
ever different, both because our processes not localised,
and because we employ distinct kinds of wires.

We have worked with bisimilarity, as it is the standard
behavioural equivalence in I7; moreover, we could then use
some powerful proof techniques for it (up-to techniques,
unique solution of equations). The results presented also
hold for other behavioural equivalences (e.g., may testing),
since processes encoding functions are confluent. It would
be interesting to extend our work to preorders, i.e., looking
at preorder relations for A-trees and A-models.

In our work, we derived our abstract encoding from
Milner’s original encoding of functions. It is unclear how
to transport the same methodology to other variants of
Milner’s encoding in the literature, in particular those that
closely mimics the CPS translations [29], [30].

We have derived A-tree equalities, in parametric man-
ner, by different instantiations of the abstract wires.
Van Bakel et al. [3I] use an intersection type system,
parametric with respect to the subtyping relations, to
(almost) uniformly characterise A-tree equalities (the trees
considered are those in our paper together with Bohm
trees up-to finite n-expansion and Beraducci trees).

We would like to investigate the possible relationship

between our work and game semantics. In particular, we
are interested in the ‘HO/N style’ as it is known to be
related to process representations (e.g., [32], [33], [34],
[35]). HO/N game semantics for the three trees considered
in this paper have been proposed [36], [37], [38]. The
technical differences with our work are substantial. For
instance, the game semantics are not given in a parametric
manner; and the D, equality is obtained via Nakajima
trees rather than BT,.. Nakajima trees are a different
‘infinite n-expansion’ of Béhm trees, in the sense that
AT.y M is expanded to A\Tzpz1....y M zgzi---; that is,
trees may be infinitely branching. In processes, this would
mean, for instance, having input prefixes that receive
infinitely-many names at the same time. We would like to
understand whether the three kinds of wires we considered
are meaningful in game semantics. The game semantic
counterpart of process wires are the copycat strategies,
and they intuitively correspond to I-O wires, in that they
begin with an O-move (i.e., an input action). This does
not change even in concurrent game semantics [39], [40].
We are not aware of game models that use strategies
corresponding to the O-1 wires or the P wires studied in
our paper.

Similarly, we would like to investigate relationships with
call-by-name translations of the A-calculus into (pure)
proof-nets [4I]. We think that our encoding could be
factorised into the translation from A-calculus into proof-
nets and a variant of Abramsky translation [I8], [I9]. In
this way, a P wire for location names would correspond
to an infinitely n-expanded form of the axiom link for the
type o according to its recursive equation o = (!o)l- X o.
Infinite n-expansions of the identity axioms have also been
considered in Girard’s ludics [42], where they are called
faxes. Faxes are different from P wires because faxes satisfy
an alternation condition akin to the locality of w-calculi.

Processes like wires (often called links) appear in
session-typed process calculi focusing on the Curry-
Howard isomorphism, as primitive process constructs used
to represent the identity axiom [43]. Some of our assump-
tions for wires, cf. the substitution-like behaviour when
an end-point of the wire is restricted, are then given as
explicit rules of the operational semantics of such links.

We have studied the properties of the concrete wires
used in the paper on processes encoding functions. We
would like to establish more general properties, on ar-
bitrary processes, possibly subject to constraints on the
usage of the names of the wires. We would also like to see
if other kinds of wires are possible, and which properties
they yield.
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APPENDIX A
LIST OF NOTATIONS

The following tables summarise the notations (for en-
codings, equivalence etc.) used in this paper. Some of the
notations are only used in Appendix.

Encodings
A Abstract encoding Figure
A1 A instantiated with I-O wires Section
Aor A instantiated with O-1 wires Section
Ap A instantiated with P wires Section
@ (Abstract) Optimised encoding Figure2]
O™  ‘Optimised encoding of arguments’ Figure [2]
O1o O instantiated with I-O wires Section
Ooz O instantiated with O-1 wires Section |V1]]
Op O instantiated with P wires Section
M Milner’s encoding Section [[V-A|
& Metavariable for encodings —
Wires

a<++b (Abstract) Wire Definition
a<b I-O wire Section

10
b a O-I wire Section w

ot
a<b P wire Section

P

Equivalence and Preorders

Definition
Definition |B.2)]
Definition 77

Definition |B.1
Section |B.J]

Weak bisimilarity for I
Strong bisimilarity for Ir
Expansion relation for Ir
Structural congruence for I
a-equivalence

A2 &

Q

A-trees
LT Lévy-Longo tree Definition
BT Bohm tree Definition |[1.1|
BTy,  Bohm tree up-to infinite n-expansion Section |B.1]

Reduction of A-calculus

— B-reduction Section
—sn strong call-by-name reduction  Section |[I-A]
— 1 head reduction Section [[I-A|

APPENDIX B
SUPPLEMENTARY MATERIALS FOR BACKGROUND

This section provides additional background material
for Section[[Tl These include the labelled transition system
of Im, (full) definition of <, and the details of the proof
techniques.

1. Bohm trees up-to Infinite n-expansion

We present the Bohm trees up-to infinite n-expansion
because, in the main-part of the paper, we only introduced
the equality over BT, os.

Informally, BT,o (M), is defined coinductively by

1) BT, oo(M) = L if M is unsolvable, and

2) it M =y Az1...2p.y My -+ My, then
a) BTnoo(M) = BTUOO()\xl e l’n_l.yMl s Mn—l)a
if , ¢ fviyMy---My_1) and BT,o(M,) =
BT, o0 (2,); and otherwise

b) BTnoo(M): /\1‘112ny

N

BT, (My) - BT, (M)

The similarity between the definition of BT, and BT -
bisimilarity should be clear. A BT, -bisimulation is a
relation that relates the children of the trees of BT (M)
and BT, (N) according to the above definition of the
tree.

Ezample B.1. Recall J z, the ‘infinite n-expansion of 2’
that we used in Example [[T.2] The BT and BT, of J 2
are
Az1. 2
\
)\22. Z1

BT(Jz) = !

BT, (] 2) = 2.
)\23.22 " ( z) :

For each term M used in Example [I.I] we have
BT, . (M) = BT(M).

2. LTS

In Figure [3] we report the standard labelled transition
system (LTS) of Ir. In the LTS, transitions are of the form
P 25 P’ where the set of actions is given by

pi=a(b) [a(b) |

and bound names of u are fresh, i.e., they do not appear
free in P. The meanings of the actions are as usual: a(b)
and a(b) are bound input and outputs, respectively, and
7 is the internal action. The co-action p of p used in the
rule com is defined by a(b) o a(b) and a(b) e a(b). Since
we are using the Barendregt convention, in par, we have
an implicit side condition bn(u) Nfn(Q) = 0. We use = for
‘syntactic identity modulo a-conversion’, and thus (¥) Q =
() P in the premise of rule com merely means that the two
agents are equal up-to a-conversion.

When reasoning behaviours of agents it is useful to
assume that all the expressions are normalised. An appli-
cation redex ((Z)P)(a) can be normalised as P{%zr}. An
agent is mormalised if all such application redexes have
been contracted. Thus, in the paper, we identify an agent
with its normalised expression.

3. Relations on processes
Here we state the definition of structural congruence and
strong bisimilarity.

Definition B.1 (Structural congruence). The structural
congruence = is the smallest congruence relation over
processes that includes the a-equivalence and the following
equivalence:

P|o=P P|Q=Q|P
vrvy P=vyvz P
vz (P|Q)=vzP|Q

(PlQ)IR=P[(Q|R)
(= #y)

(z ¢ v(Q)).

We also write =, for a-equivalence, and will use this

notation when we want to clarify that the processes are
equal only modulo the renaming of bound variables.



P p

pre: ————— par:
w. P p P|Q-%P|Q
W, PP wgnw o PSP Qe pAn E=ba
’ v P vx P . P|Q;>V5(PI‘Q')
P pr P p K< @ Q HQ=@@P
rep: n con: — n
. P L5 P\ P K(z) L5 P

Fig. 3. The standard LTS for Ir.

As usual, the strong bisimilarity is a bisimilarity, in
which the matching transitions are strong transitions.

Definition B.2 (Strong bisimilarity). A symmetric rela-
tion R on Im-processes is a strong bisimulation, if whenever
PRQ and P 25 P’ then Q %5 @’ for some Q' with
P'RQ.

Processes P and Q) are strongly bisimilar, written P ~
Q, if PR Q for some strong bisimulation R.

We summarise the inclusion order between the process
relations that we use:

C~ESGR.
In I, all the relations above are (pre)congruences.

4. Details of the proof techniques

Laws for private replications:

Lemma B.1. Suppose = only occurs free in P, Q and R
only in output subject position. Then we have

1) ve (@ | R | 2(p).P) ~ va (Q | la(p). P) | va (R |
lz(p). P);

2) v (7.Q | la(p). P) ~ m.vz (Q | la(p). P), if 7 is a
non-replicated prefix, subject of 7 is not 2 and bn(7w)N
fn(lz(p). P) = 0;

3) va (ly(q)-Q | z(p). P) ~ly(q). vz (Q | lz(p). P);

1) va (Q | e(p). P) ~ Q. if = ¢ fn(Q);

5) v (7(p). Q| \o(p). P) 2 vz (@] P | la(p). P).

We often call the law the ‘garbage collection law’.

Up-to techniques: Our main up-to technique will be up-
to context and expansion [44], which admits the use of
contexts and of behavioural equivalences such as expansion
to achieve the closure of a relation in the bisimulation
game.

Definition B.3 (Bisimulation up-to context and <). A
symmetric relation R on Ir-processes is a bisimulation up-
to context and up-to < if P R Q and P - P" imply that
there are a (possibly multi-hole) context C' and processes P’

and Q' such that P" 2 C[P'], Q 25> C[Q'] and P' R Q'
Here P' R Q' means P} R Q) for each component.
A special instance of this technique is the up-to expan-

ston technique where the common context C is taken as
the empty-context.

Theorem B.2. If R is a bisimulation up-to context and
expansion then R C =.

We refer the readers to [44] for the proof. We also use
the technique of expansion up-to context and <, which is
defined analogously to Definition as a proof technique
to prove expansion results (the main difference is that one
now requires P’ < C[P']).

APPENDIX C
SOME PROPERTIES OF PERMEABLE PREFIXES

We introduce some algebraic laws for permeable prefixes
since they allow us to avoid desugaring while proving
the properties of the encodings. Lemma expresses
a property of a restricted interaction consuming perme-
able prefixes. Lemma [C.2] shows two structural laws for
permeable prefixes, one concerning restriction, the other
concerning parallel composition; in what follows we will
use these structural rules without explicitly mentioning
Lemma

Lemma C.1.

1) vp (p(z,q): P | p(z,q): Q) 2 P | Q if either P is I-
respectful with ¢ <> ¢’ and O-respectful with 2’ +» &
or P is O-respectful with ¢ <+ ¢’ and I-respectful with
' < T.

2) va (lz(p). P | 5(p): Q | B) 2 ve (w(p). P| P | Q | R)
if p ¢ fn(R), x does not appear in an input subject
position of P,Q, R and either P is I-respectful with
p < p' or Q is O-respectful with p’ < p.

Lemma C.2.
1) f a # b and a ¢ ¢ then va b(¢): P = b(¢): va P and
vab(c): P=b(c):vaP _
2) If bNfn(Q) = 0 then Q | a(b): P =a(b): (Q| P) and
Qla): P=a(d): (Q]P).

Most of the wire properties of Definition are not
used to prove the above lemmas, which simply follow from
the syntactic definition of the permeable prefixes. The only
exception is the transitivity of wires, used in the proofs of
Lemma

APPENDIX D
PRrROOFS OF SECTION [[V]

We present the proofs for the properties of the abstract
encoding .4 that have been omitted. The main goal of this



section is to prove that A validates [-reduction (Theo-
rem [[V.3). To simplify the notation, we often write [—]
for A[—] in the proofs.

Lemma IV.1.

1) vq(p < q| AM]q) 2 A[M],
2) va(z <y | AlM]p) 2 A[M Yz},
Proof. We prove [I] and [2] simultaneously by induction on

the structure of M.
Case M = x: We begin with the case of location names.

vp ([z]p | g p)

=vp(T(p):p=p g D)

=z(p):vp(p <P | g+ p)

Zr(p):qep (@] of Definition
= [[xﬂq

Next we show that vz ([M], | = < y) = [M{Y=}],
holds when M is a variable. First, we consider the case
where M = z # x. Since x > ¥ is of the form lz(p). P
by 8] of Definition it follows that vz (z < y) ~ 0,
and this concludes this case. If M = z, then

va ([x]p | z <> y)
=va(@(p):pep |z e y)

— N, —/ ..
Zy@):perp (7| of Definition [IV.1)
= [ul»

The premise of [7] of Definition [V is satisfied because of
the transitivity of wires (3| of Definition [[V.1)).

Case M = A\x. N: We first show that [[l holds. This is a
direct consequence of [4] of Definition

vp ([Az.N], | ¢ < D)
=vp (p(x,r): HNHT | qﬁﬁ)

Z a(z,r): [N],
of Definition together with the i.h.)

= [Az. N],

The proof for 2] is a direct consequence of the induction
hypothesis, i.e.

vy ([\z. N],p |y < 2) = vy (p(z,q): [N]q |y < 2)

=p(z,q): vy ([N]y |y < 2)
2 o(z,q): ([IN{#y}],)  (ih)
= [z M){#y},

Here we assumed that x, y and z are pairwise distinct; the
general case can be proved using a-conversion.

Case M = N L: The case for location names follows
from the transitivity of wires. Observe that

vp (F(z,p'): (lz(r'). [L] | p < D) | ¢ <> D)
= (vp,z,p )72, p"). (' < 2| p < p)
[ a(r’). [L] [ p 4 P | q < D)
2 (vz,p" )72, p"). (2" < 2 [ p' < p)
[ lz(r'). [L]w [ ¢ <2 P)
(3| of Definition
=7(x,p): (lz(r’). [L] | ¢ < D)

Using this, we get

vp (INL], [ p ¢ q)

=vr ([N], |vp (7(z,p"): (2(’). [L] | p < D) | ¢ < D))
Zvr ([N], | 7(z,p): (ta(’). [L] | g < P))

[N L],

The proof for x < y follows from the replication the-
orem and the induction hypothesis. First, observe that
x <+ gy must be of the form !z(p). P because of [§ of
Definition We, therefore, can apply the replication
theorem to x < y. Hence, we have

lz(p).ve ([L], | <> 1)
(replication theorem)

2 2(p). [LAY=}p (i-h.)

The claim follows by applying this expansion relation,
the replication theorem for parallel composition and the
induction hypothesis:

va (12(p)- [L]p [z < g) ~

ve ([NL], |z <+ y)
= (v, r) (Nl | 7(z,0): (12(r"). [L] | p < D) [ @ < 9)
~vr(ve ([N].|z+9)
| 7(z,0): (v (2(). [L] |z < §) [ p < D))
(replication theorem)

Zvr (IN{Ya}]r | 7(z,p): (2(). [L{Y ] [ p > D))
(i.h. and the above expansion relation)

= [Nz} L{Y/z}]p
= [(NV D) {¥=}p-
O

Lemma D.1. If =z ¢ fv(M), then va (Afz], |

lz(q). A[M]q) 2 A[M],

Proof.
vz ([=], | '2(q). [M],)
=vz(z(p):p e p | lx(g). [M],)

Zvp' (p e p | [N]y)
(reduction, i.e. Lemma and garbage collection on x)

2 [M]p. (Lemma [IV.1)
O



Lemma IV.2. If z ¢ fv(IV), then
ve (AIM], | '2(q)- A[NTy) 2 AIM{N/z}],

Proof. By induction on the structure of M using the repli-
cation theorem. The base case is Lemma[D.1} if z ¢ fv(M),
then we just need to apply the garbage collection law. The
case M = A\x. M’ is a straightforward consequence of the
induction hypothesis. It is the case where M = M; M,
that needs the replication theorem. If M = M; My, we
have

va ([My Ma], | 'z(q)- [NT,)
= (vz,q) ([Milq | a(y.p'): (y(r). [Me], [ p < P)
|'z(q). [N]q)
~vq (ve ([Mi]g [ '2(q). [N]g) |
a(y,p"): (v (y(r). [Ma], | '2(q). [N]g) [ p < D))
(replication theorem for parallel composition)
~vq (vr ([Mi]g ['z(q). [N]g) |
q(y,p"): (Wy(r). va ([Ma]r | '2(q). [N]g) | p < 1))
(replication theorem for replicated input)

2 vq ([Mi{N/e}]g [ aly.p'): (ty(r). [MaAN/z}] [ p <(% }zj’)))

= [(M: M) {N/z}],
(]
Theorem IV.3. If M — N, then A[M], 2 A[N],.

Proof. 1t suffices to show that [(Az. M) N, = [M{N/x}],
because the other cases follow from the precongruence of
2. We have

[(Az. M) N],
=vq (q(z,7): [M], [ a(y,p'): (y(r")- [N]w | p < D))
(¢ is fresh)
2 (vy.p") (IM{Y} ]y | (). [ND | p <> 2)
(Lemma and
R vy ([M{Yfa}p [ ty(r)- [NT) (Lemma
> M, (Lemma

as desired. O

APPENDIX E
PROOFS FOR SECTION [V]

We present the proofs of properties of the abstract
optimised encoding O.

1. Proofs for the basic properties of O

This section first proves the properties of O that are
analogous to those for the unoptimised encoding A. Then,
using these properties, we prove that O is indeed an
optimisation of A.

Lemma and say that
O0"™(po,p, O[Mi] - - - O[M,,]) are respectful.

O[M], and

Lemma E.1.
1) vg(p < q| O[M]q) 2 O[M],.

2) vz (z <y | O[M]p) 2 O[M{Y/z}],.
Proof. Similar to Lemma O

Lemma E.2. For n > 1, we have

vpo (po <> q | On<p0>p7 O[[Ml]]v B O[[Mnﬂ>)
> O™(q,p, O[Mi],...,O[M,]).

Proof. By induction on n. First observe that

vy (z <y |ly(p). O[M],) 2 '2(p). O[M], — (2)

under the assumption that y ¢ fv(M). This is derived
from [6] of Definition together with Lemma [E]

The base case is the case where n = 1. In this case, we
need to show

vpo (po < q | po(z1,p1): (\z1(r1). O[Mi]s, | p < P1))
2 q(x1,p1): (lza(r). O[Mi]y, | p <> p1).
Using and the transitivity of wires, we derive the
expansion by applying [5] of Definition [V.1]
Now we consider the case n > 1. We apply [ of

Definition[[V.1] The premise of this law is satisfied because
of and the induction hypothesis. O

We now prove that the optimised encoding validates -
reduction.

Lemma E.3. Let m,n > 0. Then

vq (0™ (p,q,O[M], ..., O[Mn])
| On<qar7 OﬂNlﬂv ) OHNH]D)
> 0"t pr, O[Mi],...,0[M,], O[N], ...,O[N,]).

Proof. Follows from Lemma O

Lemma E.4. Suppose that = ¢ fv(N). Then

vr (O[M], | 'z(q). O[N],) 2 OIM{N/z}],

Proof. By induction on the structure of M. The proof is
similar to that of the unoptimised case (Lemma [[V.2).
Indeed the proof for the base case, namely the case
M = z, is exactly the same as that of Lemma [D.]] since
O[z], = A[z],- The inductive case follows from the
induction hypothesis and the replication theorems. (]

Lemma E.5. If n > 1, then

vq (O[Mo]q | O™ (g, p, O[Mi], ..., O[My,]))
2 O[Mo My --- M,],-
Proof. Case My = z: This case follows from Lemma
More precisely, we have
vq (Oz]q | 0" (g, p, O[Mi], ..., O[My,]))
=vq(Z(¢):q< 7 | 0" {q,p,O[Mi],...,O[M,]))
=2(qd):vq (g« q | O"(q.p,O[M]. ..., O[M,]))
2 2(d): 0™, p,O[M],...,O[M,]). (Lemma



Case My = Ax. M: By definition,

vq (O[Az. M]q [ O™(q,p, O[M], ..., O[M.]))
= Of(Az. M) My --- My,

Case My = © Ny --- N, with m > 1: In this case, we
have

vq (O[Mo], | O™ (q,p, O[Mi], ..., O[M,]))
=vq (Z(q0): O™ (q0,q, O[N1], ..., O[Np])
| O™(q,p, [M1], ..., [M]))
= Z(qo): vq (0"(q0, ¢, O[N], ..., O[Nn])
| O™(q, p, O[M],...,O[M,]))

Z "E(qO): Om+n<QOvp70[[Nl]]v . wO[[Nm]]v [[Mlﬂv RN HMn]D

(Lemma [E.3)
= Oz Ny - Ny My --- M,],

Case My = (Az. Ng) Ny - - - Ny, with m > 1: Similar to
the previous case. (I

Lemma E.6. If M — N, then O[M], 2 O[N],.

Proof. It suffices to consider the case where M =
(Ax. My) M ... M,,, where n > 1, because the other cases
follow from the precongruence of <. We only consider the
case where n > 2 because the case n = 1 can be proved
as in the case for the unoptimised encoding. By definition,
O[M], is

vpo (po(@,q): O[Molq | O™ (po, p, O[Mi] - -- O[My]))
By interaction on py (Lemma , we have
O[M],
R (v, q) (O[Mo]q | tx(ry). O[Mi]r,
| 0" g, p, O[My] - - - O[My])).

Note that the assumption of Lemma is satisfied by
Lemma [E]l The claim follows because

(va Q) (OHMO]]Q ‘ !(E(’I"l). O[[Ml]]ﬁ
| 0" Hg,p, O[Ms] - -- O[M,]))
2 vq (O[Mo{M/x}], | O" g, p, O[Mo] - -- O[M,.]))
(Lemma [E-4))

2 O[Mo{ M/} My - - - M, ], (Lemma [E.5)

O
Finally, we prove that O is indeed an optimisation.

Lemma V.1. A[M], 2 O[M],.

Proof. By induction on the structure of M. The cases
of variables and abstraction are straightforward. Consider

now M =y Ny --- N,. We use induction on n. For the base
case, i.e. M =y N7 we have:

Aly Nl

=vq (Alylq | 4(a,p'): (z(r). AIM], [ p < §'))

=vq (Y(d): ¢+ ¢ [ 4z, p): (x(r). A[N1]. | p < D))
tvg (g | q(z,p'): (lz(r). A[N1]. [ p < B))

tvq (¢ o @ [ gz, p): (2(r). O[N] | p < 7))

(ih.)

Vv

y(¢'): @ (z,p"): (2(r). O[N], | p < D)

(Lemma [E.2))
=a Y(po): po(x,p1): (lz(r). O[N], | p <> p1)
= O[[?JNl]]p

The inductive case for n can be proved similarly using the
induction hypothesis and Lemma

The case of M = (Ax. N) Ny --- N, is also handled in
the same manner. |

2. Properties about transitions

Now we prove the properties about the transitions
O[M], can do. The first thing we prove is the operational
correspondence for 7-transitions.

Lemma V.2. If O[M], = P then there exists N such
that M —g, N and P 2 O[N],.

Proof. By induction on the structure of M. The case where
M = x M, where M is a possibly empty sequence of terms,
is trivial since O[M]), cannot make any T-action. The case
for M = A\x. My is also straightforward: it follows from the
induction hypothesis.

We now consider the remaining case where
M = (Ax.My)M;---M, and n > 1. Recall that
O[[()\IE Mo) M1 ce Mn]]p is

vpo (po(x, q): O[Mo],
| 50($17p1)5 o 'ﬁn—l(xnapn):
(1 (r1). O[Mi]yy | -+ [ 120 (r1). O[My]r, | p < Pn))

There are two cases to consider: (1) the case where the
T-action originates from the 7-action on O[My], and (2)
the case where the T-action is caused by the interaction
at pg. The former case can be easily proved by using
the induction hypothesis. The latter case is the most
important case. Since O[My], is I-respectful with respect
to ¢ < ¢ and O-respectful with respect to x < 7’
(Lemma , we can use the communication law for the
permeable prefixes on pg. Therefore, we have

vpo (po(z,q): O[Mo],
| ﬁO(Ilapl): o ’ﬁn—l(xnapn):
(1 (r1). O[Mi]yy | -+ [ 120 (r1). O[My]r, | p < Dn))



2 (war, p1) (O[Mo{*v/x}]q | 11 (r1). O[Mi]p,
| pr(z2,p2)  Pr—1(Tns pn):
(lz2(r2). O[Ma]p, | -
[ 125, (r1). O[My]r, | p <> D))
(Lemma |C.1)
Z vp1 (O[Mo{M/z}],,
| ﬁ1($2’p2)5 o 'ﬁn—l(xnvpn):
(l2(r2). O[Ma]y, | -+ [ 1n(r1). O[M,],, [ p &
(Lemma [E.4)
If n > 2, we can apply Lemma and obtain P 2
O[Mo{Mi/x} My --- M,],. If n = 1, the subprocess of
the form pi(xq,p2) @ -+

is simply p < p;. Hence, by
Lemma [EI] we have
Ol(A\z. Mo) Mi],, 2 vpr (O[Mo{Mijz}],, | p <> P1)
2 O[Mo{M/x}],,
as desired. 0

The next thing we prove is the property about input
actions.

Lemma V.3. If O[M], £ P and p is an input action,
then p is an input at p.

Proof. By induction on M with a case analysis on the
shape of M.

Case M = z: In this case, O[M], = z(p/) : p <> p'.
Since the only free name that appears in an input oc-
currence is p (because of [I] of Definition [[V.1), the only
possible input action O[M], can do is an input on p. (Note
that whether the process can do an input on p will depend
on the concrete instantiation of p < q.)

Case M = Az. My: Since O[M], = p(z, q): O[My], if
O[M], £ P and p is an input action, then this action
must either be an input on p or an input that originates
from O[My],. In the latter case, y must be an input on ¢
by the induction hypothesis. Since ¢ is bound by p(z,q): ,
this action cannot induce an input action of O[M],.

Case M = x M --- M,,: In this case, O[M], is

a_j(p()) : ﬁO(zlapl): o 'ﬁn—l(xnvpn):
(!ml(rl)-ouMlﬂn | | !xn(rn)-oﬂMn]]rn |p Hﬁn)

Since the only free name that may appear in an input
occurrence which is not guarded by a (non-permeable)
prefixing is p, the only possible input action O[M], can
do is an input on p.

Case M = (\x.My)M;---M,: By combining the
argument we made in the previous two cases. O

We now consider the relationship between output ac-

tions and head normal forms. As an auxiliary definition,
we introduce a special form of a context.

Definition E.1. H-contexts are contexts defined by the
following grammar:

H:=[]|(MN.H)M,---M, (n>0)

Lemma E.7. Let M % H{xz M], where M is a possibly
empty sequence of terms, and assume that = € fv(M).
Then M ==y, A\y.x N for some possibly empty sequences
of variables y and terms N.

Lemma E.8. Let M be a Aterm and suppose that
O[M], £ P for an output action p. Then the action
p must be of the form Z(p) for a fresh p and a variable
r € fv(M), and there exists a H-context H such that

pn)) [t M] = M for some possibly empty sequence M =

Mi,...M,.

Proof. By induction on M with a case analysis on the
shape of M.

Case M = z: In this case, O[M], = z(p'): p « D,
and the only output action O[M], can do is Z(p') (cf.
of Definition [[V.1)). We can take the empty context [-] for
H and the empty sequence for M.

Case M = MAz.Mp: Since we have O[M], =

p(z,q): O[Mo],, it O[M], ¥, P then this action must
originate from O[My], and we must have = # y. Hence,
by the induction hypothesis, there is a H-context H' and
a sequence of terms M such that My = H'[yM] with
y € fv(Mp). We can take H as \z. H', and since y # =z
we also have y € fv(M).
Case M =xM;---M,

E

: In this case, O[M], is

Z(po): Po(x1,p1): - Pn—1(Tn, Pn):
(1 (r1). O[Mi]r, | -+ [ '2n(rn). O[My]y, | p <> Dn)-

Obviously, the only output O[M]), can do is Z(po). Hence,
the claim holds by taking H =[] and M = M,..., M,.

Case M = (Az. My) My - - - M,,: Recall that O[M], is
vpo (po(w,q): O[Mo], |
| Po(x1,p1): Prn—-1(Tpn,Dn):

(1 (r1). O[Mi]y, | -+ [ 20 (r1). O[Mi]r, | p <> Pn))

If O[M], does an output action, then this action must
originate from O[M,], and the subject of the action must
be different from z. Assume that O[My], £+ P’ for an
output action p whose subject is not z. By the induction
hypothesis, ;1 = g(r) and there is a H-context H’ and

a sequence of terms M’ such that My = H'[y M'] with
y € fv(Mp). We can take H = (Ax. H') My --- M,. Since
M = H[y M’] and y € fv(M) the claim follows. O

Lemma V.4. Let M be a A-term. If O[M], — 9 p for

some P, then M has a head normal form Ay. x M, for some
(possibly empty) sequence of terms M and variables y with

Proof. By Lemma and Lemma O

Lemma E.9. Let M be an unsolvable term. Then there
does not exist an output action u such that O[M], & P

for some P.



Proof. Since M is an unsolvable term, by Lemma |V_;ifl7
O[M], cannot do an output action. Hence, if O[M], =
P, where p is an output action, we must have
O[[M]]p(Q)HP £, P’ for n > 1. Assume that such an
n exist. Then, by repeatedly applying Lemma we get
P > O[M'], for some term M’ such that M —" M’
Note that M’ is also an unsolvable term. However, this is

a contradiction since P £ P’ for an output action u, but
O[M'], £ by Lemma O

APPENDIX F
SUPPLEMENTARY MATERIALS FOR SECTION [V

In this section, we prove that the three concrete wires
we introduced satisfy the properties of Definition As
explained in the main text, we first show that the wires are
transitive, and then the other laws are proved by algebraic
reasoning exploiting the transitivity of wires.

1. Proofs for tramsitivity

We prove that I-O wires, O-1 wires and P wires are all
transitive. (The transitivity of each type of wires is given as
an individual lemma.) The reasoning is similar in all three
cases; we use bisimulation up-to context and expansion.
The proofs for the I-O wires and O-1 wires are essentially
the same because of the ‘duality’, whereas the proof for
the P wires is more delicate.

Before giving the proof, we introduce a notation for
chains of wires, which will be used in the proofs. Let

chaingy(p, q) = p 43

I0

: def . _
chainfy ™ (p,q) = vr (chainfo(p,7) | 7 ¢ @)
chainl,) 2 3 7
chainly™ (z,y) L (chaingg(z, 2) | 2 43 ¥)

where r ¢ {p,q} and z ¢ {z,y}. Chains of O-I wires
and P wires, denoted by chaing;(a,b) and chaing (a,b),
respectively, are defined in similar manners. (Only for the
chaing; (p, ¢), we assume that p is an output name and ¢ is
an input name so that the ‘direction of the chain’ becomes
from output to input.)

Lemma F.1. The wires p <a and x <y are transitive.
That is, we have l/q(p%}(j| q<ﬁ>77) Zpﬁf&nd vy (z 71
ylyg 2 zegz

Proof. We strengthen the statement and prove the tran-

sitivity for chains of wires of any length. The relations we
consider for the proof are

def _ .n
1 {(po 3 P chainy(po, pa) | 0 > 2}

def

Re = {(gco 43 Tn, chaingp(zo, ) [0 > 2}.

We show that R1URs is an expansion up-to < and context

(cf. Section [B.4)).

We first consider the case for location names. Suppose
po 43 Pm Ra chainTy(po, pm) for some m > 2. We only
consider the case where the process on the right-hand side
makes the challenge; the opposite direction can be proved
similarly. There is only one possible actions the process
can do, namely an input at pg.

First we prove the following auxiliary statement by

induction on n.

For any n > 2, if chainfy(po,p.) 2% P,

chainfy ™ (qo, ¢n))
The base case is n = 2. Recall that pg <D and pq £ Po

1(1'»,“.'170) |

are of the form
po(w0, q0)- (V@' ¢4 ) Pr(@1, @1)- (1 ¢ 71 | @1 4 @)
|21 43 %0 | q0 3 @)
and

pl(xlaql)' (VIIQ,(]Q )(ITQ(‘I%QQ)' (IQ ﬁ le ‘ qé %) (jQ)
|25 < 71 | @1 g B))-

Hence the derivative of the transition M is

(v, q1,p1)

Pz, @) (11 21 [ g @) 121 g Tl e g d

| pr(@1, @1). (W), 43 ) (P2(22, 2)- (22 43 25 | 42 43 @2)
|25 ¢ Tl a1 g @)

> (vah, x1, 75,45, q1,¢5) (interaction at p;)

(1:’2%)%1 |m1<ﬁ>i'1 |x'1<ﬁ>:ﬁo

g dlagalagd

| P2(22,42)- (22 3 T5 | 45 3 @)

= (v, ¢3) (chaingy(2, zo) | chaingy(qo, ¢3)

| P22, a2)- (02 5 T | 6 &3 3))
= Pa(29, ¢, ): (chaindy (w2, 20) | chaindy(qo, g2))

as desired. The inductive case can be proved similarly.

Hence if chain;'éz(po7%9m) Polwo,40), E, we have P 2
D (T, @)+ (chainiy"™ " (2, o) | chainiy’™ " (qo, gm)). For
the matching transition, we pick

_ (z0,q0)  _ _
Po <I_0>pm M>pm(xerm): (xm < o | qo 2 qm)

We can take C' % P Ty am) = ([] | [[]) as the common

context and conclude this case because g¢q < qm R1
chain?y ' (qo, gm) and 2, < To Ra chain?" !z, x0).
The case for the variable name is proved similarly.
Suppose zg <3 @ Re chaingg(zo, ) for some m > 2.
The only action the two processes can do is the input at
Zg. As in the case for location names, we can show that



For any n > 2, if chainT,(zo, zn) zolpo), P, then

P > chain?(zo, Zn) | Zn(pn): chain2e =Y (po, p,)
by induction on n. We omit the proof as it is similar
to the case for location names; instead of the expansion
relation for interactions among linear names, the proof
uses replication theorems (the laws , and of

Lemma . So if chainfs(xo, Tm,) zolpo), P, we can take

_ zo(po)

To 43 Tm — To & Tm | Tm(Pm) 1 Po 4G Pm as

the matching transition. We have P 2> chainiy(zo, Zm) |
Tyn(Pm) @ chainig ™ (po, pm); Zo < Tm Ro chainfg(wo,);
and po <3 Pm R1 chain?"~*(po, pm ). We can apply the up-

to context technique with the context being [-] | Zp, (pm):
[[] to conclude the case. O

Now we prove the transitivity for the O-1 wires. Since
the proof is almost identical to that of the IOwires, we
omit the details and only present the key points.
Lemma F.2. The wires ¢ obp and © £ ¥ are transitive.
That is, we have vq (g > |7 42 9) 2 r 43 P and vy (z 43
Tlygz 2oz
Proof. As in the case of the I-O wires, we consider the
following relations.

def __ .n
R = {(pn $2 Do, chaingy (po, pn)) | n > 2}

def _ .
Re = {(xo 47 Tn, chaingg (zo, 2n)) | n > 2} .
We show that R1URs is an expansion up-to < and context.
Observe that chaing;(po, pn) and chaing;(zg,x,) can
only do an output at pg and input at zq, respectively. We
can show that, for any n > 2,

1) if chaing;(po, pn) Polzo.00), P, then P 2>
Pr(Tn, qn): (chainZ?(zo, z,) | chain2? (g, q0))
2) if  chainf;(zg, 2n) 2oo), P, then P 2>

chainl; (xo, ) | Zn(pn): chaing? ™ (p,,po)
by induction on n.
The rest of the proof follows that of Lemma O

Lemma F.3. The P wires p =] and z < y are transitive,
that is, uq(p(;uﬂq@F)Zp@fandl/y(x@g|y<;>
Z) 2Tz

P
Proof. For the proof, we strengthen the statement and

prove transitivity for chains of wires of arbitrary length
n. Let

def _ .n
Rl = {(po ? mehalnP (p07pn)) ’ n Z 2}
Ro def {(mo < in,chaing(xg,xn)> ’ n > 2}

We show that R1URs is an expansion up-to < and context

(cf. Section [B.4)).

Before considering how processes in the relation can
match each other’s transition, we present some useful

observations that will be used throughout the proof. Recall
that p; < Dit1 is of the form

(ij',q;',:z‘i_+1,qi__~_1)
wi(wi, @) (& < Zi | ai 4 @)
| Dir1(@ig1s Gig1)- (Tigr S Tig1 | g1 < Jit1)

EASR~ N < Qi)

Therefore, given (vp1,...,pn—1) (Po < D1 | -+ | pn <

Dn—1), reducing the process by executing all the interaction
at p; gives us a process of the form

(vad, oy, x1,2) 0T, T, T, )
(Va9 a1 >0 01 s+ Q1 15 Gy 15 0 )
(po(o, qo)- (g < To | qo < %)

| B @0)- (n 4 7 | 7 5 Gn)

s oGl calaca! -

[ R RIS A VAR

| 2, ¢ AN A < Tn-1 | Tno1 G T g |
|z & |21 77 |27 < 7F)

Up to structural congruence, the above process can also
be written as

(vag, @, )(vay 4, )

(Po(20, q0)- (75 4 To | @0 & @)

| D@0y Gn)- (20 < Ty [ € 45 Gn)

| chaind™ (g, ;1) | chaind™*?

= po(20,90): Prt1(Tnt1, Gnt1):
(Chaingniz(‘rna ‘TO) | Chain§n72(QO7 Qn))

(33;+1’ ré))

Since the reductions we made are all interactions of lin-
early used names, for any n > 2, we have

chaing (po, pn)
Z pO(:COv QO) : ﬁn(l'na Qn) :

(chaing™~*(xy, o) | chaing”~*(qo, 4n))

Now we prove that Ry U Ro is an expansion up-to
expansion and context. We first consider the case where
po 4> Pn Ri chaing(po, pn). We only consider the case
where the process on the right-hand side makes the chal-
lenge; the opposite direction can be proved similarly. There
are three possible actions that the process on the left-
hand side can make: (1) 7-action, (2) input at py and
(3) output at p,4+1. We start by proving the first case.
If (Vplv"'apnfl )(pO <;> D1 | | Pn—-1 ? ﬁn) ; P, then
the action must have been caused by an interaction at p;



for some ¢ such that 1 <7 < n — 1. Since we can execute
the interaction at the remaining p;, we have
P Z pO(xOu qO) : ﬁn+1(xn7 qn) :
(chaing" ™ (2, 7o) | chaing" "> (g0, ¢n)).

For the matching transition we take the O-step transition,
i.e. the identity relation. Since

Do <;> ﬁn

= pO(an QO): ﬁn(xnv Qn): (xn ? Zg | dn ? %);

Tn < To Ro chain?"”(mn, Zo);

o < @n Ra chaing" *(qo, n)
we conclude this case using the up-to expansion and
context technique. Similarly, if

) po(z0,90) P

)

chaing (po, pn

then we can show that
Pz (vag,qq (g < o | a0 4 4o

| Dr Xy @) (chaing”_2 (X, xar)

| chaing™(qg, qn)))-
We can match this transition with

_ po(z0,90)
Po & Pn —

(vag .5 )(xg < o | o 4 Gy |

Pn(Tny qn): (Tn g 7_53— | qa— g In))-
Once again, since
Ty < To Ra;
0 4 Gn Ra chaing™ >(qo, gn)
we can appeal to the up-to expansion and context tech-
nique to finish this case.
The remaining case (the case where process makes an

output at p,) can be proved by the same reasoning.
Now we prove the case for variable names. Suppose that

Zo (;> Ty Ro chaing (xo, In)

There is only one possible action that the process on the
right-hand side can make: an input at xzo. This case is
essentially the same as the that of the other wires. That
is, if

chaing (zg, ,,) o), p

then we can show that

P > chain? (29, ) | Zn(pn): chain2™ ! (po, pn)
by ‘executing the interactions at x;’. This can be matched

by the transition zg < Tn M Ty & Tn | Zn(pn) :
Po 4 Pns and we can conclude by using the up-to context

technique. O

2. Proofs for laws other than transitivity

We now show the remaining properties holds for all the
three concrete wires. Again, the reasoning is similar in all
the three cases, but not identical.

Lemma F.4. The I-O wires p <a and x <V satisfy the
laws of Definition [Vl

Proof. Requirements and [§ hold by definition. Tran-
sitivity of the wires has already been proved (Lemma.
Hence, we only check the remaining laws.

We start by checking laws [ and [f] The law [4 holds
because

vq(p <z dlalz,r): P)
= (vg,z,7) (p(a”, 7). g, ') (2" <3 &7 | 7" 3 1)

lq(a’,r). (w3 @ |1 3 7) | P)

~ (va,r) (p(a” ") v (g2, r): (o ¢ 27 | r" 4 )
z

La(a',r)-(w g & |7 7)) | P)

> (v r) (&) (vl ") (o' 3 & |23 7
|7 <7 | 7)) | P)
I0 I0
(Lemma |C.1)
2 wa,r) (p(a”,r"). (x g 2" | 1" & 7) | P)
(transitivity of wires)
=p(z,r): P
Note that the assumption of Lemma (interaction of

permeable prefixes) is fulfilled by the transitivity of wires.
Next we consider law

vp (p g | plx,r): P)
= (vp,w,r) (p(a',r"). q(a” ") (2" o @' [ ¢ 77)
| p(a’,r"). (2" g @ | r g 7") | P)
2 wa,r 2’ ') (q(a",r"): (2" o 7 |1 7)
|2/ <z |r< 7 |P)
I0 I0
(Lemma |C.1)
n -~ =/

> (V.r,'l", m/’r/’m//7r//) (a(m///’,r_/l/)' (1: (ﬁ I// | ,,,_/l (3 I )

|2 <7 |2 <7
I0 I0
v <7 | rei | P)
I0 I0
(def. of g(z",r"):)

Z (V.'I:,T', z//7r//) (q(x///7,’q///). (:I:”, (3 ,f” | r// <ﬁ> F///)

| 2" <z |r< 7| P)
I0 10
(transitivity of wires)

> (Vxll’,r//) (Q((EW,TH/).( " %) i'// | 71// (ﬁ) 7;///)

| P{" 1))
(assumption on P)
= (va,r) (q(2',r). (" g T [r g ™) | P)



=q(x,r): P
We conclude by checking laws [6] and [7] We have

vy (z <y |lyp). P)
=vy (lz(p).y(p): v’
~z(p"). vy (y(p): v’

pl'y(p). P)
ply(p). P)
(replication theorem)
la(p').vp (p 3 ' | P)
(Lemma and garbage collection on y)
2z (p'). Ppp’ }
= lz(p). P

<—>
10
<—>
10

Vv

(assumption on P)

and

v (z <yl z(p): P)
)

= (va,p) (lz(p').g(0"): 0 3 B 1Z(0).p 3 P | P)
2 wp, ) (y@"): ' " Ipgp | P)

(interaction at x and garbage collection on)
Z (wp,p',p") @) 0" 0" 10 P Ipgp | P)
(def. of gy(p"):)
|lpsp”|P)

=~

=~

Z (wp,p") @) p" v
(transitivity of wires)

zvp” (") p" <" | P {r"/p}) (assumption on P)

=avp@@).pg 0| P)

=y(p): P.

O

The proof for the O-I wires is ‘symmetric’ to that of the
1-O wires.

Lemma F.5. The O-I wires p $a and x e satisfy the
laws of Definition [V.1l

Proof. We already proved transitivity in Lemma The
requirement [I| and [§] immediately follow from the defini-
tion.

The law M holds because

v (p s alalz,r): P)
va(p 43 @l (va,r)(a(@',r"). (43 2" |1/ 43 7) | P))
)

= (vq,z,r) (@', r"). p(z”,r

\%
—
S
8
8
3
3
S~—"
)
=
—
&\
ﬁ
v
—~
8
8
b
\\/

|x<—>?|r’<—>ﬂP)
01 01

(communication on a linear name)

> (v, 2" e’ r'")

(p(z

") (@ " e )

(transitivity of wires)
2 (V.’EH, T”) (p(xll/’ ’l"///). (xll E) W | ,r///

| P{" 1))

5 7")

(assumption on P)
=o (va,r) (p(a',r"). (x ¢ 2’ |1 £ 7) | P)
=p(z,r): P

The proof of law [f] is similar to that of @] but does not
use the respectfulness of P :

vp (p 43 | p(x,r): P)

= (wp,z,r )(@(@",r").pla’ ") (2" 4 2 | v
!/

| B’ 1) (
~ (va,r)(@@"r").vp (p(a',r

rreorlror)| P
| | ) |
01 01

(Lemma |C.1)
2 (wa,r )@@, r"). (a" ¢ T [r 4 17) | P)
(transitivity of wires)
=q(z,r): P

The proofs for laws [6] and [7] are the same as those for
I-O wires. Law [6] holds because:

vy (z <7 | y(p).
= vy (lz(p). y(p):

P)
P &b ly(p). P)
~lz(p"). vy (G(p): P

2| ly(p). P)
(replication theorem)
2lx(p).vp (' 57| P)
(Lemma and garbage collection)
>z (p'). P{Pfp}.

Finally, law [7] holds because:

(assumption on P)

Vx(x<—>y|ac(p) P)
= (va,p)(lz(p). y(»'

2 (wp ) GW"):p 0" |psp 0 | P)
(reduction and garbage collection on )

Nip' o " | T().p 0 | P)



2 wp,p' ") @) " " 1 g [ pg P | P)
(def. of y(p"):)
vp,p") @(p")-p" 5 07 | p 43 p7 | P) (transitivity)

(assumption on P)

O

We conclude the section by checking that also P wires
satisfy the desired properties.

Lemma F.6. The P wires ¢ <D and x <y satisfy the
laws of Definition [V.1l

Proof. Transitivity has already been proved in
Lemma [F-3] and the requirements on free names
and the shape of z <> 3 follow from the definition. So we
only check the remaining laws.

We now show the law [4] Although the definition of p < dq

is more complex than that for the other wires, the proof
is similar; we can remove the wires using transitivity and
the assumption on P.

vq(p < dlalz,r): P)
= (vz,y,q,7,5)

(p(a',r"). (x £ 2" | 1" < T)

1y, s)- (v © uls<s)

(transitivity of wires)
= (va” y' 1", 8 ) (p(a' ). (2" o 7 | o
Y
ly < 2" [r" < &
| e r)(@ oy | s 47| P)
2 (v, 2" rr" ) (p(a' ") (2" < 2" [ o 77)
|z < 3" |r" < 7| P)
P P
(transitivity of wires)
Z (V.’EH,TN )(p(.’I,'/7T/>. (LL'// ? ZE/ | 7"/ <;> ’FH) | P{x//ar”/x77“}>

(assumption on P)

= (va,r)(pa’,r"). (z © z

=p(z,r): P

"o ) P)

The proof for law [f] is the dual of the previous case.
Now we check law [B] The reasoning is identical to the
case for I-O wires and O-I wires.
vy (z <y |ly(p). P)
=vy (lz(p"). 4(p): 0" ¢ P y(p). P)
~la(p).vy (g(p): ' < p | ly(p). P)
(replication theorem)
2la().vp (0 < | P)
(Lemma and garbage collection)
2 la(p). PVjp}
=ao l2(p)- P

The last thing to check is law [7] Again, the reasoning is
identical to the case for I-O wires and O-I wires.

(assumption on P)

v (z 4y | z(p): P)

=vz (lz(p).y(0):p < ¢ lvp (T().p < P | P))

2 wp,p'e)y(d)aod v < alpe | P)
(interaction at x and garbage collection)

2 wp,a)@d)asd |pgalP)

2vq(y(d).a< d | P{9p})

=avp @) p 0 | P)

=y(p): P

(transitivity)

(assumption on P)

APPENDIX G
SUPPLEMENTARY MATERIALS FOR SECTION [VIII

We present the proofs of full abstraction for the LT
and BT equalities. As mentioned, our proof is carried out
by checking the conditions introduced by Sangiorgi and
Xu [6]. We first review these conditions in Section
Then, in Section [G.2] we show how Ay and Ag; treat un-
solvable terms in different manners. Using the conditions
and the results concerning the unsolvable terms, we prove
the full abstraction results in Section

1. General conditions by Sangiorgi € Xu

Here we present a simplified version of the conditions
given in [6], tailored to our needs, where the calculus is
Im, and the relations to be considered are bisimilarity and
the expansion relation for Ir.

We begin with reviewing some needed terminology.
An abstraction context of an encoding £ is the context
obtained by encoding the A-calculus context Az.[:], that
is, E[Az.[]] (assuming that A-calculus holes are mapped
onto identical process holes); similarly, a variable context
of £ is the encoding of the A-calculus n-hole context



x[]1 - []n. A context is guarded if each hole appears
underneath some proper (i.e., non-permeable) prefix. A
n-hole context C' has an inverse with respect to < if, for
every i € {1,...,n}, there exists a m-context D; such that
D;[C[A]] Z a(b).b(z). Ai(z) for fresh names a,b,z such

that b € b.

Theorem G.1 ([6]). Let £ be an encoding of the A-
calculus into Im. Suppose that the encoding satisfies the
following conditions.

1) The variable contexts of £ are guarded;

2) The abstraction and variable contexts of £ have an
inverse with respect to <, provided that the every ab-
straction F' that fills the holes of the context satisfies
F = E[M] for some A-term M;

3) £ and < validate the S rule;
4) If M is an unsolvable of order 0 then E[M] =~ E[Q];

5) The terms E[Q], [z M], [z M'], and E[y M"] are
pairwise unrelated by =, assuming that z # y and
that tuples M and M’ have different lengths.

Then we have:
(i) if
a) M, N unsolvable of order w implies that E[M]
E[N] and
b) for any M the term E[A\z. M] is unrelated by ~
to £[Q] and to any term of the form E[x M],
then £ and = are fully abstract for LT equality;
(ii) if
a) M solvable implies that the term E[Az.M] is
unrelated by ~ to £[Q] and to any term of the
form £z M], and
b) E[M] =~ £[Q] whenever M is unsolvable of order
w7

Q

then £ and = are fully abstract for BT equality.

Remark G.1. The condition [2) is weaker than the original
condition used in [6] (i.e., the new condition does not
imply the old one). The original condition did not have
the assumption that ‘abstractions that fills the hole must
be encodings of A-terms’. However, this does not cause a
problem because, in [6], whenever this condition about the
inverse context is used, the holes are indeed filled with
encodings of A-terms.

2. Proofs for the properties of encoding of unsolvable terms

We show that Ag; differentiates (the encoding of) un-
solvable terms of different orders, whereas Ay equates
all the unsolvables. In the proofs, we make use of the
optimised encodings Opr and Org. It is worth recalling
that if M is an unsolvable term, then the only visible
action that O[M], can do is an input at p because of
Lemmas and

Results for Agr: For Agr, our goal is to show that two
unsolvables are equated if and only if they have the same
order.

Lemma G.2. Let M be an unsolvable term of order 0.
Then the only action Ogr[M], can do is a T-action.

Proof. If M is unsolvable of order 0 then it must be of
the form (Az. My) M, with M non-empty. Therefore, by
definition of Opz, if M is unsolvable of order 0, Ogr[M],
cannot do an input at p. This implies that the only
transition Opr[M], can do is a T-transition. O

Lemma (.3. Let M be an unsolvable term of order n,

where 0 < n < w. Then Og:[M], can do a weak input

transition at p. Moreover, if Og1[M], 29, P, then there

exists N such that P 2 Og:[N],; and N is an unsolvable
of order n — 1.

Proof. By definition of the order of unsolvables, we have
M =y Az. M’ for some M’ whose order is n — 1. By
validity of S-reduction (Lemma [E.6)), we have Opr[M], =
ODI [[/\l‘ M/ﬂp.

First, we show that M can do a weak input transition

at p. Since Ogr[Azx. M'], —= LS ——= Op1[M'] 4, we must have

p(z,q)

a matching transition Opr[M], === P for some P.

We remain to show that for every Og:[M], 29, p
there is a suitable N with P 2 Op[N],. Assume that

Oot[M]p(2)"Q 222 P, Then we have Ogz[Az. M], (%
)"Q’ such that @ 2 Q'. By Lemma we have Q' >
Opr[Az. M"], for a A-term Az. M"” such that Az. M’ =
Ax. M". Since M’ is unsolvable of order n — 1, so is M".
We also have P 2 O[M"],, because Q 2 Opr[Az. M"],

and Opr[Ax. M"], M Oo:[M"], is the only input
transition that Opr[Az. M"], can do. O

Lemma G.4. Let M be an unsolvable of order w. Then
Oo1[M]p Can do a weak input transition at p. Moreover,

if Oor [[M]]p (z.2) === P, then there exists N such that P 2

Op1[N], and N is an unsolvable of order w.

Proof. Similar to[G.3] Note that if an unsolvable term M
of order w reduces to Ax. M’ then M’ must also be an
unsolvable of order w. O

Lemma G.5. If M and N are unsolvable terms of order
0, then ODI [[Mﬂp ~ OOIIIN]]p'

Proof. We show that the relation R defined as
U{(ODI [M]p, Oz[N]p) | M, N unsolvables of order 0}

p

is a Dbisimulation up-to expansion. Suppose that
Our[M]p, R Ooi[N]p. If Opr[M], makes a transition
Oo1[M]p £ P, then 4 = 7 by Lemma m Hence,
we have P 2 O[M’], with M — M’ by Lemma
Since a term obtained by reducing an unsolvable term of
order 0 must also be an unsolvable of order 0, we have
P 2 Opr[M'], R Op1[N]p. In other words, we can take
Oou1[N]p = Oo1[N], as the matching transition. O



Lemma VII.1. Let M and N be unsolvables of order m
and n respectively, where 0 < m,n < w. Then Og;[M], ~
OOI[[NH]) iff m =n.

Proof. We first show that unsolvables of the same order
are equated. We show that the relation R defined as

U {(ODI[[M]]p,OUI[[N]]p)

M, N are unsolvables}
P

of the same order

is a bisimulation up-to expansion.

Suppose that Opr[M], R Ogr[N],. The order 0 case is
exactly what we proved in Lemma so let us assume
that M and N are unsolvable terms whose order is n #
0 (where n may be w). Suppose that Op[M], makes a
transition Ogr[M], £+ P. If 4 = 7, then we can reason
as we did in Lemma [G.5] The only other possibility is
the case where p = p(zx,q) with x,q being fresh. Then,
by Lemmas and there exists M’ such that P 2
Opr[M'], and M’ is an unsolvable of order n — 1 if n is
a natural number, or else w. By Lemmas [G.3 and [G.4] we

have Og:[N], 29, Q 2 On1[N'], for some unsolvable

term whose order coincides with that of M’. Since M’ and
N’ are unsolvables of the same order, we have Og;[M'], R
Oo:[N'], as desired.

To see that unsolvable terms M and N with different
orders are distinguished, we just need to count the number
of consecutive inputs that O [M], and O[N], can do. By
Lemmas and it follows that Og:[M], can do
n consecutive weak input transitions if the order of M is n;
if n = w, the number of consecutive inputs that Opr[M],
can do is unbounded. (]

Results for Org: Now we prove that all the unsolvable
terms are equated to ) in the encoding O1g.

Lemma G.6. We have

<y =12(p). Aw[ylp = 2(p). Oro[[ylp-

Proof. Follows from the definition. |

Lemma G.7.

1) If M is an unsolvable of order 0 then Org[M], can do

an input at p. Moreover, if O[M], ——= LSION P, then
P z OIO [M x]]q.
2) If M is an unsolvable term then Oro[M], can do

an input at p. Moreover, if Oro[M], M) P then

there exists an unsolvable term M’ such that P >
Orp[M'],.

Proof. To prove first observe that M, an unsolvable
term of order 0, must be of the form (Ax. My) My --- M,

for n > 0. Hence, we have

Or[M],

=vpo (po(x,7): Or[Mo], | Po(z1,p1): - Pn—1(Tn, Pn):
(lzi(r ) OIU[[MI]]N | | !xn(rn)~OIDﬂMn]]rn

| p 43 Dn))

p(z,q)

——==vpo (po(z,7): Oro[Mo]
| Po(z1,p1) ++ Pre1(Tn, Pn) t P (T 1, Poy1):
(lz1(r1). O[Mi]lry |-+ | Yen(rn). Ore[Mp],
| Tnt1 43 | 4 43 Pnv))

= vpo (po(x,7): O[Mo]-
| Po(Z1,p1): ** Prn—1(Tn; Pn) : Pru(Tnt1, Pry1):
((z1(r1). Owo[Mi]y, |-+ [ N2n(rn). Oro[ M),
| 11 (Tnt1)- OIO[[JU]]MH | q < Pr+1))

(Lemma |G.6))
= 010[[()\33 MO) M] s Mn .’I]Hp

as desired.

We prove by a case analysis on the order of M. If
M is an unsolvable of order 0, the claim follows from
because M x is also an unsolvable of order 0.

Now assume that M is an unsolvable of order n > 0
(n may be w). The fact that Or[M], can do an input
at p follows by the definition of Og. We remain to prove
the latter claim. Observe that we have M :>h Ax. M,
and M’ must be an unsolvable. By Lemma [E.6] we have

OwlM], = Owlrz. M],. Thus, if O[M], e

—— P, we
have a matching transition Org[Az. M'], LSION @ such
that P 2 @. By definition of O1g and of permeable inputs,
and by Lemma we have Q 2, Or[M'],. Hence, P 2
O1[M'], as desired. O

Lemma VIIL.2. For any unsolvable term M, we have

O1[M], = O1o[Q] -
Proof. We show that the relation R defined as

U {(O1[M]p, O10[N]p) | M and N are unsolvables}
P

is a bisimulation up-to expansion.

Suppose that Or[M], R O1[N]p. We consider the
case where Org[M], makes the challenge; we omit the
opposite case as it is symmetrical. By Lemma[E.9)and [V.3]
the only actions P can do is either a 7-action or an input
at p.

If Op[M], = P then we can take O[N],
O[N], as the matching transition because we have
P > Op[M'], R O[N], for some unsolvable term M’
such that M — M’ by Lemma

Assume that Or[M], —’q)> P. Then, thanks to [2| of
Lemma. (G.7], there exists an unsolvable term M’ such that
P > Or[M']y. Similarly, by [2[ of Lemma we have



O1o [[N]]p (z.2) —=2 O[N], for some an unsolvable term
N'. The claim follows because Op[M']y R Oro[N'],. O

3. Main proof for the full abstractions

We prove a lemma about the inverse context before our
main proofs. The existence of the inverse context can be
proved at the abstract level (i.e., for O and A), and hence,
it does not need to be proved independently for Ag; and

AIU.

Lemma G.8. The abstraction and variable contexts of
O have inverse with respect to <, under the assumption
that the every abstraction F that fills the context satisfies
F = O[M] for some A-term M.

Proof. Abstraction context: For our encoding, the ab-
straction context is defined by

C E (p) (wa,q) 0@’ ). (d |z 2) | [1a).

We define the inverse context by

D € a(b,).b(r).vp ([1p) | B, q). (' 7 |7 5 7).
Then
DIC[F]]
=a(b,z).b(r).vp ((ve,q) (p(a',¢'). (¢ < q |z < T')
| F() | B’ d)- (' 2 |1 5 7))
=, a(b,x) ) (d < qlzoT)

-b(r).vp (vz,q) (p(a’
)

(F(a){#=}) | p(a',q). (2" > 2 | r > @)
(z fresh)

Za(b,x).b(r). (vz,2',q,4) (g ¢ | 2
| (F{@){#x} | 2" 2 |1 <> q)
(communication on p)
2 (b, x).b(r). (vz,q" )(r < ¢ | z & T | (F(¢'){#})
(transitivity of wires)
2 a(b,x).b(r). F(r) (Lemma and F = O[M])
as desired.

Variable context: For a variable context obtained by
translating x [-]1 - - - [-], the inverse context D for the i-th
hole can be defined by

a(a’,b).b(r). (va,p ) ([1(p)

| x(pO)-pO(-Tl,Zh). ..

Now let us consider the process D[C[F]]. Since the com-
munication on p; is a communication on linear names, we
can safely execute theses communications. (Note that since
permeable input prefixes are encoded using wires, there

S ) “have Ogt [z M]]p Z(po) Fo(zl,pj)v o
D1 (s pn) (27 T[T()- 7 7)) for some P. However, Ogz[z M'], cannot do an input at p

will be unguarded wires after the reductions) With this in
mind, we get

DIC[F]]
> a(z’',b).b(r). (v, x1,. .., Tn, T, X, Dr)
(le1(r1). Fr(ra) | -+ | \en(rn). Folra) |

Xy T ||, o Ty |
perpu | x| a(r)r & F)
> a(z’,b).b(r). (vz,x),..., 20, pn)
(2 (ry). Filra) [ -+ | 1, (r). Fo(rn) |
pe bl |2 r o F)
(6] of Definition and F; = O[M;])
~a(z',b).b(r). (va, o) ) (1a)(r;). Fi(ri) | ' <> T
| 20)r o0 7)
(garbage collection)
Za(z',b).b(r). (wvz,r" ) (F(r') |2/ <z |r+<7)
(communication on z} and garbage collection)
Z a(@,b). b(r). (Fy(r){*'/x}
(Lemma and F; = O[M;])
=, a(xz,b).b(r). F;(r)

O

Although we have already given the sketch of the proof
for the full abstraction in the body of the paper, we present
the proof with more details and explicit reference to the
lemmas that have been used.

Theorem G.9 (Full abstraction for LT). For every A-
terms M and N, LT(M) = LT(N) if and only if Apr [M] =~
Ao [N].

Proof. We check the conditions given in Theorem[G.1} The
variable contexts of Og; is clearly guarded, the condition
about the inverse context is Lemma [G.8] the validity of
£ is Lemma and we have proved that unsolvable
terms of order 0 are equated (Lemma |G.5] B Now we check
that Ogr[€, Oor[z M], Oprz M'] and Our[y M"] are
pairwise unrelated under the assumption that x # y and
M and M’ have different lengths. Since Og; [€], cannot
do an output action (Lemmam this process is different
from the rest of the processes. It is also obvious that
Olly M”]]p is different from Op[x M]] and Ogr[x M’]] We
are left with checking that Opr[z M] and Ogrz M'] are
not bisimilar. Let m % |M | and n . |M |, and without
loss of generality, assume that m < n. Then Ogt [z M|, can

do an input at p after m + 2 outputs. More concretely, we
D (Tn+1,Pn+1)  P(Y,q) P

after m + 2 outputs, and thus these two processes are not
bisimilar.

Now we look at the conditions in of Theorem
The condition holds because we have proved that
unsolvable terms of order w are equated (Lemma |[VIL1)). It



remains to show the condition (ib). Clearly, Oro[Az. M],
is not bisimilar to O[], or to the encoding of any term
of the form « M because Org[Az. M], can do an input at
p, but the others cannot. (I

Theorem G.10 (Full abstraction for BT). For every
Aterms M and N, BT(M) = BT(N) if and only if
AIU[[M]] ~ AIU[[NH

Proof. Conditions 1-5 of Theorem are checked simi-
larly as in the proof of the previous theorem. One differ-
ence is that for the encoding Org we use Lemma [VIL.2] to
say that unsolvable terms of order 0 are equated. Another
(minor) difference is how to show that z M and x N are
different when the length of M, say m, and the length of NV,
say n, are different. Without loss of generality suppose that
m < n. Then Oz M], can only do m + 1 consecutive
outputs:

z(po) Po(w1,p1) Prn(Trnt1,Pnt1)

OID[[»”U Mﬂp
2 12(r1). On[Mi]r, | ---

[ 12(rn). Oro[Ma]r, | P 3 Pn
(3)
because p £ Pn cannot make an output action. On the

other hand, Org[z N], can do n + 1 consecutive outputs.

Now we look at the conditions in of Theorem
Condition holds because we proved that all the
unsolvable terms are equated (Lemma . So we are
left with checking condition . Let M be a solvable
term. We need to check that Az. M is unrelated to {2 and
any term of the form w N. Since M is solvable, we have
Ax. M = A\z. \y. z M, where y and M are possibly empty.
Since the encoding is valid with respect to S-reduction
(Lemma [E.6]), it suffices to show that the encoding of
Az. A\y.zM is not bisimilar with the encoding of {2 and
w N. The process Org[Ax. Ay. ZM]]p can do an output on z
after doing some inputs that correspond to the leading As.
However, O[], cannot do an output action even after
some T or input actions . Hence, the encoding of Az. M and
2 are not bisimilar. Finally, we show that the encodings
of \z. \y. 2 M and w N are not related by ~. First, note
that 2 needs to be a free variable and equal to w, oth-
erwise Org[Az. Ay. 2 M], is not bisimilar with Oro[w N],.
Second, N and M must have the same length. Otherwise
we can show that the two processes are not bisimilar by
investigating the number of outputs that the two process
can do as we did in ; the fact that we have a leading A
in Az. \y. w M does not change the argument, as w must
be a free variable and Az is encoded as a permeable input.
So, we need to show that Org[Azy. w M]]p and Oggw NJ,,
are not equated when M and N have the same length.

Observe that Orp[Azy. wM]]p @) O1o ﬂ)\g.wJT/[/]]q. The
only matching transition Orow NJ, can do is

Orolw N]]p p(,q)

= w(po): O™ (po,q, O1a[N1], - .., O10[Ny], Oro[x])

= OID[[’LU M .’L']]q

where N = N1,...,N,. Here we used Lemma Once
again, we look at the number of consecutive outputs these
process can do. The process Oro[\y. wM]]q can don + 1
outputs whereas Ogow M ], can do n + 2 outputs. We
therefore conclude that Az. Ay.z M can never be equated
to a term of the form w N. ]

APPENDIX H
PROOFS FOR SECTION [VII]|

We present the proofs that were omitted from Sec-
tion [VITIl There are only two proofs that were sketched
or omitted: (i) the proof that Op equates the encodings
of unsolvable terms, and (ii) the proof that the equations
built from a BT,o-bisimulation have the desired solution.

The fact that Op equates unsolvables can be proved as
in the case for Oyg.

Lemma H.1. We have

lz(p). Apy], = '2(p). Op[yllp-

@\
||

Proof. Follows from the definition. O

Lemma VIIIL.3. For any M unsolvable, we have:
Or[M], ~ O [, ~ Kalp).

Proof. The reasoning is similar to that in Lemma
(whose proof is given in Section |G.2)). O

Now we prove the key lemma for the full abstraction
with respect to BT, equality. The following lemma says
that £r, the system of equations built from a BT,.-
bisimulation R, has two solutions corresponding to the
first and the second projection of R. (See Section for
the definition of £xr.)

Lemma VIIL.4. Let R be a BT, -bisimulation and &z
be the system of equations defined from R as above. For

each (M,N) € R, we define Fyn L (z,p) Op[M],
and G, N &f (Z,p) Op[N]p, where T = fv(M, N). Then
{Fu,n Yo, nyer and {Gar N}, N)er are solutions of .
Proof. Take (M, N) € R. There are three cases to consider
following Definition

If M and N are unsolvables then we have
Fyn = (Y,p) Op[Qp = Gu N

by Lemma [VIIT.3]



If the second clause of Definition holds, then we
have

Fynyp
= OP[[MHP
2 Op[Az1 ... @igm. y My Mgy (Lemma [E.6)

= p(xlapl) Lo 'pl+m—1(ml+mapl+m) : @(w, Q) :
Og+m<Q7pl+m7 OP[[MI]]a ) OP[[Mn+m]]>
=p(x1,p1):  Prrm—1(Tipm, Piym): Y(w, q):

O}?+m<q7pl+m7 FMl;Nl <?71>, R FMn+77L7wl+m <§Tl+m>>
(by def. of FM,N)

=p(x1,p1):  Pirm—1(Tipm, Pigm): Y(w, q):
OI?er <Q7pl+m7 XM1,N1 <§1>7 s 7XMn+m,a:z+m <§n+m>>
{FM17N1 /XM17N17 BERE) FMn,+qul+m,/XMn+m’Il+wL}

as desired. The proof for Gy n is similar, but we need
validity of n-expansion (Theorem [VIIL1)). In detail, we
have

GuNYDP
= OP[[NHP
2 Op[Azy ... 2.y N1+ NyJp (Lemma [E.6)

=p(xy,p1): - -pe(@np): y(w, q):
Op(q,p1, Op[N1], . .., Op[N,])
~p(ri,p1): o1, p):
P11, i41) 0 Pram— 1 (Tim, Pram) t Y(w, )
O3 ™ (¢, prym, Op[N1], - . ., O [Nu], Opiga], - - -, Opliml])
(Theorem@
=p(x1,p1):  Prem—1(Tipm, Pram) s Y(w, q):

O}:H_m <Q7pl+m7 GM1,N1 <g1>a ceey GMn+m,$L+m <gn+m>>
(by def. of GM,N)

= (p(xlapl): o 'pl-‘rm—l(zl-‘rmapl-‘rM): g(wa q) :
O;L+m<Q7pl+ﬂ’L7 XM17N1 <271>a ce aXMnerJfler <gn+m>>)
{GMth /XMl,NN AR GMner,$l+m/XMn+m7évz+m}'

The case where the third clause of Definition holds
can be proved similarly. O
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