Concurrent Pattern Calculus

Thomas Given-Wilson!  Daniele Gorla?  Barry Jay®
INICTA, Sydney, Australia
2 Dip. di Informatica, “Sapienza” Universita di Roma
3 Centre for Quantum Computation and Intelligent Systems &

School of Software, University of Technology, Sydney

June 26, 2013

Abstract

Concurrent pattern calculus (CPC) drives interaction between pro-
cesses by comparing data structures, just as sequential pattern calculus
drives computation. By generalising from pattern matching to pattern
unification, interaction becomes symmetrical, with information flowing
in both directions. CPC provides a natural language to express trade
where information exchange is pivotal to interaction. The unification al-
lows some patterns to be more discriminating than others; hence, the
behavioural theory must take this aspect into account, leading to a bisim-
ulation subject to compatibility of patterns. Many popular process calculi
can be encoded in CPC; this allows for a gain in expressiveness, formalised
through encodings.

1 Introduction

The m-calculus [24, 31] holds an honoured position among process calculi as it
is the simplest calculus that is able to support computation as represented by
A-calculus [5]. However, pattern calculus [20, 18] supports even more computa-
tions than A-calculus, since pattern-matching functions may be intensional with
respect to their arguments [19] in the sense that, through pattern matching, ar-
guments can be decomposed in their building blocks. For example, the pattern
x y can decompose any compound data structure u v into its components u
and v. This is different from extensional computation, like those of A- and 7-
calculus, where arguments are ‘atomic’. Hence it is natural to explore how a
concurrent pattern calculus that exploits factorisation might appear. In fact it
turns out rather well.

This paper adapts the pattern-matching mechanism of the pure pattern cal-
culus to concurrent processes, that are built up by exploiting parallel composi-
tion, name restriction and replication. This yields a concurrent pattern calculus
(CPC), where prefixes for input and output are generalised to patterns whose
unification triggers a two-way, or symmetric, flow of information, as represented
by the sole interaction rule

(p—Plqg—Q) r+— oP|pQ



where o and p are the substitutions on names resulting from the unification of
p and q.

The flexibility of the pattern unification and the symmetry of exchange in
CPC align closely with the world of trade. Here the support for discovering a
compatible process and exchanging information mirrors the behaviour of trading
systems such as a stock market. The main features of CPC are illustrated in
the following sample trade interaction:

(v sharesID)"ABCShares" o sharesID e \x — (charge z for sale)
| (v bankAcc)"ABCShares" e Ay e bankAcc — (save y as proof)
—— (v sharesID)(v bankAcc)({charge bankAcc for sale)

| (save sharesID as proof))

The first line models a seller that will synchronise with a buyer, using the pro-
tected information ABCShares, and exchange its shares (sharesID) for bank ac-
count information to charge (bound to ). The second line models a buyer. No-
tice that the information exchange is bidirectional and simultaneous: sharesID
replaces y in the (continuation of the) buyer and bankAcc replaces z in the (con-
tinuation of the) seller. Moreover, the two patterns "A BCShares' e sharesID e \x
and "A BCShares'e A\yebankAcc also specify the details of the shares being traded,
that must be matched for equality in the pattern matching, as indicated by the
syntax .

Pattern unification in CPC is even richer than indicated in this example, as
unification may bind a compound pattern to a single name; that is, patterns
do not need to be fully decomposed in unification. For example, the bank ac-
count information could be specified, and matched upon, in much more detail.
The buyer could provide the account name and number such as in the follow-
ing pattern: (v accName)(v accNum) ABCShares' @ Ay o (name o accName
number o accNum). This more detailed buyer would still match against the
seller, now yielding (charge name e accName e number e accNum for sale). In-
deed, the seller could also specify a desire to only accept bank account informa-
tion that includes a name and number with the following pattern: "A BCShares e
sharesID o ("Tname e A\a @ "number e Ab) and continuation (charge a b for sale).
This would also match with the detailed buyer information by unifying name
with "name!, number with "number', and binding accName and accNum to a
and b respectively. The second seller exploits the intensionality of CPC to only
interact with a buyer whose pattern is of the right structure (four sub-patterns)
and contains the right information (the protected names name and number,
and shared information in the other two positions).

This rich form of interaction, combined with concurrency, makes CPC very
expressive, as illustrated by the following diamond [12]:
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The A-calculus sits at the bottom and can be generalised either by SF-calculus
[19], by considering intensionality in the sequential setting, or by 7-calculus, by
considering concurrency in the extensional setting. CPC completes the diamond
by adding either concurrency to SF-calculus, or intensionality to m-calculus.
Thus, CPC is the most expressive of all by supporting intensional concurrent
computation.

The definition of CPC also includes a behavioural theory that defines when
two processes are behaviourally equivalent. This is done using a standard ap-
proach in concurrency. First, define an intuitive notion of equivalence that
equates processes with the same interactional behaviour, in any context and
along any reduction sequence, to yield a notion of barbed congruence. Second,
provide a more effective characterisation of such equivalence by means of a la-
belled transition system (LTS) and a bisimulation-based equivalence. Although
this path is familiar, some delicacy is required for each definition. For example,
as unification of patterns may require testing of names for equality, the barbs of
CPC (i.e. the predicate describing the interactional behaviour of a CPC pro-
cess) must account for names that might be matched, not just those that must
be matched. This is different from the standard barbs of, say, the m-calculus.
Further, as some patterns are more discriminating than others, the bisimulation
defined here will rely on a notion of compatibility of patterns, yielding a bisim-
ulation game in which a challenge can be replied to with a different, though
compatible, reply. This is reminiscent of the asynchronous bisimulation for the
asynchronous 7-calculus [4] or the symbolic characterization of open bisimilarity
in the m-calculus [30].

CPC’s support for interaction that is both structured and symmetrical makes
it more expressive than most approaches to interaction in the literature. For
example, checking equality of channel names, as in 7-calculus [24], can be viewed
as a trivial form of pattern unification. This can be generalized to unification
of tuples of names, as in Linda [11], or fusing names, as in Fusion [27]. Spi
calculus [3] adds patterns for numbers (zero and successors) and encryptions.
Also the Psi calculus [6] introduces support for structures, albeit with a limited
symmetry.

More formally, m-calculus, Linda and Spi calculus can all be encoded into
CPC but CPC cannot be encoded into any of them. By contrast, the way in
which name fusion is modeled in fusion calculus is not encodable into CPC;
conversely, the richness of CPC’s pattern unification is not encodable in fusion
calculus. Similarly, the implicit computation of Psi calculus cannot be encoded
within CPC; the converse separation result is ensured by CPC’s symmetry.

A natural objection to CPC is that its unification is too complex to be an
atomic operation. In particular, any limit to the size of communicated messages
could be violated by some match. Also, one cannot, in practice, implement a
simultaneous exchange of information, so that pattern unification must be im-
plemented in terms of simpler primitives. This objection applies to many other
calculi. For example, neither substitution in A-calculus nor Linda’s pattern
matching are atomic, but both underpin many existing programming environ-
ments [26, 2, 7, 28]. The same comments apply to several other process calculi
[21, 29, 32].

The structure of the paper is as follows. Section 2 introduces symmetric
matching through a concurrent pattern calculus and an illustrative example.
Section 3 defines the behavioural theory of the language: its barbed congruence,



LTS and the alternative characterization via a bisimulation-based equivalence.
Section 4 formalises the relation between CPC and other process calculi. Section
5 concludes the paper. Standard proofs have been moved to the Appendix.

Note that this is an extended version of the original “Concurrent Pattern
Calculus” that first introduced the titled work [14]. Moreover, the behavioural
theory has been presented in [13].

2 Concurrent Pattern Calculus

This section presents a concurrent pattern calculus (CPC) that uses symmetric
pattern unification as the basis of communication. Both symmetry and pattern
matching appear in existing models of concurrency, but in more limited ways.
For example, m-calculus requires a sender and receiver to share a channel, so
that knowledge of the channel is symmetric but information flows in one di-
rection only. Fusion calculus achieves symmetry by fusing names together but
has no intensional patterns. Linda’s matching is more intensional as it can test
equality of an arbitrary number of names, and the number of names to be com-
municated, in an atomic interaction. Spi calculus has even more intensional
patterns, e.g. for natural numbers, and can check equality of terms (i.e. pat-
terns), but does not perform matching in general. Neither Linda or Spi calculus
support much symmetry beyond that of the w-calculus.

The expressiveness of CPC comes from extending the class of communicable
objects from raw names to a class of patterns that can be unified. This merges
equality testing and bi-directional communication in a single step.

2.1 Patterns

Suppose given a countable set of names N (meta-variables n,m, z,y, z,...). The
patterns (meta-variables p, p’, p1,q, ¢, q1, - . .) are built using names and have the
following forms:

Patterns p == Az binding name
T variable name
T protected name
pep compound

A binding name Az denotes information sought, e.g. by a trader; variable
names z represent such information. Protected names "z represent recognised
information that cannot be traded. A compound combines two patterns p and
q, its components, into a pattern p e . Compounding is left associative, similar
to application in A-calculus, pure pattern calculus and combinatory logics. The
atoms are patterns that are not compounds. The atoms x and "z know x.

Binding, variable and protected names are all well established concepts in
the literature. Indeed, there is a correspondence between patterns and prefixes
of more familiar process calculi, such as w-calculus: binding names correspond
to input arguments and variable names to output arguments. Moreover, a form
of protected names appear in Linda. There is some subtlety in their relationship
to variable names. As protected names specify a requirement, it is natural that
they unify with the variable form of the name. Similarly, as protected names



in CPC can be used to support channel-based communication, it is also natural
that protected names unify with themselves.

Given a pattern p the sets of: wvariables names, denoted vn(p); protected
names, denoted pn(p); and binding names, denoted bn(p), are defined as ex-
pected with the union being taken for compounds. The free names of a pattern
p, written fn(p), is the union of the variable names and protected names of p.
A pattern is well formed if its binding names are pairwise distinct and different
from the free ones. All patterns appearing in the rest of this paper are assumed
to be well formed.

As protected names are limited to recognition and binding names are being
sought, neither should be communicable to another process. Thus, a pattern
is communicable, i.e. is able to be traded to another process, if it contains
no protected or binding names. Protection can be extended from names to
communicable patterns by defining

rp ° q—l — rp—l ° rq—l

A substitution o is defined as a partial function from names to communicable
patterns. The domain of o is denoted dom(o); the free names of o, written fn(o),
is given by the union of the sets fn(cx) where x € dom(o). The names of o,
written names(c), are dom(c) U fn(o). A substitution o avoids a name z (or a
collection of names n) if © ¢ names(o) (respectively 7 N names(o) = {}). Note
that all substitutions considered in this paper have finite domain. For later
convenience, we denote by idy the identity substitution on a set of names X; it
maps every name in X to itself, i.e. idx(z) = z, for every z € X.

Substitutions are applied to patterns as follows

{ o(z) if z € dom(o)
or = .
x otherwise
ca ‘o(z)" if x € dom(o)
o= Tz otherwise
o(Ax) = Az
o(peq) = (op)e(oq)

As in pure pattern calculus, the action of a substitution o on patterns can be
adapted to produce a function & that acts on binding names rather than on free
names. In CPC, it is defined by

or = =
&Fx‘l — FxT
. _ o(z) if z € dom(o)
o(he) = { PV otherwise
o(peq) = (op)e(dq)

When o is of the form {p;/x;}icr, then {p;/Az;};cr may be used to denote 5.
The symmetric matching or unification {p|q} of two patterns p and ¢ at-
tempts to unify p and ¢ by generating substitutions upon their binding names.
When defined, the result is a pair of substitutions whose domains are the bind-
ing names of p and of g, respectively. The rules to generate the substitutions



are:

(a1
{’_f”x} = ({}7{}>

{l_x—||||_m—|}
{\zlq} = ({q/x},{}) if ¢ is communicable
{p|\z} = ({}, {p/z}) if p is communicable
{prepalqreqet = ((01U02),(p1Up2)) if {pila:} = (o4, pi) for i € {1,2}
{pl¢} = undefined otherwise

Two atoms unify if they know the same name. A name that seeks informa-
tion (i.e., a binding name) unifies with any communicable pattern to produce
a binding for its underlying name. Two compounds unify if their correspond-
ing components do; the resulting substitutions are given by taking unions of
those produced by unifying the components (necessarily disjoint as patterns are

well-formed). Otherwise the patterns cannot be unified and the unification is
undefined.

Proposition 2.1. If the unification of patterns p and q is defined then any
protected name of p is a free name of q.

Proof: By an easy induction on the structure of p. [

2.2 Processes

The processes of CPC are given by:

Processes P == 0 null
P|P parallel composition
\P replication
(vz)P restriction
p— P case

The null process, parallel composition, replication and restriction are the clas-
sical ones for process calculi: 0 is the inactive process; P | @ is the parallel
composition of processes P and @, allowing the two processes to evolve inde-
pendently or to interact; the replication !P provides as many parallel copies of
P as desired; (vx)P binds z in P so that it is not visible from without. The
traditional input and output primitives are replaced by the case, viz. p — P,
that has a pattern p and a body P. If P is 0 then p — 0 may be denoted by p.

For later convenience, n denotes a sequence of names nq, . .., n;; for example,
(vn1)(...((vn;)P)) will be written (vm)P.

The free names of processes, denoted fn(P), are defined as usual for all the
traditional primitives and

fn(p — P) = fn(p) U (f(P)\bn(p))

for the case. As expected the binding names of the pattern bind their free
occurrences in the body.



2.3 Operational Semantics

The application o P of a substitution o to a process P is defined in the usual
manner, provided that there is no name capture. Name capture can be avoided
by a-conversion (written =, ) that is the congruence relation generated by the
following axioms:

(ve)P =o (vy)({y/z}P) y ¢ fn(P)
p—P =o ({M\y/Az}p) — ({y/x}P)  x €bn(p),y & fn(P)Ubn(p)

The structural equivalence relation = is defined just as in m-calculus [23]: it
includes a-conversion and its defining axioms are:

plo=pP P|R=QIP P|IQIR)=({P|Q)I|R
(vn)0=0 (vn)(vm)P = (vm)(vn)P \P=P|P
Pl )@= (wn)(P| Q) ifngf(P)

It states that: | is a commutative, associative, monoidal operator, with 0 acting
as the identity; that restriction has no effect on the null process; that the order
of restricted names is immaterial; that replication can be freely unfolded; and
that the scope of a restricted name can be freely extended, provided that no
name capture arises.

The operational semantics of CPC is formulated via a reduction relation —
between pairs of CPC processes. Its defining rules are:

(p—P)|(g— Q) — (cP) | (pQ) if {plq} = (o, p)

P+— P! P+— P P=Q Q— Q" Q' =P
P|Q — P'|Q (vn)P — (vn)P’ P+— P

CPC has one interaction axiom, stating that, if the unification of two patterns
p and ¢ is defined and generates (o, p), then the parallel composition of two
cases p — P and ¢ — @ reduces to the parallel composition of o P and pQ.
Alternatively, if the unification of p and ¢ is undefined, then no interaction
occurs. Unlike the sequential setting, there is no need for capturing failure of
unification: indeed, interaction between processes is opportunistic rather being
determined by the syntax of terms, as in sequential calculi. That is, failure to
interact with one process does not prevent interactions with other processes.

The interaction rule is then closed under parallel composition, restriction
and structural equivalence in the usual manner. Unlike pure pattern calculus,
but like pi-calculus, computation does not occur within the body of a case. As
usual, = denotes the reflexive and transitive closure of —.

The section concludes with three simple properties of substitutions and the
reduction relation.

Proposition 2.2. For every process P and substitution o, it holds that
fn(cP) C fn(P) Ufn(o).

Proof: Trivial by definition of the application of o. O



Proposition 2.3. If P = P/, then fn(P’) C fn(P).

Proof: P = P’ means that P ——* P’, for some k > 0. The proof is by
induction in k and trivially follows by Proposition 2.2. (]

Proposition 2.4. If P +—— P’ then cP —— oP’, for every o.
Proof: By induction on the derivation of P — P’. |

Proposition 2.5. Suppose a process p — P interacts with a process Q. If x is
a protected name in p then x must be a free name in Q.

Proof: For @ to interact with p — P it must be that Q@ = (vn)(q¢ — Q1 | Q2)
such that nNfn(p — P) = () and {p|q¢} is defined. Then, by Proposition 2.1, the
free names of ¢ include = and, consequently, x must be free in ¢ — Q1 | Q2. By
Proposition 2.3, z is free in . Further, 2 cannot belong to 7, since x € fn(p —
P) and nNfn(p — P) = 0. O

2.4 Trade in CPC

This section uses the example of share trading to explore the potential of CPC.
The scenario is that two traders, a buyer and a seller, wish to engage in trade.
To complete a transaction, the traders need to progress through two stages:
discovering each other and exchanging information. Both traders begin with a
pattern for their desired transaction. The discovery phase can be characterised
as a pattern-unification problem, where traders’ patterns are used to find a
compatible partner. The exchange phase occurs when a buyer and seller have
agreed upon a transaction. Now each trader wishes to exchange information in
a single interaction, preventing any incomplete trade from occurring.

The rest of this section develops three solutions of increasing sophistication
that: demonstrate discovery; introduce a registrar to validate the traders; and
protects names to ensure privacy.

Solution 1

Consider two traders, a buyer and a seller. The buyer Buy; with bank account
b and desired shares s can be given by

Buy, = seAm —mebelr — B(x)

The first pattern s @ Am is used to match with a compatible seller using share
information s, and to input a name m to be used as a channel to exchange
bank account information b for share certificates bound to x. The transaction
successfully concludes with B(x).

The seller Sell; with share certificates ¢ and desired share sale s is given by

Sell;, = (vn)sen —nelyec— S(y)

The seller creates a channel name n and then tries to find a buyer for the shares
described in s, offering n to the buyer to continue the transaction. The channel is
then used to exchange billing information, bound to y, for the share certificates
¢. The seller then concludes with the successfully completed transaction as S(y).



The discovery phase succeeds when the traders are placed in a parallel com-
position and discover each other by unification on s

Buy,|Sell;, = (vn)(seAm —mebelx — B(z)|sen —nelyec— S(y))
— (vn)(nebe )z — B(x) | nelyec— S(y))

The next phase is to exchange billing information for share certificates, as in
(vn)(nebelz — B(x) [ neAyec— S(y)) — (vn)(B(c) | S(b))

The transaction concludes with the buyer having the share certificates ¢ and
the seller having the billing account b.

This solution allows the traders to discover each other and exchange in-
formation atomically to complete a transaction. However, there is no way to
determine if a trader is trustworthy.

Solution 2

Now add a registrar that keeps track of registered traders. Traders offer their
identity to potential partners and the registrar confirms if the identity belongs
to a valid trader. The buyer is now

Buy, = seigpe)j—mnpejelm —mebelr — B(x)

The first pattern now swaps the buyer’s identity ip for the seller’s, bound to
7. The buyer then consults the registrar using the identifier ng to validate j; if
valid, the exchange continues as before.

Now define the seller symmetrically by

Sel, = se)jeig—nsejeim —melyec— S(y)

Also define the registrar Reg, with identifiers np and ng to communicate with
the buyer and seller, respectively, by

Reg, = (vn)(npelis'en|[ngelig'en)

The registrar creates a new identifier n and delivers it to traders who have been
validated; then it makes the identifier available to known traders who attempt
to validate another known trader. Although rather simple, the registrar can
easily be extended to support a multitude of traders.

Running these processes in parallel yields the following interaction

Buy, | Sellz | Reg,
= (vn)(seipelAj—>npejeim —mebelr — B(x)|ngeig'en
| sedjeig—ngejeim —melyec— S(y) | nsgeig'en)
— (vn)(npeiseim — mebelr — B(x) | ngeiglen

|nseigedm —melyec— S(y) | nseig'en)

The share information s allows the buyer and seller to discover each other and
swap identities ¢ and ig. The next two interactions involve the buyer and



seller validating each other’s identity and inputting the identifier to complete
the transaction

(vn)(npeiseAm — mebelr — B(z) |[npeTigien
| nseipedm —>melyec— S(y) | nseig'en)

—  (vn)(nebelr — B(x)
|nseipedm —melyec— S(y) | ngeig'en)

— (vn)(nebelz — B(x) [ nelyec— S(y))

Now that the traders have validated each other, they can continue with the
exchange step from before

(vn)(nebelr — B(x) [neiyec— S(y)) ~— (vn)(B(c) | S(b))

The traders exchange information and successfully complete with B(c) and S(b).

Solution 3

Although Solution 2 satisfies the desire to validate that traders are legitimate,
the freedom of unification allows for malicious processes to interfere. Consider
the promiscuous process Prom given by

Prom = Az ez ea— P(z1,22)

This process is willing to match any other process that will swap two pieces of
information for some arbitrary name a. Such a process could interfere with the
traders trying to complete the exchange phase of a transaction. For example,

(vn)(nebe X r — B(z) | neAyec— S(y)) | Prom
—  (vn)(B(a) [neXyec— S(y) | P(n,b))

where the promiscuous process has stolen the identifier n and the bank account
information b. The unfortunate buyer is left with some useless information a
and the seller is waiting to complete the transaction.

This vulnerability (emerging both in Solution 1 and 2) can be repaired by
using protected names. For example, the buyer, seller and registrar of Solution
2 can become

Buy; = seipelj—Tnplejeim —"mlebelr — B(x)
Sell; = soe)ljeoigc—nglejelm —"m'elyec— S(y)
Regs; = (vn)("mp'elis'en | mg'eig'en)

Now all communications between the buyer, seller and registrar use protected
identifiers: mp',"ng' and "m’'. Thus, we just need to add the appropriate
restrictions:

(vnp)(vns)(Buy; | Sells | Regy)

Therefore, other processes can only interact with the traders during the dis-
covery phase, which will not lead to a successful transaction. The registrar
will only interact with the traders as all the registrar’s patterns have protected
names known only to the registrar and a trader (Proposition 2.5).

10



3 Behavioural Theory

This section follows a standard approach in concurrency to defining behavioural
equivalences, beginning with a barbed congruence and following with a labelled
transition system (LTS) and a bisimulation for CPC. Some properties of patterns
will be explored as a basis for showing coincidence of the two semantics. Finally
some equational reasoning is given.

3.1 Barbed Congruence

The first crucial step is to characterise the interactions a process can participate
in via barbs. Since a barb is an opportunity for interaction, a simplistic definition
could be the following:

P | iff P=p— P'| P", for some p, P" and P" (1)

However, this definition is too strong: for example, (vn)(n — P) does not
exhibit a barb according to (1), but it can interact with an external process,
e.g. Az — 0. Thus, an improvement to (1) is as follows:

P | iff P=(vn)(p— P’ |P"), for some n,p, P" and P" (2)

Now, this definition is too weak. Consider (vn)("m' — P): it exhibits a barb
according to (2), but cannot interact with any external process. A further
refinement on (2) could be:

P | iff P=wn)(p— P | P"), for some n,p, P’,P" st. pn(p)Nnn=0 (3)

This definition is not yet the final one, as it is not sufficiently discriminating to
have only a single kind of barb (the contexts in Definition 3.36 use two kinds
of barbs, to define success and failure). Thus, like in CCS and m-calculus [25],
barbs must be indexed, e.g. on some names that give an abstract account of the
matching capabilities of the process. Because of the rich form of interactions,
CPC barbs also include the set of names that may be tested for equality in
an interaction, not just those that must be equal. This leads to the following
definition:

Definition 3.1 (Barb). Let P |5 mean that P = (vin)(p — P’ | P") for some
n and p and P’ and P" such that pn(p) N7t = @ and m = fn(p)\n.

For later convenience define P |5 to mean that there exists some P’ such
that P = P’ and P’ | 5.

Using this definition, a barbed congruence can be defined in the standard way
[25, 17] by requiring three properties. Let R denote a binary relation on CPC
processes, and let a context C(-) be a CPC process with the hole ¢-’ replacing
one instance of the null process.

Definition 3.2 (Barb preservation). R is barb preserving iff, for every (P, Q) €
R and set of names m, it holds that P |z implies Q |-

Definition 3.3 (Reduction closure). R is reduction closed iff, for every (P, Q) €
R, it holds that P — P’ implies Q — @', for some Q' such that (P',Q’) € R.

11



Definition 3.4 (Context closure). R is context closed iff, for every (P,Q) € R
and CPC context C(-), it holds that (C(P),C(Q)) € R.

Definition 3.5 (Barbed congruence). Barbed congruence, ~, is the least sym-
metric, barb preserving, reduction closed and context closed binary relation on
CPC processes.

Barbed congruence relates processes with the same behaviour, as captured
by barbs: two equivalent processes must exhibit the same behaviours, and this
property should hold along every sequence of reductions and in every execution
context. This defines the strong version of barbed congruence; its weak coun-
terpart consists of replacing the predicate — with = in Definition 3.3, and
l# with | in the definition of reduction closure, in the usual manner [24, 25].
The following proofs are (mostly) simplified by working in the strong setting;
however, everything can be rephrased in the weak setting.

The challenge in proving (strong/weak) barbed congruence is to prove con-
text closure. The typical way of solving the problem is by giving a coinduc-
tive (bisimulation-based) characterization of barbed congruence, that provides
a manageable proof technique. In turn, this requires an alternative operational
semantics, by means of a labelled transition system, on top of which the bisim-
ulation equivalence can be defined.

3.2 Labelled Transition System

The following is an adaption of the standard late LTS for the m-calculus [24].
Labels are defined as follows:

pou=T1 | (va)p

where 7 is used to label silent transitions.

Labels are used in transitions P+ P’ between CPC processes, whose defin-
ing rules are given in Figure 1. If P 25 P’ then P’ is a p-reduct of P, alter-
natively the transition P £, P indicates that P performs p and reduces to
P’. Rule case states that a case’s pattern can be used to interact with external
processes. Rule resnon is used when a restricted name does not appear in the
names of the label: it simply maintains the restriction on the process after the
transition. By contrast, rule resin is used when a restricted name occurs in the
label: as the restricted name is going to be shared with other processes, the re-
striction is moved from the process to the label (this is called extrusion, by using
a m-calculus terminology). Rule unify defines when two processes can interact
to perform an internal action: this can occur whenever the processes exhibit
labels with unifiable patterns and with no possibility of clash or capture due to
restricted names. Rule parint states that, if either process in a parallel composi-
tion can evolve with an internal action, then the whole process can evolve with
an internal action. Rule parext is similar, but is used when the label is visible:
when one of the processes in parallel exhibits an external action, then the whole
composition exhibits the same external action, as long as the restricted or bind-
ing names of the label do not appear free in the parallel component that does
not generate the label. Finally, rule rep unfolds the replicated process to infer
the action.

12



case : p—P) &P

PP
resnon : n ¢ names(u)
(vn)P £, (vn)P’

(vn)p /
pYr p -
resin : = m € vn(p) \ (nUpn(p) Ubn(p))
(vm)p 2, pr

p e prg 00 o Apla) = (0,0)

unify : mNi(Q)=nnf(P)=10
Pl Q5 (vm,n)(cP | pQ) mnn=10
_ PP
parint : - "
PlQ—=FP|Q

P (vn)p p'
parext : (mUbn(p))Nfn(Q) =0

P1Q P Q

PP £ P
p L p

rep :

Figure 1: Labelled Transition System for CPC (the symmetric versions of parint
and parext have been omitted)

Note that a-conversion is always assumed, to satisfy the side conditions
whenever needed.

The presentation of the LTS is concluded with the following two results.
First, for every P and u, there are finitely many =-equivalence classes of u-
reducts of P (Proposition 3.7). Second, the LTS induces the same operational
semantics as the reductions of CPC (Proposition 3.9). As CPC reductions only
involve interaction between processes and not external actions, it is sufficient to
show that any internal action of the LTS is mimicked by a reduction in CPC,
and visa versa. All proofs are in Appendix A, because they are quite standard.

Definition 3.6. An LTS is structurally image finite if, for every P and p, it
holds that {P' : P X5 P'}/= contains finitely many elements.

Proposition 3.7. The LTS defined in Figure 1 is structurally image finite.

Lemma 3.8. If P e, P’ then there exist n and Q1 and Q2 such that P

(vm)(vn)(p — Q1 | Q2) and P’ = (vn)(Q1 | Q2) and 1 N names((vm)p) :_Q
and bn(p) Nfn(Q2) = 0.

Proposition 3.9. If P = P’ then P — P'. Conversely, if P — P’ then
there exists P" such that P - P" = P’.
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3.3 Bisimulation

The next step is to develop a bisimulation relation for CPC that equates pro-
cesses with the same interactional behaviour as captured by the labels of the
LTS. The complexity for CPC is that the labels for external actions contain
patterns, and some patterns are more general than others. For example, a tran-

sition P 5 P’ performs the action ™'; however a similar external action of
another process could be the variable name n and the transition Q — Q’. Both
transitions have the same barb, that is P |,, and Q |,; however their labels are
not identical and, indeed, the latter can interact with a process performing a
transition labeled with Az whereas the former cannot. Thus, a compatibility re-
lation is defined on patterns that can be used to develop the bisimulation. The
rest of this section discusses the development of compatibility and concludes
with the definition of bisimulation for CPC.

Bisimilarity of two processes P and @ can be captured by a challenge-reply
game based upon the actions the processes can take. One process, say P, issues
a challenge and evolves to a new state P’. Now @ must perform an action that
is a proper reply and evolve to a state Q'. If Q cannot perform a proper reply
then the challenge issued by P can distinguish P and @), and shows they are not
equivalent. If Q) can properly reply then the game continues with the processes
P’ and Q'. Two processes are bisimilar (or equivalent) if any challenge by one
can be answered by a proper reply from the other.

The main complexity in defining a bisimulation to capture this challenge-
reply game is the choice of actions, i.e. challenges and replies. In most process
calculi, a challenge is replied to with an identical action [22, 24]. However, there
are situations in which an exact reply would make the bisimulation equivalence
too fine for characterising barbed congruence [4, 10]. This is due to the impossi-
bility for the language contexts to force barbed congruent processes to execute
the same action; in such calculi more liberal replies must be allowed. That
CPC lies in this second group of calculi is demonstrated by the following two
examples.

Example 1 Consider the processes

P=Xrely—uxey and Q=Xz—z

together with the challenge P ekt TGS y. One may think that a possible
context Cazery(-) to enforce a proper reply could be - | wew — "w’, for w

fresh. Indeed, Crgery(P) — w e w | "w' and the latter process exhibits a
barb over w. However, the exhibition of action Ax e Ay is not necessary for the
production of such a barb: indeed, Crzery (@) — w e w | Tw?, but in doing so
@ performs Az instead of Ax e Ay.

Example 2 Consider the processes
P=m"—0 and Q=n—0

together with the context Cra(-) = n — "w’, for w fresh. Although Crn(P) —
"w' and the latter process exhibits a barb over w, the exhibition of action ™' is
not necessary for the production of such a barb: Crn(Q) — "w? also exhibits
a barb on w, but in doing so @ performs n instead of ™.

14



Example 1 shows that CPC pattern-unification allows binding names to be
contractive: it is not necessary to fully decompose a pattern to bind it. Thus a
compound pattern may be bound to a single name or to more than one name
in unification. Example 2 illustrates that CPC pattern-unification on protected
names only requires the other pattern know the name, but such a name is not
necessarily protected in the reply.

These two observations make it clear that some patterns are more discerning
than others, i.e. unify with fewer patterns than others. This leads to the
following definitions.

Definition 3.10. Define a match (p,o) to be a pattern p and substitution o
such that bn(p) = dom(o).

Definition 3.11. Let (p,o0) and (g, p) be matches. Define inductively that p is
compatible with g by o and p, denoted p,o < q,p as follows:

po < Ay, {op/y} if fn(p) =0
n{} < n{}
Fn—l7{} < I’n—l’{}
L {} < n,{}
pirepz,o1Uoy <K q1eqe,p1Up: if pis o < qi, pi, forie {1,2}

The idea behind this definition is that a pattern p is compatible with another
pattern g if and only if every other pattern r that unifies p by some substitutions
(0, 0) also unifies with ¢ with substitutions (8, p) such that p,o < ¢, p. That is,
the patterns that unify with p are a subset of the patterns that unify with q.
This will be proved later in Lemma 3.17.

The compatibility relation on patterns provides the concept of proper reply
in the challenge-reply game.

Definition 3.12 (Bisimulation). A symmetric binary relation on CPC processes
R is a bisimulation if, for every (P,Q) € R and P X5 P', it holds that:

o if u=r1, then Q = Q', for some Q' such that (P',Q’) € R;

e if u = (vn)p and (bn(p) Un) N(Q) = 0, then, for all matches (p,o)
with fn(c) N1 = 0, there exist (q,p) and Q' such that p,oc < q,p and
(cP',pQ") € R.

Denote by ~ the largest bisimulation closed under any substitution.

The definition is inspired by the early bisimulation congruence for the -
calculus [24]: for every possible instantiation o of the binding names, there
exists a proper reply from (. Of course, o cannot be chosen arbitrarily: it
cannot use in its range names that were restricted in P. Also the action y cannot
be arbitrary, as in the m-calculus: its restricted and binding names cannot occur
free in Q.

Differently from the w-calculus, however, the reply from @ can be different
from the challenge from P: this is due to the fact that contexts in CPC are
not powerful enough to enforce an identical reply (as highligthed in Examples 1
and 2). Indeed, this notion of bisimulation allows a challenge p to be replied
to by any compatible ¢, provided that o is properly adapted (yielding p, as
described by the compatibility relation) before being applied to Q’. This feature
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somehow resembles the symbolic characterization of open bisimilarity given in
[30, 8]. There, labels are pairs made up of an action and a set of equality
constraints. A challenge can be replied to by a smaller (i.e. less constraining)
set. However, the action in the reply must be the same (in [30]) or becomes the
same once we apply the name identifications induced by the equality constraints

(in [8]).
3.4 Properties of Compatibility

This section considers some properties of the compatibility relation on patterns
introduced in Section 3.3; they are formalised for later exploitation, even though
some of them also illustrate some general features of patterns. In particular, we
show that compatibility preserves information used for barbs, is stable under
substitution, is reflexive and transitive.

Proposition 3.13. If p,o < ¢q,p then fn(p) = fn(q) and vn(p) C vn(q) and
pn(g) € pn(p).

Proof: By definition of compatibility and induction on the structure of q. [

Given two substitutions o and 6, denote with #[c] the composition of o and
#, with domain limited to the domain of o, i.e. the substitution mapping every
x € dom(o) to O(o(x)).

Lemma 3.14. If p,0 < q,p then p,0[0] < q,0|p], for every 6.

Proof: By induction on the structure of q. The only non-trivial base case
is when ¢ = Ay; in this case, p = Az ® ... ® Az, for some n > 1, and for
p=1{6p/y} ={o(x1)e...00(x,)/y}. Since dom(f[c]) = dom(c), we have that

p,0[o] < q,9, for 9 = {0[o](p)/y} = {O[o](x1) e ... e0[c)(zn)/y} = {O(c(x1) @
..ea(zn))/yt =1{0(p(y)/y} = Olp]. O

Proposition 3.15 (Compatibility is reflexive). For all matches (p, o), it holds
that p,o < p,o.

Proof: Trivial by definition of compatibility. (]

Proposition 3.16 (Compatibility is transitive). If p,o < q,p and q,p < r,0
then p,o < r,0.

Proof: By induction on r. We have three possible base cases:
e 7 = )\z: in this case, ¢ = A\y; o ... ® \y,, for some n > 1, and

0 =1{pg/z} ={p(y1)e...0p(yn)/2}.

Again by definition of compatibility, p = Az1e.. .0)\:611“ o...0)\zle. . @)\zFn
for some k1, .., k, > 1, and

p={o(}e...0xf)/yitic1, 0 = {o(a}) o 0 0(&]") /yi}iz1,.n-
Thus, § = {o(z])e...ec(zt)e.. ec(z])e.. . e0(zk")/2} = {6p/z} and

p,0 L r, 0, as desired.
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e 7 =" in this case ¢ = ™' and § = p = {}. Again by compatibility,
p="n"and o = {}; thus p,oc < r, 0.

e 7 = n: in this case ¢ can either be ™' or n, and § = p = {}. Again by
compatibility, p = "' or p = n (this is possible only when ¢ = n), and
o ={}; in all cases, p,o < r,0.

For the inductive step, let r = 1 er5. By compatibility, ¢ = g1 g2 and 6 = 6, U0,
and p = py U po, with ¢, p; < 1;,0;, for ¢ = 1,2. Similarly, p = p; e ps and
o = o1 Uoy, with p;,0; < ¢, ps, for i = 1,2. By two applications of the
inductive hypothesis, we obtain p;,o; < r;,0;, for i = 1,2, and by definition of
compatibility we can conclude. ([

The next result captures the idea behind the definition of compatibility: the
patterns that unify with p are a subset of the patterns that unify with q.

Lemma 3.17. If p,o < q,p then, for every r and 6 such that {r|p} = (0,0),
we have that {r|q} = (0, p).

Proof: The proof is by induction on q. There are three possible base cases:

e If ¢ = Ay then fn(p) = 0 and p = {6p/y}; for the unification of r and
p to be defined, it must be § = {} and 0 = {ri/2i}s,cbn(p), cach r;
is communicable and 6p = r. It follows that {r|¢} = ({},{r/y}) =

({}:{ap/y}) = (0, p).

o If g ="n"then p="n"and 0 = p = {}. For r to unify with p, it must be
that 7 is n or 'n; in both cases 0 = {}. Hence, {r|q} = ({},{}) = (0, p).

e If ¢ = n then p is either n or ", and 0 = p = {}. In both cases, r can as
well be either n or ™. The proof is similar to the previous case.

For the inductive step, ¢ = q1 ® ¢2; by comparability, p = p; @ p2. There are two
possible cases for r to unify with p:

e Ifr = Az, then p must be communicable and § = {p/z}; thus, by definition
of comparability, ¢ = p and ¢ = p = {}. Hence, {r|q} = ({¢/2},{}) =
({p/z}:{}) = (6, p).

e Otherwise, for r to unify with p, it must be r = r; e ro with {r;|p;} =
(01,0;), for i € {1,2}, and 0 = 01 W oy and 6 = 61 W 6. Conclude by two
applications of induction and by definition of compatibility. 0

Notice that the converse does not hold. Take p = n and ¢ = ™'; we have
that, for every r such that {r|p} = (0, o), we have that {r|q} = (6, p) (the only
such r’s are n and ™, for which ¢ = 6 = p = {}); however, n,{} € ™", {}.

The following result is a variation of the previous lemma, that fixes o to
idpn(p) but allows an arbitrary substitution in the unification with r.

Lemma 3.18. If p,idyny < q,p and {p|r} = (9,0), then {q|r} = (V[p],0),

Proof: By induction on g. There are three possible base cases:
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e ¢ = A\z: by Definition 3.11, it must be that fn(p) = 0, i.e. p = Azye...0Axy,
for some k. Thus, p = {z1e...ex/x}, r =11 e...er, communicable,
¥ ={ri/z1...1/x} and § = {}. By definition of unification, {¢|r} =
({r/z},{}) and conclude, since {r/z} = {r1o...0r;/z} =J[p].

e ¢ = n: in this case, it must be either p = n or p = ™; in both cases,
p = {}. If p=n, then trivially conclude, since ¢ = p and 9[p] = 9. If
p = ", obtain that r can be either n or ™" in both cases ¥ = 0 = {}
and trivially conclude.

e ¢ =" in this case p =", p = {} and work like in the previous case.

For the inductive case, ¢ = ¢q; ® g2; thus, by Definition 3.11, p = p; ® py and
Pi, idbn(p,) K @, i, Where p; = plon(q,), for @ € {1,2}. We have two possibilities
for r:

e 7 =1 &1y, where {p;|r;} = (¥;,6;), for i € {1,2}; moreover, ¥ = 11 Wy
and 6 = 01 W 6y. Apply induction two times and easily conclude.

e r = Az and p is communicable; thus, ¥ = {} and § = {p/z}. By definition
of compatibility, ¢ = p and p = {}. Trivially conclude. 0

As compatibility is an ordering on matches, it is interesting to observe that,
for every pattern p, there is a unique (up to a-conversion) maximal pattern
w.r.t. <. Note that, as in Lemma 3.18 the substitution can be fixed (or indeed
entirely elided).

Proposition 3.19. For every pattern p there exists a mazximal pattern q with
respect to <; this pattern is unique up-to a-conversion of binding names.

Proof: The proof is by induction on the structure of p:
e If fn(p) = (), then ¢ = Ay for some fresh y.
e If pisn or "n', then ¢ is n.
e If p = py e po, for fn(p) # (), then proceed by induction on p; and ps.

The only arbitrary choice is the y used in the first item, that can be a-converted
to any other fresh name. (I

To conclude the properties of the compatibility, it is worth remarking it does
not yield a lattice: there is no supremum for the two patterns Az and n.

3.5 Soundness of the Bisimulation

This section proves soundness by showing that the bisimulation relation is in-
cluded in barbed congruence. This is done by showing that the bisimilarity
relation is an equivalence, it is barb preserving, reduction closed and context
closed. The first three facts are ensured by the following three lemmas.

Lemma 3.20. If P~ Q and Q ~ R then P ~ R.

Proof: Standard, by exploiting Proposition 3.16. O
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Lemma 3.21. ~ is barb preserving.
Proof: Straightforward by Proposition 3.13 and Lemma 3.8. O
Lemma 3.22. ~ is reduction closed.
Proof: Trivial by Proposition 3.9. (]

Closure under any context is less easy to prove. The approach here is as fol-
lows: prove bisimilarity is closed under case prefixing; then prove closure under
name restriction and parallel composition (as in m-calculus, it is necessary to
simultaneously handle these two operators, because of name extrusion); finally,
prove closure under replication. Proofs of these Lemmata are in Appendix B, be-
cause they are adaptions of the corresponding results for the m-calculus. These
three results will easily entail closure under arbitrary contexts (Lemma 3.26).

Lemma 3.23. If P~ (Q thenp — P ~p— Q.
Lemma 3.24. If P ~ Q then (vn)(P | R) ~ (vn)(Q | R).
Lemma 3.25. If P ~ Q then |P ~!Q).

Lemma 3.26. ~ is contextual.

Proof: Given two bisimilar processes P and @, it is necessary to show that for
any context C(-) it holds that C(P) ~ C(Q). The proof is by induction on the
structure of the context.

o If C(") 4. then the result is immediate.

o If C(") def C'(") | Ror C(") e (vn)C'(+), then C'(P) ~ C'(Q) by induction
and conclude by Lemma 3.24.

o If C(+) déf!C'(~)7 then C'(P) ~ C'(Q) by induction and conclude by
Lemma 3.25.

o If C(") 2 p — C'(-), then C'(P) ~ C'(Q) by induction and conclude by
Lemma 3.23.

O

The soundness of bisimilarity w.r.t. barbed congruence now trivially follows.

Theorem 3.27 (Soundness of bisimilarity). ~ C ~.

Proof: Lemma 3.21, Lemma 3.22 and Lemma 3.26 entail that ~ satisfies the
conditions of Definition 3.5. |

3.6 Completeness of the Bisimulation

Completeness is proved by showing that barbed congruence is a bisimulation.
There are two results required: showing that barbed congruence is closed un-
der substitutions, and showing that, for any challenge, a proper reply can be
obtained via closure under an appropriate context. To this aim, we define no-
tions of success and failure that can be reported. A fresh name w is used for
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reporting success, with a barb |, indicating success, and {,, indicating a re-
duction sequence that eventually reports success. Failure is handled similarly
using the fresh name f. A process P succeeds if P |,, and P {f¢; P is successful
it P=(vn)("w'ep | P’), for some n and p and P’ such that w ¢ 7 and P’ |f;.
P becomes successful if it can reduce to a successful process and P |fy.

The next lemma shows that barbed congruence is closed under any substi-
tution.

Lemma 3.28. If P ~ Q then oP ~ cQ, for every o.

Proof: Given a substitution o, choose patterns p and ¢ such that {p|q} =
(0,{}); to be explicit, p = Az; ®...0 Az and ¢ = o(xz1) e ... e o(xy), for
{z1,...,21} = dom(c). Define C(-) def p — - | ¢; by context closure, C(P) ~
C(Q). By reduction closure, the reduction C(P) — o P can be replied to only
by C(Q) — 0@Q; hence, o P ~ 0@, as desired. O

The other result to be proved is that challenges can be tested for a proper
reply by a context. When the challenge is an internal action, the reply is also an
internal action; thus, the empty context suffices, as barbed congruence is reduc-
tion closed. The complex scenario is when the challenge is a pattern together
with a set of restricted names, i.e., a label of the form (v7n)p. Observe that in
the bisimulation such challenges also fix a substitution ¢ whose domain is the
binding names of p. Most of this section develops a reply for a challenge of the
form ((vn)p, idpn(p)); the general setting (with an arbitrary o) will be recovered
in Theorem 3.45 by relying on Lemma 3.14.

The context for forcing a proper reply is developed in three steps. The
first step presents the specification of a pattern and a set of names N (to be
thought of as the free names of the processes being compared for bisimilarity);
this is the information required to build a reply context. The second step
develops auxiliary processes to test specific components of a pattern, based on
information from the specification. The third step combines these into a reply
context that becomes successful if and only if it interacts with a process that
exhibits a proper reply to the challenge.

For later convenience, we define the first projection fst(—) and second
projection snd(—) of a set of pairs: e.g., fst({(z,m),(y,n)}) = {z,y} and
snd({(xz,m), (y,n)}) = {m,n}, respectively.

Definition 3.29. The specification spec™ (p) of a pattern p with respect to a
finite set of names N is defined follows:

spec¥ () = o, {}{)
N B Az, {(x,n)},{} ifn€ N and x is fresh for N and p
spec(n) = Az, {}, {(x,n)} ifné¢ N and x is fresh for N and p
SpeCN(I—n—I) = L {}{}

N
.+ [ spec =7,
spec(peq) = peq F,8F, Ry YR, Zf{sgecNEg—g’ F,,R
- ’ q» q

where F, ¥ F, denotes F, U Fy, provided that fst(F,) Nfst(F,) = 0 (a similar
meaning holds for R, ¥ R, ).
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Given a pattern p, the specification spec’ (p) = p/, F, R of p with respect to a
set of names N has three components: (1) p’, called the complementary pattern,
is a pattern used to ensure that the context interacts with a process that exhibits
a pattern ¢ such that p is compatible with ¢ (via some substitutions); (2) F is
a collection of pairs (z,n) made up by a binding name in p’ and the expected
(free) name it will be bound to; finally, (3) R is a collection of pairs (z,n) made
up by a binding name in p’ and the expected (restricted) name it will be bound
to. Observe that p’ is well formed as all binding names are (pairwise) different.

The specification is straightforward for binding names, protected names and
compounds. When p is a variable name, p’ is a fresh binding name Az and the
intended binding of x to n is recorded in F' or R, according to whether n is free
or restricted, respectively.

Proposition 3.30. Given a pattern p and a finite set of names N, let
SpeCN(p) = p/aF>R- Then: {p"pl} = (idbn(p)> {n/x}(z,n)GFUR)'

Proof: By straightforward induction on the structure of p. ([

To simplify the definitions, let [[,.qP(z) be the parallel composition of
processes P(x), for each z in S. The tests also exploit a check check(x, m,y, n, w)
to ensure equality or inequality of name substitutions:

(w2)(Z e x| 2 ey — M) itm=n

check(z, m,y,n,w) =
Tw! | (vz)(Tze™a! | 2@yl — Tf1e Az) otherwise

Observe that failure here is indicated by pattern "f7e Az; in this way, two failure
barbs cannot unify and so they cannot disappear during computations.

Definition 3.31 (Tests). Let w and f be fresh names, i.e. different from all
the other names around. Then define:

free(z,n,w) = (vm)("m'e™! — Tw' | "'m' e ")

restV(z,w) = Tw'| (vm)(vz)( "M exez
| "mT e (Ay; @ Ay2) e Az — Tf e Az
| [[ney™m'e™m ez —fle)z)

eCIUathR(x, m, ’U}) = (V{U\;)( I—wyl—l N rwyi—l N
| T1(ynyer check(z, m, y,n, wy) )

where § = {y1,...,y:} = fst(R)

The behaviour of the tests just defined is formalized by the following three
results.

Lemma 3.32. Let 0 be such that {n,w} N dom(f) = 0; then, O(free(z,n,w))
succeeds if and only if 6(x) = n.

Proof: Trivial. O

Lemma 3.33. Let 0 be such that (NU{w, f})Ndom(#) = 0; then, 8(rest™ (z,w))
succeeds if and only if (x) € N'\ N.
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Proof: Straightforward. O

Lemma 3.34. Let 0 be such that (snd(R) U {w, f,m}) Ndom(0) = 0; then,
H(equalityR(x,m,w)) succeeds if and only if, for every (y,n) € R, m = n if and
only if 0(x) = 0(y).

Proof: In order for A(equality”(z,m,w)) to succeed by exhibiting a barb T,
each check 6(check(x, m,y, n,w,)) must succeed by producing "w,". The rest of
the proof is straightforward. |

Lemma 3.35. Let T be a test and 0 be a substitution such that 0(T) succeeds;
there are exactly k reductions of 0(T) to a successful process, where k depends
only on the structure of T.

Proof: Trivial for free and restricted tests, for which £k = 1 and k = 0, respec-
tively. For an equality test equalityR(x,m,w) it suffices to observe that each
successful check has an exact number of reductions to succeed (1, if m = n, 0
otherwise) and then there is a reduction to consume the success barb of each
check. Thus, k = |R| + h, where h is the number of pairs in R whose second

component equals m. O
From now on, we adopt the following notation: if » = ny,...,n;, then
"w'en denotes "w'enie...en;. Moreover, §(n) denotes 8(n1),...,0(n;); hence,

Tw' e B(n) denotes "w'e H(ny)e...e60(n;).

Definition 3.36. The characteristic process char¥ (p) of a pattern p with respect
to a finite set of names N is char™ (p) = p' — tests  where spec™ (p) = p/, F, R
and

testsy p = (v (vigy)(

"Wz, ' = o= Twg, = Twy, ' — L —
| H(m,n)eRequalityR(xm,wm)

| T(yn)er free(y, n, wy)

| Ilymyer rest™ (y,w,) )

r

.
Wy,

—Tw'ex

where T = {z1,...,2;} =fst(R) and §¥ = {31, ...,y;} = fst(F) U fst(R).

Lemma 3.37. Let 6 be such that dom(0) = fst(F') U fst(R); then, G(tests%R)
succeeds if and only if

1. for every (z,n) € F it holds that 6(x) = n;
2. for every (x,n) € R it holds that 6(x) € N'\ N;

3. for every (x,n) and (y,m) € R it holds that n = m if and only if O(x) =
0(y)-
Proof: By induction on |F' U R| and Lemmas 3.32, 3.33 and 3.34. Indeed, by

Definition 3.29, fst(FUR) N (snd(F U R)U N) = @; moreover, freshness of w and
f implies that {w, f} Ndom(8) = 0. O

Note that the following results will consider the number of reductions re-
quired to succeed. These are significant to proving the results in the strong
setting, but unimportant in the weak setting, i.e. with — replaced by .
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Lemma 3.38. Given char™ (p) and any substitution 6 such that dom(f) =
fst(F) Ufst(R) and 6(testsp ) succeeds, then there are exactly k reduction steps
H(tests%R) ——* e 0(T) | Z, where T = fst(R) and Z ~ 0 and k depends only
on F and R and N; moreover, no sequence of reductions shorter than k can
yield a successful process.

Proof: By induction on |F'U R| and Lemma 3.35. O

Notice that k does not depend on #; thus, we shall refer to k as the number
of reductions for tests® F.r to become successful The crucial result we have to
show is that the characterisation of a pattern p with respect to a set of names
N can yield a reduction via a proper reply (according to Definition 3.12) to the
challenge (vn)p when 7 does not intersect N. A reply context for a challenge
((vn)p,idpn(py) with a finite set of names N can be defined by exploiting the
characteristic process.

Definition 3.39. A reply context CIIJV(-) for the challenge ((vn)p, idyn(p)) with
a finite set of names N such that n is disjoint from N is defined as follows:
N def N
Cp () = char’(p) |-
Proposition 3.40. Given a reply context CIJJV('), the minimum number of re-
ductions required for CéV(Q) to become successful (for any Q) is the number of
reduction steps for testsﬁR to become successful plus 1.

Proof: By Definition 3.39, success can be generated only after removing the
case p’ from char (p); this can only be done via a reduction together with @,

QQ must eventually yield a pattern ¢ that unifies with p’. The minimum
number of reductions is obtained when @ already yields such a ¢, i.e. when @ is
a process of the form (vm)(q — Q1 | Q2), for some m and ¢ and @1 and Q2 such
that {p'[q} = (0,p) and O(testsy ) succeeds. In this case, dom(f) = bn(p') =
fst(FUR); by Lemma 3.38, 0(tests¥ 7 r) becomes successful in k reductions; thus,
€}’ (Q) becomes successful in k + 1 reductions, and this is the minimum over all
possible @Q’s. O

Denote the number of reductions put forward by Proposition 3.40 as
LB(N,p). The main feature of C}'(-) is that, when the hole is filled with a
process (Q, it holds that CZJ,V (Q) becomes successful in LB(N,p) reductions if

and only if there exist (g, p) and Q' such that @ e, Q" and p,idpnp) < g, p-
This fact is proved by Theorems 3.41 and 3.43.

Theorem 3.41. Suppose given a challenge ((vn)p, idpn(p)), a finite set of names
N, a process Q and fresh names w and f such that (n U {w, f}) ﬂ N =0 and

(fn((vn)p) U(Q)) € N. If Q has a transition of the form Q L), Q' and
there is a substitution p such that p,idps(,) < g, p then CN(Q) succeeds and has
a reduction sequence C) (Q) —* (vn)(pQ' | "w' e | Z), where k = LB(N,p)
and Z ~ 0.

Proof: We assume, by a-conversion, that binding names of p are fresh, in
particular do not appear in Q. By Proposition 3.30 {p|p’'} = (o,6) where
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0 = idyny and 0 = {n/r} n)epur. By Lemma 3.17 {q|p'} = (p,0); thus
C(Q) — (v)(pQ' | O(testsy ). Since w and f do not appear in Q, the only
possibility of producing a successful process is when G(testsg, ) succeeds; this
is ensured by Lemma 3.37. The thesis follows by Lemma 3.38. (]

The main difficulty in proving the converse result is the possibility of renam-
ing restricted names. Thus, we first need a technical lemma that ensures us the
possibility of having the same set of restricted names both in the challenge and
in the reply, as required by the definition of bisimulation.

Lemma 3.42. Let p and N be such that pn(p) C N, bn(p) N N = () and
spec™ (p) = p', F, R. If q is such that bn(p) Nfn(q) = 0 and {p'|q} = (8, p) such
that G(tests% r) succeeds, then:

® |vn(p) \ N| = [vn(g) \ N|;

e there exists a bijective renaming ¢ of vn(q) \ N into vn(p) \ N such that
b, idbn(p) < CQ7 Ps

e 0={n/x}umer U {1 (n)/2} @ n)ecr-

Proof: The proof is by induction on the structure of p. We have three possible
base cases:

1. If p= Az, then p’ = x and F' = R = (). By definition of pattern unification,
q € {z,"x", Ay}, for any y. Since = € bn(p) and bn(p) N fn(q) = 0, it can
only be ¢ = Ay; then, § = {} and p = {z/y}. This suffices to conclude,
since vn(p) \ N = vn(q) \ N = 0 and Az,id,) < Ay, p.

2. If p =n, then p’ = Az, for x fresh. Let us distinguish two subcases:

e If n € N, then F = {(z,n)} and R = ). By definition of pattern
unification, ¢ must be communicable, p = {} and § = {¢q/z}. Since
tests?{R only contains free(x,n), by Lemma 3.32 it holds that ¢ =
6(x) = n. This suffices to conclude, since vn(p) \ N = vn(q) \ N =0
and n, {} < n,p.

elf n ¢ N, then FF = 0 and R = {(z,n)}. Like before, ¢ must
be communicable, p = {} and 6 = {g/x}. Since testle}"R contains
rest (x), by Lemma 3.33 it holds that ¢ = #(x) = m € N\ N; thus,
[vn(p) \ N| = |vn(q) \ N| = 1. This suffices to conclude, by taking
¢ ={n/m}, since n,{} < n,p.

3.If p ="', then p = ™' and F = R = (0. By definition of pattern
unification, ¢ € {n,m'} and p = 0 = {}. In any case, vn(p) \ N =
vn(g) \ N =0 and p,{} < ¢, p.

For the inductive case, let p = p; epy. By definition of specification, p’ = p/ eph,
F=FWFand R = Ry ¥ Ry, where spec” (p;) = pl, F;, R;, for i € {1,2}. By
definition of pattern unification, there are two possibilities for ¢:

1. If ¢ = Az, for some z, then p’ must be communicable (i.e., p’ = x10...01,,
for some n), § = {} and p={x10...02,/2}. If p' =x10... 0x,, then,
by definition of specification, p = Az; e ... e Az,. Hence, vn(p) \ N =
vn(g) \ N =0 and Azye... 0 zy,,idg,, oy < Az, p.

veey
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2. Otherwise, it must be that ¢ = g1 eqa, with {p}|q;} = (0;, p:), for i € {1,2};
moreover, § = 0, U6y and p = p; U po. Since the first components of F}
and F are disjoint (and similarly for Ry and Rp), 0(testsp ) succeeds
implies that both 0(testsy, ) and 0(tests}, p ) succeed, since every test
of G(testsﬁ,Ri) is a test of f(tests}y p). Now, by two applications of the
induction hypbthesis, we obtain that, for ¢ € {1,2}:

e |Vi| = |W;|, where V; = vn(p;) \ N and W; = vn(g;) \ N;
e there exists a bijective renaming (; of W; into V; such that
iy idbn(p;) < CiGi, Pi

L 01 = {n/x}(xm)EF7 U {C;l(n)/x}(T,n)ER@
We now prove the following facts:

(a) if m € Wy \ Wa, then (1(m) € Vi \ Va:
by contradiction, assume that (;(m) = n € Vi3 N Ve (indeed,
¢1(m) € Vi, by construction of (7). By construction of the spec-
ification, there exists (x,n) € R;. Moreover, since n € V3, there
exists m’ € Wy such that (a(m’) = n but m’ # m. Again by con-
struction of the specification, there exists (y,n) € Ro. By inductive
hypothesis, 6 () = ¢; *(n) = m and () = ¢; ' (n) = m’. But then
0(check(z,n,y,n)), that is part of 9(tests%R), cannot succeed, since
01(x) # 02(y) (see Lemma 3.34). Contradiction.

(b) if m € Wo \ Wy, then (2(m) € Vo \ Vi:
similar to the previous case.

(¢) if m € Wi N Wy, then (1(m) = (a(m) € Vi NVa:
let n; = (;(m) € V;; by construction of the specification, there ex-
ists (z;,m;) € R;. By contradiction, assume that n; # ns. Then,
O(check(z1,n1,z2,n2)), that is part of 9(tests¥’R)7 reports failure,
since by induction 0;(x1) = ¢ (z1) = m = (G Hxa) = Oa(x2) (see
Lemma 3.34). Contradiction.

Thus, V3 UV, and W7 UWs, have the same cardinality; moreover, { = (1 U(s
is a bijection between them and it is well-defined (in the sense that ¢; and
2 coincide on all elements of dom(¢;) N dom(¢z) — see point (c) above).
Thus, p1,idpnp,) < (q1,p1 and pa,idpnp,) < (g2, p2; 80, P, idpnp) <
Cq,p. Moreover, 0 = 01 U0y = {n/z}umern U {CH0)/2} @ mer U

{n/‘r}(w,n)EFz U {Cil(n)/‘r}(w,n)ERz = {n/x}(ac,n)EF U {Cil(n)/z}(x,n)epn
as desired. 0

Theorem 3.43. Suppose given a challenge ((vn)p,idpn(p)), a finite set of
names N, a process QQ and fresh names w and f such that bn(p) N N =
(mU{w, f}H) NN =0 and (fn((vn)p) Un(Q)) € N. If CN(Q) becomes suc-
cessful in LB(N,p) reduction steps, then there exist (q,p) and Q' such that

Q % Q' and p.idungy) < 0. .
Proof: By Proposition 3.40, there must be a reduction CIJ,V(Q) —
(vm)(O(testsy z) | pQ") obtained because Q e, Q" and {p'|¢'} = (0, p).
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Since w ¢ fn(Q,p’) and C}Y (Q) |, it must be that O(tests}y ) becomes success-
ful; by Proposition 3.40, this happens in LB(N,p) — 1 reduction steps.

By hypothesis, fn((vn)p) C N; thus, vn(p) \ N = n. Moreover, by a-
conversion, m N fn(Q) = 0; thus, by fn((rvm)q’) C fn(Q) € N, we have that
vn(¢') \ N = m. Since bn(p) N N = @, we also have that bn(p) Nfn(¢’) = 0;
thus, we can use Lemma 3.42 and obtain a bijection ¢ = {n/m} such that

P, idpn(p) < (¢', p; moreover, by a-conversion, @ LOISIN ¢Q". We can conclude

by taking ¢ = (¢’ and Q' = (Q". U

We are almost ready to give the completeness result, we just need an auxil-
iary lemma that allows us to remove success and dead processes from both sides
of a barbed congruence, while also opening the scope of the names exported by
the success barb.

Lemma 3.44. Let (vm)(P | 'wlem | Z) ~ (vm)(Q | 'w'em | Z), for w ¢
fn(P,Q,m) and Z ~ 0; then P ~ Q.

Proof: By Theorem 3.27, it suffices to prove that

R={(P,Q) : (vm)(P|™w'em|Z)~(vm)(Q | w'em| Z)
ANwé¢fn(P,Q,m) N Z~0}

is a bisimulation. Consider the challenge P > P’ and reason by case analysis
on .

o If =7, then (wim)(P | wlem | Z) = (vm)(P' | w'em | Z) = P. By
Proposition 3.9 and reduction closure, (vm)(Q | "w'em | Z) Z, @ such
that P ~ @. By Proposition 2.5 (since w ¢ fn(Q)) and Z ~ 0, it can only
be that Q = (vm)(Q' | "w'em | Z), where Q — @'. By definition of R,
we conclude that (P, Q') € R.

o If = (vn)p, for (bn(p) Un) Nfn(Q) = . By a-conversion, we can also
assume that bn(p) N (M Um U fn(P)) = (. Let us now fix a substitution o
such that dom(a) = bn(p) and fn(c) N7 = (. Consider the context

C()= - | "w e m — (o(char™(p)) | T e An — "' e 71 e i)

for w’ fresh (in particular, different from w). Consider now the following
sequence of reductions:

C((vm)(P|"w' em|Z))

s (wim)(o(CN(P)) | Z | "u e An — "w'T e 71 e i)

—LBw.o (vin) (Vi) (o P'[Twl e iijoZ') | Z | w e An — w7 e 71 8 i)

— (vii,m)(oP' | w'lenem | Z|oZ') = P
The first reduction is obtained by unifying "w'em with the first case of C(-);
this replaces the binding names m in the context with the variable names
m and the scope of the restriction is extended consequently. Moreover,

o(char™(p)) | P = o(char™ (p) | P) = a(C)(P)): the first equality holds
because dom(o) = bn(p) and bn(p) N fn(P) = @; the second equality holds
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by definition of reply context. The second sequence of reductions follows
by Theorem 3.41 (ensuring that C.Y (P) LB (u)(P'|"w 7| Z"), for
7' ~ 0), Proposition 2.4 and by the fact that o((vn)(P'|"w' e 11|Z")) =
(vn)(ocP'|"wen|cZ’) (indeed, w is fresh and names(c)Nn = @). Moreover,
notice that 0Z’ ~ ¢0 ~ 0, because of Lemma 3.28. The last reduction
is obtained by unifying "w' e n with the case "w' e An of the context; this
replaces the binding names 7 in the context with the variable names n
and the scope of the restriction is extended consequently.

Consider now C((Vm)(Q|'— om|Z)) by reduction closure, C((vm)(Q \Fw—‘o
m|Z)) — s LBWV.p)+2 () guch that P ~ (. As P has a barb containing w’,

so must Q; by definition of C (+), this can happen only if CIJ,V (@Q) becomes
successful in LB(V, p) steps By Theorem 3.43, this entails that there exist

(g,p) and Q' such that Q 9 Q' and p, idbn(p) < ¢, p. Moreover, with
a reasoning similar to that for the reductions of C((vm)(P|"w'em|Z)), we
can conclude that Q = (vii,m)(c[p](Q") | W' enem | Z|loZ'); indeed,
in this case the application of Theorem 3.41 yields C;,V(Q) —LB.p)
(Vi) (pQ' ' @ 7| Z").

To state that (6P, o[p](Q)) € R, it suffices to notice that Z|oZ" ~ 0; this
holds because of contextuality of barbed congruence. Finally, Lemma 3.14
entails that p, o < ¢, 0(p]: indeed, o[idp(,)] = o because dom(o) = bn(p).
This shows that (g,0[p]) and Q' is a proper reply to the challenge

P — (R)p P’ together with o. 0

Theorem 3.45 (Completeness of the bisimulation). ~ C ~

Proof: It is sufficient to prove that, for every pair of processes P and @ such
that P ~ Q and for every transition P 4> P’  there exists a proper reply (ac-
cording to the definition of the bisimulation) of ) and the reducts are still barbed
congruent. This is trivial when g = 7, due to reduction closure and Proposi-
tion 3.9. The difficult case if when p = (vn)p, for (bn(p) Un) Nf(Q) = 0. In
this case fix a substitution ¢ such that dom(c) = bn(p) and fn(c) N1 = 0.

By Theorem 3.41 and Proposition 3.15, CIJ)V (P) becomes successful in k reduc-
tion steps, where k = LB(N,p). It follows by barbed congruence that CI],V (@)
becomes successful in k reduction steps too; Theorem 3.43 then implies that
Q e, Q' for some (g, p') and Q" such that p,idpn) < g, 0’

By two applications of Theorem 3.41 it follows that CY(P) +—
(vn)(P' | "w'en | Z), for Z ~ 0, and C)V(Q) —* (vn)(p'Q’ | w e n | Z).
Notice that, by Lemma 3.40 and definition of the reply context, these are the
only possibilities that yield a success barb in k£ reductions. Furthermore, reduc-
tion closure of ~ and Lemma 3.44 imply that P’ ~ p'Q’. By Lemma 3.28, we
obtain oP" ~ o(p'Q’) = o[p'](Q’). By Lemma 3.14, p,idyn) < ¢,p’ implies
p,0 < q,0[p']. This suffices to conclude. O

k

3.7 Equational Reasoning

This section considers some examples where bisimulation can be used to show
equivalence of processes. The first example exploits the unification of protected
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names with both variable and protected names:
m'—>P|mn—-P ~ In—>P

It states that the processes n' — P | In — P can be subsumed by the more
compact process In — P; indeed, any interaction of the left hand processes can
be properly responded to by the right hand process and vice versa.

The second example considers the contractive nature of binding names in
CPC: a case with the pattern Az e Ay can be subsumed by a case with the
pattern Az as long as some conditions are met. For example:

dredy—P|lz—=Q ~ DNz—Q ifP~{zey/z}Q

The side condition requires that the bodies of the cases must be bisimilar under
a substitution that preserves the structure of any pattern bound by Az e Ay in
the process Q.

These examples both arise from pattern unification and also appear in the
compatibility relation. Indeed, the examples above are instances of a general
result:

Theorem 3.46. Let P=p — P’ | lg — Q' and Q = g — Q'. If there exists p
such that p,idyn) < q,p and P~ pQ', then P ~ Q.

Proof: It suffices to prove that

R={(p— PQIR,QIR) : Q=g — Q AJp.p,idpnp) g, p NP ~pQ'}U ~

is a bisimulation. To this aim, consider every challenge from p — P’|Q|R and
show that there exists a transition from Q|R that is a proper reply (according
to the bisimulation). The converse (when the challenge comes from @ | R) is
easier.

So, let p — P'|Q|R X P; there are two possibilities for p:

1. p = (vn)p': in this case, we also have to fix a substitution o such that
dom(o) = bn(p’) and fn(c) N7 = (. There are three possible ways for
producing pu:

() p = p and P = P'|Q|R: in this case, since the action comes
from p — P’, by the side condition of rule parext, it must be
that bn(p) N fn(Q|R) = 0. Now, consider Q - Q’|Q with bn(g) N
fn(Q|R) = () (this can always be done, by using a-conversion); thus,
QIR L QIQIR = Q. Let p be such that p, idpn(py < q,p; by
Lemma 3.14, p,0 < ¢, 0[p], where olidyn,)] = o because dom(o) =
bn(p). Now it suffices to prove that (cP,o[p]Q) € R. This fol-
lows from the hypothesis that P’ ~ pQ’: indeed, by closure of
~ under substitutions, cP’ ~ o(pQ’) = o[p]Q’; by Lemma 3.24,
oP'|Q|R ~ o[p]Q'|Q|R. Now conclude: since dom(c) = bn(p)
and bn(p) N fn(Q|R) = 0, it holds that oP = oP’|Q|R; since
dom(ca[p]) = dom(p) = bn(q) and bn(g) N fn(Q|R) = 0, it holds that
ap)@Q = o[p]Q’'|Q|R; finally, by definition, ~ C R.
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(b) o = g and P = p — P'|Q'|Q|R: in this case, since the action
comes from @, by the side condition of rule parext, it must be that
bn(¢g) Nfn(p — P'|R) = 0. Now, consider QIR - Q'|Q|R = Q. By
Lemma 3.15, q¢,0 < ¢,0. It suffices to prove that (01%0@) € R
This follows from the definition of R: since dom(c) = bn(g) and
bn(q) Nfn(p — P’|R) = 0, it holds that oP =p — P'loQ'|Q|R and
oQ =oQ'|Q|R.

(¢) p= (wi)r, R R and P = p — P'|Q|R’: in this case, by the side
condition of rule parext, it must be that bn(r) Nfn(p — P'|Q) = 0.
Now, consider Q|R 4~ Q|R' = @ and reason like in the previous
case, obtaining that P = p — P'|Q|cR' ® Q|oR' = 0Q.

2. p=T: in this case, there are five possible ways for producing u:

(a) R R and P =p — P'|Q|R’: this case is trivial.

(b) P = 9P'|0(Q'|Q)|R, where {p|¢} = (9,0): Let p be such that
P, idpn(p) < ¢, p; by Lemma 3.18, {q]q} = (9[p],0). But a pattern can
unify with itself only if it is communicable; this entails that 8 = {}
and that p is communicable, thus ¢ = {}. Hence, P = P'|Q'|Q|R
and conclude by taking QIR = Q'|Q'|Q|R = Q, since by hypothesis
P ~Q.

(vn)r

(¢) P = (vn)(WP'|Q|OR’), where R —“ R’ and {p|r} = (9,6): by
a-conversion, now let bn(p) Nfn(Q) = 0 and nNfn(p — P'|Q) = 0.
Now consider Q@ - Q'|Q with bn(q) N fn(Q) = 0; by Lemma 3.18,
the hypothesis p,idpnp) < ¢, p entails {g|r} = (J[p],0). Thus,
QIR = (vn)(W[pl(QQ)IOR) = (vA)(WI[p]Q|QIOR)) = Q, where
the first equality holds because dom(d[p]) = dom(p) = bn(q) and
bn(q) N fn(Q) = 0. Conclude by using the hypothesis P’ ~ p@’,
thanks to closure of ~ under substitutions, parallel and restriction.

~ (vn)r

(d) P=p— P | (vi)(¥(Q|Q)|0R'), where R —2 R’ and {q|r} =
(0, 0): this case is simple, by considering Q|R

vn)(HQ'|Q)|OR) = @ and by observing that dom(¥) = bn(q), with
bn(q) Nfn(Q) = 0.

(e) P= p — P | 9Q'|0Q'|Q|R, where {q|q} = (J,0): this case is trivial,
by observing that ¥ =6 = {}. 0

To conclude, notice that the more general claim

Let P=p — P |lg — Q' and Q =l¢ — Q'; if there are o and p
such that p,c < ¢,p and o P’ ~ pQ’, then P ~ Q

does not hold. To see this, consider the following two processes:

P=Xx— P |Q with P =@wn)("m'ex|m'em — "w') forxz#m
Q =Dz — Q' with Q' = (vn)("Mm'em | m'em — "w)

Trivially Az, {m/x} < Az,{m/z} and {m/z}P’ ~ {m/x}Q" = Q’; however,
P is not bisimilar to Q. Indeed, in the context C(-) = - | k — 0, for k # m,
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they behave differently: C(P) can reduce in one step to a process that is stuck
and cannot exhibit any barb on w; by contrast, every reduct of C(Q) reduces
in another step to a process that exhibits a barb on w. (As usual, for proving
equivalences it is easier to rely on bisimulation, while for proving inequivalences
it is easier to rely on barbed congruence, thanks to Theorems 3.27 and 3.45 this
approach works perfectly.) Theorem 3.46 is more demanding: it does not leave
us free to choose whatever o we want, but it forces us working with idp,(,). Now,
the only p such that Az, {z/z} < Az, p is {x/x}; with such a substitution, the
second hypothesis of the theorem, in this case P’ ~ @Q’, does not hold and so
we cannot conclude that P ~ Q).

4 Comparison with Other Process Calculi

This section exploits the techniques developed in [15, 16] to formally assess the
expressive power of CPC with respect to m-calculus, Linda, Spi calculus, Fusion
and Psi calculus. After briefly recalling these models and some basic material
from [16], the relation to CPC is formalised. First, let each model, includ-
ing CPC, be augmented with a reserved process ‘y/’, used to signal successful
termination. This feature is needed to formulate what is a walid encoding in
Definition 4.1.

4.1 Some Process Calculi

m-calculus [24, 31]. The w-calculus processes are given by the following gram-
mar:

P:=01]+ | ab.P| alx)P | wn)P | PIQ | P
and the only reduction axiom is
a().P | a(x).Q ~— P[{b/z}Q

The reduction relation is obtained by closing this interaction rule by parallel,
restriction and the same structural equivalence relation defined for CPC.

Linda [11]. Consider the following variant of Linda formulated to follow CPC’s
syntax. Processes are defined as:

P:=01]+ | (b1,-..,b) | (t1,...,tx).P | (wn)P | PIQ | P
where b ranges over names and ¢ denotes a template field, defined by:
t o= | b7

Assume that input variables occurring in templates are all distinct. This as-
sumption rules out template (Az, Ax), but accepts (Az,™',™"). Templates are
used to implement Linda’s pattern matching, defined as follows:

MarcH( ;) = {} Matcu("b7;b) = {} MatcH(Az;b) = {b/z}

MATCH(t;b) =0y MATCH(E:b) = 03

MATCH(t, 1 ; b,g) =01 Woy
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where ‘@’ denotes the union of partial functions with disjoint domains. The
interaction axiom is:

)| @).P— oP  if MATCH(t:b) = o
The reduction relation is obtained by closing this interaction rule by parallel,
restriction and the same structural equivalence relation defined for CPC.

Spi calculus [3]. This language is unusual as names are now generalised to
terms of the form

M,N = n | « | (MN) | 0 | sucM) | {Mln

They are rather similar to the patterns of CPC in that they may have internal

structure. Of particular interest are the pair, successor and encryption that may

be bound to a name and then decomposed later by an intensional reduction.
The processes of the Spi calculus are:

[M is NP | let (z,y) =M in P

PQ == 0]+ | PQ|'P| (wvmP | M(z).P | M{(N).P
|
| case M of {x}n : P | case M of 0: P suc(x):Q

The null process, parallel composition, replication and restriction are all famil-
iar. The input M (z).P and output M(N).P are generalised from 7-calculus to
allow arbitrary terms in the place of channel names and output arguments. The
match [M is N]P determines equality of M and N. The splitting let (z,y) =
M in P decomposes pairs. The decryption case M of {x}n : P decrypts M and
binds the encrypted message to x. The integer test case M of 0: P suc(zx) : Q
branches according to the number. Note that the last four processes can all get
stuck if M is an incompatible term. Furthermore, the last three are intensional,
i.e. they depend on the internal structure of M.

Concerning the operational semantics, we consider a slightly modified version
of Spi calculus where interaction is generalised to

M(N).P | M(z).Q +— P |{N/z}Q
where M is any term of the Spi calculus. The remaining axioms are:

[M is M]P +— P
let (x,y)=(M,N)in P +— {M/z,N/y}P
case {M}n of {x}n:P +— {M/z}P
case 0 of 0: P suc(z):@Q +— P
case suc(N) of 0: P suc(z): Q +—— {N/z}Q

Again, the reduction relation is obtained by closing the interaction axiom under
parallel, restriction and the structural equivalence of CPC.

Fusion [27]. Following the presentation in [33], processes are defined as:

Pu=0|+ | PP | (vo)P | 'P | @@.P | u@®).P
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The interaction rule for Fusion is

(vu)(w(z).P | u(y).Q | R)— oP | 0Q | oR with dom(o)Uran(o) C {Z,y}
and u = dom(o) \ ran(o)
and o(v) (w)
=9)

=0
iff (v,w) € E(T

where E(Z = y) is the least equivalence relation on names generated by the

equalities T = y (that is defined whenever |Z| = |y|). Fusion’s reduction relation

is obtained by closing the interaction axiom under parallel, restriction and the

structural equivalence of CPC.

Psi [6]. For our purposes, Psi-calculi are parametrized w.r.t. two sets: terms

T, ranged over by M, N, ..., and assertions A, ranged over by W. The empty

assertion is written 1. We also assume two operators: channel equivalence,

++C T x T, and assertion composition, ® : A x A — A. It is also required that

<> is transitive and symmetric, and that (®,1) is a commutative monoid.
Processes in Psi are defined as:

Pu=0|+ | PP | (ve)P | 'P | M(N).P | MOZ)N.P | (T)

We now give a reduction semantics, by isolating the 7 actions of the LTS given
in [6]. To this aim, we recall the definiton of frame of a process P, written F(P),
as the set of unguarded assertions occurring in P. Formally:

F((¥)) =¥  Fvz)P) = (va)F(P)  F(P|Q)=F(P)eF(Q)

and is 1 in all other cases. We denote as (vbp)¥ p the frame of P. The structural
laws are the same as in w-calculus. The reduction relation is inferred by the
following laws:
UM< N -~
_ _ K =H[z :=1]
U M(K).P| NAZ)H.Q— P | {L/7}Q

\I/®\I/QI>P|—>P’ F
Vo P [Q— P |Q

Q) = (VEQ)WQ,EQ fresh for ¥ and P

VP P P=Q 9oQ+—Q Q=P
x & names(0)
U (vr)P — (vz)P’ UpPr—— P

We write P —— P’ whenever 1> P —— P’.

4.2 Valid Encodings and their Properties

This section recalls and adapts the definition of valid encodings as well as some
useful theorems (details in [16]) for formally relating process calculi. An en-
coding of a language £ into another language L, is a pair ([-],¢p)) where
[-] translates every Li-process into an Lo-process and @[] maps every source
name into a tuple of arity k of (target) names, for & > 0. The translation [-]
turns every source term into a target term; in doing this, the translation may
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fix some names to play a precise role or may translate a single name into a tuple
of names. This can be obtained by exploiting ¢j.

Now consider only encodings that satisfy the following properties. Let a
k-ary context C(_1;...;_) be a term where k occurrences of 0 are linearly
replaced by the holes {_1;...;_x} (every one of the k holes must occur once
and only once). Moreover, denote with —; and —>; the relations — and
> in language £;; denote with —¥ an infinite sequence of reductions in £;.
Moreover, we let ~; denote the reference behavioural equivalence for language
L;. Also, let P |}; mean that there exists P’ such that P =; P’ and P’ =
P" | 4/, for some P”. Finally, to simplify reading, let S range over processes of
the source language (viz., £1) and T range over processes of the target language

(viz., Lg).

Definition 4.1 (Valid Encoding). An encoding ([ -], ¢qy) of L1 into Ly is valid
if it satisfies the following five properties:

1. Compositionality: for every k-ary operator op of L1 and for every subset of
names N, there exists a k-ary context Cé\g(,l; ...;-k) of Lo such that, for
all Sy,...,Sk with fn(Sy,...,Sk) = N, it holds that [op(S1,...,Sk)] =
Cé\g([[Sl ﬂ; veny [[Sk]])

2. Name invariance: for every S and name substitution o, it holds that

[S] { = o'[S] if o is injective

~y o'[S] otherwise
where o' is such that ppy(o(a)) = o'(ppy(a)) for every name a.

8. Operational correspondence:

o for all St =15, it holds that [ S] =2~ [S'];

o forall[S] =2 T, there exists S’ such that S =15" and T =3
[S5']-

4. Divergence reflection: for every S such that [S] —— %, it holds that

S —Y.
5. Success sensitiveness: for every S, it holds that S {1 if and only if [ S] {2.

Now recall some results concerning valid encodings, in particular for show-
ing separation results, i.e. for proving that no valid encoding can exist be-
tween a pair of languages £1 and Lo satisfying certain conditions. Here, these
languages will be limited to CPC and those introduced in Section 4.1. Orig-
inally valid encodings considered were assumed to be semi-homomorphic, i.e.
where the interpretation of parallel composition is via a context of the form
(vn)(c1 | -2 | R), for some n and R that only depend on the free names of
the translated processes. This assumption simplified the proofs of the following
results in general, i.e. without relying on any specific process calculus; in our
setting, since the languages are fixed, we can prove the same results without
assuming semi-homomorphism.

Proposition 4.2. Let [-] be a walid encoding; then, S+ implies that

[S]—-
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Theorem 4.3. Assume that there exists S such that S+ and S 1 and
S | S 1; moreover, assume that every T that does not reduce is such that
T | T /4. Then, there cannot exist any valid encoding of L1 into Ls.

To state the following proof technique, define the matching degree of a lan-
guage L, written MD(L), as the least upper bound on the number of names that
must be matched to yield a reduction in £. For example, MD(w-calculus) = 1,
since the only name matched for performing a reduction is the name of the chan-
nel where the communication happens, whereas Mp(Linda) = MD(CPC) = oo,
since there is no upper bound on the number of names that can be matched in
a reduction.

Theorem 4.4. If MD(Ly) > MD(L2), then there ezists no valid encoding of
£1 mto £2.

4.3 CPC vs 7w-calculus and Linda

A hierarchy of sets of process calculi with different communication primitives is
obtained by Gorla [15] via combining four features: synchronism (synchronous
vs asynchronous), arity (monadic vs polyadic data exchange), communication
medium (channels vs shared dataspaces), and the presence of a form of pattern
matching (that checks the arity of the tuple of names and equality of some
specific names). This hierarchy is built upon a very similar notion of encoding
to that presented in Definition 4.1 and, in particular, it is proved that Linda [11]
(called L o p,p,pm in [15]) is more expressive than monadic/polyadic 7-calculus
(24, 23] (called L g w,c,no and L g p.c,no, respectively, in [15]).

As Linda is more expressive than m-calculus, it is sufficient to show that CPC
is more expressive than Linda. However, apart from being a corollary of such
a result, the lack of a valid encoding of CPC into w-calculus can also be shown
by exploiting the matching degree, i.e. Theorem 4.4: the matching degree of
m-calculus is one, while the matching degree of CPC is infinite.

Theorem 4.5. There is no valid encoding of CPC into Linda.

Proof: The self-matching CPC process S = x — 4/ is such that S +/— and S {/,
however S | S — and S | S |}. Every Linda process T such that T | T +— can
reduce in isolation, i.e. T ——: this fact can be easily proved by induction on
the structure of T. Conclude by Theorem 4.3. O

The next step is to show a valid encoding of Linda into CPC. The encoding
[-] is homomorphic with respect to all operators except for input and output
which are encoded as follows:

= def ~
[@).P] = patt(t) = [P]
[B)] < patd(®) —0
The functions pat—t(-) and pat—d(-) are used to translate templates and data,
respectively, into CPC patterns. The functions are defined as follows:

pat—t( ) T Nz ein for = a fresh name
pat—t(t,f) = teinepat—t(?)

pat—d( ) ' ine s
pat—d(b, b) b e Az e pat—d (b) for  a fresh name
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where in is any name (a symbolic name is used for clarity but no result relies
upon this choice). Moreover, the function pat—d(-) associates a bound variable
to every name in the sequence; this fact ensures that a pattern that translates
a datum and a pattern that translates a template match only if they have the
same length (this is a feature of Linda’s pattern matching but not of CPC’s

unification). It is worth noting that the simpler translation [ (b1,...,bn)] e
by e...eb, — 0 would not work: the Linda process (b) | (b) does not reduce,
whereas its encoding would, in contradiction with Proposition 4.2.

Next is to prove that this encoding is valid. This is an easy corollary of
the following lemma, stating a strict correspondence between Linda’s pattern
matching and CPC’s unification (on patterns arising from the translation).

Lemma 4.6. MATCH(t;b) = o if and only if {pat—t(f)|pat—d(b)} = (o U
{in/z}, {in/zo,...,in/z,}), where {zo,..., 2} = bn(pat—d(b)) and dom(o) &
{z} = bn(pat—t(t)) and o maps names to names.

Proof: In both directions the proof is by induction on the length of ¢. The
forward direction is as follows.

e The base case is when ¢ is the empty sequence of template fields; thus,

pat—t(¢f) = Az ein. By definition of MATCH, it must be that b is the empty

sequence and that o is the empty substitution. Thus, pat—d(b) = in e Az
and the thesis easily follows.

e For the inductive step ¢ = t,# and pat—t(f) = ¢ e in  pat—t(¢/). By
definition of MATCH, it must be that b = b, and MATCH(t,b) = o1
and MATCH(;’,bN’) = 09 and 0 = o1 Woy. By the induction hy-
pothesis, {pat—t(#')|pat—d(¥')} = (02 U {in/x}; {in/a1,...,in/z,}), where
{21,...,2,} = bn(pat—d(¥')) and dom(cs) ¥ {2} = bn(pat—t(#')). There
are now two sub-cases to consider according to the kind of template field
t.

—If t = b then oy = {}; thus, ¢ = o5 and {pat—t(¢)|pat—d(b)} =
(e U{in/x}, {in/xo,...,infxn}).
— If t = Ay then oy = {b/y} and y & dom(oy). Thus, pat—t() is a

pattern in CPC and it follows that {pat—t(t)|pat—d(b)} = (o1 U2 U

{in/a}, {in/ao,....in/x,}) = (o U{in/z}, {in/zo....,In/z,}).
The reverse direction is as follows.

e The base case is when ¢ is the empty sequence of template fields; thus,

pat—t(f) = Az e in. Now proceed by contradiction. Assume that b is not

the empty sequence. In this case, pat—d(b) = by e Azg e (b @ Azy e (... (b, e
Azpe(ineXx,11))...), for some n > 0. By definition of pattern unification

in CPC, pat—d(b) and pat—t(t) cannot unify, and this would contradict the
hypothesis. Thus, it must be that b is the empty sequence and we easily
conclude.

e The inductive case is when £ = ¢, # and thus, pat—t(f) = teinepat—t(¢'). If
b was the empty sequence, then pat—d(b) = in o Az and it would not unify
with pat—t(t). Hence, b = b,b’ and so pat—d(b) = b e Az e pat—d(b’). By
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definition of pattern-unification in CPC it follows that {t|b} = (o1, {}) and
{pat—t(t')|pat—d(¥’)} = (o2 U {in/x},{in/z1,...,in/z,}) and 0 = 01 U 5.
Now consider the two sub-cases according to the kind of the template field
t.

— If t = " then 01 = {} and so 09 = 0. By induction hypothesis,
MATCH(t; 1) = o, and so MATCH(t;b) = 0.

— If t = Ay then o1 = {b/y} and o3 = {n;/y;} for y; € dom(o)\{y} and
n; = oy;. Thus, y ¢ dom(oy) and so 0 = 01 W oy. By the induction
hypothesis, MATCH(;’; g’) = 09; moreover, MATCH(t; b) = 07. Thus,
MATCH(: b) = 0. O

Lemma 4.7. If P = Q then [P] = [Q]. Conversely, if [P] = Q then
Q=|[P'], for some P' = P.

Proof: Trivial, from the fact that = acts only on operators that [-] translates
homomorphically. (Il

Theorem 4.8. The translation [ -] from Linda into CPC preserves and reflects
reductions. That is:

e If P+—— P’ then [P] — [P’'];
o if [P] — Q then Q = [P'] for some P" such that P — P’.

Proof: Both parts can be easily proved by a straightforward induction on
judgements P — P’ and [ P] — @, respectively. In both cases, the base step
is the most interesting one and it trivially follows from Lemma 4.6; the inductive
cases where the last rule used is the structural one rely on Lemma 4.7. O

Corollary 4.9. The encoding of Linda into CPC is valid.

Proof: Compositionality and name invariance hold by construction. Opera-
tional correspondence and divergence reflection easily follow from Theorem 4.8.
Success sensitiveness can be proved as follows: P |} means that there exist P’
and k > 0 such that P ——* P’ = P"” | \/; by exploiting Theorem 4.8 k times
and Lemma 4.7, we obtain that [ P] —* [P'] = [P"] | v/, i.e. that [P] {.
The converse implication can be proved similarly. (]

4.4 CPC vs Spi

CPC cannot be encoded into Spi calculus, as a corollary of Theorem 4.3. This
can be proved like in Theorem 4.5: the self-unifyinging CPC process x — 4/
cannot be properly rendered in Spi.

The remainder of this section develops an encoding of Spi calculus into CPC.
The terms can be encoded as patterns using the reserved names pair, encr, 0
and suc by

[n] déf n [ suc(M)] def suce [M]
[«] € = [(M,N)] < paire [M]e[N]
[o] %« o [{Min] % encre[M]e[N]
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The tagging is used for safety, as otherwise there are potential pathologies in
the translation: for example, without tags, the representation of an encrypted
term could be confused with a pair.
The encoding of the familiar process forms are homomorphic as expected.
The input and output both encode as cases:
[M(z)P] %< [M]eXzein—[P]
[M(N).P] < [M]e([N])eAz—[P] = isa fresh name

The symbolic name in (input) and fresh name x (output) are used to ensure
that encoded inputs will only unify with encoded outputs as for Linda.

The four remaining process forms all require pattern unification and so trans-
late to cases in parallel. In each encoding a fresh name n is used to prevent
interaction with other processes, see Lemma 2.5. As in the Spi calculus, the
encodings will reduce only after a successful unification and will be stuck oth-
erwise. The encodings are

(M is NIP] S (on)(we [M] = [P] | 7 s [N])

[let (x,y) =M in P] def (vn)(m e (Tpair' e Az e \y) — [ P]
e [M])

[case M of {x}n : P] def (vn)(m'e ("encr'e Az o [N]) — [ P]
" e [ M])

[case M of 0: P suc(x): Q] o (vn)(m e — [ P]
|'n" e ("suc’ e Az) — [Q]

e [M])

The unification [M is N|P ounly reduces to P if M = N, thus the encoding
creates two patterns using [M ] and [N] with one reducing to [P]. The
encoding of pair splitting let (z,y) = M in P creates a case with a pattern that
unifies with a tagged pair and binds the components to = and y in [ P]. This
is put in parallel with another case that has [ M ] in the pattern. The encoding
of a decryption case M of {«x}n : P checks whether [ M ] is encoded with key
[ N] and retrieves the value encrypted by binding it to x in the continuation.
Lastly the encoding of an integer test case M of 0: P suc(x) : Q creates a case
for each of the zero and the successor possibilities. These cases unify the tag
and the reserved names 0, reducing to [ P], or suc and binding = in [@Q]. The
term to be compared [ M ] is as in the other cases.
Let us now prove validity of this encoding.

Lemma 4.10. If P = Q then [P] = [Q]. Conversely, if [P] = Q then
Q=[P'], for some P' = P.

Proof: Trivial, from the fact that = acts only on operators that [-] translates
homomorphically. ([l

Theorem 4.11. The translation [ -] from Spi calculus into CPC preserves and
reflects reductions, up-to CPC’s barbed congruence. That is:

e If P—— P’ then [P] —=~ [P'];
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e if [P] — Q then Q ~ [P'] for some P’ such that P — P’.

Proof: The first claim can be easily proved by a straightforward induction
on judgement P —— P’. The base case is proved by reasoning on the Spi
axiom used to infer the reduction. Although all the cases are straightfor-
ward, a reduction rule for integers is shown for illustration. Consider the

reduction for a successor as the reduction for zero is simpler. In this case,
P = case suc(M) of 0: Py suc(z): Py and P’ = {M/x}P,. Then,

[P] = (vn)(7 e (num e T") — [P]
| e (nume (suc’e A\x)) — [ P]

| ™" e (nume (suce [M])) — 0) .
and it can only reduce to
{[M]/x}[P2] | (vn)n" e (num e T07) — [P ]

By a straightforward induction on the structure of P, it is easy to prove that
{IM]/x}[Po] = [{M/x}P,]. Thus, [P] — [{M/z}P;] | (vn)'n"e (num e
0" — [Pi1] ~ [P’], where the last equivalence follows from Lemma 2.5.
The inductive case is straightforward, with the structural case relying on
Lemma 4.10.

The second part can be proved by induction on judgement [P] — Q.
There is just one base case, i.e. when [P] =p — Q1 | ¢ — Q2 and Q =
oQ1 | pQ2 and {p|q} = (o, p). By definition of the encoding, it can only be that
p=[M]elzreinand Q1 =[P ]Jand ¢g=[M]e([N]) e x and Q2 = [P2]
for some Py, P,, M and N. This means that P = M(z).P, | M(N).P, and that
Q=A{[N]/z}[P.] | [P2] = [{N/x}P1 | P»]. To conclude, it suffices to take
P’ ={N/x}P, | P,. For the inductive case there are two possibilities.

e The inference of [P] —— @ ends with an application of the rule for
parallel composition or for structural equivalence: this case can be proved
by a straightforward induction.

e The inference of [P] —— @ ends with an application of the rule for
restriction; thus, [P] = (vn)Q’, with @' — Q" and Q = (vn)Q". If
Q' = [P"], for some P”, apply a straightforward induction. Otherwise,
there are the following four possibilities.

—Q =eM]' — [P1] | m e¢NJ" and, hence, Q" = [P1].
By definition of the encoding, P = [M is N]P;. Notice that the
reduction Q' — Q" can happen only if [M] and [N ] unify; by
construction of the encoding of Spi-terms, this can happen only if
M = N and, hence, P —— Pj;. The thesis follows by letting P’ = Py,
since n is a fresh name and so @ = (wn)[P1 ] =[P ]

—Q ="e(pair'e Az eAy)) — [P1] | m' e (paire ([M]e[N]))
and, hence, Q" = {[M ]/x,[N]/y}[ P1]. This case is similar to the
previous one, by letting P be let (z,y) = (M, N) in Py.

— @ = e (encrie (\r o [N])) — [P1] | s (encre ([M ]« [N]))
and, hence, Q" = {[M ]/z}[ P1]. This case is similar to the previous
one, by letting P be case {M}n of {z}n: P1.
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- Q ="n"e(nume™") — [P1] | n'e(nume(suclez)) — [P2] | e
[M]. Hence, P = case M of 0: Py suc(x) : P5. According to the
kind of [ M ], there are two sub-cases (notice that, since Q' — Q"
no other possibility is allowed for [ M ]).

* [M] = nume0: in this case, Q" = [P1] | ™" e (num e ("suc' e
Az)) — [P2]andso @ = (vn)Q" =[P1] | (vn)n'e(nume(Tsuc'e
Az)) — [P2] = [P1]. In this case, M = 0 and so P — P;; to
conclude, it suffices to let P’ be P;.

* [M] = num e (suce [M']), for some M': in this case, Q" =
{IM']/z}[P=] | m'e(nume™") — [P, ] and so Q = (vn)Q" =
[{M'/2}P,] | (vn)i o (num e 0) — [Py ] ~ [{M’/2}P,]. Tn
this case, M = suc(M') and so P — {M'/x}Ps; to conclude,
it suffices to let P’ be {M'/x}Ps. 0

Corollary 4.12. The encoding of Spi calculus into CPC is valid.
Proof: See the proof for Corollary 4.9. ]

Notice that the criteria for a valid encoding do not imply full abstraction of
the encoding (actually, they were defined as an alternative to full abstraction
[15, 16]). This means that the encoding of equivalent Spi calculus processes
can be distinguished by contexts in CPC that do not result from the encoding
of any Spi calculus context. Indeed, while this encoding allows Spi calculus
to be modelled in CPC, it does not entail that cryptography can be properly
rendered. Consider the pattern encre Az e Ay that could unify with the encoding
of an encrypted term to bind the message and key, so that CPC can break
any encryption! Indeed this is an artefact of the straightforward approach to
encoding taken here. Some discussion of alternative approaches to encryption
in CPC are detailed in the first author’s PhD dissertation [12].

4.5 CPC vs Fusion

The separation results for CPC and the other process calculi presented so far
have all been proved via symmetry; thus, the relationship between Fusion and
CPC is of particular interest. Such calculi are unrelated, in the sense that there
exists no valid encoding from one into the other. The impossibility for a valid
encoding of CPC into Fusion can be proved in two ways, by exploiting either
the matching degree or the symmetry of CPC.

Theorem 4.13. There is no valid encoding of CPC into Fusion.

Proof: The matching degree of Fusion is 1 while the matching degree of CPC is
infinite; conclude by Theorem 4.4. Alternatively, reuse the proof for Theorem 4.5
as every Fusion process T is such that T' | T —— implies T . O

The converse separation result is ensured by the following theorem.

Theorem 4.14. There exists no valid encoding of Fusion into CPC.
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Proof: By contradiction, assume that there exists a valid encoding [ - ] of Fusion

into CPC. Cousider the Fusion process P et (va)(@(z) | uly).\/), for x, y and
u pairwise distinct. By success sensitiveness, P || entails that [ P] {.

We first prove that [P] must reduce before reporting success, i.e. that
every occurrence of / in [ P] falls underneath some prefix. By composition-

ality, [ P] < clus ™ ([a(@) I; [u(y)/1). If [ P] had a top-level un-

guarded occurrence of /, then such an occurrence could be in C({:‘g’y}(,), in

Cl{u’x’y}(,l; —2), in [u(x)] or in [u(y).4/]; in any case, it would also follow that

at least one of [ (vz)(u(z) | y(u).\/)] or [(va)(@(u) | u(y).\/)] would report
success, whereas both (va)(u(x) | y(u).v/) ¥ and (vz)(T(u) | u(y).y/) ¥, against
success sensitiveness of [-]. Thus, the only possibility for [ P] to report success

is to perform some reduction steps (at least one) and then exhibit a top-level
unguarded occurrence of /.

We now prove that every possible reduction leads to contradict validity of
[-1; this suffices to conclude. There are five possibilities for [ P] —.

1. Either Cé:;w —, or Cl{u’m’y} —, or [u(z)] — or [u(y).y/]
In any of these cases, at least one out of [(vz)(@(z) | y(u).\/)]
)-

[ (ve)(@(u) | u(y)./)] would reduce; however, (va)(@(z) | y(u).\/)
and (vz)(T(u) | u(y).\/) —, against Proposition 4.2 (that must hol

whenever [ -] is valid).

I

Q

T

=7

2. Reduction is generated by interaction between C({u’x’y} and 1"V, As

before, [ (va)(u(z) | y(u).v/)] — whereas (vz)(u(z) | y(u)v/) 7=,

against Proposition 4.2.

3. Reduction is generated by interaction between C{u =9} and [w(z)], for
op € {(vz), | }. Like case 2.

4. Reduction is generated by interaction between Cé:f =Y} and [u(y)./], for
op € {(vz),|}. As before it follows that [(vz)(ZT(u) | u(y).v/)] —
whereas (vz)(Z(u) | u(y).\/) #—, against Proposition 4.2.

5. The reduction is generated by an interaction between the processes [@(x) ]
and [u(y).+/]. In this case, it follows that [u(x) | u(y).,/] — whereas
w(z) | u(y).4/ #—: indeed, the interaction rule of Fusion imposes that at
least one between x and y must be restricted to yield the interaction. O

4.6 CPC vs Psi

CPC and Psi are unrelated, in the sense that there exists no valid encoding from
one into the other. As in Theorem 4.13, the impossibility for a valid encoding
of CPC into Psi can be proved in two ways, by exploiting the matching degree
or symmetry of CPC. The converse separation result is ensured by the following
theorem.

Theorem 4.15. There exists no valid encoding of Psi into CPC.
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Proof: Assume that there exists a valid encoding [ -] of Psi into CPC. Consider

the Psi process P %' (@c | b.(v ] )| (a< b)), where we have omitted the
argument of the actions because useless, and choose a, b and ¢ pairwise distinct;
also consider the reduction

{a&bFa<b

{a=blrac|b(yV]c)—c|+/]c
1o Pr—(c|V]c)|(aDb)

Thus, P || and, by success sensitiveness, [ P] {}. By compositionality, [ P] def
el N [acl;[b(v/ | @Dil(a < b)]). Like in the proof of Theo-
rem 4.14, it is easy to prove that the only possibility for [ P] to report success
is to perform some reduction steps (at least one) and then exhibit a top-level
unguarded occurrence of /.

We now prove that every possible reduction leads to contradict validity of
[-]; this suffices to conclude. Of course, none of [a.c], [0.(v/ | ¢)] and [(a <
b) ] can reduce, because a.c, b.(y/ | ¢) and (a < b)) do not reduce. Thus, there
are seven possibilities for [ P] —.

1. Either C‘{a’b’c} —— or the reduction is obtained by synchronizing the two
copies of Cl{a’b’c}. In both cases, also [(¢.a | b.(v/ | ¢)) | (a < b)] would
reduce, whereas (¢.a | b.(v/ | ¢)) | (a < b) /—, against Proposition 4.2
(that must hold whenever [-] is valid).

2. The reduction is obtained by synchronizing [a@.c] with (one of the two
copies of) Cl{a’b’c}. In this case, also [(a.c | c.(v/ | b)) | (a < b)] would
reduce, whereas (a.c | c.(v/ | D)) | (a < b) /—.

3. The reduction is obtained by synchronizing [b.(y/ | ¢)] with (one of the
two copies of) Cl{a’b’c}. This case is proved impossible like case 1 above.

4. The reduction is obtained by synchronizing [(a <> b) ] with (one of the
two copies of) Cl{a’b’c}. This case is proved impossible like cases 1 and 2
above.

5. The reduction is obtained by synchronizing [a.c] with [b.(v/ | ¢)]. In
this case, also [(a.c | b.(y/ | ¢)) | (a < ¢)] would reduce, whereas

(@.c|b.(v )| (aec)r—.

6. The reduction is obtained by synchronizing [a.c] with [(a < b)) ]. This
case is proved impossible like case 2 above.

7. The reduction is obtained by synchronizing [b.(y/ | ¢)] with [(a < b)].
This case is proved impossible like case 1 above. O
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5 Conclusions

Concurrent pattern calculus uses patterns to represent input, output and tests
for equality, whose interaction is driven by unification that allows a two-way flow
of information. This symmetric information exchange provides a concise model
of trade in the information age. This is illustrated by the example of traders
who can discover each other in the open and then close the deal in private.

As patterns drive interaction in CPC, their properties heavily influence
CPC’s behaviour theory. As pattern unification may match any number of
names these must all be accounted for in the definition of barbs. More deli-
cately, some patterns are compatible with others, in that their unifications yield
similar results. The resulting bisimulation requires that the transitions be com-
patible patterns rather than exact. Further, the techniques developed for CPC’s
behavioural theory can easily account for other kinds of pattern matching, such
as in polyadic m-calculus and Linda [13].

CPC supports valid encodings of many popular concurrent calculi such as
m-calculus, Spi calculus and Linda as its patterns describe more structures.
However, these three calculi do not support valid encodings of CPC because,
among other things, they are insufficiently symmetric. On the other hand,
while fusion calculus is completely symmetric, it has an incompatible approach
to interaction. Similarly, Psi calculus is unrelated to CPC due to supporting
implicit computations, while also being less symmetric.

Another path of development for a process calculus is implementation in
a programming language [29, 7, 2, 21]. The bondi programming language is
based upon pattern matching as the core of reduction and the theory of pattern
calculus [18, 1]. A Concurrent bondi has also been developed that extends
bondi with concurrency and interaction based on the pattern unification and
theory of CPC [12, 9].

Appendix A: Proofs of Section 3.2

Proof of Proposition 3.7 First of all, let us define an alternative (but equiv-
alent, up-to =) LTS for CPC, written £+ it is obtained by replacing rep with
the following two rules (all the other rules are the same, with —» in place of
— everywhere):

PP p e, pr p YN pr (g} = (o, p)
P =P | 1P \P T (vin, ) (0P’ | pP") [ 1P M=

We can prove that: (1) if P 25 P’ then P X5 P’; and (2) if P £ P’ then
P £ P for some P’ = P’ (both proofs are done by a straightforward in-
duction on the derivation of the premise, whose only interesting case is when
P = 1Q, for some Q).

Now define the following measure associated to a process:

o]} = 0 lp— Pl =1 [(wn)P|| = [ P|

[Py Pell = 1Pl + 22l + ([Pl - (TPl (P =PI+ 1P - [P
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By induction on the structure of P, we can prove that |[{P’ : P £ P'}| <|| P||.
By exploiting this fact and (2) above, it follows that there are finitely many
(up-to =) P’ such that P £ P’. O

Proof of Lemma 3.8 The proof is by induction on the inference for

P L, P’. The base case is when the last rule is case, with P = (p —
P) 2, P, = P’; conclude by taking 7 = ) and Q; = P; and Q> = 0. For the
inductive step, consider the last rule in the inference.

e If the last rule is resnon then P = (vo)P; L, (vo)P] = P’, where

Py (v P| and o ¢ names((vm)p). By induction, there exist n’ and @
and @} such that P, = (vm)(vn')(p — Q) | Q%) and P = (vn/)(Q] | Q%)
and 7’ Nnames((vm)p) = @ and bn(p) Nfn(Q%) = 0. As o ¢ names((vm)p)
and by a-conversion o ¢ n’, conclude with @; = Q) and Q2 = Q) and
n=mno.

(vm',0)p

o If the last rule is resin then P = (vo)P; P| = P’, where
(vm')p

P, —— P] and o € vn(p)\(m' U pn(p) Ubn(p)) and m = m’,0o. By

induction, there exist #’ and Q] and Q% such that P, = (vm/)(vn/)(p —
1] Q) and P = (vn')(Q) | Q) and n’' N names((vm/)p) = ) and

bn(p) N fn(Q%) = 0. Conclude with 7 =7’ and Q1 = Q] and Q2 = Q5.

o If the last rule is parext then P = P | P2 WP pr| Py, where

P — ) ——— P and fn(P2) N (m U bn(p) . By induction, there ex-
ist ' and Q) and Q) such that P, = (1/ )( n)(p — Q) | Q%) and
Pl = (wn)(Q] | @) and 7’/ N names((vm)p) = (Z) and bn(p) Nfn(Q5) = 0.
As bn(p) N fn(P2) = 0, we can conclude with 7 = 1’ and Q; = Q] and
Q2=Q5 | Pa.
e If the last rule is rep then P =!Q) Lvmep, P’ where Q | 'Q Lo, P'. We
easily conclude by induction and by the fact that P = Q | !Q. O

Proof of Proposition 3.9 The first claim is proved by induction on the

inference for P =5 P’. The base case is with rule unify: P = P, | Q,
where P, ™2, pland @ YL Qf and P = (vin,7)(0P] | pQ,) and

{rlg} = (o,p) and mN(Q1) =nNfn(P) =0 and m N7 = @. By Lemma 3.8,
it follows that P, = (vm)(vo)(p — Py | PY) and P| = (vo)(P{' | PY),
with o N names((vm)p) = 0 and bn(p) N f(Py)) = 0; similarly, Q1 =
(vn)(vr)(q — QY | Q%) and Q) = (v7)(Q} | QY), with 7Nnames((vn)q) = () and
bn(q) N fn(QY) = 0. By exploiting a-conversion on the names in 0,7, we have
0,7 N (names((vm)p) U names((vn)q)) = 0; thus, Py | Ql = (vm,n)(vo,7)(p —
Py P 0 — QY | Q) — (v, o, 7)o Pl | BY | pf | @4). Since o avoids
0, dom(o)Nfn(PY) = and p avoids 7, dom(p)Nfn(QY) = @and onfn(QY | QY) =
rnfn(P; | Py) =0, conclude P — (vm,n)(vo, ?"')( Pl | P} | pQl | QF) =
(vm,n)(o((vo)(P1" | ) | p((vP)(Q7 | Q7)) = (vm,n)(o Py | p@Q7) = P,

For the inductive step, reason on the last rule used in the inference.
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e If the last rule is parint then P = P, | Py, for P, = P and P’ = P| | P,.
Apply induction to the transition P; - P| to obtain that P, —— P;
thus, P — P'.

e If the last rule is resnon then P = (vn)Py, for P, =+ P| and P’ = (vn)P].
Again, trivial by induction.

e If the last rule is rep then P =!P;, for P, | !\P, = P’. By induction,
Py, | !P; — P’ and easily conclude, since P = Py | | P;.

The second claim is by induction on the inference for P —— P’. The base case
is when P =p — P/ | ¢ — Q) and P’ = oP[ | pQ}, for {p|q} = (o, p). By the
unify rule in the LTS

p—P) 5P (—Q) L Q)

- - —— {plg} = (o,p)
p— P |q—Q) — oP|pQi

and the result is immediate. For the inductive step, reason on the last rule used
in the inference.

o If P= P, | P,, where Py — P{ and P’ = P| | P,, then use the induction
and exploit the parint rule.

o If P = (vn)P;, where P, — P| and P’ = (vn)P{, then use the induction
and exploit the resnon rule.

e Otherwise, it must be that P = Q — Q' = P’. By induction, Q — @’
for some Q" = @’. We now have to prove that structurally equivalent
processes have the same 7-transitions, up-to =; this is done via a second
induction, on the inference of the judgement P = (). The following are
two representative base cases; the other base cases are easier, as is the
inductive case.

— P=R=R|!R=Q: since Q=R |!R = Q", for Q" = Q’, we can
use rule rep of the LTS and obtain P — Q"; we can conclude, since
Q'=Q =P.

— P=wn)P, | P,=(wn)(P1| P)=Q, that holds since n & fn(P):
by the first inductive hypothesis, (vn)(P; | Py) = Q" for Q" = Q'.
Moreover, by definition of the LTS, the last rule used in this inference
must be resnon; thus, P; | P, — Q" and Q" = (vn)Q"". There are
three possible ways to generate the latter 7-transition:

x* P, = P} and Q" = P| | Py: in this case
P, 5P
(vn)P; = (vn)P|
P= (Vn)P1 | P2 L) (l/'rL)Pll | P2

and conclude by noticing that (vn)P| | P, = (vn)(P | P2) =
Q'=Q =P

* Py, =» Py and Q" = Py | Py: this case is similar to the previous
one, but simpler.
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*x Py RGN P} and P, RLN P}, and Q" = (vm,n)(c Py | pPs),

where {p|q} = (o, p), mNfn(Py) = nNfn(Py) = 0 and mNn = 0:
this case is similar to the base case of the first claim of this
Proposition and, essentially, relies on Lemma 3.8. The details
are left to the interested reader. O]

Appendix B: Proofs of Section 3.5

Proof of Lemma 3.23 It is necessary to prove that the relation
R={p—Pp—Q) : P~Q}U ~

is a bisimulation. The only possible challenge of p — P is p — P L, P such
that bn(p) Nfn(Q) = B; moreover, fix any o such that dom(a) = bn(p). The only

possible reply from p — Q is p — Q = Q, that is a valid reply (in the sense of
Definition 3.12). Indeed, p,o0 < p, o, by Proposition 3.15, and (¢P,0Q) € R,
because P ~ @ and ~ is closed under substitutions by definition. O

Proof of Lemma 3.24 It is necessary to prove that the relation
R={(wn)(P[R),(vn)(Q|R) : P~Q}

is a bisimulation. Fix any transition (v7i)(P | R) < P that, by definition of
the LTS, has been inferred as follows:

PIRL P
(%)

(vn)(P | R) & P

where = (vm)jz and P = (v 7\m)P and the dots denote repeated applications
of resnon (one for every name in  \ m) and resin (one for every name in m).

If i = 7, then m = 0; moreover, P | R £, P can be generated in three ways:

e If the transition is
PP

PIRL PR

then by P ~ Q there exists Q — Q' such that P’ ~ Q’; conclude with
(n)(Q | R) = (vi)(Q' | R).

e If the transition is
R L R

PIRZP|R
consider (vn)(Q | R) = (vn)(Q | R') and conclude.
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o If the transition is B
“p
—

(vo)r

P P R R
P| RS (W, 5)(cP | OR))
with {p|r} = (,0) and lﬂfn( ) =oNfn(P) =1n5 = 0. Now, there exist

(g,p) and Q' such that Q 4, @ and p,o < ¢,p and oP' ~ pQ'. B
Lemma 3.17, {¢|r} = (p,0) and so

(Vl)q (vo)r

Q——Q R—R
QIR (1,0)(Q | 0R)
where, by a-conversion, we can always let 0 N fn(Q) = 0 (the other side
conditions for applying rule unify already hold). By repeated applications
of rule resnon, infer (vn)(Q | R) = (vn)(¥1,0)(pQ’ | OR’) and easily con-
clude.
If i = (v1)p, it must be that (bn(p) UL) Nfn((vi)(Q | R)) = 0. Then, fix any
o such that dom(c) = bn(p) and fn(c) N1 = §. The transition P | R 25 P can
be now generated in two ways:

e The transition is

p (v)p P!

(IUbn(p)) Nfn(R) =0

PIRY" prR

By P ~ Q there exist (q,p) and Q" such that Q %, Q" and p,o <
q,p and UP’ ~ pQ'. By a-equivalence, let bn(g) N fn( ) = 0; thus,

Q| R—% Q | R By applying the same sequence of rules resnon
and resin used for (%) (this is possible since fn(p) = fn(g), see Proposi-

tion 3.13), conclude with (v7)(Q | R) ™% (v m\m)(Q' | R) = O
Since dom(o) Nfn(R) = bn(p) Nfn(R) = B and substitution application is
capture-avoiding by definition, obtain that ¢ P = o((v \m)(P’ | R)) =
(v i\m)(cP’ | R). Similarly, pQ = (v 7\m)(pQ’ | R). This suffices to
conclude (UP,pQ) € R, as desired.

e The transition is

R (VT)P R _
(lubn(p))Nfn(P) =10

(Vl)p

PIRYE PR

By a-equivalence, let (I U bn(p)) N fa(Q) = 0; this allows us to infer
Q ‘ R 2P, (Vl)p

resin used for (), we obtain (vn)(Q | R) AR, (va\m)(Q | R) = Q.
By Proposition 3.15, p,o < p,o. Moreover, since dom(c) Nfn(P,Q) = 0
and substitution application is capture-avoiding, obtain that o P = (v m\
m)(P | oR') and 0Q = (v 7n\m)(Q | oR’). This suffices to conclude
(0P,0Q) € R, as desired. O

—— @ | R'. Now, by the same sequence of rules resnon and
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Proof of Lemma 3.25 This proof rephrases the similar one in [31]. First,
define the n-th approximation of the bisimulation:

~g = Procx Proc
~n4+l1 = {(P7 Q) :
vpE p

p=7 = 3Q 5 Q. (P,Q)¢c ~,
uw=(vn)p = Vo s.t. dom(c) = bn(p) A
fn(o)Nn="0A
(bn(p)un)Nfn(Q) =10
3 (g,p) and Q’'s.t. Q e, QA
p,o L q,p N (P, pQ") € ~y
Symmetrically for transitions of Q}

Trivially, ~g D ~1 D ~g D v--.
We now prove that, since the LTS is structurally image finite (see Proposi-
tion 3.7), it follows that
~ = ﬂ ~n (4)

n>0

One inclusion is trivial: by induction on n, it can be proved that ~ C ~,
for every n, and so ~ C (), ~n. For the converse, fix P £, P’ and con-
sider the case for u = (vm)p, since the case for © = 7 can be proved like in
m-calculus. For every n > 0, since P ~,y; @, there exist (g,,pn) and @,

such that @ i)en Qn and p,oc < qn,pn and oP’ ~, p,Q,. However, by
Proposition 3.19, there are finitely many (up-to a-equivalence) such g¢,’s; thus,
there must exist (at least) one g that leads to infinitely many Q,’s that, be-
cause of Proposition 3.7, cannot be all different (up-to =). Fix one of such

(vm)qr
_—

gr’s; there must exist (at least) one @, such that @ Q@5 and there are

(vm)qr

infinitely many @,’s such that Q ——— @,, and @,, = Q. Fix one of such
Qn’s. Tt suffices to prove that oP’ ~, prQp, for every n. This fact trivially
holds whenever n < h: in this case, we have that ~,, O ~p. So, let n > h. If
Qn = Qp, conclude, since = is closed under substitutions (notice that p,, = py,
since ¢, = qn = q) and = C ~,,, for every n. Otherwise, there must exist
m > n such that Q,, = Q}, (otherwise there would not be infinitely many @,,’s
structurally equivalent to Qp): thus, o P’ ~,, ppQp that implies o P" ~,, ppQp,
since m > n.

Thus, !P ~!Q if and only if |P ~,!Q, for all n. Let P™ denote the parallel
composition of n copies of the process P (and similarly for Q). Now, it can be
proved that

IP ~, P and !Q ~, Q*" (5)

The proof is by induction on n and the details are left to the interested reader.
By repeatedly exploiting Lemma 3.24, it follows that P?" ~ Q*" and so by (4)

P2n ~p Q2n (6)

Now by (6) it follows that P ~ @ implies that P?" ~,, Q", for all n. By (5) and
Lemma 3.20 (that also holds with ~,, in place of ~), it follows that !P ~,!Q,
for all n. By (4), conclude that !P ~!Q. O
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