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1 INTRODUCTION

The n-calculus [24-26, 35] has been advertised as an “extension to the process algebra CCS” [25]
adding mobility. It is widely believed that the z-calculus has features that cannot be expressed in
CCS, or other immobile process calculi—so called in [29]—such as ACP and CSP.

“the m-calculus has a much greater expressiveness than CCS”
[Sangiorgi [34]]

“Mobility — of whatever kind - is important in modern computing. It was
not present in CCS or CSP, [...] but [...] the 7-calculus [...] takes mobility
of linkage as a primitive notion” [Milner [24]]

The present paper investigates this belief by formally comparing the expressive power of the
n-calculus and immobile process calculi.

Following [11, 12] I define one process calculus to be at least as expressive as another up to a
semantic equivalence ~ iff there exists a so-called valid translation up to ~ from the other to the one.
Validity entails compositionality, and requires that each translated expression is ~-equivalent to its
original. This concept is parametrised by the choice of a semantic equivalence that is meaningful
for both the source and the target language. Any language is as expressive as any other up to
the universal relation, whereas almost no two languages are equally expressive up to the identity
relation. The equivalence ~ up to which a translation is valid is a measure for the quality of the
translation, and thereby for the degree in which the source language can be expressed in the target.

An extended abstract of this paper appeared in Proc. ESOP’22 [13]. The current version adds explanation here and there,
and includes an appendix with the proof of my main theorem.
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Edinburgh, Informatics Forum, Office 3.49, 10 Crichton Street, Edinburgh EH8 9AB, United Kingdom, rvg@cs. stanford. edu.

To appear in ACM Transactions on Computational Logic and at https://arxiv.org/abs/2203.11519.



HTTPS://ORCID.ORG/0000-0003-4712-7423
https://doi.org/10.48550/arXiv.2203.11519
https://arxiv.org/abs/2203.11519

111:2 Rob van Glabbeek

Robert de Simone [36] showed that a wide class of process calculi, including CCS [22], CSP [6],
ACP [4] and SCCS [20], are expressible up to strong bisimilarity in MEGJE [1]. In [9] I sharpened this
result by eliminating the crucial réle played by unguarded recursion in De Simone’s translation,
now taking aprACPp as the target language. Here aprACPy is a fragment of the language ACP of
[4], enriched with relational relabelling, and using action prefixing instead of general sequential
composition. It differs from CCS only in its more versatile communication format, allowing multiway
synchronisation instead of merely handshaking, in the absence of a special action 7, and in the
relational nature of the relabelling operator. The class of languages that can be translated to MEIJE
and aprACPp, are the ones whose structural operational semantics fits a format due to [36], now
known as the De Simone format. They can be considered the “immobile process calculi” alluded to
above. The r-calculus does not fit into this class—its operational semantics is not in De Simone
format.

To compare the expressiveness of mobile and immobile process calculi I first of all need to
select a suitable semantic equivalence that is meaningful for both kinds of languages. A canonical
choice is strong barbed bisimilarity [28, 35]. Strong barbed bisimilarity is not a congruence for
either CCS or the 7-calculus, but it is used as a semantic basis for defining suitable congruences on
languages [28, 35]. For CCS, the familiar notion of strong bisimilarity [21] arises as the congruence
closure of strong barbed bisimilarity. For the n-calculus, the congruence closure of strong barbed
bisimilarity yields the notion of strong early congruence, called strong full bisimilarity in [35]. In
general, whatever its characterisation in a particular calculus, strong barbed congruence is the
name of the congruence closure of strong barbed bisimilarity, and a default choice for a semantic
equivalence [35].

My first research goal was to find out if there exists a translation from the z-calculus to CCS
that is valid up to strong barbed bisimilarity. The answer is negative. In fact, no compositional
translation of the z-calculus to CCS is possible, even when weakening the equivalence up to
which it should be valid from strong barbed bisimilarity to strong reduction equivalence, and even
when restricting the source language to the asynchronous 7-calculus [5] without restriction and
replication. This disproves a result of [3].

My next research goal was to find out if there is a translation from the z-calculus to any other
immobile process calculus, and if yes, to keep the target language as close as possible to CCS. Here
the answer turned out to be positive. How close the target language can be kept to CCS depends
on which version of the z-calculus I take as source language. My first choice was the original
n-calculus, as presented in [25, 26]. It turns out, however, that the matching operator [x=y]P of
[25, 26] calls for a target language that is a step further away from CCS. The book [35] merely allows
matching to occur as part of action prefixing, as in [x=y|u(z).P or [x=y]uv.P. I call this implicit
matching. Matching was introduced in [25, 26] to facilitate complete equational axiomatisations of
the m-calculus, and [35] shows that for that purpose implicit matching is sufficient.

To obtain a valid translation from the z-calculus with implicit matching (henceforth called )
to an upgraded variant of CCS, the only upgrade needed is to turn the result of a synchronisation
of two actions into a visible action, subject to relabelling or restriction, rather than the silent action
7. I call this variant CCS,, where y is a commutative partial binary communication function, just
like in ACP [4]. CCS, is a fragment of aprACPg, which also carries a parameter y. If y(a,b) = c,
this means that an a-action of one component in a parallel composition may synchronise with
a b-action of another component, into a c-action; if y(a, b) is undefined, the actions a and b do
not synchronise. CCS can be seen as the instance of CCS, with y(a, a) = 7, and y undefined for
other pairs of actions. But as target language for my translation I will need another choice of the
parameter y.
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An important feature of ACP, which greatly contributes to its expressiveness, is multiway
synchronisation. This is achieved by allowing an action y(a, b) to synchronise with an action ¢ into
y(y(a, b), c). This feature is not needed for the target language of my translations. So I require that
y(y(a, b),c) is always undefined.

To obtain a valid translation from the full 7-calculus, with an explicit matching operator, I need
to further upgrade CCS, with the triggering operator of MEIJE, which allows a relabelling of the
first action of its argument only.

In stating that each translated 7-calculus expression is strongly barbed bisimilar to its original,
I need a precise definition of strong barbed bisimilarity on both the 7z-calculus and CCSWlg For
7 1 take the standard definition [35] in which a process has a barb x, resp. x, exactly when it
has a outgoing transition labelled Xy or x(y), resp. xy or x(y), in its early (or equivalently late)
operational semantics. On the side of CCS there is no such established standard definition of a barb.
As CCStrlg like CCS, is parametrised by the choice of a set 7 of actions, I may choose any such &
that Works best. I do this by including in 27 all actions Xy and xy for pairs of 7-calculus names x
and y, but I also include such actions for fresh names x and y, as well as actions of different forms.
For the purpose of defining barbs on this chosen instantiation of CCStrlg I partition the set of
names x and y from which I built actions into public and private names, rnaklng sure that all names
inherited from the 7-calculus are classified as public. Now I define %, resp. x, to be barb of a CCStrlg
process, exactly when it has a outgoing transition whose label has the form Xy, resp. xy, with x a
public name. As a result, CCS 7'_transition labels that do not match early transition labels from the
m-calculus typically generate no barbs. This mode of operatlon allows me to mimic the essence of
the restriction operator from the 7-calculus in CCS "'® by renaming a restricted 77-calculus name
into a private name that generates no barbs.

By a general result of [12], the validity up to strong barbed bisimilarity of my translation from
mm to CCS, (and from 7 to CCSmg) implies that it is even valid up to an equivalence on their
disjoint union that on 7 commdes with strong barbed congruence, or strong early congruence,
and on CCS,, " i the congruence closure of strong barbed bisimilarity under translated contexts.
The latter is strlctly coarser than strong bisimilarity, which is the congruence closure of strong
barbed bisimilarity under all CCS 7' contexts. As a consequence, any statement P ~p Q stating that
two m-calculus processes P and Q possibly a specification and an implementation of a distributed
system—are strongly early congruent can be translated in a statement 7 (P) ~g 7 (Q), where
Z (P) and 7 (Q) are the CCS €-processes obtained from P and Q through my transition, and ~g
is a new semantic equlvalence on CCStrlg that arises as the congruence closure of strong barbed
bisimilarity under translated contexts. ThlS makes it possible to replay 7-calculus verifications in
C CStrlg

Havmg established that 7\ can be expressed in CCS,, the possibility remains that the two
languages are equally expressive. This, however, is not the case. There does not exists a valid
translation (up to any reasonable equivalence) from CCS—thus neither from CCS,—to the 7-
calculus, even when disallowing the infinite sum of CCS, as well as unguarded recursion. This is
a trivial consequence of the power of the CCS renaming operator, which cannot be mimicked in
the m-calculus. Using a simple renaming operator that is as finite as the successor function on the
natural numbers, CCS, even without infinite sum and unguarded recursion, allows the specification
of a process with infinitely many weak barbs, whereas this is fundamentally impossible in the
r-calculus.
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Table 1. Structural operational semantics of CCS
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2 CCs

CCS [21] is parametrised with sets K of agent identifiers and < of visible actions. The set o of
co-actionsis @ = {a|ac @}, and &£ := & ¥ of is the set of labels. The function - is extended
to .Z by declaring a = a. Finally, Act := .Z W {r} is the set of actions. Below, a, b, c, ...range over
Z and a, ff over Act. A relabelling is a function f: . — & satistying f(a) = f(a); it extends to
Act by f(r) := 7. The class Tccg of CCS terms, expressions, processes or agents is the smallest class!
including:

a.P fora e Act and P € Tccs prefixing

Y.ierPi for I an index set and P; € Tees  choice

P|Q  for P,Q € Tccs parallel composition
P\L forL C .Z and P € Tccs restriction

P[f] for f arelabelling and P € Tccs  relabelling

A forAe K recursion.

One writes Py + P, for };c; P; when I ={1, 2}, and 0 when I = (). Each agent identifier A € K comes
with a unique defining equation of the form A = P, with P € Tccs. The semantics of CCS is given
by the labelled transition relation — C Tccs X Act X Tecs. The transitions P — Q with P, Q € Tccs
and a € Act are derived from the rules of Table 1.

Arguably, the most authentic version of CCS [22] features a recursion construct instead of agent
identifiers. Since there exists a straightforward valid transition from the version of CCS presented
here to the one from [22], the latter is at least as expressive. Therefore, when showing that a variant
of CCS is at least as expressive as the 7-calculus, I obtain a stronger result by using agent identifiers.

3 CCS,

CCS, has four parameters: the same set K of agent identifiers as for CCS, an alphabet &/ of
visible actions, with a subset .¥ C &7 of synchronisations?, and a partial communication function
y: (F\S)? = .7 U {r}, which is commutative, i.e. y(a, b) = y(b, a) and each side of this equation
is defined just when the other side is. Compared to CCS there are no co-actions, so Act := o/ W {r}.

The syntax of CCS, is the same as that of CCS, except that parallel composition is denoted ||
rather than |, following ACP [2, 4]. This indicates a semantic difference: the rule for communication
in the middle of Table 1 is for CCS, replaced by

1CCS [21, 22] allows arbitrary index sets I in summations Y ;c;P;. As a consequence, Tccs is a proper class rather than a
set. Although this is unproblematic, many computer scientists prefer the class of terms to be a set. This can be achieved by
choosing a cardinal k and requiring the index sets I to satisfy |I| < k. To enable my translation from the 7-calculus to
CCStrlg k should exceed the size of the set of names used in the 7z-calculus.

ZThese have been added solely to prevent multiway synchronisation.
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Table 2. The actions

a |Kind O(a) |(a) bn(a)

Mt |Silent - |n(M) 0
Mzxy |Free output x n(M)U{x,y}|0
Mzx(y) |Bound output| x |n(M)U{x} |{y}
Mxy |Free input x [n(M)U{x,y}|0
Mx(y) | Bound input x [n(M)U{x} |{y}

a ’ b ’
PP 020 (b =0
PIlQ — P'|IQ’

Moreover, relabelling operators f : &/ — Act are allowed to rename visible actions into 7, but not
vice versa.® They are required to satisfy ¢ € . = f(c) € . U {r}. These are the only differences
between CCS and CCS, .

4 STRONG BARBED BISIMILARITY

The semantics of the z-calculus and CCS can be expressed by associating a labelled or a barbed
transition system with these languages, with processes as states. Semantic equivalences are defined
on the states of labelled or barbed transition systems, and thereby on 7z- and CCS processes.

Definition 4.1. A labelled transition system (LTS) is pair (S, —) with S a class (of states) and
— C S X A XS a transition relation, for some suitable set of actions A.

I write P % Q for (P, &, Q) € =, P % for 30. P % Q, and P =5 for its negation. The structural
operational semantics of CCS presented before creates an LTS with as states all CCS processes and
the transition relation derived from the operational rules, with A := Act.

Definition 4.2. A strong bisimulation is a symmetric relation & on the states of an LTS such that
eif P# Qand P - P then3Q’. 0 -5 Q' AP Z Q.
Processes P and Q are strongly bisimilar—denoted P & Q—if P % Q for some strong bisimulation Z.

As is well-known, < is an equivalence relation, and a strong bisimulation itself. Through the
operational semantics of CCSy, strong bisimilarity is defined on CCS, processes.

Definition 4.3. A barbed transition system (BTS) is a triple (S,+,]) with S a class (of states),
— C S X S a reduction relation, and | C S X B an observability predicate for some suitable set of
barbs B.

One writes P, for P € S and b € B when (P, b) € |. A BTS can be extracted from an LTS with 7 € A,
by means of a partial observation function O: A — B. The states remain the same, the reductions
are taken to be the transitions labelled 7 (dropping the label in the BTS), and P|; holds exactly
when there is a transition P %5 Q with O(a) = b.

In this paper I consider labelled transition systems whose actions « € A are of the forms presented
in Table 2. Here x and y are names, drawn from the disjoint union of two sets Z and R of public
and private names, and M is a (possibly empty) matching sequence, a sequence of matches [x=y|
with x,y € Z W R and x # y. The set of names occurring in M is denoted n(M). In Table 2, also
the free names fn(«) and bound names bn(«) of an action « are defined. The set of names of « is
n(a) := fn(a) Ubn(a). Consequently, also the actions Act of my instantiation of CCS, need to have

3Renaming into 7 could already be done in CCS by means of parallel composition. Hence this feature in itself does not add
extra expressiveness.
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the forms of Table 2. For the translation into barbed transition systems I take B :== Z U Z, where
Z :={a| ae Z}, and O(«) as indicated in Table 2, provided M = ¢ and O(«a) € B. Thus transitions
labelled Mxy, Mx(y), Mxy or Mx(y) with M # € or x € R generate no barbs.

Definition 4.4. A strong barbed bisimulation is a symmetric relation # on the states of a BTS
such that
e ifPZQandP+— P’ thendQ'.Q+— Q' AP Z Q'
e and if P # Q and P|, then also Q.
Processes P and Q are strongly barbed bisimilar—notation P * Q—if P % Q for some strong barbed
bisimulation Z.

Again, * is an equivalence relation, and a strong barbed bisimulation itself. Through the above
definition, strong barbed bisimilarity is defined on all LTSs occurring in this paper, as well as on
my instantiation of CCS,. It can also be used to compare processes from different LTSs, namely by
taking their disjoint union.

5 THE n-CALCULUS

The 7-calculus [25, 26] is parametrised with an infinite set N of names and, for each n € IN, a set of
K, of agent identifiers of arity n. The set T, of m-calculus terms, expressions, processes or agents is
the smallest set including:

0 inaction

T.P forPeT, silent prefix

xy.P forx,y € Nand P €T, output prefix
x(y).P forx,ye NandPeT, input prefix

(vy)P forye NandPeT, restriction

[x=y]P forx,ye Nand Pe T, maich

P|Q forP,QeT, parallel composition
P+Q forP,QeT, choice

Ayy, ... yn) forAeXK,andy, € N  defined agent

The order of precedence among the operators is the order of the listing above. A process «.0 with
a =t or Xy or x(y) is often written a.

n(P) denotes the set of all names occurring in a process P. An occurrence of a name y in a term
is bound if it occurs in a subterm of the form x(y).P or (vy)P; otherwise it is free. The set of names
occurring free (resp. bound) in a process P is denoted fn(P) (resp. bn(P)).

Each agent identifier A € %, is assumed to come with a unique defining equation of the form

A(xy,...,xn) def P
where the names x; are all distinct and fn(P) C {xy,...,x,}.

The n-calculus with implicit matching (n\)—addressed in blue here—drops the matching opera-
tor, instead allowing prefixes of the form Mr.P, Mxy.P and Mx(y).P, with M a matching sequence.

A substitution is a partial function o: N' — N such that N\ (dom(o) U range(o)) is infinite. For
X=(x1,. . %n), Y= (Y1, - ., yn) EN™, {U/} denotes the substitution givenby o(x;)=y; for 1 <i<n.
One writes {Y/x} when n=1.

For x € N, x[o| denotes o(x) if x € dom(c) and x otherwise; M| o] is the result of changing each
occurrence of a name x in M into x[o], while dropping resulting matches [y=y].

For a substitution o, the process Po is obtained from P € T, by simultaneous substitution, for all
x € dom(o), of x[ o] for all free occurrences of x in P, with change of bound names to avoid name
capture. A formal inductive definition is:
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0c=0
(Mz.P)o = M|[o]r.(Po)
(Mxy.P)o = M[o]|x[o]y[c].(Po)
(Mx(y).P)o = M[c]x[c](z).(P{*y}o)

((vy)P)o = (vz)(P{¥ly}o)
([x=y]P)o = [x[a]=y[a]](Po)
(P|Q)a = (Po)|(Qo)
(P +Q)o = (Po) + (Qo)
A(Y)o = A(g[o])

where z is chosen outside fn((vy)P) U dom(o) U range(o); in case y ¢ dom(o) U range(o) one
always picks z := y.

A congruence is an equivalence relation ~ on T, such that P ~ Q implies z.P ~ 7.Q, Xy.P ~ xy.Q,
x(y)-P ~ x(y).0, (vy)P ~ (vy)Q, [x=y|P ~ [x=y] Q. P|U ~ QIU, U|P ~ U|Q, P+ U ~ Q + U and
U+P~U+Q. Let = be the smallest congruence on T, allowing renaming of bound names, i.e., that
satisfies x(y).P = x(z).(P{?y}) and (vy)P = (vz)(P{?ly}) for any z ¢ fn((vy)P). If P = Q, then Q
is obtained from P by means of a-conversion. Due to the choice of z above, substitution is precisely
defined only up to a-conversion.

Note that P = Q implies that fn(P) = fn(Q), and also that Po = Qo for any substitution o.

6 THE SEMANTICS OF THE 7-CALCULUS

Whereas CCS has only one operational semantics, the 7-calculus is equipped with at least five, as
indicated in Figure 1. The late operational semantics stems from [26], the origin of the 7-calculus.
It is given by the action rules of Table 3. These rules generate a labelled transition system in which
the states are the 7-calculus processes and the transitions are labelled with the actions 7, Xy, X(y)
and x(y) of Table 2 (always with M the empty string). Here I take Z := N and R := 0. For 7y,
rule marcH is omitted. A process [x=y]a.P has no outgoing transitions, similar to 0.

In [26] the late and early bisimulation semantics of the z-calculus were proposed.

Definition 6.1. A late bisimulation is a symmetric relation % on r-processes such that, whenever
P % Q, a is either 7 or ¥y and z ¢ n(P) U n(Q),

(1) if P = P’ then 3Q’ with Q - Q" and P’ Z Q’,

(2) if P X2 P’ then 30"Vy. Q 25 0" A P'{Yie} % Q'{Yz}.,

3) if P 225 P’ then 30’ with Q & 0’ and P’ % Q.

reduction
semantics

Fig. 1. Semantics of the z-calculus
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Table 3. Late structural operational semantics of the 7-calculus

TAU: OUTPU:I‘Z INPUT:
PS5 P xyP X% p x(y).P X5 P{zp} (z ¢ fn((vy)P))
SUM: MATCH: IDE_Z>

Ry PP P{UK} S P def
T o o e ————— A® =P
P+Q— P [x=x]P — P’ Aly) — P’
PAR: COMZ CLQSEZ

P-%p (bn(a) N ) pi%p, X8, or  pXBp 2B o
plQ - prjo \n(Q) =0 PO 5 PIQ{HE}  PIQ 5 (v2)(P|QY)
RES!: ALPHA-O}’ENI

p-% p’ p Y% p +x

P 5 gp 2N (2) (y ¢ fn(( )P’))
(vy)P =5 (vy)P’ (vy)P == Pr{zjy} \# % MUVY

The rules sum, PAR, com and crose additionally have symmetric forms,
with the réles of P and Q exchanged.

Table 4. Early structural operational semantics of the z-calculus

TAU: OUTPU:I‘Z EARLY-INPUT:
P -5 P xyP =L P x(y).P =5 P{%ly}
SUM: MATCH: IDE_i

P-% p p - p P{yx} % P’ oo def
— P — - (A@® =P
P+Q— P [x=x]P — P’ A(y) — P’
PAR: EARLY-COMZ EARLY-CLOSEZ

p %, pr (bn(a)ﬁ) Pﬂ)Pl’Qﬂ)QI Px_(ZLPr,Qﬂ)Q,(ze )
Pl % pro \P(Q)=0 P|Q -5 P/|QY PIQ 5 (vo)(Pr]Q") \In(Q)
RES: OPEN: - ALPHA:

P& p p 24 p P=Q, 05

——— (y¢n(a)) — o (y#x) -
(vy)P = (vy)P’ (vy)P =L P’ P50

Processes P and Q are late bisimilar—notation P ~; Q—if P % Q for some late bisimulation Z.
They are late congruent—notation P ~; Q—if P{U/ic} ~; Q{Y/x} for any substitution {Y/x}.

Early bisimilarity (~g) and congruence (~g) are defined likewise, but with Yy3Q’ instead of 3Q’Vy.
In [26, 35] it is shown that ~} and ~ are congruences for all operators of the z-calculus, except
for the input prefix. ~g and ~, are congruence relations for the entire language; in fact they are
the congruence closures of ~; and ~g, respectively. By definition, ~; C ~g, and thus ~; C ~g.

LEMMA 6.2 ([26]). Let P = Q and bn(a) Nn(Q) = 0.
If P < P’ then Q - Q' for some Q’ with P’ = Q’.

This implies that = is a late bisimulation, so that = C ~.
In [27] the early operational semantics of the z-calculus is proposed, presented in Table 4; it uses
free input actions xy instead of bound inputs x(y). This is also the semantics of [35]. The semantics



Comparing the expressiveness of the r-calculus and CCS 111:9

in [27, 35] requires us to identify processes modulo a-conversion before applying the operational
rules. This is equivalent to adding rule aLpHa of Table 4.

A variant of the late operational semantics incorporating rule aLpHa is also possible. In this
setting rule aLpHA-0PEN can be simplified to open, and likewise inpuT to x(y).P xW), p, By
Lemma 6.2, the late operational semantics with aALpHA gives rise to the same notions of early and
late bisimilarity as the late operational semantics without aLpHA; the addition of this rule is entirely
optional. Interestingly, the rule aLPHA is not optional in the early operational semantics, not even
when reinstating ALPHA-OPEN.

Example 6.3. Let P := xy|(vy)(x(z)). One has (vy)(x(z)) ML (vy)0 and thus P -1 0|(vy)0
by com. However, (vy)(x(z)) =%£ (vy)O0 is forbidden by the side condition of RrEs, so in the early
semantics without aLpHA P cannot make a 7-step. Rule aALpHA comes to the rescue here, as it allows
P = x| (vw) (x(2)) ~55 0] (vw)o.

By the following lemma, the early transition relation — is completely determined by the late
transition relation —,; with aLpHA:

LEMMA 6.4 ([27]). Let P € T, and S be 7, Xy or x(y).
e Ls0iffP L5, 0.
oP I QiffP x(@, | R for some R, z with 0O = R{Yfz}.

The early transition relations allow a more concise definition of early bisimilarity:

PROPOSITION 6.5 ([27]). An early bisimulation is a symmetric relation % on T, such that, when-
ever P % Q and « is an action with bn(e) N (n(P) Un(Q)) = 0,
e if P —5p P’ then 3Q’ with Q 55 Q" and P’ Z Q'.
Processes P and Q are early bisimilar iff P % Q for some early bisimulation Z.

Through the general method of Section 4, taking Z := N and R := 0, a barbed transition system
can be extracted from the late or early labelled transition system of the n-calculus; by Lemmas 6.2
and 6.4 the same BTS is obtained either way. This defines strong barbed bisimilarity * on T,. The
congruence closure of * is early congruence [35]. In [23] a reduction semantics of the z-calculus is
given, that yields a BTS right away. Up to strong barbed bisimilarity, this BTS is the same as the
one extracted from the late or early LTS.

In [34] yet another operational semantics of the z-calculus was introduced, in a style called
symbolic by Hennessy & Lin [18], who had proposed it for a version of value-passing CCS. It is
presented in Table 5. The transitions are labelled with actions « of the form Mp, where M is a
matching sequence and f an action as in the late operational semantics. When x # y the matching
sequence M prepended with [x=y]| is denoted [x=y|M; however, [x=x|M simply denotes M.

In the operational semantics of CCS, r-actions can be thought of as reactions that actually
take place, whereas a transition labelled a merely represents the potential of a reaction with the
environment, one that can take place only if the environment offers a complementary transition a.
In case the environment never does an a, this potential will not be realised. A reduction semantics
(as in [24]) yields a BTS that only represents directly the realised actions—the z-transitions or
reductions—and reasons about the potential reactions by defining the semantics of a system in terms
of reductions that can happen when placing the system in various contexts. An LTS, on the other
hand, directly represents transitions that could happen under some conditions only, annotated with
the conditions that enable them. For CCS, this annotation is the label a, saying that the transition is
conditional on an a-signal from the environment. As a result of this, semantic equivalences defined
on labelled transitions systems tend to be congruences for most operators right away, and do not
need much closure under contexts.
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Table 5.

Rob van Glabbeek

Late symbolic structural operational semantics of the z-calculus

TAU: OUTPUT: ) INPUT:
Mrp X5 p Mzy.p 2424 p Mx(y).P 22E, przpn (2 ¢ fn((vy)P))
SUM: SYMB-MATCH: IDE:
pP-%p p-%pr P{URY 55 P et
a [x=yla N — (A(X) = P)
P+Q0-5 P [x=y]|P —=L5% P’ A(j) =5 P
PAR: SYMB-COM! SYMB-CLOSE!

P i) P’ (bn(a) N ) P Mxy; Pi’ Q No(z) Ql P Mx(z) P,, Q No(z) Ql
P|0 =% P|Q fn(Q)=0 PO Ix=0IMNz, PO (Y} PO Ix=0IMNz, (v2)(P’|Q")
RES!: SYMB-AL[I\’/IHA-OPENI y # x

P2 pr p Mxy, pr )
————— (y¢n(a)) e z ¢ fa((vy)P")
(vy)P — (vy)P’ (vy)P —= P'{#ly} \y ¢ n(M)

For the r-calculus, the blue Ms are omitted; for sy the purple rules.

Table 6. Early symbolic structural operational semantics of the z-calculus

TAU: OUTPUT: . EARLY-INPUT:
Mr.p M5 p Mzy.p X34 p Mx(y).P 225 p{zpy
SUM!: SYMB-MATCH: IDE_i

P-5p PSP P{UK} 5 P’ AR % p)

_— _— xX) =
P+Q-% P [x=y]P X=41% pr A7) - P/
PAR: E-S-C_OMZ E-S-CLOSE: .

2 _a_) P’ (bl’l((){) n ) P Mxy, Pl, Q Noy Q, P Mx(z) P’, Q Noz Q, (Z ¢ )
PIQ %> priQ \MQ)=0) pl L=l prigr - plo BN (12 (prj0r) ((Q)
RES!: SYMB—OHENZ ALPHA:

P -5 p/ P pr P=0Q, Q-5
= (U“Zn(fl)) Mz (1) ) ¢ /\1) P
(vy)P — (vy)P’ (vy)p =% pr \Y n( P50

The orange rules become redundant with dropping the restriction operator—cf. Section 10.

Seen from this perspective, the operational semantics of the m-calculus of Table 3 or 4 is a
compromise between a pure reduction semantics and a pure labelled transition system semantics.
Input and output actions are explicitly included to signal potential reactions that are realised in
the presence of a suitable communication partner, but actions whose occurrence is conditional
on two different names x and y denoting the same channel are entirely omitted, even though any
z-process can be placed in a context in which x and y will be identified. As a consequence of this,
the early and late bisimilarities need to be closed under all possible substitutions or identifications
of names before they turn into early and late congruences. The operational semantics of Table 5
adds the conditional transitions that where missing in Table 3, and hence can be seen as a true
labelled transition system semantics.

In this paper I need the early symbolic operational semantics of the z-calculus, presented in
Table 6. Although new; it is the logical combination of the early and the (late) symbolic semantics.
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Its transitions that are labelled with actions having an empty matching sequence are exactly the
transitions of the early semantics (actions with a nonempty matching sequence generate no barbs),
so the BTS extracted from this semantics is the same.

For 7\, rule symB-maTcH is omitted, but Tau, ourpuT and inpurt carry the matching sequence
M (indicated in blue).

The main result of this paper is a compositional translation from 7 to CCS, (and from 7 to
CCStr %) such that each z-process is strongly barbed bisimilar to its translatlon This is a result
about the BTS of the z-calculus. As we have seen that all 5 semantics of the 7-calculus illustrated
in Figure 1 lead to the same BTS, I may—and will—prove this result in terms of the BTS extracted
from the early symbolic LTS of the 7-calculus, generated by the rules of Table 6; it will then apply
equally well to any of the other four semantic routes of associating this BTS with .

7 VALID TRANSLATIONS

A signature Y. is a set of operator symbols g, each of which is equipped with an arity n € IN. The set
Ts. of closed terms over X is the smallest set such that, for all g € %,

Py,...,P,eTs = g(P,....,Py) €Ts.

Call a language simple if its expressions are the closed terms Ty over some signature X. The 7-
calculus is simple in this sense; its signature consists of the binary operators + and |, the unary
operators 7, Xy., x(y)., (vy) and [x=y] for x,y € N, and the nullary operators (or constants) 0 and
A(yys...,yn) for A € K, and y; € N. CCS is not quite simple, since it features the infinite choice
operator.

Let L be a language. An n-ary L-context C is an L-expression that may contain special variables
Xi, ..., Xn—its holes. For C an n-ary context, C[Py, ..., P,] is the result of substituting P; for Xj, for
eachi=1,...,n. A ternary context is often introduced as C[ , , ].

Definition 7.1. Let L’ and L languages, generating sets of closed terms T - and T . Let L’ be
simple, with signature X. A translation from L’ to L (or an encoding from L’ into £) is a function
T : Typ — Ty ltis compositional if for each n-ary operator g € X there exists an n-ary L-context
Cy such that T (g(Py,...,Pp)) = Cy[T (P1),..., T (Py)].

Let ~ be an equivalence relation on T ;s U T z. A translation 7 from L’ to L is valid up to ~ if it
is compositional and 7 (P) ~ P for each P € T .

The above definition stems in essence from [11, 12], but could be simplified here since [11, 12]
also cover the case that £’ is not simple. Moreover, here I restrict attention to what are called closed
term languages in [12].

8 THE UNENCODABILITY OF 7 INTO CCS

In this section I show that there exists no translation of the 7-calculus to CCS that is valid up to *.
I even show this for the fragment 7'[11[ of the (asynchronous) z-calculus without choice, recursion,
matching and restriction (thus only featuring inaction, action prefixing and parallel composition).

Definition 8.1. Strong reduction bisimilarity, ©,, is defined just as strong barbed equivalence in
Definition 4.4, but without the requirement on barbs.

I show that there is no translation of n;"[ to CCS that is valid up to ©,. As ©, is coarser than *,
this implies my claim above. It may be useful to read this section in parallel with the first half of
Section 14.
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Definition 8.2. Let << be the smallest preorder on CCS contexts such that }};.; E; << E; for all

jelE|F —EE|F «F,E\L «E, E[f] «< Eand A «< P for all A € K with A < P. A variable
X occurs unguarded in a context E if E «~< X.

If the hole X; occurs unguarded in the unary context E[ ] and U - (resp. U —>—=3) then
E[U] = (resp. E[U] —>-5).

LEmMMA 8.3. Let E[ ] be a unary and C[ , ] a binary CCS context, and P,Q, P’,Q’,U € Tccs.
If E[C[P,Q]] == and U -5 but neither E[C[P’, Q]] —= nor E[C[P,Q’]] —= nor E[U] -5,
then C[P, Q] —.

Proor. Since the only rule in the operational semantics of CCS with
multiple premises has a conclusion labelled 7, it can occur at most once
in the derivation of a CCS transition. Thus, such a derivation is a tree with
at most two branches, as illustrated at the right. Now consider the derivation
of E[C[P,Q]] —. If none of its branches prods into the subprocess P, the
transition would be independent on what is substituted here, thus yielding
E[C[P’,Q]] —. Thus, by symmetry, both P and Q are visited by branches of this proof. It suffices
to show that these branches come together within the context C, as this implies C[P, Q] -5. S0
suppose, towards a contradiction, that the two branches come together in E. Then E must have the
form E;[E,[ ]|Es[ ]], where the hole X; occurs unguarded in E,, E5 as well as E;. But in that case
E[U] —>-5, contradicting the assumptions. O

CCS proof trees

LEmMa 84. If D[ , , ]isaternary CCS context, Py, P, P; € Tccs, and D[Py, Py, Ps3) -5, then
there exists an i € {1,2,3} and a CCS context E[ ] such that D’[P] — E[P] for any P € Tccs.
Here D’ is the unary context obtained from D[ , , ] by substituting P; for the hole X, for all
je{1,23},j#i.

Proor. Since the derivation of D[Py, P,, P3] == has at most two branches, one of the P; is not
involved in this proof at all. Thus, the derivation remains valid if any other process P is substituted
in the place of that P;; the target of the transition remains the same, except for P taking the place
of P; in it. ]

THEOREM 8.5. There is no translation from 77,’2 to CCS that is valid up to ©,.

Proor. Suppose, towards a contradiction, that .7 is a translation from 7'[2 to CCS that is valid
up to ©,.. This means that .7 is compositional and that .7 (P) <, P for any ﬂg-process P.

As 7 is compositional, there exists a ternary CCS context D[ , , ] such that, for any ﬂ;ll-
processes R, S, T,

T (%0 | x(y).(RISIT)) = D[T (R), 7 (S), T (T)].
Since %v|x(y).(0]0]0) — as well as .7 (%v|x(y).(0]0]0)) <, xv|x(y).(0]0]0), it follows that

—r
ﬁ(fv|x(y).(0|0|0)) -5, ie., D[.7(0),.7(0),.7(0)] —. Hence Lemma 8.4 can be applied. For
simplicity I assume that i =1; the other two cases proceed in the same way. So there is a CCS context
E[ ] such that D[P, .7(0), .7 (0)] — E[P] for all CCS terms P. In particular, for all ﬂj—terms R,
7 ((%0]x(y).(R|0]0)) = D[F(R), 7(0), 7(0)] = E[T(R)]. 1)

I examine the translations of the 7-calculus expressions J'cv|x(y) .(R|0]0), for R € {gz|vo(w), 0lo(w),
7z|0, 7}

Since )Ev|x(y).(gz|v(w)|0|0) —»—5 and 7 respects ©,,

9(&0|x(y).(gz|v(w)|0|0)) AN AN,
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In the same way, neither 9(%0|x(y).(0|v(w)|0|0)) -5 nor 9(3?2)|x(y).(gz|0|0|0)) --5.(2)
Furthermore, since .7 respects <, and there is no S € T, such that
xolx(y).(7zlo(w)[0]0) < S,
there is no S € Tccs with .7 (%ox(y).(7z|0(w)]0]0)) —— S—t>. (3)
By (1) and (3), E[7 (§z|v(w))] —
By (1) and (2), E[.7 (0]o(w))] — and E[7 (72[0)]
Since .7 is compositional, there is a binary CCS context C|[ , ] such that
T (P|Q) =C|[7(P), 7(Q)] for any P,Q € T,. It follows that

E[C|[7 (52), T (v(w))]] -
E[C|[7(0), 7 (u(w))]] -
E[C|[7 (g2), T (0)]] - .

Moreover since 7 —, also U := .7 (r) —>, but, as it is not the case that Xo|x(y).(7]0]0) —>—>-5,
neither holds 7 (%v|x(y).(r]0]0)) —>—>-5, and neither E[U] —>—". So by Lemma 8.3,

T (gzlo(w)) = C|[.T (§z), T (v(w))] =, yet gz|o(w) —/>. This contradicts the validity of 7 up
to ©,. ]

9 A VALID TRANSLATION OF npy INTO CCS,,

In this section I will define my translation .7 from 7y to CCS, and state the theorem that asserts
is correctness. The proof of that theorem is 34 pages long and given in the appendix. Since 7y
is parameterised with an infinite set N of names and sets K, of n-ary agent identifiers, wheres
CCS, is parameterised with a set K of agent identifiers, an alphabet &/ of visible actions, a subset
. C o of synchronisations, and a partial communication function y : (&/\.#)? — .7 U {z}, first
I must choose the parameters K, <7, . and y of CCS, as a function of N and the %,.

To start, K will be the disjoint union of all the sets %K, for n € IN, of n-ary agent identifiers from
the chosen instance of the 7-calculus.

To obtain &7, I first of all introduce an infinite set S = {s1, s, ... } of spare names, disjoint from
N, and define Z := N W S to be the set of public names. I furthermore will introduce a set R of
private names, disjoint from Z, and define H := Z W R, the set of all names. I take Act to be the
set of all expressions Mz, Mxy and Mxy from Table 2, as defined in Section 4 (in terms of Z and
R), so of := Act\{r}. Here x and y range over H, and M is a (possibly empty) matching sequence,
a sequence of matches [x=y] with x, y € H and x # y. Recall that transitions labelled M7, Mxy or
Mxy with M # € generate no barbs, nor do transitions labelled 7, or transitions labelled Xy or xy,
with x € R a private name. My translation will be such that .7 (P) * P for each 7\ process P. As
P by definition does not have barbs s € S, neither does the CCS,-process .7 (P).

The set . C &7 of synchronisations consists of all actions M7z with M # ¢. The communication
function y : (&\.7)? — % U {r} is given by y(Mxy, Nvy) = [x=0]MN<, and its commutative
variant, just as for rule e-s-com in Table 6. Recall from Section 6 that [x=v|M denotes the matching
sequence M prepended with [x=v] if x # v, whereas [x=x]|M simply denotes M.

The compositional encoding of Table 7, which will be illustrated with examples in Section 11,
deﬁnes my translation from sy to CCS,,. Here the CCS,, agent identifier A has the defining equation
AY 7 (P) when A(X) <1 p was the deﬁmng equation of the agent identifier A from the 7-calculus.
In Table 7, [#y], [py], [£], [r] and yf ] are CCS relabelling operators, to be formally defined below.

To explain what this encoding does, inaction, silent prefix, output prefix and choice are translated
homomorphically. The input prefix Mx(y).P is translated into an infinite sum over all possible
input values z that could be received, of the input action Mxz followed by the continuation
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Table 7. Translation from 7y to CCS,y,.

7(0) =0

Z(Mr.P) :=Mr.7(P)

T (Mxy.P) =Mxy.7 (P)

T (Mx(y)-P) i= 3 g Mxz.(7(P) [#y])
T(()P) =7 (P)lpy]

TP1Q)  =T@PIe] TQIr]

TP+Q) =T P)+T(Q) wet
T (A(Y)) = A[YK] when A(X) = P.

process .7 (P)[?/y]. Here [#/y] is a CCS relabelling operator that simulates substitution of z for y in
7 (P). This implements the rule earvy-iNpUT from Table 6. Agent identifiers are also translated
homomorphically, except that their arguments 3 are replaced by relabelling operators.

Restriction is translated by simply dropping the restriction operator, but renaming the restricted
name y into a private name p that generates no barbs. Additionally, the operator [p,] injectively
renames all private names that already occur in the scope of (vy). This ensures that the new private
name p is fresh, so that no name clashes occur.

Parallel composition is almost translated homomorphically. However, each private name on the
right is tagged with an r, and on the left with an ¢. This guarantees that private names introduced
at different sides of a parallel composition cannot interact. Interaction is only possible when the
name is passed on in the appropriate way.

It remains to define the relabelling functions %y, py, , r and i of type &/ — o/ that underlay
the CCS relgbelling operators [?y], [py] [£], [r] and [Y/X] of Table 7. Here p, is defined for all
y € Z, and Y is defined when X = (x;)], € N" and §j = (y;)]", € H" are vectors of names of the
same length, with all the x; distinct. The relabelling ?/y is a special case of this with n = 1.

Each of these relabelling functions o : &/ — &7 is given as substitution of type o : H — H that
extends to a total function of type o : H — H by f(x) = x when x ¢ dom(o). These functions lift
homomorphically to 27, so that for instance o([u=v]xy) := [o(u)=0(v)|o(x)o(y).

In order for my encoding to work, these substitutions must have the following properties:

° y/?c’ sends x; to y; for i = 1,..., n, and leaves other names in N unchanged,

* py sends y to the canonical private name called p, and leaves other names in Z unchanged,
e dom(YfxX) € Z and dom(¢), dom(r) C R,

e py, £ and r must be injective, even after being extended to total functions of type H — H,
e £(q) # r(q’) for any private names g, g’ obtained from p by applications of p,, £ and r,

e all these substitutions o much be surjective, in the sense that dom(o) C range(c).*

The spare names S have been introduced solely to make the substitution Y% surjective. For X =
(x1,...,xn) EN"and § = (yy,. .., yn) € H", with the x; distinct, let {J&}S: SU{x1,...,xn} = H
be the substitution o with o(x;)=y; and o (s;) =x; for i=1, ..., n,and o (s;) = s;—, for i > n. Abbreviate
{U}S by Y and {#ly}S by 2.

Choose p ¢ N, the canonical private name. Define the set of proper private names by Ry := {%p |
¢c€{e, ,r}*}. They are obtained from p by attaching a sequence of tags e, £ and r as a left-superscript.
I understand p to be the member of R with the empty sequence of tags. The function p, simply
adds a tag e to any proper private name; this is done by prepending e to its sequence of tags. As a
result, p, is injective on Ry U {y}. Likewise £ and r add tags ¢ and r, respectively.

4S0 a partial function o : H — H is surjective iff its extension to a total function o : H — H is surjective.
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The only remaining problem is that p,, £ and r are not yet surjective. To this end I define the set
R of private names as {¢" | ¢ € Ry Ave{}}*}, with the understanding that Ry € R.> For ne {¢,r, e}
and y € Z, let the surjective substitutions 7: R — R and p,:{y} UR — {y} U R be given by:

py(y) =1p
n(p) ="p py(p’) =y
n(p¥) = pUifs#nd py(w) = e(u)ifu#yp

These o: H — H are injective, i.e., x[o| # y[o] when x # y. My use of spare and private names is
reminiscent of the locally nameless representation of variables as occurs for instance in [7].

The main result of this paper states the validity of the translation of Table 7, and thus that CCS,
is at least as expressive as sy

THEOREM 9.1. For P € T, one has .7 (P) * P.

See the appendix for a proof.

Theorem 9.1 says that each 7-calculus process is strongly barbed bisimilar to its translation as
a CCS, process. The labelled transition systems of the z-calculus and CCS, are both of the type
presented in Section 4, i.e. with transition labels taken from Table 2. There also the associated
barbs are defined. By Theorem 9.1 each 7 transition P — P’ can be matched by a CCS, transition
T (P) = Q with .7 (P) * Q. Likewise, each CCS, transition .7 (P) — Q can be matched by a 7
transition P —— P’ with .7 (P’) * Q. Moreover, if P has  a barb x (or %) then so does .7 (P), and vice
versa. Here a 7 or CCS, process P hasabarba € Z U Ziff P Y, p’ or P 29, P’ for some name
y € H and process P’. Transitions P Mxy, P’ P Mzx(y) PP Mxy, pr or p MXW, prwith M # € or
x € R generate no barbs.

COROLLARY 9.2. There exists an equivalence ~p € *on T
mm- and CCS-processes, such that  is valid up to ~g,

@ Tecs, the disjoint union of the
o the restriction of ~g to Ty, is the congruence closure of strong barbed bisimilarity on sy,

i.e., the largest congruence for mpy that is contained in *, which is strong early congruence,
e and the restriction of ~ to TCCSY is the congruence closure of * under translated contexts.

Proor. This is the application of [12, Theorem 4] to Theorem 9.1. O

Because of these properties, also on CCS, the equivalence ~g could be called strong early congru-
ence; it is however not a natural equivalence on CCS, when not considering the translation .7.
By Corollary 9.2, any statement P ~p Q stating that two z-calculus processes P and Q—possibly a
specification and an implementation of a distributed system—are strongly early congruent, can
be translated in a CCS, statement .7 (P) ~g 7 (Q). This makes it possible to replay 7-calculus
verifications in CCS,.

10 THE IDEAS BEHIND THIS ENCODING AND THE PROOF OF ITS VALIDITY

The above encoding combines seven ideas, each of which appears to be necessary to achieve the
desired result. Accordingly, the translation could be described as the composition of seven encodings,
leading from zpy to CCS,, via six intermediate languages. Here a language comprises syntax as
well as semantics. Each of the intermediate languages has a labelled transition system semantics
where the labels are as described in Section 4. Accordingly, at each step it is well-defined whether
strong barbed bisimilarity is preserved, and one can show it is. These proofs go by induction on the
derivation of transitions, where the transitions with visible labels are necessary steps even when

5In [13] I use a prime instead of a dagger.
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Fig. 2. Translation from the s-calculus with implicit matching to CCS,,

Definitions of the intermediate languages 7y (Z,R) and 75;&(2,7%) are not provided here.

one would only be interested in the transitions with r-labels. There are various orders in which the
seven steps can be taken. The seven steps are:

(1) Moving from the late operational semantics (Table 3) to the early one (Table 4). This translation
is syntactically the identity function, but still its validity requires proof, as the generated LTS
changes. The proof amounts to showing that the same barbed transition system is obtained
before and after the translation—see Section 6.

(2) Moving from a regular operational semantics (Table 4) to a symbolic one (Table 6). This step
commutes with the previous one, and its validity has been established in Section 6.

(3) Renaming the bound names of a process in such a way that the result is clash-free [3],
meaning that all bound names are different and no name occurs both free and bound. The
trick is to do this in a compositional way. The relabelling operators [¢], [r] and [p,] in the
final encoding stem from this step.

(4) Eliminating the need for rule aLpHa in the operational semantics. This works only for
clash-free processes, as generated by the previous step.

(5) Dropping the restriction operators, while preserving strong barbed bisimilarity. This elim-
inates the orange parts of Table 6. For this purpose clash-freedom and the elimination of
ALPHA are necessary.

(6) Changing all occurrences of substitutions into applications of CCS relabelling operators.

(7) The previous six steps generate a language with a semantics in the De Simone format. So
from here on a translation to MEIJE or aprACPp is known to be possible. The last step, to
CCS,, involves changing the remaining form of name-binding into an infinite sum.

As indicated in Figure 2, my translation maps the 7-calculus with implicit matching to a subset
of CCS,. On that subset, 7-calculus behaviour can be replayed faithfully, at least up to strong early
congruence, the congruence closure of strong barbed bisimilarity. However, the interaction between
a translated 7-calculus process and a CCS, process outside the image of the translation may be
disturbing, and devoid of good properties. Also, in case intermediate languages are encountered
on the way from 7y to CCS,, which is just one of the ways to prove my result, no guarantees
are given on the sanity of those languages outside the image of the source language, i.e. on their
behaviour outside the realm of clash-free processes after Step 3 has been made.

11 EXAMPLES

Example 11.1. The outgoing transitions of x(y).jw are

_ Z1w
2w _—» 0

Xz ) Zow
— 2w — 0

x(y).gw X2y

}; Znw

Znow—— 0.



Comparing the expressiveness of the r-calculus and CCS 111:17
The same applies to its translation ), xz.((7w.0) [#y]).

(gw.0) [#1fy] o 0[21fy]

T w o) [l 22 o[z
Seenxz (GwO) () =5z

*2:'1‘

o Znw
(Gw.0) [Znfy] ——=0[Znjy]
Here the z; range over all names in N. Below I flatten such a picture by drawing the arrows only
for one name z, which however still ranges over N.
Example 11.2. The transitions of P = x(y).jw | Xu.u(v) are

(x(y).gw)|xu.u(v) *z, Zw|xu.u(v) ﬂ» 0)xu.u(v)

(e(y) gw)lu(e) S iw|u<v)%»0|u(v)
(x(m).gw)0 —F = w0 — 2 & oo

Here uw|u(v) is the special case of zw|u(v) obtained by taking z := u. It thus also has outgoing
transitions labelled zw and ug, for g € N.
Up to strong bisimilarity, the same transition system is obtained by the translation .7 (P) of P in

CcCs,.
T (P) = ( D xz.((gw.0) [Z/yn) [¢] (xu.z uz(O[Z/v]))[r]
zeH zeH
Since there are no restriction operators in this example, the relabelling operators [#] and [r] are of
no consequence. Here

T(P) = (3w 0) [yl [€] || D, u=(0[7]) [r] = 0[] [¢] | 0 Wpol [r].

zeH

Example 11.3. Let Q = (vx) (x(y).gw | (vu) (fu.u(v))). It has no other transitions than
Q - (vx)(vu) (awlu(v)) = (vx)(vu)(00).

Its translation .7 (Q) into CCS, is

(( D xz.((gw.0) [Z/y])) [¢]

zeH

(,—m. D uz(O[Z/v])) [pu] [r]) [px]

zeH

Up to strong bisimilarity, its transition system is the same as that of P or .7 (P) from Example 11.2,
except that in transition labels the name u is renamed into the private name “p, and x is renamed
into the private name p. One has .7 (Q) * Q, since private names generate no barbs.

Example 11.4. The process (vx)(x(y)) | (vx)(xu) has no outgoing transitions. Accordingly, its
translation

(xu) [px][r]

(Z xz(O{Z/y})) [p:]17]

zeH
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only has outgoing transitions labelled %z for z € H and "pu. Since the names ’p and "p are pri-
vate, these transitions generate no barbs. In this example, the relabelling operators [¢] and [r]
are essential. Without them, the mentioned transitions would have complementary names, and
communicate into a r-transition.

Example 11.5. Let P = (vy) (¥y.gw) | x(u).u(v). Then
P — (vy)(gw | y(v)) = (vy)(0]0).
Now .7 ((vy) (*y.gw)) = (¥y.gw.0)[p,] and
T (x(u).u(v)) = Z xz. ((Z uz.(O[Z/v])) [Z/u]) .
zeH zeH

Hence ((vy) (iy.gw)) [£] 7, (gw.0)[py][£]. Since the substitution r used in the relabelling
operator [r] is surjective, there is a name s that is mapped to ‘p, namely '. Considering that

T (x(w).u(v)) => T (u(v))[$ul,

T (P) = (§w.0)[py]1£]

(Z (uz.0) [Z/v]) [$u] [r].

zeH

These parallel components can perform actions %w and ‘pw, synchronising into a z-transition, and
thereby mimicking the behaviour of P.

Example 11.6. Let P = (vy) (%y.(vy) (gw)) | x(u).u(0).
Then P - (vy) ((vy) (gw) | y(v)) —45. One obtains

T (P) = (gw.0) [py][py][¢]

(Z uZo(O[Z/v])) [Sfullr]

zeH

for a name s that under [r] maps to ’. Now the left component can do an action %w, whereas the

left component can merely match with w. No synchronisation is possible. This shows why it is
necessary that the relabelling [p,] not only renames y into p, but also p into %.

Example 11.7. Let P = x(y).x(w).wu. Then
Plxv.xy.y(v) — x(w).wulxy.y(v) — july(v) — 0]0.

Therefore, 7 (P|xv.xy.y(v)) must also be able to start with three consecutive r-transitions. Note
that

7 (Pl%0.2y.y(0)) = 7 (P)¢]

(m.fy. >, yZ(O[Z/y])) [r]
zeH
with
T(P) =) xz. ((Z xz.((wu.0) [Z/w])) [z/y]) .
zeH zeH

The only way to obtain .7 (P|%v.%y.y(v))—>—5-"5 is when 7 (P) =% Q X%-2% The CCS,
process Q must be

(Z xz.((Wu.0) [Z/w])) [%fy].

zeH
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Given the semantics of CCS relabelling, one must have Z xz.((wu.0)[#w]) -, such that apply-
zeH

ing the relabelling [Y/y] to « yields xy. When simply taking [{9/y}] for [9/y], that is, the relabelling
that changes all occurrences of the name y in a transition label into v, this is not possible. This
shows that a simplification of my translation without use of the spare names S would not be valid.

Crucial for this example is that I only use surjective substitutions. [Yy] is an abbreviation of
[{2fy}S]. Here {¢y}S is a surjective substitution that not only renames y into v, but also sends
a spare name s to y. This allows me to take a := xs. Consequently, in deriving the transition

Y req xz.((wu.0) [2w]) =5, 1 choose z to be s, so that
Z xz.(wu.0)[Fw]) =5 (wu.0)[Sw] = 0[SAw].
zeH

Putting this in the scope of the relabelling [9/y] yields

Q =% (wu.0)[Sw][Yy] L5 o[sw][Yy]
as desired, and the example works out.’

This example shows that spare names play a crucial role in intermediate states of CCS,-
translations. In general this leads to stacked relabellings from true names into spare ones and back.
Making sure that in the end one always ends up with the right names calls for particularly careful
proofs that do not cut corners in the bookkeeping of names.

A last example showing a crucial feature of my translation is discussed in Section 14.

12 TRIGGERING

To include the general matching operator in the source language I need to extend the target language
with the triggering operator s=P of MEIJE [1, 36]:
PSP
s=p 2% p’
MEnE features signals and actions; each signal s can be “applied” to an action «, and doing so yields
an action sa. In this paper the actions are as in Table 2, and a signal is an expression [x=y] with
x,y € N; application of a signal to an action was defined in Section 6.

Triggering cannot be expressed in CCS,, as rooted weak bisimilarity [2], the weak congruence
of [21, 22], is a congruence for CCS, but not for triggering. However, rooted branching bisimilarity
[14] is a congruence for triggering [10]. '

My translation from 7y to CCS, can be extended into one from the full 7-calculus to CCS;,Ilg by

adding the clause
T ([x=y]P) = [x=y]=T(P).

Theorem 9.1 applies to this extended translation as well:
THEOREM 12.1. For P € T,; one has 7 (P) * P.

13 THE UNENCODABILITY OF CCS INTO

Let f : &/ — 4/ be a CCS relabelling function satisfying f(x;y) = x;41y. Here (x;);2; is an infinite
sequence of names, and &7 is as in Section 4. The CCS process A defined by

A= xy.0 + 7.(A[f])

This use of spare names solves the problem raised in [3, Footnote 5].
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satisfies 3P. A -5 P A P|y, forall i > 0, i.e, it has infinitely many weak barbs. It is easy to check
that all weak barbs of a 7-calculus process Q must be free names of Q, of which there are only
finitely many. Consequently, there is no 7-calculus process Q with A * Q, and hence no translation
of CCS in the 7-calculus that is valid up to *.”

14 RELATED WORK

My translation from sy to CCS, is inspired by an earlier translation & from a version of the s-
calculus to CCS, proposed by Banach & van Breugel [3]. The paper [3] takes o7 := {(x,y) | x,y € N}
for the visible CCS actions; action (x, y) corresponds with my xy, and its complement {x, y) with
my xy. On the fragment of 7 featuring inaction, prefixing, choice and parallel composition, the
encoding of [3] is given by

&(0) =0
&(rP) =1.8(P)
E(Rxy.P) = (x,y).E(P)

E(x(y).P) = X enlx, 2).(E(P)[#y])
E(P|Q) =8&(P)|8EQ)
E(P+Q) =&P)+E(Q).

The main result of [3] (Theorem 5.3), stating the correctness of this encoding, says that P <, Q
iff §(P) <, &(Q), for all m-processes P and Q. Here ©, is strong reduction bisimilarity—see
Definition 8.1. In fact, replacing the call to Lemma 3.5 in the proof of this theorem by a call
to Lemma 3.4, they could equally well have claimed the stronger result that P <, &(P) for all
z-processes P, i.e., that & is valid up to ©,.

This result contradicts my Theorem 8.5 and thus must be flawed. Where it fails can be detected
by pushing the counterexample process P := xv | x(y).R with R := ju|o(w), used in the proof of
Theorem 8.5, through the encoding of [3]. I claim that while P — du|o(w) —, its translation & (P)
cannot do two r-steps. Hence P ¢, &(P). Using a trivial process Q such that P ©, Q ©, &(Q),
this also constitutes a counterexample to [3, Theorem 5.3].

Note that &(R) = W.O | 2zen (v, 2).(0[#w]). This process can perform the actions W as
well as (v, u), but no action t, since y # v. Now

E(P) = (x,0)0| D (x,2).(ER)[y]).

zeN

Its only r-transition goes to 0 | &(R)[Yy]. This process can perform the actions m as well as
(v, u), but still no action 7, since [Yfy] is a CCS relabelling operator rather than a substitution, and
it is applied only after any synchronisations between (y,_u).O and Y ,cn (0, 2).(0[?/w]) are derived.

My own encoding .7 translates the processes P and R essentially in the same way, but now there

is a transition .7 (R) 2225 (0]|0[#Aw]). The renaming [Y/y] turns this synchronisation into a z:

T (P) = T (R)[Yy] — (0llo[Hw]) [%fy].

The crucial innovation of my approach over [3] in this regard is the switch from the early to the
early symbolic semantics of the z-calculus, combined with a switch from CCS as target language
to CCS,.

In [33], Roscoe argues that CSP is at least as expressive as the z-calculus. As evidence he present
a translation from the latter to the former. Roscoe does not provide a criterion for the validity
of such a translation, nor a result implying that a suitable criterion has been met. The following

"In [30] it was already mentioned, by reference to Pugliese [personal communication, 1997] that CCS relabelling operators
cannot be encoded in the 7-calculus.
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observations show that his transition is not compositional, and that it is debatable whether it
preserves a reasonable semantic equivalence.

(1) Roscoe translates 7.P as tau — csP[P], where — is CSP action prefixing and csp[P] is the
translation of the z-expression P. Here tau is a visible CSP action, that is renamed into 7
only later in the translation, when combining prefixes into summations. Thus, on the level of
prefixes, the translation does not preserve (strong) barbed bisimilarity or any other suitable
semantic equivalence. This problem disappears when we stop seeing prefixing and choice as
separate operators in the 7-calculus, instead using a guarded choice ;¢ «;.P;.

(2) Roscoe translates x(y).P into x?z — csp[P{#/y}]. This is not compositional, since the trans-
lation of x(y).P does not merely call the translation of P as a building block, but the result
of applying a substitution to P. Substitution is not a CSP operator; it is applied to the z-
expression P before translating it. While this mode of translation has some elegance, it is not
compositional, and it remains questionable whether a suitable weaker correctness criterion
can be formulated that takes the place of compositionality here.

(3) To deal with restriction, [33] works with translations csp[P] », where two parameters k and
o are passed along that keep track of sets of fresh names to translate restricted names into.
The set of fresh names o is partitioned in the translation of P|Q (page 388), such that both
sides get disjoint sets of fresh names to work with. Although the idea is rather similar to the
one used here, the passing of the parameters makes the translation non-compositional. In
a compositional translation csp[P|Q] the arguments P and Q may appear in the translated
CSP process only in the shape csp[P] and csp[Q], not csP[P] . for new values of ¢’

As pointed out in [16, 31], even the most bizarre translations can be found valid if one only imposes
requirements based on semantic equivalence, and not compositionality. Roscoe’s translation is
actually rather elegant. However, we do not have a decent criterion to say to what extent it is a
valid translation. The expressiveness community strongly values compositionality as a criterion,
and this attribute is the novelty brought in by my translation.

15 CONCLUSION

This paper exhibited a compositional translation from the s-calculus to CCS, extended with
triggering that is valid up to strong barbed bisimilarity, thereby showing that the latter language is
at least as expressive as the former. Triggering is not needed when restricting to the z-calculus
with implicit matching (as used for instance in [35]). Conversely, I observed that CCS (and thus
certainly CCS,) cannot be encoded in the z-calculus.

I also showed that the upgrade of CCS to CCS, is necessary to capture the expressiveness of the
n-calculus up to strong barbed bisimilarity. This does not rule out the possibility of a translation
from the 7-calculus to CCS that is valid up to some weaker equivalence, such as weak barbed
bisimilarity [28, 35]. While I conjecture that such a translation does not exist, this paper leaves that
question open.

A consequence of this work is that any system specification or verification that is carried out in
the setting of the 7-calculus can be replayed in CCS,. The main idea here is to replace the names
that are kept private in the 7-calculus by means of the restriction operator, by names that are kept
private by means of a careful bookkeeping ensuring that the same private name is never used twice.
Of course this in no way suggests that it would be preferable to replay 7-calculus specifications or
verifications in CCS,.

My translation encodes the restriction operator (vy) from the z-calculus by renaming y into
a “private name”. Crucial for this approach is that private names generate no barbs, in contrast
with standard approaches where all names generate barbs. This use of private names is part of
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the definition of strong barbed bisimilarity * on my chosen instance of CCS,, and justified since
that definition is custom made in the present paper. The use of private names can be avoided by
placing an outermost CCS restriction operator around any translated z-process. This, however,
would violate the compositionality of my translation.

The use of infinite summation in my encoding might be considered a serious drawback. However,
when sticking to a countable set of z-calculus names, only countable summation is needed, which,
as shown in [9], can be eliminated in favour of unguarded recursion with infinitely many recursion
equations. As the original presentation of the 7-calculus already allows unguarded recursion with
infinitely many recursion equations [26] the latter can not reasonably be forbidden in the target
language of the translation. Still, it is an interesting question whether infinite sums or infinite sets
of recursion equations can be avoided in the target language if we rule them out in the source
language. My conjecture is that this is possible, but at the expense of further upgrading CCS,, say
to aprACP},. This would however require work that goes well beyond what is presented here.

An alternative approach is to use a version of CCS, featuring a choice quantifier [19] instead
of infinitary summation, a construct that looks remarkably like an infinite sum, but is as finite as
any quantifier from predicate logic. A traditional choice quantifier binds a data variable z (here
ranging over names) to a single process expression featuring z. The present application would
need a function f from names to CCS relabelling operators and the variant ), 4 E[ f(z)] of choice
quantification. Syntactically, this construct is a unary operator with argument E. Semantically it
behaves the same as the infinite choice between all processes E[f(z)] for z € H. My translation
needs one instance of this construct, with f(z) given by the relabelling function Zy. When using
this approach, the size of translated expressions becomes linear in the size of the originals.

It could be argued that choice quantification is a step towards mobility. On the other hand, if
mobility is associated more with scope extrusion than with name binding itself, one could classify
CCS, with choice quantification as an immobile process algebra. A form of choice quantification is
standard in mCRL2 [17], which is often regarded “immobile”.

My translation from 7 to CCS, has a lot in common with the attempted translation of 7 to CCS
in [3]. That one is based on the early operational semantics of the z-calculus, rather than the early
symbolic one used here. As a consequence, substitutions there cannot be eliminated in favour of
relabelling operators.

A crucial step in my translation yields an intermediate language with an operational semantics in
De Simone format. In [8] another representation of the z-calculus is given through an operational
semantics in the De Simone format. It uses a different way of dealing with substitutions. This type
of semantics could be an alternative stepping stone in an encoding from the s-calculus into CCS,.

In [30] Palamidessi showed that there exists no uniform encoding of the 7z-calculus into a variant
of CCS. Here uniform means that .7 (P|Q) = .7 (P)|.7 (Q). This does not contradict my result in
any way, as my encoding is not uniform. Palamidessi [30] finds uniformity a reasonable criterion
for encodings, because it guarantees that the translation maintains the degree of distribution of the
system. In [32], however, it is argued that it is possible to maintain the degree of distribution of
a system upon translation without requiring uniformity. In fact, the translation offered here is a
good example of one that is not uniform, yet maintains the degree of distribution.

Gorla [15] proposes five criteria for valid encodings, and shows that there exists no valid encoding
of the 7-calculus (even its asynchronous fragment) into CCS. Gorla’s proof heavily relies on the
criterion of name invariance imposed on valid encodings. It requires for P € T, and an injective
substitution o that .7 (Po) = .7 (P)o’ for some substitution ¢’ that is obtained from o through
a renaming policy. Furthermore, the renaming policy is such that if dom(o) is finite, then also
dom(c”) is finite. This latter requirement is not met by the encoding presented here, for a single
name x € N corresponds with an infinite set of actions xy, the “names” of CCS, and a substitution
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that merely renames x into z must rename each action xy into zy at the CCS end, thus violating
the finiteness of dom(c”).

My encoding also violates Gorla’s compositionality requirement, on grounds that .7 (P) appears
multiple times (actually, infinitely many) in the translation of Mx(y).P. It is however compositional
by the definition in [11] and elsewhere. My encoding satisfies all other criteria of [15] (operational
correspondence, divergence reflection and success sensitiveness).
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Fig. 3. Translation from the z-calculus to CCS;:,rlg

A PROOF OF THEOREM 12.1, INCLUDING THEOREM 9.1

As indicated in Figure 3, my translation from 7 to CCS;,rlg proceeds in ten steps. Section 9 presents
the translation in one step: the composition of these constituent translations. Its decomposition in
Figure 3 describes how this appendix proves its validity.

Each of the eleven languages in Figure 3 comprises syntax, determining what are the valid
expressions or processes, a structural operational semantics generating an LTS, and a BTS extracted
from the LTS in the way described in Section 4.

My translation starts from the z-calculus 77 (N) with the late operational semantics, as defined
in [26]. The argument N denotes the set of names taken as a parameter of the z-calculus. The first
step is the identity mapping to g (/N), the calculus with the same syntax but the early operational
semantics. The validity of this translation step is the statement that each 77 (NV)-expression P is
strongly barbed bisimilar with the same expression P, but now seen as a state in the LTS generated
by the early operational semantics. As remarked in Section 6, this is an immediate consequence of
Lemmas 6.2 and 6.4.

The second translation step likewise goes to the 7-calculus with the early symbolic semantics.
Its validity has been concluded at the end of Section 6.

The calculus nESS(N ) is a variant of 7gs(/N) in which the substitutions that occur in the early
symbolic operational rules EARLY-INPUT and 1DE are changed into surjective substitutions. This
is achieved by extending the set of names from N to Z := N @ S, for a countable set of spare
names S. In order to preserve the integrity of the calculus, this change forces new definitions of
a-conversion, the free names of a process, and the application of a substitution to a process. These
concepts differ from the old ones only when spare names are involved. The ﬁgS(N )-processes that
employ names from N only form a subcalculus of ﬂgS(N ) that behaves just like 7gs(N). This
yields the third translation step.

The calculus ﬂé? (N) is a variant of JTESS(N ) enriched with a CCS-style relabelling operator
[o] for each surjective substitution o. Moreover, all substitutions that are used in the operational
semantics are replaced by relabelling operators. Section A.4 documents that the identity mapping is
a valid translation from 75, (N) to 7 s. (N). This works only when using surjective substitutions,

ES E
and that is the reason ﬂgS(N ) appears in the previous translation step.
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In 71’;5. (N) there is no room for rule aLpHA. Hence, before translating HSS(N ) into 71'55. N1
show that on Jl'gs () one can equally well use a version of the early symbolic operational semantics
in which all @-conversion has been moved into stronger versions of rules rRes and symB-opEN. This
can be seen as the fourth translation step.

The calculus 7[155 (N) is the variant of ”]55. (N) in which agent identifiers may be called only with

their own declared names as parameters, i.e. such that § = X in rule 1pE. In Section A.6 I establish
the validity of a translation frgenfl 7[;5. (N) to ﬂ]:'f)s(N ) that turns each call A(7) to an agent identifier
with defining equation A(X) = P into the expression A(X)[Y/x].
In ﬂfs(N ,R) the set of names employed is further extended with a collection R of private names.
I write N, R instead of N'& R to indicate, amongst others, that only the names in Z := N & S—the
public ones—generate barbs. The interior white ellipse denotes the class of clash-free processes
within Jré)s (N, R), defined in Section A.7. That section also presents the translation 7 that turns
each ﬂbf)S(N) process into a clash-free ﬂEpS(N, R) process.

Step 8, recorded in Section A.8, eliminates a-conversion from the operational semantics of
ﬂfs (N, R), and step 9, recorded in Section A.9, eliminates the restriction operator from the language
by translating (sub)expressions (vz)P into P. These steps does not preserve * for the language as a
whole, but, since there are no R-barbs, they do so on the sublanguage that arises as the image of
the previous translation steps, namely on the clash-free processes in 7rEpS(N ,R).

After these steps, the resulting language nES(N ,R) is in De Simone format. Moreover, as shown
in Section A.10, it is easily translated into CCS;,ng.

A different proof of the same result, Theorem 12.1, saying that .7 is a valid translation from
L (N) to CCS;,ng, up to strong barbed bisimilarity, appears in [13, Appendix 1]. That proof avoids
step 3 from the current approach, which is the most laborious one, as well as step 4. As a result, that
proof is 35% shorter. The remaining steps are delivered in the order 1-2—7-8-9-5-6—10. These
steps, in that order, with step 6 deemed trivial, are the seven steps described in Section 10.

However, that proof appears less direct: its third step, making processes clash-free, introduces two
auxiliary sets of names B and D, as well as “ruthless substitutions”, with an infinity of replicated
agent identifiers. The ruthless substitutions are eliminated again after the sixth step, and the names
from B and D at the very end. The present proof avoids those detours. Moreover, its intermediate
languages make somewhat more sense in their own right, and appear better suited for potential
further work on this topic.

A.1 Substitution

This section shows to what extend substitution preserves and reflects the behaviour of 7-calculus
processes. As behaviour I will use the labelled translation relation generated by the early symbolic
operational semantics.

In the next section, I will need that the results of this section remain valid for an adapted version
of the 7-calculus, in which the meaning of the construct x(y).P will be changed. Technically, this
will manifest itself by

e the use of surjective substitutions {Z/y}° and {!7/55}3 instead of {#y} and {17/55} in rules
EARLY-INPUT and IDE,

e the use of a relation =5 instead of = in rule aLPHA,

e the use of a function FN instead of fn in rules par and E-s-cLOSE,

e a different definition of (x(y).P)o.
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The function N will be defined inductively by

FN(0) =0

FN(Mz.P)  :=n(M) UFN(P)
FN(Mxy.P) :=n(M)U {x,y} UFrN(P)
FN(Mx(y).P) :=n(M) U {x} U FN(P);
N((vy)P) =N (P)\{y}
en([x=y]P) = {x,y} UEN(P)
FN(P|Q) := FN(P) UFN(Q)
FN(P+Q) =¥FN(P)UFN(Q)
N(A®)  ={yn-- Yn}

:27

where FN(P), is yet to be defined. So ¥ differs from fn only when applied to processes x(y).P.
I will use the following definition of substitution:

0o

(Mz.P)o :
(Mxy.P)o :=

(Mx(y).P)o
((vy)P)o
([x=y]P)o
(PIQ)o
(P+Q)o
A(y)o

=0

o|r.(Po)
olx[olylo].(Po)

= M[o]x[o](2).(Poly > z])
= (vz)(P{¥y}o)

= [x[o]=y[a]](Po)

= (Po)|(Qo)

= (Po) + (Qo)

= A(y[o])

=M][
=M]

where Po[y > z] is yet to be defined. Here z is chosen outside ¥N((vy)P) U dom(o) U range(o);
when y ¢ dom(o) U range(o) one always picks z := y. The original definition of substitution is
retrieved by taking Po[y +— z| := P{#*/y}o.

To facilitate reuse, I record below the properties of substitutions, FN and =S that will be needed

in my proofs.

eN(PYRYS)  © FN(A(®F) (4)

P=50Q = ¥N(P)=rN(Q) (5)

FN(P{Zy}S)  C©  EN(x(y).P) U{z} (6)

Poly - wl{zlolmw}s =5 P{zy}o0 (7)
FN(Po) = {x[o]|xerN(P)} (8)

p{ilolzys =5 P{jR}Ss (9)

((vy)P) =5 (vw)(P{Wy}) (10)

(Poy)o, =5 P(oz001)° (11)

(Vx € iN(P). x[0] =x[0’]) = Po=SPo’ (12)
P=Q = Po=%Qc (13)
P{WyyS{zwy =5 P{#y}° (14)

Pe =5 P (15)

U=S (x(y).P)s = U=x[c](w).VwithV =S Poly— w] (16)

U=S ()P = U= (vw)VwithV =5 P{Yw} (17)

8For substitutions o; and o, their composition o o oy is defined by dom(o 0 01) = dom(a1) U dom(o3) and x[0z 0 01] =

x[o1][oz2].
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Here A(¥) % P in (4) and (9), w € N \ rN((vy)P) in (10), y € A and w € FN(x(y)P) in (14), w €
N\(rN((vy)P) U dom(o) U range(o)) in (7), and € is the empty substitution. As is easy to check,
these properties hold for the original nm-calculus, that is, when using {?*/y} and {?7/55} for {#fy}S
and {Y&}S, = for =5, fn for rn (ie., FN(P), = FN(P)\{y}), and Po[y = z] := P{?/y}o. In the
next section I will show that these properties also hold for the adapted version of the 7-calculus
introduced there. Here I will use them as axioms.

First I state two standard properties of names in transitions.

Define the input arguments i1(a) of an action « by

1I(Mx(y)) = 1(Mxy) =1(Mz) :=0 and (Mxz) = {z}.
LEmMa A.1. If P -5 Q then n(a)\(1(a) U bn(ar)) € eN(P).

PROOF. A trivial induction on the inference of P — Q, using (4) and (5) when P - Q is derived
by IDE or ALPHA. O

LEmMA A.2. If P -5 Q then rN(Q) C FN(P) U 1(2) U bn(a).

PROOF. A trivial induction on the inference of P — Q, using (6) when P - Q is derived by
EARLY INPUT, Lemma A.1 when P % Q is derived by E-s-com, and (4) and (5) when P - Q is
derived by IDE or ALPHA. O

Definition A.3. The depth of an interference of a transition (from the rules in the operational
semantics) is the length of the longest path in the proof tree of that inference. The a-depth is defined
likewise, but not counting applications of rule aLpHA.

Following [26], in the following lemmas the phrase

if P - P’ then equally Q - Q’
means that if P —%5 P’ may be inferred then so, by an inference of the same a-depth, may be
Q-50Q"
For 0: N — N a substitution and « an action Mz, Mxy, Mxy or Mx(z), write a[c] for M[o]z,
M[olx[oly[o], M[o]x[oly[o] and M[c|x[c](z]o]), respectively.

Lemma A.8 below shows how substitutions preserve behaviour. On the way to obtain it, I start
with the special case of input and (bound) output transitions.

LEmMA A.4. If R % R’, with a not of the form Mz, and o is a substitution with bn(a[c]) N
FN(Ro) = 0, then equally Ro -2%h=S R's.

Proor. With induction on the inference of R — R’.
e Suppose R—%5 R’ is derived by rule earLy-input. Then R=Mx(y).P, a=Mxz and R’=P{Zy}S.
So Ro = M[o]|x[c](w).(Poly +— w]) A a[o] = M[o]|x|[c]z[o] where w is chosen outside
FN((vy)P) U dom(o) U range(o). By rule earvy-inpuT and (7)

Ro 217k poly s wi{zlolw}S =5 Pialy)So = R'o.

e The case that R — R’ is derived by ouTpur is trivial.

e Suppose R—> R’ is derived by rule ipE. Then R=A(7). Let A(X) “p By rule mpE, P{ﬁ/f}s RN
R’. Since ¥N(P{JK}S0) C rN(Ro) by (4) and (8), bn(a[o]) N ¥N(P{YK}So) = 0. Hence
P{g/y?}sa alol, =S prg by induction. By Property (9), P{ﬁ[rﬂﬁ}s =S P{g/f}sa. Therefore
p{fj[a]/,‘c’}s alol, s R’o, by rule aLpuaA. Thus Ro = A(ij[o]) 2ol =S R by 1DE.

e The cases that R —%5 R’ is derived by rule sum, symB-maTCH or aALPHA (using (5)) are trivial.
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e Suppose R — R’ is derived by par. Then R = P|Q, P %5 P’ and R’ = P’|Q. Since bn(a[c]) N
FN(Ro) = 0, bn(a[c]) NFN(Po) = 0. So by induction Po 19}, =S p’. Moreover Ro = Po|Qo
and bn(a[c]) N FN(Qo) = 0. So Ro alol,_s P’c|Qo = R’o by rule par.

e Let R - R’ be derived by rule res. Then R= (vy)P, P - P’, y ¢ n(a) and R’ = (vy)P’. Pick
a w outside

FN((vy)P’) U FN((vy)P) U dom(o) U range(o) Un(a|ao]).

Then Ro =5 ((vw)(P{"ly}))o = (vw)(P{Wly}o) by (10) and (13). Since w ¢ bn(«[c]) and
bn(a[o]) NFN(Ro) = 0, also bn(a[o]) NFN(P{Y/w}o) = 0 by (5). So by induction, using (11)
and the substitution o o {Wjy},

P{Yw}o =S 2l2b=S p'(ypy}o.

Thus Ro 2L2b=$ (vw)(P’{Y/w}o) by rEs and aLpHA. Furthermore, (vw)(P'{Yw}o) =5 R'c
by (10) and (13).
Mx(y), 1 ; — Mxy,
e Let R —5 R’ be derived by rule symB-opEN. Then R = (vy)P, P —5 R’,y # x and
y ¢ n(M). Now Ro = (vz)(P{#*ly}o) for some z ¢ ¥N((vy)P) U dom(c) U range(o). Since
w = y[o] ¢ FN(Ro) (the side-condition of this lemma), Ro =5 (vw)(P{Zly}a{W/z}) by (10).
Note that u[{W/z} o 0 o {#ly}] = u[c] for u € ¥N(P). Hence P{%ly}c{W/z} =° Po by (11) and
(12). By induction,
pg Mlalxlelw _S pr
By Lemma A.1, n(M) U {x,y} C FN(P). Hence n(M) U {x} C ¥N(R) = rN(P)\{y}, using that
y ¢ n(M)U{x}. Thusn(M[o])U{x[o]} C FN(Ro) by (8), and therefore w ¢ n(M|[o])U{x[c]}.
Thus, by symB-oPEN and ALPHA,
Ro =5 (vw)(Po) Mlelzlalw), -8 prg. o
Before generalising the above result to include the case « = Mz, I cover three more helpful
standard properties.

LemMA A5, IfR 225 R, and w ¢ FN(R) then equally R 2% R,, for some process R,, with

R, =5 R, {%w}.

Proor. With induction on the inference of P 225 p,.

e Suppose R Mxz, R, is derived by rule EarLy-inpuT. Then R = Mx(y).P and R, = P{#}y}S.
Moreover, R 2% R = P{Wjy}S.By (14), R, =5 R,,{%w}.

e Suppose R Mxz, R, is derived by par. Then R = P|Q, P Mxz p, and R, = P,|Q. So by
induction there is a process P,, such that P Mxw, p and P, =5 P.,{#w}. Thus R Mxw, PO
by par. Moreover, (P,,|Q){#w} = P,,{Z#w}|Q{%w} =5 P,|Q = R, by (12) and (15), using that
w ¢ FN(Q).

e Let R Y25 R, be derived by rule res. Then R = (vy)P, P Mz p y ¢n(M) U {x,z} and
R, = (vy)P,. Pick a v ¢ ¥N(P) U n(M) U {x, y}. By induction there is a process P, such that

p M p and P, =5 P,{%pv}.So R Mxa, (vy)P, by rEs. By (12), (15) and Lemma A 4,
R =% R{(Wo} 22 Ry, =% ((vry)P) {Wpo}

M
for some R,,. Hence R —> R,, by rule aLPHA.
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By Lemma A.2 ¥N(P,) \{y, v} CFN(P)\{y} =FN(R) 2 w. Pick u ¢ FN(P,) UFN(P,{?*p}) U{v, w}.

Then
Ru{Zw} =5 ((vy) Po){Wo} {2} =5
(V) Po{Uo ) {Wo}{2/w} =5 (vue) (Pof Uy} {W/o} {Zw})
=5 (vu) (Po {2 }{4ly}) =5 (vy) (Po{2h}) =° R,
by (10)-(13), using thatv # y # zand w # u # v.
e The other four cases are trivial, using (4) and (5) when P - Q is derived by 1pE or ALPHA. O

LemMa A6, If R X% R, with w ¢ FN(R), and z a name, then equally R 25 R, for some R,

with R, =5 R,,{#w}.

Proor. With induction on the inference of R 2% R,,.

e Let R X% R, be derived by rule res. Then R = (vy)P, P Mxw, p y¢n(M) U {x,w} and

R,, = (vy)P,,. Pick a v ¢ ¥N(P) U FN(P,,) Un(M) U {x, y}. By induction there is a process P,

with P %% p, and P, =5 P,,{#w}. So R 2% (vy)P, by res. By (12), (15) and Lemma A 4,

R =5 R{%} 255 R, =% ((vy)P.) {7k}
for some R,. Hence R 225 R, by rule aLpua. Pick u ¢ FN(P,,) U FN(P,) U {z,0, w}. Then

Ry {#w} = ((vy)P) {Zw} =5
() Po{Ufy {2} =5 ((vu) Pufty}{Fw}) =°
(v) PudZw HYy }Fo}) = (vu) (Po{¥fy} {Zo})
=5 (vu) (Po{¥y {3} =5 ((vy)Po) {7} =° R,
by (10)-(13), using thatv # z £y # w # u # v.
o All other cases proceed as in the proof of Lemma A.5. O

The above proofs cater both to the full z-calculus and to iy, namely by considering explicitly
the input prefix Mx(y). Henceforth I focus on the full z-calculus, and drop the M from the input
prefix. It can always be retrieved via an application of symB-mMATCH.

Lemma A7. If R XX, R/ and w ¢ FN(R) then equally R Mx(w), 8 R'{W/z}.

ProoF. With induction on the inference of R XX, g,
Mxz

e Let R MX@, pr pe derived by rule syms-open. Then R = (vz)P, P —> R’, z # x and
z ¢ n(M). By Lemma A.4, P{W/z} MW, =S RI{W[}. By Lemma A.1, n(M) U {x} C FN(R).
Hence w ¢ n(M) U {x}. By (10), R =% (vw)(P{W/z}), so rules symB-oPEN and arLpHA yield
R MEW), S prowyy.

o Let R M3, R/ he derived by rule res. Then R = (vy)P, P Mx(2), P,y ¢ n(M) U {x,z} and
R’ = (vy)P’.Pickao ¢ {y} UFN(P) UFN(P’) Un(M) U {x}. By induction P Mx(o), S P’ {V/z}.
So R MxW),_s (vy)(P’{Yz}) by rEs. By (12), (15) and Lemma A .4,

R=5 R{wp} D=5 ((vy) (P'{1){Wp}.
Pick au ¢ FN(P’) U FN(P’{Yz}) U {z,0, w}. Then

() (P{EI{Wp} =5 (vu) (P{YH{UyH{Wp}) =°
(vu) (P {Uly}{Wfe}) =5 ((vy)P){Wl} = R'{Wpe),

by (10)-(13), using that FN(P’) v # y # z # u # v. By rule aLPHA, R Mx(w), 8 R’ {W/z}.
e The other five cases are trivial. ]
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LEmMA A8. If R—% R’ and o is a substitution with bn(a[c]) N FN(Ro) = 0 then equally
Ro 2oh=S prg.

Proor. With induction on the inference of R % R’.

e The case that R —% R’ is derived by rule Tauv is trivial.
e The cases that R - R’ is derived by rule ouTPUT, EARLY-INPUT, SUM, SYMB-MATCH, IDE, PAR,
RES, SYMB-OPEN O ALPHA are already covered by Lemma A 4.
e The case that R — R’ is derived by E-s-com is trivial.
e Suppose R - R’ is derived by E-s-cLosk. Then R = P|Q, P —2> Mx(2), pr, Q Nz, Q’,z ¢ FN(Q),
a = [x=v]MNr and R’ = (vz)(P’|Q’). Pick w ¢ FN(R) U FN(R’) U dom(o) U range(c). Now
pYUEW), S pr {Wz}and Q —> Now, s Q’{W/z} by Lemmas A.7 and A.6. Thus poUlolxlalw), s
P{Wz}o, Qo M2l =S 5w/} 5 by Lemma A.4, using that w[o] = w ¢ FN(Po), which
follows by (8) from w ¢ FN(P) U range(a). Hence

Ro 1272l el MIEINIZIS, () (P'1Q") { Wz} o)
by rule £-s-crLose. As w ¢ FN((vz)(P’|Q")), by (10),

o =% (vw) ((P'1Q"){Wz}o). o

Next I would have liked to show that substitutions also reflect behaviour, in the sense that,
possibly under the same side condition as in Lemma A.8, Ro -£5 U implies R == R’ for some «
and R’ with a[c] = f and R’c =° U. Unfortunately, this property does not hold.

Example A.9. (x(y).P){W/z} =5 P{W/z}{#y}, yet there is no a with a[{W/z}] = xz.
In order to rescue the reflection property, I restrict attention to surjective substitutions.
Definition A.10. A substitution o: N — N is called surjective if dom(c) C range(o).

Using rule aLpHa, the below reflection lemma can equally well be formulated with Ro L v
instead of Ro =5 U -£5 U’. However, its inductive proof requires the form stated.

LEmMA A.11. fRo =S U 25 U’ and s is a surjective substitution, then equally R - R’ for
some a and R’ with a[o] = fand R'o =5 U’.

Proor. With induction on the a-depth of the inference of U £, U, with a nested induction on
the number of applications of rule aLpua at the end of that inference.

e The cases that U -5 U” is derived by rule Tau or ourpurT are trivial.

e Suppose U L, U’ is derived by earvy-iNpuT. Then R = x(y).P and U = x[o|(w).V with
V = (Po[y — w]) by (16). So f = x[c]v and U” = V{?w}*. Since o is surjective, there is a
z with z[o] = 0. By EarLy-INPUT R —%5 R’ with @ = Mxz and R’ = P{#y}S. Now «a[c]| = S
and R’ = P{#ly}So =° Poly > w]{zlolw}S =S v{vm}S = U, using (7) and (12).

e Suppose U —£5 U’ is derived by 1pE. Then R = A(3j) and U=Ro=A(§j[o]). LetA()'c')défP. Then
p{yloliy L, U’ Since r{ijlolry =5 P{iRx}o by (9), P{YR}o £,y by aLpHA. Moreover,
the inference of P{J&}o L, U’ has the same a-depth as that of r{ylolmy £, U, which is
smaller than the a-depth of the inference of U £ U’. Hence, by induction, P{g/f} 5 R
for some @ and R’ with a[¢]| = f and R'o =5 U’. By rule ioe R - R’.

e The cases that U -5 U is derlved by rule sum or symB-mATCH are trivial.
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Suppose U £, U’ is derived by par. Then R = P|Q, Ro = Po|Qo, U =V|W, Po =Sy £, Vv,
Qo =5 W, bn(f) N ¥N(W) = 0 and U’ = V’|W. By induction P %5 P’ for some « and P’
with a[¢] = f and P’c =5 V' By (5) bn(a[c]) N FN(Q0c) = 0, so by (8) bn(a) N EN(Q) = 0.
Consequently, R = P|Q % P’|Q by rule par, and (P’|Q)o =5 V/|W = U".
Suppose U £, U’ is derived by E-s-com. In that case R = P|Q, Ro = Po|Qo, U = V|W,
B = [x=0]|MN<t, Po =Sy Mxy, V', Qo =Sw % W and U’ = V’|W’. By induction, there
are matching sequences K, L with K[o] =M and L[c] = N, names g, r, z, u with q[c] = x,
rlo] =0, z[o] = y and u[o] = y, and processes P’ and Q' with P’c =5 V' and Q"o =5 W’,
such that P X% p’ and Q Lru, Q.
Pick w ¢ FN(Q). By Lemma A.5 there is a process P,, such that Qﬂ>QW and Q' =5 Q. {Ww}.
By Lemma A.6 there is a P, such that Q Lrs, Q. and Q, =% Q.,,{%w}. By rule e-s-com
R 1=Kt pr .= p/|Q,. By (11)-(13) Q’c =5 Q,0. So (|g=r|KL1)[o] = |x=v]MNT and
R'o = (P'|Q,)o =S VW =U".
Suppose U L, U’ is derived by rule £-s-crLose. Then R = P|Q, Ro = Po|Qo, U = V|W,
B = [x=0|MNt, Po =5 V Mx(z), V', Qo =W ot W and U’ = (vz)(V'|W’) for some
z ¢ FN(W). Pick w ¢ FN(U) Udom(o) Urange(o). By (5) w ¢ FN(W) = FN(Qo) so w ¢ FN(Q)
by (8). Now V Mx(w), _$ V'{W/z} and W Now, s W’{W/z} by Lemmas A.7 and A.6. Moreover,
the inferences of these transitions have a smaller a-depth than that of U Lu By induction,
using that w ¢ dom(o) U range(o), there are matching sequences K, L with K[o] = M and
L[o] = N, names g, r with g[o] = x and r[o] = v, and processes P’ and Q’ with P’c =5
V’{W/z} and Q"¢ =5 W’{W/z}, such that P Kgw), pr and Q Lrw, Q’. Therefore R Lg=riKLz,
(vw)(P’|Q’) by E-s-com. Moreover, ([g=r|KLt)|[o| = f. By Lemma A.2, ¥N(U’) C FN(U) ?
w. So by (10) (vw)(P'|Q"))o = (vw)(P’0]Q’0) =5 (vw) (V' {W/z}|W'{W}z}) =5 U’.
Suppose U L, U’ is derived by res. Then R = (vy)P and Ro = (vz)(P{#*/y}o) for some
z ¢ ¥N((vy)P) U dom(o) U range(o). By (17), U = (vw)V with V =% P{Zly}o{W}. So
wén(f),V LV and U’ = (vw)V’. Since o is surjective, there is a u with z[o] = w. Now
V =% P{#ly}o{W} =5 P{Wy}o by (11) and (12). By rule aLpua P{¥y}o L, y’. Moreover,
the inference of P{4/y}o £, V' has the same a-depth as that of V N V’, which is smaller
than the one of U -£5 U”. So by induction P{t#fy} - P’ for some a and P’ with a[c] = B
and P’c =5 V’. Since w ¢ n(f) one has u ¢ n(a). Hence (vu)(P{¥4ly}) -%> (vu)P’ by RrEs.
Moreover, since w ¢ FN((vw)V) = FN(U) = FN(Ro), using (5), u ¢ FN(R) by (8). Hence
R =S (vu)(P{Uy}) by (10) and R %5 (vu)P’ by aLPHA.
Suppose that there is an x € FN((vu)P’) with x[o]| = w. Then, by Lemma A.2, x € n(«) or
x € FN(R). In the first case w € n(a[o]) = n(f), which has been ruled out. In the second
case, by (8), w € FN(Ro) = ¥N(U), contradicting U = (vw)V. Hence there is no such x. Now
pick v ¢ ¥N(P’) U dom(o) U range(o) U FN(P’o) and obtain
((vu)P")o == ((vo)(P'{u}))o by (10), (13)
(vo)(P’'{%u}o) by definition
S (vo)(P'o{Yw}) by (11), (12)
S (vw)(P'o) by (10)
=S (vw)V' =U".
Suppose U L, U is derived by symB-opEN. Then R = (vy)P and Ro = (vz)(P{?*}y}o) for
some z ¢ FN((vy)P) U dom(o) U range(c). By (17), U = (vw)V with V =5 P{#ly}o{W/z}. So
B =Mx(w),V MEW 1 and w ¢ n(M) U {x}. Since o is surjective, there is a u with u[ o] = w.
Mxw,

Now V =° P{#ly}c{W/z} =5 P{¥y}o by (11) and (12). By rule aLpua P{4y}c =% U’.

|
%)
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Moreover, the inference of P{%y}o MXW, 1 has the same a-depth as that of V Mxw, U’,
which is smaller than the one of U -£5 U”. By induction P{4%/y} X9, p for some K, q, r and
P’ with K[o] =M, qo] =x, r[oc] =w and P'c =5 U".

Since u[o] = w ¢ FN((vw)V) = ¥N(U) = FN(R0), using (5), u € FN(R) by (8). Hence R =°
(vu) (P{4/y}) by (10). By Lemma A.1 r € rN(P{4/y}). So if r # u then r € FN((vu) (P{Wy}) =
FN(R), again using (5), and w = r[c] € FN(Ro) by (8), yielding a contradiction. Thus r = u.
Since w = u[o] ¢ n(M) U {x} one has y ¢ n(K) U {q}. Hence (vu)(P{%y}) Kq@w, pr by

symB-opEN and R K44, pr by aLPHA.

e Suppose U L, U” is derived by aLpHA. Then thereisa V =° U such that V —%5 U is derived
by a simpler proof. So Ro =° V and by induction R %5 R’ for some « and R’ with a[c] =

and R’'o =S U". m]

A.2 A r-calculus with surjective substitutions

When needed I will address the z-calculus of Section 5 as 7(/N), to make the choice of the set N/
of names explicit. Here I introduce a variant 75 (N) of the z-calculus that additionally employs
a countably infinite collection of spare names S = {s1,sa, ... }, disjoint with N. Its syntax is the
same as the one of 7(N W 8S), except that in expressions x(y).P one must take y € N. Moreover,
in defining equations A(X) = P I require that xy,...,x, € N. The definition of substitution on
7S (N) is fine-tuned by requiring that when a bound name y € N is changed into a bound name z
to avoid name capture, one always chooses z € N.

As semantics of 7° (N) I use the variant -%» }% of the early symbolic transition relation —gg
where the substitutions {#/y} and {gﬁ} introduced by the operational rules EArRLY-INPUT and IDE
are changed into surjective substitutions {Z/y}° and {g/f}s . The motivation for this is to make
Lemma A.11 applicable to these substitutions. In order to preserve the validity of (4)-(17), this
change forces new definitions of =5, Fx and o[y — w].

Definition A.12. Let H be the set of all names currently in use, for now that is N U S. For
X=(xt,...,xn) EN"and § = (y1,...,yn) € H", where the names x; are all distinct, define the
surjective substitution

{f/ﬂ}S:SU{xl,...,xn} > SU{x1, . X0 Y1, Yn}
by {¥}5 (xi) = y; and {Xf}S(s;) = x; fori =1,...,n, and {Xf}S(s;) = si_p for i > n.

This is in fact the simplest possible adaptation of the substitution {g/a?} that makes it surjective. It
is essential for my purposes that the axioms (4)-(17) of Section A.1 be satisfied, so that Lemmas A.8
and A.11 hold for 7°(N). In view of Property (11), to obtain (7) I need to ensure that

(zlolw}S o o[y > w] = o 0 {7y}°. (18)

The definition of o[y — w] can be found by solving this equation. In Table 8, 0: H — H is an
arbitrary substitution, y,w € N, and w ¢ dom(o) U range(c). Thus, o[y — w] is defined as the
substitution that sends a name from the first column to the corresponding name from the last
column. The middle columns show that now (18) is satisfied.

Definition A.13. For x € H andy € N, let

y ifx=s 1 ifx=y
Xy = | Sk if x = Sp4q and x; =15 ifx =8
x  otherwise x otherwise.

Now o[y — w], with y,w € N, is the substitution with dom(c[y — w]) = dom(o) U {y,w} U S
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Name n Tl[{z/y}s] ”[{z/y}s] [o] =
nloly — wi [{zlo]w}S] nloly — w]]
Yy 4 z[o] w
w (if#y) w w 51
if f/lzw w v 5t
s ifylo] e N ylo]
if quew y ylol #w if;ﬂa} = Sk Sk+1
| | ifslol N | silol
Sit+1 Si silo] #w if sﬂo} = sk Sk+1
xeN if x[o] e N x[o]
XYW X x[o] #w if x{a} = s Sk+1
Table 8. Solving (18)
given by
w ifx=y
x[oly = wl] = {(x; [o])i, otherwise.

As far as the computational interpretation of the 7-calculus concerns, the replacement of P{YK}
by P{Y/}* in rule 1pE is of no consequence, as the names from S do not occur free in P anyway.
However, the replacement of P{Z/y} by P{2/y}® in rule earLy-INPUT changes the meaning of the
construct x(y).P. In the original 7-calculus there are no free occurrences of y in x(y).P, and thus,
after receiving a name z # y, the resulting process P{%/y} cannot do an action gw, Here, however,
upon receiving a name z # y, in the resulting process P{Z/y}° the spare name s, is elevated to y, so
that P{zjy}S AN possible. For this reason, y can be considered a free name of x(y).P when s;
is a free name of P. More in general, a spare name s; can be seen as a potential name y € N. This
potential is realised when s occurs in the scope of k input prefixes, and the choice of y is made
by the outermost of these. Hence the definition of FN, partly given in Section A.1, is completed by
defining FN(P), = {x; | x € FN(P)\{y}}.

Definition A.13 matches this intuition. To apply o[y > w] to a name x # y, first elevate x one
level, then apply o, and finally undo the elevation.

Note that Tr(n) € T,s(y), that is, the ordinary 7-calculus processes form a subset of the
processes in the 7-calculus with surjective substitutions. A process P € T, () by definition satisfies
fn(P) € N. The following lemma implies that on T,y there is no difference between ¥n and fn.

LEmMA A.14. If fn(P) € N then rN(P) = fn(P).

Proor. A trivial structural induction on P. ]

I now proceed to show that the axioms (4), (6) and (8) from Section A.1—the ones not mentioning

=S_are satisfied.

LEMMA A.15. FN(Po) = {x[o] | x € FN(P)}.

Proor. With induction on the size of the parse tree of P. Note that this size is preserved under
substitution. All cases are trivial, except for the two detailed below.
Let P = x(y).Q. Then Po = x[c](z).(Qo[y +— z]), so FN(Po) = {x[o]|} UEFN(Qo[y + z]);. By
induction,
FN(Qaly = z]) = {o[o[y > z]]| |0 € FN(Q)} =
{z 1y em(Q)} U{(v,[o]); | v € rN(Q)\{y}},
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so FN(Qoly P z]); = {x; | x € IN(Qo[y = z])\{z}} = {0, [o] | v € FN(Q)\{y}}. Here T use that
u} # zand (u}); = u for all names u.

Since FN(P) = {x} U {vy, | v € FN(Q)\{y}}, it follows that FN(Po) = {x[0o] | x € FN(P)}.

Let P = (vy)Q. Then Po = (vz)(Q{#*y}o), so FN(Po) = FN(Q{?ly}o)\{z}. By induction (applied
twice) FN(Q{#y}o) = {v[{#ly}][o] | v € ¥N(Q)}. Considering that z ¢ FN(Q) U dom(o) U range(o),

FN(Q{#ly}o)\{z} = {v[o] | v € FN(Q)\{y}}.
Since FN(P) = rN(Q)\{y}, again the claim follows. O

For recursion equations A(X) “* p the 7-calculus requires fn(P) € {xiy,...,x,}, and I didn’t
bother to change that for 5. Since I require that x;,...,x, € N, Lemma A.14 implies that also
FN(P) C {x1,...,x,}. Using this, (4) immediately follows from (8), which is Lemma A.15.

LEmMA A.16. FN(P{%/y}°) C FN(x(y).P) U {z}.

Proor. If v € FN(P{Z/y}S) then v = x[{Z/y}S] for some x € FN(P), using Lemma A.15. If
moreover v # z then v = x,. Hence v € FN(P), C FN(x(y).P). O

Now I define =° in such a way that (5) holds.

Definition A.17. For y,z € N with y # z, let {?y}® be the substitution o with dom(c) = {y, z, 51},
o(y) =z, 0(z) = s; and o(s1) = y. Moreover, let {Yfy}® := ¢, the substitution with dom(e) = 0. Let
=9 be the smallest congruence satisfying

(i) (vy)P =5 (vz)(P{#y}) for any z ¢ ¥n((vy)P),

(ii) and x(y).P =5 x(2).(P{#y}*) for any z € N.

Note that in x(y).P the spare name s; occurring in P will be elevated to y, but in x(z).Q it will
be elevated to z. Therefore, when renaming the bound name y into z, the spare name s; should be
renamed into y right away. Moreover, there is no reason to require that z not occur free in P; its
free occurrences can simply be renamed into s;.?

LEmMMA A.18. P =5 Q = N(P) = rN(Q).

Proor. Using transitivity of =5, it suffices to prove this for the special case that P and Q differ
by only one application of the generating equations from Definition A.17. Below I deal with the
special case that this single application does not occur within a proper subterm of P; the general
case then follows by a straightforward structural induction on P. There are two possibilities to
consider.

Let P = x(y).R and Q = x(z).(R{#y}*). In this case FN(P) = {x} U FN(R), and FN(Q) =
{x} UFN(R{#/y}*); . Moreover, FN(R), = {0, | v € FN(R)\{y}} and, by Lemma A.15,

eN(R{%y}*); = {o[{#y}’]; | v € eN(R) A 0[{#y}’] # z}.
Note thato = y iff o[{#y}’] = z. So take v # y. A simple case distinction shows that v [{?/y}*]; = vy
Consequently, FN(R); = FN(R{#y}?); and thus FN(P) = FN(Q).
Let P=(vy).R and Q = (vz).(R{#/y}) with z ¢ FN((vy)P). Then FN(P) = FN(R)\{y} and rN(Q) =
FN(R{#y})\{z}. So eN(R{#y}) = {v[{*y}] | v € FN(R)} by Lemma A.15. When v # y, z one has

v =0[{#ly}] # z, and when v[{#/y}] # z then v # y, z. Consequently, FN(P) = FN(Q). O
9An alternative form of Definition A.17 requires (ii) only for z ¢ FN((vy)P). This yields the same equivalence =S as
Definition A.17, since even when z € FN((vy)P) one derives x(y).P =S x(w).(P{Yy}?) =S x(z).(P{#ly}?) for some
w ¢ FN((vy)P), using (19), that P{%/y}* {W/z}? =S P{Wy}3.
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The next two lemmas pave the way for Lemma A.21, which establishes the validity of Properties
(11) and (12).

LEMMA A.19. Lety, w,z € N, Then, for all x € H,
x[o1ly = wll[oz[w = z]]| =x[(0z2 0 01) [y = 2]].

ProoF. By Definition A.13, x[o1 [y — w]] = w only if x = y. So

ifx=y
x[o1[y = wl][oz[w i z]] = {((x [o1D)i),[02]F  otherwise.
Moreover,
)z if x = Yy
x[(oz001) [y z]] = {(x;[o'l] [02])f  otherwise.
Since (v},);, = v for all v € H, the lemma follows. =

LEMMA A.20. Let y, w,z € N. Then, for all x € H,
x[oly = wll[{#w}’] = x[oy = 2]

x[{WyY’][o[w = z]] = x[o[y > 2]].
ProoF. If x = y then x[c[y — w]][{#w}’] = z = x[o[y — z]]. Otherwise, considering
that o}, [{#w}’] = v} for any v € H, x[o[y = w]][{Fw}’] = (x, [, [{FW}] = (x,[0]); =
x[o[y > z]]. The second statement follows likewise, using that x[{Wy}?];, = x, whenx #y, O

LEmMmA A.21.

(1) (Pay)o, =5 P(oy 0 o).

(2) (Vx € rN(P).x[0] =x[0’]) = Po =5 Po’.

Proor. I prove both statements by simultaneous structural induction on P.

(1) All cases are trivial, except for those where P has the form x(y).Q or (vy)Q.
Let P = x(y).Q. By the definition of substitution, there is a u such that the last step in the
below derivation holds. Likewise, there are w and z such that the first two steps hold.

(Poy) oy [o1](w).(Qai [y — w]))o2

(x
x[o1][02](2).((Qa1ly = w])aa[w - 2])

%)

[

x[0z001](2).(Q(o2[y = wl 0 01w - 2]))

[oz 0 01](2) (Q((oz001)[y = z]))

x|z 0 01](w).(Q((0z2 0 o) [y > 2] {¥z}?))
oo

%)
=

C/JC/J

0200 Q((oz001) [y u]))

P(o, 001)

Here the third step is an application of the induction hypotheses regarding statement 1)
and the fourth step applies the induction hypotheses regarding statement 2), also using
Lemma A.19. The fifth step applies Definition A.17 of =°. The sixth step applies the induction
hypotheses regarding both statements, also using Lemma A.20.

Let P = (vy)Q. By the definition of substitution, there is an u such that the last step in the
below derivation holds. Likewise, there are w and z such that the first two steps hold. Now
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choose a name v outside FN(Q{Wfy}o1{?w}o2) U FN(Q{%y} (02 0 61)) U {z, u}.

(Poy)oz = ((vw)(Q{Wy}a1))o:
(v2)(Q{Wly}o1{#w}o2)
S (vo)(Q{Wly}or{Fw}oa{Vfz})
S (v0) (Q{Uly} (o2 © 1) {Yu})
S (vu)(Q{¥ly} (02 0 01))
P(oy 0 0y).

The third and fifth step apply Definition A.17 of =5. The fourth applies the induction hy-
potheses regarding both statements, also using that, for all x € FN(Q),

x[{Wiy} o] [{#w}] (o] [{¥/}] = x[{¥y}] [0z © o1] [{Pfu}].

The latter follows by a straightforward case distinction, considering that w ¢ ¥~n(Q)\{y} U
dom(oy1) U range(oy), that z ¢ rN(Q{Wy}o1)\{w} U dom(o,) U range(o,) and that u ¢
FN((vy)Q) U dom(o; o 1) U range(oy © o7).

(2) Again all cases are trivial, except for the ones that P has the form x(y).Q or (vy)OQ.
Let P = x(y).Q and u[o| = u[o’] for all u € FN(P). Then, for certain z,w € N, Po =
x[c](2).(Qoly — z]) and Po” = x[o’](w).(Qd" [y = w]).
By Definition A.17, P’ =5 x[0’](z).(Qo’ [y — w]{Zw}?). By the induction hypotheses and
Lemma A.20, Po’ =5 x[0’](2).(Q0’ [y > z]).
By Lemma A.1, x € FN(P), and thus x[o] = x[¢’]. To round of the proof by another appeal
to the induction hypotheses regarding statement 2), it suffices to show that u[c[y — z]] =
ulo’[y > z]] for all u € FN(Q). This amounts to showing that (uy[0]); = (uy[0’]); for all
u€rN(Q)\{y}. Now for each u € rN(Q)\{y} one has u; € FN(P), by the definition of FN(Q),,.
Hence uj, [o] = uy [0’], and the proof of this case is done.
Let P = (vy)Q and let u[o] = u[o’] for all u € FN(P). Then Po = (vz)(Q{#*y}o) and Po’ =
(vw)(Q{W/y}o’) for certain names z, w. Pick v ¢ FN(Po) U {z, w} U dom(o) U dom(c”’).
Then, by Definition A.17, Po = (v0)(Q{#y}o{Y/z}) and Po’ =5 (vo)(Q{W}y}o'{Yw}). Now
ul{#y}1[o][{Yz}] = u[{y}][o] for all u € FN(Q), using that z ¢ ¥N(P) U dom(o) U range(o)
and v ¢ dom(c). Hence, by induction, Q{%ly}c{Vz} =° Q{y}o. Likewise, Q{Wy} o' {yw} =5
Q{Yy}o’. By Lemma A.15 FN(Q{9y})\{v} C Fn(P), so, again by induction, Q{?y}c =°
O{Yy}o’, and hence Po =5 Po’. O

Property (10) follows immediately from Definition A.17, and (7) follows from (11) (i.e. Lemma A.21.1)
and (18). Also (9) follows from Lemma A.21, since FN(P) C {xy, ..., x,}. Hence it remains to verify
Properties (13)-(17).

LEMMA A.22. P =5 Q = Po =5 Qo.

ProoF. Using transitivity of =5, it suffices to prove this for the special case that P and Q differ
by only one application of the generating equations from Definition A.17. Below I deal with the
special case that this single application does not occur within a proper subterm of P; the general
case then follows by a structural induction on the size of the parse tree of P, recalling that this size
is preserved under substitution.

There are two possibilities to consider.

Let P = x(y).Rand Q = x(2).(R{?y}*). Then Po = x[o](w).(Ro[y — w]) and
Qo = x[o](w).(R{#y}*)a[z = u]). Thus Qo =% x[a](w).(R{Zy}’ o[z > u]{Wu}*) by Defini-
tion A.17, so it suffices to show that

Roly — w] =5 R{(#y) o[z = ul {Wh}’,
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which follows from Lemmas A.20 and A.21.

Let P = (vy)R and Q = (vz)(R{?y}) with z ¢ FN(R). In that case Po = (vw)(R{WWy}o),
Qo = (vu) (R{#y}{4/z} o) for names w, u satisfying w,u ¢ FN(P) U dom(o) U range(o) (using that
FN(P) = FN(Q), by Lemma A.18). Choose a fresh name v ¢ FN(R{Wfy} o) UFN(R{#/y}{¥z}o) U{w, u}.
Then one obtains Po = (vo) (R{W/y}o{¥w}) and Qo =° (vo) (R{Zy}{¥z}c{Yu}). It suffices to
show that R{W/y}o{Uw} =5 R{Zly}{¥z}o{Y/u}. This follows from Lemma A.21, provided that, for
all x € FN(R),

x[{Wiyt o] [{9w}] = x[{Fy}] [{%z}] [o] [{%u}].

The latter is established by a simple case distinction. O

LEmMA A.23. Lety € N and w ¢ FN(x(y).P).
Then P{Wjy}®{7w} =% P{zly}".

ProOF. Since w ¢ FN(P); , one has w; ¢ FN(P). Now the statement follows from Lemma A.21,
considering that, for all x € ¥N(P), x[{Wly}°][{#w}] = x[{#y}]. )

Property (15) follows by a straightforward structural induction on P, using Lemma A.21 for the
cases that P = x(y).Q or P = (vy)Q.
Using Lemma A.21 it is trivial to check, for y, w, z € N, that

P{wy)* {2}’ =° P{zy)’ (19)
P{Wlyy* (upw}® =5 PLupy}s. (20)

LEMMA A.24. IfU =° x(y).P then U = x(w).V for some V =% P{WJy}3. Likewise, if U =5 (vy)P
then U = (vw)V for some w ¢ FN(U) and V =5 P{Wjy}.

Proor. Since U =5 x(y).P, one has U = Uy =° U; =° U, =% --- =5 U, = x(y).P, and each step
U; =5 Uy, involves exactly one application of the generating equations from Definition A.17. I
prove the statement by induction on n.

The case that n = 0 is trivial; take w := y.

Let n > 0. By induction U; = x(w).V with V =5 P{wpy}>.

If for U = Uy =° U; = x(w).V the application of the generating equation from Definition A.17
occurs entirely within V, one has U = x(w).W with W =5 vV =5 p{wjy}3.

If the application is at top level, then U = x(z).W and either W = V{Zw}3 or V = W{W/z}*. By
(19), (15), in either case W =5 V{Zw}3. Thus W =5 P{zly}* by (19).

The second statement is obtained in the same way. O

The last property to be checked, (16), follows from Lemma A.24.
CoRroLLARY A.25. IfU =% (x(y).P)o then U = x[c](w).V with V =5 Po[y > w].

Proor. By definition (x(y).P)o = x[o](z).(Poly — z]) for some z € N. By Lemma A.24
U = x(w).V for some V =5 Po[y > z]{W/z}> By Lemmas A.20 and A.21 V =5 Po[y — w]. O

Since the axioms (4)(17) of Section A.1 hold for 7° (N), so do Lemmas A.1-A.11 from Section A.1.

As mentioned earlier, the classical 7-calculus 7 (/N') can be seen as a subcalculus of the 7-calculus
with surjective substitutions 7 (N); its processes P satisfy fn(P) C N. Lemma A.14 shows that on
this subcalculus one has fn(P) = ¥N(P), so that FN can be seen as an extension of fn from 7 (N) to
all of 75 (N).

Likewise, the application Po of a substitution ¢ to a process P is unchanged up to = when
fn(P) € N and o: H — N.Namely, if fn(Q) € N, w ¢ rN((vy)Q) U dom(o) U range(o) and
o:H — N, then Qo[y — w] = Q{Wy}o.
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The next lemma shows that also = and = coincide on the subcalculus 7(N) of 75 (N).
LEMMA A.26. Let fn(P|Q) C N.ThenP =5 Q & P = Q.

Proor. “=": It suffices to consider the case that P and Q differ by only one application of the
generating equations from Definition A.17. Below I deal with the special case that this single
application does not occur within a proper subterm of P; the general case then follows by structural
induction on P.

The case that P = (vy)R and Q = (vz)(R{#y}) with z ¢ FN((vy)R) is trivial.

So let P = x(y).R and Q = x(2).(R{?y}?). As fn(P) € N and fn(Q) C N, also fn(R) € N and
fn(R{#ly}*) € N, so z ¢ fn((vy)R). Considering that v[{?y}*] = v[{#y}] for all v € FN(R), and
that the classical notion of substitution may be applied here, R{%/y}* = R{#/y}. Hence P = Q.

“<”: Tt suffices to consider the case that P and Q differ by only one application of the generating
equations from Section 5. Below I deal with the special case that this single application does not
occur within a proper subterm of P; the general case then follows by structural induction on P.

The case that P = (vy)R and Q = (vz)(R{#ly}) with z ¢ fn((vy)R) is trivial.

So let P = x(y).R and Q = x(z).(R{?y}) with z ¢ fn((vy)R). In that case FN(R) = fn(R) C N.
Considering that o[{#/y}] = v[{%}y}?] for all v € FN(R), Lemma A.21.2 yields R{Zly} =° R{#y}>.
Hence P =5 Q. ]

Now I will show that the identity id: Tr.g(n) — T,s_(x, is a valid translation from 7gs(N) to
ES
s (N). My definition of R s R’ implies that R, R” € T, (n) and n(a) € N.

LemMA A.27. If R =5 g R’ then equally R -5 5, U” for some 755 (N) process U’ with U’ =5 R’

Proor. With induction on the inference of R ~%>gg R’.

e Suppose R —>s R’ is derived by rule earLy-1npuT. Then R = x(y).P, « = xzand R’ = P{#fy}.
Using EARLY-INPUT from n]‘ESS(N), R i@?s U’ := P{%y}S. By Lemma A.14 FN(P) € N. So by
(12) U’ =S R".

e Suppose R s R’ is derived by mE. Then R = A(%)). Let A(X) b Then P{UR} ~“5ps R,
So by induction P{Y/x} i>];,SS U’ for some U’ =5 R’. As fn(P) C N, P{Y} =5 P{Yx}S by
(12) and Lemma A.14. Hence P{Y/%}S —% 5 U’ by aLpra. Thus R =5 2 U’ by rule 1o from

S
s (N).
e All other cases are trivial. O

LEMMA A.28. If R € T, (n) and R =S U iﬁ% U’ with (@) U bn(a) € N, then equally
R -%5gg R’ for some R’ =S U”,

Proor. With induction on the a-depth of the inference of U fsss U’, with a nested induction

on the number of applications of rule aLpHa at the end of that inference.

e Suppose U L% U’ is derived by rule earLy-input. Then R = x(y).P and U = x(w).V
with V =% P{W/y}® by Lemma A.24. Moreover, = xz and y, w,z € N. So U’= V{#zw}S =5
P{Wly}*{zw}® = P{zy}° by (20).

By EarLY-INPUT from 755(N), R —>s R’ := P{#y}. By Lemma A.14 FN(P) C N. By (12)
R =S P{zjy}S =S U".

e Suppose U i@gs U’ is derived by rule mpE. Then R = U = A(%). Let A(X) “'p. Then
P{YR}S iﬁ% U'.AsP € T,o(ny-and {y1, ...,y } = fn(R) C N, also P{g/fc}eTﬂEs(N).Using
(12), P{UR} =5 P{UK}S. So by induction P{UR} %> R for some R’ =5 U”. Consequently,
R —55gs R’ by rule 1oE from mgs(N).
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Table 9. Early symbolic structural operational semantics of the 7-calculus without rule ALPHA

TAU: OUTPUT: ) EARLY-INPUT:
Mrp M5 p Mzy.p 2% p Mx(y).P 225 p{zp}S
SUM: SYMB-MATCH: IDE:

p-%p pP-%p P{RYS S P et

a (x=yla N (A(X) = P)

P+Q 5P [x=y]P =5 P’ A(y) 5 P
PAR: b ( ) E-S-COM!: E-S-CLOSE!

php () PEBRofme p B o M5 o o)
_— n
PI0-5P0\ = ¢ P|O Ix=0IMNz, P|Q’ PO Ix=0IMNz, (v2)(P’|Q") n(Q)
RES-ALPHA: SYMB-OPEN-ALPHA! +x

P{#y} = P’ (z ¢ FN((vy)P)) P P Z¢ FN((vy)P)
(v)P - (v2)Pr \Z €n(@) (vy)P 2C, prizpy \y ¢ nomy

e Suppose U i>§s U’ is derived by -s-cLose. Then R = P|Q, U = V|W, P =Sy Méss Vv,
0=Sw M];SS W', a = [x=0]|MNr7 and U’ = (vz)(V’'|W’) for some z ¢ FN(Q). Pick
w € N\FN(R). Now V M%ES V'{Wf} and W M}ESSES W’{W/z} by Lemmas A.7
and A.6. Moreover, the inferences of these transitions have a smaller a-depth than that of
the transition R i@ss U’. So p MW, o pr =S V’'{W/z} and Q Now, s Q" =% W'{W} by
induction. Applying rule E-s-cLosE, R —>gs R’ := (vw)(P’|Q’). Lemma A.2 yields FN(R’) C
FN(R) 3 w. Using this, one obtains R’ =5 (vw)(V/{W/z}|W'{Wz}) =5 (vz)(V'|W') = U",

o All other cases are trivial. In the case of E-s-com apply Lemma A.1 to obtainy € N. O

THEOREM A.29. P ~ id(P) for any P € T, (n).
Proor. It suffices to show that the symmetric closure of
=S
Z:={(RU)|Re€ Ty n)UE€ Tﬂ'gg(N) AR=° U}

is a strong barbed bisimulation. Let (R, U) € Z%.

Let R —>gs R’. By Lemma A.27, R L>]‘ESS U’ for some U’ =% R’. So U AEQS U’ by rule aLpaa
of 5 (N).

Let U -5 U’. By Lemma A.28, 3R". R —5ps R/ =S U”.

Let U], with bEZUZ. Then U ﬂﬁ% U’ orU i(—%gs U’ for some y and U’, using the definition
of O in Section 4. By Lemmas A.5 and A.7 I may assume, without loss of generality, that y € NV in
case of input or bound output actions. So R ﬂn;g R’ orR M)Eg R’ by Lemma A.28. Thus R| .

The implication R|, = U], proceeds likewise. O

A.3 The elimination of ALPHA

Let <559 be the transition relation on T, generated by the rules of Table 9. Here {Z/yy} denotes
the substitution o with dom(o) = {y, z}, o(y) = z and o(z) = y.!° Compared to the operational
semantics of ﬂgS(N ), rule aLpHA is omitted, but applications of this rule are incorporated in rules

1911 rule rEs-aLPHA, thanks to the side condition z ¢ FN((vy)P), using (12), P{?Jy} =S P{%/y}. For this reason, the versions
with {Zfy} and {%/y} are equivalent, up to strong bisimilarity. The use of {%/y} instead of {%/y} makes the substitution
surjective, which will be needed in Section A 4.

The same can be said about symB-oPEN-aLPHA, since FN((vy)P’) C FN((vy)P) by Lemma A.2.
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RES-ALPHA and syMB-oPEN-aLPHA.!! Lemmas A.30 and A.31 below say that up to strong bisimilarity
the transitions relations % }% and 55 of Jrgs( N) are equivalent.

Lemma A.30. If R —%59 R’ then equally R —>$5_S R'.

Proor. With induction on the inference of R %55 R’. The only nontrivial cases are when
R %3 R’ is derived by rule RES-ALPHA O SYMB-OPEN-ALPHA.

By (12), P{#}ly} = P{%ly} when z ¢ ¥N((vy)P). Thus one obtains (vy)P =5 (vz)(P{%y}) =°
(vz)(P{#ly}). Using this, each application of rule REs-ALPHA can be mimicked by an application of
rEs followed by one of aLpHA.

Now suppose R %55 R’ is derived by symB-oPEN-aLPHA. Then R = (vy)P, a = Mx(z), y # x,
z ¢ FN(R), y ¢ n(M), P 2255 P’ and R’ = P’{ZJy}. By induction P XY =54 8 =5 P’ By Lemma A.1
n(M)U{x} C en(P)\{y} = FN(R) # z.So by Lemma A4 P{%/ly} —5 Mxz, S =S P’{Zy}. By sYMB-OPEN
(v2)(P{#y}) —=> Mx(z) ESS_S P’{Zly} = R’. So by rule aLpHA R —>ESS_S R' O

LEmMA A.31. IfR=° U and R i)ifs R’ then equally U -2 U’ for some U’ with R’ =5 U’.

Proor. With induction on the a-depth of the inference of R RN éss R’, with a nested induction
on the number of applications of rule aLpHA at the end of the inference.

e The cases that R - 55 R’ is derived by rule Tau or ouTpur are trivial.

e Suppose R L)}% R’ is derived by earuy-iNpuT. Then R = x(y).P, @ = xz and R’ = P{/y}*.
By Lemma A.24 U = x(w).V for some V =5 P{Wjy}3. Thus U -5 V{Zw}S.So V{Zw}S =5
P(Wlg}* (7w} =5 P(3ly) = R'by (13) and (20).

e Suppose R —> s R’ is derived by mE. Then R = A(Y), so U = R. Let A(X) “f P Then
P{Z_/)/_’}S i> £S R’. By induction P{yf}s %58 U’ for some U’ with R’ =5 U’. By bE
U-S3u

e Suppose R —> s R’ is derived by par. Then R = P|Q, P —>S P’', R’ = P’|Q and bn(a) N
FN(Q) = 0. Thus U=VIW withP=°V,0=5W and bn(a) N FN(W) = 0. By induction
V 58 V' for some V/ with P’ =5 V/.So U = V|W %5 V/|W by rule par, and R’ =5 V'|W.

e The cases that R %55 R’ is derived by rule E-s-com, E-s-CLOSE, SUM Or sYMB-MATCH are (also)
trivial.

e Suppose R —> s R’ is derived by rule res. Then R = (vz)P, P —> S P,z ¢n(a) and R’ =
(vz)P'.SoU= (vy)V for some y ¢ FN((vz)P) and V =5 P{Y/z}, using Lemma A.24. Employing
(13), (15) and Lemma A.21, V{2Jy} =5 P{YL}{#Jy} =5 P{#z} =° P. So by induction
V{zy} %5 V' for some V' =5 P’. By (5) z ¢ ¥N((vz)P) = n((vy) (P{Y/z})) = eN((vy)V).
Hence U = (vy)V %55 (vz)V’ by rule rEs-aLpHA. Moreover, R' = (vz)P’ =5 (vz)V".

o LetR M), 5 R’ be derived by symB-opEN. Then R=(vz)P, P =5 Mz SR,z #xandz ¢ n(M).
Thus U = (vy)V for y ¢ FN((vz)P) and V =5 P{YJz}, using LemmaA 24. Now P{YJz} %%, P
R’{Y/z} by Lemma A.4. Moreover, the a-depth of the inference of P{Y/z} —> Mxy, S R'{Yz} equals
that of P 2% S s R’, which is smaller than that of R — Mx(z) S R'. By 1nduct10n v MIys v
for some V' = S R’{Y/z}. By (5), z ¢ FN(R) = FN(U). Em onlng Lemma A.1, n(M) U {x} C
FN(P)\{z} = FN(R) # y. Consequently, U = (vy)V —>S V’{%y} by sYMB-OPEN-ALPHA.

HBesides the insignificant difference of {?fy} versus {?/y}, rule syms-orEn-arpHa differs from symB-aLPHA-0OPEN in the
more restrictive side condition z ¢ FN((vy)P) versus z ¢ FN((vy)P’). Whereas the two rules are mterchan§eab1e up
to strong barbed bisimilarity, they are not up to strong bisimilarity, for the transition (vy)(xy.0 + zx.0) X2, ¢ i not

derivable from Table 9. I need symB-oPEN-ALPHA to obtain a transition relation that is strongly bisimilar with the one of
S
rg(N).
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Moreover, V'{ZJy} =° R'{U}{%y} =5 R’ by (11)-(13) and (15), using that y ¢ FN(R) 2
FN(R")\{z}.

e Suppose R -5 3 R’ is derived by aLpHA. Then there is a Q =5 R such that Q <52 R’ is
derived by a simpler proof. So U =5 Q and by induction U -%55=5 R’. m|

Combining Lemmas A.30 and A.31 yields the following result, stating that rule ALpHa is not
needed on top of the rules of Table 9.

CoROLLARY A.32. If R =5 U and R %3 R’ then equally U %5 U’ for some U’ with R’ =5
U’ ]

Together, Lemmas A.30 and A.31 imply that the relation = is a strong (barbed) bisimulation
between JTgS(N ) expressions equipped with the semantics of Table 6, amended as described in
Sections A.1 and A.2, and ﬂ.'gs(N ) expressions equipped with the semantics of Table 9. Hence, up
to % it doesn’t matter whether which of these semantics one employs.

Although I will not need this in this paper, a trivial adaptation of the above proofs shows that
also the early and early symbolic semantics of the n-calculus, displayed in Tables 4 and 6 can
be equivalently adapted by dropping rule aLpHA at the cost of strengthening res and oreN (or

SYMB-OPEN) into RES-ALPHA and OPEN-ALPHA (O SYMB-OPEN-ALPHA).

A.4 Replacing substitution by relabelling

Let ﬂé)s' (N) be the variant of the z-calculus with surjective substitutions ﬂgS(N ), enriched with a
postfix-written relabelling operator [o] for each surjective substitution o. Its operational semantics
is given by the rules of Table 9, together with the rule RELABELLING

PP

—— o o (bn(ala]) NFN(P[a]) = 0)
P[o’] —)P'[O’]

for the relabelling operators, except that the substitutions {Z/y}° and (Y&} that appear in rules
eARLY-INPUT and 1pE are replaced by applications of the relabelling operators [ {2y} S] and [{g/J_c' 151,
respectively, and the substitution {%/y} that appears in rules REs-ALPHA and SYMB-OPEN-ALPHA is
replaced by the relabelling operator [{%/y}]. Moreover, rules par and E-s-cLOSE gain side conditions
bn(a) NFN(P) = 0 and z ¢ FN(P), respectively.’? Except for 1oE, 7/ (N) has the semantics of
Table 10. The function FN, used in several rules, is extended to ”E)s. (N) by rn(P[o]) = {x[o] |
x € FN(P)}. Recall that names are chosen from N @ S, except that in x(y).P one always has y € N.
Moreover, in defining equations A(X) “ py require that xi,...,x, € N,and fn(P) C {x1,...,x,}.13

I will show that the identity id : T”ﬁs( N T”fs.( N Is @ valid translation from ﬂ'gs (N) to

erfjs' (N). As justified in Section A.3, at the side of 71'}‘385 (N) I will use the transition relation —

generated by Table 9. Lemmas A.30 and A.31 imply that Lemmas A.6—A.11 also hold for —¢. T
will denote the transition relation of 7'[};?; (N) simply by —5.

For P a nfy (N) process, let P be the ﬂgS(N ) process obtained from P by recursively replacing
each subterm Q[o] by Qo, and each agent identifier A by A". Here A" is a fresh agent identifier
with defining equation A*(X) ' b when A(X) ' p was the defining equation of A. Note that
FN(?) = FN(P) for each P € Tﬂé);(N).

12These side conditions are not essential—they could be left out here, or added to the original 7r-calculus, without ill
effects—but are included to obtain a stronger and simpler version of Lemmas A.44 and A.51 in Sections A.6 and A.7.
130ptionally, one could furthermore require that no relabelling operators may occur in defining equations; this would
simplify the definition of P.
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Lemma A.33. If R -£5 R’ then equally R £55=S R'.

Proor. By induction of the inference of R LR

e Suppose R L, R is derived by Tau. Then R = 7.P, f = 7 and R’ = P. Moreover, R=rPand
R-LSR.

e The case that R 25 R’ stems from ouTpuT goes likewise.

e Suppose R L, R’ is derived by earLy input. Then R = x(y).P, f = xz and R’ = P[{%y}°].
Moreover, R = x(y)ﬁ and R L;S ﬁ{z/y}s = P[{#y}S] = R

° Suppose R L5 R is derived by sum. Then R = P + Q and P £5 R NowR = P + Q So

P LS SR by induction. Hence, by sum, R LS SR

e Suppose R L, R’ is derived by symB-MaTCcH. Then R = [x= y]P P % R’ and 8 = [x=y]a.
Now R = [x= y]P By induction P-5S=Sp. By symB-mATCH, R LS SR

e Suppose R L, R’ is derived by pE. Then R = A(7j) with A(X) “pandp [{U}5] L, R
NowR = A" (_l_j) WithAA(J_C)) & P Moreover, PW]:?{?//;?}S. By induction P{Y%}S L,5=8
R. By mpE, R i)S SR,

) Suppose R L5 R is derived by par. Then R = P|Q p L P, bn(,B) N FN(Q) = 0 and

=P’|Q. Now R = P|Q bn(f) ﬁFN(Q) 0and R’ = P’|Q By induction P LS S P’. Thus

R i)s SR, by par.

e Suppose R L5 R is derived by E-s-com. Then R=P|Q, P Mxy, pr, Q Noy, Q’,R'=P’|Q’, and
ﬁ = [x= UJMNT Now R = ﬁ|§ and R’ = ﬁ’@\’ By induction P M;SES P’ and é M;SES
Q’ Thus R &> S=S R, by E-s-com.

e Suppose R i) R’ is derived by E-s-crLose. Then R = P|Q p Mx&), pr, Q Moz, Q' R =
(v2)(P'|Q’), z ¢ ¥N(Q) andﬁ [x=0]| MNTt. Now R = P|Q z¢ FN(Q) and R’ = (vz)(P’|Q ).
By induction p Mx2), S=8 P’ and Q Noz S= =50’ Q’. Thus R i>,5_s R, by E-S-CLOSE.

e Suppose R L, R s derlved by RES-ALPHA. Then R = (vy)P P{#ly}] L, pr R = (vz2)P’,
z¢ FN(R) andzeén(,[i) Now R= (vy)P zeFN(R) andR'= (vz)P' BylnductlonP{Z//y}—>S =Sp’.
Hence, R L‘S SR

. Suppose R i> R’ is derived by symB-oPEN-aALPHA. Then R = (vy)P p= Mx(z) p M3y pr,

P'[{Z//y}] yéx,z¢ FN(R) and yé n(M). Now R= (vy)P z¢ FN(R) and R’ = P'{Z//y}.
By induction P M)S S P’. Hence, R £ =5 R by SYMB-OPEN-ALPHA.

e Suppose R L, R’ is derived by RELABELLING. Then R=P[c], P - P, R’ =P'[o], B=a[0]
and bn(f) N¥N(R) =0. By induction P-%5=5 P’ As FN(R) =FN(R) = ¥N(Po), by Lemma A.8
R=Ps £:5=S Ps=FR. o

LEMMA A34. IfR L;g U with bn(f) N ¥N(R) = 0 then equally R L, R’ for some R’ with
R =SU.

Proor. By induction on the depth of the inference of R —£,S U, with a nested induction on the
number of topmost relabelling operators in R.

e First suppose R = P[o]. Then R = Po. By Lemma A.11 P %3 V for some a and V with
alo] =pand Vo = =S U. Moreover, the depth of the inference of P 4,8 V is the same as
that of Po £ S U. Asbn(ao]) NEN(P[o]) = 0, also bn(a) N FN(P) = 0. So by induction

B

-4

P -% P’ for some P’ with P’ =5 V. By RELABELLING R P’[o]. Furthermore one has

P'lo] = Po=SVo=SU.
Henceforth I suppose that R is not of the form P[o].
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e Suppose R i):s U is derived by rule e-s-com. Then R = P|Q, R =P|O, B = [x=0]|MNT,
P M;S v, Q M;g W and U = V|W. By induction P M3y, p’ and Q Moy, Q’ for some P’
and Q' with P’ =5 V and 0’ =5 W. By -s-com R 2> P’|Q0" =S V|w = U.

e Suppose R L,‘S U is derived by rule res-aLpHA. Then R = (vy)P, R= (vy)ﬁ, ﬁ{z//y} i);s v,
z¢ FN(ﬁ), z¢n(f)and U = (vz)V. Asbn(f) NrN((vy)P) = 0 and z¢n(f) UrN((vy)P), also
bn(p) N ¥N(P[{#y}]) = 0. So by induction P[{?/y}] L, P’ for some P’ such that P’ =S V.
Now R £ (vz)P’ by rREs-aLPHA. Moreover, (vz)P’ = (vz)ﬁ' =S (vz)V = U.

e The cases that R L;g U is derived by TAU, OUTPUT, EARLY-INPUT, SUM, SYMB-MATCH, IDE,
PAR O SYMB-OPEN-ALPHA are also trivial.

e Suppose R i);g U is derived by rule e-s-crose. Then R = P|Q, R= ﬁ@ B = [x=v|MNr,
P M;S v, Q M;S W,z ¢ FN(Q) and U = (vz)(V|W). Pick w ¢ FN(E) U FN(U). Then
P Mx—(w)rf V' =5 V{W/z} and Q M);S W’ =5 W{W/z} by Lemmas A.7 and A.6. Moreover,
the inferences of these transitions have a smaller depth than that of R i):s U. So by
induction P X209 p7 and 0 Y% O’ for some P’ and Q’ with P’ =S V’ and 0’ =5 W,
Hence R £ (vw)(P’|Q’) by E-s-cLoSE. Moreover,

(w)(P'Q") = (vw)(P'|Q") =5 (vw)(V'|W”) =5
(vw) ((VIW){Wz}) =5 (v2)(VIW) = U. O

Let .7, be the identity translation from ngs (N) to ﬂf;s' (N).

THEOREM A.35. .7,(P) ~ P for any P € T”ﬁs(N)'
Proor. It suffices to show that the symmetric closure of
— p =S
Z = {(R,U) | R ET”E)S.(/V)’U € T”ESS(M AR=°U}

is a strong barbed bisimulation, as it contains (.7, (P), P).

Let (RU) € #.Let R = R’. Then R 5,8=S8 R by Lemma A.33 and U —525=° R by
Corollary A.32. So U —¢ U’ for some U’ with (R, U’) € Z.

Let U -3 U’. Then R —55=5 U’ by Corollary A.32. By Lemma A.34 R —= R’ for some R’
with R =5 U".

Let U], withbeZ UZ.ThenU ﬂns‘ U'orU 3(—’%;9 U’ for some y and U’, using the definition
of O in Section 4. Hence R ﬂ>;9 orR M);S by Corollary A.32. In the second case, by Lemma A.7 I

may assume, without loss of generality, that y ¢ FN(R). So R Ly, ESS or R £, }::SS by Lemma A.34.
Thus R| .
The implication R|, = U, proceeds likewise. O

The following example shows why the side condition bn(a[o])NFN(P[o]) = 0 in rule RELABELLING
is necessary.

Example A.36. Let P = xz.x(w).wq | x(y).(vo)xv.y(r). In the z-calculus, or in ”Egs (N), this
process can do two successive 7-steps in a row, but not three:

P -5 x(w).wq | (vo)xv.z(r) — (vu)(aq | z(r)) 5.

In the above expression the bound name u may be chosen freely from N\{x, z, q}. The side condition
of rule symB-oPEN-aLPHA prevents the choices u = x, z, since x and z are free in (vo)x(v).z(r). The
side condition of (the symmetric counterpart of) rule e-s-cLose prevents the choices u = x, g.
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In a version of 71’;5. (N) in which rule ReLaBELLING does not have the side condition bn(a[o]) N

FN(P[o]) = 0, and E-s-crLosE lacks the side condition z € FN(P), one obtains (vo)xv.y(r) 23,

y(r)[#/b] and thus

(vo)z0.y(r) [y ZE> y(r) [2Jo] [#ly] =L 0[] 2y [9h]
which yields
P = x(w).wq | ((vo)%o.y(r))[Fy]
= (v2)(wq[Zw] | y(r)[Zfo] [#y])
—  (va)(0[Zw] | 0[Zp] (2119 D),
in violation of Theorem A.35.

Although (vo)70.y(r) 2555 y(r){ZJo}, one has ((vo)%o.y(r){Zy} F5S y(r){Zfo}{Fy}. This
shows that the necessity of the side condition bn(a[o]) N FN(Ro) = 0 in Lemma A.4/A.8. Hence
((vo)x0.y(r))[#y] = X&), 4 (r)[#] [#ly] violates Lemma A.33. Smce rule sYMB-OPEN-ALPHA is in-
voked before the relabelling [Z/y] is applied—in contrast with 7Z'ES (N), where it is invoked af-

ter applying the substitution {%fy}—the choice u = z cannot be avoided. Here the side con-
dition of RELABELLING comes to the rescue; it rules out the offending transition because z €

bn(x(2)) N FN(((vo)xo.y(r)) [#y]).
A.5 a-conversion for Il'}é)s. (N)

For 7/s (N)-processes P and Q write P = Q iff P =5 Q. If P = Q then FN(P) = FN(P) = FN(Q) =
FN(Q).

Lemma A.37. If P= Q and P % P’ with bn(a) N FN(Q) = 0 then equally Q — Q’ for some Q’
with P’ = Q’.

PRrOOF. Suppose P = Q and P % P’ with bn(a) N¥N(P)=0. Then P =5 0, and P -5=5 P’ by
Lemma A.33. Therefore, Q %55 U for some U =5 P’ by Corollary A.32. By Lemma A.34 Q % Q’
for some Q’ with O’ =5 U. Now P’ = Q’. O

LEMmaA A.38.
(@) (Vx € ¥N(P).x[o] =x[0’]) = P[o] = P[d’],
(b) Plo1][o2] = Ploy 0 01],

(c) Ple] = P, where € is the empty substitution,
@) (PIQ)[c] = P[o] | Qla],

(e) ((vy)P)[o] = (vy)(P[o]), wheny ¢ dom(c) U range(o),
() (vy)P = (vz)(P[{#}ly}]), when z & Fn((vy)P),

( ) lfpl EQl ansz Qz thenP1|P2 Q1|Q2, and

(h) if P = Q then (vy)P = (vy)Q and P[o] = Q[o].

Proor. (a), (b) and (c) follow immediately from (12), (11) and (15), (d) and (e) from the definition
of substitution, (g) and (h) from the congruence property of =° and (13), and (f) follows from (10),

using (a) and (h) to replace {#/y} by {?/y}. O

The following five lemmas are counterparts for 7rEpS' (N) of Lemmas A.1, A.2, A.7, A.6 and A.5
for mgs(N), adapted to avoid non-surjective substitutions {W/z}.

LEmMMA A.39. If P %5 O then n(a)\(:(a) U bn(a)) C FN(P).

Proor. Immediately from Lemmas A.33, A.30 and A.1. O
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Table 10. Structural operational semantics of the m-calculus with relabelling

TAU: OUTPUT: EARLY-INPUT:
Mrp X5 p Mxy.p 2% p Mx(y).P 225 p[{zp}S]
SUM: SYMB-MATCH: IDE:

p % p P55 p P55 p (A(_,)defp)
— — _— xX) =
P+Q % P/ [x=y]P 2=41% pr AR) % P
PAR! E-S-COM! E_S_C]’CIQ»S'E: v

PSP [ ner=o) PSP 2% o p S pro o N 00 i)
PIQ % Pr|Q \n( (=0 plo BERRES prigr PO RS (v2) (r|Q7) FEO)
RES-ALPHA!: SYMB-OPEN-ALPHA: RELABELLING:
P[{#y}] = P’ (zemu vwm) p Mxy, pr y:x o p-%p (hn((r[o’])ﬁ )
—_— ) — z¢rN((vy)P)| —mmm—————— .
(vy)P -5 (v2)P @] ()P M prigzpyy | g | Plol 2LEb Prig] \ v PleDh=0

LEMMA A.40. If P -5 Q then FN(Q) € FN(P) U 1(a) U bn(a).

Proor. Immediately from Lemmas A.33, A.30 and A.2.

LEMMA A.41. If R X&), R, and w ¢ FN(R) then equally R Mz(w), R, [{W)z}].

ProoF. Let RMRZ. Then §M§ES§2 by Lemma A.33. So ﬁMgUES@ by Lemma A.30.
Using that w ¢ FN(R) = FN(R), by Lemma A.7 R
FN(U)\{z} C FN(ﬁ) # w, and therefore U{W/z} =5 U{W/z} by (12). By Lemma A.31 R
for a W =° V. By Lemma A.34, using that w ¢ FN(R), R Mx(W), R for an R’ with R =S W. Using

Mx(w), S
ES

(13) R’ =S R,{WJz} = R,[{WJz}], and thus R’ = R, [{W)z}].

LEMMA A42. IfR —5

R [{W]z}].

Proor. The proof is the same as the one of Lemma A.41, but using Lemma A.6 instead of

Mxz

Lemma A.7, thereby also using the precondition z ¢ FN(R).

LEMMA A43. If R —=

Mxz

R, [o] = R,[o] for each surjective substitution ¢ with z[o] = w[o].

Proor. Let R —> R,. Then R Mxz
Lemma A.30. Pick v ¢ FN(§). By Lemma A.5 R
by Lemma A.6 R

Mxz

Mxw_S
ES

Mxz S_S

Mxw,

R, by Lemma A.33. So R

Mxo SS

Mxz_ S
ES

L]

V for a V =5 U{W/z}. By Lemma A.2,
n Mx(w). S

]

R, and z, w ¢ FN(R), then equally R Maw, R,, for some R,, with R,, =

]

R, and w is a name, then equally R Mxw, R,, for some R,, such that

U =S R, by
V for some V with U =5 V{%p}, and
W for some W with W =5 V{Wp}. By Lemma A.31 R M:g W for

some Wi =S w. By Lemma A.34 R R,, for some R,, with ﬁw =S wt.
Now let ¢ be a surjective substitution with z[¢] = w[c]. Then R, [¢] = Ryo =5 V{Wp}o =
V{zp}o =5 R0 =5 R,[o] by(11), (12) and (13), so Ry, [0] = R, [0]. O

_—

A.6 Agent identifiers without parameters

Let ”EPS(N ) be the variant of 7TEP; (N) in which agent identifiers may be called only with their own
declared names as parameters, i.e. such that § = X in rule pE. As a result, the relabelling operator

[{U/&}5] in this rule can be dropped. The operational semantics of ”155 (N) is displayed in Table 10.
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Let 7;: T, 22y = Tar v be the compositional translation satisfying .7 (A(7)) = A, (%) [{I%}5],
and acting homognorphlcally on all other operators Here A, is a fresh agent identifier with defining
equation A, (X) = Z;(P) when A(x) f p was the deﬁnlng equatlon of A. Clearly ¥N(.7;(P)) =
FN(P). I will show that .7; is a valid translation from x (N ) to (N ), up to strong barbed
bisimilarity.

LemMa A.44. IfR -£5 R and bn(B) N en(R) = 0 then Z,(R) £ Z.(R).

Proor. By induction of the inference of R LR
e Suppose R L, R’ is derived by earLy input. Then R = x(y).P, f = xz and R’ = P[{#y}°].
Now 7,(R) = x().7(P) L> Z(P){H}) = TR). )
e Suppose R L, R’ is derived by mE. Then R = A()), A(X) = P and Pl{IR}S] L5 R As
bn(f) NFN(R) = 0 and N (P[{Y/X}5]) C ¥N(R), bn(B) N EN(P[{Y&}]) = 0. By induction
Z/(P)IEY®] = Z(PLIRYD) £ Z(R).

so by RELABELLING 7, (P) -5 P’ for some a and P’ with a[{Jx}°] = f and P'[{§&}5] =
Z;(R’). By rule pE from ﬂE'DS(N), A,(¥) =5 P’. So by RELABELLING

T.(R) = A, D [{IEYS1 L P{IRYS] = Z(R),

here using the side condition that bn(f) N FN(R) = 0
e Using that ¥N(.7;(Q)) = FN(Q) for all Q, all remaining cases are trivial. )

LEMMA A45. If Z5(R) -£5 U then R -£5 R’ for some R’ with Z,(R") = U

Proor. By induction of the inference of .7 (R) LU,

e Suppose R = A(f]) Then Z,(R) = A, (X) [{g/f}s] By reLaBELLING bn(f) N FN(Z;(R)) = 0
and A, () -2 V for some « and V with a[{JF}5] = f and V[{J&}S] = U. Let AR) < P,
so that A,(¥) = def J,(P). Via rule e .Z,(P) - V. By induction P -%5 P’ for some P’
with Z.(P") = V. As N(P[{U&}5]) C #N(R) = ¥N(Z,(R)), bn(f) N FN(P[ {yf}s ) = (. So
by RELABELLING P[{U&}S] L, pr [{I}5] . By rule mE from 7 S(N) R L P[{yR}S].
Moreover,

Zy(P'I{IRYS]) = (PO {IRYS] = VI{IRY®] =
e Using that FN(.7;(Q)) = FN(Q) for all Q, all other cases are trivial. O

THEOREM A.46. 7,(P) * Pforany P € Tare (-

Proor. It suffices to show that the symmetric closure of
Z = {(R T(R)) | R €T pe ()}

is a strong barbed bisimulation. This follows from Lemmas A.44 and A.45, also using Lemma A.41
to handle the barbs from R. O

A.7 Clash-free processes

For R a collection of private names, disjoint with N & S =: Z, I define nES(N R) as the variant of

nES(N W R) W}here in all expressions x(y).Q the name y must be chosen from N, and in defining

equations A(X) = Ponehasxy,...,x, € N.The semantics oanS (N, R) equals that of JTES(NUR)
Clearly, the relation = and all results from Section A.5 are inherited by ﬂ;S(N ,R).
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Definition A.47. The set RN(P) of restriction-bound names of a HES(N ,R) process P is inductively
defined by
if R = (vy)P then RN(R) 2 RN(P) U {y},
if R=1.P or xy.P or x(y).P then RN(R) 2 RN(P),
if R = [x=y]P then RN(R) 2 Rn(P),
if R = P[o] then RN(R) 2 {x[o] | x € Rn(P)},
ifR=P+QorP|Q théerfl RN(R) 2 Rn(P) URN(Q),
e if R=A(%) and A(¥) = P then RN(R) 2 Rn(P).

Each statement y € RN(R) can be proven using y € RN((vy)P) as an axiom, and each of the six
clauses above as proof rules. It follows that in fact one has = wherever 2 is written in Definition A.47.

Definition A.48. The collection ¥ of clashing ﬂgs (N, R) processes is the smallest such that

(i) if FN(R) NRN(R) # O thenR € ¥,
(ii) if R = P|Q and RN(P) NRN(Q) # O then R € €,
(iii) if R = (vy)P and y € RN(P) then R € ¥,
(iv) if R = P[o] and y[o| = z[o] for different y, z € RN(P) thenR € €,
(v) if P € ¥ thenalso r.P € ¢, xy.P € ¢, x(y).P € €, [x=y|P € €, (vy)P € € and P[o] € ¥,
(vi) if P € %ii?rQ € € thenalsoP+Q € ¥ and P|Q € ¥,
(vii) if A(X) = Pand P € € then also A(¥) € €,
(viii) and if RN(R) N Z # O then R € %.
A process P is clash-free if P ¢ €.

Now take R as given in Section 9, where also the relabelling operators [¢], [r], [e] and [p,] are
defined, with p, = {B/ly} o e. Let the translation .7 : Tar vy = Tat(vmr) satisfy

Tt ((vy)P) := (vp) (Tet (P) [py])

TP | Q) = T (P)[] | Te(Q)[r]

Tei(A(X)) = Ac(X)
and act homomorphically on all other operators. Here A is a fresh agent identifier with defining
equation A (¥) = Ju(P) when A(X) “f p was the defining equation of A.

LEMMA A49. Let P € T”fs(N) be a ﬂE)S(N) process. Then N (¢ (P)) = FN(P) C Z and J¢(P)
is clash-free.

Proor. The first statement follows by a straightforward structural induction on P.

Let Ry := {p | ¢ €{e, £, r}"}; these are the names p¥ € R with v = ¢. A straightforward induction
on the derivation of y € RN(Z;¢(P)) from the rules of Definition A.47 shows that RN(Z¢(P)) € Ro.

Using these facts to handle Requirements (i) and (viii), a straightforward induction on the
derivation of ¢ (P) € € from the rules of Definition A.48 leads to a contradiction. For (ii) use
that Vy, z € Ry. y[£] # z[r]. For (iii) use that z[p,] # p for all z € Ry. For (iv) use that p,, £ and r
are injective substitutions, whereas any relabelling operator [o] inherited from ﬂé)s (N) satisfies

dom(c) N R = 0. O
I will show that ¢ is a valid translation, up to strong barbed bisimilarity.
LemmA A50. T ((vy)P) = (vy) T (P) for P € Tﬂ,é's(N)‘

Proor. By definition 7 ((vy)P) = (vp)(Zes(P)[pyl). Since FN(Z(P)) = FN(P) C Z using
Lemma A.49, y ¢ FN(Z(P)[py]). Thus, by Lemma A.38(fb,a,c,h),

(vp) (T (P)[py]) = (vy) (T (P) [py] [{¥lp}]) = (vy) T (P). o
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LEmMA A51. IfR -£5 R’ then T4(R) b= «(R).

ProoF. By induction of the inference of R L, R’ Since Risa 7[155 (N) process, n(f) Un(R) C Z.

Suppose R L, R’ is derived by earLY inpuT. Then R = x(y).P, f = xz and R’ = P[{#ly}°].
Now Zet(R) = x(y). 7 (P) L5 Tos(P)[{#}S] = Tus (R').

Suppose R L, R is derived by mE. Then R = A(X). Let A(X) def P, so Ag(X) def Tt (P).
ThenP £ R'. By induction Z(P) L= £ (R). Applying rule 1pE, Z;¢(R) = Acf(X) L=
Tt (R').

The cases that R £ R’ is derived by Tau, ouTPUT, sUM or symB-MATCH are (also) trivial.
Suppose R L, R’ is derived by par. Then R = P|Q, P L, p, bn(f) N FN(R) = O and
R’ = P’|Q. By induction ¢ (P) L,y = Tt (P’). As n(p) € Z, Blt] = p. Moreover,
Z 2 FN(P) = eN( T (P)) = ¥N( T (P)[£]) by Lemma A.49, so bn(f) N ¥n(T(P)[¢€]) = 0.
Thus, Z.¢(P)[f] L, V(€] = F(P’)[¢] by rule ReELaBELLING and Lemma A.38(h). Since
Z 2¥N(Q) = FN(T(Q)) = FN(T£(Q)[r]) by Lemma A.49, bn(f) N ¥N( T (Q)[r]) = 0.

Hence, by rule par,

Tet(R) = T (P) [0 Tt (Q) [r] L5 VI[e]| T (Q)[r] = Tt (P [€]| T (Q)[r] = T (R),

in the =-step using Lemma A.38(g).

Suppose R 25 R’ is derived by E-s-com. Then R = P|Q, P %% pr o Nov, o7 pr = pr|0,
and f = [x=v|MNr. By induction ¢ (P) Mry, v = T (P") and Z4(Q) Now, yy
et (Q’). By rule reLaBeLLING and Lemma A.38(h) ¢ (P)[¢] MY yie] = Fe(P)[e
and J(Q)[r] Noy, W(r] = Z4(Q’)[r]. Thus, by £-s-com and Lemma A.38(g) Z¢(R)
(P11 7(Q)[r] L5 VAW (r] = T (P)[€]14(Q)[r] = T(R).

Suppose R £, R’ is derived by E-s-crose. Then R = P|Q, P Mx(z), P, QO Nez, Q,z ¢
FN(R), p = [x=v|MNr7 and R’ = (vz)(P’|Q’). By induction Z(P) Mx@), o= T (P
and (Q) Noz = et (Q’). Since z ¢ FN(P) = FN(TZ£(P)) = FN( T (P)[£]), by rule
RELABELLING and Lemma A.38(h) one obtains .7, (P)[f] Mx(2), V[t] = J¢(P)[f] and
likewise J.(Q)[r] Moz, W(r] = Z4(Q’)[r]. Thus, by -s-cLose and Lemma A.38(g,h)
T (R) = T (P) (01| 7 (Q) [r] L5 (v2) (V] W [r]) = (v2) (Tt (P [€]] Tt (Q) [F]) = Tt (R').
The last step follows by Lemma A.50.

Suppose R £, R is derived by rEs-aLpHA. Then R = (vy)P, P[{?/y}] 2, PR = (v2)P’,
z ¢ FN(R) and z ¢ n(f). By induction Z(P[{%y}]) L,y = et (P’). By Lemma A.49
z ¢ FN(Z¢(R)). Using this, Lemma A.50, REs-aLPHA, Lemma A.38(h), and the observa-
tion that Zi (P[{Zy}]) = Zr(P) [{ZJy}], one obtains Tee(R) = (vy) Zee(P) L> (v2)V =
(v2) T (P") = T (R’). As P[{#ly}] £, P’ must be derived by rule RELABELLING, bn(f) N
FN(P[{#y}]) = 0. Since z ¢ bn(f) this implies bn(B) N FN(R) = 0. Using this, Lemma A.37
yields Z¢(R) 5= Z4(R").

Suppose R L, R’ is derived by symB-oPEN-aLPHA. Then R = (vy)P, f = Mx(z), P M2y, pr,
y#x,z¢FN(R), y ¢ n(M) and R’ = P’[{?¥/y}]. By induction F¢(P) Mxy, v = Tt (P’). By
Lemma A.50 Z¢¢(R) = (vy) Je¢(P). By Lemma A.49 z¢FN(R) = FN(Z£(R)) = FN((vy) Ze£(P)).
So by rule syms-oPEN-aLPHA (VYy) Zo¢(P) Mx(2), V[{#ly}]. By Lemma A.37 J¢(R) Mx(z), -
V[{#y}]. Moreover, by Lemma A.38(h), V[{?y}] = Tt (P) [{#y}] = Tet (R)).

Suppose R L, R’ is derived by ReLaBELLING. Then R=P[c], P-5P’, a[c] =, bn(B) NEN(R)
=0 and R’ = P’[o]. By induction ¢ (P) - V = ¢ (P’). As bn(f) N rN(T¢(R)) = 0, by
RELABELLING and Lemma A.38(h) Z¢(R) = 7 (P)| o] N Vie]l=94(P)[c] = J4(R’). O

—
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Lemma A.52. If T (R) -£5 U with 1(8) Ubn(B) € Z then R -£5 R’ for some R’ with Z¢(R') = U

Proor. By induction of the depth of the inference of the transition Z¢¢(R) £, U.Since Risa
JTEJS(N) process, using Lemma A .49, FN(Zs(R)) = FN(R) C Z.

e The case that Z;¢(R) L, Uisderived by EARLY-INPUT proceeds as in the proof of Lemma A.51,
but using () C N.

e Suppose J¢(R) L, U is derived by mE. Then R = A(X). Let A(X) def P, 50 A (X) def Tt (P).
Then Z¢(P) 2L,y
By induction P £, R’ for some R’ with £ (R") = U. Applying rule pE, R LR

e The cases that J;¢(R) L, U is derived by TAU, oUTPUT, sUM or sYMB-MATCH are (also) trivial.

e Suppose Z(R) L, U is derived by rule par. Then R = P|Q, F4(P) - V, J4(R) =
Tt (P) L1 Tt (Q)[r], al€] =B, bn(f) NFN(Tf(R)) =0 and U =V [£]| Ze¢(Q) []. Since 1(B) U
bn(B) € Z, also i(a) Ubn(a) € Z. Therefore, by induction, P < P’ for some P’ with

Tug(P’) =V.Son(a) C Z and a = a[£] = f. By rule par, using that bn(f) N FN(R) = 0 via
Lemma A.49, R = PlQ —= P’|Q. By Lemma A.38(g,h), ¢ (P’|Q) = Ze(P")[]] T (Q)[r] =
Vel T (Q)[r] =

e Suppose Z£(R) L U is derived by E-s-com. Then R = P|Q, F¢(R) = T (P)[£]]1 T (Q)[r],
B = [x=v|MNt, T4 (P) My, v Z£(Q) Noz, y[£] =z[r] and U = V[£]|W[r]. Here I use
Lemma A.39 to infer that n(M) Un(N) U {x,y,0} C N, so that these names are not affected
by [£] or [r]. It follows that z = y. By induction P MXY, p and Q Moy, Q' for processes P’, Q'
with J¢(P’) =V and ¢(Q’) = W. Applying E-s-com, R L, p’|0’. Moreover, employing
Lemma A.38(g,h), Z¢(P'1Q") = T (P)[t] | T(Q)[r] = V[€]IW([r] =U.

o Suppose (R) L, U is derived by E-s-crosk. Then R=P|Q, J¢(R) = ¢ (P)[£]| T (Q)[r],
Tg(P) ==V, T4(Q) > W, B = [x=0]MNr, a[t] = Mx(2), y[r] = Noz, z ¢ PN( T (R))
and U = (vz)((V[£]|W[r]). By Lemma A.39 {x,v} Un(M) Un(N) C rN(Z¢(R)) € Z. So
a = Mx(w) and y = Nou with w[f] = u[r] = z. Note that w,u ¢ FN(Z¢(R)) € Z. Pick
q € Z\FN(R). By taking q # w, u one also has q ¢ eN(VIW|V[£][W [r]).

By Lemmas A.41 and A.42 F¢(P) 29, v = v{qjw} and Z(Q) 225 W’ = W{qjw},
and the inferences of these transitions have a smaller depth than the one of fcf(R) 2u.
Therefore, by induction, P —% M3(9), p’ and Q Mg, Q’ for some P’ and Q’ with Z(P") =V’
and Z(Q’) = W'. By rule E-s-cLose R N (vq)(P’1Q").

By Lemma A.50 and Lemma A.38(g,h,b,a,d.f)

Tt ((vg)(P']Q")) = (Vq)((ﬂcf(P )[ ] | T (Q)[rD)

= (vg)((V ]))
= (vq)((V {q//w}] 11 WD)
= (v@) (VIEI{=}] | Wrl[{9)=3D])
= (Vq)((V[ 11 WIrD[{9/z}1)
=()(V[e] [W[r])=U

e Suppose R has the form (vy)P, i.e., Z(R) L, U is derived by RES-ALPHA O SYMB-OPEN-

avpHA. By Lemma A.50 4 (R) = (vy) Z+(P), so by Lemma A.37 (vy) Ze(P) L,v=u,
and the inference of this transition has the same depth as the one of J¢(R) £u.

First suppose (vy) Z¢(P) L, v is derived by rEs-aLpHA. In that case J¢(P[{?[y}]) =

T (P) [{Z//y}] Ly WandV = (vz)W for some W and z ¢ FN(R) U n(f). So by induction
P[{#Jy}] <> P’ for some P’ with Z(P’) = W. By res-arpHA R = (vy)P - (vz)P'.



Comparing the expressiveness of the r-calculus and CCS 111:51

Moreover, by Lemma A.50 and Lemma A.38(h),
Tt ((v2)P') = (v2) T (P') = (vo)W =V = U.

Next suppose (vy) Zet(P) L, v is derived by symB-opEN-aLPHA. Then Z;¢(P) Mxy,
B=Mx(z),y #x,z ¢ FN(R), y ¢ n(M) and V = W[{?y}]. By induction P MXY, P’ for some
P’ with J¢(P’) = W. By rREs-aLPHA R N P’[{#/y}]. By Lemma A.38(h),

Tt (P [{#Fy}]) = Zee (P [{#}] = WI{Zy} =V = U.

e Suppose Z:£(R) L, U is derived by rReLaBELLING. Then R = P[o], 7+ (R) = J«(P)[o],
Fg(P) %V, a[o] = B, bn(B) N¥N(R) = 0 and U = V[o]. Since the relabelling operator
[o] stems from ﬂ;S(N), dom(o) € Z.Hence ((f) Ubn(f) € Z implies i(a) Ubn(a) € Z.
By induction P —% P’ for some P’ with J¢(P’) = V. By RELABELLING R = P[0] N P'[o].
Moreover, by Lemma A.38(h), Z¢(P’[c]) = T(P')[c] = V][o] =U. O

THEOREM A.53. J¢(P) * Pforany P € T”Eps(N)'

Proor. It suffices to show that the symmetric closure of
Z={(RU)|Re Tﬂ,ﬁ-’s(N) AU = J4(R)}

is a strong barbed bisimulation, as it contains (P, Z.¢(P)).

Let (R,U) € Z.Let R — R’. Then Z(R) —>= J(R’) by Lemma A.51 and U —>= Z¢(R’)
by Lemma A.37. Thus U — U’ for some U’ with (R’,U’) € Z.

Let U = U’. Then J(R) —>= U’ by Lemma A.37. By Lemma A.52 R — R’ for some R’ with
T(R') =U".

Let U], withb€ ZUZ. Then U L9 U or U 29, U for some y and U’, using the definition of O
in Section 4. By Lemmas A.43 and A.41 I may assume, without loss of generality, that y € Z\rN(U)
in case of input or bound output actions. Hence Z;(R) LY, o Z(R) LICIN by Lemma A.37. So

R 2% or R £, by Lemma A.52. Thus R| ;.
The implication R|, = U}, proceeds likewise. o

A.8 Eliminating a-conversion for clash-free processes

Let -, be the transition relation on T, (n.%) obtained by from the transition relation - by
replacing the rules rRes-aLPHA and symB-oPEN-ALPHA from Table 10 by the rules rules res and
symB-oPEN from Table 6. Thus, the a-conversion implicit in these rules has been removed.

As witnessed by Example 6.3, on ﬁfS(N ,R) the transition relation %, differs essentially from

-2, and fails to derive some crucial transitions. However, I will show that restricted to the clash-free
processes within ﬂé)s(N ,R) this transition relation is just as suitable as —; up to strong barbed
bisimilarity there is no difference. Since the only the clash-free processes in ﬂhf)S(N ,R) occur as

the target of the previous translation step, the relation —, may be used in the source of the next.
LEMMA A.54. If p MW, Q then y € Rn(P).
PROOF. A trivial induction on the inference of P XX, Q. O
LEMMA A.55. If R is clash-free and R <>, R’ then R —5=TR..

Proo¥. By induction on the derivation of R —, R’.
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e Suppose R M), R’ s derived by syms-oren. Then R = (vy)P, P Mxy, R, y £ x

and y ¢ n(M). By induction P MY U for a process U = R’. So by sYMB-OPEN-ALPHA
R M=), U[{Yy}]. Moreover, U[{Y/y}] = U = R’ by Lemma A.38(c,a).

e Suppose R >, R’ is derived by rs. Then R = (vy)P, P . P, R’ = (vy)P’ and y ¢ n(a).
For u € bn(a), by Lemma A.54 u € RN(P), so by the clash-freedom of P, u ¢ rN(P). By
induction P % V for some V = P’. So by rReLaBELLING P[{Y/y}] — V[{Y/y}] and by
rule Res-aLpaA R = (vy) (V[{Y/y}]). By Lemma A.38(c,a,h) (vy)(V[{U/y}]) = (vy)V =
(vy)P' =R

o All other cases are trivial with Lemma A.38(g,h). o

LEMMA A.56. Let R be clash-free. If R — R’, bn(a) = 0 and i(«) N RN(R) = 0, then R -, U
for some U with R’ = U.

If R X2&, R’ then R Y29, U for some yand U with R’ = U[{?Jy}] and z ¢ rn(U)\{y}.

ProoF. By induction on the depth of the derivation of R — R".

e The cases that R %, R’ is derived by TAU, OUTPUT, EARLY-INPUT, SUM, SYMB-MATCH OI IDE
are trivial.

e Suppose R % R’ is derived by par. Then R = P|Q, P % P’, bn(a) N FN(Q) = 0 and

R’ =P’|Q.
First assume bn(a) = (. Since 1(a) "RN(R)=0, also 1(e) "NRN(P)=0. By induction P —%», V for
some V with P’ = V. By rule par R —, V|Q. Moreover, R’ = P’|Q = V|Q by Lemma A.38(g).
Next assume @ = Mx(z). So z ¢ FN(R). By induction P M), v for some y,V with
P’ =V [{#Jy}]. By Lemma A.54, y € RN(P), so y ¢ FN(R) by the clash-freedom of R. Hence
R 22, V|0 by rule par. Moreover, R = P'|Q = V[{Zly}1IQ[{Zy}] = (VIQ)[{7y}]
by Lemma A.38(c,a,g,d), using that y, z ¢ FN(Q). Finally, by Lemma A.40, eN(V|Q)\{y} C
FN(R) ? z.

e Suppose R %5 R’ is derived by rule £-s-com. Then R = P|Q, a = [x=0|MNr~, P Mxy, P,
0 Moy, Q’ and R” = P’|Q’. By Lemma A.39 y € ¥N(P). So by the clash-freedom of R,
y ¢ Rn(Q). By induction P MXY, v oand Q Moy, W with P = V and Q’ = W. Hence by
E-s-com R %5, VIW, and R’ = P'|Q’ = V|W.

e Suppose R - R’ is derived by rule e-s-crose. Then R = P|Q, a = [x=0|MNT7, P Mx(2), P,
0 Moz, Q’,z ¢ ¥N(R) and R’ = (vz)(P’|Q’). By induction, one has P MW, v for some y and
V with P’ =V [{?Jy}] and z ¢ rN(V)\{y}. By Lemma A.54 y € RN(P), so by the clash-freedom
of R,y ¢ RN(Q) and y ¢ FN(R). By Lemma A.42 Q Moy, W, for some W, = Q’[{Y/z}]. So
by induction Q Moy, . W for some W = W,,. By E-s-cLosE R . (vy)(V|W). Moreover, by
Lemma A.38(h,a,b,c,h,d,f),

R = (v2)(P'1Q") = (va) (V{#y}] | Q"[{#ly}] [{Z/y}])
= (v2) (VI{#ly}] | Wy [{=ly}])

(vz) (VIW) [{#]y}])

(vy)(VIW)

in the last step using that z ¢ FN(R) 2 ¥N((vy)(V|W)) by Lemma A.40.

e Suppose R -5 R’ is derived by rReLaBELLING. Then R = P[o], P L, pr, flo] = a and
R’ =P'[o].
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First assume bn(a) = 0. Since ((a) NRN(R) =0, also ¢() NRN(P) = 0. By induction P LV
for some V with P’ = V. Now R -5, V[o] by RELABELLING. Moreover, R’ = P'[c] = Vo]
by Lemma A.38(h).

Next assume a = Mx(z) and f=K@g(w). So w[o| =z. Then z ¢ FN(R) by the side-condition of
RELABELLING. By induction P K40, | v for some v and V with P’ = VI[{W/p}]. Lety :=ov[o].
By Lemma A.54, v € RN(P), so y € FN(R). Hence y ¢ FN(R) by the clash-freedom of R. So
there isno n € FN(P) with n[o] = y or n[o] = z. Since FN(V) C FN(P) U {v} by Lemma A 40,
the name v is the only possible n € FnN(V) with n[o] = y or n[o] = z. By rule RELABELLING
R M=), V]o]. Lemma A.38(h,b,a) yields R” = P’[o] = V[{Wv}][o] = V[o][{#/y}]. Finally,
by Lemma A.40, ¥N(V[o])\{y} C FN(R) 3 z.

e Suppose R Mx(=), R’ is derived by symB-oPEN-aLPHA. Then R = (vy)P, P Myy, pr R =
P'[{#ly}],y # x, z ¢ ¥N(R) and y ¢ n(M). By induction P MXy, | U for a process U with
P’=U. So by symB-0PEN RYMXW, U Moreover, R’ = P’ [{#/y}] = U[{#/y}] by Lemma A.38(h).
Finally, by Lemma A.40, rN(U)\{y} C FN(R) 2 z.

e Suppose R - R’ is derived by rEs-aLpuA. Then R = (vy)P, P[{%/y}] - P’ R’ = (vz)P’
and z ¢ FN(R) U n(a).

First assume bn(a) = 0. As 1(a) NRN(R) =0,y ¢ 1(«) and ((«) "RN(P) = 0. Hence y ¢ n(«)
by Lemma A.39. By rReLaBELLING P - V for a V with V[{#/y}] = P’. So by induction
P %, W for some W = V. So by Res R —, (vy)W. By Lemma A.40 rn(V)\{y} C
n(a) U rN(P)\{y} = n(a) U FN(R) # z. Hence R’ = (vz)P’ = (v2)(V[{#Jy}]) = (vy)V by
Lemma A.38(f).

Next assume ¢ = Mx(w). By Lemma A.39 n(M) U {x} C FN(R)  y. So by RELABELLING
p M2, W for a W with W[{ZJy}] = P’. Here u := w[{Zy}]. By induction P 22,y
for some v and V with W = V[{¥/p}] and w ¢ FN(V)\{v}. By Lemma A.54 v € Rn(P).
So v # y by the clash-freedom of R. Hence R M), (vy)V by res. Pick a name q ¢
FN(R’) UFN((vy)V) U {w,v}. Now

R = (v2)P" = (v2) (W[{#/y}])

(vg) (W[{Zy}]1[{9)=}])

(vg) (V[{#o}] [{#y}] [{9)=}])
(vg) (V{931 [{¥]o1])

((vg) (V{3 ])) [{¥W]o}]

= (v V) [{W/p}]
by Lemma A.38(f,h,b,a,e,f,h), provided that
n[{#o} [{#ly}[{9)=z}] = n[{Yy}] [{V/o}] (21)

for all n € ¥N(V). This has to be checked only for n € {y,v}, because q ¢ FN(V)\{y}, w ¢
FN(V)\{v}, u is either w or z, and z ¢ FN(R) 2 FN(V)\{y, v} by Lemma A.40. To check (21) I
recall that y # v # g # w # z and consider two cases.

— Let w # y. Then u = w, and (21) holds for n = y, v.

— Letw = y. Then u = z # y # q and again (21) holds for n = y, 0.

Finally, w ¢ ¥N((vy)V)\{0}. O

Below a substitution o is called clash-free on a JTEPS(N, R) process P iff RN(P) N (dom(o) U
range(o)) = 0.

OBSERVATION A.57. If P is clash-free and o is clash-free on P, then P[o] is clash-free and
RN(P[o]) = Rn(P).
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LEMMA A.58. If x(y).P is clash-free and z ¢ RN(x(y).P) then substitution {Z/y}S from EarLy-
iveur is clash-free on P.

Proo¥. By definition dom({2/y}®) C Z and range({2/y}°) € Z U{z}. Since x(y).P is clash-free,
so is process P by Definition A.48(v), and RN(P) =RN(x(y).P) by Definition A.47. Hence RnN(P) € R
and z ¢ RN(x(y).P) = Rn(P). O

LEmmA A.59. If R -5, R’ with () N RN(R) = 0 and R is clash-free, then so is R’. Moreover,
RN(R’) € RN(R) and bn(a) NRN(R') = 0.

ProoF. By induction on the derivation of R —%, R”. As R is clash-free, RN(R) C R.

e By Definition A.48(iv-v) a subexpression P of a clash-free process R is also clash-free, and
by Definition A.47 RN(P) C RN(R). Using this, the cases that R %5, R’ is derived by Tau,
OUTPUT, SUM OI SYMB-MATCH are trivial.

e Suppose R —%, R’ is derived by earry-inpuT. Then R = x(y).P, a = xz with z ¢ RN(R), and
R’=P[{%/y}°]. By Definition A.48(v) P is clash-free and by Definition A.47 RN(P) = RN(R). By
Lemma A.58 and Observation A.57 R’ is clash-free and RN(R’) = RN(R). Moreover, bn(a) = 0.

e Suppose R —, R’ is derived by 1pe. Then R = A(¥). Let A(X) ' p Then P —%, R’. Process
P is clash-free by Definition A.48(vii), and RN(P) = RN(R) by Definition A.47. By induction
RN(R’) € RN(P) = RN(R), process R’ is clash-free, and bn(a) N RN(R") = 0.

e Suppose R %5, R’ is derived by par. Then R = P|Q, P -, P’ and R’ = P’|Q. Since
t(a) NRN(R) = 0 and RN(P) C RN(R), also (@) N RN(P) = 0. Using that P is clash-free,
by induction P’ is clash-free and Rn(P’) € RN(P). Moreover, bn(a) N RN(P’) = 0. Now
RN(R’) =RN(P’) URN(Q) € RN(P) URN(Q) =RN(R).

Let z € bn(a). Then z € RN(P) by Lemma A.54, so by the clash-freedom of R one has
z ¢ RN(Q). Moreover, z ¢ RN(P’) by the above, so z ¢ RN(R’).

To show that R’ is clash-free, using that P’ and Q are clash-free, it suffices to show (i)
FN(R)NRN(R’) = 0 and (ii) RN(P’) NRN(Q) = 0. The latter follows since Rn(P) NRN(Q) = 0
by the clash-freedom of R. For the former, Lemma A.40 yields FN(R’) C ¥N(R) U t(a) Ubn(a).
Moreover FN(R) N RN(R) = 0 by the clash-freedom of R, 1(«) N RN(R) = () by assumption,
and bn(a) NRN(R’) = 0 as derived above. This entails (i).

e Suppose R %5, R’ is derived by rule £-s-com. Then R = P|Q, @ = [x=0|MNr, P Mﬂ. P,
0 Moy, | Q’and R’ = P’|Q’. By Lemma A.39 y € FN(P), so y ¢ RN(Q) by the clash-freedom of
R. Using that P and Q are clash-free, by induction P’ and Q” are clash-free, RN(P’) C Rn(P)
and RN(Q’) € RN(Q). It follows that RN(R’) = RN(P’) URN(Q’) € RN(P) URN(Q) = RN(R).

To show that R’ is clash-free, using that P’ and Q’ are clash-free, it suffices to show (i) FN(R") N
RN(R’) = 0 and (ii) RN(P’) NRN(Q’) = 0. The latter follows since RN(P) NRN(Q) = 0 by the
clash-freedom of R. For the former, Lemma A.40 yields FN(R’) C FN(R). AsFN(R)NRN(R) = 0
by the clash-freedom of R, this entails (i).

e Suppose R %5, R is derived by rule e-s-crose. Then R = P|Q, « = [x=0|MNT<, P M. P/,
0 Moz, | Q' and R’ = (vz)(P’|Q’). By Lemma A.54 z € RN(P), so y ¢ RN(Q) by the clash-
freedom of R. Using that P and Q are clash-free, by induction P’ and Q' are clash-free,
RN(P’) € Rn(P), RN(Q’) € RN(Q) and z ¢ RN(P’). It follows that RN(R’) = RN(P’) U
RN(Q') U {z} € RN(P) URN(Q) = RN(R).

To show that R’ is clash-free, using that P’ and Q’ are clash-free, it suffices to show (i)
FN(R’) NRN(R’) = 0, (i) RN(P’) NRN(Q’) = 0 and (iii) z ¢ RN(P’|Q’). That (i) and (ii) hold
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follows exactly as in the case of E-s-com above. For (iii), using that z € RnN(P) and z ¢ RN(P’),
in case z € RN(P’|Q’) then z € RN(Q’) € RN(Q), contradicting the clash-freedom of R.

e Suppose R —, R’ is derived by rEs. Then R = (vy)P, P -, P’,y ¢ n(a) and R’ = (vy)P’.
Since () NRN(R) = 0 and Rn(P) C RN(R), also i(a) NRN(P) = 0. Using that P is clash-free,
by induction P’ is clash-free and Rn(P’) € RN(P). Moreover, bn(a) N RN(P’) = 0. Now
RN(R’) = RN(P’) U {y} € RN(P) U {y} = RN(R).

Asbn(a) NRN(P’) =0 and y ¢ n(a), bn(a) NRN(R") = 0.

To show that R’ is clash-free, using that P’ is clash-free, it suffices to show (i) FN(R") NRN(R’) =
0 and (iii) y ¢ RN(P’). The latter follows since y ¢ RN(P) by the clash-freedom of R. The
former follows exactly as in the case of par.

e Suppose R -5, R’ is derived by rule syms-opEN. Then R = (vy)P, a = Mx(y), P Mxy, R,
y # x and y ¢ n(M). Using that P is clash-free, by induction R’ is clash-free and Rn(R’) C
RN(P) € RN(R). Since R is clash-free, y ¢ RN(P) 2 RN(R’), so bn(a) NRN(R’) = 0.

e Suppose R %5, R’ is derived by rule ReLaBELLING. Then R = P[c], P >, P/, B[o] = «,
bn(a) NFN(R) =0 and R’ = P’[o]. Since (@) NRN(R) = 0, also :() N RN(P) = 0. Using that
P is clash-free, by induction P’ is clash-free, RN(P’) € RN(P) and bn(a) N RN(P’) = 0. It
follows that RN(R’) € RN(R).

Suppose z € bn(a) NRN(R’). Then there are v € bn(f) and w e Rn(P’) withv[o] =w[0o]. As
bn(a) NRN(P’) = ) one has v # w,. By Lemma A.54 v € RN(P). Moreover, w € RN(P). This
contradicts Condition (iv) of the clash-freedom of R.

To show that R’ is clash-free, using that P’ is clash-free, it suffices to show (i) FN(R") NRN(R’) =

0 and (iv) y[o] # z[o] for different y, z € RN(P’). The latter follows from the same condition
for RN(P). The former follows exactly as in the case of par. m]

Let 7, be the identity translation from the clash-free processes in ﬂ;S(N ,R) equipped with the
standard transition relation — to clash-free processes in 7rEpS(N ,R) equipped with the alternative

transition relation —,. The results above imply that .7, is valid up to strong barbed bisimilarity.
THEOREM A.60. Z,(P) ~ P for any clash-free P € T”}%(N’R).

Proor. It suffices to show that the symmetric closure of
Z# :={(U,R) |U,R€Typ (ng) AU = RAR clash-free}

is a strong barbed bisimulation. Take (R, U) € Z.

Let U = U’. By Lemma A.37 R - R' for some R’ = U’. So R =, R’ for some R’ = R' by
Lemma A.56. By Lemma A.59 R’ is clash-free. Hence (U’,R’) € Z.

Let R -, R’. Then R -5 R for some R' = R’ by Lemma A.55. By Lemma A.37 U - U’ for
some U’ = R'. By Lemma A.59 R’ is clash-free. Hence (U’,R’) € %.

Let U], withbe ZUZ.Then U 29 g7 or U 29, U for some y and U’, using the definition of
O in Section 4. By Lemmas A.43 and A.41 I may assume, without loss of generality, that y ¢ Rn(R)
in case of an input action by, and y ¢ FN(R) in case of a bound output action b(y). Hence R 1Y, or
JJAEIN by Lemma A.37 and R b, or R 29, by Lemma A.56. Thus R| ;.

The implication R|, = U], proceeds likewise. )

A.9 Eliminating restriction

Let HES(N ,R) be the variant of 7'[EPS(N ,R) without restriction operators. Hence there is no need

for rules res and symB-oPEN. Since the resulting semantics cannot generate transitions labelled
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Mx(z), rule E-s-cLOSE can be dropped as well. Moreover, bn(«) =0 for all transition labels a. So the
side condition of rules par and RELABELLING can be dropped too. Hence one is left with Table 10
without the orange part.

In HES(N, R) L also drop the restriction that fn(P) C {xi,...,x,} in defining equations A(X) «p
Thus A(X) can just as well be denoted A.'* On ”gs (N,R) Idon’t use FN.

The ninth step .7, of my translation goes from ﬂ;S(N ,R) to ﬂ;s (N, R). It simply drops all
restriction operators. It is defined compositionally by .7, ((vy)P) = 7, (P) and 7, (A(X)) = A, (%),
where A, is a fresh agent identifier with defining equation A, (X) = 7,(P) when A(X) = P was
the defining equation of A; the translation .7, acts homomorphically on all other constructs.

Although this translation in not valid in general, I proceed to prove its validity for clash-free
processes. By Theorem A.60 I may use the transition relation <5, on /¢ (N, R).

For a an action in ﬂfS(N, R) one defines the debinding of a by (@) := a if « has the form Mz,
Mxz or Mxy, and (Mx(y)) = Mxy.

LEMMA A61. If R %5, R’, then Z,(R) %5 7,(R").

Proor. By induction on the derivation of R —, R’.

e Suppose R %5, R’ is derived by rule arvy-inpuT. Then R = x(y).P, @ = xz, R’ = P[{#y} 5]
and 7,(R) = x(y).7,(P). Moreover, 7,(R) <% 7,(P) [{#ly}5] = Z,(P[{#ly}°)).

e The cases that R —%, R’ is derived by Tau or ouTpUT are even more trivial.

e Suppose R —%5, R’ is derived by mE. Then R = A(X), say with A(X) ' p, and therefore
P %, R’. Moreover 7, (R) = A,(X), with A, defined by A, (%) def Z,(P). Now 7, (P) RCIN
Z,(R’) by induction. With rule e one infers 7, (R) RN Z,(R").

e The cases that R %, R’ is derived by sum, SYMB-MATCH, PAR Or E-s-coM are trivial.

e Suppose R %54 R’ is derived by E-s-cLose. Then R = P|Q, @« = [x=0|MNr, P M. P,
Q 5, Q' R' = (v2)(P'|Q") and F,(R) = Z,(P)|.Z,(Q). Now Z,(P) 5 7,(P’) and
7,(0) Nez, Z,(Q’) by induction. Thus .7, (R) RCIN Ty (P T, (Q") = F,(R’) by application
of rule E-s-com.

e Suppose R —=, R’ is derived by res. Then R = (vy)P, R’ = (vy)P’, P -, P’. Now
7,(P) 4% 7,(P’) by induction. So 7, (R) = 7,(P) % 7,(P’) = Z,(R)).

e Suppose R —%5, R’ is derived by syms-opEN. Then R = (vy)P, « = Mx(y) and P Mxy, R
By induction 7, (P) 2% Z,(R"). So Z,(R) = 7,(P) “% Z,(R).

e Suppose R —, R’ is derived by ReLaBeLLING. Then R = P[o], P L, P, Blo] = a and
R’ = P’[o]. By induction .7, (P) LB), 7,(P"). Hence Z,(R) = Z,(P)|[o] BCIN Ty(P)|o] =
Ty(R). O

The next lemma makes use of the set no(f) of non-output names of an action f in ﬂ;S(N, R).
Here no(f) := n(p) if § has the form Mz or Mxz, whereas no(Mxy) := n(M) U {x}.

LEMMA A.62. If R is clash-free and 7, (R) -£> U, where no(8) N Rn(R) = 0, then R —%, R’ for
some « and R’ with («) = f and Z,(R’) = U.

Proor. By induction on the derivation of .7, (R) N U, and a nested structural induction on R.

e The cases R = 7.P and R = xy.P are trivial.

14Here I assume that all sets %, are disjoint, i.e., the same s-calculus agent identifier A does occur with multiple arities.
When this assumption is not met, an arity-index at the f[;: S(N , R) identifier A is needed.
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e Let R = x(y).P. Then 7,,(R) = x(y).7,(P). So ff = xz and U = 7,(P)[{#y}°]. Furthermore,
R 5, P[{#y}*] and Z,(P[{#y}]®) = Z,(P) [{#y}°] =

o Let R = A(%) with A) & P. Then 7,(R) = A,(F) w1thA L@ Y 7.(P). 50 7,(P) L5 U.
Process P is clash-free by Definition A.48(vii), and RN(P) = RN(R) by Definition A.47. So
no(f) N RN(P[{YE}S]) = 0. Thus, by induction, P -%5, R’ for some « and R’ with (&) = 8
and .7,(R’) =U. Now R -, R’ by IpE.

o The cases that Ris 0, P + Q or [x=y]P are trivial.

e Let R=P[o]. Then Z,(R)=.7 (P)[c] and 7 (P) 5,V for some § with é[o] = B, and some V
with V[o] = U. By definition P is clash-free. Considering that RN(R) 2 {y[o] | y € Rn(P)},
one has no(8) NRN(P) = 0. So by induction P X5, P’ for some y and P’ with (y) = § and
Z,(P") = V. Let @ := y[o]. Then {a) = {y[o]) = {(y)|o] = §[c] = B.In case z € bn(«)
then z = w[o] with w € fn(y), so w € RN(P) by Lemma A.54 and hence z € RN(R), so the
clash-freedom of R implies z ¢ FN(R). Therefore, by RELABELLING, R = P[0] —=, P’[c], and
Tv(P'[o]) = 7 (P")[o] =V[o] =U

e Let R = P|Q. Then 7, (R) = 7,(P)|7,(Q). Suppose 7, (R) L, U is derived by par. Then
7,(P) Ly VandU = V|.7,(Q). By definition P is clash-free. Since RN(P) € Rn(P|Q),
no(f) NRN(P) = 0. So by induction P %, P’ for some  and P’ with (¢)=f and .7, (P") =V
By Lemma A.54 bn(a) € RN(P) C RN(R), so bn(a) N FN(R) = 0 by the clash-freedom of R.
Thus R -5, P’|Q by par, and .7, (P’|Q) = V|.7,(Q) =

Now suppose 7, (R) £ U is derived by E-s-com. Then f = [x=v|MNr, 7, (P) Mxy,
7,(0) %% W and U = V|W. By definition P and Q are clash- free Since RN(P) € RN(P|Q),
no(Mxy) N RN(P) = 0. So by induction either p M2y pror p MEW, pr for some P’ with
Tu(P) =V

In the first case y € FN(P) C FN(R) by Lemma A.39, so y ¢ RN(R) 2 Rn(Q) by the clash-
freedom of R. Hence also no(Novy) N RN(Q) = 0. By induction Q Noy, | Q’ for some Q’ with
7,(Q") = W.So R %, P’|Q’ by E-s-com, and .7, (P’'|Q") = V|W =U.

In the second case y € Rn(P) C RN(R) by Lemma A.54, so y ¢ FN(R) U RN(Q) by the
clash-freedom of R. Hence no(Noy) N RN(Q) = 0. By induction Q Moy, Q’ for some Q’
with 7,(Q") = W.S0 R =5, (vy)(P’|Q") by &-s-cLosE, and 7, ((vy)(P'|Q")) = Z,(P'|Q") =
VIiw =U.

Finally, let R = (vy)P. Then 7, (R) = Z,(P). Moreover, no(f) N RN(P) = (. By induction,
P %, P’ for some « and P’ with (a) = f and .7, (P") =U

In case y ¢ n(a), R . (vy)P’ by res. Moreover, .7, ((vy)P’) = 7,(P") =U

In case y € n(@) = n(p), using that RN(R) 3 y ¢ no(f), § must have the form Mxy with y # x

and y ¢ n(M). So « is either Mx(y) or Mxy. If « = Mx(y) then y € RN(P) by Lemma A.54,
Mx(y)

contradicting the clash-freedom of R. So « = Mxy. Now R —=5, P’ by sYyMB-OPEN. O

THEOREM A.63. If P is clash-free then .7, (P) * P

Proor. It suffices to show that the symmetric closure of
X = {(R, Zy(R)) | Rin Jr}fs (N,R) is clash—free} .

is a strong barbed bisimulation. So suppose R is clash-free.

LetR —, R’.Then .7,(R) —= .7,(R’) by Lemma A.61. Moreover, R’ is clash-free by Lemma A.59,
soR" # 7,(R).

Let Z,(R) = U’. Then, by Lemma A.62, R ——, R’ for some R’ with .7, (R’) = U’. Moreover,
R’ is clash-free by Lemma A.59, so R" Z U’.
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Now let R, with b € Z U Z. Then R 2%, or R 2%, for some y, using the definition of O in
Section 4. So 7, (R) Ly, by Lemma A.61. Thus .7, (R) |-

Finally, let .7, (R)|, withb = x € Z or b = x withx € Z. Then Z,(R) LY, U’ for some y and
U’. Since R is clash-free, RN(R) € R, so x ¢ RN(P). By Lemma A.43 I may assume that if b = x then
y ¢ RN(R). Hence no(by) NRN(R) = 0. Thus, by Lemma A.62, R b4, R or R 29, R’ for some R’.
Hence R| . O

A.10 The last step

The language ﬂ;S(N, R) can almost be recognised as an instance of CCS;,ng. Let Act be the set of
all actions Mr, Mxy and Mxy with names from H. As parameters of CCS;,rlg I take K to be the
disjoint union of all the sets /K, for n € IN, of n-ary agent identifiers from the chosen instance of the
n-calculus, and &7 := Act\{r}. The set . C .o of synchronisations consists of all actions Mz with
M # . The communication function y : (& \.%)?— .7 U{r} is given by y(M%y, Nvy) = [x=0| MNT,
and its commutative variant. Now the parallel composition of ”;s(N ,R) turns out to be the same
as for this instance of CCS;,ng. Likewise, the silent and output prefixes are instances of CCS;,rlg
prefixing, and the agent identifiers of 71';25 (N, R) are no different from CCS;,rlg agent identifiers.
However, the input prefix of 7, (N, R) does not occur in CCStyng. Yet, one can identify Mx(y).P
with 3, cq; Mxz.(P[{#y}°]), for both processes have the very same outgoing transitions. The
JT;S(N , R) matching operator is no different from the triggering operator of MEIJE or CCS;,rlg (see
Section 12): both rename only the first actions their argument process can perform, namely by

adding a single match [x=y| in front of each of them—this match is suppressed when x=y.

This yields to the following translation from ﬂgs (N,R) to CCS;,rig:
7y(0) =0 Ty ([x=y]P) = [x=y]|=.7,(P)
F(Mr.P) = Mr.F(P) Z(P1Q) = F(P)F(Q)
T, (Mxy.P) :=Mzxy.7,(P) F,(P+Q) =7,(P)+ T7(Q)
Fy(Mx(y).P) = Loen Mxz.(ZPEHY)  F(4) =4
where the CCS;/rlg defining equations A = .7, (P) of agent identifiers A are inherited verbatim from
Th (N, R).

Here the use of the triggering operator can be avoided by restricting attention to the z-calculus
with implicit matching. For that language the clause for .7, ([x=y] P) can be dropped, at the expense
of the addition of the blue Ms above, which are absent when dealing with the full 7-calculus.

THEOREM A.64. .7, (P) < P for each HES(N, R) process P.
Proor. Trivial. O

Putting all steps of my translation from 71, (N) to CCS;,Iig together, I obtain

7(0) =0 T ([x=y]P) = [x=y]=>.7 (P)
T (Mr.P) =Mr.7(P) TP1Q) =T@)]IT(Q]r]
T (Mxy.P) =Mzxy.7 (P) T@P+Q) =T(P)+.7(Q)

T (Mx(y).P) i= Soeq Mxz (T (P {F}S])  T(A@) = AUR}S]
T((vy)P) =T (P)[py]

where the CCS;,rig agent identifier A has the defining equation A = .7 (P) when A(X) 1 b was the
defining equation of the 71 (N) agent identifier A. Abbreviating [{2/y}®] by [#/y] and [{JX}°] by
[U/X], this is the translation presented in Section 9.
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