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Abstract

In this paper, we present a new automatic transformation algorithm
which can automatically transform m-calculus processes to remove all
explicit internal communication. We prove that the transformation
preserves full bisimulation equivalence, and also that the transforma-
tion always terminates.

1 Introduction

The m-calculus [?] is a calculus of mobile processes, in which mobility is mod-
elled by the movement of links between processes. w-calculus specifications
tend to be written in a style which involves intermediate internal communi-
cation. As a simple example, consider the following w-calculus specification:

(vi)(B|1,4]|C i, 7))
where
B = (1,4).(z).i(z).B|l,i]

def

C = (i,r).i(z).7(z).Cli,r]

This is the definition of two single cell buffers which are chained together.
One cell receives its input at [, and emits this at 2. The other cell receives
its input at ¢, and emits this at 7. This specification therefore contains some
unnecessary internal communication. This can be transformed instead to
the following specification from which this internal communication has been
removed:



Dll,r]

where

D * (1,7).1(z).E|l,7, 7]

E = (I,r,2).7(z).D|l,r] +1(y).F[l,r,z,y]
(

F < (,r,2,y)7(z).E|l,r,y]

This new specification is full bisimilar to the original one.

Automatic transformation techniques have been widely studied for many
programming paradigms (see [?] for an overview), but few similar techniques
have been developed for the m-calculus (one notable exception can be found
in [?]). In this paper, we present a transformation algorithm called ez-
communication which removes all explicit internal communication from any
given m-calculus specification, thus being able to perform the transforma-
tion above. We prove that the transformation preserves full bisimulation
equivalence, and also that the transformation always terminates.

The remainder of this paper is structured as follows: In Section 2, we
define the syntax and semantics of the 7-calculus. In Section 3, we define the
excommuincation algorithm, and in Section 4 we prove the excommunication
theorem which states that excommunication preserves weak bisimulation
equivalence and always terminates. Section 5 concludes.

2 The m-Calculus

In this section, we describe the syntax and semantics of the w-calculus.

Definition 2.1 (Syntax of the nm-Calculus) The syntax of the 7-calculus
is shown in Fig. 1. O

A specification consists of a process and a set of named process defini-
tions. Note that we do not include the replication operator (!), as recursion
can be represented using named processes. Within inputs z(y).P and re-
strictions (vy)P, the name y is bound within P. A name is free in a process
if it is not bound. We denote the set of names which are free in process P

by fn(P).

Definition 2.2 (Structural Congruence) The structural congruence rules
of the m-calculus are defined as shown in Figure 2. O

Definition 2.3 (Reduction) The reduction rules of the m-calculus are de-
fined as shown in Figure 3. O



S = P Specification
where
def
p1 = (T11-..ZT1k,)-P1
: Process Definitions
Pn = (Tp1... $nkn)-Pn
P == 0 Null Process
| z(y).P Input Prefix
| z(y).P Output Prefix
| 1.P Silent Action Prefix
| [z=y]P Match Prefix
| (vx)P Restriction
| P+ P Sum
| plzy-..z,] Defined Process Application
| PP Parallel Composition

Figure 1: Syntax of the m-Calculus

We now define full bisimilarity, the congruence relation which is used to
prove the transormations in this paper correct. In the following, a ranges
over all actions, and § ranges over all actions except the silent action 7.

Notation 2.4 (Transition Relations) The transition relation P % P’
means that process P can evolve into P’ by performing action c.

Notation 2.5 (Substitution) A substitutiono = {y1,...,yn/T1,--- ,Zn}
is a function on names such that:

TOoO = yla
z,

Definition 2.6 (Application of Substitution) The process Po obtained
by applying ¢ to P is defined as follows:

if z = x;
otherwise



[x=z]P = P SC-MAT
P+ (P,+P) = (P +P)+DP; SC-SUM-ASSOC
P+P = BPB+P SC-SUM-COMM
P+0 = P SC-SUM-INACT
P |(P|P) = (P|P)|Ps SC-COMP-ASSOC
P1|P2 = P2|P1 SC-COMP-COMM
Plo = P SC-COMP-INACT
(vz)(vy) P = (vy)(vz)P SC-RES
(vz)0 = 0 SC-RES-INACT
(vz)(P1|P) = Pi|(ve)Py, ifz ¢ fn(P1) SC-RES-COMP
plz1...zn] = Plzi/yi...Tn/yn] SC-APP
where p & (y1---Yn)-P

Figure 2: Structural Congruence Rules of the m-Calculus

Oc = 0
(z(y).P)o = (z0)(y)-(Po)
@(y)-Po = Fo(yo).(Po)
(1.P)o def T.(Po)
([#=yP)0 = |[(wo) = (yo))(Po)
(vz)P)o < (vz)(Po)
(PL+P)o & (Pio)+ (Po)
(ple1-..za))o = (pl(210)...(2a0)])
(P|R)e = (Po)|(Po)

It is assumed here that the bound names of the process are distinct from
the free names, and from the names of the substitution.

Notation 2.7 (Weak Transition Relations) The weak transition rela-
. o . [0 . . o,

tion = is defined as = —=—>, where = is the reflexive transitive closure
of 5.

Definition 2.8 (Bisimilarity) Bisimilarity is the largest symmetric rela-
tion, =, such that whenever P = ):

1. P % P implies Q 2~ P!



(Z(y).P1 + Po)|(z(2).Ps + Py) — Pi|Ps{y/z} R-INTER

R-TAU

TP+ P — P

P1 —)P{

PPy, — P||P, R-PAR

P—P
(vz)P — (vx)

— R-RES

h S RSTRUCT

Figure 3: Reduction Rules of the w-Calculus

2. P 5 P implies Q =~ P’
Od

Definition 2.9 (Full Bisimilarity) Processes P and @ are full bisimilar,
P =C Q, if Po ~ Qo for every substitution o. O

We now define the reduced form of a process which contains no explicit
parallel composition, and hence no explicit internal communication.

Definition 2.10 (Reduced Form) Reduced form is defined as shown in
Fig. 4. O

def def
S’ = P' where py = (211...%14,)-P} .- .pn = (Tp1---Tng,)-P

P :=0|z(y).P' | Z(y).P' | 7.P' | [x = y|P' | wz)P | P| + Py | p|lx1 ... 2Ty

Figure 4: Reduced Form



3 The Excommunication Algorithm

In this section, we present the excommunication algorithm. This is a set
of transformation rules which convert a given specification into an equiva-
lent specification from which all explicit internal communication has been
removed.

Definition 3.1 (Excommunication Algorithm) The transformation rules
for the excommunication algorithm are shown in Figs. 5 and 6. O

The additional parameter p within these rules is the set of names which
are internal to a process, and can therefore be removed by these rules. These
are the names which are generated within restrictions, and are output over
internal names only.

Rules (71) - (T9) cover all possible kinds of process (null, prefixed by in-
put, output or silent action, matching, restriction, sum, user-defined process
and parallel composition). In rule (71), the result of transforming a null
process is a null process. In rule (72), an input action is extracted out of
the process being transformed if it is not over an internal name. Otherwise,
the result is the null process. In rule (73), an output action is extracted
out of the process being transformed if it is not over an internal name. If
the name which is being output is internal, then scope extrusion will take
place, so the name being output is restricted within the surrounding context
and this name is removed from the set of internal names. Otherwise, the
result is the null process. In rule (74), a silent action prefix is removed. In
rule (75), matching is performed if the two names are the same. If either
of the two names being matched is internal, then the matching fails and the
result is the null process; otherwise the matching operation remains. In rule
(76), a restriction is removed from the process being transformed, and the
restricted name is added to the set of internal names. In rule (77) for a
sum, the summands are transformed separately, and the result is the sum of
the two transformed processes. In rule (78), a user-defined process call is
replaced by the process body, with the formal names of the body replaced
by the actual names in the call. In rule (79) for a parallel composition, the
composed processes are transformed separately, and the result is obtained
by transforming the different possible compositions of these transformed
processes. Note that when each of the processes are transformed separately,
the initial set of internal names supplied to each process is empty. This is
because internal names which are shared between the two processes should
not be removed at this stage; they are necessary to allow for communication
between the two processes. Internal names which remain after transforma-



tion of the two processes will be removed by the application of P to the
results of this transformation.

Rules (P1) - (P8) cover all possible kinds of process for the first process
argument (as both processes have been transformed by the function 7, it
is not possible for either of them to be a parallel composition). In rule
(P1), if the first process is null, then the result is the null process. In rule
(P2), if the first process is prefixed by an input action, then communication
may or may not take place with the second process. The result of the
transformation in this case is therefore the sum of these two possibilities.
The process P3 will result in the case where communication does take place.
In this case, if the second process is prefixed by an output action, then the
residues of the two processes are composed only if the names in the two
actions are the same; this is therefore guarded by a matching operation
(this is actually necessary to ensure that the transformation preserves full
bisimulation equivalence). If the second process is not prefixed by an output
action, then no communication can take place, so the result is the null
process. The process Py will result in the case where communication does
not take place. In this case, the input action is pulled outside the different
possible compositions of the residue of the first process with the second
process, if it is not over an internal name (note that this is valid only if
there is no clash between the bound name and the free names in the second
process; alpha conversion may need to be applied to ensure that this is the
case). Otherwise the result is the null process. In rule (P3), if the first
process is prefixed by an output action, then again communication may or
may not take place with the second process. The result of the transformation
in this case is therefore the sum of these two possibilities. The process P;
will result in the case where communication does take place. In this case, if
the second process is prefixed by an input action, then the residues of the two
processes are composed only if the names in the two actions are the same;
this is therefore guarded by a matching operation (this is actually necessary
to ensure that the transformation preserves full bisimulation equivalence). If
the second process is not prefixed by an input action, then no communication
can take place, so the result is the null process. The process P, will result in
the case where communication does not take place. In this case, the output
action is pulled outside the different possible compositions of the residue of
the first process with the second process if it is not over an internal name.
If the name which is being output is internal, then scope extrusion will take
place, so the name being output is restricted within the surrounding context
and this name is removed from the set of internal names. Otherwise, the
result is the null process. In rule (P4), if the first process is prefixed by a



silent action, then the silent action is removed and the result is obtained
by transforming the composition of the residue of the first process with the
second process. In rule (P5), if the first process is prefixed by matching,
matching is performed if the two names are the same, and the result is
obtained by transforming the composition of the residue of the first process
with the second process. If either of the two names being matched is internal,
then the matching fails and the result is the null process; otherwise the
matching operation is pulled outside the process obtained by transforming
the composition of the residue of the first process with the second process
(this is valid only if there no clash between the names in the match and
the free names in the second process, so alpha conversion may need to be
applied to ensure that this is the case). In rule (P6), if the first process
is a restriction, then the restriction is removed and the result is obtained
by transforming the composition of the residue of the first process with the
second process, with the restricted name added to the set of internal names.
This rule is valid only if there no clash between the restricted name and
the free names in the second process, so alpha conversion may need to be
applied to ensure that this is the case. In rule (P7), if the first process is a
sum, then each of the summands are composed with the second process, and
these compositions are then further transformed to produce another sum.
In rule (P8), if the first process is a user-defined process call, then this is
replaced by the process body, with the formal names of the body replaced
by the actual names in the call. The result is obtained by transforming the
composition of this unfolding with the second process.

As defined so far, the excommunication algorithm will not necessarily
terminate. Termination is achieved only through the introduction of ap-
propriate new process definitions. Any infinite sequence of transformation
steps must involve the unfolding of a user-defined process call. A new pro-
cess definition is therefore introduced before the application of rules (78)
and (P8). The arguments of the process definition are the names within
the process which was about to be transformed which are not internal (i.e.
are not contained in p). The right hand side of the process definition is
the process which was about to be transformed. When a process is encoun-
tered later in the transformation which matches the right hand side of one
of these process definitions (modulo renaming of variables), it is replaced by
an appropriate call of the corresponding process definition. This folding is
defined more formally as follows.

Definition 3.2 (Folding) Transformation rules (78) and (P8) must be
changed as shown in Fig. 7 to define folding explicitly. O



The additional parameter ¢ contains the set of processes which have been
encountered before during the transformation and the associated process
name which was introduced. This additional parameter must also be passed
to all other transformation rules.

4 The Excommunication Theorem

The excommunication theorem can now be stated as follows.

Theorem 4.1 (Excommunication Theorem) Every II-calculus specifi-
cation can be transformed by the excommunication algorithm into an equiv-
alent specification which is in reduced form. O

In order to prove that the result of the transformation is equivalent to the
original specification, we prove by structural induction that the transforma-
tion rules preserve full bisimulation equivalence.

Lemma 4.2 (On Equivalence) VP,Q € Spec: T[P]=Q = Px=¢ Q O
Proof

The proof is by structural induction on the rules 7 and P.
a

In order to prove that the algorithm always terminates, we show that there
is a bound on the size of processes which are encountered during trans-
formation. First of all, it must be defined what is meant by the size of a
process.

Definition 4.3 (Size of Processes) The size of a process is defined as
shown in Fig. 8. O

Lemma 4.4 (On Size of Processes) If the size of all process definitions
is bounded by s, and the original process to be transformed is also bounded
by s, then the size of all processes encountered by the excommunication
algorithm is bounded by s.

TPl p=...(T[P] p)... A S[P]<s= S[P]<s
PIAJ[R] p= ... (PIP][P] p) ... A S[PAA]<s A S[R] <s=S[P] <

s AN S[P]<s
a



Proof

The proof is by structural induction on the rules 7 and P.
a

5 Conclusion

References
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(79)

TIo] p

Tlx(y)-Pl p

Tlz(y).Pl p
T[r.P] p
Tllz =ylP] p

Tl(vz)P] p
T|[P1 + PQ]] P

Tlplzy ... za]] o

where
def
= (y1---Yn).P

TP 2] p
where

Py =T[P] {}
Py =TI[P)] {}

0
{ 0, ifrxep
z(y).(T[P] p), otherwise
0, ifzep
{ (wy)z(y).(TIP] (p\{9})), ifyep
z(y).(T[P] p), otherwise
TPl p
{ TIP] p, ifz=y
0, fzep Vyep
[z =y|(T[P] p), otherwise

TIP] (pU{z})
(TTPL] p) + (TTP2] p)

TP[z1/y1-- za/yn]] p

(PIB1[PA] p) + (PLPAILPS] p)

Figure 5: Transformation Rules 7 for Excommunication
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Plo]LP] p = 0

Plz(y).PL][P] p = P+ P

where

p, - § Pllz=21Plz/y]lIR] p, if Py =7T(2). P
3 0, otherwise

P, — { 0, ifzxep
! (z(y) PP ][P2)] p) + (z(y). P[P2][P1)] p), otherwise

Pl(z(y).P][P] p = P34+ P

where

p, - { Pllz=21A][B[y/z]] p, if Py = 2'(2). B
7 o, otherwise

0, ifzep
p, = J ((wy)zly).PIA][P] (0 \{y})+
! ((vy)z(y). PIR][] (p\ {y})), ifyep
(z(y). PIPL1[P2] p) + (Z(y)-P[P2][1] p), otherwise
Plr-BA][P%] o = PIA]IR] p

Pllz =ylPl[R] p =

{ PP]IP] p, ifz=y
0, fxep Vyep
[z = y|P[P1][P:] p, otherwise

Pllvz)A[P] p

PIPIP:] (pU{z})
P[P + P][P3] p = (PIA][Ps] p) + (P[R2][Ps] )

Plplzi---za]l[P2] p = PLP[z1/y1---zn/yn]][P2] p

where
dif

p = (y1---yn)-P1

Figure 6: Transformation Rules P for Excommunication
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(T8) Tlplzr--.zall p & =
Pl 2f], if (o et (yi...yl).P')eo
and (yi ...y;).P' =
(o) o - ) )
p" |t ... x]], otherwise
where
(ol al} = frlpler.on]) \ p
o =0pU @ = (.. a)plar...z.))
p = (21...2,).P

P (2 ) TIP[x1/21 - zn/z0]] p ¢

(P8)  Plplzr...zall[P2] p ¢ =
Pl . 2], if (0 et (Wi ---yp)-P')eo
and (yi ...y, ).P' =
(.2 ploa ..o PG ]
p’ |zt ... )], otherwise
where
{z1 ... 25} = fnlplz1 ... 2, ]| )
{2} = frplzr -0l |P2) \ p
¢ =0pU @ =T (a...a).(plz1...z0]|P2)
def

p = (21 “e Zn).Pl
p" = (@ a) PPz w2l [P] p &

Figure 7: Folding Rules for Excommunication Algorithm
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S[o] =1

S[z(y).P] = 1+8[P]
S[z(y).P] = 1+38[P]
Sl(vz)P] — 1+35[P]
S[P+P] = S[A]+S[P]

Slplz1...zp]] = n

S[P1|P2] = S[P]+ S[P]

Figure 8: Size of Processes

14




