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1 Introduction

The Stream-based Service-Centered Calculus (SSCC) [3] looks for solutions to
expressiveness problems posed by the original Service-Centered Calculus [2]. Tt
differs from the latter in the existence of streams, which are the privileged means
of communication between services and the processes invoking them.

This note studies two notions of bisimilarity in SSCC, based on what was
already proposed in the original paper. We show that both strong and weak
bisimilarity are non-input congruences in the class of SSCC processes. Although
the general strategy is the same as for m-calculus, the proof techniques them-
selves differ significantly.

We define a labeled transition system (LTS) in the early style, and study
notions of bisimilarity known in the literature as strong ground bisimilarity and
weak ground bisimilarity. The reason for choosing these is simple: we are inter-
ested in capturing contextual equivalence, so bisimilarity should be a congru-
ence. Therefore, we choose the simplest possible setting where this may happen.
It is well-known already from the w-calculus that ground bisimilarity over a late
LTS is not preserved by parallel composition, requiring the more demanding



notions of late and early bisimilarity (which in turn are not preserved by input
prefix, since they are not closed under general substitutions). Not surprisingly,
this fact also occurs in SSCC: ground bisimilarity is a non-input congruence.
Sangiorgi and Walker present counter-examples for the preservation of both
strong and weak bisimulation in the synchronous m-calculus without sum and
match (see pages 224 and 225 of [4]). Of these, the first can be easily translated
to our language, using sessions to mimic 7’s input and output constructors; for
the weak case, the counter-example is not so directly transposable, but it can
still be adapted.

The LTS we define herein adapts the original one (albeit in an insignificant
way in terms of expressive power, as discussed below) to allow for the results
we are seeking.

2 Language
Recall the definition of SSCC processes.

Definition 1. The (run-time) processes of SSCC are generated by the following
grammar-.

P,Q = O0Jv.P[(x).P|P|QJ (va)P[ X[ rec X.P
Jla=Plla<=P[r>P[|r<P] (vr)P
| feed v.P || f(x).P [ stream P as f =7 in Q

To simplify notation, when stream f is empty, we write stream P as f in )
for stream P as f = () in Q.

In processes (z).P, f(z).P, (va)P, and (vr)P, occurrences of names z,a,r
are bound in P. We assume the Barendregt convention on variables (i.e., bound
occurrences are all distinct, and differ from all the free variables [1]); further-
more, a process is well-formed only if it contains no free process variables. Ab-
breviations like 7 >t P and a < () are defined in [3].

Definition 2. The set of actions, ranged over by u, is defined by the following
grammar.

poos= rTelvl(a) lvfe ] flo](a)fdv
a<=(r)la=(r)rxTo]rx(a)fv]rxlv]rxia) v

The intended meaning of these actions is as follows:

e 7 is the internal action;

e for every value v, Tv and | v are the output and input actions, respectively;

e for every value v and every stream f, {tv and f | v are the feed and read
actions, respectively;

e for every service name a and session name r, a < () and a = (r) are the
invocation and acknowledge actions, respectively;

e for every output or feed action p, the name a is restricted in (a)py;



e for every session name r and (restricted) output or input action p, r >
is the corresponding action within session 7.

The labeled transition system for SSCC is slightly different from that of [3].
The reason of this is that the presence of the congruence rule L-STRUCT poses
unique problems when doing proofs by induction; see the discussion at the end
of Section 4.

Definition 3. The labeled transition system for SSCC contains all the rules
in [3] except for L-STRUCT, together with the following new rules:

QL Q  bn(unf(P) =10 Pl XP/x] 5P
m L-PAR’ m L-REC
P|Q—=P|qQ rec X.P = P’
P rix(a)la P Q > ]a Q,

L-PAR-CLOSE

P|Q 5 (va)(P'| Q')

rX<i(a)la
_

prEepr
P|Q " (va)(P'| Q')
p 2, pr
stream P as f =@ in Q = (va)(stream P’ as f = a :: 0 in Q)

P P’ Q Q'
stream P as f in Q = (va)(stream P’ as f in Q')

P P Q Q'

stream P as f in Q ~= (va)(stream P’ as f in Q')

Q/

L-PAR-CLOSE’

L-FEED-CLOSE

ri<i(a)la rX<la
—_— —

L-SESS-COM-CLOSE

ri<la rX(a)la

L-SESS-COM-CLOSE’

The following lemmas show the derivability of the new transition rules in
the original system.

Lemma 1. Rule L-PAR’ is admissible in the original LTS for SSCC.

Proof. The following derivation shows that any instance of L-PAR’ can be de-
rived in the old LTS.

Q5 Q@ bn(unf(P) =9
o L-PAR B , B ,
QIP—Q|P QIP=P|Q Q|P=P|Q
PIQ5P|Q

L-sTr
O
Lemma 2. Rule L-REC is admissible in the original LTS for SSCC.

Proof. The following derivation shows that any instance of L-REC can be derived
in the old LTS.

P [rec X.P/X] AN P’ P |:rec X.P/X] =rec X.P P =p
rec X.P £ P/

L-sTrRUCT



Lemma 3. Let P and P’ be processes and a be a name.

(i) If P {1 pr then P = (va)R for some R such that R 1 pr.

r<i(a) T rxila

(i) If P =22 P’ then P = (va)R for some R such that R = P'.

(11t) If P LM, b1 then P = (va)R for some R such that R o, pr.

Proof. All three parts of the lemma are proved by induction on the proof of the
transition.

For (i), the base case is when rule L-EXTR is applied. Then the thesis follows
immediately from the premise of the rule and reflexivity of =. The induction
cases are when one out of L-PAR, L-PAR’, L-STREAM-PASS-P, L-STREAM-PASS-
Q, L-rEs or L-REC is applied.

The first four cases are analogous. Suppose rule L-PAR was applied; then

Pis P | Py, P'is P | Py, P 2™ P! and a is ot a free name of P,. By

induction hypothesis, Py = (va)R with R 1, P|; also P, | P, = (va)R | Ps.
By rule L-PAR, R | P, 1%, P/, The case of L-REC is also straightforward: since
rec X.P=P [rec X.pJ/ X], the induction hypothesis immediately establishes the
result. Finally, for L-RES, simply apply the induction hypothesis and use S-
SWAP to conclude the thesis.

The proof of (ii) is completely similar except for the base case. Here, the
rule being applied may also be L-SESS-VAL, in which case P is r <1 Q and P’ is

rx Q. By (i), also @ = (va)R with R T, @', whence r <1 R 1, pr Since
r < (ra)R = (va)r < R, the thesis follows.
The last case is analogous to the first. O

Lemma 4. Rules L-PAR-CLOSE and L-PAR-CLOSE’ are admissible in the orig-
inal LTS for SSCC.

Proof. Suppose P | Q = (va)P'| Q' by L-PAR-CLOSE. By (ii) of Lemma 3,
there exists R such that P = (va)R and R 118, pr. The following derivation
shows that this instance of L-PAR-CLOSE can be derived in the old LTS.

r><la

R—— P Q%Q’
RlQ=rig ™
(va)R | Q = (va)P' | Q' (va)R=P Q=Q
PlQ -5 (va)P' | Qf

L-rPAR

L-sTrUCT

For rule L-PAR-CLOSE’, apply the previous construction with L-PAR’ instead
of L-PAR and invoke Lemma 1. [

Lemma 5. Rules L-SESS-CLOSE and L-SESS-CLOSE’ are admissible in the orig-
inal LTS for SSCC.

Proof. Analogous to the previous one. O

Lemma 6. Rule L-FEED-CLOSE is admissible in the original LTS for SSCC.



Proof. Suppose stream P as f = @ in Q = (va)stream P’ as f = a :: 0 in Q by
L-FEED-CLOSE. By part (iii) of Lemma 3, P = (va)R for some R such that

R ™, P’ The following derivation shows that this instance of L-PAR-CLOSE
can be derived in the old LTS.

R pr
stream Ras f = in Q = stream P’ as f =a :: 0 in Q

L-STREAM-FEED

L-RES
(va)stream R as f = in Q = (va)stream P’ as f = a :: @ in Q

L-sTrRUCT
stream P as f = @ in Q = (va)stream P’ as f = a :: 1 in

Observe that the application of L-STRUCT is sound: from (va)R = P, it follows
that (va)stream R as f =@ in Q = stream P as f =& in Q (for the lefthand-
side); also = is reflexive (for the righthand-side). O

This LTS is strictly weaker than the original one, since it is not always the
case that two structurally congruent processes can always evolve via the same
action to the same process, as the following example shows.

Example 1. In the original LTS, a | b 1% | 0, whereas this does not hold with
the new LTS: the proof uses L-SEND, L-PAR and L-STRUCT, and this last step
cannot be captured in the modified LTS.

However, it is always the case that structurally congruent processes can
evolve via the same action to structurally congruent processes; this is precisely
the statement of the Harmony Lemma, proved in the next section. Observe
that this is sufficient for both LTSs to yield the same notion of bisimilarity: the
Harmony Lemma implies that structural equivalence is a bisimulation, while all
other transition rules are preserved.

Example 1 (contd). In the modified LTS, L-SEND and L-PAR can be used to

infer that a | b T, 0| b. The latter process is structurally congruent to b | 0.

3 The Harmony Lemma

Theorem 1 (Harmony Lemma). Let P and Q be processes with P = Q. If
PS5 P then Q = Q' with P! = Q', and vice-versa.

Proof. By induction on the proof that P = Q.
e Fquivalence relation

— Reflexivity. Immediate, taking Q' to be P’.

— Symmetry. Immediate consequence of the induction hypothesis, since
the thesis of the theorem is symmetric.

— Transitivity. Assume P = (Q because P = R and R = @), and suppose
that P = P’. By induction hypothesis, R — R’ with P’ = R’;
hence, again by induction hypothesis, Q@ = Q' with R’ = Q’. By
transitivity of =, it follows that P’ = Q.

e Congruence properties



Parallel composition. Suppose P = ). For each of the possible
transitions of P | R, it is straightforward to verify that @ | R can
simulate them, eventually using the induction hypothesis; similarly,
R | @ can simulate R | P. Notice that the side conditions in the
transition rules always hold since structurally congruent processes
have the same free names.

Composition with stream. Analogous.

Name restriction. Suppose P = @ and let a be a name. For each of
the possible transitions of (va)P, it is again easy to check that (va)Q
can simulate them, eventually using the induction hypothesis.

Session input/output. Straightforward, observing (for input) that
structural congruence is preserved under substitution.

Stream input/output. Analogous.

Service definition/invocation. Straightforward.

o Monoid structure

Unit. Let Q be P | 0. If P % P’, then by rule L-PAR also P | 0 %
P’ | 0, since 0 has no free names, and the latter process is congruent
to P’. Reciprocally, if P |0 <, P’, then the only rule that can have
been applied is L-PAR (since 0 /), whence P’ is P | 0 with P < P
Commutativity. Assume P is R | S and @ is S | R. Take any
proof of R | S % T and replace occurrences of L-PAR by L-PAR’, of
L-SESS-COM-PAR by L-SESS-COM-PAR’, of L-SERV-COM-PAR by L-
SERV-COM-PAR’ and vice-versa; it is straightforward to verify that
this yields a proof that S| R < T’ with T'= T'. The converse is
analogous.

Associativity. Let P be R| (S|T) and @ be (R|S) | T. Suppose
that P = P’; there are six rules that can be used in the last step
of the proof of this transition. For simplicity, in the proofs below
we omit side conditions related to bound names, since it is simple to
verify that they always follow from the assumptions.

* L-PAR: then R = R and P’ is R’ | (S|T). The following
proof shows that (R|S)|T = (R'|S)|T, which establishes
the thesis.

RS R
R|S& RS
(RIS)|T = (R'|S)|T

L-PAR

L-PAR

* L-PAR: then S| T 2 U; there are six sub-cases, according to
the rule used to derive this transition.

- The rule applied is L-PAR, so S = S” and U is S’ | T'; then
the following proof establishes the thesis.

S5 8
R|ISSR|S
(R|S)|T S (RIS)|T

L-PAR’

L-PAR



- The rule applied is L-PAR’, so T T” and U is S | T’; then
the following proof establishes the thesis.
T5T
(RI18)|T % (R|S)| T

-PAR’

r%fv

. The rule applied is L-SESS-COM-PAR, 50 S s &/ T
T',Uis 8" | T' and ais r7 for some fresh r; then the following
proof establishes the thesis.

g v g/ 7
v L-paR r&ilv
RIS Ry s 7 =

poos L-SESS-COM-PAR
(R|S) [T = (R|S) [T

- The rule applied is L-SERV-COM-PAR, so « is 7, S e,

S, T “Z9 1 and U is (ur)(S' | T'); then the following
proof establishes the thesis, since (vr)((R|S’) |T') = R |
((vr)(S" | T")) as r is not a free name of R.

S a<(r) I
L-pPAR’
RIS R s T =0,

p- L-SERV-COM-PAR
(RIS T = (wr)(R]S)|T)

ri(a)la

- The rule applied is L-PAR-CLOSE, so S ST Tl
T, U is (va)(S" | T") and « is r7. This case is analogous to
that of L-SESS-COM-PAR, the extra name restriction in the
resulting processes posing no additional problem.

- The rule applied is L-PAR-CLOSE’, so S Rial-N ST T,

T, U is (va)(S" | T') and « is r7. This case is analogous to
the previous one.

+ L-SESS-COM-PAR: then R % R’ and § | T Ll U; there are
two similar sub-cases, according to whether the last transition
is proved via L-PAR or via L-PAR’. Without loss of generality,
assume that the former is the case; then the following proof es-

tablishes the thesis.

v rX<ijv

R S s’
R|S TR |8

(RIS)| T (R|S)|T

R

L-SESS-COM-PAR

L-PAR’

L-SERV-COM-PAR: then R “ZU) R and § | T =0, U; again

there are two similar sub-cases, according to whether the last
transition is proved via L-PAR or via L-PAR’. Without loss of
generality, assume that the former is the case; then the following



proof establishes the thesis.

as(r) as(r) ,

R S
R|S 5 (ur)(R'|S')
)

(RIS)|T = (vr)(R'|8)|T

R

L-SERV-COM-PAR

L-PAR’

Since r is not a free name of T, the latter process is structurally
congruent to (vr)(R' | (S| T)).

% L-PAR-CLOSE: then R R and S| T T, 1. This case

is analogous to that of L-SESS-COM-PAR, the extra name restric-
tions in the resulting processes posing no additional problem.

« L-PAR-CLOSE”: then R~ R’ and § | T TR, 17, This case
is again analogous to the previous one.

r<(a)la
—_—

The case when Q = Q' is dealt with by a similar case analysis.
e Name restriction

— Parallel composition. Suppose P is ((vn)R) | S and Q is (vn)(R | S).
Assume first that P = P’; there are three different cases, according
to which transition rule was used.

% L-PAR: then (vn)R % R'. There are three possible sub-cases.

- Suppose (vn)R % R’ follows by L-RES. Then 7 is not a
name in o, R’ is (vn)R"” and R %+ R". Since n is also not a
name in S, the following derivation establishes the thesis.

Ri’RN
R|S SRS
(vn)(R | 8) = (vn)(R" | S)

L-PAR

L-RES

- Suppose (vn)R % R’ follows by L-sEss-RES. Then « is 7,
R'is (vn)R” and R “5 R”. Again, since n is also not a
name in S, the following derivation establishes the thesis.

R n_"') R/I
R|SYR"|S
(vn)(R]S) = (vn)(R" | S)

L-PAR

L-SESS-RES

- Suppose (vn)R < R’ follows by L-EXTR. Then a is (n) Tn

and R 1% R Again, since n is also not a name in S, the
following derivation establishes the thesis.

R R
o L-PAR
R|S—R|S
L-EXTR

wn)(R | $) ™ (R | 5)

In either case, it is easy to verify that (vn)(R | S) evolves to a
process structurally congruent to the evolution of ((vn)R) | S.



* L-PAR: then S % S'. Since (vn)R | S is well-formed, n does
not occur in S; therefore n cannot occur in oe. Then the following
derivation establishes the thesis.

s 8
R|SSR|S
(vn)(R | S) = (vn)(R ] S")

L-PAR’

* L-SESS-COM-PAR: then « is r7, (vn)R R and §

S’. Then necessarily R’ is (vn)R"” and the former transition
is inferred via L-RES. The following derivation establishes the
thesis.

v r%fv

R—LR' §—g
R|SL RS
(vn)(R| S) == (vn)(R" | S")

L-SESS-COM-PAR

The cases when the rule applied is L-SERV-COM-PAR, L-PAR-
CLOSE or L-PAR-CLOSE’ are similar, except that further applica-
tions of S-SWAP may be necessary to verify that both processes
evolve to structurally congruent processes.
Assume now that @ = @Q’. Since the top-level constructor in Q is
name restriction, there are three possible cases.

% Assume the last rule applied is L-rRES. Then R | S < T, with
Q' being (vn)T and n a name not occurring in . There are six
sub-cases, corresponding to the six different rules that may be
used to infer the transition of R | S.

- L-PAR: then T is R’ | S with R % R'; then the following
proof establishes the thesis.

R~ R
(vn)R = (vn)R'
(vn)R) | S = ((vn)R') | S

L-RES

L-PAR

- L-PAR’: then T is R | S’ with S % §'; the following proof
establishes the thesis.

. v rﬂiv
- L-SESS-COM-PAR: then « is r7, R hialiN R, S TH S and

T is R’ | S’. Care must be taken to distinguish whether n is

v.
If n is not v, then the following derivation establishes the
thesis.
R v R
v L-rES r&=fv
(vn)R —— (vn)R' S — 5

pos L-SESS-COM-PAR
((rn)R) | § = ((bn)R') | &



If n is v, then by well-formedness the process performing the
output must be R (otherwise S would contain a binder n,
which violates the assumption that all bound names in R | S
are distinct); the following proof establishes the thesis.

R, R
L-EXTR -
(I/’n,)R r<i(n) v R IS r<iJv 1%
poo L-SESS-CLOSE
(bn)R) | § — (vn)(R'[S")
- L-SERV-COM-PAR: then avis 7, R e, RS =0, S’ and

T is (vr)(R' | S"). Notice that from the hypothesis it follows
that n is distinct from r. Consider the following derivation.

R as(r) R .
-RES
(vn)R ool (vn)R’ § =0, g

- L-SERV-COM-PAR
(wn)R) [ S — (vr)(((vn)R') | 57)

Finally, (vr)(((vn)R') | S") = (vr)(vn)(R' | S') = Q' follows

by S-EXTR-PAR and S-SWAP.

. L-PAR-CLOSE: then « is r7, R R, S ¥ 6 and

T is (va)(R'| S"). Again, by well-formedness, a is distinct
from n. The following derivation establishes the thesis.

r<i(a)la
—_—

R rxi(a)la R
L-RES -
(vn)R lialQILN (vn)R' g e g

pen L-SESS-CLOSE
(wn)R) | S — (va)(((vn)R) | S')

rX<(a)la

- L-PAR-CLOSE’: then « is 77, R el RS S’ and
T is (va)(R'| S’). Again, by well-formedness, a is distinct
from n. The following derivation establishes the thesis.

RS R
g -RES rX(a)la
(vn)R RialiN (vn)R’ g H@te, g

pen L-SESS-CLOSE’
(vn)R) | S — (va)(((vn)R') | S')

x Assume the last rule applied is L-SESS-RES. This case is very
similar to the previous one, but simpler: since session names
may not be communicated, there are less possible cases and no
need arises to use close rules.

% Assume the last rule applied is L-EXTR. Then « is (n)u, where
i is an output (session or stream). By well-formedness, n does
not occur in S, whence necessarily R 5 R’ and Q' is R’ | S.
Then the following proof shows that P = Q.

_ROR
(vn)R W, g
L-PAR

(wn)R) | S ™ R | S

10



— Composition with stream. There are two congruence rules for this
case; both of them require a case analysis that is completely similar
to that in the previous case (since composition with a stream is very
similar to parallel composition). The extra case arising from L-FEED-
CLOSE is similar to the other close rules.

— Session. Assume P is r > ((va)R) and @ is (va)(r < R). Suppose
first that P = P’; there are two different cases.

* L-SESS-VAL: then « is 7 < p, where p is an input/output action.
There are two possible sub-cases, according to how the transition
of (va)R is inferred (since L-SESS-RES does not apply).

- L-rES: then P’ is 7 pa ((va)R') with R % R, and the
following derivation establishes the thesis.

RL R
TMR%TNR
(va)(r < R) =25 (va)(r = R')

. L-SESS-VAL

L-RES

- L-EXTR: then P’ is r x R', p is 1 a, and the following
derivation establishes the thesis.

R R
roa R g RY

(va)(r =< R) el QILN

L-SESS-VAL

L-EXTR
r 1 R

x L-SESS-PASS: this case is very similar with only two differences.
In the case of L-EXTR, p is now {} a, and the rest follows as
before. There is also the extra case of L-SESS-RES, which is
straightforward.

Assume next that Q = @Q’. The proof is very similar, so we will only
sketch it; there are three cases.

¥ L-RES: then Q' is (va)S with 7> R % S. There are two cases
for the latter transition; in either of them, S must be of the form
r < R and the thesis follows by swapping the application of the
two rules.

* L-SESS-RES: similar, but now there is only one sub-case, corre-
sponding to L-SESS-PASS.

% L-EXTR: then rba R £ @’ and either a is (a)u or ais s < (a) Ta
and p is s > a for some session name s. Again there are two
cases for the latter transition, and a straightforward swapping of
the two rules yields the proof that P = Q’.

— Commutativity. Straightforward, since two different names are in-
volved and well-formedness of the processes guarantees that all side
conditions in the relevant rules will hold.

— Zero. Straightforward, since (va)0 4 and 0 4.

e Recursion This case is completely straightforward: if rec X.R < P’, then
the only rule that can have been used to infer that transition is L-REC,
whence it immediately follows that R [’ec X.R/ X} 2, P'. Reciprocally, if

the latter condition holds, then by L-REC also rec X.R = P’. O

11



4 Strong bisimilarity

Strong bisimilarity, hereafter referred to simply as “bisimilarity”, is defined as
usual over the class of all processes.

Definition 4.

o A symmetric binary relation R on processes is a (strong) bisimulation if,

for any processes P, Q such that PRQ, if P = P’ for some process P’
and action a such that no bound name in « is free in P or Q, there exists

a process Q' such that Q = Q' for some Q' with P' R Q.
e (Strong) bisimilarity ~ is the largest bisimulation.
e Two processes P and Q are said to be (strongly) bisimilar if P ~ Q.

Notice that bisimilarity can be obtained as the union of all bisimulations or
as a fixed-point of a suitable monotonic operator; also it is well defined, as the
next result shows.

Theorem 2. Structurally congruent processes are bisimilar.

Proof. Tt suffices to show that = is a bisimulation, which is an immediate con-
sequence of the Harmony Lemma. O

We now show that bisimilarity is a non-input congruence, just as in 7-
calculus. The strategy of the proof is the same as in [4], based on the notion
and properties of a relation progressing to another relation.

Definition 5. A relation R on processes strongly progresses to another relation
S, denoted R ~ S, if, whenever PRQ, P = P’ implies Q = Q' for some Q'
with P'SQ’, and vice-versa.

Definition 6. A function F on processes is strongly safe if R C S and R ~ S
imply F(R) C F(S) and F(R) ~ F(S).

Lemma 7. If F is strongly safe and ~C F(~), then F(~) =~.
Proof. See [4]. O

Given a function F, define F* such that F*(R) is the transitive closure of
F(R).

Lemma 8. If F is such that R C S and R ~ S imply that F(R) C F*(S) and
F(R) ~ F*(S), then F* is strongly safe.

Proof. See [4]. O

The proof relies on defining functions Fy;; and Fy; like those for m-calculus;
however, the definition of the former has to be slightly adapted.

Definition 7.

e A context C is a process where exactly one occurrence of 0 has been re-
placed by a hole []. Given a process P, C[P] is the process obtained by
replacing the hole in C' by P.

12



e An n-ary multi-hole context C is a process where some occurrences of 0
have been replaced by holes [-];; each hole may occur zero or more times.

Given n processes Py, ..., P,, C[Pi,..., P,] is the process obtained by uni-
formly replacing all occurrences of all holes in C by the corresponding
process.

o A (multi-hole) context is said to be non-input if no hole occurs under an
input prefiz (x) or f(x).

e Functions Fn;; and Fp; are defined as follows.

Friz(R) = {{(C[P],CIQ]) | PRQ and C is a non-input context}
Fr(R) = {{C[Pr,....P],ClQ1,...,Qu]) [ PRQ;

and C' is an n-ary non-input context}

Lemma 9. F,; = F},;.
Proof. As for m-calculus. O
Lemma 10. Function F,; is strongly safe.

Proof. Applying Lemma 8, it must be shown that, whenever R C S and R ~~ S,
both Fpi1(R) C Fui1(S) and Fpi1 (R) ~ Fni(S). The first of these is trivial by
definition of Fyj1.

Assume that PRQ. It must be shown that, for every context C, if C[P] =
P’, then C[Q] % Q' for some P’ and @’ such that there exist an n-ary context
C’ and processes P1SQ1, ..., P,8Q, for which P’ is C'[P,...,P,] and Q' is
C/[Q17 s 7Qn]

The proof is by induction on the derivation tree for C[P] = P’. In all
steps, there are two cases to consider, according to whether C is [-] or not; the
former case is always trivial, since the hypothesis R ~» S establishes the thesis.
Therefore, we always assume below that C' is not [-]. The proof looks at the last
rule being applied.

e L-sEND: then C is v.Cy and « is Tv for some v. Furthermore, v.Cy[Q] T,

Co[Q]; since Cj is also a multi-hole context and R C S, it follows that
(Co[P), Co[Q]) € Fni(S), hence the thesis holds.

e L-RECEIVE: then C is (x).Cy, and since C' is a non-input context (by
definition of F;1), it follows that Cy does not contain holes; hence in this
case C[P] and C[Q)] coincide, and the result is trivial.

e L-FEED: then C is feed v.Cy and « is {} v for some v. Furthermore,

feed v.Cy|Q] ™, ¢ [Q]; since Cj is also a multi-hole context and R C S,
it follows that (Co[P], Co[Q]) € Fui(S), hence the thesis holds.

e L-READ: then C'is f(z).Cp, and since C is a non-input context (by defini-
tion of Fyi1), it follows that Cp does not contain holes; hence in this case
C[P] and CQ)] coincide, and the result is trivial.

13



L-cALL: then C is a <= Cy and « is a <= (r) for some r not occurring free

in Cy[P]. Furthermore, a < Cy[Q] =0, g Co[Q), since by definition of
bisimulation r does not occur free in Cy[Q)]. Taking C’ to be the context
r 4 Cy establishes the thesis.

L-1nv: analogous.

L-PAR: there are two cases to consider.

— If C'is Cy | R, then Co[P] =+ P’ and a and R share no bounded
names. By induction hypothesis there exists a process @’ such that
ColQ) = @' and P', Q' are Cy[Py,...,P,] and C)[Q1,...,Qu],
respectively, for some n-ary multi-hole context C{ and processes
PiSQ1,...,P,S5Q,. Thus Co[Q] | R % Q' | R, hence taking C’ to
be C{ | R establishes the thesis.

—If C'is R | Cp, then R % R’ and Cy[P] and R share no bounded
names. By the hypothesis of L-PAR, Cy[@] and R also share no
bounded names, hence R | Co[Q] = R|Q’, and taking C’ to be
R | C} establishes the thesis.

L-PAR’: analogous (the two cases are reversed).

L-STREAM-PASS-P and L-STREAM-PASS-QQ: analogous to L-PAR and L-
PAR’, respectively.

L-STREAM-FEED: there are two cases to consider.

— If C is stream Cj as f = W in R, then Cy[P] M, P’; by induction hy-
pothesis, there exists a process ' such that Cy[Q)] N Q', and P’
and Q' are respectively C{[Py,...,P,] and C§[Q1, ..., Q4] for some
n-ary multi-hole context C{j and processes P;SQq, ..., P,SQ,. Thus
stream Co[Q] as f =W in R = stream Q" as f = v :: 0 in R, hence
taking C’ to be stream C{ as f = v :: @ in R establishes the thesis.

— If C is stream R as f = in Cp, then R LN R/, hence taking C’ to
be stream R’ as f = v :: W in Cp immediately establishes the thesis.

L-STREAM-CONS: analogous (the two cases are reversed).

L-sEsS-VAL: then C is r 1 Cp, a is r > p for some pu, and Cy[P] 2 p.
By induction hypothesis, Cy[Q)] £, Qo for some Qg such that there exist
a multi-hole context C{ and processes PiSQ1, ..., P,SQ, for which P,
is C)[P1,...,P,] and Qg is C§[Q1,...,Qx]. Taking C’ to be r 1 C}
establishes the thesis, since then r > Co[Q] = C'[Q1, . . ., Qn).
L-sEss-pass: then C is r 1 Cp, « is neither an input nor an output, and
Co[P] % Py. The proof then follows as above except that the action does
not change when the session is added to Cj.

L-SESS-COM-PAR: C' is either Cjy | R or R | Cp; the two cases are analo-

P, R R, ais

v r&av

gous, so assume the first holds. Then Cy[P]
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rr for some r and Co[P] | R~ P’ | R’. By induction hypothesis there
v

exists a process @’ such that Cy[Q] —— @', and P’, Q' are respectively
C{[Py, ..., Py and C{[Q1,...,Q,] for some n-ary multi-hole context C}
and processes PiSQ1, ..., P,SQ,. Then Co[Q] | R == Q' | R, hence tak-
ing C’ to be C} | R’ establishes the thesis.

e L-SERV-COM-PAR,L-PAR-CLOSE, L-PAR-CLOSE’, L-FEED-CLOSE, L-SESS-
COM-CLOSE, L-SERV-COM-CLOSE, L-SESS-COM-STREAM and L-SERV-COM-
STREAM: these cases are all very similar to the previous one.

e L-rES: then C is (va)Cy, (va)ColP] <= (va)P’, a is not a name in
a and Cy[P] % P’. By induction hypothesis there exists a process
Q' such that Co[Q] = @', and P, Q' are respectively C)[Pi,. .., P,]
and C{[Q1,...,Q,] for some n-ary multi-hole context C{; and processes
PiSQ1,...,P,SQ,. Thus (va)Cy[Q] = (va)Q’, hence taking C’ to be
(va)C{, establishes the thesis.

e L-SESS-RES: analogous, only now « is 7 and the induction hypothesis is
applied to a transition via ar.

e L-EXTR: analogous, only now « is an action extruding a and the induction
hypothesis is applied to a transition without the extrusion; furthermore,
the context C’ is simply CJ.

e L-REC: the C is rec X.Cy and Co[P] [ X-@olPl /] 2 P, Since P is
a well-formed process, it contains no free occurrences of X; hence there
exists a context Cy such that Cy[P] is Co[P] [ X0l /] and C1[Q] is
Co[Q] [rec X.ColQl X]. Hence the induction hypothesis applies, and there
exist a process Q' and a context C’ such that C1[Q] = @', P’ is C'[P]
and Q' is C'[Q]. Therefore also rec X.Cy[Q] = @', and C” is the required
context. O

Theorem 3. Bisimilarity is a non-input congruence.
Proof. Straightforward consequence of Lemmas 7 and 10. O

At this point we can explain in more detail why the original LTS for SSCC
had to be changed. Consider any derivation containing an application of L-
STRUCT.

PELP  P=Q P=q
Q- Q

In general, the induction hypothesis will not be applicable to the subtree
that shows P £ P’ since there is no obvious relationship between P and Q;
furthermore, the thesis of the induction hypothesis does not help in establishing
the final result, since again there is no obvious relationship between @’ and P’.

Observe also that this is not a problem of this particular proof technique.
Whether the induction were on the derivation tree (as above), on contexts (as
the proof for m-calculus, see [4]) or on processes (arguably an alternative) the
same problem would arise, since the issue arises from the fact that the theo-
rem assumes hypotheses on the actual process performing the transition. This
justifies the attempt to eliminate L-STRUCT from the LTS altogether.

L-sTrUCT
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5 Weak bisimilarity

Weak bisimilarity treats internal actions as irrelevant. As usual, we introduce
some abbreviations.

rP>qQ iff PL...5Q
P2Q iff PS5 2Q fora#T

Notice that, in particular, P = P for every process P.
Definition 8.

o A symmetric binary relation R on processes is a weak bisimulation if, for
any processes P, Q such that PRQ, if P = P’ for some process P' and
action a such that no bound name in « is free in P or Q, there ezists a
process Q' such that Q = Q' for some Q' with P' R Q’.

o Weak bisimilarity = 1is the largest weak bisimulation.
e Two processes P and Q are said to be weakly bisimilar if P ~ Q.

Again, weak bisimilarity can be obtained as the union of all weak bisimula-
tions or as a fixed-point of a suitable monotonic operator.

Theorem 4. Let >~ be the largest relation such that, whenever P ~ @, for every
process P and action o, if P %5 P', then Q = Q' for some Q' with P' ~ Q'
and vice-versa. Then P =~ Q iff P ~ Q.

Proof. The direct implication is straightforward, since P % P’ implies that
P 2 P'. For the converse, assume that P = P’. If P/ is P and « is 7, then
result is trivial; otherwise, there exist processes Py, ..., P, and P/, ..., P/ such
that P is P;, P, = Py for i < n, P, = P{, P} = P/, for j < m and
P! is P'. By hypothesis, there exist processes Q1,...,Q, and Qf,...,Q,, (not
necessarily distinct) such that Q; = Q41 for i < n, @, = Q' and Q) =~ Qi1
for j < m; furthermore, P; ~ Q; and PJ( ~ Qj foralli <mnand j < m. In

particular, Q = @’ and P’ ~ @', , so ~ is a weak bisimulation. O

The reason for introducing ~ is that this relation is simpler to work with
when proving properties by induction. In turn, the definition of ~ is more
symmetric and its relationship with ~ is immediate.

We now show that bisimilarity is a non-input congruence, again like in -
calculus. The strategy of the proof is once more the same as in [4].

Definition 9. A relation R on processes progresses to another relation S, de-
noted R3S, if, whenever PRQ, P % P’ implies Q = Q' for some Q' with
P'S8Q’, and vice-versa.

Definition 10. A function F on processes is safe if R C S and R3S imply
F(R) CF(S) and F(R)=F(S).

Lemma 11. If F is safe and =~C F(=), then F(=x) ==.
Proof. See [4]. O



As is the case with w-calculus, proving that F; is safe must be done directly,
since chaining is not secure.

Lemma 12. Function Fy; is safe.

Proof. Let R C § and R»S. It must be shown that Fpni1 (R) € Fuir(S) and
Fni(R)¥Fni(S). As before, the first of these is trivial by definition of Fy;.

Assume that P,RQ; for ¢ = 1,...,n. It must be shown that, for ev-
ery multi-context C, if C[Py,...,P,] <= P’, then C[Q1,...,Q,] = Q' for
some P’ and Q' such that there exist another multi-context C’ and processes
PiSQq, ..., PnSQ.y, for which P is C'[Py,..., Pyl and Q' is C'[Q1, ..., Qm].

Once more we use induction on the derivation tree for C[Py,...,P,] =
P’. Most cases are very similar to the proof of Lemma 10; however, since the
induction hypothesis now gives a weak transition some care must be taken.

As before, the case when C' is [-] is straightforward; also, the cases of rules
L-SEND, L-RECEIVE, L-FEED, L-READ, L-CALL, L-INV, L-SESS-VAL, L-SESS-
PASS, L-SESS-COM-PAR, L-SERV-COM-PAR, L-SESS-COM-STREAM, L-SERV-COM-
STREAM,L.-PAR-CLOSE, L-PAR-CLOSE’, L-FEED-CLOSE, L-SESS-COM-CLOSE, L-
SERV-COM-CLOSE, L-RES, L-SESS-RES, L-EXTR and L-REC are dealt with as
in the proof of Lemma 10, with an extra step at the end (to take care of the
possible extra 7 steps) similar to the cases detailed above.

The only remaining cases are those when C' is either a parallel composition
or a stream composition, since now both subprocesses may be contexts.

e L-PAR: then C'is Cy | Co, C1[Py,...,Py] = P’, and o and Cy[Py, ..., P,]
share no bounded names. By induction hypothesis there exists a pro-
cess Q' such that C1[Q1,...,Q,] = @', and P’, Q' are respectively
Ci[P{,..., P! ] and C{[Q),...,Q),] for some multi-hole context C] and
processes P/SQ},..., P/, .SQ. . By applying L-PAR to all steps of the se-
quence of transitions C1[Q1,...,Qn] = ... = ... 5 Q', we conclude that

Cl[Ql, .. aQn] | CQ[Ql’ .. 7Qn] % Ci[Qllv oo »Q;n] | CQ[Ql, cee 7Qn]7
hence taking C” to be C | Cy establishes the thesis!.
e L-PAR’: analogous (the roles of Cy and Cy are reversed).

e L-STREAM-PASS-P and L-STREAM-PASS-Q: as before, these are analogous
to L-PAR and L-PAR’, respectively.

e L-STREAM-FEED: C' is stream Cy as f =« in Cy and Cy[Py,..., P,]
P’. By induction hypothesis, there exists Q" such that C1[Q1, ..., Q4]
Q’, and P’ and Q' are respectively C{[P,..., P;] and C{[QY, ..., Q)] for
some n-ary multi-hole context C7 and processes P{SQ, ..., P,SQ.,. In

gz =

other words, C1[Q1,...,Q,] = Q* LR Q** = Q'; using L-STREAM-PASS-

1We assume that a n-hole context does not have to contain occurrences of all its holes, so
in particular C; and Cg are n-hole contexts in which some holes may not occur.
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P for the 7 transitions, we conclude that

stream C1[Q1,...,Qn] as f =4 in Co[Q1, ..., Q]
= stream Q* as f =@ in C5[Q1, ..., Qy]
L stream Q** as f = v W in Co[Q1, ..., Qy]

= stream C1[Q),..., Q)] as f=v W in C3[Q1,...,Qu),
hence taking C’ to be stream C] as f = v :: @ in Cy establishes the thesis.

e L-STREAM-CONS: analogous (the roles of C; and Cy are reversed). O

Theorem 5. Weak bisimilarity is a non-input congruence.

Proof. Straightforward consequence of Lemmas 11 and 12. O

6 Conclusions

We introduced strong and weak ground bisimulations for SSCC and proved that
they enjoy several desirable properties. In particular, the Harmony Lemma
holds, and both ~ and &~ are non-input congruences. Furthermore, the known
counter-examples for m-calculus show that it is not reasonable to expect that
they be preserved under substitution.
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