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Abstract

Ongoing work attempts to model concurrent object systems using process algebra. The
behaviour of an object can be described as the composition of a process representing the
basic functionality of the object and separated processes controlling the concurrent
behaviour of that object. However, familiar bisimulations, including the weak barbed
equivalence, are too strong to capture the behavioural equivalence between object
components. This paper proposes the responsive bisimulation, an even weaker bisimulation
relation which considers that delaying an incoming message locally has the same effect as
delaying it externally, as long as potential interference by competing receptors is avoided.
With this bisimulation, an equivalence between the m-calculus expression (v n)(mak.n.P)
and k.m.P then can be achieved. The responsive bisimulation is congruence for the family of
processes which model objects.
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Abstract

Ongoing work attempts to model concurrent object systems using process algebra. The behaviour
of an object can be described as the composition of a process representing the basic functionality of
the object and separated processes controlling the concurrent behaviour of that object. However,
familiar bisimulations, including the weak barbed equivalence, are too strong to capture the
behavioural equivalence between object components. This paper proposes the responsive
bismulation, an even weaker bisimulation relation which considers that delaying an incoming
message locally has the same effect as delaying it externally, as long as potential interference by
competing receptors is avoided. With this bisimulation, an equivalence between the w-calculus
expression (vn)(mrknP) and kmP then can be achieved. The responsive bisimulation is
congruence for the family of processes which model objects.

1 Introduction

With the ability to directly model dynamic reference structures, process algebra such as the m-calculus
(IMilner92], [Milner99]) and its variations have been applied to modelling concurrent object systems
([Walker95], [Jones93], [Sangiorgi96], [Huttel96], [Zhang97]). Some researchers ([Schneider97], [Zhang98A],
[Zhang98B]) have also applied it in modelling compositional concurrent objects in the aspect-oriented
programming style ([Aksit92], [Holmes97]) to avoid the inheritance anomaly [McHale94].

One of the important issues in these object modelling endeavours is to identify the similarity between some
composed behaviours and the expected behaviour. There are many known bisimulation techniques available
for various purposes. For example, the weak ground bisimulation and many others can recognise the equality
between processes (v n)(mz[n.P) and m.P, by ignoring the internal forwarding. However, those familiar
bisimulations can fail for some behaviours, such as (vn)(mrkn.P) and km.P, which we want to be
equalised for compositional objects. The necessary of this kind equivalence can be shown by the following
“real world” communication example:

In the mailroom of a business skyscraper, the property manager uses internal mail to send bills to her tenants and
collect payments. Each tenant has a locked mailbox, which located either on the mailroom wall and can be
opened from outside of the mailroom by the tenant, or on the door of the tenant’s suite and a postman delivers
mails from mailroom to the tenant’s suite. There are a couple of techniques the manager may adopt to classify the
behaviour of a tenant. Most traditional bisimulations require the manager to monitor everything around the
mailroom, including when each item of mail is taken away. Therefore, whether the mailbox is at the mailroom or
not will make difference. Even with the barbed equivalence (its definition will be shown in section 3), for which
the manager needs only to examine which mails (both incoming and outgoing) are in the mailroom, the mailbox’
location still will make a difference for those tenants who lost their key: for some the bill remains in mailroom,
while for others the bill has gone. In fact, the manager is not interested in those details at all; she only wants to



know about the arrival of payments and classify tenants who pay the bill on time, and in cash, as behaving
“good”, and so on.

To describe the problem a little bit more formally, lets review the idea of [Zhang98A] and [Zhang98B] in
modelling concurrent objects in the n-calculus. The behaviour of a concurrent object can be modelled as the
parallel composition of two processes: a process F which represents the object’ functional behaviour and can
be expressed with the generic form F £ [!ni(X). Mi(X), and a process C which represents the constraints on
the object’s concurrent behaviour. In effect, F on its own, represents an object with no constraints on its
concurrent interactions. For example, the functionality of a buffer object can be described by the expression
Fg2 In(x). M) [Iny(x). My ), where n(x). M(x) and ny(x).M,{x) represent the behaviour of the read and
write methods respectively, each of them can have unlimited invocations executing in parallel without any
concern of interfering among them. To discipline those invocations, assume a synchronisation behaviour
modelled by the control process G2 my(x).n{x) + m,(x).7,{x), where the sum operator in fact represents a
mutual exclusion lock on those methods. Then the parallel composition of the two processes, (v n)(C{F),
will be weakly bisimilar to R m(x).M(x)+m,(x).M,{x), as expected. More complicated and generic
method exclusion relations, besides mutual exclusion locks, can be simply modelled and composed in
exactly the same way, once the k-calculus ([Zhang01A]) is used. The k-calculus is an extended calculus
which welds the mobility power of the Tecalculus with the synchronisation expressiveness of the algebra of
exclusion ([Noble00]).

Let the process O, and G, illustrated in Figure 1-1 represent two different versions of the internal structure of
the same composed object in a state where its only method is blocked by the lock of key x. The only
difference between them is that O, has an extra “empty” control Ctrl, (the postman) which does nothing but
forwards whatever message received from channel mto the next control Ctrl, (the locked mailbox). The body
(a tenant) of these two can always give the same response (a payment) if fed with the same message (a bill).
If an unlocking signal is received via channel «, both O, and G, can accept incoming messages and process
them immediately. If some message arrives before the unlocking, O, will store it in an internal buffer (the
door mailbox) and delay the process until unlocked, but G, will leave the message in the external buffer (the
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since OCR and O[R are not weakly barbed-bisimilar for some Figure 1-1
R, such as R« m{a).

In this paper we propose the notion of responsive bisimulation to recover this kind of equivalence. The basic
idea can come up from two different viewpoints. One view is, when testing the behaviour of a process, to
“localise™ each test message that was sent by some client and buffered in the environment, so that it can only
be accessible by the target process, but not be visible to the observer and mistaken as an output from the
target process. Another view is, when determining the similarity between process evolution trees, the delay
of incoming messages at the input end is tolerant. In section 3 we will show these two views are equivalent.

One of the major results of this paper is that, the responsive bisimulation is a congruence for the family of
processes which model objects. This is the consequence of the fact that replication preserves the responsive
bisimulation for this family of processes. The preservation is also held by parallel composition for an even
larger category of processes, and held by other operations for all situations.

Another interesting result, revealed in Proposition 3-22, is that, a persistently available receptor with an
internal forwarder can be ignored.



With ability to derive the equivalence of a larger collection of behaviours, the responsive bisimulation can
capture the similarity of responsive behaviours of object processes, and more interestingly, the general
behaviour of control processes. As one of the major significance, it permits a deep study on the properties of
object composition. For example, lets denote C=F for the operation composing an object component
process F with a control process C, a special kind of object component process, to yield a new object
component process with expected behaviour. With the responsive bisimulation relation, we not only have the
associative law, i.e., C&=(G=F)=(C=C)&F, but also the identity law, i.e., there is some empty control
(identity) E such that for all F composible with E, the composed object E=F is equivalent to the original
object F, and for all control process C compatible with E, the three control processes E>C, C=E and C are
all equivalent ([Zhang01C]).

In this paper the responsive bisimulation is presented in the polar n-calculus, an asynchronous n-calculus
with polars. This allows us presenting the features essential for responsive bisimulation, without the full
complexity of the k-calculus. Its extension to the k-calculus will be studied further in [Zhang01B].

The rest of the paper is structured as follows: section 2 briefly introduces the polar n-calculus and related
notions; section 3 defines responsive bisimulation; section 4 gives some properties of the equivalence and
other theoretical results; section 5 discusses some further issues relating the responsive bisimulation with
other notions; section 6 briefly describes some applications of responsive bisimulation in modelling
compositional objects with related results; and section 7 concludes the paper.

2 The polar n-caleulus (mp-calculus)

The polar m-calculus (m,-calculus) can be considered as a subcalculus of the asynchronous m-calculus
(TAmadio96] and [Huttel96]), with the restriction that for any input guarded term m(x).P, in P no free
occurrence of a name in X can be used as the channel name (subject) of an input action. This restriction is
enforced syntactically by introducing the input and output polars of a name.

The asynchronous n-calculus (m,-calculus) itself, as pointed out in [Amadio96], is a subcalculus of the
standard m-calculus, with the restriction that outputs cannot be used as prefix or as a choice point. Names in
the m,-calculus have no polarity, and can be transmitted through communication channels for receivers to use
in either input actions or output actions. The same name m can be used as the subject of either an output
action m(it) or an input action m(i), distinguished by the presence or absence of an overbar. When an output
and an input action with the same name as the subject can take place in parallel, then a communication may
be committed.

Polarised names were introduced by [Odersky95a], where each name has either an input or output polarity,
both can be transmitted in communication, and also both can be used as subject of any action (with a rule that
a term will be inactive if the polarity is wrong, that is, when a name with input polarity is used as subject of
output term, or a name with output polarity used as subject of input term). Since both polarities can be
transmitted, the matching operator, for testing name identity and guaranteeing the desired commitment, has
to involve a pair of names with the same identity but opposite polarities.

In our polar z-calculus, just as in the m,-calculus, output is non-blocking and is not used as prefix. And
similar to [Odersky95a], in the polar n-calculus a name m, that can be considered as a reference to a
communication channel, has two polars, the input polar 7z and the output polar 7z, which can be considered as
the input port from, and the output port to, respectively, the channel m. The main difference from
[Amadio96] and [Odersky95a] is that, in the polar n-calculus, only output polar of names can be transmitted
through a communication channel. [Ravara97] and others have adopted a similar restriction, but in the polar
n-calculus this restriction is enforced syntactically. As a consequence, only output polar substitution can be
caused by input prefix, while that in [Odersky95a] may involve names with both polarities and in
[Amadio96] will affect both input and output usage of a name.

One of the advantages in using polars to enforce this restriction rather than using the implicit restriction as
that in [Ravara97] and [Merro00], we believe, is the simplicity and clearness in describing and proving some



properties of bisimulations, such as when expressing a bisimilarity between process P and Q being
maintained between m(x).P and m(x).Q.

The notion of polarised ports is a base for many forms of communications, including postal mail, email and
telephone. It also providers a base for semantics of message passing and the object-oriented computation
model. The following scenario illustrates communication over polarised ports:

A new email account was established for agent A, with a mailbox &, for A to receive emails and an
email address e, for A to give to other people. The first mail A found in this mailbox was a greeting
message which included the system administrator’s email address es. Then A sent a mail to &5 asking
about agent B’s email address, and the reply was “eg”. Then A sent a message to eg saying “My email
address is ea, | have a confidential document for you”, and got a reply “Please send the document to
my another email address eg,”.

It is easy to see from this scenario, the input polar of a name, such as mailbox &,, cannot be sent; the output
polar, e, of the same channel can be transmitted, but the receiver cannot use it for receiving messages. It is
not only making no sense for A to tell B “Here is an email address &a,, you should use it to receive my next
email”, but also means that the behaviour of B would depend on whether &4, is a valid emailbox, which B
should not be responsible for. In other words, if input polars can be transmitted, then an agent’s behaviour
will no longer be predictable from its structure. This issue can be demonstrated more intuitively when the «-
calculus is introduced ([Zhang01A],[Zhang01B]), where an input port can be locked/unlocked, and a change
of an input name may also change the locking status.

For modelling object system, the prohibition of transmitting input polars can be also described as “the
ownership of an input port (or reference) cannot be transferred”. We will see the need of this again later.

Another important treatment in the polar z-calculus is that the silent action = becomes a derived action and
restricted to be internal. Section 2.2 will give detailed description and discussion about this issue (see rule
tr_INTL, Remark 2-3 and Notation 2-6).

2.1 Thesyntax of the polar n-calculus

Let A be the set of all names, and ranged over by name expressions m,n,u,v and variables x,y. Let
‘Ne{n:neN} and NE{n:neA} be the sets of input polars and output polars respectively. Let polar
expressions a,b and variable w range over the set of all polars, ‘A’UA; Both 7 and {ri}, where I is an index
set of arity n, are abbreviations for r,r,...,rn. The generic process terms P in the polar zn-calculus are
generated by the following grammars:

P =m{@)(v A)PP,| P.IB[GAE), G:=0B(v A)G[G:+G,, B:=mE).P
The set of all actions a process may take is specified by a::=m(@)(vo)m{i)[xr, where o<z and mio.

Here O is the inactive (terminated) process; m(i) is the output action which sends output polars % into the
channel m; (v n) P binds the set of names A, and therefore both polars of each of those names, within the
scope of P; P, | P, indicates two processes run in parallel; A(&) is an instance of parameterised process agent;
giving the process agent abstraction A& (@)P is obeying ((@)P){a)=P{8y} B is an input-guarded process;
IBis the replication and G is the exclusive choice, both have to be constructed from input-guarded processes.

Notation 2-1: As usual, we need auxiliary functions f», 4» and » to identify the sets of free, bound and
all names, respectively, of a term or action. As a calculus with polars, we also need more specified
functions to identify polars. For process term, we define:

inm(i))¥ o; i (vN)P) & {n YUin(P); in(PP) & in(P) Uin(P,);
n('B) & in(B); in(m@).P) e {m}uin(P); (G +G,) ¥ in(G,) Uin(Gy,);
in((1,0)P) £ {u YU in(P);

bin(m(u)) ¥ &, bin((VA)P) £ {n YU bin(P); bin(PLP) & bin(Py) U bin(P,);



bin(1B) % bin(B); bin(m ). P) < bin(P); bin(G+Gyp) & bin(G,) U bin(Gy);
bin( (11, 0)P) £ {1 YU bin(P);

on(m(u)) = {mu}; on((VR)P)Z {11 YU on(P); on(PiP) £ on(Py) Uon(P,);
on(1B) ¥ on(B); on(m@).P)< {x YUon(P); on(Gy+G,) on(G,) Uon(Gy);
on( (11, 2)P) £ {0 YU on(P);

bon(mm (ity) & &; bon((VA)P) < {71 YU bon(P); bon(PIP,) & bon(Py) U bon(Py);
bon(1B) % hon(B); bon(m € ). P) = {x YU bon(P); bon(Gy+Gy) € bon(G,) U bon(Gy);

bon( (12,0)P) & {11 YU bon(P);
For actions, we define:

n((Voymuy) “ {o}; in(m(@) < {m}; i) © o;
bin((vO)m(iry) £ {0}, bin(m(i)) & @; bin(t) “ @;
on((Voym(u)) “{mpo{o}u{u}; on(m(@)) “{u}; on(7) o,
bon((VOym(iy) < {mpu({orn{ul); bon(in(t)) ¥ &; bon(T) & @,

And for both P terms and actions, we define
fin(t) & in(t)—bin(t); Jon(t) & on(t)—bon(t);
()£ fin(t) U fon(t); bn(Y) & hin(t)U bon(t); #(t) & in(t) U on(t)=fu(t) U bn(t).

Notation 2-2: The generic form of output actions (v@)m(@) may be abbreviated as m(@) when =0,
as m(u) when @ =i; and as m when@=@ or i isnot of interest. The input guarded term n(x).P

may be abbreviated as m. P when ¥ =2 or % is not of interest. The standard abbreviation
MP:EPP,.[P, and Y G¥G,+G,+...+G; are also used throughout this paper.

2.2 Thesemantics of the polar n-calculus
The structural equivalences and labelled transitions are shown in Figure 2-1 and Figure 2-2.

Remark 2-3:Rule tr_INTL gives the meaning of the internal action z. It can be equivalently written

as: If PRV Pland Qi) Q where oN/m(Q)=2, then (v m)(PrQ) L. (v m)(vd) (PIQ).

In rule tr_INTL, the name restriction (v m) over communication channel is necessary for preserving internal
actions in name substitution, and therefore preserving any bisimulation involving r action, under the input
prefixing (X). P. In a non-polarised m-calculus, if a process P is able to perform a synchronisation action,
then for any input prefixing m(x) and names i, after the transition m(a?).Pﬁ@/) P{u/%} the process P{t/%} can
always be able to perform a synchronisation action, since both polars of a name will be substituted. But this
will not be true for the polar n-calculus, where the input prefixing (x).P will cause a substitution only on
the output polars, and without the name restriction the ability of P to perform an “internal” action can be
altered by such a substitution, and as the consequence, the ot-bisimulation will not be preserved by input
prefixing. The argument here is, only when a communication take places via a channel which is not visible
nor interruptible from external observers, then it can be considered as a true internal action. It is only from
this point of view, that the standard rule f#(r)=bn(r)=2 ([Amadio96]) can make sense.

Definition 2-4: As usual, let ()* indicate ghe contents in () repeatipg zero or finitely many times, then
the weak transitions are defined as: PZLP iff P(L)*P; P& P iff PZ,. ¢, .Z P, where a#r.

Reduction relation, a familiar concept in this literature, is defined in a non-standard way in the m,-calculus:

Definition 2-5: P_ P' iff (vmP{E (vm)P' forsomem; P—P'iff (vm)PZ,(vmP’ for some m.



Summation

str-SUM1: P[0 =P;; G+0=G,

str-SUM2: P,00P, = P,00P;; G,+G, = G,+G,

str-SUM3: P,((P,[1P;) = (P,[1P,) 1 Ps; G +(G,+G3) = (G,+G,) +G3
Scope

str-SCP1: (vmP=P, if ANm(P) = 2; (v A)G=G, if ANMKG)=1o
str-SCP2: (vm)m(y)=0; (vmmEx).P=0
str-SCP3: (vm) (v A)P=(v mn)P; (v m)(v mP=(v n)(vm)P

str-SCP4: (v N)PLR.=(v N)(PLPR,), if iNm(P)=2; (v A)G+G, =(v M)(G+G,), if ANM(G,)=o
str-REN: (v i) P=(v m)(P{MWa}), if mNmu(P)=2
Instance
str-INST: (@) P)(a)= P{&/z}
Figure 2-1 Structural congruence rules for the polar n-calculus

. : PHI.P,  med . -
B 1 L N O 1 ) L O L L O L U
- VAP - (VAP U REP \Bwm@) PrB
. PHP tr_cHol: _ GiPP
wPARL b . P - G+G, i) P
tr INTL: PR@ME@P, PHEP" tr STRUC; Pi=Py P Py P=P;
- (vmPI (vm)(vo)P - P, i P,

Figure 2-2 Labelled transition rules for process terms in the polar n-calculus

Clearly, P P impliesP _ P, and PZP' implies P—P' and, therefore, a variant of the rule tr_INTL can
be written as: if PG P and Q) Q" where 5N/#(Q)=, then PIQ _ (v&) (PQ'). Besides the
reason we have just discussed, the distinction between internal action and reduction is also necessary for the
new bisimulation relation, and we will find out later.

The 7 action does not appear as a guard of the B term in the syntax of the polar n-calculus, but can be treated
as a derived notation.

Notation 2-6: -guarded processes are abbreviations defined as follows, where m/Zf»(P) and mJ/x(G):
©.P & (v m) (m.Pn); .P+G & (vm) ((m.P+G)m); '=.P & (v m) (m.(P1z.P)(n)

Definition 2-7: The strong commitments of process P are defined as:
P can commit the action «, denoted as P, if there exists some P’ such that P(¢., P!
P can commit on input polar iz, denoted as P, if there exists some input action a=1 (%) s.t. Pla;
P can commit on output polar 7z, denoted as P, if there is some output action a=(vd)m () s.t. P|a;
P can commit the action sequence ¢ =ou,a,...,a, denoted as Ple, if P& . &...50 P, or P¢ P for
short.

The weak commitments {, are obtained by replacing - with — and | with | throughout.

Definition 2-8: Process P is a derivative of P, if there exists some finite sequence ¢ such that P £ P.



From 7, to 7,

[0,. =0
[v)PLa & (vning) ([P 1no(X). 7 X));
[[_n<ﬂ>]]p«a 1 Tlo);

(). Pl . & n(%o).[P],
[P.] PZ]]p«a = IIpl]]paa[I[ PZ]]paa;
['Bl,. «![B],a
HG1+GZ]]p~a et IIGI]]paa-'- I[GZ]]p«a-

2.3 Mapping between the wy-calculus and w,-calculus

From 7, to m,
(0], “ Q;
[Py & (v ine) ([Pl o[ !20(%).7:(%));
I[ﬁ<ﬁ>]]aap 1T, o)
[N(%). Pla.p& (%, %o)- [Pl..»
PPy & [PollpldPolsss
['Bl.., “ I[B]..;
I[Gf"Gz]]a«p 4 IIGI]]a«p"- HGZ]]aap;

|[A<ﬁa—’5>1|p«a o IIA]];%&(ﬁia Z~)0>; I[A<ﬁ>]]aap ot IIA]]aap<Hi1ﬁi1H01ﬁo>;
[®7)Pla & (%, 70) [Pl [(®)PL, & (%i%i%o%o) [Pl
Figure 2-3 Mutual encoding of the m,-calculus and m,-calculus

If ignore the polar subscripts, then the m, to m, mapping will be exactly the same as the direct mapping,
except the second clause, which should become  [(v n)P],.& (v n) [P],. in the direct mapping.

Since the polar n-calculus is a subcalculus of the asynchronous n-calculus, generic properties concluded from
the full domain of the asynchronous n-calculus can also apply to the polar n-calculus in its restricted domain.
For example, the ground bisimulation, early, late and open bisimulations all coincide in the asynchronous -
calculus, aswell asin the polar n-calculus. The asynchronous n-calculus itself, as pointed out in [Amadio96], iS
a subcalculus of the standard m-calculus, with the restrictions that outputs cannot be used as prefix or on a
choice point. Therefore, generic properties concluded from the standard m-calculus can also apply to the
asynchronous n-calculus and the polar w-calculus.

The mp-calculus is also a subcalculus of [Odersky95a]’s polarised n-calculus (we denote it as m,), and all
terms in the 7, can be directly converted into the m,.

From n, to 7, From m, to m,

[0],.. 0 [0, & 0;

[Pl & (vn) [Pl [0PL, & (v nuno) ([Pl 7o) 7(E));

@], & niat; [n(@)]o-, T, Tho; [, £0;
[n(x).Pl.-o & n2(x!).[Pl,.o; [nAx2,71).Plso #i(X:,5)- [Plo-p; [ni(z2,).P,., G;
|[P1 | P2]]p~o o [[Pl]]paol:[PZ]]p«o; |[P1 | P2]]0~p “ I[Pl]]0~p|:[P2:|]04p;

I'Bl,.  =*[B],. [*Bl.. = |[B],...

[G+G,l,. &[G, ot [Colo- [G+Gy]op “ [Gilop* [Goloos;

[AGE, DY, & [AlL-o(12,01);
[&9)Plo & (22.7") [Pl

IIA< ﬁ>]]o«p = I[A]]o«pcﬁi 1ﬁi 11ﬁ01ﬁ0>;
II(JE ) P]]o«p o (yl 1-x~i :5501-)?0) [[P]lo«p;

Figure 2-4 Mutual encoding of the ms-calculus and my-calculus

If ignore the polar subscripts, then the m, to m, mapping will be exactly the same as the direct mapping,
except the second clause, which should become  [(v n)P], . & (v n) [P],...in the direct mapping.



Since the polar n-calculus is a subcalculus of the asynchronous n-calculus, generic properties concluded from
the full domain of the asynchronous zn-calculus can also apply to the polar n-calculus in its restricted domain.
For example, the ground bisimulation, early, late and open bisimulations all coincide in the asynchronous 7-
calculus, as well as in the polar n-calculus. The asynchronous n-calculus itself, as pointed out in [Amadio96],
is a subcalculus of the standard m-calculus, with the restrictions that outputs cannot be used as prefix or on a
choice point. Therefore, generic properties concluded from the standard m-calculus can also apply to the
asynchronous z-calculus and the polar m-calculus. However, most results of this paper for the polar n-
calculus have been established independently of the correspondence with the asynchronous z-calculus.

3 Responsive bisimulation in the polar wt-calculus

The barbed bisimulation ([Milner92b],[Sangiorgi92b]) is a rather weak relation, which traces the state
changes of a process during the course of reductions and observes which channels are available for
communication. We adopt the version of [Amadio96] for an asynchronous n-calculus.

Definition 3-9: A symmetric relation S on P-terms is a (stro'ng) barbed bisirpulatiop if, whenever
PsQ then Pla implies Qla for aen; and P_ P implies 3Q suchthat Q_ Q and PsQ.

Let ~, be the largest strong barbed bisimulation. The notion of weak barbed bisimulation =, is
obtained by replacing the transition | with §,and _ with — throughout.

However, since barbed bisimulation cannot identify what messages are communicated, it is too rough to
measure process’s behaviour. Better measurements are needed.

Definition 3-10: The process context ¢[.] isgiven by ¢&::=[.J(vh)eZ|POmK).cink).E+G.
From this syntax, the hole [.] occurs at most once in a process context expression. By filling this hole
in ¢[.] with the process Q, ¢@[Q] constructs a new process expression.

Definition 3-11: Let ¢].] be a process context, the strong and weak barbed congruences are defined
as P~Q if VI[].(éIP1~Ql);  P=Q if VE].(AP]=¢IQ));
and the weaker versions similar to [Amadio96]: let R be an arbitrary process, the strong and weak
barbed equivalence are defined as: P~,Q if VR.(ROP~,ROQ); P~,Q if VR.(ROP~,RCP).

Weak barbed equivalence is too strong for compositional objects, as illustrated by the example in Figure 1-1,
where O, and O, the two different versions of the same object component, can be expressed in the polar n-
calculus as O, (v p) (fm @) pG YOV n) (k.Ip() ) M(x).Body)) and O, (v n) (k.5n(p) () infx).Body).
If only output actions are detectable, then within an environment where there is no other place that the input
polar of the same channel mis used, the behaviour of O, and O, can be considered as the same by an external
observer. But this similarity of the observation behaviours cannot be captured by the weak barbed
equivalence. The weak barbed equivalence fails in at least two ways.

First, it cannot distinguish between a message sent out from the target process and a message sent by another
agent to the target process but buffered in the environment. For example, given the message m{p), then
OOm(p)=Q, and OLm(p)=Q,, where Q& (vs)(!m@)s{)(v n)(k.ks¢)n{) ). Body)kp))  ard
QEOn(p). Since Q, has entered an undetectable status, while in Q, the message m{p) remains to be a
detectable “output action”; that is, Qum but QUm, therefore ofR ol R
OLn(p)»:OLm(p), that is, O30, ANE .
Second, it cannot prevent input names clash between the testing environment / \4 l
and the processes being tested. For example, let R (x)x(g)0m(p), then,as @ QLr©x@) OLr@
shown in Figure 3-1, O[R can take two different reduction paths, either Figure 3-1



O[R=0[p{g) or O[R=Q[In(x)x{g), while O[R has only one reduction path, O[R=0,[p(y).
Therefore O[R#,O[R, thatis O%,0..

Another failure in the strong version is, the barbed bisimulation treats synchronisation actions occurred in
public channels as single step reduction, and therefore cannot match them with uncompleted
synchronisations which have delays on inputting side.

We need a different technique to measure the observation behaviours, weak enough to ignore the unrelated
information and strong enough to capture the similarity in responses perceived by outsiders. As with barbed
bisimulation, we must note the state changes of a process caused by internal actions, and we must also be
able to detect which communication channels are available for output in al evolved states. Moreover, in
order to distinguish states, we need to be able to observe what each of the messages output by the processis.
The ot-bisimulation, similar to that in [Amadio96], can provide this degree of observation:

Definition 3-12: The or-bisimulation is a symmetric relation s on processes, for which whenever
PsQ then P& P’ implies Q2. Q' and PsQ, where a isanon-input action and sn(a)Nf(Q)=2.

The weak ot-bisimulation is obtained by replacing @, with =& throughout. We denote the largest
(strong) ot-bisimulation as ~,,, and the largest weak ot-bisimulation as =,y.

Lemma 3-13: Every ot-bisimulation S is preserved by restriction, i.e., PsQ implies (v A)Ps(v N)Q.
Proof: This can be proven by show that 2&{((v n)P, (v N)Q): PsQ} isa s. Here we only give that for the
strong case s < ~,,, the weak case can be proven similarly.

As normal in zm-calculi, for each A, P and Q combination, we always assume that the rule str-REN is
automaticaly and implicitly applied over the fresh names i to avoid name clash. For example, assume
P<(v n)( A(rm)O(v n)Py), then a name mU/(PLQ) will be picked up automatically and the expression
(vN)(Ar,r)(vn)P) will betreated as (v n)(A(h,n)O(v mP{MVg}) implicitly without mention.

Assume (v n)Pr, P for some arbitrary non-input action «, by inducting over transition rules, thisis only
possible in one of the following two cases:

1. ANf(a)=2 and P, P" By ruletr RES, (v A)Pf- (v A)P", so P=(v A)P". By PsQ, we have Qrf. Q'
and P'sQ’ By tr_ RES, (v n)Qrf- (v n)Q" Therefore ((v A)P’, (v n)Q)eZ

2. aisan output action of the form  a=(vo)m(i) where me¢f and 9,=iiN(ii-7)#2, and Ppgh P By
PsQ, we have QminQ" and P'sQ. Let @,=n-7,, by rule str-SCP3 and sir-SUM2,
(vAP=(va,)(vF,)P and (v A)Q=(v7,)(v7,)Q. Bythetr OUT, wegot (va,)(vd,)Pf- (v,)P" and
(va,) (v 7,)Qrf. (v5,)Q", however ((v,)P,(vd,)Q)ez.

By the definition of ot-bisimulation S, we have 2<s. m

’

The ot-bisimulation gives a measurement on processes' states by observing available reductions and output
actions, but cannot determine how a process responds to incoming messages, since input actions are not
observed. To determine responsive behaviours, we introduce a new term for specifying input messages.

Notation 3-14: We add the auxiliary P-term [m(%)]P, the localisation of the sent message m (i) with
process P, into the process syntax. Properties for thisterm are shown in Figure 3-2.

The term [m(@)]P is not for modelling processes, but only designed to express responsive bisimulation
relations between processes. It couples process P with the message % which is buffered in channel m and
unobservable from outside, even though the output polar = may have been known by outsiders. The essential
purpose of thistermisto hide the message m(i) from external observers, so that it will not be mistaken as an
output from P. Thiswill be discussed further in Session 5.



Structural equivalence:
IStr NULL [m(@)] 0=0; IStr _IND  ([m@)]P)CQ=[m@@)](PCQ), if mOfin(Q)
IStr_ LOC  (vm)[m@)]P=(vm)@m(m)CP); I1Str_SUM2' [mn{i)][#(D)]P = [(D)]|[m(u)] P

Transition :

PG P’ P, P (7
ITr_SYNC2 _PHEP g om(ii)

[m(@|P . P AWV bucap . pm@]P’
Figure 3-2 Localised output action.

The rule ITr_SYNC2 added a new case for defining the 7 action. Unlike in rule tr_INTL, here the name
restriction is not required. However, since only the input polar, i, of the channel name misinvolved, and the
preservation of z actions is maintained by input prefixing.

Corollary 3-15: The following conclusion can beimmediately drew from the rulesin Figure 3-2:
(1) If PHE)P" then (vm)P=(vm)[mi)]P; (3) Plim implies ([m(@)]P)|z;
(2) Pya implies ([m(@)]P)¢a if oz, or, o=t but P{m;  (4) ([m{@)]P){m(n).

Now we can begin to introduce new behavioural equivalence relations.

Definition 3-16: Let 7[] be the responsive testing context of syntax 7::=[]{n ()] 7, then we define
strong and weak responsive equivalences as. P=Q iff V7.(7[P] ~.7[Q]); P=.Q iff V7.(7[P]=x7[Q]).

This definition gives a quite clear description about the meaning of equivalence in responsive behaviour, but
is not so useful since it requires the exhaustive testing over the infinite set of responsive testing contexts. A
more practical definition is the rl-bisimulation, so named because it is structurally comparable to the
1-bisimulation in [Amadio96].

Definition 3-17: A strong (or weak) rl-bisimulation is a strong (or weak, respectively) ort-
bismulation s such that whenever PsQ then [m{@)|Ps[n(@)]Q for al [m(w@)].

We denote the largest strong rl1-bisimulation as ~,,, and the largest weak rl1-bisimulation as =,,.

Lemma 3-18: Responsive equivalence and r1-bismulation coincide, that is, ~,==, and =, ==,.
Proof: We only show it for the strong case here, and the weak case can be proven in similar way.

~nS =, Proven by induction. Let P~,,Q, then we can write 7,[P] ~,7,[Q] where 7,%].].
Assume 7[P] ~17[Q] isheld for some responsive testing context 7.
By the definition of ~,, for dl [m{@)], wehave 7.[P]~7.Q] for each 7, [m(u)] 7.
Since ~,S~, from the definition of ~,;  we can conclude that, P~,Q implies
V7.(71P]~x7Q]), thatis, P=,Q, by the definition of =,.

~n2 = Let P=.Q, then P~,Q, because 7,[P]~,7:[Q] for 7.%[.].
Also, we have [n{@)] P~ [in(i)]Q for al [n(i)], because 7,[P]~,.7[Q] for each 7,&[m{@)][.].
This implies V7.(7[[m@@)]P] ~o7[[n(@)]Q]), since 7,[P]~,7[Q] for each 7,&7[7[.]]. l.e,
P=,Qimplies [m{@)|P=,[m{@)]Q for dl [m{it)]. Therefore = ,c~,, by thedefinitionof ~,;. m

It is easy to verify that O,=,,0, holds for the previously mentioned examples. The rl1-bismulation provides a
test platform and measures behavioural equivalence from outside of target processes.



While responsive equivalence and rl-bismulation provide a good base for describing similarities of
responsive behaviours, it can tell little about why or when two processes may offer similar behaviours. For
closer study, we need an inside view observing input actions.

Definition 3-19: A (strong) responsive bisimulation is a (strong) ot-bisimulation S such that
whenever PsQ then Pi#1) P implieseither Q#) Q' and P'sQ, or QL. Q' and P's[m()]Q.
The weak version is obtained by replacing transitions with weak transitions everywhere. We denote ~,
and =, to be the largest strong and weak responsive bisimulation respectively. Clearly, ~, S =,.

For the previously mentioned example, we can also easily verify that O,~,0,. It is no surprise, since:

Lemma 3-20: The responsive bismulation and r1-bisimulation coincide, that is, ~,=~ and =,=~,.
Proof: We only show that for the strong case here, and the weak case can be proven in asimilar way.
~ €~ Let 22{ ([m@)]P, [m(@)]Q):PSQUS for $=~,. Assume [n(@)]P % P for some an arbitrary
action a, by the rulesin Figure 3-2 and by Corollary 3-15 (4), it is only possible in the following
two cases:

(1) P.P" and a#m(@), then P=[m(@)]P". Since P~,Q, we have
either Q. Q" P'~,.Q" and [im@@)]Q . [m(i)]Q", and therefore ([P, [n(i)] Q) €=,
o a=n(?), QA Q, P~ [®)]Q, that is, [im(@)]PHP) [m@)]P" and [m(i)Q &. [m(in)]Q.
By rule ISir SUM2, we have [i(®)][m(@)]Q= [m(@)][i(H]Q, therefore
([m@]P, [ [m@)] Q") e,
(2) o=t and PH{) P, then by P~,Q itimplies
either QM) Q, [m@]QF.Q and P~,Q, thatis (P, Q)e®Z since @2~
or  Q¢m(a), thenQF.Q and P'~ [m(i)]Q,thatis (P, [m(@)]Q)e2 since 22 ~i;
Then by definition of ~,, we have 2<~,, that is, P~,Q implies [n(@)]P ~, [n(u)]Q. Because
~CS~,, and because [n(i)] isarbitrary here, we have ~,<~,; by the definition of ~,.
~ 2~y Let P~,Q, then [im@@)]P~[m@)]Q forall [m@@)]. Assume P%, P for some action a:
If o isanon-input action, then Q% Q' and P'~,, Q"

If o isan input action, a=m(7), then [m@)]P F.P. By [m(@)]P~u[m(m]Qad [m(m)]QF.Q",

it must be
either Q) Q'and Q'=Q’ But P'~,,Q’ since ~,S~,.. Let 2={(P,Q), (P,Q)} then RS ~,;
o Qi.Q and Q"=[m(@))Q But P~,[m@@)]Q snce ~nS~,.  Let

2~{(P,Q),(P.[m(@]Q)}, then .S ~,;
Let 2=~,UBUZ, then2<~, since ~,S~,, thenwehave 2<~, by thedefinition of ~,. =

Corollary 3-21: The responsive bisimulation and responsive equivalence coincide: ~,==~,, ==

|2

re

That is, the two different viewpoints mentioned in the introduction, are united into one concept.
Another interesting coclusion is:

Proposition 3-22: P =, (v n)(1in(X ) a(X)OP{"}5,,}) for al P and m, where nisafresh name for P.
Proof: Itistrivia to varify. [



4 Properties of theresponsive bismulation

We now investigate some formal properties of responsive bisimulation.

Corollary 4-23: The responsive bisimulations are preserved by localisation. That is, let s be either ~,
or =, then PsQ implies [m(@)|Ps[m{@)]Q foral [m(w@)].
Proof: Let 2 beether ~,; or =, corresponding to S respectively, then by Lemma3-20, PSQ implies
P2Q, which then implies that [n(@)]P 2 [in(i)]Q for al [m{@)] according to the definition of ri1-
bisimulation, then again by Lemma 3-20, we have [m(i)]P s [n{i)] Q. m

L emma 4-24: The responsive bisimul ations are equivalences.
Proof: Here we only give the proof for ~,, and the weak case can be proven similarly.

Reflexive : P~,P for any P, according to the definition of ~/;

Symmetric: if P~.Q then Q~P, by thedefinition of ~i;

Transitive : Let P,2P, and P,2P;, where 2 < ~, and &,< ~,, and therefore P,(2,2,)P;. For arbitrary
action «, such that P, 4, P},

If & isnot an input communication act, then
P, & P; implies P,& P, and P,2,P;, which then implies P, & Psand P;2,P5, ie., Py(2.2,) Pa.
If o isaninput communication act, say a=m(%), and P, @@E} P, then we may have either

P,m#) P, and P2 P, Psui) Ps and P,2,P5, and therefore Py(2,2,) Ph;
or Py P, and P2 P, Psif.Ps and P,2,[n(i)]Ps, and therefore Py(2,2;) [in(i)] Ps;
or P,E.P; ~and P'ﬁl’[mtﬁﬂP;, Pyt P;, and P,2,P5. By ~=~, Wehave B ~r;, S0
[m ()] PR, [m(i)] P3, and therefore P,(2%;) [im(it)] Ps. By the definition, (2,2,) < ~,. n

A problem is apparent: the responsive bisimulation is not preserved by parallel composition in general. For
instance, with O, and G, of the earlier example, we have O,=.0,, but (O[0;)=, (O0;) for O im(%).R,
because the occurrence of input polar 7z in O; has changed the ability of O, to receive messages on .
However, as mentioned at the beginning of this paper, the purpose of our study is about object modelling,
and as the nature of object systems, the ownership of each input port should be unique. For example, the
identity of an object is uniquely owned by no one else but that object; each method of each object is aso
uniquely identified so that no message would be delivered to wrong destination. In general, each input polar
has a restricted scope (or ownership), and is never exported outside this scope.

When responsive bisimulation is strictly restricted within objects modelling, the problem domain where it is
needed, then its preservation in parallel composition can be guaranteed. To show this, we first formalise the
restriction needed on input polars.

Definition 4-25: Let n be the input polar of a communication channel name m, P be a process for
which me fin(P), and € be the context £[.]% (vi) (Env].] ) where mn¢fin(Env) while m may or may
not be a member of 7. We say that,

P isan owner of i (or say, iz isowned by P) with respect to the environment Env;

Env isan environment free of m (or say, in-free environment);

&[] is an’m-safe environment context, or in-safe environment for short.

An’m-safe environment only allows the process in the hole to consume a message sent along the channel m,
ensuring no interference from the environment. It reflects the fact that the responsive behaviour of a process
can be measured only when messages sent to it are guaranteed not to be intercepted by some other process.



Definition 4-26: A process P is safe for Env, and the environment Env is said to be safe for P, if P is
the owner of all me€fin(P) with respect to the environment Env, that is, fin(P)Nfin(Env)=2. We may
call P a safe process, when the behaviour of P is only considered within environments which are safe
for P.

A process P is autonomous if /i(P)=2.

L emma 4-27: Evolution preserves process safety. l.e., if i#(P)N/n(Env)=2 holds for some process P
and Env, then /in(P")N/in(Erv)=2 also holds for all Pand Env, which are derivatives of P and Env
respectively.

Proof: Simply because the input polar of a channel cannot be transmitted by communication. [

Corollary 4-28: An autonomous process and all its derivatives are safe for any system.

When modelling objects in the my-calculus, all method bodies can be considered as autonomous, since after
parameters passed through the method interface, further input (if any) can only be performed via channels
that were initially private and informed to the senders by the forked method body. An object process itself is
initially autonomous until creation, when its name (the unique identification) is exported to its environment.
Its method names can also be considered as initially private to the object, and then exported to the caller
during each method call. For example, similar to [Walker95] and [Zhang97] amongst others, the method call
0. m a,a,) may be modelled as (v mset) (o(mset)mset(in) . m.(w,a,) ), and on the object side the encoding
will look like (v m) (Yo(mset). mset(in )] 'm;(x).Body; ), where method names fm are initially private.

Proposition 4-29: The responsive bisimulations are preserved by parallel composition for safe
processes. That is, let $ be either ~, or =, then PSP, implies P[PsP{P for all P which satisfy
(in(P)Ufin(Pr)) N fin(P) =.
Proof: Here we only show that for ~,. The strong case can be proven similarly.
Let =, be the congruence induced by the commutativity and associativity laws for parallel composition “[1’
in Figure 2-1 and rule IStr_SUMZ2’ in Figure 3-2, and let relation
2 {(P[P,PLIP) : (Pi~P)A(fin(P)N(fin(PIP,))=2)}U ~. Let QP[P and Q,%P[P, and Q,.2Q; for
some action a, by P,~P,, it must in one of the following three cases:

(1) P& P, P,.2, P, and P;~;, P}, and therefore Q:=P;[(P, Q,.2.Q, for Q,*P,[P;

(2) P& P! and therefore Q;=P,(P' and Q.2 Q, for Q,&P,( P

(3) a=wm(i), RHEP, B P, and P~ [in(i)]P,, by the safety condition fin(P)N(fin(R)U fin(R)) =2, it must
be m/x(P) and therefore [in(it)] PP = [m(izy)(P.0P), that is, Q:=P[P, and QL Q; for QP,IP.

The cases where either P, VOGP, and PHE)P! or RIE)P, and PNAmMGRP have been covered by
theses three above cases, according to Remark 2-3, and therefore need not to be considered separately.

Since (Q}, Q)€ for cases 1-2, and (Q}, [n(#)]Q,) € 2=, for the third case, therefore 2isa ~, upto =.. =

Let o denote a name substitution which is over output polars only, otherwise standard. Whenever applied to a
process or an action, bound names (in pairs of both polars) are automatically renamed to avoid conflict. We
do not need to consider substitution over input polars because they can not be sent through channels in the
mp-calculus. Clearly the safety of processes is preserved by the output polar substitution.

Proposition 4-30: The responsive bisimulations are preserved by output polar substitution. That is, let

S be either ~, or =, then for all o ={ut/5}, PSQ implies PosSQo.
Proof: These can be proven by showing 2% {(Ps, Q0):PSQ}U S is a S upto =, where = be the structural
congruence in Figure 2-1 and Figure 3-2. Here we only show that for s<~,, and the weak case can be
proven similarly. Lets exam all the possible actions that Po may take:



Po(y 8y Piit is only possible when Po=(v §)(m(iy[P"), by the transition rules listed in Figure 2-2 and
Figure 3-2. Remember the implicity renaming over fresh names to avoid name clash, and
notice that the substitution only effects to free output polars, then there must exist some 7, 7
and P' suchthat m=mno, %=%, P=Ps and P=(v8)m(T)P). Clearly, Py 1D P, it
implies QW@ Q' and P~,Q since P~,Q, thisfurther implies there exists some Q'
st. Q=(v)m(TNW). Therefore, Qo=(v8)m(@ Qo) and Qofy S Qo. This matches
(P&, Qo)€eR asrequired.

Poid) P"  itisonly possible when Plin(5) where 7 satisfies 71 =To. Let PPD) P, itis easy to verify
that P=Ps. Since P must be of the form either P=(vs)(!m(%).PLP) or
P=(v§)((n().P+G)TP,), then by P~,Q, thisimplies

either Q) Q" and P~,Q’, then we have (Ps,Qo)e® asrequired, and it is easy to verify
that Qo) Q'o, with the same way as above;

or Q. Q and P~ [m(?)]Q. Sincein the polar n-calculus, as in normal z-calculus, the
channel name of an interna action 7 is always bound, so Qof.Qs. Notice
([m(®)]Q)o=[m(i1)]Qo, wehave (Po[m(D)]Q)o)€R, or, (Po,[in(i)](Qo))€R;

Po 7. P" it is possible only when there exist some process P, and complementary output-input action
pair (voym(@) and m(i) suchthat, Po=(v o, m)(PLm(iy), P, P}, and P=(v o, m)P;.

Clearly, there must exist some P, and 3 suchthat P,=P,0, =50, and P=(v 7,m)(PLm(s)).
That is, m(5)PKE) 0, P,mE) P, then, by ruletr_INTL, we have Pf.P, where P=(v3,a)P;,.

By P~.Q, thisimplies Qf.Q and P'~,Q. Thisisonly possible when there exists some
Q. and complementary output-input action pair (v@)n# and (@) such that,
Q=(v @,n) (Q(®), where Q1) Q, therefore Qo=(v @,n)(Q,on(7o)) and QHJ9) Q.
By ruletr_INTL, Qof.Qo, andagainwehave (Ps,Qo)e2 asrequired. -

Corollary 4-31: The responsive bisimulations are preserved by input prefix. That is, let s be either
~; or =, then PsQ impliesin(i).Psm(i).Q for al m(a).

Proofs for other properties of the responsive bisimulations also have the similar difference with those for
standard bisimulations, and we have to provide them instantly.

Proposition 4-32: The responsive bisimulations are preserved by restriction. That is, let § be either
~,or =, then PsQ implies (vo)Ps(vo)Q foral o.
Proof: These can be proven by showing 2£{((v 9)P, (v 9)Q): PSQ}U 5 is a s upto =, where = be the
structural congruence in Figure 2-1 and Figure 3-2. Here we only show that for strong case s<~,, and the
weak case can be proven similarly. Lets exam all the possible transitionsthat (vo)P may take:

(v B)P{Y&mé P Giving the implicity renaming has removed all fresh name clash, let 5,=oN# and 7,=6-
0, then we have (v 7)P = (vo)(vo,)P.  From the structural congruence rules and
transition rules, thistransition is only possible when mo, 9,5 and there exists some P
such that P=(v 7)(PDOm(ii) ) where 7=5-%,. By ruletr_ OUT, tr RES and tr_PARL, we
have Py P and P’=(v3,) P.  This implies QWA Q' and P~,Q  since
P~.Q, by rule tr_OUT and tr_RES we have (v3)Q&m) (v5,)Q, it matches
(vVD)P, (v3,)Q) e as required.

(vO)PHE) P" it is only possble when m06 and Pln(@). Let PGP, by rule tr_RES,
(vo)PHd) (vo)P, that is, PE(vd)P. From P~,Q, thisimplies



ether QW@ Q and P~Q, then by rule tr RES, (v&)QWd#) (v5)Q, and
(vD)P, (v 7)Q) e 2 as required;

oo Qf.Q" and P~,[m@)Q, then (v&)Q. (vH)Q fromruletr RES, and we
have ((vo)P, (vo)([m(@)]Q))e2 asrequired.

(vE)PFE.P" itis only possible when P(f. P, then by ruletr RES, (v3)PL. (v&)P, that is, P'’=(v 3)P!
By P~Q, we have QF.Q, and by rule tr RES, (v&)QF (vd)Q, and
((vB)P, (v 9)Q) e R asrequired.

Put them together, by the definition, 2 isa~, upto=. n

Proposition 4-33: The responsive bisimulations are preserved by choice. That is, let s be either ~,
or =,then G8G, implies (G +G)s(G,+G) foral G.
Proof: The proof istrivial, since for both sides the first action must be an input action in any case. [

Proposition 4-34: The responsive bisimulations are preserved by replication for autonomous
processes. That is, let s beeither ~, or =,, P,and P, be autonomous processes, then PSP, implies
n(x).P.sh(x).P, for al input prefix 12(x), and !7.P.S!7.P..
Proof: Let 4, be the set of al safe processes in the environment concerned, 7, be the set of al autonomous
processes, first we show that both
2 2{ (Rn(x).P, RN(x).P,) : (PLReZp) A (PSPY)A(RREA)A(RSR)}US  and
R { (R{17.Py, RII7.P) : (P, P,e7) A (PSP) A (R, REA) A (RSR)}US
are S upto =, then this proposition can be concluded by restricting R*0 and R0. Here we only show
these for strong case s< ~,, and the weak case can be proven similarly.

For 2, wewrite Q¥ R ((x).P, and Q,¥ R[1I(x).P,, and exam all the possible transitions Q, may take:

Q) Q: since R,ReA4 (thisimplies n¢fin(RCR)), it must be Q=R[P{Uk}In(x).P, and we can
have Q,H#)Q, where Q;=R[P{li}0n(%).P,. Write R%RIP{#5} and Ry RIP,{ii/5},since
P, and P, are autonomous, and therefore P{/<} and P{it/;} are, then R;,R,€4,. By Proposition 4-
30 and Proposition 4-29, R,~R,, wehave (Q}, Q) €=;;

Q.41 Qi: wheren#n. It is only possible when R##) R and Q,=R[1%(%).P.. From R~R, thisimplies:
either R R, Ri~R, and Q) Q, where Q=R,(1%(%).P,. Notice Lemma 4-27, we have
RL,R:€4,, therefore (Q;, Q) €R;;
oo R.R, R~[m@R, ad Q,F.Q, for Q=R{I().P, Agan R,R.4 by
Lemma4-27, since [n(@)] Q.= [m(@)] R, (X).P, according to rule IStr_IND, we have
QL [m(@)] Q,) €Ry;
Q.%. Qi where a isanot-input action. It is only possiblewhen R, ¢ R, and Q:=R,[%(%).P. From
R.~R, thisimplies R#.R, R~R, and Q. Q, where Q=R,[(%).P,, again, with
Lemma4-27, we have (Qi, Q)€Z..

Put them together, since al the possible transitions Q% Q) are covered by the above cases, by the
definition of ~, we have 2, ~,.

That 2 isa ~, upto = can be shown in a similar way. L]

Proposition 4-35: For autonomous processes, responsive bisimulations are congruences.
Proof: Immediately concluded by the combination of Proposition 4-29, Proposition 4-30, Corollary 4-31,
Proposition 4-32, Proposition 4-33, Proposition 4-34 and Corollary 4-23. [



5 Discussion

5.1 Privatise message versus privatise input port

Some readers may wonder the need for the new term [ ()] P; can the same effect be achieved by separating
the scope of input and output polars, and configuring # as private? It cannot.

What [in(i)] does in the term [m(@)]P is to privatise neither polar # nor m, but the message #%. The input
polar iz has not consumed this message yet, and the output polar 7z can remain public so more messages can
be sent via it. Especially, any message emitted via m by P itself must be considered as part of observation
behaviour of [in(z)]P. The separating of polars’ scope has nothing to do with this issue, though may help in
describing the concept of “safe process”. We chose not to include this separation because this may require
introducing another operator, polar matching, which will increase the complexity of expressions rather than
simplify them.

We may consider the difference between the term [m(z)]P and m{#%)(OP as that, in the former [m{@)] is a
buffered message arriving from the channel m and waiting for P or its derivatives to pick it up (but not have
to), while in the latter, the m(i) is an outgoing message to be buffered into the channel m. From an external
observer point of view, the sent message [m(%)] in the former is invisible, while the message m(%) in the
latter can be mistaken as an output from the target process P. In this sense, we may read [m(z)]P as “the
behaviour of the black box P while provided with the test message % via channel m”, and this behaviour
depends on whether and when P or its derivatives are able to access the input port .

For some readers, the role of term [m(@)]P can be understood as a weak responsive bisimulation of
(vi) (@) @) 1) OP{,Y), which is directly concluded from Proposition 3-22. We believe that our
choice on introducing the new term [m(%)]P gives a clearer and simpler description of semantic than using

(v 1) (1) i () m(EY TPt

The using of input polar 7 rather than output polar 7 in [m(%)] is because that it is a message arriving from
channel mrather than being sent to channel m. It is also necessary for preventing an output polar substitution,
caused by input prefixing, to change the testing result for the static behaviour of P. Think of it in this way:
[in(@)] is a sent message, and you cannot change the destination address of mail after it is sent.

5.2 Delay of input versusdelay of output

The asynchronous bisimulation in [Amadio96] emphasises the possible delay of message output (or more
precisely, delays during the delivery), and considers message retransmission with the same communication
channel as ignorable. Its definition written in the polar n-calculus is:

The (strong) asynchronous bisimulation is a (strong) ot-bisimulation § for which whenever PsQ
then PH) P implies either QM) Q and P'sQ, or QL. Q, and P's(m(@)(Q).

The weak version is obtained by replacing transitions with weak transitions everywhere. We denote ~,
and =, be the largest strong and weak asynchronous bisimulation respectively.

Both the responsive bisimulation and asynchronous bisimulation describe asynchronous communication by
allowing message delay. We do not include the asynchronous bisimulation for a couple of reasons:
1. We are interested in the delay of input rather than that of output;

2. To capture the delay of output, the asynchronous bisimulation allows competition on grabbing
messages for the same input port, which can disturb the detection of responsive behaviours;

3. Combining both output delay and input delay will make the theory unnecessarily complicated.



In contrary, the responsive bisimulation concentrates on the delay of input. In the view of object-oriented
programming, the delay in the delivery is not visible for either sender or receiver, and is also out of their
control. The delay of input, however, is controllable for the receiver, and, as pointed out by [McHale94] and
[Zhang98B], the existence of the interval between the event of a message arriving at an object and the event
of the message processing starting, provides a synchronisation control point for concurrent objects. In other
words, the responsive bisimulation is quite natural for compositional objects.

The asynchronous bisimulation and the responsive bisimulation overlap, but neither contains the other. For
example, given mfx(P), then the processes m.m[P and P are clearly weakly asynchronous bisimilar, but
not weakly responsive bisimilar, while the processes (v n)(n.nllk.#.P) and %m.P are clearly weakly
responsive but not asynchronous bisimilar. The result given by Proposition 3-22, as a counterpart of the
asynchronous bisimulation conclustion #n.mP =, P, is another example where weakly responsive bisimilar
does not agree with weakly asynchronous bisimulation.

It is also worth to noting that the 1-bisimulation, which was proven to be equivalent to the asynchronous
bisimulation and defined as “an ot-bisimulation S where PsQ implies (POm(%))s(QUm(w)) for all 7(%)” in
[Amadio96], becomes irrelevant in the polar m-calculus, because an unbound synchronisation is no longer
considered as a r action, as discussed in Remark 2-3. Apart from this, the major difference between ~, and
~1, Which has some structural similarity, is that, ~,, examines how processes respond to various inputs by
filtering out the effects of the environment's behaviour, whereas ~, treats processes as part of the
environment during the testing.

5.3 Message localisation ver ses non-blocking input prefix

Though the localisation term [in(z@)]P seem not fimiliar for most of readers, there is a comparable concept.
The notion of non-block input prefix was introduced by [Parrow97] and [Victor98], and was adopted by
[Merro98] where it is also called “delayed input prefix” for a term m(X)P. While there are some similarity in
the structure of their inference rules, the concepts are different. First, the box [in(@)] in [m(@)]P represents a
particular message buffered in channel m, and U are free names in [in(#)]P, and P does not have to have the
ability to consume this message. In contrast, m(X)P indicates the potential ability of inputting any message
from channel m while it does not prevent P to perform other actions which are not along bound names X.
Second, [m(@)]P describing an envirnment state for testing the responsive behaviour of process P, while
m(X)P tries to model a process behaviour itself.

5.4 Porcess safety verse name hidden

Since the responsive bisimulation is mostly useful only for safe processes, which own the receptors they use,
a question arises: can the same effect of the responsive bisimulation be achieved by limiting which names or
polars can be visitable in a bisimulation relation? We are not seeking such an approach because the following
difficulties, among many others:

1. A bisimulation relation associating with certain names is not useful in comparing processes behaviour in
generic. For example, to inference the behaviour similarity between PCR and QLR from that between P
and Q, the names associated may have to be changed, that is, they cannot be measured under the same
kind of relation.

2. The both sets of the names which a process own and does not own the input polar are dynamic and
infinite during the course of reduction. For example, the reduction from (v ) (PG (n) )y #hymén) P may
add a new public name n, to the owned name set.

3. An output action m(w), performed by the target process should always be observed for determining the
responsive behaviour, no matter whether the target process own the input polar 7z or not. Therefore no
such a name mor polar 7 should be hidden.



5.5 Relation of theresponsive bismulation with some conventional bisimulations

Since the polar n-calculus is a subcalculus of the asynchronous n-calculus, generic properties concluded from
the full domain of the asynchronous n-calculus can also apply to the polar n-calculus in its shrunken domain.
For example, the ground bisimulation, early, late and open bisimulations all coincide in the asynchronous 7-
calculus, as well as in the polar n-calculus. The asynchronous n-calculus itself, as pointed out in [Amadio96],
is a subcalculus of the standard w-calculus, with the restrictions that outputs cannot be used as prefix or on a
choice point. Therefore, generic properties concluded from the standard m-calculus can also apply to the
asynchronous nt-calculus and the polar n-calculus.

One of the conclusions from [Amadio96] is that, the ground, early, late and open bisimulations all coincide
in the asynchronous 7-calculus. Similar results can also be concluded for the polar n-calculus.

To keep the syntactical consistence, we redefine those similar bisimulation relations in the polar n-calculus.

Definition 5-36: The (strong) ground bisimulation is a (strong) ot-bisimulation § if whenever PsQ
then Piff) P implies either Q ) Q' And the weak ground bisimulation is obtained by
replacing transitions with weak transitions everywhere. We denote ~4 and ~ be the largest strong and
weak ground bisimulation respectively. Clearly, ~4=~,.

This definition has adopted the ground style of [Sangiorgi95], that is, no name substitution is needed in the
input clause.

Lemma 5-37: ground bisimulations are preserved by output polarity name substitution.
Proof: Similar to that for Proposition 4-30, except no need to check the cases involving localisation. [

Definition 5-38: The (strong) early bisimulation is a strong ot-bisimulation S if whenever PSQ then
PP implies V§3IQ st Q) Q and P{h}s QULY;
The (strong), late bisi mulqtion is a strong ot-bisimulation £ if Whepgver PsQ then
Pi(i) P implies 3Q st Qprf(f)Q and V5 (P{H}s QUKD
The (strong) open bisimulation is a strong ot-bisimulation S if whenever PSQ then
for any output polar substitution o={V/5}, Po (% P" implies 3Q’ s.t. Qo [®* Q'and

PsQ’
The weak versions of those bisimulations are obtained by replacing transitions with weak transitions
everywhere. We denote the largest strong early, late and open bisimulations with ~,, ~; and ~,
respectively, and denote the largest weak early, late and open bisimulation with =, =, and =,

respectively.

Lemma 5-39: Ground, early, late and open bisimulations all coincide.
Proof: The proof is trivial. Let 5, be strong (or weak) ground bisimulation, Let 5 be any of strong (or weak,
respectively) early bisimulation, late bisimulation or open bisimulation, then we got

PsQ implies Ps,Q, by letting y=u; Ps,Q implies Ps,Q, by applying Lemma 5-37. [
Corollary 5-40: The ground bisimulations are responsive bisimulations, /Za N
thatis, ~yS~; and =yS=,. N o= = = ~ E:I

Proof: Directly concluded from the comparison of their definitions. ’ -

The Figure 5-1 shows the relations between some bisimulations in the polar
n-calculus, where the arrow means “is a subset of”.



6 Application

With the responsive bisimulation, behavioural equivalence can be recovered for compositional objects. As
already pointed out, the objects O, and O, of Figure 1-1 are behaviourally the same in the client’s eyes, which
now can be expressed as O,=;O,. Also, for the mailroom example, whether a tenant is “good” or “bad” will
be no longer related to where his mailbox is located.

Generally, with the idea of [Zhang98A], let | be the index set, I,l,,...,I, be disjoint subsets of | where
LULU...Ul, =1, then the functional behaviour of a concurrent object and a control process can be modelled
in the polar n-calculus respectively as

F & () [Tie 'mi(%).M;, where M; represents the body of the i method;

C# (7,/n) (CLOC..[G), where each Cy has the form of either G & 3 e, 71i(X). mi(x) or G &[Tiey, Mni(X). mi(%).
Then when composing C with F, we have (v m)(C(%,m)F(m)) =R where

R¢ RORO.OR, with each R, has the form of either R £3 i) ni(X).M; or R [Jie, Mni(X). M,
In other words, the control process C defines the exclusion behaviour for methods separately from the
functional behaviour F, and both are enforced in the composed object.

The above is only a simplified description. In the more sophisticated model ([Zhang98A], [Zhang01C]), a
scheduler for each method is contained in the unified form of control elements:
Ck® 3 1i(3n,70,70,0). (V Sm,Fm,tm) S, Where T are the parameters (i.e., the message) of the function call, sr,t are
signal channels for the synchronisation points during the method execution: start, value return, and
termination respectively.The follows are three scheduler examples:

S gSnD—mi<79f13m17m17ma_5>|:km-?m(ﬁ) Ym(_rn<_l’~l>|jtn|:ck)) o MUtua”y eXCIUSIVe’
S; 3, TSt my P, T D) B Fin(@) . (7T i (2.0Cx ) ) ) —— Mutually exclusive with early return;
S 5, 0COmi(S 13 meFmim 0 . (m(7) F(T0) e 7 ) ) —— Non-exclusive, non-constraint.

Here the role of C, in the S expressions can be regarded as the “unlock point”. [Zhang01C] and [Zhang01D]
have shown that, from the unlock scheduling point of view, the number of § types is finite, and the
composition effects can also be grouped to a finite number of types, which can be useful for compile time
reasoning and code optimisation.

In [Zhang01C] and [Zhang01D] the concurrent object model is described using the k-calculus ([Zhang01A]),
which is much more expressive and flexible on behaviours composition/separation. Also, more complicated
controls can be described in the same unified form, andunlock points C, will no longer have to appear in §
expression explicitly. However, this is out of the scope of this paper.

To investigate the properties of object composition further, we need some more terminologies and symbols.

Definition 6-41: A safe process P is an object component process with source set 7z, where M=/n(P),
if Plim; forall mem.

The object component process C with source set 7 is a control process with socket set % and pl ug set
m, it MSfn(C), MN A=z, and for each i where #e%i and mie7n, there~exi§ts some processes C, C
and action sequence ¢ satisfying {f, M}N/n(¢)=2, such that C(*ﬁ,‘m)‘(ﬁ@) C, CtC and C |mu).

We define the generic empty control process as E & (7,7)[ie) () mi(x )

Given a control process D with socket set X and plug set ¥ and an object component process Q with
source set Z, let C & y)D and P (£)Q, then we denote (M) (v R)(C{n,7)P(AY) with the
abbreviation C>P, for all mand fi where {mM,A}N /(D)=2 and {M,}N #(Q)=2.

One of the desired properties of the composition is the identity law. With ground bisimulation, [Zhang98A]
has proven the identity law on the right C>E=4C, but the left identity law (E>C=4C) is not generally



true. With the responsive bisimulation, however, the identity law holds for both sides: E*>C=,C*E=,C,
proven by [Zhang01C]. This property not only gives mathematical elegance, or reflects the fact that adding
an empty behaviour to a server object will make no difference in the clients’ eyes, but more importantly, it
means that we can always add new constrains to the existing control with relatively simple composition,
without introducing unexpected side effect in behaviour. For example, assume the control process C,
describes and only describes the exclusion between ¥n, and #,, and the control process C, describes and only
describes the exclusion between ¥n, and 3, then C,>C, will provider both exclusion between ¥n, and ,,
and that between ¥, and 73, but no other exclusion will be accidentally added or removed.

Figure 6-1 shows some more examples using the identity law in compositional object modelling. The
example shown in the left diagram indicates that the same effect of this control can be constructed in three
different ways: using the empty control E to extend the scope of controller C to 7, adding the constraint
described by C to the empty control E, using two independent controllers C and E,.

. n_____ k.

: ﬁl ﬁz : : ﬁ1 ﬁz

I

| Pre R

il C, |: :l C

N N B A
m m

E}C%rC>E’QrC[EQ (C1<ﬁ1,51>>E1<ﬁ2,ﬁ2>)>C2< N

Figure 6-1

Another proven property of composition is the association law, held by both ground bisimulation
([Zhang98A]) and the responsive bisimulation ([Zhang01C]), that is: (C,> C,)> C3=4C,> (C,> C;) and
(C1> Cz)> ngrC]_} (C2> Cg)

7 Conclusion

This paper has presented the responsive bisimulation, which can capture responsive behavioural equivalence
between compositional concurrent objects, by allowing the delay of input actions. For object systems, where
input name clash can be eliminated, the responsive bisimulations are preserved by parallel composition,
output name substitution and choice, and can even be congruence.

The responsive bisimulation can be understood in different ways. Apart from the view of “input delay”,
another view is that, when testing the behaviour of the target object, or black box, the only precondition we
need to know is what messages have been provided to it, and the only postcondition we should examine is
the response from the target object. We have proven these different views are equivalent.

With the responsive bisimulation, we can have a broader and more generic study of the behaviour of
concurrent components, where existing bisimulations fail to give us the desired equivalence. Our approach
enables us to establish a theory of concurrent objects with elegant compositional properties and provides a
semantic basis for an extension to concurrent object-oriented programming languages.
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