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Abstract. We consider the language of CSP extended with a constructtiosvs
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1. Introduction

Many languages for message-passing concurrency allowarsgto test whether a chan-
nel is ready for communication, without actually perforgnithat communication. For ex-
ample, in JCSP [WBMO07,WB09], the input and output ends of channels have a method
pending (), to test whether there is data ready to be read, or whether itha reader ready to
receive data, respectively. JausputStreams have a methodvailable () that returns the
number of bytes that are available to be read. Andrews [Ahd®@s a number of examples
using such a construct.

In this paper, we study the effect of adding such tests tortbegss algebra CSP [Ros97].
In particular, we add a single new construct to the langutigeeprocess

if ready a then P else Q (1)

tests whether the eveatis ready for communication, and then acts like eitResr Q, ap-
propriately. More precisely, the process tests whethesthfir processes that hasen their
alphabet (and so who must synchroniseapare ready to perforra.

We assume that within constructs of the form of (1), the testtie readiness i is
carried out only once: if the event becomes available or aifetvle after the test is performed,
that does not affect the branch that is selected. We allosgsses to test for the readiness of
events outside their own alphabet.

In this paper we investigate the effect of adding the cowsifl) to semantic models
for CSP. In the next section, we give a brief overview of thetay and standard semantics
of CSP. In Section 3 we give some examples using the new cmhshoth to illustrate its
potential usefulness, and to highlight some implicatiamsthe semantic models. In Sec-
tion 4 we give an operational semantics to the language;ith8action 5 we give congruent
denotational models, analogous to the traces and stahlesimodels of CSP [R0s97]. In
Section 6 we show how this extended language can be simulated standard CSP, so as
to be able to analyse systems using a model checker such a$R€i3B4,For97]. We sum
up in Section 7.



2. A brief overview of CSP

In this section we give a brief overview of the syntax of CS#®;dimplicity and brevity, we
consider a fragment of the language in this paper. We alsoaybrief overview of the traces
and stable failures models of CSP. For more details, seegb{Bas97].

CSP is a process algebra for describing programgracesseshat interact with their
environment by communication. Processes communicatéamiaevents, from some set
Events are often passed on channels; for example, the edamipresents the valuebeing
passed on channel The notatior{| c[} represents the set of events over chaenel

The simplest process 8TOR which represents a deadlocked process that cannot com-
municate with its environment. The processrepresents a divergent process that can only
perform internal events.

The process — P offers its environment the eveat if the event is performed, it then
acts likeP. The process?x — P is initially willing to input a valuex on channet, i.e. it is
willing to perform any event of the form.x; it then acts likeP (which may use).

A standard conditional is written aib then P else Q, whereb is a boolean condition
on variables within the process (such as variables that Vallees previously input) The
procesd & P is equivalent tof b then P else STOP P is enabled only if the boolean gualod
Is true. For convenience, we extend this notation to reagitests and define:

ready a & P as shorthand forifready athen P else STOR
notReady a & P as shorthand forif ready a then STOPelse P.

The tests now act as guards ug@rnso thatP can be performed only & is available or not
available, respectively.

The proces® 0 Q can act like eitheP or Q, the choice being made by the environment:
the environment is offered the choice between the initighés of P and Q. By contrast,

P 1 Q may act like eitheP or Q, with the choice being made internally, and not under the
control of the environment. The proceBs> Q represents a sliding choice or timeout: the
process initially acts lik®, but if no event is performed then it can internally changgesto

act likeQ.

The procesd allg Q runsP andQ in parallel; P is restricted to performing events
from A; Qs restricted to performing events froB) the two processes synchronise on events
from AN B. In this paper we will take the alphab&sndB to comprise just standard events,
as opposed to actions corresponding to readiness testtéd above, we allow processes
to test for the readiness of events outside their alphabesgys,

(readyb & a — STOPB (4|10} (b — STOPI1 STOB.

In examples, we will tend to omit the alphabets when they kardrom the context.
The proces® || Q runsP andQ in parallel, synchronising on events froln The process
A

P ||| Q interleaved? andQ, i.e. runs them in parallel with no synchronisation.
The proces® \ A acts likeP, except the events frorA are hidden, i.e. turned into
internal, invisible events, denotedwhich do not need to synchronise with the environment.
The proces$[R] represent$® where events are renamed according to the reld®on
i.e., P[R] can perform an evert wheneverP can perform an everd such thab Rh The
relationRis often presented as a substitution; for exanijle/a, c/a] represent®, with the
eventa renamed to botbh andc, and all other events unchanged.

We use the same syntax for both standard conditionals adihess tests, but they are semantically different
constructs.
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Recursive processes may be defined equationally, or ustngdtation;, X ¢ P, which
represents a process that acts Bkevhere each occurrence X¥frepresents a recursive in-
stantiation ofu X « P.

Prefixing () and guarding &) bind tighter than each of the binary choice operators,
which in turn bind tighter than the parallel operators.

CSP can be given both an operational and denotational sesarithe denotational
semantics can either be extracted from the operationalrs#&saor defined directly over the
syntax of the language; see [Ros97]. It is more common toheseénotational semantics
when specifying or describing the behaviours of procesaésough most tools act on the
operational semantics.

A trace of a process is a sequence of (visible) events that a proeesparform. We
write tracegP) for the traces oP. If tr is a trace, thetr [ Arepresents the restriction tfto
the events irA, whereadr \ A represent$r with the events fronA removed; concatenation
Is written “~”; A* represents the set of traces with events flam

A stable failureof a proces® is a pair(tr, X), which represents th& can perform the
tracetr to reach a stable state (i.e. where no internal events aebb@swhereX can be
refused, i.e., where none of the eventsXak available. We writdailuregP) for the stable
failures ofP.

3. Examples

In this section we consider a few examples, firstly to illatrthe usefulness of the new
construct, and then to highlight some aspects of the seasanti

Being able to detect readiness on channels can be usefulumber of circumstances.
For example, the construct:

a—P
O notReadya & b — Q

gives priority toa overb: the evenb can be performed only if the environment is not willing
to performa (at the point at which the test is made). Note, though, thitafenvironment
withdraws its willingness to communicaseafter thenotReady a test is performed, then the
above construct will be blocked, evenlfis available: the construct makes the assumption
about the environment thatis not withdrawn in this way.

As a slightly larger example, consider the classic readsisaaiters problem [CHP71].
Here collections of readers and writers share a databasardén to maintain consistency,
readers may not use the database at the same time as wnitérat enost one writer may
use the database at a time. The following guard process =#8fpis: readers (resp. writers)
gain entry to the database by performing the ewtattReadresp.startWrite and perform
endReadresp.endWritg when they are finished. The parameteendw record the num-
ber of readers and writers currently using the databasesatisfy the invariantv < 1 A
(r>0=w=0).

Guard(r,w) =
w = 0 & startRead— Guard(r + 1, w)
O endRead— Guard(r — 1,w)
Or=0Aw=0& startWrite— Guard(r,w+ 1)
O endWrite— Guard(r,w — 1).

The problem with the above design is that writers may be peemidy locked out of the
database if there is always at least one reader using thieed&téeven if no individual reader
uses the database indefinitely). The following versiongjweority to writers, by not allow-
ing a new reader to start using the database if there is arwraiéing:



Guard(r,w) =
w = 0 & notReady startWrite& startRead— Guard(r + 1, w)
O endRead— Guard(r — 1,w)
Or=0Aw=0& startWrite— Guard(r,w+ 1)
O endWrite— Guard(r,w — 1).

This idea can be extended further, to achieve fairness totgpes of process; the parameter
priReadrecords whether priority should be given to readers.

Guard(r,w, priRead =
w = 0 A priRead& startRead— Guard(r + 1, w, false)
O w = 0 & notReady startWrite& startRead— Guard(r + 1, w, false)
O endRead— Guard(r — 1, w, false)
Or=0Aw=0 A —priRead& startWrite— Guard(r,w+ 1, true)
Or =0 Aw= 0 & notReady startRead& startWrite— Guard(r, w+ 1, true)
O endWrite— Guard(r,w — 1, true).

We now consider a few examples in order to better understspecss of the semantics
of processes with readiness tests: it turns out that someatad algebraic laws no longer
hold. Throughout these examples, we omit alphabets frorpahalel composition operator
where they are obvious from the context.

Example 1 ConsiderP || Q whereP = a — STOPandQ = ifready athen b — STOPelse
error — STOR Clearly, it is possible fo@Q to detect thaa is ready and so perforim Could
Q detect that is not ready, and so perforerror? If P makesa available immediately then
clearly the answer is no. However, if it takBsome time to maka available, ther@ could
test for the availability of beforeP has made it available.

We believe that any implementation of prefixing will take sotime to make available:
for example, in a multi-threaded implementation, schedputecisions will influence when
thea becomes available; further, the code for makarayailable will itself take some time to
run. This is the intuition we follow in the rest of the papehig decision has a considerable
impact on the semantics: it will mean thralt processes will take some time to make events
available (essentially since all the CSP operators mauikas property).

Returning to Example 1, in the combinatiBn| Q, Q can detect thaa is not available
initially and so perfornerror.

Example 2 (ifready athen Pelse Q) \ {a} = P\ {a}: the hiding ofa means that thesady a
test succeeds, since there is nothing to preadram happening.

Example 3 External choice is not idempotent. Consiéer a — STOPM b — STOPand
Q = readya & ready b & error — STOR ThenP || Q cannot perfornerror, butP O P || Q
can, if the two nondeterministic choices are resolved dhfidy.

We do not allow external choices to be resolveddayly or notReady tests: we consider
these tests to be analogous to evaluation of standard ootewlitions inif statements, or
boolean guards, which are evaluated internally.

Example 4 The procesf = ready a & P O notReady a & Q is not the same asready a then
Pelse Q, essentially since the former checks for the readineadwice, but the latter checks

2In principle one could merge the first two branches, by usinguardw = 0 A (priRead V
notReady startWrite); however, allowing complex guards that mix booleans witidiress testing would com-
plicate the semantic definitions.
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only once. When in the presence of the process STOR R can evolve to the stafe O Q
(if the ready a test is made after tha becomes available, and thetReady a test is made
before thea becomes available) or t8TOP O STOP= STOP(if the ready a test is made
before theabecomes available, and th&Ready atest is made after threebecomes available);
neither of these is, in general, a statef afady a then P else Q.

Example 5 readya & ready b & P is not the same agady b & readya & P. ConsiderP =
error — STOPandQ = a — STOPr b — STOR Thenreadya & readyb & P || Q can
performerror, butready b & ready a & P || Q cannot. Similar results hold fewtReady, and
for a mix of ready andnotReady guards.

The above example shows why we do not allow more complex guateth ageadya A
ready b & P: any natural implementation of this process would havegofte the availability
of aandb in some order, but the order in which those are tested can mdKgerence.

4. Operational semantics

In this section we give operational semantics to the langud@SP extended with tests for
the readiness or non-readiness of events. For simplicéyomvit interleaving, the| form of
A

parallel composition, and renaming from the language weiden

As normal, we write® % P', fora € ¥ U {r} (whereX is the set of visible events,
andr represents an internal event), to indicate fAg@ierforms the everd to becomeP'. In
addition, we include transitions to indicate successfatlnreess or non-readiness tests:

o We writeP Y2 P’ (0 indicate thaP detects that the eveatis ready, and evolves

into P';
e We write P
evolves intaP'.

RV 2D 15 indicate thalP detects that the eveatis not ready, and

Note the different fonts betweeeady andnotReady, which are part of the syntax, amelady
andnotReadywhich are part of the semantics.
Define, forA C X:

ready A= {ready a| a € A}, notReady A= {notReady d a € A},
Al = AU ready AU notReady A AT =AU {7},
Transitions, then, will be labelled by elementsXF. We think of the ¥ and"2*e2%?
transitions as being internal in the sense that they carendirbctly observed by any parallel
peer. We refer to elements bf ™ asactions and restrict the wordventgo elements ok".

Below we use standard conventions, writing, ey for 3P’ « P -2 P/, andP /-
for -(3P « P -2 P)).

Recall our intuition that a process suchaas-» P may not make tha available imme-
diately. We model this by a transition to a state where tlzels indeed available. It turns
out that this latter state is not expressible within the aymtf the language (this follows from
Lemma 11, below). Within the operational semantic defingiove will write this state as
a — P. We therefore define the semantics of prefixing by the follgativo rules.

a—P-a—P, a— PP

We stress, though, that the— . . . notation is only for the purpose of defining the operational
semantics, and is not part of the language.



The following rules for normal events are completely stadd&or brevity, we omit the
symmetrically equivalent rules for external choi€g) @nd parallel composition(g). The

identifiera ranges ovevisibleevents.

PP
POQ-% P

P2 P
P>Q %P

P>Q--—-Q

PNQ--P

P p
PalleQ —— P'al[sQ

aceA-BU{r}

P P
P\A-% P\ A

aeX—-Au{r}

div —/ div

PP

POQ--=POQ

PP
P>Q->=PrQ
PIQ-—-0Q
P2 P
a /
Q—>Qa ———acANB
Pal[sQ — P'allsQ
PP acA
P\A = P\A

(X e P 5 P[uX s P/X]

The following rules show how the tests for readiness operate

d
if ready athen P else Q —— Eep

Y

Read
if ready a then P else Q nofreacy aQ

The remaining rules show how the readiness tests are prdnbgtearious operators.
We omit symmetrically equivalent rules for brevity. Theeasilfor the choice operators are

straightforward.
p readya ready a =
POQ — e b g Q
p readya ready a =
P Q eads readya >0

notRead
p =

PO Q notReadyaP, O Q

notRead
p

P Q notReady aP, > Q

The rules for parallel composition are a little more invalvé ready aaction can occur
only if all processes witla in their alphabet are able to perfoiam

P ready b P’
Q=
Palle Q—

beB

ready b

P alle Q

ready a

p Y p

readya a §Z B

Palle Q— P alls Q

A notReady action requires at least one parallel peer with its alphabet to be unable
to performa. In this case, the action is converted into.a

notReady b,

P

Q /-
AHB Q P A||B Q

P/

beB

notReady b

P
Q—>

P/

beB
notReadyb
alle Q

Pale Q —



I:)notReadyap,
tRead
Pale Q"™="P alle Q

Note that in the second rule, thetReady bmay yet be blocked by some other parallel peer.

If a ready aaction can be performed in a context whaiie then hidden, then all relevant
parallel peers are able to perforgnhence the transition can occur; the action is converted
into ar.

a¢B

ready a

p Y8 pr

acA
P\A—>P’\A

P p
P\A- S P\A

a € ready(X — A) U notReady> — A)

Note that there is no corresponding rule famtReady ain the context? \ A, if P can per-
form notReady gwith a € A) then all parallel peers with in their alphabet are able to
performa, and so theis available; hence theotReady action is blocked foP \ A.

The following two lemmas can be proved using straightfodastructural inductions.
First,ready aandnotReady actions are available as alternatives to one another.

Lemma 6 For every procesB:

(E| Q o p 3%y ready a Q) (E| Q P notReadyaQ )

Informally, the two transitions correspond to taking thetlranches of a construct of the
form if ready athen Relse R. Theif construct may be only part of the procésabove, and so
RandR may be only part o andQ above.

Initially, each process can perform no standard eventss iBha consequence of our
assumption that a process of the foam- P cannot perform tha from its initial state.

Lemma 7 For every procesB expressible using the syntax of the language (so excluding
thea — ... construct), and for every standard evart ¥, P /.

Of course P might have ar transition to a state where visible events are available.

5. Denotational semantics

We now consider how to build a compositional denotation@dagic model for our language.
We want the model to record at least the traces of visibletsy@rformed by processes: any
coarser model is likely to be trivial.

In order to consider what other information is needed in tbheeh, it is useful to consider
(informally) a form of testing: we will say that tedt distinguishes process&andQ if
P | T andQ || T have different traces of visible events. In this case, thmotiional model
should also distinguish andQ.

We want to record within traces tmeadyandnotReadyactions that are performed. For
example, the processbs— STOPandreadya & b — STOPare distinguished by the test
STOP(with alphabet{a}); we will distinguish them denotationally by including tready a
action in the latter’s trace.

Further, we want to record the events that were availablé@satives to those events
that were actually performed. For example, the proceases STOPO b — STOPand
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a — STOPI b — STOPcan be distinguished by the testdya & b — STOP we will
distinguish them denotationally by recording that the fermffersa as an alternative tb.

We therefore add actionsffer a and notOffer ato represent that a process is offering
or not offeringa, respectively. These actions will synchronise witady aandnotReady a
actions. We write

offer A= {offera| a € A}, notOffer A= {notOffer a| a € A},
AF = AT U offer AU notOffer A AT = APU {7}

A trace of a process will, then, be a sequence of actions fénvwe can calculate the traces
of a process in two ways: by extracting then from the openalisemantics, and by giving
compositional rules. We begin with the former.

We augment the operational semantics with extra transi@gsfollows:

e We addoffer aloops on every state such thaP —;
e We addnotOffer aloops on every state such thaP /.

Formally, we define a new transition relatien: by:

P%>Qe P-%0Q, foraeXi,

offera
P—>P & P,

notOffer a

P—>P& P/,

Appendix A gives rules for the—> that can be derived from the rules for the» relation
and the above definition.

We can then extract the traces {of actions) from the operational semantics (following
[Ros97, Chapter 7]):

Definition 8 We write P " Q, fortr = (ay,...,an) € (X¥), if there existPy = P,
Pi,...,P,= Qsuch thaf; e Pi i fori=0,...,n—1. We writeP LN Q, fortr € (X%),
if there is somer’ such thaP - Q andtr = tr’ \ 7.

The traces of proced3 can then be defined to be the set oftalsuch that L The
following lemma states some healthiness conditions comogthis set.

Lemma 9 For all processeB expressible using the syntax of the language (so exclutimg t
a— ... construct), the séf = {tr | P ==} satisfies the following conditions:

1. T is non-empty and prefix-closed.

2. T includes(notOffer¥)*, i.e., the process starts in a state where no standard events
are available.

3. offerandnotOfferactions can always be remove from or duplicated within aetrac

tr(a)tr' e T=tr(o,a)tr e TAUrtreT,

for a € offerX U notOfferX..
4. ready aandnotReady actions are available as alternatives to one another:

tr~(readya € T < tr (notReadyac T.
5. Either aroffer aor notOffer aaction is always available.
trotr’ € T = tro(offera~tr' € T v tr~(notOfferg~tr’ € T.



Proof: (Sketch)

1. This follows directly from the definition of=-.

2. The follows from Lemma 7 and the definition ef>.

3. Thisfollows directly from the definition of—>: offerandnotOffertransitions always
form self-loops.

4. This follows directly from Lemma 6.

5. This follows directly from the definition of—>: each state has either afferaor a
notOffer aloop.

O

5.1. Compositional traces semantics

We now give compositional rules for the traces of a procebs. SEmantics for each process
will be an element of the following model.

Definition 10 TheReadiness-Testing Traces Modehtains those sefs C (3#)* that satisfy
conditions 2-5 of Lemma 9.

We writetraces[[P] for the traces oP®. Below we will show that these are congruent to the
operational definition above.

STOPanddiv are equivalent in this model: they can perform no standaettsy they
can only signal that they are not offering events.

tracesx[STOH = traces|[div] = (notOfferx)*.

The process — P can initially signal that it is not offering events; it carethsignal
that it is offeringa but not offering other events; it can then perfoanand then continue
like P.

traceg[a — P =
Init U {tr~(a)"tr’ | tr € Init A tr’ € traces[[P] }
wherelnit = {trtr’ | tr € (notOfferX)* A tr’ € ({offer a} U notOffe: — {a}))"}.

The processgready athen P else Q can initially signal that it is not offering events; it can
then either detect thatis ready and continue &5 or detect thah is not ready and continue
like Q.

traces| ifready a then P else Qf] =
(notOfferX)* U
{tr~(ready 3"tr’ | tr € (notOfferX)* A tr’ € tracex[P]} U
{tr~(notReady &'tr’ | tr € (notOffer¥)* A tr’ € tracex[Q]}.

The proces® > Q can either perform a trace & or can perform a trace & with no
standard events, and then (after the timeout) perform & wdQ. The proces® M Q can
perform traces of either of its components.

tracex[P > Q] =
tracex[P]| U {trp"trq | trp € tracex|[P] A trp [ £ = () A trg € tracex[Q]},

traces[[P M Q] = tracesx|P] U traces[Q].

Before the first visible event, the procd3s§1 Q can perform amffer aaction if eitherP
or Q can do so; it can perform @otOffer aaction if both PandQ can do so. Thereford

3We include the subscripR’ in trace[[P] to distinguish this semantics from the standard traces stécsa
traceqg[P].
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andQ must synchronise on atlotOfferactions before the first visible event. ltet |  tr’
notOffer:

be the set of ways of interleavirig andtr’, synchronising on alhotOfferactions (this op-
erator is a specialisation of thig operator defined in [Ros97, page 70]). The three sets in

the definition below correspoéd to the cases where (a) nmaftuzeess performs any visi-
ble events (so the two processes synchroniseat®fferactions throughout the execution),
(b) P performs at least one visible event (after whiGhs turned off), and (c) the symmetric
case wher&) performs at least one visible event.

tracex|[P O Q| =
{tr | 3trp € tracex[P], trq € tracex[Q] *
trpr:terE:()/\tretrp || trQ}U
notOffery
{tr~(a)"trp | Itrp~(a)"trp € tracex[P], trq € tracex[Q] *
trp[ X=trg =) AacXAtretr, | tro}U
notOffery
{tr=(a)~trg | 3trp € tracek(P]|, trq™(a)"try € tracex[Q] °
trp[ X=trg[ =) ANacXAtretrs | tro}.
notOffery

In order to give a semantic equation for parallel composjtwe define a relation to

capture how traces of parallel components are comBinatk write (trp, trq) At if the

tracestrp of P andtrg of Q can lead to the tract of Pa||gQ. Let privates = (A —B) U
offer(A — B) U notOffer AU ready(X — B) U notReady>> — B); these are the actions that the
process with alphabet can perform without any cooperation from the other procéss.
synga s = (AN B) U offer(A N B); these are the actions that the two processes synchronise

upon. The relatior®. is defined by:

(0, () A8 gy,

if (trp,trq) Ale 4 andb e B, then

({a)"trp, trg) Alle, (a)~tr,  for a € privaten,

a)trp, (a)"trg) Alle, (a)7tr,  for o € syngg,

ready b "trp, (offer b)~trq) Alle, (ready bBtr,
notReady b trp, (notOffer B ~trg) Alle, tr,
notReady b trp, (offer b ~trg) Alle, (notReady p-tr,

The symmetric equivalents of the above cases

(
({
({
(
(

In the second clause: the first case correspon@sperforming a private action; the second
case corresponds ® and Q synchronising on a shared action; the third case correspond
to a readiness test &f detecting thaQ is offering b; the fourth case corresponds to a non-
readiness test d? detecting thafQ is not offeringb; the fifth case corresponds to a non-
readiness test dP detecting thatQ is offeringb. The reader might like to compare this
definition with the corresponding operational semantitssréor parallel composition.

The semantics of parallel composition is then as followsertbat each component
is restricted to its own alphabet, and that the compositem gerform arbitrarynotOffer
(X — A— B) actions:

4One normally defines a set-valued function to do this, butinaase it is more convenient to define a
relation, since this leads to a much shorter definition.



traces|Pal|sQll =
{tr | 3trp € tracex([P], trq € tracex[Q] ©
tre [ (X — A) U offer(¥ — A) U notOffer(¥X — A) = () A
tro [ (X — B) U offer(¥ — B) U notOffer¥ — B) = () A

(trp, tro) Al \ notOffer(> — A— B)}.

The semantic equation for hiding éfcaptures thahotReady Aandoffer Aactions are
blocked,A andready Aactions are internalised, and arbitrangtOffer Aactions can occur.

tracesx[P \ A] =
{tr | 3trp € tracex|[P] ¢ trp [ (NotReady AJ offer A) = () A
trp \ (AUready A = tr \ notOffer A.

We now consider the semantics of recursion. Our approatdwislthe standard method
using complete partial orders; see, for example, [Ros9peAfix A.1].

Lemma 11 The Readiness-Testing Traces Model forms a complete partlar under the
subset orderingz, with traces[[div] as the bottom element.

Proof: Thattraces|[div]] is the bottom element follows from item 2 of Lemma 9. It is &fha-
forward to see that the model is closed under arbitrary umiand hence is a complete partial
order. O
The following lemma can be proved using precisely the samlenigques as for the standard
traces model; see [Ros97, Section 8.2].

Lemma 12 Each of the operators is continuous with respect tadlmdering.

Hence from Tarski’'s Theorem, each mappihdefinable using the operators of the language
has a least fixed point given by, F"(div). This justifies the following definition.

traceg[[ u X ¢ F(X)] =
the C-least fixed point of the semantic mapping correspondirig to
The following theorem shows that the two ways of capturiregithces are congruent.

Theorem 13 For all tracedr € (X%)*:
tr € traceg[P] iff P =5 .

Proof: (Sketch.) By structural induction over the syntax of thegiaage. We give a couple
of cases in Appendix B. O

Theorem 14 For all processedraces[P] is a member of the Readiness-Testing Traces
Model (i.e., it satisfies conditions 2-5 of Lemma 9).

Proof: This follows directly from Lemma 9 and Theorem 13. O
We can relate the semantics of a process in this model todheatd traces semantics.
Let ¢ be the function that replaces readiness tests by nondeiistivichoices, i.e.,

o(ifready athen P else Q) = ¢(P) 1M ¢(Q)

and ¢ distributes over all other operators (eddPal[sQ) = #(P)allg?(Q)). The standard
traces of¢(P) are just the projection onto standard events of the reaslitgsting traces
of P.

Theorem 15 traced¢(P)]| = {tr [ X | tr € tracex[P]}.



5.2. Failures

We now consider how to refine the semantic model, to make ibgoas to the stable failures
model [Ros97], i.e. to record information about which egas@n by stably refused.

The refusal of events seems, at first sight, to be very sirtoldhose events not being
offered, as recorded hyotOfferactions. The difference is that refusals are recorded only i
stable states, i.e. where no internal events are avail#thilemeans that if an event is stably
refused, it will continue to be refused (until a visible eveperformed); on the other hand,
notOfferactions can occur in any states, and may subsequently baawwailable. So, for
example:

e a — STOPM STOPis equivalent tea — STOPIn the Readiness-Testing Traces
model, since the traces &TOPare included in the initial traces af — STOR but
a — STOPM STOPcan stably refusa initially, whereasa — STOPcannot.

e a— STOP> STOP> a — STOPhas the tracéoffer a notOffer a offer & (where the
notOffer aaction is from the intermediateTOPstate) whereaa — STOPdoes not;
but neither process can stably refaseeforea is performed.

Recall that in the standard model, stable failures are ofdha (tr, X), wheretr is a
trace andX is a set of events that are stably refused. For the languatigsipaper, should
refusal sets contain actions other than standard events?

Firstly, we should not consider states wrgady or notReadytransitions to be stable:
recall that we consider these actions to be similar &vents, in that they are not externally
visible. We define:

stable P Vo € readyX U notReady U {7} « =P - .

Therefore such actions are necessarily unavailable irlesttbtes, so there is no need to
record them in refusal sets.

There is also no need to record the refusal obérr a action, since this will happen
precisely when the everat is refused. It turns out that includingotOffer actions within
refusal sets can add to the discriminating power of the mdciehsider

P=a— STOP> STOP
Q=(a— STOP> STOR Ma— STOP

ThenP andQ have the same traces, and have the same stable refusalsddrst@vents.
However,Q can, after the empty trace, stably refysenotOffer & (i.e., stably offera and
stably refusd), wheread?® cannot.

We therefore have a choice as to whether or not we incha®ffer actions within
refusal sets. We choose not to, because the distinctionsaonmake by including them do
not seem useful, and excluding them leads to a simpler madgarticular, the refusal of
notOfferactions do not contribute to the performance or refusal gfsiandard events. |
suspect that includingotOfferactions within refusal sets would lead to a model similar in
style to the stable ready sets model [OH86,R0s09a].

Hence, we define, foX C X:

P ref X< stablePAVx e X e -P 2 .
We then define the stable failures of a process in the normgal wa
(tr, X) € failurez[P] < 3Q e P =% Q A Qref X 2)

Definition 16 The Readiness-Testing Stable Failures Model containsetpags(T,F)
whereT C (XH)*, F C (Z4)* x PX, T satisfies conditions 2-5 of the Readiness-Testing
Traces Model, and also



6. If (tr,X) € Fthentr € T.

Below, we give compositional rules for the stable failuréa process. Since the notion
of refusal is identical to as in the standard stable failuneslel, the refusal components are
calculated precisely as in that model, and so the equatrerstiaight-forward adaptations of
the rules for traces. The only point worth noting is that i@ tonstructf ready athen Pelse Q,
no failures are recorded before this resolved.

av] = {3.
STOH = {(tr, X) | tr € (notOfferX)* A X C X},
failuresz[la — PJ =
{(tr,X) | tr € Init ANa ¢ X} U
{(tr~(a)~tr’, X) | tr € Init A (tr', X) € failuresz[[P] }
wherelnit = {tr"tr’ | tr € (notOffery)* A tr’ € ({offer a} U notOffe(X — {a}))"},

failuresg

— e

[
[

failuresg

failuress[ ifready a then P else Q] =
{(tr~(ready a"tr’, X) | tr € (notOffery)* A (tr’, X) € failuresx[P]J} U
{(tr~(notReady @'tr’, X) | tr € (notOffery)* A (tr’, X) € failuresx[Q] },

failurex[P> Q] =
{(tr, X) | (tr, X) € failuresz[[P] Atr [ ¥ # ()} U
{(trp"trg, X) | trp € tracegP] Atrp | £ = () A (tro, X) € failures[[Q]l},

failuresz[P M Q] = failuresz[[P]] U failures:[Q],

failures[P O Qf] =
{(tr,X) | A(trp, X) € failuresz[[P], (tro, X) € failuresz[Q] *
trp[ X=trg[ =) Atretrp, | tro}U

notOffer:
{(tr(@trp.X) | |
A(trp~(a)"trp, X) € failuresz|[P], trq € tracedQ]
trp[ X=trg ¥=()AacXAtretrp, | tro}U

notOffer:
{(tr=(a)~trg, X) |
trp € tracegP], (trq™(a)"try, X) € failuress[Q] »
trp[ X=trgf X=() AacXAtretrp | tro},
notOffery:
failures:[PallgQ] =
{(tr,Z) | 3(trp, X) € failuresx[[P], (trq,Y) € failuresz[Q]
tre [ (X — A) U offer(X — A) U notOffer(X — A) = () A
tro | (X — B) U offer(X — B) U notOffe(¥ — B) = () A
(trp, tro) 1% tr \ notOffe™ —A—B)AZ —A—B=XNAUYNB},

failurex[[P \ A =
{(tr,X) | A(trp, XU A) € failuresz|[P] *
tre [ (notReady AJ offer A) = () A trp \ (AU ready A = tr \ notOffer A,

failuresz[[ u X e F(X)]] =
the C-least fixed point of the semantic mapping correspondirig. to

The fixed-point definition for recursion can be justified inraitar way to as for traces.
The congruence of the above rules to the operational definiti stable failures —i.e., equa-
tion (2)— can be proved in a similar way to Theorem 13. Condgi2-5 of the Readiness-
Testing Stable Failures Model are satisfied, because ofdhresponding result for traces
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(Theorem 14). Condition 6 follows directly from the definiti of a stable failure, and the
congruence of the operational and denotational semantics.

The following theorem relates the semantics of a processismtodel to the standard
stable failures semantics.

Theorem 17 failureg[o(P)]] = {(tr [ X, X) | (tr, X) € failuresz[[P] }.

6. Model checking

In this section we illustrate how one can use a standard CSékelnahecker, such as
FDR [R0s94,For97], to analyse processes in the extendedidgye of this paper. We just
give an example here, in order to give the flavour of the tetitst; we discuss prospects for
generalising the approach in the concluding section of #pep

We consider the following solution to the readers and wsitgoblem.

Guard(r,w) =
w =0 Ar < N & notReady startWrite& startRead— Guard(r + 1, w)
Or > 0&endRead— Guard(r — 1, w)
Or=0Aw=0& startWrite— Guard(r,w+ 1)
O w > 0 & endWrite— Guard(r,w — 1).

This is the solution from Section 3 that gives priority to t®rs, except we impose a bound
of N upon the number of readers, and add guards to the secondwatiulboanches, in order
to keep the state space finite. We will show that this soluscstarvation free as far as the
writers is concerned: i.e. if a writer is trying to gain accdésen one such writer eventually
succeeds.

We will simulate the above guard process using standard @S#articular simulat-
ing theready, notReadyoffer andnotOfferactions by fresh CSP events on channedsy,
notReady, offer andnotOffer. Each process is translated into a form that uses these elsann
following the semantics presented earlier; the simulatidirhave transitions that correspond
to the— transitions of the original, except it will have a few addital = transitions that
do not affect the failures-divergences semantics. Moreigedy, leta be the event used to
simulate the actiom; for example, ifa. = ready ethena = ready.e. Then each proced3

is simulated by a translatidrans(P), where ifP — Q thentrans(P) -~ (—)* trangQ),
and vice versa. In particular, for each standard eeemte must add anffer.e or notOffer.e
loop to each state.

For convenience, and to distinguish between the sourceaagettianguages, we present
the simulation using prettified machine-readable €SP.

The standard events and the channels to simulate the notasthactions are declared
as follows:

channel startWrite , endWrite, startRead, endRead
E = {startWrite , endWrite, startRead, endRead}
channel ready, notReady, offer, notOffer : E

We start by defining some helper processes. The followingga®is the translation of
STOR it can only signal that it is not offering standard events.

STOPT = notOffer?e — STOPT

5The CSP text below is produced (almost) directly from the mivae-readable CSP usindJiEX macros.
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The following process is the translation®f- P: initially it can signal that it is not offering
standard events; it can then timeout into a state whe@vailable, after which it acts like
in this latter state it can also signal that it is offerimgut no other standard everits.

Prefix (e,P) = notOffer?el — Prefix(e,P) > Prefix1(e,P)

Prefixl (e,P) =
e—P
O offer.e — Prefixl (e,P)
O notOffer?el: diff (E,{e}) — Prefixl (e,P)

The reader might like to compare these with the- semantics in Appendix A.

In order to simulate th&uard process, we simulate each branch as a separate parallel
process: the branches@tiardsynchronise onotOfferactions before the choice is resolved,
so the processes simulating these branches will syncleremsippropriateotOffer events.

The first branch is simulated as below:

Branch(1,r,w) =
if w==0 and r<N then
notReady. startWrite — Prefix (startRead, Restart(1l,r+1,w))
O ready.startWrite — STOPT
O notOffer?e — Branch(1,r,w)
else STOPT

We explain therestart process below. Note how thetReady startWritetest is simulated by
the notReady.startWrite andready.startWrite events. Note also how the process signals which
standard events are and are not available in the differateisstThe other branches are slightly
simpler, as they do not include readiness tests.

Branch(2,r,w) =

if r>0 then Prefix(endRead, Restart(2,r—1,w)) else STOPT
Branch(3,r,w) =

if r==0 and w==0 then Prefix (startWrite, Restart(3,r,w+1)) else STOPT
Branch(4,r ,w) =

if w>0 then Prefix (endWrite, Restart(4,r,w—1)) else STOPT

When one branch executes and reaches a point correspondarrgtursion within the
Guard process, all the other branch processes need to be restaitieciew values for or
w. We implement this by the executing branch signalling onctiennetestart.

R = {0..N} — possible values of r
W = {0..1} — possible values of w
BRANCH = {1..4} — branch identifiers
channel restart : BRANCH.R.W

Restart(i,r,w) = restart!i.r.w — Branch(i,r,w)

Each branch can receive such a signal from another branem iaterrupt, and restart with
the new values forandw.’

Branch '(i,r,w) =
Branch(i,r,w) A restart?j:diff (BRANCH,{i})?r’.w’ — Branch’'(i,r’,w’")

6The operatodiff represents set difference.
"The A is an interrupt operator; the left hand side is interruptéemthe right hand side performs an event.
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Below we will combine theseranch’ processes in parallel so as to simul@eard. We
will need to be able to identify which branch performs certavents. For evenis other
thannotOffer events, we rename performed by branchto c.i.e. We rename eactotOffer.e
event performed by brancho both itself andhotOfferl.i.e: the former will be used before the
choice is resolved (synchronised between all branch psesg¢sand the latter will be used
after the choice is resolved (privately to branch

EE = union(E, {ready, notReady, offer[}) — events other than notOffer
channel ¢ : BRANCH.EE — c.i.e represents event e done by Branch(i,-,.)
channel notOfferl : BRANCH.E

Branch’ (i ,r,w) =
Branch’ (i ,r,w)
[e \ c.i.e | e EE]
[notOffer.e \ notOffer.e, notOffer.e \ notOfferl.i.e | e «— E]J

alpha(i) = {c.i,restart,notOffer ,notOfferl.i|} — alphabet of branch i

Below we will combine the branch processes in parallel, tiogrewith a regulator pro-
cesReg that, once a branch has done a standard event to resolvedice dblocks all events
of the other branches until a restart occurs; further, icésrprocesses to synchronise on
notOffer events before the choice is resolved, and subsequentlysatle unsynchronised
notOfferl events’

Reg = c?i?e — (if member(e,E) then Reg’(i) else Reg)
O notOffer?_ — Reg
Reg’(i) = c.i?_ —-Reg’'(i) O restart.i?_?_ — Reg O notOfferl.i?_ — Reg’'(i)

We build the guard process by combining the branches andategin parallel, hiding
therestart events, and reversing the above renantfhg.

GuardO(r,w) =

(|| i : BRANCH e [alpha(i)] Branch’’(i,r,w))
[| {lc,restart,notOffer,notOfferl|} || Reg
Guard(r ,w) =

[c.i.e \ e «— EE, i < BRANCH]

(Guardo(r,w) \ { restart [})
|
[notOfferl. i \ notOffer.e | e «— E, i « BRANCH]

e
e

We now model the readers and writers themselves. Each raliderates between per-
forming startRead andendRead. Each writer is similar, but, for later convenience, we add a
eventwriterTrying to indicate that it is trying to perform a write.

channel writerTrying

Reader
Writer

Prefix (startRead, Prefix (endRead, Reader))
writerTrying — Prefix (startWrite , Prefix (endWrite, Writer))

ReadersWriters = (||| r:{1..N} o Reader) ||| (||| w:{1..N} e Writer)

8union represents the union operation.
Smember tests for membership of a set.
0The H is an indexed parallel composition, indexediplyere theth component has alphatapha(i). The
notation[| A |] is the machine-readable CSP version|of
A
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We need to synchronise thufer.startwrite and notOffer.startWrite events of the writers
with theready.startWrite andnotReady.startWrite events of the guard, respectively. For conve-
nience, we block the remainingfer andnotOffer events, since we make no use of them, and
processes do not change state when they perform such an event

ReadersWriters’ =
ReadersWriters [offer.startWrite \ ready.startWrite ,
notOffer.startWrite \ notReady.startWrite]

System =
let SyncSet = union(E,{ready. startWrite ,notReady.startWrite }) within
(Guard(0,0) [| SyncSet || ReadersWriters') [| {offer ,notOffer]} || STOP

We can check the simple safety property that the guard alktwsost one active writer
at a time, and never allows both readers and writers to beeacti

Spec(r,w) =
w==0 and r<N & startRead — Spec(r+1,w)
O r>0 & endRead — Spec(r—1,w)
O r==0 and w==0 & startWrite — Spec(r ,w+1)
0O w>0 & endWrite — Spec(r ,w—1)

internals = {ready, notReady, offer, notOffer[}
assert Spec(0,0) Cy System \ {ready,notReady,writerTrying]}

This test succeeds, at least for small values.of

More interestingly, we can also verify that the guard is faithe writers, in the sense
that if at least one writer is trying to gain access, then drte@m eventually succeeds. The
parameten of WLSpec0, below, records how many writers are currently trying; wineo
(i.e. at least one writer is trying), this process insistg thwriter can start.

WLSpec(n) =
n<N & writerTrying — WLSpec(n+1)
O n>0 & startWrite — WLSpec(n—1)
O (notReady. startWrite — WLSpec(n) M STOP)

System’ =
let hiddens = diff ({startRead ,endRead, endWrite ,ready,notReadyl},
{notReady. startWrite })
within System \ hiddens

assert WLSpec(0) Cgp System’

The above refinement test succeeds. In particular, this snéeat the right hand side is
divergence-free, so that tkertwrite events will become available after a finite number of
the hidden events. (Note though that we keemthiReady.startWrite visible, to avoid a diver-
gence that would be caused by an infinite repetitiom@teady.startWrite, startRead, endRead
events, when no writer was trying.)

7. Discussion

In this paper we have considered an extension of CSP thatsafjoocesses to test whether
an event is available. We have formalised this constructiayg an operational semantics

and congruent denotational semantic models. We haverdhast how we can use a standard
model checker to analyse systems in this extended language.
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In this final section we discuss some related work and passitensions to this work.
7.1. Comparison with standard models

There have been several different denotational semantaelsdor CSP. Most of these
are based on the standard syntax of CSP, with the standardtiopal semantics. It is not
possible to compare these models directly with the modelsisnpaper, since we have used
a more expressive language, with the addition of readiresds;thowever, we can compare
them with the sub-language excluding this construct.

For processes that do not use readiness tests, the two naidélis paper are more
distinguishing than the standard traces and stable failmedels, respectively. Theorems 15
and 17 show that our models make at least as many distin@tie standard models. They
distinguish processes that the standard models identif} as

a— STOPM (a— STOP>b — STOB and a— STOPrb— STOP:

the former, but not the latter, has the trdoéfer a b).

In [Ros09a], Roscoe gives a survey of the denotational nsdoi@ted on the standard
syntax. The most distinguishing of those models based ote fobservations (and so not
modelling divergences) is thfenite linear model L. This model uses observations of the
form (Ao, @y, A1, 8y, ..., a1, An), Where eacly is an event that is performed, and e@glis
either (a) a set of events, representing that those evenisfi@red in a stable state (and so
a € A), or (b) the special value representing no information about what events are stably
offered (perhaps because the process did not stabilise).

For processes with no readiness te$ts,is incomparable with the models in this paper.
Our models distinguish processes ttfaf identifies, essentially because the latter records
the availability of events only in stable states, whereasnoodels record this information
also in unstable states. For example, the processes

(b — STOP>a— STOB Mb— STOP and a— STOPrb— STOP

are distinguished in our models since just the former hagrétoe (offer b, a); however they
are identified inFL (and hence all the other finite observation models from [Raj0be-
cause thi® is notstablyavailable.

Conversely,F L distinguishes processes that our models identify, such as

a— b— STOPr (a— STOP>STOR and a— (b — STOPM STOP » STOP

since the former has the observatigfa}, a, e, b, e), but the latter does not since itsis
performed from an unstable state; however, they are idedtidy our failures model (and
hence our traces model) since this records stability inédion only at the end of a trace.
| believe it would be straightforward to extend our modelsdoord stability information
throughoutthe trace in the wayF £ does.

Roscoe also shows that each of the standard finite observabdels can be extended
to model divergences in three essentially different wayselieve that it would be straight-
forward to extend the model in this paper to include diveogsifollowing any of these tech-
nigues.

7.2. Comparison with other prioritised models

As we described in the introduction, the readiness testbearsed to implement a form of
priority. There have been a number of previous attemptsdqaidrity to CSP.

Lawrence [Law04] models priorities by representing a psscas a set of triples of
the form(tr, X, Y), meaning that after performing trate if a process is offered the set of
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eventsX, then it will be willing to perform any of the events frod For example, a process
that initially gives priority toa overb would include the tripl€), {a, b}, {a}).

Fidge [Fid93] models priorities using a set of “prefereriaegations over events. For
example, a process that gives priority doover b would have the preferences relation
{a— a b~ b,a— b}.

In [Low93,Low95], | modelled priorities within timed CSPing an order over the sets
(actually, multi-sets) of events that the process couldtdb@same time. For example, a
process that gives priority ta over b (and would rather do either than nothing) at time 0
would have the ordering), {a}) 1 (0,{b}) 21 (0, {}).

All the above models are rather complex: | would claim tha thodel in this paper
is somewhat simpler, and has the advantage of allowing al&ton into standard CSP, in
order to use the FDR model checker.

One issue that sometimes arises when considering prigrityhat happens when two
processes with opposing priorities are composed in paradfer example, conside? || Q
whereP andQ give priority toa andb respectively:

P=a— P, O notReadya & b — Py,
Q=Db— Q; O notReady b & a — Q.

There are essentially three ways in which this parallel aositpn can behave (in a context
that doesn’t blocla or b):

e If P performs itsnotReady test beforeQ, the test succeeds; if, furthdé?,makes the
available befor&) performs itshotReady test, thernQ'’s notReady test will fail, and so
the parallel composition will perforrb;

e The symmetric opposite of the previous case, wii@performs itshotReady test and
makesa available befor® performs itsotReady test, and so the parallel composition
performsa;

e If both processes perform theibtReady tests before the other process makes the
corresponding event available, then both tests will suttcaed so both events will be
possible.

| consider this to be an appropriate solution. By contr&gt,hodel in [Law04] leads to this
system deadlocking; in [Low93,Low95] | used a prioritisedadlel composition operator to
give priority to the preferences of one components, theesfoyding this problem, but at the
cost of considerable complexity.

7.3. Readiness testing for channels

Most CSP-like programming languages make use of channaig#ss data. In such lan-
guages, one can often test for the availabiliticb&nnelsrather than of individual events.
Note, though, that there is an asymmetry between the readewater of the channel: the
reader will normally want to test whether thereaisy event on the channel that is ready for
communication (i.e. the writer is ready to communicate)ewdas the writer will normally
want to test whethaall the events on the channel are ready for communicationlieegtader
is ready to communicate). It would be interesting to extdrelanguage of this paper with
constructs

ifready all Athen Pelse Q and  ifreadyany Athen Pelse Q,

whereA is a set of events (e.g. all events on a channel), to captiselta.



7.4. Model checking

In Section 6, we gave an indication as to how to simulate thguage of this paper using
standard CSP, so as to use a model checker such as FDR.

This technique works in general. This can be shown direbyyexhibiting the transla-
tion. Alternatively, we can make use of a general result ffRms09b], where Roscoe shows
that any operator with an operational semantics that is “Q&P —essentially that the op-
erator can turn arguments on, interact with arguments giale events, promote events of
arguments, and maybe turn arguments off— can be simulated sisndard CSP operators.
The — semantics of this paper is “CSP-like” in this sense, so weusathose techniques
to simulate this semantics. We intend to automate the ttosl

One difficulty is that the translation from [Ros09b] can prod processes that are infi-
nite state because they branch off extra parallel procegsssch recursion of the simulated
process. In Section 6 we avoided this problenrdstartingthe Branch processes that consti-
tuted the guard at each recursion (this uses an idea also Restoe), whereas Roscoe’s ap-
proach would branch off new processes at each recursiotieVbehe technique in Section 6
can be generalised and probably automated.

7.5. Full abstraction

The denotational semantic models we have presented tumobtid be fully abstract with
respect to may-testing [dNH84]. Consider the prodesady a then P else P. This is denota-
tionally distinct fromP, since its traces haveady aor notReady @&vents added to the traces
of P. Yet there seems no way to distinguish the two processesstingde i.e., there is no
good reason to consider those processes as distinct.

We believe that one could form a fully abstract semanticsoievis. Consider the
relation~ over sets of traces defined by

(SuU{trtr'}) ~ (SU {tr~(ready 8"tr’, tr~(notReady &'tr'})
forall Se P(X¥), tr,tr' € ¥*, ae X.

In other words, two sets are related if one is formed from tineoby addingeady aand
notReady aactions in the same place. Letbe the transitive reflexive closure ef. This
relation essentially abstracts away irrelevant readitests. We conjecture th& and Q
are testing equivalent iffaced/P]| ~ traceg/Q], and that it might be possible to produce a
compositional semantics corresponding to this equivaehas not clear that the benefits of
full abstraction are worth this extra complexity, though.
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A. Derived operational semantics

The definition of the—> relation, and the operational semantic rules forthe relation can
be translated into the following defining rules for>.

{Off .
STOPZ=2°STOP  forae & a—-P > a—P
a
aP P P forbex a—-pP —> P
tOffer b
apea o p a—-P"%a—P forb+£a
d
if ready a then P else Q P
tRead
if ready athen P else Qno e yaQ

tOffe
if ready a then P else Q no—|> ifreadyathen Pelse Q forbe X

P—>P P—ToP
POQ-%P POQ-—+POQ
P ready a =% P notReady aP,
PO Q ready a readya o Q PO Q notReadyaP/

sfera / p notOfferaP,
P—>P notOffera _,
PDQOﬁeraP/DQ Q [Q

PO Q notOfferaP, O Ql

P—oP P-"oP

PrQ -5 P PrQ =P >Q



= ready a =% = notReady aP/

Po Q ready a P Q Pb Q notReadyaP, > Q

P offera =% P notOfferaP,

PDQ offera P'DQ PDQnOtOﬁeraP,DQ

P> P a € (X —A) U {r} UreadyS — A) U notReadys — A) U

P\A—2> P\ A offer(>X — A) U notOfferX — A)

PSp P
- a € AUready A P\AnﬂﬁeéaP\A, forae A
P\A—>P\A
& /
P % P P—P

aeprivateU{r} Q->Q

PaleQ => Pl PalsQ > Pals@
P idybb P’ notReady bP'
offerb notOffer b
Q"2 Q g e,
dyb T
PallsQ ——5 PallsQ PalleQ —& P'alleQ
notReady b , notOffer d
offer b P Pal[sQ — PalgQ,
/
Q—=>Q beB forde S —A—B.

notReady b

PAHBQ —D P/AHBQ/

B. Congruence of the operational semantics
In this appendix, we prove some of the cases in the proof obiidme 13:
tr  traceg[P] iff P =5 .
Hiding
We prove the case of hiding in Theorem 13 using the derivezsnn Appendix A.
(=) Supposeér € tracex[P\ A]. Then there exists some, € traces|[P] such that

tre [ (notReady AJ offer A) = () andtrp \ (AUready A = tr \ notOffer A By the inductive

hypothesisP %, i.e.,P M for someaqy, ..., a, such thatrp = (g, ..., an) \
{r}. From the derived operational semantics ruR# has the same transitions but with each
«; € AUready Areplaced by a, i.e., transitions corresponding to the traige, (AUready A.
Further, using the third derived rule for hiding, arbitraxgtOffer Aself-loops can be added

to the transitions, giving transitions corresponding &zétr. HenceP \ A L

(<) Supposé’\ A —. . Consider the transitions &fthat lead to this trace. By considera-

tion of the derived rules, we see tHat2 for some tracérp such thatrp [ (notReady AJ
offerA) = () andtrp \ (AU readyA = tr \ notOfferA By the inductive hypothesis,
trp € traces|P]. Hencefr € traces[P \ AJ.



Parallel composition

We prove the case of parallel composition in Theorem 13 usiaglerived rules from Ap-
pendix A.

(=) Supposér € traces|Pal[gQ]. Then there exidtp € traces|P] andtrq € traces[Q]
such thatrp|[ (X —A)Uoffer(X —A) UnotOffe¥ —A) = (), tro| (X —B)Uoffer(Xx —B)U

notOffer¥ —B) = () and(trp, trg) Alle, tr \ notOffe(>X— A—B). By the inductive hypothesis,

t tr «a B B
P = andQ =>. SoP & ... 2% andQ 2> ... -5 for someay, ..., an, B, -, Bm

such thattrp = (aq,...,an) \ {7} andtrqy = (B1,...,8m) \ {7}. We then have that

PallsQ rAnote-A-8) since each event implied dyrp, tro) Al g \ notOffe(X — A — B)
has a corresponding transition implied by the operatioealantics rules (formally, this is a

case analysis over the clause$f‘g$, combined with a straightforward induction am+ n).
Further, using the final derived rule for parallel compasitiarbitrarynotOffe(> — A — B)
self-loops can be added to the transitions, giving tramssticorresponding to trate Hence

PallsQ ==

(<) SupposePalsQ =. Then by item 3 of Lemma ®asQ """ X% Con-

sider the transitions d? andQ that lead to this trace according to the operational seman-

tics rules, sa —% ... % andQ 2o ... N Lettrp — (aq,...,an) \ {7} and

trqg=(G1,...,0m) \{7}; SOP =2 andQ =2 By the inductive hypothesis,r € tracex|[P]
andtrg € tracex[Q]. Also, by consideration of the operational semantics rutes (3 —
A)Uoffer(Xx—A)UnotOffe(X—A) = () andtrg[ (X¥—B)Uoffer(X—B)unotOffe(X—B) = ().

Further,(trp, trq) Al iy \ notOffer(3 — A — B), since each transition implied by the opera-

tional semantics rules has a corresponding event impliettidogefinition ofiAlB, (formally,

this is a case analysis over the operational semantics rdeshined with a straightforward
induction onm -+ n). Hencetr € tracexk|[Pal|sQ].



