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Abstract. This paper discusses the semantics ofghiaelt ~ construct in Handel-

C[1]. The language is essentially a static subset of C, augmented with a parallel
construct and channel communication, as found in CSP. All assignments and chan-
nel communication events take one clock cycle, with all updates synchronised with
the clock edge marking the cycle end. The behavioupridlt  in Handel-C is
similar in concept to that obccam [2, 3], and to thep-priority concept of Adrian
LawrenceCSPP[4]. However, we have to contend with both input and output guards

in Handel-C, unlike the situation inccam, althoughprialt s with conflicting pri-

ority requirements are not legal in Handel-C. This makes our problem simpler than
the more general case including such conflicts considered in [4]. We start with an
informal discussion of the issues that arise when considering the semantics of Handel-
C’s prialt ~ construct. We define a resolution functioR)(that determines which
requests in a collection @frialt s become active. We describe a few properties that
we expect to hold for resolution, and discuss the issue of compositionality.

1 Introduction

This paper discusses the semantics of ghalt construct in Handel-C[1], a language
originally developed by the Hardware Compilation Group at Oxford University Computing
Laboratory. It is a hybrid of CSP [5] and C, designed to target hardware implementations,
specifically field-programmable gate arrays (FPGAS) [6, 7, 8, 9]. The language is essentially
a static subset of C, augmented with a parallel construct and channel communication, as
found in CSP. The type system has been modified to refer explicitly to the number of bits
required to implement any given type. The language targets largely synchronous hardware
with a multiple clock domains. All assignments and channel communication events take
one clock cycle, with all updates synchronised with the clock edge marking the cycle end.
All expression and conditional evaluations are deemed to be instantaneous, effectively being
completed before the current clock-cycle ends.

1.1 Notation

In Handel-C, a typical program fragment showing tar@alt s in parallel might appear as:

par {
prialt {
alll : P1 ; break ;
b?x : P2 ; break ;
s
prialt {
b!22 : P3 ; break ;
c?y . P4 ; break ;
}
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Here,P1, P2, P3, andP4 denote the continuation code that gets executed if the corre-
sponding guard is deemed to be activeC&PP [4], this could be written as:

((a'11 — Py) B (70 — Py(x))) || (0122 — P3) O (c?y — Pi(y)))

We adopt a simpler notation, in which we ignore the guard values, variables and continuation
processes, viewing eagirialt ~ simply as a sequence of guards, and thasalt s in
parallel simply being collected into a set, to give:

(al,b?)
(b, c?)
We do this because the concern here is how the decision is made regahdthguards are

deemed to be true. We are not interested in this paper in the consequent actions, both of the
guard communications and the subsequent process actions.

1.2 The Problem

The behaviour oprialt  in Handel-C is similar in concept to that otcam [2, 3], and
to thep-priority concept of Adrian Lawrenc€SPP[4]. However, we have to contend with
both input and output guards in Handel-C, unlike the situatiooccam. In relation top-
priority, Handel-C does not admit processes with conflicting priorities, so presents a simpler
problem semantically, than that found@sPP. The synchronous nature of Handel-C also
makes it easy to establish whatialt ~ statements are participating in a synchronisation
event at any given point in time. A particular consequence of this is that all the key events
are deemed to occur simultaneously.

Our interest is in determining the outcome when a numbgriadt s are simultane-
ously ready to run, i.e the outcome of the following situation:

<911,9127 s g1y - - 791m1>
<92179227 cees G250 >g2m2>

<gi1>gi27 sy Gigy e 7gimi>

\ <gn1agn27 <oy Gngy - ’gnmn> )

The guards can have only one of the following two forms: input gudrdr output guard

c!. Handel-C allows the use ofd@efault guard as the last guard inpaialt , but again

this is something which we will ignore for current purposes. Another constraint present in
Handel-C is that a channel may appear only once in any giveait . Handel-C also
admits communication statements outsidpmédlt s (“naked communication”). However
these can be modelled by a singlefmralt  with a null continuation process:

cle = prialt{c'e:break}

In CSPP, semantics is given usingcceptancesvhich are partial functions from traces

to relations between sets of of offered and accepted events, where the domain of a partial
function equals the set of traces of the process it denotes. A process is therefore described by
describing how, after any of its traceg,(with an environment offering a set of evenig)( it

is willing to accept a specific sefl] of events. The notation used for this is

s:E~ A
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However, in Handel-C, it seems to make more sense to viewptiladt s as making
specific offers okequencesf events, rather than sets of events. We can viewptradt
statement:(gq, ¢o, - . ., gn) @s offering the eventg,, g-, . .., g,, in that order. In effect what
we have done here is to abstract gr@lt  notation to reflect precisely the prioritised list
of events that it is willing to offer/accept.

A general resolution mechanism then determines which events actually occur. This pa-
per is a description of the formal semantics of that resolution mechanism, in a form suffi-
ciently general that it can be incorporated into a variety of different semantics for Handel-
C—denotational [10], operational [11] or otherwise. pr&alt  resolution in Handel-C is
deterministic, having the form of a total function from setpdhlt s to their resolution,
we adopt a formal notation most suited to describing functions, that of the “Irish School”
of the VDM (VDM*) [12]. This can be described briefly as a functional subset of standard
VDM (VDM-SL [13]), using equational reasoning rather than the logic of partial functions.
A notation guide is provided as an appendix, as well as by explanations running through the
text.

Despite the Handel-C language’s superficial similarity to CSP, we did not adopt CSP as
a semantic modelling language here, because it lacks any notion of priority. Also, it was not
clear when the work started if it is possible to capture this at all in CSP. Clear evidence for
this is the work of Adrian Lawrence [14, 4, 15], which requires extensions to CSP in order to
capture the notion of priority, and simultaneous events.

2 Informal Description

We start with an informal discussion of the issues that arising when considering the semantics
of Handel-C’sprialt ~ construct.

We consider the situation where we hawvprialt ~ statements which are to be resolved,
and we assume, as already stated, a simplified model vgnedeé s consist solely of the
communication statements, hereinafter called requests. j@h is therefore a non-
empty sequence of requests. We assumeralt s are well-formed, in that any given
channel identifier occurs at most once in any gipealt

2.1 Priority: Absolute or Relative ?
Initially, with Handel-C, it was assumed thapaalt  of the form

<g17927 s ;gm>

assigned priority levels, 2, ... m to guardsyy, ¢s, . . . g,, respectively. However all attempts
to reconcile thisabsolute priorityview with Handel-C’s actual behaviour resulted in failure.

After experimenting witlprialt s in Handel-C it became very clear that the notion of
absolute priority was completely incorrect. Instead, gachit  simply defines aelative
priority for the channels to which it refers. This is a strong indicator fhptiority, rather
thane-priority [14], is the correct way forward. Merging the (locally total) ordering for each
prialt  results in either an overall partial order, or a relation with cycles. In the former case
we use the ordering to determine the successful requests. In the latter case Handel-C reports
an error. The simplest example of this is

{{al, b, (b2, a?) }

In [4], provision is made to give a meaning to this expression, but in Handel-C, which is
deterministic, this is an un-recoverable compile-time error. If we try to resolve this in the
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Handel-C semantics by nondeterministically choosing to “break” cycles, we end up losing
some nice laws regarding the sequencingrialt s and the way in which an offered event
masks all subsequent events in a gipeialt

(91,2 Gis- - gm) = (g1, - -, 9;) Wheng; is “offered”

This law does not hold if we resolve priority conflicts by breaking priority cycles.

2.2 Deriving Channel Partial Ordering

Givenprialt s, we first take each constitugmtialt ~ and convert it into the correspond-

ing relation (total linear ordering). We then merge all the relations together, one from each
prialt , using relational union, and take the transitive closure to get one big relabon (
This relation captures the priorities between all participating channels.

We then examine the (graph of) the relation for cycles. If present, we should flag an error
condition at this point—the processes involved all diverge. If there are no cycles, then we
have a partial ordering on all the channels which can then be used as the basis for determining
the successful requests. Also this relation will in general have many minimal elements.

At this stage we have all therialt s, and an induced partial ordering on the channel
identifiers. We identify active channels (offered events) as being those which appear at least
twice in (different)prialt s, with complementary directions.

2.3 Pathological Cases

Note that a channel may occur multiple times, in multipt&alt  s. This is satisfactory as
long as all but two complementary requests for that channel are effectively masked by other
channels with requests at higher priority. An example is:

{{a!), (a?), (b, a?), (b?,a!) }
which is equivalent to:
{{al), (a?), (b1), (b7) }.

In the event that we have one writer to a channel and multiple receivers, as in

U IO VR S JUU S SURRE S W

the outcome (assuming all these channel instances are deemed active) is that each reader gets
their own copy of the single written value.
What happens in the case of multiple writers ?

{(..;ct 0, (e o0 (oyel o), )

In Handel-C Version 2.1 [16], the compiler flagged this with a warning, and in simulation, the
value obtained from the channel was the bitwise logical-OR of the underlying representations
of all the inputs ! It is clear that a multiplexor (which ends with a logical OR gate) is getting
multiple input streams switched through simultaneously to the output. This is bizarre, but at
least the compiler (i) informed the user and (ii) maintained the order independence of parallel
composition ofprialt  s:

P R=hR|A

However, in Handel-C Version 3.0 [1], the compiler supplies no warning at all, and pro-
ceeds to accept data for the channel write occurring inptiidt ~ which is first in the
program text ! This means that

{(c?x), (c!11),(c!22) } # { (c?x), (c!22), (c!11) }
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The first writes 11 tox, the second writes 22 ! To handle this properly, we would have to
talk about sequences pfialt s being resolved, rather than sets. Also we would have to
sacrifice the following very nice property of Handel-C (which was true for 2.1, but is now
false for 3.0):

P P=P|H

We shall not concern ourselves overly with this case, but rather consider such programs at
present to be ill-formed, with no obligation on our part to supply a formal semantics for
them. They should certainly not be the result of any refinement methodology for calculating
Handel-C programs from specifications, which is the ultimate goal of this work.

2.4 Identifying Active Channels

Once we have identified the minimal active channels and removed them apdate s

in which they appear, we repeat the entire process of constructing the ordering afresh, and
selecting the minimal active channels, with the remairpriglt s. We continually repeat

this until no further changes occur.

3 Formal Treatment

We are defining a resolution functio®] that determines which requests in a collection of
prialt s become active.

3.1 Input Types

We start by considering as given a collection of channel identifiers:
c € Ch
With every 1/0 request in Handel-C there is an associated direction:
d € Dir = {IN,OuUT}
This allows us to define an input-output request as a channel/direction pair: Request:
r € Req = Ch x Dir

These “requests” are in fact our guards, as all such guards in Handel-C are of this form. In
general we shall write! andc? as shorthands fdi, OuT) and(c, IN), respectively.

Having abstracted away from the details of the processes that are guanfétin s,
we view them as sequences of requests, where each channel occurs at most once:

p € PriAlt
inv-PriAlt(o)

Req™
(#oelems om*)o =len o

I

The notationnv-PriAlt is the VDM* notion of “invariant”, which gives a boolean expression
defining which elements of the space are considered well-formed. which is analagous to the
“healthiness conditions” of CSBSPP.

What we are resolving is simply a setfialt  s:

P e PriGrp = PPriAlt

This structure is the input to our resolution process.
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3.2 Output Types

We now consider the information that needs to be output from the resolution process. Firstly,
we need to know which channels are going to be active, i.e. able to communicate. We need to
know theprialt s with which these channels are associated, so we can identify the specific
guards involved, and consequently which guarded processes will be involved. We cannot
determine this information from knowledge of which channels are active alone, because a
given channel can be active in a proper subset of thaaét s in which it is mentioned. To

see this, consider the followingrialt  collection, including guarded processes, (ignoring
directions, withprialt s labelled for ease of reference):

:{a— P, b— P)
I<GHP3>
b— Py

IbHP‘t;

W N =

Here, both events andb will proceed. Event will involve prialt s 1 and 2, leading to
the subsequent execution Bf and P;. Eventb will involve prialt s 3 and 4, leading to
P, and P5; being activated subsequently. However, even thqugiit 1 mentions), andb
takes place, it is masked by the higher prioritgvent in thaprialt , which is also active.
Hence we need to couple a channel (event) identifier wittptiedt s which are actually
involved.

Our key output structure is therefore a map from channgtsitdt  -sets:
v € CPMap = Ch — PriGrp
In the example above, we expect to see an output of

{ {a—{{a— P, b— P),{a — Ps)}} }
{b— {{(b— Py),(b— P5)}}

We can then determine the active processes by using the channel value as a lookup key in the
associated set @frialt s. So, for

{a—{{a— P, b— P),(a— P)}}

we perform a lookup of: in both (¢« — P, b — P,) and{(a — P3) to getP, and P;
respectively.
Of course, in this paper we are ignoring the guards procdiseentioned in this exam-
ple, but at least this example shows in principle how that information can be incorporated.
A key aspect highlighted by this example is a well-formedness constraint on channel-
prialt  -set pairs. We expect the channel component to be present in@vaity in the
corresponding set:

inv-CPMap : CPMap — B
inv-CPMap v = Vc e dom~y e inv-CPSet,(c)
inv-CPSet.,(c) = Vpey(c) o ce (elems om*)p
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3.3 Intermediate Types

In order to describe the resolution process, it will be necessary to have some key intermediate
structures. Firstly, we note that the input to the resolution process isovly  -centric,
but that it will be helpful to have a structure that is more channel-centric.

Each channel present occurs at most once in any gviaft , in association with a
corresponding direction. With any given channel, over allghalt s in which it appears,
we would like to associate the directions of the corresponding requests. We therefore map
each channel to a set of the request directions associated with it:

k € ChReqs = Ch — PDir

As described above, we need build a relation over channels. We choose to model relations
here as set-valued functions, as is convention&bhm*:

R € ChRel = Ch — PCh

This formulation, while not very conventional outsid#OM*, does make it very easy to
extract the minimal elements, which denote the channels of highest priority.

3.4 Intermediate Operators

We now look at some operators for our intermediate semantic domains. We start with a
function that converts the input pfialt ~ sets into a channel request mapping:

toChReqs : PriGrp — ChReqs
tochRegs? = (©/oP(©/0))P
where

e d) = {e{d}}
Basically every entry in P of the form
((c1,dv), (ca,d2), ..., (ck, di))

is converted to an entry of the form
{Cl H{dl}v Cy — {dQ}’ SR Ck'_){dk}}

All of these (one for each € P) are then joined together usiig to provide one relation.
The () operator is a lifted (indexed) form of union, and has the effect of acting as relational
union. In particular, we get

{e={d}} O {e={d'}} ={c—{d d}}

Once we have this channel request mapping, it becomes very easy to see if any channel
is active. We simply look it up, and deduce that the channel is active if both directions are
present:

Act : ChReqs — Ch — B
Act.c = k(c) ={IN,OuUT}
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The central intermediate structure is that which captures the partial ordering on channel
priorities induced by the collection g@irialt s. Consider the following input structure:

<(011,d11), Sy (Clj>d1j>> sy (Clk17d1k1>>

P: <<Ci17di1)7 ceey (Clj7dlj)7 ceey (Cikmdiki))

L <(Cn1>dn1)a ey (an7dnj)a ) (anl’dnkn)> y,

For each sequence ip, we then discard the direction data (), and then convert the result-
ing sequence into the corresponding total ordering relation (wsihgy ), modelled as a set
valued mapping, but shown symbolically here:

( {011<012<~~<clj<61k1} )

S = {Cz’1<ci2<"‘<cij<clki}

\ { cn1_<cn2'<"'_<cnj_<cn’€n } J

We then reduce this set with relational unia) {§ to form a single relation, and take its
transitive closureTC)*. All of this is combined into the following operator:

toChRel : PriGrp — ChRel
toChRel = TCo @/o}P(order om™)

We can defin@rder as follows:

order : C*— (C—PC)
order A = 0
order (¢) = {c— 0}

order (c:c:o0)

{c—{d}} @ order (¢ :0)

3.5 Input-Output Relation

We now describe the overall relationship between the inputs and outputs pfigte
resolution processR). The input is a set oprialt s, while the output is a pairResitn)
consisting of a map from all active channels to the set of assoquittl s, and the set of
prialt s which are found to be inactive:

(v, P) € Resltn = CPMap x PriGrp
R : PriGrp — Resltn

As a precondition, we insist that the underlying relation on channels be acyclic (i.e. a partial
order):
preR p = (—oacyclic otoChRe}P

We supply a partial postcondition which captures certain key properties we expect of the
output. Let us assume that applyiRgto P results in output~, B), i.e

R(P) = (v, B)

Lt is quite likely that the transitive closure is not necessary for this to work
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First considery, which is a map from of channel forialt  -set. All theprialt s men-
tioned in~, given by

A= (Y omg )y

are activeprialt s. The collection of inactiverialt s (B) should consist precisely of
those not mentioned IA:
B =<[A]P.

Secondly, consider the set of all actually active request granted) chatf)els (
G = dom~

We expect this to be a subset of the potentially active chan@glsithese are determined by
taking the channel-centric view of the input:

r = toChReqsP

taking its domain, and then filtering this with the active-channel predicate, itself parame-
terised byk:
Q) = (filter  [Act,| o dom)x

We expectd C @. This is all collected together in the postcondition:

Y

pOStR(P) — (v, B)
where

dom~ C (filter  [Actk] odom)x A B =<[A]P

k = toChReqsP

A = (/ormg )y

Observe thatd, P) satisfies the above post-condition, and the post-condition does not fully
define the resolution process, but rather serves to specify some well-formedness criteria for
the outcome. In particular, no mention is made of priority.

We can define an invariant on the output tuple B) which states that therialt s
occurring iny do not appear iB:

inv-Resltn : Resltn — B
inv-Resltn(y,B) = (Y/ormg )yNB =1

3.6 Input-Output Function

We now look at the actual (functional) relationship between the input and outputs for reso-
lution. We shall view resolution as repeatedly applying a resolution &) (o an initial
“output value”(#, P) until no change occurs:

R(P) = iterate (=) RS (0, P)

Note thatRS preserves the invariamv-Resltn. \We observe thaRS repeatedly transforms
the input as follows:

(0,P) = (M, P1) = (72, P2) = -+ = (7, P5) = (9, Pr)

The iteration stops when we rea¢h,, P,) such thatRS(v,, P,.) = (7, Pn). If we take
(70, Po) = (0, P), we can state th&®S has the following properties:
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1. If RS changes the input, thenis larger andP is smaller:

RS (i, B) = (Vit1, Piy1) = 7 Cyia AP, D Py

2. If RS does not change its input, théhcontains no active channels, and:

RS (Vs Po) = (7n, P,) = {IN,OUT } ¢ g (toChReqsP,)

The resolution step function applied to a tuple P) identifies activeprialt ~ channels
of highest priority inP and removes them, putting the corresponding channepeaat
information intoy:

RS(y,P) = (+,P')

The key feature is how’ and P’ are computed. First fron? we obtain the partial ordep)
and channel-centric view]:

p =toChRelP and &k =toChReqsP

We then identify all those channels that are active &amd then filter them to retain only those
which are minimal 4'):
A" = mins (filter  [Act.]p)

Given our representation of the partial order relationdy— PCh (rather than the more
traditionalP(Ch x Ch)) allows us to give a concise definition ofins :

mins p =<[("/ orng )p](domp)

We simply take the domain, and remove from it anything that occurs in any of the range
sets, thus leaving every channel which points to (lower priority) channels, but is not itself so
pointed to.
For every channel inl’, we extract and map them to the set of all gfni@lt s in which
they appear:
(+,P)=extry P A

Here “extr” scans through channelsA, using them to identify the relevaptialt sinP
which are then accumulated together with their channel in

extry P = (v,P)
extr v P (AU{a}) = extr (yU{a— <[H,|P}) (<[H,P) A
H,p = ac€(elems om*)p

Here< and< are parameterised using predicates, rather than sets.
We bring this all in together to obtain:

R(P) = iterate (=)RS (0,P)
RS (v,P) = extry A P
where R = toChRelp
r = toChReqs

A" = mins (filter  [Act[k]|R)

Note that the channel partial order is computed afresh for each iterati®sSof In each
iteration we simply extract all the highest priority active channels (i.e those lowest in the
ordering).
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4 Resolution Properties

We now mention a few properties that we expect to hold for resolution. In what follows we
assume throughout that
k = toChRelP

and
R P =(y,B)

and these properties hold if all variables are identically decorated (subscripts or superscripts).

4.1 Termination

R terminates

The key to proving this is to recognise the crucialerplayed byA’ in the definition of
RS. If A”is empty, then extr leaves its argument unchanged.

extry P (= (v,P)

In this case, théterate  function terminates. IfA’ is non-empty, then extr does at least
one iteration, which increasesand decreaseB. As P is finite, its reduction in size must
eventually terminate. This proof is an informal one, but basically boils down to an assertion
that the size o supplies the well-founded measure required to show termination.

4.2 Resolution Progress

As long as the set gbrialt s to be processed is hon-empty and contains active requests,
thenRS will always make progress by enlargingand shrinkingP. If P is empty or has no
active channels, theRS leaves its input unchanged:

(v, P) = RS(v.P)
= dom~' Ddomy A PPCP V A=y NP =P

Also:
(7,P) = RS(v,P) = (/o P(filter  [Acty)))P = A

wherex is derived fromP in the usual way.

4.3 Resolution Chains

Repeated application &S results in the following (finite) chain:
(0, F) = (0, 1) = - = (3, B) = -+ = (m, Po)

whereRS (v, Bn) = (Vn, Pn)
So we can define an ordering:

(v, P) =2 (Y, P) = Tn e (7,FP)=RS"(y,P)

An open question: can we find,, P,) and(,, P,), such that neithefry,, F,) =< (7, B),
or vice versa, but there exists’, P’), and numbers andm such that

(7, P") = RS"(Ya, P,) = RSy, Py)

If not, then each member of the chaih 7)) — --- — (v,, P,) is uniquely determined by
the first element, and hence Bby.
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4.4 Resolution Invariant

The set of alprialt s present is invariant under ti&S operation. We can define the set of
prialt s present as:

pAltOf(y, P) = PU (°/ orng )y

We then assert that:
PAItOf(v, P) = (pAltOf o RS)(~, P)

We can extend this to the overall resolution process by asserting:

R(P) = (v, P") = R(#, pAltOf(R(P)))

4.5 Resolution Validity

We can define a predicate which determine whétedin structure is valid, namely that it is
the result of iteratingkS a finite number of times on a starting resolution structure with no
mapping and a set referring to allialt s present:

isValid : Resltn — B
isvalid(y, P) = 3n e (7, P) = RS"(6, pAltOf(y, P))

4.6 Active Channel Screening

An active channel at a position inpialt  effectively removes the possibility of a subse-
qguent channel in thadrialt ~ being selected.

Actee Ami(pli]) =c=R (PU{p}) =R(PU{p[l...i})

where
k =toChReqéP LI {p})

It is this property which is lost if we admit cycles in the priority relation and then allow for a
non-deterministic breaking of such cycles—consider breaking the above juspafterhe
entrypli+1] (if it exists) is no longer “screened” by thith entry and in fact becomes minimal
in the new relation.

4.7 Disjoint PriAlt Groups

If we have two disjoint collections girialt s (channels distinct) then we can resolve them
together or separately.

dom/‘ilmdomlﬂg :(Z):>R(P1|_|P2) = (")/1|_|’)/2,Bl|_|B2)
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5 Compositionality of prialt
In order to achieve full compositionality, we need to find an operaguch that
R(PUQR) =R(P){R(Q)

This property is necessary in order to provide a denotational semantics, and makes it much
easier to produce a set of useful laws for reasoning about Handel-C programs.

It turns out that this is very easy to achieve, at least in a technical sense. Given the output
of a resolution, we can use pAItOf to give us the original input data, so we can defsie

(7, P') £ (0", @) = R(pAItOF(y', P') U pAltOf (o', Q"))

This definition, while technically correct, seems unsatisfactory, in the sense that it involves
taking both resolutions, undoing them, throwing all the origjpprélt s back into the pot,

and redoing the entire resolution process again. This idea that composing resolutions involves
retracting previously granted requests seems a little unsatisfactory.

However, as observed in [14], when processes are combined such that relative priorities
get changed, then events accepted by the combined process my be different from those ac-
cepted by the individual process. This is in fact inherent in the whole concept of priority.
Consider the following example:

SRR

In both cases, channelhas highest priority, but is inactive, so chanrnteésdc are selected:

R(P) = ({br{{al,b?), (o)) }},0)
R(Q) = ({er{{a?,¢?),{c) }},0)

However, when we combinE and(:

(al,b7)
PUQ = (aé.?b,!Z?>

{eh)

we find the channet is now active, and removing ifgrialt s from the pool results in
channel$ andc being inactive, when the leftoverialt s are considered:

R(PUQ) = ({a— {{al,b7),(a?,¢?) }}, { {b), (c)) })

It is clear that the phenomenon of retracting previously offered events in the light of new
priority information resulting from the introduction of new processes is an inherent aspect of
priority itself.

We are forced to accept that priority requires, in principle, that we effectively re-compute
our resolutions every time neprialt s are added. However, another question of interest
arises, regarding the possibility of being able to do some form of incremental adding and
re-resolving, and the circumstances under which this is possible. Unfortunately it clear that
very small additions to a large collection pfialt s can have potentially large effects.

To see this consider a large collectionpsfalt s where the active channels happen to be
separable into two disjoint sets such that any channel is cited only in one or other set but not
both. In effect we have two independent setpoélt s. Let us also assume that all the
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channels are totally ordered within those disjoint subsets. All we have to do is to add one new
prialt  which ranks the highest priority channel from one subset as lower than the lowest
priority channel of the other subset to completely alter the ordering relationship. It appears
very difficult to handle a case like this without re-computing the resolutions for the entire set
of prialt  s.

6 Conclusions and Future Work

We have described a formal process for resolyriglt ~ communication requests, suitable

for handling the type oprialt s found in the Handel-C programming language. We have
shown this process to be compositional in nature, at least in a technical sense, and we have
described some key properties.

The first task to be done at this stage is to integrate this material with the existing se-
mantics for Handel-C [10, 11] withouygrialt , and then to use the denotational semantics
to validate a collection of useful language-level laws for Handel-C. The long term goal is
to develop a development methodology for deriving Handel-C programs from appropriate
specifications. This involves the development of a suitable refinement calculus, which will
be integrated into the unifying theory of Hoare & He [17], using @ircus refinement cal-
culus [18].

On a more speculative note, we believe that it may be possible to encode a semantics of
Handel-C in standard CSP, by using the functional language component as found in machine
readable CSP (see [19, Appendix C]) to encode the resolution. This would use a mechanism
of first lodging and then resolving requests similar to that described in [10] fopnait-
communication. The reason that the extra machinerg &P might not be required is
simply the constrained deterministic nature of Handel-C. We do not see this as being possible
for prialt  in a more general setting, as described in [4]
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A Notation and Definitions

in Handel-C

We provide a brief glossary of notations and definitions of the less fanWIvi* notations
used in this paper.

Symbol Description Examples
# Cardinality

Pf Set Mapping Pfay 2} ={f(2). f(y), f(2) }
elems Sequence Elements elems (b,a,c,a) = {a,b,c}
len Sequence Length

I Sequence Mapping Pf(z,y.2) = @),/ (y), ] 2))
5 1th Projection mi(al, .. Q... a,) = q
oli] Sequence Indexing

U Map Extension

T Map Override

dom Map Domain

rng Map Range

p(x) Map Application (lookup)

*/ Set or Sequence Reduction /(3,5,4) =12
TC Transitive Closure Operator

order Sequence to Total Order

acyclic Acyclic Predicate

filter Sequence Filter

<[9] Map Removal w.r.tS <[{a,c}{a—1,0—2,c— 3} ={br— 2}
mins Minimal Elements of a P.O.

Given any binary operator : A x A — A and an arbitrary indexing s&, we “index”
the operator, calling it» : (X — A) x (X — A)— (X — A) and defining its action so that:

pl{z — a},

if z ¢ domp

jaC) {x»—>a}={ pwt{r— plx)xa}, if z€domp

Effectively x has been “lifted” from acting onl to acting onX — A, essentially operating
on the map range elements.

The iterator applicationerate
the before and after values to determine when to stop:

P f xrepeatedly applies to x and useg’ to examine

iterate : (AxA—-B)—-(A—-A)—-A—-A

iterate P fx = leta = f(x)

inif P(x,2') then 2’ elseiterate P f 2’



