Towards a formal semantics for paraML

Peter Bailey

Department of Computer Science
The Australian National University
Canberra ACT 0200 AUSTRALIA

Peter.Bailey@cs.anu.edu.au

Abstract

The original design and implementation of paraML,
a parallel extension to Standard ML, was an organic
exercise in language development, responding to the
suggestions of users and addressing performance
limitations. A complete redesign of the language
extensions has taken place over the last year. In
contrast to the previous experiment, the redesign has
taken place simultaneously with the development of
a formal semantics for the extensions. The
implementation of the new language is in progress,
and has been simplified by the semantic separation of
core and derived extensions. The semantics define a
A calculus with rules for sequential and parallel
evaluation. The core extensions of paraML are
defined by the parallel evaluation rules, which
describe how processes and communication ports
are created, and how wvalues are passed from
processes to ports. Further work is required to
develop an appropriate model of evaluation traces
and properties of the configuration of processes, and
to prove the type soundness of the calculus.

Keywords Formal semantics, concurrency,
parallel languages, ML.

1 Introduction
The language paraMU2]

evaluate against both shared and individual

environments, but it is targeted much more at

distributed computation and must address such
problems as node failure. This paper explores some
steps in the development of a formal semantics for
paraML. The development has taken place

simultaneously with a redesign of the language,

reflecting a more principled understanding of the

requirements for parallel evaluation.

The formal semantics loosely follows the style
developed by Reppy for CM[13, 14] (a concurrent
extension of ML), which in turn is based primarily
on the style developed by Wright and Felleisen [16]
This style of operational semantics is most useful for
reasoning about entire programs, not about program
fragments. As such, it assists in providing a close
modelling of actual program execution and
requirements on the compiler/runtime system for
paraML. The development of a theory to enable
equational reasoning about program fragments is
more easily managed with a labelled transition
system semantics, as Ferreira, Hennessy and
Jeffrey [6] have done for CML. Their work also
proves an equivalence between their labelled
transition system semantics and Reppy’s formalism.
A similar approach should be possible for the
semantics presented here.

The issue of formally establishing the type
soundness of the extensions is not presented in this
paper. Instead, the extensions are given a brief static
semantic treatment in the notation of the initial basis

is an extension of of Standard ML in Section 2. The core of the work

Standard ML [9] and has been designed for use withs presented in Section 3, which defines the
multicomputer systems. This experiment is th&equential and parallel evaluation relations Xgy.

second iteration for the design and implementatiomhis calculus models the essential properties of the
of paraML. There was never a formal semanticextensions of paraML. Some future directions of the

developed for the original design

andwork are presented in Section 4.

implementation of the language, which was . )
constructed with a pragmatic eye to performance ari8l Static semantics
addressing the desires of users. Unlike most other

extensions to ML, in paraML each process evaluate
against a unique environment. The language Facifé!

e extensions that paraML makes to ML
compass seven operations for process creation and

[15] (a distributed extension of ML) is the closest jffoMmmunication. Two new types for process names

spirit to paraML, since it allows processes td*
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nd port names are also required, together with some
exceptions for indicating error conditions. The static
semantics for these additions can be captured
simplistically as extensions to the initial static basis
of Standard ML as defined if®]. Ultimately, it is



var > O
process — unit - ProcessName
port +— ['_a.ProcessName - '_a PortName
execute — ProcessName x (unit - unit) - unit
self_id  unit - ProcessName
send +— [a’aPortName x’a - unit
recv — ['a.’a PortName - 'a
probe + [a.’a PortName - bool
Figure 1 - extensions to the initial value environment.
tyeon B {0, {con1 = 01,...,conn > On} } (120)
process — {ProcessName, {process > unit - ProcessName }}
port — {PortName, {port +— [O’'_a.ProcessName - '_aPortName }}

Figure 2 - extensions to the initial type constructor environment.

desirable to formulate the issues involved in th&
static semantics uniformly with those of the dynamic2-3 New type constructors

operational semantics; this will involve defining aThe initial type constructor environmeﬂ’EO is
polymorphic type discipline fokpy and proving that  extended with the definitions given in Figure 2.
it is sound. These encode th@ocess andport constructors,
which are the only two operations which generate
2.1 New types objects of new types in paraML. Note that the
The two new types ar®rocessName for the PortName type is an imperative one (otherwise
names of processes aRdrtName for the names of referred to as weakly polymorphic - denoted by
ports. The new definition of the set of initial type'_a ), in order to provide a degree of polymorphism,
namesl is: whilst still retaining safe static typing of

Tp = {bool , int ,real ,string , list communications.
ref , exn, instream , outstream

7

7

2.4 New exceptions

ProcessName , PortName}

2.2 New operations

The new operations can be specified as extensions

the initial value environmenVE, with the nonfix

The domain of the initial exception environmeéit,
is the set of basic exception nam&agExName).
BasExName is extended with the following
exception constructors: NoPortCreated

ProcessExecuting ,NoSuchProcess ,
NoSuchPort , PortNotOwned These
exceptions are used to indicate error conditions in
the use of the extension operations, and are typically
arameterised by the process name or port hame
sed in the operation that generated the error.

definitions given in Figure 1. These operation
perform the following actions:

1. process- create a hew process, and return it
name.
port - create a port on a process, and returﬁ
its name.
J[ek:(ueﬁlgte - request a process to execute & Dynamic semantics
self_id - allow a process to determine its ownThe following section characterises the dynamic
name. semantics of paraML programs by introducing a
send - asynchronous|y send a message to garallel evaluation relation for a calculus Ca'm.
port. This work draws in part on the work of Reppy [13]
recv - allow a process to perform a blockingin developing an operational semantics for CML.
receive from one of its ports. The section proceeds by providing some basic
probe - allow a process to query whether gdefinitions in Section 3.1, followed by a brief
recv operation would be successful or not. Overview of sequential evaluation in Section 3.2.

The parallel evaluation relation is defined in Section

2.

3.



x 0O VAR variables
c 0O CONST = BCONST U FCONST constants
BCONST = {(), true, false, 0,1, ...} base constants
FCONST = {+, -, ...} function constants
ex O EXNNAME exception names
n O PROCESSN AME process names
o O PORTNAME port names
e O EXP expressions in the language
v O VAL OEXP values in the language
Figure 3 - Basic syntactic definitions.
e = 0 value
I e & application
I (e1.2) pair
I letx= e in e, let
I exception x in e exception
I raise e e, raise exception
I e; handle x e, exception handle
I exn exception packet
[ process e process creation
I porte port creation
I execute e execute request
I self id e own process name
I send e send value to port
I recv e receive value from port
I probe e test ability to receive from port
exn = [ex, 9] exception packet
v ou= c constant
| X variable
I (v1.1) pair value
[ Mx(e) A-abstraction
I ex exception name
I I process name
I a port name

Figure 4 - Grammar for expressions, exceptions and values.

3.3, and some remarks on the properties afxceptions, references and continuations are not
configurations of processes in Section 3.4. incorporated. Wright and Felleisen [1@fesent
Reppy’s work describes the syntax, sequentialarious extensions to tha, calculus, which
evaluation and concurrent evaluation ®y, a progressively build up to encompass all of these
concurrent extension of the calculus of additional language features in ML. Reppy uses a
Plotkin [12]. It also draws on the chemical abstractdifferent notation for exceptions and shows that
machine model developed by Berry and Boudol [5]threads and channels can be used to implement
The Ay calculus is simpler than ML in that references and recursion. The goal in this work is to
define a parallel extension 2g,, calledA py, which



E = []l EelovE | (Ee)!l (w.E)I
letx= Eine | raise Ee |raise ex E |e handle ex E | E handle ex v |
process E | port E | execute E | self id E | send E | recv E | probe E
Figure 5 - Grammars for contexts.
Elcv] - E[d(co)] A pv-d)
E[Ax(e) o] - Ee[x 2]l A pv-B)
E[let x=vin ¢] - Ele[x > o] ()\pv—let)
E[raise ex v] - Ellex, vl] ()\pv—raise)
E[lex, vl handle ex v'] - E[v" v] ()\pv—handle)
E[lexq, vl handle ex, v'] - Ellexq, vl] exq#ex, ()\pv—reraise)
Ellex, vl €] - Ellex, v1] )\pv exception
E[v [ex, vl] - Ellex,dl] propagation
E[([ex, vl.e)] ~  Hlex, vl] rules
E[(¢'.[ex, v])] - Elex, vl]
E[let x=[ex, v] in ¢] - Ellex, v1]
E[raise [ex, 7] e] ~  Hlex, 1]
E[raise ex [ex, v1] - Elex,dl]
E[e handle ex’ [ex, v1] - Elex,dl]
E[process [ex, v]] - Elex,dl]
E[port [ex, v1] - Elex, dl]
E[execute [ex, v]] -~ Ellex, 7]
E[self id [ex, v]] - E[lex, v1]
E[send I[ex, v1] - Elex,dl]
E[recv [ex, v1] - Ellex, vl1]
E[probe [ex, v]] - Elex,dl]

Figure 6 - Sequential evaluation relation.

will be used to model the dynamic semantics ofatter are irreducible terms, but are not values.
paraML. Eventually, this may also be used irException packets and exception names are terms
proving the type soundness of paraML’s extensionghat appear as intermediate forms, and hence do not
- appear in programs. Notice that the operations of
3.1 Definitions paraML are defined as expressions, not function
The Apy calculus is split into sequential and paralleFonstants, since they will be given meaning by a
evaluation relations. The sequential evaluatioRarallel evaluation relation, not by a sequential
relation defines what goes on inside a process, agyaluation relation like the other function constants.
the parallel evaluation relation defines howAt present, references and continuations are not
processes come into existence and how thd{corporated into the language; it is intended that
exchange information. The sequential side of th&1€y Will be in future. The syntactic classes are all
language is in the standard applicative style, witd€fined by the grammar given in Figure 4.
constants, variables and call-by-value higher-order NOte that the type system will guarantee that the
functions; this is given formal definition in tHg, arguments to the operations involving processes and

calculus This has been extended to include pairROTtS are of the correct type. The free variables
and parameterised exceptions to characterise tfe/(€)) and bound variables (B¥j) of an
extensions faithfully; exceptions are defined as i§XPression are defined in the usual way, etrand
Reppy [13] Basic syntactic definitions are given inA binding variables with the restriction thiat does
Figure 3. not bindx in e, only ine,. The standard techniques
The three syntactic classes of terms aréf Barandreg{4] are used to keep bound variables

expressions, values and exception packets. Tigistinct from free variables in different expressions.



X = {expex,...exy} UEXNNAME  exception names
g = [ov1,v,...,o4] 0 QUEUE queues of values
(oy) = {01,02,...,0/\/} a set of port names
Qon) = {0,74,,02-92,....ON—>N} a set of maps from port name to queue
such that dom(Q(ay)) = (oy)
es [ exEle]x|[v] evaluation states
p=,Q(oy);es0 O PROC process states
x,P O Fin(EXNNAME),Fin(PROC) process configurations
Terminal (P) O P, such that [;Q(oy); es (I Terminal(P) iff es =[v]
Awaiting (P) 0O P, such that [@tQ(oy);es (1] Awaiting(P) iff es =€

Figure 7 - Syntactic definitions for exception names, queues, evaluation states, and process
configurations.

The set VL ° is the set of closed value terms - thos&he machine is embodied at any one time by a
without any free variables. configurationwhich consists of finite sets pfocess
32 S tial luati states exception names and channel names. The
) equental evaluation same general approach is taken oy, - each
The sequential semantics afypy are basically process is tagged with a unique name; similarly all
identical to those presented fdy by Reppy [13] ports are tagged with a unigue name. A process
and Wright and Felleisen [16]We refer the reader state is given as the 3-tuple consisting of the process
to these works for more detailed information, andiame, the current state of any ports attached to the
outline the main issues below. The semantics of thgrocess, and thevaluation stateof the process.
sequential function constants is given by th&agging each process state with a unique process
definition of the partial functiord, which applies name avoids having to use the multisets of a
function constants to closed values and producescaemical abstract machine. As in Reppy’s model,
closed value: exceptions are bound in an implicit global
0:FCGONSTXVAL® - VAL [0 environment that forms part of a process
{exceptionx in raisex v|v OVAL"°} configuration. This technique guarantees that
As mentioned before, evaluation of functions is callexception names are unique across all processes,
by-value with a leftmost-outermost ordering. Termslespite their ability to escape their binding site by
within the language are partitioned into evaluatiormessage transmission. The requirement of a global
contexts and redexes. The grammar for thenvironment for exceptions is unfortunate as they
evaluation contextsE (expressions with one have no bearing on parallelism; ideally onIy.process
subexpression replaced by a hole, denoted [jgf Nnames and port names would have constituted an
is given in Figure 5. The use of evaluation contexténPplicit global environment. Process configurations
prevents any possibility of capture of free variableshus consist of finite sets of exception names and
as the hole does not appear inside either of the tiR0Cess states. _ _
binding constructs. They also enforce the desired Communication in CML is synchronous; in
leftmost-outermost evaluation ordering. Filling theParaML, communication is asynchronous, and ports
hole with a redex produces a new expresdip, queue messages destined for a particular process.
The semantics of the sequential evaluatior his requires some additional notation which is used
relation is the smallest relation,, satisfying the L© capture the state of communication for a port.
rules given in Figure 6. Thi,-B andpylet rules The empty queue is given by [J; and the infix
result in substitution for the bound variable in the?P€ration @ is used to indicate insertion into a
redex expression. Raised exceptions are handled By€Ue- The normal semantics of queue operations
their dynamically closest handler. The majority ofifé _observed. The notation for port queues is given
rules are concerned with propagating exceptioH1 F_I'%ure 7'| . f be | f
packets through evaluation contexts to a surroundiqﬂ “a.ﬁ;’a uatlcf)n stat.e ol a process can be In Onlf 0
handler, at which point either thepy-handle or ree different orms..awaltlng_executlon to take
A reraise rules will be applied. place ((_jenoted bya), evaluating a term (_the_
pv” PP sequential evaluation contexts defined earlier in
3.3 Parallel evaluation Section 3.2); or having completed evaluation to a
) o ~basic value §]. Terminal processes of a
Reppy’s concurrent evaluation relation is builtconfiguration are those which have evaluated to a
around a chemical abstract machine model [Shasic value, andwaiting processes are those still
except without any heating or cooling trans't'onsawaiting anexecute request. Implicit in the



e- ¢
X.P+(mQ(ov);e) 0 x,P+(mQ(ac);€)

(Apv-seq)

exy
X,P+(mQ(av);E[exception  xin €])0 x +exP+({mQ(ow);E[d x> ex])

(A pv” ex)

n OPROCNP) O{ 73
X.P+(mQ(a);E[process () ])0 x,P+(mQ(av),E[m])+(m';0;¢)

0 pv-process )

(Apy-self_id)

X.P+(mQ(o):E[self_id)  |)D x,P+(mQ(av);E[n])

Figure 8 - Parallel evaluation rules for: a) sequential evaluation; b) exception binding; c) process;
d) self_id.

definition of possible evaluation states is thathe use oftopy anduncopy to adequately account
processes will only service at most ageecute for the semantics of their transmission.
request. The definitions for these attributes of The general form of the parallel evaluation rules
process configurations are given in Figure 7. is to show preconditions above a horizontal line.
The empty set is given bil. The usual set Below the line are two configurations connected by
union rule for the left associative operator + is giverthe parallel evaluation relation, corresponding to a
so that P+p=P O{p}. Similarly with transition between the two. One or two processes
Q(opn)*+(Oni—An+1). The set of process namesare selected on the left-hand side of the relation, and

from the process states of a configuration is given 48€ir process state is given in full. ‘The remainder of
PROCN(P), and the set of port names is given ad'€ Processes in the configuration are unaffected by
PORTN@). The initial configuration of a paraML € transition.

system is the singleton process s@ip{l;E[e]},  3.3.1 Sequential evaluation

where no port names have been allocated.  Thge first rule in Figure 8.a states that sequential
initial process name is identified & to distinguish ¢\ 31yation can be deduced in the presence of parallel
it from processes created by thprocess  gygjuation. Note that # = E[e;] and €' = [v], then
operation. This configuration is well-formed. after the parallel evaluation rule has completed,

__The symbol for the parallel evaluation relation i procN(Terminal)). The selected process in
is[J . Evaluation proceeds by transitions betweeg,is transition is identified byt

configurations, according to the parallel evaluation

relation rules. For some of the rules, particularly3.3.2 Exception binding

those connected with thexecute , send and Creating a new exception name is given meaning in
recv operations, there are an additional twahe parallel evaluation rules as the new exception
operations needed. These operatiom®py and name must be unique across the entire process
uncopy - are used to capture a value complete witonfiguration. The new name is added to the
any information needed to interpret it in a differenimplicit global environment of exception namgs
evaluation context. (They are not new expressiongnd substitution of the new exception name for the
as they are not part of the language, just a techniqugentifier is performed, as given in Figure 8.b.

for describing value transmission.) Thus topy

operation takes a tuple argument consisting of aR-3-3 Process

evaluation context and the value itself, and producd@rocess creation requires picking a new process
a new value. When these new values are supplied@@me and creating a new process without any ports
argument to anuncopy operation (for example, as initially. The evaluation state of the new process is
a result of arecv operation on a non-empty port awaiting an execution request to be sent. The
queue), they are disinterred from their sourcevaluation rule is given in Figure 8.c.

evaluation context and placed in the hole of th% .

current evaluation context with appropriate3-3-4 sélf_id

alterations. Since there are no free variables in Bheself_id  operation, given in Figure 8.d, is
copied closed value, there are no variable captugxtremely straightforward, simply filling the
problems. However, although references anévaluation context hole with the process identifier.
continuations are not currently part dpy, their

inclusion in the future is expected, and will require



o OPORTN@) O (1)
X.P+{mQ(aw);E[port )0 x,P+(mQ(ov)+(a [1);E[a])

(A pv- portl)

o' OPORTNP@) O (0v) O (0'v) es#[V]
X.P+(mQ(a);E[port 1))+ (m;Q(c'v);e9
0 x,P+(mQ(aw);E[c"]) +(m;Q(a') + (o > [1);e9

0 pv—portZ )

7 OPROCN(TerminalP))
X.P+(mQ(av);E[port 1])
O x,P+(mQ(cu);E[raise NoPortCreated )

(Apy-port3)

Figure 9 - Parallel evaluation rules for port.

7 OPROCNP) O{ 7
X.P+{mQ(c);E[execute( m.V)])+(m;Q(a'w);€)

0 x,P+{mQ(a);EP ]) +(m;Q(c"v)[(uncopy (copy E,v)D 1)

(A pv-execl )

7 OPROCNP) 0{ 73
X.P+({mQ(o);E[execute( m.V)])+(m;Q(c'v),E'[€])
O x,P+(mQ(o.);E[raise ProcessExecuting  m])+(m;Q(c'v);E'[€])

(A pv-exec2 )

m OPROCN(Terminalp))
Xx,P+(mQ(cv);E[execute(  1.V)])

O x,P+({mQ(cw);E[raise NoSuchProcess )

(A pv-exec3 )

Figure 10 - Parallel evaluation rules for execute.

3.3.5 port (Apvexec) is where an execution request is
9 P . . . accepted by another process; rubepgexecd

Port creation requires picking a new port name, angbscripes what happens if the designated process is

a new mapping in the designated process ffom P Fready evaluating some expression; and g~

name to queue. T_here are three basic situations: r Qec:«) describes what happens if the process

(Apvportl) describes what happens when th‘tnt)elongs to the terminal set of the configuration. The

designated process is the same as the port requesififee ryles foexecute are given in Figure 10.
rule (\py-port2) describes what happens when the

designated process is not the same as the pé¥8.7 send

requester; and ruleAy-port3) describes what There are three different rules for sending: ralgA

happens when the designated process belongs to 8&hd]) covers the situation where a message is sent

terminal set of the configuration. Note that the useo a port in the same process; rubgysend?

of a subscripted in denoting the new port name details sending to a port on a remote process; and

does not mean it exists in the set of port naragg ( rule (\p\-send3 is the error situation when the port

- the latter is a set, not a sequence. The three rulesiongs to a process in the terminal set of the

for the port operation are given in Figure 9. configuration. The use @opy in rule Apy-sendl)

3.3.6 execut e is important as it permits a uniform treatment of
values in a port’s queue by thecv operation. The

There are three rules also for texecute three rules for thesend operation are given in
operation. These cover the following situations: r”"?igure 11.



o OPORTNEP) O (O'N)
X,P+{mQ(ov) + (o - q);E[send ( g.v)])

0 x,P+(mQ(av) +(0 > g @(copy EV))ED ])

o' OPORTN@) O (ov) O (0'v) esz[v]

X.P+(mQ(av);E[send (0".v)]) +{m;Q(0"v) + (0" = q');e9
0 x.P+(mQ(aw);Ep ]) +(m;Q(a") + (0" - q' @(copy E.v))):es)
o OPORTN(TerminalP))
X,P+{mQ(ov);E[send (a.v)])
O x,P+(mQ(o.);E[raise NoSuchPort  a])

(A pv—sendl )

(A pV—sendZ )

(A pv—sendS )

Figure 11 - Parallel evaluation rules for send.

0 OPORTN@) O () g #]]
X,P+{mQ(av) + (0 > [VyVs,... w]);E[recv  a]])

O x.P+(mQ(ov) +(0 > [Va,...w]); Efuncopyvi))

0 OPORTNP) O (ov) O (0'v) g =[]

(A pvrecvl )

X.P+(mQ(av) +(a - [);E[recv a])+(m;Q(o’v),E'[send (a.V)])

(A pv-recv2 )

0 x,P+(mQ(av) + (o - [1);E[uncopy (copy E',W)]) +(7:Q(a");ED ])

o O(ow)
X,P+{mQ(av);E[recv a])

O x,P+(mQ(ov);E[raise PortNotOwned o)

(A pvrecv3 )

Figure 12 - Parallel evaluation rules for recv.

o OPORTN@) O (0v) g #[]
X.P+(mQ(o) + (o q);E[probe a])

0 x,P+(mQ(ov) +(a > q);Eftrue ])

o OPORTN@) O (ov) q =[]
X.P+(mQ(a) + (o q);E[probe )

0 x,P+(mQ(ov)+(0 - q);Effalse ])

o O(ov)
X.P+{mQ(cu);E[probe a)
O x,P+{mQ(o:);E[raise PortNotOwned a))

(A pv—probel )

A pv-probeZ )

(A pV—probeS )

Figure 13 - Parallel evaluation rules for probe.




such thatx,,P, 0 %, 0O ...0 XnPy. One

3.3.8 recv . !
. program may have many different possible traces for
There are three rules for receiving messages. T8 evaluation. A tracd is a computationif it is

first situation 1S Wheﬂ the named port has a NONAKfinite or if it is finite and the final configuration is
empty queue, in which case the first message {mplete. However this definition permits traces
dequeued, given in rulé\py-recvl). Rule Qpv  that are unfair - those in which some processes fail
recv2) is the most interesting rule yet, as it covergy make progress despite the fact that they are
the case where a processbisckedawaiting input  enapled. A computatiof is acceptableif it ends in
on a named port. Evaluation can only proceed i configuration that is complete, or Tf satisfies
there is a matching send to the same port. (Rulg ong process fairnessonstraints as defined in
(Apvrecv2) can be r:on§|dered superfluous, in thaIkwiatkowska’s survey of fairness issugg. This
the successive application of rulég,¢-sendg and  yefinition requires that any process that is enabled
(Apv-recvl) is equivalent to the actions taking placejnfinjtely often is selected infinitely often. The
but is included for completeness with respect to thgctions that can be taken by an enabled process are
state of a port's queue.) Rulky-recv3) covers the defined by the parallel evaluation rules and the
error condition, where the port is owned by anotheselected processes are those that are the subject of
process (or was before it terminated). The thregne of the transitions of these rules. In practice,
rules for therecv operation are given in Figure 12. with the implementation of this language it is fairly
3.3.9 probe straightforward to guarantee fairness properties due
o ) o to execution on a parallel computer. Also, the

to the rules for receiving, except that a simplgsynchronous sending semantics helps to ensure that
boolean truth value is returned. Error conditions arBrocesses once enabled can make progress.

again detected in rulé f~-probe3). The three rules
are given in Figure 13. 4 Future work

3.4 Properties of configurations At this point in time, not enough consideration has

It is useful to consider some properties abouf€en given to the meaning of a paraML program,
configurations and evaluations. A paraMLSiNCe many processes may compute to produce basic
evaluation proceeds by progressively transforming@lues. Also there is no account taken of the-side
the process configuration, commencing with th&ffecting nature of true parallel programs which may
initial well-formed configuration of {i;0; E[e]J, alter state in the form of output files or streams. The

where E[e] constitutes the program. Note that byProPosal of Mitchell [10]for identifying a main

examination of the definitions for parallel evaluationthread of computation, from which other processes

: . ) - are created, is an intuitively attractive approach. In
;g:ﬁ;;/ilrf])é’;ISSOV;:%uldformed ang,P0 X', P then the his work, the overall effect of the computation is the

1. . P is well-formed canonical_ vaI_ue produced by the main thread arrd
5 X,D X computa'tal\orr |§I deehmed tto'bet_cor.nplete V\;hgnt trlr)ls
' occurs. A similar characterisation is expected to be
3. PROCNE) O PROCNP) formally integrated with this work in the r?ear future.
4. PORTN(P) D PORTN(P) The formal definitions ofopy anduncopy are
Processes have been characterised accordingyiét to be complete. Earlier work explored a
their evaluation states as eithawaiting (prior to  characterisation of the operations in a fragment of
execution) terminal (after evaluation to a closed ML, but this was not wholly satisfactory. The
value), or evaluating some term. If a process igeatment of exceptions and references proved to be
currently unable to proceed with evaluationparticularly problematic. It is clear that tig,-
(typically, it is seeking to apply rulé \-recv2), but variants eliminate the problems associated with
there is no matching process prepared to sendtmnsmission of closed values and will provide a
value to its desired port), then it is termigldcked more rigorous and appropriate abstraction for the
The set ofready or enabledprocesses (denoted transmission of references and continuations
ReadyP)) consists of all processes that are noPetween evaluation contexts.
awaiting, terminal, or blocked The following Lastly, it would be intriguing to attempt a
definitions about a process configuration then hold. ranslation of the paraML extensions into the PICT

1. If PROCN(P) = PROCN(Termina) + language [11], an implementation of the
Awaiting(P)), then the configuratio ,P is  Tcalculus[8]. Such a translation would be valuable

complete for the insights into how a mobile process calculus
- ; PR differs in explaining parallel behaviour from a
2. If Read = [ and the configuration is not .
Comple):(ep) then the configl?ratioxr P is A calcul_us extension. Work b_y Amad]d] on the .
deadlockéd ' semantics of Facile has provided some interesting
. L . leads to explore in this respect. As explored in our
3. Otherwise, the computation is running. g4yjier work [3] we consider the use of a fully
A trace is defined as a sequence (possiblygncurrent language such as PICT as the
infinite) of configurationsX1,P1, X2,P., ..., XxPn] - “sequential” language within processes to be



essential for both implementation and semantic
aspects of parallel language development. The
integration of parallel and concurrent semantics
would pose some challenging problems.

5 Conclusion

This paper has outlined the current directions
towards formalising the semantic basis of the
language paraML. The separation in the semantics
of typing issues from runtime evaluation follows that
expounded for Standard ML. The type rules for the
language are captured in a slightly informal manner
as extensions to the initial static basis of Standard
ML. In contrast, the dynamic semantics of paraML
has been described through the definition of a
A calculus extension calledipy. The rules for
reduction of terms in this calculus are captured by
sequential and parallel evaluation relations. The
rules for the parallel evaluation relation capture the
basic operational semantics of how processes and
communication ports are created and how values are
passed from processes to ports within programs in
the paraML language. The work is significant as
paraML does not rely on shared environments for
the execution of processes, making it particularly
appropriate for characterising such types of
languages on the high performance multicomputer
systems found today.
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