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Abstract 
This paper describes ongoing wor·k in developing a 

compositional tr·ace-based semantics and pr-oof system for· 
a real-tirrw language. The serrw.ntics models distrilmted 
processes communicating over asynchronorts FIFO com­
munication channels. Sending processes can specify 
time-out periods for· individual messages. Messages not 
n:ceived within their· time-O'IJ.t per·iod an; 'lost'. Pmgmm 
behavior is modeled as tnu:es of coents, induding events 
(.mch as asynchronorts m essages) which occ1tr after ter­
mination. The proof system uses specification triples 
with explicit var·iables for time and progmrn tmces. 

1 Introduction 
This paper describes ongoing \York in developing a 

compositional trace-based semantics and proof system 
for a real-time language. The semantics models dis­
tributed processes communicating over asynchronous 
FIFO communication channels. Sending processes can 
specify time-out periods for individual messages. IVIes­
sages not received within their time-out period are 'lost'. 

Additional work in real-time asynchronous messagc­
pa.'iSing includes [4, 2]. These works model asynr:hronous 
message passing using explicit data structures such as 
FIFO queues. In contrast, the approach presented here 
uses a different method - associating timestamps with 
individual messages [7] and modeling messages as events 
which occur in the 'future', i.e., after a send r:ormnand 
has completed execution. 

Using a trace semantics \vith future events eliminates 
the need for additional data structures to model commu­
nications channels. Furthermore, the semantics of mes­
sage time-out can also be defined in a straightfonvard, 
compositional \vay. 

Our method is used to define a dcnotational semantics 
for a CSP-like language in the style of the synchronous 
real-time semantics of [6, 8]. Due to space requirements, 
the presentation will be at an informal level, with formal 
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definitions omitted. A more formal presentation will be 
found in a forthcoming paper [12]. 

2 Language 
The programming language includes a guarded com­

mand (v>'ith an optional time-out arm), a delay state­
ment, iteration, and parallel composition. Variables 
are not shared between processes. Processes cornrnuni­
r:ate along unidirer:tional asynchronous channels which 
link two distinct processes and messages are received 
in the order sent. However, messages have a sender­
specified time-out period and messages that arc not 
received within their time-out are removed from their 
r:hannel and are lost. 'Ve will use the tenn FIFO to 
denote traditional first-in first-out ordering modulo any 
lost messages. 

The syntax of the programming language is given be­
low \vhere c, c; are channels, :r, :r; are variables, n is a 
natural number, and b; and e are boolean expressions 
and numerical expressions, respectively. 

P ::=skip I delay e I :r := e I c!(e1,e2) I c?:~; I 
r1; r2 1 c 1 * c 1 P1lfP:z 

G ::= [ ~7=1 b; --t S; l I 
[ ~:~ 1 b;; c;?:r; -+ Si ~ b,+l; delay e-+ Sn+l ] 

Since one of the contributions of this work involves de­
scribing the semantics of sending messages with time­
outs and composition, we describe the send command 
first, and then briefiy describe the receive command and 
parallel composition. In the discussion belmv, several 
constants of the form Csub arc used to denote strictly 
positive time durations. 

Koymans et al [9] divide an asynr:hronous message 
transmission into five stages. Only the first stage in­
volves the actual send command the rest are waiting for 
transmission, transmission, arrival, and receipt. Later 
work by other authors [4, 16] develops a real-time corn­
positional trace semantics and proof system for asyn­
chronously communicating processes based on Hooman's 



work for synchronous real-time processes [6]. However, 
these semantics assume zero transmission time, i.e., a 
message can be received immediately upon termination 
of the send command. 

\Ve generalize asynchronous sending to the more real­
istic case of a non-zero transmission time. Furthermore, 
we allmv senders to specify a time-out period for individ­
ual messages. The command c!(c1 , c2 ) (asynchronously) 
sends the message e 1 on channel c with a time-out of e 2 

time units. All send commands execute for Csnul time 
units. 

A message becomes visible (and therefore receivable) 
to the receiving pror:ess C:mu time units after the send 
command has begun execution. Thus, C:nnd includes 
both the send command execution and the transmission 
time. Once a message becomes visible to a receiver, it 
remains visible until one of two events occur: 

• The message is received, or 

• The time-out period elapses and the message is lost. 

The informal meaning of some other commands is 
given below: 

• c? x blocks (possibly forever) until a message is vis­
ible on channel c and then transfers the message 
into :r:. Ttansferring the message requires C.recv time 
units. If more than one message is visible, the mes­
sage \Vhich has been visible for the longest time is 
received. In other \vords, messages arc received in 
FIFO order. 

• P, liP~ is the parallel execution of P 1 and P1 in which 
each process executes on a separate processor. This 
is the maximal parallelism assumption of [13] used 
in [8, 6, 16]. 

3 Semantics 
The semantics employ the concepts of states, events, 

tmces, and models. A state is a mapping from program 
variables to values. The value of an expression e in state 
a is denoted by a(e). 

An event is an observation of program activity at 
some point in time. The events used to model com­
munication activity are listed below. 

• c?'! indicates that a process is waiting for a message 
on channel c. 

• c!!(v, 7) indicates the presence of a visible message 
on channel c \Vith value v and \vhich became visi­
ble at time 7. The time 7 is used to specify that 
messages are rer:eived in the order they appear, as 
well a .. c; to distinguish between different or:r:urrences 
of the same message [7]. 

• ( c, v, 7) indicates the receipt of v on channel c and 
v was first visible at time 7. 

• c * (v, 7) indicates the time-out of v on channel c 
and v was first visible at time 7. 

A trace is a pair (t, 7) consisting of a (possibly infinite) 
time T and a mapping t from r:ontinuous time values to 
sets of events. Function t represents the events occurring 
over time and T represents the time at \vhich program 
execution stops. Certain events may be observed in the 
future, after a pror:ess has finished execution. Specifi­
r:ally, the effect of a send command (a visible message 
and eventual communication or time-out) is represented 
by future events. 

A model is a pair (rJ, t) 'vhere t is a trace and rJ is a 
state. It represents a computation of a program where a 
determines the value of all variables when the program 
terminates. If t has infinite length, then a is irrelevant. 
The meaning of programs is defined as a mapping from 
an 'initial' model to sets of 'final' models. The set of final 
models represents the possible computations of the pro­
gram \vhen executed following the initial model. We give 
definitions below for the send command and for parallel 
com position. 

The meaning of a send cormnand is defined as the 
union of t\vO possibilities: 

• The message is received before c2 time units have 
elapsed, or 

• The message is visible for c2 time units and is then 
removed from the communications medium, i.e., the 
message is lost.. 

The meaning of a send command contains a trace for 
every possible time of communication for the first possi­
bility and one trace for the second. 

The parallel r:omposit.ion of two programs is essen­
tially the parallel combination of each program's respec­
tive traces. However, we must exclude parallel combina­
tions which cannot occur using three conditions: First, a 
process executing a receive statement. never blocks \vhen 
there are visible messages (maximal parallelism). Sec­
ond, when t\vo programs are executed in parallel, their 
traces must be consistent with respect to communica­
tions along their shared channels. Finally, a process al­
ways receives messages in FIFO order. 

The semantics of parallel composition is then defined 
as every possible parallel execution of traces subject to 
the three requirements above. 

4 Proof System 
The proof system uses specification triples {p} S { q} 

to express properties of programs. Postr:ondition q is 
interpreted over all models, including non-terminating 
computations. 



As in [6], the assertion language uses a special vari­
able, here denoted T, to represent time. In addition, 
there is a special trace variable II which denotes the 
continuous trace of events in a program. Thus, the as­
sertion c?? E II(5) is interpreted as "there is a process 
waiting on channel c at time 5." 

The use of II is in contrast to [6] in which the trace 
is implicit in the assertion language. Using an explicit 
trace variable permits baclnvards proof rules using syn­
tar:tic substitution of trace expressions. 

Below is the proof rule for the send command. The 
operator e is the pointwise union of trace expressions. 
The trace expression scnd(c, c1 , c2 , r) is interpreted as 
the continuous sequence of events that would be ob­
served in which a message was sent at time 0 and re­
ceived (or lost) at time T. 

p--* \IT E [T + Cxmit , T + Cxm it + c2] 
q[(T + Cscnd)/T, (II ffi scnd(c, c1, c2,T))/II] 

The proof rule for the receive command is very similar 
to that for send. 

p--* 'r:/v, To, T E [T, oo] : 
q[(T + Crecv)/T, (II ffi rccv(c, v, T, To))/II, v/;t] 

{p} c'!x { q} 

The proof rule for parallel composition is given below. 
As in [17], the rule is only valid if all references to II in 
the assertions are in a restrir:ted form IIrsd \vhere cset is 
a. collection of channel names. In essence, for the rule to 
be valid, the restricted channels of q; must be a subset 
of those in S; to prevent interference bcbvccn assertions. 
There is a similar restriction on the variables of q;. 

{pi}S1 {qt}, {p2}S2{q2} 

{Pl Ap2}S1 11 s2 {q} 

for q = ::Jt1, t2 .qi[ti(T] A IJ2 [t2 /I] AT = ma:~:(t1, t2). 

There is also an axiom for parallel composition which 
introduces the three conditions for parallel composition 
explained in Section 3. As in [6], these conditions arc 
known as wdl-fonnedness r:onditions. 

{truc}S1 II Sz {TYFcset}, 

\:Vhere H'Fcst:t = iVoll'ait, 5 t:t 1\ Pifocst:t A Agreecst:t 
and cset coo-; clwn(SI II s~). 

The No l'V ai tc set assertion specifics that a process 
never waits to receive on a channel c E cset \vhile a 
message is visible on c. Fifor:sf'l asserts that messages 
are received in the order sent and A.gree,.8 et asserts that 
sl and s2 'match' on communications along channels in 
csct. As an example, N oTVaitcsct is defined as: 

'r:/c E cset,v,r,r0 . c!!(v,r) E II(To) =? c'!? (j: II(r0 ) 

To r:ombine the proof rule and a .. xiom for parallel corn­
position, it is useful to have proof rules for conjunction 
and consequence. 

{pi} S {qi}, {P2} S {IJ2} 
{Pl A P2} S { q1 A q2} 

p ~ p'' {p'} s { q'}' q' ~ (j 

{p} s {q} 

Finally, we present a fe\v of the more basic rules and 
axioms. Below are the axioms for skip, delay, and as­
signment. 

{p} skip {p} 

{p[(T + c)/1] AT< oo} delay c {p} 

{p[(T +Cassiyn)/T,e/x] AT< X·};r := e{p} 

The rule for sequential composition is straightfor­
ward: 

{p} sl {r}, {r} s2 {q} 

Due to spar:e requirements, we have omitted some of 
the rules, sur:h as the rules for guarded commands. 

5 Conclusion and Future Work 
This paper has presented ongoing work in developing 

a compositional semantics and proof system for asyn­
r:hronous message passing with time-outs. The work 
models program behavior as traces of events, including 
events that occur after program termination (such as 
asynchronous messages). The proof system uses speci­
fication triples \vith explicit variables for time and pro­
gram traces. 

Other work in real-time formal methods research in­
cludes predicate transfer with time-outs on sending and 
receiving [3], and proof outlines in real-time shared vari­
able settings [15, 14]. A process algebraic approach in­
duding resourr:es and priorities is used in [5], while state 
machines are used in (10, 1]. 

Future \Vork will involve finishing the soundness proof 
and developing a completeness proof for the system. \Vc 
arc also mechanizing the system in the PVS theorem 
prover [11]. 
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