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A SOUND AND COMPLETE HOARE AXIOMATIZATION
OF THE ADA-RENDEZVOUS
(extended abstract)

Rob Gerth!
Department of Computer Science, University of Utrecht
P.0. Box 80.002, 3508 TA Utrecht, the Netherlands.

0. ABSTRACT.

A HOARE-axiomatization is constructed for the ADA rendezvous, embedded in a subset
of the ADA concurrency section. The well-known CSP proof system of Apt, Francez and
de Roever is taken as a starting point. We prove the axiomatization to be sound and
relatively complete with respect to partial correctness properties.

1. INTRODUCTION.

We study the basic synchronization primitive - the rendezvous - of the programming
language ADA [ARM81]. A proof system is constructed for partial correctness properties
for a subset, ADA-CS, of its concurrency section. The proof system is then proven to

be sound and relatively complete.

As CSP [Hoa78] is one of the languages which influenced the design of ADA, it should
come as no surprise that the resulting proof system is similar to proof systems for
CSP; especially to the one in [AFR80].

Within the latter system, CSP-synchronization is captured by a general invariant
and a cooperation test. A rendezvous can be characterized as something akin to a pro-
cedure-call. We will show how the notion of cooperation can be combined with a proce-
dure-call-rule, as expressed in our formation-rule. Notably, we will retain the idea of
one proof per procedure-body which suffices for each call. This rule is inspired by
(RGR81] and [GRR82]. '

In this abstract, we first describe the subset ADA-CS. Next, in section 3, a proof
system for ADA-CS is constfucted that closely follows the example of the CSP proof sys-
tem in [AFR80]. In section 4, the soundness and completeness proof are sketched. Space
Timitations prevents us from including full proofs. For these and an example-proof of
an ADA-CS program, the reader is referred to [Ger82]. Ve conclude, in section 5, with
a discussion of our work.

The reader is assumed to be familiar with the CSP-system in [AFR80].

2. THE SUBSET, ADA-CS.
The syntax of the subset of ADA is described by the following augmented BNF-grammar.

-
|

ne cenventions used are similar to those in {ARM8L]: Italicized prefixes in the non-
terminals are irrelevant; "[...]" denotes an optional part, "{...}" denotes repetition,

zero or more times. We have taken some Tiberties with the ADA-syntax, which is somewhat
verbose. '

! The author is supported by the Netherlands Organization for the Advancement of Pure
Research (ZW0).



-2-

program ::= begin task {task} end

task = task task_id decl be%?ﬁ_états end

decl ::= Tentry decl}i{var_decl} T

entry decl = entry entry id (formal part)

var_decl = var_id_list:int | var_id_list:bool

var_id_list o= var_id{,var_id} =

formal_part = [var_id Tist][# var_id Tist]

stats = stat{;stat}

stat = null | ass st | if_st | while_st | call_st | acc_st | sel_st

ass st = var id := expr

if St = if bool expr then stats else stats end if

while st 7= while bool expr do stats end while

call st :i= call task_id.entry_id (actual_part)

actual part = {expri(# var_id_1ist]

acc_st = accept entry_id (formal_part) do stats end accept
sel st 1= select sel br {or sel br} end select

sel br = Bool_expr T acc_st [;stats]

expr = "expression”
bool_expr :i= "boolean expression”
id @i= "identifier"

Thus, an ADA-CS program consists of a fixed set of tasks. These tasks are all acti-
vated simultaneously and excuted in parallel. When execution reaches the end of the
task-body, the task terminates. Each task can have declarations for entries, which may
be called by other tasks. The actions to be performed, when such an entry is called,
are specified by corresponding accept-statements. Execution of an accept is synchro-
nized with the excution of a corresponding entry-call. Consequently, a task executing
an accept or entry-call, will be suspended until another process reaches a correspon-
ding entry-call or accept,after which the statements of the accept-body are executed
by the called task, while the calling task remains suspended. This action is called a
rendezvous and is the primary means of communication between and synchronization of
tasks; in particular, there are no global variables. After a rendezvous, the two tasks
continue their execution in parallel.

Apart from the synchronization, an entry-call is executed as an ordinary procedure-
call. An entry-declaration may specify a formal_part. Only parameters of type int are
allowed. The first set of parameters, closed off by the '4#'-sign, is of mode in; the
second set is of mode in out. Hence, in the actual_part of a corresponding call, the
first set of actual parameters may be expressions, the second set must be variables.

The formal part of an accept-statement must match the one of the corresponding entry-
declaration. A task may only contain accept-statements for one of its own entries, but
it may contain more than one accept-statement for the same entry.

The select-statement allows a task to wait for synchronization with one of a set of
alternatives. First, all boolean zsxprassions are avaiuated to determine wnich branches
of the select-statement are open. If all are closed, the statement aborts. Otherwise,
the task, if necessary, waits until a rendezvous corresponding with one of the open
branches is possible. (Notice that each branch starts with an accept-statement.) If
more than one rendezvous is possible, one is selected arbitrarily.

Two more or less implicit changes w.r.t. the ADA semantics are the following:



(1) the removal of entry-queues!, and
(2) deadlock instead of abortion in case an entry is called of an already terminated
task.

3. THE PROOF SYSTEM.

A characteristic tendency in proof systems for concurrent languages is the reduction
to sequential reasoning. Of course there is a price to pay: In [OwG76] an {interference -
{needom zest has to be introduced and in [AFR80] a cooperation Zest.

In the CSP-system, this reduction is brought-about by introducing two axioms for

Jocal reasoning about processes in isolation:
(1) {p?} Pila {q} and (2) {p} Pj?x {q}.

The actual test whether these pre- and post-assertions are compatible with the communi-
cation action, is deferred to a second global stage: that of the cooperation test. To
express this test, a general {nvariant, GI, is introduced to tie the local reasonings,
within each of the processes, globally together. In particular, GI is used to distin-
guish among all communication possibilities, i.e., the syntactically matching ones, the
ones which may actually occur, i.e., the semantically matching ones. Also, auxiliary
variables have to be introduced to express the necessary assertions and invariants.
As the variables appearing free in GI have to be updated when communication accurs to
model synchronization, GI cannot hold throughout the whole program. Hence the introduc-
tion of bracketed sections (each associated with a unique communication-action) to which
the updating of GI-variables is confined and inside of which GI need not hold.

The reader will find these concepts reappearing (for the same reasons) in the ADA-CS
proof system to be developed now.

A rendezvous may be viewed as a double CSP-communication, as the translation shows:

ADA-CS: CSP:
Tlr call Tz.entry(e#x) Tzl(e,x); T2?x
TZ: accept entry(u#v) do S end accept Tl?(u,v); S Tllv
Correspondingly, in the proof system the following axiom and proof rules are adopted:
Al. call {p} call T.entry(esX) {a}
Rl. accent {pl} S {ql}

{p} accept entry(UsV) do S end accept {q}
The reason to use an accept-auwle rather than an axicm, is to force proofs of
the accept-bodies to be given.

R2. select {pAbl} Sy {ars «.o s ipab,d Sn {97

{p} select blzsl or ... or bn:Sn end select {q}
Remember that waiting, in case no rendezvous is immediately possible, is not a
nartial corractrness noticn.

! This is not serious, as in ADA-CS entry-queues cannot be used explicitely within prog-
rams. Hence, entry-queues only define an implementation of a fair scheduler, see [PR82].
As such, they are not relevant for partial corractness properties.
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These are augmented by the usual assignment-axiom (A2), the null-axiom (A3 {pinull{p})
and the {§-, while-, composition-, consequence- and conjunction-rules (R3...R7). Ve
also need a substitution rule to remove auxiliary variables from assertions (see below)

R8. substitution {p} S {q}

, provided zgFV(S,q)
{plt/z]1} S {q}
Next, a general Lnvariant GI is introduced and the concept of bracketed sections.

Here we must be careful:

Deginition. A task is bracketed i% the brackets "<" and ">" are interspersed in its
text, so that for each program-section <S> (to be called a bracketed section), S is of
the form (1) S;; call entry(82X); S, » Or
(2) accept entry (V) do T, ,o0r
(3) T2 end accept
SZ’ T1 and T2 do not contain calls or accepts and may be null-statements.
It would have been wrong to replace (2) and (3) together by the single clause

(2') accept entry(U#V) do T;s T T, end accept.
The idea is that GI must hold when a communication-action is executed; that is, upon
entrance of and exit from the associated bracketed section. But as the 'body, T, of an
accept may contain other calls or accepts, the validity of GI would not have been as-
sured at these points, since GI would not have been required to hold within S.

where Sl’

Auxiliary variables are introduced to express assertions and invariants. These vari-
ables do not affect program-control during execution. Correspondingly, a proof rule is
needed to remove assignments to auxiliary variables.

R9. AV Let AV be a set of variables such that x€AV=x appears in S' only in as-
signments of the form y:=x, where y€AV. Then
{p} S' {q}
{p} S {q}
provided S is obtained from S' by deleting assignments to variables in AV
and FV(q)nAvV=0.

Although a rendezvous is modelled by two CSP-communications, it makes sense not to
separate them entirely, because, disregarding the synchronization, a rendezvous is no
more than an ordinary procedure-call, which we want to treat as a meaningful whole.

Tnis will infTluence the formulation of our cooperation test.

‘ Deginition. Let <Sl> and <SZ> be a communicaticn pnalit:

[}

Sl = Si; call T. entrjj(e X)3 S{
S

1]

2

;- - . - . . [

accept entry,(UsV) do Si5> S < <;S; end accept
(9 énd 3, contained in aiiferenz

TasKs3)

We say that <S.> and <52> (syntactically) matech, it entryl' and ‘entryz’ are the same

1
name, and 52 is part of the body of task 7.



-5-

The wary reader will have noticed that the formal parameters of the entries are Local
w.r.t. the corresponding accepts. However, to facilitate the proofs in section 4, we do
not introduce a bLock nwle. Instead we will restrict, without loss of generality, the
set of ADA-CS programs: ADA-CS tasks may not have name-clashes between the §ormal para-
metens of Lts entrles and L£5 '‘normal' variables. This allows us to restrict the vari-
ables appearing free in assertions, thus obliterating the need of a block rule. The
following definition reflects this.

Definition. Consider (a proof of) an ADA-CS program begin task Tl ... task Tn end. The

proofs of {pi} Ti {qi} (i=1..n) cooperate w.n.t. GI if

(1) the assertions used in the proof of {pi} Ti {qi} have no free variables subject to
change in Tj (i#j) and contain formal parameters of an entry only if they appear in
the proof of the body for an accept for this entry.

(2) {pre(Sl)Apre(Sz)AGI} S1 ] 52 {pOSt(Sl)APOSt(SZ)AGI}
holds for all matching communication pairs <Sl> and <52> within the program.

As in the CSP proof system, we need an additional rule to establish cooperation.
This rule basically expresses the value transfer during a communication. In CSP this
is simple, as the execution of two matching jo-commands, Pi!a and Pj?x, is equivalent
with executing the assignment x:=a. In ADA however, a rendezvous results in a procedure-
call. In order to render the semantics of such a call simple, a few restrictions are
placed on the actual parameters of a call. (After all, we are not interested in the

purely sequential aspects of ADA.) Hence:

For any entry-call call entry(el,ez,...,em#xl,xz,...,xn)

to an entry declared as entry entry(ul,uz,...,um#vl,vz,...,vn)

the following assumptions are made about the parameter lists 8, X, U and V:

(1) FY(E)NX =9 and no u; appears on the left-hand side of any assignment or as value-
result actual parameterof'any call within the “"bodies of entry",

(2) the X; are all distinct, and

(3) (SE€(FV(B)UX) A SEUUV)) = sgFV("bodies of entry")
where "bodies of entry" denote the bodies of the accepts for entry.

A remark should be made now. According to the ADA-standard [ARM81, 6.2], programs
should not depend on specific mechanisms for parameter-passing and should not use ali-
asing. This justifies our using call-by-value-result (call-by-copy for the purist) in
the ADA-CS subset and the -introduction of the above restrictions; only (1) appears to
be a real restriction. In fact, instead of (3) the following even stronger assumption
. will be made: An ADA-CS program may not have tasks which contain variables With the
same name as 4in othern fasks of tne progham. Proofs of such tasks simply cannot be com-
bined because of the resulting name-clashes.

Under the above restrictions the parameter-transfer during the execution of an entry-
call may be simulated by a substitution ([Apt8lb]l):

-

. P T - - - > 5 - -
begin new U,v; d:i=e; v:=x; S 3;X:=v end = S[&/U, X/V1. , (31)



Moreover, if {p} S {q} then {p[-1} S[-1 {ql-1} (where [-1=([8/U, X/V]). Hence, the in-
put-output behaviour of a call is obtained by substituting in the canonical (1) proof,
{p} S {g},of the procedure-body S.

The well-known call-rules, associated with the above result on substitution (cf.
[Apt81b]), are too simple because we have bracketed sections to consider too. Hence the

following rule:
R10. gormation {plApzAGI} Sy Sé[-] {ElAEZ[.]AGI}
{'52} S {52}
fﬁlkaé[-]AGI} SEL-]; Si {qlquAGI}

{PyAP,AGI} S7; call Tia(g#?);S{ I accept a(U#V) do S$53>5<;S; end accept {q;Aq,AGI)

where (1) the call is contained in task Ti and the accept in task Tj (i#3),
(2) [-1 = [&/U, X/V1,
(3) py» By and q; belong to the proof of T, and FV(P;)nX=g, and
(4) pys Pps Gy and T, belong to the proof of T,.

In this rule, the first and third premiss (above the line) express the invariance
checks of GI over the bracketed sections. The second premiss does not refer to actual
parameters. This means that a proof of the body, S, of an accept need only be given
once and that this canonical proof suffices for the cooperation test for matching com-
munication pairs containing this accept. In the first premiss, we must show that the
input is legal by deriving 5é[-}. If the input is legal, aé[-] specifies the output of
the body S. The intermediate assertion'ﬁl is used to retain informaticn about the vari-
ables of Ti which do not appear in the actual result-parameter 1ist of the call. Tnis
information cannot be placed in 52, tecause 5é is an assertion belonging to the proof
of Tj and hence may not contain variables subject fto change in Ti’

Now, the (usual) parallel composition (meta-) rule can be stated :

R1l. parallel composdiiion
proofs of {pi} Ti {qi}, i=l..n cooperate w.r.t. GI

{plA...ApnAGI} begin task Tl ... task Tn end {qlA...AanGI}
provided no variable free in GI is subject to change outside a bracketed sec-
tion.

4. SOUNDMESS AND COMPLETENESS.

Tn this section, soundness and complataness oroofs for the ACA-CS proct system are
- sketched. For full proofs, the reader is referred to the full version of the paper [Ger
82 1. The proof is based on the translation of ADA-CS into CSP. However, to ¢ircumvent
some purely technical details, a slight generalization of CSP, CSP+, will be used as

target language.
CSP™ is CSP augmented with some additional communication primitives, but without
+he distributed termination ccnvention. The new primitives are characterized by gene-

ralization of syntactical matching:
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(1) Pi.a?x and Pj.ble, where 'a' and 'b' are arbitrary identifiers.
These only match if, besides the usual constraints, a=b holds. Execution of a match-
ing pair results, as usual, in assignment of expression e to variable x.

(2) 7x and le.
A command ?x (within P.) matches with Pile (or le) in any other process. Execution
is as usual.

(3) Pi?(xl,...,xm) and Pj!(el,...,em). ‘
These match if, besides the usual constraints,. the number of variables and values
are equal. Execution results in the simultaneous assignment of e; to x,. All vari-

ables x; should be different.

0f course, these new primitives may be combined so as to allow constructs Tike I(e,t),
Pi.a?(x,y) and .c?(u,v,w), with obvious semantics.

The translation T : ADA-CS-CSP™ is now defined as follows' (induction on complexity):
T(begin task*TL ... task Tﬂ ggg) = [Egl..Jan] (P;=T(T,))
T(call T..a(e#x)) Pi.al(e,x); Pj.a?x
T(select by:S; or ... or b :S end select) , where S.=accept a,(u;#v;) do
S;; end accepts S;,

A 2T . o .
(032,7(F;,73) ~ T(41) 524 17137(5,)]
In all remaining occurrences of accept-statements
T(accept a(U#V) do S end accept) = [a?(d,V)->T(S);alV]
In the other cases, the translation is the identity mapping.

Correctness of this translation is stated by

Theorem 1. For each program TEADA-CS and assertions p and g

E {p} T {q} =k {p} T(T) {q},
where validity is defined relative to some semantics, not further specified in this
abstract.

A proof system for CsP is obtained by an obvious fedefinition of syntactical match-
ing in the CSP system, besides some trivial changes which are connected with the dif-
ferent communication primitives. Soundness and completeness of the CSP system (see
[Apt8lal) carry over to the csp™ system. This is intuitively clear, as the differences
between CSP+ and CSP are (1) a refinement of syntactical matching and (2) the ability
to transfer a syntactically détermined sequence of values between processes. For proofs
we refer to [Ger82] or- [FCN82]. As we shall see, having a sound and complete proof
system allows us %o answer semantic questions by the construction of formal oroofs.

We need some notation: A denotes the ADA-CS proof system and C the csp” proof system.
L denotes the language of Peano arithmetic (or some first order countable extension)

and is the assertion language; J is some model of L. TrjQ (el | Tk @} and we write

3 %D ® 1f the formula © can be proven in the proof system D, using the asserticons in 3
in the consequence-rule. When this is clear from the context, references to B and/or D
will be omitted.

L we assume that no ADA-CS task has entries with the same name as eﬁtries in other tasks.
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Soundness theorem. For any program S€ADA-CS and p,q€eLl
TrJ FA {p} S {q} = Tk {p} S {q}

As in the case of the soundness proof of the CSP proof system, we too, run into some
difficulties. Firstly, the parallel composition rule is not a Hoare-style proof rule
because of its referenca to cooperating proofs. Secondly, it is not clear how to assign
meaning to an isolated call or accept, which makes it difficult to prove soundness of
the corresponding rules and axioms. Therefore, the proof system A is changed into an
equivalent proof system A' which does use the ordinary notion of proof, by explicitly
listing all conditions required in establishing cooperation.

To this end, proof outlines are introduced. If S is some ADA-CS task-body, a proof
outline for S associates with each sub-statement R of S, a pre-assertion, pre(R), and
a post-assertion, post(R). The following lTemma connects the existence of a formal proof
with ‘validity' of a proof outline (see also [Apt8lal)

Lemma 1. Let S be an ADA-CS task (or part of one) and p,g€L. Then
TrJ FA {p} S {q} iff there is a proof outline of S such that for each sub-state-
ment R of S, the following verigication conditions are true in J:

popre(S) , post(S)>q

pre(null) > post(null)

. pre{(R)>post(R)le/x], if Rsx:=e

. pre(R)abo pre(R) , pre(R)Albopre(R) , post(&):post(R) (i=1..2)
if R=if b then R,else R;end if

5. pre(R)abo pre(R) , post(R)y>pre(R) , pre(R)alb> post(R)
if R=while b do R,end while :

- 6. pre(R)abjopre(R) , post(R)>post(R) (i=l..n)

FSNPRY YA

if R=select b;Ryor ... or m:Ryend select
7. pre(R)>pre(R) , post(R)>pre(Ry , post(Ry>post(R)
if R=R;Ry - :

“and such that FV(pre(R))nX=p if R=call T.a(8#X)
Such a proof outline is called valid (w.r.t. J) for {p}S{q},and VC({p}S{g)) denotes the
set of verification conditions.

In order to combine the isolated, sequential proofs (or proof outlines), A imposes a
second global set of constraints on the assertions of the proof outlines, the coopera-
tlon conditions, as embodied in the cooperation test:
For any matching communication pair,
Spscall T.a(E#Y);S{ and accept a(U#V)do $53>5<3S5 end accept,
the following two formulae should be valid in J
{pTE(Si)ApTE(Sé)AGI} Si;Sé['] {pre(‘ca11')Apost(Sé[-])AGI}
{pre('cal]‘)Apre(SE)[-]AGI} sg[-];s; {post(S;:)Apost(SL_;)AGI}.1

~ The set of these conditions for valid proof ocutlines for {pi}Ti{qi} (i=1..n) w.r.t. GI,
is denoted by CC({pj}Ti{qi} i=l..n, GI).

Basing our argument on lemma 1, we replace the axiom Al and the proof rules Rl, RZ,

!Defiring cooperation directly in terms of the formulae to be proven, instead of rely-
ing on the formation-rule, was suggested by W.P. de Roever. Thus, some problems are
circumvented in defining validity of the formation-rule.



R10 and R11 of A by the single rule
R11'. combined rnule VC({pi}Ti{qi}) ; CC({pi}Ti{qi} i=1l..n, GI)

{plA...ApnAGI} begin task T1 p task Tn end {qlA...AanGI}
provided (1) no assertion in the proof outline of Tj contains variables subject
to change in Tj (i#j) and formal parameters only appear in asser-
tions belonging to the outlines of corresponding accept-bodies,
(2) GI does not havefree variables subject to change outside bracketed
sections.

The resulting proof system A' consists of the axioms A2..3 and the rules R3..¢ and
R11'. Because of lemma 1, equivalence of A and A' is not difficult to show, hence it
suffices to prove A' sound. Similar changes can be made to the CSP+ proof system C.

In particular, a lemma analogous to lemma 1 holds (see [Apt8lal]). The resulting proof
system is called C' and is equivalent with C. (In order to stay in the spirit of [Apt

81lal, C' retains the C formation rule.)

As A' uses the ordinary notion of proof, it suffices to prove soundness of the axioms
and proof rules. For these proofs, an important observation is the following one:
Because o4 theorem 1 and soundness and completeness of C'

JE {p}S{q} & JE {p} T(S) {q} = Trj FC' {p} T(S) {q}.
This concludes the preliminaries and we continue with proving

Soundness of the combined nube.
By the above observation, it suffices to prove
Trj FC' {plA..ApnAGI} [Plﬂ...“Pn] {qlA...AanGI} (PiﬁT(Ti))’ ($2)
assuming the conditions in VC({pi}Ti{qi}),i=l..n, to hold and proofs of the translations
of the formulae in CC({pi}Ti{qi} i=l..n, GI) to be given.
We will establish the premisses of the C' combined rule. A
Using the ADA-CS proof outlinés, it s straightforward to construct (valid) CsP* proof
outlines for the translations and hence to obtain validity of VC({pi}Pi{qiD i=l..n, the
first premiss of the C' combined rule.
Next, we must show that ADA-CS cooperation implies cspt cooperation. Consider the
following proof outlines of a matching communication pair in the ADA-CS program:
{py<Sqlpreall Tj.a(E#Y){q}si>{q;}
{Pi<accept a(U#V) do{py}S5>1q5}S{p53<Syigstend accept>{T)
The proof outlines of the translation, are as follows <R1§T(Si)):
{pi}<Ri{p}Pj.al(3,?)>{p}<Pj.a?§{q}R{>{q$}

-
0

B1<a?(U,V)={psiR5>{q) IRIPST<RY (95321 7>(T)
. By way of example, we prove CSP™ cooperation of the first matching pair of bracketed
sections: {p]APAGI} Ri;Pj.a!(E,Y)H a?(U,V)»Ré {PAQHAGIT.
Using the arrow rule, we may replace '»' by ';' in the statement on the right. We intend
0 use the C' tformation ruie, nence we musT prove iTS premisses:

F{p{ABAGIIRIIT) F{r}Pj.al(g,?)na?(ﬁ,V){s} , F{SIR3(PAGHAGIT, (33)

where r and s are yet to be determined.



-10-

We may assume to have proofs of the translations of the A' cooperation conditions; in
particular, we may assume F{piAﬁxGI}Ri;Ré[-]{pAqé[-]AGI} to hold. Hence, defining r to
be the intermediate assertiaon between Ri and Ré[-], takes care of the first premiss in
" ($3) (this assertion exists because we have a formal proof). As FV(r)n(Wuv)=@, we can
take S=rau=eav=x in the second premiss (apply the C' preservation and communication
axioms).

When introducing the formation rule, we argued the equivalence between assignment
and substitution in parameter-passing (cf (sl)). This imp11es that

E {r} R (-1 {pAqZ[ \JAGI} e k {r} U:=€; V:=X; Ré, X:=vV {pag,[-1aGLS,

since FV(r,p, q2[ 1,GI)N(UUV) = @. And hence E {raU=8AV=X} R {pqu[e/UTAG
Finally, using completeness of C', applying the preservat1on axiom to {u=e}and noticing
that hqz[e/u]Au e::qz, we get F (s} R' {pquAGI}, the third premiss of the C' forma-
tionrule. Hence, this rule may be apo]1ed thus establishing cooperation of the above

matching pair.

When trying to prove cooperation of the second matching pair
{pAp JAGI} P .a?%%; R“ I R alv {q 'AQAGI},

we run 1nto a d1ff1cu1ty, because we need invariance of the value parameters, T, over
the translation of the accept-body. For this, the translations of the ADA-CS outlines
are too weak (in ADA-CS, invariance is a direct consequence of the semantics). Hence,
the csp* proof outlines and GI have to be slightly strenghtened, implying that the
gbove cooperation proof changes too. None of this, however, introduces essential dif-
ficulties and the method of proof stays the same; cf. [Ger82].

Thus, CSP+ cooperation is shown, and this establishes the second premiss of the C'
combined rule, CC({pi}Pi{qi} i=1..n, GI). Hence the rule may be applied, thus proving
($3) and soundness of the A' combined rule.

Because of the close correspondence between A' and C', soundness of the other rules
and axioms is trivial.

Completeness theorem. For any S€ADA-CS and p,qg€L
JE {pr S g} = Tryk, {p} S {q}.

Because of theorem 1 and completeness of C , this takes the following simpler form
TrJ FC {p} T(S) {q} = Trj FA {p} S {g;.

Let S=begin task Tl ... task Tn end and assume we have = {p!T(S){g}. In this proof,
g0 tack to the [only) application of the C parallel composition rule, yielding
FPyAc AP AGTE [T(T) I IT(T )T {gqa. . AQ AGTS,

where T(T.)' denotes T(T.) aucmented w1th aux111ary variables; we may assume T(T; )'=T(T:)
This implies that we have proofs for 4p ;T(T ){q } and CSP¥ cooperation w.r.t. GI. From
these, ADA-CS proofs ara constructed for {p1;T1{q1), simply by defining for each com-
ponent statement S of T%, pre(S)=pre(T(S)) and post(S)=post(T(S)). Validity of these
proofs is obvious; ADA-CS cooperation remains to be shown. [.e., for each communication
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pair S!icall Tj.a(E,Y);SI , accept a(U#V) do $55>5<;S5 end accept
the premisses of the A formation rule must be shown to hold. This is in fact straight-
forward, using the following lemma which states some general conditions under which

variable- substitution preserves provability.

Lemma 2. Let S€ADA-CS, p,q€L, U, V and X sequences of distinct variables and g a se-
quence of expressions, such that
(i) FV(2,q)nR=p, Unv=@ and FV(S,U,V)n(FV(8)uX)=0
(i) the variables in U do not appear on the left-hand side of any assignment in S or
as value-result parameter of any call in S.
Then (1) Try Fy (P} S {q} = Tryky {pl-1} S[-1 {aql-1} ({-1=(8/T, X/V1)
(2) Try ko (P} T(S) {a} = Try ko (pC-1Y T(SC-1) {ql-1}

csp™ cooperation of the first pair of bracketed sections in the translations of the
above communication pair, yields (T(Si)=Ri):

b {pyaP,AGI} Ry {p} , F (p} Ps-2 (8, X)1a?2(d,v) {q} , F {q} Ry (p{APHAGI},
where q=pal=erv=x, and the other assertions are taken from the appropriate outlines.
Furthermore, we may assume FV(pi)n?=m. This is a consequence of the fact that only for-
mulae of the form {r}alWle.a?Y{rAY=V} in which FV(r)nX=@ can be proven in C (see the
communication axiom). As Ri and Ré are sequential statements, we obtain by translating
the CSP* proof outlines and using lemma 1 and 2 that:

FA v{PlAPZAGI} Si;Sé[i] {PiApé[-]AGI},
the first premiss of the A - formation rule.

The second premiss, b, (p5}S{q,} (q,=pre(Ry)), is clear, as S is a sequential state-

ment. Finaily, csp’ cooperation of the second pair of bracketed sections yields

F {P1AGpaGIY RS (B} , F {PAX=V} R} {q;Aq,nGIl,
whence, using lemma 2 again (and translating the proofs)

Fa {piAqéi;]AEIi RSL-] EFE']} , by (BLE/UIAR=VY ) (a;AqpAGI}.
Because F Ple/ulax=v#pl-]ax=v and FV(E[-],S?,ql,qz,GI)nv=ﬂ, this implies

P {pyaqy[-IAGIY RIL-15R] {G1AG5AGI,
which is the third premiss of the A formation rule.

Thus, ADA-CS cooperation of the proofs has been shown. Application of the A parallel

composition rule yields

FA {plA...ApnAGI} begin task T1 ... task Tn end {qlA...AanGI}.
Finally, application of the A consequence, substitution and AV rule allows the conclu-
sion FA{p}S{q}, thus establishing completeness of the ADA-CS proof system.

5. DISCUSSION.

In this paper we have studied the ADA rendezvous in a subset of the ADA concurrency
section, ADA-CS. Using the basic ideas of the CSP proof system in [AFR80], we have con-
structed a partial correctness oroof system and have proven that this completely axioma-
tizes ADA-CS (disregarding failure, termination and deadlock).

ADA-CS communication is basically capturaed by our formation rule, which combines
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a simple procedure-call rule with a cooperation test. The idea of canonical proofs for
the accept-bodies is retained, by observing that an ADA-CS communication action splits
into two CSP-1ike communications, so that the cooperation test can be restricted to a
small prelude and postlude of each accept-body. Along the way, some restrictions on
the actual parameters were introduced. Although these restrictions do not reduce the
‘power' of the subset, the reader may wonder whether it is really necessary to intro-
duce them. We believe not. The restrictions were introduced so as to allow a very sim-
ple call rule to be used and we expect the same techniques to apply to more general
rules such as in ([GL80].

Canonicity (or rather the absence of it) subtly affects the cooperation test: Accept-
bodies may contain other calls or accepts. So, if two different proofs of an accept-
body are used in a program-proof, two different cooperation tests must be checked for
each matching communication pair which references a call or accept in the accept-body,
because the pre- and post-assertions of the call or accept will in general be different
in the different proofs of the accept-body. Hence, more than for sequential languages,
canonicity is something to be desired in proof systems for concurrent languages (a sim-
ilar remark applies to interference freedom tests).

This paper does not discuss total correctness, absence of deadlock and the proof of
safety properties. Using the CSP proof system, it is straightforward to strengthen the
current system to prove total correctness and absence of deadlock: Extension to a safety
proof system is more difficult and we refer the reader to [GRR82] which shows how to use.
.proof outlines to derive safety properties (in a more;general context than: ADA-CS).

After constructing the ADA-CS proof system, we learned of independent work on ADA
by Barringer & Mearns, [BM81]. They attempt to construct a proof system for a larger
subset of the ADA concurrency section than ADA-CS, containing, f.i., real-time con-
structs and the terminate-statement; they also address the problems of deadlock and
termination. Their starting point, too, is [AFR801; there are however some problems
with their application of cooperation.
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