EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

On proving communication closedness of distributed layers

Citation for published version (APA):
Gerth, R. T., & Shira, L. (1986). On proving communication closedness of distributed layers. (Computing science
notes; Vol. 8607). Technische Universiteit Eindhoven.

Document status and date:
Published: 01/01/1986

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023


https://research.tue.nl/en/publications/d3b1a704-4ab8-4ec1-9e68-6ec7dd2192a7

On Proving Communication Closedness
of Distributed Layers

Rob Gerth

Liuba Shira

Avugust ,1986

:rtzhﬂo?@gy




On Proving Communication Closedness
of Distributed Layers
Rob Gerth
Liuba Shira

August ,1986

86.0%

to appear in the 6th Conference on Foundations of Software Technology and Theoretical Computer
Science, New Delhi, India.



COMPUTING SCIENCE NOTES

This is a series of notes of the Computing
Science Section of the Department of
Mathematics and Computing Science of
Eindhoven University of Technology.

Since many of these notes are preliminary
versions or may be published elsewhere, they
have a limited distribution only and are not
for review.

Copies of these notes ‘are available from the

author or the editor.

Eindhoven University of Technology

Department of Mgghematigs and Computing Sci.nce
P.0. Box 513 -
5600 MB EINDHOVEN

The Netherlands

All rights reserved

editor: F.A.J. van Neerven




On Proving Communication Closedness of Distributed Layers*

Rob Gerth!23 and Liuba Shrira®?

August, 1986

Abstract. The notion of communication closed layer has been introduced as a way
to define structured composition of distributed systems. An interesting question
is how to verify the closedness of a layer. We formulate a proof rule proving
closedness of a distributed layer. The rule is developed as an extension of the
Apt, Francez and de Roever proof system for CSP. The extension is proved to be
sound and relatively complete.

1. Introduction

A recent paper of Elrad and Francez [EF82] introduces a novel methodology of
analysing distributed programs: decomposition into communication closed layers.
According to this methodology, parts of processes are grouped together into layers
so that there is interaction only between commands which are in the same layer.
Intuitively, an execution of such decomposed programs is equivalent to synchroniz-
ing all the processes in the distributed program at layer boundaries. This approach
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is helpful in analysis of distributed programs and also useful in systematic con-
struction of distributed programs.

An independent algorithmically oriented paper of [SFR83] uses automatically'
enforced communication closed layers in a transformational technique for recursive
distributed algorithm synthesis.

A sequel paper [SF85] also reasons with enforced communication closed layers
while converting the program transformation in [SFR83] into a transformation of
proofs.

The present paper suggests an optimization to the closed layer methodology
both at the program analysis and program construction levels. We consider the
following problem:

Assume given verified distributed programs designed for some fixed network.
These programs serve as building blocks in the construction of a larger program in
which they are combined in a layerwise manner, i.e. the corresponding processes
are composed sequentially. Such component programs are called layers. To make
the discussion concrete, we fix a specific notation. We adopt the notation and ter-
minology of CSP [H78], to keep a natural link with [EF82] and [SF85].

When automatically constructing a program with given layers, both [EF82]
and [SF85] enforce communication closedness by including in the program a syn-
chronizing section the role of which is to prevent the interactions between com-
mands in distinct layers. This approach may lead to oversynchronization in the
resulting program: it might be the case that component layers have the property
that their constituent processes interact only with each other and do not interact
with other parts of the program. We are interested in formally verifying this
noninteraction property in order to omit the synchronizing part and thus to
improve the overall message complexity of the resulting program. -

A straightforward approach to the formal proof of layer non-interaction, is to
consider the complete program without the synchronizing parts and to show that
no semantic matches occur between i/o actions belonging to different layers. This
implies in fact the construction of cooperating proof outlines. [EF82] and [SF85]
deal with proving layer communication closedness in a composed program in the
above straightforward way.

The immediate problem with this approach is, that constructing such proof
outlines is of the same order of complexity as verifying that the program as a
whole behaves properly. So, it does not make sense to concentrate on communica-
tion closedness of the layers comprising this program. The second problem is that
this approach only shows closedness with respect to a particular appended layer.
~ This runs counter to the idea stated earlier of having such layers as “on-the-shelf”
building blocks: This clearly supposes a notion of closedness that is independent of ——————
its environment.

In this paper, we take an alternative approach to the noninteraction proof.
We localize this proof to the bodies of component layers only. Le. instead of con-
sidering all possible interactions, we analyse the body of the layer and directly
identify the sources of potential interlayer interaction. Towards this end, we
strengthen the definition of a communication closed layer by defining ‘‘general”
closedness. A generally closed layer is defined as a layer not having interlayer
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interactions in a sequential composition with an arbitrary other layer. This
definition contrasts with the original definition of closedness, which is relative to a
specific context. For this new definition, we suggest a sound and complete proof
rule for proving general closedness of a given layer. The proof rule is maximally
efficient in the sense that it makes use only of the correctness proof of the layer
itself. The only related work that we know of is [A85]). That paper introduces a
static, syntactic analysis of CSP programs so as to restrict a priori the set of pairs
of communication commands whose interaction have to be considered during pro-
gram verification. No attempt is made, however, to connect this with a design
methodology such as using closed layers.

In view of the obtained results, we consider the question of communication
closedness enforcement and explore the conditions of performing this task
automatically.

We finish the introduction with a quick recapitulation of the version of the
language CSP [H78] as it is used here, and of the CSP proof system [AFR80].

(1) The basic command of CSP is [Pl - - - | P, ] expressing concurrent execution of
the sequential processes P ,..., P, .

(2) Every P; refers to a sequential statement S; by P,:S;. No S; contains vari-
ables subject to change in S; (i ;).

(3) Communication between P; and P; (i ;) is expressed by the receive and
send primitives, P;?x and P;% (¢ a term), respectively. Execution of P;?x in
(P;::S;) and of P;¥ (in P;:S; ) is synchronized and results in the assignment
of the value of ¢ to the variable x. Such a pair of i/o commands is called a
syntactically matching pair.

(4) In CSP conditional statements, a guard may be of the form & ;a, too, where «
is an i/0 command (see example 2). Such a mixed guard can be passed if the
boolean expression, b, evaluates to true, « has a communication partner and
the communication has been performed (i.e., a semantic match occurred).
Apart from mixed guards, there are also pure boolean guards with obvious
meaning. A guard evaluates to true if its boolean part does. Guards of the
form true ;o will often be written as a.

(5) Our version of CSP does not make use of the distributed termination conven-
tion®

{(6) To simplify matters, loops can only have pure boolean guards. Since we do
not make use of DTC, this does not restrict the generality of the language.

The CSP proof system of [AFR80] is based on the notion of cooperation of
proof outlines. First the sequential CSP-processes are proved correct, using the fol-
lowing axiom: {p }a{g }, where « is any i/0 command. Such a proof associates with
every sub-statement of a process, a pre and a post assertion; hence, associates a
proof outline with a CSP-process. The post assertions of i/o commands can be any-
thing and will contain assumptions about communications. These assumptions

$The distributed termination convention of CSP (DTC) is 2 mechanism that allows the remote
sensing of partner processes’ termination and is used to disable communication guarded alternatives
and to exit communication guarded loops due to process termination.



have to be checked and this is the function of the cooperation test.

Basically, this test prescribes that for any two syntactically matching i/o
commands and associated pre and post assertions, say {p;}P;lelq;} and
{p;}P;?x{q;}, if there is in fact a semantic match, then after the communication
the post assertions should hold: {p; Ap; }x :==e g, Ag; }.

A problem is that p; Ap; in general is too weak to express the non-occurrence
of semantic matches. Hence, the introduction of a global invariant, GI, auxiliary
variables and bracketed sections. Auxiliary variables are needed so that GJ/ can
express globally which communications occurred. Bracketed sections, <S;a;5,>,
are uniquely associated with i/o0 commands and restrict the updatings, S; and S,
of the (auxiliary) variables in GI .

The cooperation test now prescribes that for any two syntactically matching
i/0 commands with associated bracketed sections, say {p; }<S,;;P,'e;S; >{g;} and
{p; 1<S;;P; ?x:5; >1{g; }, the following formula holds:

{pi Ap; AGI}S3S; 3x :=e;35,:5; {g: Aq; AGI }

Given a set of proof outlines, {p; }P;::S;{g; } i=1..n, that cooperate with respect

to some G/ , the parallel composition rule allows the conclusion that

n n
{_/\lp,- AGI[Py:S N -+ - IP, =S, ]{‘/\lqi AGI }.
1= i=

The reader is referred to [AFR80] for an exposition of the proof system and of
the ideas on which it is based.

The above discussion only makes sense relative to a fixed interpretation for
CSP and for the proof systems. Only then, is it possible to talk about semantics of
CSP and validity of partial correctness specifications. Although mostly left impli-
cit, we fix for the rest of the paper some interpretation 7.

2. The notion of general tail communication closedness

In this section we introduce the definition of general communication closed-
ness and demonstrate the usefulness of the new notion.

Definition 1:

A layer S= [S,ll ---1S,] is a General Tail Communication Closed (GTCC)
layer w.r.t. a set of statess I, GICC;(S,X), if for arbitrary layers
T = [Tyl ---1T,] and for all I -executions starting in states from I of the distri-
buted program P = [S;T4ll - - - IS, ;T, }, no synchronization occurs between a com-

munication command in a process of § and a communication command in a process
of T.

In the sequel, we will often ignore the I -subscript and write GTCC(S,L)

Using the terminology of [AFR80], the definition requires that there are no
semantic matches between communication commands in S and T. Observe that
any layer S is trivially GTCC (S,2 ). We now state the additional assumptions we
. make about programs. Remember that a layer § is just any concurrent n —process
program S = [S,)l --- 1S, ]. We assume that S is given together with a (partial)
correctness proof of a specification for it. We are interested in exploring the pre-
cise conditions for the behaviour of S not to be affected by appending another layer
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T to it. In order to concentrate on this aspect, we assume that layers do not admit
computations other than (properly) terminating ones. If he so wishes, the reader can
remove this restriction by substituting total correctness for partial correctness
throughout the paper and by adding a deadlock freedom proof as a premis of the
rule developed below.

Before going on, we give some examples of GI'CC layers and also demonstrate
that the above restrictions do not make this definition vacuous.

Example 1:
S= [Pl::Pz!a "Pz::Pl?X]

Obviously, S is a GTCC layer with respect to any set of initial states. Le., for
no layer T appended to S, communication will occur between commands in S and
T.

Example 2:
S'=[P,:[Pyla— skip Qtrue — skip 11| P::[P,?x — skip Orrue — skip ]).

S’ is a terminating layer when executed alone and does not use the DIC con-
vention of CSP. Still, GTCC (S',L) does not hold for any non empty . Consider
for example S’ composed with the layer S from example 1:

[P,:[Pyla — skip Orrue — skip L;Pyla | Py:[P12x — skip Otrue — skip ;P ?x ).

Whenever P, from layer S’ selects the local alternative, P, from layer S’ can com-
municate with P, via a communication command from layer S, the result being a a
deadlock.

We now compare the new notion of GITCC with the original definition from
[EF82] of communication closedness (CC ). The original notion of CC layer con-
siders a specific distributed program P with a specification {p }S{¢} and a given
decomposition into layers S/ (j=1---d), st. S/ =[S{l---1IS5/], and
P=IS{;--58{0--- U85+ - 5870
Definition 2 [EF82}

A layer S’ is a CC layer in {p }P{q} iff there is no execution of P starting in a
state satisfying p in which a communication occurs between a communication
command in a process of a layer S’ and a communication command in a process of
some other layer 8%, k # j .

Our new notion strengthens the original definition by considering closedness
with respect to an arbitrary layer T, but also restricts the original notion by
requiring tail closedness only. In spite of the restriction, the new definition is able
to express the original notion of closedness:

Theorem 1: . o
Let S! ..., S¢ be layers such that {p'~!}S*{p’}i=1,..d. Let P be the compo-
sition of the layers S' .., S%, P=[S};---:80---U8}---;S8 If

GICC (St ,pi™1) holds for i=1,..,d then the layers S! ..., S¢ are also communica-
tion closed (CC ) layers in {p °}P{p ¢} (according to Definition 2).

The proof of this theorem is postponed to the end of section 3.
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3. Another definition of GTCC and the equivalence of the two definitions

In this section we take a closer look at the notion of GTCC, aiming at verify-

ing potential interlayer interactions inside a given layer. To be on firm ground, we
formulate a new definition of GTCC stated solely in terms of a given layer. The
definition exposes more closely the mechanics of the interlayer interaction and
gives the intuition behind the proof rule.

Let us consider a layer S that is not GTCC with respect to some Z. By
definition there exist a layer T = [Tl - - - 1T, ], such that when T is appended to
S, an interlayer communication occurs between a command in S and a command in
T. Remember that from our assumptions, S is a perfectly terminating CSP layer
when executed alone. To characterize this situation solely in terms of S, we have
to formally give a semantics to S. We make use of the denotational linear history
semantics of CSP following [FLP80]’ and bring briefly its main concepts into
remembrance. Since layers always terminate by assumption, we ignore those
aspects of the semantics that deal with non-termination and deadlock.

The semantics uses the notion of history of communications. By history is
meant a sequence of records of communications. A record is a triple (@ ,i,j ) which
is associated with a communication between process P; and P;: a is the value sent
by P, to P;. h is used to denote a history. h;"h, denotes concatenation of his-
tories 7, and h,. The i -restriction of h, A |;, denotes the communication sequence
resulting from 2 by omitting all the communication records not involving process
P;.

First the semantics of a single process is considered. Any computation defined
by S; reaches a certain state 7 (which may equal 1 denoting an incomplete or par-
tial computation) and produces a certain communication sequence 2 in order to get
there. Whether this (partial) computation is realizable in a given environment of
other processes depends on the ability and readiness of these processes to cooperate
in producing the corresponding communications on their side. Thus analysis of P;
itself characterizes the correspondence between attainable states and the communi-
cation sequences required to achieve them. l.e., M (P;) is a mapping from initial
state ¢ into a set of pairs <7,h > representing the existence of computations
starting at state ¢ which reach a state r with communication history . (For
technical reasons that do not concern us, M is extended in [FLP80] to an automor-
phism on sets of such pairs.) The meaning of a parallel program M ([P;ll ---IP,])
is obtained by merging the a priori meanings of the P;’s. Only a priori computa-
tions that are compatible with the other processes in the environment will be
merged. Computations (7;,h;) respectively (7;,h;) from P; respectively P; are
compatible if A; | ;=h; 1;.

- Our semantics assigns to each statement and starting state the set of partial
and complete computations that the statement can perform. It does not include
any deadlock information.

Now we are ready to introduce the new definition of GZCC. For the sake of
simplicity, we first handle the case n=2. The general case is treated af terwards.

"Note that the semantics as described in the final version ([FLP84]), slightly differs from the
one used here. )




Definition 3:

A layer S = [S,IiS,] is GTCC(S,X) iff there are no ¢, 7= 1, h, i such that
0€X, <:---,A>€ M(SNo), <---,h"a> € M(§X0) and <rh>€"
M (S;moa2 +1)(0 ), where « is a record of a communication between S, and S,.

Paraphrasing this, if a layer violates the closedness condition, definition 3 pos-
tulates a (partial) layer computation (< -+ ,h>) that leaves control in S; in
front of an i/o command (< --- A%a>), but allows S;nca2+1 tO terminate
(<7,h >). The correspondence with definition 1 is obvious.

The extension of definition 3 to the general case (n >2) is not completely
straightforward. We consider partial communication histories that are prefixes of
terminating ones, and whose corresponding i -restrictions relate the computation in
the joint meaning with a computation in the a priori meaning of process P;.

Definition 4:

A layer S= [S,Il - - - IS, ] is GTCC(S,X) iff there are no 0, 7= 1, A, i and
j,such that 0 €X, <--- hA> € M(S)No), <:--,hl;"a> € M(S; o) and
<r,hl;> € M(S; )0 ), where « is a record of a communication between §; and
S;. .

We now prove that although this definition is stated solely in terms of the
layer S itself, the notion of GI'CC defined by it is identical to the notion defined
by definition 1. Strictly speaking, we do not so much prove the equivalence of two
alternative definitions, as show that definition 4 indeed captures the intuition of
definition 1.

Theorem 2:

Fix any interpretation /. A layer S is GTCC; by definition 1 iff it is GTCC;
by definition 4.

For its proof, we need some notation and 2 auxiliary lemma’s.

Definition S:

Given layers S;=[S;!ll ---IS}] i=1,2, a history A and state 0 such that

< - h>EMUSE SN - 1S5S D(0). Leth=Ah""a"h" and a=(i,j,a).

o o involves S} iff < - -+ A 1, a>€M(S!)N o) (hencei or j equals k).

e o involves S if <r.i'l,>€M(S!) o) and ol =A% for some 7= 1 and
prefix ' of A'.
Lemma 1:

Given layers S, =[Sl ---1Sk] i=1,2, its composition
S=[S};SZ---1S152], a state o and two histories h=h'"a"B"h" and
h=n"Ba"h"

If o does not involve any S and B does not involve any S/, then
<---,h>€M(S)o) implies < ---,A>€M(S)No)andh |;=h |, fori=1.n.
Proof:

Since o does not involve any S;!, @ witnesses in fact a communication within
S2. Likewise, B witnesses a communication within S!. Let a=(i,j,a) and
B=(k ,l,b). Then this implies that {i,j }N {k ,/}=@, since both S;! and S;! must

-

8the empty sequence
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have terminated for o to occur, whereas neither S;! nor Sl] can terminate before 8
occurs. Consequently, 2 |;=Fk |; forall i=1..n and hence < - -+ A > € M(S)o ).

Lemma 2:
Let S'=[Sil---1Si1i=12 and <7,A >€M(S];SZN---1S,1:S.21) (0 ) for
some states 0,7 and history h. Let{i,,...,i, } be a set of indices of processes Sl-2

for which there is an « in & involving S,2.
Then, if there is no record « in 2 involving both some S;! and some S (i.e., if
there is no intra-layer commumcauon) there is a history h '=h "%’ such that
R'l,=hl, for i=l.n, <---,h >EM(S‘)(0) and for every xE{zl,..., i}
there is a 7,# 1 such that <7, A'1I;>€M(S;!X0) and <--- R'l,>¢€
M(S§2X7;).

This lemma has two interesting corollaries. Its full generality is needed in the
proofs of theorem 2 and theorem 1.

Corollary 1:

Let S'=[SiN - --USi1i=1,2. If GTCC(S!,L), then for all states 0 and 7
Jn <T,h>E€ M([Sl SEN 1818 2D(0 ) iff In° <7,h'> € M(S1;8%) 0 ),
and the histories are related by 2 |;,=A "1, i=1,.n.
Proof:

Evident.

This corollary makes precise the idea that communication closedness allows
layer composition to be treated as sequential composition. In fact, we have the fol-
lowing evident

Corollary 2:
The following rule is sound (same notation as above):

{pi}si{qi}’ql_WZ -
GTCC (S'p1)
pUSES 2N - 18,15, e 2

Proof of Lemma 2:

Repeatedly using lemma 1 yields a history &' for which A'l;=h|; i=1l.n
and on which no communication 1nvolvxng some Sk precedes any commumcatlon
involving some S;'. Let 2" =h "R, where h" is the longest prefix of A’ containing
only communications involving some S;!. Then < --- > €M(S)(o). More-
over for every i €{i{,...,i}, S;! must terminate on R * since otherwise the associ-
ated communication could mnot occur: <7;h'l;>€M(S)o) and
< --e B> €M(S2)(r;) (by definition 7,3 L ).

3 Proof of Theorem 2:

~ Suppose the layer S =S, ---1IS;] i not GICCr{(S,E) -according to — —

definition 1. Then we can find another layer T = [T,ll - - - 1T, ] and indices i and
j ., i¥ j, such that synchronization occurs between i/o commands in S; and T;
during some execution of the program P = [S;T,ll - - - WIS, ;T,, ] that starts in a
state o €X. Hence, there is a history A and a record a such that
<---hta>EM(PNo), <---Aa>EM(SNo) and <---,hl;"a>€
M;(S; Xo) (& witnesses a communication between S; and T ). W.lo.g., assume
that « is the only such record in A "o witnessing non-closedness. This implies that




il

-8-

there is no record in A that involves both some S; and some 7, . Hence, lemma 2
can be used. This gives a history A=A A" such that < - -+ ,A'> € M;(S)(0 ) and
<r,R'1;>€M;(S;Xo) for some r== 1. Since, A l1;=h|;, we also have
< s h "> €Mp(S; ) o). Hence, S is not GTCC;(S,2) according to definition
4,

Finally, we can give the promised

Proof of Theorem 1:

Suppose we have a history 2"« on which communication closedness (CC) is
violated for the the first time by a communication occuring between layers S’ and
S*, where j <k. Say, between S/ and S¥; a=(u,v,a) witnesses this communica-
tion and is in fact the first such witness. Define SS¢ = [S];.;Si0 -« - 1S ...;80]
and define S”* and S analogously (§<! = A). LetX! = {0 | o}=p'},i=1l.n.

Violation of CC implies the existence of states 7= 1 and o € £° and a split-
ting of A, h=h;"h, such that < ---h"a>€M(S*)o), <7,k l,>€
M(S,S)Xo)and < -+ k1, a>€M(S,S/) o). Since closedness is not violated
on h, lemma 2 gives a history h'=h"R' such that A "I;=h1; i=1l.n,
<.~ hA>EMSSI)a), h'l,=hyl, and A'l,=h |,. Hence, GTCC(SS/ 19
does not hold.

By definition GTCC (S<7 ,£°) does hold. Hence, corollary 1 implies that there
isah'; for which 'y l;=hl; i=1,.,n and < --- A" },>€EM(S</;S/ )0 ). Split
h', as h';"R'; such that <7,h';>€M(S</ ) o) for some 7= L. By definition
this is possible. Then, from the assumptions of theorem 1, 7€ £/~ From this we
may conclude that GTCC (S’ ,X7~1) is violated, which proves the theorem.

4. The proof rule for GTCC

In this section we present a proof rule for proving the GTCC of a given layer.
The rule operates solely on the partial correctness proof of the layer itself. We
assume the proof is carried out in the CSP proof system proposed in [AFRS80].
Le., each process is given a proof outline (or alternatively a proof from assump-
tions see [A85]) and the proofs cooperate with respect to some global invariant GI .
For the sake of simplicity, we first state the rule for the case of two processes and
extend it to the general case later. The proof rule for proving S to be GTCC is
given in Figure 1.

Discussion. First observe that an assertion attached to some point in a pro-

gram characterizes the states in which execution can arrive at this point. Hence,
m

V g characterizes those states in
k=1

which execution is simultaneously (GI') at the front of an i/o guarded alternative in
S, (z) and at the end of S, (¢g,) while S; has the option of doing an additional

l
for p=1, the formula ¢g,A? AGI /\k\=/1g e N

l
communication (k\_/lg' j.)- Since the i/o guarded alternative has an open local

m
branch, too (kV g, ), §; need not engage in a communication at this point.

Clearly satisfaction of this formula is a sufficient condition for failure of closed-
ness of a layer. We claim (and prove later on) that it is a sufficient condition, too.
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Let us now apply the rule to layers S and §' from example 1: S satisfies the
requirements of the proof rule vacuously and can be shown GI'CC (S,true ), while
S’ can only be shown GT'CC (S, f alse ).

The extension of the above rule to the general case of n >2 processes is
straightforward. The rule for proving S to be GI'CC is presented in Figure 2.

A natural question to consider next is wether the proposed GTCC rule takes
care of all the “‘sources” of potential interlayer interaction. The answer is given in
the next section where we prove soundness and completeness of the proposed rule.

5. The soundness and completeness of the proof rule for GTCC

Soundness and completeness of the GT'CC -rule as formalized in theorems 3
and 4, is based on soundness and completeness of the [AFR80] proof system as
proved in [A83]. That paper assigns semantics to CSP-statements (actually to a

A P
superset of our dialect), using a transition relation, »*: (§,0) —»* (S’,6') means
n n

that starting from a state o, the statement S can evolve into the statement S’ in
n computation steps, producing a communication history A and transforming o
into 0. Let A denote the “empty” statement. Without proof, we claim that the
following relation exists between our semantics and the one from [A83] (7= L ):

For any statement (or program) S': .
<t h>€EM(SXo)iff An <S,0> =* (A7)
n

construct proof outlines for {r,1S{¢,} and {r,}S,{q,}
that cooperate w.rt. GI (r=r,Ar,AGI)
for p=1,2 do
for any command [Og;— L;]in §,
with a pre-assertiont and at least one mixed
alternative and one local alternative, where

{g'j,,---,8";) is the set of boolean parts of
the mixed guards and {g";, ..., 8" }
is the set of pure boolean guards
do
l m
show I f= = (g3, At AGI Ak\=/1g e /\k\_—{lg )
od

GTICC ([S4I1S,), )

Figure 1. The rule GTCC for n=2
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construct proof outlines for {r}S{g} ...  Ar, 1S, {¢n }
n
that cooperate w.rit.GI (r= N r, AGI')
k=1

for p=1..n do
for any command [Og;— L;}in S,
with a pre-assertion t and at least one mixed
alternative and one local alternative, where
{g'j,--..8";) is the set of boolean parts of the
mixed guards, referring to processes S; , . ..,S;
in their i/o parts,and {g;,, . .. ,8"; } is the set
of pure boolean guards

do
l l m
show I |= -nk\__(l(t Ag;, NGI /\k\=/lg ik /\k\_-_/lg )
od
od
Grec (s ---4s,), r)

Figure 2. The rule GTCC

In other words, soundness and completeness of the CSP proof system still
holds if this paper’s semantics is used.

5.1. Soundness of the rule.

‘With that out of the way, we prove that the proposed GICC rule is sound in
the sense of the following theorem. Here, I |—gycc denotes derivability within the
[AFR80] proof system augmented with the GTCC rule of Figure 2, and
I |= GTCC(S,r) is defined by GICC;(S{ril,rE=r}). N denotes the standard
interpretation of Peano arithmetic. l.e., N consists of the natural numbers together
with the standard operations (+, *, Suc) on them and the constant O.

Theorem 1:
For any layer {r }S{g },
if N I_GTCC GICC (S, r ) then N }== GICC (S, r)

Proof:

Non closedness can only occur if a layer can terminate regardless of whether it
performs a certain communication or not. Also, by assumption, layers terminate.
Now observe that the only way in which a layer can be both non closed and ter-
minating, is if at least one of its components contains an alternative statement of
the special form as considered in the GTCC rule. In other words, the set of syn-
tactic configurations as defined in the rule entails all potential sources of non
closedness.
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Next assume that S = [S,li -- - IS, ] is not GTCC. First note, that the CSP
proof system used for the partial corectness proof of the layer S is complete with
respect to ‘expressive’ interpretations such as N ({A83]). To derive the contradic-
tion, let ¢;, ¢ and G/ be the assertions from the presumed proof outlines showing
GTCC, and ¢';, 7" and GI ', be the corresponding assertions used in the CSP proof
system completeness proof [A83]. By definition of the above assertions:
N ¢':AM'AGI" — g; At AGI .

! m
Choose any state 7. By assumption N,7 | =(g; At AGI /\kVIg WA Y g ),
= k=1
{ m
and hence the following holds: N,7 = -!(q',-/\t‘/\GI’/\kVIg'jk/\'Vlg';k). By
= i=
l m
definition of the completeness assertions, N,7 = ¢'; At’/\GI’/\kVIg 'jkA_Vlg )
— l=

h
claims the existence of a transition (S,0 ) —»* (S,7') for some communication his-
n

tory h such that N,of=r, in §' the i-th component has terminated and the p-th
component is at a guarded statement of the required form, and 7’ coincides with 7
on the variables of the i-th and p-th component. Now, since S is terminating,
w.l.0.g. we may assume that the above transition is such that only the p-th com-
ponent in S’ has not terminated yet. By the correspondence with our semantics
this means that <7',h > € M(S)(0 ) and that < --- ,h |;"a)€ M(S;)(o) for any
o corresponding to an i/o command addressing the i-th process in one of the open
mixed guards. Hence, S is not GT7C with respect to r. The contradiction follows
from contraposition.

5.2. Completeness of the rule.
The proposed GI'CC rule is complete in the sense of the following theorem.

Theorem 4:
For any layer S, if N = GTCC(S,r ) then N |- grcc GTCC(S,r)

Proof:

By contraposition. Since the post-assertion of a layer can be choosen freely in
a GTCC proof, cooperating proof outlines can always be constructed. So, N~
¢rcc GTCC (S,r) can only mean that the second premis of the GTCC-rule cannot
be made to hold. Assume that the completeness proof outlines and GI are used.
By assumption, there is at least some p and some ¢ such that

) l m
N}:—»k\_/](z Ag;, NGI /\k\_/lg e /\k\_/lg %) (notation as in the GTCC rule). hence,

!
there is a 7 such that N,r}:kvl( -+ - ). The rest of the argument is as in the proof

of theorem 3.

Example 3:

We demonstrate the usefulness of the GTCC rule by using it to complete the
formal reasoning in the transformational system of [M85]. In [M85] A .Moitra
proposes a novel method for the automatic construction of CSP programs out of
sequential nondeterministic programs w.r.t. a given data distribution. The method
suggests translating each statement of the sequential program into an equivalent
CSP fragment and then composing sequentialy the resulting fragments to form a
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complete CSP program. The ability to transform each statement separately is an
important feature of the transformation based on the so called preservation of
sequencing, Which is expressed as follows: Let 7' denote the transformation and S,
S, denote statements in the sequential program. 7 preserves sequencing if

Tlsl;S2]=T[SI];T[52] (*)

In [M85] it is claimed without proof that the suggested transformation preserves
sequencing. By using the GTCC rule, we are able to prove that for any sequential
statement S, the CSP fragment T'[S], generated by the [M85] transformation, is a
GTCC layer and thus that (*) holds for 7. The author in [M85] remarks that the
transformation generates a CC layer for each statement. Actually, in order to be
able to view translation of each statement in isolation, the notion of CC is not
sufficient as it is defined relatively to a given context of the statement. The GTCC
notion captures precisely the required condition.

6. Automatic closedness enforcement, revisited

To facilitate distributed program synthesis with communication closed layers,
[EF82] and [SF83] advocate the use of an automatic layer communication closed-
ness enforcement facility. We discuss here the feasability of such a facility in view
of our better understanding of the mechanism of communication closedness. The
proposed closedness enforcement facility should be used as follows: the program-
mer suplies code for component layers and specifies their required composition
using a special syntactic construct. The compiler generates code to be inserted
between the suplied component layers and composes the resulting program from
the suplied and generated code, so that in the composed program communications
occur only between commands that belong to the same layer. Obviously, to make
the automation of the compiler task feasible, the generated synchronizing code
should not depend on the contents of specific layers. Let us denote the synchroniz-
ing code generated for a n —process layer by Z".

We show that, for any Z", it is in general impossible to prevent interaction
between commands in a programmer suplied layer and commands in the synchro-
nyzing code. Let us consider a specific non GTCC layer L and some synchronyzing
code Z? as in example 4 below.

Example 4:
7=z 12,]
L = [P,:[P,?x — skip OP,'a — skip Ctrue — skip ] I
P[P ?x — skip OP,'a — skip Otrue — skip 11.

If the first communication suggested by Z; is an input, then, whenever P,
chooses a boolean alternative, this input command matches semantically the out-
put guard in P,. Similarly, if the first suggested communication of Z, is an out-
put, it may semantically match the input guard of P,. The above example should
be sufficient to convince the reader that an automatic generation of a general syn-
chronyzing layer is impossible, unless an extra level of synchronization is intro-
duced. The tag facility of the CSP notation provides this required level. Tagging
the communications ensures that no command in S will synzactically match a
command in Z". At runtime, the use of tags results in inefficiency as additional
checks have to be performed.
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On the other hand, if the user supplies layers together with their proofs, the
task of detecting that a layer is non GTCC can be performed automatically, and
thus, the compiler can in certain cases tailor the synchronizing code according to
the detected closedness violation.

7. Conclusions and future work

We showed that closedness of a layer can be formally proven in terms of the
layer itself. For this, we strengthened the original notion of closedness. The basic
strategy in devising the proof rule was the same as for formulating the deadlock
freedom test in [AFR80) Find a synractically determined set of program
configurations that include all potential closedness violations, and show that none
of these configurations is semantically reachable. We did this for the language |
CSP. In the full paper we indicate how to do this for Ada, based on [GR84] and
for monitor based languages, based on [GR86].

The proof rule is meant as an extension of the [AFR80] proof system. A not-
able drawback is the non syntax directedness and non compositionality of that
proof system. It would be worthwhile to see whether closedness can be shown in
a compositional way that is closer to [ZRB85], possibly along the lines of [GR86].

Finally, GTCC is a sufficient but by no means necessary condition for the safe
composition of two layers. Necessary is only that possible closedness violations of
a layer do not find a matching communication in an appended layer. We have for-
mulated a generalization of closedness which allows such conditions to be stated
but is nevertheless independent from a layer’s environment. We are currently con-
structing proof rules for verifying such more general properties.
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