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ABSTRACT

MODULAR VERIFICATION OF ASYNCHRONOUS SYSTEMS

by

Richard Michael Nemes

Adviser: Professor E. A. Akkoyunlu

The semantics of communication are investigated from the viewpoint of
modularity and hierarchical program development. Communicating
Sequential Pfocesses (CsP), Hoare's language for parallel programming,
is modified and expanded to support process modularity and hierarchical
structure using a Port construction. A formal axiomatic verification
methodology is developed along the lines of Hoare's axiomatic proof
cystem for sequential programs, extending his system to include
CSP-like parallel programs without resort to global invariants.
Hierarchial structure and modularity are fully supported within the
proof system. Processes are verified against an abstract entity, the
interface, thereby achieving a formal notion of process specification
and plug-compatibility. Formal Port semantics are further broadened
and extended to include a generalization of the simple Port, termed
multi-Port, based on a universal assertion, Kirchoff's Law. As an
application of the methodology, a modular proof of the generic

single-entry, multiple-user CSP subroutine process is provided.
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PREFACE
Better is the end of a thing

than its beginning

- Ecclesiastes

This document represents the culmination of a four year study

into the nature of communication. My original intent was to produce a
grand insight that would illuminate the immediate discipline (computer
science), producing a heretofore unimagined formalism that would be
termed nothing short of revolutionary. Far reaching ramifications were
to have extended as far as the social sciences, and beyond; its
universality was to have opened up entire new areas in the fields of
psychology (human communication), philosophy (semantics), mathematics
(logic), and linguistics. A popular literature was to have
spontaneously arisen in the way that Einstein's relativity spawned
popular presentations for lay audiences. My idealistic zeal led me to
a grand insight that was more personal than expected. It led me to &
more modest position. Borrowing from Ecclesiastes once again, I
"discovered" that

that which was will be,

and that which was done is

what will be done,

and there is nothing rew under the sun.

Unfortunately, a rediscovery of Ecclesiastes does not constitute

a doctoral dissertation, and so I am forced to present secondary

insights that, to my regret, may never illuminate the world. I present



these modest results for what they truly are: nev ways of looking at
things that have always been in existence. If we apply the
Ecclesiastic principle once again, new ways of looking at old things
are also not '"newv under the sun," and are at best rediscovered. No
matter; what counts in the end is enthusiasm. Of the rest, "all is
vanity."

The opening quote applies to this undertaking in two ways.

First, I am gratified to be able to conclude this study and bring it to
fruition. This treatise is the fruit of that endeavor. Second, the
final section on multi-Ports in which CSP subroutines are proved is the
most personally gratifying.

Leaving the realm of ethereal speculation, acknowledgments and
thanks are due. Without the continuing encouragement, inspiration,
guidance, direction, good sense, and personal involvement of my mentor
and teacher, Professor E. A. Akkoyunlu, this work would never have seen
the light of day. My wife Helen's constant support was an essential
ingredient us woll. The work of Di'kstra and Hoare forms the bedrock

upon which rests this modest edifice.
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I INTRODUCTION

This dissertation is, in essence, an investigation into the
semantics of communication. Specifically, it examines the semantics of
comminication within a modified CSP environment (CSP, which stands for
Communicating Sequential Processes, is a small language for parallel
computations introduced by Ho;re in 1978). Semantics are developed
along the lines of Hoare's axiomatic verification methodology, forming
an extension of his proof system to include CSP-like parallel
programs. The novelty of this particular extension is that
hierarchical structuring and modularity are fully supported within the
language and the associated proof system. The modularity theme runs
throughout and underlies the entire development.

The incipient idea behind it all comes from an extension of the
electrical engineering notions "specification" and "plug-compatibility"
(in software terms, "interface"). While primarily physical concepts,
here we extend them to encompass the more abstract realm of parallel
programs and rormal first-order logic. Tne underlying inspiraiion is
the physical analogy, and our choice of terminology (Port, Kirchoff's
Law) strongly reflects it.

Apart from the satisfaction of seeing an aesthetically pleasing
formalism with an associated methodology, there are less abstract (also
less immediate) implications as well. With the advent of the
inexpensive and versatile microprocessor, it has become advantageous to
organize many computations as a collection of tasks (technical term:
process) whose executions proceed concurrently. Consequently, a fuller
understanding of such systems, from both the formal syntactic and

semantic points of view, has become a contemporary issue. There are



now numerous investigations into the characteristics of such
distributed systems that are composed of large numbers of processing
elements, and many tools and methodologies are being created for their

development. This work represents a small contribution to that effort.

The topic is developed like this. First, previous work in the
area of program design methodologies is very briefly summarized.
Following that, Hoare's formal axiomatic proof method is presented in
detail, along with precise coverage of CSP and the first assoclated
proof system, created by Apt et al. All this constitutes Part 1. The
shortfalls of Apt's method are then discussed (Part 2), leading into
the main portion of this work, which deals with Ports.

Before delving into a detailed discussion of Ports as a syntactic
and semantic extension of CSP (the resultant language is termed Port-
CSP), we investigate the general notions "modularity,"
"specifications,” and "plug-compatibility" from the electrical-
engineer-turned-programmer's point of view. Here the concept of the
interface is introduced, with an eye toward the formalism that comes
later.

Ports are discussed first from a syntactic angle, complete with
BNF. Semantics come only later. The discussion is replete with
examples of how Ports might actually be used; the outline of a
distributed operating system is the zenith.

Formel Port semantics, which occupies the arena for the
remainder, is the main purpose of this entire work. The formalism is
firmly established along the lines of Hoare's axiomatic method.

Examples of modular proofs are shown in sufficient detail that is



guaranteed to test the endurance of even the hardiest reader. Finally,
multi-Ports, the full-blown generalization of simple-Ports discussed
until that point, are examined. Semantics developed earlier are
broadened and extended to cover these more general constructs. A
modular proof of the generic single-entry, mulitple-user subroutine

process (the concluding example) is our tour de force.
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IT PREVIOUS RESULTS

A. SUMMARY OF PRIOR RESULTS

Since 1968 the design and verification of large software systems
has been receiving considerable attention, spurred by the ever
escalating percentages of total systems development and maintenance
costs represented by software. The "software crisis,” as the trend has
come to be known, coupled by software failures in strategically
essential systems, has significantly fueled the creation of new
language features and design methodologies. Those developments
relevant to the issues addressed by this dissertation are presented
below.

The earliest techniques arose with efforts to achieve program
clarity through restricted control structures (Dijkstra [68c]),
top-down program design and stepwise refinement (Mills [T1], Wirth
[71}), and modularization (Parnas [72a)). In a landmark paper,
Dijkstra [68a] demonstrated how an operating system can be organized
and developed in a hierarchical fushion so that it car be implemented
and tested incrementally, proceeding from level to level in the
hierarchy. In a vertical structure such as this, the number of
intermodule interfaces tends to be minimized.

Parnas, on the other.hand, emphasizes the need for clear
distinctions between function and implementation and insists that
implementation details of a module be hidden from other modules (Parnas
{71, T2a, 72b])). The only externally visible feature of a module,
according to Parnas, should be its function. His technique is to
choose module decompositions that permit the intermodule interfaces to

be defined on a general functional level. This he advocates even at




the risk of introducing execution inefficiencies. The main feature of
this method is that it results in systems in which a change to a
particular module has minimal impact on the remainder of the system.
This notion of module insularity is the essence of what is meant by the
term modularity as used throughout this dissertation.

The methodologies described above have been successfully applied
in the design of several experimental systems, including THE (Dijkstra
[68a]), Venus (Liskov [73]), RCL00O (Brinch Hansen [73a]), and SBS
(Akkoyunlu [T2]).

New programming languages have been proposed that support data
abstraction and encapsulation, including Simula 67 (Dahl [68}), CLU
(Liskov [T74]), and Alphard (Wulf [74]). Important differences between
them notwithstanding, these languages all support user defined abstract
"types" by providing a construct (termed class, cluster, or form) to
encapsulate a data structure that represents an abstraction. Also
provided by the abstract type are procedures that manipulate the
encapsulated data structure. Sementic properties of the abstraction
are kept independent of its representation and of any bugs in the user
program.

As an example, consider the abstract type "push-down stack,"
represented by an array of elements or, perhaps, a linked l1ist. The
nature of the representation, whether it be in terms of an array or in
terms of a linked list, is not made visible to the users of the stack.
Their interaction with the stack is via procedures PUSH and POP, which
are provided as part of the entire package known abtractly as STACK.

On the theoretical side, the major breakthrough was Hoare's

development, inspired by Floyd's earlier work on flowcharts (Floyd




[67]), of an axiomatic system for program verification and semantic
specification (Hoare [69)). His method associates an axiom, in the
form of transformations on logical assertions, with each type of
program statement and control structure. Rules of inference allow the
establishment of all valid program proofs, subject to the condition of
termination. Thus Hoare's methodology is termed a system for proving
partial program correctness, the adjective partial indicating that
termination is not proveable and that all logical assertions are valid
modulo termination.

Hoare's insight was that the program text could be treated
semantically as a formal mathematical object. He saw that program
semantics can be described without reference to an "execution-time"
domain, i.e., without reference to global run-time states, when the
program text is viewed as a passive object with respect to the time
domain, and as an active element in the space of logical predicates.
This is analogous to time-frequency transformation methods (Laplace,
Fourier) of analcg systams. MYoare's ma2thod is primarily local,
bottom-up in that full program proofs are built up from individual
relations on pairs of predicates specified for each program statement.

Proof techniques involving abstract types include Hoare [72],
Spitzen [75), Wegbreit {76], Zilles [75], and Wulf {76]. The language
Pascal, whose semantics are specified exiomatically, fully incorporates
these concepts (Hoare [73]). The following section describes the
general Hoare axiomatic system in detail.

Systems that allow the concurrent (parallel) operation of several
processes within a shared environment present problems of a

considerably more complex nature. Again, Dijkstra paved the way by



identifying the notion of "cooperating sequential processes" (loosely
termed asynchronous systems) and devising the semaphore as a mechanism
for achieving proper synchronization and maintaining the integrity of
shared data (Dijkstra [68b]).

While the semaphore 1s an operating system based construct that
deals with the problem of synchronization, the monitor (Brinch Hansen
[73b]), Hoare [74]) is a more generalized language-based tool for
creating concurrent programs. The language Concurrent Pascal (Brinch
Hansen [75]) 1s an extension of Pascal in which monitors are
suppr~ted. Modula (Wirth [77a,b]) has taken over the idea as well.
Programs in Concurrent Pascal execute in an elaborate run-time
environment, essentially under the auspices of an operating system.
Modula, on the other hand, runs with a minimal kernel. There,
communication and synchronization are provided by "interface" modules
and "device" modules. Context switching is controlled by processes
themselves. Modula is intended for real-time process control.

Jones and Liskov propose a language extension for lata sharing
which allows dynamic binding to shared objects through capabilities
(Jones (76}). The emphasis is on access control; synchronization is
not provided.

Recent developments in the area of concurrent language design
include CSP, a small language for parallel computations (Hoare [78])
upon which this dissertation is largely based, Distributed Processes
(Brinch Hansen {78)), and Communication Ports (Mao [80]). CSP is
described in detail in a subsequent section.

Axiomatic proof techniques for parallel programs were launched

with the work of Owicki and Gries (Owicki [76a,b])). They extend the



Hoare axiomatics for partial correctness to a small parallel-
programming language based on shared objects, called "resources," and
mutual exclusion. A crucial axiom provides for the use of auxiliary
variables that are added to a parallel program as an aid in
verification, and the technique makes use of a global invariant that
describes the reasonable states of a resource. The resource invariant
must be true when parallel execution begins and remains true outside of
well-defined critical sections. Their method is used to prove such
properties as mutual exclusion, freedom from deadlock (i.e.,
liveliness), and even termination 1n certain cases. In this sense
their system 1s more powerful than the Hoare axiomatics and is in some
sense "complete" for partial correctness. A description of the Owicki
method is presented in a subsequent section.

Hoare [74), Howard [76a,b], and Lamport [77] also discuss proof
techniques for parallel systems. Akkoyunlu [78] investigates the
verification of operating systems.

Very recently an elegant proof system for establishing the
partial correctness of CSP programs has been introduced by Apt (Apt
[80)). The technique, which is based on the work of Owicki and Gries,

is described in a subsequent section.
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B. Hoare fxiomatics

In 1969, Hoare introduced an axiomatic system for proving the
partial correctness of a class of Algol-like programs known as WHILE
programs (or "GOTO-less" programs). The approach was partially based
on the "intermediate assertion" method of Floyd [67] and on results
obtained by BShm and Jacopini (BShm |66)}) who showed that the class of
WHILE programs is sufficiently rich to express the logic inherent in
any flowchart. In this section we explore the Hoare system in detail,
beginning with a formal description of WHILE programs.

A WHILE program consists of a statement S, where statement is
defined inductively to include:

1) Assignment statements of the form x:=E, where x is a program
variable and E is an expression. The null statement, which
is defined as the assignment statement x:=x, is more
conveniently written SKIP.

2) Sequencing: Sl; Sa; ves -,Sn is a statement if each S1 is a

statement.

3) Alternative statements: IF B THEN S, ELSE 52 ENDIF is a

1

statement if B is a Boolean expression and S1 and 82 are

statements.
4) Repetitive statements: WHILE B DO S ENDWHILE is a statement
if B is a Boolean expression and S is a statement.
As a typical example of a WHILE program, consider the following
program which computes the quotient of non-negative integers y and z,

leaving the result in x:
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x:=0;

ti=y,

WHILE t>z DO t:=t-z;
x:=x+1

ENDWHILE

The Hoare proof system involves triples of the form {P}S{Q},
where P and Q are first-order logical formulas, called assertions, and
S is a WHILE program. Program variables are among the variables that
may be mentioned by assertions P and Q. The meaning of the construct
{P}s{q} is as follows: if P holds (i.e. is valid) prior to execution
of S and execution of S successfully terminates, then Q holds following

execution of S. The triple establishes only partial correctness of S

with respect to P and Q since termination of S is not guaranteed (only
the WHILE statement is subject to possible nontermination). P is

commonly termed the precondition and Q the postcondition.

The Hoare system i3 a collection of axioms and proof rules that
allow the establishment of valid triples. Given a WHILE program S, the:
validity of the triple {P}S{Q)} is established inductively just as S
itself is defined inductively from the four types of statements
described earlier. Thus, we specify through axioms and rules what the
valid triples are for each of the four types of statements. In this
sense we are specifying the meaning, or semantics, of each type of

program statement. We begin with the assignment statement.

AXIOM 1) Assignment Axiom

{P(E) }x:=E{P(x)}
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P(E) stands for the assertion that results from substituting
expression E for every free occurrence of x in P. This axiom is
more precisely termed an axjom scheme since it encompasses all

possible assignment statements.

The rules which follow, termed composition rules, are all of the

form 4, where o and p are triples and/or logical formulas. a is termed

B

the antecedent and p the consequent. It means the following: if
validity of a can be established, then validity of p is deduced. The

cancellation law makes this notation particularly convenient:

Ir 2 and 2 then-%.

P Y

Note that for formlas @ and p,'§ does not imply the validity of 0=>p

(the converse, nevertheless, does hold). For example, ;S% is a valid

composition rule in that it is equivalent to Vx[x=0] => Vx[x=1].

Vx{x=0 => x=1], however, is not valid.

RULE 1) Sequencing Rule

{P}s, {R} and {R}s,(Q}
{P}sl;sz{QT

RULE 2) Alternative Rule

{PAB}SI{Q} and {PxﬂB)SQ{Q)
{P} IF B THEN S, ELSE S, ELDIF {Q}
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RULE 3) Repetitive Rule

{PaB}S {P}

{P} WHILE B DO S ENDWHILE {Pa=B}

Assertion P is termed a loop invariant since the validity of P is

preserved under execution of the body of the loop.
The final rule permits the weakening of postconditions and the
strengthening of preconditions of valid triples, two intuitively

well-founded operations.

RULE k) Rule of Inference

{P}s{Q) and (R=>P) and (Q=>U)
{R)}s{u}

A concise method of demonstrating the validity of {P)S[Q)}, where
S is an entire program or program segment, is to annotate the program
text with intermedlate assertions so that a valid intermediate triple
is formed with each individual program statement. The resultant

text is termed the annotated program (also annotated proof or annotated

text). In the annotated program, the precondition of each statement is
the postcondition of the previous one. The annotated program, then,
has the general appearance

[P}E{PI}SIIPQ};SeiPB}; ese {P

AP F-NI (38 £1C) B

where {Pi}si{Pi+l} is valid for each i. lNote that the size of a

proof is at least as long as the program itself.
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The annotated text is conveniently desived from the program text
as follows: starting with the postcondition Q, work back through the
text, statement by statement, establishing valid preconditions at each
step. HNotice that Axiom 1 is easiest to apply when proceeding in this
fashion. The only nonmechanical aspect of the entire process that
usually requireé creativity on the part of the person writing the proof

is finding adequate loop invariants.
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1. EXAMPLES

1.

2.

3.

b,

Se

Consider the program consisting of the assignment statement
x:=7. Then by Axiom 1, {(7=T}x:=T{(x=T} is valid, and since
(7=7) = TRUE, we conclude {TRUE}x:=7{x=7} from Rule 4. From
Rule 4 we can also conclude {TRUE}x:=T{TRUE}.
{P}SKIP{P} is valid for any P, from Axiom 1.
{P}S{TRUE} is valid for any S and any P since (Q=>TRUE) is
valid for any Q, and from Rule 4.
(FALSE}S(P} is valid for any S and any P since (FALSE=>P)
is valid for any P, and from Rule L.
Consider program S that computes z=b® for integers a and b:
y:=a;
x:=b;
z:=1;
WHILE y#0 DO

IF odd(y) THEN y:=y-1;z:=z%x ELSE SKIP ENDIF;

X s=x¥x g
y:=y/2

ENDWHILE

We will prove {TRUE}S{z=b&}. The annotated text appears as

follows:

{TRUE}
yi=a
¥=p*};
x:=b

x=p2};
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z:=1
(22 =b7);

WHILE y#0 DO

{z+x'=b%} IF odd(y) THEN (z+x =bpodd(y))y:=y-1
{zx * =b%seven(y)} ;
2:=2%x{z*X =b Aeven(y)}

ELSE {z*x'=b"aeven(y)}SKIP
{z* X =b%Aeven(y))

ENDIF

{z*x=b®reven(y)};

x:=x%x

{z'XY/2=baAeven(y)};

yi=y/2

{zx=b"}

ENDWHILE

{z=ba} .
The loop invariant P is given by 2 =b%. The loop exit
condition, (PanB) of Rule 3, yields the desired nostcondition
z=b>. Note that Axiom 1 may be applied to assignment
statements involving integer division only when integer
quantities being divided are known to divide evenly prior to
execution. This restriction is clearly unnecessary when division

involves floating-point quantities.



17

2. WEAKEST PRECONDITIONS AND STRONGEST POSTCONDITIONS

We have thus far developed the notion of program semantics in
terms of logical assertions. We can, however, take a more general
point of view and arrive at an equivalent but more elegant construct by
considering programs as transformations on assertions. Programs can be
viewed as transformations that map preconditions into postconditions,
and vice-versa. The problem with such transformations in general is
that they are multi-valued: given a program S and a precondition P,
Rule 4 states that there exist any number of postconditions Q such that
{P}S{Q} is a valid triple. Similarly, given S and a postcondition Q,
there are many preconditions P that form valid triples. We can,
however, turn these multi-valued transformations into well-defined

functions by mapping postconditions into weakest preconditions, and

preconditions into strongest postconditions. Both are unique up to

logical equivalence. This is developed as follows, beginning with

weakest preconditions.

1) For each program S and assertion Q, wlp(S,Q) (following Dijkstra
[75, T6] 's notation) denotes the weakest liberal precondition of Q
with respect to S. The adjective liberal signifies that
termination of S is not guaranteed. Whenever termination of S is
guaranteed we write simply wp(S,Q). This is the case, for example,
when S contains no WHILE statements. ({P}S{Q} is defined to be e
valid triple if and only if (P=>wl1p(S,Q)) is valid for all values
of the free variables.

2) wp(x:=E,Q(x)) = Q(E)

3) wlp(Sl;Sz,Q) = wlp(Sl,vlp(Se,Q))
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5)
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vlp(IF B THEN S, ELSE S, ENDIF,Q) =

1l
(B=>w1p(8,,Q) Al NB)=>w1p(S,,Q))

If (PAB)=>wlp(S,P) is valid for all values of the free variables,
then P=>wlp(WHILE B DO S ENDWHILE,Pa"B) is valid for all values of

the free variables.

Each of the above formulas has a dual, which is expreased in

terms of strongest postconditions. The development follows that of de

Bakker [80].

1')

2')

3')
4)

For each program S and assertion P, slp(P,S) denotes the strongest
liberal postcondition of P with respect to §. The adjective
liberal signifies that termination of S is not guaranteed.

Whenever termination is assured we write simply sp(P,8). This will
be the case when S éontains no loops. {P)S{Q)} is defined to be a
valid triple if and only if (slp(P,S)=>Q) holds for all values of
the free variables.

sp(P(x) ,x:=E(x)) =

Iy [P(y)ax=E(y)] A y‘x A Y i8 not free in P A y is not mentioned in E
s1p(P,8,;8,) = slp(slp(P,5,)S,)

ELSE S, ENDIF) =

1l 2
slp(PAB,Sl) v slp(PxHB,Sa)

slp(P,IF B THEN S

If slp(PAB,S)=>P holds for all values of the free variables, then
slp(P,WHILE B DO S ENDWHILE)=>(Pa1B) holds for all values of the

free variables.



C. PARALLEL PROGRAMS AND THE OWICKI METHOD

1. PARALLEL PROGRAMS

Up to this point we have been dealing exclusively with what are

termed sequential programs, that is, programs that do not exhibit

characteristics of parallelism. Thus, WHILE programs, described
earlier, constitute the class of sequential programs and the associated
Hoare axiomatic system is a methodology for proving partial correctness
of sequential programs. We turn now to a broader class of programs,
namely, the class of parallel programs.

A parallel program, equivalently concurrent program, is a

collection of programs that are executed simultaneously. In general,
these simultaneous executions do not proceed in an isolated manner;
rather, they involve the mutual interaction of the independently
executing programs. Each independently executing member of the
collection is more commonly termed a process. Processes vhose parallel
executione proceed in an asynchronous manner with respect to one

another are termed asynchronous processes. We will be considering only

asynchronous processes. Consequently, no assumptions are made about
the relative speeds of the parallel processes with which we will be
dealing. The results of the execution of asynchronous processes can
depend on the unpredictable order in which statements of the various
processes are executed. Hence, high-level parallel-programming
languages contain synchronizing features designed to ensure
predictability.

Parallel-programming systems and their associated high-level

languages are conveniently classified into two distinct categories:

19
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1) parallel processes which reference common variables, and 2) parallel
processes for which there is no such sharing. The first category is
customarily associated with multiprogrammed uniprocessor architectures
while the second more accurately corresponds to a system of
multiprocessors each with private storage. 1In the latter category each
process is typically assigned its own processor, while in the former A
single processor is time-shared among the processes. We begin by
describing a typical parallel-programming language based on shared
data, and proceed to define the Owicki proof system for that language.
The parallel-programming language used here is derived from the

WHILE programming language described earlier. It includes: assignment
statements, sequencing, alternative statements, repetitive statements,
plus two statements that are intended specifically for parallel
processing. The first is used to initiate parallel execution and takes
the form

RESOURCE r, (variable 1list), «.. 3 (variable 1list)

[31,, oo I'Sn]
» where resource rj is a set of logically related shared variables

and the S, are parallel processes, i.e., statements executed in

i
parallel. In general, a parallel program may have any number of such
statements.

The second statement provides the necessary synchronization for
referencing shared data and takes the form WITH r WHEN B DO S ENDWITH
, Where r is a resource, B a Boolean expression, and S a statement
mentioning variables of r. A process executing such a statement is

delayed until B is TRUE and r is not being used by another process, at

which time S is executed. While S is being executed no other process
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can reference variables of r. No assumptions are made regarding the
order in which competing processes are granted control of a resource.
WITH statements may appear only within a parallel execution statement
([Slll ces IISn] construct shown above) and may not be nested when
they are for the same resource. The purpose of the WITH statement,
then, is to avoid interprocess interference when referencing shared
data by providing access on a mutually exclusive basis; at most one
process has access to shared variables at any point in time. The
follovwing two restrictions ensure that all shared variables are indeed
protected by the resource mechanism:
1) Variﬁbles belonging to resource r may be referenced in a parallel
execution statement only by WITH r statements;
2) Variables changed by a process may not be referenced by other
processes unless they belong to a resource.
The following (from Owicki [76a]) is an example of a simple

parallel program. Its purpose is to add 2 to variable x.

RESOURCE r(x)
[WITH r WHEN TRUE DO x:=x+1 ENDWITH ||

WITH r WHEN TRUE DO x:=x+1 ENDWITH]
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2) THE OWICKI METHOD

The Owicki proof system extends Hoare's axioms and rules for
sequential programs to include proof rules for the parallel execution
and WITH statements. These two additional rules require an assertion
I(r), termed the invariant for resource r, that defines the proper
states of the resource. The invariant I(r) must hold at all points of
the rparallel execution statement that are outside WITH r statements.
The two additional rules are given as follows.

RULE 5) Parallel Execution Rule

{Pl}Sl{Ql} and [P2}S2{Q2} and ... and {Pn}Sn{Qn},

and no free variable in Pi or Qi is changed by SJ' i#3,

and all variables in I(r) are in resource r

(P A ..+ AP AI(r)}RESOURCE r 151” ”Sn”Ql“ ces AQAI(r))

RULE 6) WITH rule

{I{r)APAB}S{I(r)aQ}, where I(r) is the invariant from the
containing parallel execution statement, and no free variable

in P or Q is changed by another process

{(P}WITH r WHEN B DO S ENDWITH({Q)

Rule 5 provides for the construction of a proof of a parallel

program from proofs of individual processes. The antecedent specifies
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that the individual proofs must be effectively disJoint; what makes the
conjunctions of the preconditions and postconditions meaningful and
binds them together is the invariant.

The addition of Rules 5 and 6 proves insufficient, however, for
proving even the simplest of parallel programs. The repertoire of
variables used by a typical program is generally not rich enough to
allow the desired pre- and postconditions to be broken down into an
invariant plus pre- and postconditions for each of the constituent
processes. It is impossible, for example, to prove {x=0}S{x=2} for the
program shown above unless we admit further variables into the
program. This is done with the aid of an additional axiom. The

additional variables are termed auxiliary variables.

AXIOM 2) Auxiliary Variable Axiom

(P}S{Q}, and x not free in P or Q, and x appears in S only

in assignment statements of the form x:=E (x may appear in E)

{(P}S'{Q}, where S' is obtained from S by deleting all

assignment statements to x

With the aid of auxiliary variables y and z we can now prove the
above program. Yy tracks the progress of the first process and z tracks
the second. The invariant I(r) =z (x=y+z) tracks their joint progress.
The annotated text follows.

{x=0}
y:=0;

z2:=0



{y=0az=0AI(r)};

RESOURCE r(x,y,z)

[{y=0)} WITH r WHEN TRUE DO
{y=041(r)}
x:=x+1;y:=1
{y=1aI(r)}

ENDWITH
{y=1}
I
{z=0} WITH r WHEN TRUE DO
{z=0AI(r)}
x:=x+1l;z:=1
{z=1aI(r))}

ENDWITH
{z=1}
{y=1az=1aI(r)}
Since (y=1laz=1al(r))=>x=2, the desired postcondition is

established. y and z are eliminated by the auxiliary variable ﬁxiom

and the proof is complete.

2L
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D. NONDETERMINACY AND CSP

In the previous section we presented a parallel-programming
language based on shared objects and an associated axiomatic proof
system. We now turn to a parallel-programming language that does not
provide data sharing, CSP.

Communicating Sequential Processes, CSP for short, is based on
Dijkatra's guarded commands (Dijkstra [75, T6]), which introduced the
notion of nondeterminacy in sequential programming. Before describing
CSP in detail we shall consider nondeterminacy, guarded commands, and

related proof rules as they pertain to sequential programs.
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1. NONDETERMINACY

The sequential-programming language that we now consider consists
of assignment statements, sequencing, and two new statements
constructed from guarded commands. A guarded command takes the form

guard->guarded list »
where guard is a Boolean expression and guarded list a sequence of one
or more statements separated by semicolons. A guarded command is not a
statement; rather, it is a component from which statements may be
composed. A guarded list can be selected for execution only if its
guard is TRUE. When a guarded list is selected for execution, its
statements are executed in the usual sequencing order. An example of a
guarded command is

X2y =->m:=x .

The first statement constructed from guarded commands is the

generalized alternative statement. It takes the form

[GIDGeu L4 DG ] 1]

n

where Gi is a guarded command. It operates as follows: if none of

the guards are TRUE, the program fails, i.e., aborts; otherwise a

guarded list with a TRUE guard is nondeterministically selected for

execution. The order in which the Gi appear is immaterial. An
example of such a statement is the program that assigns to m the value
max(x,y):

[x>y->m:=xOQy>x->m:=y] .
If x=y, it is indeterminate - as well as inconsequential - which

guarded list will be executed.
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The second statement constructed from guarded commands is the

generalized repetitive statement. It takes the form

*101002[] ... 0c ) ,

n

where Gi is a guarded command. This sta*~ment when executed will not
terminate until all guards are FALSE. Until then, a guarded list with
a TRUE guard is noqdeterministically chosen for execution. Upon
completion, another guarded list with a TRUE guard is
nondeterministically chosen for execution, and so on. When the
repetitive statement terminates, all guards are FALSE. An example of
this statement is the program that computes the value ged(x,y):

*[x>y->x:=x-y Qy>x->y:=y-x] .

Dijkstra has provided proof rules for these constructs in the form
of weakest precondition semantics. For the alternative statement we
have

wlp( [gl—>SlU oo Ugn->Sn] Q) =

HmS3

n
g.al I g,=>wlp(s,,Q)) ,
1 i i=1 i i

i
where L and [ stand for logical disjunction and conjunction,
respectively. The first term assures that at least one guard is TRUE
and the second term assures that all eligible guarded lists lead to an
acceptable postcondition.

Semantics for the repetitive statement rely on an invariant

assertion, as in the case of WHILE DO. Here we have the rule



n
(Paif_lsi)=>wlp( lg,->s, 0 ... Og ->s 1,P)

n
P=>wlp(*[g.->S. 0...0g ~>S_| ,Pp N=g, )
1 1 n n 1=1 i

28



23

2. Csp

CSP (Hoare [78)) is based on an underlying processor topology
consisting of a number of similar, self-contained processors each with
its own private store. There is no common store. Consequently, mutual
exclusion (competition) is not a feature of the language; rather,
simultaneity (cooperation) is the main theme. Interprocess
communication, based on the well-understood assignment statement, takes
the form of input and output commands between parallel processes.

Interprocess communication occurs when a process names another as
destination for output, which in turn names the first as the input
source. When matching 1/0 commands are synchronized, communication
takes the form of an assignment from an output to an input variable.
Automatic buffering is not provided; rather, an 1/0 command is delayed
until the specified process reaches a matching I/0 command. Such
delays are invisible to either process.

A complete BNF description of CSP syntax is found in the Appendix.
Types, declarations, and expressions are not treated however; they are
Pascal-like and can be inferred from the examples. The basic syntactic
category is <command>, which corresponds to what we have previously
termed statement. The main features of the language are outlined
below.

1) A command list, which is a sequence of commands separated by
semicolons, corresponds to sequencing in WHILE programs.

2) A declarat{on within a command list introduces a fresh variable
whose scope extends from the declaration to the end of the command
list.

3) The command [Plll eee 'IPn] expresses parallel execution of
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processes P ,Pn. The P,, which are termed "constituent

1, LY i,

processes of a parallel command,"” must be disjoint in the sense

that Pi may mention no variables modified by PJ’ i¢j. The

command terminates successfully when each of the constituent
processes has terminated successfully.

4} A process is of the form P::S, where P is the process label and S
the command 1ist constituting the body of the process. A process
with label subscripts that include one or more ranges represents an

array of identical parallel processes. For example, P(j:l..n)::S

represents P(l)::Slll cos ||P(n)::Sn, where S, stands for S

with every occurrence of variable J replaced by the number i.

4 and Pb, i#), of a parallel command

communicate via the input and output commands P,?x (in Si’ the

J

body of process Pi) and P, 1y (in SJ' the body of process

Pﬁ). Execution of the two I1/0 commands within their respective

processes corresponds to execution of the assignment command x:=y.

5) Constituent processes P

"?" elways signifies fnput and "I" output. A process reaching an
I/0 commnd is delayed until the addressed process has reached a
matching I/0 command. An I/0 command fails if the addressed
process has terminated.

For matching I/0 commands to successfully synchronize and
complete execution, the implied assignment command must be between
compatible data types. Thus, Pﬁ?x and Pi!y will not
synchronize with each other if, for example, y is of type real and
x is of type integer.

Similarly, structured output expressions mst match structured

input targets. For example, Pi!x and Ph?(Y,z) cannot



31

synchronize unless x is of the form (a,b). If it is, then the
values of a and b are assigned to y and z respectively.

"Constructors" are used to differentiate between otherwise
identical data types. Thus, for integer variables x and y, c(x)
and d(y) are distinct structured types since constructors ¢ and d
are distinct. P,?c{x) and Pid(y) will not synchronize;

J

Pb?d(x) and Pi!d(y) will. A structured expression without

components is known as a signal. Ph?d() and Pi!d() can

synchronize, but without transfer of data from Pb to Pi'

6) Guarded commands, the alternative command, and the repetitive
command are as previously described, except that guards may contain
I/0 commands. Ip general, a guard may be a Boolean expression, an
1/0 command, or a combination of both (separated by ;). A guard
evaluates vo FALSE if the Boolean is FALSE or the 1/0 command has
failed (i.e., the addressed process has terminated). A guard
evaluates to TRUE if its Boolean is TRUE and the process addressed
by the I/0 command is ready to synchronize and execute the I/0. In
this case, the I/0 command is actually executed only if and when
the associated command list is chosen for execution, which is done
nondeterministically. A guard whose Boolean evaluates to TRUE but
whose I/0 command addresses a process not yet ready to execute a
matching I/0 command evaluates neither to TRUE nor FALSE. The
associated command list is not eligible for execution, but in the
case of a repetitive command it may become so at a later time. The

use of I/0 commands as a choice mechanism in connection with

guarded commands constitutes the main feature of CSP.



As with processes, a guarded command with one or more
subscripts represents a series of identical guarded commands.
Here, however, the subscripts precede the command. Thus,
(J:1..n)g->S is equivalent to

81—>Sl D es e Dgn->sn 9

where gi->S stands for g->S with every occurrence of variable

i
J replaced by the number i. A declaration appearing in a guard

introduces a fresh variable whose scope extends from the

declaration to the end of the guarded command (i.e., to the end of

the associated command list).

32
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2.

EXAMPLES OF CSP PROGRAMS

Integer Semaphore:

This example from Hoare [78] illustrates scheduling
capabilities of CSP. Consider an array X(i:1..100) of parallel
nrocesses among which an integer semaphorens is shared. We
implement S as a distinct process, with the semaphore operations P
and V accessed by the I/0 commands S!P() and SiV() respectively.
Here P and V are constructors used to differentiate between the two
signals. All processes of the array access the semaphore using the
two commands as shown above. Recall that the V operation
increments the semaphore and the P operation decrements it, the P
operation being delayed if the semaphore is not positive.

The full system is given by [s“x(1:1..1oo)], vhere S is
defined by

S::val:integer;val:=initial value of semaphore;

#[(1:1..100)val>0;X(1)?7P()->val:=val-1

0(i:1..100)%(1)2Vv()->val:=val+l] .

The semaphore process S terminates when all processes of array X

have terminated.

Producer-Consumers:

This generic example illustrates a pattern that fits many
small parallel systems and portions of larger ones. Consider a
producer process P and 100 identical consumer processes C.

Execution of the producer and each of the consumers proceeds in
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parallel, so the entire system is given by
[P[ lc(1:1..1oo)::cousumzRI. P, which produces data to be consumed
by the consumer, is given by
P::x:real;*|produce(x)->[(1:1..100)C(1i)!x~>SKIP]] .
Data produced by P is handed to any available consumer, the
identity of which is not noted.
Each consumer is given by

CONSUMER = x:real ;*|P?x->consume(x) ]} .

A delay occurs when P produces data and all consumers are busy
consuning, or when a free consumer must wait for P to produce more
data. The required synchronization is managed automatically by the
repetitive command. Termination occurs when P no longer produces

and each consumer completes consumption of its last data item.
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E. APT'S METHOD FOR PROVING CSP PROGRAMS

1. APT'S METHOD

The Apt (Apt [80]) axiomatic proof system for partial correctness
of CSP programs, based heavily on the work of Owicki, employs the
original idea of "joint cooperation between isolated proofs" of
individual parallel processes. Individual process proofs are strictly
disjoint, ﬁentioning only variables local to a process, and conform to
the sequential proof rules mentioned earlier. Postconditions of I/0
commands, however, are the exception. They cannot be established
solely within the context of a local process since they are dependent
to some extent on the preconditions of matching 1/0 commands in the
addressed process. Consequently, their validity can only be
established jointly by the two preconditions "cooperating" in the
establishment of the two postconditions. As in Owicki's system,
auxiliary variables are employed and individual process proofs are
combined using a parallel execution rule.

Since syntactically matching I/0 commands may fail to match
semantically, i.e., synchronization may be logically precluded, Apt

includes an assertion termed the global invariant, that specifies

precisely which pairs of matching commands can synchronize. A well-

defined notion of critical section, termed bracketed section, delimits

a purely sequential neighborhood of each I/0 command within which the
global invariant need not hold, but outside of which it must. The
brackets, which appear as < >, are inserted into the program text
forming the annotated proof.

The global invariant is a generally useful device that can be

used for other than specifying which I/0 commands can synchronize. It
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can establish loop exit conditions, for example, and in many cases an
entire proof may consist of an extensive global invariant and
relatively trivial pre- and postconditions in the individual proofs.
Nevertheless, Apt asserts the existence of a canonical proof form in
which the bracketed sections consist of an 1/0 command and a local-
history variable update (usually to an auxiliary variable). In the
canonical form, the global invariant is minimal, mentioning only I/0
variables and local-history variables.,

Apt's formsl proof system is presented, followed by an example.
I/0 commands will be denoted generically by the letters w and x, the

global invariant by I, P,, i=1, ... ,n, represents a process, and

1
bJ stands for a Boolean expression. Well-known axioms and rules for
sequential programs are omitted.
1) Parallel Execution:

[pi}Pi{qi} cooperate and no free variable in I is

changed outside a bracketed section

{
i

| — -]

n
lpi“l}lplll e 'lpnl{iflqi“l}

2) Bracketed sections take the form

<Sl;w;s2> or <w->sl> .

where S1 and S, contain no I/0 commands. Bracketed sections <U>

2
and <V> from distinct processes match if U and V contain
syntactically matching 1/0 commands.

3) Alternative and Repetitive Commands Involving Communication:

{pAbJ}wJ{rJl’ {r;l}si{q}’ J=1' ces om

{pﬂbl;v1->81 Oo... me;wm->Sm] {a}

8.



37

{PAb, }w {r.}, {I‘J}SJ{P), J=1, ... ,m

b. T,T}T')[q’-lw—l!?sllj eee Ub 5w ~>8 I{p}

4) Proofs {p;}P, {q,} cooperate if

a. assertions used in the proof of {pi}Pi{qi} mention no
free variable changed by P,, 1#J;

b. (“1“"1"”"“"{“2”2“} holds for all matching
bracketed sections <U> (in Pi) and <V> (in PJ)’ vhere
{ul}U{uZ}and {vl}V{vz} are taken from the proofs of
P1 and Ph, respectively.

5) Communication Constructs:

{P}S; 385(By 1+ (P W] | x(2,) 5 (Py)8,38, (a)
* BI85, |[(8,5x:5,T ta)

, where v and x match and Sl’ 82, S3, and sh contain
no 1/0 commands.

®)v;8) | |5, )
(p }{(w=>S) | |Sl a}

b.

6) Commnication:
{TRUE}Pi?vl IPJ 1y {v=y}
7) Preservation:
{p}s{p} if no free variable of p is changed by S.
8) 1/0:
{phwiq)
9) Auxiliary Variables:

Each member v of a set of variables A is an auxiliary variable with
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respect to program S if v appears in S only in assignments of the
form y:=E, where y is any variable in A. If q contains no free
auxiliary variables with respect to S, and S' is obtained from S by
deleting all assignments to auxiliary variables, then

{p1S{q}
r)s' )

10) Elimination of Auxiliary Variables from Preconditions:

{p(v))}S{a}, v is an auxiliary variable,

z not in S and not free in q

{r(z)}S{a}
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2. EXAMPLE
Consider the following two parallel processes, vhure u and v are

integers, u>0, v>1:

P:: Qlu;f:=TRUE;*|f;Q?yes()->v:=v*v[]f;Q?u->f:=FALSE]

Q:: P?x;*|even(x)->Plyes();x:=x/2];P!x

We prove that for constant k, [PI,QI leaves invariant the relation

vu=k, i.e., fvu=k}[P,,Q]{vu=k}. The annotated proof follows.

P:: {vu=k}
<Qiu>{TRUE} ; f: =TRUE{TRUE};

#[£:<Q?yes( )->v:=v*v>[] £;<Q?u>~>f:=FALSE] {TRUE}

Q:: {(-\avl)g(-\av2)}

<P?x;av. :=TRUE>{LI1};

1

*[{LI}even(x)->{LT}<Plyes();x:=x/2>{LI}] {LI};
o =TRUE>
Aavz}

<Plx;av

{av1

LI, the loop invariant for process Q, is given by

(avlgbwavz)). av, and av, are auxiliary variables; the global

invariant is (avl=>vx=k)5(av2=>x=u).
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III MODULARITY AND CSP

CSP wus conceived primarily as a tool for the study of
parallelism and nondeterminacy in a nonshared environment, and to this
extent the language succeeds. Though the process structure and
commnication mechanism do encourage some degree of modularity, they do
not admit the measure expected in a production environment. It is
assumed, for example, that all modules and interfaces are known at the
outset, an unrealistic approach when dealing with large, highly-
parallel distributed systems composed of significant numbers of
processing elements. CSP functions best when an entire program is
written all at once, preferably by one individual, and further
modification is avoided.

Production environments in which CSP-type languages are adopted
are generally quite demanding. Problems that arise are due mainly to
size, but an asynchronous system need not be large for problems
generally attributed to size to become manifest. Typical problems
include incomplete, vague, and nonspecific specifications; small but
endless changes to the external environment; internal modifications for
improved performance; and large numbers of individuals participating in
system development and maintenance.

In order to cope with these difficulties, support at the language
level is necessary. Experience with Modula has borne this out. A
system intended for a dynamic environment must be structured in a way
that enables it to remain stable and yet maintainable. Since such a
system will change in unanticipated ways, the effect of a change must
be localized. As much as possible, process A must be kept immne from

changes to process B. On the verification side, local changes should
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require oaly local reverification, and verification should proceed
hierarchically in accordance with the hierarchical structure of a
system. With this in mind, we now investigate some drawbacks of CSP
and its associated proof system as they are currently defined.

First, consider that communicating processes must name each other
explicitly. This makes it virtually impossible to create a library of
well-known utility processes to be accessed by user processes in the
same way that a Fortran subroutine lidbrary is used. Similarly, it
complicates the situtation of separately developed and compiled
communicating processes that are combined into a complete system. In
such a case changing even the name of a process can prove difficult.

Consider, for example a pair of communicating processes X and Y:

X

Y

o

It may be convenient at some point to interpose an intermediate

process Z:

=0

Y

In & network, for which CSP seems particularly attractive, this can



occur when X is moved to a different node site. Z acts as the ghost of
X at the original site, and it is desirable to hide these details from-
both X end Y.

Second, and more important, is the prohibition in CSP of
comminicating with a nested process, thus making it impossible to
obtain a hierarchically structured system. Consider, once again, a

pair of communicating processes X and Y:

X Y

By definition, X and Y must be constituent processes of a parallel
conmand. At some point it may be desirable to divide Y into parallel

subprocesses Yl and Y2:

X)%ﬂ@

Such a change should be totally transparent to X, requiring no
modifications, provided that the interface remains intact, i.e., the

external behavior of both versions of Y are identical. CSP does not
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permit this since X must name its correspondents explicitly, as
mentioned earlier, and communication may occur only between
"constituent processes of a parallel command.” Thus, X may communicate
with Y, but not with Yl or Y2.

Consequently, we arrive at the irony that though CSP is an
excellent language for specifying most of the components of a
highly-distributed operating system, it is not possible to write a
complete CSP operating system capable of running CSP user-programs
since th» system must explicitly name the users with which it
communicates. Nor would a hierarchy within such a system be possible
since all communicating processes -~ users and system - must occur on
the same level.

The Apt proof system is even less tolerant of change than the
language itself. "Joint cooperation between isolated proofs” has
little if any tolerance to even minor program modifications. An entire
system mus’ be reverified if even a single process is changed in the
slightest way. Modifications that affect the global invariant in any
way require revalidation of cooperation tests between every pair of
syntactically matching I/0 commands, even in processes totally
unrelated to and logically removed from the ones changed. This is
because the global invariant contains control information spanning the
entire system. Consequently, top-down hierarchical verification in CSP
is not feasible.

In addition, the proof system is capable of validating only
systems for which all modules have been finalized, thereby making it

impossible to verify a module against a specification of the

environment in which it will be embedded. Accordingly, unit



verification is not feasible within the Apt system. A more general
verification strategy is required, one in which a process can be
validated against the entire class of modules that meet the

specifications of its external environment.

The remainder of this dissertation is aimed at amending these
difficulties within CSP and exhibiting a proof strategy that is capable
of providing truly modular verification. Before we proceed with this,
however, we must explain in better detail the abstract approach that

underlies the development of the modular verification technique.
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IV THE INTERFACE CONCEPT

The concept of interface, as developed here, is centered on
interprocess communication. We expect the interface to capture the
interaction of a process with its external environment, the interaction
being expressed in terms of the semantics of communication. The focus
is on pairs of obJecfs of the form (module,interface), viewed as an
entity. The first component, module, represents one or more processes,
wvhile the second component, the interface, is a description of how the
module interacts with its surroundings. Since the interface 1s meant
to mesh with the Hoare axiomatic system at the local process level, the
interface must contain logical assertions; for the most part it
consists almost exclusevely of assertions.

The interface itself consists of two subcomponents, dual to one
another:

1. The external specification of the module as viewed from
without, i.e., the functional behavior of the module
considered as a black box. In systems theory this
corresponds to the external description of a dynamical
system.

2. 'The specification of the external environment as viewed from
within the module. (Note: this does not correspond to the
internal description of a dynamical system, as might be
perhaps expected).

The relationship embodied in this notion is expressed pictorially

as shown below.
Arrov b represents assumptions made by the process (module) about the

environment. If communication is to be coordinated and meaningful, the
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environment must satisfy those assumptions. Dually, arrow a represents
assumptions made by the environment about the process. Here the
process is seen as a black box. Again, if communication is to succeed
semantically, the process must satisfy those specifications. The
duality of the relationship is that each domain's assunptions are the
other domain's obligations. When the I/0 command is input with respect
to fhe procees and output with respect to the environment, we call the
assertion corresponding to arrow a @, and to arrov b E, and vice

versa.

The interface, then, provides the necessary insulation to protect
the module from external changes that should not affect it, and allows
modifications to the internal structure that should have no affect on
the external environment. In effect, 2 module will be verified against
the interface rather than against a specific version of the remaining
system. This uncouples the verification of modules from énother and
provides true unit verification. Verifring a nodule against an

interfuce, then, is equivalent to verifying it against an entire class
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of programs, infinite in number. While this capability already exists
within the realm of purely sequential programming (Alphard - Wulf [76]-
is a good example), it has not, up till now, been made available to
parallel systems.

Another benefit of the interface approach is that it allows
closed and complete proofs which are not possible otherwise. To
illustrate, {TRUE}[X::YIZIIY::X?&]{a=2} is Apt verifiable, whereas
[U::Vl2”V::U?a;PRIN’I‘!aI is not. {TRUE}[U”VI {a=2) is not necessarily
meaningful since {a=2)} is not necessarily "observable" (if a is local
to V, it is not defined outside the parallel command). On the other
hand, if the interface is included then we do indeed have a closed
system -- the interface is an abstract representative of the physical
printer -~ and {printed value is 2} is proveable within the framework.
While this issue is more philosophical than technical, it does,

nevertheless, point out the strong departure from the Apt position.



V PORTS AS REPRESENTATION OF THE INTERFACE

A. GENERAL DESCRIPTION OF PORTS

This chapter develops a representation of the abstract interface
as described earlier. We establish the notion of a Port and derive
formal semantics that are consistent with modularity requirements and
wvith the Hoare axiomatic verification methodology for partial
correctness. In its most complete generality, the interface is
represented by multi-Ports, whose semantics derive in a natural way
from those of the Port. Ports and multi-Ports are defined precisely,
further on. First, however, we shall characterize the Port concept
heuristically.

The modified CSP language that will be defined is termed Port-
CSP. Interprocess commnication in Port-CSP is based on the following:
an I/0 command names an abstract entity called a Port. Thus, process Q
issues the commmnd Aly to output the value of local variable y through
Port A, and process P issues the command A?x to input from Port A into
local variable x. (They replace what in standard CSP are Ply and Q?x,
respectively). Furthermore, communicating processes need not be
“constituent processes of a parallel command."”

A Port may be used for commnication by more than two processes.
Such a port is termed a multi-Port, and is defined as a Port used by
more than one process for input, or more than one process for output.
A Port that is not a multi-Port is described as simple.

Ports are not referenced indiscriminantly throughout the program
text. Rather, like data objects, they possess scope and require proper
declaration. This is elucidated further in the section on syntax.

The Port, as the term is used here, differs considerably from

L9
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constructs of the same name discussed in the literature. Hoare [78]
himéelf mentions the possibility of using Ports, but what he suggests
is simply a syntactic device without semantic implication. His Ports
are named-channels between "constituent processes of a parallel
command." Kieburtz [79], on the other hand, uses Ports as a mechanism
to uncouple communication and synchronization in CSP. There, Ports are
asynchronous data channels that provide data buffering and allow the
outputting process to proceed independently of the inputting one. Mao
[80] 's Port, termed Communication Port, is & much weightier construct
suitable for higher level communications. In this exposition we retain

the essence of the original communication semantics inherent in CSP.
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B. THE PORT AS A PARALLEL-PROGRAMMING LANGUAGE FEATURE

1. SYNTAX

This section develops the notion of Port as a programming
language feature from the syntactical point of view. The BNF
description of standard CSP is expanded and modified to include Port
declarations and Port-directed I/0. Braces {)} have been introduced
into BNF to denote none or more repetitions of the enclosed text.

First, consider the input and output commands. As stated
previously all interprocess communication takes place through Ports, so
these commands are redefined as follows:
<input command>::=<port name>?<target variable>
<output command>::=<port name>! <expression>
<port name>::=<identifier>|<identifier>(<subscripts>) .
where <target variable>, <expression>, and <subscripts> are defined as
in the Appendix.

Just as CSP allows arrays of processes to be declared, so we
allow arrays of Ports to be declared. Hence Port names may bde
subscripted. The subscripts must be run-time constants, however. This
is in keeping with the original spirit of CSP in which process
subscripts are also run-time constant. At any rate, Port names
subscripted with run-time variables can always be simulated with
constant subscripts and the alternative command. To illustrate let i
be a program variable and consider the input command A(i)?x. If the
command does not appear in a guard, then it is semantically equivalent

to the aiternative command
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[i:Jl -> A(Jl)?x

Di=J2 -> A(Jz)?x

Di=3n -> A(Jn)?x
[:]i#JlAi#,jzA eee Ai#Jn->FAIL] ,

’Jn are constants and Ports A(Jl), coe ,A(Jn) have been

properly declared. In the case A(i)?x is found in a guard,
b;A(i)?x->S, the entire guarded command is semantically equivalent to
the collection of guarded commands

(bai=g));A(3,)7x > 8

O (bai=y,);A03,)7x > 8

0 (bai=y );A(3 )?x -> 8 ,
where the Jk's are constants as above. Limiting the subscripts to
execution-time constants makes the proof rules - to be defined further
on - more concise and certainly easier to apply.

Since the scope of a Port will be defined semantically to
correspond to a parallel command, it makes sense to associate Port
declarations with parallel commands directly. The parallel command is
redefined thus:
<parallel command>::={<port declaration>;}[<process>{||<process>}].

A Port declaration is prefixed to the parallel command over which the

Port ranges.
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The syntax of Port declarations is based on a Pascal-like
notation that derives from the examples used by Hoare in describing
CSP. As an example of a declaration in this notation, program variable
lineimage, an array of 125 elements of type character, is declared

lineimage:(1..125)character;
The only notable difference between this syntax and Pascal is the

absence of keywords such as VAR, TYPE, and ARRAY.

A Port declaration specifies the following items: the name
(i.e. ID) of the Port, subscript ranges in the case that an array of

Ports is declared, the type of Port (static or dynamic), and the type

of data, called port-variable type, that passes through the Port during
transactions. More than one port may be declared by a single
declaration, but all must be of the same Port type and have the same
port-variable type. The Port declaration is defined

<port declaration>::=<port id>{,<port id>}:PORT(<port type>)

<port id>::=<identifier>|<1dentifier>(<1abel subscript>{,<label
subscript>})

<port type>::=STATIC,<port-variable type>|DYNAMIC,<port-variable type>
<port-variable type>::=<type>|<constructor>(<type list>)

<type list>::=<empty> I <type>{,<type>} .

<label subscript> is defined as for process labels (see Appendix) and

<type> is Pascal-like as discussed previously.
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EXAMPLES OF PORT DECLARATION AND I/0 COMMAND SYNTAX

A:PORT(STATIC,real);

Declare Port A to be of type STATIC with port-variable type real.

A(i:1..100),B: PORT(DYNAMIC,integer);

Declare a Port B and an array A of 100 Ports, all of type DYNAMIC,
all of which transfer data of type integer. This is equivalent to
A(1),a(2), ..+ ,A(100),B:PORT(DYNAMIC,integer);

B,C:PORT(DYNAMIC,cons(integer,boolean));

Declare B and C to be DYNAMIC Ports that transfer data of the form
cons(integer,boolean).

x:real;A?(x)

Input through Port A into variable x, where A is declared as in 1
above.

i:integer;i:=10;A(7) !4

Output the value of i through Port A(7), where A(7) is declared as
in 2 above.

i:integer;b:boolean;C?cons{i,b)

Input through Port C into cons(i,b), where C is declared as in 3
above. cons(i,b) is a <structured target> as defined by the BNF in

the Appendix.
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3. SEMANTICS

As stated previously, a Port declaration is always prefixed to a
parallel command, and a parallel command delimits the scope of Ports
whose declarations are prefixed to it. We call the collection of Ports
whose scope 13 the same parallel command the Port set of the parallel
command. We now introduce semantic restrictions that force Port
declarations to be made in a manner that is consistent with
hierarchical structuring of processes.

All interprocess communicaion occurs through properly declared
Ports. Communicating processes need not be "constituent process of a
parallel comand,” but they must be contained, cirectly or indirectly,
in constituent processes of a parallel command. Furthermore a Port can
be used only for communication that crosses a parallel boundary of the
pérallel command to which the declaration is prefixed. Nested parallel
commands must use Ports declared locally for local communication that
crosses only nested parallel boundaries.

To illustrate, consider

A,B:PORT(STATIC,integer);

lP]jQ::c:g@_r_(smnc,integer);lal|sn .

The Port set of the outer parallel command consists of A and B; the
Port set of IR,,S] consists solely of C. Communciation between P and R
{(or S) must proceed through Port A or B, while communication between R
and S may proceed only through Port C.

A second restriction asserts that a Port name must be unique -

i.e. unambiguous - within its scope. In short there are never Port
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name conflicts. Had this restriction not been 1ntroduced{ we would

have been forced to define the syntax of the input and output commands

in a manner that is reminiscent of monitor calls (see Hoare [TL]).

Port sets would require names and an input command would take the form
<port set name>.<port name>?<target variable>

in order to resolve port name conflicts. Better to introduce a minor

restriction than to muddle syntax.

Transactions across Ports are characterized as follows. An I/O
command through Port A takes the form A?x or Aly, where x and y are of
type <port-variable type> as given in the Port declaration (see
previous section on syntax). As in standard CSP a process issuing an
I/0 command naming A is delayed (blocked) until another process issues
a corresponding (matching) I/0 command also naming A. The effect of
synchronization of matching commands is the assignment of the value of
the output expression to the input target variable. Transactions
across a Port proceed serially, one at a time, so that a process
issuing an I/0 command is delayed until a current transaction across
the Port has completed. (This is really an implementation concern
since we assume, from the language point of view, that transactions are
atomic actions). Furthermore when several 1/0 commends naming a Port
are executed simultaneously, they are nondeterministically paried for
synchronization. The scheduling of Port service is fair, however: no
process will be passed over in favor of others indefinitely. Each
process of a synchronizing pair does not know the identity of the
other.

Ports are declared to be either of type STATIC or DYNAMIC. A




STATIC Port remains perpetually open to transactions and is not
affected by the control state of processes using it. A DYNAMIC Port,
on the other hand, can become closed to subsequent transactions,
depending upon the control state of user processes, as described
shortly. I/0 in standard CSP corresponds to DYNAMIC Port 1/0.

An 1/0 command naming a STATIC Port can never FAIL, nor can it
evaluate to FALSE in a guard. A DYNAMIC Port A will lead to an
evaluation of FALSE -~ or fail if not in a guard -~ if any of the
following conditions hold:

1) All processes using A for input have terminated;

2) All processes using A for output have terminated;

3) All but one of the processes using A have terminated.

Cases 1 and 2 are clear: transactions through A are no longer
possible. Case 3 covers the situation in which only one of the
processes referencing A has not yet terminated and that process uses
A for botn input and output. Azailn, transactions are no longer
possible.

STATIC ports have been introduced for two reasons: 1) the full

power of a dynamic port is in many instances unnecessary, and 2) STATIC

ports allow strong postassertions upon termination of loops. To
illustrate the second point consider the repetitive command
#|b;A?x->S]. If A is DYNAMIC one can not conclude (mb) upon loop
termination, since the loop will terminate if A becomes closed and
causes the input command in the guard to evaluate to FALSE. If A is
STATIC, however, one does conclude (=b) as a postcondition. This will

be formalized later in the section on Formal Semantics. Note that if A

5T
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is STATIC, *|A?x->3] never terminates. STATIC Ports are clearly
cheaper to implement and hence we choose them whenever possible.

As in standard CSP, a parallel command terminates when all the
constituent processes have terminated. Not all programs are designed
to termiate, however. The kinds of programs written in Port-CSP
generally fall into one of two relative distinct categories, termed
"parallel computations” and "parallel systems."” Parallel computations
are parallel programs designed to perform a particular computation and
then terminate. They are parallel versions of non-real-time programs.
A concurrent program that generates all prime numbers less than 100000
is an example of this sort.

A parallel system, on the other hand, is a collection of
processes whose termination is either uninteresting -- one is not
interested ia the postcondition -- or not guaranteed by design. In
either case, the program is usually thought to "run forever."” These
are generally real-time programs. A distributed operating system, or
sutsystem thereof, is ar erample of this sort of program. The power of
Ports finds better expression in parallel systems than in parallel

computations, so the examples below are from among the former.
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L. EXAMPLES OF PORT-CSP PROGRAMS

1. Integer Semaphore:
The integer semaphore in standard CSP, shown previously, is
implemented using two Ports. The full program is given by
P,v:gggg(DYNAMIc,());ls||x(1:1..1oo)],
where S 1is
S::val:integer;val:=initial value of semaphore;
#(val>0;P?7()->val:=val-1
Ove()->val:=val+l] .
For each i, process X(i) issues the command P!() to perform a P
operation on semaphore S, and issues the command VI() to perform a V
operation on S. The semaphore process S terminates only when all
processes of array X have terminated. If Port V is declared STATIC, S
will not terminate; if only Port P is declared STATIC, S may or may not

terminate, depending on the final value of val.

2. Array of Semaphores:

We define an array of 50 semaphores, each element of the array
constituting an individual process. The program is given by
P(1:1..5o),v(1:1..5o):gggg(DYNAMIC,());(s(izl..so)||x(1:1..1oo)l,
where S(i) is
S(i)::val:integer;val:=initial value of semaphore(i);

*[val>0;P(1)?()->val:=val-1l

Ov(i)?()->val:=val+l].

For each i and §j, process X(i) issues the command P(j)!() to perform a

P operation on semaphore S(j), and issues the command V(Jj)!() to
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perform a V operation on S(J).

3. Producer-Consumers:
Consider a producer process P and 100 identical consumer
processes C. Once again we use this example as a contrast to the one

in standard CSP shown previously. The program is described by
A:PORT(DYNAMIC,real);[P|lC(i:l..lOO)l ,

where P and C are given by
P::x:real;*|produce(x)->Atlx]

C::x:real ;*[A?x->consume(x) ] .

If producer P is assumed to produce indefinitely, then Port A can be
declared STATIC. Most parallel systems - as opposed to parallel
computations - fall into a producer-consumer paradigm. This is

exemplified by the next exanmple.

4., Distributed Operating System:

This example demonstrates the power of hierarchical structure
that can be achieved with Ports. Consider the network of processors
and terminals shown below. M identical terminals are connected to a
centrul processor, to which are attached n identical remote Job
processors (RJP's). The terminals independently generate jobs that are
routed by the central processor to a free RJP. Any RJP can run any
Job. The RJP runs the job, computes results, and then ships the

results back to the central processor. The central processor in turn



routes the results to the originating terminal. The central processor
is expected to provide some level of buffering between terminals and
RJP's.

Each terminal consists of a keybcard and a display unit that

operate as independent devices for input and output respectively.

REMOTE
ofis
TERMINAL pROCESSOR

TERMINAL CENTRAL
2 PROCESSOR

TERMINAL
m

Terminal i's operation is modeled by the parallel command
TERMINAL(1)::[*[char:character;DISPLAY(i)?char -> display char on
screen]||

#[char:character;get char from keyboard ->
KEYBOARD(i) !char] ) ,
where Ports DISPLAY(i) and KEYBOARD(i) ere used by terminal i for I/O.
Tne displaying process is a consumer; tre keyboard process is a
producer.

Ve shall describe the system in top-down fashion. The full

61
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system is given by the following parallel command, which reflects the

network topology exactly.

DISPLAY(i:1l..m) ,KEYBOARD(i:1..m):PORT(STATIC, ,character);
JOBRUN : PORT(STATIC,(integer, (1. .maxinput)character));
JOBFIN:PORT(STATIC,(integer,(1..maxoutput)character));

[TERMINAL(1:1..m) | ICENTRAL PROCESSORI IRJP(i:l. .n))

Ports DISPLAY and KEYBOARD have already been described. Port
JOBRUN is the interface between the central processor and the RJP's in
the direction of jobs flowing toward the RJP's. maxinput is a constant
specifying the maximum number of characters that constitute a job.
JOBFIN is the interface between the central processor and the RJP's for
job results flowing back toward the terminals. maxoutput specifies the
maximum size of job results. The integer component of the port
variable type associated with JOBRUN and JOBFIN is the terminal number
of thz corresponding job and Job results, respectiively.

The RJP(i) are identical for all i, and are given by
RJP: :term:integer;job:(1..maxinput)character;
results{1l..maxoutput)character;

#[JOBRUN? (term,job) ->execute( job,results) ; JOBFIN! (term,results)| .

The central processor is more complex than both the terminals and

the RJP's in that it has a two-sided interface. 1t is written

CENTRAL PROCESSOR: :
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JOBNEW: PORT(STATIC,(integer,(1. .maxinput)character));
DRIVER(1:1..m):PORT(STATIC,((1..maxoutput)character));

( TERMHANDLER | ] RJPHANDLER) .

TERMHANDLER interfaces *o the terminals and RIPHANDLER interfaces
to the RJP'S. JOBNEW is used to send jobs from TERMHANDLER to
RJPHANDLER; DRIVER(i) is used for Job results moving in the opposite
direction.

TERMHANDLER is broken down into display handlers and keyboard

handlers:
TERMHANDLER: ; [ TERMOUT(1i:1..m) | ITERMIN(i 1. .m)] .
TERMIN{i) handles the keyboard of terminal i:

TERMIN(1i)::Job(1l..maxinput)character;p:integer;p:=1;char:character;
#[KEYBCARD(1)?char -> Job{p):=char;p:=p+l;
[char=EOJ -> JOBNEW!(i,job);p:=1

Dchar#E0J -> SKIP)]) .

Characters are input from the keyboard and stored in array Job until an
end-of-job (EOJ) appears, at which time the job is output to RJPHANDLER
for processing. Input from the keyboard will still be accepted even
though the terminal has a jJob outstanding, the results of which have
not been returned to the display. In fact several jobs may be
initiated from a terminal before any results have returned.

TERMOUT(i) handles the display of terminal 1i:
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TERMOUT(i): :results:(1..maxoutput)character;
#|DRIVER(i)?results -> proceed:boolean;proceed:=TRUE;
p:integer;p:=1;
*|proceed -> DISPLAY(i)!results(p);
[results(p)=EOT -> proceed:=FALSE

Oresults(p)#EOT -> p:=p+1]

Whenever Jjob results are received from RJPHANDLER, they are output to
the display, character by character, until an end-of-transmission (EOT)
appears.,

RJPHANDLER is the process that buffers jJobs and results in the
central processor:
RJPHANDLER::[RJPIH(i:l..k)'IRJPOUT(:I.:I..I)] .
where RJPIN(i) and RJPOUT(i) are identical for each i. (This is not to
say that RIPIN is identical to RJPOUT). k and 1 are constants that
depend on the level of buffering desired. Large 1 means that many
incoming Jjobs can be buffered when all RJP's are busy; large k means
that many job results can be buffered when a terminal issues jobs that
are processed and returned faster than the display can handle. RJPIN

and RJPOUT are given by

RIPIN: :term:integer;results:{1..maxoutput)character;
* [JOBFIN? (term,results) -> [{J:1l..m)term=j ->

DRIVER(j)!results]
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RJPOUT: :term:integer;job: (1. .maxinput)character;

* [JOBNEW? (term,Job) -> JOBRUN! (term,job)] .

RJPOUT is a simple buffer process; RIPIN is a buffer process for the
entire collection of terminals.

Although many details have been omitted -~ how
"execute( Job,results)" is implemented in Port-CSP -- the overall

dynamics of the system have been successfully captured.
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C. FORMAL PORT SEMANTICS

1. GERERAL DESCRIPTION

Ports have been introduced as the mechanism used for specifying
and developing systems in a modular fashion. In the distributed
operating system shown above, we sav how additional buffer processes
could be added to the system without changing & single program
statement. Our notion of modularity, hovever, requires that any system
be Hoare-verifiable in a modular fashion as well. To this end we shall
describe the formal semantics of the Port. We begin by describing
simpie Ports and how they interact with the environment. Multi-Port
semantics are generalizations of the simple case; therefore the
following discussion pertains to them as well.

First, consider a process P that inputs through simple Port A

into variable x, as shown below.

P::

X PORT A

I, and 4 are Hoare-like pre- and postessertions associated with the I/0O

corvaant A?x in a local proof of process P. If L holds prior to
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execution of the command, and the command completes execution
syccesgfully, then M is guaranteed to hold upon completion. As shown
in the diagram above, the Port supplies two semantic items to the
process P, and P supplies one item to the Port A.

The Port supplies P with the value to be input into variable x,
and an assertion p(x). p(x) aids L in establishing the postcondition
M. In the simplest case we have that (LAp(x)) implies M. Consider,
for instance, a typical simple p(x): x=5 ; we can write {TRUE}A?x{x=5}
if we take L = TRUE and M = p(x). Note that this triple holds against
the Port A, and not just against any one process in particular.

Process P assumes p(x) to be true at this point of execution
because Port A guarantees that it will hold vhenever I/O through A
occurs. The Port is able to make this guarantee by requiring that the
output process guarantee p(x) Just prior to execution of its output
command. Thus the Port is a logical conduit through which pass
assertions that proceed from a guarantor process toward a utilizer
process.

In turn process P must guarantee an assertion a that is used by
the outputting process to establish its postcondition. Formally, we
require that L imply . There is no flow of data in this direction and
hence we write a without a data argument.

The case of the outputting process appears diagramatically as the

-—

dual of the one above.
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< ‘3(v) {I\J}
PORTA | v

Process Q provides the Port with data vz2lue y and grarantees the
assertion p(y). a assists N in establishing the postcondition R. In
simple terms again, (Naa) implies R, and N irplies p(y).

The Port, then, allows the semantic environments - as wvell as the
exeéuiion environments - of the individuel processes to interact
without their referring to one another explicitly. The Port itself
acts as a semantic buffer. If vwe remove this semantic buffer for a
moment, we arrive at a formila closely resembling the Apt communication
axiom. This is developed as follovs.

Assume x is not a free variable in L. UYe have thus far

characterized I/0 by the following four relations:

(Lap(x)) => 1 (1)
(Haa) => R (2)
L=>a (3)

i => Bly) . . (4)
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Since y does not appear free in L or ﬁ(x) (p;ocesses are disjoint in
CSP as well as in Port-CSP), from (1) we get

(LaB(y)alx=y)) =>M . (5)
(5) and (4) yield the relation

(LANA(x=y)) => M . (6)
Similarly, from (2) and (3) we get

(LAN) => R . (1)
Combining (6) and (7) to form

(LaNa(x=y)) => (MaR) ’ (8)
we see that since (8) holds for all valid postconditions M and R,
(LAWA{x=y)) is an expression for the strongest combined postcondition.

From Apt's axiom of communication, only formlas of the form
{r}P?x'lQ!y{(x=y)Ar} can be derived. Taking r = (LaN), the connection

is clear.

Conceptually, p(x) represents data and control information
flowing from the output process to the input process, while a
represents control information only, flowing in the opposite
direction. Both a and p(x) are associated with the Port rather than
with individual processes. A Port is characterized by, among other
things, its associated a and p. Individual processes use the a's and
p's in their local proofs as previously described. A process that
contains more than one input command (or output command) through a
particular Post A always uses the same a and p whenever dealing with A.

To generalize, we have established thus fer two disjoint semantic
domains: the local process environment dorain and the interface, or

Port set, domain. The interface dorain consists of the Port set
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endoved with a separate data base (described below). The two domains
interact mainly via assertions a and p. At the time of interprocess
commnication, the Port captures data flowing across an output process
boundary and passes it to an input process; simultaneously, the Port
set data base is updated to reflect the effects of the transaction on

the interface environment.
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2. THE INTERFACE DOMAIN

As stated in the previous section, the interface domain consists
of a collection of Ports, the Port set, and an entirely separate data
base, separate in that it is totally disjoint from the set of variables
used by the individual processes. It is separate also in that there
exist separate program statements (assignment statements) lying outside
the realm of the processes whose sole purpose is to maintain the state
of this data base.

At the least, the interface data base consists of variables,
called Port variables, that remember the data value of the last
transaction through each Port. Each time a transaction occurs through
a Port, the associated Port variable is updated with the value of the
data passing through the Port.

Usually the data base possesses other variebles in addition to
the Port variables just mentioned. These are known as auxiliary
variables and play a role that is analogous to the role of auxiliary
variables in the Owicki and Apt systems. Auxiliary variahles are
freely chosen since they have no affect whatsoever on the state of
execution from the point of view of the processes. Their sole function
is to record the state of events from an interprocess point of view.

The separate program statements that update auxiliary variables
during 4 transaction are known as the "Port action" and consist only of
assignment statements to auxiliary variables. l!odularity dictates that
the interface maintain its own independent and self-contained view of
the ongoing computation; hence the Port action may refer only to
variables of the interface data base. lentioning process variables is

strictly forbidden. Now whenever a transaction occurs through some



Port of the Port set, in addition to the Port variable update
mentioned previously, the associated Port action is executed.

Port transactions, developed thus far, involve several separate
operations: capturing the output data, updating the Port variable,
passing the output data to the input process, and executing the Port
action. We always consider the entire transaction as an
uninterruptible, atomic operation. Once begun, a Port transaction
completes without external interference. This is analogous to Apt's
bracketed section, which is considered as an atomic program segment
even though it spans two processes and contains concurrently executing
statements. Although concurrent transactions through several Ports of
the Port set may be logically possible, our interpretation always takes
the view that they proceed serially, the order of execution being left
undetermined. The formal description of the interface semantics given
in the next section places a prohibition on the sharing of auxiliary
variables among such Ports over which concurrent transactions are
logically possibie. Withouat such a restriction, the value of auxiliary
variables might be left undetermined (i.e., ambiguous).

The Apt bracketed section together with the global invariant has
counterparts in the Port. The typical bracketed section and global
invariant GI is described generically by

Q:: . P:: o

<P?x;i:=i+1> <Qly;J:=j+1>
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where 1 and j are auxiliary variables and GI implies i=j. 1 and j are
meant to track one another and the global invariant asserts that
outside of the bracketed section they always agree. In the Port we
have eliminated GI and jJ, and allowed both P and Q access to i, 1:=i+l
would be the Port action. Other Ports of the Port set have access to i
through a and P.

As stated at the end of the previous section, the local process
environment domain and the interface domain interact primarily via the
a's and p’s. Modularity requirements prohibit the interface from
"knowing" anything in particular about process variables, but the
converse is not true. Processes need access to interface variables in
establishing proof asserions, though they may not alter these variables
that belong to another domain. This is a counterpart to Apt's global
invariant, which is here nonexistent. a and p, wvhich are logical
formulas in the variables of the interface, allow the introduction of
interface variables into the local process proof in places vhere they
are not updated by the Port action. p captures the view of the
interface as seen by the input process and guaranteed by the output
process, while a captures the view of the interface as seen by the
output process and guaranteed by the input process. The formal
description of Port semantics in the next section establishes what has

been hitherto described informally.
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3. FORMAL DESCRIPTION

In this section and the following one we develop the formal
semantics of the simple (non-multi) Port as described heuristically in
previous sections. The aim here is to specify the nature of assertions
a and p, to indicat. how they relate to the local process environment
in terms of the Hoare axiomatic proof methodology, and to maintain
modularity throughout. Modularity means that a change to one process
should require only reverificatiun of that one process against an
established interface. First we describe those elements that formally
constitute the Port; the following section provides axioms that

constitute the proof methodology.

A simple Port is formally described as follows.

1. An I/0 command through Port A takes the form A?x or Aly (input and
output, respectively), where A is the Port name. Port name
corresponds to <Port name> in the BNF description of Port-CSP given
earlier.

2. Associated with Port A is an abstract data object "a" (lower case
letter whose upper case is the Port name) of data type
<port-variable type> as given in the declaration of A (see BNF
description of Port-CSP for a syntactic description of this

nonterminal). a is known as the Port variable. Port variables lie

in a name space that {s disjoint from the individual process
environments; therefore, processes in the scope of A are not
permitted to mention a in program statements (conflicts can be
resolved by renaming variables or Ports). Synchronization of A?x
and Aly is interpreted as atomic execution of the sequence

a:r=y;x:=a . (1)
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Associated with Port A is a Port action SA' SA consists of
assignment statements to auxiliary variables. Auxiliary variables,
like Port variables, are confined to the interface domain and
therefore may not be mentioned in program statements of processes
in the scope of A. An auxiliary variable is associated with a
parallel command and hence is declared in the annotated program
text (i.e., program + proof) where the Port set is declared. The
Port action executes simultaneously with transactions across the
Port. Interpretation of the synchronization of A?x and Aly is
expanded from (1) to now mean atomic execution of the sequence
a:=y;SA;x:=a . (2)

The right-hand sides of the assigrment statements comprising SA
are expressions mentioning auxiliary variables and Port variables
of the Port set containing A, and constants.
Auxiliary variables and Port variables associated with a simple
Port are in no sense global. Each safely tracks the interprocess
state of at most two processes. Consequently, we limit their scope
as follows.

For Port variable a, process P owns a if either of the
following holds:

a) P names Port A in an I/0 command;

b) P names Port B in an I/0 command and SB mentions a.
For auxiliary variable v, process P owns v if P names Port A in an
I/0 command and SA mentions v. We require that the following
condition hold: each interface variable may be owned by no more

than two processes (this constraint is referenced in the axioms).

Thus a pair of processes associates naturally with a subset of
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Ports and with the subset of auxiliary and port variables jointly
owned by them.

Associated with Port A is an assertion B,(a). pA(a) is

confined to Port space, and therefore mentions as free variables
only auxiliary and Port variables of the Port set containing A.
Moreover, the two processes using Port A -- A is simple, so there
are only two -- must own all variables of pA(a).

Associated with Port A is an assertion a,. a, is

constrained to mention the same kind of variables as found in

pA(a). The two processes using A rust own all free variables

of aA.



L. Axloms

Ve extend the Hoare axiomatic proof scheme for proof of partial
correctness of sequential programs to include concurrent programs
written in Port-CSP. We assume here that all Ports are simple;
multi-Port axioms are taken up in a subsequent section.

The axioms specify precisely how the proof of a local process
interacts with a previously established interface, i.e., with a
predefined Port set complete with ancillary items: port variabdbles,
auxiliary variables, Port actions, and a's and p's. The ancillary
items are required only for the purposes of verification and need not
be specified (or may be eliminated or ignored) when verification is of
no interest. Once partial correctness has been established, they may
be ignored until changes to the program require reverification.

Verification of a local process is always accomplished against an
estabished interface. This is in strict contrast to the Apt system in
which all process are verified simultaneously. Verifying a process
against an interface as is done here has the effect of validating the
process against an entire class of processes, infinite in number. The
axiom for parallel composition allows the individual process proofs to
be combined when the individual processes themselves are combined into
a parallel system. A system-wide pre- and postcondition is then
established.

Local process variables and variables of the Port set data base
(port variables and auxiliary variables) are the only variables allowed
to appear free in proof assertions of a local process. Furthermore,
proof assertions may not mention process variables changed by other

processes. The axioms defining the proof methodology for partial
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correctness follow.

1.

2.

3.

Hoare's axioms, composition rules, and rules of inference for
sequential programs, both deterministic and nondeterministic, as
defined by Dijkstra {76] in terms of wp and wlp (weakest
precondition and weakest liberal preconditién, respectively) and as
described by de Bakker [80] in terms of sp and slp (strongest
postcondition and strongest liberal postcondition, respectively).
These have been described earlier.

Axiom for Parallel Composition

{Li}Pi{Mi} for 1 = 1, 4as ,n

o n
iglLi}lP1||P2|| et ,'pn]{iglMi}

where each Port and euxiliary variable appears free in the pre- and

that own it, and L, and

/or postcondition of only those two P N

i
Mi mention no local process variables chunged by Pﬁ, J#i. Tuis
axiom provides for the construction of a proof of a parallel

program from proofs of the individual processes.

Axioms of Communication

SA(a) is the Port action declared for Port A.

(i) wip(A?x,M(x))

Val|(B,(a) => wp(SA(a),M(a)))AaAl

H

(i1) wip(Aty,R(a)) = Va[(a, => wp(S,(¥),R(y)))aB,(¥)]

These two axioms form the heart of the methodology in that they

provide for the establishment of triples of the form {L}A?x{M} and
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{(W}Aly (R} wholly in terms of the lozal environment and the
specified interface. They are & formal expression of the essence
of our notion of modularity.
The figure below illustrates the relationships expressed by
these two axioms. The prime notation indicates an assertion subsequent
to execution of the Port action. Notice how closely it suggests the

two-port of electrical network theory.

4, Axiom of Substitution

(L{J)ISM), J is a free auxiliary variable,
z not in S and not free in M

{L(z))s (M}

Tais axiom pernmits the elimination of auxiliary variables from
preconditions. 2z is usually chosen o be a constant, most often

the constant O. It may be applied rno more than once per auxiliary

variable.
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In the next two axioms bi is a boolear expression and Gi an I/0
command, either (or both) of which may be nonexistent.

5. Axiom for Alternative Command

n
llL => lkflbkA(bi => wlp(Gi;Si,M))]]

n= S

i

{L}[bl;Gl -> SID Dbn;Gn-> Sn]{M}

6. Axiom for Repetitive Command

n
1 [(Laby) => wip(Gy 38, ,L)]

i=1

n
Lo 36, -> 8,0 .. Ob 56 -> 8L Aiill(bi => G, names DYNAMIC Port }

L is known as the loop invariant.
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5. REMARKS CONCERNING THE AXIOMS OF COMMUNICATION

The axioms of comminication relate three groups of formulas to
one another: preconditions, postconditions, and a's and p's. The
communication axioms specify preconditions as a function of
postconditions and a's and p's. But this is only one out of 3 possible
ways of relating the three groups. Each can be expressed as a function
of the remaining two (if we appeal to an intuitive notion in logic
analagous to the implicit function theorem of advanced calculus).

Thus, we can also derive weakest a's and p's as a function of
preconditions and postconditions, as well as strongest postconditions
as a function of preconditions and a's and p's. We begin by developing
the former.

Assume that we are given {L(a)]}A?x{M(x)} and {N(a) }Aly{R(a)}.
Let ¥ = (x,ul,u2,...) indicate those variables in L and M that are
neither Port variables nor auxiliary variables, and similarly ¢’=
(y,vl,vz,...) for N and R. Denote by wlB and wla the veakest
liberal p and g, respectively.

Then
v1g,(a) [A?x,L(a),M(x),N} = J D(a) if (N=>D(y)) = TRUE

FALSE otherwise

where D{a) is given by
VAV [L(w) => vp(SA(a),M(a))l, w#a, w not free in L

vlaA(Aly,N(a),R(a),L] = E if (L=>E) = TRUE
FALSE otherwise

where E is given by
NPValN(a) => vp(s,(y),RGDT .

In the case that process P contains n input commands naming A,
{L(2) }a7x, (M(x, )} i=1, ... .n ,

and process Q contains m output commands naming A,




{N(a)J)A’yJ{g(a)J) J=1, «eo m ’
defining the weakest p and a is only a little more complex. Define

D(a)i and E, for each 1 and ) as above. Let

J
n m
D(a) = I Di(a) and E= RE .
1=1 g=1 9
m
Then wlpA(a) = [ D(a) if 0 (N ,=>D(y,)) = TRUE
-1 J J
J=1
FALSE otherwise
and
n
VlaA = Eif 1 (Li=>E) = TRUE
i=1
FALSE otherwise .

Deriving wlp and wla is sometimes a useful technique for developing a
proof when it is more clearly understood what transpires at the local
level than at the interface level. In this case the interface
semantics are derived, in a sense, from the composite local

environment.s.

low let us find the third way of relating the three groups of
formulas: strongest postconditions as a function of preconditions and
a's and p's. The case of the input command proceeds as follows. If
(L=>uA) # TRUE, then slp(L(a,x),A?x) = FALSE; otherwise from (2)
(see section 3) we get
slp(L(a,x),A?x) =

sp(izl[L(zl,x)ApA(a)],SA;x;=a), zfa, z) not free in (LAPA(a))

sp(azl[L(Zl,x)gpA(a)], X:=a;SA)

sp(3232,[L(7 ,2,)aB,(a)a(x=a)],8,) , (3)

b2
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zlia, zztx, 21‘ 25, 2, and z, not free in (LA,?»A(&))-
When x and a are not free in L, (3) reduces to the more intuitive
expression
sp(LaB,(a)a(x=a),s,) .

The output postcondition proceeds similarly. If (N=>pA(y)) #
TRUE, then slp(N{(a),Aly) = FALSE; otherwise
slp(N(a),Aly) = sp((N(a)aa,),a:=y;S,)
= sp(Iz[N(z)aayala=y)],s,), (L)

).

z§a, z not free in (NAaA
When a is not free in N, (4) reduces to

SP(NAaAA(a=.Y) ,Sa) .

Our final remarks concern the role of the universal quantifier
appearing in Axioms 3(i) and (ii). Without them the axioms appear to
be reasonably intuitive; the quantifiers may seem superfluous at first
sight. But consider the following program segment where pA(a) H
TRUE and SA(a) = SKIP:

A?x;A%z .
Since pA(a) tells us nothing about the value of a, we know nothing
about the values of x and z and, therefore, we should not be able to
conclude {x=z} as & postcondition. Indeed we cannot when we use Axiom
3(1) with the quantifier included:
{Na[TRUE=>a=x] }A?z {2=x} .
But Va|TRUE=>a=x] = Vala=x] = FALSF, so we conclude {FALSE}A?z{z=x},
which in turn results in {FALSE}A?x;A?z{z=x} when we apply the axiom a
szzond time.

Without the quantifier, however, we get, upon applying the axiom



once, {a=x}A?z{z=x}, The second application, using {a=x} as the
postcondition, results in {a=a}, or equivalently {TRUE}, as the
precondition. Thus, {TRUE}A?x;A?z{z=x} can be established, a triple
that is intuitively invalid. This Jjustifies the need for the
quantifier.

From this example we see that the role of the quantifier is to
limit the scope of the Port variable a. The power of the Port variable
is effectively nullified in an unsafe program regioin by becoming a
bound variable. This technique of using a quantifier to remove the
pover of a free variable was used in arriving at the expressions for
wlp, wla, and the strongest liberal postconditions given earlier. It

will be used again throughout the development of multi-Port semantics.
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6. EXAMPLES OF PORT-CSP PROOFS

The examples presented in this section are taken from the realm
of parallel computations rather than parallel systems. As previously
stuted, parallel systems do not generally possess interesting
postconditions, and consequently their proofs tend to be uninteresting
as well. The section on multi-Ports, however, does include examples

from the domain of parallel systems.

1. Simple Example:

Consider the following program, which plainly performs not too
meaningful & computation, but does illustrate the basic proof
technique. The program is given by

A,B:PORT(STATIC, integer) ;[P| [al
where P and Q are
P:: Alx; Q:: A%y,

B?z Bly .

We wish to verify that upon termination x=z, i.e., that the

triple {TRUE}[PI ,Q]{x=z} is valid (we omit the Port declaration for the

sake of brevity). First, we specify the ancillary Port components:

A B
ACTION SKIP SKIP
a TRUE TRUE
p TRUE =a

The only nontrivial component is pB(b), which ensures for the input
process P that the value of the arrivins data, b, is identical to the
value of the data that last passed through Port A. The proof proceeds

in three steps:
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a) establishing {TRUE}P{z=x} against the Port set;
b) establishing {TRUE}Q{TRUE} against the Port set;
c) using the axiom for parallel composition to conclude that

{TRUE}[PIIQ]{x=z} is valid from steps a) and b).

step a) The annotated version of P is
P:: {TRUE}
Alx
{a=x};
B?z
{z=x} .
We proceed from the bottom of the annotated text and work backward,

proving each triple.

proof of {a=x}B?z{z=x}: To establish this we must show that the

precondition, a=x, implies the weakest liberal precondition as given by
Axiom 3(1);
wlp(B?z,2z=x) = Vb[(pB(b)=>wp(SB(b),b=x))AaB]

Vi [ ((b=a)=>wp(SKI1P,b=x) )aTRUE]

Viu|(b=a)=>b=x] . (1)

Clearly (a=x)=>(1), and the triple is established.

proof of {TRUE}JAlx {a=x}: The weakest liberal precondition of Alx{a=x1}

is given by Axiom 3(ii):

wip(Atc,a=x) = Va[(TRUE=>Wp(SKIP,x=X))AﬁA(X)]

n

V! TRUE=>wp(SK1P,TRUE) JATRUE]

Vi [ TRUE=>TRUE)



= TRUE .

Thus, (TRUE}P{z=x} is valid against the Port set.

step b) The annotated version of Q is
Q:: {TRUE}
A%y
{a=y};
Bly
{TRUE} .

Once again we proceed trom the bottom.

proof of {a=y}B!y{TRUE}: Axiom 3(ii) gives

wlp(Bly ,TRUE) = Wb/ (aB=>wp( SKIP,TRUE) )ApB(y)]

VYo | (TRUE=>TRUE)a(y=2a) ]

Vb|y=a)

y=a, which is equivalent to the precondition.

proof of {TRUE}A?y{a=y}: Axiom 3(i) gives

vip(A?y ,a=y) = Val(p,(a)=>wp(SKIP,a=a))aa,]

Wa|(TRUE=>wp(SKIP,TRUE)ATRUE]

Va | TRUE=>TRUE]

"

TRUE .
Thus, {TRUE}Q{TRUE} is valid against the Port set.
step c¢; ‘'l'he axiom for parallel composition, Axiom 2, is applied to

establiszh the final result, as follows. Axiom 2 tells us
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{TRUE}P{z=x} and {TRUE}Q{TRUE} (2)
(TRUE}TP| QT (z=x} ’

provided there are no conflicts of ownership of Port variables. But
there are only two process, P and Q, s> there can be no problems of
ownership. Steps a) and b) established the antecedent formulas (those
above the line) of (2); thus the conseguent, the formula below the

line, is established. Q.E.D.

Using a different version of Q that maintains the same interface,
for example the one shown below, would reqguire reperforming only step
b); steps a) and c) would still be valid.

Q:: A?y,
wizy;
Biw
The annotated text of this Q, which is very similar to the proof of the
former one, is given by
{TRUE}
A?y
{a=y};
wizy
{a=w};
Blw
{TRUE} .
Thus, local changes to Q require only reverification of the local

process Y.
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2. Dijkstra's Exponentiation Problen:
The following is a distributed version of Dijkstra's
exponentiation problem (DiJkstra [76]}) which computes z=v" for
integers u>0, v>1, in an efficient manner (assuming that exponentiation
is not a primitive operation). The program is given by
A:PORT(DYNAMIC,integer);
B:PORT(STATIC,yes());
C:PORT(STATIC,integer);
[Pl,Ql

where P and Q are

P:: z:=1;

#[u£0->Alu; f:=TRUE;

#[f;B?yes()->v:=v*v[] f;C?u->f:=FALSE];

z:=viz u:=u-1]}

Q:: *|A?7x->*[even(x)->Blyes();x:=x/2];
Cix] .

Without Q and the inner loop of P, this program is the usual sequential
program for computing exponentiation. P's inner loop speeds up the
computation. The parallelism per:nits concurrent squaring of v with
halving of x. We shall prove the validity of

v#=x} [P| |Ql {z=kau=0}. (3)
lAa in example 1, we omit the Port declarations for brevity.

The proof proceeds in three steps:

a) establishing {v'=k)}P{z=xau=0} against the Port set;

b) establishing {TRUE}Q{TRUE} against the Port set;

c) using the axiom for parallel composition to conclude that (3)

is valid from steps a) and b).



The Ports are defined as follows; i is an auxiliary variable of type

integer:

ACTION

step a)
P {v

A B £

i:=0 i:=i+41 SKIP
TRUE TRUE TRUE
TRUE TRUE 21c=a

The annotated version of P is

{zvV=k};

*[{zvu=k}u#0->{zvu=k}A!u{zvu=kAa=uAi=0};f:=TRUE{zvu=kAa=uAi=Onf};

*{ (zv

a2”

i ~1

=kA('lf‘=>2iu=a) }f (z\ra‘2 =ka(-1f‘=>21”

lu=a)};B?yes()->

1-1 2-i

=k4(-1f=>21u=a)}v:=v*v{zva =knb~r=>21u=a)}

-i -i

2

[](zva2 =kawa=>21u=a)}f[zva =x};C%u->

-1 i a2™! i
=ka2 u=a}f:=FALSE{zv =ka(=f=>2"u=a)}}

=kalmf= >2iu=a Iaf};

z:=v*z{zvu-l=k};u:=u-1{zvu=k}]

(zv¥=kau=0}

inner loop:

This loop, which is designed to preserve the relation

=1

. . . . a? , i
zv@=k, maintains the loop invariant (zv =k)A(mf=>2"u=a). From the

90
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annotated text, we see that zv®=k holds upon loop entry. Since B and
C are STATIC Ports, the consequent of Axiom 6, the axiom for the
repetitive command, permits us to conclude -=f upon loop termination,
which together with the loop invariant implies zvuzk upon exit. We
shall demonstrate the validity of triples involving the two I/0
commands; all other statements afe sequential and are handled in the
usual manner.

a2™t _Litl ey a2l~1 i
proof of {zv - =ka(=f=>2" "u=a)}B?res!){zv =ka{=1=>2"u=a)}:

From Axiom 3(i) we have

p1-1 1
wlp(B?yes(),(zva =ka({~f=>2"u=4))) =

1-4 .
[(TRUE=>wp(i:=i+1,(zva2 =k A(mf=>2"u=a) ) ) )a TRUE] (&)

aol-1 i
= wp(i:i+l,(zv =ka(=f=>2 u=a)))

o1

= z2v?? =k A @1f=>21+1

u=a) .
yes{) is a signal involving no transfer of data; hence, the universal

guantifier of Axiom 3(i) is vacuous and therefore does not appear in

(L).

-i -i

2 =ij?u(zva2 =k/\21u=a}:

proof of{zva

From Axiom 3(i) we write

aZ-i i
wlp(C?u.(zv =kaA? u=a)) =

~1i

Vc[(21c=u=>wp(SKIP,zva2 =ka2 c=a) )aATRUE]

=x] . (5)
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Clearly w3 ok implies (5).

proof of inner-loop invariant: 1In order to apply the axiom for the

repetitive command, we must satisfy the antecedent of the axiom,
namely, we must demonstrate

a2~1 -1

((z2v®2  =ka(ar=>2lu=a))af)=>(2v®® =kal~f=>21"1u=a)) (6)
and
(( a2~1‘ . _ a2-i_

Zv =k alf=>2"u=a))af)=>(z2v =k) . (7)

(7) is clearly valid; (6) is valid as well when we note that f=>(=f=>F)

is valid for any formula F.

outer loop: This loop constitutes the familiar program for computing
exponentiation. The loop invariant is zv =k, Upon exit u=0 by the
consequent to Axiom 6 (there is no Gi) and thus z=k. We shall

demonstrate the validity of the triple involving the 1/0 command.

proof ofgjgvu=k}A!u{zvu=kAa=uAi=O}:

From Axiom 3(11), wlp(Alu,zv' =kpa=uai=0) =
V a| (TRUE=>wp(i:=0,zv'=kau=uai=0) )ATRUE] =

Valzv'=k] = zv'sk .

step b) The annotated version of Q is
Q:: {TRUE}
*[{ThUE}A?x->{i=OAa=x}*[{21x=a}even(x)->(21x=a}8!ye3()

i-1

{v x=a};x:=x/2{2ix=a}]{Qix=a};

C1x {1xut}] {TRUE} .
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The inner-loop invariant is 2ix=a; the outer-loop invariant is

trivial (TRUE). We will demonstrate that triples involving the 1/0

conmands are valid.

proof of (TRUE}A?x{i=0Oaa=x}:

wlp(A?x,1=0aa=x) = Va|(TRUE=>wp(i:=0,i=0sa=a))ATRUE] = TRUE.

proof of {gix=alBlyes(){2i-lx=a}:

wlp(Blyes() ,2 " x=a) = [(TRUE=>wp(i: =i+1,21"1x=a) JATRUE]

= (21x=a) .

proof of {2ix=a}C!x{TRUE}:

wlp(Clx,TRUE) = We|(TRUE=>wp(SKIP,TRUE))a2 x=a]
= (2ix=a) .

Thus, we have shown that {TRUE}Q{TRUE} holds against the Port set.

step ¢c) By a simple application of the axiom for parallel composition,
we arrive at the validity of (3). With only two processes there can

never be prcblems of ownership of interface variables. Q.E.D.

A different version of Q is proposed below. Verification of
[P'IQ] asing this version requires only reperforming step b).
Q:: *[A?x->n:=0;

n n
*leven(x/2")=>n:=n+1] ;x:=x/2",

*[n>0->B!yes();n:=n-1];Ctx] .



3. Partitioning a Set:

This is a variation of a program appearing in Apt [80]. Given
two disjoint sets of integers S and T, S#QL SuT is to be partitioned
into subsets S' and T' such that lSi:lS", ,TI:,T',, and every element

of S' i3 smaller than every element of T'. The program is given by

A:PORT(DYNAMIC , integer) ;B:PORT(STATIC, integer) ; [P| [a]
where P and Q are
P:: mx:=max(S);
Alnx;,
S:=5- (mx};
B?x;
3:=5v(x};
mx:=max(S);
* mx>x=->Almx;S:25-(mx};B?x;5:=5v{x};mx:=max(S) |

Q::  *[{A?y->T:=Tw¥(y};mn:=min(T);Blmn;T:=T-(mn}] .

P and ¢ exchange the current maximum of S with the current minipum of
T until the last integer reccived by P from Q is the maximum of S.

Let SO = {sl, cea ,sn} and [O = {tl, AN ,tm} be constant disjoint

sets of integers. Without loss of gererality we can assume

25> esee 2 € 400 < ™ ] S
sl 52 s, and tl<t2 tm e wich to verify

(s=s 4. "=1 ) [p| [a) ([]=]5, | |2[=]1,, | svr=s T, TE G => (8)

min{"')>nax(8)} .

For revinhility we have substituted & comma for the conjunction sign
[3

9L



A. The Ports are declared as follows; i is an auxiliary variable of

type integer that counts the number of exchanges between P and Q:

A B
ACTION 1:=i+1 SKIP
a TRUE TRUE
B (a=si+l,(i>o=>a>b)) (b=°1Vb’t1) .

Let SiJ denote the set SO-{sl, . ,siltﬂtl, vee ,tJ} and TiJ the

set Too{sl, e ,si}-{tl, ces ,tJ}. The proof proceeds in three steps:

a) establishing {i=o,s=so#¢}P{1>o,max(s)=b,

((s=s b=si)v(S=S =ti))} against the Port set;

(1-1)(1-1)" 11°°
b) establishing {1=0,T=T }Q{i>0,((1>0,T#§)=>b<min(T)),
((T=To,i=0)v(T=T

i>0,b=ti)v(T=T 1>0,b=si))}

11° (1-1)(i-1)"
against the Port set;
c) Applying the axioms for parallel composition and substitution to

conclude that (8) is valid from steps a) and b).

step a) The annotated version of P is
P:: {1=o,s=so¢¢}

mx:=max(S)

{i=0,mx=sl,S=SO};

Almx

S=3_1};

{i=1,mx=31, 0

S:=5-{mx}

{i=l,mx=sl,S=SO~{51H;
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B?x
{i=1,mx=sl,S=So-{sl},(x=sivx=t1),x=b};
S:=Swu{x}

{i=1,mx=3 Sp- (s, Yo{x},(x=s vty ),x=b};

1’
mx:=max(S)
{i=1,mx=max(s),S=So-{sl}0{x},(x=slvx=t1),xab};

’[{ILP}mx>x->{i>0,mx=max(S),S=Sii,mx=si+1,mx>b}A!mx

{1>0,mx=s, ,8 =max(S),S=S(i_1)(i_l)}; S:=S-{mx} {1>0,s,>max(S),

171 i

>max(S),S5=S (x=s vx=t ),xab};

S=Si(i_l)};B?x(i>0,s1

i(i-1)°

S:=5w{x}{1>0,((S=S ),x=si)V(S=S 1,x=ti)),x=b,

(1-1)(i-1 i
max(S)zx,S#¢,pax(S)>x=>(max(s)=si+l,x=ti)};
mx:=max(S){ILP}] .

where the loop invariant ILP is given by

i>0!( (szs ),x=si )V(stii ’x=ti)) ,X=b,mxzx,

(i-1)(1i-1

mx=max(S) ,mx>x=>(mx=8 1,x=—-t;i) .

i+
Since (ILp,mx>x) implies the precondition to Almx appearing in the
loop, the antecedent of Axiom 6 is satisfied and thus ILp is indeed a
valid invariant. Upon loop termination, mx=x which together with ILp
implies the desired postcondition of step a). We will demonstrate the
validity of the triples involving I/0 commands in the loop; those

preceading the loop are similar and will be omitted.

proof of{i>0,mx=max(8),S=Sii,mx=si+1,mx>b }Almx

i = = R =3 : Axiom i
{1>Qlﬂ5-514§1 max(S),S a(i-l)(i-l)l By Axiom 3(ii),
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wlp(A!mx,(i>O,mx=si,s =max(S),S=$

i (1-1)(i-1)?) =
\fa[(TRUE=>wp(i:=i+l,(i>0,mx=si,si=max(S),S=S(i_1)(i_l)))),

mx=si+l,(i>0=>mx>b)] =

Nali>-1,mx=s

i+l,si+1=max(s),s=sii,(i>o=>mx>b)]

i>-1,mx=s =max(S),S=S, ., (1>0=>nx>b) . (9)

1+1°%141 i1’
The precondition implies (9) and so the triple is established.

proof of {i>0,s, >max(S),S=S 1\}B?x{i>0,si>max(s),
=47

i 1(i

S=Si(i_l),(x=sivx=ti),x=b): By Axiem 3(i),

wlp(B?x,(i>0,si>max(S),S=Si(i_1),

'Vb[(i>o=>(b=sivb=ti))=>wp(SKIP,(1>o,s >max(S),

(x=sivx=ti),x=b)) =

828, (1.1)»(b=s;jvb=t ) ,b=b))] =

>max(S),S=S,

Vb[(1>0=>(b=sivb=ti))=>i>0’51 i(i-1)°

(b=3£vb=ti)]. (10)

The precond‘tion implies (10) and so the triple is established.

step b) The annotated version of C is

Q:: (1=0,T=1,}

*[{ILQ}A?y->{i>O’T=T(i-1)(i-l)’y=si}T:=T‘dy}{?>o’T=Ti(i-1)};

mn:=min(T) {1>0,T=T l),mn=min(T)};B!mn(i>0,T=T

i(i i(i-1)°

mn=min(T),b=mn};T:=T-{mn}{ILQ}] R
where the loop invariant ILQ is given %y
1>0,(1>0=>(b=mn, (T#¢=>mn<min( ™)),

((T=TO,i=0)v(T=Tii,i>0,mn=ti)v(T=T(i_1)(i_l),i>0,mn=si)).

Using the Hoare rule of inference



(i:O.T=T0)=>ILq,{ILQ}Q{ILQ},(ILQ=>stek b) postcondition)

{i=0,T=TO}Q(step b) postcondition}

we see that we arrive at the desired triple from the consequent once we

establish ILQ as the loop invariant. Ve shall demonstrate the

validity of triples in the annotated text that involve I/0 statements.

2, =
proof of ({EQ}A°J(1>O’T T(i-l)(i-l)

w1p(A2y, {1>0,T=T(; 1y (5 1)s¥=84))=

9)’=Si} .

‘Qal(a=si+l,(i>o=>a>b))=>wp(1:=1+1,(1>C,T=T(1_1)(1_1),a=sl))]
=Val(a=s, ,(1>0=>8>b) )=>(i>-1,T=T,  ,a=s, )]
= Va| (a=Si+1’(i>o=>a>b) )=>(i>'1’T=Tii) l.

Since (1L (i>0=>a>b)) implies (i>'1’T=Tii)’

Q*2751+17

the triple is established.

proof of {1>0,T=Ti(i_l),mnqnin(T)}B!mn{i>0,T=Ti(i_1),mnqnin(T),b:)hh}:

wlp(B!mn,(i>O,T=Ti(i_l),mnzmin(T),b=mn)) =

No( (TRUE=>wp(SKIP,(i>0,T=T i_1),mn=min(T),mn=mn))).

i(
(mn=s vymn=t, )] =
1>0,T=Ti(i_l),mn=min(T),(mn=sivmn=ti) .

which is implied by the precondition.

step c¢) By applying the axiom for parzllel composition and the Hoare
rule of inference, we arrive at a triple identical to (8) except for
the precence of i=0 in the precondition. The axiom of substitution
pernits the elimination of i by substituting for it the constant 0;
{0=0) is identical to TRUE and thus the entire term disappears from the

preconlition. “eEoD.



D. MJLTI-PORTS

1. CENERAL DESCRIPTION

Up to this point the semantic development of Ports has pertained
almost exclusively to simple Ports, i.e., to Ports that are named ir
1/0 commands by no more than a pair of lowest level processes {the term

lowest level process refers to a process containing no nested

subprocesses). Thus, if Port A is used for comrunication by P, R, and
S in [PIIQ::[RI'S]], then A cannot be simple and must be a multi-Port.

Since a lowest level process cannot communicate with itself
through I/0 commands, we can state affirmatively that a multi-Port is
defined to be a Port that is used by more than one lowest level process
for input, or more than one lowest level process for output. Hence,
any Port that is used by three or more processes, not necessarily
lowest level, is necessarily a multi-Port. The converse is not true,
however, since we allow the use of a Port for both input and output by
a single process. As with simple Ports, multi-Ports are either of type
STATIC or DYNAMIC.

As an example of a typical multi-Port, consider Port A in the
Producer-Consumers system {example 3 in section entitled EXAMPLES OF

PORT-CSP PROGRAMS) described earlier. A is used by both P and each of

the 100 consumer processes C comprisirg the program. Similarly, in the
Distributed Operating System described above, JOBRUN, JOBSIN, JOBNEW,
DRIVLE(i) are all multi.

A, inferred from the examples just cited, Ports appearing in
pariallel systems - us opposed to parallel computations - tend to be
multi-iorts. Oinece the power ot Ports finds its fullest expression in

parillel sycstems, a4 complete formal description of multi-Port semantics
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is central to the issues addressed by this dissertation. To this end
we shal: describe the ancillary components of a multi-Port and
generalize the axioms presented earlier. First, however, we shall
demonstrate the limitations of simpla-Port semantics as applied in the
general case of mulit-Ports.

The semantics developed for the simple Port are not directly
applicable to the more general multi-Port case, the reason being that
it is unsafe to share interface variables by more than a pair of
processes. Consider processes P, Q, and R sharing multi-Port A as
shown.

P:: All; Q:: Ax R:: Ay

At2
Establishing the intuitively valid triple {TRUE}P{a=2} presents no
difficulties when we use the axioms prosented earlier., But we can also
establish (TRUE}Q{a=x} and (TRUE}R({TRUE}, the first triple being an
outright falsehood. From the axiom for parallel composition we would
wrongly conclude that PTRUE}[PIlQIlR]{x=2} holds. Moreover, we would
like to have the ability of establishing (x=2 ¢y y=2) as a
postcondition, but this is not possible using simple semantics (example
2 below proves a similar postcondition to a similar program using the
extended semantics of multi-Ports). The idea behind the development,
then, is to extend the sharing (i.e. referencing) of interface
variahles in a safe manner.

We distinguish two types of milti-Ports: the many-to-many Port

and the many-to-one Port. The many-to-many Port is the more general

tyve and i3 used in configurations in which there exists more than one

lowest level input process and more than one lowest level output



process naning the Port. The many-to-one Port is distinguished by
there being no more than one lowest level process naming it for inpu%
or no nore than one lowest level process naming it for output.
Many-to-one Ports resemble the Port as described and implemented by
Silberschatz in Silberschatz |80].

Since virtually all reasonable and interesting applications of
multi-Ports assume the many~to-one configuration -- see Producer-
Consumers and Distributed Operating System examples —- all of the
examples presented below will be of that type, even when we are

demonstrating many-to-many semanticse.

[LOIN



2. FORHMAL DESCRIPTION

As previously demonstrated, the sharing of interface variables
among more than a pair of processes is unsafe and therefore forbidden
by the simple-Port axioms. In introducing legitimate, permissible
sharing, we replace interface variables by vector type equivalents,
each component of which corresponds to a particular process, and admit
a relation on the components that holds at all points of the text in
the scope of the Port set (see next section). The power of selected,
undesired components is nullified in uncertain program regions by the

use of the universal quantifier.

Throughout what follows, the term process refers to lowest .level
process. A general (i.e. many-to-many) multi-Port is defined as
follows.

l. Multi-Port Port variebles, and auxiliary variables that are
referenced by multi-Port A are of the vector type‘t =

,ip ,ip ""’jP ), where component iP is assocziated
1 1 2 n Ji

in out in out, n

with process Fﬁ that uses A for input, and component ipko ¢
u

is associated with process P, that uses A for output. A process

k
Pﬁ that uses A for both input and output is represented by two
components: ip and ip . For the sake of brevity
Jin Jout
we will write iJi when referring to ip, .« When the
n Jin
context allows, we will drop the in (or out) and write simply ijye

2. Aesocinted with multi-Port A is a4 multi-Port variable 3.

SCynchronization of A?x in process P, and Aly in process Pk is

(%

interpreted ns atomic execution cf the sequence
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Bhkout V3310 "t hout 1 X "8 in *
3. Associated with multi-Port A is a distinguished auxiliary variable
- <
tA that maintains the transaction count through A. tA may

not be changed by any multi-Port action in the Port set.

L., Associated with multi~port A ic a multi-Port Action SA that
consists of assignment statements to vector type auxiliary
variables. SA is defined in a generic manner: free variables
referenced are vector variables and not vector components. A
typical SA might be-?:;3+1. Synchronization of A?x in process

P, and Aly in process Pk is interpreted to mean atomic

J

execution of the sequence
akout:=y;tAkout:=tAkou:1;SAkout;ajin:=ak°ut;tAJin;=tAJin*1;SAjin;x:=aJ1n
» Where the subscript kout in Sy N indicates that
ou
references to variables refer to component kout; similarly for

Jin in SAJini

5. Associated with A are assertionaAgn(g) and a,, counterparts
to simple-Port assertions of the same designation. As in the case

of S,, they are defined in a generic manner: references to

A’
vector components do not appear (this restriction is relaxed
somewhat in the less general case of many-to-one Ports). A typical

pA(ﬁ) might be a=b.

Thus, each process using a multi-Port has its own private
data b2sze, the variables of which are the vector components
corresponding to that process. As developed thus far, they are

strictiy disjeoint data bases.
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3. SEMANTICS

General multi-Port semantics are expressed as a generalized form
of simple-Port semantics. We introduce an invariant relation on the
components of certain interface variables and the axioms that
constitute the verification methodologs. Axioms 1, 4, 5, and 6 from
the simple cAse automatically carry over; thus, we shall specify axioms
that are counterparts to 2 and 3.

l. For multi-Port A, Kirchoff's law is an invariant relation on‘{;

and.g:
(1) Initially, tp, =ta =0 holds for all J.
Jin “Jout
This is used when applying the axiom of substitution in

->
that only the constant'ﬁ may be subtituted for tA

in a process precondition.

(11) [(EBakt, =tt, INE )= Ela, =

A
J Jin J Jout 1#J in

a )“(tA >O)A(tA >0)])], abbreviated KL,,

J
out iin Jout

is such that {TRUE}S{KLp} is valid for any S in the scope

of A.
Intuitively, Kirchoff's Law states that every transaction involves
both a distinct input process and a distinct output process, and
once a transaction through A has occurred, there must exist two
distinct processes, one input and one output, that were involved in

the moust recent transaction.
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2'. General Multi-Port Axiom for Parallel Composition

{Li}Pi{Mi} for i=1l, ... ,n

n

(ncv) declare PO PO '[P n o
Lree e PO 1“92”...”Pnl{n M,AT KLy, )}

=1 i’ mlti-Ports i=1 i=1 i

, where each Port or auxiliary variable of scalar type appears
free in the pre- and/or postcondition of only those two processes
that own it, and each port or auxiliary vector variable component
v, appears free only in the pre- and/or postcondition of Pi'

Note that there may be simple Poris as well declared in front of
the parallel command above; we have just not shown them.

3'. Axioms of Communication for General Multi-Ports

Let A be a multi~Port, let U be the set of multi-Ports
contained in the Port set containing A, and let V be the set of
vector type interface variables associated with U, SA(!) is
the multi-Port action defined for A. For A?x in process Ph and
Aly in process Py
(1) wip(A?x,M(x)) =

(MY er,V-V.r#Jinl(g“a )y AN KL)=>wp(t, ':-.tA +1;

J Jip 1
i in in “out PeU Jin Jin
s,(2) M(a, ))])aa
A Jin” " din A AJin
(i1) wilp(atly,R(a )) =
y Y Kout
(i¥a, W Fev,rék [(a, A TKL)=up(t,  :=t, 413
i out i DegU
in out out

Sply) t,R(y))l)ApA(y)y

ou ‘out



, where jip indicates that all references to vector variables
in generic form (e.g. %k) refer to components corresponding to
inn; similarly for Kgut- ¥¢V means "for all variables ¥

in V;" r#Jin means "for all r not equal to Jjip," and

similarly for kg,t.

106
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4. EXAMPLES OF NULTI-PORT PROOFS

The examples presented in this section are chosen to illustrate
how the axioms for general multi-Ports are applied in verifying
properties about parallel programs. They come from the realm of
parallel systems and for this reason perform computations that are not
particularly significant. Their significance comes from their use as
building blocks in the construction of large systems. Note the

prominent and central role played by Kirchoff's Law in the proofs.

1. Simple Example:
Consider the three processes P, Q, and R operating in
parallel and communicating via the DYNAMIC multi-Port
A (x is an integer variable):
R:: #[x>0->Alcount();x:=x-1]
P:: m:=0;%*[A%count( )->m:=m+1]

Q:: n:=0;*[A?count()->n:=n+1] .

P, %, and R fit the Producer-Consumers paradigm. x number of
signals are transmitted from R to P and Q. Upon termination x
number of signals must have been received by P and Q, but the
distribution of how muny were received by each is left
undetermined. We wish to show that {xZQAx=c}[P|lQ||Rl(x=0am+n=c}
is valid. A is defined such that aAEpAETRUE and SAE

S5K1P. 'The annotated text appears as shown.

W {x>0Ax=c‘tAR =0}
- out

*[{lu‘{}x>0->{(c=tA +x)A(x>O)}A!count(){(c=t} +x=1)a
: R i

R
out out
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(x>0) };x:=x-1{ILR}] {ILRA(x>0)}
, where the loop invariant ILR is given by (c=tAR° t+x)l\
u
(x>0).
P:: {t =0}
APin
m:=0
{(mo)a(tApi:o) };
L J - = s =
[{ILp}A?count()-> (m+1 tAP Jm:=m+1 (1L, }]
in
{1Lp}
, where the loop invariant ILp is given by (m=tAP1 ).
n
Direct application of Axioms 3'(i) and (ii) establish the
assertions surrounding the I/0 statements in both proofs. Thus far
we have established {x>Oax=catpp tBO]R{ILRA(:OO)} and
ou
{ta =O}P{m=tAP } against the interface. Q being
Pin in
virtually identical to P, the validity of {t;,\qi =0}
n

Q[n=tAQin} follows from the proof of P. Since KLj implies

tARout. ) tApin * tAQin' (1)
applying the axioms for parallel composition (Axiom 2') and
' substitution yields the desired result. Q.E.D.
Notice that if there was an additional process in the system
outputting through A, the result would not follow, for then KLp
would not imply (1). Processes may be added withou! need for total

reverification as long as they preserve (1).

2. Who Received the lLast Item:

Consider P, Q, and R operating in parallel and sharing

DYNAMIC Port A:
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R:: *[even(x)->x:=x/2;A!x]
P:: *[A72->SKIP]

Q:: *[A?y->SKIP] .

We will show that {even(x)}[pllQIIR]{odd(x)Aﬁodd(y)VOdd(z))} is valid.
Port A is defined as in example 1. The annotated text appears as

shown.

R:: {even(x)aty, =0}
out
#| {ILgleven(x)->{TRUE}x:=x/2 {TRUE};Alx {ILg }}
{ILgAodd(x)}

, where the loop invariant ILR is (odd(x)=>t‘,AR t:>O)'\
ou

*[ {ILp}A?z->SKIP{ILp}]
{1Lp}
, wherce the loop invariant ILp is (tpp >O=>z=ap ) .
in in
Once again, direct applications of the commnication axioms Jjustify
most triples; the remaining ones are sequential and handled in the
routine fashion. The proof {t =0}Q{t >0=>
P AQin Q AQin
y=aQin} is similar to the one for P and will be omitted.
Now (ILgaodd(x)aKLy) =>

{ (odd(x) Ia( x=aROut) A(tApin>0vtAQin>0) A

, = = == =
(ay =ap v ap =ay Jalt, =0=>ap =a, )a
ous in ont in Pin out, in
== =y . 9
(tAQin 0=>aR .t “Pin)] S (2)

ther:fore (ILgaodd(x)aILpaILgaKLp) => {odd(x)A(odd(y)wodd(z))).



(ILRaodd(x)AILpAILQAKLA) is obtained as the postcondition of

[PI'Q"R] upon applying the axiom for parallel composition, Axiom 2',

and the result is established by an apreal to the axiom for

substitution that eliminates !} = T fron the precondition. Q.E.D.
The addition of other processes that use Port A for input

invalidates the proof since (2) would not hold; KLp lacks sufficient

strength in that case.
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5. I'ANY-TO-ONE PORTS

tost applications of multi-Ports &assume a many-to-one
configuration. The semantics of the mz2ny-to-one Port are much stronger
than for the general case since the identity of one of the
communicating partners is always known. We can relax some of the
restrictions on the sharing of interface variables and still maintain
the requirement that no such variable spans more than a pair of
processes. We expand the general semantics developed thus far and
conclude with two examples.

Let P = {Pl, oo ,Pn} be a collection of lowest level

processes and let U be the set of Ports used for commnication only

between Q and some subset of P in a many-to-one configuration as shown.

-

;O *°° .0

Since we assume, further, that P is maximal and that the Pi's do not
use Ports in U to communicate among the-selves, we deduce that Ports in
U «re not used by Q and elements of P for both input and output within
a single process. For uniformity of treatment we shall suppose that

all Ports of U are defined as multi-Ports, even if usod by only one Pi'



Let V be the set of interface variables referenced by Ports in

U. Then the following conditions must hold:

1. Only processes in P can reference variables of V.
2. As in the case of general multi-Ports: elements of V are vector
type and Port actions are generically defined.
3. a's and p's may mention as free variables any variable of V,
subject to the following constraints:
for AeU,
(1) 4if A is used by Q for input, then free variables mentioned
by a, must be vector components and pA(z) is
generically defined (i.e. PA(E) mentions no components);
(ii) 1if A is used by Q for outpu%, then free variables mentioned
by pA(g) must be vector corponents and o is
generically defined.
k. Local process proof assertion (free) references to variables of V
must be to components, subject to the following:
(i) Q can mention any component;
(ii) P, can mention only corponents subscripted i.

i

(Hence components subscripted i are owned by processes Q and Pi)’

The revised axiom for parallel composition appears as

follows.




2". Many-to-One Port Axiom for Parallel Composition

{Li}Pi{Mi} for i=1, .e. ,n

n

{nL;}
i=1

declare many- PO

to-one Ports [01°°°"*F0n ’[Pl’, l, IIP ]{ H Mia n KL

=] 7 i=1

, where condition 4 above holds.

The revised axioms of communication are given as follows.

3". Axioms of Communication For Many-to-One Port

For A?x in process Q, Aly in process Pi

(1) wip(A?x,M(x)) =
n
ligsdai((pAGg)iAPuUKLP)=>VP(tAi:=tAi+1;sA(:)i; aqi=ays

tAq:=tAq+l;SA(3)Q,M(aQ)))]A a

(11) wlp(A!y,R(ai)) =

‘(VainJ J# VeV (69‘\4&,11[,!(1,;,)=>wp(1;Ai :=tA1+1 38, (¥)

R(y))DaB,(¥)4

For Aly in process Q, A?x in process P1

(111) wlp(A!y,R(aQ)) =

PO, }

[ H\ﬁx ((a ay A I KLy )= >wp(a t=yst, =ty +1;SA(y)i;tA t=t, +13

i=1 i PeU i i Q

5p(7) R D) L aBy(¥)

113
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(iv) wlp(A?x,M(x)) =

» . (T
OfavaJ,J#i,v‘Vl(pA(&i)APfUKLP)=>wp(tAi.=tAi+1,SA(a)i.

M(a,)) ] )aca;
, where subscript i indicates vector components corresponding to

process Pi; subscript Q indicates vector components

corresponding to process Q. FV and J#i have meanings similar to

their meanings in Axiom 3'.
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EXAMPLES OF MANY-TO~ONE PORT PROOFS

1. OSimple Example:

Consider the system A: PORT(DYNAMIC,integer);
B:EQEI(STATIC,integer);[PI'Q(i:l..n)], where P and Q(1i) are
given by
P:: m:=100;*[m>0->Alx;B?y;m:m-1]

Q(i):: #[A?2w->Blw] .
We will prove {TRUE}[P',Q(i:l..n)]{x=y} .

A and B are defined

A B
S SKIP SKIP
a TRUE © TRUE

- > -
p TRUE tA = tB+1>0
Subscript J denotes component QJ' The proof of
n n

{n ty =ty p{ & (x=aJAy=bjatA >0)}} is shown in the annotated

=13 J 4= J

text belcw.

n
(1 (t =t
j=1 Ay B

Jam=100};

n n
#[(IL ha>0~>{ M t, =t }AIx{ £ [t 6 =t +1 A x=8, A
P j=1 &y B j=1 AR J

n n n
B (ctg=>t, =ty M 1:B2y( 0 (¢, =ty Jal T (x=a

Ay=bJA
k=1 k k J=1 J J J=1

J
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J>0) )} sm:=m-1{ILp} ] {ILpAn<C}

, where the loop invariant ILg is

n n
m>0a 1 (tA -t JA(m=0=> L (x=e .y-bJ.t >0)) .

J=1 J J=1
(ILp.m_iO), the loop exit condition, implies the desired
postcondition. We will demonstrate the validity of the triple

involving Alx to illustrate the use of the axioms. From

n n
3"(111), wip(Alx, T [t, =ty #le-aJA n (k#J =>t, =ty )]) =
J=1 J J k Pk
[ nVa ((TRULAKI. AKL ) >wp(a x3t, :=t, +1;SKIP;
A A0 VA
i=1 i i
n

t, :=t, +1; SKIP, [t, =t_ +lax=a, a (k,eJ >t YN A
Ap- Ap B Ay R 3% OB
TRUE

n n
= IlVa ((KL,aKL ) o>wp(ay t=x53, =ty +1, I [t, =tp +1A

i=1 4 i 9=1 Ty )

n
x=a A U (kfj=>t, =t )]))
I k=1 A By
n

= " ¥a, ((KL AKL ) >wp(a 1=x,x=a Al (tA =t M)

i=1 k=1 "k 'k
= nVa ; ((KLAKLL)=> n (t, =t-))

i=1 k=1 "k "z

n

= . (1)

(KLAo\KL J=> I[ (t

Ak B
The precondition found in the annotated texi cleuarly implies
P

(1).
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The proof of {tA =tB =0}Q(i){tA>o=>ai=b1}

1 % 1
is as follows.
Qi):: {ta =t =0}
W {ILQ}Avv->(tAi=tBi+1>o.w=ai }Blw{ILQ}] {n.q}

» where ILq is (tAi=tBLZQ)A(:Ai>08>aisb1) .
The final result is a consequence of the axioms for parallel

composition (Axiom 2") and substitution. Q.E.D.

Subroutines:
We prove the single entry subroutine, which is
similar to that described in Hoare [78]. A subroutine process
is patterned as
SUBR:: initialization; *|A?(input parameters)-> ... ;BI(output
parameters)} , where ... computes the output parameters from
the input parameters. The user calls SUBR with the pair of - oo
commands

Al (arguments); ... 3;B?(results)

, where ... is executed concurrently with the subrouti .e.
There are many calling processes but only one copy of SUBR;
hence, A and B are many-to-one Ports. A is DYNAMIC and B is
STATIC since we do not want SUBR to terminate (synonymous with
disappear) until all its users have.

As a representative subroutine let SUBR be the program that

computes the sine function for USER{1), i=1l, ... .n:
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SINE:: ®*[A?0->s:=s8in(©);B!s] .

The proof verifies that if all users adhere to the calling sequence

protocal, then y=sin x holds immediately following B?y, modulo

termination. The Ports are defined as shown.

A B
S SKIP SKIP
a TRUE Ta=tpel
n -+
B TRUE J:;ltAJ=tBJ+1.b=s1n J‘L£1(k*3=>tAk Bk)l

pB tells the inputting process that the data value, {L equals

sin aj for some calling process Jj; the calling process is
characterized at this point of execution by the fact that its
number of transactions through A exceeds its number of transactions
through B by one. If all processes adhere to the protocal, the

inputting process and the calling process are one and the sane.

The annotated text follows:

n
SINE:: {IL. o }*[{IL,,, }JA?20->{ L [t, =ty +1.pJ=eA

SIN SIN j=1 Ay By
n
u [(k#J->tAk 5, A(tAk>O=>bk=;in ak)ll};s:=sin(0)
iy 1l
{£lt, =t , +1,8=sin a A u (k#J= >ty ).(c >0 =>
I A BN

bk=sin ak)]]};Bls(ILs[N}]{ILSIy)

n
, where IL. . is 1 [(t =t_ )alt, >0=>b ,=sin a )] .
SIN A, D A
= Ay Ty Ay



USER(i):: {tAi=tBi=0}

{tAi=tBi}
Alx
[x=aiAtAi=tBi+l}

{x=aiAtAi=tBi+l}
by
{y=sin xpip,=tp,}

{ta =34}

If user # violates the calling sequence protocal, then
(tA2=tB£) will not hold as a valid postcondition, and the
axioms for parallel composition [Axiom 2") and substitution will
yield {TRUE}[SINEI,USER(i:l..n)]{FALSE}. If all users adhere
to the protocal, {TRUE}[SINEIIUSZR(i:l..n)]{TRUE} holds. We
shall demonstrate the validity cf the triple
(r=ajatp =ty +1}B?%y {y=sin x A ta.=tp;) .

From Axiom 3" (iv), wlp(B?y,y=sin XALAftBi) =

119
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(‘b;VVJ’J#i.|(PB(bi)AKLAAKLB)=>vp(t81:=tBi+1;SKIP.

bi=sin xAtAi=t31)]) A apg

= (bevvj,J#i,[(pB(bi)AKLAAKLB)=>(b1=sin x.;AiztBi+1)l).aAi. (2)

We drop KLpaKLp from (2) since we have no need for it;

besides, we can always weaken the antecedent. Thus (2) becomes

n n
(Vo Wv, ,J#1i,[( £ [t, =t +1zb.=sin a A N (k#J=>t, =t )}])=>
1 =1 Ay By 3 %=1 A By
b,=8in xat, =t_ +1] )at, =t_ +1 . (3)
i A Ai Bi Ai 31

The precondition tells us that J in (). is equal to i and hence

bj=sin aj. Thus, the precondition implies (3). Q.E.D.
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Vvl CONCLUSION

It is, perhaps, fitting at this point to mention a slightly
varied approach that some may find preferable, but is, to an extent,
more restrictive., In practice, however, the restrictions indicated
below are generally inconsequential since all reasonable programs
follow the pattern anyhow.

First, limit the usage of both simple and multi-Ports in a
natural way by disallowing a lowest-level process from using a

particular Port for both input and output. Appropriate syntactic

modifications can be made to accomodate this.

Second, associate simple Ports with processes, again in a natural
way, as follows. For each pair. of communicating, lowest-level
processes, associate an "interface' consisting of a collection of
Ports, to be used by no other processes. For each such interface,
éssociate a set of interface variables, which are referenced only by
that particular interface and its two associated processes.

What we have, then, is the following situation. Given & process
P, its complete interface to its external environment is given by a

collection of sets of Ports, each set of the collection being its

interface to one other process, as described above:



1)

2)

3)
L)

’ S COMPLETE
INTERFACE

©

PORTS AB8,C
&

ASSOCIATED
INTERFACE
VARIABLES

P’s INTERFACE T0 Q

PORTS D,E,F
&

ASSOCIATED
INTERFACE
VARIABLES

P’s INTERFACE TO S

PORTS G,H
&

ASSOCIATED
INTERFACE
VARIABLES

P’s INTERFACE TO R

The benefits gained by this approach are the following:
While logically equivalent to the original methodology, this is,
perhaps, a better organized and more structured arrangement;
Simplification of closure dynamics cf{ DYHNAI{IC Ports;
Elimination of subscripts "in"/"out"” when dealing with multi-Ports;
Elimiration of the notion of ownersiip of interface variables
(inferface variables are now automatically owned by only 2

procesnses), with a resulting simplification of the axiom for
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parallel composition;
5) 'he generalization from simple-Port semantics to multi-Port

semantics becomes slightly more na*ural in this context.

Looking back to the introduction, it seems that we have reached
our goal: the establishment of modularity and hierarchical structure
within CSP, and the establishment of a proof system with those same
characteristics. What we have created, then, is a methodology whereby
the proof of a system is constructed along the same lines as the system
itself. The proof of an entire system can be easily constructed from
proofs of the individual components. This advantageous quality has
always been characteristic of strictly sequential programs;
unfortunately it did not easily carry over to parallel systems.

This we have re-established the isomorphic relationship between
tnhe structure of progrums and the structure of proofs. We have
effectively eliminated the need for many extraneous devices in the
proof, such as the global invariant, that have no counterpart within
the actual programe. Parallel programs and their proofs can share a

corimon forme.
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VII APPENDIX

BNF DESCRIPTION OF CSP

The following is a complete BNF description of CSP syntax taken
from Hoare [78]. Types, declarations, and expressions have been left
unspecified and are assumed to be Pascal-like. Braces {} denote none

or more repetitions of the enclosed text.

<command>::=<simple command>|<structured command>

<simple command>::=<null command>l<assignment command>
|<input command>|<output ccnmand>

<structured command>::=<alternative command>
|<repetitive command>|<parallel command>

<null command>::SKIP

<command list>::={<dec1uration>;|<command>;)<command>

Parallel Command:
<parallel command>::=(<process>{‘,<process>}l
<process>; :=<process label><corrand list>
<process lube1>::=<empty>l<identifier>::
| <identifier>{<label subscript>{,<label subscript>})::
<label subscript>::=<integer constant>,<range>
<integer constant>::=<numera1>r$ound variable>
<bound variable>::=<identifier>
<range>::=<bound variable>:<lower bound>..<upper bound>
<lower bound>: :=<integer constani>

<upper bound>::=<integer constani>



Assignment Command:
<assignment command>::=<target variable>:=<expression>
<expression>::=<simple expression>|<structured expression>
<structured expression>::=<constructor>(<expression list>)
<constructor>::=<identifier>|<empty>
<expression 1ist>::=<empty>|<expression>{,<expression>)
<target variable>::=<simple variable>l<structured target>
<structured target>::=<constructor>(<target variable list>)
<target variable list>::=<empty>,<target variable>

{,<target variable>}

Input and Output Commands:
<input command>::=<source>?<target variable>
<output command>::=<destination>!<expression>
<source>: :=<{process name>
<destination>: :=<process name>
<process name>::=<identifier> identifier>(<subscripts>)

<subscripts>::=<integer expression> {,<integer expression>}

Alternative and Repetitive Commands:
<repetitive command>::=*<alternative command>
<alternative command>::=[<guarded com and>

{0 <guarded command>}]
<guarded comrand>::=<guard>-><command list>
l((rang&>{,<rangc>})<guard>-><c0mmand list>
<guurd>|:=<guard List>|<guard list>;<input command>
,<input conmumnd>

<raard last>::=<guard element> (j<guard element>)

12



<guard element>::=<boolean expression> <declaration>

12¢€
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