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Abstract

The problems of semantics and translation for concurrent

programming languages are studied in this thesis.

A structural operstional approach is introduced to specify the
semantics of parallelism and communication. Using this approach,
semantics for the concurrent programming languages CSP (Hoare's
Communicating Sequential Processes), multitasking and exception
handling in Ada, Brinch-Hansen's Edison and CCS (Milner's Calculus
of Communicating Systems) are defined and some of their properties

are studied.

An operational translation theory for concurreat programming
languages is given. The concept of the correctness of a translation
is formalised, the problem of composing transitions is studied and a
composition theorem is proved. A set of sufficient coanditions for

proving the correctness of a translation is given.

A syntax-directed translation from CSP to CCS is given and proved
correct. Through this example the proof techniques of this approach
is demonstrated. Finally, as an application of operational semantics
and translation, a proposal for implementing multitasking in Ada is

given via a two—step syntax-directed translation.
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0. Introduction

A number of programming languages intended to describe concurrent
computations have been proposed in the last decade. These languages
are called concurrent programming languages. Their number is not as
great as that of strictly sequential languages but the number is
increasing yearly. Among them, Communicating Sequential Processes
([Hoare 781), Ada ([DoD 80]), Edison ([Brinch-Hansen 81]) and
Calculus of Communication Systems ([Milner 80]) are the most
influential and typical —representatives. The first three are

imperative languages and the last is an applicative language.

Lively research has grown up rapidly around these languages. Most

of this research can be categorised into the following three areas:
A. Formalising the semantics of parallelism and communication.

B. Implementing concurrent programming languages and proving the

correctness of the implementation.

C. Construction and verification of concurrent programs.

This thesis attacks the first two problems.

For the first problem, we know that in sequential languages there
are four ©basic approaches: denotational semantics, algebraic
semantics, axiomatic semantics and operational semantics. FEach of
these four approaches is also being applied to describing the

semantics of concurrency.

We will study the semantics problem wusing an operational
approach. Roughly speaking, the operational approach is to formally
describe the execution of programs, i.e. to formalise the

"operational nature” of programs. In general this purpose is
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achieved by specifying some convenient abstract machine and
modelling the execution of programs on that machine. This can give a

hint of the way the language can be implemented.

One merit of the operational approach is that since the essential
feature is to formalise the "operational nature” of programs, if a
language can be implemented then its operational semantics, in
principle, should be definable. In general an operational semantics
differs from other approaches in that it does not require a lot of

heavy mathematical machinery and is easy to understand.

The weakness of operational semantics is that because the
semantics is based on an abstract machine it usually specifies some
irrelevant details. This tends to make the semantics of any
nontrivial language very obscure and detailed from the mathematical

point of view.

To overcome this weakness or at least to reduce it to a minimum,
in this thesis we introduce a new operational approach —--- <the

structural operational approach or axiomatic operational approach

developed by Plotkin and his colleagues. The basic ideas of this

approach are:

a. To abstract away from the irrelevant details of the abstract
machines we adopt some of the successful features of the

denotational approach such as the use of abstract syntax to replace
concrete syntax, and the viewing of states (stores) and enviromments
as functions. Thus a simple configuration of an abstract machine can

be written as

<S,s> or <S,p,s>

where S denotes the current statement to be executed, and p and s
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denotes the current enviromnment and state. Some other possible
configurations are s (denoting normal termination resulting in the
state s) and abortion (denoting abnormal termination). We use [ to

denote the set of all possible configurations.

Furthermore, to distinguish the successful executions from other
computations (deadlocked and infinite computations) we introduce the

set T of terminal configurations which is a subset of M. For

example, we can take

T = Statesu{abortion} € [

b. Ve use labelled transition relations to model computation;

thus a transition:

r—L—ér'

models one elementary execution step. This transition is interpreted
as the configuration r "may perform action A to become r’ ” or r "is
transformed to r’' via the action A"”. Here the action A denotes am
internal action or interactive commanication with some super system
or the outside world. Thus communication between concurrent
"processes” can easily be captured and formalized by 1labelled
transitions. Let A be the set of possible transition actions. Then

the labelled transition relation

—EXAXT

describes the possible executions of programs. Execution of a

program can be viewed as a transition sequence:

SN N VN < N



which is either infinite or finite.

The crux of the matter lies in how to define the 1labelled
transition relation which describe the semantics of a language. Let
us consider how we could deal with two typical sequential

programming language constructs in this approach:

a. Assignment statement
The semantics of the assignment statement is defined by the
following axiom:

(x:=e, s> —2—<(skip,slv/x]> where v=l[e]ls

([[e]]s is the value of the expression e in the state s.) This
transition can be interpreted as saying that the execution of the
statement x:=e in the state s results in a new configuration where

the new statement is skip and the new state is the same as before

except at X where it takes the value of e. The transition action
e means that the execution is performed without interaction with the

outside world.

b. Compound statement 81;82
The semantics of the compound statement 81:82 is defined by the

following three rules:

1. if <S;,8>-23¢S7,s')> then (S1;8,,s> 2 3¢51;8,,5").
2. if <Sy,s>—2>s’ then <8;58,,s>23<S,,s'>.
3. if (8;,s>—2>abortion, then (S;;8,,s> 2 —abortion.

As usual, these rules signify that if the hypotheses of the rules
define transitions then the conclusions define transitions. How can
these rules be interpreted? They tell wus that the execution

completely depends on the execution of the first statement. The
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configuration ¢84,3> can be transformed via transition action A in
three ways; the result is either a normal configuration <Si.s'> or a

normal terminal configuration s’ or the abnormal terminal
configuration abortion. Rule 1 says that in the first case (Sl:Sz,s>
is transformed to <Si;82.s') via the same action A. Rule 2 says that
in the second case <8;;8,,s> is transformed to ¢S,,s'>. Rule 3 deals
with the third case and says that if the first statement aborts then
so does the composition. To summarize we see that the above three
rules formalize the description given in the Pascal report "The

compound statement specifies that its component statements be

executed in the same sequence as they are written” ([Jensen and

Wirth 78]1).

These two examples reflect the typical character of the

structural approach. Two points are worth noting:

a. As with formal deductive systems of the kind employed in
mathematical 1logic this approach defines transitions using axioms
and rules. Axioms (which have no hypotheses) define the transitions
directly, and rules define the transitions indirectly; that is if
a8ll hypotheses define transitions then the conclusion of the rule
defines a transition., A definition of this type is called a

generalized inductive definition. This feature makes the approach

rigorously mathematical, allows a semantics to be set up with few
preconceptions, and also determines the inductive features of the

proof techniques.

b. The definition of the transition relation is based on
syntactic transformations of programs and simple operations on the
discrete data (state and enviromment). So methods of proofs rely

heavily on structural induction which might easily be automated; and

since programmers and language designers are already familiar with
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"symbol pushing” this form of the semantics should be more

acceptable to them.

These two characteristics will become more pronounced as we

progress through the thesis.

Finally, in brief, a labelled transition system can be def ined as

2 gquadruple ﬂﬁ<[",T.A.-9) and the operational semantics of a

langnage can be given by labelled transition systems.

The original idea of using labelled transition relations to model
concurrent computations is from Keller ([Keller 75]); the use of the
labelled transition systems to define operational semantics for
concurrent programming languages is due to Plotkin ([Plotkin 811]).
Milner gave an operational semantics for his Calculus of
Communicating Systems (from now on we use the abbreviated name CCS,
see [Milner 80]), and Plotkin gave an operational semantics for
Hoare's Communicating Sequential Processes (from now on we use its
abbreviated name CSP, see [Plotkin 82]). In this thesis we study two
other concurrent programming languages (Ada and Edison) using this
approach, giving an operational semantics for multitasking and

exception handling in Ada and an operational semantics for Edison.

We study the second problem in a rather gene?al way, by examining
translations. Between a high level programming langunage and the
"bare” machine on which it runs there are normally several layers
represented by intermediate languages. Between each pair of
consecutive levels there is a translation of high—level objects into
lower—level objects. Irn this sense the general subject of
translation is a very pervasive and important part of computer
science today. The examples are too numerous to mention, but it is
worth noting that, recently, several proposals for implementi;g

tasking in Ada use this approach. In [Luckham et al 811, the
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implementation of multitasking facilities in Ada is by translation
into a lower level intermediate language called Adam. In another
ambitious project [Bjérner and Oest 80], a semantics (or perhaps an
implementation) is given for Ada by translating it into the language
META+CSP. And a similar approach is taken in [Belz et al 80] where

preliminary Ada has been translated into SEMANOL+Semaphores+Forking.

Although translators (of various sorts) abound, the theory of
translation has received relatively 1little attention in the
literature. If one asks whether a2 translation is correct, then the
answer is rather vague and unsatisfactory. In practice, translators
are accepted because they work well and seem to agree with the

description of the language manual intuitively.

The translation problem may be formalised in the following way. A

semantics for a language L can be given by
1. a semantic domain SD(L)

2. a semantic mapping ML from the objects L (usually programs) to
SD(L)

Then a translation can be viewed as a mapping [ I:L, —L,, and

its correctness can be investigated by considering the diagram

MLl M,

v
t
SD(L, ) —LE—SD(L,)

Figure 0.1

where tr is some predefined mapping between the semantic domains.
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Thus by the correctness of a translation we mean that the diagram

commutes, i.e

0 ]]oMLZ’M.LIo tr

Here I 1 is a mapping between syntactic categories and tr is a

mapping between semantic domains.

This kind of approach was announced first by McCarthy and Painter
([McCarthy and Painter 67]) and then Burstall and Landin ([Burstall
and Landin 70]) with the goal of making compilers for high—level
programming languages completely trustworthy by proving their
correctness. Morris stated his belief that the compiler correctness
problem is much 1less general and better structured than the
unrestricted program correctness problem and gave the above diagram
([Morris 73]) treating I 11 as a compiler. Using a denotational
approach he proved the correctness of a compiler for Q small
sequential language. Later ADJ studied this problem using an

algebraic approach [ADJ 79].

It should be mentioned that all these authors are concerned only
with sequential programming languages and use either denotational
semantics or algebraic semantics. A problem arises when the
languages include parallelism and communication as in Ada, CCS, CSP
and Edison. The reason is that no satisfactory formal semantics of
such a language in the denotational or algebraic style has so far
been produced, though research is progressing in this area (see

[Hennessy and Plotkin 801, [Plotkin 821).

We study this problem using the structural operational approach.

Roughly speaking, the basic idea of our approach is that:

1. Any syntactic translation between language L1 and L2 induces a
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semantic translation between the transition systems which define the

operational semantics of L1 and LZ'

2. The execution of a program can only be represented by a finite
transition sequence ending in a terminal configuration (successful
computation), by a finite transition sequence ending in a
nonterminal configuration (deadlock computation), or by an infinite
transition sequence. Saying that a translation is correct amounts to
saying that all these three kinds of computations for a program in
the object system and in the target system correspond to each other.
In particular, the possible final configurations of the translation
of a program should be just the translations of the final

configurations of the possible computations of the program.

3. Once we have formalised a notion of the correctness of
translation, the next oproblem is to set wup some sufficient
conditions which guarantee the correctness and which can be used to
prove a particular translation is correct. We call this the adequacy
problem. A first attempt at a sufficient condition for the

correctness of a translation might be to require

r—A“+r' iff tr(r)—ﬁz&ll—étr(r')

where tr(A) may be a sequence. This means that if a translation is
adequate then any program and its translation should have the "same
behaviour” in the corresponding transition systems. Intuitively, the
phrase ""same behaviour” includes at least that any transition of a
program in the object transition system can be simulated by its
translation in the target system, and any finite transition sequence
from a translation of a program must be a simulation of a transition
of that program. We will see later in chapter 5 that this

requirement is mnot enough. In fact, when a transition system
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describes a language with nondeterminism, parallelism and
communication, the c¢onditions which a correct translation must
satisfy are very complicated. Investigating these properties is one

of the main goals of this thesis.

In [Hennessy, Li and Plotkin 81] the correctness problem in the
operational approach was first studied in a concrete manner, i.e.
the correctness of a translation from a simple CSP (without nested
parallel structures) to CCS was studied and proved. In [Hennessy and
Li 82] the adequacy problem was studied in a more general setting
but the conditions found were not sufficient to prove correctness.
It should be mentioned that Jensen and Priese studied the simulation
problem in a similar way but where only concerned with binary
transition relations, without transition labels (see [Jensen 80] and
[Priese 80]). In this thesis we formalise the correctness problem,
study the composition of several translations, investigate the
adequacy problem and give a set of sufficient conditions for
correctness of a translation. To demonstrate the proof techmniques
used in our approach we give a translation from CSP (with nested
parallel structures) to CCS and prove its correctness. Finally, as
an application of operational semantics and translation theory we
give a proposal for implementing multitasking in Ada by a two—step

syntax—-directed translation algorithm.
We now summarize the work in this thesis.

In chapter 1 the basic concepts and notations concerning labelled
transition systems are introduced and two simple examples are
studied. These are the evaluation of arithmetic expressions and an
operational semantics for CCS. With the help of these examples it is
shown how a structural operational semantics can be given using

labelled transition systems and the general proof techniques used in
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this approach are demonstrated.

Chapter 2 deals with the language CSP. An operational semantics
for CSP is given which is an improved version of [Plotkin 82]. Both
static and dynamic semantics are improved, and the interaction

between static semantics and dynamic semantics is given and proved.

In chapter 3 the semantics of multitasking and exception handling
in Ada is studied. The operational semantics for multitasking and
exception handling are first given separately, and then these
semantics are combined and the interaction between exceptions and

parallelism is studied.

In chapter 4 we investigate another concurrent programming
language, Edison. Unlike CCS, CSP, and Ada, communication in Edison
is achieved by managing mutual exclusive access to shared variables.
We define a structural operational semantics for Edison and through

some examples show how this semantics works.

Chapter 5 deals with the translation problem. We introduce the
concept of the <correctness of a translation and ©prove the
composition theorem. The adequacy problem is studied and a set of
sufficient conditions for correctness of translation is given. Some

examples are studied which show why these conditions were chosen.

In chapter 6 a syntax—directed translation from CSP (with nested
parallel structure) to CCS is given which is composed of two
translations. Both translations are proved correct. Through the
proof we demonstrate the general strategy and techniques used in our

translation theory.

Finally, in chapter 7 as an application of the operational
approach to semantics and translation for concurrent programming

languages we give a proposal for implementing multitasking in Ada.
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The implementation is composed of two syntax-directed translations.
We first translate multitasking in Ada to an Edison—1like language.
More precisely, the entries of the tasks are implemented by modules
which contain message buffers and the communication statements of
Ada are implemented by calls to the corresponding procedures of the
module which manipulate the buffer. The second stage of the
translation is to implement the !233 statement of Edison using

sequential Ada plus some primitive constructs for the scheduling.
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1. Labelled transition relations and operational semantics

Labelled transition relations and 1labelled transition systems
have appeared very often in the literature of computer science in
the last decade under various guises, and have been widely used as a
powerful tool to define formal semantics, prove compilers correoct
and verify programs involving parallelism and communication (see
(Keller 75], [Milner 80], [Hennessy and Plotkin 80], [Plotkin 81,
821, [Hennessy and Li 821, ([Li 82], [Apt 81] etc). The purpose of
this chapter is to introduce the basic concepts and notations

concerning labelled transition relations and systems.

In section 1.1, the basic concept of a labelled transition
relation is given. In fact, a labelled transition relation is just a
binary relation with transition labels (or transition actions) on
the "arrows”. The concept of generalised commutative relations is
given and some of its properties are studied. In section 1.2 the
formal definition of a labelled transition system is introduced. The
rest of the chapter is devoted to two simple but important examples
—— evaluating arithmetic expressions and Milner's Calculus of
Communicating Systems. With the help of these examples we
demonstrate how a structural operational semantics for a language
can be defined using labelled transition systems and the techniques

which are available for proving the properties of such a semantics.

1.1 Labelled transition relations and their abstract properties

The concept of a labelled transition relation is a generalisation

of the notion of a binary relation where & transition label (or
transition action) is associated with each pair in the relation. In
this section, we introduce its formal definition and study some of

its properties. First we need the following stanaard notation:
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Notation 1.1 Sequences
Let A be an arbitrary set. The sets of sequences A+ and A‘ are

defined by

A+=((a1132‘o--‘an) ln)o’ aiBA, i'l,...n]
A*=a" U (@)

We use w to denote a sequence in A" or A‘, and assume the functions
eli(w) (the i*® olement in w), hd(w) (the first element in w) and
tl(w) (the tail of w) have their standard meanings (see [Gordon

79]1). Finally, length(w) is the length of w defined by

0 if w=o
length(w)=

)

n if w=(a1,a2,..,an

Labelled transition relations are defined as follows:

Definition 1.1 Labelled transition relations
Let [, A be given arbitrary sets. The elements of [ are ranged

over by r and called configurations, the elements of A are ranged

over by A and called actions. Then a relation —E["XAX[T is called

a A-labelled transition relation over [ . The triple {(r,A,r’'de—> is

called a transition in —> and is interpreted as "the configuration
r moves to the configuration r’ via the action A", and is written as

r—L—ér'.

A binary relation —E['X[" can be considered as a labelled
transition relation —>["XAX[" where A={tr}, i.e, A only contains

one label T; we call such a relation a transition relation and may

write r—>r' instead of r——r’'. [
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From now on we will often use the following notationm:

Notation 1.2

Consider a A-labelled transition relation over r. suppose T, r'ef’,

wa/\f, then:

1. r—g—)r denotes the identity relation, for any r, <(r,f,r> is in
—->.

2. r—X 3¢’ js called a transition sequence. It denotes either an

identity relation if w=0 or, inductively, that there exists an r”

such that rm!)—)r" and r"mlL)r'.

3. r—t-)r’ is called the transitive closure of —. It is defined

by r—i-)r' iff there exists a weA+ such that r—Y%—r', i.e, it

denotes a non—empty transition sequence.

4, r—:—)r’ is called the transitive reflective closure of

]
—> defined by r—>r' iff there exists weA® such that r—Y>r',
i.e, it denotes r—2—r' or r—yr’.

5. A(D)={r'lr-2o1" reA; r'e[’} is the set of immediate

successors of r and r is called active iff A(r)# 0.

6. At(r)={r'lt—>r', r'e[’} is the set of r's successors

reachable in >0 transition steps.

7. A‘(r)={r’|r-——‘-)r’,' r'e[’} is the set of «r's successors

reachable in >0 transition steps.

]
8. ri¢r’' says that there exists r"e[" such that r——r" and
r’——‘-—)r". This means that some transition relation sequences from r

and r’ converge.

9. rt means that there is an infinite transition sequence:
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rer-Llérl—Llé...—Lgérn—é...

If there exist no re[' such that rt, then the transition relation is

called noetherian.

Most of the confluence properties of binary relations (see [Huet
80]) can be easily generalised to labelled transition relations. In
this section we only study those generalised commutative properties
which will be used in the later work concerned with translatiomn
theory (see chapter 5). For convenience we assume fixed sets [,
A of corfigurations and labels; we use the term labelled transition
relation or even transition relation to replace A-transition

relation when A can be understood from the context.

Definition 1.2 Generalised commutativity

Given MCA, a transition relation —> is said to be M commutative in
7 iff for amy r, £y, rye[’, AsA, ueM, whenever r—L—érl. r—“—%rz
then either ry=r, and A=p or there exists rzs[ such that rl-ﬂ—+r3

and rz—L—érs. i.e, the relations in the following diagram hold:

r A >r1

[ [
;:'2 A7,

Figure 1.1

If — is M commutative then it will have the following wusetul

property. Firstly, let us define the filtration of a sequence.
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Definition 1.3 filtration

Given MEA. Let fily:A—A\M be the function defined recursively

by
0 if w=9
£ily(w)=thd(w) .£ily(t1(w)) if hd(w)gM
£i1y(t1(w)) otherwise

Thus filM(w) is the subsequence of w obtained by taking out all w's
elements contained in M. We sometimes use the abbreviated form
fil(w) to replace the form fily(w), if M can be understood from the

context.

Lemma 1.1

Let —> be M commutative. Then for amy r, ry, 1y e[, wne/\. and
w

peM, with r-ll>r1 and r—ﬂ—-—)rz there exist rge[, '128/\. and wzzeM.

such that:

r—"11—) rq

n Y22

Wq o vy
S 12—-—')r3

Figuze 1.2
and £il(w,,)=fil(w;,) and wy, is either u or 9.
Proof. Prove by induction on length(wll) .

If 1ength(w11)=0 then fil(w11)=0. choose rg=r,, wy,=u, and w12==0.'

the result is immediate.

Suppose the case where 1ength(w11)=k is proved and consider the
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hd(wq,)
the the case where length(w11)=k+1. Since r-———ll—érll for some rq4

and —> is M commutative there are two possibilities:

1. p=hd(w11). Ty=Tq1> then choose T3=rq, w22=0. w12=t1(w11) and

the case is proved.

2. Otherwise we can construct the following diagram:

S CIC PR DR [ P I
| | |
nl |H |w22
I | |
ry-2éMy) 13 >tq
Figure 1.3

The left part of the diagram is constructed using M commutativity.
And by the induction hypothesis we find T3, Wi3 and W99 to construct
the right part of the diagram with fil(wl3)=fi1(t1(wll)) and wy,
being either p or O. Thus taking w12=hd(w11).w13 the lemma is

proved. [l
Using this lemma we can prove the following theorem:

Theorem 1.1

]
If — is M commutative, then for amny r, T, rzer'. wlle/\ and
* w w
vy eM , if r—"l%r1 and r—zlﬁrz then there exist rsef'. wlzeA‘ and

wzzeM‘ such that

fil(wll)=fil(w12) and wy, is a subsequence of wy,



23

and
w
- 11 ,21
Y21 Y22
\ N
W S
T, 12 7r3

Figure 1.4
Proof. The proof can be obtained by induction on length(w21) (using

the above lemma). ]

This theorem means that if — is M commutative then for the
different transition sequences r:ll+r1 and r!Zl+r2 where 'ZIBM" we
get Figure 1.4 which is "almost” commutative. By almost commutative
we mean that Y11 and Wi9 are the same if we filter out their

eléments which are in M and Aoy is a subsequence of ¥yq-
1.2 Labelled transition systems

The concept of a labelled transition system has evolved from
general automata theory. The original idea of wusing labelled
transition systems to model parallel computation was introduced by
Keller ([Keller 75]). The form used here is due to Plotkin ([Plotkin
81 1). In fact, a labelled transition system can be viewed as a
labelled directed graph (= 1labelled transition relation) with a

distinguished set of terminal nodes.

Definition 1.4 Labelled transition system

A labelled transition system T is a quadruple <[ ,T,A, —> where

—>E["XAX[" is a labelled transition relation and TE[ is a set of

terminal configurations such that:

VreT. A(r)=0
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The set D={r|l re['\T, A(r)=0} is ocalled the set of deadlock

configurations. In particular, if —> is a binary relation (see

definition 1.1) the corresponding transition system is written as

.t,—». 0

Having defined labelled transition systems we can now introduce

the notion of a computation:

Definition 1.5 Computation
Let T:<[",T,A,—>> be a labelled transition system. A computation

from r is either a finite sequence of transitions of the form
r=r0-Ll+r1—L;9...-Lg+rn
or an infinite sequence of transitions of the form

r=r0—Ll+r1-L&+...—Lg9rn—L2z;%...

It is complete if it is infinite or if it is finite and A(rn)=0.
It is stuck if it is finite and the final configuration r eD; it is

terminated if it is finite and r eT. a

In fact any finite automaton, context free grammar, Turing
machine and Petri net can be viewed as a labelled transition system.
As examples, let us look at finite automata (this example is due to

Plotkin) and Turing machines.

Example 1.1 Finite automata

A finite automaton M is a quintuple <Q.Z.8,q0,F> where:
Q is a finite set of states.

2 is a finite set called the input alphabet.

5: QXX—Q is the state transition relation.
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qosQ is the initial state.
FLQ is the set of final states. .

To obtain a transition system we set:
"=aX=* and T=({<q,0>| qeF}
So any configuration r={(q,w> has a control component, 4d, and a8 state

component w ( for the data).

The transition relation is defined by:
<q,w>—><q’,tl(w)> if w#® and 5(q,hd(w))=q’
The behaviour of the finite automaton is just the set L(M) of

strings it accepts:

LM ={wl wez* and iqeF <q0,w>——:9<q.0> }.

Example 1.2 Turing machines
A Turing machine is defined by (Q.A,Z,S,qo.B,F) where:

Q is a finite set of states.

A is a finite set of allowable tape symbols.
BeA is the blank symbol.

TC€A-{B} is the set of input symbols.

5:QXA — QXAX{L,R} is the next move function (3 may be undefined

for some arguments).
qOeQ is the initial state.
FCQ is a set of final states.

To obtain a labelled transition system we define:
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"=QXNXA® and T=RXNXA®

where N is the set of natural numbers. Thus any configuration
r={(q,n,w> has a control component q, a tape w and a pointer n which

gives the position on the tape scanned by the tape head.

The transition relation is defined as follows

{q,n,w>—><q’',n~1,w[a’/n]> if S(q,eln(w))=(q'.a',L) and n>1

{q,n,w>—><{q’' ,n+l,w'> if S(q,eln(w))=(q’.a';R)
where
wla’/n] if n{length(w)
w'=
wla’/n].B if n=length(w)

The notation wla/n]l:A*—>A® where 0<{n{length(w) is defined by

a if i=n
eli(w[a/n])=

eli(w) otherwise

i.e, wla/n] denotes the tape which is the same as w except that the

nth element is a.

The behaviour of the Turing machine 1is just the set L(M) of

strings it accepts:

L(M)={w| JqsF, neN, w'eA® ((qo,O,w>——:+<q,n,w’>)} 1]

The above examples tell us that the behaviour of a Turing machine

(or a finite automaton) can be describe by labelled transition

systems. In fact, we will see that the operational semantics of
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languages concerned with parallelism and communication can also be
gi?en by labelled transition systems. In the rest of the chapter we
will show, by means of two interesting examples, how they can be

used to model parallel computation.
1.3 Evaluating arithmetic expressions

As a useful example of defining an operational semantics using =a
labelled transition system, we consider the problem of evaluating

arithmetic expressions.
1.3.1 Abstract syntax

The abstract syntax of arithmetic expressions is defined using

the following disjoint syntactic sets:
N — the set of natural numbers, ranged over by m, n.

Var — a given countably infinite set of variables, ranged over by

(the meta variable) x.
Bop={+,-,%*,div} - the set of binary operations, ranged over by o.
Now we can define:

Exp ~ the set of arithmetic expressions, ranged over by e, and

defined using a BNF like notation
e ::=m | x | el-&-e2 | ey1-e, | °1'°2 | ey div ey

It should be mentioned here that we sometimes add subscripts and
superscripts to a metavariable to generate another metavariable over

the same class such as x’, xij' ey e’, °ij and so on.

In the title of this subsection we used the term abstract syntax
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to distinguish it from concrete (or 'normal”) syntax ( see
[{McCarthy 63]). In general, by abstract syntax we mean a collection

of sets and rules (operations) showing how to construct all phrases
of the language in the form of trees rather than character strings
(as a concrete syntax does). Abstract syntax does not worry about
ambiguity, operator precedence etc. These issues must be treated by
the concrete syntax in order for it to be wusetul for parsing. For
example, the concrete syntax of arithmetic expessions might be as

follows (see [Tennent 81]):

{expression) = (term> | (expression><o><{term)

(term) = (factor> | <(term><o><{factor>

{factor> := (variable> | <literal) | (<expression))
<o> = | + | - | div

{variable> :=a|lbl ... |z

(literal) =011l ...109

A concrete syntax 1like this is mnecessary for a parser to
recognize character strings describing expressions, terms.~ ana
factors, but these do not make any difference from the semantic
point of view. Roughly speaking, we may view the abstract syntax as
describing the syntax trees produced by a parser which utilises the
concrete syntax, but ignores semantically irrelevant details 1like
those between expressions, terms and factors. Therefore nusing
abstract syntax we can stress the '"deep structure’” of languages and

avoid getting involved with irrelevant details of the parsing

process.

Remark: From now on the syntax of all languages which we will study

in this thesis are defined by an abstract syntax.
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1.3.2 Operational semantiocs

The idea of defining an operational semantics for evaluating
arithmetic expressions is that:

1. To evaluate an expression e we need to start with an initial
state s and putting these together we obtain a configuration Ce,s).

2. The evaluation of e in 2 state s should result in either a
number associated or an error (when runtime errors occur during
evaluation such as 1 div 0). Thus (n,s> (n is an integer) and error
are terminal configurations.

3. Since we are interested in digital computation the evaluation
(execution) will move through discrete stages. We may use
transitions r—>r’ to model one step of evaluation (execution) and
use the transition sequences to model the working processes of
expression evaluation. To define transitions we introduce axioms and
rules. For example, consider the expression eq0e, and initial state
s. Then one step of evaluation should be <e1oez,s>—9r where r is 2
configuration. Since we can choose either ey or ey to evaluate there

are two possibilities:
a. <el.s>-—)r1
b. <02,3> —érz

Let us consider case (a). One step of evaluation of <e1,s> may
result in a proper successor or a runtime error, that is, ry may be
<ei,s> or error. Thus the result of one step of evaluation of
<eloe2,s> will naturally be <°i°°2's> or error and we obtain the

following two rules:
1. if <el,s>—+<ei,s> then <eloez.s>—+<eioez,s>

2. if <el.s>—+error then (eloez,s>*$error
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Similarly, for case (b) we have:
3. if Cey,8>—><ej,s> then <ejoe,y,s> —>(ej0e,,8>
4;. if (e2,3>-—)g_1_-£o_r_ then (eloez,s>—)g£1:g_x:

In fact these four rules exactly model the way in which we evaluate
arithmetic expressions by hand. To formaiise the above explanation

we introduce the following tramnsition system:

Firstly, let a state s:Var—>N be a partial assignment of values
to variables and States be the class of states. The transition

system 'll‘e=(|"e,'1‘e, —5>> is defined by:
M= {<e,s> | eeExp, seStates }u{error}

T, = {<m,s> | meN, seStates }uv{error}

The general forms of the transition relation —g> are

(e,s>——2<e’,s'>
{e,s)——gerror

These mean that one step in the evaluwation of e (with state s)
results in the expression e’ (with state s’) or an error. For the
sake of simplicity we will omit the & under the arrow since there is
only one transition relation. We will make use of the following

notation:

Notation 1.3

A,B
The form .0 denotes that A and B implies C and D.

The transition relation is defined by the following informal

system of axioms and rules:



Identifiers
1. <x,s>—><{s(x),s> if s(x) is defined
2. <{x,s)=—>error if s(x) is undefined

Binary operations.

<el,s> —><ei,s>
<eloe2, s> —><eioez, s>

<01, s> —error

<°1° ey s> —error

<°2' s)—)(eé,s)
<eloe2,s> _><°1°°§.”>

<°2' s) —>error

<°1° ey, 8$) —error

. {m+m’,s8>—><n, s>

. {mm’,s>—><{n,s>

{m—m’,s> —>error

. {m®m’',s>—><{n,s)

. {m div m’,s>-—><{n,s>

10. <m div m’,s> —error

Let us explain what is meant by this system of axioms and

There are two axioms for

where n=m+m’

if m)m’ and n=m-m’

if m<im’

where n=m*m’

if m’'#0, m=n*m’+r, 0{rim’.

if m’=0

identifiers and six axioms

operations (5 to 10); there are also four rules

31

rules.

for binary

for

binary
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operations. Axioms define transitions directly and rules enable us
to derive transitions from axioms inductively. The set of

transitions in T, satisfies the following three laws:
1. The axioms define transitionms.

2. If all the hypotheses of a rule (the numerator) define
transitions the conclusions (the denominator) of the rule define

transitions.
3. There are no other transitions in 'll‘e.

This kind of approach is called a generalised inductive definition

(see [Shoenfield 1967]). For example, the first axiom for
identifiers says that for any identifier x and state s, if s(x) is
defined them <x,s>—><s(x),s> is a tramsition in T,. The secona
axiom for identifiers says that if s(x) is wundefined then
{x,s>—>error is a transition. Axioms for binary operations about
"¢w, "=, ne" and "div"” are similar. The first rule for binary
operations says that for any expr-essions e1: ©gs e{ ana state s, if
there is a transition <e;,s>—><ej,s> then there is a transition
Cejoe,,s> —><ejoe,,s>. For example, let s be (x=5,y=6) (this means
s(x)=5 and s(y)=6; otherwise s is undefined). Since

{x, (x=5,y=6)>—><5, (x=5,y=6))
is a transition (by the first axiom for identifiers) we have by
rule 1

{(x*y, (x=5,y=6)> —>(5%y, (x=5,y=6)>

is a transition in 'll‘e.

It should be emphasized that the symbol + appears twice in
rule.3, the first "+" in the clause is a syntactic constructor
(operator) and the second denotes the addition function. Similarly,

for the "—", and "*" in subsequent rules. We will often overload
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symbols in this way when their meanings can be understooa from the

context.

We introduce the value of an expression as follows:

Definition 1.6

The function [ I1: Exp—States—>N+{error} is defined by
m if <e.s>——:9<m.s>

error if (e, s> ——error
We call Hell, the value of the expression e in state s. a

We now prove that the evaluation mechanism definéd above, is
noetherian, never stuck, and that each expression has a unique value
which does not depend on the particular computation sequence
(thereby proving that ﬂeﬂs is well-defined). If we use num(r) to
denote the number of operations and identifiers contained in
expression e, then all these proofs can be obtained by induction on
num(r) and for each r by cases on the structure of r. Now num(r) is

recursively defined by the following table:

r error <{m, s> {mon, s> {x, 8> <e1oe2.s>

aum(r) 0 0 1 1 num((el.s>)+nnm(<ez.s>)+1

Notice that if r—>r’ then rgT, (because there is no rule for

error and <n,s>). We have:

Lemms 1.2

If r—r’ then num(r)>aum(r’).

Proof By induction on num(r). In the case num(r)=0, then reT, and

the result is trivial since as we noted it is not then possible that
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r—>r'. Now suppose r=Ce,s>. If num(r)=1 then e must be an identifier
x or have the form mom’. In both cases the result is immediate since

r' must be {m,s> or error.

Now we assume as our hypothesis that the lemma is true whenever
aum(r)<k (k>1) and prove it then holds for num(r)=k+l. By the above
discussion we can assume k22, so according to the syntax we need
only examine the case of e=ejoe, and either num((el.s>)>0 or
num(<e,,s>)>0. By the transition rules, we must analyse four

subcases:

a. <eq,8>—><ej,8> and <ejoe,,s>—><ejoe,,s> (by rule 1).
We have by the induction hypothesis that num(<ei,s>)<num(<el,s>),

therefore
num((eioez,s))=num(<ei,s>)+num(<ez.s>)+1

(num(<e;,s>)+num(<e,,s>)+1 = num(<ejo0e,))
b. (el,s>—+g££2£ and (eloez,s>—9g££g£ and the result is obvious.
c. {e,y,8>—><e,,s> the proof is similar to subcase (a).
d. <ez.s>—9g££g£ the proof is similar to subcase (b).
Thus th? lemma has been proved. [

Corollary 1.1

The transition relation —z?> is noetherian.
Proof It follows directly from the above lemma. 0

This corollary says that all computations from a configuration r

are finite with length at most num(r).

Lemma 1.3

If rgT, then there must exist r'sf’e such that r—>r’.
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Proof The proof is by structural induction on the expression
contained in r. Since r is noé in T, it must be one of the form:
{x,s8>, <mlom2.s> and <°1°°2"> where at least ome of e; or e, is not
an integer. Thus:

case 1, r is <x,s>.

According to the axioms for identifiers, if s(x) is def ined then
take r'=(s(x),s>, otherwise take r’'=error.

case 2. r is <mjom,,s).

According to the axioms for binary operations we take r' defined

below:
{m,s> m=mjom, if o is + or *
or o is — and ml)mz
r'= or o is div and m,#0

error if o is — and m1<m2
or o is div and m2=0

case 3. r is <eloez.s>. Then

a., if e; is not an integer, then by the induction hypotnesis
either <e;,s>—><ej,s> or {eq,8> error
By the binary operation rule 1 and 2 we have:
{ej0ey,38>—><ejoe,,8> or {ejoe,,s> —error

Thus take r'=<eioez,s> or error the subcase is done.

b. if ey is not an integer, the proof is similar to suocase (a).

Thus the lemma has been proved. [

Corollary 1.2

No configuration is deadlocked and no computation is stuck.
proof It follows directly from the above lemma. [

The corollary 1.1 and 1.2 mean that every complete computation is
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terminated and every expression has either a value or an error from

every state.

Finally, the transition relation -—g> has the oconfluence

property.

Lemma 1.4

For any re[ , if r—>r, and r—>r, then ryir,.
Proof By induction on num(r) again.

For the case of num(r)=0 since r can only be <{m,s> or error the
result holds vacuously. For nmm(r)=1 r must be <x,s8> or <{(mem’,s>,
only one transition rule applies in each case so r1=Ty and hence

rl$r2.

Now we assume as our hypothesis that the lemma is true whenever
aum(r)<k (k>1) and prove it then holds for num(r)=k+1. Let
r=<eloe2,8>. According to the transition rules defined above we need

to examine the following cases:
case 1. ry=error. Then
<e1,s>—éerror or <32,s>—éerror

For example <ey,s>—>error; thean if r,=r, there is nothing to prove,

otherwise there are two subcases:

a. ry={eqjoe),s> and <e,,s>—><ej,s>.
By the binary operation rule 1 we have:

r2=<e1oeé,s>—éerror

b. ry=Cejoe,,s> and <ey,s>—><e;,s>.
By the induction hypothesis we have: <ei.s>——:+error. According to

the binary operation rule 1 we have:
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r2=<eio ey, s) -—-:-)error

Thus in both subcases Ty and ry converge to error.
case 2. Ty=error. The proof is similar to case 1.

case 3. <01o02,3>-‘->r1 and <elooz,s>—>r2 and neither r; nor r, is
error.
According to the binary operation rules 1 and 3 there are three

subcases:

a. r1=<eioez,s>, r2=<eloeé,s> and (el,s>—)<ei.s>,
{ey,8>—><ey,s8>. Take r3=<eioeé,s>. By rules 1 and 3 we have
< eioez.s)—)<eioeé.s> and (eloeé,s>—)<eioeé.s)

b. r1=<eioez,s>, r2=<e'1'oez,s> and (el,s>—)(ei.s>,
(eq,8>—><ef,s>. Since num(el)Sk, by the induction hypothesis, there
exists an Ty3 such that

(ei,s)-—‘—)rls and (ei’.s)-—‘—)r13
If r13=<e13,s> then take r3=(e13o02.s>; otherwise Ty3 must be error

and take T3=error.

c. r1=<eloeé,s>, r2=<e1oeg,s> and (ez,s>—)<eé,s>,
(ey,8>>—><ej,s>. The proof is similar to subcase (b).

Thus the theorem has been proved. [I

In [Huet 80] the property established by the above lemma is

called local confluence and the property

if r-—‘—)rl and r-—‘—)rz then r1¢r2

is called the confluence property. It is proved that a noetherian

relation is confluent iff it is locally confluent (see lemma 2.4
in[Huet 80]). This result gnarantees that all complete computations
in 'Il‘e end in the same configuration, i.e, given state s every
expression e has unique value; thus as promised above, we have shown

that [lte]]s is indeed well-defined.
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In fact using the technmiques given in [Plotkin 80] it can be
proved that the operational semantics defined here is equivalent to

the denotational semantics given in [Gordon 79] or [Stoy 77I.

Remarks As we have noticed the main feature of the proors of the
above lemmas is induction on the structure of terms in
configurations. The reason is that all transitions in the transition
-system ﬂ% are given by generalised inductive definitiom; i.e, a
transition in 1re is either an axiom or the comnclusion of a rule.
Thus in order to prove that every transition in'Il‘e has a property P,

it suffices to prove
1. every axiom has property P.

2. if all of hypotheses of a rule have property P, then the

conclusion of the rule has property P.

In fact this approach will be used throughout the whole thesis.

1.4 An operational semantics of CCS

In a series of papers(see [Hennessy and Milner 79], [Milner 80
and 82)], [Hennessy and Plotkin 801, etc) Milner and his colleagues
have studied a model of parallelism in which concurrent systems
communicate by sending and receiving values along 1lines.
Communication is synchronized in that the exchange of values takes
place only when the sender and receiver are both 'ready and this
exchange is considered as a single event. This kind of communication
is also found in a large group of modern languages such as Hoare's
CSP, and Ada. In [Milner 80] a notation for expressing systems is
introduced which can be considered as an applicative language,

called CCS - Calculus of Communicating Systems. More precisely,

there is a family of languages incorporating these ideas. In this
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section we study omne such language, which is close to the style
given by Hennessy and Plotkin (see [Hennessy and Plotkin 80]) and is
called asynchronous CCS. For the sake of convenience we just use the

name CCS.
1.4.1 The syntax of CCS

The abstract syntax of CCS is parameterised on certain disjoint

sets and functions:

Var — a given countably infinite set of variables, ranged over by

(the metavariable) x.

Exp — a given countably infinite set of expressions, ranged over
by e and assumed to contain the set V which is a nonempty set of

values (ranged over by v).

Bexp - a given countably infinite set of booleamn expressions,
ranged over by b and assumed to contain the set {tt,ff}] of truth

values.

Remarks: From now on the sets Var, Exp and Bexp will be used in
every language which we will study. As we have already stated in the
introduction, since the goal of this thesis is to investigate the
nature of communication and concurrency, in order to focus our
attention on these subjects we gloss over the details of those
aspects which are nearly standard and quote the results directly.

Following this principle, for the expressions we assume that

1. All expressions e or b have finite sets FV(e), FV(b) of free

variables, defined in the normal fashion.

2. The substitution of an expression e’ for a variable x in an

.

expression e or b is defined as uswal, giving expressions el[e’/x],
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ble’/x]. We assume that the following stanaard facts hold:
(FV(e)\{x}) wFV(e') if xeFV(e)
FV(ele'/x])=
Fv(e) if xpFV(e)

and e[e'/x][e”/x] = ele’le"/x]/x]
and ele’'/x]le"/y] = ele”"/ylle'[e"/yl/x] if xgFV(e”) and x#y.

This will do if we are not thinking of complicated expressions with
bound variables where also a notion of a—conversion should be taken
into account (see [Hindley, Lercher, Seldin 72}, [Curry, Feys, Craig
681).

3. All expressions can be evaluated without side—effects to give
a result in V (in following chapters we assume that V contains a
distinguished value 35525). The evaluation may be defined using
either a denotational or an operational approach which, for example,
is referred to the previous example. We use [ell to denote the value
of a closed expression e for an applicative language and Eeﬂs (or
[eﬂps) to denote the value of e in state s (or in enviromment p and
store s) for an imperative language. We should mention that in
general, the evaluation of an expression may have side—effects(see
[Gordon 79], [Tennent 81]) but here we just choose the simple case
and assume evaluate expressions without side—effects in order to

concentrate on commanication.
The following sets are also needed to define the syntax of CCS:

A - a given countably infinite set of line names, ranged over by

a, B, -

Proc — a given countably infinite set of procedure names, ranged

over by P.
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Given these five sets the two main syntactic categories of CCS

can be specified as follows:

Ren - the set of renamings, ranged over by ¢, which is a partial

function from A to A.

Terms - the set of terms, ranged over by t, u and defined by the

BNF~-like notation:

t::=Nil | t+a | tle | ex.t | a(e.t) | =.t |
t[¢] | if b then t else u | Pley,...,e ) |

(0P(xq,...ox ) .t)(eq,... e )

The notations ax.t and (pP(xq,...,x;).t)(e;,...,e ) denote the
binding of variables and procedures respectively in t. The term t+u
is called summation and can behave as either u or t. The term tlu is
called composition and the components t and u may execute
simultaneously and communicate with each other. The terms ax.t,
a(e,t) and t.t are actioms, they can perform an input, output or
internal action respectively and then become t. It should be
mentioned that the forms of actions used here are sometimes writtenm
in the forms a?x.t, ale.t and t.t (see [Milnmer 80]). The term t[¢]
is a renaming; the function ¢ renames or restricts the line names
contained in t. Finally, (uP(xl....xn).t)(el.....en) is a recursive
procedure with parameters xq,...X;. ¥e can understand that the
behaviour of (uP(xl.....xn).t)(el.....en) is the same as its body t
with uP(xl....,xn).t substituted for P and with the free occurrences
of the formal parameters X;,..., x; set to [e;l,..., Me . For

convenience we will use the following notations:

Let [til 1¢i¢n } be a finite set of terms; then Yt denotes the

term (t1+(t2+(...+tn)...)) and Iti denotes the term



tll(tzl(...lt )e..). Let X be a

n

subset of 1line names;

denotes the term t[¢, ], where ¢ is a renaming defined by:

a if apgX
4, (a)=

undef ined otherwise

Finally, the term tle;/B;], 1{iln denotes t[¢] where
a; if =B,
$(y)=

Y otherwise

We also extend FV(t)
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then t\X

(free variables of a term t), and define FP(t)

(free procedure names of t) and FL(t) (free line names of t) by the

following tables:

Nil t+u t ]l ax.t a(e, t)
FV FV(t) uFV(u) | FV(t) uFV(u) FV(t)\{x} | FV(e)uFV(t)
FP FP(t) wFP(u) | FP(t) vFP(u) FP(t) FP(t)
FL @ | FL(t)wFL(uw) | FL(t)wFL(u) | {a}wFL(t) | {a}wFL(t)
T.t tl¢] if b then t else u
FV FV(t) Fv(t) FV(b) uFV(t) wFV(u)
FP FP(t) FP(t) FP(t) wFP(u)
FL FL(t) | ¢(FL(t)) FL(t) wFL(u)
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P(°1""'°n) ("P(‘1""'xn)'t)(°1""'°n)
Fv FV(eq)u...uFV(e,) FV(t)\{xq,....x,}
FP {P} FP(t)\{P}
FL L FL(t)

where $(FL(t)) denotes the image under ¢ of FL(t) EA.

Remarks We also assume the substitution e'[e/x] of expressions for
variables in expressions is extended in the usual way to allow the
substitution t[e/x] of expressions for variables in terms. We also
assume the substitution t[t’/P] of terms for procedure names in
terms is defined in the usual way. ( Of course in both cases such
substitutions may require change of bouna variables such as in ax.t,

or bound procedure names such as in pP.t to avoid clashes).
Finally, a program is defined as follows:

Definitionr 1.7 CCS program
A term t is a program iff FV(t)=0 and FP(t)=0.

That is there are no undefined procedures or variables in a program.-
1.4.2 The operational semantics of CCS

To give the operational semantics of CCS we define a labelled

transition system W =<[" ,,T _,A ., —g>> where
[ =Terms
T =(Nil}
/\c={a?v| agA, veViwlalvl aer, veV}u(z}

For any transition 1label A.s/\c the complementary label X is
defined by:
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alv if A=alv
A={alv if A=alv
T if A=t

The transition relation —5> will be defined by rules of the

following forms:

1. t—gl!—ét' means informally that t can receive an input value v

along line a and thereby be transformed into t’.

2. t—gl!—+t' means that t can output value v along line a ana be

transformed into t’.

3. t—-f—t’ means that t can transform itself to t’ by some

internal communication.

The transition relation is defined as follows:

Action
1. ax.t—2I¥ >¢(v/x]
2. a(e,t) 2Hlely,

3. T.t—E¢t

Summation

t:%x t’

tta—=—t’

2 u-L—éu'
* x ’
t+u—"u

These two rules mean that the behaviour of the term t+u is that of

its components t and u, with commitment to whichever is executed.
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Composition

A '
1'__2?1:_

tla—2=t'lu

2.-L_fi“;

tla—2—>tlu’

tﬂy—)t' ’ ug'-l-!-)u'

tlha—E=t' v’

LN 2
tlu—L)t' lo’

Rules 1 and 2 above mean that an action of t or of u in the
composition tla yields an action of this composition in which the
other component is not affected. In other words, parallelism is
achieved by interleaving the execution of its components (t and u).
Rules 3 and 4 mean that communication between ter;las consists of the

simul taneous occurrence of certain specified complementary actions

of these terms. This kind of communication mechanism is often
referrec:l to in the literature as handshaking. Since in this thesis,
we mainly deal with parallelism by interleaving and handshake
communication, these four transition rules express the essence of

our approach to parallelism and communication.

Renaming
ety
1. if ¢(a) is defined.
TS L ACIRA SR Py

ta!v>t'
2. if ¢(a) is defined.
TSP ACIEL PN YY

t T >t
t[¢] —=t'[¢]

3.



46
These‘rules mean that renaming either relabels the tramsition action
(when ¢ is defined) or removes the transition action (when ¢ is

undef ined).

Conditional
L t—25tr, Dbl=tt
) if b then t else u —Lhét'

, u—tour, Obl=ff
: if b then t else u —L—9u'

These rules mean that the behaviour of a2 conditional term is that of

t or u, depending on the value of the boolean expression b (tt or

£ff).

Procedure
tlpP(xy,...x5) . t/P1 ey B/xy]. .. [Le T/x 12t
(RP(xq,...x ) t) (og, ... 0p) —>t’

This means that the behaviour of ( “P(xl""xn)‘t)(el""'°n) is the
same as its body t substituted for P in t by pP(xl,...xn).t and with

the formal parameters Xys...,X, Set to Eelﬂ,..., Eenﬂ.

It should be mentioned that CCS is an applicative language and
therefore all these rules fail to describe the meaning of terms with
free variables. For example, the action rule 2 gives no meaning to
the term:

a(x2+1,Nil)
and the conditional rules do not make sense for
if y>0 then a(y,Nil) else B(y+1,Nil)

since all rules involve values,not variables.
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1.4.3 Properties and examples
One may wonder whether the operational semantics given above is

well defined. The following results may convince us:

Lemmsg 1.5
If t-2->t' then FV(t') CFV(t), FP(t') CFP(t) and FL(t') EFL(t).
Proof Let us just prove the result for FV leaving FP and FL to the

interested reader. The proof is by induction on inferences t—L—ét'.

For the case that the inference rules are axioms we need only
examine the following three cases:
case 1. t=a(e,t;) and a(e,tl)—gLﬂleétl. So t'=t,; therefore
FV(t')=FV(ty) € (FV(e)uFV(ty))=FV(t)
case 2. t=ax.t; and ax.tl—glx—ét[v/x]. Then t'=t1[v/x]. Noticing the
second remarks given in subsection 1.4.1 we have:

FV(t')=FV(t1[v/x])=(FV(t1)\{x])uFV(v)=FV(t1)\{x}=FV(t)

case 3. t=t.ty and T.t —*—t. Then the result is obvious.

For the induction step we must examine all rules defined in the
previous section. Let us check the following interesting cases:

case 4. t=t,+t,. There are two possibilities:

a. t'=ti and tl—l—9ti; then
FV(t')=FV(ti)EFV(t1) by the induction hypothesis
EFV(ty+ty) by the definition of FV

b. t'=té and tz—L—été. Then the proof is simiiar to (a).

case 5. t=t1|t2. There are three subcases to check:

a. t'=ti|t2 and tl—L—éti. We have, by the induction hypothesis
that FV(t{) EFV(ty) so

FV(t')=FV(tilt,)=(FV(t{) uFV(t,y)) & (FV(ty) uFV(ty))=FV(¢t)
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b. t‘=t1|té and tz—Ahété. The proof is simitar to (a).

c. t'=ti|té, A=t and tl—g—éti and t2—£—+té for some psA,. By
the induction hypothesis FV(t{) EFV(ty) and FV(t;) EFV(t,), so
FV(t')=(FV(t{) wFV(t3)) € (FV(ty) wFV(t,y))=FV(t)
case 6. t is a recursive procedure. For simplicity we just consider
the parameterless case t=pP.t;. Then by the procedure rule
t'=t{ and ty[puP.t;/P] —3-'-—>ti.
By the induction hypothesis we have:
FV(t{) EFV(t, [uP.t,/P])
Since
FV(t,[uP.t;/PD)=
Fv(t,) if PgFP(tq)
by the definition of FV we have:
FV(t)=FV(pP.t;)=FV(ty)=FV(t, [uP.t;/P])

Thus the result has been proved. [l
The next theorem follows directly from this lemma.

Theorem 1.2

If t is a CCS program and t-2 3¢’ AeA then t’' is a program.

Let us now study some CCS examples.

Example 1.3
Consider a term t=a(5,Nil)lax.Nillax.(a(x,Nil)). According to the
operational semantics there are many computations from t. Here we
examine two of them.
computation 1,

t 3Nillax.Nilla(5,Ni1)

—%—éNillNillNil
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The transition step 1 is obtained by the composition rule 3, since
a. a(5,Ni1) &L33Ni1 and

b. ax.Nillax.(a(x.Nil)) gl-s—--)a.x.Nil|a.(5.Ni1) by the composition
rule 2 since
ax.(a(x,Nil)) glé-)a(S.Nil) by the action rule 1.
Similarly we have:
computation 2.

t —=—>Nil INillax. (a(x,Nil)) since

a(5,Nil) aldyNil by the action rule 2 ana
ax.Nil #295N41 by the action rule 1

then apply rule 3 followed by rule 1.

These two computations tell us that CCS unlike the transition
system for evaluating expressions (using binary reiations) or the

lambda calculus, is not confluent. [

Example 1.4 Hoare-Zhou protocol
A simple example is given to show how to specify the kind of
protocol given by Hoare and Zhou (see [Zhou and Hoare 81] and

[Hennessy 81] for a general discussion).

A communication protocol may be composed of a sender and a
receiver connected by a medium which may corrupt the message (see
figure 1.5). It accepts a value at the transmitting ena (the 1line
IC) and accurately reproduces this value at the receiving ena (the

line 0OC).
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line IM line OM
mediom M

line IC iine OC

S 39puos

receiver R

line oM’ medium M’ line IM'

Figure 1.5

The protocol can be specified in CCS as follows,

corrupt(x) is a given function which models the degradation of

value x during transmission. We assume corrupt(error)=error and that

error can be transmitted along lines as a normal value.

correct(x) is another function which renews the value x,

producing an error if renewing is impossible.

A uni~directional communication medium M can be specified by
M=pM. IMx.OM(corrupt(x) ,M)
This means that M receives information from the line IM and outpu.s
it through the line OM. The information may be corrupted whem it

passes through the medium.
The sender can be specified by:

S=pS.ICx.S’

where S’ is pS’'.IM(x,0M'y.[if y=error then S’ else S 1)

This means that the sender § receives a value x from outside
(through line IC) and sends it to the receiver through medium M (the

line IM), then receives information y from the secona medium M’ (the
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line OM'). If it receives an error (a fail transmission), it senas
the value X again wuntil the received information indicates
successful transmission (y#ggggg), then whegeupon it accepts a new

value from outside. Similarly, the receiver is defined by:
R=uR.OMx.R’ where R’ is:

IM' (correct(x),if correct(x)=error then R'else 0C(correct(x),R))

Finally, the protocol is def ined by

(sIMIM IR)\ {OM, IM, OM' ,IM'}

where M'=M[OM’'/OM, IM'/IMI], 0

Example 1.5 A sorting algorithm
Given two sets of numbers SO ana TO, the problem is to design an

algorithm which produces sets S’, T' such that

S0uTo=S' vT’, |Is’'I=lsol, IT'l=lTO|
and

VneS’', meT'. nim

where |B| denotes the number of elements in any given set H.

Suppose Var, Exp defined in section 1.4.1 contains the usual set
operations and let max(S), min(S) denote the maximum and minimum
elements of S respectively. Then the algorithm can be described as

follows:

(P(s0) | a(1o))\{a,B}

where P(S) and Q(T) are defined by
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P(S) =pP(S).B(max(S),P’'(S))
P'(S)=ax.[if max(S)>x then P({x}uS\max(S)) else v(S,Nil) |
Q(T) =pQ(T) .By.(a(min(T),Q'(T))

Q' (T)=if min(T)<y then Q({y} uS\min(T)) else 5(S,Nil)

where v and 8 are line names communicating with outside of the

algorithm.
line B
Y Y
line a
Figure 1.6

Informally, P(S) means
a. send max(S) to T through line B (see Figure 1.6)
b. receive min(T) from T through line a
¢. if max(S)>min(T) then exchange these two elements
d. repeat a, b and ¢ until max(8)<{min(S).
e. output result and finish.

The meaning of Q(T) is similar. [J
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2. An operational semantics for CSP

Hoare proposed in [Hoare 78] a language called Communicating

Sequential Processes which has exerted a profound influence on both

theoretical and practical research in computer science. The design

of CSP is based on the following basic ideas:

1. Parallelism is obtained by concurrently executing a number of
sequential processes, where the sequential structures ar§
straight-forwardly adapted from Dijkstra’s guarded command language
([Dijkstra 76]1). All processes start simultaneously, and a parallel
structure reaches completion when and only when all its component

processes have finished.

2. Input and output commands are basic components of the language
and are the sole means for communication between concurrent
processes. Communication between two concurrent processes occurs
only when one process — the sender — names another as target for
output and the other — the receiver — names the first as source for
input and both processes are ready to communicate simultaneously.
Communication between processes via global variables is not allowed
and there is no automatic buffering. Handshaking is the only method

of communication and symchronization.

In this chapter an operational semantics of CSP is given. The
idea of defining a semantics for CSP using labelled transition
systems is due to Plotkin (see [Hennessy, Li and Plotkin 81],
[Plotkin 82]). In section 1 an abstract syntax of CSP is given which
is slightly different from Hoare’'s notation. In section 2 the
concept of static semantics is introduced , then in section 3 we
give the operational semantics for CSP. In section 4 a number of

facts are proved to show that this operational semantics is
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well-defined. Some simple examples are also given to show how this
semantics works. In section 5 some further problems concerned with

failure and termination are studied.

It should be mentioned that the this chapter is an improved
version of [Plotkin 82]. Both static and dynamic semantics are
improved, and the interaction between static and dynamic semantics

is given and proved.
2.1 The syntax of CSP

As we have already pointed out, CSP is obtained from Dijkstra’s
guarded command language (see [Dijkstra 76]) by adding input, output
and parallel commands which are introduced to express communication

and parallelism. The syntax of CSP is parameterised on the following

syntactic categories:

Plab - a given countably infinite set of process labels, ranged

over by P, Q, R.

Pten - a given countably infinite set of pattern symbols, ranged

over by W.

The categories of gnarded commands and commands of CSP are

defined using a BNF-like notation.

Gem — the set of guarded commands, ranged over by GC

GC ::=bv=>C | 6C 0 6C

Com — the set of commands, ranged over by C
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C ::= skip | abort | x:=e | C;C | if 6C £i | do GC od |
P?W(x) | QiW(e) | Clic | P::C | process P;C

where GC ] GC is called an alternative (guarded command), if GC fi
is called a conditional (command), do GC od is called a repetitive
(command) and P?W(x), Q!W(e) are called input and output commands
respectively. Finally, P::C denotes a process named P with body C
and process P;C is the declaration of the 1label P. The main

differences: from Hoare's original proposal in [Hoare 78] are as

follows:

A. The form of guarded commands is different

In [Hoare 78] a guarded command can take one of the following forms
b—C, b,P?x—C or b,Ple—C
where b, b,P?x and b,Ple are called gunards (see 7.2 and 7.8 in_
[Hoare 78]). The motivation of guarded commands is that the command
C may be executed if and only if the guard does not fail. For
example, in b-—C the command C may be executed iff the boolean
expression b is true, and in b,P?x-—>C the command C may be exscuted
iff b is true and the input command in the guard is executed; for
the latter both conditions are mnecessary. Instead of the single
arrow —> we use here the double arrow = introduced by Plotkin (it
is also introduced in Ada in a restricted form —-— see sectiom 9.7
in [DoD 80]) and employ the strong form of guarded command b=>C. The
motivation is that C is executed if and only if b is true and the
command C can be executed (for at least ome step), i.e, the first
transition of b=>C is the first transition of C if b is true. For
example, in the guarded commands
b=P?x;C, b=Ple;C or b=>(do true =P’x 0d);C

the guarded command is executed if and only when b is true and
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respecti{rely P?x or Ple or do true =P?x od is executed. It is
obvious that b—C can be written as b=>skip;C and b,Ple—>C can be
written as b™Ple;C and so on. The merit of this form is that it is
simpler and more general than the original form. The following

oxample clarifies the difference between these two forms of gunards.

Example 2.1

Three commands are given below

Cl1 (Hoare'’'s form)
[ R::if true,P?x—>skipltrue,Q?y—PI1 fi

"I Q::R10

| P::R?z]

The process R must choose the second alternative of the guarded
command since the guard does not fail (Q?y can be executed), thus
process R communicates with process Q first and then commmnicates

with process P and terminates normally.

C2 (Hoare’'s form)

[ R::if true —>P?x(true —>Q?y;P!0 fi
I Q::rI1
I P::R?2z ]

Since both gnards in process R do not fail, either alternative carz

be chosen; if the first is chosen then the program will deadlock.
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C3 (Plotkin’s form)
[ R::if true=>P?x(true=>Q?y;P10 fi
I a::rto
Il p::r?7z ]

The first alternative true=P?x cannot be chosen since P?x can never

be executed, therefore the situation is the same as that of C1.

B. The parallel structure is different.

In [Hoare 78] a normal parallel command may be written as
[p::call ¢l P2::C2 ]

In fact this form combines three different language features:

1. A parallel structure is constructed from its constituent

structures using the symbol .

2. These constituent structures may be specified as named

processes here P1::C1 and P2::C2.
3. Square brackets delimit the scope of process labels.

Our syntax specifies this parallel structure in the traditional

way that separates these three features and uses three different

syntactic forms:

cll c and P::C and process P;C

The first specifies parallel execution, the second (sometimes called
process body) defines a constituent sequential process (which may be
named) and the third declares the scope of the given process label.

Thus the command [P1::C1llClIP2::C2] can be written as
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process P1;(process P2;(P1::c1ll(clip2::c2)))

And nested parallel commands such as

(P::qt!5llQ::[pP::R10llQ: :P?x]]

can be written as

process P;process Q;(P::Q!5

llQ: : (process P;process Q;(P::R!10]lQ::P?x)))

We will see later in the next chapter that this feature makes it

easier to treat the various scoping situations.

C. The pattern—-matching mechanism is introduced explicitly.

For example, in the commands P!W(e) and Q?W(x) the letter W
indicates a pattern-matching mechanism, the command P!W(e) says to
send the value of e with pattern named W to the process P. The
command Q?W(x) says that variable x receives a value from process Q

matching the pattern W. Different W's preclude communication from

taking place.

D. Miscellaneous matters

Finally, it should be mentioned that variable declarations,
process arrays and guarded commands with ranges are omitted in the
syntax, but communication and parallel commands are carefully

treated, permitting nested parallel structures and even parallel

commands inside repetitive commands.
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2.2 Static semantics

Before giving a formal operational semantics for CSP, it |is
necessary to guarantee that all syntactic clauses are valid (or
well-formed) . By valid we mean that a program could be successfully
compiled, i.e, there is no error in the program according to the
requirements of the language manual. For example, the following

commands (programs)
P::C1 Il P::C2 and Pl::x:=5+y |l P2::Q7x

are invalid because the first violates Hoare's requirement "Each
process label in a parallel command must occur only on.e” and the
second violates "Each process of a parallel command must be disjoint
from every other process of the commana, in the semnse that it does
not mention any variable which occurs as a target variable in any

other process” (see 2.1 [Hoare 78]). But the command
Pl::x:=5+y |l P2::z:=2+y

is valid since it satisfies these requirements and these are the
only such requirements in CSP. The above fact tells us that a formal

description of static semantics is needed to specify such

requirements before giving the operational semantics . The metnod
used here is due to Plotkin in [Plotkin 81, 82]. To this ena, let
Syn denote the union GecomuCom and Q@ be a metavariable of Syn, i.e,

Q can be a guarded command or a command. We define the following

sets:
RV(Q) - the set of variables in Q that may be read.
WV(Q) ~ the set of variables in Q that may be written to.

FPL(Q) — the set of free (agent) process labels contained in Q.
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Bool(GC) - the disjunction of guards occurring in GC. We call the

guarded command GC open in state s if [[Bool(GC)]];-tt. otherwise it

is called closed.

All

these

sets and the the predicate Bool(GC)

are defined by

induction on the structure of (guarded) commands @ in the tables

below:
b=>C GcidaGec2
RY FV(b) wRV(C) RV(GC1) wRV(GC2)
W wv(c) WV(GCl) uWV(GC2)
FPL FPL(C) FPL(GC1) wFPL(GC2)
Bool b Bool(GC1) VBool(GC2)
skip| abort| x:=e Ci;C2 3._{ GC fi |do GC od
RV ") 0o FV(e)] RV(C1l) uwRV(C2) RV(GC) RV(GC)
w 0 0 {x} WV{(Cl) uWV(C2) WV(GC) L WV(GC)
FPL ") ") %) FPL(C1) uFPL(C2)| FPL(GC) FPL(GC)
PW(x)| Q!W(e) “cille2 R::C process R;C
RV 0 FV(e) RV(C1) wRV(C2) RV(C) RV(C)
ww {x} 9 WV(Cl) uWV(C2) WVv(C) wv(C)
FPL ") [} FPL(C1) wFPL(C2) {R} FPL(C)\ {R}
It is intended .to Dbe evident from these tables that
RV(C1:C2)=RV(C1) wRV(C2) and wv(c1llc2)=%v(C1) sWV(C2) and

FPL(GC1(GC2) =FPL(GC1) wFPL(GC2) and so on.

Finally,

the set of free

variables contained in a command or 2 guarded command is defined by
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FV(GC)=RV(GC) uWV(GC)

The property of being valid or well-formed is written as I and

F c GC means that the guarded command GCis valid.

|-c C means that the command C is valid.

These are also defined by

structural induction but they are

presented in a more illuminating way by rules similar to but simpler

than those for transition relations.

Guarded commands

F. ¢
1.
gc P=C
Commands
1. Fc skip
3. |-c x:=e
F  ec

gc
1. Pc P?W(x)

kg C, FPL(C)=9

9. F, R::C

F. c1, k. C2

11. F_cillc:

2. k. ecimecs

2. l-c abort
. Lc c1, Lc c2
k. c15c2
F  6c

6. =
*F, ds 6Csd

8. Fc QlW(e)

k. C
10. l-c process R;C

(if FV(C1) aWV(C2)=FV(C2) ~WV(C1)=0

FPL(C1) aFPL(C2) =9

The requirements of nominterference and disjoint process names
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are imposed inm rule 11. The condition FPL(C)=# in rule 9 requests
that a process declaration and the corresponding process body must

occur 1in the same innermost process body containing them and

declaration first. Let us check the following example:

Example 2.2

Consider the command:

C1 = process P:(
process R;(P::RIW(6)
lIR: : (process A;(process P;(A::P?W(x) IP::A1W(5))))

The corresponding Hoare's form of the command is

[P::RIW(6) IR: : [A: :P?W(x) IP::A1W(5)]]

This command consists of two levels of processes: the processes R
and (outer) P construct the first level, the processes A and (inner)
P construct the second level. The command is valid because:

1. By rule 7 and 8 commands P?W(x) and A!W(5) are valid.

2. ﬁoticing FPL(P?W(x))=FPL(AIW(5))=p by rule 9 the commands
A::P?W(x) and P::AIW(5) are valid.

3. According to rule 11 the parallel command A::P?W(x)IIP::AIW(5) is
valid.

4. Let C11 denote the command:

process A; (process P; (A::P?W(x) [IP::AIW(5))).

Using rule 10 twice C11 is wvalid.

5. By the definition of FPL we have FPL(C11)=f, so according to
rule 9 the command R::Cl1 is valid.

6. By rule 11 the command P::RIW(6) lIR::C is valid.

7. Finally, using rule 10 twice we know the command Cl is valid.

Let us consider the command:
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C2 = process P;(

process R;( P::RIW(6) I R::(A::PW(x) lIP: ﬁA!W(S) )
The Hoare’s form of C2 is:

[P::RIW(E) IR: : (A: :PIW(x) I P: :AIW(5))]

It is obviously invalid since the command
R::(A::PW(x) lIP::A1(5))
is invalid, as FPL(A::P?W(x) lIP::AIW(5))={A,P}. O

It is hoped the above illustrates the beginnings of a2 method for

specifying the static semantics of programming languages (it is also

called the context—sensitive aspects).

2.3 Operational semantics

In this section an operational semantics for CSP is given using a
labelled transition system. In contrast with the static semantics
defined in the previous section, the operational semantics 1is

sometimes called dynamic semantics. The idea of defining operational

semantics is similar to that in evaluating expressions (see
section 1.3). The execution of a command C should contain the

following steps:

1. Since the execution of C must start with an initial state, say

s, putting these together we obtain a configuration <C,s>.

2. The execution may be infinite (a loop occurs) or finite. If it
is finite then it may deadlock or terminate; and for the termination
case it may terminate normally or abnormally. Thus, naturally, the
terminal configurations should be s (for a normal termination) and

abortion (for an abnormal termination).

3. We use a transition to model one step of execution and a

transition sequence to model an exscution. All transitions are
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defined wusing .a generalised inductive definition. For example,
consider the execution of the output command P!W(x) in a state s
where s(x)=2. Intuitively, this execution is to evalmate x (in this
case [x] =2), output the value of x with pattern ¥ to the process P
and then transform to a new configuration, say <(C’',new(s)>. Let us
choose C’=skip, and obviomsly the state s is not changed. Using a

transition to describe this working process we have:

]
<PIW(x), s>5—4£ll!£3$<sk p, s

The transition 1label (*,P)!W(2) is called an output action and
denotes interaction with the outside world, meaning that the value 2
with pattern W is output to process P. The symbol * denotes the name
of the process where in the output command occurs. Since at 'this
stage the process containing the output command is unknown the
symbol * is called the unknown process name. Similarly, for an input

command Q?W(y) with state s, the transition is:
.
@Wly), s> QMW yin, siv/yld

This means that the value v with a matched pattern W is received
from process Q and the transformed configuration is <{skip,slv/yl>.
The notation s{v/y]l indicates that the value of y is changed to v
(the received value). The transition label (*,Q)?W(v) is called an
input action and denotes that a value v is received from process Q
with a matched pattern W. Again * is the name of unknown process in

which the input command occurs.

When the commands P!W(x) and Q?W(y) appear in the processes Q and
P respectively, for example, we have the commands Q::P!W(e) and

P::Q?W(x). Then the transitions must be:
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{Q: :PI¥W(x),s> (Q,P) 1W(2 <Q: :skip, s>

and

<P::QMW(y),s> (P, Q) 7W(2 <P::skip,s(2/y]>

The transition label (Q,P)!W(2) is obtained from (*,P)W!(2) by
substituting Q for *; it means that the agent (process) Q sends the
value 2 with pattern W to the object (process) P. The transition
label (P,Q?W(2) is obtained from (*,Q?W(2) by substituting P for

®; it means that the agent process P receives the value 2 with

matched pattern W from the M process Q. This embodies the
proposition that a process name "serves as a name for the command
list to which it is prefixed” (see 2.1 [Hoare 78]). In fact,
transition labels (Q,P)!W(2) and (P,Q ?W(2) are complementary labels
(actions) which ""fuse together” in handshake communication. Thus for

the parallel command Q::P!W(x)l|P::Q?W(y) the expected transition is:

<Q::PIW(x) lP::Q2W(y) , s> ~2—<Q: :skipllP: :skip, s[2/y]>

The transition label g means that no interaction occurs with the
outside of the parallel command; that is, the interaction is

internal to the command during its execution.

We are now ready to give the formal operational semantics using
labelled transition systems. It is clear that different syntactic
categories need different 1labelled transition systems, Tthere

<|-'c.Tc,/\c.——c—>> for commands and <r§c'Tgc'Agc'—g%> for gnarded

commands. The configuration sets are defined by



66

Mo = {<C,s>| CeCom, seStates} uStateswu {abortion]}
rgc = {<¢GC,s>| GCsGem, ssStates}UPc

and the terminal configurations are defined by:

Tc = Statesu{abortion]

Tge = Me

As we have already explained above, in the configuration <C,s>, C
and s stand for the current statement to be executed and state
respectively. A state s alone denotes normal termination and

abortion stands for abnormal termination corresponding to Hoare's

failure execution.

The sets of transition labels are defined by:

/\c=/\gc={e}u{(N,P)?W(v)| NePlabis {*}, PePlab, WePten, veV)

u{(N,P)IW(v) | NePlabwu{*}, PePlab, WePten, veV}

The meaning of these labels is given by the following table:

label A agent action object pattern

g internal action
(N,P)IW(v)] N outputs v to P with W
(N,P)?W(v) N inputs v from P matching W

where PePlab, N g Plabu{*} and * denotes a unknown process name. We
use L to denote the complement of the label A defined by:
(P, Q) ?W(v) if A=(Q,P)1W(v)

>
1]

(P, Q) IW(v) if A=(Q,P)?W(v)
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where P, QePlab, WePten, vaV.

Finally, we introduce the following notations to describe the

transition rules:
Notation 2.1

1. r-—k—> T, | 2 ... r, means that ri—)ri for i=1,..., n.

r—-L+ ry | ) | ... | Th
2. a7 = is an abbreviation for
r! ——=> ril rél oo | 2!

N n
r—-—-)ri

A’ where i=1,..., n
1:’——)1:’i

The transition rules are given below (note all the subscripts
under the arrows are left off and both —3> and —3g are written as

— when the intended transition can be derived from the context).

Guarded commands

guards ~
<C, s>z, Mbl =tt
b=C, 8> 25y

) Iv]1 g-error
* (b=>C, s> -E—>abortion

Alternative
<GC]_, s) L)~<C1. s'>ls’labortion
<GClﬂGC2. s> -—X'—-)<C1, s'>|s'labortion

1.

<6C,, s> -2¢C,,s">|s" labortion
2. Y
<GclﬂGC2, s) ——-><CZ, s'>ls'labortion

The guard rules mean that if boolean expression b is true then the

behaviour of b=>C is the same as the behaviour of C; it will result
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in abortion if the value of b is an error.

The alternative rules are in keeping with the requirement "if all
guards fail, the alternative command fails. Otherwise an arbitrary
one with successfully executable guard is selected and executed”

(see 2.4 [Hoare 78]).

Commands
Eens = v
i 1.
as218% (x:me, s> &5 (skip,s{v/x]>
Ke]s = grror
2 ——
* (x:i=e,s)——>abortion
skip (skip, s> —E—>s
abort {abort,s) —E—>abortion
]
input (P?W(x).s>( ,P) ?W(v (skip,slv/x]>
Ee]s= v

output 1. Y
PIN(e), sy e PUIW(TY i, oD

Eens= error
(P!W(e),s>-2-—>abortion

2.

<Cy,8>-2-¢ci,s'>1s' labortion
(C;3Cy, 8> —1—><ci,c2,s'>l<c2,s'>labortion

composition

The first three rules are obvious and we have already seen the input
and output rules. The composition rule means that the execution of
Cl:C2 consists of the execution of C1 followed by the execution of
Cz. i.e, 1if C1 aborts so does the composition Cl;Cz, if 01
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terminates mnormally then the subsequent behaviour of Cl:C2 is

identical to that of C2. otherwise the execution of Cl;C2 is the
same (initially) as the execution of C1

{GC, s)-L—)<C. s'>|ls’labortion
{if GC ;fj_.s)—l-'-ﬂc.s')ls’ |abortion

conditional 1.

lIBool(GC)]ls=ff
<if GC fi,s> —2 Sabortion

2.

<GC, s> 2—<¢C, ')
<do GC od,s>—2->¢C;do GC od,s’>

repetition 1.

¢GC, s> 235’ |abortion
2.
¢do GC od,s>—2—><¢do GC od,s'>labortion

IBool(GC) T =£f
(do GC od, s> —E>s

3.

The conditional rules mean that the behavion; of the conditional
command is the same as the guarded. command it contains, if this
guarded command is open; otherwise it will result in abortion. The
repetition rules say that if the guarded command is closed (rule 3)
then the repetitive command terminates with no effect; if the
éuatded command aborts so does the repetitive command (rule 2);
otherwise execute the guarded command followed by the repetitive

command.
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<C;,8>-2—<ci,s>|s' labortion
<cq llc,, s> 2¢cilic,,s'>1<Cy, s*>|abortion

parallel 1.

(C,,8>—2—¢cj,s'>|s" |labortion
<cyllcy, s> 2¢cqlicy, s >1¢cy, s*> labortion

¢y, 9> 2occq,s, ¢y, 2y,

<Cqllcy, s> E—<cilics.s'>, <cyllcy,s>—E—<cilics,s'>

Rules 1 and 2 mean that the execution of a parallel command C1 ||C2 is

achieved by interleaving its constituents and the parallel command

terminates normally omnly if and when all its constituents have
terminated normally; if one of the constituents aborts the parallel

command aborts.

Rule 3 means that communication between the constituents of the
parallel command is similar to CCS and is achieved by the

simultaneous occurrence of complementary input and output actionms.

<C,s>2><C’,s'>|s’ labortion, ¢p(A)4
L-process 4o (0
' <R::C,s>R——><R::C'.s'>|s'|abortion

where ¢p:A _—>A_ is the partial function defined by
R "¢ c
g if A=s

gV ={(R,PIIN(¥)  if A=(*,P)IW(v) R#P
(R, QIW(¥)  if A=(*, @ IW(v) R#Q

where ¢(2.)R$ means cfg(x) is ‘defined.

The L-process rule defines the transitions for process bodies.

The function QR().) models the requirement that a process label
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serves as a name for the process body; the case A=¢c means that if a
transition action is internal (without any interaction with outside
world) when viewed from within the body, then it is internal when
viewed from outside the body as well. The case A=(*,P)?W(v)
indicates that if a unknown agent N receives value v with pattern W
from an object P, when viewed from within the body, then when viewed
from outside the body (R::C) this action is that the agent R
receives value v with pattern W from object (to object) P; the
condition R#P means that a process which tries to communicates with

itself will deadlock. The case A=(*,Q) !W(v) is similar.

<C, s> -23¢c’,s'>ls’ labortion, g ppL(c) (M ¥

D-process
"R, FpL(C) (A
{process R;C,8) ————> <{process R;C',s')ls’labortion

where nR.L:Ac-—éAc is the partial function defined by

A if A=e
A if A=(N,P)?W(v) and R#N, R#P
R L(l)= A if A=(N,Q!W(v) and R#N, R£Q

(*,P)?W(v) if A=(R,P)?W(v) and PpL

(*,QIW(v) if A=(R,QIN(v) and QgL

where NePlabu {*} and ng [ (A)+ means ng ;y(X) is defined.

The D-process rule defines the transitions for ©process
declarations and the intention of “R,L(l) is to implement the scope
rules. To see the meaning 'of the rule we analyse the case

A=(N,P)?W(v). There are two possibilities for the name N:

1. N£®. Then according to the L-process rnle we know that there is a
process body immediately occurring in process R. There are three

subcases to analyse:
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a. N=R. Then A=(R,P)?W(v) and this means that agent R receives
value v with pattern W from object P. Since the command process R;C
defines the scope of R, from outside of the command process R;C this
action must be (*,P)?W(v), i.e, a unknown agent receives the value v
with pattern W from object P if P is not a free agent of C
(PgFPL(C)). That is the fourth case of the definition:

“R.FPL(C)((R'P)7W(V))a(“P)?W(V) if PgFPL(C)

b. MfR and R=P. Then A=(N,R)?W(v), it means that agent N receives
the value v from object R. Noticing process R;C defines the scope of
R so the R in the action (N,R)?W(v) must refers the R declared in

process R;C, thus “R,FPL(C)(l) must be undefined in this case.

c. N#R and P£R. Then A=(N,P)?W(v) means that agent N receives the
value v with pattern W from object P. Since process R;C only
concerns with the scope of R and is nothing to do with N and P.
Therefore in this case

nR((N,P)?W(v))=(N.P)?W(v)

This is the second case of the definition.
2. N=%*, Then there can exist only two subcases:

a. An input command P?W(x) occurs immediately in process R;C (see

the input rule).

b. A command process R;C occurs immediately im process R;C (see

the fourth case of the definition).

In both subcases if P=R then the situation is similar to the above
subcase (b) and then MR, FPL(C) must be undefined, otherwise the
actions are nothing to do with R, so "R,FPL(C)(x)=x‘ These two
subcases are contained in the second case of the definition. For the

case A=(N, Q) I¥(v) the analysis is similar.
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In the next section we will study some examples and see how these

L-process and D—-process rules work.
2.4 Properties and examples

When looking at the rules given in the previous section, we might
be concerned about the possibility that certain clauses had been
overlooked or that some of them may be contradictory. The following

results may help to convince us that this is not the case:

Lemma 2.1

Suppose f-r'ef'culqgc. AgA, and s & States.

1. if r~&—43 then A=¢ and s equals the state in r.
2. if r~2 S.portion then A=c.

3. if f‘i—ﬁr' and A has the form (N, Q) IW(v) where N e Plabw{*}
then r and r’ have the forms <Q,s> and <C’',s) respectively, and

<Q.8> (N)Q)IW(V (c"s>.

4. if r‘A—ér' and A has the form (N,Q?W(v) then r and r’ have

the forms <Q,s> and <C',s[v/x]> respectively, and for any value v’

<Q.s>££L£§2!iZ;)<C',s[v'/x]).

proof. All of these assertions can be easily proved by structural
induction on r. Let us prove the fourth one. Since r cannot be in
T,, let r=<Q,s) where Q2eSyn. The proof is by structural induction on

c

2. It is obvious that Q cannot be one of the form: skip, abort,

x:=e, PIW(e), We consider the other cases one by one.
case 1. 2 is Q?W(x). Take '=skip, s’'=s[v’/x] the result is
immediate.

case 2. Q is b=>C. Then according to the guards rule Ebﬂs=tt and

for any v’
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(C, 3)M)r' and Cb")C,s) (N:Q)?W(v;)r' .

By the induction hypothesis we have r’'=<(C',s[v'/x]> for some C’'sCom
and x.

case 3. Q@ is GC1(GC2. Then according to the alternative rule we
have for some i i=1,2

<GCi, s> (N, Q) ?W(v’) e

By the induction'hypothesis r' has the form <C',[v'/x]>.
case 4. Qis CI:CZ. Then according to the composition rule r’ ocan
be s', abortion, C2 and Ci;Cz. By clause 1 to 3 of this lemma ¢’
only can be the last and:

(C;1Cy,8>2¢Cy5Cy, 87> and <€y, 8> 2r¢cy,s')
By the induction hypothesis on C, we have s'=s(v'/x]

[
for some x and and any v’ (Cl,s>(N.QD?W(v )>(Ci.s[v'/x]>

so Cy3Cy s> QWD er e iy,

case 5. Qis do GC od. Then according to the repetition rule &
can be s’, abortion or <C,s’'>. Then by clause 1 to 3 of this lemma
we have [Bool(GC)] =tt and

¢do GC od,s>—2->(C;do 6C od,s'> and <GC,s>-2—><C,s’>
By the induction on GC we have for some x and any v’

>(N’Q)?W(v')><c,s[v'/x]> so
>(N,Q)?W(v')

{GC, s

{do GC od,s >{C;do GC od,s[v'/x]>
case 6. Q is if GC fi. The proof is similar to case 5.
case 7. 2 is C1"C2. The by the parallel rule we have <Ci,s>~A—ér'

i=l or 2. For example, let i=1 then by the induction hypothesis

ccy, s> DO e stvr/ald

for some x and any v’. Thus take r'=(Ci"C2,s[v'/x]> the result is
proved.

case 8. Q is R::C. Then by L-process rule we have N=R and for some
N’ '

¢, s> NQMWI) L ooty and dp((N', Q) 2W(v))=(R, Q) ?W(v)




75

By the induction hypothesis we have for some x and any v’
[
<c, s> QT 0 grvr/x1>
then take r’'=<R::C’',s[v’/x]> the result is proved.

case 9. Q is process R;C. The proof is similar to case 8. []

+ Cases 1 and 2 of this lemma mean that only an intermal action can
lead a command (or guarded command) to a normal or abnormal
tefmination directly in one transition. Case 3 means that an output
action cannot change the state and case 4 means an input action can
change only one variable ;f the state and any change of that
variable is possible. The following result is derived immediately
from the above lemma:

Corollary 1
If C is C1||C2 and
i s> Rsces, s, <Gy, 8> Eoces, s

then one of s’ and s” must equals s.

This indicates that the parallel rule 3 is properly defined. The
following fact will show some of the interaction between the static

and dynamic semantics:

Lemma 2.2
Let @ 2 Syn be a guarded command or a command. If (Q,s)-i—+<ﬂ’,s’>
then 2’'eCom and

RV(Q’) ERV(Q), WV(Q') Ewv(Q),

FV(Q') EFV(Q) and FPL(Q') £FPL(Q)

Proof. The proof is still by structural induction. Let us prove the
result for RV only examining a few interesting cases:

case 1. g is P?W(x). Then @' must be skip and the result is
immediate.

case 2. 2 is b=C. Then &' only can be C'egCom and
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<C,8>=2—3¢C’,s'>. By the induction hypothesis RV(C’')ERV(C)
therefore

RV(C’) ERV(C) EFV(b) wRV(C)=RV(Q)
case 3. Q is C1:C2. Then according to the composition rule Q' can
be C]'.:C2 or C2 For the first ocase by the induction hypothesis
RV(C{) ERV(C,) therefore

RV(C;C,)=RV(C}) uRV(C,) £ RV(C;) wRV(C,)=RV(C;;C,)
For the second case the proof is similar.
case 4, Q is do GC od. Then Q' only can be

Cido GC od and <GC,s>—2—<C,s">

or do 6C od and <GC,s> —2—s’
For the first case by the induction hypothesis RV(C) £RV(GC) thus

RV(C;do GC od)=RV(C) uRV(do GC od) € RV(GC)=RV(do 6C od)

The proof of the second case is similar. [l

Using this lemma we can easily prove the following major result
which is that no static error can arise during computation

(execution).

Theorem 2.1
If (Q,s>—L—9r and | Q then either r=<C,s'> and Fc Cor r is one of

the forms abortion, s'eStates.

Proof The proof is by structural induction on Q.

case 1. O is of onme of the forms: skip, abort, x:=e, P?W(x) and
Q!W(e). According to the corresponding axioms the result is
immediate. .

case 2. @ is b=>C. As Fgc GC we have Fc C. Then if Mbll =error then
r' is abortion; otherwise r’ can be s’, abortion or <C’,s’> and
(C,s)—l—é<C',s'>. For the last case by the induction hypothesis we
have Fc C', since Fc C.

case 3. Q@ is GC1UGC2. Then by the guards rule the transition of
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-<GCIUGC2,8) is the same as <GCi,s> i=1 or 2. By the induction
hypothesis the result is true since Fgc GC1{1GC2 implies Fgc GCi.
case 4. 2 is C,;C,. Then |-° ¢y |--c C, and r' can only be
<Ci;C2,s'). <C2,s> or abortion. Consider the first case. By the
induction hypothesis Fc Ci then according to the static rules we
have l—c Ci;Cz. The proof of the second case is similar.
case 5. Q is if GC fi. Then I—gc GC and if [Bool(GC)I =ff r’' is
abortion and if lIBool(GC)]]s=tt then r' can be <C,s'>, s' or
abortion. For the first case by the induction hypothesis we have
k. C.
case 6. @ is do GC od. The proof is similar to case 5.
case 7. @ is C;liC,. Then F C;, F C; and

FV(Cl)aWV(C2)=FV(C2)nWV(C1)=0 and FPL(Cl)aFPL(C2)=0

According to the parallel rules r can be of one of the forms:
<cilicy,s'>, <cqllcy,s'>, <cqlics,s'>, <Cy,s>, <Cy, s> or abortion. For
the last three cases the result is immediate. Let us check the first

three cases:

a. r' is <Ci||C2,s'). Then by the parallel rule
<C1,s)—l'—><Ci,s'). By the induction hypothesis l—c Ci and by the
lemma 2.2 we have:

RV(Cy) ERV(Cy), WV(C{) EWV(Cy) and FPL(C{) EFPL(Cy)

Therefore

FV(C{) aWV(Cy) £ FV(Cy) aWV(Cy)=p
FV(Cy) aWV(C]) € FV(Cy) nWV(Cy)=p
FPL(C{) aFPL(C,) € FPL(C;) aFPL(Cy)=9

Thus by the static rule 11 '-c Ci;Cz.

b. r is <C1||Ci,s'). The proof is similar to subcase (a).
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c. r' is <Ci“Cé,s'>, Then for i,j=1,2 and i#j
(4,85 A3<Cy, 8> and (Cpue>-Racy,s'
By the induction hypothesis k_ C; i=1,2. By lemma 2.2 we have:
FV(C;)EFV(Ci). WV(C;)EWV(Ci) and FPL(C;)EFPL(Ci)
where i=1 or 2. Thus
FV(Ci)nWV(Cj) £ FV(Ci)nWV(Cj)=0
FPL(Ci)nFPL(Cé) € FPL(Cl)nFPL(C2)=0
where i,j=1,2 and i#j. By the static rule 11 we have |l CjliCj.
case 8. O is R::C. Then r’' can only be s’ , abortion or <R::C’',s’'>
and (C,s)—lL9<C',s'> where QR(l')=l. By the induction hypothesis on
C we have Fc C'; according to lemma 2.2
FPL(C') EFPL(C)=9
therefore Fc R::C’.
case 9. 3 is process R;C. The proof is similar to case 8.
The theorem has been proved. [l
Similarly to FPL(C) given in section 2.2, we can define FPO(Q)
the set of possible objects with which the syntactic entit; Q can
communicate. The definition of FPO(Q) is just the same as FPL(Q)

except that

FPO(P?W(x) )=FPO(P!W(e))={P}
FPO(P: :C)=FPO(C)
FPO(process P;C)=FPO(C)\{P}

Then the following result can be proved:

Lemma 2.3

Let <Q,s>—2—r, P, R ¢ Plab and N & Plabw {*}.

1. If A is one of (R,P)?W(v) or (R,P)!W(v) then ReFPL(Q).
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2. if A is one of (N,R)?W(v) or (N,R)!W(v) then ReFPO(Q).
3. if r is <(C’',s’'> then FPO(C')EFPO(C).

Proof. By structural induction on Q. Let us check the case of the
second assertion where A=(N,R)?W(v). Then @ cannot be skip, abort,
x:=e, or P!W(e). For the rest of the cases we only examine the
following interesting ones:
case 1. Q is R?W(x). Then the result is immediate since
FPO(R?W(x))={R}.
case 2. Q is Cl;Cz. Then by the composition rule and lemma 2.2 we
only have one tramsition:

<C1,s)£§LEll!£zg<Ci,s')
By the induction hypothesis ReFPO(C;) thus

RaFPO(Cl)EFPO(CI)t:FPO(C2)=FP0(C1;C2)
case 3. O is do GC od. Then according to the repetition rule and
lemma 2.2 [Bool(GC)I =tt and

(do GC od,s>—2¢C;do GC od,s’> and <6C,s>-2—3¢C,s*>
By the induction hypothesis ReFPO(GC) so ReFPO(GC)=FPO(22 GC 22).
case 4. Q is P::C. Then according to the L-process rule and lemma
2.1 and 2.2
¢, s> BN 00 o0y and PAR and 4p(N',P)TH(¥))=(P,R) TW(¥)

By the induction hypothesis RsFPO(C) so

ReFPO(C)=FPO(P::C).
cagse 5§, 2 is process P;C. Then according to the D—-process rule and
lemma 2.2

(N’ ,R)?W(v)

<C, s> >¢C’,s’> and P#R

By the induction hypothesis ReFPO(C) so
ReFPO(C)\ {P}=FPO(Q). [

The meaning of the lemma is obvious, for example, the case

A=(R,P)?W(v) means that if <Q,s> can be derived to r by an input
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action (R,P)?W(v) then the name of the source P must occur in Q as a
possible process with which Q can communicate (i.e, the command

P?W(x) occurs in @), and the label R must also occur in O as a free
process label (i.e, the process body R::C’ occurs in Q). In other
words any actual process which is the object or ageat of a
communication in the execution of C must also be a possible one in

that it is in FPL(Q) or FPO(Q).

The rest of this section is devoted to the study of some examples

in order to demonstrate how the semantics works.

Example 2.3 One character buffer
Let BUFF be the command B::C, where C is

do (b=>IN?CH(x) ; OUT!CH(x) [ b=>IN?STOP( );b:=false) od

C acts as a one character buffer between processes IN and OUT until
sent 8 stop signal by IN. Let the initial state be (b=tt,x=m)
aenoted by s, and let the number i under an arrow —%—9 indicate
ith—transition step in a transition sequence. According to the

semantics given in the last section there are many ways to -execute

this program. Let us consider one of them :

(B::C,s)‘B'IN);CH(n) ><{B: :skip; OUT!CH(x);C, (b=tt,x=n)>
g ><{B: :00T!CH(x);C, (b=tt,x=n)>

2
(B'OUT)!CH(41%<B::skip:C.(b=tt,x=n))

3

(B'IN):STOP( &(B::b:=false;C.(b=tt,x=n)>
g >¢B::C, (b=ff,x=n))
g >(b=£ff, x=n)

It is not difficult to determine the correctness of these transition

steps. For example, step 1 is obtained by the L-process rule since
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the following transition:

s>(’.IN)?CH(n)

<C, »<OUT!CH(x);C, (b=tt,x=n)>

is true by the repetition rule since

<{b=>IN?CH(x);O0UT!CH(x) 0 b=>IN?STOP( );b:=false,s>

(*, N ?CH(n) . ouTiCH(x), (b=tt, z=0)>

by the guard alternative rule since Ebﬂs=tt and

(*,IN) 2CH(n)

¢IN?CH(x); OUT!CH(x),s> ><{skip; OUTICH(x), (b=tt,x=n))

by the composition rule since

CIN?CH(x) , sy {22 IN) 2CH(n)

>{skip, (b=tt,x=n)>
by the input rule. [

The following series of examples shows how the L-process and
D-process rules manage communication between processes (possibly

nested)

Example 2.4 Communication

Consider the following CSP programs:

process P;(process Q;(P::QIW(x) | Q::PW(y)))

The scopes of both P and Q are the whole parallel command. According
to the parallel rule 3, they cam communicate with each other and a
computatiocu sequence of the parallel command in the state (x=n,y=m)

is:
<P::Q!W(x) llQ: :P?W(y), (x=n,y=m)

—£.5¢p::skipllQ: :skip, (x=n, y=n))
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—£ 5¢P: :skip, (x=n,y=n)>
—§—>(x=n.y=n)

The first transition step is obtained by parallel 2 since the

following two transition relations hold:

a.<P::Q!W(x),(x=n.y=m)>(P'Q)!W(n {P::skip, (x=n,y=m)>

?
b.<Q: :P?W(y), (x=n,y=m)> (Q,P)?7W(n <Q: :skip, (x=n,y=n)>

Transition (a) is derived from the L-process rule since

*
{QIW(x),(x=n,y=m)> M(skip. (x=n,y=m)>

by the output rule 1. Transition (bt) is derived using the

L-process and input rules.

We sometimes use the notation h——%——“ to indicate that the

command C (in some state s) can evolve under transition action A and

dotted line - to~indicate no further transition action. Thus the

communication situation of command Cl1 can be written as

P:: Q! WCx)HlQ:P?2W(y)

(Q,*)IW(v) (*,P)?2W(v)
(Q,P) 1V (¥) (@.P) W ()

g

Example 2.5 Communication of a process with itself leads to

deadlock

Consider the following two commands
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command C1 command C2
P:: P?VW(x) P:: P! W(y)
[ SO— | L————
(*,P)?W(v) (%,P)IW(v)

L " | — '

According to the L-process rule (note the conditions) neither

P::P?W(x) nor P::P!W(y) can move further (from any state).

Similarly, for the following commands:

command C3 command C4
process P;R:: P?W(x) process P;R:: PIW(y)
Process broeess
[ i [ J

According to the D-process rule (note the conditions in the second

and the third cases) no further evolution is possible in either

case.

The next three examples concern communication between nested

processes with or without overlapping, and let Exﬂs=v.

Example 2.6 Nested communication between nested processes

Consider the following command

(process P; (P::C1ll R::@ 2 WC v ))) Il @::R ! W( x )

(*, QM(v) - TSR WD)
TR oMWW
- (R, QW(¥)
” ROWY (GBI
4

R and Q are in the same declaration area and each is visible to the
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other, and the above example shows that our semantics does allow

communication between them. [

Example 2.7 Local process labels

Consider the following command:

(process P;(P::ClIR::P 1 W( x))) Il P::R ? W( v )

ORI = Rmw
T ®h W
' (R,P) IN(v)
- D TTE R

The scope of the outer P (the rightmost P) has a hole in the inner
parallel command. According to D-process rule "P,L( (R,P) IW(v))
(L=FPL(P::ClIR: :PIW(x)) is undefined , so it cannot get out of the
inner parallel command, i.e, the reference to P by a transition

action of R::PIW(x) refers to the innermost P.

Example 2.8 Commnnication between nested processes

Consider the following command:

R::(process P;(P::Q ? W( y ) llT::¢)) Il Q::R ! W( x)

Ln—— L —
ORI =, R) IV (v
(P, @ 7W(v)
(P, Q W (V) ’
L i
(*,Q7W(v)
: R, @ WV R T W R T T
L I
8

The body of process P is in the scope of label Q, therefore Q jis
visible to the command Q?W(x). The label P is not visible to the

body of process Q but the process R is. In this case communication
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between processes P and Q is still possible but in an indirect
manner. Even when R is replaced everywhere by P communication

between P and Q still works.
2.5 Further discussion

The previous sections demonstrate that our approach of defining
the operational semantics is structural: we construct the semantics

in the following three steps:

1. Carefully select the set of configurations f" and the set of
transition actions A, in order to describe all ophenomena of
computation in which we are interested. Here they are intermediates,

states and abortion.

2. Define the semantics (transitions) for nomn—structured commands
using axioms. Here they are skip, abort, assignment, the input and

output commands.

3. Construct the rules for every structured command by
enumerating and combining as needed all the possibilities of the
transitions of their constituents. For example, let us check the
composition commands Cl;C2. Its transitions depend only on the
transitions of Cl, and for the given [’c and Ac either the
configuration <Cl,s> cannot move any more (deadlock) or can move by
a transition action into one of the following three configurations:
<C{,s'>, s' (normal termination) or abortion (abnormal termination).
Thus the successors of Cl;C2 are naturally <Ci;C2,s'>, (C2,3'> or
abortion. Examining the transition rules for composition, we see

that all these possibilities have been taken into account.

The command C1||C2 can be transformed only in the following two

ways:
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a. It is transformed by interleaving one of its constituments Ci

i=1 or 2. Consider the case i=1. Since C1 can only be transformed to

Ci,

abortion. This analysis gives the parallel rule 1. Similarly, for

s' or abortion, C1||C2 can only be transformed to Ci"CZ’ C2 or

i=2 we obtain the parallel rule 2.

b. It is transformed by handshake communication. Then the
transitions of C1 and C2 should be:
<€y, 8>25¢cy,s'> and <cj,s>-7-—-><c5,s>
where i, j=1,2 and i#j, then the transition of C1||C2 naturally is:
<c licy, s> £><cqlicy, s>
These give the parallel rule 3. Therefore the parallel rules have

taken all possibilities of transitions of C1"C2 into account.

In fact, given | and A the above step (2) and (3) provide an

systematic approach to the construction of anoperational semantics.

It should be stressed that the choice of the "world of
computation” [ ,T and A (the sets of the configurations and’
transition actions) plays an important role. Changing these sets
will lead to changes of semantics. For instance, introduce a set L

of labels of living process into the configurations and define

I"gc={<ec,s,L>I GCeGem, LIFPL(GC),seStateslu[,

', ={<C,s,L>| CeCom, LIFPL(C), seStates}uT,
Tgc=rc

T, ={{(s,L> | seStates, LePlab }u{abortion}u{failure}

Here the <configuration failure is introduced to model the
requirement that input and output commands should fail if the target
process has already terminated (see 2.4 [Hoare 78]). Then the

corresponding transition relations should be modified as follows:



Guarded commands

guards
(C,s,LY 2>z, Ibl gott

(b=C,s,Ly 2>z

Ebﬂsserror
<b=»C, s,L) —£—>abortion

2.

Alternative
(6¢y,5,L> —L><cl.s' ,L'>{<¢s’,L'>|abortion
: <Gcluec2,s,L>—’~—-><c1,s'.L'>I<s'.L'>|abortion

1

(6C,,s,L>2—¢C,,s’,L'>I¢s*,L'> |abortion
) <Gc1[]GC2,s,L>—I—-:)<C2,s',L')I(s',L')Iabortion

<Gci,s,L>JL—>fanure, i=1,2
<6¢, 06C,, s, L> A _sfailure

3.

Commands
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assign,skip and abort are similar to the previous rules but

adding L to the configurations.

input

PelL
1. *
<P?W(x).s.L>( 'P)?W(;7<skip,s[v/x].L>

PglL
(P?W(x),s,L>-2—>failure

2.

output
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Ee]l!-v. PslL

1. T PYIV
{P!W(e),s,L> i—'——fv—)xsk p,s,L>

Een§=error

<P1W(e),s,L) —=—>abortion

2.

Eens#error, PglL
(PIW(e),s,LY~2—>failure

3.

The condition PgL in the input and output rules means that the

process P has already terminated.

composition

<Cy,8,L>-2>¢c, 8", L3 I<s’ L' > labortion|failure
(Cy5C,y,8,L>—2—¢Ci;5C,, 8" ,L'>1<C,y, s*,L'> labortionlfailure

conditional
<GC,s,LY —2—><C,s',L'>l<s,L'>| failurelabortion
(if 6C fi,s,L> -2—<C,s’',L'>I¢s,L'>|abortionlabortion

[Bool(GC) T ;=£f
2.
(if GC fi,s,Ly—“—abortion

repetition

<6C,s,Ly2¢c, 5,10
" (do GC od,s,L>~2—<C;do GC od,s’,L’>

) <GC.8.L)—L—4<3'.L')'failure'ahortion
* <do GC 22,3,L)—l;9<gg GC gg,s',L')|<s,L>|abortion

[Bool(GC) B =ff
<do GC od,s,L>—2—><¢s,L>

3.

The case of failure of the conditional rule 1 says that if the
guarded command fails then the corresponding conditional statement

aborts. The case failure of the repetition means that if the guarded
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command fails then the repetitive command terminates with no effect.

parallel rules are similar to the previous rules.

L-process

<C, s, L>-2—¢c’,s',L">I<s",L">

. N
(R::C,s,L>—23 (R::C',s’',L">|<s’, L'\ (R}>

<C.s,L>-L~%failnre|abortion

QR(X)
(R::C,s,L> 2> failurelabortion

The function ¢p(A) is defined the same as before, the second case
of rule 1 means that the process can no longer be communicated with

when execution reaches the end of its body.

D-process

. <C, s, (L\{R}) w {RIReK}> -2—><C',s’,L'>

{process R;C,s,L>—— >{process R;C’',s’,L*>

<C, s, (L\(R}) w {RIReK}>—2—3¢s’,L'>| failurelabortion

. g K(x)
(process R;C,s,L>—"— 3<(s’,L*>|failurelabortion

Where L*=(L’\{R})uU{RIReK} and K=FPL(C) and nR,x(l) is defined the
same as before. The meaning of this rule can be best understood

through the following two examples:

Example 2.9 Communication between living processes

Consider the simple program below:
P1 = process R;(R::PIW(x) Il P::R?2W(y))

Let the initial s and L be (x=n,y=m) and {P} respectively. Then the

computation is:
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<P1,s.{P}>-{—-><2rocess R; (R::skipllP: :skip), (x=n,y=n), {P}>
—%—)(grocess R;(R::skip), (x=n,y=n),0>
—;——>((x-n.y=n) , 0>

Transition step 1 is obtained by the D-process rule since the

following transition relationship holds:
(R::PIW(x)IP: :R?W(y),s, (P} (R}>

—£& 5 ¢R::skipllP: :skip, (x=n,y=n), {P,R}>

this is by the parallel rule 3 since

(R,P)!W(n

(R::PIW(x),s, (P} u (R} R::skip, (x=n,y=m), {P,R}>

(P::R?W(y),s,{P}u{R}> {P: :skip, (x=n,y=n), (P,R}>

The first is by the L-process rule and output rule 1 since
Ps{P,R}, and the second is true by the L-process rule and input
rule 1 since Re{P,R}. Thus in the case of normal communication the

D-process rule works properly. []

Let us study the following example:

Rxample 2.10 Communication with a terminated process

Consider the program P2 below:
P2 = process R;(R::P!W(x)) |l P::skip)

Let the initial s and L be (x=n), {P} respectively. A computation of
P2 is:

(P2,s,{P])—§—+<process R; (R::P!W(x)),s,®

—;-—)failure
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Step 1 is true by parallel rule 2 since the transition relation

(P::skip,s, (P}>-E—<(s,0

is true by the L-process rule. Step 2 follows from the D-process

rule since

<R::PIW(x),s, (R}>—E—failure by the L-process rule since

(PIW(x),s,{R})>—LE>failure since P g{R}. [

Finally, in section 2.1 we analysed the original form of parallel
command [ C1 [l .. l ¢ci ll.. Il ¢ca 1 given by Hoare and divided it
into three syntactic entities: process R;C (process declaration),

P::C (process body) and C1"C2 (parallel command). In fact, the
transition rules can be defined directly for the original form

without any difficulties:

parallel-B

(Ci,s)—lL-)<Ci,s’>|abortion. i=1..n
. <[..Hc1"..].s>—l—9<[..uciﬂ..].s'>labortion

1

Ci,s>-2 s, i=1..n
A
<..dleill..1, 9> ==<..cp 4 llc  0..1,87

1,9 -2rccy s, <cieEodey, 0, it
3.

<[..||Ci||.."Cj||..].s>—JL—><[..||C£||.."C3||..].s’>

The meaning of the above rules is the same as that of the
parallel rules with the exception of the form. From the aesthetic

point of view the separated form given in section 2.3 seems better

than this.
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3. An operational semantics for Ada multitasking

and exception handling

Considerable interest has been generated within the computer
science community by the problem of giving a semantics for the
language Ada, especially that part of the semantics which is
concerned with multitasking and exception handling (see [Bjérmer and
Oest 801, [Luckham and Polak 80], [Hennessy and Li 82], [Li 82]).
The purpose of this chapter is to give an operational semantics for
multitasking and exception handling in Ada using labelled transition
systems. To focus our attention on these featnres, we first
carefully select a small subset of Ada called Ada.l; this is
essentially Dijkstra’s guarded command language ([Dijkstra' 761)
enriched by constructs concerned with multitasking. We then study
how an operational semantics can be given for this language using
transition systems. For exception handling we first study exceptions
for the sequential case and then joln this with multitasking and

study the interaction between them.

It should be mentioned that an early version of the semantics of
the rendezvous mechanism 1is published in [Hennessy and Li 82], and
the remaining content of this chapter is an improved version of [Li

82].

In section 3.1 we review the multitasking and communication
mechanisms and exception handling as given in the Ada manual (see
[DoD 80]) and discuss some of the intuition behind the abstract
syntax which we will use in later sections. In section 3.2 a static
and dynamic semantics are given for Ada.l which is concerned only
with multitasking. Some properties are proved and some examples are
studied to show that the semantics is consistent with the Ada

manual. In section 3.3 we construct and study a small sequential
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language Ada.2 which only contains exceptions for the sequential
case. Finally, in section 3.4 putting Ada.l and Ada.2 together we
obtain a langnage Ada.3 and give a semantics for the interaction

between exceptions and multitasking.

3.1 An outline of multitasking and exceptioms in Ada

Before giving a formal description of Ada, it may be helpful to

give a brief overview of multitasking and exceptions in Ada.

3.1.1 Multitasking in Ada

Tasks are the basic entities in Ada that may execute in parallel.
A task must be declared before its execution; this declaration

consists of a task specification and the corresponding task body.

The specification gives the task name and entries. The task body
contains the code which the task is to execute. A task (the calling
task) wishing to communicate with another task (the called task)

must issue an entry call statement,specifying an entry of the called

task. The called task may use accept statements to respond to this
entry call. Communication and synchronization between tasks is in
general achieved by non-instantaneous rendezvous. The working

process of a rendezvous is shown in the following diagram:

T1 (calling task) T2 (called task),W:entry
T2.W(x1,y1) %%iﬁiiélfﬁifﬁﬁa‘ accept W(x2:in,y2:o0ut) do S end

value of x1

y
(suspended) (executing S)

' termination

receive acknowledge bind yl to the send acknowledge
value of y2
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When both the calling task Tl and the called task T2 reach the
entry call and the corresponding accept statement respectively the
rendezvous begins and the value of the appropriate parameter of the
caller, x1, is passed to the corresponding parameter, x2, of the

called task. We call this the initialization phase. Then the calling

task is suspended and the called task executes S the body of the
accept statement. This is the second phase of the rendezvous. When
the execution of S is finished the called task sends an
acknowledgement accompanied by the value of the out parameter y2
back to the caller where this value 1is bound to yl and the

rendezvous is completed. We call this the termination phase. After

the rendezvous both tasks again execute independently of each other.

It is easy to see that the rendezvous mechanism in Ada is a
generalization of Hoare and Milner’s handshake communication
mechanism. Handshake communication is instantaneous, but in general,
a rendezvous is not. It consists of two separate instantaneous
handshake communications (initialization and termination) and a
non—-instantaneous period of the execution of the accept statement
body S. This allows other entry call statements and accept
statements to occur in an accept statement body, even for the same

entry.

As with CSP, Ada also provides a select statement to cope with
nondeterministic communication. The select statement has three
different forms: select wait, conditional entry call and timed entry
call. The forms and interpretation of the select statement are close
to those of the guarded commands given in section 2.1 but with some

elaborations such as termination, else and delay alternatives (see

section 9.7 [DoD 80]). In this chapter we only deal with the simple

cases as in CSP.
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Finally, a task can call an entry of another task if the body of
the first is in the scope of the second. Since the body of a task

must 'appoar after its specification, but need not follow it

‘immediately , the scope of a task name and its entries depends on
where the task specification occurs in the text and the calling
feature depends on where the body of the calling task occurs
relative to the specification of the called task. Let us examine the

following two examples of nested task structure.

Example 3.1
The task TO contains two subtasks: Tl and T2; and the task T1
contains another subtask T11l. The bodies of the tasks Tl and T2 do

not follow their specifications immediately (see the next page).

(Q) (b)

Figure 3.1 calling diagrams
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task TO is scope of TO,E0
entry EO;
end TO;

task body TO is

scope of T1,El

task T1 is
entry El;
nd TI;
‘ task T2 is scope of T2,E2
entry E2;
end T2;

task body T1 is

task T11 is scope of T11,El1

entry El1;
end T11;
task body T11 is

begin
end T11;
begin
end T1; —

task body T2 is

begin

——

end T2;

begin

end TO;
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According to the scope rules of Ada (see [DoD 80] section 8.2)
the scopes of T1, El1 and T2, E2 extend from their specification
points to the end of TO's body, and the scope of Tl1l, Ell extends
from its specification point to the end of Tl’s body. The calling

diagram is shown in figure 3.1.a, where

T —— T'

means that the body of T is in the scope of the specification of T'
and so T can call any entry of T'. Thus in the body of Tll one can’
call E1, E2 and EO using corresponding entry call statements

directly, but from the body of T2 and TO one cannot call El1.

According to the Ada manual tasks TO, T1, T2 and T11l can be.
executed in parallel, i.e, the activation of task TO consists of the
activation of tasks Tl and T2 which are declared immediately within
the body of TO; after activation the first statement of TO is
executed, and similarly the activation of task Tl contains the
activation of task Tll and so on. This tells us that the parallel
structure in Ada is implicit, rather than being given explicitly by

constructs such as [l in CSP.

Example 3.2

The tasks are the same as the previous example, but the task bodies

follow their specifications immediately.



task TO is

entry EO;
end TO;

task body TO0 is

-—— declarations

task T1 is

entry El;

end TI;

task bodz T1 ii

task T11 ii
entry El1;
end T11;

task body T11 is

begin
end T11;
begin
end T1;
task T2 ii
entry E2;
end T2;

task body T2 is

-3
o
0Q
[P
-]

end TO;

- declaration

98
scope of TO,E0

scope of T1,E1

scope of T11,El1

scope of T2.E2
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The scopes of Tl11, Ell and T1, El1 are the same as before, but the
scopes of T2, E2 are changed since their specification appears in a
different place. The calling diagram is shown in figure 3.1.b. In

this case one cannot now call E2 from the body of T11. [

To describe these various scopes and to make the implicit
parallel structure explicit by abstract syntax we introduce the

following multitask statements:

MS ::= task T::E;MS | T::E;S | MSliMs

where S is a statement. The multitask statement task T::E;MS is a

binary specification structure, where task T::E is the specification
of task T and its entries having scope MS. In the multitask
statement T::E;S the statement S denotes the body of the task T. The
multitask statement MS|IMS is a parallel structure; it means that the

constituents execute simultaneously.

It should be pointed out that the multitask statements here are
different from the commands process R;C, R::C and CllC given in CSP.
The constituents of MS[IMS must be multitask statements and the MS
occurring in task T::E;MS must also be a multitask statement. For

example, the following forms
task T::E; x:= and T.W(e,x)llaccept W(x2,y2) do S end

are not multitask statements.

Using these syntactic clauses example 3.1 can be rewritten as:
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task TO::E0;(
task T1::E1;(
task T2::E2;(

task T11::B11;(T11::E11;S11/lT1::B1;81)

llr2::82;82
liTo::E0;50)))

where S11, S1, S2, SO are bodies of T11, Tl, T2, TO respectively.

Example 3.2 can be written as:

task TO::E0; (

task T1::El;(

task T11::BE11;(T11::E11;S11/T1::E1;81}

ltask T2::E2;(T2::E2;S2/T0: :E0;S0)))

This rewriting process makes both the scope of a task and its
entries and parallel structure explicit. This may allow some

redundant structures. For instance, example 3.1 c¢an also be

rewritten as

task TO::E0;(
task T1::E1;(
task T2::E2;(
fiTo: :E0; S0

task T11::E11;(T11::E11;811]IT1::E1;81)

llT2::R2;82)))

Even so we will still adopt the above abstract syntax. The reader is

requested to take the correctness of the rewriting process as given,
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3.1.2 Exceptions in Ada

Exceptions in Ada are intended to provide a facility for deaiing
with errors or other exceptional situations that arise during the
execution of programs. The main points of exceptions concerus their
declaration, reising and handling:

Every exception is associated with an identifier called its
exception name which must be declared explicitly unless it is
predefined. An exception can be raised explicitly by a raise
statement: raise U (U is an exception name). When an exception is
raised during execution, control jumps from the current poaint of
execution to the exception handler, if any, which corresponds to
this exception. An exception handler may appear at the end of a unit
( 2 unit may be a procedure, function, package or task) containing
the raise statement and may consist of several exception choices
which have the form: when U-—S (S is a sequence of statements and U
is an exception name).

If an exception is raised in a unit that does not contain a
handler for this exception or if a further exception is raised
during the execution of the handler then the executrion of the unit
is abandoned and the same exception is raised again implicitly in
the unit whose body immediately surrounas the previous ome. In this
case, the exception is said to be propagated. If the unit is itself
the main program, then execution of the main program is aborted.

Exceptions interact with communication and parailelism. That is:
any task can raise a failure exception in another visible task (say
T) wusing a statement raise T'FAILUKr. The execution of this
statement has no direct effect on the task pertorming it. When the
task T receives this failure information an exception is raised
immediately at the current point of its execurion unless this task

has issued an entry call and the corresponding rendezvous has
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already started; in this case the rendezvous is allowed to finish.
Failure is the only exception that can be raised explicitly by one
task in another. If an exception is raised in an accept statement
body during rendezvous, and it is not handled locally (by the body
of the accept statement), then the exception is propagated to the
unit immediately surrounding the accept statement, and the same
exception is raised simultaneously in the calling task at the point
of the entry c¢all. Finally, any attempt to propagate an exception
beyond a task body results in an abnormal termination of the task
and no further propagation of the exception., Two illustrative

examples follow:

Examples 3.3

Consider the following program. A raise statement (raise

MINUS)occurs in the inner block which does not itself contain a

handler, but the outer block does provide a handler.



begin
MINUS:exception;
begin
ZERO:exception;

-———

iﬁ x<{0 then raise MINUS;

end;
exception

when ZERO—>S1;

end;

raise MINUS;

end;
exception

when MINUS-—S2

end;

the first raise

the scope of MINUS

the scope of ZERO

the second raise

A MINUS exception may be raised in two cases:
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1. It is raised in the outer block (the second raise statement):;

then control jumps to S2.

2. It is raised in the inner block (the first raise statement);

then it is propagated from the inner block and raised again in the

outer block implicitly, whereupon control jumps to S2. |l

Example 3.4

Consider the following program in which a failure exception may be

raised by T2 in T1 and propagated during communication:
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bogin
task T is
entry Wl(xl:inm,yl:out)
end T1;
task T2 is
ontry W2(x2:in,y2:0ut);
end T2;

task body T1 is
zl:integer;
begin
accept Wi(xl,yl) do
T2.W2(x1~1,21);
yl:=x1+2z1
end;
exception FAILURE—éggll
end T1;
task body T2 is

begin

accept W2(x2,x2) do

select when x2=0=>raise T1'’'FAILURE

or

when x2#0= §

end;
end;
end T2;

begin
T1.W1(1,y);

end;

exception

when FAILURE —>y:=3

end;
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The communication starts when the main block calls entry W1 of
task T1. During the rendezvous Tl calls W2 of T2 and then T2 raises
\

a failure exception in T1. When this failure exception is raised in
Tl the rendezvous with the main block has not yet finished, a

FAILURE exception will be propagated to the main block. [I

To model all these features by abstract syntax we introduce the

following syntactic clauses:

S ::= ... | exception U;S | s except XC | raise U | traise T

XC ::= U—S | xci1lxc2

where S denotes a statement and XC denotes an exception handler. The
statement exception U;S denotes the declaration of the exception U
with scope S. The statement S except XC models an exception handler
XC following a statement S. Furthermore, we decompose the functions
of a raise statement into raising an ordinary exception (fﬁiiﬂ 0,
and raising a failure exception in another task (traise T). Thus

example 3.3 can be rewritten as:

exception MINUS,(...;
exception ZERO;(...;
raise MINUS;
except ZERO—S1;

raise MINUS;

.
s 00

)except MINUS—>S2;
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Example 3.4 can be rewritten as:

task T::E;(

task T1::EB1;(

task T2::E2;(T1::E1;81 except FAILURE —>null
IT2::E2;82
IT::E;S except FAILURE —>S4)))

where S1, S2 and S are the bodies of tasks T1l, T2 and the main block

respectively; the statement S4 is the outermost exception handler.

After this brief informal explanation, we are now ready to give a

formal description of multitasking and exception handling in Ada.
3.2 An operational semantics for multitasking in Ada

The purpose of this section is to give an operational semantics
for multitasking in Ada. In subsection 3.2.1 an abstract syantax is
given for a small subset of Ada which contain§ multitasiing and
comminication mechanisms in Ada. We call it Ada.1. A static and
dynamic semantics of Ada.1 are studied in subsections 3.2.2 and

3.2.3 respectively.
3.2.1 The syntax of Ada.l

The abstract syntax of Ada.l1 is parameterised om the following

syntactic categories:

The sets Var, Exp, Bexp, are those of CSP as given in

section 2.1,

Tom - a given countably infinite set of task names, ranged over

by T.
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Win - & given countably infinite set of entry names, ranged over

by V.

The main syntactic categories of Ada.l are defined below using a

BNF—-like notation:

Entr — a set of entries, ranged over by B and defined by:

E ::= empty | W | E;E

Gstm - a set of guarded statements, ranged over by GS and defined

by:

GS ::= b=>S | GS or GS

Stm - a set of statements, ranged over by S and defined by:

S ::= sgkip | abort | x:=e | S;S | select GS end |

loopselect GS end | accept W(x,e) do S !

T.W(e,x) | MS

Mstm — a set of multitask statements, ranged over by MS and

def ined by:

MS ::= T::E;S | task T::E;MS | MsSliMs

Many interesting aspects of Ada are omitted, such as types,
declarations, and packages. However, by reducing the complexity of
the language we can concentrate our attention on those aspects we
wish to scrutinise. It should be mentioned that we do not understand
how to specify the semantics of realtime control of multitasking in
Ada. It also should be pointed out that from the semantic viewpoint

Ada's if-statements, case—statements and loop—statements can all be
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described using select and loopselect statements. For example, the

statement if b then S1 else S2 can be written as

select b=>S1 or not(blS2 end; the statement while b loop S can be

written as loopselect b=8 end. A block in Ada can be viewed either
as & task with no entries if it contains subtasks or a 1list of
statements, and a program can be viewed as a special task:

Pr ::= task P::empty;MS.

3.2.2 Static semantics

Just 1like CSP, Ada.l1 also requires a static semantics to
guarantee that all program to be executed are valid, i.e, they do
not violate the requirements of the Ada manual and they contain no

syntactic errors.
The following sets are needed to define the static semantics:

Syn - the union of the sets Gstm and Stm and Mstm, ranged over by
Q, i.e, Q9 can be 2 guarded statement or 8 statement or & multitask

statement.

DEN(E) - the set of entry names contained in the entry

declaration E.

FTA(Q) - the set containing a pair for each free task agent

occurrence in @, giving the task name together with the set of

entries of the task.

FTO(Q) - the set of pairs, where for each entrycall statement
T.W(e,x) in G, FTO(Q) contains the pair (T,¥) consisting of the

free task object name together with the entry.

FEO(Q2) - the set of free entry object names occurring im accept

statements contained in Q.



For the guarded statements we define the following predicate:

Bool(GS) - the disjunction of the guards occurring in GC.
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All these sets and the above predicate are defined by structural

induction in the following tables:

empty v E1;E2

_DEN 1) {W} DEN(E1) wDEN(E2)
b = S GS1 or GS2

FTA FTA(S) FTA(GS1) u FTA(GS2)
FTO FTO(S) FTO(GS1) u FTO(GS2)
FEO FEO(S) FEO(GS1) u FEO(GS2)
Bool b Bool(GS1) VBool(GS2)

skip | abort | x:=e accept W(x,e) do S T.W(e,x)
FTA 0 0 0 FTA(S) )]
FTO 0 0 0 FTO(S) {(T,m)}
FEO 0 0 0 {W} WFEO(S) 0

select GS end loopselect GS end S1;82
FTA FTA(GS) FTA(GS) FTA(S1) U FTA(S2)
FTO FTO(GS) FTO(GS) FTO(S1) u FTO(S2)
FEO FEO(GS) FEO(GS) FEO(S1) u FEO(S2)

task T::E;MS T::E;$ Ms1llMs2

FTA | FTA(MS)\{(T,DEN(E))} {(T,DEN(E))} | FTA(MS1) wFTA(MS2)
FTO | FTO(MS)\{(T,W) |WeDEN(E)} FTO(S) FTO(MS1) uFTO(MS2)
FEO FEO(MS) \DEN(E) FEO(S) FEO(MS1) uFEO(MS2)

Similar to CSP we use the following notations:
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F_E to mean that the entry declaration E is valid.
l GS to mean that the guarded S statement is valid.
F. s to mean that the statement S is valid.
F__ MS to mean that the multitask statement MS is valid.

All valid syntictic forms are given by structural induction below:

Entries

1. Fe empty 2 Fe v
I-e E1, I ER2
3. F m,zz° if DEN(E1) nDEN(E2)=90

Guarded statements

1. a Sba» 3 2. ::g3 221-0:36382682
gs gs —_
Statements
1. k, skip 2. k, abort
F, s1, I-Lsz

3. l's x:=e 4'-F:*81;S2
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F . 6s k., 68
$ -]
5. 1:5 select GS end 6°.Ff“ loopselect GS end
l-; s
7. Fs T.W(e,x) 8. F, accept W(x,e) do S
F . Ms
m
° T, W
Multitask
. I-s S, F, E -
. — if FTA(S) d FEO(S) CDEN(E)
l:,lls T::E;S 1 an =
) l—m Ms, |, E
1;;3 task T::E;MS
b SL, by, MS2 (FTA(MS1)) (FTA(MS2) ) =9
3. if el (FTA(MS1)) ael, (FTA(MS2
Es MS11Ms2 1 1

The first condition of mmltitask rule 1 expresses the requirement
that a task specification and corresponding task body "must occur in
the same declaration area, the specification first” (see [DoD 801]
section 9.1). Thus a task without a specification is illegal, and a
task of which the‘entrios declared in task specification'are not
same as the entries given in the head of the task body is still
illegal. For example,

T::E;(T1::E1,81 || T2::E2,S2) and T'::E';task T::W1;(T::W2;8)
are invalid forms. The second condition of multitask rule 1 means
that if an accept statement is in a task body then the entry used by
the accept statement must be contained in the head of the task body.
The condition of multitask rule 3 says that task names in a
declaration area must be disjoint. For example, the form
T::E1;S1lIT::E2;S2 is not a valid multitask statement. The static

semantics of a program is given by:
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|-p task T::empty;MS if FTA(task T::empty;MS)=0 and FTOo(MS)=0

The first condition means that all task bodies in MS must be
declared properly and the second condition means that all called

tasks and entries must be declared properly.

Romarks From now on we always use F a to replace Fd Q if the

category I can be understood from the context.

It should be pointed out that we did not consider the sets RV, WV
and FV as we did for CSP. The reason is because the use of shared
varisbles is allowed according to the Ada manusl, it says "if shared
variables are used, it is the programmer’s responsibility to ensure
that two tasks do not simultaneously modify the same shared
variables” (see [DoD 80] section 9.11). This discipline provides
great freedom for programmers to use P and V operations and

monitor—like mechanisms. In chapter 7 we will discuss this further.

3.2.3 Operational semantics

In this subsection we give an operational semantics for Ada.l.
First of all, to describe the termination phase of a rendezvous, we

need to add two extra syntactic clauses:
wait(T.W, x) and ack(T, W, e)

to the set Stm of statements. The wait statement means that calling
task awaits an acknowledgement from the called task T through its
entry W. The ack statement means that the called task sends the
value of e through its entry W to the calling task T. The

corresponding FTA, FTO and FEO are defined below:
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wait (T.VW, x) 225(T.W.e)
FTA 9 )
FTO {(T, W)} )
FEO ) {W}
and
Fs wait(T.VW,x) Fs ack(T,V,e)
Let 'Irgss<r83'T83'ASS' _s—s-’>t Ts=<rs.Ts./\s. —_S-)>’ and

nhs=<[1ms,Ths,Ams,—igé) be the transition systems for guarded
statements, statements and multitask statements respectively. The

sets of configurations are defined by:

I gs=(¢68,8>,¢S,s>| GSeGstm, SeStm, seStates}uT,
s ={¢S,s>| § eStm, seStates} uT,

r’ms={<MS,s>| MSeMstm, seStates}uT,

Tnzrs
T, =Statesu {abortion}

Tos™Ts

The meanings of <Q,s>, s, and abortion are all the same as in

CSP. The set of transition actions is given by:

A88=AS
Ay = (elo{i(N,T.W 1y, i(N.N,T)?v, £(N.W,T)!v,£(N,T.W)?v |

TeTnm, NeTomw {*}, veV}

where * denotes a unknown task name. The meaning of these

transition actions is described by the following table:
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label A task entry action task entry

i(N,T.W)Iv N sends v to T through W

(ipitialization)

i(N.W,T)2?v N | through W| receives v from T

(ipitialization)

f(N.¥,T) v N | through W sends v to T

{termination)

f(N,T.W) v N receives v from T through W

(termination)

The symbols i and f indicate that the corresponding transition
action are in the initialization phase and termination ophase
respectively. The action 8 means that a transition action is anm

internal one.
Given a label A the complementary label X is defined by:
i(r, T'. Wiy if A=i(T'.W,T)?v

X =]i(T.W,T")?v if A=i(T',T.W) v

f(T.W,T') Iv if A=£(T',T.W) v

£(T,T'.WIv  if A=£(T'.W,T) v
where T,T'eTnm and T#T'.

And we are finally in a position to give all the transitions:

Guarded statements

guards
(S,8>-2or, IbD =tt

(bS8, 8> L3¢

1.
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Ebn =error
_8 e
2.

(b=S, s> —E—>abortion

alternative
<GSl,s>—L—+<Sl,s'>|s'|abortion
1.
<G8y or GSz,s>-L"9<Sl.s'>|s'|abortion

(68,,3>—2>¢5,,s'>|s" |abortion
) (684 or GSz,s>—L—9<Sz,s'>|s'|abortion

The guard rules mean that if the boolean expression b is true then

the behaviour of b=>S is the same as the behaviour of S; if the

value of b is an error then it will result in abortion.

Alternative rules say that an arbitrary constituent with

successfully executable guard is selected and executed.

Statements

Heﬂs*v. véerror
assign 1. (x:=e,s>-2>{skip, s[v/x]>

Qe n8=error

2
* {x:=e,s)—t—abortion

skip <ski2.s>—£—+s
abort {abort,s) —2—>abortion

(Sl,s>—L—+<Si.s'>|s'labortion
composition —_——

<sl,sz,s>—l—+<si,sz,s'>l<sz.s'>labortion

All these rules are similar to those in CSP.
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<GS.8>—L—#<S.S'>|S'|abortion
(select GS end,s)—2—3¢S,s’'>|s’|abortion

select 1.

EBool(GS)Bsﬂff
" (select GS end,s)—5—>abortion

<GS, s> —2—3<¢S,s'>

{loopselect GS end.s>41—+<s;loqpse1ect GS end,s’>

loopselect 1.

<GS, s> 2 —>s
" (loopselect GS end, s> ——><loopselect GS end,s’>

<GS.s>—L—9abortion
{loopselect GS end.s)—L—éabortion

[Bool(GS) ] (=ff
4. {loopselect GS end, s> —t—>s

The select rule means that the behaviour of the select statement is
the same as its guarded statement, if this guarded statement does
not fail. Otherwise it will result in abortion. The loopselect rule
says that if the guarded statement aborts so does the repetitive
statement, if the guarded statement fails then the repetitive
statement terminates with no effect, otherwise the guarded statement

is executed followed by the loopselect statement.

MSy,8>2—>aus{,s'>|s’ labortion
<M81"M82,s)—L—é<MSi"Msz,s'>|<M82,s'>|abortion

parallel 1.

<M82,s>—L—9(MSé.s'>|s'|abortion
S, lIMs,, s> —A—><Hs, I1MS5, 57> | <MS;,s* > labostion
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M8y, 8> 2 MS{, 57>, CHS,,s> >S5, 6>

Sy Hus,, s> £ <Msq linsj,s'>

Sy, 85 2 uS{ 5", Sy, 8> RSy, 8

<MS, lINs,, s>~ cus; limsy,s">

Rules 1 and 2 mean that the first step of a multitask statement
NSIHNSZ can be that of any one of its constituents, and the parallel
statement terminates normally only if and when all its constituents
have terminated normally; if one of the constituents aborts then the

multitask statement aborts.

Rules 3 and 4 mean that communication between the constituents of
the multitask statement is similar to that of CSP and is achieved by
the simultaneous occurrence of complementary sending and receiving
actions, which can be either at the initialization or termination of

a rendezvous.

statements
initialization:
llfells = vy, vkerror
entrycall 1. m

(T.W(e,x),s) T WV, it (T.N, 1), 8

Tel g = error

(T.W(e,x),s>~E—>abortion

2.

*®
accept Caccept W(x,e) do S.s)M(S;ﬂ(T.W.e).s[v/x])
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termination:
.
wait (wait(T.W,x),s> £( 'T°W)1!é<skip,s[v/x])

Heﬂ§7= v, vierror

ack 1. Y
<ack(T,VW,e),s> £ 'w'T)!v><skip,s>

Eeﬂs = error

2. (ack(T,V¥,e),s>—2abortion

The entrycall and accept rules model the initialisation phase of a
rendezvous between appropriate tasks; the entry call rule says that
if the expression can be evaluated properly then send the value of
the expression e to the task T through entry W and suspend (wait for
acknowledgement), otherwise abort. The accept rule says receive a
value v from task T and then execute the body of the accept
statement followed an acknowledgement statement which will terminate

the rendezvous.

Similarly, the wait and the ack rules model the termination phase
of a rendezvous. The wait rule means receive a value v from the task
T through its entry W and become <skip,s[v/x]>. The ack rule says
that if the expression e can be evaluated properly then send this

value to the task T through entry W and become {skip,s>, otherwise

abort.

We have seen that these rules together with the parallel rule

model the requirement of the Ada mapual:
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" if a calling task issues an éentry call before a corresponding

accept statement is reached by the task owning the entry, the

execution of the calling task is suspended.

if a task reaches an accept statement prior to any call of

that entry, the execution of the task is suspended until such

a call occurs.

When an entry has been called and a corresponding accept stateme~

nt is reached, the sequence of statements,

if any, of the accept

statement is executed by the called task (while the calling task

remains suspended). This interaction is called rendezvous. Ther-

eafter, the calling task and the task owning the entry can cont—

inue their execution in parallel” (see [DoD 80] section 9.5).

<8,8>-2¢s",s'>Is' labortion, $p(1)+

B-task

{T::E;S,8>——"_> (T::E;S’

where ¢y:A,—A, is the partial fynction defined by

g
i(T,T'. W1
$p(M)= [i(T.¥,T")7v

f(T.W,T") v

£(T,T' .W)7v

’T,E(X)

if A=e

if A=i(*,T' .W)!v
if A=£(* W,T')?v
if A=f(*.W,T") v
if A=£(*,T' .M v

,s’>|s'|abortion

TT'
THT!
T#T'
T#T'

The B—task rule defines transitions for the task bodies and the

meaning of the function ¢y is as follows:

The case A=eg means that if a transition action is intermal (without

any interaction with the enviromment) viewed from within the body,

then it remains so when viewed from outside the body.

The second case A=i(*,T’.W)!v indicates that in the initialization

of a rendezvous the action as viewed from within the body of sending
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the value v to the task T' through its entry W, when viewed from

outside of the body becomes the action of the task T sending v to T'

through its entry W.

The third case A=i(* .W,T')?v indicates that the action as viewed
from within the body' of receiving the valume v from the task T’
through entry W, when viewed from outside of the body becomes the
action of task T receiving the value v through entry W from task T'.
The condition T#T' means that a task which tries to communicates
with itself will deadlock.

Similarly, the fourth and fifth cases deal with the actions in

termination of a remdezvous.

<S,8>-23¢8',s'>|s’ labortion, np(r)+
D-task e
Ctask T::E;MS,sd ———(task T::E;S',s'>|s’labortion

where nT:Aa—)Aa is the
partial function defined by

A if A=s ‘

A if A=i(T',T".W)lv and T#T"
np(A) =2 if A=i(T'.W,T")?v and T#T', THI"

A if A=£(T’ .W,'I;") lv and T#T', T#T"

A if A=£(T',T".W)2?2v and T#T"

undef ined otherwise

The D-task rule defines transitions for the task specifications. The
intention of nT(l) is to implement the scope rules. To explain the
meaning of Ny We analyse the two «cases: consider the case
A=i(T',T”.W)!v then ny deals witﬁ the aétion in initialization of a
rendezvous. There two cases:

1. T'#%, Then by the B-task rule there is’a multitask statement

T'::E;S immediately occurring in task T::E;MS. There are still two
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subcases to analyse:

a. T=T". Then A=i(T',T.W)!v. This means that T' sends v to task T
through its entry W. Since task T::E;MS defines the scope of T, the
T in i(T',T.W)!v must refer to tﬁe T in task T::E;MS and ny must be
undef ined and this is included in the last case of the definition.

b. T¥T” Then A=i(T',T”.W)!v. It means thit T' sends v to task T”

through its entry W. Since task T::E;MS only deals with the scope of

T, from the outside of task T::E;MS the action should still be the

same and this is the second case of the definition. Note that here
T' can be T and this says that T is a local task contained in the
task T”.

2., T'=%, This means that there is a statement T.W(e,x) immediately
occurring in 3335 T::E;MS. According to the definition of MS it is

impossible.

Let us analyse the case A=i(T'.W,T")?v. As in the above case we
know that T'#®* and that there is 2 multitask statemenmt T'::E’';S

immediately occurring in task T::E;MS. There are three subcases to

examine:

a. T'=T. Then A=i(T.W,T"”)?v. This means that the task T receives v
through entry W from the task T". Since task T::E;MS defines the
scope of T task T is not visible from the outside of task T::E;MS.
So ny must be undefined in this case.

b. T#T' and T=T". Then A=i(T'.W,T)?v and this means that task T’
receives v through entry W from the task T. Similarly, since

task T::E;MS defines the scope of T the T in i(T'.W,T)?v must refer

to the T in task T::E;MS. So the action A is meaningless from the

outside of task T::E;MS and ny is still undefined in this case.
¢c. T#T' and T#T". Then A=i(T'.W,T")?v and it means that task T'

receives v through entry W from task T"”. Again task T::E;MS only

deals with the scope of T, so nT(X)=l and this is the third case of
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the definition.

Similarly, we can anslyse the fourth and the fifth cases in the

definition.
3.2.4 Properties and examples

As with the semantics of CSP, a number of facts show that no
cases have been overlooked and that the semantics contains no

contradictions.

Lemms 3.1

Suppose r,r's[’xsu[’sul’ms, AeA_ and s & States and m=i or f. Then
1. If r—* 55 then A=e and s equals the state in r,
2. If r—L—éabortion then A=e.

3. If r—L—%r' and A has the form m(N,T.W)!v where N g Tnmw {*}

then r and r’ have the forms <Q,s> and <S',s)> respectively, and

n(N,T.W)!v

{Q,s> ><S’',s8>.

4. If r=2>r' and A has the form m(N.W,T)?v then r and r'’ have

the forms <0,s> and <S',s[v/x]> respectively, and for any value v’

(n,s>m(N.W.T)?v 3¢S’ ,slv'/x]>.

Proof. The proof is by structural induction. [

The meaning of this lemma is obvious and is similar to that of

CSP (see lemma 2.1).

Lemms 3.2
If <Q,s>-2><Q’',s’>  then
FTA(Q') € FTA(Q), FTO(Q’') € FTO(Q) and FEO(Q') € FEO(Q)

Proof. The proof is by structural induction and is similar to those

of CSP. Let us prove the result for FTA just examining the following
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interesting cases:
case 1. Q is accept W(x,e) do S. Then Q' must be S;ack(T,W,e) and

noticing:

FTA(:gE(T.W.e))=0 s0
FTA(Q')=FTA(S) wFTA(ack(T,V, ¢) ) =FTA(S)=FTA(accept W(x,e) do S§)

case 2. 2 is 81:82. Then O must be S]'_;S2 or SZ' For the first case
according to the composition rule we have (Sl.s>—L—)<S]'_.s'>. By the

induction hypothesis FTA(S]) EFTA(S,), so

FTA(Q')=FTA(S{;S,)=FTA(S]) FTA(S,
CFTA(S;) wFTA(S,)=FTA(S;;$,)

For the second case the proof is similar.

case 3. Q@ is loopselect GS end. Then 2' can only be

S;loopselect GS end or 1loopselect GS end.

For the first case by the loopselect rule we have: (GS,s)Lé(S,s'%

By the induction hypothesis FTA(S) €EFTA(GS) therefore:

FTA(Q’) = FTA(S)GFTA(loopselect GS end)

€ FTA(GS)
= FTA(loopselect GS end)

case 4. Q is task T::E;MS. Then Q must be task T::E;MS’' and

(MS.s)-LL)GlS'.sW where n-r(l')=l. By the induction hypothesis

FTA(MS') CFTA(MS). Thus

FTA(Q')=FTA(task T::E;MS’)=FTA(MS’)\{(T,DEN(E))}
CFTA(MS) \{(T,DEN(E) )} =FTA(Q) [
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This lemma shows the interaction between static semantics and the

dynamic semantics and it enables us to prove the following theorem:

Theorem 3.1
Let QeSyn, XaAs and Q. If (0.s>—A—+r then either r=<(Q’',s’'> and

Q" orr is one of abortion, s’'sStates.

Proof. The proof is by structural induction on @ employing the above
lemma. Let us examine the following cases:

case 1. 0 is skip, abort, x:=e, wait(T.W,x) and ack(T,¥.e). Then
according to the corresponding rules the result is immediate.

case 2. O is b=S. Then if [ell =error then r’' must be abortion;
otherwise r’ is one of the forms: abortion, s’ and <S’,s’> where
<S,s>-L—+<S',s'>. For the last case by the induction hypothesis we
have | S’.

case 3. O is 81;82. The proof is similar to the corresponding case

of theorem 2.1.

' must Dbe

case 4. 0O is accept W(x,e) do S. Then F S and r
¢S;ack(T,W,e),s(v/x]>. Since F EEE(T'W'e) we have F S;EEE(T,W,e).

case 5. O is loopselect GS end. Then F GS and if [Bool(6S)] =ff the

r’ must be s’; otherwise r’ can only be one of the forms: abortion,

{loopselect GS end,s> and <S;loopselect GS end, s'>. For the last

case we have (GS,s)—L—+<S,s'>. By the induction hypothesis F s.

thus

l Ssloopselect GS end.

case 6. Qis us, llus,. .Then Fous,, F ¥s, and
ell(FTA(MSI))nell(FTA(Msz))=0. According to the parallel rule r’
must be one of the following forms:

abortion, (MS;,s'>, <(MS,,s'>, <(MS;jlIMs,,s'>, <MS;IMS),s'> and
<MSi"MSé,s'>. For the first three cases the result is obvious, let

us check the other cases:
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e. o' is sjlMs,,s'>. Then aMS;,s>-AaMsi,s'>. By the
induction hypothesis F MSi. By the lemma 3.2 we have:
el;(FTA(MSi))Eell(FTA(MSI))
thus
ell(FTA(MSi))nell(FTA(Msz))Sell(FTA(MSI))nell(FTA(Msz))=0

b. r’ is <M81“MS£,S'>. The proof is similar to subcase (a).

¢. r' is <us;lMS},s’>. Then A=s and Ms,,s> L sy ,s> and
<M82,s>—£—+<MSés'>. By the induction hypothesis and lemma 3.2 we

have:
F MS; and el,(FTA(MS})) Cel, (FTA(MS;)).

where i=1 or 2. Therefore
o1, (FTA(HS])) nol, (FTA(MS})) Cel, (FTA(MS;)) nel; (FTA(HS,) )=

case 7. Qis T::E;S. Then F S and F E and FTA(S)=f and
FEO(S) EDEN(E), r' can be abortiom, s’ or <T::E;S’,s’>. For the last
case we have <S,s>—LL4<S',s'> where ’T(k')=k. By the induction
hypothesis F S’. By lemma 3.2 FTA(S’) EFTA(S) and FEO(S') €FEO(S), so

FTA(S')=9 and FEO(S’) CDEN(E) and F T::E;S’. I

We now run the two examples given in sectionm 3.1 using our

semantics.

Example 3.5
Consider the program Prl given in example 3.1:
task T1::E1;(
task T2::B2;((task T11::E11; T11::E11;T2.E2(1,x)lIT1::E1;81)

lIT2::E2;accept E2(y,2z-2) do (z:=y+1)
1T0: :empty, S0))
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Let the initial state be s. To emphasize the interesting variables
in the examples we will use x=n to replace the form s[n/x] and

(x=n,y=m, z=k) to mean s[n/x][m/y]l(k/z] and so on.

A computation of Prl should be as follows:
<Pr1.s>—%—)

task T1::E1;(
task T2::E2;((task T11::E11; T11::E11;wait(T2.E2,x)|IT1::E1;81) »7=1

IT2::E2; z:=y+1; ack(T11,E2,z-2)

IITO: : empty;S0))

task T1::E1;(
task T2::E2;((task T11::E11; T11::El1;wait(T2.E2,x)lIT1::E1;81) ,y=1

IT2::E2; skip; ack(T11,E2,z-2) 2=2

ITO: : empty;S0))

task T1::E1;( x=0
task T2::E2;((task T11::E11; T11::E11;skipllT1::E1;81) , y=1

lIT2::E2; skip z=2

"TO::emptz:SO))

task T1::E1;( x=0
task T2::B2;((task T11::E11; T1::E1;S81) ,y=1

lITO : empty; S0)) z=2

It should be pointed out that every transition step is obtained
from the transition rumles given in section 3.2.2. For example,

step 1 is obtained by applying the D-task rule twice since the

following transition holds:
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(task T11::E11; T11::E11;T2.E2(1,x)HT1::E1;81)
IT2: :E2;ac0ept E2(y,z~2) do (z:=y+1) , 81 ~E—>
"TO::emptz:SO

(task T11::E11; T11::E11l;wait(T2.E2,x)lIT1::E1;81)

lT2::82; z:=y+1; ack(T11,E2,2z-2) 71

T0: :empty; SO

This is from the multitask rule 3 since the following two

transitions hold:

a. C(task T11::E11;(T11::E11;T2.E2(1,x)IT1::E1;81) ,s)

i(T11,T2.E2) 11

(task T11::E11;(T11::E11;wait(T2.E2,x)|IT1::E1;81) ,s)

b. (T2::E2; accept E2(y,z-2) do (z:=y+1) ITO: :empty; SO , s>

i(T2.E2,T11)21

{T2::B2; z:=y+1;gg§(T11,E2.z—2)"TO::emptz:SO ,y=1>

Transition (a) is by the D-task rule ( where A=i(T11,T2.E2)!1) since

T11#T2 and

1(T11,T2.E2) 11

¢T11::B11; T2.E2(1,x)llT1::E1;81 ,s>

{T11::E11; wait(T2.E2,x)lIT1::E1;81 ,s)

This is true by the multitask rule 1 since
(T11::E11; T2.E2(1,x) ,8>—2—>(T11::E11; wait(T2.E2,x) ,s)
where A=i(T11,T2.EF2)!1, which follows from the B-task rule since

i(*,T2.E2)!
(T2 .R2(1,x) ,s> ( ) &(wait(TZ.E2,x) .80,
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The transition (b) is obtained by multitask rule 1 since

1(T2.E2,T11) 21

{T2::E2; accept E2(y,z-2) do (z:=y+1) ,s>
{T2::E2; z:=y+l;ack(T11,E2,2z-2) , y=1)

this follows from the B-task rule since T11#T2, E2e{E2} and

i(*.E2,T11) 71,

(accept E2(y,z-2) do (z:=y+l) ,s>
(z:=y+1;ack(T11,E2,z-2) ,y=1>

The rest of the transition steps can be justified in the same

fashion. [I

Example 3.6

Consider the following program Pr2 which is a special case of

example 3.2:

task T1::E1;((task T11::E11; T11::E11;T2.E2(1,x)lIT1::E1;81)

ltask T2::E2; (T2::E2;accept E2(y,z-2) do (z:=y+1)

[1T0: :empty;S0))

T2 cannot be called by T11l this time, because T1l1l is outside the

scope of T2. The semantics shows that T2 cannot evolve further since

1(T2.E2,T11)?71

<T2::E2; accept E2(y,z-2) do (z:=y+l) ,s>
<{T2::E2; z:=y+1;2gE(T11,E2,z—2), v=1>

and nTz(i(T2.E2.T11)?1) is undefined. 1
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3.3 Exception handling in the sequential case of Ada

To study the semantics of exception handling in the sequential
parts of Ada, we first consider a small subset of Ada which contains
the sequential part of Ada.l1 and the syntactic clauses concerned
with exceptions for the sequential case. We call this small langunage

Ada.2 and the abstract syntax of Ada.2 is given as follows:

The sets Var, Exp, Bexp are those of Ada.l given in section

3.2.1.

Exn - a given countably infinite set of exception names, ranged
over by U. It is assumed to contain the predefined exception names

FAILURE and T-ERROR (tasking error see [DoD 80] section 11.6 ).

Gstm - a given countably infinite set of guarded statements,

ranged over by GS and defined by:

GS ::= b=>S | GS or GS

Ehdl - a given countably infinite set of exception handlers,

ranged over by XC and defined by:

IC ::=0 — 8 | xclxc

Stm — a given countably infinite set of statements, ranged over

by S and defined by:

S ::= skip | abort | x:=e | S;S Iselect GS end |

loopselect GS end | raise U | exception U;S |

S except XC

For the guarded statements and the first six statements we have



130
studied their static and dynamic semantics in the previous section.

The exception handlers and the last three statements have been

discussed informally in section 3.1.2. In this section we give a

formallstatic and dynamic semantics for these statements.

To define the static semantics we also need the set:

XCH(Q) - the set of exception names as exception choice occurring

freoely in 2 (see [DoD 80] section 11.2).

b=§ GS1 or GS2

XCH| XCH(S) XCH(GS1) uXCH(GS2)

skip abort x:=e S1;82

XCH| 0 0 o XCH(S1) uXCH(S2)

select GS end loopselect GS end

XCH XCH(GS) XCH(GS)

raise U} exception U,;S S except XC

XCH 0 XCH(S)\ {U} XCH(S) yXCH(XC)
0T — S xc1 | xc2
XCH {0} XCH(XC1) wXCH(XC2)

We use FS‘S and Fxc XC to mean the statement S and the exception
handler XC are valid respectively. Now the static semantics of

exceptions is given by the following rules:

1. F "1 >

Xxc

}-xc XC1, }-xc XC2

2- F,. xcilxc2

if XCH(XC1l) nXCH(XC2)=0
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The rule 2 says that an exception name cannot have two different
handlers in its declaration area. The static semantics of the
exception statements is given by the following rules (the static

semantics of the other clauses is the same as given in Ada.l:

exception
1. F_ raise U

F, 8. F  XC

2. kg S except XC
F, s

3. l-s exception U;$S

An operational semantics for Ada.2 is given by the following

transition systems:

Igs=<rgs'Tgs'Ags' 55
Tyl 2o+ Txor Axer 5
T, =(rs,Ts,/\s, —s>’

The sets of configurations are obtained by adding a new
configuration jump to the set of configurations given in Ada.l. The
configuration jump denotes a condition in which an exception has
been raised and control is about to jump to a corresponding
exception handler (if any). It is assumed that abnormal termination
is the worst case of execution and cannot be handled by exception

handlers.

T =Statesu {abortion} v {jump}

-
l

s=(¢S,s>| SeStm, seStates} uT,
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Tgs'rs
r'”-{<GS.s).<S,s)| GSzGstm, SeStm, seStates}uT,

Teels
[ go={¢<XC,8>,¢S,s>| XCeEhld, SeStm, s eStates}

The sets of transition labels are given by:
Ag=(8}u (U, Tl ueExn }
A A,

gs'Axc'

Here the label U means that a signal is sent through channel U and

the label U means that a signal is received through channel T.

Finally, the transitions for Ada.2 are given by the fo}lowing

rules:

Guarded statements

guards
<S,8> 2>z, Dbl =tt
(b=>S, s> 2>z

Ivl S=erIor
(b=S, s> —=—>abortion

2.

alternative
. (GSl.s5J'-—é<Sl.s')|s'Iabortionljmng
) <68y or GSz.s>—L-><Sl,s'>|s'Iabortionljump

GS,,s> —2‘——>(Sz.s')|s' labortion|jump
2. :
(GS; or GSz.s) -L—-)<Sz.s'>|s' |abortion| jump

Rules for the gunarded statements are the same as before except that

now A=U or Uisa possibility and in the last case of alternative
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rules is introduced to handle the jump conditioms.

Statements
lIe]ls=v. v#error
assign 1. (x:=e, s> —E—(skip,slv/x]>
fel =error
5 s
" (x:=e,s)—E—>abortion
skip (skig,s)—e——)s
abort (abort,s>—S—>abortion
<Sl.s>J'—9<Si,s'>|s'Iabortionljump
composition N
(84:8,,8> —=>¢8{,8'>1<Sy,s'>labortion|jump
<GS,s>—2—¢S,s'>1s’' |abortion] jump
select 1, X
¢select GS end,s>—>—><S,s'>|s’labortion|jump
[Bool(GS)D =ff
2. S

(select GS end,s)>—S—>abortion

(<GS, s>—2¢s,s">
loopselect 1. X
{loopselect GS end, s> ——>(S;loopselect GS end,s’>

<GS, s> s’
{loopselect GS end.s)-—L—)(loopselect GS end,s’>

(GS, s)-—-a'—-)labortionljumg

3.
(loopselect GS end,s>—*—>abortion|jump

[Bool(GS) 1 s=ff
" (loopselect GS end,s> —2—s
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Rules for the above statements are the same as given in Ada.l
except that for the composition, select and loopselect statements

the case of jump is added to model propagation of exceptions raised

in these statements.

exception handlers

1. <U—S ,s>-U-3¢S, s>

(XCi, s> —2—<¢S,s'> i=1 or 2
" (xC11xC2,s'> 2 <¢S,s8"

raise {raise U,s)—g—9jump

¢S, 8> U jump, <XC,s>—9—<¢s’,s>

° (S except XC,s>—=—<¢§',s>

[

S-except

¢S,3> L jump, U ¢ XCH(XC)
¢S except XC,s> -V jump

¢S, 8>—2¢8',8'>
" (S except XC,s>—2—<¢S’' except XC,s'>

<S.s>—L—9s'|abortion
¢S except XC,s>~2—3(skip,s’'>labortion

¢S,8>-2¢8,8")
" (exception U;$S .s>—L—+<exception U;S’,s'>

[

D-except

<S,s>—L—%s'|abortion
{exception U;S.s)—L—%s'labortion

¢S, >0 jump, U'#U
{exception U;S.s)—ELanmp

As we know, the semantics of raising an exception is that of a
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jump to the corresponding handler (if any). This provides a
possibility to handle exceptions by handshake commmnication. That

is:

1. The raise rule means that raise U sends a signal through

"channel U” and becomes a jump condition.

2. Exception handler rule 1 means that the exception handler
receives a signal from ‘“channel U” and then executes the

corresponding handler.

3. S-except rule 1 says that the whole process of raising and
handling an exception is modelled as an internal commmnication of an

except statement.

4. Propagation of an exception is modelled in S-except rule 2,
which says that if an exception cannot be handled within a except
statement then the same jump condition will arise again in the

context immediately surrounding that except statement.

5. Finally, D-except rule 3 implies that an exception cannot be

propagated outside its scope.

Let us now examine a example concerned with exception

propagation.

Example 3.7

In the following program Pr3 an exception will occur during the

execution. Suppose S1, S2 and S3 are valid statements. The program

Pr3 is given by:
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exception ERROR; (
x:=0;
exception U;
(select x=0=braise ERROR
or
x#0=>S1
end) except (U—82);

S$3)except (ERROR —>y:=x)

Let the initial state be s. According to the semantics a

computation of Pr3 in s is given below:

<{Pr3, s>
exception ERROR; (
exception U;(
select x=0=>raise ERROR
—{39 or »x=0

x#0=>81

end)except (U—>82)

S$3)except (ERROR —>y: =x)

~§—+<exception ERROR; y:=x ,(x=0)>

g . =
—§—+<excegt1on ERROR; skip ,(x=0,y=0)>

4 (x=0,7=0)

All the transitions are obtained by the semantics given above,
For instance, transition 2 is derived from the S—except rule 1 since

the following two transitions (a) and (b) are true:



a. (ERROR—>y:=x ,s>EBRORy (o:ay 4

exception U; (
(select x=0=>raise ERROR
b. or

x#0=>S1

end) except (U—>S2));S3

The first is by the raise

composition rule since

exception U;(
(select x=0=>raise ERROR

or

x#0=>S1

end) except (U—>S2)

rule and the
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_x=0| ERROR,

Jump

secona 1s by the

the above transition is by D—exception rule 3 since ERROR # U and

(select x=0=>raise ERROR
or

x#0=>81

end) except U—>S2

_x=0| ERROR . .

and this is by S—except rule 2 since ERROR#U and

select x=0=>raise ERROR
or

x#0=>S1

end

,x=0| ERRORy.

The above transition relationship is by the select rule since x=0

and
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{raise ERROR .x=0>533959jump ]

3.4 Interaction between exceptions and task communication
In this section we study how exceptions interact with task

communication. This interaction may happen in the following ways:
2. An exception can be propagated in a task communication.

b. A task can raise a FAILUKE exception in another task white it

is executing.

We will also study the problem of a task aborting anotner task

while the latter is executing.

We consider a small language which is a slight extension of the

union of Ada.l and Ada.2, we call it Ada.3 and it is defined by:

The sets Var, Exp, Bexp, Tnm, Win and Exn are defined as in Ada.l
or Ada.2.

Gstm — the guarded statements:

GS ::= b=>S | GS or GS

Ehdl - the exception handlers:
XC ::= U—s | xclxc

Stm - the statements:

S::= skip | abort | x:=e | $;8 | select GS end |

loopselect GS end | accept W(x,e) do S |

T.W(x,e) | MS | raise U | except XC |

exception U;S | traise T | tabort T

Mstm - the multitask statements:

MS::= task T::E;MS | T::E;S | Msllmus

We have already seen all these syntactic clauses except the last
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two statements, the traise and tabort statements mean that raising a
FAILURE exception in or aborting another task as explainea in

section 3.1.2.

To model the propagation of exceptions during rendezvous we

introduce the following statements:

wait(T.¥W,x) and S rendz(T,W,e) and ack(T,¥,e)

to the set Stm of statements, where SeStm and the rendz statement is
new statement, which models the execution of the body of amn accept

statement.

The sets FTA, FTO, FEO and XCH for the syntactic clauses of Ada.3

are given below:

empty v El;E2

DEN 0 {wW} DEN(E1) uDEN(E2)

b =S GS1 or GS2
FTA FTA(S) FTA(GS1) u FTA(GS2)
FTO FTO(S) FTO(GS1) v FTO(GS2)
FEO FEO(S) FEO(GS1) u FEO(GS2)
XCH XCH(S) XCH(GS1) w XCH(GS2)
Bool b Boo1(GS1) uBool(GS2)

U— S xc1 | xc2
FTA FTA(S) FTA(XC1) u FTA(XC2)
FTO FTO(S) FTO(XC1) u FTO(XC2)
FEO FEO(S) FEO(XC1) v FEO(XC2)
XCH {0} XCH(XC1) w XCH(XC2)
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skip | abort | x:=e accept W(x,e) do S T.W(e,x)
FTA ] 0 ) FTA(S) 0
FTO 0 ) 0 FTO(S) {((T, ")}
FEO 0 0 9 (W} UFEO(S) 0
XCH 0 9 ) XCH(S) 0
select GS end | loopselect GS end S1;8S2
FTA FTA(GS) FTA(GS) FTA(S1) v FTA(S2)
FTO FTO(GS) FTO(GS) FTO(S1) u FTO(S2)
FEO FEO(GS) FEO(GS) FEO(S1) v FEO(S2)
XCH XCH(GS) XCH(GS) XCH(S1) v XCH(S2)
raise U S except XC exception U;S
FTA () FTA(S) uFTA(XC) FTA(S)
FTO 0 FTA(S) uFTA(XC) FTO(S)
FEO 0 FEO(S) uFEO(XC) FEO(S)
XCH p XCH(S) wXCH(XC)|  XCH(S)\ (U}
task T::E;MS T::E;S Ms1 Il Ms2
FTA | FTA(MS)\{(T,DEN(E))} {((T,DEN(E))} | FTA(MS1) uFTA(MS2)
FTO | FTO(MS)\{(T,¥) [WsIL} FTO(S) FTO(MS1) uFTO(MS2)
FEO FEO(MS) FEO(S) FEO(MS1) uFEO(MS2)
XCH XCH(MS) XCH(S) XCH(MS1) uXCH(MS2)

where L=DEN(E)vu {#]} and the symbol # denotes a unknown entry name.

It is easy to see that for the clanses contained in Ada.l or
Ada.2 these sets are evident. The sets of FTA, FIO, FEO and XCH for

the new statements are given below:



141

wait(T.V,x) ack(T,W,e)

FTA 0 9
FTO {(T,M)} 9
FEO 9 (W}
p.(¥: 0 9

traise T tabort T S rendz(T,W,e)
FTA 9 9 FTA(S)
FTO [ {(T,#)} {(T,#} FTO(S)
FEO 0 9 FEO(S) v {W}
XCH [ 9 XCH(S)

where the symbol # denotes & unknown entry name.

The static semantics for the clauses contained in Ada.l or Ada.2
is exactly the same as before. The static semantics for the new

statements is given by:
F. traise T

. traise T

F, 8
Fs S rendz(T,W,e)

The static semantics for the remained statements are the same as

those given in Ada.l and Ada.2.

The dynamic semantics of Ada.3 are given by the following

transition systems:
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Ty~ g TgsrNgsr 520
nxc'<r'xc"rxc'/\xc' X6
T, =<[ 5. Tg Ao —52>

and Wy =T g Tng Apy» w7

The sets of configurations are defined by:

T =Statesu {abortion} v{jump}
" ¢=(<S,s>| SeStm, seStates} uT,

s

T,,~
rgs={<GS, s>| GSeGstm, seStates}ul[",

TXC=r1$
" zc=(<XC,s>| XCsEndl, seStates}ul[,

Tpe= T \{ jump}
["ms={<MS,s>| MSeMstm, seStates}uT .

Note: the sets of configurations for multitask statements do not
contain jump because exceptions cannot be propagated beyond a task.

We will discuss this problem later.

To define the transitions for these statements we now need the
following transition labels:
Nog = ((NNT)1v, (N,T)?v | veler, £1, ab}, TeTam, Ne Tammu (*}}
We use d to denote an element of the set Aod' It is assumed that the
set V contains the distinguished values er, ab and f1 , which denote
the signals "to raise a T-ERROR exception” "to abort” and "to raise
a FAILURE exception” respectively. We sometimes call the values er,

fl and ab "orders”, the meaning of these "order” transition actioms

are:
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label 4 task action task
(N,T) v N sends the order v to T
(N,T)?v N - receives the order v from| T

wvhere Ne Tom u {*} and TeTnm and ve{ab,fl}. Given a label d its

complement is defined by:

(T, T")?v if d=(T',T)!lv
d =
(T.T'") Iv if d=(T',T)?v
wvhere T,T'eTom, T#T' and ve{fl,ab}.

Let A,;, A,, denote the sets A, given in Ada.l1 ana Ada.2

respectively. The sets of transition labels of Ada.3 are defined by:

AS=AaIUA&2 UAOd and AgssAn::Ams:As

To handle propagations in rendezvous we assume that the values
which are sent or received by transition actions can be exception

names,

Vhen a task receives an order to abort or to raise a FAILURK
exception, this order actually interrupts the the normal execution
and forces an abortion or raises a FAILURE exception. To model these
we need to introduce an interrupt rule for all syntactic clauses,
and the concept of basic statement is introduced to mean that a
statement whose execution cannot be interrupted. The set of basic

statements Bsc is defined by:

Bsc = { skip, abort, x:=e, raise U, traise T,

tabort T, T.W(e,x), accept W(x,e) do S}

We now give the transition rules:
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For the syntactic clauses contained in Ada.2 the transition rules

are the same as those given in Ada.2, and we list them below:

Guarded statements

guards
(s,8>2r, Ibl =tt
1.
(b=S, 3> 2 r
Ebns=error
2. (=S, s> 2 —abortion
alternative
. (68,85 —2—¢S,,s">|s’ |abortion|jump
| <GSy or GS,,s>—2—>¢S;,s">[s'|sbortion|jump
<GS, , 8> —23¢S,,s'>|s'labortion| jump
2. 2" 2 .
<GS, or GSz,s>——-—><Sz.s'>|s'|abortion|jnmp
Statements
Dell j=v, v#error
assign 1. (x:=e,8)> ~2—>(skip,s[v/x]
le 1 =error
2. (x:=e,8) —£—>abortion
skip (skip,s>—Es
abort {abort, s> —E—>abortion

(Sl.s>—L—9<Si.s'>|s'Iabortionljump
composition p n ; N ) conli
8,:8,,8> ="—>¢81;8,,8'>1<5,,s >|abortxog jump




select 1.

loopselect 1.
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<68, 8> —2—¢s,s'>|s’ lsbortion| jump
{select GS end.s>—L~+<S.s'>|s'|abortion|jnm2

OBool(GS)1 ~ff

" (select GS end,s>—f—rabortion

<GS, s> —2¢S,s'>

{loopselect GS end.s)—L—+<S;loopselect GS end,s'>

<GS, s> 25’
{loopselect GS end.s)—L—9<loopselect GS end,s’>

<GS, s> -2~ |abortion| jump
{loopselect GS end.s)Ql—éabortionljump

IBool(GS) ] =ff

" (loopselect GS end,s>—2—s

exception handlers

1.

W — S ,s>-L5¢s,s>

<XCi, s> ~-2—3¢S,s'> i=1 or 2

" ¢xe1lxc2, s> 2¢s,s>

raise {raise U.s)—g—éjnmg

S—except 1.

¢S, 8> ~4—5 jump, <IC,s>—T—><S’,s>

¢S except XC,s>—£—<S’',s>

¢S,s>—L>jump, U g XCH(XC)

" «<s except XC.s)—g—éjumg
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(S, 8> -23¢8',8">

3.
(S except XC.s)—L—+<S’ except XC,s’>
. <S.s>—L—9s’|abortion

(S except XC.s>;Z:+<skip.s'>|abortion

(S,8)—23¢s",8">
D—-except 1. by
(exception U;S ,s> —=—>({exception U;S’',s'>

<S.s>—L-és’|abortion

2.
(exception U;S.s)—£—9s’|abortion

<S.s>—gL+jump. U'#0
(exception U:S.s>~giéjnmp

The forms of the above transition rules are the same as those

given in Ada.2.

(‘:T)!a

tabort {tabort T.s)——————-g<skig,s>
("T)lfl

traise {traise T, 8> ———=>(skip,s>

The tabort rule means sending an abortion order to & visible task
T. The traise rule models sending an order to raise a FAILUKE
exception in a visible task T; the configuration <(skip,s) means that
"the execution of this statement has no direct effect on the task

issuing the statement” (see [DoD] section 11.6).

interrupt 1. S_s B(s‘c s
(S, s> — (abort,s)
2 S ¢ Bsc
: (*,T)?2f
{S, s> (raise FAILURE, s>

The interrupt rules mean that every basic statement has an
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alternative meaning: receive an order from a task and then abort or
raise a FAILURE exception. The interrupt rules model the requirement
"For the task receiving the FAILURE exception, this exception is
raised at the current point of execution” (see [DoD 80]

section 11.6).

The interaction between exception and multitasxking is indicated

by the following rules:

initialization:
fel, = v, vferror

*
(T.W(e.x).s)i( LT.W ! (wait(T.W,x),s)

entrycall 1.

Mel, = error
* (T.W(e,x),s>—E8—abortion

2

]
accept (accept W(x,e) do S,s)i( ¥, 1)? (S rendaz(T,W,e),s[v/x]>

rendezvous

¢S, 8>-23¢s',8"

d .
rendz (S rendz(T,W,e),s> —2—>(S'rendz(T,W,8),s'>
) (S, sy >3’
" (S rendz(T,W,e),s> —E—><ack(T,W,e),s’'>
¢S,s>-E—abortion
3. 38 rendz(T,¥,e),s> ——><ack(T, ¥, er) ;abort,s>
¢S, s> L jump
4. (S rendz(T.W.e).s)-iL—>(ggE(T,W.H):raise U,s
termination
*
wait 1. (wait(T.W.x).s)f( T.W)?v >{skip,slv/x]> if vier
f(*,T.W)?er

2. {wait(T.VW,x),s> ==>(raise T—-ERROR, s>
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£(*,T.W)?0

3. {wait(T.¥,x),s> >{raise U,s>

[
(»,T)?2f£1
4. <wait(T.W,x),s) ——===3{wait(T.W,x);raise FAILUKEK,s>

¢
(*,T)?ab
5. {wait(T.W,x),s> ——-)-—L—-Mwait (T.W,x);abort,s)

[[e]]s = v, vkerror

ack 1. -
(lc_E(ToWoﬂ),3> f(J,T)! <3k 2:3)

[Ie]]s = error _
<_§_q_§(T,W, e),s> S abortion

2.

The accept rule says that an accept statement in the
initialization phase of a rendezvous receives the value v from the
task T through its entry W and then becomes a rendezvous statement

S rendzW(T,W,e).

The rendz rules model the execution of the body of accept
statements., Rule 2 says that if the execution of the bo;iy of an
accept statement terminates normally then execute a normal
acknowledgement statement. Rule 3 means that if the execution of the
body of an accept statex;;ent terminates\abnomally then the value er
is sent to raise a T-ERROR exception in the calling task and the
called task aborts. Rule 4 says that if an exception is raised
inside an accept statement and not handled normally, thea U is sent
to the calling task to raise a U exception and the exceptiom is

propagated.

The wait rules model the termination phase of a rendezvous for
the calling task. Rule 1 is the same as that in Ada.l and models the

normal termination of a rendezvous for the calling task. Rule 2 says
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that if a wait statement receives the value er them a T-ERROR
exception arises in the calling task. Rule 3 says that if the
received value is an exception name U then the renaezvous is

terminated and the exception U is raised.

By now we have seenthat rendz rule 2 to 4, ack rule 1 ana wait

rule 2 and 3 model the requirement of the manual:

"A rendezvous can be terminated abnormally in two cases:

(a) When an exception is raised inside an accept statement and
not handled normally. In this case, the exception is pro-
pagated both to the unit containing the accept statement,
and to the calling task at the point of the entry call.

(b) When the task containing the accept statement is terminat—
ed abnormally. In this case, the exception TASKING-ERROR
is raised in the calling task at the point of the entry c—

all. (see [DoD 80] section 11.5)”"

Finally, wait rule 4 and 5 mean that if a task receives the
FAILURE exception or an abortion order during rendezvous then 'the
rendezvous 1is allowed to complete” and "the <called task is

unaffected” (see [DoD 80] sectiom 11.6). ~

(MS1,8> 2> MS],s'>]s’ labortion

Ms, lIMS,, s> 2> sy lIMs,, s’ >|<MS,, s’ >|abortion

parallel 1.

(MS,,s> 2> M85, s'>|s |abortion
S, lIMs,, s> 2—>cus lIMss, s >[<MS;, s*> |abortion
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Sy, 5> BrHSi, 8>, Sy, 8> B> sy, 8

<uslllusz. s> £ s, lIMss,s'>

<us1,s>—L-><u§i,s'>, <usl.s>——x--><usz'.s>

CMS, IMs,, s> =2~ Ms, lIMs{,s'>

¢8,8>2¢8’,5">|s" labortion, $p g(r)

B-task 1.

’T E(X)
{T::E;S,s) ——> (T::E;S’',s'>ls'|labortion

where *T,E:Aa")Aa is the partial function defined by
8 if A=e

i(T, T .W)! if A=i(*,T'.W)!v T¥T'

+T(l)= i(T.W,T')?v if A=i(* . W,T')?v T#T'
f(T.W,T') v if A=£f(*.W,T') v T#T'

£(T,T' .W)?v if A=£(*,T'.W)?v T¥T'
(T,T')1v if d=(*,T')!v T#T'

(T,T')?v if d=(*,T')?v T#T'
where NgsTomuw (*}, T, T'eTnm, veVuRBxn.

¢S, 3> 4 jump
2. (T::E,S, s>-%—>abortion

Rule 1 is the same as that in Ada.l with the extemsion of ¢ to
cover the new labels. Rule 2 says that an attempt to propagate an
exception beyond a2 task body results in abortion and no further
propagation of the exception (see [DoD 80] section 11.4.1). Rule 2
ensures that the transition rules for parallel structure and task

specification are exactly as those in Ada.l.

(s,s>2-3¢8’,5">|s’ |abortion, np(r)+

D-task e (h)
{task T::E;MS,s)—!L——+<task-T::E;S',s')ls'labortion
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where nT:A‘-—)A‘ is the partial function defined by

A if A=e

A if A=i(T',T".W)lv and T#T"
nT(l)- A if A=i(T'.¥,T")?v and T#T', T#I"

A if A=£(T'.W,T")!v and T#T', T#T"

A if A=£(T',T".W)?v and T4T"

d if d=(T',T")lv and T#T"

d if d=(T',T")?v and T#T', T#T”

undef ined otherwise

where T, T', T"8Tom, veVwExn

Thus a semantics for Ada.3 has been given. In fact, we can prove
that for the semantics of Ada.3 all lemmas and the theorem given in

section 3.2.2 still hold.

Now let us examine the example given in section 3.1 using the

[ 3

semantics given in this subsection.

_Example 3.8 Raising and propagating an exception during a
rendezvous

In the following program task T2 will raise a FAILUkE exception in
task T1, which is in the middle of ; rendezvous with task T. This -
FAILURE exception is not handled locally (by the accept statement

body); therefore it is propagated in both Tl and T:
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Pr is (task Ti::W1;(
task T2::¥W2;(T1::W1;(accept Wi(xl,yl) do

T2.W2(x1-1,21);
yl:=x1+z1)except FAILURE—>skip
”T2::W2;accegt W2(x2,x2) do

select x2=0=>traise T1

or
x2#0=>skip
end

HT::W; T1.Wi(1,y) except FAILUKE=y:=3))

A complete computation is:

(Pr,s> 31—
task T1::Wi;(
task T2::W2;(T1::Wl;(T2.W2(x1-1,z1);y1:=xl+z1)£3295(T.W1.yl)
except (FAILUKE=skip) ,x1=1
lIT2::W2; ( the body of T2)

IT::¥; wait(T1.W1,y) except FAILURk=>y:=3))
E
task T1::W1;(
task T2::W2;(T1::Wl;(wait(T2.W2,z1);yl:=x1+z1)rendz(T,¥1,y1),x1=1
except (FAILURE=skip) x2=0
"TZ::W2;(§glgg£ (x2=0=>traise T1) or (x2#0=>skip) ‘

end)rendz (T1,W2,x2)

HT::¥W;wait(T1.Wl,y) except FAILURE=>y:=3))
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e,
3
task T1::W1;(
task T2::W2;(T1::W1;(wait(T2.%¥2,2z1);raise FAILURE;yl:=x1+z1),x1=1

rendz(T,W1l,yl) except FAILURE=skip x2=0

IT2::%2; (skip) renaz (T1,%2,x2)

HT::W; wait(T1.¥1,y) excopt FAILURE=y:=3))

task T1::W1;(
task T2::W2;(T1::W1;{(wait(T2.W2,z1);raise FAILUE;yl:=x1+z1),x1=1

rendz (T,W1,yl) except FAILUkK=>skip x2=0

IT2::W2;ack (T1,¥2,x2)

UT::w; wait(T.¥W1,y) except FAILURE=y:=3))

task T1::W1;(

task T2::W2;(T1::W1;(raise FAILURE; yl:=xl1+zl)rendz(T,¥W1,yl),xl=1

except FXILUREF%skip x2=0
I12::w2; skip z1=0

IT::W; wait(T1.W1l,y) except FAILURE=y:=3))

_;_>
task T1::W1;(
task T2::W2;(T1::¥1;(ack(T,W1,FAILURE); raise FAILUKE) ,x1=1
oexcept FAILURE= skip x2=0
lT2::%2; skip z1=0
IT: :W; wait(T1.¥1,y) except FAILURE=>y:=3))

task T1::W1;(

task T2::W2;(T1::W1;(raise FAILUKE) except FAILURk=?skip x1=1
flT2::%2; skip ,x2=0
lIT::%; raise FAILURE oxcept FAILURE=y:=3)) 21=0
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s,

task T1::W1;( xl=1

task T2::W2;(T1::W1; skip »x2=0
fiT2::w2; skip z1=0
fT::w; y:=3))

2N

task T1::W1; x1=1

task T2::W2;(T1::W1l; skip ,x2=0
fiT2::%w2; skip z1=0
fT::w; skip)) y=3

%5 (x1=1, x2=0, z1=0, y=3)

Let us justify transition step 3. It is obtained by applying the
D-task rule twice and by the multitask rule since the following two

transition relations are valid:

a. {T1::W1;(wait(T2.W2,2z1); yl:=xl+z1)renaz(T,W1,yl) s\

except FAILURE=>skip

(T1,T2) ?£1
—_— -

T1::W1;(wait(T2.W2,2z1); raise FAILURE; yl:=x1+zl) ,s‘

rendz(T,Wl,yl) except FAILURE=>skip

b .(T2::W2;(select x2=0=btraise Tl or x2£0=>skip .ngol
end)rendz (T1,¥2,x2)

(T2.T1)lf%

{T2::¥2,(skip)rendz(T1,%¥2,x2) ,(x2=0)>

Transition (a) is by the B-task rule since
(wait (T2.W2,z1); yl:=xl+zl)rendz(T,W1,yl) ,s’

except FAILURE=»skip

(*,T2)2f1
__'—‘2%
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(wait(T2.W2,21); raise FAILURE; ¥l:mxil+z1l)

rendz(T,Wl,yl)except FAILUxt=>skip
and this is obtained from the S—except rule 3 since

{(wait(T2.W2,2z1) ;yl:=x1+z1)rendz(T,¥1,y1) ,s>

(. T)281,

(wait(T2.W2,2z1); raise FAILUKE; yl:=x1+z1)

rendz(T,W1,yl)

This follows from the rendz rule 1 siuce

(*,T2)2f1
{wait(T2.¥2,2z1);yl:=x1+z1 ,8) ———==

{wait(T2.W2,z1); raise FAILUKE; yl:=xl+zl ,s)
which is by the composition rule since
(*,T2)2£1

Cwait(T2.W2,21),s8) ——==>{wait (T2 .W2,2z1) ;raise FAILUKE ,s>

by the wait rule 3. Similarly, we can justify step (b) and the

other transition steps. [

A criticism of the semantics may be that the motivation of the

language designers was to imtroduce an asynchronous abortion and

failure mechanism. Especially for the case of abortion the Ada
manual says ""An  abort staéement causes -the nncénnitional
asynchronous termination of the named task” (see [DoD 8ul
section 9.10). Our semantics given above is based on hanashaking and
is synchronous. For example, a tabort statement can be executed ift
the named task is ready to receive the ordeé to abort amd this is
neither unconditional nor asyanchromous. The techniques used in

section 2.5 may solve this asynchromous problem.
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4. An operational semantics for Edison

The programming language Edison was invented by Brinch-Hansen
({Brinch-Hansen 8la])- for use both in teaching the principles of
concurrent programming and in constructing reliable programs for
multiprocessor systems. Edison was born after deep consideration of
both successful and ill-fated experiences in the use and design of
concurrent programming languages, especially Concurrent Pascal and
Modula. The concepts of modularity, concurrency and synchronisation

are separated in Edison by introducing (respectively) modules and

procedures, concurrent statements, and when statements. This
decision makes Edison simpler, more general and more flexible than

Concurrent Pascal and Modula.

In contrast to CSP and Ada, communication in Edison is based on .
management of mutually exclusive access to shared variables (common
data). This idea was developed independently by Brinch-Hansen
([(Brinch-Hansen 73,75]) and Hoare ([Hoare 74]) as the monitor

mechanism.

In general a system of communicating processes in Edison is
obtained by properly arranging A modules, procedures and when
statements. Thus far it is the highest 1level design in this
direction. To convince tﬁe reader of this let us consider a typical
example -— a one-character buffer. In Concurrent Pascal (or Modula)

this can be programmed as follows:
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Example 4.1

type buffer

monitor
var x: char; b: boolean:
send-q, receive—q: queune;

procedure entry send (c:char);

begin if b then delay(send—-q);
x:=¢; bi:=true;
cont inue(receive—q)

end;

procedure entry receive(var c:char);

begin if not b then delay(receive=q);
c:=x; b:=false;
continue(send-q)

end;

begin b:=false end;

The shared variable x is a slot to store a character for
exchanging, whers the boolean b indicates whether the buffer is full
or not. Two typed queune variables send—q and receive—q are used to
delay the sending and receiving processes until the buffe; is empty

and full respectively.

The procedure send delays the calling process (if necessary)
until the buffer is empty then puts the character (actual parameter)
into x and activates the first receiving process waiting in the
receive queue. The receive procedure is similar to the seand

procedure.

The body of the monitor sets the initial state of the buffer to
empty. Since only one procedure must be performed at a time on the

monitor variables the following rules apply to operations on queues:
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WVhen a procedure delays completion another operation can be
performed by the other procedure. When a procedure activates -a
delayed procedure, the activating procedure auntomatically returas

immediately after execution of the continue operation.

The above explanation shows that a monitor in Concurrent Pascal
or Modula is an intricate combination of shared variables,
procedures, process scheduling and modularity. Edison replaces this
complicated scheduling by a simple statement for synchronization,

the when statement. Thus, in Edison, a one~character buffer can be

simply programmed as a module:
Example 4.2
module buffer

var x: char; b: bool;

sproc send(c: char)

begin

when not b gg

x:=c; b:=true

end
*proc receive(var c: char)

begin

when b gg

c:=x; b:=false

end

end

begin b:=false end

Here x and b have the same meaning as in the previous example and

the functions of the procedures send and receive are also the same.
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The * preceding each proc declaration above indicates that the
associated procedures are to be exported from the module. Note that
Edison does not include the monitor concept and that there are no
queues or queue operations here. The eoxecution of all when
statements will take place strictly one at a time. If several
processes need to evaluate (re—evaluate) the guards simultaneously

they will be able to do so one at a time. The when statement means:

1. Wait uantil no other process is executing the "body” of any

other when statement. This is called the synchronisation phase.

2. Then evaluate the booleamr expression b. If its value is true
then execute the body of the when statement; otherwise execute this

when statement again. This is called the critical phase.

The purpose of this chapter is to study the semantics of Edison.
In section 4.1 the abstract syntax of & subset of Edison is given.
We «call this subset Edison.1. Since the primitive means of
communication in Edison is by procedure call and modification of
shared variables the declarations of variables, procedures and
modules are introduced in the abstract syntax of Edison.l as basic
entities. In section 4.2 we discuss the séatic semantics of these
declarations. And finally, in section 4.3 a structural operational

semantics is given for Edison.l.
4.1 The syntax of Edison.1

The abstract syntax of Edison.l is parameterised on the following

disjoint sets:

Var - a countably infinite set of variables, ranged over by x.

Exp - a countably infinite set of expressions, ranged over by e,
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Bexp - a countably infinite set of boolean expressions, ranged

over by b.

Pnm - a countably infinite set of procedure names, ranged over by

P.

Mnm - a countably infinite set of module names, ranged over by M.

The syntactic categories of guarded statements, statements and

declarations are defined using a BNF-like notation as follows:

Gts — a sot of Guarded statements, ranged over by GS and defined

by:

GS ::= »=>S | GsOGS

Stm - & set of statements, ranged over by S and defined by:

8 ::= skip | abort | x:=e | §;8 | if GS fi | do GS od |

P(AP) | M.P(AP) | when GS ond | S I 8

Dec - & set of declarations, ranged over by D and defined by:

D ::= empty | var x | proc P(FP) BS |
module M(EP) BS | D;D

Bstm — a set of block statements, ranged over by BS and defined

by:

BS ::= D;8

Frm - a set of formal parameters, ranged over by FP and def ined

by:
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FP ::w empty | val x | ref x | FP,FP

Act - a sot of actual parameters, ranged over by AP and defined

by:

AP ::= empty | o | loc x | AP, AP

Vis — a set of exported (visible) procedure heads, ranged over by

EP and defined by:

EP ::= empty | P(FP) | EP;EP
Finally, a program of Edison is just a block statement.

Strictly speaking, the above syntax tells us that Edison.l is
only an "Edison-like” language. It differs from the original Edison

in the following respects:

1. Types play an important part in Edison, but they are omitted
in Edison.1 in order to focus our attention on parallelism and
communication, as we did in previous chapters. Instead of using
types we follow the traditional treatment of denotational semantics-
and use disjoint sets of wvariables, procedure names, module names
and so on. In fact, types can be introduced directly into the
abstract syntax and studied in the operational way without

difficalties (see [Plotkin 811).

2. In the Edison manual (see [Brinch-Hansen 81a]) the conditional

statements are introduced as deterministic entities. Their abstract

syntax should be:

CS ::=b do § | b do S) else CS
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Their execution consists of first evaluating the boolean
conditions one at a time in the order written until one yielding the
value true 1is found, whereupon the corresponding statement is
executed, or until all the conditions have been found to be false.
To simplify our 1later work of translating Ada to Edison see
chapter 7) we use Dijkstra’s guarded statements, as in CSP and

Ada.l, as a replacement.

3. In a module of the original Edison the form of an exported
declaration is a normal declaration with a prefix "*”., For the sake
of convenience in expressing the transition relations, we adopt the
mothod unsed in Ada to describe the entries, listing all the exported
procedure heads (procedure name together with formal parameters)
after the module name in the module declaration. We only allow

procedures to be exported entities of a module.

4. The original Edison allows (mutually) recursive procedures,

but for simplicity in Edison.1 we allow non-recursive procedures

only. In the original manunal a formal parameter can be a procedure

heading, but in Edison.l a formal parameter can only be 2 value

parameter (val x) or & variable parameter (ref x).

5. Finally, parallelism in Edison is achieved by concurrent

statements, with the following abstract syntax:

PS::-'I‘_c_i_gSIPS also PS

S ::= cobegin PS end

where PS is called a process statement and T is system—dependent
(specifying e.g. that the process must be performed on a particular

processor) In Bdison a process is a dynamic concept and the use of
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nested concurreant statements is forbidden. The manual says "if any
of the concurrent statement the

concurrent processes reaches a

execution fails”. Instead of this discipline we use a simple form

slls into Edison.l and allow the n&e of nested concurrent statements.
4.2 Static semantics

Since several kinds of declarations are included in the syntax of
Edison.1 the study of its static semantics becomes more interesting

than those in CSP and Ada.l.

First of all we need for each formal or actusl parameter m the

sequence TY(n) containing the types occurring in = in the order

written. TY(n) is defined by:

Formal parsmeters

empty val x £3£ x FP1,FP2
TY 0 val ref TY (FP1) .TY (FP2)
Actusl parameters
empty (] loc x AP1,AP2
TY 0 val £3£ TY(AP1) .TY(AP2)
For each syntactic entity O in Edison.1. We also need the

following sets:

FVv(Q) is the set of free variables contained in Q.

FPP(Q) is a set of pairs. For each simple call statement P(AP) in

Q, FPP contains the pair (P,TY(AP)), consisting of the free

procedure name together with the sequence of types occuring in AP.

FMP(Q) is a set of triples. For each exported procedure call

statement M.P(AP) in Q, FMP contains the triple (M,P,TY(AP)).
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For each declaration D we need the following sets:

DV(D) is the set of variable names defined by D.

DPP(D) is a set of pairs. For each procedure declaration

proc P(FP) BS occurring in D, DPP contains the pair (P,TY(FP)).

DMP(D) is a set of triples. For each exported procedure head
P(FP) of module M occurring in D, DMP contains the triple
(M,P, TY(FP)).

We also need DV(FP), FV(AP) and DPP(EP) for each set FP of formal
parsmeters, set AP of actual parameters and set EP of exported
procedure heads. Finally, for a guarded statlment GS we need the

predicate:
Bool(GS) is the disjunction of guards occurring in GS.

All these sets and the predicate are defined inductively by the

following tables:

Guarded statements

b = 8 Gs1 0 Gs2

FV | FV(b) uFV(S) FV(GS1) wFV(GS2)

FPP FPP(S) FPP(GS1) wFPP(GS2)
FMP FMP(8S) FMP(GS1) uFMP(GS2)
Bool b Bool (GS1) VBool (GS2)
Statements
skip| abort x:=e P(AP) M.P(AP)
Fvi o 9 FV(e) u{x} FV(AP) | FV(AP)

FPP| o 9 L {(P,TY(AP))]} 9
AP o ) 0 ) {(M,P,TY(AP))}
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S1; 82 if GS f£i| do GS od | when GS end | S1 Il 82

FV| FV(S1)uFv(S2) | FV(GS)| FV(GS) FV(GS) | FV(S1) uFV(S1)
FPP| FPP(S1) uFPP(S2)| FPP(GS)| FPP(GS)| FPP(GS) |FPP(S1)-uFPP(S2)
FMP| FMP(S1) uFMP(S2)| FMP(GS)| FMP(GS)| FMP(GS) |FMP(S1) uFMP(S2)
Declarations

empty | var x proc P(FP) BS module M(EP) BS
v o (x} 0 0
Fv| o 0 FV(BS)\DV(FP) FV(BS)
DPP| @ 0 ((P,TY(FP))} o
FPP| o0 0 FPP(BS) FPP(BS)
DMP| o 0 K {(M,K) |IEeDPP(EP)}
mp| @ 9 FMP(BS) FMP(BS)

D1;D2

DV DV(D1) uDV(D2)
FV FV(D1) w (FV(D2) \DV(D1))
DPP DPP(D1) uDPP(D2) _
FPP FPP(D1) u (FPP(D2) \DPP(D1))
DMP DMP(D1) uDMP(D2)
FMP FMP(D1) u (FMP(D2) \DMP(D1) )

Block statements

D;S
v DV(D)
FV FV(D) w (FV(S)\DV(D))
DPP DPP(D)
FPP FPP(D) v (FPP(S)\DPP(D))
DMP DMP(D)

FMP

FMP(D) u (FMP(S) \DMP(D) )
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Formal parameters

empty val x ref x FP1,FP2

DV )] (x} (x} DV(FP1) ¢uDV(FP2)

Actual parameters

empty e loc x AP1,AP2

FV 9 FV(e) (x} FV(AP1) wFV(AP2)

Exported entries

empty P(FP) EP1;EP2

DPP 9 {(P,TY(FP))} DPP(EP1) uDPP(EP2)

To define the static semantics of Edison.l1 the following

notations are needed:

Notation 4.1

If D & Dec, then D(D) denotes the set of all variables, procedure
iames (associated with the types of their formal parameters) and
1xported procedure names (associated with the types of their formal
parameters) defined by the declaration D:

D(D) = pv(D) + DPP(D) + DMP(D)

where "+" denotes the disjoint union of sets (see [Gordon 79]). We

define
D_=(I | ing(I)eD}
D,=(I | iny(I)eD}
D ={I | ing(I)eD} 0

The static semantics for a syntactic eatity Q@ is represented as:

Dl a or - a
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The first form means that given a set ID, the syntactic entity
Qis wvalid; the second says that @ is wvalid without any
preconditions. Thus for guarded statements, statements,

declarations, bloock statements and actual parameters we have:

DF GS Dl s
Dk D DI BS
DI AP

For formal parameters, exported entities and programs we have:

- rP - EP

F Prog

The static semantics of Edison.1 is defined by the axioms and

rules below:

Guarded statements

1. p Fpms  if FV(D)ED,

D |l Gs1, D | Gs2
2. D F

Gs1 [I Gs2

Rule 1 means that given D a guarded statement b=>S is valid if S
is valid under D and all variables contained in the boolean
expression b have already been declared. Rule 2 is similar to the

corresponding rules in CSP and Ada.l.
Statements

1. D } skip 2. D } abort




168

3l)l-s1.1|>I-sz 4 D FGs

* D F S1;82 "D F if GS fi
D | G D | 6s

5 D F do 65 od §- D F whenm 65 end
DFsi, DFs2

T-DFST T 82

8. D | x:=e if FV(e)ED_, xsD

9. D | P(AP) if (P,TI(AP))eD , FV(AP)ED_

10. ® F M.P(AP)  if (M,P.TY(AP))eD_, FV(AP)ED_

Rules 1 to 7 are easy to understand and their forms are similar
to those in CSP and Ada.l. Rule 8 says an assignment statemoent x:=e
is wvalid if both x and the free variables contained in the
expression e have already been declared. Let us explain .rule 10. It
says that a procedure call M.P(AP) is wvalid if and only if the
procedure P has been declared as an exported procedure by a declared
module M, the free variables in the actual parameters AP have been
declared, and the types and numbers of the actual parameters
ococurring in AP are exactly the same as the types and numbers of the

formal parameters declared for P.

Declarations

l.ml-la_r_x

I FP, DuDV(FP) | BS
2. D F proc P(FP) BS
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- Ep, D | BS

3.9 F modals M(EP) BS if DPP(EP) EDPP(BS)
D | p1, DuD(D1) | D2

4. DT o2 if D(D1) aD(D2) = @

Rule 2 says a procedure declaration proc P(FP) BS is valid if and

only if FP is valid and all variables, procedure and module names
contained in BS‘ate declgted. Rule 3 means that a module declaration
module M(EP) BS is valid if EP and BS are valid and all exported
entities are declared in D. The condition D(D1) aD(D2)=) in rule 4
moans that a variable, procedure name or module name cannot be

declared more than once in the same declaration area.

Block statements

D D, DuD®) | S
D FD

1. 3

Formal parameters

1. F empty 2. F _‘2}_ X
3. F ref x
I FP1, | FP2
4. TFP1,FP2 if DV(FP1) anDV(FP2) =9

Actual parasmeters

1. D F empty 2. D ke if FV(e) € D
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3.0 F locx ifxe D

nl—m,ml;m
4. D F LA

Exported procedure names

1. F empty 2. F pP(FP)

EP2

I EP1,
I EP

-
3. 1,EP2

Programs

oD, DD F S
 D;:S

The final rule means that if the declaration D is valid under the
empty set and S is valid under the declaration then the program D;S

is valid.
Let us now examine an example using this static semantics:

Example 4.3
Consider the typical communication mechanism in Bdison.l below (from

" example 4.2):

var =x;
module M(send(zgl c).recéive(igg c)),
vz £; yar bj

proc send(val c¢) when not b do x:=c; b:=true end;

proc receive(ref c) when b gg c:=x; b:=false end;

b:=false;

M.send(5) | M.receive(loc x)
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We are going to prove this program is valid. To dc; s0 let BSm.
BS‘ and BS_. denote the bodies of the module M and the procedures
send and receive respectively, and 1let Dm and D denote the
declaration part of the module body and of the entire program

respectively. According to the program rule we need to prove that

the following two clauses are true:
a. 0 FD

b. D) F M.send(5) |l M.receive(E_c_ x)

The first is true by declaration rule 4 since:
o | var x by declaration rule 1 and
0. {x}+o+0 | module M(send,receive) BS
the second follows by block statement rule and declaration rule 3
since
1. {(z}+o+0} D,
2. (x}uD(D) | b:=false
3. ((send,val), (receive,_x_'if;)lg DPP(D,,)
Clause 1 is true since
(x}+0+9 | var x
(x}+0+0 | var b
are true (by declaration rule 1) and
4. (x,b)}+0+90 } proc send(val c) BS,; proc receive(ref c) B>_
by declaration rule 4 since

5. {(x,b}+0+9 F proc send(_\_r_:_;__l_ ¢) BS,

and

6. {x,b}+{(send,val)}+9 Fgﬂ)_c_:_ receive(ref c) BS_
Clanse 5 is true by declaration rule 2 since

7. l-_v_a_l_ c

by formal parameter rule 2 and
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8. {x,b.c}+{(send._v_|_l)]+0 I when not b do x:=c;b:=true end

Clause 8 follows from statement rules 3, 6 and 8 and guarded
statement rule 1 since all free variables contained in the when

statement are in {x,b,c}.

Similarly, clauses 2, 3 and 6 can be justified. We now have:

D(Dn) = {x,b} + {(send,_vil_), (receivo._x_':f_)] +9
and

D(D) = {x} +0 + {(M.send,la_l_). (M.receive,r_e_f_)]

Finally, clause (b) 1is true by statement rule 7 since both
M.send(5) and M.receive(loc x) are valid under D(D),K by statement

rule 10. 0
4.3 Operational semantics

Successful research in the denotational approach tells us that to
construot a semantics for a language including declarations of
entities such as variables, procedures and modules, it is necessary -

to:

1. Distinguish the denotable values (locations, procedure and
module abstractions) from the storable values (truth values, natural

numbers and files).

2. Separate the concepts of store (mapping locations to storable

values) and enviromment (mapping identifiers to denotable valumes).

For example, the elaboration of a declaration of variable =x

produces a new enviromment which maps x to a mnew location. The

location can be thought of as an abstract address; note that we do

not really want to commit ourselves to any machine architecture, but
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only to the necessary logical properties. Similarly, a declaration

of a procedure (or a module) maps the procedure name to a denotable

procedure (or module) value. This is called a procedure abstraction

(or respectively, a module abstraction). In general, the execution

of a statement changes the store but not the enviromment, and the
elaboration of a declaration changes the enviropment (and possibly
the store). This approach provides a secure foundation for handling
problems such as static binding (storage sharing), call-by-reference

(aliasing problems), arrays (location expressions) and reference

types.

In this section an operational semantics of Edison.l1 is given
using the above concepts. First of all, we introduce the following

sets and functions:

Ide - the set of variables, procedure and module names, 1i.e.

Ide=VaruPmm uMaom. These sets are disjoint. Let I range over Ide.

V - a given countably infinite set of storable values, ranged
over by v and assumed to contain integers, truth values and

character strings.
Loc — a set of locations, ranged over by a.

Pabs - a set of procedure abstractions (see [Tennent 81]),

def ined by:

Pabs = { AFP. BS | BSeBstm, FPeFrm }

Mabs — a set of module abstractions, defined by:

Mabs = Env

Dval - a set of denotable values, ranged over by p and defined by
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Dval = Loc + Pabs + Mabs

Env - the set of enviromments, ranged over by p and defined by:

Env = { pelde —Dval | p(Var) ELoc, p(Pnm) €Pabs, p(Mnm) SMabs)

Note this is a recursive definition of Env. However this does not
lead any problems, for details see [Plotkin 81]. We use D(p) to
denote the argument domain of an enviromment p. For later discussion
on enviromments some standard notation is necessary (see [Gordon

791):

Notatiom 4.2 Store
A store s is a function s:Loc —V; Stores is the set of all stores.

A function new:Stores —>Loc is defined by:

for any seStores s(new s) is unused 1]

Notation 4.3 Enviromments

If Pyr Py & Env and I ¢ Ide, then pl[p2] ¢ Env is defined by:

pl(I) if p2(I) is undefined

pyLp,1(I)
po(T) if p,(I) is defined

If p; e Dval, I, e Ide, i=1,...,n, then [ul,...,un/Il,...,In] ¢ Env

denotes the "little” enviromment p defined by:

Hy if I = Ii' for some i=1,...,n
p(I)=
undef ined otherwise

For xeVar let {x=a) be the little enviromment defined by:
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s if I=x
{x=g}(I)=

undef ined otherwise

In order to describe the behaviours of the syntactic entities of

Edison.1, we need to add the following extra syntactic clauses:

D ::= ... | p | FP=/P

S ::= ... | crit 8 325

BS ::= ... | body::BS

Here FP=AP denotes the substitution of formal parameters by
actual parameters; body::BS is a procedure body and denotes the

execution of a procedure; crit S end is called a critical statement

and denotes the execution of the critical phase of a when statement.

The static semantics of these new syntactic entities are given

below:

if TY(FP)=TY(AP)

Finally, the operational semantics of Edison.l1 is given by the

following labelled transition systems:
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Tgs=<T gsrTgs+ Aga» g5
'll's -<r8’T3’AS' -_?)>
Id ’<rdonaAd5 —T))
n%s'<rbs'TbS'Abs'_5?’>

where the sets of configurations are defined by:

r’ss-{<GS.p.s>| GSeGts, psEav, ssStores}ul"s

%s'rs

[ =(<S,p.3> | SeStm, peEnv, ssStores}uT,

T‘ =(<p,s>| peBnv, ssStores}u(abortion}

s -{(D.p.s)l DeDec, peEnv, ssStores}uT,

d -Ts

["pe=(<BS,p,s>| BSeBstm, peBav, seStores}uT,

Tbs-Ts

In general, given a configuration (Q,p,s>, @ denotes the current
syntactic entity “to be executed and p and s denote the current
enviromment and store, A configuratiom <p,s> stands for 2 normal
termination where p and s denote the enviromment and store at

termination. As in CSP and Ada.l, abortion denotes an abnormal

termination.

The set of transition labels (actions) is

Aga=A A g=Apy=(s] .



177

This is much simpler than in CSP and Ada.l since communication in
Edison.1 is not achieved by handshaking but by mutuslly exclusive

access to shared variables. We will sees this later. In fact we can
omit the action e since it 1is the only action in the above
transition systems, but here we prefer to have it because it may be

useful for proving properties of the semantics.

Finally, we define the transition relations in the above systems.
As ususl, we will omit the gs, s, d, and bs under the arrows when

there is no confusion in the context.

In general, given a syntactic entity & a transition relation in

the above transition systems takes one of the following three forms:

a. <Q,p,s>—2—<¢',p’',s"
meaning that given an enviromment p and a store s, the execution of
2 produces a new configuration where O becomes Q’', and p, s are
changed to p’' and s’ r%spoctiveiy.

b. <Q,p,3>-E<p’',s">
meaning that given an enviromment p and a store s the executiom of
Q results in'a normal termination <{p’',s’'>.

c. <Q,p,s>—L—abortion
meaning that given an enviromment p and a store s the execution of

2 leads to an abnormal termination.

As usual we assmme that any expression eeExp (or boolean
expression beBexp) can be evaluated properly and results in either a
value veV or an error. The form !Ie]lps denotes the value of a
expression ¢ under the enviromment p and the store s. A predefined
boolean variable x (different from all other identifiers) is
introduced to implement the control of mutually exclusive access to

shared variables,; the initial value of X is assumed to be ff.
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All the transition relations (rules) of —> are given below:

Guarded statements

Ib1,, = tt, <S,p,s>—2—r

<b=S,p,s)—E—r

Guards 1.

Eblp, = grror

<{b=S,p,s>-E—abortion

Alternative

<GS1,p,s>—2—>¢S1,p’,s'>l<p’,s'>labortion
<GS10GS2,p,s>—2><S1,p’',s'>1<¢p’',s'>labortion

1.

(GSZ.p.s>—£—9<82.p'.s')l(p’,s'>|abortion
<GS106GS2,p,s>—2—>¢S2,p',s'>I<p’,s'>labortion

2.

The rules for the gunarded statements are similar to those in CSP

and Ads.1l.

Statemeonts

skip <£Eig,p.s>—5—?<p,s>

abort <skg££.p.s>—£—+abortion
uen;:“- v

assigf 1. (x:=e,p,s>~2—(skip,p,slv/p(x)]>

uenp, = arror

(x:=e,p,s> —E—>abortion

2.

S—composition

<§l,p.s>—£~7<81.p',s'>|<p'.s')labortion
<31332.p.s>—£—+<8i182,p'.s')l(Sz,p'.s'>|abortion
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<GS,p,s>—2>¢S,p’,s'>1<p',s'>|labortion
(if GS gi.p.s>-3—+<8.p',s’)l(p',s')|abortion

condition 1.

EBool(GS)nps-ff
" (if 68 fi,p,s> ——abortion

<GS,p,s>~E—>¢S,p’,s">
<do GS od,p',s>—E—<S;do GS od,p’,s">

repetitive 1.

<GS,p,s>-E><¢p’',s'>|labortion
" (do GS od,p,s>—E—><do GS od,p’,s'>|abortion

EBool(GS)]ps-ff
<do GS gg.p.s>—l—é<p.s>

Ox1,,= ff, <GS,p,s>—2—3<S,p’,s">
{when GS end,p,s)—2—><crit S end,p’,s’'[tt/p(X)]>

when 1.

uznp,- ££, <GS,p,s)-E—><¢p’,s'>|abortion
{when GS end,p,s>~5—><p’',s’'>|abortion

<S,p,8>—2—<8',p’,s">
(erit S end,p,sd>-8—><(crit S’ end,p’',s*>

crit 1.

) ¢8,p,8>—=—><p’,s'>labortion
" Cerit S end,p,s>—E—>(skip,p’',s'[££/p(X)]>labortion

When rule 1 means that if no other process is executing the

critical phase of a when statement (the value of X in the store s is
£f) and at least one guard of the guarded statement in this when
statement is satisfied, then'this when statement gains exclusive
access (the value of x in the store' s’ is changed to tt) and enters
its criticel phase (the corresponding crit statement).. Yhen rule 2
deals with skip or abort actions of guarded statements. The crit

rules model the execution of the critical phase of a when statement.

For example, crit rule 2 says that if the execution of the body of a
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ocritical statement terminates normally then the execution of this
critical statement is finished and exclusive access is given up (the
value of X in the store s' is changed to ff); if the execution of
the body of the critical statement. aborts then so does the critical

statement.

<Sl,p,s>-5—+<Si.p'.s'>|<p'.s'>|abortion
<sqlls,,p,8>2—<¢87lIS,.p',5'>1¢8,,p’,5'>|abortion

concurrent 1.

(Sz.p,s>—1—4<8i.p',s')l(p',s')labortion
<Sy11S5,p,8> —2—>¢S;1I85,p",5'>1¢Sy,p’,s'>|abortion

2.

The concurrent rules are very much simpler than those in the
semantics of CSP and Ada.l since there is no handshake communication

between concurrent processes in Edison. The rules mean that a
concurrent statement is executed by interleaving the execution of
its component processes.
call 1. <P(AP),p,s>—2—><body: :FP=AP;BS, p,s>

if p(P) = A FP. BS

2. <M.P(AP),p,s>—£—>(body: :FP=AP;BS, p,s>

if p(M) (P)=\ FP. BS

We now give the transitions for declarations:

Declaration

empty <emﬁty,p.s>—5—%<p,s>

D-var (var x,p,8> ~E=>({x=new(s)},p,s[undef ined/new(s)]>
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D~proc <proc P(FP) BS, p,s>—E—>((P=AFP.p,:BS}. P.>
undef ined if IsDV(FP)
pp(I)~
p(I) otherwise

The D-proc rule means that the elaboration of a procedure
declaration forms a 1little enviromment {P~lFP.pp;BS]. All free
variables, procedure names and module names are bound to their

values at procedure-declaration time, i.e. only static binding

(where bindings of all free variables, procedure names and module
names are determined by their textual occurrences) is considered in

Edison.l.

<BS,p,s>-L£—><BS',p’',s'>
(module M(EP) BS,p,s> -2 <{module M(EP) BS',p',s’'>

D-module 1.

<BS,p,s>—5—><¢p’,s'>|abortion
* (module M(EP) BS,p,s>—2—><¢({M=p’},p,s’>|labortion

Rule 1 sdys that all local and exported entities declared in M
are croated one at a time in the order written and then the body of
that module is executed. Rule 2 says that when the elaboration of a
module declaration terminates normally a new module abstraction is
created; otherwise the elaboration of the module results in
abortion, These two rules model the following requirement from the

Edison manual:
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#The initislization of & module M takes place in three steps:

1. The loocal and exported entities declared in M nre. created
and added to the curreant context.

2. The nodnios declared in M are initialized one at & time
in the order written.

3. The initial operation of M is performed.”

D-composition
<Dy,p.3>——><D{,p.s>|abortion
<Dy :D,.p,s> 2Dy ;Dz.p.s>|gbortion

1.

<D,plpyl,s>—E—><D’,plpyl,s’>|abortion
* <po;D.p.s>‘—><po;D' .p.s')hbortion

3. <p1192.958>—8-—)<p1[92]:9.$)

4, (pl,P.S)J—)<p[pll » 8D

Parameter bindings

lIe]lgs = v

1. (val x = e,p,s>—=—{{x=mew(s)}, p,s[v/new(s)]>

Cely, = error

2. {val x=e,p,s>——dabortion

3. (ref x = loc 7, p,8>—E—=<x=p(y)}.p,s>

CFPy=AP;,p,s>~E—> <p;,p,s'>|abortion
C¢(FPy ,FP,=AP; ,AP,) ,p, s> —2—><p; ;FP,=AP,,p,s'>labortion

4.

Parameter rule 1 models a call-by-valne binding mechanism. It
says that an actnal parameter gives a new (little) enviromment

{x=new(s)} and a new store where the (new) location new(s) is
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assigned the value obtained by evaluating the actual expression e
under the enviromment p and store s, Rule 3 models a
call-by-reference binding mechanism, binding the formal parameter in
the enviromment to the location in the store occupied by the actual
parameter. Rule 4 says that the bindings of the parameters of a

procedure are created one at a time in the order listed.
Finally, we define transitions for block statements:
Block statements

<D1.p,s>-5—+(Di.p.s>Iabortion
<D1;32,p,s>—£—é<Di;Sz.p.s>Iabortion

1.

<s.p[po].s>—?-—><s' .p[pO].s'>|<p[p°].s'> [abortion
2. <p033.p.s>—£—4<p0x8’.P.s')l(p[pol.s'>|abortion

procedure body

¢BS,p,s>=E—><¢BS',p',s'>I¢p’,s'>|labortion
¢body: :BS,p,s> ~E—>(body::BS',p',s'>|<p,s'>|abortion

Note that the second case says that after a procedure call the

environnen? is restored to what it was before the call.
Now we have given an operational semantics for Edison.l.

It should be mentioned that the D-—composition and block statement
rules are similar to those given in [Plotkin 81]. Let us work
through two simple examples to see how these rules work. For
simplicity, in the following examples we will use {x=a2 ]} to denote a

little enviromment in which we assign an unused location a_ to x,

b 4

and will omit the action ¢g.
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Example 4.4
Given the initial enviromment p and store s. Let
s'-s[ﬁndefined/ax] and s”-s'[undefined/ab].

Consider the elaboration of a declaration as follows:

{var x;var b;proc P(FP) BS,p.,s>

——?+<[x-ax}:zgi b;proc P(FP) BS,p,s'>

-—;9<(x=ax}:{b-nb};proc P(FP) BS,p,s">

-—§$<[x-lx}[{b=lb}]:proc P(FP) BS,p,s">

-—z+<[x-ax.b-tb}:{P-XFP.BS}.p.s”)
—'><[x-‘x)b-‘b} [[P-proBS} ] P> 3">

5
-—Eé<p[[x-fx,b-ab,P-lFP.BSI].s")
It is easy Eo see that step 1 is by D~composition rule 1 since
(Z:£ x,p.s)-——é([xaax},p,s'>
Step 2 is by D—oomposiiion rules 1 and 2 since
(var b.p[(x-ax}].s')———é((b-ub},p[{a-ux}],s”>
and step 3 is by D-composition rule 2 since

<{x-ax},{b-ab}.p.s”)-——-)((xaax}[{bﬂnb}].p.s”>

by D—composition rule 3. Similarly we can examine transition steps 4

to 6. 0

When we understand the rules for declarations the block statement
rules become very easy to comprehend. Let us consider the following

example.
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Example 4.5

Consider the computation of the block statement below:
(var x;x:=1,p,s>

-—-1—)<[x-nx] sx:=1,p,s{undefined/a_1>
—{)({x-nx)s_s&_g.p.s[llax])

—-;)(P[{x-nx}],s[llax])

Step 1 is by block rule 1 since
(var x,p,s)-—)([x-nx].p.s[nndef:lned/ax])

Step 2 is by the first case of block statement rule 2 since

(x:-l.p[{x-lx} 1,s[undef ined/:x] > —>{skip,p .s[l/ax]> .

Step 3 is by the second case of block rule 2 since
(skip.p[{x-ax]Ls[l/ax]>——-)(p[{x-ax)].su/ax]). 1]

As in the case of CSP and Ada, we can prove the following

properties of this semantics:
Lemma 4.1

1. Let 0, Q' 2GtswStm.
If <0,p,s>—2-3<Q',p',8'> or (Q,p,8>=2—><¢p’,s'> then p'=p.

2. Let 2, Q' sDecuBstm.
If <Q,p,s>-L5—<Q',p',s'> then p'=p.

Lemma 4.2

2. If QeGtsuStm and <Q,p,s>——><Q',p,s’'> then ' sStm and
FV(Q') EFV(Q) and FPP(Q’) EFPP(Q2) and MMP(Q') SFMP(Q)
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b. If <D,p,s>—4><D’',p,s') then
FV(D') EFV(D) and FPP(D') CFPP(D) and FMP(D') CFMP(D)
DV(D’) €DV(D) and DPP(D’') EDPP(D) and DMP(D’) EDMP(D)

c. If <BS,p,s>—=—<(BS’',p,s’> then
FY(BS') EFV(BS) and FPP(BS’) LFPP(BS) and FMP(BS') LFMP(BS)
DV(BS') CDV(BS) and DPP(BS‘) CDPP(BS) and DMP(BS’) EDMP(BS)

Theorem 4.1

a. Let QeGtswStm. If D(p)l Q and (Q.p.s)“c—-)r. then either

r={S,p,s’'> SeStm and l)(p)l- S or r is one of <{p,s’'> or abortion.

b. If D(p)F D and <D,p,s>-E—r, then either r=<D*,p,s’> and

D(p)k D’ or r is one of <p',s'> or abortion.

s. If D(p)l BS and <BS,p,s>—%—>r, then either r=<BS',p,s’> and

D(p)F BS’ or r is one of <p’,s’'> or abortion.

Let us oxamine the example given in section 4.1 using the above

semantics.

Rxample 4.6

Let {lx"v] denote a little store which means assign a value v to a.

Firstly, the elaboration of the local declaration contained in

the module body is:

var x; var b;

proc send(val c),BSg; .{;=a;.x=nx3. tay=ff}

proc receive(ref c},BS;
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{x-‘;’b-.b} H
——29 proc send(val c),BSs: ,{;-;;,x-.x}, {;;.ff]

proc receive(ref c),.BS;

(these transitions are by the D—composition rule and the D-var rule)

[x-l;.b-tb.
-——:9 send=) z:l c. {;-a;,x'l;,b-aB},BSs, .[§=a;,x=ax}, (a;-ff)

receive=k ref o. {;-l;,x-a;,b-ab,send=--],BSr}
P

This is by the D-proc and D-composition rules. Let p; denote the

elaboration of the declarations contained in the module M. The

execution of the initial statement of the module is:

(b:=false, {X=ag,x=a_}[p!]. (i;-fff)

-—:+<{;-a;.x-lx][p;]. (l;-ff.ab=ff))

This is by the assign and skip rules. Thus according to the block

statement rule the execution of the module body is:

{Dm; b:=false, {;ﬂa;.x-ax}. (a;=ff))
——:9<pé; b:=false, [;-a;,x=ax], (ag=££)>

—-:é<{;51;.x-lx][pé]. (ag=ff, ay=ff)>

Let pm-[;-a;,xsax}[p&]. Applying the D-module rule the

elaboration of the module gives:

{module M(send,receive) BS_ , (isa;,xaax}, (a;-ff))

—-:é<{M-pm]. {Esa;.xﬂax). (a;-ff.ab=ff))

Thus the elsboration of the declaration of this program is:
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<D,n,s> —_— [i’-s;.x-tx.ll-pm} 0, (a;-ff. cb,-ff) >

Let p denote [§-a;.z-:x.u-pm}. Applying the block statement rule

ths computation of the program becomes:

<D;(M.sond(5) IM.receive(loc x)) , B, (az=ff)>
——:+<px(M.segp(5)“M.receive(loc ) , 0, (ag=ff,a,=ff)>

Consider a computation of the concurrent statement in which the
execution of the procedure call M.send(5) is followed by the

execution of the procedure call M.receive(loc x). If we notice that:

val o-S;[x-a;,x-a;,b-nb}x

when not b= (x:=¢c;b:=true) gd_ :Pm.(t;-ff,abaff)l

., [c-lc.i-n;,xsn;,b-lb}x
vhen not b= (x:=c;b:=true) end ’Pm’ (';'ff“bgff"cash
(by the actual parameter and D—composition and block statement
rules)

‘3 {c-nc,;-l;.xﬂlé,b-ab};
crit (skipsb:=true) end *Pm’ (ag=tt,a,=ff,2 =5,a;=5)

(by the the when ruleand and block statement rule)
——:+<(c-nc.;=n;,x=a;,b=ab};skip, P (a;-ff.ab=tt,ac=5,a;=5)>
Then we see the computation of the procedure call M.send(5) ié:
M.send(5), p, (a;-ff.ab=ff)>

—><body::(val ¢ =5);pg,nqiBS; , p, (ag=ff,ap=£ff))

-:+<body==(c=ac.psend}. p, (ay=ff,a =tt,a =5,a’=5))
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—l—+<p.(n;-ff.lb-tt.nc-s,g;-5)>

Therefore applying the concurrent statement rule the computation

of the concurrent statement becomes:

<p;(M.send(5) IM.receive(loc x)) .0.(&;-ff.ab=ff)>

-—:+<Pt M.receive(loc x) .0.(a;-ff.ab-tt.a°-5,3;85)>

Similarly, the complete computation is:

{psM.receive(loc x) , O, (ag=ff,a,=tt,a =5,a =5)>

—5¢p, (az=ff,a,=ff,2_=5,2.=5)>

It is easy to check that if the progedute call M.reoeive(lgg x)
is exocuted first then its computation will be suspended when the
execution reaches the corresponding when statement (the initial
value of the guard b is false) until the execution of the procedure

call M.send(5) is complete. [I

Finally, similar to Hoare (see [Hoare 74]) we can introduce a

more general form of when statement:

with t when GS end

where t is a boolean variable. The statement says to wait until
no other process is executing a when statement with the same boolean
t, then execute the body of the when statement. Similarly we need a

new crit statement with t crit GS end to describe the execution of

the when statement. The semantics of these statements are:

with-when

Etnps’ ££, <GS,p,s>—2—><¢S,p’',s">
1. {with t when GS end.p,s>—£—+(wit§ t crit S end,p’,s'[tt/p(t)]>
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Med, = £f, <GS,p,s>~2(p,s’>|abortion
2. {with t when GS ggg.p.s)-2—+(p.s'>Iabortion

with-orit

<S,p,8>—2=><S",p',s">
" {with t crit S end.p.s>-£—+(with t crit S’ end,p’,s’>

¢S,p,s>—E-><p’',s'>|abortion
2. (with t crit S end,p,s) -E—>(skip,p,s’'[££/p(t)]>|abortion

The execution of 2ll the new when statements with the same t take

place strictly ome at a time. So in this 'sense we can say that the
statement when GS end is a Yglobal” when statement and the statement

with t when GS end is a "local” when statement.
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5. An operational translation theory

Boetween a high 1level programming language and the "bare”
machines on which it runs there are normally several layers
represented by intermediate languages. Between each pair of
consecutive levels there is a translation of high—level objects into
lower—level objects. In this sense the general subject of
translation is a very pervasive and important part of computer
science today. The examples are too numerous to mention, but it is
worth mnoticing that, receantly, several proposals for implementing
tasking in Ada use this approach. In [Luckham et al 81], the
implementation of multitasking facilities in Ada is by translation
into a lower level intermediate language called Adam. In another
ambitious project [Bjdrner and Oest 80], a semantics is given for
Ada by translation into the language META+CSP. A similar approach is
also taken in [Belz et al 80] where preliminary Ada has been

translated into SEMANOL+Semaphores+Forking.

In theory the translation problem may be formalised in the

following way: As we kmow, a semantics for a language L can be given

by

1. a semantic domain SD(L)

2. a semantic mapping ML from the objects L (usually programs) to
SD(L)

A translation can then be viewed as a mapping [ II:LI-->L2, and

its correctness can be investigated by considering the diagram
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L1

" 2

y
SD(Ly ) —LE—8D(L,)

Figure 5.1
wvhere tr is some predefined mapping between the semantic domains.
Thus by the correctness of a translation we mean that the diagram

commutes, i.e

o nolu'uuo tr

Here I 1 is a mapping between syntactic categories and tr 1is a
mapping between semantic domains. In our later work semantic domains
will be constructed from syntactic entities, so there will be little
distinction between the two and we will use the term "translation”
to describe these two kinds of mapping, where the exact meaning will

be understood from the context.

This kind of approach was announced first by McCarthy and Painter
([McCarthy and Painter 67i) and then Burstall and Landin ([Burstall
and Landin 70]) with the goal of making compilers for high—level
programming languages completely trustworthy by oproving their
correctness. Morris stated his belief that the compiler correctness
problem is much 1less general and better structured than the
unrestricted program correctness problem and gave the above diagram
([Morris 73]) treating [ 1] as a compiler. Using a denotational
approach he proved the correctness of a compiler for a small

sequential langnage. Later ADJ studied this problem using an
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algebraic approach [ADY 79].

It should be mentioned that all these authors are concerned only
with sequential programming languages and use either denotational
semantics or algebraic semantics. A problem arises when the
languages 1n;1nde parallelism and communication as in Ada, CCS, CSP
and Edison. The reason is that no satisfactory formal semantics of
such a language in the denotational or algebraic style has so far
been produced, though research is progressing in this area (see

(Hennessy and Plotkin 80], [Plotkin 821). .

We study this problem using the structural operatiomnal approach.

Roughly speaking, the basic idea of our approach is that:

1. Any syntactic translation between languages L1 and L2 induces
a semantic translation between the transition systems which define

the operational semantics of LI and L2.

2. The execution of & program can be represented by a finite
transition sequence ending in a terminal configuration (successful
computation), by a finite transition sequence <ending in a
nonterminal configuration (degdlook computation), or by an infinite
transition sequence. Saying that a translation is correct amounts to
saying that a8ll these three kinds of computations for a program in
the object system and in the target system correspond to each other.
In particular, the possible final confignrations of the translation
of a program should be just the translations of the final

configurations of the possible computations of the program.

3. Oncoe we have formalised the idea of the the correctness of a
translation, the next problem is to set up some sufficient

conditions which guarantee the correctness and which can be used to

prove a particular translation is correct. We call this the adequacy
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problem. A first attempt at sufficient conditions for a ocorrect

translation may be expressed by

r=d—yr’ iff tr(r)-55i5$tr(r')

where tr()) may be a sequence. This means that if a translation is
adequate then any program and its translation should have the "“same
behaviour” in the respective transition systems. Intuitively, the
phrase "same behaviour” includes at least that any transition of a
program in the object transition system can be simulated by its
translation in the target system, and.any finite transition sequence
from a translation of a program must be a simulation of a transition
of that program. We will see later that ghis requirement is not
enough. In fact, when a transition system describes a langunage with
nondeterminism, parallelism and communication, the conditions which
a correct translation must satisfy are very <complicated.

Investigating these properties is the goal of this.chapter.

In [Hennessy, Li and Plotkin 81] the correctness problem in the
operational approach was first studied in a concrete manner, i.e.
the correctness of a translation from a simple CSP (without nested
parallel structures) to CCS was studied and proved. In [Hennessy and
Li 82] the adequacy problem was studied in a more general setting
baut the conditions found were not sufficient to prove correctness.
It should also be mentioned that Jensen and Priese Studied the
problem of simulation between tramnsition systems in a similar way
but they only considered binary transition relations without
transition labels and their conditions are too strong (see [Jensen

80] and [Priese 80]).

In section 5.1 the definition of a correct translation is given

and the preservation of correctness under composition is proved. In
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section 5.2 we deal with congruence relations on transition systems.
In section 5.3 the adequacy problem is studied and a set of
sufficient conditions for the correctness is given. Some examples

sre studied and help us to show why these conditions were chosen.

-

5.1 Translation and its correctness

To formalise and prove the correctness of a translation we need

the following definitions:

Definition 5.1
Given a transition system 'Il‘-(f'.'l‘,/\.—-)). and recollecting that D is

the set of deadlook configurations of T (see section 1.2), we
def ine:

R(r)=(r'| r—r', £'sT }

X(r)=(r'| r——.—)r', r'sh }

Informally, R(r) is the set of reachable terminal configurations

from r, and K(r) is the set of reachable deadlock configurations

from r.

Definition 5.2 Semi-D

Given a transition system MW=<[ ,T,A,—>>, the set Semi-D is the

least set such that:
1. DESemi-D

2. For any re[’ if A(r)ESemi-D then reSemi-D.

A configuration r is semi-deadlocked if reSemi-D.

This definition means that if reSemi-D then all complete

computations from r are finite with final configurationsin D; that
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is, r must eventually desdlock. A translation between two transition

systems is defined as follows:

Definition 5.3 Translation
Given two labelled tramsition systems '11'1-<r1,'1'1,/\1.—"i')> and

'11‘2-<r2.'1'2./\2,‘——2'7>. a translation tr from Ty into W, is any pair

of mappings (we use the same name for both):

tr : [, and tr : A; A,

where the second is an injective mapping. The transition system '11‘1

is called the object system and ’11‘2 is called the target system. A

configuration xsrz is called a translated configuration if for some

re[ y tr(r)=x; a transition label psA, is called a translated label

if for some AsA; tr(X)=p. 0

Baving introduced the necessary notationm, we can now consider the
correctness problem of a traanslation. Since‘ any complete computation
from a configuration r is either finite or infinite and when the
computation is finite then the final cenfiguration can only be a

terminal or deadlock configuration, there is a natural definmition:

Definition 5.4 Correct translation

A translation tr as given above is correct iff for any rz[ 4
Al. tr(R(r))=R(tr(r))
A2. tr(X(r))ESemi~D, and K(tr(XK(r)))=K(tr(r))
A3. rt iff  tr(c)t

Condition A1l means that terminal configurations reachable from
the translation of a configuration are just the translations of

terminal configurations reachable from the original configuration.
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The first formula of condition A2 means that the translations of
deadlocked configurations must eventually deadlock. If we omit the
leftmost K, then the second formula of condition A2 becomes

tr(XK(z))=X(tr(r))

and this means that deadlocked configurations reachable from the
translation of & configuration are just the translations of
deadlocked configurations reachable from the »riginal configuration.
However since tr(XK(r)) is in Semi-D2 and is Semi-deadlocked, the
K is added to the left part of the formula. bondition A3 says that
the infinite computations in '11‘1 correspond with those in '11‘2. The‘

following theorem partly expresses this idea:

Definition 5.5 Input-output function
Given a transition system '11‘-(]".'1‘,/\.—», the input—-output function

€ B:[ Twu(5,1]} is defined by:

Ic}=R(r)u(8]| Iz’ D, r—r'tulsl £4)

where re|’, and § and 4 are distinguished symbols to denote deadlock

and divergence respectively.

(n particular, if ]—'=(SynXStatos)uStates where Syn denotes the
set of syntactic entities of a language and T=States, then the above

input-output function can be written as

I D:Syn ) States—>Statesw (3,4}
and [Q]ls"{s'l 0,8y —>s'}

w(sl13<a’,s'>eD, <Q,8>—><a’',s’>}
ul(el <a,s>t})

and this is the usual form of the input—output function. The

following general result holds for any correct translatiom:
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Theorem 5.1
If the translation tr:Wy—>Wy is correct then putting tr(i)=2 gnd
tr(3)=8, for any rsr'l

te(IrB)= {te(2)]D.

Proof. Since tr is correct by condition Al we have
tr(R(r))=R(tr(r)). We only need to prove:

1. 3s0r} iff Secftc(o)}.

2. 2s{rd iff 2e(tc(r)].

For the first clause, if 8s{{r} then by definition 5.5 XK(r)#9. By
oondition A2, tr(IK(r))ESemi-D, so K(tr(r))=K(tr(IK(r)))#4d. That; is
8eftr(r)D. Conversely, if 8eitr(r)]} then XK(tr(r))#d so by A2 we
have X(z)#®, and this means Selr}.

The second clause is immediate from A3. []

We can seeo that the converse of theorem 5.1 is not true, i.e. if
theorem 5.1 holds then the translation need not be correct. This is
because theorem 5.1 does not distinguish the deadlock computations

but definition 5.4 does. Consider the example below:

Example 5.1

Consider the two transition systems associated with the graphs:

o 0o
AN A
[ 1 e’ e 1

(a) (b)

'll‘l-( rl'Tl'Al' "—?) where rl'{°’1'°}' Tl’{l}p Al'{f} and the

transition relation —-i—) is given as graph (a).
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l&-<f'2.T2.A2.-—54> where ['5={0.1,e,e'}, T,={1}, Ap={t] and the

transition relation is shown as graph (b).

Let the translation t:::'.l!.‘l---)'ll'2 be the identity mapping. It is aeot

difficult to see that:

tr(Cr}) = Cte(e)D = (1, 8)
but tr(IK(0))={e} 4 (e,0'}=K(tr(0))
0

In fact we can take theorem 5.1 as a definition of the
correctness of a translation. But in this thesis we prefer
definition 5.4, because it is stronger, and somotimes distinguishing
the different deadlock computations may be important to find

run—time errors in practice.

One might ask why we do not use the set tr(X(r)) to replace
K(tr(X(r))) in condition A2. The reason is that in most cases when
we translate a high-level system into & low—level system, the
equation

tr(X(r))=K(tr(r))

is not true. Let us examine the following example:

Example 5.2

Consider the transition systems associated with the graphs:

/NN

(a) ()

Figure 5.2
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11‘1-<l'1,r1./\1.—1->>. where [4=(0,e,1}, Ty=(1}, Ag=(t}, and the
transition relation —-—1-) is shown as graph (a).

Let rz-(o.l.e.l’}. Ty={1}, Ag={(v,v'} and --59 is defined by

graph (b).

Let the translation t:::'l!.‘l—-)'lll‘2 be the identity mapping. It is

easy to see that:

X(tr(0))=(1'} & (e}=tr(IX(0))
but X(tr(0))={1'}=K(tr(IK(0)))

Clearly however the translation is correct in an intuitive sense
since e 1is a deadlocked configuration in 'll‘1 and the complete
computation from tr(e) in ’l‘2 terminates with a deadlock

configuration. {J

As we claimed at the beginning of this chapter, between a high
level programming langu.nge and & "bare” machine there are often
several translations between consecutive layers. It is therefore
natural to' ask whether the composition of two consecutive
translations is correct if both translation are correct. The answer

is in the affirmative.

Definitiom 5.6

Given transition systems n‘l. '1[‘2, '11‘3 and translations
tr1:'11‘1 —-)11‘2 and tr2:T, Ty

The composite translatiom tr2etrl:W; —T, is defined by:
tr2otrl(r)=tr2(tri(r)) for .rsl"l

tr2otrl(A)=tr2(tr1(A)) for ks/\l
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Lemms 5.1

If tr:TW, —T, is correot then tr(Semi-D,)ESemi-D,.
Proof. Let reSeni-—Dl. We prove that tr(r)cSmi-Dz.

Firstly, there is no infinite computation from tr(r); otherwise
by A3 there is an infinite computation from r and this contradicts

the assumption reSemi-Dl .

Secondly, R(tr(r))=3 otherwise by Al we have
tr(R(r))=R(tr(r))* so R(r)#d

and this also contradicts the assumption reSemi-Dy. ]
For the composition of translations we have the following result:

Theorem 5.2
Let trl, tr2 and tr2etrl be given as above, If trl and tr2 are

correct then so is tr2etrl.

Proof We prove that tr2otrl satisfies Al to A3.

For Al, take rzrl. and calculate:

R(tr2etrl(r)) = R(tr2(trl(r)))
= tr2(R(trl(z))) (tr2 is correct)
= tr2(tr1(R(r))) (trl is correct)
= tr2¢trl1(R(r))

Thus Al is proved.

For A2, we first calculate that for anv rarl.

tr2(tr1(]K(r)))StrZ(Smi—Dz)ESemi—D3 by lemma 5.1
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and then that
K(tr2etrl(r)) = K(tr2(trl(r)))
= X(tr2(XK(trl(r)))) (tr2 is correct)
= K(tr2(X(tr1(XK(r))))) {(trl is correct)
= K(tr2(tr1(X(r))))

So tr2etrl satisfies A2.

For A3, we just note that tr2otrl(r)t iff trl(r)t iff rt. Thus

the theorem is proved. [l
5.2 Congruemce relations on labelled transition systems

When we study the correctness problem we need to understand the
notion of & congruence relation on labelled transition systems. The
reason is that usually the target langunage is more primitive than
the object langunage; therefore ome transition step of the object
system will be modelled by a number of steps of the target system.
To organise this simulation properly some "housekeening” must be
done and this inevitably introduces some "debris” into the target

system. The following example will clarify this issue.

Example 5.3 Translating into nets
Consider a translation of a simple oprogramming language into

predicated nets. For example the statement i{ b then 81 else Sz

would be mapped ini.:o the net

b ~b
tr : if b then S, else S, —_—
Ny Ny

where Ni represents the net which results from the translation of 8
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i=1,2. In the case when the predicate b is true, we would have the

transition

15 true then 81 olse 82 — 81

However in the target system, we would have

true false true false

Figure 5.3
and the right hand side is differeat from t’(s1)’N1' However net

theorists would sgree that the nets

true false

N1 and

Figure 5.4

are oequivalent and therefore the diagram is "almost” satisfied. The

degree to which the qualifier "almost” is used depends on which nets
we agree to say are equivalent. For this reason we introduce the

following concept.

Definition 5.7 Congruence relations on labelled transition systems

Let T=<[",T,A,—) be a transition system. A relation ~E['X[” is

called a congruence relation on T iff ~ is a congruence relation
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and whenever p~q, AeA and p’'s["
a. if p—2p’ then for some q'el” q-2—>q’ and p'~q’.
b. if peTl them qeT. [l

From the definition we can see that the degree to which the
qualifier "almost” 1is used depends on the congruence relatioan ~,
i.e. which configurations we agree to siy are eqnivale'nt. For a
congruence relation on labelled transition system, we have the

following result.

Theorem 5.3
A relation ~E['X[" is a congruence relation on T iff ~ is a

congruence relation and whenever p~q, we/\‘ and p'e|"
a. if p—X>p’ then for some q's]” q-—Y—>q’ and p’'~q’.
b. if psT then qeT

Proof. We prove (a) only. The "if” part is trivial. We prove the

"only if” part by induction on length{(w).

If length(w)=0, then the result is obvious. If length(w)=1 then

the result follows by definition 5.7

Suppose the case length(w)=k is proved. Consider the case
length(w)=k+1. Then ph—duz-h)”mz-L)p'. thus for some q"” we have

q-bg-(-!L)q” and p”~q"”. Since length(tl(w))=k, by the induction

hypothesis we have that there must exist q’e[  such that q"ﬂi—ﬂéq'
and p'~q’. So q——>q’ and p’~q’'. 0

Example 5.4 A congruence relation ~ on CCS
Consider CCS terms ax.Nilla(5,Nil) and v(5,ax.Ni1) [B/y]. According

to the transition rules in section 1.3.3 we have
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ax.Nilla(5,Ni1) -=>Ni1INil
y(5,ax.Ni1) [8/v] 13545, Ni1 [B/7]

In goneral, an execution of a CCS term produces a lot of redundant
Nils and renamings, for example, Nil in the first transition and
(/Y] in the second; they are ’debris”. The "housekeeping” which we
should do is to 1let NillNil ~ Nil snd ax.Nil[B/y] ~ ax.Nil. To

formalise this, we introduce ths following relatiom ~:

Given a renaming ¢ let CD(Q) denote the set of line names which

are really changed or restricted by ¢, that is
CD(§)={a | ¢(1) is undefined or ¢(a)#a)

Then ~ is defined by:
1. t ~ tiNil
2. t ~ t[¢] where FL(t) aCD(¢)=p
3.t~ t
4. If t ~u thenu ~ t
5, I1ft~unandu~vthet~v

6. If t ~ u then C(t] ~ C[u] for any context C[ ] of CCS

where a context is merely a term with a "hole” in it in which any

other term may be placed.

The first two clauses do the housekeeping: the first means that
we can always omit the term Nil and the seocond means that we éan
always remove the renaming ¢ from t[4] if all lines contained in t
cannot be changed or restricted by ¢. Clause 3 to 5 say that ~ is an
equivalence relation. Together with clause 6 they say that ~ is a
congruence relation on TW. This can be proved by structural induction

on the syntax of the terms. Thus we have NillNil~Nil and



206
ax.Nil{B/y]~ax.Nil. 0

Remarks If ~ is a congruence relation on the transition system T,
woe will simply use the transition r-ﬁ—ér’ to indicate that there is
an r” in [ such that r—L—ér" and r’~r”". This means that r can

evolve to r’ via the transition action A to within the accuracy 2£

the congruence relation ~. Finally, in the remainder of this chapter

we sometimes study transition systems without mentioning any
congruence relation. In this case we mean that the congruence

relation is the identity relation.
5.3 Adequate translation

Ig this section we invent some sufficient conditions for proving
that a translation 1is correct. The difficulties involved in
langnages with parallel and nondeterministic constructs make the
right conditions hard to find. For example, the following properties

may at the first seem to b; sufficient:

Xi1. r-—f%r' implies tr(r)——%étr(r’).

X2. tr(r)——%étr(r') implies r——{ér'.

X3. reT; implies tr(r)eTz.

Unfortunately, there are many instances of translations which
satisfy these properties and which are not correct. Let us consider

& simple example:

Exsmple 5.5 A bad translation

Consider the following translation:

Ne—

Figure 5.5
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Let nﬁ‘<r11'T1'A1"_T+> where rl'{l-Z}. Ty={2}, Ay={z} and -—Ié
is defined by
1552

Let ']I'zt(rz.'rz./\zn T) 'here rz'{l.Z.z'}. Tz"rlo ‘—? 13
defined by

1, 152
2. 1-F32

3.2' =22
Let the translation tr be defined by
tr(n)=n and tr(t)=c n=1,2

This translation satisfies X1, X2 and X3, but is clearly not a

correct translation. 0

To eliminate such phenomena we could introduce a condition to the,
of fect that every infinite transition sequence starting with tr(r)
must contain a configunration other than the initial one, of the form
tr(r’). But it is easy to find an example to show that this
requirement is too strong. In fact, in certain instances we need to
allow infinite sequences in the target system which lie outside the

range of tr. See the following example:

Example 5.6

Let Wy=<["1,Ty, Ay, —5>> be defined by

1. f'1=NXN (where N denotes the natural numbers)
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2. '1‘1-0 and Al'(t]

3. —> is defined by

1
{n,m) —ll—)(n-i-l.n) for all n,meN’
{n,m) —Ii-><n,m+1> " "

The intuition is the interleaving of two parallel processes and

could draw 2 net:

Figure 5.6

Let 'Il‘z:(rz,'l‘z'./\z.'—i-)) be defined by

1. rz-N1XN1 (where Ny=NuN'=Nu{n'| neN })

2. Ty=8, Ay=(x]

3. let n,meN, n’,m’sN’ and zeN;. —-—-2-) is defined by
<n.z>-1i-><n'.z>
<z.n>J—2-><z.n'>

{n’,2)> J—2-><n+1.z>
<z.n'>-li-><z.n+1>

The intuition is as before but we include some intermediate
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configurations such as <n’,m> and <a,m’> in 'Il‘z. Thus each transition

in '11‘1 is split into two transitions in '11‘2. i.e.
(n.m)-IT)(nﬂ.m}in T, becomes <n.m)—1i-><n'.m>—1i-><n+1.m) in T,.

We could draw a net:

o

Figure 5.7

Let &8 translation tr be defined by

tr(<{n,m))={(n,m) and tr(c)=v

Then tr is correct and it of course satisfies X1, X2 and X3, but
it does not satisfy the suggested condition. A typical infinite

sequence lying outside the range of tr is:

<1‘1>-73-><1',1>—12—><1',1'>—72—><2.1'>—7—2—><2'.1'>—77>...

Such a phenomenon is called an "accident of interleaving” and
occurs naturally if we wish to translate a parallel language with
assignment statements into an assembly language in which transfer of
data can only be made between the memory’ and registers and not from

memory to memory. In the next chapter when we translate CSP into CCS
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this phenumeuon will occur. [

The above two examples demonstrate that for a language involving
parallelism and nondeterminism and even for a very simple case the
execution of a program is rather complicated and finding sufficient
conditions for the correctness of 2 translation is quite difficult.
In the rest of this section we focus our attention om discovering
appropriate conditions. As a first step we introduce the following

useful notations and concepts.

For sequences of transition labels we need a partial function rt

in the direction opposite to the translation tr.

Definition 5.8 function rt
The function rt:A;-—>A; is defined recursively by

o if u=p
rt(u)={A.rt(tl(u)) if leI and tr(A)=hd(u)
rt(tl(u)) if hd(u)ptr(Ay)

Note that since tr:A;—>A, is an injection the function rt is
well-defined. For the configurations in the target system reachable

from &8 translated configunration we introduce the following notation:

Definition 5.9 Ex-translated configurations

The set of Ex—translated configurations Ex—tr(r'l) is the least seot

such that

if xsrz and for some rer'l us/\;. tr(r)"!'z—)x then
xaEx—tr(r'l). ]

We are now ready to characterise adequate translations.
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Dcfinition 5.10 Adequate translation
Let ~;, ~ be the two congruence relations on the transition systems

I,

M—-adequate if it satisfies the following properties where

and '11‘2 respectively. A translation tr:'n'1—>'ll‘2 is said to be

MS/\z\tr(Al) .

PO. If rcT1 then tr(r)c'l'z, and for xst if tr(r)—n-z-)x and

rt(u)=0 then raT1 .

P1. Whenever r, r’arl. lc/\l, if r—)-’?r’ then for. some us/\;

tr(r) —n—z)tr(r’) and rt(u)=A.

P2. If tr(r)—p—z")x. rt(u)=A then there exis.t r’srl. x’srz and uy
. ' iy S,
with rt(u1)=0 and u.zaM such that r—l’iér , tr(r )——i—>x
and x—n—2—>x‘ (see Fignre 5.8).

2
tr(r)—!i-)x T tr(r)—!-z-h
A u, rt(u.l)-O. ust‘
rt(n)=A r' tr(r‘)—%—)x’
Figure 5.8

P3. If tr(r)t then there exist r’crl and AsA; such that r—l‘i—)r’

and tr(c’)t.

P4. —> in Ex-tr([";) is M-commutative.

PS. If r is active (rfDluTl),'tr(r)'-L?x and rt(u)=0 then there

.
exist r’srl, x’srz. ks/\l, and u’, n"s/\z such that

tr(r) ——!-—2-9 rt(a”) =)
r—L—>rl ' and v’ and
tr(r')—n'—)x’ rt(u’)=0
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We now have two concepts to evaluate the gquality of a
translation: correctness and adequacy. The concept of correctness
focuses on the result (especially the input-output relation) of a
program and its translation. The concept of adequacy pays more
attention to the detailed simulation of the behaviour of a program
by its translation. Loosely, clause PO says that a terminal
configuration of '11‘1 most be translated into a terminal configuration
of 'll'2 and conversely. Clause Pl ensures that any transition of the
object system can be simnlated by the target system; cﬂl:auses P2 and
P4 imply a2 weak version of the converse. Clansés P1 and P3 cover the
simulation of infinite transition sequences. Finally, clause PS5
implies that deadlocked configuratioms in 'll'1 and 'll‘2 correspond with

each other.

It should be pointed out that the set M mentioned in the
definition may be. 8 proper subset of /\z\tr(Al). For some reasonable
translations, the transition relations in Ex—tr(rl) are only

commutative in proper subsets of A,\tr(A, ).

The condition P3, i.e. "if tr(r)t then there oxist r'arl and
l.s/\1 such that r—%—)r' and tr(r’)t” is necessary for a translation

to be correct. See the following example:

Example 5.7
Let Ty:<["1,T3.A1, —>> be defined by [';=NIN, Ty=8, Aj=(t}, where
—7> is defined by ' -

{n,m) -?-I-><n+1,m> if ném
{n,m) —"-1-><n,m+1> if ném

Let Ty:<["5,Ty, Ay, 57> be defined by

g=T"1, Ta=Ty, Ap={z. t©’}, and —57> is defined by adding to
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—T) the pair
(n,n>-£é4<n+1,n+1>
Finally, let tr be defined by

te(<a,m>)=<{a,m>

tr(x) =t

The translation tr satisfies all conditions of definition 5.10
excoept P3. However it is easy to see that tr(<{m,n)>) has an infinite
computation

(m, 1> -3 <a+1, 041> >
while in the object transition system <n,n> does not.. The
translation tr is not correct because it introduces the ability to

diverge. I

It also should be mentioned that property PS5 is also necessary
for a translation to be correct; otherwise the stuck computations

may not be introduced, as in the following example:

Example 5.8

Let Wy:<["1,Ty,Ay.,—7>> be defined by ['4=NXN, Ty=8, A;=(c}, and

—1-) is defined by

{n,m> -5—1—)<n+1.m)
{n,m) JT><n.m+1>

Let Ty:<["3,Ty,A3, —5>> be defined by

['2-|"1~.-{<1',1'>). Ay={z,T'}, and -—2—> is defined by adding to

——1-> the‘following relation
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(a,m>—53¢17,17
Let the trasslation tr be defined by

tr(r)=c

tr(c)=c

It is easy to see that the translation tr satisfies PO to P4 but not
P5 since <1’,1')> is a deadlock configuration. It is of course not

adequate since <n,m> can deadlock in 'll‘z but can never deadlock in

ot 0

Ve now pruve wast if a translation is adequate then it must be
correct. In the following lemmas, theorems and their proofs we
consider a fixed adequate translation t::n:l—nrz. we use r, x (maybe
with superscrip.ts or sﬁbscripts) to range over elements in |"1 and
r'2 respectively, and A and p (maybe with superscripts and
subscripts) to range over labels in A1 an;i A2 respectively, and use

w and uw to range over sequences in AI and A; respectively.
The first lemma is a "many-itep" generalisation of P1,

Lemma 5.2

r-tf-)r' implies that there exists u such that tr(r) —ui-N:r(r') and

rt(u)=w.
Proof. By induction on the length of w.
If length(w)=@, then choose u=¢ and the result is trivial.

Suppose the case of length(w)=k is proved, consider the case
length(w)=k+1. Since rM{-'-z-)r"ml—'))-r‘. according to Pl there

exists uls/\; such that tt(ul)ahd(w) and tr(r)—?—lz—)tr(r"). Since
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length(tl(w))=k we have by the induction hypothesis that there
exists uze/\; such that rt(u,)=tl(w) and

tr(r")-z%étr(r')

Thus choose u=u, .1, and the result has been proved. [

Corollary 5.1
tr(R(r))SR(tr(:))

Proof. We need to prove that if r’sR(r) then tr(r’)eR(tr(r)). Since

r-X>r' by lemma 5.2 we have tr(r) —2—>tr(r’) for some u and by PO

we have tr(r')st, showing tr(r’)eR(tr(z)). 0
The next lemma is a "many—-step” generalisationm of P2.

Lemma 5.3
tr(r)—2§+x implies that there exist r's[ 4, x'e[ 5, rtluy)=Pd and

uzeM. such that

' and tr(c’)

1 X
A\, /=
. _- I

Figure 5.9

Proof. By induction om length(rt(um)).

If length(rt(u))=®, then there is nothing to prove as we can take
£'=r, x'=x, uy=u and w,=9. If length(rt(u))=1 then the result is

just P2,

Now suppose the case length(rt(u))=n is proved and consider the

case length(rt(u))=n+1.

Let u=t.v with length(rt(t))=1 and length{rt(v))=n. Now we have,

for some vy, tr(r)—$—+y—1—+x. By P2 we have that there exist r”, y’
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tl with rt(tl)=9 gnd tZsu' such that

Now consider the diagram:

y__l._)x
tzl 1:3 with t2aM°

yl_v_>x"
By theorem 1.1 this fills in as indicated with t3eM® and
rt(v’)=rt(v) since fily(v’')=fil (v) and MEA,\tr(A,). Then we have

tr(e?) $2a¥' 5o ith rt(tl.v/)=ct(tl).ct(v')=ct(v’')=ct(v),

and so the induction hypothesis applies and we get r'crl. such that

r"—mg'-':—'))r' and x’, ul and u2 such that

k3

tr(z’) b3

ul\/nZ with rt(al)=) and uleM’

b 4

But now we have: ,
s. r—mgr”m-t—l’-'-v—')—)r' and so rr—t-(l'l)—h" and so r—rm;r'.
b. tr(r')ﬂ-)x' with rt(ul)=9,

c. x—-ia—)x”%x' and so x—%x' with t3.n23M..

as required. [

This lemma together with PO now enables us to prove that for any

terminating computation from tr(r) in '11‘2 there must exist a
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terminating computation from r in ﬂa with corresponding initial and

terminal configurations.

Lomma 5.4
t:(r)-3;+x. xeT, implies that there exists r’eT; such that

:5113%4:' and tr(r’)=x.

Proof. Applying the above lemma and noticing that xeTz. we have that

there exist r‘er'l, rt(uy)=8 such that :-jiifgr’ and t:(:')-2%+x .

By PO we have r' sT, and so t:(r‘)st. thus u, =) and tr(r’)=x. 0

Corollary 5.2
R(te(z))Cte(R(2)).

Proof. We need to prove that if t:(r)—:-éx. chz then there must be
an :‘eTl such that r——>r’ and tr(r’)=x, and this is immediate from

lemma 5.4.

We have proved that if tr is adequate then condition Al giveam in
the definition of correct tramslation holds. Now we can show that

condition A3 holds.

Lemma 5.5

There oxists an infinite computation from tr(r) iff there exists an

infinite computation from r.
Proof. For the "if"” part: Suppose
or)
:Elférl-—I+:2-——+...
is an infinite oomputatioh from r. According to Pl we have

t:(r)glzﬁtr(rl)EZ;%tr(rz)———é...

where :t(ui)ski i=1,2,... . Since the first computation is infinite,
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the computation from tr(r) is infinite.

For the ':only if” part: Suppose there exists an infinite
computation from tr(r). According to P3 there exist 1.131\1. rlsrl
such that r—hl-‘)rl and tr(r’)t. Similarly for tr(r’') we get AyeA,,

A
rzcr'l and rl-—i—)rz, tr(tz)f. By repeating this procedure an

infinite computation from r can be constructed. [l
Finally, we turn to proving A2.

Lomma 5.6
It 1'8D1 then tr(r)cSmi—Dz.

Proof. It is easy to see that all computaticns from tr(r) are

finite, otherwise according to condition P3 we could find r‘crl,
MAI such that r—23r' and this contradicts reD, .

We prove that if tr(r)-—n—z-)x is a complete computation then xp‘l‘z.
Suppose that this is not true; since ¢tr is adequate, either
rt(u)=f then rsT; by PO or rt(u)#® and there must exist r'eT; such
that r-ml'-i—)r' by lemma 5.3. Both of these contradict the condition
reD;, so therefore xsD, and tr(r)eSemi-D,y. I

Lemms 5.7
tr(XK(r))€Semi-D, and X(tr(X(r)))CK(tr(r))

Proof. The first is obvious from lemms 5.6 since I(r)EDl. For the
second assume xsK(tr(IK(r))), that is there is r’sD; such that
r——.—)r' and tr(r’)—‘—)x and st2. By lemma 5.1 we have
tr(r) —>tr(r') ——>x, and this means xsK(tr(z)). 0

Lemms 5.8
If tr(r)sSemi—Dz then reSmi-Dl.

Proof. Suppose tr(r)cSmi-—Dz. First, there is 1no jinfinite
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computation from r; otherwise by lemma 5.5 there would be an

infinite computation from tr(r).

Second, we prove that there is no complete computation r-Ll-)r'
where r'sT,. Suppose this is not true; by lemma 5.2 tr(r)‘lz—)tr(r')
for some us/\; and by PO tr(r’)st. Thus there is at least one

computation where tr(r) does not deadlock, and this contradiction

assures that reSemi—Dl. 0

Lemma 5.9
X(tr(r)) EX(tr(X(r)))

Proof. Suppose tr(r)—g-z—)x vhere xeD,. We need to prove that there
exist r’ch such that £ ——>r’ and tr(r')-—u—'-)x. According to

lemma 5.3 there exist r'srl and rt(uy)=f such that r—t't—(;n';r' and

tr(r’)-hz-)x.

By PO, r’' is not in Ti since otherwvise tr(r’) is in T, and so

u;=# and x is in T, contradicting the fact that x is in D,.

By P5, r’ cannot be active, otherwise for some x’' and u” we have
x-353x' and rt(u”)#d again contradicting xsD,. So r’ is in D; and

the proof is finished. [

Having proved these lemmas and corollaries we prove our main-

theorem:

Theorem 5.4

If the translation tr is adequate, then it is correct.

Proof. The proof follows directly from corollaries 5.1, 5.2 and

lemmas 5.5, 5.7 and 5.9. 0

Sometimes the following lemma can be very helpfnl for proving a



220

translation satisfies condition P3.

Lemme 5.10
If &« translation tr szatisfies PO, P2 and P4 and every infinite

computation from tr(r) contains at least one translated label, then

tr satisfies P3.

Proof. We need to prove for any tr(r) such that tr(r)t there exist

r’ and A such that r—2—p’ and tr(r’)t. Let

p P
t::(t)-xo—pL-)xl—z--h2 —3-) ..

be an infinite computation from tr(r), and lat p, be a translated
label, 1i.e. pk-tr(l) for some MAI. Applying P2 we find ', . 0y
(with rt(ul)'ﬁ) and n;sl‘ (see figure 5.10), such that r~23s' and

tr(r’) —nl-)xi and xk—uk-)xk’

— ) ——p -
tr(r) =xg—"t—>x, —Pk+1—>x, +1—-.Pk+2——>:l:k YRR
i

”

"% +1 Bxe2e

——— ——— - -

)

A 4
tr(r) "1ty -—txt1—ry - Sre1-ry .

€ -

Figure 5.10
Now for

p -+ ui' [}
‘k—k—bxk‘*l and xk—->xk

by P4 and lemma 1.1 we can find xiﬂ and vy, and S¢+1 such that

5 ’ ui"'l ’
xi_m‘"kﬂ and Xy 4~ Iy

where ulu(pk*-l)'fuu(&k-t—l) and 8y, /0 and up,, is 8 subsequence of
ui so u;+1ebf‘ (see figore 5.10). By repeating this procedure we have
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an infinite computation from tr(r’) and so the lemma is proved. []

Finally, we might expect that an 2ac.4y-.te translation wounld

satisfy the following property:

P6. If tr(r)—3;+tr(r') for nsA; where rt(u)#3 then rSI{Elér'.

Unfortunately, this is not the case as the following example

shows:
Example 5.9
LOt Tl:<r'10T1:A10-—1'4> vhere r'l-{l, 2, 3}0 TI'O. Al-{t} and —1—)
is defined by
1—Y-T>z

Lot Ty:<["3,T3, Ay, =57 be defined by

r‘z'{l. 2, 3, 4}, Ty=0, Ay={v,v’}, and —> is dafined by

2
—_—
1 __1_2)2 1 2
1 ——1—2—)3
z-—"—2>4 M
3-—1—594 $ , J
T — 4

Let tr:T; —T, be defined by

tr(1)=1
tr(2)=2
tr(3) =3

tr(c)=v

"Let M={r’}. It is easy to see that tr "is an M-adequate

translation but the following transition in ﬂb
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1——7—2)3
shows that it does not satisfy P6 since the corresponding transition
is not true in 1&. However we have already seenm that P6 is not an

1nportant condition for 2 translation to be correct. ]

Now we have set up the beginnings of the operational translation
theory which will be used in the next two chapters. The theory tells
us that if we want to prove that a translation is correct we only
need to prove that it is adequate, i.e. that the translation
satisfies the conditions PO to P5. In the next chapter we will study
a important translation from CSP to CCS and use our theory to prove

that it is correct.
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6. Translating CSP to CCS

The purpose of this chapter is to demonstrate some techniques for
proving that a translation algorithm is correct. To do so, we study
2 useful example -—~— a syntax directed translation algorithm from
CSP to CCS and prove it is correct. More precisely,we will consider
a restricted subset of the CSP studied in chapter 2 (but still
including all the essential features of Hoare’'s original proposal)
and a slightly amended CcCs with transition system
T ,=<[ 4+ Tos A, —5>> where T, will be subset of r'c chosen to
correspond to the possible final CSP computations and Ac remains to

be specified.

Our strategy used here is that we first introduce an intermediate
CCS called CCSA. then give a translation from CSP to CCSA and a
translation from CCSA to CCS, and composing the two translations we
obtain a translation from CSP to CCS; furthermore we prove the first
translation is correct- indirectly by proving its adequacy and prove
the second 1s correct directly. Then the composition theorem of

chapter 5 ensures the composition is correct.

Generally speaking, our proof process consists of the following

four steps:

1. Given two languages L1 and LZ define a (syntactic) translation
r1:L,—L,

2. Define two transition systems (operational semantics) Irl and

T, for Ly and L, respectively.

3. From O 1 generate a (semantic) translation between two

transition systems:

tr: Tpl-élrz
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4, Prove the tramslation tr is adequate.

In section 6.1 an intermediate CCS called CCSA is introduced and
s translation from CCS; to CCS is given and proved to be correct. In
.section 6.2 we deal with both the syntactic and semantic translation

from CSP to CCSA. In section 6.3 we prove this translation is

adequate.

Finally it should be mentioned that in [Hennessy, Li and Plotkin
81] a translation from a simple CSP (without nested parallel
structure) is given snd is proved correct. In this chapter we study

& more goneral case, o.g. nested parallel structure is allowed.
6.1 An intermediate CCS

Rather than translate directly to CCS we consider a language CCSA

called intermediate CCS, where ACA(for our purposes A will be the

set of translated labels). The syntax of CCSA is just the same as

CCS but with & new kind of term t'.t.
The transition systmn'mt for CCSA is defined by:
'Il‘t-<r't,'1't,/\t. —
where [7, is the set of CCS] terms and T, =T, and A=A ulx’l.

The transition relation —p> is the same as —z> with the

following changes (see section 1.4):
action 3. T.t ot

4, ¢ .t -t
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composition

t-L—N:'. u—z—>n'

3. y 7
tlhaS—=t'lu’, wlt-*—u'lt’

if Aft and the line name of A is in A

4 t—L-—_)tt', n-g-—)n' 1 ‘
tla=ot' e, wltZE—=u'lt’ otherwise.

Rule 3 means that a composition is transformed by a marked v’ if
the line name of the transition label ( therefore its complement) of
its ocomponent is in A. PRule 4 is the same as rule 3 in
section 1.4.3. The motivation for introducing these rules is to
distinguish translated actions from actions which denote

interaction with simmlated memory. We will see this point later.

The only difference between 'll'c and T, is that —3> involves a
marked transition 1label <*’'. Define the obvious translation
tr':'ll‘t-—ﬂl‘c. which just removes the dashes. We assume that for any t

in rt tr'(t)eT, implies teT, and will check this later. We have the

following result:
Lemms 6.1

1. If t1-23t2 then tr'(tl) EE (A serr(e2).

2. If tr'(¢tl) £ 5% then there exist A and t2 such that
t1-25t2 and x=tr’'(t2) and tr’'(A)=p.

3. ts'rt iff tt'(t)aTc and t=tr’'(t).

Proof. The proof is by structural induction on ti. (I
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Lemma 6.2

Let nc/\:.
1. If t1-8-3¢2 then tr’(t1) LE{Blse i (¢2).

2. If tr’'(tl) —¥—>x then there are u and t2 snch that
t1-25t2 and x=tr’(t2) and tr'(n)=v.

3. t is deadlocked iff tr’(t) is deadlocked.
Proof. Clauses 1 and 2 are from lemma 6.1 by induction on the

lengths of u and v respectively. Clanse 3 is clear. [

Theorem 6.1

The translation tr’' is correct.

Proof. Al. Suppose =xetr'(R(t)). Then t——t' and t'tz‘l‘t and
tr'(t')=x, By lemma 6.2 we have tr(t)——:étt'(t')-xs‘l‘c and so

xsR(tr'(t)). Therefore tr'(R(t))CER(tr'(t)).

Conversely, suppose =xeR(tr’(t)). Then tr'(t)—‘-—)xs‘rc. By
lemma 6.2 t —>t' and x=tr'(t’') for some t'. But t'=tr'(t')-xa'1‘t s0

t'sTc. So xstr'(IR(t)). Thas M(tr'(t))Ctr’'(R(t)).

A2. As anything in X(t) is deadlocked so is anything in
tr' (K(t)) by lemma 6.2. So indeed tr'(IK(t))Csemi-D, and indeed
K((tr'(XK(t)))=tr’(IK(t)).

A3. This is straightforward using lemma 6.2. [

This theorem tells us that given a langunage if we want to find a
correct translation from L to CCS we only need to give a translation
tr from L to CCSA for some A and prove it is correct. For then the
composition tr'’otr defines a translation from L to CCS and the
composition theorem ensures it is correct. This is the strategy we

shall adopt in this chapter.
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6.2 Translation from CSP to CCS
6.2.1 Useful notation

First we introduce scme useful terms which are used to describe a
translation algorithm, tr. As we go along we shall introduce various
constraints on the set A, of the line names needed to fix exactly
which CCSA is intended as the range of our translation. It will be
convenient to assume that all the CSP programs under consideration
use variables in X={x1,...,xn} (by making n large enough we can

include any finite set of programs).
A. A store

For each wvariable xiBVar a term Regi is defined to model a
register which is wused to hold the (current) value of =x. Such
registers are defined in [Milner 80], using parameterised recursive
definitions. Regi contains two 1lines: a; for writing a new value
into the register and Bi for reading this wvaluc. Thus if Regi(v)

represents the register which contains the value v then we should

have:
Bi!v
Regi(v)am———ékegi(v)
ai?v'
Reg; (v) —=—>Reg (v’)

and these are the only transitions. To obtain this effect 1let

Regi(e) be the term:

[uR(v).(Bi(v.R(v))+aiv'.R(v'))](e)

We may assume that Stores=[X-—V] and for any store s in Stores

let Ms denote the term
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i=1..n
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The term H’ simulates the store s; from now on we assume that a;,

B; i=1,....n are distinguished line names.

Let xj-(le.sz,....xjk}gx and tsTerms. The notation

Rsxj[ t ] 4is used to denote 531‘31-(532‘32-(---(5jx‘3x-"---”

The use of the form Rsxj is for reading the set Xj from the

simulated store Ks.

B. Auxilliary torms

Let o, 5 be distinguished line names in A. The following terms and

constructs will prove useful

done = o(0,Nil)

fail = §(0,Nil)

t before u = (t[n]'ylx.n + 72x.f311)\(71.72]

t par u = (t{n]l alnll parx Nlry.7v,)
where
parx = ylx.(ylx.t'.gggg + 7,x.fail)
+ 72‘-(71x-7"££il + 7,x.fail)
and
n = (yy/0,7,/8}
and vy, 75 (vy#ry) do not occur freely

in t

(x is not in u)

and u. Strictly

speaking, we should insist on a particular choice of Yy, and Y, and
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include a-conversion in the congruence, ~, to allow for the fact

that the choice of 11 and £ will depend on t and u.

Note that <t' appears in the term par and will correspond to

8 given in CSP. The lines o and & in the terms before and par are

restricted, thus the term t before u means that if the execution of
t is finished then a signal is sent through the (restricted) 1line
o and the term t before u is transformed to u via an internal action
v. If the execution of t leads to fail then a signal is seat through
the (restricted) line 8 and t before u is transformed to fail via an
internal action. Similarly, for the term t par u if ome of t and u
is done then t par u becomes the other followed by t’.dome; if one
of t and u is failed then the behaviour aof t par u is the same as
the other followed by a <t’.fail. All these explanations will be

described formally in the next section.

6.2.2 Hoare’s CSP

To translate Hosare's CSP, as we explained in chapter 2, we need
to restrict the static semantics for grarded commands. To do so, we
introduce the set, Bsc, of basic commands ranged over by BC and

defined as follows:

Bsc = { skip, P?W(x), P!W(e) }

That is a basic command can only be skip or an input or output
command. Then the syntax and static semantics for Hoare's guarded

commands commands are defined by:

GC ::= b=BC;C | GCOGC

The forms of guarded commands now can only be

b=skip;C or b=P?W(x);C or b=P!W(e);C or GCIGC
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as we discussed in section 3.1 they are the same as

b—C or b,P?W(x)—C or b,PIW(e)—C or GCOGC.

Given a guarded command GC, the set GV(GC) of free guard

variables contained in the guard of GC is defined by:

b=BC; C GCi10Gc2
GV Fv(b) <RV(BC) GV(GC1) uGV(GC2)

The static semantics of these guarded commands are given below:

. BC, k. ¢ -
if GV(b=>BC;C)
F‘c b=BC; C

Fgo 6C1. k. 6C2
FL“ GC1 T GC2

Note the static semantics for other commands are the same as before.

Remarks We assume that all CSP commands concerned in this chapter

are syntactically correct.

Notatiom 6.1

Let s be a state.

The forms s(e) and s(Bool(GC)) denote the substitution of free

variables in e and Bool(GC) by s respectively.

The forms s(BC) and s(GC) denmote the substitutiom of free guarded

variables by s respectively. [

Finally, to prove the translationr is correct we need to modify

the parallel rule given in chapter 2 as follows:
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(C1.3>-L—+s'|abortion

11e1-B 1.3.
pre = ¢, lIc,, s> 23<Cy; skip,s'>1<Cysabort, s>

<Cz.s)-L—+s'|abortion
<y llc,. s> —<C,;skip,s*>1<Cysabort, s>

2.3.

The difference from the parallel rules as given in section 2.3 is
that if one of the constituents aborts, the parallel command may not

abort immediately as the other may not terminate.
6.2.3 Syntactic translation

For convenience we ©use the suggestive line names [N,N']VW
throughout the translation, where N, N'sPlabu{®*}] and VWePtn.
Intuitively, [N,N']¥W denotes the name of a communication line
through which process N sends a value to process N’ with a pattern
W. For simplicity it is also assumed that all expressions can be

evaluated properly, i.e, the case Eeﬂs=error can not happen.

-

Having introduced the necessary notation and assumptions we now
study the syntactic translation from CSP to CCSA. This tranglation
consists of the two types of tranmslations:

@ D:Bsc DOTerms

I I:Syn—Terms
defined below:

Basic commands

1. AskipD) =0skipl
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2. @pW(x;)) = TP2w(x, )10

3. Qa!W(e)D = [*,Qlw(e, XskipD)

Guarded commands

1. Ib=BC;CI = if b then (BCDbeforellCIl else Nil

2. EGCIUGCZB = EGCIB + EGCZB
Commands
1. Oskipll = ¢’.done

2. Mabortl] = ¢'.fail

3. Exiz=eﬂ

= ©'.RSpy(e)la (e, Oskipl)]
4. 0Cy5C,0 = nclﬂbeforenczn

s. [P?W(x,)] = [P, *1¥-a;(x, [skipl)

6. LQIN(e)T = RSgy(e) [ [* QI¥(e, EskipD)]

Mif GC £ill = RSgv(GC)[if Bool(GC) then [GCH else Mabortl]

do GC od] = uP-RSGy(gey [if Bool(6C) then (IGCIbefore P)
else [skipl]

9. Ic llc,d = ¢, g2z lc,q



233

10. OR::CI = OCDI¢p!

where ¢, is the renaming defined by:
[R,P]1VW if a=[*,P]W and R#P
¢g(a)={[P,RIW if a=[P,*]W and R#P

a if a is one of ¢', T, ai!v. Bi7v. c!0 ana 8§10

11. [IBI‘OCOSE R;CI] = [ICI][nR,FPL(C)]

where R.L is the renaming defined by:
[+,P]VW if a=[R,P]W and PgL
(P, *]W if a=[P,RI¥ and PgL
nR’L(a)= undef ined if a=[R,P]W and PelL
undefined if o=[P,R]W and PelL
a if a is [P,N]W or [N,P]W where R#N,R#P

a if a is one of v', =*, ai!v. Bi7v. c!0 ana 5!0

Let us explain the meaning of MR L informally:

Suppose a=[R,P]W. Together with the translations of R::C and
PiW(e) and R?W(xi) we know that there are only two possibilities:

a. A command R::C' occurs in C and a command P!W(e) occurs in C’,
In this case if PgFPL(C), i.e. the command P::C" does not occur in
C, then from the outside of [process R;CIl this action must be
[*,PIWlv since process R;C defines the scope of R. Thus the 1line
[R,PIW becomes [*,P]W and this is the first case of the definition.
If PeFPL(C), i.e. a command P::C" does occur in C, then by the scope
rule the action [R,PlW!v must be invisible from the outside of
Oprocess R;CIl. So "R.L([R'P]w) is undefined and this is the third
case of the definition.

b. A command P::C' occurs in C and a command R?W(xi) occurs in
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C’'. In this case PgFPL(C) and according to the scope rule the action

{R,PIW?v must be not visible from the outside of [process R;Cl.
This is also the third case of the definition.

Similarly we can check the remaining cases of the definitioam. To
make sure the translation is syntactically correct we need the

following notation:

Definition 6.1

Let My=( a; | i=1,....n} and Mg={ B; | i=1,...,n}.

The function read:x—)MB is defined by:
read(xi)tﬁi i=1,...,n

The function write:X—M  is defined by:
write(x;)=a,

and H-HauHBu{a.b} ]
By structural induction we can prove the following results:

Lemma 6.3
a. It Q2 then
read (RV(2))=FL([81) My
write(WV(2))=FL(IQ]) M,

b. If F cllc, then
FL(IC;1) aFL(IC,1) aM =p

c. FV({BCD) = RV(BC)
FV(IeCl) = GV(GC)
FV(IC]) = ¢
Is(cC)] = sOGC] 1O

6.2.4 Semantic translation

We now study the adequacy of our proposed translation tr and
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begin with its definition using the notation introduced above.

Firstly, we need to set up the transition systems for CSP and
CCSA. To simplify the 1later proofs we take the union of the
transition systems 'Il.‘gc and 'Il.‘c given in chapter 2, (of course with
the constrsints given above) defining

Tp'<rgc"rc' TorAer 70—
and this is the transition system for CSP. We will just use the

identi ty coagruence.

The transition system n‘t of CCS) is defined as:

A= {IN,N']¥W | N,N’ePlabu{*}, WesPtn and N#* or N'#* }

and

Tt-{(doneluslk)\u, (Msolfail)\u | sgStores}

where sO(xi)-O for all i, and R is the reset term given as:

R = bx.ul(o.az(o.....an(O.fail) ved) ’

i.e. if R receives a signal from line 8 them it sets the simunlated

state Ms to MsO'

The congruence relation ~ on the transition system n‘t is just as

given in section 5.2.

The translation tr:'n‘p —T, is defined by:

(ral Iyu IR)\M if r=<Q,s>
tr(r)= (g_olgluslx)\u if r=s
(M ol £ail)\M if reabortion
and
[N,PIWlv if A=(N,P)!IW(v)
tz(3)={[P,NIW?v if A=(N,P)W(v)

<! if A=e
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Note tr on labels is an injective mapping; and we see that t' is the

translation of g, it was the need to keep track of the & transitions

that led to the introduction of CCSA.

Remarks The purpose of introducing the term R is just to give
injective mapping for abortion. In practice, when a program is
terminated abnormally, the store (memory) is very important for
users to find run—-time errors. From this point of view, we should

introduce <(i{,s> and (t,s) to replace s and abortion in the semantics

of CSP respectively; and then the translation would become:

(Ial Ius)\u if r=<Q,s>
tr(r)= (donelus)\u if r=<i,sd
(£aillM)\M  if r=(t,8)

In fact this will make the later proofs simpler.

Finally, it should be mentioned that if we omit the restriction
for the guards (see section 6.2.2) and use gemeral Plotkin’s guards

then our translation is not adequate. Let us check the following

example:

Example 6.1

Consider the CSP command C’ with Plotkin’s guards:

C'= R:: C |l P:: R?x3
where the command C is given by:
C=if

true=>P!0

true=( if x1=Q!0 [0 not x1=Q?x2 fi)
fi
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Let the initial state be s={xl=0.xz-0.13=0}. We know that the

command C' can never deadlock. The translation of C is:

IC] = if true
then([P!0]+B1x.(if true then([Q!0N+IQ?x30)elselabortl)
elsellabortl
and consider the following computation:
tr(<C,s>)=(McIIn IR)\M
£ ((if tt then(IQ!0D+HQ?x31)elselabort]) IM IR)\M
and is deadlocked. So the computation from tr(<C’,s)) can deadlock.

g

6.3 Proving the adequacy

In this section we prove the translation tr:ﬂ&,—éﬂ} is adequate.
According to chapter 5 we need to prove tr satisfies PO to P5S. To do
so, we first introduce some us?ful results about the terms
t before u and t par u, and then prove tr satisfies PO to P5 omne by
one. The method used to prove adequacy is mainly structural

induction.
6.3.1 Useful lemmas

As we have already seen, in the syntactic translation we
introduced the terms t before u and t par u, and in the semantic
translation we introduced the form (this)\M. In this supsection we
will introduce some notation to help us study the properties of
these terms. The proofs of these properties are given in appendix 1.

First of all we need the following definitions:

Definition 6.3

Given YeA and AeAt and ueA®,
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1. yeh iff A=ylv or A=y?v for some v.
2. Aeu iff Aehd(u) or Astl(u) recursively.

Definition 6.4 Well-formed terms
A term t is well-formed iff whenever t-JL—ét'—L—ét" where neither

o nor & occur in u, and osA or deAh, then t’' is done or fail and

A=0l0 or A=$10. (Of course then if ogA then t’',t” must be done and
Nil respectively and A must be o¢!0; and if 58X then t’',t” must be

fail and Nil respectively and A must be 5!0.)

By structural induction we can prove the following lemma:
Lemma 6.31 Lot te[” and C be a command of Hoare's CSP. If ICI] ——t

then t is a well-formed term.

Definition 6.5 Merge
Let u, v, w be in A:. Then w is a merge of u and v (wricten as
Merge(u,v,w)) iff u, v and w can be written for some n)>0 as
u = gy...0
v = v1...v
W= w.w
and for any j with 1{j<n one of the following holds:
1. wj=uj=k and vj=0 ‘
2. wj=vj=k and nj=0
3. For some A with label in A, wj=v', nj=k, vj=x.

4. For some A with label in {0,8,a,;,B;.v;}, =T, nj=x. vj=f. 1]

The motivation of merge is that for a transition sequence of a
composition tlltz—!—étilti if we <consider the '"projected”
transition sequences of its components we will have

a [ v r

Then these three transition sequences must satisfy Merge(u,v,w).
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Definition 6.5

Given ncA: and s eStates, the state su 8 States is defined by:

s u=P

su =|su’ u=An’ a; gA and B, g
su’ n-(Bi?s(xi))u'
slv/x;]u’ u=(a;lv)u’

The motivation of the definmition is that su defines the final
state of a computation via the transition sequence u from the

initial state s.

Definition 6.6

Given usA,, the transition sequence dsA, is defined by:

0 u=9
T ={Au’ u=Au’' a,fA and B gA
<’ u=Aun’ aisk or Bisk

kS

The motivation is that

t —2—>¢’ iff n(t.s)——iém(t',su).

Notation 6.2

From now on we always use the following notation:

m(t,s) = (elM IR)\M

Notsation 6.3
Given two states ‘ $1, 33 and finite subsets L1. LzsA with
LlannMa-O. we define the operation © on s; and s, as follows: If

that 84 and s, agree on those x,; for which a; not in L1 or Lz then

sl(xi) if ajely
slﬂsz(xi)-

sz(xi) otherwise
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w=tT'"T u=tP!00 v=0P?0<
w'=ﬁl?0.‘:’ .52!0 n’=ﬁl?0.P!0.D v'=0.P?0.a.2!0
Then have
w=w’ u=u’ v=v'
and
Merge(u,v,w) and Merge(u',v’',w’)
and
su’'=s sv'=s’ and s’=su’Osv’ [
Lemma 6.4

Let t be well-formed and wsA:. Then m(t,s) —2—>x iff one

following holds:
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of the

a. For some t’, u and s' we have t-2—t' and s’=su and w=8& and

x=m(t’,s’) and neither ogu nor Seu.

b. For some u, u’and s' we have o, Sgu and
t -2—>fail and w=du’ and s’=su and
m(t,s) j—)m(fail.s') . LN

(and of course u'e{zl®*) 0

Lemma 6.5

Let t1 and t2 be well-formed with no free occurrences of Y- Then

m(tibefore t2.s)-l'——)x iff one of the following holds:

a. For some ti and s’ we have:

m(tl.s) —!?—hn(ti,s’) and x=m(tibefore tz.s')

b. For some and u, u’ and s’ we have:

m(ty,s) -2 5>m(done,s’) and m(t,,s’) L 3% and w=uvu'.

¢. For some u, u’' and s’ we have:

m(tl.S) 2 nm(fail,s') —n'—>x and w=utu'. []
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Lemma 6.6

Let t; and t, be well-formed with no free occurrences of y; and

FL(ty) AFL(t,) AM_=0. Then m(t; par t,,s)—I>x iff one of the
following holds:

a. For some u, v, and v’ we have: w’'=w and

x-n(tiggt’z.sv') and Merge(u,v,w’) and sw’'=sufsv and

n(tl.s) -i-—h(ti.su) and m(tz.s) i—-)m(t'z.sv) .

b. For some w', w” and t'z we have w=w’'tw” and:

n(tl par tz.s) —!'—-)m(done par t'2.sv') and
m(t'z before done,sw’) —!:-)x

and for some u, v we have Merge(u,v,w’') and sw’=su@sv and

m(tl.s) -i—)m(done.su) and m(tz. s) i—-)m(t'z.sv)

c. For some w/, w" and ti. s’ we have w=w'tw” and

n(t1 par tz.s) JL—)m(ti par done,sw’) and
m(t{ before dome,sw’) X5x
and for some u, v we have Merge(un,v,w’) and sw’=sufsv and

n(tl.s) J’T—-)i_n(ti.su) and m(tz.s) ——v——hn(done.sv)

d. For some w', w' and t'z we have w=v'tw” and

m(ty par t,,s) X 5m(fail par t),sw’') and
m(t) beforelabortl,sw’) LT

and for some u, v we have Merge(u,v,w’) and sw’/=sufsv

and m(tl.s) —i-—h(fail.su) and m(tz.s) -—v—-—-)m(t'z.sv)

e. For some w’, w” and ti we have w=w'tw” and
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m(t, par t,,s) -—'-'—)m(ti par fail,sw’) and
m(t] beforelabort],sw’) Lsx

and for some u, v we have Merge(u,v,w’) and sw’'=sufsv

and m(tl.s) —-i—)m(ti.sn) and m(tz.s) i——)m(fail.sv)

Lemma 6.7
Suppose u#®. Then m(t1+t2,s) B 5y iff

either m(tl.s) 2 5x or m(tz,s) 2 5x.

Lomma 6.8

Suppose u#6. Then

m(if b then t else u,s) —2—x iff

either Ibl=tt and m(t,s) -2—>x or Ibl=ff and m(u,s) 2—x

Lemma 6.9
Let t be well-formed with no free occurrences of 73 and wxz/\t and let
¢ be any renaming which is defined on w and is the identity on o,

8, a; and B;. Then n(t{$],s) —>x' iff ome of the following holds:

a. For some t' and s’ we have x'=m(t’'[¢],s’) and there is a w’

with ¢(w’')=w and m(t,s) X Im(t’,s’) and s’'=sw’.

b. For some u, u’ and v we have 5,0f¢u and w=uv and ¢(u’)=u and

m(t,s) —n'—)m(fail.sn') and m(faii,sun’) Y—>x’.
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In this section we prove the translation tr:ﬂ&,—%lrt is adequate

with M={t]}*, to do so we prove that tr satisfies PO to P5S.

all, for —convenience of later proofs we give the

transitions for the following simple translations:

tr({(skip,s>) = m(t'.done,s)

—llém(done,s)-tr(s)

tr(<abort,s>) = m(c’'.fail,s)

—Elém(fail,s)

+
—1—4(Mso|fai1)\Matr(abortion)

Hore ™ denotes a deterministic transition sequence.

tr(<x1=e,s>) = m(r'.RSFv(e)[ai(e,[skipD)].s)
= 5m(RSpy () [a; (e, [skipD)]1,s)
—Izén(ai(s(e):[skipﬂ).s)
—1—+m(Eskipﬂ.s[[s(e)ﬂ/xi])

—Ilén(done.sfﬁs(e)ﬂlxi])

tr((P?W(xi),s>) = m([P,‘]W?x.ai(x,Eskipﬂ).s)

Mn(ai(V1 [[skig]] ) 13)
———1———ém(EskipD.s[v/xi])
———EL——ém(done.SIV/xi])

tr(<QIW(e),s>) = m(RSFv(e)[[‘.Q]W(e.ﬂskipﬂ)].s)

T m([*, A W(s(e),Iskipll)],s)

[‘.Q]WlEs(e)j&m(skip

.cl

s)

>m(done,s)

First of

complete
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The renamings ’R and "R.oL have the following properties:

Loemma 6.10
For any laAt we have
rt(gp(R)) = ¢p(rt(d))

with one side being defined iff the other is.
Proof. The proof is by case analysis on the definition.

Lemma 6.11

Let L be a finite subset of Plab. For any laAt we have

with one side being defined 1ff the other is.
Proof. The proof is by case analysis on the definition.

We assume that the definition of the functions ’R and Ng 1 8re
extended to the sequences of transition actions in both CSP and

CCSA. As usual, we use Syn to denote the set of syntactic entities

of CSP.

Theorem 6.2

Given seStates, it is impossible that for any QeSyn tr(<Q,s)) 22— x,

where x is in Tt and rt(u)=0.

Proof The proof is by structural induction on Q.
case 1. 0 is skip, abort, x:=e, PIW(e) and Q?W(x).
Looking at the complete computations from tr(<Q,s>) given above
the result is obvious.
case 2, @ is b=>BC;C.
Then ObD =tt and FV(b)=D and



tr(<b=BC;C,s>)=m(if b then{BCDbeforelClelse Nil,s)

=n(if b thenIBClbefore[lClelse Nil,s)

(for as GV(b=BC;C)=0 we have (BCD=[BCI)

=m(if b then(BC;CIlelse Nil,s)

Thus the computation from tr(<b=»BC;C,s>) is the same as
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the

computation from tr(<(BC;C,s)>) therefore by the induction hypothesis

the result is true.

case 3. 8 is GCi10GC2.

Computation from tr(<{GC1(0GC2,s>) is the same as computation from

tr(<GCi,s>) i=1 or 2. By the induction hypothesis on GCi the result

is therefore true.
case 4. O is C1:;C2.
tr(<8,s>)=m(IC10beforelC2],s)

Then according to lemma 6.5 we have only three possibilities:

a. For some t’' and s’ we have

x=m(t’'before[C2],s’) and tr(<Cl,s)) 2-m(t’,s’)

Since x is not in Tt this is not the case.

b. For some ul, u2 and s’

tr(<Cl,s>) 2ym(done,s’) and tr(<C2,s’>) B2yx

and u=ultu2. By the induction hypothesis to C1 the
impossible.

¢. For some ul and s’

+
tr(<C1,s)) . S fail,s’) —=—>tr(abortion)

By the induction hypothesis to Cl1 the case is impossible.

case 5. @ is do GC od. )

case

is

According to the translation any computation from tr(<Q,s)) begins

as follows:
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tr(<0,s>)=m(uP.(RS5yl1f Bool(GC) then(IGCIbefore Plelselskipll) ,s)

—1:+n(1£ s(Bool(GC)) then I s(GC)IbeforelQll el1se Hskipl.s)

So for some ul with rt(ul)=f we have one of the following
possibilities:

a. n(<Os(GC)Iveforelall,s>) 2y

b. tr((skin.s))-lléx

Similar to the proof of case 4 the first is impossible and by
case 1 the second is also impossible.

case 6. Q is if GC fi.
The proof is similar to case 5.

case 7. Q is Ciflca.

According to lemma 6.6 we have five possibilities:

s. For some ty, ty and s’ we have x=(tl par t2,s’'). Then x is not
in '1‘t s0 this is not the case.

.

b. For some ul and u2 and t2 we have
tr(ccilicz,s») —ﬁ-m(g_g_z_;_g par t2,s’') and
m(t2 before gggg.s')—!lix and u=ultul
and for some ull, ul2 we have Merge(ull,ul2,ul) and s'=s(ull)@s(ul2)
and  t(<C2,5>) 212 3n(¢2,5(a12)
and tr((Cl.s))-ill—ém(gggg.s(nll))
Since rt(u)=H so rt(ul)=0 thus according to the definition of Merge

rt(ull)=f. So by the induction hypothesis the last transition is

impossible, and so case (b) is impossible.

¢. For some ul, u2 and t2 we have:
tr(<C1llc2,s>) 2lom(fail par t2,s') and

mn(t2 beforeEabortﬂ.s')-Bzéx and u=ulru?2




and for some ull, ul2, we have
s'=3(ull)0@s(ul2) and

amd  tr(<C2,83) M2 5n(t2,5(a12)

amd  tr(<cl,e>) Bl yu(fail, s(ail))
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Merge (ull,ul2,ul) and

Similar to case (b) rt(ull)=h, so by the induction hypothesis

the last transition is impossible and case (c) is impossible.

d. Bxchange the positions of C1 and C2 in cases (b) and (¢). Then

the cases are still impossible and the proofs are similar to cases

(») and (o).

case 8. O is R::C.

As rt(u)=p we have ¢p(u)=u (by lemma 6.10) therefore by lemma 6.9

tr(<C,s>) -1, xeT, and rt(u)=f, By the induction hypothesis this

is impossible so case 8 is impossible.

case 9. O is process R:C. The proof is similar to case 8. I

Corollary 6.1

The translation tr satisfies PO.

Proof. If teTc it is either s or abortion. Then tr(r) is either

m(done,s) or (Hsolfail)\u and so in Tt in either case.

If tr(r)~B—9x with x in T, and rt(u)=d then by the previous

theorem r cannot be of the form <Q,s> so reT_. ]

To prove tr satisfies Pl we need the following lemma which is

oasily proved by structural induction.

Lomma 6.12
If <Q,s> f—>abortion then

+
tr(<Q,s>) —=>m(fail,s) —=>tr(abortion).

and rt(u)=s.
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Theorem 6.3
The translation tr satisfies Pl. That is for any r=<Q,s)>, Q8Syn and
My, <2.8>-B53r implies that for some usA; tr(<,s)) Epitr(r) and

rt(u)=\.

Proof The proof is by structural induction on Q. We need to examine

the following cases:

Case 1. @ is skip, abort and x:=e. By looking at their complete
ocomputations the result is obvious.

Case 2. g is P?W(xi).

Then r must be <(skip,s> and A must be (*,P)?W(v). So

tr((P?'(xi).s))-n([‘.P]'x.ai(x.Eskigﬂ).s)

L:Lgl!lzzén(ai(v.Eskigﬂ).s)

-———1———;+m(lskign.s[v/xi])

The last term is just tr((gs_g.s[v/xi]>.
Case 3. QO is Piv(e).
The proof is similar to case 2.
Case 4. 0 is b=BC;C.
According to the guard rule im section 2.3 [bl =tt and
<BC:C.3>—534r. By the induction hypothesis we have
tr((BC:C.s))—!gétr(r) and rt(u)=\

So since Ebﬂs-tt and FV(b)=0 and

tr(<b=BC;C,s>)=m(if b then{BCDbeforel[Clelse Nil,s)

=m(if b thenIBClbefore[Clelse Nil,s)

(for as GV(b=BC;C)=f we have (BCD=[BCI)
=m(if b then[BC;Clelse Nil,s)
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Thus the computation from tr(<b=»BC;C,s>) is the same as the

computation from tr({(BC;C,s>) therefore
tr((b-’BC:C.s))-3—%tr(r).
Case 5. QO is GCIUGC2.

According to the alternative rule in section 2.3 we know that

<GCi.s>—L59r where 1i=1 or 2

By thke induction hypothesis we have
tr((GCi.s))-ﬂiétt(t) and rt(u)=A.
Thus by lemma 6.8

J!F9tt(t)

Case 6. Q is do GC od.

According to the repetition rule in section 2.3 we need to examine

the following subcases:

1. [Bool(GC)] =tt and <GC,s>-253<C,s'>|s’|abortion.

Let us just check the first one:

(GC, s> 253¢C, 87> and so <s(GC),s> Bo3<C,s>.

By the induction hypothesis

tr(<(s(GC),.s>) —uT-hn(lIC]l.s') and rt(u)=A therefore
tr((g_l_g GC od,s>)

=m(uP. (RSgy(gc) [if Bool(GC) then(IGCIbefore Plelse Uskiplll).s)

2 m(1if s(Bool(GC)) then(Is(GC)Ibefore M8D) else Iskipl.s)
(by the recursive rule and lemma 6.4)

-—nT)m( IClbefore [Ql,s’)
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(by lemma 6.8)
The last form is just tr(<C;do GC od, s'>).
2. [Bool(GC)]  =ff, therefore

tr((ﬂ.s))—1%9(1£ $(Bool(GC)) then(Is(GC)IbeforeIQ])elselskipl.s)

—1%+n(done.s)

The last form is just tr(s).
Case 7. 0 is if GC fi.
The proof is similar to case 6.

Case 8. 0 is °1:Cz-

According to the composition rule in section 2.3 there are three

suboases to study:

s. (Cl.s>-53+(Ci,s'>. Then by the induction hypothesis we have
tr((Cl.s>)—5?+n(ECiﬂ.s') and rt(u)=A. Therefore applying lemma 6.5
tr(<8,s>)=m(IC, IbeforelC,l,s)

—lfén(ECiﬂggigggﬂczﬂ,s')
The last is just the form which we expect.
b. (Cl,s>—5393'. The proof is similar to subcase (a).

c. (Cl.s>-3§+abortion. Then (C1;02.3>—£3+abortion. By lemma 6.12

we have:

+
tr((C1,3>)—3f+m(fai1,s)41—+tr(abortion)

and rt{u)=e, therefore by lemma 6.5

tr((Q,s))-EFQm(fail before Eczﬂ).s)
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+
—lt—h( fail,s) —~—>tr(abortion).
Case 9. 0 is C,lic,.
According to the parallel rule in section 2.3 we need to study the

following subcases:

s, (Cpa>-becci.s> and <@, Bpiccilic,, s>, By the induction
hypothesis we have
tr((Cl,s))-B—t—)n([ICi]],s') , rt(u)=A
By lemma 6.4 (a) wo have u’ such that u’=u and s'=su’. Noticing that

Morgo(u’,0,u’) and s'=su’'OsP=su’ applying lemma 6.6 we have:

tr(<Q,s>)=m(IC; DparlcC,1,s)
—2>m([c{NpaclC,1.s")

b. <Cy,8> Re3<cy,s>, <Cpsd> E53<Cy 8> and then
(0.:)—‘3-)(Ciﬂ0'.s'). By the induction hypothesis we have:

tr((Cl.s)) J'@l"-‘-’—t-ﬂ-M*—rzl'—?‘m( I[Ci]] ,s')

£(<C,,83) a2l.t0(R) 023, (s ], 8)

whers ull, ul2, u2l, u22 are sequences which contain v only. By
lemma 6.4 (a) we have v1l, v12, v21 and v22 such that vll=ull,
v12=ul2, v21=u2l and v22=u22. Let

vi=vll.tr(i).v12 and v2=v21l.tr(X).v22.
we have s’'=s(vl) and s=s(v2). Take v3=vlil.vl2.t'.v12,v22 then
Merge(vl,v2,v3) and s(v3)=s(vl) Os(v2)=s’ (Noticing
FL(IICIII)AFL(IICZII)nMaso). So applying lemma 6.6 we have:

tr(<Q,s>)=m([C, IparlC,I,s) —thm(I[Ci]]pl_r_I[Cé]] ,8')

c. <(Ci,s>—25>s then (Q,s>—%5>(C,iskip,s>. By the induction
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hypothesis we have

tr((Cl.s>)—3?9m(dono.s) and rt{u)=s.
By lemma 6.4 (a) we have u’ such that u’'=u and s=su’. Noticing that

Merge(u’',0,u’') and s=su’@sPd=sun’, applying lemma 6.6 we have

tr((n,s))—ﬂzéu(done gggﬁczn.s)
—1;+n(ﬁcznbo£oroﬁskign.s)

d. <Cy,s>—Ezrabortion then <Q,s> —i5><Cyiabort,s>. By the

lomma 6.12 we have:

n([CIB.s)-Sléu(fail.s)-lﬁétr(abortion)

and rt(u’)=s. So applying lemma 6.6 we have:

tr((0,3>)-(EC132££[C2].s)
> (fail parlC,],s)
—1?+(Ecznbefore Tabortl,s)

e. By exchanging the positions of C; and C, in suboases (), (»),

(c) and (d). the proofs of these cases are similar to the proofs in

(a), (), (¢) and ().
Case 10. 0 is R::C.

Then if (R::C,s>—2—3r there are three subcases where for some
A' with A=¢p(X') we have:

<c,s>-25¢c’,s'>1s’ | abortion
and r is <R::C',s'> or s’ or sbortion. We just consider the first
one. By the induction hypothesis we have
tr(<C,s>) 2—tr(<C’',s'>) and

rt(a)=A'. So u=ultr(A)u2 where ul and u2 are composed of v's oaly.

Therefore as ¢p(A’') is defined so is ¢g(n), by lemma 6.9 we have

’R(u)
tr({R::C,s>) —>tr(<(R::C’',s">)

thus we calculate that
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rt(gp(u)) = rt(ulgp(tr(r’))u2)
rt(gp(tr(n®)))

]

QR(rt(tr(k'))) (by lemma 6.10)

pp(r")
= A

#l

Case 10. Q is process R;C.
Then if <{process R;C,s)—L—ér there are three subcases where for
1]
some A' with x=ﬂR,FPL(C)(X') we have (C,s>~—L-9(C’.s'>|s'|abortion
and r is <process R;C’,s’> or s’ or abortion. Let us just consider

the first subcase.

Now by the induction hypothesis we have
tr(<C,s>) -2—>tr(<C’',s’>) where u=ultr(A)u2
and ul, wuw2ef{t}*. As rt(trc(A’))=A' and nR,L(X') is defined
nR,L(rt(tr(X'))) is defined; so we can apply lemma 6.11 to see that

nR,L(tr(k’)) is defined and also

rt(nR,L(tr(k')))ﬁ'\R,L(k')

so by lemma 6.9 we have

ulng [ (tr(x’))u2
tr(<{process R;C,s>) ! > tr{<{process R;C’',s'>)

and rt(ulng ;(3'))u2) =ng ;(A’) as required.
Thus the lemma has been proved. [I

Lemma 6.13

If tr(<GC,s>) —2—x then hd(u)str(Ap).

Proof. The proof is by structural induction on GC.

case 1. GC is b=>BC;C. According to the definition of the



255
translation the first tramsition action of tr(<GC,s>) must be the
same a8 the first transition action of tr(<{BC,s>). Since BC can only
be skip, P!W(e) or Q?W(x) the result is obvious.
oase 2. GC is GC1(JGC2. Since computation from tr(<GC,s>) is the same
as tr({GCi,s>) for i=1 or 2, by induction on GCi the result is
proved. (I

We now choose M={t}* and prove the translation satisfies P2.

Theorom 6.4
The translation tr satisfies P2. That is, if tr((ﬂ.s))—gféx,

rt(u)=L then there exist rs["p. x'sr't. and u,, uza[tl‘ such that
u u
<8,8> 2>z and tr(r)-—%éx' and x-—%#x' (see figure 5.8).

Proof The proof is by structural induction. Consider the following
cases:
Case 1. 3 is one of skip, abort, x:=e, P?W(x) and PIVW(e).

Since the computation from tr(<Q3,s>) is deterministic the result
is obvious.

Case 2. O is b=BC;C.

Then (bl =tt and the computation from tr(<Q,s>) is the same as
the computation from tr(<BC;C,s>). By the induction hypothesis the
computation from tr(<BC:;C,s>) satisfies the lemma, thus so does the
computation from tr(<Q,s>).

Case 3. 0 is GC; + GC,.

Here we need only notice that the computation from tr(<Q,s)) is
the same as one of the tr(<GC;,s>).
Case 4. 0 is Cy;C,.

According to lemma 6.5 three subcases can arise:

caso 4.1 For some ty, s’ we have:
x=m(t beforel[C,0,s’) and tr(<Cs,s>) m(t;,s’)

Now by the induction hypothesis we can find Ty» xi and ul.nzs[r}‘
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such that
<C1,s>-3'—)r1 and tr(tl)—ﬂéxi and m(t,,s’) —u-z->xi
Now there are still three c2szes according to the form of ry:
case 4.1.1 r =<Cj,s"). Then we take r=<C{;C,,s”> and certainly
(CI;C2,3>—L-)t. Next since tr((Ci.s"))—‘-l-l-éxi and rt(uy)=h, by

theorem 6.2 we have xl=m(ti.s'1' for some ti and s'l'. So we take

x'-m(tibeforeIICZI].si) and by lemma 6.5 have:

o
tr(r)=tr({C§;Cy, s">) —Im(tibeforelC,T,sY)

o
and since m(tl,s')—zéxfm(ti.s'l') by lemma 6.5 again

u
m(t before |IC2]l ,s') -—-—2—->m(tibefore [[Czll ,8")

and so the case is proved.
case 4.1.2 t1==s". Then tt(t1)=tt(s") and so u1=0 and !i=tt(s").
Take r’'=<C,,s"> and x'=tt(<C2.s">). Now by the composition rule we

have

¢C;1Cqh 8> -23¢C,, 8

and by lemma 6.5 we have

m(t; beforellC,],s') —2sm(done beforelC,1,s") T5m(<IC,T,s">)
and the last is just x’' so the case is proved.

case 4.1.3 ry=abortion. Then tr(rj)=tr(abortion) so wu©;=P and
x{=tr(abortion) and wuys{t}* and m(tl.s')—f-z%tt(abortion). So by
lemma 6:12 we have s’=s and for some u2le{t}* and u2=u21.r+ and

+
m(tl. s) —‘—IAm( fail,s) —=—>tr(abortion)

Thus take r=abortion, x’'=tr(abortion); by lemma 6.5 (c) we have:
u.
m(tlbefor:e [[Czll ,S) —23tr(abortion)

+
where Uy=051.T.T and so the case is proved.
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csse 4.2 For some Wi, Wy and s’ we have u=w;Tw, and
w. w
tr((Cl.s>)——l¢m(done,s') and tr((Cz,s'>)-—zéx
Since rt(u)=A we see that rt(w1)=0 or rt(w2)=0. By theorem 6.2 we

cannot have rt(wl)‘ﬁ s0 rt(w2)=0.

By the induction hypothesis to C1 we have ry, u;, u, and x{ such

that

u u
(Cl,s>—5—9r1 and tr(rl)——léxi and m(done.s')——zéxi

Here lnrt(vl). n2=0 and xi=m(done.s'). Since rt(n1)=0 by theorem 6.2

we have ry=s’ and n1=0.

So we take r=(C,,s'>, x'=x, n2=0 and u;=w, and have

w
(C13Cp 85) 23(C,, 8> and  tr(<Cy,s>) —Dix.

case 4.3 For some Vi, Wy and s’ we have u=w W, and

tr((Cl,s>)———9m(fnil,s')———%x

Here gt(v1)=rt(n)=l. By the induction hypothesis we have r;, u,, u,

and xi such that
u u
(Cl.s>—5—4r1 and tr(rl)——léxi and x——zéxi.

Noticing that the computation from m(fail,s’) is determimistic so

we choose =x;=tr(abortion) and then by theorem 6.2 we see that
n1=0 and so r1=abortion. So take r=abortion and x'=xi; by the
composition rule we heave (Cl;Cz.s>—L—éabortion and we already have
x—gzéxi=x' and the case is proved.

Case 5. 0 is do GC od.

There are two subcases to analyse:
a. EBOOI(GC)ﬂs=ff. Then:

tr((ﬂ,s))—lfém(ii s(B0ool(GC)) then(Is(GC)IbeforelQNl)elselskipl,s)
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-rt—m(done.s)
choose r=s, x'=m(done,s) and u1=u2=0.

b. l[Bool(GC)]ls-tt. Notice that the initial transition sequence

of the computation from tr(<Q,s>) is a deterministic v sequence

followed by a transition sequence of m([Is(GC)IbeforelQll,s) Then the
proof can be done by an analysis like that of case 4.
Cagse 6. O is if GC fi.
The proof is similar to case 5.
Case 7. 0 is C liC,.

This is the most important and complicated case. Suppose

tr(« ClﬂCz.s))ﬂn([Clllg_a_EIICzll.s)—-'—‘—)x and rt(u)=r.
Then according to lemma 6.6 five possible subcases arise:
case 7.1 For same u', vy, V,, s’ we have u'=u and

Merge(vl,vz.u') and xm(tlgg tz.s') and

¥ v
a(0C; 1, 8) —Lm(t;,s(v)))  and  =m(LC,D,s) —2—m(ty,s(v,))

where s’'=sv;0@sv,. Noticing that rt(u)=A and so rt(u’)=A. According

to the definition of merge, there are two subcases to study:

case 7.1.1 rt(vi)=0 for some i (i=1 or 2). Suppose i=2, thus
rt(v1)=l. By the induction hypothesis there exist Tyo and LIBE

L9 23{17} * guch that:

(Cy,8)—2or and tr(r)m-)x' and m(t s(v))gl—&)x'
1’ 1 1 1 1’ 1 1

Now there are still three subcases depending on the form of Ty
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al. If ry;=(C{,s;> then by theorem 6.2 xi-m(ti,si) for some t{ and s;

80

7

tr(<Cq, s> —Lom(t,, svy) (Cy, 8>
u

tr(<C,89)) — rm(ey,s) (C{,8y>

wvhere s{=siuj;=svyu;, and “11';i1' n12=;i2 (by lemma 6.4). So take
r'=¢c{llc,,sy) and x'=m(t{par ty,s3), where s3=s{@sv, and uy=uy,¥,
and u,=u;,. Notice Merge(uj;,v,,u{yv,) and Merge(uj,.0,ui,) and
s3=3,(u]1)0s(v,y) =3y (ujyvy) and $3=(svq)u{ ,0svy=(svyvyluj ,=s’'uj,
(FL(IC; T AlCyl nM =#) so by lemma 6.6 we have

n([Clnzis[Czn.s) 2 >n(t1 par t2.s')
_ %12
%1172

w([C;TparlC,T,s,) m(t] par t,,s3)
and by the parallel rule we have <C,llC,, s> 25¢cillc,,s .

a2, If ry=s then choose r'=(C,;skip,s>, x'=m(t2pef0tolskip].s) and

ul'vz and uzgul 2':-

a3. 1f rl-abortion then choose t’-(Cz:abort,s>.

x'-n(tzyaforelabort].s). 1, =¥, and u,=u, ,T.

case 7.1.2 rt(u)=e and rt(v1)=p. rt(vy)=p (Here § is the
complement of p). By the induction hypothesis there exist (Ci”1>’

t{, and uyq, u213{t}‘ such that

ﬂ( [Cln '3) ——ﬁ"—%(tl,svl) (C1'3>

a
m([C;T,sy) —2——m(t{,s]) <c{,sp>
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where si-sluil-s(vlu'n) and ;1'.1'“11 and ;'21-1;21 as usual.

and (C'2.s>. th, Tyq nzzc(tl‘ such that

a(IC,0,8) ——2—5m(t,,sv,) (C,pr8>

pn P

a(LCyl, ) —22—sm(ty,s5) - (C}, 3>

vhere sj=su; ,=s(vyuj,) and ;1'_2'“12 and II'22’“22'

Lot s3=s;0s5. Take r=<C;lC},s;>, x'=m(t{ par t),s3), u;=u;y.uy, and

Ty™Ujyg.T99. Applying lemma 6.6 (a) we have

m(EC,DpazOC,I,s) ——2———m(t; par t,,s’')
uy
a(EC;TpazlCyl,sy) L m(t] par t5,s3) -

where the horizontal transition is because

Merge (uj;,uj5,8{709) and s3=sjOs)=s,uj;0su] ;=35 (nj;uq,)
the last equality is by FL(IC;1)aFL(LC,0)aM =0. The vertical
transition is because

Mergo(ujy,uj,,u)q)s) 2and

s3=3{0s =3 (v u) 8s(vouh,) =(svyv,) (nhyujI=s’ CTRL TPV

By the parallel rule we also have <C,lIC,, s> —E55¢CiliC), s> and so

the cass is proved.

case 7.2 For some wy, w,, s’ and ty such that nﬁlvwz
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and tr(<C1"02.3>)-:1+n(done par tz.s’)
w
and n(tz beforeldone,s’) —z-)x

and for some v;, v,, we have Merge(vl.vz.wl)

7 -
and tr((Cl,s))-—lén(done.svl) and tr((Cz.s))—zzém(tz.svz)

where s'-svlﬁsvz as usual. Since rt(u)=\ we have rt(wl)-o or

rt(wy))=f. By theorem 6.2 we cannot have rt(wl)=0 so rt(wy))=h.
Similarly rt(vl)-kﬁo

By the induction hypothesis on C, we have r; and Uy, Tpy inm {x}*
and xi such that

u u
(Cl,s>-L—9r1 and tr(rl)—lléxi and m(done,s')—lléxi

Here n21-0 and xi-n(dono.s'). Hence as ulle{t}‘ by theorem 6.2 2gain
we have ry=s’ and so by lemma 2.1 A=¢ and ull-o.

So take t-<C2;sk p:s'>, x'=x, uy=w, and uz-ﬁ and we have:

w
tr(r)=tr(<Cyiskip,s’>) —23x and <C, /€y, s> —£5<C,;skip, s).

case 7.3 For some Wi, Woo ty and s' we have n-ﬁlth

w
and  tr(<CyllCy 83) —Lom(£ail par ty,s’)
w
and m(t,beforeﬁabortﬂ.s’)-—zéx

and for some Vys Vo We have Merge(vl.vz.vl) and s'-sv103v2 and
A v
tr((Cl.s>)-—lém(fail.svl) and tr((Cz.s>)——2+g(t2.sv2)

Notice the computation from m(fail,s’) is deterministic and its

transition sequence contains T's only. By theorem 6.2 rt(v1)=ﬂ is
impossible, therefore rt(wl)#ﬂ and rt(wz)so. By the induction

hypothesis on C1 we have ry, x4, U491 and T59- Again the computation
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from m(fail,s) is deterministic so ry=abortion and xi-tr(abortion).

Then by lemma 2.1 A=e. We take r=(c,;abort,s), x'=x, U =W,, u2=ﬂ and

have:

w
tr((CZ;abort,s'>)——zéx and (CI“C2.3>'5—%<C2;abort.s>

case 7.4 Exchange the positions of C; and C, in case 7.2. The
proof is then similar to that of case 7.2.

case 7.5 Exchange the positions of C1 and C2 in case 7.3. The
proof is then similar to that of case 7.3.

Thus the case 7 is proved.
Case 8. 4 is R::C.

According to lemma 6.9 there are two subcases:

case 8.1 x=m(tl¢pl,s’) and m(ICT,s) 2m(t,s) and $g(u’)=u. By

the induction hypothesis there exist r’',t’ and ui, ués{r}‘ such that

n(ICcl,s) B>m(t,s’) <C,s>

lu'z lrt(u')

tr(r')-—gl—ém(t'.si) T’

If £'={(C’,s”> then choose r=(R::C’',s"”>, x'=m(t'[§R],sf) and uy=uy,
and uy=uj. According to the definition of ¢p rt(u’) can only be one
of &, (*,P)?W(v) and (*,P)!W(v) (P#R), so $p(rt(u’)) is defined and
then by lemma 6.10 we have

§R(rt(u'))=rt(§R(u'))=rt(u) and so <(R::C,s)It{uly(p..c',s7>.
By lemma 6.9 we have m(t[‘R].s')—Eléx' and x—Eléx'.

If r'=g” then choose r=s”, x'=m(done,s”) and u1=0, u,=uj. (Noticing

ui=0).

If r'=abortion then choose r=abortion, x’'=tr(abortion) and u1=0 and

u2=né.
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w. w
case 8.2 For some w;, W, tr(<C,s>) —lym(fai1,s’) —2>x where
u=$p(¥;)wy. So by the induction hypothesis we have ry and u;, U, in

(t}* and x; such that

] a4 ul
<C.s)—511!—l+r1 and tr(rl)——léxi and x-—39xi

As usual we can take x{=tr(abortion) then by theorem 6.2 ni=0 and so

ry=abortion. Now we calculate that
Pp(rt(wywy))=rt(dp(wywy))=rt(dp(wi)w,)=rt(u).

Therefore we take r=abortion, n1=0 and ©,=w, and x=x' and the result

holds.

Case 9. O is process R;C.

The proof is similar to case 8.

Thus the theorem has been proved. 0]

Theorem 6.5

If tr(<Q,s>)t is an infinite computation then it must contain at

least one translated label.

Proof The proof is by structural induction on Q.

By looking at their complete computations it is easy to see that
2 cannot be skip, abort, x:=e, P?W(x) and P!W(e). Thus we only need
to examine the following cases.
Case 1. @ is b=BC;C.
Then ﬂbﬂs=tt and the transition sequence tr(<Q,s>)t must be the
same as tr(<BC;C,s>). By the induction hypothesis we know that the
transition sequence tr(<BC;C,s>)t contains at least one translated
label.
Case 2. 8 is GC,0GC,.

The case is true since the computation from tr(<Q,s>) must be a
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computation of one of tt((GCi.s>) i=1,2.

Case 3. 2 is if GC fi.
Then [Bool(GC)Bs-tt and tr(<Q,s>)t must have the same computation

as tr(<GC,s>). By the induction hypothesis the case is done.
Case 4. 8 is do GC od.

Then [Bool(GC)I =tt and the initial transition sequence is

tr((ﬂ.:))—lzéii 8(Bool1(GS)) then [s(GC)IbeforelBlelselskipl,s)

there are two subcases:

a. tr(<GC,s>)¢, then by the induction hypothesis it must contain

at least one translated label so the case is proved.

b. the computation from tr(<{GC,s>) is finite. Then it cannot be
stuck, therefore applying lemma 6.5 we have:
tr(<GC,s>) —S—m(done,s’).
By theorem 6.2 rt(u)#), that is u contains at least one translated

label therefore tr(<Q,s>)* contains at least one translated label.

c.'. 5. Q is Cl;cz.
Lot tr({Cy;Cy,8>) 2lyy 225y My

be an infinite computation and un=l1x2...kn. Applying lemma 6.5 we

soe threes possibilities and consider the latter two first:

.1 w
case § For some a’ "a and s, Ve have L A and

w v
tr(<C1.3>)——5+n(done.sn) and tr((Cz.sn>)——Béxn

In this case, by theorem 6.2, v, must contain at least omne

translated label and so does LI

case 5.2 For some Yo Va and s, we have Ll A and

v v
tr(<Cy,sd) —Bom(fail,s ) —Byx



But this is not the case since the above computation is finite.

case 5.3 For every n we have for some t, and s and

u
xn-n(tn boforeﬂczﬂ.sn) and tr(<C1.3>)——59n(tn.sn)

We have an infinite computation:

tr(<Cy,80) Aom(ty,s,) Aom(t,, s 25, ..

applying the induction hypothesis to C1 we see that
computation must contain at least one translated label.

Case 6. O is C1“C2.

Let tr((C1“C2.s>)—Lléxl-Lléxz-L§+...
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this

be an infinite computation and un-k112...kn. Then applying lemma 6.6

we see five possibilities and consider the latter four first:

case 6.1 Por some LA A and tyn we have un'in‘vn and

) tr(<C1"C2.s>)—:3+m(done par t2n"n)
v
n(t2nbefore[skizﬂ.s)——591n

and for some w_, wy we have Merge(w;,wg,vn) and

tr(<C1.3>)-:Eén(done.sv;)

'H
tr(<C2.s>)——3+m(t2n.sw;)
and sn-swAOsw;. By theorem 6.2 w; must contain at least

translated label, then so does v, by the definition of merge.

case 6.2 For some War Vur Sy and too we have u =W tv_ and

tr(C1“C2.s>)—:3¢m(fail par to.,s))

v
m(t, beforelabortll,s ) —Erx

and for some w;, w; we have Merge(wa.wa.wn) and

one
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"
tr(<Cy,8>) —Bom(fail,sw))

w"
tr((Cz. ‘)) —'nﬂ(tznp “l'l.)
and s =sw/@sw’. As usual since n(f;il.své)-Jztétr(abortion) so by
theorem 6.2 we see that wé must contain at least one translated

label and so v contains at least ;ne translated label.

oase 6.3 Exchanging the positions of C1 and C2 in case 6.1, the

proof is similar to case 6.1.

case 6.4 Exchanging the positions of C; and Cz in case 6.2, the

proof is similar to case 6.2.

ocase 6.5 For eve n we have for that some tln' tznand S,

” we have Merge(u',u”,u_) and

!
xn-n(tln par tzn,sn) and for some u;, uj 2eun, Ty

;'
tr((Cl.s>)-:%9g(t1n.su£)

u”
tr((Cz.s))-—Eén(tzn,su;)

where sn-suaetu;. We see that for some n at least ome of u; or u;
contains a translated label, otherwise since o, is arbitrarily long
so, by the definition of merge, at least one of u; or u: is
arbitrarily long. Therefore one of the computations from tr((Cl.s))
or tr((Cz.s>) is infinite and by the induction hypothesis it must
contain at least one translated label; and this is a contradiction.
Case 7. Q is R::C.

Since tr(<Q,s>)=m(ICI[¢pl,s) by lemma 6.9 and 6.10 as usual we
see that tr(<C,s>)t. Then, by the induction hypothesis, the latter
must contain at least one translated label and therefore the result
is true.

Case 8.  is process R;C.

The proof is similar to case 7
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Thus the theorem is proved. (I

Theorem 6.6

The translation tr satisfies P4. That is —3p> in Ex—tr(f'p) is (<}

commutative.

Proof Let Q&Syn and tr((Q,s))-Jlgéx. We are going to prove any
computation at x is {v} commutative. The proof is still by
structural induction. Consider the following cases:

Case 1. 0 is one of the forms skip, abort, x:=e, P?W(x) and
PiW(e). Then the computation from tr(<Q,s)>) is deterministic and the
result is immediate.

Case 2. Q is b=BC;C.

Then [Obl =tt and tr(<b=BC;C,s>)-%>x is the same as
tr((s(BC);C,s))—Bféx. By the induction hypothesis computation at t
is {v]} commutative.

Case 3. 2 is GC,0GC,.

According to lemma 6.13 any computation from tr(<f,s>) must bde:

tr((ﬂ,s))sm(HGC1H+EGC2ﬂ.s)
-—%%x'—gééx

where patr(Ap). Thus if any computation from t contains a transition
label < then %ength(u))l, and therefore the computation from
tr(<Q,s>) is the same as a computation from tr((GCi,s>) i=1 or 2. By
the induction hypothesis any computation at x is {t} commutative.
Case 4. Q is C;;C,.

Let tr((Cl;C2,3>)—3—+x. Applying lemma 6.5 we see three

possibilities of the form of «x.

case 4.1 x=m(t1beforeEC2ﬂ.sl) and tr((Cl.s>)—3—$m(t1,sl). Now we
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still have two subcases:

' t1 is done or fail. Then computation at x is deterministic, so

is commutative.

b. ty is neither done nor fail. Then suppose
x-L—+x1 and x-1—9x2

Notice here we only deazl with one transition step, applying
lemma 6.5 and theorem 6.2, so forf some ty4. t12 311 and S19 We

have:
xl-(tllbeforOECzn '811) and m(tl,sl) —L—%(tll' 311)-

xy=m(tq sbeforelC,0,s,,) and n(tl.sl)-l—ém(tlz.slz).

By the induction hypothesis on m(ty,s,) (since
tr((cl,'>)—g—_——\rg(t1,31)) we h"e: either )."E. m(t11,$11 )’m(tlzgslz)

or for some ty3, $y3 the following diagram commmtes:

n(ty, ;) —2—mltyy,8,)

v <

m(ty 5. 815) 2wt 3, 83)

Therefore by lemma 6.5 we see that either v=A and X1=X, or take

x'=m(ty3beforellC,01,s,3) and have

xl’n( t11b0f0r0E02n 1311) "I—)‘ﬂ(t13b°f°r°E02n » 313)
xzan(tlgbeforelczn,slz)-L—ém(t13beforelczn,313)

So in this case the result is true.

case 4.2 For some uy, U,y and sq we have u=uy T, and
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tr((Cl,s>)—:1+n(done.sl) and
u
tt((c:; '1)) —-z-)x.

By the induction hypothesis on C2 we see that computation at x is

commutative.

" case 4.3 For some Uy, U, and s; we have:

L a
tr(<Cy,8>) —2rm(fail,s;) —2>x

Then we see that computation at =x is deterministic so is
commutative,
Case 5. Q is do GC od.

If [MBool(GC)] =ff then the result is immediate, since the
computation from tr(<3,s)) is deterministic. Otherwise there are two

possibilities:
a. tr(<a,s)) -E25x

—I:Qn(ig s(Bool(GC)) then (Is(GC)IbeforelQ]) else Iskipl.,s)

Since the computation at x is deterministic so the result holds.

b. m(Ls(GC)Ibeforelal,s) 2—x
Then to prove that any computation at x is commutative we need
examine three subcases which are similar to case 4. Let us consider
the second subcase: for a given u we find some Ty, Uy and s’ and

have =y, T,

tr((s(GC).s))-Elém(done.s') and tr((ﬂ.s'))—zzéx.

Here 1ength(u2)<1ength(u). Since u is given so by repeating this
procedure on the last transition finite times we will have for some

s’ either the above cass (a) holds then the result is immediate or
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tr(<s"(GC),s">) J 3z

By the induction hypothesis on GC the result is true.
Case 6. O is if GC fi.
The proof is similar to case S.

Case 7. Q is 61"62.

Let tr((C1"62.3>)—3—+x. Then applying lemma 6.6 we have the

following five possibilities:
case 7.1 For some u’, uy; and 1,
2'=u and Horge(nl.uz.n')

.
tr((C1,3>)-—1+n(t1.su1) and
tr((Cz.s>)-224u(t2.sn2)

and x-n(tl par t2"1)

There are still two cases:

case 7.1.1 Neither t1 nor t2 is done or fail. Let
x-L—éxl and x—l—éxz

For the first transition notice that we only consider one

transition step at x, by lemmas 6.6 and theorem 6.2 we see that:

for some py; and p, and x1=m(tllg££ t21.311)

p p
m(tl.sl)-—l+n(t11.slp1) and m(tz.sl)——z%m(tZI.slpz)
and Merge(pl.pz.l') and A’'=A and $117%1P19s1P,.

For the second transition we have for some i (i=1,2),say i=1,

x,=m(tq Jpar t2"12)
and m(tl. 31) "'L_)'ﬂ( tlzn 31 2)

Now there are various possibilities:
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a. py=f. Then A'=p; and t,;=t, applying the induction hypothesis

to m(tl.sl) we see two subcases:

a.1. T=\ and m(tll.slp1)=m(t12.512) then x,=x, and the result

holds.

2.2 For some t13» S13 the following diagram commutes:

T T

- A
m( 19 31 2) —-——)m(t13.313)

So we take x'=m(t13par t2,313) and apply lemma 6.6 have

T T

m(tlzpar t2.s12)—L—+m(t1325£ t2.313)

zl

b. pl#ﬁ and pz#ﬂ. Then A=t’' and p,, pzstr(f’p) and p;=§,. In this
case c#pl and similar to case (a.2) we take x'=m(t3par t21’312) and

apply lemma 6.6 and have:

M(tigﬂ tzn 31) _L>m(t112£ t21n 31)

v €

m(t, jpar tz.slz)-ziém(t132§£ teq1,519)

c. pz#ﬁ and p1=0; Then A’'=p,. In this case the computation from x

is interleaving its constituents, applying lemma 6.6 the result is

certainly true.

case 7.1.2 One of t; or t, is donme or fail. For example, let

t1=done then x=m(done par . tz.sl) and the proof is similar to

case 7.1.1 (a) and (c).



272

case 7.2 For some oy, By ty and s’ we have u-iltuz and

tx(<C 1€, 8>) —23m(done par t,,3') and
n(t,bofore[skipn.s')—Eléx

and for some uy, uj we have Herge(ni.ug.ul) and

tr((C1.3>)-:lég(done,sui) and tr((C2.3>)-:l+m(t2.su{)
By lemma 6.5 we have
0
£r(<Cy;skip, s>) —A-25

So similar to the proof of case 4 we see that computation at x is

comsutative.

case 7.3 For some 2y, Uy, t, and s’ we have unilrnz and

1
tr(<CyI1Cy, 83) —Lim(£ail par ty,s') and
a
n(t,boforauabortn,s’)-—3+x

and for some u;, uj we have Merge(ui.ng.nl) and

; ' -
tr((C1,3>)——l+m(fail,sui) and tr((C2,3>)-21+n(t2.sng)

By lemma 6.5 we have

-"u
tr((Cz:abort.s>)—El—z+x

So similar to case 4 the result is true.

case 7.4 Exchanging the positions of C; and Cy in case 7.2. The

proof is similar to case 7.2.

case 7.5 Exchanging the positions of C1 and Cy in case 7.3. The
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proof is similar to case 7.3.

Case 8. 2 is R::C.

Then abplying lemma 6.9 we see two possibilities:

a. x has the form m(t[¢pl,sy) and tr(<C,s>)'—E%9m(t,sl) where
QR(u')=u. Applying lemma 6.9 we have

m(tl4p],sy) Eom(t' [4p],s,) and m(tldgl,sy) - Sm(t"(41,s5)
iff m(t,sl)—glém(t',sz) and\m(t,sl)-s—ém(t",s3)

where §R(p')=p. So by the induction hypothesis any computation at

m(t,s;) is {r} commutative, so therefore computation at m(tl4pl,sy)

is commmtative.

+
b. tr((R::C,s))—Elém(fail,s') -~ 5x. Then computation at x is

deterministic so is commutative.
Case 9. Q is process R;C.

The proof is similar to case 8. Thus the lemma has been proved. [

Theorem 6.7

The translation tr satisfies P5. That is if <Q,s> is active and
tr(<Q,s>) —2>~3x and rt(u)=0 then there exist r’, x’', Uy and u, such
that

tr(e) —E—>x
r=2r’ and T, rt(u2)=k and rt(u1)=0
]
tr(r')———L—éx'

Proof. The proof is still by structural induction on 4.

case 1. Q is ome of skip, abort, x:=e, P?W(x) and P!W(e). Since
computation from tr(<Q,s>) is deterministic the result is obvious.
case 2, 2 is GC. By lemma 6.13 the first transition lasbel from

tr(<{GC,s>) must be a translated label, so the result is obvious.
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case 3. 8 is C1;C2.

Lot tr(<C;;C,,8>)-%—x. Applying lemma 6.5 we see three
possibilities:

case 3.1 x=m(t beforelC,J,s,) and tr(<C1.3>)-!-%m(t1.81). Since
C1;C2 is active according to the composition rule (see chapter 2) C1
must be active. So applying the induction hypothesis we can find r,,

x5 ni and ni such that

tr(<Cy,s>) -3-—->n(t1.31) rt(u’z)-x
(C1.3>—L—+r1 and \uﬁ and
ke
tr(rl) >xq rt(ui)-o

Now there are three cases depending on the form of Tyt

8. 18’ Then tr(rl)ﬂm(done.s') and so ui-o and xlm(done.s').

Take r'-(C2.3'>. x'*n([Czn.s'). u1=0 and uztnét then rt(uz)-h.

b. ry=sabortion. Then by theorem 6.2 xlttr(abortion) and so ui=0.

Take r'=abortion, x’'=tr(abortion), u1=0 and uztnitand rt(uz)-k.

c. ry=(C{,s’'>. Then xl=m(ti.s') for some tij. So take
r'=¢C{;Cy,8’> and x'-m(tibeforelczn.s') and u,;=uj and u,™») and
rt(uz)-L.

Applying lemma 6.5 we see that for these three cases the result

is true.

case 3.2 For some w, v, t2 and s’ we have u=wrv and

tr((Cl,s>)-!—+m(done,s‘) and tr(Cz.s'>)—z—4x
According to theorem 6.2 rt{w)#® so this is not the case.

case 3.3 For some w, v, tz and s' we have u=wv and
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tt((Cl.s))—!—ém(fail,s’)—!—91

According to theorem 6.2 rt(u)#P so this is still not the case.
case 4. @ is do GC od.

Then we have:
a. tr((Q,s))—I:é

m(if s(Bool(GC)) then [s(GC)DbeforefQlelsellskipl),s)

Note that the initial transition sequence is deterministic. Thus

If EBool(GC)Ds=ff then the result is obvious: since the

computation is deterministic.

If [Bool(GC)]  =tt then according to the alternative rule GC must
be active. Since computation from tr(<Q,s>) is the same as
computation from tr(<(s(GC);Q,s>), we can prove this case using a
similar analysis to the proof of case 3.
case 5. @ is if GC fi. The proof is obtained by induction on GC.
case 6. 0 is Cilic2.

Now 1let tr(<C1|1C2,3>)-Ji—éx and rt(u)=0f. Applying lemma 6.6 we

have five possibilities:

case 6.1 For some u’', u”, ty, to and sy we have:

x=m(t,par t,,s') and merge(u’,u”,u) ana
tr(<C1,3>)—3L9m(t1,sl) and tr(Cz.s>)—319m(t2,sz)

where 31=sn’ and sz=sn" and s'=31032.
According to the parallel rule we have the following cases:

case 6.1.1 Only one of C; and C, is active.

Let C1 be active. Applying the induction hypothesis to C1 for some
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£y. %9, ui and “'2 we have:

tr(<Cy,8) Rm(ty,3,) rt(u})=h
(Cl, s) -L-—>r1 and _ ;'2 and
u]'_ -
tr(rl) x4 rt(ni)-b

Here are still three subcases depending on the form of ry.

s. ry=¢C{,s”>. Them by theorem 6.2 xlm(ti.si). where
s]'_-s"ui-slu'z. So take r'-(Ci“Cz,s") , x'-m(t]'__p_a_g_tz.sS) and

sS-siOsz and nl-uiu" and u,=u) applying lemma 6.6 we have:

tr((clnCZ, 3)) -_j__'—-h’(t]_?_!'_": tz.")

22
u.
tr(<cilic,y, s L 5m(t{par t,.s3)

The horizontal tranmsition is from Herge(ui.u".uiu") and

s3ms10s y=s"u O30"=s" (v{u") =s"n,. (FL( ECIH nFL( Eczn) nlaﬂﬂ)

the vertical transition is from Merge(u},0,u5) and

s3=( sl)n'z-s'u'z.

b. r;=s”. Then x,=m(done,s") and u{=f. So take r'=(C,;skip,s">,

x'=m(t beforelskipll,s”), and uy=u” and 8;585T.

¢. ry=abortion. Then xl-tr(gbortion) and u{=f. By lemma 6.12 we

have for some u'21

- - +
tr(<Cq, 2)) -th(tl. s) ;‘j;m(fail,s) X tr(abortion)

So take r'=(C,;sbort,s) and x'=m(t beforellabortll,s) note

Merge (ujq.0,u),) and by lemma 6.6 Wwe hsve
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g
x —2bn( fail par tz.s)—l—ém(tz beforelabortl.,s)

and

tr(<C,;abort,s ))-lzén(t,boforeﬂabortﬂ.s )

and the case is proved.

case 6.1.2 Both C1 and C2 are active. Then applying the induction
hypothesis to C1 snd C2 we have

tr(<Cy,s>) —i-'-m(tl. sy) rt(u))=ry
<C1,s)—£lér1 and ) ) and
tr(ry) i Xy rt(E})-O
and
. tr(<C2,3>)—iiém(t2,32) rt(ii)-xz
<C2.z)-—3+r2 and EZ and
tr(r,) i —>X4 rt(i{)-b

Now there are two subcases depending on the forms of Ay and Aq.
a. A;=k,. Then A ks i=1, 2. By lemms 2.1, say, we have

ry=<Ci,8> and r,=(C),s"> and by Theorem 6.2
xy=m(ti,81,) and x,=m(t},s,,).

31 =8U1=s,u); and s, =s"uf=s,ul and
ui-niltr(pl)niz and “5’“51tr(92)“52

So take Ame and r'=(CilIC5,s"> and x’'=m(tipar t),s; ,0s,,).

Let uy=ujuy and U)=u50%17 ' 8)90%,. Then applying lemma 6.6 we have:

tr(<cy 15, 8) —2- >m(typac ty,s')

a
tr(<cyllcy,s>) ——L—m(tipac th.s, ,0s,,)
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and the case is proved.

b. llﬁxz. Then there is no interaction between C; and C,. So in

this case the proof is similar to case 6.1.1.

case 6.2 For some Wi Wy and s' and t, we have u=W1tw2 and

#
tr(<C;1Cy,53) —Lom(done par t,,s’) and

w
m(t7beforeﬂskipﬂ,s')~—29x

and for some wy, wj we have Merge(wi.wi.wl) and

"
tr((Cl,s>)——lém(done.swi) and

w”
£r(<Cy,5) —Lom(t,, swy)
where s’=swi@swy. By theorem 6.2 rt(wj)#0 so rt(w;)H and this is

not the case.

case 6.3 For some Vi, Wa, s’ and t, we have USW TW, and

w
tr(<C1“C2,s>-lém(fail par tz,s’) and

w
m(t7beforeﬂabortﬂ,s')——zéx

Similar to case 6.2 we see rt(wl)#ﬂ so this is still not the case.

case 6.4 Exchange the positions of C1 and C2 in case 6.2. Then

the proof is similar to case 6.2.

case 6.5 Exchange the positions of C1 and Cz in case 6.3. Then
the proof is similar to case 6.3.
case 7. 2 is R::C.
Then C must be active. Since rt(u)=p by lemma 6.9 we have
tr((C,s))-E—éxl, and by theorem 6.2 we know x=m(t[¢R],s1) and

xy=m(t,s;). So by the induction on C we have:
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tr(<C,s)) —“—>xl

<C,s>—2!—->r1 and 1, rt(u12)=l and rt(u11)=¢

u
11 3!2

tr(r’)

Then by lemma 2.1 r; can only be <C',s'> or s' or abortion. Let wus

consider the first case. Since rt(u11)=0 by theorem 6.2 we have
x,=m(t’,s"). So take

r'=(R::C',s'>, x’=m(t’[¢R],s") and U =uyy
Noticing rt(u11)=0 so ’R(u1)=u1=u11. and by lemma 6.9

%1
tr(r’)———Qm(t’[’R],s")=x’.

Since R::C is suntactically correct and by lemma 2.3 A can only
be € or (*,P)IW(v) or (*,P)?W(v). Therefore by L-process rule in
section 2.3 we have

QR(X)
{R::C, s> ——><R::C’",s")
and ¢p(rt(u;,) is defined. So take u,=¢gplu;,) and by lemma 6.9 we
have
(uq,) u
m(t[’R],s)—35——12——%m(t’[1R],s') that is x —23x’.
and the case is proved.

case 8. O is process R;C.

Then C must be active and the proof is similar to case (7).

The theorem is proved. [I

Theorem 6.8

The translation tr:ﬂ}-—)ﬂ% is an adequate translation.

Proof The proof is directly from corollary 1, theorems 3 to 7 and

lemma 5.10. [

Corollary 6.2

The translation tr’otr:ﬂb-—yﬁc from CSP to CCS is correct.
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7. A proposal for implementing multitasking in Ada

A proposal for implementing multitasking in Ada is given in this
chapter. The approach is that the implementation is composed of two
syntax-directed translations. We first the translate multitasking
constructs of Ada into an Edison~like language (Edison.l). More
precisely, in the first translation the entries of a task are
translated to give a module which contains message buffers, and the
communication statements of Ada are translated into calls to the
corresponding procedures of this module. The second stage of the
translation is to implement the when statement using a language we
call Edison.0 consisting of sequential Ada plus some primitive

constructs for scheduling.

In section 7.1 a translation algorithm from Ada.l into Edison.l
is given. The language Edison.0 is introduced in section 7.2.1 and a

translation from Edison.l1 into Edison.0 is given in section 7.2.3.
7.1 A translation from Ada.l into Edison.1l

In this section we give a translation algorithm from Ada.l into
Edison.1. At first glance the communication mechanisms in Ada.l and
in Edison seem completely different since communication between Ada
tasks is achieved by rendezvous and communication in Edison is based
on the ides of exclusive access to shared variables. But when we
study their working processes thoroughly we will discover the common
ground between these two mechanisms, and this will lead us to a
simple translation algorithm which gives efficient implementation of

communication.

As we discovered in section 3.1 a rendezvous in Ada consists of
three phases: the initialization phase, the phase of executing the

accept statement body and the termination phase. In the
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initialization phase synchronization between the calling task and
the called task begins and the calling task sends a value (maybe
only a signal) to the called task which receives that value. During
the second phase the called task executes the accept statement body
and the <calling task waits for an acknowledgement. In the
termination phase the <called task sends an acknowledgement
accompanied by a value to the calling task,and the calling task
receives this acknowledgement and then the synchronization (and of
course the rendezvous) is finished.

It is easy to see that during a rendezvous communication must
occur in the first and the third phases. These communications can be
_implemented in Edison.l using a simple communication mechanism --— a
message buffer. We will need two buffers for each eantry W, omne for
the initialization phase (called buffer-IW ~— I s for
initialization, W is the entry name), one for the termination phase
(called buffer—FW -— F is for termination (finale) and W is the
entry name). A rendezvous is implemented by sending and receiving

messagos through these buffers as follows:

In task T1 In task T2
T2.W(el,x1) accept W(x2,e2) do S
translates to: translates to:

send-IW(val el, val T1)q ~receive~IW(ref x2,val T2)
module
T2 entries
L buffer—IW |= S

(accept statement body)
buf fer-FW

receive-FW(ref x1, val T1) sendFW(val e2, val T2)
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Each send and receive call must include the name of the calling
task as a parameter; this is necessary to keep track of multiple

rendezvous with the same entry W.

Suppose that, as in the diagram above, task T2 owns entry W, and
suppose that x2 and o2 are of type integer. In fact Edison.l1 as
described in chapter 4 does not include types at all, bdut for
expository. reasons we will pretend it has an Ada-like type scheme
for the moment. Suppose that taskname is a predefined type and stack

is defined to be a2 stack of tasknames. Then buffer-IW can be

implemented as follows:

module T2-entries(..., send-IW, receive-IVW,...)

var full-IW: bool;
var buffer-IW: integer
var last-IW-sender: taskname;

var callstack-W: stack;

proc send-IW(val i: integer, val sender: taskname)
when not full-IW = (buffer-IW:=i;
last-IW-sender:=sender;
full-IW:=true) ond;
proc receive-IW(ref i: integer, val receiver: taskname)
when full-IW and receiver=T2 =
(i:=buffer-IW;
push(last-IW~sender, callstack-W):;
full-IW:=false) end;

full-IW:=false; callstack:=empty;
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If we omit the variables, parameters and statements dealing with
task names then this module is a typical message buffer as studied
in chapter 4. Since an sccept statement for an entry may contain
other accept statements for the same ontry (or for other entries)
the variable last-IW-sender and the stack callstack-¥ are introduced
to deal with nested accept statements. The variable last-IW-sender
contains the name of the most recent calling task for entry W (i.e
the last caller of send-IW). When this call is received (i.s. when
task T2 calls receive-IW) this name is pushed onto callstack-W. Thus
the name of the calling task which most recently finished the
initialization phase (and has not yet entered the termination phase)
is always at the top of the stack. Later we will see that the stack
is used by the termination phase (procedures send-FW and receive-FW)

to keep track of the order of acknowledgements.

Note that T2 is the only task which should call receive-IW and so
the guard includes a test for this. Although this condition will
always be satisfied in a program which is the result of translating

from Ada.l, it makes the proof of adequacy tidier.

Similarly, buffer-FW is:
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module T2-entries(..., send-FW, receive-FV,...)

var full-FW: bool;
var buffer-FW: integer;
var caller-W: taskname;
proc send-FW(val i: integer, val sender: taskname)
when not full-FW and sender=T2 =
(buf for-FW:=i;
pop(caller~W, callstack-W);
full-FW:=true) end;
proc receive-FW(ref i: integer, val receiver: taskname)
when full-FW and receiver=caller-V =
(i:=buffer-FVW;
full-FW:=false) end;

full-FW:=false;

Acknowledgements must be sent in the reverse order to that in which
calls were received. The most recent caller for entry W is' at the
top of callstack-¥, so when task T2 calls send-FW to send an
acknowledgement callstack-¥ is popped and the top value stored in
the variable caller-W. All of the (calling) tasks which have
completed the initislization phase have called receive-FW and are
waiting for buffer-FW to become full, and the value of caller-W is

used to pick out the proper ome to acknowledge (see the guard in
receive-FW).

The module T2-entries will contain not only procedures send-IV,

receive-IW, send-FW and receive-FW, but also the corresponding
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procedures for all other entries owned by task T2.

Having provided a rendezvous mechanism we can now study the
translation algorithm for the statements. Noticing that skip, abort,
assignment, select and loopselect are same in Ada.l and in Edison.1
(but select and loopselect are called if and do respectively), we
focus our attention on translating the call, accept and multitask
statomonts. We assume that a block statement of Edison is extended

to be a statement.

Since the name of the task containing an entrycall or accept
statement is needed as a parameter for the calls of send-IVW,
receive-IW, sond-FW and receive—FW these generate, the translation
algorithm must be parmmeterised by the name of the task (say L). As

suggested above the translation of the entrycall, accept and

multitask statements are:

ET.'(O.:)BL- T-entries.send-IW(val o, val L);

T-entries.receive—FW(ref x, val L)
Qaccept W(x,e) do Sl = L-entries.receive-IW(ref x, val L);
[[SIIL:
L-entries.send-FW(val e, val L)
[wuit(T.'.x)nL- T-entries.receive~FW(ref: x, val: L)
[535(T.'.0)BL- L-entries.send—FW(val: e, val: L)

IT: :E, S1 L- IIS]]T

Ius, ius, 0, = Oush, l IMsT
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Ctask T::E, MSJ = module T-entries: (exported-proc-names(E))
(var mutex-T;
local-vars(E);
exported-procs(E)p;
mutex-T:=false; init(E));
IMS]

where exported-proc-names(E) defines exported procedure names as fol-

lows

exported -proc-names(E,;E,) = exported-proc-names(E,);

exported-proc-names(E,)

exported-proc-names(¥W) = send-IW(val i, val sender);
receive~IW(ref i, val receiver);
send-FW(val i, yval sender);

receive~FW(ref i, val receiver)

local-vars(E) defines local variables

loccl-vars(El:Ez)- local—vars(El): local-vars(Ez)

trv(W)= var full-IW; var ful l-FW;
var buffer—-IVW; var buf fer—FW;
var last-IW-sender; var caller-W;

var callstack-¥W;



287
exported-procs(E) defines exported procedures

oxportod-procs(El;Ez)T- exported-procs(El)T:

oxportod-procs(Ez)T

oxported-procs(W)T~
proc send-IW(yal i, val sender)
with mutex-T when not full-IW =
(buffer-IW:=i;
last-IW-sender:=sender;

full-IW:=true) eond;

proc receive-IW(ref i, val receiver)
with mutex-T when full-IW and receiver=T =
(i:=buffer-IV;
push(last-IW-sender, callstack-¥W);
full-IW:=false) end;

proc send ¥W(val i, val sender)
with matex-T when not full-FW and sender=T=
(buffer-FW:=i;
pop(caller-W, callstack-¥W);
full-FW:=true) end;

proc receive-FW(ref i, val receiver)
with mutex-T when full-FW and receiver=caller~W =
(i:=buf fer-FW;
full-FW:=false) end;
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init(El,'Ez)= init(E1)$ init(Ez)

init(W)= full-IW:=false;
full-FW:=false;

callstack:=empty

The translation differs slightly from the above explanation in
that we replace the simple form of the when statement by the general

form:

with mutex~T when GS end

where mutex-T is a local boolean variable for each task T (see
section 4.3). Thus our use of this form means that mutual exclusion

on access to message buffers will be task-wide rather than

program-wide.

It should be mentioned that Luckham and his colleagmes proposed a
method for identifying techniques for efficiént implementation in a
similar way by translating Ada constructs <concermed with
multitasking into an intermediate language, Adam (see [Luckham et al
81] and [Stevenson 80]). The translation algorithm given here is
simpler and more efficient than those given in [Stevenson 80] since
the - ey point of our translation algorithm is translating
entries into message buffers. In [Stevenson 80] the basic idea is
that each entry of a task is translated into a procedure containing
the bodies of all the accept statements for that entry, and the rest
of the body of the task is itself translated into a separate
procedure, with <calls to a scheduler replacing the accept

statements. The shortcomings of this method are:

1. It destroys the integrity of the text of programs since accept



289

statements become «calls, with the translation of the accept
statement bodies positioned elsewhere.

2. In Ada several differeant accept statements associated with the
same entry may occur in a task, and an accept statement may contain
several different accept statements for the same entry in its body.
In order to make the method work in these cases, they introduce
extra notions such as “synchronization 1levels” which further

complicate the algorithm and make it more difficult to understand,

to formalise and to prove correct.
7.2 Translating Ada.l into Bdison.0

In this section we investigate how to translate the when

statemont., We first introduce a small language called Edison.0 which
consists of sequential Edison plus some primitive constructs for

scheduling, and then we study the translation algorithm,

7.2.1 Am introduction to EBdison.0

The langunage Edison.0 is & lower-level concurreat programming

language. It contains all the language entities in Edison.l except

the when statement.

Bdison.0 also contains the following predefined types:

Semaphore
Variables of type boolean are used to implement primitive mutual
exclusion. When a variable is used for this purpose we call it a

semaphore. The following two indivisible procedures may be used to

implement mutual exclusion:

set(var sem:bool): busy waits until sem is ff, then gains exclusive

access by assigning tt to sem.
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roset(z&s sem: bool): gives up exclusive access by changing sem from

tt to fft

These are just like the well-known P and V operations.

Queues

Values of type queue are FIFO (first in first out) queumes of task
names. For simplicity, we assume that queues cannot be full. The
following three procedures are operations on queues and all these

operations are indivisible:

insert(var T: taskname, var Q: queue): inserts the task name T in

the queune Q.

remove(ref T: taskname, var Q: queue): removes the first task name

from the queue Q and returns it as the value of T.

empty(Q: queue) returns tt if the queue Q is empty, otherwise ff.

Q-matrix

Values of type gq-matrix are two dimensional arrays defined by:
type mode is (receive-I, send-I, receive-F, send-F)

type q-matrix is array(mode, entryname) of queue

Let us consider a portion of a typical g-matrix qm:

send-I qm(send-1I,W)
receive-I qm(receive~I, W)
send F qm(send-F, W)
receive-F qm{receive~F, W)

This shows that for every entry named W there are four queues of
tasknames. All tasks in the queue qm(send-I,¥) are tasks calling

that entry in the initialization phase, in order of arrival. The
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queue qm(receive-I,W) contains at most one task name, the called task
pame (the owner of W). If this queme is nonempty then the called

task has reached an accept statement with eantry W.

The type mode has an operation cmpl defined by:

capl(send-I)=receive-I and cmpl(receive-I)=send-I

cmpl(send -F)=receive~F and cmpl(receive-F)=sond-F

The operation cmpl says that the complement of a receiving action is

8 sending action and vice verss.

Finally, we assume that the implementation of Edison.0 will
provide & minimal kermel for control of task execution. Interfacing
to this kernel is accomplished in the 1language by assuming a
predefined scheduling module SUPERVISOR with the following visible

procedures:
suspend: results in the suspension of the calling task.

activate(var T:taskname): reactivates the task T after suspension.

All these predefined procedures are assumed to be implemented

using standard methods, for example those in [Brinch-Hansen 77].
7.2.2 Translating Edison.l1 into Edison.0

In this subsection we investigate the problem of translating

Edison.1l to Edison.0. We should have already realised that:

Firstly, the only difference between Edison.l and Edison.0 is
that in place of the when statement in Edison.l, Edison.0 uses the
lower-level parallel facilities introduced in the oprevious

subsection.
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Secondly, in general a when statement can occur anywhere in an
BEdison program, but in a program which results from translation of
an Ada.l program a when statement can only appear in the procedures

send~IW, receive-IW, send-¥W and receive-FW,.

Therefore to obtain a translation algorithm from Edison.l to
Bdison.0 we only need a translation algorithm for the when statement
in these special contexts. The idea is to introduce a local module
named SCHD into every module generated by the translation algorithm
described in section 7.1. The module SCHD has two visible procedures
ENTER and EXIT for scheduling. We translate the when statement in

these special contexts as follows:
{when GS _e__gl_ll (T,¥,m)
=SCHD . ENTER(Bool1(GS) ,T,W,m); if GS fi; SCHD.EXIT(T,W,m)

where (T,¥W,m) denotes the context: T is the calling task name, W is

the entry involved and the mode m means that

| meaning

send -1 Q is in a send-IW procedure.
receive-I 1 is in a receive~IW procedure.

send F Q is in a send-FW procedure.

receive-F Q2 is in & receive-FW procedure.

where Q0 denotes the when statement. Bool(GS) is the disjunction of

the guards in GS (see sectiom 4.2).

The local module SCHD is defined below:
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module SCHD(ENTER, EXIT)
yar tm: taskname;

var qm: q-matrix;

proc ENTER(val is—open: bool, t: taskname, w: entryname, m: moda)
set(mutex-T);
do not is-open = insert(t,qm(m,w));
reset(mutex-T);
suspend;

set(mutex-T) od

ond;

proc EXIT(t: taskname, w: entryname, m: mode)
if empty(qm(cmpl(m),w)) =reset(mutex-T)
a
not empty(qm(cmpl(m).w)) = remove(tm,qm(cmpl(m),w));
reset(mutex-T);
activate(tm)
£i;
end;

begin mutex-T:=false; qm:=empty end

Let us eoxplain the meaning of module SCHD informally. Consider
the case m=receive-I, i.e. the when statement occurs in a receive-IVW
procedure. The procedure ENTER first gains exclusive access. It then
says that if none of the guards of the !11_92 statement are open then
jnsert the task name T into the queus qm(receive—-I,W), give up
exclusive access and suspend the calling task; otherwise exit from
the procedure ENTER but retain exclusive access (so control will

execute the when statement body). The procedure EXIT says that if
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the queue qm(send-I,¥) is empty then give up exclusive access;
otherwise remove the first task waiting in this queue, give up

oxclusive access and activate that task.

Putting the translation of the when statement and the module SCHD

together, a when statement is implemented as follows:

1. Call exported procedure ENTER of the module SCHD.

l.a. Gain exclusive access; i.e. at any time only one of the when
statements occurring in a module T-entries as given in section 7.1
can be in its critical phase.

1.5, If Bool(GS)=ff (that is, all guards of GS are closed) then
the when statement cannot be executed. Therefore insert the name of
this task in the corresponding send or receive waiting queue of the
entry W, give up exclusive access and suspend the this task. By the
wait queue corresponding to entry W we mean that if the when
statement is in a procedure receive-IW or receive-FW then put the
name of task w?ich calls this procedure into the queue
qm(receive-I,W) or qm(receive~F,W) respectively; if the when
statement is in a procedure send-IW or send-FW then put the name of
this task into the queune gqm(send-~I,W) or qm(send-F,W) respectively.

If Bool(GS)=tt (i.e. at least one of the alternatives is open)

then exit from procedure ENTRY, but retain exclusive access.

2. Execute the if statement, i.e, one of the open alternative may be

chosen and executed.

3. The completion of the if statement means that a send (or receive)
action has succeeded, and its complementary action (if any) waiting
in the corresponding queue is available for execution: Activating
the waiting task is the job of the procedure EXIT which says that if
there is no complementary action waiting in the queue then just give

up exclusive access; otherwise remove the first one from the
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complementary queue, give up exclusive access and activate that

task.

Having explained the idea of the translation we now give the

formal translation algorithm:

DIwith motex-T when GS Eﬂgn(T,W m) =
SCBD.ENTER(val Bool(GS), val T, val W, val m);

if GS fi;
SCHD.EXIT(val T, val W, val m)

Iproc send-IW(val i, val sender) BS n(T.W.m) =

proc send~IW(val i, val sender)

ll:BS]](sende::.W,send=-I)

[proc receive~IW(ref i, val receiver) BSIl y g oy =

pToc receive~IW(ref c: integer, val receiver: taskname)

u:BS]](::ecei.vest.',w.::ecesi.ve--=I)

Iproc semd-FW(yal i, val sender) BS J(T,W,m) =
prog send-FW(yval i, yal sender,)

IIBsn(sender.W.send—F)

[proc receive-FW(ref i, val receiver) BSI(p gy ) =

proc receive-FW(ref i, val receiver)

EBSB(receiveryw,receive—F)

Imodule T-entries(EP) BSI(,y,p) = module T-entries(EP)
SCHD(T-entries);

IBST (T, w,m)
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where SCHD(T-entries) =
module SCHD(ENTER, EXIT)
yar: tm;

var: qm;

proc ENTER(val is-open, val t, val v, vsl m)

sot(mutex-T);
do not is-open = (insert(t,qm(w,m));

reset(mtex-T);

snszend:

g_e_g(nutex-'l‘))

proc EXIT(val t, val w, val m)
if

eapty(qu(capl(m) ,w)) = reset(mtex-’i‘)
0

not empty(qm(cmpl(m),w)) = remove(tw,qm(cmpl(m),w));
reset(mutex-T);
activate(tm)
ti;
begin qm:=empty eond

Thus we have completed a translation algorithm from Edison.1 to
Edison. 0.

It should be mentioned that we can obtain a direct transiation

algorithm from Ada.l to Edison.0 by composing this translation

algorithm and the translation algorithm given in the previous

section. In fact, this can be done by introducing module SCHD into
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every module T-entries given in sectionm 7.1 and replacing when
statemoents occurring in procedures send-IW, receive-IW, send-FW, and
réceive-FW by their translations as given above. Therefore to
implement multitasking in Ada we only need to implement Rdison.o0.
The language Edison.0 does not exist in reality; it is only a tool
which we use to explain our translation algorithm. What is importanmt
is that the target language must be composed of all the sequential
constructs of Ada and constructs for multitasking without
communication and some primitive structures for scheduling as given
in section 7.2.1. In fact the when statement is just a device for

explaining the translation algorithm and helping to prove its

correctness.

Finally, strictly speaking, in this chapter we have not described
how to implement multitasking but only how to implement
communication between cooperating processes. The problem of
implementing multiple parallel processes is not touched upon. This

is an operating system problem with an almost standard solution.
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8. Conclusion

In conclusion we summarise the achievements and the inadequacies

of the work presented here and discuss areas for future research.

Generally speaking our work is in two areas: investigating the
semantics for concurrent programming languages and studying the

translation problem between these languages.

~

In the semantics ares we use the structural operational approach
to give the semantics of four representative languages for
concurrent programming. They are CCS, CSP, Ada and Edison. The work

includes:

8. Formalising the static semantics for all syntactic entities.

b. Giving semantics for the standard sequential constructs of

these languages.

»

¢. Describing the parallel structure explicitly and defining its

semantics by the interleaving of its constituent actions.

d. Investigating the semantics of handshaking communication

mechanisms, such as in CCS, CSP and Ada.

e. Investigating the semantics of communication mechanisms, such
as those in Edison, which use mutually exclusive access to shared

variables.

f. Studying the semantics of exception handling and the

interaction between exception and communication.

g. Studying the semantics of declaration and the scope of
variables, procedures and modules in Edison, and of processes and

tasks in CSP and Ada.
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h. Proving the properties of these semantics and the interactions

between static semantics and dynamic semantics.

As we have already seen, the structural operational approach is
indeed a powerful tool to define the semantics for concurrent
programming languages. Its flexible expressive power makes possible
the description of many kinds of language structure involving
parallelism and comgmnication. Using this approach the semantics for
languages can be constructed without employing heavy mathematical
machinery while still providing a solid base for proving the
semantic properties of programs. Its operational "nature” is close
to the programming experience of programmers and thus may be more

acceptable to them.

Our work in this area is far from complete and further research

is needed to overcome the following inadequacies:

Wo defined the semantics for a parallel structure by interleaving
its constituents and thus the concurrency happens in a rather
"macroscopic” sense, i.e. only asynchronous interaction is
considered. We did not investigate the semantics for the real time
constructs which &ere an important part of some concurrent
programming languages. Perhaps ideas 1like those of Milner [Milner

82] might guide and motivate such a study.

To focus on parallelism and communication we omitted and did not
concern ourselves with the abstract data types which play an
important role in the modern concurrent programming languages. Here

a2 lot of further research is needed.

In the translation area, we introduced the concept of correctness
of a translation between two concurrent programming languages and

proved the composition theorem. The adequacy problem was also
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studied and a set of sufficient conditions was found. As
applications we gave s syntax—directed translation from CSP to CCS,
and proved its correctness, and declared a proposal for implementing

multitasking in Ada.

There are several counts om which our work 1is certainly
inadequate. We have not examined the composition problem for
adequate translations. Basically, our definition of correctness does
not mention the behaviour but only the results of the computations
of the program and its translation. The definition of adequacy deals
with tge behaviour of the program and its translation, but the
sufficient conditions are not as succinct as could be hoped for and
are rather complicated. As a result of this, the proof of the
sdequacy for s translation is too long and complicated. Recently,
more powerful mathematical tools for transition relations have
appeared , such as the bisimulations given by Milner [Milner 82] and
some equivalence relations givem by de Nicola and Hennessy
[de Nicola and Hennessy 82]. Introducing these concepts may simplify
and strengthen the conditions. For example, those dealing with

commitativity (P2) and activity (PS) may be omitted.

Finally, in a semantics for a nontrivial language it is not
difficult to define and understand individual rules, but it is
difficult to mansge and understand all the interactions between
rules. The proofs involving semantics are basically by structural
induction and are not difficult to construct but rather detailed and
boring. Therefore automatic aids are a possibility for checking
details of this type of proofs. For example, interactive theorem
proving systems like LCF [Gordon, Milner and Wardsworth 79] could be
used to prove the semantic properties and the conditions of

adequacy.
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Appendix 1

In this appendix we prove lemmas 6.4, 6.5 and 6.6. First of all
we need the following lemmas. In the following lemmas and proofs we
use t to range over terms, A and p to range over transition actions
and u, v and w to range over the sequences of transition actioms in
CCS. . We will follow the notational remarks given in section 5.2

concerning the congruence relation ~ on the transition systems.
Lemma 1.1
a., If tl—L—éti and 8, of¢A then t; before tz—ﬁ—éti before t,.
b. done before t,——>t,.

c. fail before t,-*—>fail.

Proof. For clause (a) since &,0¢A according to the definition we

have

tl[n]—L—éti[n] and 11, YfA, sO
ty el (yyx.toty oy . £ail) 2 ef [l (v x. tyty,y. £ail)
and so

ty before tz—L—éti before ty.
clauses (b) and (c) are directly from the definition. 01

Lemma 1.2
Let ty and t, be well-formed terms. If ty before tZ—L—ét then one of

the following must hold.
a. t=t before t, and tl—L—éti for some ti.

b. t=t2 and t1~done and A=v.
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c. t= fail and t1~f111 and Aw=g.

Proof. We have

t) before to=(t,[nll(yyx.t ry,y.fail))\ vy, 74l
where x is not in t, and n=(y;/0,y,/8}

Since 131 before tz—A—9t we have that
(tl[R] Ile.tz"'Yzy. fail) —L‘)t'

and vy, YA and t=t'\{y;,y,}. Now there are three cases

case 1 tl[n]-A—ét" and vy, y{#A and t’=(t"|(71x.t2+72y.fai1)). Hereo
we have t1—5—9ti and 7,4, Yy, 0, 5#1 and t”=ti[n]. So concluding, we

have tl—l—éti and

t-t'\[yl.yz}
-(t"| (71x.t2+72y.fail)\{71.72}

“=t{before t,

and case (a) holds.
Yllv 4 ’ [4
case 2 tyn] =——t] and ¢t =(t1|t2)\{71.72} and A=t.

Here we have tl-JZL!—éti and t{=ty[n]. But now, as t; is
well-formed we have v=0, tj~Nil and ty~done and so in conclusion
A=t and

t-t'\[71.72)=(t{[n]ltz)\{yl.yz} ~ (Nil[n]ltz)\{yl.yz} ~ t,

and t1~done and so case (b) holds.

Yalvw
case 3 tl[n]—l———éti and t'=(ti|£ai1)\[71,72} and A=v. As in case 2
we see that since ty is well-formed’ t1~fai1 and ti~Ni1 SO

t=(ti|£ai1)\(71.72} ~ fail and so case (c) holds. [
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Lemma 1.3
a. If tl-L—éti and &8, ogA then t; par tz-L—éti par t,.
b. If t,-At; and &, oph then t; par ty-Ast; par tj.

c. If tl—L—éti and tz-z—éti and 8, o, tgA Then

t) par t;—Sot] par ¢t

d. (done par tz)—E—é(tz beforet’'done)

o. (t; par done) —F—(t; beforer'done)

£. (fail par t,) £3(t, beforev’fail)

g- (ty par fnil)—E—é(tl beforer’ fail).

Proof. Let us examine cases (c), (d) and (£).

case c. Since &, ofl we have

tl[n]—L—éti[n] and tz[n]-£—¢ti[n]

By the composition rmule we have
(tl[nlltz[nllpatx)—1~9(ti|té|parx)
and so
t; par t,—E-t] par t}

and case (c) holds.

v410
case d. Since domeln] 2——Nil by the composition rule we have

(done[n]ltz[nllparx)—I—é(Nilltz[n]|(111-f'-d°n°+72y.fail))

and so

(done par tj=(doneln] |t2[n] lparxh{fl.rz}

¥£—+(t2[n]l(ylx.t‘.done+YzY~£gil))\{71.72}

=-1:2 before ¢’ .done
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and case (d) holds.

Y410
case f. Since fnil[n]—l———éNil by the composition rule we have

(faillnllt,(nllparx) = (Nillt [n]l (v x v’ fail+y,y. fail))
and so0
(fail par t(faillnllt,(nllparx Ny ,7,)
—E—é(tzlnll(ylx.t'.fail+72y.fail))\{71.72}

=t,before v'.fail

and so case (f) holds. 0

Lomma 1.4

Suppose t; and t, are well-formed. If t; par tz—L—ét then one of
the following holds:

a. For some t t-(ti par tz) and tl—ﬁ—éti and 8, ofA.
b. For some tj t=(t; par t)) and tz-L—n'z and &, ofk.

c. For some t; and ti and pht t=(ti par ti) and tl-g—éti and

:2—‘-’—->:i and A=t. .

d. t=(t2 before t'.done) and t,=done and A=v.

e. t=(t1 before t'.done) and t,=done and A=%.

f. t=(t2 before t'.fail) and t,=fail and A=t.

g. t=(ty before v'.fail) and t,=fail and A=t.

Proof. We must have for some t' that t=t’'\{y,,v,} and
(t1[n]|t2[n]|parx)-5—9t' and vy, 7 fr
and now according to the composition rule together with the fact

that only 141 and y,; moves are available to parx we have the

following cases:
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caso 1 Moves of ty alone. Here we have tl[n]—L—étf and
t'-tfltz[nllparx. Then as vy, vyfA we have tl-L—éti for some t{ and

8, ogh and ti=tiln] so

t-t'\[11,72}=(t;|tz[n]|ptrx)\{11.72}
-(ti[n]|t2[n]|ptrx)\{71.12}
=t par t,

and case (a) holds.

case 2 Moves of t, alone. The proof is similar to case 1.

ocase 3 Interaction between t; and ty.

Here A=t and for some pkt we have

tl[n]—ﬂ—ét; and tz—ﬂ—éta and t'=(t{|t§|parz)
Then for some Py we have
p
t; —L1>t; and p'=p;[n] and ty=tx],
and for some py We have

p -
tz——lété and p'=p,[n] and t§=ti[n].

We cannot have 6 or cepy. For otherwise Yq- 1239' and so as
;'=p2[n] we have & or oep,. So o or bep; and o or 8sp, and so
clearly either both oepy and p,y OF 5 in P1 and Pgy- But then as both
ty and t, are well-formed either p1=pz=d!0 or p1=p2=6!0 and in both
cases we have a contradiction; for example in the first case we have
p'=pl[n]=71!0 and ;'=p2[n]=7210 which contradicts the definition of
complementary actions. So 8, ogp; and 8, ogp,.Therefore p'=p,[n]=p,

and p'=p,[nl=p, and we see that A=t, t; -L—>t; and t,—L>t! and
2 2 1 1 2 2

t=t'\[11.12}=(tiItalparx)\fvl.yzl
=ti[n]lté[nllparx)\[yl.yz}

ﬂti par tﬁ
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and cass (c) holds.

case 4 Interaction between t,[r] and parx.

Here A=t and we have

tl[n]—£—+t{ and parx—E—én

for some pit and t] and u and t'-(t;|t2|n)

Looking at parx we see that either

p=r,1?v (for some v) and u=y;x.t'.dome+y,y.fail

or

p=Y 1V (for some v) and uxylx.t'.fai1+12y.£ai1

Thus we have two subcases:

case 4.1 p=y{?v. Since vy does not occur in t; we must have

tl-glg—%ti and t{=ti[n] for some ti.

But as ty is well-formed we have v=0 and t{~Nil and t1=done. So

t1=done and A=t and

t’t'\[‘Yl"Yz}’(tIltz[ﬂ] |u)\[11.12}
i1lnllt,lnl | (yyx. v’ . done+y,y. £ail) )\ (v, 74}

~t, before ©'.done.
case 4.2 p=y,v. The proof is similar to case 4.1,

case 5 Interaction between tz[n] and parx. The proof is similar

to case 4. 1[I
We now study "many step” generation of the lemmas 1.1 and 1.2,

Lemma 1.5

Suppose t1 and t2 are well-formed. Then ty before tz—B—ét with
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5, ogu iff one of the following holds:

a. t=t; before t, and t1—3—9ti.

u u
b. t*t& and tl“-l+done and tz-l+ti and =0, Th,.

a
c. t=fail and t; —>fail and u=u, <.

Proof. The "only if part” is proved by induction on lal the length

of u.
case 1 |ul=0. Here u=p and (a) holds with ti=t1.

case 2 u=\u’. Here t; before tz—h—)t'—giét. There are the following

subcases according to lemma 1.2.

case 2a. For some ty, t'=t] before t, and tl—L—étl Now apply the
induction hypothesis to ty before tz———ét.

a. t-t1 before ty and tl-——9t1 Here tl—L—étl-Eléti and case
(a) holds.

a

b. tati and i——lédone and tz——létz and n'=n1tn2 Here
tl—L—ét -——édone and t=t5 and tz——zétz and n—(lnl)tnz and case (b)
holds.

o. t=fail and t{-35fail. Here t=fail and t-2 >ty -8 5fail and

so as u=Au'’ we have tl-JL—>£ai1 and case (c) holds.

case 2b Here A=v and t'=t2 and t1~done. Now we see that tl—g—édone

and :2-l'—-)t and u=tu'=Pru’ and case (b) holds.

case 2c Here A=t and t'= fail and ty=fail. So fail -2 5t. But &, ogu
and so they are not in u’ and so u’'=f. Now we see that t=fail and

also tl—g—éfail and u=ftr and so case (c¢) holds.

We now consider the "if"” part.

a. If clanse (a) holds then by lemma 1.1 the result is true.
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b. If clause (b) holds then we have

t; before tz—:l%done before t, (by (a))
—ot,
a
—Zyepmt

¢. If clause (c) holds then we have

ty before t2~gl+fnil before t, (by (a))
< fail=t. [

Similarly, we can prove the following "many step” generation of

lemmas 1.3 and 1.4.

Lomma 1.6
Suppose t; and t, are well-formed. Then ty par tz—!—ét with 8, ofu

iff one of the following holds:

a. t=t{ par tj and for some u and v

tl—l—éti and tz—!—été and Merge(u,v,w)

b. t=té and for some Wi, Wg and ta we have =W TW, and

w
ty parc tz——lédone par t3 and

w
t% before t'.done——zété

and for some u and v Merge(u.v.wl) and

tl—!—édone and tz—!—étg.

c. t=ti and for some Wi, Wy and ti we have wEW TW, and
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w
t, par tz-—lét{ par done and
w
t] before t'.done——léti

and for some u and v Metge(n.v.wl) and

t; 2>t} and t,—~—done.

d. t-ti and for some Vi, ¥g and t5 we have =W TW, and

v
ty par t2—~l+fail par t5 and

v
tg before t'.fail——zéti

and for some u and v Metge(u.v.vl) and

t; —fail  and  t,—T—>t).

e. t-ti and for some vy, Wy and tf we have =W TV, and

w
ty par tz——lét{ par fail and

w
ty before t’.fail —3t]

and for some u and v Merse(n.v.vl) and

ty ——>t] and t,~Yfail. O
We now prove lemma 6.4.

Lemma 6.4

Let t be well-formed and waA:. Then m(t,s) —=—>x iff onme of the

following holds:

a. For some t’, u and s’ we have t—2—t’' and s’=su and w=&@ and

x=m(t’',s’) and neither agu or B3ezu.

b. For some u, u’and s’ and we have o, 8¢u and
t-2fail and w=in’ and s'=su and
m(t,s)—§—+m(fail,s')-gléx.

(and of course u’s{<t}*).
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Proof. The proof is by induction on the length of w.

If lwl=0 then w=p so take u=p, t’'=t, s’=s and x=m(t,s) and case

(a) holds.

Let w=Aw’'., Noticing that Hs and R cannot communicate with each

other, so there are three cases need to analyse:

case 1 There is no communication between t and Ms or t and R. Let

t-25¢" and m(t”,s) 2z,
By the induction hypothesis on w’' we have further two subcases:

case 1.1 For some t', u’ and s’ we have t” -2 >t’ and s’'=su’ and
u'=w’ and x=m(t’,s’) and 8, ogu’. So take u=Au’ we have
t-& 3¢v B3¢ apd g=ka’'=Aa’'=Aw’'=w and and su=sku’'=su’ (a;, Bygr)

and case {(a) holds.

casse 1.2 For some uy, 0y and s’ we have 8, ofuy and
u u
«  t"—15fai1 and m(fail,s) —2>x and w'=d;u,.
b |
So take ualul and u'-u2 we have t-L—ét"-——éfail and v'=i1u2 and
n(t,s)—L—én(t".s)-Elém(fail,s')-ELéx. and E.u'=[§1u2=ki1n2=kv'=v
and case (b) holds.

case 2 There is a communication between t and Ms.
Then A=t and there are two subcases:

ailv 017v . w'
case 2.1 t———t"” and Ms-————éus[v/xil and m(t".s[v/xil)———éx.

Applying the induction hypothesis we have further two subcases to

consider.

a
case 2.1.1 For some uy and s’ we have t"——lﬁt' and Elzw' and

s'ss[v/xiln1 and x=m(t’,s’). So take n=ailv~n1 then we have
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a,lv o
t—45 ¢t —25¢' and
iiai!v.ul-til-tv'-w and

su-s(ai!v.u1)=s[v/xi]ul’s' and case (a) holds.

case 2.1.2 For some Uy, U, and s’ we have

u u
t”-—l%f.il and n(f.il.s[v/xi])—-léx

and w'=d;u, and s'=s[v/xi]u1 and uzc{t}+

Take u=ailv.u1 and u'=u2 then we have

a,lv
1 —5¢n B 3fai1 and

—————

ﬁ'u'=ailv.u1u2=t&'1u2=tv'=w

t

suas(ai!v.ul)-s[v/xi]ul-s'

and case (b) holds.

Bi7v Bilv w'
case 2,2 t—=—>t" and us—————aus and m(t”,s) —>x. The proof

is similar to case 2.1.

case 3 There is a communication between t and R.
Since t is well-formed t=fail and then tﬁe computation from

m(fail,s) is deterministic and the case (b) holds obviously. 0
Lemma 6.5

Let ty and ty be well-formed with no free occurrences of Y- Then

m(ty before t,,s) —~—x iff ome of the following holds:

8. For some ti and s’ we have:

n(tl.s)—!—én(ti.s') and x=m(ti before tz.s')

b. For some t', s’ and u, u’ we have:

m(tl.s)-g—ém(done.s') and m(tz.s')—gléx and w=urtu’.
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¢. For some t’', s’ and uw, u’ we have:

n(tl,s)—g—én(fail.s')—Eléx and w=uu'.
Proof. Consider the "if” part. There are three cases.

s. Clause (a) holds. Noticing m(ty,s) —"—m(t{,s') Then by
lemma 6.4 for some t{, u and s” we have t1—3—+t{ and @=w and su=s”

and §, ogu and m(ty,s")=m(t{,s’). so ti{=t] and s'=s".

So tl—g—éti and su=s’ with 8, ogu. Now applying lemma 1.5 we sece
that
t; Defore t;—=-3tj before t,
and so0 by lemma 6.4 since d=w and su=s'’

m(tl before tz.s)—!—ém(ti before tz.s').

b. Clause (b) holds. We have

m(t; before tz.s)—!—ém(done before tz.s') (by (a))
-_t_—)(tZ' 3')

’

s

¢. Clause (¢c) holds. We have

m(tl before tz.s)—g—ém(flil before t,,s’) (by (a))

—~>m(fail,s’)
—!Léx.
Ve now consider the "only if” part. Suppose

n(tl before tz.s)—!—éx. We must examine two cases:

case 1 Normal termination. Here we find uw, s', t’ with §, ofgu, su=s’

and T=w such that
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(t; before t,)-2>t' and x=m(t’,s’)

now according to lemma 15 we have a further three cases to

examine:

case 1.1 There is a tf with tl-ﬂ—éti and t'=t{ before t,. But now
we have .

n(ty,s) ~>m(t{,s’) and x=m(t’,s’)=m(t{ befors t,,s’)
and we see that clause (a) holds.

cass 1.2 ty terminates poTtmally. Here there are oy and LY such

that

2y 22
u=u;Tu, and tl——-+done and tz-——ét'

Now take s"=su; and s'=s”"u), then by lemma 6.4 we have

-

u.
m(tl.s)—-lém(done.s") and

)
m(tz.s")~——ém(t’,s')=x
Now note that Eirié=w and we have the case (b) holds.

case 1.3 ty aborts. Here there is oy such that u=uy v, t'=fail and
u i}
tl——léfail. Note s'=sn1. Then we see that m(tl.s)—~lém(fail,s'). So

putting u’'=0 we are in case (¢) since x=m(fail,s’) apd w=i, <.
case 2 ty before t, aborts. Here for some u, u’ apd g’ we have
9y . - u’
(t; before t,) —=>fail and (M, |IRD\H-2>x

whers R‘:al(o.az(O,...an(O,fail)...) and w=E;tu’ ang s'=su; and

8, ogpu. By lemma 1.5 There are two cases to considex:
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v
case 2.1 t; terminates normally and t, aborts. Here tl—-—]=->done

v
and tz—-—z—)fail and 0 =V4TV,. Set s"=svq (so s'=s"v2) s$0

v
m(tl.s)—-l‘—)m(done,s") and
v - '
m(ty,s”) —2>m(fail,s’) —S—>M_, [R7)\M 2>z
But now note that w=&;tu’'=¥;tV,tu’'=¥;T(¥,tu’') and we are in case

)

(b).

V.
case 2.2 ty aborts. Here 121 -—1‘->fai1 and s'=sv1 and

V1
m(tl.s) —=>m(fail,s’)
<> M, [RT)\M

-2 5

and we have w=¥;ttu’=¥,v(tu’) and case (c) holds. [
Similarly, we can prove lemma 6.6.

Lemma 6.6

Let t; and ty be well-formed with no free occurrences of Y;- and
FL(t1) nFL(t,) aM =0. Then m(tlgg_::tz,s)-—!-%x iff ome of the

following holds:

a. For some u, v, and w’' we have: w’'’=w and

x=m(t1 par t2.sw') and Merge(u,v,w') and sw'=subsv and

m(tl,s) —i—h(ti.su) and m(tz.s) j——)m(t'z.sv) .

b. For some w', w” and té we have w=w’'tw” and:

m(ty par t2.s)-'£-'-—>m(g_o_ng par ts,sw’) and

m(t'2 before done,sw’) —!:->x



and for some u, v we have Merge(u,v,w’') and sw'=su@sv and

m(ty,s) % ym(done,su) and m(tjy,s) i—):n(t'z,sv)

c. For some w', w” and ty, s' we have w=w'tw" ang

m(tl par tz.s) —!-'—)m(ti par done, sw') and
m(ti before done, sw’) Xy
and for some u, v we have Merge(u,v,w') and sw’=suBsv and

m(tl.s)—i—m(ti,sn) and m(tz,s)—;—ém(done.sv)

d. For some w', w” and t'z we have w=;'tw',' and

m(t1 par tz,s)—!lém(fail par tj,sw') and
m(t) beforelabortl,sw’) TX—>x

and for some u, v we have Merge(u,v,w’) and sw’=su@sv

and m(ti.s)—i—)m(fail,sn) and m(tz,s)—y—-—)m(t'z,w)

e. For some w', w” and ti we have w=w'Tw" and

m(t; par t,,s) —'-'->m(ti par fail,sw’) and
m(t] beforelabortl,sw’) 5y

and for some u, v we have Merge(u,v,w’') and sw’'=sufsv

and m(tl,s) -j-—)m(ti,sn) and m(t,,s) j—)m( fail,sv)
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