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In this article we describe a translation of the Parallel Object-Oriented
Language POOL to the language of ACP, the Algebra of Communicating
Processes. This translation provides us with a large number of semantics for
POOL. It is argued that an optimal semantics for POOL does not exist: what is
optimal depends on the application domain one has in mind. We show that the
select statement in POOL makes a semantical description of POOL with
handshaking communication between objects incompatible with a description
level where message queues are used. Attention is paid to the question how
fairness and successful termination can be included in the semantics. Finally it
is shown that integers and booleans in POOL can be implemented in various
ways.

1. INTRODUCTION

At this moment there are a lot of programming languages which offer facilities
for concurrent programming. The basic notions of some of these languages, for
example CSP [18], occam [19] and LOTOS [20], are rather close to the basic
notions in ACP, and it is not very difficult to give semantics of these languages
in the framework of ACP. Milner [23] showed how a simple high level con-
current language can be translated into CCS. However, it is not obvious at first
sight how to give process algebra semantics of more complex concurrent pro-
gramming languages like Ada [6], Pascal-Plus [13] or POOL [1-3]. This is an
important problem because of the simple fact that a lot of concurrent systems
are specified in terms of these languages. In this article we will tackle the
problem, and give process algebra semantics of the language POOL.

In order to modularize the problems we first give, in Section 2, a translation
to process algebra of a simple sequential programming language: with each ele-
ment of the language a process is associated, specified in terms of the operators
*, +, > (sequential and alternative composition, and chaining).

In Section 3, we give process algebra semantics of a representative subset of
the programming language POOL-T (see [1]). POOL is an acronym for ‘Paral-
lel Object-Oriented Language’. It stands for a family of languages designed at
Philips Research Laboratories in Eindhoven. The ‘T” in POOL-T stands for
“Target’. POOL is a language that permits the programming of systems with a
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large amount of parallelism, using object-oriented programming. II} [4] an
operational semantics is given of a language from the POOL-family. Our
semantics of POOL is to a large extent inspired by this paper. A denotational
semantics of POOL is presented in [5].

In order to deal with the complexity of POOL (compared to the toy
language of Section 2) we make use of attribute grammars. We associate with
each (abstract) POOL program a process specified in the signature of ACP
together with some additional operators. As soon as the translation of a pro-
gramming language into the signature of ACP (+additional operators) is
accomplished, the whole range of process algebras becomes available as possi-
ble semantics of the language. We think this is a major advantage of our
approach. Especially when dealing with concurrent programming languages,
the answer to the question what is to be considered as the optimal semantics,
is heavily influenced by the application one has in mind: if the system that
executes the program is placed in a glass box and does not communicate with
the external world, one can work with a more identifying semantics (allowing
for simpler proofs) than in the case in which the system is part of a network
and does communicate with the external world. Issues like fairness and the
presence of interrupt mechanism are also relevant in the choice of the optimal
semantics. The axioms we will give correspond to bisimulation semantics. In
this semantics relatively few processes are identified, and therefore all the
results we will prove are also valid in a large number of other semantics.

The process algebra semantics are very operational: we can define a term
rewriting machine that executes the process algebra specification we relate to a
program. Interestingly, the semantics are also (to a large extent) composi-
tional: the value denoted by a construct is specified in terms of the values
denoted by its syntactic subcomponents.

A good theory of semantics of programming languages is a method which
makes it possible to predict the behaviour of a computer that executes a pro-
gram. Furthermore a good theory assists people in building new predictable
computers. This implies that a theory of semantics of programming languages
should provide tools which make it possible to substantiate the claim that the
mathematical models in which the language constructs are interpreted indeed
model reality. In our framework such a tool is the abstraction operator 7;.
This operator makes it possible to prove that the semantics of POOL as
presented in Section 3 has a common abstraction with a number of other
semantics of the language, which are closer to implementation.

In an implementation of the language POOL there will be message queues in
which the incoming messages for an object are stored. On the conceptual
level, there are no queues and we have handshaking communication between
the objects. In Section 4 an example is presented which shows that these two
views are in contradiction with each other. The problem is due to the so-
called ‘select statement’, which is part of the language POOL-T. A minor
change in the definition of the select statement is proposed in order to remove
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this difficulty’. However, it is shown that even with the new language
definition the two descriptions are different in bisimulation semantics.
Although we think that the two views of a POOL system are equivalent in
failure semantics, we have not proved this.

A similar question is dealt with in Section 6: on the conceptual level each
integer and boolean in POOL is an object which has a data part and a process
part. In an implementation this is of course not the case. Instead, an imple-
mentation will contain some special circuits for arithmetical and logical opera-
tions. We prove that these views of the system have a common abstraction.

In Section 5 we discuss a trace semantics of the language POOL. A lot of
things can be proved with more ease in this semantics, but we show that this
semantics does not describe deadlock behaviour in a situation in which the
POOL system interacts with the environment. We also pay some attention to
the question how issues like fairness and successful termination can be
included in a semantical description of POOL.

Section 7 contains a number of conclusions.

At the end of this introduction we give the definition of the renaming opera-
tors and chaining operators. These operators will pay an important role in the
rest of the paper, but are not described in the introduction of this volume.

1.1. Renaming operators (RN)

For every function f:4,5—A, with the property that f(8)=6 and f(r)=r,
we define an operator ps: P—P. Axioms for p; are given in Table 1.1. (Here
acA - )

o) = £ (a) RN1
prx +y) = prx)+pdy) RN2

pr(xy) = pr(x) pAy) RN3

TaABLE 1.1

For t€A 5, and H CA we define the function r, i : 4,5—A4 .5 by:

t if aeH
ru(a) = a otherwise

We use 7y as a notation for the operator p,,. The operators dy and 8y are
considered to be equal.

1. In a more recent offspring of the POOL-family of languages, called POOL2 (see [3]), the select
statement has been removed altogether. Instead this language contains a ‘conditional answer state-
ment’. It seems that this construct does not lead to semantical problems like the select statement.
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1.2. Chaining operators (CH)
A basic situation we will encounter is one in which there are processes which
input and output values in a domain D. Often we want to ‘chain’ two
processes in such a way that the output of the first one becomes the input of
the second. In order to describe this, we define chaining operators == and >.
In the process x>y the output of process x serves as input of process y.
Operator > is identical to operator >3, but hides in addition the communi-
cations that take place at the internal communication port. The reason for
introducing two operators is a technical one: the operator > (in which we are
interested most) often leads to unguarded recursion. We will define the chaining
operators in terms of the operators of ACP,+RN. In this way we obtain a
finite axiomatisation of the operator (if the alphabet of atomic actions is
finite).

First we make a number of assumptions about the alphabet 4 and the com-
munication function y. Let for de D, |d be the action of reading d, and 1d be
the action of sending d. Let A’ be the following set

A’ = {1d,|d, s(d),r(d),c(d) | deD}.

We assume A’ CA and furthermore that for a,b€4—A’: y(a,b)gA’. On A’
communication is defined by

Y(s(@),r (@) = c(d)

and all other communications give 8. Define Hey = {s(d),r(d) | deD}. The
renaming functions f and g are defined by

f(1d) = s(d) and g(ld) = r(d) (deD)

and f(a)=g(a)=a for every other acA,;. Now the ‘concrete’ chaining of
processes x and y, notation x >>>y, is defined by means of the axiom

x3>y = Oy, (o)) CHC

Figure 1.1 contains a graphical display of the construction.
S —p Cg— T

FIGURE 1.1
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Define the set Icy = {c(d) | deD}. The ‘abstract’ chaining of processes x
and y, notation x>y, is defined by means of the axiom

x>»y =1 (x>>y) CHA

One of the properties of the chaining operators we use most is that they are
associative (under some very weak assumptions). The conditional axioms
below state that the chaining operators are associative if the actions of H¢y do
not occur in the alphabets of the components. In [26] it is shown that, if we
add some natural axioms about alphabets to the axiom system, these two
axioms become derivable.

a(x)ﬂHCH=a(y)ﬂHCH=a(z)ﬂHCH= %)
(x=>>y)y=>z=x>3>(y3>2)

CC1

a(x)ﬂHCH=a(y)ﬂHCH=a(z)ﬂHCH: %)
(x>y)y>z=x>(>z)

cC2

The module consisting of axioms CHC, CHA, CCI1 and CC2 is denoted CH.

1.2.1. Notation. For the term
x3>( 3 ldy o X ldn Y, d)

d,eD, d,eD,
(where Dy, ...,D, C D) we write
X324, .4, Vd, .4,

In all applications it will be clear from the context what Dy, ...,D, are. A simi-
lar notation is used for the >-operator.

2. A SIMPLE SEQUENTIAL PROGRAMMING LANGUAGE

The following definition of a simple programming language is adopted from
[9]. In the definition a choice between different versions of a rule is indicated
by a vertical bar (‘).

2.1. DEFINITION (syntax of lexp, Bexp and Star). Let Ivar, with typical ele-
ments v,w,u, ..., and Icon, with typical elements a, ..., be given finite sets of
symbols.

a. The class Jexp, with typical elements s, ..., is defined by

su=v|a|s +sy| - |ifbthens, elses, fi
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(Expressions such as sy — 53, §1 Xs3, ... may be added at the position of
the ..., if desired.)
b. The class Bexp, with typical elements b, ..., is defined by

b::= true | false | s, =s,| -+ | =b|b1 Dby

(Expressions such as s; <s,, ... may be added at the position of the ..., if

desired.)
c. The class Stat, with typical elements S, ..., is defined by

S u=v:=5]|8;8,|ifbthen S, else S, fi | whileb do S od

2.2. Note. In contrast to [9], we require the sets Ivar and Icon to be finite. If
we would allow them to be infinite this would lead to infinite sums in our pro-
cess algebra specifications. It is trivial to add an infinite sum operator to, for
example, the term model defined in [16]. However, the combination of such
an operator and the abstraction operators 7; leads to a number of non-trivial
questions that are worth separate investigation. For this reason we will confine
ourselves to the finite case in this article.

2.3. Semantics of the toy language. We will now relate to each element of the
language defined in Section 2.1, a recursive specification in the signature of the
operators -, + and . The first thing we have to do is to give the parame-
ters of ACP: the alphabet 4 and the communication function. The value
domain D of the chaining operator is

D = (Ivar—Icon)U Icon U {true, false}.

Here Ivar—Icon is the set of all functions from variables to their values. The
set A of atomic actions is the set A’ as described in Section 1.2. Communica-
tion on A’ is also as described in Section 1.2.

2.4. Notation. Let aelvar—Icon, velvar and aclcon. We use the well-known
notation o{a/v} to denote the element of Ivar—Icon that satisfies for each
v'elvar

N if v=v
ofa/vy0r) = o(v’) otherwise

2.5. Below we give a number of process algebra equations. The variables in
these equations are elements of the toy language with semantical brackets ( [’
and ‘I) placed around them, often sub- and super-scripted with elements of D.
The process corresponding to execution of language element
w €lexp U Bexp U Stat, with an initial memory configuration o€ Ivar—Icon, is
the solution of this system, with

Iwl°
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.aken as root variable. Throughout the rest of this section a,a’€lcon,
8,8’ € {true,false} and 0,0’ Ivar—Icon.
2.6. The class Iexp

[vI° = 1to()

[al° = Ta

[s1+5210 = [511° - [5:10 >, o fsum(e, )

[ifb then s, else s, fil° = [b]°>>({true[s;]° + |false[s,]°)

2.7. The class Bexp
[true]® = {true
[false]° = 1false
[si=s50° = [s;]°-[s:0° > w[=law

_ _ |ttrue if a=o
[=l.« Malse otherwise

[-bI° = [b]° > (|truefalse + |false-]true)
(61 2b,1° = [b,1°>>(|true-[b,]° + |false-]true)

2.8. The class Stat
v:=s1° = [s]°>>,10{a/v}
[S:; 8,10 = [S,1I°>>,[S,]1"
[ifb then S, else S, fi]° = [p]"=>>({true[S,]° + |false[S,]°)
[whileb do S od]° = [5]° >>
({true-([S]° >, [while b do S 0d]*) + |false-To)
The following theorem shows that the specification presented above singles out

a unique process.

2.9. THEOREM. The specification defined in 2.6-2.8 is guarded.

PRrOOF. Define a relation —> between elements of = by
X =>Y & Y occurs unguarded in tx.

It is enough to show that the relation —> is well founded (ie. there is no

infinite sequence X, “5>X, =>X; ---). This can be done by defining a
function m : =—N such that for X,YeZ
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X5Y = m)<m(X)

The definition goes by induction on the complexity of the language elements in
the variables. We give only a very small part of it. This should convince the
reader that it is possible to give a complete definition, which has the desired
property.

m(vl’) =1

m([a]°) = 1

m(ls; +5,1°) = m(Is,1°) + m(ls,1°)
etc. O

2.10. Note. As a direct consequence of axiom CCl we have that ‘;” is associa-
tive:

[(S1382);851° = [S15(S2;89)°.

2.11. Remark. In the equation for [s,+s,]° we say that, in order to evaluate
s1+55, we first have to evaluate s; and thereafter s,. Other possibilities would
have been

[s; +5,1° = [52]1° - [s1 1> o Psum (e, @)
(evaluation in the reverse order), or
[si+5:0° = {5, 1°M[521°)>> o o Tsum (o, )

(evaluation in parallel). The three resulting semantics are all different. One can
prove however that they are identical after appropriate abstraction.

2.12. Remark. It is easy to define a term rewriting system which, for given
guarded specification E = {X =ty | X€X}, rewrites a given term ¢ in the sig-
nature of ACP,+RN+CH with variables in =, into a term of the form
Zag;-t; + Zb;. Now the simple data flow network of Figure 2.1 represents a
machine that ‘executes’ specification E. Here TRS is a component that imple-
ments the term rewriting system described above, and N is a nondeterministic
device that for each input 2a;-#; + Zb; chooses either one summand g; 1,
and thereafter sends term ¢ to the input port and atomic action g; to the out-
put port, or chooses one summand b; and sends this to the output port.

The following theorem says that the operators + and >>> can be eliminated
in favour of the sequential composition operator . This means that in the case

of the toy language the nondeterministic device N of Section 2.12 never has a
real choice.
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2.13. THEOReM. Using the axioms of ACP+RN+CH+RDP+PR+AIP™ we
can prove:

FIGURE 2.1

1) Vselexp Yoe(Ivar—Icon) 3d,, ...,d,€D Jaeclcon :
[sI7 = c(d1) - - - c(dy) 1

(2) VbeBexp Voe(Ivar—lIcon) 3d,, ...,d, €D 3B & {true,false} :
[6I° = c(d1) - - c(dn)- 1B

3) VS eStat Vo (Ivar—Icon):
(3d,, ..,d,eD Ad’e(Ivar—Icon): [S]° = c(dy) - - - c(d,) 10)
V(3d,,dy, ... : [S1° = c(dy)-c(dy)--+)

PROOF. By induction on the complexity of the language elements. [l

2.14. ReMARK. The reason why we used the operator >>> instead of operator
> in the definitions above is that the use of > would lead to unguarded sys-
tems of equations. There exist models of ACP, (for example the term model
discussed in [16]) in which we can relate to each specification (so also the
unguarded ones) a special solution. If we would work in these models it would
be possible to use the operator > instead of the operator >>. But as stated
before, we do not want to restrict ourselves to one single model. In the
axiomatic framework the following approaches are available if one wants to
obtain ‘abstract’ semantics:

1. Partial abstraction. In the system of equations defining the semantics of
the toy language (Sections 2.6-2.8) we can replace all occurrences of
operator >>> in the equations for the classes Jexp and Bexp by an opera-
tor >>. Using induction on the structure of the elements of Jexp and Bexp
one can prove that the resulting system is still guarded. It is not possible
to replace occurrences of >> in the equations for elements of the class
Stat by >. Consequently this approach will not lead to ‘full abstractness’.

2. Delayed abstraction. Let E be a guarded specification that contains no 7-
steps or abstraction operator. For a language element w and a memory
configuration o, [w]° is the formal variable that corresponds to execution
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of w with initial memory configuration o. Now we extend specification E
with variables (w)° for which we have equations

(w)? = 7({w]°).

Here / is a set of ‘unimportant’ actions which we want to hide. Formal
variable (w)® corresponds to the execution of program w with initial
memory state o, in an environment where actions from I cannot be
observed. Call the new system E;. E; has a unique solution because E
has one. Note that when we follow this approach we lose, to a certain
extent, compositionality.

3. Combination of 1 and 2.

3 TRANSLATION OF POOL TO PROCESS ALGEBRA

3.1. In this section we give a translation to process algebra of a (representa-
tive) subset of the programming language POOL-T. POOL is an acronym for
‘Parallel Object-Oriented Language’. It stands for a family of languages
designed at Philips Research Laboratories in Eindhoven. The ‘T” in POOL-T
stands for ‘Target’. Below we give, by means of a context-free grammar, the
definition of a language POOL-_L-CF. This language is a subset of the context
free syntax of POOL-T, as presented in [1]'. In this section we will give pro-
cess algebra semantics of a language POOL-_L, defined by:

POOL-L = POOL-TNPOOL-_L-CF.

By giving a definition in this way we do not have to give an exhaustive
enumeration of all the context conditions. Because most of the context condi-
tions in POOL are rather obvious (‘all instance variables are declared in the
current class definition’, etc.), this is not a serious omission. Moreover, we will
mention context conditions whenever we need them.

First we will define a mapping SPEC. that relates a process algebra
specification to each element of the language POOL-_L. The subscript C indi-
cates that the resulting specification is in the signature of concrete process
algebra, as opposed to the specification we will present in Section 3.11, which
contains an abstraction operator.

3.2. Context-free languages. Although the notions of a context-free grammar
and the language generated by it will be commonly known, we give a formal
definition, because we will need this later on.

1. Except for the fact that the expression denoting the destination object in a send-expression can
be nil in POOL- L -CF, which is not the case in the context-free syntax of POOL-T.
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3.2.1. DEFINITION. A context-free grammar is a 4-tuple G = (T,N,S,P),
where T and N are finite sets of terminal resp. nonterminal symbols;
V' = TUN s called the vocabulary of symbols; SeN is the start symbol, and P

is a finite set of production rules of the form Xy—X, - - - X, with XoeN, n>0,
and Xy, ..., X,eV—{S}.

3.2.2. DEFINITION. Let G = (T,N,S,P) be a context-free grammar, and let
V'=TUN. Let % = (N—{0})" be the set of sequences of positive natural
numbers. We write ¢ for the empty string, and use 0.0 as a notation for
sequence o. A derivation tree of G is a 2-tuple t = (nodes (t),label (1)), where
nodes(t) is a nonempty finite subset of 9 such that for all o€9 and
mneN—{0}:

1. onenodes(t) = oenodes(t)

2. o.nenodes(t)/\m<n = o.mecnodes(t)

and label(t) is a function from nodes(¢) into V such that if o.nenodes(t) and
o.(n+1)¢nodes(r), and label(t)(o.j) = X; for 0<j<n, then production
(Xo—X, -+ X,)isin P. (Xo—X, --- X,) is called the production applied at
0. An element oenodes(t) is called a leaf if 0.1¢nodes(t). A derivation tree is
called complete if the labels of all the leaves are in T. Let oy - - - 6, be the
sequence consisting of all the leaves of ¢, ordered lexicographically. Now
yield(t) is the sequence label(o,) - - - label(o,).

3.2.3. DerINITION. Let G = (T,N,S,P) be a context-free grammar. The
language L(G) generated by G is the set
L(G) = {yield(t) | t is a complete derivation tree of G and label(t)(€)=S}.

3.3. Objects in POOL. A system that executes a POOL-program can be
decomposed into objects. An object possesses some internal dafa, and also a
process, that has the ability to act on these data. Each object has a clear
separation between its inside and its outside: the data of an object cannot be
accessed directly by (the process part of) other objects.

Interaction between objects takes place in the form of so-called method calls.
One object can send a message to another object, requesting it to perform a
certain method (a kind of procedure). The result of the method execution is
sent back to the sender. In this way one object can access the data of another
object. However, because the object that receives a method call decides
whether and when to execute this method, every object has its own responsibil-
ity of keeping its internal data in a consistent state.

The programs of POOL are called units. A unit consists of a number of class
definitions. A class is a description of the behaviour of a set of objects. All
objects in one class (the instances of that class) have the same data domain, the
same methods for answering messages, and the same local process (called the
object’s body).

If a unit is to be executed, a new instance of the last class defined in the
unit is created and its body is started. The body of an object can contain
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instructions for the creation of new objects. This makes it possible for the first
object to start the whole system up.

When several objects have been created, their bodies may execute in parallel,
thus introducing parallelism into the language. However, the sender of a mes-
sage always waits until the destination object has returned its answer (this
mechanism is known as rendez-vous message passing).

A number of standard classes are already predefined in the language (e.g.
Integer and Boolean). They can be used in any program without defining them,
but they also cannot be redefined.

The symbol nil denotes for each class a special object present in the system.
Sending a message to such an object will always result in an error. The initial
value of variables that are not parameters of a procedure is nil.

Because numbers are also objects, the addition of 3 and 4 is indicated in
POOL by sending a message with method name add and parameter 4 to the
object 3.

We first give, in Section 3.4, the formal definition of POOL-_L-CF. Section
3.5 contains some remarks concerning this definition, and the relation with
POOL-T and POOL- L.

3.4. DerNITION (POOL-_L-CF). We assume that two finite sets, LId and
Uld, of syntactic elements are given. These sets correspond to the lower-
identifiers resp. upper-identifiers in POOL-T. Elements of LId are strings start-
ing with a lower case letter, elements of Uld start with an upper case letter.
We define: Id = LIdUUId. Let NoeN be given. The set Int of integers in
POOL- L is

Int = {"‘No, ., —1,0,1, ...,NQ}.

Ny can not be w because that would lead to infinite sums and infinite merges.
The set Bool of booleans is

Bool = {true,false}.
Now the context-free grammar G, which defines POOL-_L-CF, is
G = (T,N,U,P)
where
T = IdUlIntU Bool U {root, unit, class, var, body, end, method, routine, local, in, nil
return, post, if, then, else, fi,do, od, sel, les, or, answer, self, new, ; , -, <, !,,, : }
N = {U,RU,CDL,CD,MDL,MD,RDL,RD,PD,VDL,VD,SS,S,SE,
GCL,GC,AN,MIL,E,CO,SN,RC,MC,EL,CI, MI,RI,VI}
P :see Table 3.1

In Table 3.1, optional syntactical elements are enclosed in square brackets ( ‘[’
and 7).
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Syntax of POOL- L
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No  Description

Syntactic Rule

1  unit
2 root unit
3 class definition list

4 class definition

5  method definition list
6  method definition
7  routine definition list
8 routine definition

9  procedure denotation

10  variable declaration list

11 variable declaration
12 statement sequence

13  statement

14  select statement
15  guarded command list

16  guarded command

U—-RU
RU—root unit CDL

CDL->CD[,CDL]

CD—sclass CI [varVDL ][ RDL][ MDL]

body SS end CI
MDL—-MD[MDL]
MD->method MI PD end MI
RDL—RD[RDL]

RD—routine RI PD end R/

PD—([VDL])CI : [local VDL in][SS]

return £ [post SS']

VDL—VD|[,VDL]
VD—-VI:CI
SS—S[;SS]
S— VI—E

| AN

| if E then SS[else SS]fi

| do E then SS od

| SE

| SN

| MC

| RC
SE—sel GCL les
GCL—GC[or GCL]

GC—> E[AN ]then SS
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17

18

19

20

21

22

23

24

25

26

27

28

answer statement
method identifier list

expression

constant

send expression
method call
routine call
expression list
class identifier
method identifier
routine identifier

variable identifier

AN —answer ( MIL)
MIL—->MI[,MIL]
E- VI

| self

| CO

| new

| SN

| MC

| RC

| mil
CO—c (for ceBoolUInt)
SN— E!MI([EL])
MC—MI([EL])
RC—CI-RI([ELY)
EL-E[,EL]
CI- C (for CeUld)
MI— m (for melLld)
RI— r (for relLld)

Vi- v (for velld)

F.W. Vaandrager

TaBLE 3.1

3.5. Remarks (numbers refer to productions).

e))

@

In POOL-T a unit can also be a specification unit or an implementation
unit. This makes it possible to group a set of class definitions together
into a logically coherent collection and to specify a clear interface with
other units.

The names of the classes defined in a unit must be different (similar
context conditions in (5), (7), (9) and (10)). There are 4 standard
classes: Integer, Boolean, Read_File and Write _File. The definitions of
these classes can be found in Section 3.9.3. The standard classes can be
used in any program without defining them, but they also cannot be
redefined. Elements of Int are instances of class Integer and elements of
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Q)]
®)

)

(11

(13)

(14)

Bool are instances of class Boolean.

The class identifier following the end must be identical to the initial

class identifier (similar context conditions in (6) and (8)).

Routines are procedural abstractions related to a class, rather than to

an individual object. They can be called also by objects from another

class. Two objects can call and execute a routine concurrently as though
each has its own version of the routine.

The first variable declaration list is the formal parameter list, the second

one contains the local variables of the method or routine. Only in the

case of a method, a post-processing section may be present. The type of
the return expression must be the same as the class identifier in the pro-
cedure denotation.

A strong typing mechanism is included in the language: each variable is

associated to a class (its type) and may contain the names of objects of

that class only.

The statement VI«E is called an assignment and executed as follows:

First the expression on the right hand side is evaluated and its result (a

reference to an object) is determined. Then the variable is made to con-

tain this reference.

The statement do E then SS od is the classical while statement.

A send expression, a method call and a routine call can occur as state-

ment as well as expression. If they occur as statement, the correspond-

ing expression is evaluated, and its result is discarded. So only the
side-effects of the evaluation are important.

The select statement is the most complicated construct in the language.

It specifies the conditional answering of messages. A select statement is

executed as follows:

- All the expressions (called: guards) of the guarded commands
are evaluated in the order in which they occur in the text. If any
of them results in nil, an error occurs.

- The guarded commands whose expressions result in false are dis-
carded, they do not play a role in the rest of the execution of the
select statement. Only the ones with true (the open guarded com-
mands) remain. If there are no open guarded commands, an
€erTor occurs.

- Now the object may choose to execute the (textually) first open
guarded command without an answer statement, or it may
choose to answer a message with a method identifier which
occurs in one of the answer statements of an open guarded com-
mand that has no open guarded command without an answer
statement before it. In the last case it must select the first open
guarded command in which the method identifier of the chosen
message Occurs.

- If the object has chosen to answer a message, this is done.

- After that in either case the statement after then is executed, and
the select statement terminates.
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(17) An object executing an answer statement waits for a message with a
method name that is present in the list. Then it executes the method
(after initializing parameters). The result is sent back to the sender of
the message, and the answer statement terminates.

(19) The symbol self always denotes the object that is executing the expres-

sion itself.
The expression new may only occur in a routine. When a new expres-
sion is evaluated, a new object of the class where the routine is defined,
is created, and execution of its body is started. The result of the new
expression is a reference to that new object.

(21) When a send expression is evaluated, first the expression before the I’
is evaluated. The result will be the destination for the message. Then
the expressions in the expression list are evaluated from left to right.
The resulting objects will be the parameters of the message. Thereafter
the message, consisting of the indicated method identifier and the
parameters, is sent to the destination object. The answer of the destina-
tion object is the result of the send expression.

(22) An object may not send a message to itself. If an object wants to
invoke one of its own methods, this can be done by means of a method
call. A method call may not occur in a routine.

3.6. Attribute grammars. The complexity of the language POOL does not allow
for a translation into process algebra which is as straightforward as in the case
of the toy language of Section 2. Several problems arise, €.g. how to establish
the relation between a method call and the corresponding method declaration,
the semantics of a new expression, etc.

The main tool we will use in order to manage this complexity is the formal-
ism of attribute grammars. This is not the place to give an extensive introduc-
tion into the theory of attribute grammars. For this we refer to e.g. [12, 14,21].

Informally an attribute grammar is a context-free grammar in which we add
to each nonterminal a finite number of attributes. For each occurrence of a
nonterminal in a derivation tree these attributes have a value. With each pro-
duction rule of the context-free grammar we associate a number of semantic
rules. These rules define the values of the attributes. Some of the attributes are
based on the attributes of the descendants of the nonterminal symbol. These
are called synthesized attributes. Other attributes, called inherited attributes, are
based on the attributes of the ancestors.

In the theory of abstract data types one presents specifications of the stack,
Petri net people model the producer/consumer problem, and in the field of
communication protocols one verifies the Alternating Bit Protocol. The exam-
ple one always encounters in an introduction into the theory of attribute gram-
mars is the one, first presented in [21], in which the binary notation for
numbers is defined. We do not want to break with this tradition, and will also
give the famous example.
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3.6.1. ExaMPLE. We start with a context-free grammar that generates binary
notations for numbers: the terminal symbols are -, 0, 1; the nonterminal sym-
bols are B, L and N, standing respectively for bit, list of bits, and number; the
starting symbol is N; and the productions are

B—0] 1
L—-B| LB
N-L| L-L

Strings in the corresponding language are for instance ‘0’, ‘010°, ‘0.010° and
‘1010.1017". Now we introduce the following attributes

Each B has a ‘value’ v(B) which is a rational number.
Each B has a ‘scale’ s (B) which is an integer.

Each L has a ‘value’ v(L) which is a rational number.
Each L has a ‘length’ /(L) which is an integer.

Each L has a ‘scale’ s (L) which is an integer.

Each N has a ‘value’ v(N) which is a rational number.

AW A W —

These attributes can be defined as follows:

Syntactic Rules  Semantic Rules

B—0 v(B) =0

B—1 v(B) = 2®

L—B v(L) = v(B);s(B) = s(L);1(L) = 1
L,—>L>B v(Ly) = v(La)+v(B);s(B) = s(L1);

s(Ly) = s(Ly)+1;1(Ly) = [(Ly)+1
NoL y(N) = v(L):s(L) = 0
N-L,-L, v(N) = v(L1)+v(Ly);s(Ly) = 03

s(Ly) = —I(L2)

TABLE 3.2

(In the fourth and sixth rules subscripts have been used to distinguish between
occurrences of like nonterminals.) If one looks for some time at this equations,
one sees (hopefully) that for each complete derivation tree ¢ with lgbel(t)(e)zN
there is a unique valuation of the attributes such that the semantic rules hold.
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Furthermore the v attribute of the root nonterminal gives the value of the
string generated by the tree.

Below we give a formal definition of an attribute grammar. There are many
(often essentially different) definitions possible. The following one is a
simplified version of the definition presented in [14].

3.6.2. DerINITION. The elements of an attribute grammar G are:
1. A context-free grammar Gy = (T,N,Sy,P).
2. A semantic domain (or set of data types) D = (Q,®), where Q is a finite
set of sets and @ is a set of functions of type V) X - -+ XV, -V, for
m=0 and V;eQ. In the case m =0, ® can contain elements of V (for
VeQ). We demand that for each Ve thereis a veV with ve ®.
3. An arrribute description consisting of
a. Two finite disjoint sets S-Art and I-Azt of synthesized or s-attributes
resp. inherited or i-attributes; Att = S-ArtUI-Aut is the set of attri-
butes.

b. For XeN, S(X) and I(X) are subsets of S-Att resp. I-Att; A(X) =
S(X)UI(X) is the set of attributes of X. We demand I(Sy) = &.

c. For each aedn, V(a)eQ is the (possibly infinite) set of attribute
values of a.

4.  First some intermediate terminology:

For each production rule p: Xo—X, - - - X,, we define the set 4(p) of
attributes of p, by

A@p) = {{a,)) | 0<j<n, ae4 (X))}.

Intuitively e,/ is an attribute of the occurrence of X; on the j-th posi-
tion in p. Furthermore the sets INT (p) and EXT (p) of internal resp. exter-
nal attributes of p are defined by

INT(p) = {{e,j> |  =0NaeS(Xo)V(I<jsnAael (X))
EXT(p) = {{a,)) |  =0Nael(Xo)V(ISsjsnNaeS(X)))}

A semantic rule for p is a string of the form
(e )y = f({ay,k1), ooy O,k ) ™

with {a,j)€INT(p), m=0, {e;,k;)€EXT(p) for 1<i<m, and fe® is a
function from V(a;)X - - - XV(a,,) into V(a).

Now we continue the definition:

For each peP, R(p) is a finite set of semantic rules for p. We demand

that for each peP and (a,j)€INT(p), R(p) contains exactly one seman-
tic rule.

The definition above gives the ‘syntax’ of attribute grammars. To define the
‘semantics’ of an attribute grammar, we need again some terminology:
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3.6.3. DEFINITION. Let G be an attribute grammar. Let ¢ be a derivation tree
of the corresponding context-free grammar. The artributes of t are defined by

A(t) = {<a,0) | ocnodes(t), acA(label(t)(0))}

(the notation A4 (.) is clearly overloaded, but always means ‘attributes of ... " ).
A decoration of t is a function

val : A(t)—{v | JacA(t):veV(a))}

such that for each (a,0) €4 (¢), val(a,0)€ V(a).
Suppose oenodes(t) and p:Xo—X, -+ - X, is a production applied at o. If
R (p) contains a semantic rule (*) (see Definition 3.6.2), then the string

(a,0j) = fllay,0.k1), ... @n,0.kn)) **

is called a semantic instruction of t.

3.6.4. DEFINITION. A decoration val of ¢t is called a correct decoration if for
each semantic instruction (**) of ¢

val(a,0.j) = f (val(ay,0.ky), ...,val(ay,0.ky,))
(this is a serious equality, not a string!)

3.6.5. It follows from the Definitions 3.6.2 and 3.6.3, that for each attribute
{a,0) there is exactly one semantic instruction in R(¢) of the form {a,0) = ....
This means that each attribute of ¢ is defined by exactly one equation in the
system of equations R (¢). A sufficient condition to solve this system is that the
system of equations contains no circularities. In [21], an algorithm is given
which detects for an arbitrary attribute grammar whether or not the semantic
rules can possibly lead to circular definition of some attributes. All the attri-
bute grammars we will employ, contain no circularities, and therefore there is
for each complete derivation tree precisely one correct decoration. This decora-
tion can be computed if the functions which occur in the semantic rules are
computable.

3.7. State Operator (SO). In [8], state operators A7’ are introduced. Here m is
member of a set M, the set of objects. These objects are very much like the
objects in POOL: they posses some internal data, and there is a local process
which can act upon these data. The object can block actions of the process, or
rename then, depending on the data. A7(x) is a process corresponding to
object m in state o, executing process x. We can visualize as in Figure 3.1.
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FIGURE 3.1
Below we give the formal definition of the state operators.

3.7.1. DEFINITION. Let M and = be two given sets. Elements of M are called
objects, elements of = are called states. Suppose two functions act and eff are
given

act: AXMXZ—A,s (action function)

eff 1 AXMXZ-Z  (effect function)

Now we extend the signature with operators
Ar:PP (for meM, oeX)

and extend the set of axioms by (a€4; x,y eP; meM; ceZ)

A =8 SO1
AMT) =7 SO2

A (ax) = act(a,m,0) Ay ama(X) SO3

AP (1x) = TAP(x) SO4
AZ(x+y) = NGO +HAZ () 505
TaBLE 3.3

The state operators can be defined in terms of the operators and constants of
ACP, + RN (see [26]).
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3.8. Parameters of the axiom system. We will relate to POOL-L programs
specifications in the signature of ACP+RN+CH+SO. The first thing we have
to do is to specify the parameters of the axiom system. We will not give a
complete list of all the atomic actions. The alphabet 4 of atomic actions sim-
ply consists of all the atomic actions we mention.

3.8.1. Objects. Let N be a fixed natural number. N, gives an upperbound on
the number of active (or non-standard) POOL objects which can be created

during the execution of a POOL-_L program. The set AOb; contains references
to these potential objects.

A0bj = {0,1, ...N})

The hats are needed to distinguish between the names of the non-standard

objects and the names of the standard objects which are always present in the
system:

SObj = IntU Bool U {nil} U {input,output}.

The set Obj = SObjUAObj gives the domain of values of variables in
POOL-_L programs. It is also the value domain of the chaining operator we
will employ; this means that the alphabet contains actions fa,la, etc. for
ac0bj).

3.8.2. Communication. Objects in POOL communicate by sending frames to
each other. These frames are built up as follows

destination | type of message | message | sender

The field ‘sender’ contains a reference to the object which sends the message;

the field ‘destination’ contains a reference to the object which reads the mes-

sage. There are two types of messages:

mc: The sender asks the destination to perform a method-call. The field ‘mes-
sage’ contains the name of the method together with the actual parame-
ters. So a mc-frame looks as follows

(a,me,m(ay, ...,a,), ) (3.8.2.1)

an: After an object has executed a method call, an an-frame is sent back to
the object which originated the method call. The field ‘message’ contains
the answer (a reference to an object):

(B,an,y,a) (3.822)

Let N, be a fixed natural number. N, gives an upperbound on the length of a
variable declaration list of a procedure denotation. The set I of messages that
occurs in a method call frame is:
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M = {m(ey, ...,a,) | melLld0<n<Nj,ay, ..,0,€0bj} (3.8.2.3)
and the set % of frames is:
F = {(a,mc,d,B) | a,Be0bj,deM}U{(B,an,y,a) | a,8,YE0b)}. (3.82.4)

For each frame fe%, we have atomic actions read(f), send(f) and comm(f).
The communication function on these actions is given by

read(f) | send(f) = comm(f) for fe®& (3.8.2.5)
The set J of forbidden actions that will be encapsulated is
J = {read(f),send(f) | f€%}. (3.8.2.6)

3.8.3. Renamings. A POOL object is fully determined by its class and by its
name. For each class we will specify a process that gives the general behaviour
of the instances (the objects) of that class. Now the only thing we have to do
in order to define the process corresponding to a specific object, is to give a
renaming function which renames the actions of the process which is related to
the class of that object. This renaming function gives the object its identity, a
name. The frames which are sent and received by an object, contain the name
of that object. But since on the level of a class this name is not known, the
process related to a class contains ‘unfinished’ read and send actions: actions
rd(uf) and sn(uf), where uf is an unfinished frame in which the field that gives
the identity of the object is absent. Actions of the form rd(uf) and sn(uf) do
not communicate.
For each acObj we define a renaming function f, by:

folsn(B,me,m(ay, ...,a,))) = send(B,me,m(ay, ...,a,),a) (3.8.3.1)
fo(rd(me,m(ay, ...,a,),B)) = read(a,mc,m(ay, ...,a,),0) (3.8.32)
fa(sn(B,an,y)) = send(B,an,y,a) (3.8.3.3)
fo(rd(an,B,Y)) = read(e,an,B,y) (3.8.3.4)

If an object executes a self expression, the corresponding process on class level
contains a non-deterministic choice between actions egs(8) for B€Obj. The
following equations for the renaming functions make that, for a specific

instance of the class, the action which will be actually performed is the right
one.

skip if B=«a
Jalegs(B) = <5 " otherwise (3.8.3.5)

If an object answers a method call, the result of the return expression in the
procedure denotation has to be sent back to the sender of the method call. To
model this we introduce renaming functions g,. The function g, interprets a
18 action as a sn(a,an, fB) action:

8a(TB) = sn(a,an, B). (3.8.3.6)
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3.84. Process creation. For de9XAObj we introduce atomic actions
create(d), create”(d) and create(d). create(d) stands for: ask for the creation
of a process on basis of initial information d. create”(d) means: receive a
request for creation. create(d) indicates that process creation has taken place.

Elements of 9 (see Definition 3.2.2) play the role of formal variables in the
process algebra specification that we will construct in order to give the seman-
tics of POOL-_L. In general the process denoted by the first parameter of a
create action will give the behaviours of a certain class, and the second para-
meter gives the name of the instance of that class to be created.

We extend the communication function by

create(d) | create”(d) = create(d). (3.84.1)
Create actions are not involved in any other proper communication. Let

K = {create(d), create”(d) | de9XAObj). (3.8.4.2)

Actions from K will be encapsulated.
Our way of dealing with process creation in POOL is inspired by the
mechanism described in [10]. We have chosen however not to use the process

creation operator E,, presented there, because of the lack of proof rules for
this operator.

3.8.5. State operator. In the semantical description of the toy language of Sec-
tion 2 the state of the memory was a parameter of the formal variables in the
specification. In principle this approach can also be followed in the case of the
language POOL-_L. But since in POOL objects of a different class have, in
general, different variables and the language contains recursion, which leads to
the creation of new instances of variables, the memory state of a POOL object
can become rather complicated. For this reason we prefer to keep track of the
memory state in a different way: namely by means of a state operator. For
each variable v € LI4 and value a€Obj, N}, represents a memory cell with name
v in state . A value B can be assigned to variable v by means of an atomic
action ass (v, 8):

A (ass (v, B)-x) = skip - Np(x). (3.85.1)

If in the evaluation of an expression the value of a variable v is needed, this

can be expressed at the level of process algebra by means of an altergative

composition of actions eqv(v,B). The following equation makes that in an

environment with variable cell v, the correct action will be actually performed:
skip -No(x) if a=8

}\;(qu(V,B)'X) = {8 otherwise (3.85.2)

Notice that in the case of nested A} operators, actions ass(v,f8) and eqv (v, B)

interact with the innermost Al operator. This is relevant for nested method

calls, etc. . _
The initial object, which starts the system up, has name 0. An object
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counter counts the number of objects which have been created. It also provides
an environment in which new objects obtain new names. An error occurs when
more than N objects have been created. For neN we have

skip APPT(x) if a=hRAn<N,
Awer (cregte(X, @) - x) = {error AP¥Y(x) if n =N, (385.3)
(

) otherwise

3.8.6. Formal variables. The set = of formal variables of the process algebra
specification related to POOL-_L consists of the elements of 9, possibly sub-
and superscripted with elements of LId and Obj*. Formally we have:

= = 9L U JUXLId U X (0bj*) U AXLIdX(0b;*).  (3.86.1)

We define node : =9 to be the projection function which relates to each
variable the corresponding element of 9L

3.8.7. Note. From now on, when we speak about a POOL-_L program, what
we mean is an extended program, in which the class definition list begins with
the class definitions of the standard classes (see Section 3.9.3).

3.9. Antribute description. Table 3.4 contains a list of all the attributes we will
employ for the semantical description of POOL-L. In Section 3.9.1 we give a
detailed description of these attributes. Section 3.9.2 contains all the semanti-
cal rules which were not already given in Section 3.9.1, and in Section 3.9.3 the
standard classes are defined.

3.9.1. Remarks.

1. We make the names of the nodes in a derivation tree explicit by means of
an inherited attribute [.]. With each node in a derivation tree we will
relate a number of process algebra equations with variables in =. The
values of the attribute [.] (which are elements of =) will be the ‘most
important’ or ‘key’ variables in this specification. The semantic rules for
this attribute are as follows
- For production U—RU the rule is [RU] = 1
- If Xo—»X; - -+ X, is a production with XU, and if X;eN for cer-

tain 1<<i<n then we have the rule [X;] = [X,].i.

2. The value of synthesized attribute id is (one of) the identifier(s) generated
by the corresponding nonterminal.

3. Attribute vd collects variables declared in a variable declaration list.

4. Attnbute pd gives the information concerning a procedure declaration that
we need: a formal variable denoting the process related to the procedure,
and the number of parameters of the procedure.

5. The attribute rd gives for each routine in a routine definition list the
essential information: a process variable and the number of parameters.

The value of rd is arbitrary for elements of LId which are not the name of
a routine.
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thl;ne i/s Description f;;;;bute Nonterminals

[1 i Keyvariable €n N-{U}

id s Identifier Lld {VLRILMICI,

VD,RD,MD,CD}

vd s Variable declarations  LId" {VDL}

pd s Procedure declaration XN {PD,RD,MD}

rd s Routine declarations ~ LId—9XN {RDL,CD}

md s Method declarations  LId—-9XN {MDL,CD}

cd s Class declarations Uld—9 {CDL}

rdc s Routine decl. of a CDL Uld X LId—9NXN  {CDL}

mdc s Method decl. of a CDL Uld X LId—-%XN  {CDL}

cdf 1 Class definitions Uld—% N-{U,RU}

rdf i Routine definitions UIdX LId—-9NXN  N-{URU}

mdf i Method definitions UldX LId—»%XN  N-{U,RU}

class i Class uid N-{U,RU,CDL,CD}

1 s Length N {EL}

mis s Method ident. set Pow(LId) {MIL,AN,GC}

misl s Method ident. set list  (Pow (LId))" {GCL}

peq s Process equations Sets of eq. over N-{U,VLRILMILCI,
ACP+RN+CH+SO VD,VDL,RD,RDL,
with variables in =  MD,MDL}

spec s Specification Sets of eq. over N-{VLRLMICI,
ACP+RN+CH+SO VD,VDL,RD,RDL,
with variables in = ~ MD,MDL}

TABLE 3.4
6. The meaning of attribute md is similar to the meaning of rd.

7. The attribute ¢d gives the essential information for each class definition in
a class definition list: the process corresponding to the general behaviour
of that class. The value of cd is arbitrary for elements of Uld which are
not present in the class definition list.

= 0 >

Attribute rdc is like rd but now for a list of class definitions.

Attribute mdc is like md but now for a list of class definitions.

0. All the information that is gathered in the s-attribute cd is distributed

over the parse tree by means of the i-attribute cdf:

For production RU—root unit CDL we have the rule cdf (CDL) =
cd(CDL).
If Xo—X, - X, is a production (Xo7U,RU), and if X;eN for cer-
tain 1</ <n, then cdf (X;) = cdf (Xo).
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11. Attribute rdf is like attribute cdf.

12. Attribute mdf is like attribute cdf.

13. In order to define the semantics of, for example, a new expression, we
need to know in which class definition this expression occurs. Therefore
we define an i-attribute class with domain Uld:

- For production

CD—>class CI| [varVDL ][RDL|[MDL ]body SS end CI,
we have rules
[class(VDL)=][class(RDL)=] [ class(MDL)=]class (SS)=id (CI,)

- If Xy—»X,---X, is a production (Xq7#U,RU,CDL,CD), and if
X;eN for certain 1<<i<(n, then class (X;) = class (Xy).

14. In the semantic rules for the send expression we need information about
the length of the expression list. This information is contained in attribute
L

15. The attribute mis gives the method identifiers which occur in the method
identifier list of an answer statement. The attribute is used to define the
semantics of the select statement.

16. The attribute mis/ gives a list of the method identifier sets which occur in
the answer statements in a guarded command list.

17. The value of the attribute peq is a set of equations in the signature of
ACP+RN+ CH+ SO with variables in Z. We will define the attribute in
such a way that for each nonterminal X:

(Y =ty)epeq(X) = node(Y)=[XI.

Furthermore we take care that for each nonterminal X, peq(X) never con-
tains two equations for the same variable. These conditions make that the
union for all the nodes in a derivation tree of the values of attribute peg
never contains two equations for the same variable.

18. The s-attribute spec collects the values of attribute peq. The value of the
attribute spec belonging to the root of the derivation tree (which has label
U) is the specification we relate to the parse tree. We have the following
semantic rules:

- Let Xo—X, - X, be a production such that XU has attribute
spec. Let S C{1,..,n} be the set of indices i for which X; has an
attribute spec. Then:

spec(Xo) = peq(Xo)U | spec(X;)

ieS
- For production U-RU we have:
spec(U) = spec(RU) U
U {(X=8)| XeZ= and there is no equation for X in spec(RU)}.
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3.9.2. Semantic rules. In case a production contains an optional syntactical
element, we will often use a fraction notation in the semantic rules: the
numerator corresponds to the semantic rule for the production with the
optional element, the denominator corresponds to the production without the
optional element. In case of a semantic rule peq(X) = (E,,E,,...}, we only

write down the equations E|,E,,...!!! Numbers refer to the numbering of pro-
ductions in Table 3.1.

VI—v (velld) (28)
id(Vl) = v

RI-r (relLld) Q27)
id(RI) = r

MI—sm (meLld) (26)
id(MI) = m

CI-C (CeUld) (25)
id(Cl) = C

ELo—E[,EL,] (24)

I(ELg) = 1[+ I(EL)]
[EL,] = [EQ[- [EL,]]

O We state again that the equation for [EL,] is not to be considered as a
semantic rule defining attribute [.], but as an element of the set defining attri-
bute peq. The equation says that execution of an expression list consists of
sequential execution of all the expressions from left to right.

RC—CI-RI() (23.1)
Let

rdf (RC)(id(CI),id(RI)) = (X n)
then

[RC] = skip - X,

O In a correct POOL-_L program n will be 0. The skip action is needed in
order to keep the specification guarded.

RC—CI-RI(EL) (23.2)
Let

rdf (RC)(id(CI),id(RI)) = (X n)
then

[RC] = [ELI>>, o Xa, ..o,
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O First the expressions of the parameter list are evaluated. Thereafter the rou-
tine call is executed, with the actual parameters instantiated. In a correct pro-
gram the number of actual parameters equals the number of formal parame-
ters: /(EL) = n.

MC-MI() (22.1)
Let
" mdf (MC)(class(MC),id(MI)) = (X n)

then

[MC] = skip- X,
MC—-MI(EL) (22.2)
Let

mdf (MC)(class(MC),id(MI)) = (X n)
then

[MC] = [EL]>>,,, ..o Xa,, ..a,
SN—E'MI() (2L.1)
Let

id(MI) = m
then

[SN] = [E]>>, [SN].

error if a=nil

sn(a,me,m())- Y, rd(an,B,a)-1B otherwise
BeObj

[SN], =

O First the expression on the left is evaluated. If the result is nil an error
occurs. Otherwise the result of the expression is the destination of the message.
Now the message is sent and the answer awaited. This answer (if it comes) is
the result of the send expression. In a correct POOL program the type of
expression E will be a class that contains a method m without parameters.

SN—E!MI(EL) (21.2)
Let

id(MI) = m

I(ELYy=n
then

[SN] = [E]l>>, [SNI.
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[SN]w = error
and for az4nil:

[SN1,=LEL]>>, . sn(a,me,m(ay, ....a,)) > rd(an,B,a)1B

B=0bj
O Like 21.1 but now with parameters.
CO—c (ce€BoolU Int) (20)
[col = 1c
E-VI (19.1)
[E] = 5 eqv(id(VI),a) 1
aeObj
O Cf. equation 3.8.5.2.
E —self (19.2)
[E] = 3 egs(w)-Te
acObj
O Cf. equation 3.8.3.5.
E-CO (193)
[£] = [CO]
E—new (194)
Let
cdf (E)(class(E)) = X
then

[E]l = 3 create(X,a)-Ta
acAObj
O Process creation takes place in an environment (cf. equation 3.8.5.3) that
takes care of the naming of new objects, and always allows only one of the
actions create(X, a) to occur.

E—SN (19.5)
[E] = [SN]

EMC (19.6)
[E] = [MC]

ERC (19.7)

[E] = [RC]
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E —nil (19.8)
[E] = /nil
MILy—>MI[,MIL,] (18)
Let
idMI) = m

mdf (MIL)(class(MILy),m) = (X n)
then
mis(MILy) = {m}[ Umis(MIL,)]

IMILol, = 3 rd(mem(ay, . 00),0) " Pg (Xo,, .a,)
ay, ..,0,,a€0bj
MIL\1z .. _
[MIL]5 = “——5—‘—]]1 if msEm

O For the m which occur in the method identifier list, [MIL],, gives the pro-
cess that describes the answering of a message m: first a method call with
identifier m is read, then the method is executed, and the result is returned to
the sender (cf. equation 3.8.3.6). For m not in MILy, [MIL],, = 8.

AN —answer (MIL) (17)
mis(AN) = mis(MIL)
[AN],, = [MIL],,

[4N] = S [MIL],
melld

O The variables [AN],, will be needed for the description of the select state-
ment.

The semantic rules for the nonterminals MIL, AN, GC, GCL and SE are
rather complicated. This is because the semantics of the select statement is to a
large extent not compositional: it is not defined in terms of the semantics of
the answer statements which occur in the guarded commands, but in terms of
the individual method identifiers of these answer statements. The formalism of
attribute grammars has difficulties in dealing with such a case.

GC—E thenSS (16.1)
mis(GC) = &
[cCl = [£1
[GCl = skip-[SS]

O The prefix skip in the equation for variable [GC], is needed because we
want to give a different semantics to the following two select statements:
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sel
true answer(m ) then x<1 or
true answer(m,) then x«-2
les
and
sel
true answer(m ) then x<1 or
true then answer(m;) ; x<«2
les

203

If the environment offers a method call with method identifier m;, but no
method call with method identifier m,, then the first select statement will
answer m,. The second select statement however may choose to execute the

second guarded command, which will result in a deadlock.

GC—E AN then SS
mis (GC) = mis(AN)
[l = [£]
[GCl,, = [4N],-[SS]
GCL—-GC
Let
mis(GC) = M
then
misl(GCL) = (M)

[GcL] = [GC]
[GCl, if a=trueANM =0
[GCLI: = {8 otherwise

[GCl if a=true/NM=0
[GcLly = {[GCl, if a=true/A\meM
8 otherwise
O See remark about production 14.
GCLy—GC or GCL,
Let
mis(GC) = M,

(16.2)

(15.1)

(15.2)
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misl(GCL,) = (M1, ...,M,)
then
misl(GCLy) = (Mo,My, ... My)
[GCLy] = [GCT-IGCL,]

lIGCIL if o :tl'lle/\Mo =g

Qgy oeery )
[GCLol [GCL,1& ™ otherwise

16Cl. if ap=trueAMy= o
‘IGCL()]I?,?’ = [[GC]]m if [+ 7} =true/\m eM,
[G6cL, o otherwise

O See remark about production 14.
SE—sel GCLles (14)
Let
misl(GCL) = (M, ...,M,)
then
[SE] = [GCL] >>, . o[SEl,, ..
[SEl,,, ..o = error if (Ai:e;=nil)V(Vi:aq; =false)

[[SE]]al, oty 2 IIGCL]]::’ % otherwise
melLldU{e}

O Execution of a select statement starts with evaluation of the expressions in
the guarded commands. If one expression yields nil or all expressions yields
false an error occurs. The intuitive meaning of variable

[GCLy™

is: Execute the first open guarded command without an answer statement,
assuming that evaluation of the expressions yields values ay, ...,a,. If there is
no open guarded command without an answer statement the result is &.
Analogously, for m € LId, the intuitive meaning of variable

[GeLy,y —*

is: Execute the first open guarded command without an answer statement or
with m in the method identifier list of the answer statement.

S— VI<E (13.1)
[ST = [E]>>, ass(id(VI),0)
O Cf. equation 3.8.5.1.
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S—AN
[S1 = [4N]

S —if E then SS| [else SS, [fi
[S1 = [ET>>, (S,

[SS,]1 if a=true

SS
[s1, = L .2]] if a=false
skip
error  otherwise
S —do E then SS od

[ST = [E]>>. [S]
[sS1-1S] if a=true

[S1, = <skip if a=false
error otherwise
S—SE
[S1 = [SE]
S—SN

[S] = [SNI=>>( X la)
aeObj
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(13.2)

(133)

(13.4)

(13.5)

(13.6)

O The send expression is evaluated and afterwards the result is discarded.

S—->MC

[S1 = MCI>>( X o
aeObj

S—RC
[S1 = [RCI=>( 3 o)

acObj
SSo—-S[; 8511
[SSo] = [SI{-ISS:1]
VD-VI:CI
id(vD) = id(VI)
VDLy—VD [, VDL, ]
vd(VDLg) = (id(VD))[#vd(VDL)]

O The function * denotes concatenation of lists.

(13.7)

(13.8)

(12)

(11)

(10)
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PD—s([VDL,])CI : [local VDL, in] [SS ] return E [ post S'S ] )
Let

vd(VDLy) = (v1, ...sVn)

vd(VDL,) = (wy, ...,Ww)

(n =0 or k=0 if there is no VDL resp. VDL,)
then

pd(PD) = ([PD] n)
[PD,, o =Nl - oNsoNshe - - - NACLISS, I IIED [ SS,311)

O Process [PD],,, ..o, corresponds to execution of the procedure with param-
eters ay, ...,0,.

RD—routine RI| PD end RI, ®
id(RD) = id(RI,)
pd(RD) = pd(PD)
RDLy—>RD[RDL,] )
rd(RDL,)
rd

O We use the notation for function modification of Section 2.4. rd, is an
arbitrarily chosen element out of the domain of attribute rd. We use similar
conventions in the semantic rules for productions 5, 4 and 3.

MD—method MI, PD end MI, ©)
id(MD) = id(MI,)
pd(MD) = pd(PD)

rd(RDL,) = (pd(RD)/id(RD))

MDLy—->MD[MDL,] )
md(MDL
md(MDLy) = ——(m—d—ll{pd(MD)/id(MD)}
0
CD—class CI [var VDL ] [RDL] [ MDL 1body SS end CI, ()]
Let

vd(VDL) = (v, ...,v,)
then
id(CD) = id(CI,)

ma(cp) = 24MEL)
mag

rd(CD) = ﬂ%@l

rag
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[CD] = Ao - - - A([SST)

CDLy—CD[, CDL, | 3)

c¢d(CDLy)
Cdo

mdc(CDL,) .
e, (md(CD)/id(CD))

rde (CDL,)
deqrd(CD)/id(CD))

¢d(CDLy) = (IcD1/id(CD))

mdc(CDLgy) =

rdc(CDLg) = a
rdc

[CDL\]

[cD]
O Process [CDL,] gives the behaviour of the last class defined in CDLy.
RU-sroot unit CDL )
Let

[CDL,] =

¢d(CDL)(Integer) = 1
cd(CDL)(Boolean) = B
cd(CDL)(Read_File) = R
cd(CDL)(Write _File) = W
€ = {cd(CDL)C) | CeUld}

ACTIVE = ’ .
ae/I‘IObj(g@create (X, ) pr,(X))

STANDARD = ( Il pr.(1))les (B)llos (B)loy, (Rlley. (W)
then

[RUT = A§“erod od(create (LCDL],0)|ACTIVE||STANDARD)

O The environment in which a POOL-_L unit is to be executed consists of
encapsulation operators 9; and dx (cf. equations 3.8.2.6 and 3.8.4.2), and the
object counter (cf. equation 3.8.5.3). In the scope of these operators we have
the ‘sleeping’ active objects and the standard objects (except for nil, which is in
our semantics a kind of virtual object). Now execution of a POOL-L unit
starts with an action that orders for the creation of an instance of the last class
defined in the unit.

3.9.3. Standard classes. In POOL-T there are a number of classes that are pre-
defined. Four of them, the classes Integer, Boolean, Read_File and Write_File,
are, although in simplified form, also present in POOL-L. The standard
classes can, to a large extent, be defined in terms of POOL-L. To make a
complete definition possible, we extend the language POOL-L with a new
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construct:
E—acp ¢ pca

for each closed term ¢ in the signature of ACP. The corresponding semantic
rule is

peq(E) = {lE] = 1}.
The standard classes are described by the following class definitions:
3.9.3.1. The Booleans. This is a class with as only objects true, false and the

virtual nil. The methods of the class generate an error if a parameter is nil.
Surprisingly, we can describe this class completely in terms of POOL itself.

class Boolean

var result : Boolean

method or (b : Boolean ) Boolean :

if self then
if b then result «true else result <true fi else
if b then result —true else result —false fi

fi

return result

end or

method and (b : Boolean ) Boolean :

if self then
if b then result < true else result <false fi else
if b then result —false else result —false fi

fi

return result

end and

method not () Boolean :

if self then result<false else result —true fi

return result

end not

method equal (b : Boolean ) Boolean :

if self then
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if b then result<true else result <false fi else
if b then result < false else result —true fi

fi

return result

end equal

body do true then answer ( or,and,not,equal ) od

end Boolean

3.9.3.2. The Integers. This class contains all the integers from Int (plus nil).
The methods of the class generate an error if the parameter is nil. In case of
overflow the result of a method call is nil (so, for example sum (Ny,Ny) = nil).
Another option would have been to generate an error. We only give the
definition of the method add. The other method definitions are similar.

class Integer

method add (i : Integer ) Integer :
return acp ) egs(a)( D) eqv (i, B) - Tsum(a,B) + eqv(i,nil)- error) pca

aclnt Belnt

end add

etc., etc.

body do true then answer(add, sub, mul, div, mod, power, minus,
less, less_or _equal, equal, greater, greater _or _equal) od

end Integer

3.9.3.3. The classes Read_File and Write_File. In POOL-T it is possible to
open new input and output files. These options are not present in POOL-L:
there is only one object of class Read _File (the object input), and one object of
class Write_File (the object output). These objects communicate with the exter-
nal world by means of actions input (d) and output (d), for d € Int U Bool.

class Read_File

routine standard _in () Read _File :
return acp Tinput pca

end standard _in

method read_int () Integer :
return acp >, input () - Te pea

aelnt
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end read _int

method read_bool () Boolean :
return acp >, input (B)-18 pca

Be Bool
end read _bool
body do true then answer(read _int, read _bool) od
end Read_File

class Write_File

routine standard _out ( ) Write _File :
return acp Toutput pca

end standard _out

method write _int ( i : Integer ) Write _File :

return acp >, eqv (i, &) - output() - toutput + eqv (i, nil) - error pea

aelnt

end write_int

method write _bool ( b : Boolean ) Write _File :

return acp > eqv (b, B) - output(B)- toutput + eqv(b,nil) - error pea
Be Bool

end write_bool
body do true then answer(write _int, write_bool) od
end Write _File

3.10. THEOREM. For each program wePOOL-_L the specification SPECc(w) is
guarded.

PROOF. Introduce a new s-attribute height for those nonterminals which have
attribute peq. Let the value domain of this new attribute be the set N of
natural numbers. Let Xo—X, - - - X, be a production where X, has attribute
height. Then the semantic rule for the attribute height is:

height (Xo) = max({0} U {height(X;) | 1<i<n and X; has attribute height })+1

Using the same technique as in the proof of Theorem 2.9, the proof that for
egch POOL- L program the corresponding specification is guarded can now be
given by means of straightforward induction on the value of attribute height.
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3..1 1. Abstraction. Most of the atomic actions which were used in the descrip-
tion of the semantics for POOL will be invisible in an actual implementation
of the language. If one looks at a computer executing a POOL program, one
most likely cannot observe that one object sends a message to another object.
In general the only visible actions will be the actions by means of which the
POOL system communicates with the external world: the error action and the

actions input (d) and output (d) (delnt UBool) as defined in Section 3.9.3.3.
Therefore we define:

I = {c(d) | deD}U{comm(f) | feF} U skip} (3.1L.1)

and introduce a new formal variable ROOT, which will be the root variable of

the specification corresponding to a given POOL-_L unit. The equation for
ROOT is:

ROOT = r,([RUJ). (3.112)

ROOT gives the abstract behaviour of a POOL system executing a given unit.
We call the corresponding function from POOL units to process algebra
expressions SPEC,.

3.12. Models. A lot of semantics (models, Z-algebras) have been given of the
signature that is used in this section. In this article we are only interested in
models where the principles RDP and RSP are valid. For each of these models
M, there exists a mapping INTy, that relates to every guarded specification E
the unique solution of this system in the model. As examples of models we
mention the semantics @BS) of terms modulo bisimulation equivalence
presented in [16], the semantics @FS) of process graphs modulo failure
equivalence described in [11], and the trace model that is presented in [28].

4. MESSAGE QUEUES

In the description of POOL as presented in the previous section, communica-
tion between objects takes place by means of handshaking. However, in the
official language definition (see [1]) communication is described differently: All
messages sent to a certain object will be stored there in a queue in the order in
which they arrive. When that object executes an answer statement, the first
message in the queue whose name occurs in the method identifier list of the
answer statement will be answered. Below we present a modified process alge-
bra description of POOL, in which each object has its own message queue.
This description, which, due to the select statement, turns out to be rather
complicated, corresponds to the language definition in [1]. We call the new
translation function SPEC,p. Thereafter, in Section 4.5, we discuss the impor-
tant question for which models M the mappings IN Ty°SPEC, and
INT)°SPEC, are identical.
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4.1. New channels. If we view the field ‘type of message’ of a frame (cf. Sec-

tion 3.8.2) as the name of a channel, then we can depict the situation in which
there are two objects a and B, connected by channel me, ‘classically’ as fol-

lows:
o &

FIGURE 4.1

In this section we introduce for each object 8 a message queue p;,(Q). Furth-

ermore we have new channels (message types) ig, om and fm. The new version
of Figure 4.1 becomes:

fm
mc
a P, (Q
B
om
FIGURE 4.2

First we discuss the new message types.

iq: (in queue). If object @ wants to send a message to object f, it must send
this message by channel ig to the queue of object 8. We have the follow-
ing new semantic rules for the send expression:

SN—-E'MI() (21.1)
Let
idMI) = m
then
[SN] = [E]>>,[SN],

error if a=nil

sn(o,igm( ). > rd(an,B,a) 1B otherwise
BeObj

[SN]. =

(production 21.2 is changed analogously).
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om: {order message). Let L CLId. By sending message L along channel om to
its queue, object B orders the queue to deliver the first message with a

message identifier in L. The message type om occurs in the new semantic
rules for the answer statement:

AN—answer (MIL) (17)
Let
M = mis(MIL)
then
mis(AN) = M

[AN],, = sn(om,{m})-IMIL],
[AN] = sn(om,M)- > [MIL],,

meM
fm: (first method). During the execution of a select statement object 8 some-
times needs to know, for given L C LId, if there is a message in its queue
with a method identifier in L, and if so, what is the method identifier of
the first one. This information is passed along channel fin (the negative
answer is coded as €). The new semantic rules for the select statement

are:
SE—sel GCL les (14)
Let
misl(GCL) = (M, ...,.M,)
My, .o = U M
{i | oy =true)
then

LSE] = [GCL] >, . o [SEl, ..,
[SEl,, ... =error
if (3i : o =nil)\V (Vi : o; =false),

[SEl., ..o = > rd(fm, (M, ..‘,aﬂam))‘IIGCLIIf‘,:’ oy
melLld

ifVi:a,-:true = M,‘#Q, and

[[SE]la‘ lty 2 rd(fm’ (Ma,, Ol ,m))‘“:GCL]]f‘"" e
T melldu(e)

otherwise.

O M, . is the set of all method identifiers occurring in the answer
statement of an open guarded command. If there is no message in the
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queue whose method identifier is in M, . , and there are open guarded
commands without an answer statement (M;=@ for some i), then the
(textually) first of them is selected. If there is no message in the queue
whose method identifier is in M, _,, and there is no open guarded com-
mand without an answer statement, the object waits until a message that
belongs to M, _, arrives, and then proceeds with this message. This
waiting may last forever. If there is a message in the queue with method
identifier in M, _, this message is selected. The first guarded command
is chosen that has either no answer statement or whose answer statement
contains the method named in the message.

4.2. The process Q. We introduce a new object g as parameter of the state
operator. The state of this object (the content of the queue) will be an element
of (MX 0bj) (for definition O, see equation 3.8.2.3): a list of pairs of method
calls and references to the senders of these calls. We need four fresh formal
variables Q, R, S and 4. The process Q gives the behaviour of an ‘unfinished’
queue, a queue that is not yet associated with one specific object. We have the
following equation:

0 = M(RIISIIA). 2.1y

Q consists of the merge of three processes, R, S and 4, which operate in an
environment in which the content of the queue is known. The job of process R
is to read messages in the queue:

R =3 3 rd(igd,a) R (4.2.2)
deM acObj

The relevant equation for the state operator is:
A(rd(ig,d, a)- x) = rd(iq,d, &) A ayo(x). (4.2.3)

The process S first waits for an order to deliver a message with method
identifier in a certain set L, and thereafter delivers the first message in the
queue with this property. When such a message is not in the queue, process S
waits until it arrives.

S = 3 rd(om,L)-sn(mc,L)-S. (4.2.4)
LCLId
In order to define the interaction between actions sn(mc,L) and operator A§
we need three auxiliary functions. The function mf (L, o) picks the first mes-
sage in ¢ with a method identifier in L, and returns ¢ if there is no such mes-
sage. The function is recursively defined by:

mf(L¢) = ¢ (4.2.5)

m(ay, ...,a,) if meL

mf (L,ox(m(ay, ...,a,),0)) = {mf(L, o) (4.2.6)

otherwise

The function sf (L, 0) returns the sender of the first message in ¢ with method
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identifier in L, or returns e.

sf(L.€) = € (4.2.6)
a if meL

.Sf(L, 0*(m (al > ---’an)7 a)) = Sf(L, 0) otherwise (427)

The function of (L, o) omits the first element of o with method identifier in L.

of (L,e) = ¢ (4.2.8)

if meL

., 0y ), @) Otherwise (4.2.9)

of (Lyox(m(ay, ...,a,),)) = {Zf(L, o)*(m(ay,

Now we can define:

,mf (L,0),sf (L,0)) A Lo if L,
orme L)) — {;n(mc (0 (o) Nywot) I mf Loopse

otherwise
The process 4 gives an answer to questions of the form: ‘Is there a message in

the queue with method identifier in a set L, and if so, what is the method
identifier of the first one?.

A= 3 sm(fm(Lm) A (4.2.11)
LCLId meLldU e}

Again we need an auxiliary function: if (L,0) gives the identifier of the first
message in o with identifier in L.

if (Lye) = ¢ (4.2.12)

) m if meL
if (L,o*x(m(ay, ...,a,),0)) = {if(L, o) otherwise (4.2.13)

The relevant equation for the state operator is:
sn(fm,(L,m))-N(x) if if (L,o) = m
N (sn(fm,(L,m))-x) = {8 otherwise (4.2.149)

4.3. Extensions. We add the new frames which were introduced in the previous
section to the set ¥ of frames (see equation 3.8.2.4), we introduce actions rd(f),
sn(f), read(f), send(f) and comm(f) for the new frames, and extend the com-
munication function in the obvious way. Furthermore the set J of encapsu-
lated actions (see equation 3.8.2.4) is extended. For the new atoms the renam-
ing functions f, are defined by:

fa(sn(B,ig,d)) = send(B,iq.d, ) (4.3.1)
fa(rd(ig,d, B)) = read(e,iq,d,B) (432
fo(sn(om,M)) = send(a,om, M, a) (4.3.3)

fu(rd(om,M)) = read(a,om,M, @) 4.3.4)
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falsn(fin, (M,m))) = send(a, fm, (M,m),c) (4.3.5)
fa(rd(fim,(M,m))) = read(a,fm, (M,m),q) (4.3.6)

4.4. Root unit. Now we change the semantic rule for the root unit as follows:
RU—root unit CDL 2>
Let

cd(CDL)(Integer) = I

¢d(CDL)(Boolean) = B

¢d(CDL)(Read_File) = R

cd(CDL)(Write_File) = W

C = {cd(CDL)C) | CeUld}

ACTIVE = || (3 create’ (X, a)-ps, (X))
acdObj y o

STANDARD = (ae“Intpf" ()ley, Blpy, Bllpy, . (R)lloy, (W)
QUEUE = ae|(|)bj(Pf,(Q))

then

[RUT = A§rod;od g (create ({CDL],0)|ACTIVE|STANDARD||QUEUE)

4.5. The incompatibility of SPEC4 and SPEC,p. Clearly the mapping SPEC, o
is much more complicated than the mapping SPEC,. Therefore we would like
to work with SPEC, instead of SPEC,p. But since SPEC,, corresponds to
the official language definition in [1] and SPEC, does not, we first have to
show that the two mappings lead to the same semantics of POOL. Unfor-
tunately this is not possible: for any model M of ACP, which preserves fair—
ness and liveness properties we have

INTy°SPEC #INT)°SPEC,y.

Stated informally, the fairness we require of the models is that (1) all processes
that become permanently enabled, must execute infinitely often, and (2) two
processes that can communicate infinitely often will do so infinitely often.
These fairness requirements correspond to the fairness requirements formu-—
lated in [1]. The issue of fairness is discussed in more detail in Section 5.4.

The notions of safety and liveness are frequently used in the literature.
Roughly, safety means that something bad cannot happen, while liveness
means that something good will eventually happen. In the context of POOL,
liveness implies that a program that will certainly perform a certain action is
different from a program which may not do this.

Now consider the situation in which an object executes the following piece
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of POOL text:
b true;
do b then sel

true answer(r,) then b<«false or

true then b<b or

true answer(m,) then b<«false or
les od ;

Write _File . standard _out( ) ! write _bool(b)

Suppose the object operates in a system with message queues, and that at the
moment at which the object starts execution of the POOL text, the message
queue of the object contains two messages: first a message with method
identifier m,, and after that a message with method identifier m,;. Now execu-
tion of the POOL text takes place as follows: first b is set to true, then the
object enters the do-loop and the select statement is executed. The set of
method identifiers occurring in an open guarded command is {m,,m,}. The
first message in the queue with a method identifier in this set is m,. Now the
first guarded command is chosen that has either no answer statement or whose
answer statement contains m,. In our case this is the second guarded com-
mand. The trivial statement part of this guarded command is executed, and the
select statement terminates. But since variable b is still equal to true, the select
statement is immediately executed for the second time. Again b remains true.
It will be clear that the select statement never terminates.

However, if the object operates in a system without message queues, the
select statement will terminate! In the situation with handshaking communica-
tion there is one object that wants to send a message with identifier m,, and
one object that wants to send a message with identifier m;. Due to the fair-
ness requirement communication of the message with identifier m, will eventu-
ally take place, b is set to false, the do-loop terminates, and false is printed.
This means that there is a difference with respect to liveness between the situa-
tion with, and the situation without message queues.

A good semantics of POOL should preserve fairness and liveness properties.
The example presented above shows that in a semantical description employ-
ing handshaking communication between the objects instead of communication
by means of message queues, liveness properties get lost almost inevitably.

4.6. In this section we propose a minor change in the language definition of
POOL, which removes the difficulty of Section 4.5. In the example of Section
4.5 it is clear from the beginning that the third guarded command will never
be chosen. But instead of leaving the turmoil of battle, the third guarded com-
mand starts helping his neighbour, the second guarded command. Because of
this the competition between the first and the second guarded cpmm;md is not
fair and the second guarded command always wins. The modification of the
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language definition we propose consists of the removal of all open guarded
commands in a select statement which have an open guarded command
without an answer statement before them. Formally this means that we replace
the definition of sets M, _, in the semantic rules for the select statement in

Section 4.1 by:
M, o = {m]|3i:meMNa;=true \(Vj<i:o;=true = M;5J)}.

The modified version of SPEC, is called SPEC4¢.

4.7. Even after modification of the language definition, the semantical descrip-
tion with handshaking communication is not equivalent to the description
using message queues. The following theorem shows that it is impossible to
prove equivalence if one only uses the axioms presented thus far. However,
whereas the difficulty of Section 4.5 was a general difficulty, present in all
semantical descriptions employing handshaking communication between the
objects, the difficulty pointed out in the following theorem is specific, and only

present in bisimulation semantics and other semantics which distinguish
processes that cannot be distinguished by observation.

4.7.1. THEOREM. INT@(BS)°SPECA#INT@(BS)C’SPECAQ'.

ProOOF. Below we present a POOL-_L unit u with the property that in the term
model modulo bisimulation the unique solutions of specifications SPEC,(u)
and SPEC,y(u) are different. The program is a very simple one: the initial
object of class Root creates 3 objects of class Number and these three objects
ask the standard output object to print resp. numbers 1, 2 and 3.

root unit
class Number
var m : Integer
routine new () Number :
return new
end new
method init (n : Integer) Number :
m«n  return self
end init
body answer (init) ; Write _File . standard _out () ! write _int (m)

end Number,
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class Root

body Number . new (') init (1) ; Number . new ( )!init (2) ; Number . new () Yinit(3)
end Root

Writing down SPEC,(u) and SPEC4¢o/(u) is a long and tedious job which we
happily leave to the reader. However, it is easy to see that the process graphs
that correspond to these specifications can not be bisimilar. If there is a mes-
sage queue before the standard output object, it is possible that at a certain
moment during execution of the program the three method calls of the three
objects of class Number are waiting in the queue. Because, for given method,
an object answers the methods calls in the queue in the order in which they
have arrived, the order in which the actions output (1), output (2) and output (3)
will be performed, is completely determined in such a state. However, in the
case where there are no message queues there is no state in which no output
action has taken place but still the order in which the output actions will occur

is known. Therefore the process graphs corresponding to SPEC, and SPEC ¢
are not bisimilar. [J

What we learn from Theorem 4.7.1 is that we can either do bisimulation
semantics based on a translation of units in which we use queues (this leads to
very long and complicated proofs), or add some axioms to our theory in such

a way that we can prove equivalence of SPEC, and SPEC,y . We conjecture
that

INT@(FS)°SPECA = INT@(FS)OSPECAQ'

and that equivalence can be proved if we add to our theory the axioms of
failure semantics as presented in [11]. The proof however will be long and
complicated, and we do not give it in this article.

5. TRACE SEMANTICS, FAIRNESS AND SUCCESSFUL TERMINATION

5.1. The trace model as presented in [28], is not a good semantic domain for
POOL in the sense that it identifies too much and does not describe deadlock
behaviour. In & TR,,,) we have for example:

output (0) = output (0) + 7-6.

We do not want to identify these processes because the first one will definitely
output a 0, whereas the second one may not.

5.2. It is well-known that it is not possible to give a trace model of ACP in
which one looks at the terminating (and infinite) traces, and the trace sets do
not have to be prefix closed. In such a model a(b +¢) and ab +ac would be
identical. This is problematic since d()(a(b+c)) = ab and 9 (ab tac) =
ab +aé are different.
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5.3. However, there exist some interesting semantics of POOL based on trace
sets. The basic idea of the approach which is, although in a different setting,
followed in [4], is that one first interprets a specification in a domain in which
not very many processes are identified (the domain of transition systems, the
model @BS)) and then takes the set of terminating (and infinite) traces of this
process. In this approach one typically looks at

YIELDCINT g35)°SPEC4(u)

where YIELD is a function that gives the set of terminating (and infinite)
traces of elements of @BS). The resulting semantic domain is not a model of
ACP but for most applications that does not matter. An advantage of the
approach is that it allows for simple solutions to a number of problems.

5.4. Fairness. The fairness problem for example can be solved easily. In [1] a
fairness condition concerning POOL is formulated by stating that the execu-
tion ‘speed’ of any object is arbitrary but positive. Whenever an object can
proceed with its execution without having to wait for a message or a message
result, it will eventually do so. A second fairness requirement on the execution
of a POOL program is the condition that all messages sent to a certain object
will be stored there in one queue in the order in which they arrive. In process
algebra we have deliberately chosen to ignore the exact timing of occurrences
of events. Fortunately the fairness requirements concerning POOL can be
defined without referring to timing aspects. The first fairness requirement is
called weak process fairness or justice in the literature:

All processes that become permanently enabled, must execute infinitely often
The second requirement is called strong channel fairness:

Two processes that can communicate infinitely often will do so infinitely often
For reviews of the literature on fairness we refer to [15,24]. We think that the
Petri net model for ACP based on occurrence nets, which is presented in [17],
preserves enough information for a description of the fairness requirements of
POOL. More research is needed to make this explicit. In the trace set

approach the solution is very simple: one omits all the unfair traces and looks
at:

YIELDF°INTg(Bs)°SPECC(U)

where YIELDy gives the set of fair terminating and infinite traces of elements
of &BS).

5.4.1. Fair abstraction. If we work with ‘abstract’ translation functions like
SPEC, and SPECyy, then it is possible to give a ‘more or less’ fair semantics
of POOL without using a YIELDp function. This employs the fact that
Koomen’s Fair Abstraction Rule (KFAR) is valid in (for example) the model
@&BS). Consider the following unit f:
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root unit

class Our

routine new( ) Out :
return new

end new

body Write _File . standard _out ! write _int (0)
end Out,

class Chatter

var x : Integer

body Out . new( ); do true then x«1 od

end Chatter

It can be proved that in any model M in which KFAR holds:
INT°SPEC,(f) = 7 output (0)-4.

This means that the object of class Our will make progress despite the infinite
chatter of the object of class Chatter. Note that KFAR equates infinite chatter
and deadlock.

5.4.2. KFAR is oo fair. We give an example which shows that sometimes
KFAR is too fair. Consider the architecture of Figure 5.1.

m (_—\

Driverl ___.__ﬂl
Merge _—_—Y‘ output
write_int(0 P

\

m
Driver2 ____..2__.

FIGURE 5.1

There are two objects Driver] and Driver2. The only thing these objects do is
sending method calls to an object Merge. Driver] all the time asks Merge to
perform method m,; and analogously Driver? asks Merge to perform methqd
mj. The object Merge has the task to perform statement answer(my,m>) |:mt11
doomsday. Every time when it has answered method m, two times
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consecutively, the object Merge asks the object output to print a 0. We leave it
to the reader to write down the corresponding POOL program.

The point we want to make is this. According to the language definition in
[1], the execution where object Merge answers messages of Driverl and Driver2
in turn (m,, my, m, my,..) will be fair. Hence it is possible that Merge never
orders to print a 0. However, in a semantics where KFAR holds, a 0 will be
printed: the only way for the system to get out of the ‘cluster’ of internal
actions is to perform an action output (0). This action is always possible during
execution of the program. KFAR says that therefore it will occur. Again we
leave it to the reader to fill in the formal details.

5.4.3. Failure semantics. In [11] it is shown that KFAR is not valid in the
model @FS). Nevertheless the model admits a restricted rule KFAR™ for the
fair abstraction of so-called unstable divergence:

KFAR™ X — XTTY
BEARD 206 = rry @)

KFAR™ turns out to be sufficient for the protocol verifications in [22,25,27].
However, for our purposes KFAR™ is not what we want. Like KFAR, the
rule is too fair for some applications. But in addition there are applications
where KFAR™ is not fair enough. KFAR™ does not allow for a proof that
the object of class Out in the example of Section 5.4.1 will make progress. We
even have:

WI(INTQ(FS)°SPECA (f))sé'r -output 0)-46.

This is a crucial observation. Failure semantics - being a linear semantics -
often yields simpler proofs than bisimulation semantics which preserves the
full branching structure of processes. Although the notion of full abstractness
still has to be defined for the language POOL, it is clear that failure semantics
is closer to full abstractness than bisimulation semantics. Furthermore, as
pointed out in Section 4, failure semantics will supposedly allow for a proof
that the communication between objects can be implemented by means of
message queues. Thus failure semantics seems to be ideal for POOL. But now
it turns out that the combination of failure semantics and weak process fair-
ness is problematic. At present we do not know if it is possible to give a
semantics of POOL which is “fully abstract’ and also ‘fair’.

5.5. Deadlock behaviour. A limit on the applicability of the trace approach
sketched in Section 5.3 is that it only describes the behaviour of a POOL sys-
tem in situations in which this system is placed in a ‘glass’ box, and does not
communicate with the environment. Below we present two POOL-_L units u1
and u2 with the property that
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YIELDOINT@(BS)OSPECA (u 1) = YIELDD[NT@(BS)DSPECA (u2)
although

INT g55)°SPEC,(u1) % INT g35)°SPEC,(u2)
(we even have

INT gps5)°SPEC4(u1) 7 INT g5,°SPEC4(u2) ).

The root object of unit u1 creates an object that performs the job of output-
ting a 0. After ordering for the creation, the root object inputs a value.

root unit
class Out
routine new( ) Out :
return new
end new
body Write _File . standard —out ! write _int (0)
end Out,

class In
body Out . new( ) ; Read _File . standard_in( )!read_int(')
end In

In unit u2 the root object of class Semaphore creates two objects: one object
has to output a 0, and the other object inputs a value. But before the 1/0
actions can take place the objects have to decrease a semaphore. After an
object has decreased a semaphore, it can perform the /0 action. After that, it
increases the semaphore again. If during execution of u2 the input actions are
blocked (the enemy has bombed the input device), it can happen (if the object
that has to input a value is the first one to decrease the semaphore) that the
output action will not take place. In this respect «2 differs from u 1: if during
execution of u 1 the input actions are blocked, the output action will still hap-
pen.

root unit

class Out

var sem : Semaphore

routine new( ) Out :
return new

end new
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method init (s : Semaphore) Out :

sem«s return self

end init
body
answer(init) ;
sem ! down( );
Write _File . standard _.out( ) ! write _int(0) ;
sem up( )
end Out,
class In

var sem : Semaphore
routine new( ) In:
return new
end new
method init (s : Semaphore)In :

sem«s return self

end init
body
answer ;
sem !down( ) ;
Read_File . standard _in( )\ read _int();
sem 'up( )
end In,

class Semaphore

method down () Semaphore :
return self

end down

method up () Semaphore :
return self

F.W. Vaandrager
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end up
body

Out . new ()!init (self) ;

In. new ()!init(self);

do true then answer(down) ; answer (up) od
end Semaphore

We can prove in the theory that:
(1) The following x, is a solution of SPEC(u 1):

xy = 7-(output O)l| >} input (a))-8

agint

(2) The following x, is a solution of SPEC,(u2):
Xy = 7+ (7-output (0)( 3, input(a)) + 7-( S input(a))- output (0))- 8

aelnt aent

Let B = {input(a) | aclnt} be the set of blocked actions. Then
dp(x1) = 7-output (0)-8
0p(x2) = 7-(r-output (0)-8 + 7-8)

Thus units 41 and u2 behave differently in an environment which does not
offer certain actions: in environment 3 u1 will certainly output a 0, whereas
u 2 may not do this.

5.6. Successful termination. For arbitrary POOL units u; and u;, and for an
arbitrary model M we have that:

INT)°SPEC4(uy)- INTy°SPEC4(uy) = INTHSPEC,(uy).

This is because the process corresponding to a unit is infinite or ends in a
deadlock. If one wants to describe a situation where after execution of a
POOL unit, something else can be done, one has to change the semantics. In
the trace set approach of the previous section this is simple: one simply defines
the operation sequential composition in the obvious way. In the axiomatic
approach things are not that easy. We propose (but do not work out) a solu-
tion in the spirit of [7]: one defines a program transformation that transforms
the original program (in the case of POOL also the definitions of the standard
classes have to be transformed). The transformation introduces a number of
new program variables and statements in such a way that the resulting pro-
gram can terminate successfully. In this approach it is possible to differentiate
between various ways in which a unit can terminate: one option is that a unit
terminates successfully if all active objects have finished execution of their
body; another option says that a unit terminates successfully if there is no
object (or pair of objects) that can do a step.
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6. INTEGERS AND BOOLEANS

On the conceptual level, each integer and each boolean is represented by a
different object. In an implementation of the language it will of course not be
possible to point at different processors saying: ‘This is object true’ or ‘That
processor over there implements object 4370578’, etc. On the level of imple-
mentation integers and booleans certainly will not be objects. Instead an
implementation will contain some special circuits for arithmetical and logical
operations. The aim of this section is to make it plausible that, when speaking
about integers and booleans, the conceptual and implementation view of the
system are not in contradiction with each other (although there is a problem).

6.1. Simple expressions for integer and Boolean objects. The first two equations
in a SPEC, specification have the form (cf. equation 3.11.2 and the semantic
rule for production (2) in Section 3.9.2):

ROOT = 7 ([RU])

[RU] = Aﬁ”“"‘e’oa,oaK(create(I[CDL]],@)IIACTI VE|ISTANDARD)
Here I = {c¢(d) | deD}U{comm(f) | feF}U{skip}. If we define

I' = {c¢(d) | deD}U {skip}
then we can prove, using the conditional axioms, that this is equivalent to:

ROOT = 7([RU])

[RUI = Af“merod odg(create (ICDLY,0)|ACTIVE llr(STANDARD))
Applying the conditional axioms again gives that 7,,(STANDARD) equals

(as||m'7'1’°Pf, )Nirpopy, (B)llrpops, (B)llrropy,  (R)lirpops  (W).

The processes corresponding to the objects of class Integer and Boolean are
very simple. For the object true we can derive:

Tropy, . (B) =
=7(> 3 read(true,mc,or(B),a)-send(a,an,true,true)-'rpOpf'_(B)
BeBool acObj
+ > read(true,mc,or (nil),a) - error - 7y, opy.(B)
acObj
+ > > read(true,mc,or(B),a)-8 + - - -).

BeObj—Bool— {nil} aeObj

The dots at the end of the equation stand for similar summands corresponding
to the other methods of class Boolean. In a correct POOL-L program the
parameter of a message with method identifier or will always be an element of
Bool U {nil}. Therefore the summand 2pc0bj - Boot ~ (nity (-) 18 redundant in the
context in which it is placed, and we can omit it (the corresponding summands
of the other methods can of course also be omitted). A formal proof of this
obvious fact can be given using the theorems about the notion of ‘redundancy
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in a context’ of [28].

After this simplification the process that gives the behaviour of object true
can be written into the following form:

Xiue = 7 (Dread(true,mc, ...,B)-send(B,an, ...,true)
+ read(true,mc, ...,B)  error)- X .

Using the identity 7x|ly=7(x|ly), we can replace the equation for variable
ROOT by:

ROOT = 7-7([RU])
and omit the initial 7 in the equation for X e:
Xire = (Dread (true,m, ...,B)- send(B,an, ...,true)
+ Dread(true,mc, ..., B)-error)- X pe.

We claim that all the processes corresponding to objects of class Integer and
Boolean can be specified analogously. Let for aelnt U Bool, S, CF be the set
of frames that can be sent to object a:

da = {(a,mc,d,B) | de9M, BObj and d correct for a}.

Message d is correct for object a if the method identifier of d occurs in the
class description of a, the number of parameters is correct, and the parameters
are of the right type. For each aelnt U Bool process X, is defined by:

Xo = D read(f)-ans X,.
fes,

Here an; is an atomic action, the answer to the method call f. This can be a
send action or the error action. For example:

AN (1, me,add(1),1) = send(i,an, 2,1)
AN (1 me, minus(uil),0) = €rror

Now we define:
INT = || X,

aelnt

BOOL = Xiruell Xtasse
170 = 7pops  (R)lirpopy,, (W)

Let SPEC,4 be the same function as SPEC, except for the fact‘that the term
for variable ROOT is prefixed with a 7 and that in the equation for [RU]
STANDARD is replaced by INT||BOOLI|I1/ 0. We have for all models M:

INT)°SPEC4 = INTp°SPEC,4.
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6.2. Monadic objects. The processes STANDARD and INTI|IBOOLI||I/O both
consist of the merge of a number of objects. Each object answers all the mes-
sages for one integer or boolean, and different objects answer messages for
different integers or booleans.

We now introduce processes INTy, and BOOLy,. These processes are com-
posed of a huge amount of ‘monadic’ objects. For each frame there is a
monadic object which has nothing else to do but answering that frame. There
is for example a monadic object answering the message from object 0 to object
1 in which it asks to perform method add with parameter 3:

M (1 me,ada(3,0) = read(1,mc,add(3),0)send(0,an, 4,1y M, ., add(3),0)-
Let S;nr = U S and Spoor = Strue USrie- We define for feSyr USgooL

aelnt

the process M, by:
My = read(f)-ang- My.
Processes INT), and BOOL), are defined by:
INTy = || My and BOOLy = 5” M;.

€t fe3s001

Let SPECyy; be the same as SPEC,, except for the fact that in the equation
for [RUI, INT||BOOL is replaced by INT || BOOLy,.
6.3. The error action. We would like to prove for all models M:

INTMOSPECAA = INTM°SPECAM.

This would be a nice theorem because the same argument used to ‘ungroup’
the standard objects into monadic objects, can, when reversed, also be used to
‘group’ the monadic objects into a new configuration (a single object integer
and a single object boolean, or separate objects for the various methods, etc. ).

Unfortunately the two semantics are different. The problem, which has to do
with the error action, is illustrated by the following POOL unit m:

root unit
class One _plus_one
var n : Integer
routine new( ) One_plus_one :
return new
end new
body n<-1'add(1) ; Write_File - standard _out ( ) ! write _int (n)

end One_plus_one,
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class One _minus _nil
body One _plus _one - new( ) ; 1! minus (nil)
end One _minus _nil

In the SPEC,, case where integers are objects, it can happen that object 1
first answers the method call minus(nil). This leads to a state in which no
external action has been performed but the order in which the actions will be
executed is fully determined, namely first the error action and then the action
output (2). In the SPEC,), case such a state cannot be reached since there are
different monadic objects for frames (1,mc,minus(nil),0) and (l.mc,add(l),i).
and these monadic objects work independently. If the error action is blocked it
can happen in the SPEC4, case that the action outpur(2) will not be per-
formed. In the SPEC,) case the ousput (2) action will always be performed in
such a situation. As a result of this:

INT@(FS)OSPECAA (m) # INT@(FS)"SPECAM(WI).

6.4. Ostrich policy. The problem is not typical for the ‘monadic’ implementa-
tion of the integers and booleans but arises in every implementation different
from the one suggested by SPEC,,. However, it has to be noticed that in the
trace set approach of Section 5.3, SPEC,4 and SPEC, (and thereby all other
implementations) lead to the same semantics. In case we do not want to
describe the system in terms of trace semantics, the best solution seems to be
to abstract from the error action. We replace the equation for variable ROOT
in SPEC4,4 and SPEC4y by

ROOT = T TIU {error} (IIRUII)
Call the new functions SPEC44o and SPEC 40 (the ‘O’ from ostrich policy).

CrLamM. For all models M:
INToSPEC,40 = INTy°SPEC p0.
We will not give a rigorous proof of this claim but confine ourselves to a
sketch of it.
6.5. DEFINITION. A specification E = {X=1ty | XeZ} is called strictly linear
if for every X ex:
Iy =71 or
ty =686 or
Im=1
da,, ...,a,€A,
ix,, ..,X,€Z such that
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m
tx = D a X
K=1

6.6. THEOREM. For every guarded specification E there exists a strictly linear
guarded specification F with the same solution.

6.7. Structure of active objects. Although a POOL system contains a large
amount of parallelism, the individual objects work in a totally sequential way.
The process algebra equations which define the behaviour of these objects con-
tain chaining operators but, beside value passing, the process on the right hand
side always starts after termination of the left hand side process. This observa-
tion (which of course can be expressed formally) motivates the following claim.

CLamM. For every a€AObj there exists a strictly linear guarded system of
equations with root variable X, such that

X, = Screate*(V,a)-pr. (V)
Ve@

and with the property (cf. semantic rules for production 21) that atomic
actions send(a,mc,m(ay, ...,a,),8) only occur in equations of the form:

X = send(a,mc,m(ay, ...,an),8) Y
where Y is a variable for which we have an equation of the form:

Y = 3 read(B,an,y,)- Z,.
yeObj

This means that every time when an active object performs an action
send(a,me,m(ay, ...,a,),B), the next action will be of the form read(B,an, v,«).

6.8. We rewrite the equations for INT, BOOL, INTy, and BOOLy, into the
following form:

INT = 3 read(f)~INTf
fednr
f = .
INT (ﬁemjl_{a}X,g)llanf X, for feS,
BOOL = 3 read(f)-BOOL'
J€Ss001
BOOL/ = )
(BEBOJE_{a}XB)IIanf X, for fes,

INTy = 3 read(f)-INT
febmr

INTy = (__|
g€

BOOLy = 3 read(f)- BOOL},
S€Ss001

_yMellany My
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BooLj, = ( __ | oy Molany- My

€8p00L —

Define:

I" = {comm(a,an,B,y) | a,Be0bj; yelnt UBool}U {error}.

Application of the conditional axioms gives that, in order to prove the claim of
Section 6.4, it is enough to show:
LHS = RHS

where

LHS = 17,93;9x(create ([CDLI,0)lI( I, X)IINTIBOOLII/ 0)
ae j

RHS = 11,99,k (create (CDLL,O)I( 1| X)IINTyIIBOOLy I/ O)
acAObj

A quick inspection of the semantic rules defining SPEC, o learns us that LHS
is specifiable by means of guarded equations for all neN. Therefore it is
enough to show that for every neN:

7,(LHS) = 7,(RHS).

6.9. DEFINITION. For X a variable and ¢ a term, the relation X occurs open in

t is defined inductively by:

1. X occurs open in X

2. if X occurs open in ¢ then X occurs open in t-s, t|_s, t +s, s +1, tls, sllz,
tls, slt, 3y(t), 7/(t), pA(t) and m, (7).

An occurrence of a variable X in a term ¢ is needed if t contains a subterm of

the form 7,(s) and X occurs open in s.

6.10. DErFINITION. For given specification E, E is the term rewriting system
consisting of the axioms from ACP, +RN+CH+SO+PR+RC-AT together
with the equations of E (read from left to right). Here RC is the rewrite rule:

alb = y(a,b)
that rewrites a term a |b into the corresponding communication, and AT is the
set of axioms consisting of Al, A2, C1-3 and T1-3.

6.11. THEOREM. Let E be a guarded specification with root variable X,. Let
neN. Then the term m,(Xo) will be rewritten into a closed term if we apply the
rewrite rules of E following the strategy that only needed occurrences of variables
are replaced.

6.12. Choose a neN. We have to prove:
7,(LHS) = m,(RHS).
The specifications that specify LHS and RHS are almost the same. We relate
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variables LHS and RHS, INT and INTy, INT/ and INT};, BOOL and

BOOL,, BOOL/ and BOOL),, and furthermore all variables with the same

name. Now we start to rewrite the term @, (LHS) into a closed term. Simul-

taneously we start rewriting 7,(RHS) in exactly the same way. If on the left

hand side a variable is rewritten, then we also rewrite the corresponding vari-

able on the right hand side, etc. The problem with this imitation game is of

course that the equations for INT/ and INT},;, BOOL/ and BOOL}, are

different. What we do in order to solve this problem is that, when during the

rewrite process a variable INT/ or BOOL/ becomes needed, we rewrite the left

and right hand side in such a way that:

1. The new left and right hand side are equivalent modulo names of vari-
ables.

2. No variable INT/ or BOOL/ occurs needed in the left hand side.

3. It is clear that this intermediate ‘surgery’ will not slow down the process
of rewriting m,(LHS) into a closed term.

Using the imitation+surgery strategy we rewrite m,(LHS) and m,(RHS) into

the same closed term. Because n was chosen arbitrarily that finishes the proof

of the claim of Section 6.4.

6.13. Surgery. Let aclnt and f = (a,mc,d,f)€S, (the boolean case can be
dealt with analogously). Suppose that after some rewrite step variable INT/
becomes needed in the left hand side term. We claim that INT/ occurs in a
subterm which can be brought into the form:

comm (f) - mperodgo0x( - - - IINT/|'S read(B,an,y,a)- Z,).
veObj

If we rewrite variable INT” this becomes:

comm (f) - otprodgodg( - - - Il Imll (a}X,‘)Ilanf-X,,Il > read(B,an,y,a)- Z.,).
keint— yeObj

The corresponding right hand side subterm can be brought into the form:

comm(f) - muerpodgodg(- - IC | Mp)llans- Ml >} read(B,an,v,e) Z,).
geonr—{f) Y& 0bj

If an; = error we bring the ostrich policy into practice: because errorel” we
can replace the error action by 7 in both terms. The next step is to eliminate
these 7’s using the identity 7x|ly = m(x|ly). But then the subterm on the left
contains the merge for all aelnt of X,. This is equal to INT. The subterm on
the right contains the merge for all fe§;yr of processes My, which is equal to
INT)yy. This finishes the surgery activities for the case an; = error.

In the other case we have any = send(B,an,¥,a) for some Y€ Obj. Using the

conditional axioms we can replace the left hand side subsubterm (excusez le
mot):

ans- X, >, read(B,an,v,0)-Z,
YeObj

by
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T{comm (B,an,¥,&)} oa{send(,B,anﬁ,a)) (send (B, an, 7,(1) Xl 2 read (B,an,y, a) Zy)

Ye Obj

which is equal to

T T{comm(B,an,7,a)} °a{send(,3,an,?,a)} (X “Zy) +

+7520bjread (Ba an,vy, a) : 7{comm (B.an,¥,a)} Oa{send(ﬁ,an, ¥.a)} (Send (By an, 7: a) ' Xa “ Zy)

The secpnd summand is redundant in the context in which it occurs and can
be omitted. Using the conditional axioms again, together with identity
7x|ly=1(xlly), yields that the term can be replaced by:

XollZy.

Now we have brought the left hand side subterm in a form which contains the
merge for all aelnt of X,. This merge we can replace by INT. The same stra-
tegy that was used to rewrite the left hand side can be used to rewrite the right
hand side. The result is the same term as obtained on the left hand side, except
that we have variable INT), instead of INT.

7. CONCLUSIONS

1.

In this paper we showed that it is possible to give semantics of a realistic
concurrent programming language by means of process algebra. The
translation of POOL programs into process algebra is complicated, but
this is mainly caused by the complexity of POOL, in particular by the
complexity of the select statement. The attribute grammar which we used
for the translation made it possible to give the semantics in a modular
way.

This paper contains an application of ACP where the sequential composi-
tion operator is used in full generality. It would have been more involved
to give semantics of POOL in a signature containing prefixing (an opera-
tor A XP—P) instead of sequential composition. Three auxiliary opera-
tors, the renaming operator, the chaining operator and the state operator,
turned out to be useful.

Because we have no infinite sum and infinite merge operators in the signa-
ture, we had to choose the value domain of POOL variables finite. Furth-
ermore the number of objects which can be created during execution of a
POOL unit is finite. Although it would be useful to have these infinitary
operators available, we do not think that their absence in the present
paper is a real deficiency: the memory of each computer is finite, and no
computer will function eternally.

The approach followed in this paper can also be used to give semantics of
other concurrent programming languages. From the point of view of pro-
cess algebra we see no fundamental difference between the object-oriented
approach from POOL, and the imperative, logic or functional approaches
followed in other languages. However, at present it is difficult to give pro-
cess algebra semantics of a language in which real-time aspects play a
role.
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10.
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KFAR does not completely capture the notion of fairness in POOL. In
Section 5.4.3 we pointed out that combination of failure semantics and
weak process fairness is especially problematic. An open question is
whether or not the two concepts can be combined in a consistent manner.
There is not one single ‘optimal’ semantics of POOL. Depending on the
application domain one has in mind one can try to find an optimum.
There are a lot of features which can be included in the semantical
description of the language: infinite domains of variables, fairness, error
behaviour, termination behaviour, etc. An important parameter in the
choice of a semantics is the type of interaction between the environment
and the POOL system. In case one wants to use the semantics to build
an executable prototype, the semantics has to be operational. In case the
semantics is used for the construction of proof systems or for the correct-
ness proof of implementations, one requires abstractness and composi-
tionality. It might be the case that the combination of all these require-
ments leads to inconsistencies.

The translation of POOL into process algebra can be used for prototyping
of the language. The shortest route seems to be a translation into an alge-
braic specification formalism. The attribute grammar which we used can
be specified algebraically in a straightforward way. The process algebra
part is already specified algebraically but some work has to be done in
order to deal with a number of notational conventions, for example the
sum operator and the numerous ‘... occurring in the equations. There are
several alternatives for transforming algebraic specifications into execut-
able prototypes, for example by means of a transformation into a com-
plete (conditional) term rewriting system and execution by means of an
existing rewrite rule interpreter, or by means of a transformation into a
set of Horn clauses and using an existing Prolog system for their execu-
tion.

It would be interesting to construct a proof system, based on our process
algebra semantics, which can be used to prove correctness of POOL pro-
grams.

A semantical description of POOL with handshaking communication
between the objects is incompatible with the description in [1], where mes-
sage queues are used. A minor change in the language definition is pro-
posed in order to remove this difficulty. In our opinion this result shows
that, when dealing with concurrent programming languages, questions
like: “Is this semantical description in accordance with the language
definition?” and ‘Is this a correct implementation of the language? are
highly relevant.

An important problem to be solved is in our view the development of
techniques which make it possible to prove that two semantics of POOL
have a common abstraction. In Section 6 we gave a sketch of such a
proof, showing that the Integers and Booleans can be implemented in a
lot of ways. In Section 4 we discussed the question whether or not the
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communication between objects can be implemented by message queues.
We showed that, even after modification of the language definition, this is
not possible in bisimulation semantics. An open question is the
equivalence in failure semantics.
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