⋆

⋆

{ }

In tro duction

Algebraic Sp ecification of Concurrency

abstr act data typ e adt algebr aic

sp e cific ation

lo ose

structuring p ar ameterization

implementation

c orr e ctness

pr o of systems

sp e cific ation languages

DISI

Dipartimento di Informatica e Scienze dell’Informazi one

Universit` a di Genov a – Italy

astes , reggio @ cisi.uni ge.it

This work has b een supp orted by COMP

ASS-Esprit-BRA-W.G. the pro ject MURST 40%

“Meto di e sp ecifiche p er la concorrenza” and by “Progetto Finali zzato Sistemi Informatici

e Calcolo Parallel o” of C.N.R. (Italy).

Egidio Astesiano and Gianna Reggio

Let us first summarize what algebraic sp ecification is ab out, following [66]. Algebraic

sp ecification metho ds provide techniques for data abstraction and the structured

sp ecification, v alidation and analysis of data structures .

Classically

, a (concrete) data structure is mo delled by a many-sorted algebra

(p ossibly term-generated); v arious categories of many-sorted algebras can b e con-

sidered, like total, partial, order-sorted, with predicates and so on. An isomorphism

class of data structures is called an (shortly ) and an

is a description of one or more abstract data typ es. There are v arious

approaches for identifying classes of abstract data typ es asso ciated with an alge-

braic sp ecification, which constitute its semantics: initial, terminal, observ ational; a

semantics is when it identifies a class (usually infinite) of adt’s.

Since data structures can b e very complex (a flight reserv ation system, e.g.),

and mechanisms are fundamental for building large

sp ecifications.

T ogether with a rigorous description of data structure s, algebraic sp ecifications

supp ort stepwise refinement from abstract sp ecifications to more concrete descrip-

tions (in the end, programs) of systems by means of the notion of

and techniques for proving of implementations. In this resp ect formal

asso ciated with algebraic sp ecifications play a fundamental role. Fi-

nally provide a linguistic supp ort to algebraic sp ecifications.

The purp ose of the algebraic sp ecification of concurrent systems is to sp ecify

structures where some data represe nt pro cesses or states of pro cesse s, i.e. ob jects

ab out which it is p ossible to sp eak of dynamic evolution and interaction with other

pro cesses; more generally we can consider as the sub ject of algebraic sp ecification of

concurrency those structure s able to describ e entities which may b e active partic-

ipants of events. Such data structures will b e called simply “concurrent systems”,

where “concurrent” conveys different meanings, from “o ccurring together” to “com-

p ete for the same resources” and to “co op erate for achieving the same aim”.

The aim of this pap er is twofold: to analyse the aims and the nature of the

algebraic sp ecifications of concurrency and to give, as examples, a short overview of

some (not all) relev ant work.

Π

Warning.

1 Pro cesses and Concurren t Systems

In Sect. 1 we intro duce some basic concepts and terminology ab out pro cesses : the

v arious mo dels around which the sp ecification mo dels are built and the fundamental

issues of (observ ational) semantics, formal description and sp ecification; moreover we

give some illustrative examples of sp ecification problems to b e used later for making

more concrete some general considerations and for assessing different metho ds.

In Sect. 2 we try to qualify the field: indicating three different fundamental moti-

v ations/viewp oints (and distinguishing b etween metho ds and instances); then outlin-

ing the issues to deal with; finally illustrating by two significant examples/approaches

how this field stimulates innov ations and improvements b eyond the classical theory

of adt’s.

In Sect. 3 we outline some relev ant approaches; the presentation is related to

the issues discussed in Sect. 2 and the sp ecification examples presented in Sect. 1.

However, b eing imp ossible to rep ort on all metho ds, we have mainly used some

approaches to illustrate, as examples, concrete ways of tackling the issues of the

field..

Informally a pro cess is an entity with the capability of p erforming an activity within

which it may interact with other entities and/or with the environment. The interac-

tion may consist in communicating, synchronizing, co op erating, acting in parallel,

comp eting for resources with other pro cesses and/or with the environment.

By a concurrent system we informally mean a pro cess consisting of comp onent

pro cesse s that are op erating concurrently .

W e are of course interested in those asp ects of pro cesse s that supp ort the design

and implementation of software systems. Thus we are lo oking for a formal supp ort

to the sp ecification, programming, implementation and verification phases. F or this

it is crucial to have go o d mo dels for pro cesses.

Now, the usual formal mo del of a sequential software system (program) as in-

put/output, or state to state, function is no longer adequate for pro cesses. Moreover,

to date no single mo del seems to capture all the relev ant formal asp ects of a pro cess.

Hence in the following we will briefly intro duce the most significant formal mo dels

which have b een used in connection with the algebraic sp ecification of pro cesses. In

the meantime we intro duce some terminology typical of concurrency

, which will b e

useful in the sequel.

W e are presenting basic mo dels and not formalisms; for example, la-

b elled transition systems (and v ariations) are the common basic mo del for differ-

ent formalisms like CCS, CSP

, MEIJE, -calculus, etc. Moreover some formalisms,

notably the many v ariations of Petri nets, allow to represent different asp ects of

systems and provide a v ariety of basic mo dels. However our aim here is only to give

the non-exp ert in concurrency some very basic information, in order to understand

the following presentation of sp ecification formalisms. It is not at all an overview of

existing formalisms in concurrency .

0

0 0

0

′ ′

′

′

′

′

′

′ ′

′ ′

′

1.1 Basic Mo dels

( )

( )

0

1 2

1 2 1 2

1 2

1

( )

1

2

( )

2

0 1

2

1 2

1

2 3 3

3

( )

3 l

Rec v ,ch

S end v ,ch

Rec v ,ch S end v ,ch

τ

S end v ,ch

→

→⊆ × ×

∈→ − →

− − − − − − →

− − − − − − − − →

{ }

− − − − − − − → − − − − − − − − →

− → { }

− − − − − − − − →

L ab el le d T r ansition Systems.

lab el le d tr ansition system lts ST A TE LABEL

ST A TE LABEL ST A TE LABEL ST A TE

, ,

s, l , s s s

s s

l

τ

Rec x, ch

x ch

s s v v

s

Rec x, ch s v

v x

v ch

e ch S end e, ch

s s

s

S end e, ch s

e s v ch

p p p

cs s , s s s

p p

s s s s

cs v p

p cs s , s τ

p

p

p p s

s s

The use of lab elled transition systems for mo delling

pro cesses has b een advo cated mainly by Milner and Plotkin (see [50, 55]).

A (shortly ) is a triple ( ), where

and are two sets and . A triple

( ) , also written , means that the pro cess mo delled by the lts has

the capability of passing from the state into the state under an interaction

with the external environment represe nted by the lab el . In the simplest case, when

the transition is purely internal to the system and there is no relationship with the

environment, the lab el can b e dropp ed or b etter represe nted by a sp ecial element,

which is usually written (as in CCS) and called “silent move” or “internal action”.

F or example, the capabilities asso ciated with a pro cess executing an action of

receiving a message, briefly denoted by ( ), assigned as v alue to a v ariable

on a channel could b e represented by a set of lab elled transitions of the form

( ) (one for each in the set of v alues that can b e received). That

means that the pro cess can pass from the state (corresp onding to the situation

imm ediately b efore the execution of ( )) into a state ( ) (which records

that the v alue has b een received and assigned to the v ariable ) p erforming an

action of receiving from the outside along the channel .

The capabilities asso ciated with a pro cess executing the action of sending the

message on the channel , briefly denoted by ( ), could b e represented

by the lab elled transition . That means that the pro cess can pass

from the state (corresp onding to the situation immediately b efore the execution

of ( )) to the state p erforming the action of sending the v alue of the

expression in ( ) along the channel . Notice that an lts may have several

different transitions starting from the same state and that allows us to represe nt the

nondeterministic b ehaviour of pro cesses .

W e need also to mo del groups of interacting pro cesse s; in these cases we can use

particular classes of lts’s built from some comp onent lts’s. The states of the overall

system have as subparts states of the comp onent systems and its transitions are

determined by the transitions of the comp onent systems. F or example the parallel

comp osition of two pro cesses and (which interact by exchanging messages

through channels) could b e represente d by a state = , where and

represent the initial states of the two pro cesses and . Assuming the transitions

of the comp onents and , the following transition

of corresp onds to the synchronized exchange of the v alue b etween and

: (the transition is lab elled by since there is no need of further

interaction with the world outside ).

Nondeterminism can also come from parallelism, for example when a pro cess

can p erform some action with at least two other pro cesses . Consider the pro cess

ab ove in parallel with and with a pro cess in a state having the capability

; clearly there are at least two exclusive p ossible transitions of the

system consisting of the three pro cesses in parallel. Sp ecifically:

ES τ τ

′ ′ ′ ′

Fig. 1.

{ } − → { } { } − → { }

≥ ≥

An event structure

1 2 3

1 2

3 1 2 3

1

2

3

1 2

1 2 3

1 2 2 4 s , s , s s , s , s s , s , s s , s , s

E , , E E

E

e e

e e e

e e e e

Event Structur es.

events

c ausality mutual exclusion

event structur e

ES

Petri Nets.

and .

Lts’s are very suitable for comp osing pro cesses in a mo dular way; however they

require a further pro cedure of abstraction for eliminating details and representing

causality relationships b etween events. Indeed lts’s are usually a to o detailed de-

scription of pro cesse s, so that equiv alent pro cesses may b e describ ed by two different

v alues (lab elled trees with states) in an lts. Thus it is necessary to define semantics

via equiv alence classes and there is an extensive literature on the sub ject (see e.g.

[37]). This issue is discussed in some more detail in Sect. 1.2 and, from a very general

algebraic viewp oint, encompassing lts’s in Sect. 2.3.

W e may mo del pro cesse s by considering a set of notable facts

which can happ en during their activity called (e.g., sending/receiving a v alue,

changing/testing the content of a lo cal storage) and then by describing the relev ant

relationships among them, as and . In this way we can

give a view of the pro cesses more abstract than using lts’s.

F ormally a pro cess is mo delled by an (see [65]), i.e. a triple

( #), where is a set (the events), is a partial order on (causality relation)

and # is binary relation on (mutual exclusion relation).

It is imp ortant to note that using event structures we can describ e in a sim-

ple way pro cesse s where two events are truly concurrent (i.e., where there is no

causal/temp oral relationship b etween them).

Consider, for example, the event structure graphically represented in Fig. 1;

there the events and are truly concurrent: i.e. there is no relationship b etween

the happ ening of with the happ ening of and vice versa; while may happ en

only after that and have happ ened; and and cannot happ en simultane-

ously .

Unfortunately it is not easy to give a simple way for comp osing the event struc-

tures mo delling the comp onent pro cesses of a complex concurrent system to get

the structure mo delling the whole system (see e.g. [64] which requires non-trivial

categorical techniques).

Petri nets are probably the oldest and b est-known mo del of pro cesses

(see e.g. [59]). Starting from the original definition, nowadays many v ariations of

Petri nets have b een develop ed with different basic mo dels. Here we briefly outline

Fig. 2.

∪

{ | }

{ | }

A Petri net

N , A N

N P T

t

t p p t

p t p

Petri net PN

plac es tr ansitions

pr emise

c onse quenc e

fir e some typical features of this kind of mo dels by considering a very basic one, which

is now called Petri net (i.e. directed bipartite graph).

A is a directed graph = ( ), where the set of the no des

is split into and , = , and the arcs connect only places

to transitions and transitions to places. Given a transition , the and the

of are the following sets of places: there exists an arc from to

and there exists an arc from to (notice that in general the two sets are not

disjoint).

T o describ e the dynamic b ehaviour of Petri nets we consider marked nets, i.e.

nets where each place is marked by a numb er of tokens. In a marked net a transition

is enabled when all places in its premise have at least a token. An enabled transition

may changing the marking of the net as follows: a token is eliminated by all the

places in its premise and a token is added to all places in its consequence. Then the

dynamic activity of a marked net is given by the firing of its enabled transitions;

notice that in general more than one transition is enabled, so that a net can b e

used to mo del also nondeterministic pro cesses . A marked net mo dels a pro cess in a

particular situation, while the firing of the transitions describ es its p ossible activities.

Petri nets are very p opular since they allow to give nice graphical represe ntations

of the activity of the pro cesses ; however also in this case it is not very simple and

natural to comp ose the nets describing the comp onent pro cesses of a complex system

to get the net describing the whole system; to this end particular kinds of nets have

b een develop ed (see e.g. the sup erp osed automata of [15]). F or a survey on mo dular

approaches to Petri nets see [16].

In Fig. 2 we rep ort a simple example of a marked Petri net with three transitions

and five places which describ es a system transferring the tokens from the places IN1

and IN2 into the place OUT.

i

p z n

Fig. 3.

Dataflows.

1.2 Semantics

A dataflow network

The dataflow approach (see e.g. [41]) provides a completely different, but

more sp ecialized, mo del. The basic idea is to see a pro cess as a b ox able to receive

in an asynchronous way v alues along some input lines (or channels) and then to

return other v alues along some output lines always in an asynchronous way

. Here

asynchronous means that v alues are received also if the pro cess is p erforming some

calculation on other v alues received previously and the output v alues are returned

also if the receiver is not immediately ready to get them.

Thus a dataflow may b e mo delled by a function from tuples of (also infinite)

sequence s of v alues (those received on the input channels) into tuples of (also infinite)

sequence s of v alues (those returned on the output channels).

In this framework it is easy to comp ose several dataflows together: it is just as

to comp ose functions.

This mo del is particularly apt to describ e pro cesses which interact in the ab ove

asynchronous way

, while it is not very convenient for describing pro cesses interacting

synchronously .

In Fig. 3 we rep ort a simple example of a dataflow network which describ es a

system receiving in input integer numb ers on channel and returning those which

are p ositive, zero and negative resp ectively on channels , and ; the two comp o-

nent dataflows SEL POS and SEL NEG select resp ectively the p ositive and negative

numb ers.

Whatever kind of mo del we cho ose, when describing pro cesses we have still the

problem of defining the right semantic equiv alence, i.e. in general it is not true

that two pro cesses are semantically equiv alent iff they have asso ciated the same

mo del. In this section we consider this problem only for the lts’s, but the situation

is analogous for the other mo dels, for which other notions of semantic equiv alence

have b een develop ed.

Given an lts we can asso ciate with each pro cess the so called transition tree. A

transition tree is a lab elled tree whose no des are decorated by states, whose arcs l

l l

l l

Fig. 4.

− →

→

∈

− → − →

− → − →

′ ′

′

′

′

′ ′ ′ ′ ′

′ ′ ′ ′ ′

F

F

1 2

1 2 1 2

1

1 2

2

2 1 2

2

2 1

1

1 1 2 l

s s s s

p

p

p p

τ

p p

p p

p p

, , R

s , s s R s

s s s s s s R s

s s s s s s R s

ST A TE LABEL

ST A TE (str ong) bisimulation r elation ST A TE

T ransition trees asso ciated with two sequential pro cesses are decorated by lab els, where the order of the branches is not considered and two

identically decorated subtrees with the same ro ot are considered as a unique one,

and finally there is an arc decorated by b etween two no des decorated resp ectively

by and iff .

By asso ciating with a pro cess the transition tree having as ro ot the initial state

of we give an op erational semantics: two pro cesse s are op erationally equiv alent

whenever the asso ciated transition trees are the same, see [51]. But usually such

semantics is to o fine, since it takes into account all details of the pro cess activity .

It may happ en that two pro cesse s which we consider semantically equiv alent have

asso ciated different trees. A simple case is when we consider the trees asso ciated with

two sequential pro cesse s (i.e., p erforming only sequential commands), represe nted by

two states and , thus they p erform only internal activities (i.e., no interactions

with the external environment); the asso ciated transition trees (rep orted in Fig. 4)

are unary trees, with all the arcs lab elled by the symb ol of internal action . If we

consider an input-output semantics, then they are equiv alent iff , are equiv alent

w.r.t. the input and , are equiv alent w.r.t. the output; the differences ab out

other asp ects (intermediate states, numb er of the intermediate transitions, etc.) are

not considered.

F rom this simple example, we understand also that we can get v arious interesting

semantics on pro cesse s mo delled by lts’s dep ending on what we observe of them.

F or instance, consider the well-known strong bisim ulation of Park ([53]) and the

trace semantics ([38]). In the first case, two pro cesse s are equiv alent iff they have

asso ciated the same transition trees after forgetting the states. In the second case,

two pro cesses are equiv alent iff the corresp onding sets of traces (streams of lab els

obtained travelling along all paths starting from the ro ots of the asso ciated transition

trees) are the same. In general, the semantics of pro cesses dep ends on what we are

interested to observe: i.e., the semantics of pro cesses is observ ational.

In Fig. 5 we rep ort the transition trees asso ciated with two pro cesse s and

which are equiv alent w.r.t. the trace semantics but not w.r.t. the strong bisimulation.

One of the most interesting techniques for defining observ ational semantics for

(finite and infinite) pro cesses is the Park’s bisimulation semantics (see [53, 51]).

Assume that we have an lts ( ); then a binary relation on

is a iff for all ( ) s.t.

1. if , then there exists s.t. and

2. if , then there exists s.t. and .

1 2 p p

R R

∼

∼ ∪{ | }

Fig. 5.

(mo del-oriente d)

(pr op erty-oriente d)

1.3 F ormal Description and Sp ecification

–

–

–

–

T ransition trees asso ciated with the pro cesses and

It can b e shown that there exists a maxim um bisimulation relation character-

ized by = is a bisimulation relation . What we get in this case is just

the strong (bisimulation) equiv alence; but there are many p ossible and interesting

v ariations (see e.g. [51, 2]).

After cho osing a particular kind of mo dels for pro cesse s, there are two main ap-

proaches to formally describing (sp ecifying) a pro cess:

a pro cess corresp onds to a class of semantically equiv alent mo d-

els given by exhibiting a particular element of the class;

a pro cess is sp ecified by giving a set of prop erties, which

determines a class of mo dels (those having the required prop erties).

In general the ab ove approaches have asso ciated an appropriate syntactic sup-

p ort, resp ectively:

a language s.t. each of its expressions corresp onds to one mo del; then the lan-

guage expressions may b e used to define the pro cesses via an appropriate se-

mantic equiv alence;

a logical (sp ecification) language s.t. its formulae express prop erties of the mo dels

together with a v alidity relation saying when a mo del has the prop erty expressed

by a formula; then a pro cess is sp ecified by giving a set of such formulae, which

determine a class of mo dels (those satisfying the formulae).

Algebraic sp ecification of concurrenc y falls under the second (prop erty-oriented)

paradigm for which several logical languages have b een prop osed, based on mo dal /

temp oral logics in the case of lts’s, event structures and Petri nets (see e.g. [56, 45])

and on first-order logic for characterizing dataflows.

In the literature several languages for supp orting the first (mo del-oriented) ap-

proach have b een prop osed; among them we can recall CCS (Calculus of Comm uni-

cating Pro cesses ) for lts’s with strong bisimulation (see [50, 51]), CSP for lts’s with

trace semantics (see [38]), the v arious pro cess algebras of the Amsterdam scho ol (see

e.g. [18, 14]) and so on.

1 2

A

E

A E

E E

E E

E E

E E α α

α α

α

α

α α

α

α α

τ α

α

′

′

′

′

′

′

′

′

′ ′

′ ′

′

′

Finite CCS.

The pr o c ess algebr a atomic actions

1 2 1 2

1 2 1 2

1

1

1 2

1

2

2

1 2

2

1

1

1 2

1

2

2

2

1 2 1

2

1

1

2

2

1 2

1 2

1 2 2 1

A A L

{ | ∈ A}

A ∪ A ∪ { }

E

∈ E

∈ E ∈ E ∈ L

∈ E ∈ E

‖ ∈ E ∈ E

\ ∈ E ∈ E ∈ A

E L → →

− →

− →

− →

− →

− →

− →

‖ − → ‖

− →

‖ − → ‖

− → − →

‖ − → ‖

− →

\ − → \

⊆

∈ ∈

∈ ∈

‖ ∈ ∈

⌊ ∈ ∈

Π

a a

τ

nil

α.e e α

e e e , e

e e e , e

e a e a

, ,

α.e e e e

e e e e e

e e e

e e

e e e e e e

e e e e

e e e e

e e e e α α α α e e

e a e a α a, a

x.y x, y

x y x, y

x y x, y

x y x, y

The CCS approach has b een recently expanded to a very interesting approach,

the -calculus (and the mobile pro cesses approach, see [52]), for dealing with pro-

cesses which may exchange pro cesse s (identified indirectly by references ) as messages.

Notably the same problem has b een first addressed and solved within an approach

to the algebraic sp ecification of concurrenc y

, the SMoLCS approach (see e.g. [7] and

Sect. 3.4) where pro cesses are exchanged directly as v alues/data. This last viewp oint

has b een taken up and develop ed as an up dating of CCS in [61].

In the following we briefly rep ort, for example and further use, the full definitions

of finite CCS and of the pro cess algebra P

A (see [14] Sect. 3).

CCS and pro cess algebras represent the two prominent description styles based

on the mo del of lts’s. Milner defines inductively the transitions by SOS rules and

then apart a semantics; while the Amsterdam group defines axiomatically the derived

semantic equiv alence (as initial semantics).

Assume that is a given set of basic action names and let , denote

resp ectively the set of the complementary actions and of the lab els

.

The set of CCS expressions is inductively defined as follows.

– (the pro cess unable to p erform any action)

– for all and (action prefixing)

– + for all (nondeterministic choice)

– for all (parallel comp osition)

– for all and (restriction)

The lts asso ciated with CCS is ( ), where is inductively defined by the

following rules.

+ +

= or = =

Two CCS expression are considered semantically equiv alent iff they are strongly

bisimilar (see Sect. 1.2). An equiv alent alternative of Milner’s CCS is the MEIJE

Calculus of Boudol and Austry [13] with the related elegant foundational work of

De Simone [31].

P A. Let b e a given set of ; the set of the P A

expressions is inductively defined as follows.

– (pro cesses p erforming just one atomic action)

– for all (sequential comp osition)

– + for all (nondeterministic choice)

– for all (parallel comp osition)

– for all (left merge)

⌊

‖ ⌊ ⌊

⌊ ⌊ ‖ ⌊ ⌊ ⌊

1.4 Illustrative Examples of Sp ecification Problems x y y x x y z x y z x x x

x y .z x.z y .z x.y .z x. y .z

x y x y y x

a x a.x a.x y a. x y x y z x z y z

abstr act sp e cific ations very abstr act

sp e cific ations

Sp e cific ation of a F amily of Concurr ent Systems.

CA

CA

CA

Differently from the CCS case, here we do not asso ciate an lts to the language

(and then consider as semantically equiv alent the expressions strongly bisimilar); we

give instead directly a list of axioms identifying the expressions strongly bisimilar

in the sense that equalities b etween terms in the initial mo del corresp ond to strong

bisimulation equiv alence. Notice that in order to do that we need to intro duce an

auxiliary op erator ( ).

+ = + ( + ) + = + ( + ) + =

( + ) = ( ) + ( ) ( ) = ( )

= ( ) + ( )

= ( ) = ( ) ( + ) = ( ) + ( )

In order to give the flavor of what “sp ecification of concurrent systems” means, we

present some illustrative examples, which will b e used in the sequel as reference

for making more concrete some general considerations and for assessing different

sp ecification metho ds. Some very interesting sp ecification problems (ten in all) have

b een prop osed and discussed in a Cambridge W orkshop, 1983, whose pro ceedings

[32] may b e of interest for the readers.

First we consider the problem of sp ecifying a parameterized family of concurrent

architectures : for each fixed set of parameters we get the sp ecification of a family of

essentially equiv alent architectures. Then we briefly consider a more abstract level of

sp ecification, where we are concerned with lo oser requirements ab out architectures .

The distinction here b etween the two cases lo oks rather fuzzy; however it has a

great impact on the sp ecification techniques. Later on when sp eaking of algebraic

sp ecifications we will see that this distinction will b e similar to the one b etween non-

lo ose and lo ose (or ultra-lo ose) algebraic sp ecifications. In order to avoid confusion,

in this pap er we will call (AS) the first and

(V AS) the second ones; in the following section we will prop ose a more

rigorous qualification of the two.

The problem here is to sp ecify a

family of concurrent architectures (each one briefly called ).

The structure of a is informally describ ed b elow and graphically represe nted

in Fig. 6, where the ov als represent the active comp onents, the squares the passive

ones and the straight lines the interactions among the comp onents. A con-

sists of a v ariable numb er of pro cesse s and a buffer shared among the pro cesses ;

“v ariable” means that pro cesses may terminate and new pro cesses may b e created.

Pro cesse s can communicate among them by exchanging messages in a synchronous

mo de throughout channels (handshaking comm unication) and either reading or writ-

ing messages on the buffer; moreover the pro cesses could also comm unicate with the

outside world (consisting of other similar architectures) sending and receiving mes-

sages in a broadcasting mo de; messages are simply v alues.

Each pro cess has a lo cal memory (priv ate) and its activity is defined by a sequence

of commands defined by the following pattern rules.

CA

1 2 1 2

Fig. 6.

i h j k i h j k

| |

| | | |

| |

| |

|

CA

CA

CA

CA

CA

CA

A architecture

c W r ite x Read x T est x

S end x, ch Rec x, ch B S end x B Rec x

S tar t c S top

c c c c

S k ip seq c

x ch seq c

D , B , A , P D B A P

::= ( ) ( ) ( ) (1)

( ) ( ) ( ) ( ) (2)

( ) (3)

; + (4)

- (5)

where , , - are resp ectively the nonterminals for v ariables, channel identifiers

and sequential commands. A pro cess may:

– write the v alue of a v ariable on the buffer, read a v alue from the buffer and

assign it to a v ariable and test if the buffer is empty (the result of the test is

assigned to a b o olean v ariable) (1);

– exchange messages along the channels in a handshaking way and with the envi-

ronment outside in a broadcasting way (2);

– create a new pro cess with a given command part (and initial empty lo cal mem-

ory) and terminate its execution (3);

– p erform the sequential comp osition of two commands and nondeterministically

cho ose b etween two commands (4);

– execute sequential commands not further sp ecified (i.e. commands which do not

require an interaction with other pro cesses , nor with the buffer, nor with the

environment outside ) (5).

W e are interested in sp ecifying all instances of , where each instance is deter-

mined by an initial state, i.e., a set of pro cesses and a buffer in some initial states.

T o test the mo dularity and the p ossibility of giving sp ecifications with “reusable”

parts of the v arious metho ds we consider several versions of differing either for

the kind of the data used by the pro cesses , or the buffer organization, or the mo de

in which the pro cess comp onents p erform their activity in parallel; each version of

the architecture is denoted by ( ), where , , , represent

resp ectively the assumptions on the data, the buffer organization, the buffer access

and the kind of parallelism.

n

n

CA NET

Fig. 7. architecture

1

2 1 3 2

1 2

3

1

2

3

1

1

1

2

3 1

D

D D D D

B B

B

A

A

A

v . . . v

v . . . v

P

P

P P

k

CA

CA

CA

CA NET CA

Abstr act R e quir ements of a Computer Network.

Static pr op erties:

Dynamic pr op erties:

safety pr op erties:

The data handled by pro cesses may b e: ) integer numb ers, b o oleans and

Pascal-like arrays of data; ) as but also the pro cesse s are data; ) as

but also functions having as argument and result pro cesses are data.

The buffer may b e organized as: ) unb ounded queue; ) unb ounded stack;

) cell, which can contain at most one element.

The requirements on multiple simultaneous accesses to the buffer may b e: )

several simultaneous accesses (i.e., writing, reading, testing) are not allowed; ) only

several simultaneous testings are allowed; ) only several simultaneous testings and

writings are allowed and the simultaneous writings of the v alues , , could

nondeterministically result into writing , , in any order.

The requirements on the way the pro cesses act in parallel may b e: ) except

for the synchronous interactions required by handshaking communications, the pro-

cesses p erform their activity in an interleaving mo de; ) except for the synchronous

interactions required by handshaking communications and the requirements on si-

multaneous buffer accesse s, the pro cesses p erform their activity in a completely free

parallel mo de; ) as but reading takes precedenc e over writing.

The architecture consists of several instances of in parallel, which

interact by exchanging messages in a broadcasting mo de (see Fig. 7). In this case

the v arious comp onents of the network p erform their activity in a maxim al parallel

mo de (i.e., no comp onent can stay idle).

Here we want to express formally

the abstract requirements for a computer network, without fully describing it. W e

need to express b oth requirements ab out the structure of the network (static prop-

erties) and ab out its activity (dynamic prop erties), as exemplified in the following

the network must have b etween 10 and 20 computer comp onents

and must b e able to store bytes of information.

they may b e further distinguished in:

requirements ab out what should not happ en during the sys-

tem activity (e.g., no deadlo ck situation may arise [i.e., the network can

stop its activity only when all computer comp onents have terminated their

activities], the p ercentage of the used storage will never b e more than 95%);

2 Issues in Algebraic Sp ecification of Concurrency liveness pr op erties:

Thr e e Motivations/Viewp oints.

thr e e main

motivations thr e e views

CA

2.1 Aims and Nature

V1 Handling static adt’s

V2 Abstract concurrent structure

V3 Abstract dynamic data typ es requirements ab out what must happ en during the system

activity (e.g., if a command “run a certain correct C program” is given to

one of the computers, then eventually the program result will app ear on the

computer screen; if a computer sends a message to another computer of the

network, then eventually either the network breaks down or the message is

received).

Note that we do not want to make any other assumption; thus we do not imp ose

conditions ab out:

– the way the comp onents are connected,

– the presence of auxiliary passive comp onents (e.g., storage devices),

– the way the comp onents interact among them and so on.

Thus to give the required sp ecification means to formally identify the class of all

networks satisfying the listed prop erties; this class includes, e.g., a network consisting

of 10 Sun3 computers, five auxiliary disks connected by an Ethernet cable backb one;

but also a network consisting of 15 PCIBM XT connected by a token ring.

First we briefly review the aims of algebraic sp ecifications of concurrency; then we

try to identify the items/dimensions by which we can assess and relate different

approaches.

While the meaning and the role of the formal sp ecifi-

cation of concurrent systems is clear, it is natural to ask why algebraic sp ecifications,

which have b een invented for describing data structures and apparently deal with

static data, should b e adopted for describing intrinsically dynamic structures (and

of course whether this approach is sensible and viable). There seem to b e

for that, corresp onding to of the relationship b etween data

typ es and concurrent systems.

Concurrent systems use v arious data structures, whose

abstract formal sp ecification is most appropriately expresse d by an algebraic

sp ecification.

The abstract structure of a concurrent sys-

tem (either globally or at a certain stage of its evolution) is conveniently de-

scrib ed as an abstract data typ e.

Concurrent systems themselves can b e seen

as data manipulated by other systems and functions, as any other data.

W e will see those three motiv ations/views quite clearly reflected in v arious ap-

proaches, at a different level of integration.

W e can now illustrate the different views by means of the examples of the

architectures of Sect. 1.4.

D i

i

CA

2

3

1

2

3

2

D

B

B

D

D

V1

V2

V3

V2

V1

CA

CA

CA

CA CA

Metho ds and Instanc es.

architectures following assumption are not unrealis tic pro ducts of theoreticians

but can b e found in real systems: some Unix commands are mo delled as functions from

pro cesses into pro cesses and the denotation of an Ada task typ e is a function returning

a pro cess.

Under the assumption on the data handled by the pro cesses , for sp ecifying

a architecture we need to formally define a complex data structure (there

are data of typ e integer, b o olean and array with different dimensions). F or giv-

ing an abstract sp ecification of such architecture, we have to abstractly sp ecify

the ab ove data structure and that could b e conveniently done by an algebraic

sp ecification.

Each architecture consists of an unordered group of pro cesses plus a buffer

shared among them, where the buffer organization dep ends on the assumption

. This structure may b e abstractly defined by saying that an architecture is

a couple consisting of a multiset of pro cesses (since there may b e two identical

pro cesses ) and of a buffer, which is, dep ending on , either a queue, or a stack,

or a single v alue. Then it may b e sp ecified by giving first appropriate combinators

for describing the buffer structure and for putting pro cesses and buffer together,

and later qualifying such op erators by means of axioms. Thus the structure of a

could b e abstractly sp ecified by an algebraic sp ecification.

W e need a formalism fully supp orting the third viewp oint whenever we want

to sp ecify the architectures following the assumptions on data (also

pro cesses are data) and (also functions from pro cesse s into pro cesses are

data) .

Whatever the motiv ation and the technical approach, a key

distinction has to b e made b etween “metho ds for” and “instances of ” algebraic

sp ecification of concurrent systems; this is just the distinction b etween metho ds for

sp ecifying abstract data typ es and particular sp ecifications of some data typ es. This

remark is particularly relev ant in concurrency

, where algebraic techniques have found

imp ortant applications in the description of abstract concurrent systems (viewp oint

). F or example, considering pro cesses as data qualified by a set of axioms, we

may obtain a theory of pro cesses which is the analogous of a theory of rings or

groups or, as a more familiar example to computer scientists, a theory of stacks or

queues. Though this is a very imp ortant and fruitful viewp oint, we cannot consider

these theories among the metho ds of algebraic sp ecification of concurrency

, which

should instead provide techniques and guidelines for defining (classes of ) abstract

concurrent systems, as much as the classical algebraic sp ecification formal metho ds

for sp ecifying (classes of ) abstract data typ es. In particular it seems natural to re-

quire that metho ds of algebraic sp ecification of concurrency reduce to some metho ds

for the sp ecification of abstract data typ es, i.e., that the viewp oint is always in-

corp orated. F or particular algebraic pro cess theories, which are not metho ds, see,

for example, the very elegant and informative b o ok by M. Hennessy [37], where the

axiomatizations of several simple concurrent languages are given.

A simple example of algebraic pro cess theory , P A, has b een given in Sect. 1.3.

Here b elow we show how to turn the inductive definition of CCS given in the same

section into an algebraic sp ecification, which is an instance of the algebraic sp ecifi-

cation metho d based on conditional sp ecifications (see [25] and Sect. 3.4).

→

′

CCS

I

I I

I

act l ab exp lab

I

exp α

α α α α

α α α α

t t τ

t t

CCS

CCS CCS

CCS

CCS

−

′ ′ ′ ′

′ ′ ′ ′

′ ′ ′ ′ ′ ′

′

′ ′

2.2 Items for T axonomy sp ec

sorts

opns

preds

axioms

1 2 3

1 1 1 2 1 2 2 1 2 2

1 1 1 2 1 2 2 2 1 2 1 2

1 1 2 2 1 2 1 2

=

:

:

:

:

:

:

+ :

:

:

:

+ +

for all s.t. = or =

for all =

→

− →

− →

→

→

− − × →

− − × →

− ‖ − × →

−\− × →

− − → − × ×

− →

− → ⊃ − → − → ⊃ − →

− → ⊃ ‖ − → ‖ − → ⊃ ‖ − → ‖

− → ∧ − → ⊃ ‖ − → ‖

− → ⊃ \ − → \

CCS

CCS

Sp e cific ation F ormalism.

b asic sp e cific ation formalism

b asic sp e cific ation

b asic c oncurr ent mo dels exp, act, l ab

a , a , a , . . . act

act l ab

act l ab

τ l ab

nil exp

. l ab exp exp

exp exp exp

exp exp exp

exp act exp

exp l ab exp

α.e e

e e e e e e e e e e

e e e e e e e e e e e e

e e e e e e e e t, t t t t t

e e e a e a t a, a

The initial mo del of determines an abstract lts, whose sets of states

and lab els are resp ec tively ( ) , ( ) and whose transition relation is

; then the elements of ( ) are further identified by bisimulation seman-

tics. Notice that, assuming as primitiv e the sorts and , the final semantics of

as a hierarchical sp ecification coincides with the initial semantics.

Guided by the discussion ab out the aims of Sect. 2.1, we try to define some items

for lo cating v arious approaches and obtaining a reasonable taxonomy . W e will refer

implicitly to those items in the following when discussing some approaches. W e do

not pretend all the items to b e completely indep endent, and this is why we do not

call these items just dimensions; anyway their relationship should b e clear from our

presentation.

Even when it is not explicitly stated and whenever p ossi-

ble, we try to identify a more or less under the insti-

tution paradigm, in the sense of Burstall and Goguen [26].

A consists of a set of sentences over a signature; its mo dels

are those structures on the signature satisfying the sentences . Sometimes (basic)

sp ecifications denote classes of structures satisfying some prop erties; we will stick

to the syntactic view of a sp ecification as a presentation, so that it makes sense to

sp eak of semantics of sp ecifications.

It is imp ortant here to distinguish the mo dels of a sp ecification from what we

call ; i.e., the structures that represent semantically pro-

cesses/conc urre nt systems (see Sect. 1.1).

1 2

3

P P

P

Σ

Σ algebr aic sp e cific a-

tion formalism for abstr act data typ es

b asic sp e cific ation formalism

sp e cific ation language

Supp ort for Concurr ency.

b asic c oncurr ent mo dels

primitives for c oncurr ency

b asic c oncurr ent mo dels

primitives for c oncurr ency

CA

CA NET

Semantics and L evel of Abstr action.

semantics

lo ose

ultr a-lo ose

very abstr act sp e cific a-

tions (V

AS) abstr act sp e cific ations (AS)

Also, as we anticipated in Sect. 2, we would normally exp ect that an algebraic

sp ecification formalism for concurrency reduces to an asso ciated

, whenever one do es not consider pro cesses ,

but just static data typ es.

Starting with a , we may build more complex sp eci-

fications by suitable op erations over basic sp ecifications. A linguistic supp ort to such

op erations constitutes a .

There are two asp ects by which concurrency is dealt with

in a metho d for the formal sp ecification of concurrency: the

for pro cesses and the .

Typical are lab elled transition systems with the asso ci-

ated, p ossibly infinite, lab elled transition trees, Petri nets of v arious kinds, stream

pro cessing functions (dataflows), which have b een briefly illustrated in Sect. 1.1.

There are also approaches, like pro cess algebra, apparently qualifying pro cesses just

by axioms without any reference to an underlying structure. But inevitably any such

axiomatization is driven by a hidden structure and any metho d which do es not ex-

plicitly refer to a mo del, either provides a manner of descriptions of basic concurrent

mo dels or leaves the burden of identifying and describing such a mo del to the user.

By we refer to higher-level asp ects of concurrent sys-

tems concerning op erations for structuring pro cesses, and the mo de of the inter-

actions of pro cesse s and of their evolutions. Typical primitives are: op erations for

comp osing pro cesses in parallel or hierarchically; comm unication mechanisms like

synchronous and asynchronous message passing and shared v ariables; global evolu-

tion mo des, like interleaving, free and maximal parallelism.

F or sp ecifying the architectures of Sect. 1.4, for example, we need to con-

sider pro cesse s interacting by synchronously exchanging messages and by accessing

a shared buffer; while the no des of the network interact by broadcasting

communication; moreover such pro cesses may evolve in parallel either in an inter-

leaving or free mo de ( and ) or in an interleaving mo de where the conflicts on

the buffer access are solved by giving precedence to reading w.r.t. writing ( ).

As for classical adt sp ecifications, here sp ecifi-

cations may determine one or more abstract concurrent systems, where by abstract

concurrent systems we mean an isomorphism class of concurrent systems; those ab-

stract concurrent systems are the of the sp ecification.

In the first case it is intended that a sp ecification determines just one isomorphism

class. In the second case the semantics (sometimes we just say the sp ecification) is

; in the classical sense a lo ose semantics determines a class of non-isomorphic

structure s on ; we may also sp eak of sp ecifications in v arious senses, for

example when we consider structures also over signatures with some relation with

. Since there is not a general agreement on the meaning of lo ose and esp ecially

of ultra-lo ose, in the present context we prefer to sp eak of

, qualifying instead as those identifying one

abstract concurrent system.

Semantics is one of the most delicate and interesting topics in concurrency; we

will see that essentially three approaches are followed:

V1

V2

V3

Inte gr ation.

inclusion of static data typ es

algebr aic sp e cific ation for the c oncurr ent structur e

dynamic data typ es

Applic ations.

– adopting a given semantics for pro cesses, just connecting it to a semantics for

usual adt’s; this is p ossible whenever there is a clear separation b etween pro cesses

and the data they manipulate;

– defining, by adding suitable axioms, a classical semantics, e.g., initial or final, in

a way that captures the wanted semantics for pro cesses;

– providing new semantic paradigms for adt’s, which are able to accommo date

semantics sensible for data which are pro cesses , thus extending the classical

semantic theory for adt’s.

W e will discuss in some more detail the issue of semantics in the following section.

It turns out that V

AS of concurrent systems need sp ecification formalisms (say

institutions) and semantics which go b eyond those in use for classical static adt’s

in two resp ec ts. Notions of ultra-lo ose semantics have to b e develop ed in order to

abstract from the particular structure of an architecture; these abstractions cannot

b e captured simply by means of the classical notion of satisfaction. Moreover we

have to go b eyond equational and conditional logic, since, in order to express re-

quirements on events and their relationship (sometimes distinguished in safety and

liveness prop erties) we need the p ower of first-order logic, p ossibly with infinitary

conjunctions, and of v arious forms of temp oral logic. This necessity of encompassing

classical adt sp ecification for V

AS explains why most algebraic metho ds are mainly

concerned with AS. Thus we will have to deal mainly with AS and only briefly we

will discuss the V

AS issue.

By integration we refer to the two following distinct asp ects:

– the level of integration of abstract data typ es and concurrent features;

– the extent to which a sp ecification of a concurrent system is truly an algebraic

sp ecification and can exploit classical concepts and results of general algebraic

sp ecifications.

F or classifying the integration of adt’s and concurrent features we may refer to the

three viewp oints illustrated in Sect. 2 and related to three motiv ations for making

sp ecification of concurrency algebraic: ( ) in a fixed

concurrent structure, also ( )

a finally considering pro cesse s as data themselves, what we call

( ). As long as a metho d always subsumes as a sp ecial case a general metho d for

sp ecifying classical adt’s, we may consider the three ab ove viewp oints arranged in an

order of increasing integration. Clearly the dynamic data typ e viewp oint corresp onds

also to an overall algebraic framework, but different p ossibilities arise, as we shall

see, esp ecially following the first viewp oint, which leaves separate the sp ecification

of the static adt’s and of the concurrent structure, but may result in a completely

algebraic sp ecification.

It seems that we are still at an infancy stage for sp eaking in general of

applications to real industrial cases. However it makes sense to lo ok at applications in

a broader sense: use of a metho d in prop osal for standard to ols, in research pro jects,

in prototyping, in industrial case-studies. T o some extent we may also guess at

p otential applications, lo oking at the v arieties of example applications a metho d has

shown.

T o ols.

Pr agmatics.

2.3 Beyond Classical Algebraic Sp ecifications

Pro jection Sp ecifications

It is a widely accepted dogma that there is no hop e of real use of algebraic

sp ecifications without a convenient to olset for editing, verifying and animating sp ec-

ifications. Sp ecification of concurrency adds a new challenge in many senses: concur-

rent rewriting systems are typically non-confluent and non-terminating; even when

applicable, some general to ols for algebraic sp ecifications are inefficient to master

the complexity of the dynamic b ehaviour of pro cesses; finally the verification pro-

cedures, in order to deal with v arious observ ational semantics for pro cesse s, need

sp ecific techniques, far b eyond the case of equational or conditional deduction.

Note that the p oint here is not just feasibility or expressive p ower, but

also convenience. As M. Broy p oints out in [22]

“most imp ortant prop erties of sp ecification metho ds are not only the un-

derlying theoretical concepts but more pragmatic issues such as readability ,

tractability

, supp ort for structuring, p ossibilities of visual aids and machine

supp ort”.

The algebraic approach to sp ecification applied to concurrency p oses some new prob-

lems, whose solution is of general interest to the theory of algebraic sp ecifications.

A typical issue which has stimulated new techniques, b eyond the classical ones, is

semantics. W e present briefly two recent theories, which are represe ntative of the

two main approaches to the algebraic semantics of pro cesses . The first, “pro jection

sp ecifications”, is an interesting v ariation of the initial approach taken in the pro cess

algebra scho ol; in this approach the axioms emb ed a particular semantics and pro-

cesses are limit p oints in a complete metric space, which is also a continuous initial

algebra.

The second, “observ ational sp ecifications”, takes the bisimulation approach (typ-

ical of CCS) extending it to general algebraic sp ecifications; it encompasses, as sp e-

cializations, most presently known sensible semantics for pro cesses together with all

classical semantics for adt’s.

When sp ecifying pro cesses frequently we need to con-

sider “infinite elements”; for example, when pro cesses are mo delled by means of

(p ossibly) infinite trees, when the result or the observ ation of a pro cess is a (p ossi-

bly) infinite stream of v alues and so on. The pro jection sp ecifications develop ed by

the Ehrig’s group in Berlin, and esp ecially by M. Grosse-Rho de in his Diplom thesis

(see [35, 36]) allows us to sp ecify algebraically infinite ob jects.

The key ideas of pro jection sp ecifications are the following:

– infinite ob jects are seen as limit p oints in complete metrics spaces, called pro-

jection spaces, since the metric is defined in terms of pro jections; moreover the

continuity of op erations ensures that the mo dels are continuous algebras;

– the algebraic sp ecifications of infinite ob jects include the sp ecification of pro jec-

tions and thus emb o dy the metric; the asso ciated continuous mo del is obtained

by a standard construction.

× →

V3

1 2 3

PNA T

PS

PS PS

PS PS

PS

PS

CT p s nat s s

C at T

T

→

− − × →

− − × →

− ‖ − × →

−⌊− × →

× →

- =

:

:

+ :

:

:

- :

+ = + ( + ) + = + ( + ) + = sp ec

enrich by

sorts

opns

axioms

P A P r

exp

a , a , a , . . . exp

. exp exp exp

exp exp exp

exp exp exp

exp exp exp

p exp nat exp exp

x y y x x y z x y z x x x

This approach is much related to the metric approach develop ed by the de

Bakker’s scho ol in Amsterdam (see [30]) as a development of a pioneering pap er

by Arnold and Niv at [1]. The key difference here is the explicit sp ecification of pro-

jections.

Pro jection sp ecifications are almost as usual total equational algebraic sp ecifi-

cations, but with an explicit pro jection op eration for each sort - : ;

some constraints are added thus obtaining the constrained pro jection sp ecifications

to ensure conserv ative extensions of the naturals, if used in the pro jections, and

compatibility of op erations with pro jections.

Pro jection algebras are mo dels of constrained pro jection sp ecifications; they are

characterized by the fact that every carrier is a pro jection space and the op erations

are pro jection compatible. By defining suitable pro jection morphisms, for every pro-

jection sp ecification , the pro jection algebras which are mo dels b ecome a

category ( ), which admits (free and) initial algebra .

By a standard construction pro cedure on pro jections, with every pro jection al-

gebra a continuous algebra is asso ciated which is complete (i.e., every carrier is a

complete pro jection space) and separated (i.e., equality of pro jections implies equal-

ity of the limits). Thus the semantics of a pro jection sp ecification is the initial

complete separated algebra which is asso ciated with the initial algebra

and is initial in the category of complete separated pro jection algebras.

Moreover pro jection sp ecifications have nice prop erties like existence of free con-

struction and the amalgam ation and extension prop erties, so that the mo dularization

and parameterization techniques and the results for classical equational sp ecifications

may b e fully extended to pro jection sp ecifications.

The theory of pro jection spaces and sp ecifications provides a way of sp ecifying

pro cesses as infinite ob jects of some kind, defining their pro jections, The nice asp ect

is that whenever pro cesses are sp ecified in this way

, there is a full integration of data

and pro cesses , b ecause pro cesses are data themselves (viewp oint : dynamic data

typ es). Moreover this theory

, not b eing b ound to a particular mo del of pro cesse s,

nor languages, nor metho d, can b e incorp orated in other metho ds (for example, it

seems p ossible to use it within the SMoLCS approach, see Sect. 3.4, for asso ciating

semantics in a pure algebraic way as in [6]).

Here we rep ort the pro jection sp ecification of the pro cess algebra P

A already

considered in Sect. 1.3, but in this case we have the initial complete separated algebra

which considers also infinite pro cesses, while in 1.3 only the finite ones are considered.

{ }

∈{ }

1 2 1 2

HCCS i i

i i

i i

HCCS

CCS

PNA T

CCS

CCS

‖ ⌊ ⌊

⌊ ⌊ ‖ ⌊ ⌊ ⌊

≥

→ sp ec

enrich by

opns

s s exp,act,lab

exp

exp

Observ ational Structures and Sp ecifications

S ucc

nil nil nil

exp

R R

I /R

R

P com nil .nil P com nil nil .nil

R

e , e e R e

( + ) = ( ) + ( ) ( ) = ( )

= ( ) + ( )

= ( ) = ( ) ( + ) = ( ) + ( )

for all 1

- ( ) =

- (0 ) =

- ( ( ) ) = - ( )

- ( + ) = - ( ) + - ( )

=

:

– also communicatin g a pro cess is a basic action x y .z x.z y .z x.y .z x. y .z

x y x y y x

a x a.x a.x y a. x y x y z x z y z

i

p exp n, a a

p exp , a .x a

p exp S ucc n , a .x a .p exp n, x

p exp n, x y p exp n, x p exp n, y

P com exp act

Here is the pro jection sp ecification of natural numb ers with the usual

op erations 0 and .

The usual semantics for basic al-

gebraic sp ecifications in general are not adequate for sp ecifications of pro cesses . Con-

sider, for example, the algebraic sp ecification of finite CCS given in Sect. 2.1.

Initial and final semantics of , which coincide, do not represent the right se-

mantics for CCS (for example, and + are not identified, since there are

no axioms requiring the identification of terms of sort ).

Also the common form of observ ational semantics for algebraic sp ecification

(sometime called b ehavioural semantics as in [66]) allows only to express particular

bisimulation semantics: those which may b e characterized by primitive observ ations

(see [10] for a general treatment and [6] for the particular case of weak bisimulation;

while in [12] a lattice of simulation relations is defined, whose greatest element can

b e seen as a p ossible corresp ondent of bisimulation in an algebraic framework). How-

ever b ehavioural semantics cannot b e used for general bisimulation semantics, for

example in the case of higher-order pro cesses (i.e., when pro cesses are communicated

among pro cesses ).

The semantics of CCS is given usually by means of several v ariations of bisimu-

lation. However v arious problems are encountered when extending bisimulation se-

mantics to algebraic sp ecifications. Consider the higher-order extension of the finite

CCS (algebraically sp ecified in Sect. 2.1) which is formally defined b elow.

In this case a bisimulation semantics must determine an algebra; thus instead of

bisimulation relations we have to consider families of relations on the carriers of the

initial mo del indexed on the sorts of the sp ecification = ; so if

the maxim um bisimulation is a congruence, then the resulting semantics will b e the

quotient algebra .

Then we have to give conditions for b eing a bisimulation, which must differ

from those of 2.3, otherwise ( ) and ( + ) will b e distin-

guished by the maxim um strong bisimulation (while each reasonable extension of

strong bisimulation should identify them, since b oth comm unicate strongly bisimi-

lar pro cesses) ; more generally the condition for b eing a bisimulation of 1.2 can

b e rephrased as follows. F or all s.t.

–

–

–

1 1

2

1 2

1 2

− → − →

− →

− → − →

− → − →

′ ′

′

′ ′ ′ ′

′ ′

′ ′′ ′ ′′ ′ ′′

′ ′′

′ ′′ ′ ′′ l l

l

l l

exp

l l

exp

exp

exp

act lab

act act

exp

lab act

act

1 1

1 1

1 2 2

2

1

2

1 2

1 2

1 2

1 2

1 2 1 2

1 2 1 2

1 2 1 2

1 2 1 2

1 2 1 2

1 1 2 2 1 1 2 2 1 2

EXP

EXP EXP

observational structur e

exp eriments

similarity law

pr op agation law e x e x e

e e x e R

e

x e R x e l l e R e

R

x e R x e e R e l l

l P com e l P com e e R e l P com e l P com e

e R e

R R

R a a a R a

a a a P com e a P com e e R e

R l l l R l

l a l a l a l a a R a

observ ational relations

observ ational equiv alence

observ ational structures are not at all confined to a generalization of

bisimulation semantics for pro cesse s

– if passes an exp eriment = (i.e. the formula holds on

), then passes another exp eriment = -similar to ;

– analogous condition for ;

where -similar to means = and .

F or coping with higher-order CCS we have just to mo dify the notion of -similar

exp eriment; now -similar to iff and either ( = ) or

( = ( ), = ( ) and ) or ( = ( ) , = ( )

and ).

What ab out and ? W e have to extend the identifications on pro cesses

to the elements of other sorts, since they may have pro cess comp onents.

: F or all , , implies

either ( = ) or ( = ( ), = ( ) and ).

: F or all , , implies

either ( = , = ) or ( = , = ) with .

The ab ove problems (and many others) are tackled within the theory of ob-

serv ational structures and sp ecifications, which we sketch b elow (see [2] for a full

treatment). The result is a new theory of adt semantics on its own, encompassing

the classical treatment.

An essentially consists of a first-order structure (or alge-

bra with predicates) equipp ed with

: (p ossibly infinitary) first-order contexts for observ able elements;

a for exp eriments: a function which, given a (similarity) relation

on the elements of the algebra, generates a similarity relation on exp eriments;

a for relations: a function which propagates a (similarity) re-

lation on the observ able elements to a (similarity) relation on elements of the

other sorts.

With each observ ational structure a family of is asso ci-

ated, with a maxim um that we call . This equiv alence, as

exp ected, is not always a congruence; thus it is shown how to derive canonically an

approximating congruence and also how to define observ ational equiv alences which

are congruences. Whenever this equiv alence is a congruence we get an observ ational

semantics by the usual quotient op eration.

The construction is a much abstract version of Park’s construction of maxim um

bisimulation (see Sect. 1.2). Indeed, observ ational structures capture the essential

ingredients for defining over algebraic structures those semantics which share with

the original notion of bisimulation semantics the feature of b eing maxim um fixp oints

of suitable transformations. Hence the asso ciated pro of technique is effective: in or-

der to show that two elements are semantically equiv alent, just find an observ ational

relation to which they b elong. As a desired consequence many known bisimulation

semantics for pro cesse s (presently

, all known to us) are sp ecial cases of this con-

struction. But

. Indeed b ecause of their abstract nature and of n 1

× × A s . . . s pro cess mo dule

b egin

atoms

3 Outline of Some Approac hes

NAME

– atomic action symb ols declaration

:

3.1 The Pro cess Sp ecification F ormalism for Pro cess Algebras (PSF) observational sp e cific ation

SPEC

SPEC

fr e e axiomatic pr op agation law

fr e e axiomatic similarity law

CA the flexibility in the choice of the similarity laws for exp eriments and of the prop-

agation laws for relations, they can b e applied to give a wide range of semantics

for abstract data typ es. It can b e shown indeed that the full class of well-known

semantics, like initial, final and v arious b ehavioural semantics, are sp ecial cases of

this paradigm.

An is a particular case of observ ational structure in

which we make explicit use of an algebraic sp ecification ; moreover the algebra

comp onent of the structure is the initial mo del of and the propagation and

similarity laws are derived by the axioms of the sp ecification as follows.

– The provides the minim al propagation of the

identifications on the observed elements to the whole structure (i.e., to all nonob-

served sorts and all predicates) which preserves the algebraic structure and the

v alidity of the sp ecification axioms ab out non observed elements and predicates.

– The considers equiv alent two exp eriments if and

only if they at most differ for sub comp onents which are related by the ab ove

free axiomatic propagation law.

W e have selected a numb er of relev ant approaches, which are briefly presented with

an implicit reference to the items of Sect. 2; moreover for each one we comment its

application to the example sp ecification problems (the architectures) presented

in Sect. 1.4.

PSF (see [46]) is the pro cess sp ecification formalism develop ed by Mauw and V eltink

as a base for a set of to ols to supp ort pro cess algebra of Bergstra, Klop et al’ (see

e.g., [18, 14]). The main goal in the design of PSF was to provide a sp ecification

language with a formal syntax similar to the pro cess algebra ACP (see [14] Sect. 4)

but also with a notion of data typ e; to this end ASF (the Algebraic Sp ecification

F ormalism of [17], which is based on the formal theory of abstract data typ es) has

b een incorp orated.

The basic sp ecification formalism is equational logic with total algebras. The

theory and language of ASF is adopted for handling mo dular and parameterized

sp ecifications.

A PSF sp ecification consists of a series of mo dules, distinguished in data mo dules

and pro cess mo dules.

Data mo dules are algebraic sp ecifications of adt’s with initial semantics.

Pro cess mo dules are algebraic sp ecifications of pro cesses. F ormally a pro cess

mo dule has the following form.

‖ n

n

× ×

|

1

1 2 3

1

hide encaps

. . .

P s . . . s

. . .

H . . .

. . .

a a a

. . .

P x , . . . , x pro cesses

set of atoms

communications

definitions

end

– pro cess symb ols declaration

:

– set of atoms used with the hiding and encapsulati on op eration declaration

= – using set comprehensio n

– explici t definiti on of synchronous actions and of the resulting lab el

=

( ) = ACP-expression

NAME

Pro cesses are particular data structure s obtained from op erators like “+”, “ ”,

“;”, “ ” and “ ”, elementary pro cesse s called atomic actions and recursive

definitions; the given (equational) axiomatization determines a particular semantics

over these structure s emb o dying ideas of concurrency

. This is b est understo o d lo ok-

ing at the hidden basic concurrent mo del b ehind pro cess algebra which are lts’s as

in CCS and many other approaches; then the axioms provides semantics like strong,

trace or bisimulation semantics and others. The hidden mo del is made evident in

some presentations of PSF, where ACP pro cesse s are describ ed by means of SOS-

like rules (see [54]) describing transitions. Anyway

, since ACP provides essentially a

language schema for pro cesse s, it is irrelev ant, except for building the to ols, how its

semantics is given, either by equations or by transitions plus semantic equiv alences.

It is instead imp ortant to notice that in PSF:

– the synchronization of actions can b e defined explicitly in the comm unication

part, i.e. the synchronization mechanism is not fixed and is parameterized;

– the execution mo de is interleaving.

The interface b etween pro cesses and adt’s is as follows:

– the atomic actions may have as comp onents v alues of the sp ecified adt’s;

– it is p ossible to define recursively families of pro cesses indexed on the elements

of some sort;

– an infinitary non-deterministic choice indexed on the elements of some sort is

av ailable.

Note that there is no notion of global data and the comm unication mechanism is by

message passing.

The semantics of the data part is a classical algebraic semantics by initiality; the

semantics of pro cesses is in general a bisimulation semantics which gives a congruence

on the term algebra. Thus the semantics identifies an isomorphism class of structure s,

i.e., an adt.

The data part is strictly distinguished from the pro cess part, i.e., the first view-

p oint of including the sp ecification of static adt’s into a formalism for concurrency is

followed; but also the concurrent structure is here sp ecified algebraically though with

a fixed set of primitives parameterized on the actions and on synchronization struc-

ture. The result is a completely algebraic sp ecification to which all the techniques

and results of ASF can b e applied nicely .

D D

P P

2 3

2 3

CA

CA

CA NET

V3

3.2 LOTOS

Particularly p owerful are the mo dularization mechanisms in PSF, which are b or-

rowed from ASF but are truly dealing with integration of adt’s and pro cesses: the

mo dule concept supp orts imp orting and exp orting also of pro cesses and actions.

There is a v ast literature on the use of pro cess algebra with a detailed treatment of

classical examples and correctness pro of for implementation. However these examples

should not b e confused with applications of a sp ecification metho d like PSF, which

has b een intro duced indeed for supp orting industrial applications. Clearly PSF is

practically applicable to a wide range of significant cases, but we see a limitation in

its strict p olicy of message passing and no provision for data sharing; in many cases

some amount of co ding is required which is not in the spirit of abstract sp ecifications.

The same remark applies to execution mo des other than interleaving, which have to

b e simulated by appropriate use of synchronization and restriction mechanisms.

PSF has b een devised as a basis for the development of a to olset (see e.g. [46]).

This to olset is currently in an adv anced phase of development ([47]); in particular a

simulator, a term rewriting and a pro of assistant has b een implemented. F rom the

design of the to olset, it seems that this would b e a most interesting feature of PSF.

Some of the architectures may reasonable sp ecified using PSF; clearly the

buffer has to b e realized by means of a particular pro cess (all buffer organizations

may b e handled).

The following v ariations of cannot b e sp ecified in PSF: and (PSF do es

not supp ort the viewp oint ) and also and since PSF allows only interleaving

execution mo de for pro cesse s and do es not offer a way to solve conflicts; for the same

reason also cannot b e sp ecified in PSF.

LOTOS has b een probably the first internationally known (since 1984) algebraic

sp ecification formalism for concurrency (see [27, 40]); most imp ortantly it is an of-

ficial ISO language sp ecification for op en distributed systems, a qualification which

alone would rank it high in an ideal v alue scale of p ossible imp ortant applications.

However LOTOS is interesting also b ecause it represents an early paradigm of which

PSF can b e considered an improvement. Because of this, we do not go into a de-

tailed discussion of LOTOS; it is enough to compare it to PSF for understanding its

structure .

LOTOS adds classical adt sp ecifications into a language for concurrency as PSF;

but it uses ACT ONE ([34]) instead of ASF and a pro cess description based on

an extension of CCS with several derived combinators (e.g. input/output of strucu-

tured v alues, sequential comp osition with p ossible v alue passing, enabling/disabling

op erators) instead of the pro cess algebra ACP .

The basic sp ecification formalism (equational logic with total algebras) is the

same and also bisimulation semantics for pro cesses .

PSF is an improvement over LOTOS (see a discussion in [47]), since it allows more

freedom in the definition of synchronization mechanisms and supp orts imp ort/exp ort

of action/pro cesses thus b eing more flexibile for stepwise development.

Along all these years LOTOS has b een used in several practical applications and

moreover nowadays a to olset for helping to write down LOTOS sp ecifications has

b een develop ed (see e.g. the ESPRIT pro ject LOTOSHERE [62]).

A

C

A

C

1 2 3

‖

− − × →

→

‖ ‖ ‖

‖

SPEC

DA T A

EQ

EQ

SPEC

3.3 ACP with Shared Data

pr o c ess

actions

PUSH

PUSH

PUSH PUSH PUSH POP

SPEC pr ocess data data

item pr ocess

i d P ush i, d .

pr ocess data

i i i P ush i, E mpty .

pro cess sp ecification:

data sp ecification:

atomic actions:

comp osite actions:

equations for atomic actions:

equations for comp osite actions:

end pro cess sp ecification:

This approach is due to S. Kaplan and has b een presented in [42, 43]. The situation

is very similar to the one in PSF: strict hierarchical separation b etween data and

pro cesses and pro cesses sp ecified by a schematic language. The difference is that now

the actions op erate on the data and thus what is parametric is now the sp ecification

of the effect of actions on data.

The basic sp ecification formalism is equational logic with total algebras. Any

sp ecification language that supp orts this basic formalism can b e used to provide

metho ds for mo dularization and parameterization; PLUSS (see [21]) is explicitly

quoted as such a p ossible language.

A pro cess sp ecification is in two layers:

– the data part, which is a classical algebraic sp ecification of some basic data struc-

tures; data represent the concurrent states of the (global) environment which is

manipulated by pro cesses;

– the part, sp ecifying the agents that act concurrently on the data. Pro-

cesses are built out of basic entities called , by means of the op erators

(those typical of pro cess algebra) “;”, “ ”, “+”.

The interactions of pro cesse s with data is mo delled by an application op erator

:: : . F or example we can build a pro cess stack by means

of op erations like : ; then we can sp ecify its effect with an

axiom like: ( ) :: = ( )

The states of a concurrent system have always the form “ :: ” and

they are of typ e data; for example

( ( ) ( ) ( ) ) :: ( )

F or making easier the sp ecification, it is p ossible to declare comp osed actions,

i.e., pro cesses built from atomic actions by “;”, “+” and “ ”, also in a parameterized

way . The general form of a pro cess sp ecification is as follows:

The comm unication mechanism is by shared data and indeed the actions are used

for manipulating the global data, while there is no provision for message passing.

The basic concurrent mo del is the pro cess algebra ACP: i.e., no explicit mo del

is given since pro cesses are treated as static data, but the hidden mo dels are lts’s.

The axioms for pro cesses axiomatize the execution mo de by interleaving of atomic

actions and trace semantics. Note that trace semantics refers to the basic mo del for

concurrency and not to the overall semantics for pro cesses (see b elow).

Semantics is done by purely algebraic metho ds, i.e. it is hierarchical on data

sp ecification with an overall observ ational semantics, given by a congruence corre-

sp onding to a final algebra. Indeed the semantics of a pro cess sp ecification n 1

1 2 3

2 3 2 3

|||

||| ||| μ p.E p

. . .

B B B

D D P P

3.4 Dynamic Sp ecifications and SMoLCS

SPEC SEM SPEC

SEM SPEC

SEM SPEC

SPEC SPEC

CA

CA

CA NET is given by translating into a classical algebraic sp ecification ( ).

The sp ecification ( ) has a standard part consisting in equations for defin-

ing the op erators on pro cesse s (those of ACP) and the semantics of the application

op erators of pro cesse s to data.

The overall semantics of ( ) is observ ational in an algebraic sense, i.e.

it gives an observ ational congruence corresp onding to a final algebra; this semantics

formalizes an input-output semantics for pro cesses with resp ect to data, as it is

sensible for a concurrent system which represe nts non-deterministic transitions from

a data configuration to another one (recall that the overall state of the system is of

sort data).

Infinite pro cesses are p ossible by means of fixp oint op erator “ [ ]”, whose se-

mantics is axiomatically given by the unfolding equation as usual; dynamic pro cesses ,

which may mo dify their structure dep ending on the environment, are obtained by a

conditional op erator.

Being fully algebraic, the approach can use v arious op erators for comp osing

sp ecifications and of course parameterization and notions of implementation (and

indeed the approach was develop ed in the same environment of PLUSS and AS-

SPEGIQUE). But it also provides a sp ecial comp osition op erator for pro cess sp eci-

fications “ ” showing that under certain conditions one can convert a sp ecification

into a basic sp ecification. This op eration is viewed as a first

step towards multilevel structuring, which is not exploited.

There is no mention in the literature of significant applications; however it can

b e easily understo o d that the metho d is viable whenever and only when we have

to mo del concurrent architectures where the communications is by shared data.

Converting mo dels with message passing would imply some co ding, which inevitably

affects the level of abstraction.

No sp ecial to ols. If the pro cesses are finite then it is understandable that the

usual to ols for algebraic sp ecification work.

Some of the architectures may b e sp ecified using this approach; however the

handshaking comm unication b etween pro cesse s has to b e simulated using particular

shared structure s and so, as said b efore, what we get is more an implementation of

the architecture that an abstract sp ecification. Clearly all kinds of buffer organization

(v ariations , and ) may b e sp ecified. Moreover, since also this formalism

is based on the ACP

, it has has the same restrictions of PSF: so we cannot sp ecify

neither the architectures corresp onding to v ariations , , , nor the

network .

The core of the SMoLCS approach has b een develop ed, mainly by E. Astesiano

and G. Reggio at the University of Genov a, with a significant contribution by M.

Wirsing of the University of Passau, since 1983, first within the Italian national

pro ject CNET (Campus Net, the prototyp e design of a lo cal area network). While

the core of the metho d has b een unchanged, significant improvements and additions

have b een made since, esp ecially for what concern semantics, to ols and sp ecifications

at higher-level of abstraction. Curiously enough its theoretical development has b een

always accompanied and partly driven by applications; indeed at the time of its

−

V3

–

–

–

–

C O N D Y N

∗

∗ ⊆

∗ ∈ ∈ −

− − → − × × ∈

D Σ Σ ,

Σ S, ,

S

st l st S

st l st st

D Σ D Σ Σ

D Σ , Ax D Σ Ax

D Σ dynamic signatur e DS

OP PR

DS DS dynamic sorts

DS DS

PR

dynamic algebr a

absr act dynamic data typ e addt

dynamic sp e cific ation app earance in the international literature [3, 4] a full SMoLCS sp ecification of the

prototyp e CNET communication architecture had b een already completed [4]; the

first to ols have b een develop ed for application to the draft formal sp ecification of

full Ada; the most recent development for very abstract sp ecifications have b een

required for applications to two industrial case studies.

As a most distinctive feature, SMoLCS supp orts, within one sp ecification formal-

ism, different ways of sp ecifying concurrent systems, adapting the description to the

level of abstraction of the sp ecified system. In its current version it even supp orts

explicitly v arious forms of very abstract sp ecification, which will b e discussed among

others in a later section; here we present just abstract sp ecifications.

Any institution which supp ort conditional sp ecifications with predicates can b e

used as algebraic sp ecification formalism; a privileged one is , the institu-

tion of conditional dynamic sp ecifications with partial (total) [order-sorted] algebras

with predicates. Though most examples have b een given in an ASL-like metalan-

guage [11], SMoLCS is not b ound to any particular sp ecification language, as long

as it supp orts at least conditional sp ecifications with predicates, parameterization

and mo dularization mechanisms.

SMoLCS is centered around the following ideas.

– Pro cesse s are sp ecified algebraically as lts’s and are themselves data as any

other; thus can b e manipulated by functions and pro cesses (viewp oint : dy-

namic data typ es); in particular higher-order concurrent systems and calculi are

supp orted (actually they have b een first intro duced and develop ed within the

SMoLCS approach, see [7]).

– It supp orts the user-defined sp ecification of any kind of concurrent structure,

comm unication mechanism (from message passing to shared data) and execution

mo des (from interleaving to priorities).

– This supp ort is provided by mo dularization, hierarchization and parameteriza-

tion mechanisms for defining and combining parts of a system, with p ossibly

reusable comp onents of any kind (data, actions, comm unication and execution

mo de schemas).

– Semantics also is user defined, following a schema for defining observ ations of

the system dep ending on a viewp oint.

A pro cess is sp ecified by giving a dynamic sp ecification (an algebraic transition

system, as it was called until ’89), which is as follows.

A is a couple ( ) where:

= ( ) is a predicate signature,

(the elements in are the , i.e. the sorts corre-

sp onding to states of lts’s),

for all there exist a sort - (the sort of the lab els) and

a predicate : - (the transition predicate).

A on (shortly -algebra) is just a -algebra.

An (shortly ) is an isomorphism class of dynamic

algebras on a signature.

A couple ( ), where is a dynamic signature and a set of first-order

formulae on is called a .

–

–

′

′

=1

1

1 i ,...,n i

i n

l

n c oncurr ent system

C O N D Y N

∧ ⊃

C O N D Y N

− →

| | | α α,

α α t t P r t , . . . , t

P r

α s s

p . . . p i

i

The axioms may refer b oth to static asp ects (e.g., v alues, states of a system)

and to the dynamic asp ects, i.e. concerning the transitions predicates.

By algebra we mean usually a many-sorted algebra with predicates; though we

generally prefer, for reasons of convenience in applications, to use partial alge-

bras, there are no problem to use, for example, total or order-sorted algebras.

There are v arious institutions of dynamic sp ecifications dep ending on the form

of the axioms. F or the purp ose of abstract sp ecifications the most interesting is

, the institution of conditional dynamic sp ecifications, with axioms

of the form

where and are atoms, i.e., formulae of the form = or ( ) with

predicate symb ol (in the case of partial algebras the equality in the formulae

is interpreted as existential equality).

has some nice features; indeed a conditional dynamic sp ecification

has always an initial mo del which defines an asso ciated lts; moreover it is p ossible

to make a clear distinction b etween static and dynamic axioms, the last ones

b eing those where has the form .

Dep ending on the degree of separation b etween static and dynamic asp ects in

the axioms, v arious simple inductive ways of defining the asso ciated lts’s are

p ossible.

A dynamic sp ecification determines an addt, according to a semantics that can b e

user defined following a schema for defining observ ational semantics. There are

essentially two ways in SMoLCS for asso ciating a semantics: by adding axioms

defining observ ations and thus getting semantics as a terminal semantics (a

terminal congruence, see esp ecially [6]), or by defining over the sp ecification

an observ ational structure, as sp ecified in [2] (see also Sect. 2.3) and getting an

observ ational equiv alence, which has to b e proven to b e a congruence; sufficient

conditions are given to ensure this.

Observ ational equiv alence includes as a sp ecial case all presently known sensible

semantics for concurrency like trace and bisimulation (strong, weak, branch-

ing, distributed), etc. Since observ ational semantics is obtained as a maxim um

fixed p oint of a suitable monotonic transformation, the same pro of technique of

bisimulation can b e applied.

A supp ort to mo dular sp ecification of concurrent systems is then given accord-

ingly to the following schema, where we outline the metho dological asp ects,

leaving apart the algebraic formalism, which can b e found in the quoted pap ers.

A is sp ecified as follows: the states ( ) are a

multiset of states of the pro cess comp onents and a v alue represe nting the

global information.

The transitions are sp ecified splitting the sp ecification in several steps, where at

each step some partial moves are defined using the partial moves defined at the

previous step; at the first step the partial mov es are defined starting from the

transitions of pro cess comp onents.

1 2 i

j

j

j

1

1

1

1

1

1

1

1 2

1 2

1 1

′

′ ′ ′

′

′

′ ′

′ ′ ′

′ ′

′

′

′ ′ ′

′ ′

′ ′

′ ′

′ ′ ′

′ ′

′ ′ i pl

i

n l

n

i

i

j l

j j

n l

n

j

j

j

j

j l

j

n sl

n

sl

sl

j pl

j j

pl //pl

pl

extl

Synchr onization

Par al lelism

Monitoring

SMoLCS

SMoLCS SMoLCS

⇒

| | | | − → | | | |

⇒

| ∼∼∼∼∼ |

| | | | − → | | | |

∼∼∼∼∼

→

⇒

| | | − → | | |

| − → |

| ∼∼∼∼∼ |

| ∼∼∼∼∼ |

| | ∼∼∼∼∼ | |

| ∼∼∼∼∼ |

| | − − − → | | p p i , . . . , n

p . . . p mp i p . . . p mp i cond

mp i i

pl l cond p p

cond

mp i > mp i j , . . . , n

mp . . . mp mp i mp . . . mp mp i cond

>

mp i i l i l cond

mp mp

cond

p p j , . . . , n

p . . . p i p . . . p i cond

mp i mp i

mp i > mp i

mp i > mp i j ,

mp mp i > mp mp i cond

mp i > mp i

mp mp i mp mp i cond

. . .

. . . , . . . , . . .

The rules defining the transitions at the first step have form

= = = 1

where denotes the transition relation of the pro cess comp onents, , , ,

the ’s, and are metaexpressions and the ’s and ’s are metav ariables

not app earing in ; while the rules defining the transitions of the next steps

have form

= 1

where denotes either the transition relation corresp onding to the

partial moves of the previous steps or , , , , the ’s, , and are

metaexpressions and the ’s and ’s are metav ariables not app earing in

.

It is shown that any sp ecification of a concurrent system may b e reduced to a

canonical form consisting of the comp osition of three particular steps, resp ec -

tively for synchronization, parallelism and monitoring, which are characterized

by rules of the the form resp ectively:

= = 1

= 1 2

Appropriate algebraic parameterized schemas are given for expressing the three

steps; ultimately the sp ecification of a system can b e formally viewed as an

adt sp ecification which is an instantiation of a parameterized sp ecification, say

( ), where the parameters refer to v arious user defined asp ects con-

cerning dynamics and data. It is clearly p ossible then to reuse parts of sp eci-

fications and also to structure hierarchically systems, corresp onding to nested

calling on different parameters, say ( ( ) ).

SMoLCS has b een applied to significant case-studies, the most imp ortant b eing

the sp ecification of the underlying concurrent mo del in the formal definition of full

→

′

3 1 1 2

3 3 1 2

D B A P

D B A P

g t t

CA

CA NET

SMoLCS CA

CA

CA

3.5 Conditional Rewriting Logic

Ada (EEC-Map pro ject The Draft F ormal Definition of ANSI/STD 1815A see [5]).

Among other applications, the description of a lo cal area architecture in [4] and two-

cases studies prop osed by ENEL (Italian National Electricity Board) are concerning

an hydro-electric central and a high-tension station for distribution of electric p ower.

F or industrial applications it still lacks standardization and a complete to olset. A

simulator, the SMoLCS rapid prototyping system based on RAP ([39]), has b een in

use since 1987, consisting of a tree-builder and a tree-walker. Currently a sp ecification

metalanguage for the SMoLCS sp ecifications of concurrent systems and a related

to olset is under development. The to olset includes a syntax-directed editor and a

much more efficient redoing of the simulator equipp ed with a graphical interface for

showing the results.

F ollowing the SMoLCS approach it is p ossible to sp ecify all architectures and

the network without implementing/sim ulating their concurrent features;

such features may b e abstractly sp ecified by giving appropriate axioms for the v arious

steps (the full sp ecifications can b e found in [8]). In this case it is imp ortant to note

that the v arious assumptions on the data, on the buffer access and organization and

on the parallelism are formalized by appropriate parameters of the parameterized adt

; thus if we have the sp ecification of the corresp onding to a particular

choice of such assumptions, say ( , , , ), to get the sp ecification for

another choice, say ( , , , ), it is sufficient to change the parameter

corresp onding to the buffer access (rules for the parallelism step).

In [49] and, as application to ob ject systems in [48], Meseguer advo cates a formalism

called “Conditional Rewriting Logic” as a unifying mo del of concurrency .

Meseguer work resembles much the SMoLCS approach (of which he was not aware

when writing [49, 48]) but it differs in one fundamental p oint, as we will see. F or

example, the sp ecifications of ob ject systems in the second pap er use for state con-

figurations multisets of ob jects (pro cesses) and information as in SMoLCS. Indeed

it will b e rather easy to understand that approach by comparing it to SMoLCS.

Seen from the sp ecification viewp oint the prop osed metho d can b e viewed as a

sp ecialization of dynamic sp ecifications in which:

– the transitions are seen as rewriting steps;

– a set of lab elled conditional rewriting rules ( : ) is given, which constitute

the prop er axioms of the sp ecification;

– a fixed set of conditional axioms is given defining the propagation of the rewriting

steps by reflexivity

, congruence, replacement and transitivity (in Meseguer’s view

a concurrent rewriting is characterized by the use of the replacement rule).

This work contains some very interesting ideas for theoretical foundations of con-

currency

, in particular the notion of semantics as a congruence over terms represent-

ing pro ofs; moreover it gives some very elegant insight into a categorical semantics.

However for the mom ent those definitions are not able to emb o dy significant obser-

v ational semantics, which (p ersonal comm unication) will constitute the sub ject of

some future work.

2 3

2 3

D D

p

D D

CA

CA NET

CA

CA CA NET

CA

3.6 Stream Pro cessing F unctions

The propagation axioms are the characterizing feature of Conditional Rewrit-

ing Logic; and indeed they justify the name of the approach (rewriting and logic).

However, while b eing useful and elegant in some cases (for example in some applica-

tion to Petri nets, which were the inspiring case), these axioms make this approach

not convenient, in our view, for application to significant concurrent systems. The

propagation rules imply that the actions corresp onding to rewritings are not capa-

bilities, but effective actions (silent moves in CCS). This implies that one cannot

simulate lab elled transitions (which are not explicitly supp orted) for representing

capabilities. Hence what is a basic supp ort for mo dular comp osition of op en pro cess

mo dules (i.e., pro cesses with capabilities toward the external world) is lacking. In

most significant examples that we have encountered this makes sp ecifications less

mo dular than they should b e.

Using the Conditional Rewriting Logic we can sp ecify all v ariations and

the network ; but the v ariations and are very hard to realize. The

problem is that these sp ecifications are very little mo dular due to the propagation

axioms. W e cannot first describ e the rewritings of the pro cesses and then those of the

architectures, since if a pro cess can p erform some rewriting only in some particular

context, we have to sp ecify only the architecture rewritings. So we cannot give a

sp ecification of the pro cesses and then use it for all v ariations of ; moreover we

cannot use the sp ecification of for sp ecifying . F or the same reason the

sp ecification of cho osing v ariations and are p ossible but very complicated,

since we can only describ e the rewritings of the architectures, otherwise the pro cesses

can p erform some activity while they are comm unicated or stored in the buffer.

W e should wait for more examples and applications, also rememb ering that prob-

ably the aims of that work are different from the classical sp ecification of concurrent

systems. Indeed the main application is currently related to the design, semantics

and implementation of a sp ecification language for concurrent mo dules. Quite inter-

estingly

, the semantics is driving the implementation down to the realization of the

hardware architecture, which gives the pro ject, in our view, a particular v alue as for

the application of formal techniques to software engineering.

A somewhat related approach has b een pursued in [28].

In v arious pap ers [22, 23, 24] and in pro jects M. Broy has develop ed since 1983 an

approach to the formal sp ecification of concurrent systems which is a combination

of algebraic sp ecifications, streams, predicate logic and functional programming.

The approach is denotational in nature: it provides a language and its semantics;

thus it do es not qualify as a typical algebraic formalism. However we briefly present

it for matter of comparison; it may indeed use classic formalisms for the sp ecification

of abstract data typ es and it may apply first-order and temp oral logic for describing

prop erties of the agents.

The basic mo dels are dataflow architectures and the structuring primitives are

those typical for dataflows (which can b e elegantly obtained as derived op erators, b e-

cause of the sp ecification formalism and its semantics). Any other kind of concurrent

architectures and of comm unication mechanisms have to b e simulated.

⊥ def

⇒

¬ ⇒

∨

∪ DA T A STREAM DA T A n

m

stor e d b

r

b r stor e d b

b r d stor e d b

d b r

inf inite r

r r r r

r . . . r . . .

D

V1

agent input stream data stream b o ol output stream

data

first rest rest

first first rest

agent output stream b o ol

true false

true true false false

first rest

There is a clear distinction b etween pro cesses (agents) and data which may b e

defined as adt with some semantics; thus viewp oint is followed, since the con-

current architecture is not defined algebraically .

The overall sp ecification is not algebraic and thus we cannot sp eak of adt sp ecifi-

cation. However the sp ecifications which use first-order and temp oral logic formulae

identify classes of concurrent systems, thus V

AS is supp orted.

Let us to see the approach in some more detail.

Broy’s approach is built around a dataflow view of concurrent systems; conse-

quently his basic semantic mo dels are sets of continuous functions mapping tuples

of streams to tuple of streams, see Sect. 1.1. Thus a pro cess, called agent, has

input lines and output lines. On every input line a finite or infinite sequence of

data is transmitted to the agent and on every output line a finite sequence of data

is generated by the agent. The input lines and output lines have internal (lo cal)

names that are used in a predicate for expressing the relationships b etween input

and output.

A typical example is the following:

= , ,

= ( , )

= & ( , )

Here , , are used b oth as v ariables and as internal names.

Also nondeterministic agents are admitted, as in

=

= & = & ;

thus there are two p ossible output streams:

= & & and = & & .

F rom the examples we see that formulae are used for defining the streams of data,

using of course primitiv e functions on streams like and . F ormulae may b e

first-order and also temp oral logic formulas with op erator like next, eventually and

necess arily .

Sets of agents and recursive agents may b e defined.

A semantics of a sp ecification is given in the usual denotational way using basic

domains and environments; the basic domains are data and agents:

= ( )

⊥ def m n

i

j

{ ∈ → | ∈ }

‖ ·

‖

∧

1 2

1 1 1 1

2 2 2 2

3 1 2

3 1 2 1 2 1 2

AGENT

DA T A

DA T A DA T A

CA

CA f D D n, m

C

a a

a x y H

a x y H

a a a

a x , x y , y H H agent input stream output stream end

agent input stream output stream end

agent input stream output stream end

3.7 Algebraic Petri Nets

V1

V1

= [ ] I N

where is a set of atomic data ob jects, but it may also b e given by an abstract

data typ e sp ecification; is the flat cp o asso ciated with . The semantics

of a family of agent definitions is the set of all agent environments that fulfill the

sp ecification. F or very technical reasons with any agent identifier a set of agents

(functions) is asso ciated instead of functions from tuples of streams into sets of

tuples of streams.

An interesting feature of the formalism is that basic structuring op erators like

parallel comp osition “ ”, sequential comp osition “ ” and feedback “ ” may b e

obtained as derived op erators. If and are defined by

=

=

then = is defined as

=

Of course in this formalism algorithms may b e describ ed and thus so-called al-

gorithmic agents can b e defined.

Much imp ortance is given to correctne ss, relative to safety (partial correctne ss)

and liveness (robust correctne ss) prop erties, and to correctness of implementations,

which are defined in a very elegant and simple way .

The architectures may b e sp ecified using this formalism, but the resulting

sp ecifications are not very natural since the architectures are based on comm uni-

cating pro cesses and so we have to realize their concurrent features using dataflows.

Broy’s approach finds its most elegant applications in the sp ecification of con-

current architectures which have essentially a dataflow structure. Indeed some nice

examples of applications have b een given, showing the p otential applicability

, at least

for those architectures which are amenable to a dataflow structure. The metho d has

also b een applied in an EEC-MAP pro ject (n. 785) in conjunction with industries,

for giving a formal basis to the MASCOT metho d.

In the literature there are several pap ers presenting sp ecification formalisms inte-

grating Petri nets and algebraic sp ecifications of adt’s (in general not the elementary

Petri nets intro duced in Sect. 1.1 but e.g. predicate/transition or coloured nets);

most of them follow the viewp oint but some one uses the algebraic techniques

and results for handling, for example, nets comp osition or describing the firing rules.

Here we briefly list some of the approaches known by the authors, but we do not

claim that they are the only one. F or a survey pap er on this topic following view-

p oint see e.g. [60]; where it is also shown that results ab out inv ariants could b e

obtained by classical algebraic results.

The Milan group has worked out a formalism “OBJSA Nets” combining Su-

p erp osed Automata Nets (SA) with the p ossibility of defining the tokens and the

transitions by means of parameterized algebraic OBJ sp ecifications (see e.g. [15]).

≤ −

Fig. 8.

V1

V1

V2

An algebrai c coloured net.

T K V ar

V T K V ar

V

GE T x P q

P Leng th q n

T r ue RE T U RN F ir st q

P

Leng th q > T r ue

OBJSA can b e summarized as follows. The net structure is given as usual in su-

p erp osed automata nets; the individuals flowing in the net consist of a name part,

which mo dels instances individuality and is not mo dified by transition firing, and

a data part, which represents the data structure and can b e mo dified by transition

firing; the overall net system can b e obtained through comp osition of the net mo dels

of its comp onents (viewp oint ).

V autherin in [63] presents an algebraic version of coloured Petri nets, where the

tokens of different colour are represente d by elements of different sorts in the initial

mo del of a sp ecification of an adt and the structure of the net is given as usual

(viewp oint ), while Dimitrovici and Hummert in [33] show how to comp ose such

nets by using categorical techniques.

In the following we rep ort a simple example of these algebraic coloured Petri

nets sp ecifying a b ounded buffer, containing natural numb ers, organized as a queue.

The tokens used in the net are defined by the initial mo del of a sp ecification of the

queues of natural numb ers with the usual op erations (Nil, InQueue, DeQueue, First

and Length), which we do not rep ort here. The schema of the net is graphically

rep orted in Fig. 8; the arcs connecting places and transitions are lab elled by op en

terms representing tokens; while the transitions are lab elled by equations involving

the v ariables app earing in such terms ( ); a transition may fire when for some

ev aluation of the v ariables satisfying its equation in the premise there

are the tokens obtained by ev aluating with the relative terms.

T ransition takes an element from place 1 and puts within the queue

in place , when the buffer is not full, i.e. when the equation ( ( ) 1) =

holds. T ransition takes the first element out of the queue ( )

and put it in the place 2, when the queue is not empty

, i.e. when the equation

( ( ) 0) = holds.

Bettaz in [19] and in [20] presents the so called “Algebraic T erm Nets” and shows

how such nets and their firing activity may b e describ ed by means of an algebraic

sp ecification of an adt (viewp oint ).

Algebraic Petri nets has b een also used as a basis for a sp ecification metalanguage

for distributed systems with real-time features [44].

. . .

A cknow le dgements.

4 V ery Abstract Sp ecifications of Concurren t Systems

In Sect. 2 we have already intro duced the distinction b etween abstract and very ab-

stract sp ecifications of concurrent systems (shortly AS and V

AS). An AS abstractly

determines a concurrent system, i.e. it describ es in an abstract way the system con-

current structure (which are its comp onent pro cesse s and how they are arranged in

the system) and activity; while a V

AS abstractly determines a class of concurrent

systems by giving only the relev ant prop erties ab out their structure and activity .

Here we briefly list the algebraic approaches to sp ecification of concurrenc y re-

p orted in Sect. 3 which can b e extended to handle V

AS’s.

The Broy’s approach, see Sect. 3.6, allows to express very abstract prop erties

ab out the dynamic activity of classes of dataflow networks by using either first-order

logics or v arious forms of temp oral logics [22]; the last ones p ermit to formalize in

a simple way liveness prop erties. However, this formalism do es not allow to express

requirements ab out the distributed structure of the networks. The dynamic require-

ments ab out a computer net given in Sect. 1.4 can b e formalized using this approach,

while the static ones cannot b e considered. More imp ortantly in this case we have

also a notion of implementation b etween sp ecifications of different abstraction levels;

and in the literature there are examples of complete pro ofs of the correctnes s of some

implementation (e.g. [24]).

Also in the framework of dynamic sp ecifications, see Sect. 3.4, it is p ossible to

give sp ecifications of concurrent systems V

AS b oth w.r.t. static and dynamic prop-

erties. Dynamic sp ecifications are extended with the p ossibility of expressing very

abstract prop erties ab out the dynamic activity of concurrent systems just by replac-

ing conditional logic with more p owerful ones. Initially first-order (infinitary) logic

was considered, but it do es not allow to express liveness prop erties; logics which

integrates the combinators of temp oral logic in the algebraic framework have b een

prop osed in [29] and, more recently

, in [58] whose “event logic” p ermits the formal-

ization of the abstract prop erties of the activity of concurrent systems in terms of

causal/temp oral relationships among non-instantaneous events.

F or what concerns the static (structure) prop erties, [57, 9] prop ose a sub class

of the dynamic algebras, called “entity algebras”, equipp ed with particular sorts,

op erations and predicates for describing the concurrent structure of the dynamic

elements. Moreover, whichever logic for dynamic prop erties mentioned b efore (con-

ditional, temp oral, event, ) may b e extended with sp ecial predicates for formal-

izing abstract prop erties ab out the structure of dynamic elements ([57, 9]). Also for

the dynamic V

AS intro duced ab ove there is a notion of implementation extending

that for sp ecifications of static adt’s of [66] (see [29, 57]); in these cases it is p ossi-

ble also to define particular kinds of implementations which e.g. preserve/re fine the

concurrent structure of a system, the atomicity grain of the activity of a system and

so on. All the requirements ab out a computer net given in Sect. 1.4 can b e simply

formalized using dynamic V AS.

W e thank H.Ehrig and F.De Cindio for v arious helpful com-

ments.

References

TCS

TCS

Pr o c. T

APSOFT’85, V ol. 1

A Br o ad Persp e ctive of Curr ent Developments,

Pr o c. ICS’85 (ACM International Computing Symp osium)

Mathematic al Mo dels for the Semantics of Par al lelism, Pr o c. A dvanc e d

Scho ol on Mathematic al Mo dels of Par al lelism, R oma, 1986

Pr o c. T

APSOFT’87, V ol. 1

Pr o c. MFCS’86

Pr o gr am Sp e cific ation and T r ansformation

Pr o c. of the Col lo quium on R esolution of Equations in Alge-

br aic Structur es

TCS

Pr o c ess Algebr a

A dvanc es in Petri Nets

A dvanc es in Petri Nets

1. A. Arnold and M. Niv at. Metric interpretation s of infini te trees and semantics of non

deterministi c recursive programs. , 11:181–205, 1980.

2. E. Astesiano, A. Giovini, and G. Reggio. Observ ational structures and their logic.

, 96, 1992.

3. E. Astesiano, G.F. Mascari, G. Reggio, and M. Wirsing. On the parameterized al-

gebraic sp ecification of concurrent systems. In H. Ehrig, C. Floyd, M. Niv at, and

J. Thatcher, editors, , numb er 185 in Lecture Notes in

Computer Science, pages 342–358, Berlin, 1985. Springer V erlag.

4. E. Astesiano, F. Mazzanti, G. Reggio, and E. Zucca. F ormal sp ecificati on of a concur-

rent architecture in a real pro ject. In

, pages 185–195, Amsterdam,

1985. North-Holland .

5. E. Astesiano, C. Bendix Nielsen, N. Botta, A. F antechi, A. Giovini , P

. Inverardi,

E. Karlsen, F. Mazzanti, J. Storbank Pedersen, G. Reggio, and E. Zucca. The draft

formal definitio n of Ada. Deliverab le, CEC MAP pro ject: The Draft F ormal Definiti on

of ANSI/STD 1815A Ada, 1986.

6. E. Astesiano and G. Reggio. An outlin e of the SMoLCS approach. In M. V enturini

Zill i, editor,

, numb er 280 in Lecture

Notes in Computer Science, pages 81–113, Berlin, 1987. Springer V erlag.

7. E. Astesiano and G. Reggio. SMoLCS-driven concurrent calculi . In H. Ehrig,

R. Kowalski, G. Levi, and U. Montanari, editors, , num-

b er 249 in Lecture Notes in Computer Science, pages 169–201, Berlin, 1987. Springer

V erlag.

8. E. Astesiano and G. Reggio. A structural approach to the formal mo delizatio n and

sp ecificati on of concurrent systems. T echnical Rep ort 0, F ormal Metho ds Group, Di-

partimento di Matematica, Universit` a di Genov a, Italy

, 1991.

9. E. Astesiano and G. Reggio. Entity institution s: F rameworks for dynamic systems. in

preparation , 1992.

10. E. Astesiano, G. Reggio, and M. Wirsing. Relational sp ecification and observ ationa l

semantics. In , numb er 233 in Lecture Notes in Computer Science,

pages 209–217, Berlin, 1986. Springer V erlag.

11. E. Astesiano and M. Wirisi ng . An intro ducti on to ASL. In L.G.L.T. Meertens, editor,

, pages 343–365. North-Holland , 1987.

12. E. Astesiano and M. Wirisi ng. Bisimul atio n in algebraic sp ecificati ons. In M. Niv at

and H. Ait-Kaci, editors,

, San Diego, 1989. Academic Press.

13. D. Austry and G. Boudol. Algebre de pro cessus et synchronisati on. , 30:91–31,

1984.

14. J.C.M. Baeten and W.P . W eijland . . Cambridge University Press,

Cambridge, 1990.

15. E. Battiston, F. De Cindio, and G. Mauri. OBJSA nets: a class of high-level nets

having ob jects as domains. In G. Rozemb erg, editor, , numb er

340 in Lecture Notes in Computer Science, pages 20–43, Berlin, 1988. Springer V erlag.

16. L. Berardinel l o and F. De Cindio. A survey of basic net mo dels and mo dular net

classes. In G. Rozemb erg, editor, , Lecture Notes in Computer

Science, Berlin, 1992. Springer V erlag. To app ear.

Infor-

mation & Contr ol

R e c ent T r ends in Data T yp e Sp e cific ation

PLUSS, un langage p our le developpment de sp e cific ations algebriques mo d-

ulair es

Pr o c. T

APSOFT’85, V ol. 1

Information Pr o c essing Letters

A cta Informatic a

L o gics of Pr o gr amming Workshop

Pr o c. 4th Int.

Symp. on Pr o gr amming

Pr o c. of 18-eme Ec ole de Print-

emps en Informatique The orique, Semantique du Par al lelism

Pr o c. MFCS’91

Information & Contr ol

TCS

The Analysis

of Concurr ent Systems

R e c ent T r ends in Data T yp e Sp e cifi-

c ation

17. J.A. Bergstra, J. Heering, and P

. Klint. ASF - an Algebraic Sp ecificati on F ormalism.

T echnical Rep ort CS-R8705, Centre for Mathematics and Computer Science, Amster-

dam, 1987.

18. J.A. Bergstra and J.W. Klop. Pro cess algebra for synchronous communicati on.

, 60(1/3):109–137, 1984.

19. M. Bettaz. An asso ciati on of algebrai c term nets and abstract data typ es for sp ecifying

real communicati on proto cols. In H. Ehrig, K.P

. Jantke, F. Orejas, and H. Reichel,

editors, , numb er 534 in Lecture Notes in

Computer Science, pages 11–30, Berlin, 1991. Springer V erlag.

20. M. Bettaz. How to sp ecify nondetermini sm and true concurrency with algebraic term

nets. Draft, 1992.

21. M. Bidoit.

. These d’Etat, Universite de Paris-Sud, 1989.

22. M. Broy

. Sp ecificati on and top down design of distribu ted systems. In H. Ehrig,

C. Floyd, M. Niv at, and J. Thatcher, editors, , numb er 185

in Lecture Notes in Computer Science, pages 4–28, Berlin, 1985. Springer V erlag.

23. M. Broy

. Predicative sp ecificatio ns for functional programs describin g communicating

networks. , 25:2, 1987.

24. M. Broy

. An example for the design of distribu ted systems in a formal setting: The lift

problem. T echinical Rep ort MIP P 8802, University of Passau, 1988.

25. M. Broy and M. Wirsing . Partial abstract typ es. , 18:47–64, 1982.

26. R.M. Burstall and J.A. Goguen. Intro ducing instituti on s. In E. Clarke and D. Kozen,

editors, , numb er 164 in Lecture Notes in Computer

Science, pages 221–255, Berlin, 1984. Springer V erlag.

27. V. Carchiolo, A. F aro, F. Minassal e, and G. Scollo. Some topics in the design of the

sp ecificati on language LOTOS. In M. Paul and B. Robinet, editors,

, numb er 167 in Lecture Notes in Computer Science, Berlin,

1984. Springer V erlag.

28. A. Corradini , G.L. F errari, and U. Montanari. T ransition systems with algebraic struc-

ture as mo dels of computation. In I. Guessarian , editor,

, numb er 469 in Lecture

Notes in Computer Science, pages 185–222, Berlin, 1990. Springer V erlag.

29. G. Costa and G. Reggio. Abstract dynamic data typ es: a temp oral logic approach. In

A. T arlecki, editor, , numb er 520 in Lecture Notes in Computer Science,

pages 103–112, Berlin, 1991. Springer V erlag.

30. J.W. de Bakker and J.I. Zucker. Pro cesses and the denotational semantics of concur-

rency

. , 54:70–120, 1982.

31. R. de Simone. Higher-level synchronis in g devices in Meije - SCCS. , 37:245–267,

1985.

32. B.T. Denvir, W.T. Hardwo o d, M.J. Jackson, and M.J. W ray , editors.

. Numb er 207 in Lecture Notes in Computer Science. Springer

V erlag, Berlin, 1985.

33. C. Dimitrovi ci and U. Hummert. Comp osition of algebrai c high-level nets. In H. Ehrig,

K.P . Jantke, F. Orejas, and H. Reichel, editors,

, numb er 534 in Lecture Notes in Computer Science, pages 52–73, Berlin, 1991.

Springer V erlag.

34. H. Ehrig, W. F ey , and H. Hansen. ACT ONE: An algebraic sp ecificatio n language with

two levels of semantics. T echnical Rep ort 83-01, TUB, Berlin, 1983.

35. H. Ehrig, F. Parisi Presicce, P

. Bo ehm, C. Rieckhoff, C. Dimitrovi ci , and M. Grosse-

Rho de. Algebraic data typ e and pro cess sp ecificati on s based on pro jection spaces. In d

R e c ent T r ends in Data T yp e Sp e cific ation

Stepwise r efinenment of distribute d sys-

tems

Algebr aic the ory of pr o c esses

Communic ating Se quential Pr o c esses

Information Pr o c essing 77

TCS

Pr o c. ST

ACS ’87 (Symp osium on The or etic al Asp e cts of Computer Scienc e)

Conc epts, Syntax and Semantics of SEGRAS – A sp e cific ation L anguage

for Distribute d Systems

Pr o c e e ding of ICALP’87

Pr o c. T

APSOFT’89, V ol. 2

Pr o c. Thir d Workshop on Computer Aide d V erific ation, V ol. 1

ECOOP-OOPSLA’90 Confer-

enc e on Obje ct-Oriente d Pr o gr amming, Ottawa Canada, Octob er 1990

TCS

A Calculus of Communic ating Systems

Communic ation and c oncurr ency

Infor-

mation and Computation

Pr o c. 5th GI Confer enc e

Pr o c. IFIP TC

2-Working c onfer enc e: F ormal description of pr o gr amming c onc epts

Curr ent T r ends in Concurr ency

D.Sannell a and A. T arlecki, editors, , numb er

332 in Lecture Notes in Computer Science, pages 23–43, Berlin, 1988. Springer V erlag.

36. M. Grosse-Rho de and H. Ehrig. T ransformation of combined data typ e and pro cess

sp ecificati ons using pro jection algebras. In

, numb er 430 in Lecture Notes in Computer Science, pages 301–339, Berlin, 1990.

Springer V erlag.

37. M. Hennessy

. . The MIT Press, Cambridge, Mas-

sachusetts, 1988.

38. C.A.R. Hoare. . Prentice Hall, London, 1985.

39. H. Hussmann. Rapid prototyping for algebraic sp ecificati ons : RAP system user’s man-

ual. T echnical Rep ort MIP P 8504, University of Passau, 1985.

40. I.S.O. LOTOS – A formal descripti on technique based on the temp oral ordering of

observ ationa l b ehaviour. IS 8807, International Organization for Standardizati on, 1989.

41. G. Kahn. The semantics of a simple language for parallel programming. In J.L.

Rosenfeld, editor, , pages 471–475, Amsterdam, 1974. North-

Holland.

42. S. Kaplan. Algebraic sp ecificatio n of concurrent systems. , 9:90–115, 1989.

43. S. Kaplan and A. Pnueli . Sp ecifica tion and implementati on of concurrently accessed

data. In ,

numb er 247 in Lecture Notes in Computer Science, Berlin, 1987. Springer V erlag.

44. B. Kraemer.

. Oldenb ourg verlag, Munchen, Wien, 1989.

45. K. Lo daya and P

. S. Thiagara jan. A mo dal logic for a sub class of event structures. In

T. Ottmann, editor, , numb er 267 in Lecture Notes in Com-

puter Science, pages 290–303, Berlin, 1987. Springer V erlag.

46. S. Mauw and G.J. V eltink. An intro ducti on to PSF . In J. Diaz and F. Orejas, editors,

, numb er 352 in Lecture Notes in Computer Science, pages

272 – 285, Berlin, 1989. Springer V erlag.

47. S. Mauw and G.J. V eltink. A pro of assistant for PSF. In K. Larsen and A. Skou,

editors, , pages 200 –

211, Aalb org, Denmark, 1991. The University of Aalb org.

48. J. Meseguer. A logical theory of concurrent ob jects. In

, pages 101–115.

ACM, 1990.

49. J. Meseguer. Rewriting as a unified mo del of concurrency

. , 96, 1992.

50. R. Milner. . Numb er 92 in Lecture Notes in

Computer Science. Springer V erlag, Berlin, 1980.

51. R. Milner. . Prentice Hall, London, 1989.

52. R. Milner, J. Parrow, and D. W alker. A calculu s of mobile pro cesses - Part I.

, 1992. To app ear.

53. D. Park. Concurrency and automata on infinite sequences. In ,

numb er 104 in Lecture Notes in Computer Science, Berlin, 1981. Springer V erlag.

54. G. Plotkin . A structural approach to op erational semantics. Lecture notes, Aarhus

University

, 1981.

55. G. Plotkin . An op erational semantics for CSP. In D. Bjorner, editor,

, pages 199–223,

Amsterdam, 1983. North-Holland .

56. A. Pnueli. Applicati on s of temp oral logic to the sp ecification and verification of reactive

systems: a survey of current trends. In , numb er 224

in Lecture Notes in Computer Science, pages 510–584, Berlin, 1986. Springer V erlag.

a

R e c ent T r ends in Data T yp e Sp e cific ation

Petri nets: an intr o duction

TCS

Pr o c e e ding of

POPL Confer enc e

A dvanc es in Petri Nets

Pr o c. 9th ICALP

Line ar Time, Br anching Time and Partial Or der in L o gics

and Mo dels for Concurr ency

Handb o ok of The o-

r et. Comput. Sci.

57. G. Reggio. Entities: an istitutio n for dynamic systems. In H. Ehrig, K.P

. Jantke,

F. Orejas, and H. Reichel , editors, , numb er

534 in Lecture Notes in Computer Science, pages 244–265, Berlin, 1991. Springer V er-

lag.

58. G. Reggio. Event logic for sp ecifying abstract dynamic data typ es. In the same volume,

1992.

59. W. Reisig. . Numb er 4 in EA

TCS Monographs on Theoret-

ical Computer Science. Springer V erlag, Berlin, 1985.

60. W. Reisig. Petri nets and algebrai c sp ecificati on s. , 80:1–34, 1991.

61. B. Thomsen. A calculus of higher-orde r communicating systems. In

, pages 143–154, 1989.

62. P . v an Eijk. T o ols for LOTOS, a Lotosfere overview. Memoranda Informatica 91-25,

Universitei t Twente - F aculteit der Informatica, Enscede, 1991.

63. J. V autherin. Parallel system sp ecificati ons with coloured Petri nets and algebrai c data

typ es. In G. Rozemb erg, editor, , numb er 266 in Lecture Notes

in Computer Science, Berlin, 1987. Springer V erlag.

64. G. Winskel. Event structure semantics for CCS and related languages. In M. Nielsen

and E.M. Schmidt, editors, , numb er 140 in Lecture Notes in Computer

Science, pages 561–576, Berlin, 1982. Springer V erlag.

65. G. Winskel. An intro duction to event structures. In J.W. de Bakker, W.-P

. de Ro ever,

and G. Rozemb erg, editors,

, numb er 354 in Lecture Notes in Computer Science, pages

364–397, Berlin, 1989. Springer V erlag.

66. M. Wirsing. Algebraic sp ecificati ons . In v an Leeuwen Jan, editor,

, volume B, pages 675–788. Elsevier, 1990.

This article was pro cessed using the L T

E

X macro pack age with LLNCS style