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BDL: A Spe
ialized Language

for per-Obje
t Rea
tive Control

Fr�ed�eri
 Bertrand, Mi
hel Augeraud

Abstra
t| The problem of des
ribing the 
on
urrent be-

havior of obje
ts in obje
t-oriented languages is adressed.

The approa
h taken is to let methods be the behavior units

whose syn
hronization is 
ontrolled separate from their

spe
i�
ation.

Our proposal is a domain-spe
i�
 language, 
alled BDL,

for expressing 
onstraints on this 
ontrol and a
tually im-

plementing its enfor
ement. We propose a model where

ea
h obje
t in
ludes a so-
alled \exe
ution 
ontroller," pro-

grammed in BDL. This separates 
leanly the 
on
epts of

what the methods do, the obje
t pro
esses, from the 
ir-


umstan
es in whi
h they are allowed to do it, the 
ontrol.

The obje
t 
ontroller ensures that s
heduling 
onstraints

between the obje
t's methods are met. Aggregate obje
ts


an be 
ontrolled in terms of their 
omponents. This lan-

guage has a 
onvenient formal base. Thus, using BDL ex-

pressions, behavioral properties of obje
ts or groups of in-

teresting obje
ts 
an be veri�ed. Our approa
h allows, for

example, deadlo
k dete
tion or veri�
ation of safety proper-

ties, while maintaining a reasonable 
ode size for the running


ontroller.

A 
ompiler from BDL has been implemented, automati-


ally generating 
ontroller 
ode in an Esterel program, i.e.

in a rea
tive programming language. From this 
ode, the

Esterel 
ompiler, in turn, generates an automaton on whi
h

veri�
ations are done. Then this automaton is translated

into a C 
ode to be exe
uted. This multi-stage pro
ess typ-

i�es the method for su

essful use of a domain-spe
i�
 lan-

guage. This also allows high level 
on
urrent programming.

Keywords| Con
urrent obje
t-oriented programming,


ontrol of behavior, veri�
ation, rea
tive languages.

I. Introdu
tion

T

HE OBJECT-ORIENTED APPROACH to program-

ming has been demonstrated to be well-suited to de-

s
ribe 
omplex systems, primarily be
ause of its me
ha-

nisms for information hiding, aggregation, inheritan
e, and

for the ability to rapidly prototype su
h systems. The

designers of su
h systems have long known of the prob-

lems with supporting the programming of naturally 
on-


urrent systems (su
h as booking systems), that 
annot be

des
ribed well with sequential programming languages [1℄.

So the notion of 
on
urrent obje
t-oriented programming

has arisen naturally.

The main problem that must be addressed in 
on
urrent

programming is the syn
hronization of obje
t methods to

prevent the obje
t from being in an in
oherent state as, for

example, when two 
on
urrent methods modify an obje
t's

attribute without mutual ex
lusion or proper ordering [2, p.

56℄. Some form of 
onstraint on the s
heduling of method

exe
utions is ne
essary to ensure that su
h 
ases do not

o

ur.

The most 
ommon approa
h to obje
t-oriented syn
hro-

nization is to 
ontrol method exe
ution by guards, 
he
ked

at run-time. This approa
h mixes 
ontrol and intrinsi
 pro-


essing 
ode in the same 
ode, a problem for understanding

and maintenan
e.

Previously we have proposed [3℄, [4℄ an ar
hite
ture for

obje
ts disso
iating the pro
essing a
tivity of the obje
t

(a
hieved by methods) from the 
ontrol of the pro
ess.

This model gathers these 
onditions { the guards { in a

dedi
ated stru
ture. This 
onstru
tion improves the main-

tainability of the obje
t by 
entralizing the exe
ution 
ondi-

tions of ea
h method in only one entity (
alled the exe
ution


ontroller). To express the exe
ution 
onditions of meth-

ods and to program this 
ontroller, we have developed a

language named BDL (Behavioral Des
ription Language).

This paper shows how BDL 
an be used to express the 
on-

trol of the behavior of simple obje
ts or groups of obje
ts.

We also des
ribe the BDL implementation based on a re-

a
tive language that allows us to verify properties of BDL

programs.

In se
tion II, we explain the need for 
ontrol of 
on
ur-

rent obje
ts and we present the exe
ution 
ontroller a
hiev-

ing this 
ontrol. The BDL language, used to program this


ontroller, is des
ribed in se
tion III. The semanti
s and

the implementation of BDL are detailed in se
tion IV. In

se
tion V, we show how veri�
ation of an obje
t or a group

of obje
ts 
an be a
hieved. Related work is des
ribed in

se
tion VI. Finally, we 
on
lude in se
tion VII by empha-

sizing the new insights o�ered by this approa
h.

II. The Control Of Obje
t Behavior

In this se
tion, we explain why a 
on
urrent obje
t needs

an exe
ution 
ontrol and we des
ribe the obje
t model in

whi
h the 
ontrol is exer
ised.

A. The Need for Control of Con
urrent Obje
ts

The method exe
ution inside a 
on
urrent obje
t may

depend on whether other methods are or are not a
tive.

For example, if an obje
t has two methods read and write,

it is easy to understand that these methods 
annot be exe-


uted at the same time. Their exe
utions must be mutually

ex
lusive. This is a s
heduling 
onstraint.

We will illustrate this type of 
onstraint using a File

obje
t. The obje
t owns four methods: open, read, 
lose

and write. There are di�erent 
onstraints on the exe
u-

tion of these methods. Let us suppose �rst that the obje
t

is in read-only mode (the write method is not a

essible).

In this 
ase, there are two sorts of 
onstraints: �rst a se-

quentiality 
onstraint between the three �rst methods and

then the read a
tion must be allowed to repeatedly exe
ute

sin
e the obje
t must be permanently able to pro
ess read

requests.

To express these 
onstraints, we have de�ned a set of op-

erators representing the BDL language (see III-A). BDL
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expressions use method names and operators. For exam-

ple, the BDL expression spe
ifying that instan
es have to

exe
ute repeatedly is indi
ated by the \*" operator; the se-

quen
e operator is indi
ated by \;." Exe
ution of methods

open, read and 
lose of a File obje
t may be ruled by

the following BDL spe
i�
ation:

(open ; read ; 
lose)*

A more a

urate spe
i�
ation would allow multiple exe
u-

tions of read:

(open ; read* ; 
lose)*

Now if we allow the �le to be in read-write mode, we 
an

use an ex
lusive exe
ution operator, \|" to 
onstrain read

and write:

(open ; (write | read)* ; 
lose)*

Our work aims to spe
ify and enfor
e s
heduling 
on-

straints between methods. Before des
ribing our approa
h,

we de�ne the 
on
urrent obje
t model upon whi
h the 
on-

trol is de�ned.

B. The Con
urrent Obje
t Model

Con
urrent obje
t-oriented languages may be 
lassi�ed

a

ording to three 
riteria [5℄: the kind of obje
t model

used, intra-obje
t 
on
urren
y 
onstraints, and how inter-

a
tions between obje
ts are des
ribed.

The obje
t model de�nes the relationship between the

stru
tures of exe
ution (threads) and the obje
t paradigm.

There are three main approa
hes.

� the passive approa
h: 
on
urrent exe
ution is indepen-

dent of obje
ts. In this approa
h, threads and obje
ts are

orthogonal 
on
epts. Syn
hronization 
onstru
ts su
h as

monitors in Java [6℄ or semaphores in Smalltalk-80 [7℄ or

guards in Or
a [8℄ must be judi
iously used for syn
hro-

nizing 
on
urrent invo
ations of obje
t methods. In the

absen
e of expli
it syn
hronization, obje
ts are subje
t to

the a
tivation of 
on
urrent requests and their 
onsisten
y

may be violated.

� the a
tive approa
h: all obje
ts are 
onsidered to be \a
-

tive" entities that have 
ontrol over 
on
urrent invo
ations.

The re
eipt of request messages is delayed until the obje
t

is ready to servi
e the request. There are a variety of 
on-

stru
ts that 
an be used by an obje
t to indi
ate what

method invo
ation it is willing to a

ept next. In Pool-

T [9℄ this is spe
i�ed by exe
uting an expli
it a

ept state-

ment. In Rosette [10℄ an enabled set is used for spe
ifying

whi
h set of messages the obje
t is willing to a

ept next.

In other languages su
h as Triveni [11℄ it is spe
i�ed using

an imperative language. The program that is written with

this language represents an abstra
t behavior des
ribing

the intera
tion of the obje
t with its environment.

� the mixed approa
h: both a
tive and passive obje
ts are

provided. Passive obje
ts do not syn
hronize 
on
urrent

requests. An example of su
h a language is Ei�el// [12℄.

The language ensures that passive obje
ts 
annot be in-

voked 
on
urrently by requiring that they be used only

lo
ally within single-threaded a
tive obje
ts.

Intra-obje
t 
on
urren
y 
on
erns the level of 
on
ur-

ren
y inside the obje
ts:

� sequential obje
ts possess a single a
tive thread of 
on-

trol. Obje
ts in Pool-T are examples of sequential obje
ts.

� 
on
urrent obje
ts do not restri
t the number of internal

threads. New threads 
ould be 
reated in di�erent ways.

Thread 
reation 
ould be automati
ally triggered by re
ep-

tion of an exe
ution request or 
ould be 
ontrolled by the

obje
t. In the �rst 
ase the thread is blo
ked until the

a
tivation 
onditions are 
he
ked. In the se
ond 
ase the

thread is 
reated only if the obje
t state allows the exe
u-

tion.

Intera
tion between obje
ts allows the spe
i�
ation of

message sending and re
eiving by obje
ts. We have 
hosen

to follow Meyer's proposition [2, p 71℄ to let the 
all-

ing obje
t be master of the 
all poli
y. So a method 
all

will be able to determine the 
all mode (syn
hronous or

asyn
hronous) and the servi
e mode (immediate servi
e or

normal servi
e

1

). This intera
tion des
ribes the degree of


ontrol that 
an be exer
ised by obje
ts in the 
lient and

server roles. The des
ription of this intera
tion goes be-

yond the s
ope of this paper be
ause we 
on
entrate, in

this paper, on the 
ontrol of intra-obje
t 
on
urren
y, so

the reader is referred to [5℄ for a 
omplete des
ription.

For ea
h of these 
riteria, our 
hoi
es have been sele
ted

with the following aims:

1. to de�ne the obje
t as a self 
ontained entity possessing

its own exe
utive stru
tures;

2. to design an appli
ation as a set of 
ommuni
ating dis-

tributed obje
ts;

3. to improve the 
apa
ity of the obje
t to rea
t. This is

a
hieved in two ways. First, by raising the degree of 
on
ur-

ren
y; therefore we allow a request to be satis�ed as soon

as the state of the obje
t enables it. Se
ondly, we permit

the obje
t to 
ontrol method exe
utions by interrupting or


an
elling their exe
ution.

4. to allow obje
t behavior to be formally veri�ed.

Controlling the obje
t behavior 
onsists of determining,

a

ording to the state of the obje
t, whether the exe
ution

of a method is possible and, in that 
ase, to laun
h this

exe
ution. If the exe
ution is not possible, the request may

be stored or reje
ted following a poli
y determined by the


lient.

We have 
hosen an a
tive obje
t model. This model has

been adopted by a great number of languages on 
on
ur-

rent obje
t-oriented systems su
h as Pool-T, Ei�el// and

Rosette. An a
tive obje
t de
ides, a

ording to the ob-

je
t state, the time when a method exe
ution 
an be run.

The obje
t plays the role of both a 
lient (when it requires

the exe
ution of a method of another obje
t) and a server

(when it exe
utes one of its methods on the request from

another obje
t). Furthermore, this model is well adapted

to the fourth aim: the veri�
ation of the behavior 
ontrol

is easier to a
hieve if the 
ontrol is 
arried out by the ob-

je
t and not an external stru
ture, be
ause the obje
t is a

self-
ontained entity.

In order to raise the 
apa
ity of servi
e, an inter-method


on
urren
y model has been adopted. So every method

1

As soon as possible.
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execution

requests

of methods

thread of

controlexecution

controller

method running

preemption

method

activation

(creation of a thread)

termination

Fig. 1. Ar
hite
ture of a 
on
urrent obje
t with an exe
ution 
ontroller

exe
utes in a separate thread of exe
ution.

Finally the need for veri�
ation of some properties

(safety, liveness) on the behavior 
ontrol of the obje
t is

made easier using a 
entralized 
ontrol, a
hieved by a ded-

i
ated stru
ture on whi
h the veri�
ation is 
arried out.

These properties may be, for example, deadlo
k freeness,

the respe
t of mutual ex
lusion during the exe
utions of

methods 
hanging the obje
t state, or respe
ting the se-

quentiality 
onstraints between these exe
utions. The pre-

vious example of File obje
t has shown that s
heduling


onstraints must be respe
ted. We 
all the entity in 
harge

of this 
ontrol, the exe
ution 
ontroller. Furthermore, this

(per obje
t) 
entralized 
ontrol allows better reuse by a


lear separation between 
ontrol and pro
essing.

C. The Exe
ution Controller

The 
ontroller, depi
ted in �gure 1, has three fun
tional-

ities. The �rst one is related to the exe
ution management.

The 
ontroller 
arries out the 
reation of the thread for ev-

ery method having to be exe
uted and then asso
iates the

method 
ode and the exe
ution thread.

The se
ond one, more 
omplex, 
onsists of syn
hronizing

the exe
ution a

ording to the BDL program. To a
hieve

this fun
tionality, the 
ontroller must, permanently, be

aware of the exe
ution state of methods. Currently the

model of the exe
ution 
ontroller is restri
ted: the 
on-

troller does not use obje
t attributes to manage exe
utions;

the a
tivation 
onditions of a method that uses attributes

are 
he
ked in the method 
ode. This restri
tion is ne
es-

sary to use veri�
ation tools whi
h work using �nite tran-

sition systems.

In fa
t this restri
tion avoids introdu
ing numeri
al data

in the 
ontroller. Be
ause for 
he
king transition systems

tools use �nite stru
ture, the use of numeri
al variables

with in�nite domains is not possible.

The third one 
on
erns the storage of pending requests.

When a request o

urs, and if the obje
t state does not

allow immediate pro
essing, the 
ontroller stores this re-

quest if the 
lient does not request an immediate exe
u-

tion. This request remains stored until the 
ontroller al-

lows the method exe
ution. We 
ould note that a bu�er

over
ow may o

ur if an obje
t re
eives multiple requests

for a method whi
h is not runnable (e.g. multiple requests

for B and none for A in the BDL expression \A ; B"). In

this 
ase, the 
ontrol me
hanism may dete
t this over
ow

and sends a message indi
ating this problem ba
k.

III. Programming Controllers With BDL

In the previous examples, we have used operators to

spe
ify s
heduling 
onstraints 
on
erning method exe
u-

tions. These operators allow the 
onstru
tion of BDL ex-

pressions whi
h spe
ify s
heduling 
onstraints.

A. The Operators of the BDL Language

In BDL, there are only two types: method identi�ers

and s
heduling operators. A BDL term 
orresponds either

to a method identi�er or to one (or two a

ording to the

arity of the operators) term and one operator. These op-

erators are adapted from the asyn
hronous rea
tive lan-

guage Ele
tre [13℄. As in Ele
tre the operators are all

fundamental and none 
an be realized by a 
ombination

of the others. Following is the BNF syntax for BDL:

T ::= T * { repetition

j T ; T { sequentiality

j T ||| T { weak parallelism

j T || T { strong parallelism

j T | T { mutual ex
lusion

j T ^ T { weak preemption

j T / T { strong preemption

j ( T ) { parenthesis

j method identi�er { method identi�er

We explain the language by giving an intuitive semanti
s

of the operators (the formal semanti
s are des
ribed in the

appendix):

� a unary repetition operator, denoted by \*," indi
ates

that the 
ontrol spe
i�ed by the term works inde�nitely;

� a binary sequentiality operator, denoted by \;," indi
ates

that the left term must be exe
uted before the right one;
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� two binary parallelism operators indi
ate that the two

terms (left and right) 
an be exe
uted at same time. In

that 
ase, we 
onsider two types of parallelism:

{ so-
alled weak parallelism, denoted by \|||," express-

ing a possibility : the 
on
urrent stru
ture may be ended

when a term has a
hieved its exe
ution and the other has

not started yet;

{ so-
alled strong parallelism, denoted by \||," express-

ing a ne
essity : the 
on
urrent stru
ture is ended only

when both terms have a
hieved their exe
ution.

� a binarymutual ex
lusion operator, denoted by \|," indi-


ates that exe
utions of both terms are mutually ex
lusive;

� a binary priority operator, denoted by \#," indi
ates that

if an exe
ution request o

urs for one of the methods in

the right term, then the exe
ution requests for methods

in the left term are no longer satis�ed (and they will be

stored). However, the exe
ution of methods in the right

term is subordinated to the termination of all the methods

being exe
uted in the left term. In this 
ase, when no

method of the left term is being exe
uted and a request

for a method of the right term o

urs, then this one is

immediately satis�ed;

� two binary preemption operators indi
ating that the ex-

e
ution of the left term 
an be stopped by the beginning of

the exe
ution of the right term. We 
onsider both following

preemption types:

{ so-
alled weak preemption, denoted by \^": the exe
u-

tion of the preemptive stru
ture (right term) 
an take pla
e

only during the exe
ution of the preempted stru
ture (left

term);

{ so-
alled strong preemption, denoted by \/": the exe-


ution of the preemptive stru
ture is required even if the

preempted stru
ture has terminated its exe
ution.

� all these operators have the same pre
eden
e level, so

parenthesis 
ould be used to modify this pre
eden
e.

Among these operators, the most 
omplex is 
ertainly

the priority operator. We will illustrate its semanti
s by


onsidering the File obje
t (
f. II-A) again. The previous

spe
i�
ation was:

(open ; (write | read)* ; 
lose)*

This spe
i�
ation introdu
es an unwanted behavior due to

the semanti
s of the \*" operator whi
h 
orresponds to an

endless exe
ution. Therefore 
lose will never be exe
uted.

The use of preemption is inappropriate be
ause it is too

\rough." We wish to leave the reading (or writing) run-

ning until the end before 
losing the �le by using a priority

operator whi
h allows the spe
i�
ation of this type of 
on-

trol:

(open ; (write | read)* # 
lose)*

Now, when re
eiving an exe
ution request for 
lose, it is

exe
uted immediately if read (or write) is not running.

Otherwise requests for the two methods are not satis�ed

any longer and 
lose starts as soon as one of the two meth-

ods terminates.

BDL operators enable one to easily des
ribe di�erent

poli
ies of use. A fair poli
y between both modes:

(open ; (write | read)* # 
lose)*

or then give priority to reading:

(open ; (write # read)* # 
lose)*

or writing:

(open ; (read # write)* # 
lose)*

In our 
urrent obje
t ar
hite
ture, ea
h obje
t of a 
lass

has a 
ontroller de�ned at 
lass level. However, this 
on-

troller 
an be repla
ed by a new 
ontroller whose interfa
e

is 
ompatible with the previous one. We use this fa
ility in

the 
ase of aggregate obje
ts where the individual 
ontrol of


omponents is 
hanged to a global 
ontrol of 
omponents.

The 
ontroller, ensuring this global 
ontrol, is bound to the


omponent's obje
ts.

B. Examples of BDL Programs

We give two examples of BDL programs with an obje
t

and a group of obje
ts.

In the �rst example we illustrate the need for preemp-

tion using an elevator tru
k. This obje
t has �ve methods:

init, m on, m ba
k, m up, m down and stop. The init

method des
ribes the initial position of the tru
k and must

be exe
uted before the four others. Methods allowing the

tru
k to move along the same axis (left/right and up/down)

must have mutually ex
lusive exe
utions but the movement

may be simultaneous along both of them. At last, if ne
-

essary, the tru
k 
an stop any movement by invoking the

stop method. The mutual ex
lusion (operator \|") of a

movement along the same axis is expressed by:

m on | m ba
k and m up | m down

Possible parallel exe
ution (operator \|||") is expressed

by:

(m on | m ba
k) ||| (m up | m down)

The preemption (operator \/") is 
arried out by the stop

method by:

((m on | m ba
k) ||| (m up | m down)) / stop

Finally the global spe
i�
ation is:

init ;

((m on | m ba
k) ||| (m up | m down))

/ stop

In the se
ond example, the 
ontrol of the behavior of

a group of obje
ts (or aggregate) is a
hieved by using the

behavior 
ontrol for ea
h obje
t as a pattern. To illustrate

how the behavior 
ontrol of an aggregate 
an be de�ned,

we use a simple video player [14℄ with four fun
tions: load

a tape, play a tape, stop playing and eje
t a tape. The

video player (VideoPlayer obje
t) has two 
omponents: a

motor (Motor obje
t) and an eje
t me
hanism (Eje
tMe
h

obje
t). The Motor obje
t has two methods: play and

stop. The Eje
tMe
h obje
t has two methods too: load

and eje
t.

The behavior 
ontrol of the Motor obje
t 
an be ex-

pressed by the following BDL 
ode, where the operator

\^" means the exe
ution of play method 
ould be stopped

by the exe
ution of stop method:

(play ^ stop)*

and the one of the Eje
tMe
h by:

(load ; eje
t)*



5

When we aggregate a Motor instan
e and an Eje
tMe
h

instan
e to build the VideoPlayer obje
t, the behavior


ontrol of the VideoPlayer 
an be expressed by:

(load ; (play ^ stop)* # eje
t)*

One 
an noti
e in this 
ode that hiding the method identi-

�ers of one of the two obje
ts produ
es the 
ontrol 
ode for

the other. This sort of aggregation (
alled aggregation with

hiding) 
onforms to the prin
iple de�ned by Hartmann et

al. [15℄. This prin
iple states that the behavior of an aggre-

gate restri
ted to the methods of a 
omponent obje
t must

give the behavior of this 
omponent. Currently the 
om-

position between these di�erent 
ontrols of ea
h obje
t is

done by hand but we are working to de�ne rules managing

automati
ally this 
omposition.

In the next se
tion, we des
ribe the 
hoi
es that have

been made in the implementation of BDL.

IV. Semanti
s of BDL

A. An Event-Based Semanti
s

The notion of event is well suited to highlight the di�er-

ent steps in the pro
essing of exe
ution requests. These re-

quests are 
aught by the 
ontroller as arrival events. These

events represent requests either from other obje
ts or from

the obje
t itself. It must be noted that, in our model,

these events o

ur at distin
t instants and are separately

re
eived (one by one) by the 
ontroller. This distin
tion

allows one to model distributed obje
ts more easily. The

exe
utions triggered by the 
ontroller 
an be 
onsidered as

rea
tions to these arrival events. The exe
ution is trig-

gered by the emission of a start event towards the runtime

system. A termination event informs the 
ontroller of the

end of exe
ution.

When a method is 
alled, what happens on the 
lient

obje
t side must be also 
onsidered. The exe
ution request

is modeled by a 
all event and on
e the method is 
orre
tly


arried out, a return event is sent ba
k to the 
alling obje
t.

call

return

start

arrival

term

client object server object

Fig. 2. The events in the lifespan of a method invo
ation

Figure 2 des
ribes an event sequen
e happening when

an obje
t (
lient) requests the exe
ution of a method from

another obje
t (server).

In the 
alled obje
t, the arrival event is distin
t from

the start event; the 
ontroller handles the arrival event

and emits the start event for the a
tual method only if the

method exe
ution meets the s
heduling 
onstraints. The

distin
tion between start and term events introdu
es the

notion of duration for an exe
ution. This model of exe
u-

tion is also present in [16℄ under the name SOS (Servi
e

Obje
t Syn
hronisation).

B. Using an Automaton as Target Code

From a theoreti
al point of view, a BDL program ensures

a 
orre
t event tra
e. An automaton is a well-known stru
-

ture to a

omplish this. For example, the BDL program

(open ; read* # 
lose)


ould be represented by the automaton of �gure 3. On this

automaton, the \?" symbol means an event re
eption, \!"

means an event emission. The \+" symbol indi
ates an

ex
lusive 
hoi
e between several transitions.

Using an automaton as target 
ode for BDL presents the

following advantages:

� eÆ
ien
y : an automaton des
ribed in a programming

language produ
es fast exe
utable 
ode. This eÆ
ien
y

is important be
ause this 
ode is often exe
uted and the

obje
t must qui
kly respond to an exe
ution request;

� proofs : the automata are mathemati
al stru
tures on

whi
h many veri�
ation tools have been developed.

C. From BDL Program to an Automaton

It is possible to produ
e an automaton from a BDL pro-

gram but a great part of this work is already done (and

applied to 
riti
al systems) by a family of languages named

rea
tive languages.

Rea
tive languages have been designed to program re-

a
tive systems. A rea
tive system [17℄ is de�ned as rea
t-

ing instantaneously to events re
eived 
ontinually from the

environment by emitting events towards it. The system

does not 
ompute or 
arry out a fun
tion but maintains a

balan
e with its environment. That is: maintains a rela-

tionship between its inputs and outputs as time goes past.

Most of real-time systems su
h as 
ontrol or signal pro-


essing systems and 
ommuni
ation proto
ols are rea
tive.

Software implementation of these systems has led to a fam-

ily of languages, 
alled rea
tive, for example Esterel [18℄,

State
harts [19℄ and Ele
tre [13℄. Due to the 
riti
al aspe
t

of the systems implemented, these languages have a math-

emati
al semanti
s allowing formal veri�
ation of proper-

ties on the behavior of these systems. Compilers of rea
tive

languages produ
e an automaton used both by veri�
ation

tools to verify properties and by translators to generate a

C (or Ada) 
ode implementing the automaton.

In a previous se
tion (see IV-A), we have shown the

method exe
ution 
ould be represented by a sequen
e of

events, the 
ontroller managing this sequen
e. Thus the


ontroller behaves as a rea
tive system.

D. The Esterel Language

We 
hoose to use the syn
hronous rea
tive language Es-

terel [18℄ for it o�ers high level 
ontrol stru
tures and, on

the other hand, it is interfa
ed with di�erent veri�
ation

tools. Though its exe
ution mode is syn
hronous (simul-

taneous per
eption of several events) we use it in an asyn-
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Fig. 3. The automaton of the BDL program (open ; (read* # 
lose))*


hronous way to des
ribe the working of the exe
ution 
on-

troller. The per
eption of events is restri
ted to only one

event per instant.

Esterel is a syn
hronous imperative language. A qui
k

introdu
tion to Esterel semanti
s 
an be found in [20℄. A

program in Esterel 
onsists of a 
olle
tion of intera
ting

modules. A module has an interfa
e that de�nes its in-

put and output signals and a body that is an exe
utable

statement.

There are two basi
 
omposition operators: the parallel


omposition operator \||" and the sequential 
omposition

operator \;." In a parallel statement, all 
omponents are

a
tivated simultaneously; the parallel statement terminates

instantaneously when both 
omponents have terminated.

Intera
tions between modules takes pla
e through the

use of \signals." A signal may 
arry a value. O

urren
es of

signals that are emitted by a program's environment (input

signals) are the only 
auses for the program to rea
t. Input

signals 
orrespond to input events from the model of 
on-

troller. An Esterel program rea
ts instantaneously to the

re
eipt of input signals by emitting output signals towards

its environment. Output signals 
orrespond to the a
ti-

vation events from our model. A program may also emit

and re
eive internal signals, used for inter-module 
ommu-

ni
ation within the program itself. Internal signals are not

visible to the environment.

Two assumptions are made on signals:

� signals are broad
ast within the program (ie. ea
h mod-

ule in the program re
eives all signals);

� signals are re
eived instantaneously by all modules in the

program.

An Esterel program does not have an asso
iated 
lo
k.

The syn
hrony hypothesis (rea
tion takes no time) 
ou-

pled with signal assumptions allows a rigorous pro
essing of

multi-form time. Time 
an be handled as an ordinary sig-

nal (\
lo
k signals"); any signal de�nes a parti
ular 
lo
k.

E. De�ning BDL Semanti
s from Esterel Operators

In BDL some operators have a dire
t equivalent Esterel

operator as \*," \;," \||" operators, while the de�nition

of \|||," \|," \#," \/," \^" operators requires a sequen
e

of Esterel statements. For a detailed des
ription (and dis-


ussion) of the translation of ea
h operator, the reader is

referred to [21℄.

Several attributes are involved in the translation of BDL

operators requiring a sequen
e of Esterel statements. One

of them, whi
h plays a major role, is dis
ussed in the fol-

lowing.

The RTS (Ready To Start) attribute is 
al
ulated on

ea
h BDL term T giving the name of the methods ready

to be exe
uted. The rules of a 
al
ulus for this attribute

are the following ones:

RTS(m) = fmg

RTS (T*) = RTS(T )

RTS (T

1

op T

2

) = RTS(T

1

) if op 2 f;g

RTS (T

1

op T

2

) = RTS(T

1

) [RTS (T

2

)

if op 2 f|; ||; |||; #; ^; /g

For example, RTS (((A ; C) | (B ; D))) = fA,Bg.

For ea
h BDL term of the form \T

1

op T

2

," where the

operator has not a dire
t equivalent Esterel operator, 
or-

responds an Esterel \template" in
luding an Esterel state-

ment set de�ning the semanti
s of the operator. We present

the translation of these BDL operators and the asso
iated

template.
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For the weak parallelism operator, we have the following

template:

trad(T

1

||| T

2

) !

trap T_EXIT in

signal TERMINATED in

trad(T

1

);

emit TERMINATED

||

abort

await TERMINATED do exit T_EXIT end

when immediate [

_

m 2 RTS(T

2

)

START_m ℄

end signal

||

signal TERMINATED in

trad(T

2

);

emit TERMINATED

||

abort

await TERMINATED do exit T_EXIT end

when immediate [

_

m 2 RTS(T

1

)

START_m ℄

end signal

end trap

Be
ause of the semanti
s of \|||" operator, when a

bran
h terminates whereas the other bran
h has not yet

started, an expression su
h as \T

1

||| T

2

" terminates

(ea
h term T

i

may be 
omposed re
ursively by other BDL

terms). Disjun
tion between all the di�erent START m

events 
orresponds to di�erent possibilities of exe
utions

of m methods. So, in the Esterel 
ode, at the end of ea
h

bran
h trad(T

i

), a TERMINATED event (lo
al to ea
h signal

statement) is emitted. The TERMINATED event throws the

T EXIT ex
eption only if a START event (belonging to RTS

set) 
on
erning a method of the other bran
h has not yet

been emitted. This is done by the Esterel preemption op-

erator (abort ... when).

Translation of the mutual ex
lusion operator is based on

a sele
tion 
orresponding to the following template:

trad(T

1

| T

2

) !

await


ase immediate [ (

_

m 2 RTS(T

1

)

ARRIVAL_m ) ℄

do

trad(T

1

)


ase immediate [ (

_

m 2 RTS(T

2

)

ARRIVAL_m ) ℄

do

trad(T

2

)

end await

To determine whi
h method will be exe
uted we use a

sort of \swit
h" statement represented by the Esterel op-

erator \await 
ase ... end." As in the translation of

the BDL weak parallelism operator, the disjun
tion 
orre-

sponds to the 
hoi
e o�ered by the di�erent methods, ready

to start, in
luded either in T

1

or in T

2

.

In the translation of the priority operator, we are fa
ed

with the problem of waiting for the running methods in-


luded in T

1

. This waiting is representing by the test

\present ... then." This test must be present for ea
h

method identi�er of T

1

and we put in parallel these di�er-

ent tests be
ause, a priori, we do not know when the TERM

event will o

ur:

trad(T

1

# T

2

) !

abort

trad(T

1

)

when immediate [

_

m 2 RTS(T

2

)

ARRIVAL_m ℄

do

||

m

0

2 MET (T

1

)

present ACTIVE_m

0

then

await TERM_m

0

await DONE_m

0

end

end abort;

trad(T

2

)

The translation of BDL preemption operators is similar

to the previous one. The di�eren
e is that one must emit

a STOP event instead of waiting for a TERM event. For ea
h

running method, this STOP event must trigger the preemp-

tion of the method. Then, after the preemption sequen
e,

the translation of T

2


ould be exe
uted. This semanti
s

gives the following template:

trad(T

1

^ T

2

) !

abort

trad(T

1

)

when immediate [

_

m 2 RTS(T

2

)

ARRIVAL_m ℄

do

||

m

0

2 MET (T

1

)

present ACTIVE_m

0

then

emit STOP_m

0

end

;

trad(T

2

)

end abort

For the strong preemption operator, there is only one


hange: the translation of T

2

is always exe
uted even if the

translation of T

1


ompletes without abortion.

trad(T

1

/ T

2

) !

abort

trad(T

1

)

when immediate [

_

m 2 RTS(T

2

)

ARRIVAL_m ℄

do

||

m

0

2 MET (T

1

)

present ACTIVE_m

0

then

emit STOP_m

0

end

end abort;

trad(T

2

)

If the term T only 
onsists of a method identi�er then

we use this template:

trad(m) ! run EXEC_METHOD [ signal ARRIVAL_m/ARRIVAL_,

START_m/START_,

TERM_m/TERM_,

DONE_m/DONE_ ℄

For this template, we use a feature of Esterel that allows
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us to reuse a module with renaming of its signals. The

EXEC METHOD module has the following form:

module EXEC_METHOD:

input ARRIVAL_, TERM_;

output START_, DONE_;

await immediate ARRIVAL_;

emit START_;

await TERM_;

emit DONE_

end module

F. Esterel Ar
hite
ture of the Translation of a BDL Pro-

gram

An overview of Esterel ar
hite
ture of the translation of

a small BDL program managing two methods (A / B) is

represented in �gure 4.

STOP_A

START_B

DONE_A

DONE_B

START_A

BEHAVIOR

METHOD

HANDLER

METHOD

HANDLER ARRIVAL_B

TERM_A

TERM_B

 REQUEST_A

STOP_A
ACTIVE_A

ACTIVE_B

ARRIVAL_A

START_FAILED_A

START_FAILED_B

 REQUEST_B

Fig. 4. Esterel ar
hite
ture of the translation of a BDL program

managing two methods

Ea
h method managed by the exe
ution 
ontroller needs

a METHOD HANDLER module re
eiving requests (REQUEST

event 
orresponding to the arrival event on �gure 2) and

storing the exe
ution state of the method (exe
ution is in-

di
ated by the emission of a 
orresponding ACTIVE event).

The request is then transmitted (ARRIVAL event) to the

BEHAVIOR module. If the method 
an be exe
uted then a

START event is emitted and this emission goes on at every

instant until the re
eption of the TERM event. Otherwise a

START FAILED event is emitted.

In the exe
ution 
ontroller, in �gure 4, there is only one

BEHAVIOR module representing the de
ision stru
ture. The

BEHAVIOR module implements the BDL program using Es-

terel templates des
ribed in the previous se
tion (IV-E).

We have implemented a BDL 
ompiler 
arrying out the


ompilation of the BDL program into Esterel 
ode and also

building the Esterel main module representing the automa-

ton.

The Esterel 
ompiler allows one to get a �nite state au-

tomaton represented by boolean equations (Blif

2

format)

that is translated into C by a postpro
essor. This format

allows an impli
it representation (more 
ompa
t than an

expli
it one) of an automaton. Another advantage o�ered

by this format is its use as input format for several a
a-

demi
al veri�
ation tools.

G. Implementing a Con
urrent Obje
t with an Exe
ution

Controller

The implementation of 
on
urren
y in the rea
tive ob-

je
t model relies on the use of the lightweight pro
esses

library C Threads [23℄ built on the Ma
h operating sys-

tem [24℄. The 
reation of a rea
tive obje
t requires the


reation of a pro
ess holding at least a lightweight pro
ess.

The aim of this pro
ess is to ensure the obje
t 
ontrol by

re
eiving the exe
ution requests and by exe
uting the ex-

e
ution 
ontroller 
ode. Ea
h method exe
ution gives way

to the 
reation of a lightweight pro
ess.

The obje
t-oriented language used is C++ [25℄. When


reating an obje
t, the 
onstru
tor 
all involves the 
re-

ation of a pro
ess bound to a 
ommuni
ation port. The ob-

je
t is registered to a name server (fun
tionality o�ered by

Ma
h fa
ilitating obje
t distribution), and the lightweight

pro
ess ensuring the obje
t 
ontrol is a
tivated. These

me
hanisms are gathered in a Rea
tiveObje
t 
lass whi
h

every rea
tive obje
t must inherit.

The implementation of rea
tive obje
ts is divided into

three steps. The �rst step is building the automaton from

a BDL program. The se
ond one is the building of the


ontroller implementation whi
h is obtained by linking the


ode of the automaton to the 
ode dedi
ated to method

a
tivation and request memorization. The last one 
onsists

of linking the exe
ution 
ontroller 
ode with the 
ode of the

obje
t and with the 
ode ensuring thread management and


ommuni
ation between rea
tive obje
ts. Figure 5 depi
ts

these di�erent steps.
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 5 station with g
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File.bdl

BDL code describing

the control of behavior

of the File object class

binary code of a

reactive File object

File.h, File.C

C++ code of the

File object class

File_EC.c

C code of the

behavior control

File.strl

ESTEREL code

C++

compiler

ReactiveObject.a

thread management and

communication library

ESTEREL

compiler

BDL

compiler

EC.oc

ESTEREL precompiled code

for Execution Controller

Fig. 5. Development steps of a rea
tive File obje
t

The size of the generated automata obviously varies a
-


ording to the 
omplexity of BDL expressions. Figure 6

shows the results obtained for a di�erent number of meth-

ods in parallel. This �gure underlines the linear growth of

automata obtained with by the Esterel 
ompiler. From the

version 4, this 
ompiler generates an impli
it des
ription of

an automaton using boolean equations and so it avoids the


ombinatory blow-up of expli
it des
ription.

In the 
urrent version, every obje
t has its own 
on-

troller, whi
h is a program using a variable size automaton.

This is a problem for implementation of large appli
ations

where the number of rea
tive obje
ts handled is signi�
ant.

Nevertheless, in a new implementation, this problem will

be solved by using only one 
ontroller for every obje
t 
lass.

The rea
tive s
ript then a
ts as a server to whi
h the in-

stan
es submit their 
urrent state and the re
eived event.

In response, the automaton sends ba
k the new state and

the events to emit.

V. Verifi
ation of The Control Behavior

Veri�
ation is an important step in the implementation

of an obje
t. Obje
t-oriented programming is 
on
erned

with reuse: an obje
t designed for an appli
ation may be

reused in other appli
ations. To avoid an error in the design

of an obje
t being propagated to several appli
ations, it is

important to ensure that this obje
t is working 
orre
tly.

By working 
orre
tly, we mean that the obje
t must be

able to serve exe
ution requests of methods permanently

as well as respe
ting the 
ontrol spe
i�
ation of its behav-

ior. To ensure these spe
i�
ations, the 
ontrol of obje
t

behavior must verify two sorts of properties [26℄:

� safety properties, whi
h assert that the program does not

do something bad.

� liveness properties, whi
h assert that the program does

eventually do something good.

We will illustrate the veri�
ation of safety properties

with a well-known obje
t: a mi
ro-wave oven. This obje
t

is a 
ompound of two obje
ts: a Gate and a MWGenerator

(mi
ro-wave generator). The behavior 
ontrol of the Gate

obje
t is the following:

(open ; 
lose)*

and that of the MWGenerator is:

(on / off)*

where the on method has a 
ontinuous a
tion (mi
ro-wave

emission) and must be stopped by preemption. The be-

havior 
ontrol of the aggregate 
an be de�ned as:

((on / off) | (open ; 
lose))*

In this program, when the oven is working, we must stop

it before opening the door. The safety property to verify

this 
ould be expressed by: \When the door is opened, the

MWGenerator is not on." To verify this property, we will

sear
h a path in the automaton where open starts and,

before open terminates, on 
ould start. If this situation

o

urs the previous property is violated. This property


an be expressed in Esterel. Figure 7 shows this 
ode.

await


ase immediate START_open do

abort

await START_on do

emit PROPERTY_VIOLATED

end

when TERM_
lose


ase immediate START_on do

abort

await START_open do

emit PROPERTY_VIOLATED

end

when [TERM_on or STOP_on℄

end await

Fig. 7. The Esterel 
ode for the observer of the safety property
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tautautautautautautautautautautautautautautautautau

tautautautautautautautautautautautautautautautautau

#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close#TERM_close

?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close?TERM_close

tautautautautautautautautautautautautautautautautau tautautautautautautautautautautautautautautautautau

!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open!STOP_on.!START_open

tautautautautautautautautautautautautautautautautau

!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on!STOP_on

!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open!START_open

!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on!START_on

tautautautautautautautautautautautautautautautautau

tautautautautautautautautautautautautautautautautau
tautautautautautautautautautautautautautautautautau

tautautautautautautautautautautautautautautautautau

Fig. 8. The minimized automaton for the safety property veri�
ation

This sort of program is named observer and it 
at
hes

misbehaviors and property violations for the program to

verify. Observer is then put in parallel with the pro-

gram under analysis. Model-
he
king 
onsists simply

of verifying the status of the observer events (su
h as

PROPERTY VIOLATED). Users 
an dire
tly write observers by

hand in Esterel (as in this example). However, there exists

a tool 
alled TempEst [27℄ o�ering a (linear time) temporal

logi
 to express properties. This tool provides a translator

from logi
 formulae into Esterel observer programs.

To verify properties on the resulting automaton (pro-

gram + observer), we use the Xeve veri�
ation tool [28℄

developed in INRIA

4

. This tool provides two veri�
ation

fun
tions:

1. The minimization of the number of states of an automa-

ton with respe
t to an equivalen
e 
alled bisimulation. This

minimization is done modulo input and output event hid-

ing.

2. The other is the 
he
king of the emission status of out-

put events. The 
he
king is made on the sele
ted output

signals, modulo �xed or hidden input events.

The analysis of the automaton with Xeve shows that

the PROPERTY VIOLATED event is never emitted; thus the

safety property is veri�ed.

Another, more illustrative, way to demonstrate this

property is never violated, is to minimize the automa-

ton in hiding the events not dire
tly 
on
erned by the

property. The minimized automaton is depi
ted by �g-

ure 8. When we look at this automaton, we see that

there is no path where a transition triggered by an o
-


urren
e of START open is followed by a START on transi-

tion without a TERM 
lose transition between the two (the

� -transitions stand for internal a
tions resulting from hid-

ing some events). Symetri
ally, there is no path where a

START on transition is followed by a START open transition

without a STOP on (be
ause on is an endless method) be-

tween them.

4

The Fren
h National Institute for Resear
h in Computer S
ien
e

and Control { Fran
e.

await immediate START_on;

abort

await REQUEST_open;

present [not START_open or not STOP_on℄ then

emit PROPERTY_VIOLATED

end

when [TERM_on or STOP_on℄

Fig. 9. The Esterel 
ode for the observer of the liveness property

Con
erning a liveness property we 
ould verify: \When

the oven is working, a request to open the door will be even-

tually satis�ed." This property 
ould be veri�ed by another

observer. The Esterel 
ode is listed in �gure 9.

We make the hypothesis that the request must be imme-

diately satis�ed. The veri�
ation shows that this property


ould be violated when a request o

urs during the time

that the on method is a
tive be
ause the off method must

be exe
uted beforehand. This new BDL program �xes the

problem:

((on / (off | (open ; 
lose))))*

Another example of liveness properties is the deadlo
k

dete
tion. We must ensure that no sequen
e of exe
ution

requests leads to a deadlo
k.

For example, let us take an obje
t having two methods

met

1

and met

2

, the behavior 
ontrol of whi
h is spe
i�ed

by the following expression

(met

1

||| met

2

)*

On the other hand, let us 
onsider the met

1

method 
alling

met

2

during its exe
ution.

If met

2

is the �rst method being exe
uted, a deadlo
k

may appear if, during the exe
ution of met

2

, the exe
ution

of met

1

starts. The exe
ution of met

1

needs to exe
ute a


all of met

2

. As met

2

is being exe
uted, met

1

must wait

for the end of the 
urrent exe
ution of met

2

to know if its

request is satis�ed. However, when met

2

is terminated, it

is no longer ready for exe
ution

(met

1

||| met

2

)* =

(met

1

||| met

2

) ; (met

1

||| met

2

)*

So the exe
ution request for met

1


annot be satis�ed any

longer and somet

1


annot a
hieve its exe
ution. That leads

to the 
ase when neither of these methods 
an be exe
uted

any longer.

Be
ause of our approa
h this problem 
an be dete
ted

formally. If we are able to stati
ally determine the 
all

graph of the methods of an obje
t, it is then possible to

build Esterel modules expressing this information. These

modules are 
ompiled with the module representing the

exe
ution 
ontroller to generate an automaton on whi
h it

is possible to determine deadlo
k states. These modules

\simulate" the exe
ution of a method and 
ommuni
ation

between methods may be introdu
ed to allow veri�
ation.

The automaton, on whi
h the veri�
ation is 
arried out,

is obtained after 
ompiling an Esterel simulation module


omposed of a 
ontroller module and modules representing

the exe
ution of every method managed by the 
ontroller.

For this simulation module, the start and term events are
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onsidered as internal events (to the obje
t) and so are

not visible in the interfa
e of the simulation module. This

interfa
e takes as inputs the request events 
orresponding

to the methods managed by the exe
ution 
ontroller and

the done events of 
alled methods. The done events of the

methods managed by the 
ontroller and the request events

of the 
alled methods are outputs.

This modular ar
hite
ture allows a modular approa
h to

veri�
ation by 
he
king 
orre
tness at the obje
t level. In

assembling the simulation modules of several obje
ts it is

possible to 
he
k the 
orre
tness of the behavior of a group

of obje
ts.

VI. Related Work

Many e�orts in 
on
urrent obje
t-oriented languages

have been related to the area of the 
ontrol of 
on
urren
y.

Nevertheless as far as we know few have used a rea
tive

model to des
ribe the exe
ution 
ontrol in an obje
t. Pro-


ess syn
hronization has been well studied and several syn-


hronization patterns have been de�ned su
h as lo
k prote
-

tion, barrier syn
hronization, 
onditional waits. E�orts in

this area asso
iate well-known syn
hronization me
hanisms

with obje
t-oriented programming, keeping the bene�ts of

obje
t-oriented features. An implementation goal is to set


on
urren
y 
ontrol me
hanisms orthogonal to other lan-

guage properties. Works on this topi
 have been motivated

essentially by the three main following issues:

1. It should be possible to design 
on
urrent obje
t-

oriented appli
ations by reusing 
omponents.

2. Con
urren
y should not interfere with other language


onstru
ts.

3. Parameterize 
on
urren
y to allow an answer to requests

depending not only on the internal state of the obje
t.

At this point we 
an re
ognize that resear
hers have

studied syn
hronization problems using two di�erent ap-

proa
hes to integrating obje
ts and 
on
urren
y.

A. Introdu
ing Syn
hronization in Obje
t-Oriented Con-


urrent Languages

Con
urren
y in obje
t-oriented languages has been

a
hieved using two 
lasses of te
hniques (for more details

see [29℄): by extending 
lassi
al obje
t-oriented languages

with 
lass libraries to allow 
on
urren
y | appli
ative ap-

proa
h | or by extending obje
t programming 
on
epts

with 
on
urren
y abstra
tions | integrated approa
h.

A.1 Appli
ative Approa
h

The �rst approa
h has been followed to allow 
on
ur-

ren
y in Smalltalk-80 [7℄ where the basi
 syn
hronization

primitive is represented by the Semaphore 
lass. Using this

approa
h new abstra
t syn
hronization features 
an be de-

�ned. B. Meyer in [2℄ propose to extend Ei�el with a

minimal number of new me
hanisms.

Taking advantage of the 
lass fa
ilities, libraries have

been designed to support more abstra
t me
hanisms su
h

as in A
talk [30℄.

A.2 Integrated Approa
h

The se
ond approa
h (integrated) is based on the idea

that obje
ts are 
ode servers whi
h will a

ept or delay

exe
ution of methods. As there exist similarities between

obje
t and pro
ess [2℄ two approa
hes have been followed:

� an obje
t is an a
tive entity with its own message queue

and thread of 
ontrol | a
tive obje
t model;

� in the se
ond, a
tivities are orthogonal to obje
ts and

syn
hronization is asso
iated to method a
tivation.

In the �rst 
lass of languages the thread integrated to

ea
h obje
t re
eives and servi
es in
oming requests. This


lass in
ludes a
tor languages [30℄, [31℄, [32℄ and should be

extended with agents [33℄. Syn
hronization is provided by

the private a
tivity of the obje
t. This a
tivity may 
onsist

of an impli
it program managing the input request queue

su
h as in A
tor [32℄ or an expli
it program su
h as the

body in Pool-T [9℄.

In the se
ond approa
h, the obje
t model has been mod-

i�ed to in
orporate me
hanisms allowing syn
hronization


ontrol. So in Guide [34℄ an obje
t may be asso
iated with

a set of a
tivation 
onditions that spe
ify whether or not

a method may be exe
uted by a thread. But threads are

exe
ution units distin
t of obje
ts whi
h are passive. Most

of the languages in this model allow multiple threads to ex-

e
ute in an obje
t at the same time. In Hybrid [35℄ \units

of 
on
urren
y" 
alled domains are de�ned as groups of

obje
ts in whi
h at most one thread 
an be a
tive.

B. Te
hniques Used to Introdu
e Intra-Obje
t Syn
hroniza-

tion in Obje
t-Oriented Languages

B.1 Syn
hronization Abstra
tions

Di�erent 
ontrol abstra
tions of 
on
urren
y are used in


on
urrent obje
t-oriented languages. We 
an distinguish

�ve main me
hanisms:

� the me
hanisms based on the syn
hronization 
ounters

developed by Robert and Verjus [36℄ in whi
h the ex-

e
ution state of methods is determined by updating a set

of three 
ounters arrival, start, and term. These 
ounters

are mainly used in guards: 
onditions asso
iated to the

a
tivation of a method. We �nd these 
ounters again in

di�erent languages su
h as Guide [34℄ or Dragoon [37℄. If

the approa
h has a great power of expression, using it is

still diÆ
ult owing to its 
omplexity.

� the path expressions [38℄ use a notation derived from reg-

ular expressions to spe
ify syn
hronization 
onstraints. We

�nd these expressions in Pro
ol [39℄. These expressions

have in
uen
ed the designers of Ele
tre too and thus indi-

re
tly the BDL operators.

� a delay queue atta
hed to a method whi
h may be ex-

pli
itly 
losed and opened (Hybrid [35℄)

� in Ei�el// [12℄ there exists a spe
ial method ensuring the

request pro
essing. This method presents many similarities

with our exe
ution 
ontroller. However our approa
h has

a management 
omponent of the intra-obje
t 
on
urren
y

and is supported by a formal model.

� in the enabled-sets whi
h have been developed with the

Rosette language [10℄, the 
ontrol is de�ned by using states
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of 
ontrol. For ea
h state, a spe
i�
 set of methods allowed

to be exe
uted is de�ned.

B.2 Integrating Syn
hronization by Means of Rea
tive

Languages

In rea
tive languages, the state of a module only de-

pends on the history of events that it has re
eived. And as

the 
ontroller has to manage an event 
ow, rea
tive pro-

grams are well �tted to 
ontrol obje
t behavior indepen-

dently to other obje
t properties. We earlier used fa
ilities

provided by rea
tive programming to extend obje
t ori-

ented paradigm [3℄, [40℄, espe
ially to 
ontrol 
on
urren
y

in obje
t-oriented programming using rea
tive modules.

Independently Roudier and Caromel propose, in [41℄,

to set the live module in Ei�el// using the asyn
hronous

rea
tive language Ele
tre. Their work is 
lose to our work

but they fo
us more on making obje
t-oriented the 
ontrol

me
hanism whereas we have worked to keep the original

rea
tive form to bene�t from asso
iated veri�
ation tools.

In the same spirit, we must 
ite Obje
t
harts [42℄ whi
h

use the State
harts formalism, a graphi
al rea
tive lan-

guage [19℄. Even if this formalism is pleasant to use, the

designers are not very 
lear about the exe
utability of the

spe
i�
ations and on its implementation.

Other e�orts have mixed rea
tive programming and

obje
t-oriented programming:

1. Based on a syn
hronous rea
tive model Boulanger's

\syn
hronous obje
ts" [43℄ allow one to integrate rea
tive

modules in an obje
t-based program. A \syn
hronous ob-

je
t" is an obje
t representation of a syn
hronous module.

In this model 
hannels that link rea
tive modules are repre-

sented by obje
t methods. This leads to the integration of

rea
tive programming in an obje
t-oriented language with

keeping the semanti
s of rea
tive modules and with the


onstraint of translating in syn
hronous-world operations

on obje
ts su
h as instantiation and destru
tion. This ap-

proa
h di�ers from ours in whi
h rea
tive programming

is used as a means to 
ontrol 
on
urren
y in an obje
t-

oriented language.

2. With the aim of 
oping with non-determinism in 
on-


urrent obje
t-oriented programs, Boussinot [44℄ de�nes

the \Rea
tive Obje
t Language" where methods are re-

a
tive programs sharing the same 
lo
k. So methods are


omposed of instants (the 
ode part between two stops).

Opposite to our approa
h, methods are rea
tive 
ode.

More re
ently, the Triveni language [45℄ has been intro-

du
ed, integrating abstra
t behavior in an integrated ap-

proa
h where a
tivity is expli
itly expressed in an Esterel

like language.

Triveni is a programming methodology for obje
t-oriented


on
urrent programming. The key feature of these for-

malisms is a notion of abstra
t behavior, whi
h is essen-

tially the intera
tion of the system with its environment. In

Triveni obje
ts are instan
es of a 
lass Expr. They are pro-


esses via the interfa
e 
lass Controllable. So a Triveni

obje
t is a pro
ess whose a
tivity is des
ribed using an

Esterel-based syntax. As \Esterel" modules are rewritten

in Java, Triveni easily allows programs to be 
ombined us-

ing Triveni 
onstru
ts. If the broad
ast of events required

by Esterel is ensured using Java Observer and Observable


lasses, nothing is said about syn
hronous behavior. In

Triveni provided a
tions are instan
es of an A
tivity 
lass

as are Boussinot's methods. But whereas Boussinot's

work is to implement in an obje
t-oriented way a rea
-

tive language, Triveni 
on
entrates more on the method-

ology whi
h is based on abstra
t behavior and that 
om-

bines threads and events in a 
on
urrent obje
t-oriented

language. Triveni is released as an appli
ation program-

ming interfa
e. It di�ers from our work in the 
hoi
e we

make to use an asyn
hronous rea
tive language to express

abstra
t behaviors. So in prin
iple it is mu
h more similar

to Boussinot's work. Also the obje
t stru
ture is deeply

dependent on the language Java [11, requirement 2, Intro-

du
tion℄.

C. Integration limits

The �rst one is well known as the \inheritan
e anomaly"

problem. A lot of studies have been done to 
ope with it.

In [46℄Matsuoka, Taura and Yonezawa give a detailed

analysis of this phenomenon. We have not studied inher-

itan
e problems but our work follows their requirements:

\states and transitions des
ribing syn
hronization 
ondi-

tions are totally expressed outside of the methods 
ode."

The Method sets te
hnique in [46℄ di�ers from ours in

the language used. They use a de
larative form language

whereas we use a spe
i�
 des
ription language of transition

systems. Rea
tive obje
ts are similar to 
ode servers whi
h

will a

ept or delay exe
ution of methods a

ording to their

internal state and di�erent parameters su
h as 
ooperation

poli
y (Meyer's immediate servi
e or normal servi
e re-

sponse mode [2, p. 71℄). We do not present this last aspe
t

in the paper but it allows the satisfa
tion of the third above

property: \Parameterize 
on
urren
y to allow an answer

to requests depending not only on the internal state of the

obje
t."

VII. Con
lusion And Future Work

We have des
ribed BDL, a domain-spe
i�
 language spe-


ialized to 
ontrol the syn
hronization of 
on
urrent ob-

je
ts. This high-level language has been spe
i�
ally de-

signed to s
hedule method exe
utions in a 
on
urrent ob-

je
t. BDL uses the 
on
ept of event to de�ne the di�er-

ent steps in the method exe
ution. The s
heduling of the

events is a
hieved using Esterel, another domain-spe
i�


language designed for this task.

BDL o�ers several bene�ts. First, be
ause of the math-

emati
al semanti
s of Esterel, and as BDL is 
ompiled in

Esterel programs, a 
ertain number of properties on the

obje
t behavior 
an be veri�ed. Se
ond, BDL is a rea
tive

language whi
h allows one to preempt method exe
utions.

This feature enables the 
ontrol of the exe
ution pro
ess.

BDL 
annot express 
onditions of a
tivation related to ob-

je
t attributes. This restri
tion is a 
onstraint imposed by

veri�
ation tools. We are now working in this dire
tion by
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using Toupie [47℄, a 
onstraint language working on �nite

domains instead of Esterel.

BDL is asso
iated with an obje
t model we 
alled \re-

a
tive obje
ts." This model o�ers intra-obje
t 
on
urren
y

managed by a spe
ial entity, the exe
ution 
ontroller. This


ontroller exe
utes 
ode 
ompiled from a BDL 
ontrol ex-

pression. The main rôle of this 
ontroller is to disso
iate


ontrol 
ode from pro
essing 
ode in an obje
t. Another

rôle of this 
ontroller is to make a 
on
urrent obje
t perma-

nently re
eptive to its environment. This feature of rea
-

tive obje
ts is important for the reliability of an appli
ation

be
ause it guarantees an answer to the obje
t requesting a

method exe
ution. This model extends obje
t reusability.

The de�nition of an exe
ution 
ontroller as a 
omplete en-

tity o�ers the possibility of modifying the behavior of an

obje
t in a quite simple manner by repla
ing the existing


ontroller with a new one. This repla
ement must of 
ourse

be made respe
ting the types of its inputs and outputs.

Using BDL and the rea
tive obje
t model, end-user pro-

grammers 
an eÆ
iently design 
on
urrent obje
ts. They


an test obje
ts with di�erent s
heduling poli
ies and then

verify various properties on the obje
t behavior. Proofs

insure that the initial spe
i�
ations have been 
orre
tly

translated. This domain-spe
i�
 language-based method

of development enhan
es the produ
tivity of programmers


ompared to developments with low-level syn
hronization

primitives, su
h as semaphores and monitors. They 
an

fo
us on the spe
i�
ation of the obje
t behavior and leave

the implementation details to the BDL 
ompiler.
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Appendix

A. The Behavioral Semanti
s of BDL

The semanti
s of BDL operators is given by a set of

rewriting rules. A rule has the form:

Conditions

Term

O;L

��!

I

Term

0

where I is the input event set (in our asyn
hronism hypoth-

esis it is a singleton), O is the generated output event set

and L is the lo
al event set (not emitted outside). The rea
-

tion to a sequen
e of input events is 
omputed by 
haining

elementary rea
tions.

There are two levels of indu
tive rules. The �rst level


on
erns the evolution of one method and these following

rules are applied:

(e6=req

m

)

m

;;fready

m

g

�������!

feg

m

(ready)

m

fstart

m

g;fa
tive

m

g

������������!

freq

m

g

�m (start)

�m

fstart failed

m

g;fa
tive

m

g

����������������!

freq

m

g

�m (a
tive1)

(e6=req

m

)^(e6=term

m

)

�m

;;fa
tive

m

g

�������!

feg

�m

(a
tive2)

�m

fdone

m

g;fa
tive

m

g

������������!

fterm

m

g

; (termination)

;

;;;

��!

feg

; (nothing)

The se
ond level 
on
erns the operators and the following

rules are applied:

T

O;L

����!

freq

m

g

T

0

T�

O;L

����!

freq

m

g

T

0

;T�

(repetition)

T

1

O;L

��!

feg

T

0

1

T

1

;T

2

O;L

��!

feg

T

0

1

;T

2

(sequentiality1)

T

1

;;;

��!

feg

T

0

1

T

2

O

0

;L

0

���!

feg

T

0

2

T

1

;T

2

O

0

;L

0

���!

feg

T

0

2

(sequentiality2)

T

1

;;L

����!

freq

m

g

T

0

1

m2T

2

T

1

;T

2

fstart failed

m

g;L
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freq

m

g

T

0

1

;T

2

(sequentiality3)

T

1

O;L

��!

feg

T

0

1
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O

0

;L
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T
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1

||T

2
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0
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1

||T

0

2

(strong parallel1)
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1
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(w preemption1)

B. Comments on The Rules

The rule nothing is obvious. Rule sequentiality allows

the right term to evolve only if the left term is terminated.

In sequentiality3 one 
an noti
e that a request for a method

belonging to the right term 
ould not be servi
ed until

the left term is terminated. Rule strong parallel under-

lines the mandatory exe
ution of ea
h bran
h. The weak

parallel operator is de�ned by a set of 
omplex rules be-


ause the beginning of ea
h bran
h must be memorized.

To a
hieve this operation, a temporary term S

T

is 
reated

(weak parallel1,2 ); it disappears when the other bran
h

starts (weak parallel3,4 ). Keeping this information allows

one to de
ide, when a bran
h terminates, if the other one

must be exe
uted or not (weak parallel5,6 ). The rules are


omplex too for the priority operator. If a request o

urs

for a method in
luded in the right term and if there are

a
tive methods in this term, so the termination of ea
h

a
tive method is awaited (priority3 ). If there is not an

a
tive method then the exe
ution 
ould immediately start

(priority4 ). The rules de�ning the semanti
s of the pre-

emption operator are divided in two groups: 
ommon rules

for weak and strong preemption and spe
i�
 rules. When

a request o

urs for a method belonging to the right term

then a set of stop events is generated to preempt the a
-

tive methods of the left term (preemption2 ). The rules

s preemption1 and w preemption1 determine the way the

preemption term terminates.
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