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Abstra
t

A
tion re�nement is an important operation in the hierar
hi
al synthesis of 
on
urrent systems. We propose an a
tion

re�nement operator for E-LOTOS, a standard pro
ess-algebrai
 language for formal spe
i�
ation of real-time, 
on
urrent

and rea
tive systems. As the �rst step towards giving E-LOTOS a multitude of re�nement operators supporting a variety

of strategies for event relationship inheritan
e, we propose an operator whi
h seems both useful and simple to implement.

When the operator is applied to an E-LOTOS pro
ess, it modi�es its enhan
ed event stru
ture, i.e. its re
ently de�ned true


on
urren
y model. The operator allows multiple alternative implementations even for urgent events and properly re
e
ts the

fa
t that gate a
tions of E-LOTOS pro
esses are in the general 
ase abstra
tions of distributed data generation pro
edures.
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1. Introdu
tion

One of the typi
al steps in the synthesis of a system

is re�nement of an a
tion a into a multi-a
tion pro
ess

�(a), where the �ne-grain a
tions sele
tively inherit the

attributes of a, in
luding its relationships with the other

a
tions of the system. If a is expli
itly spe
i�ed and the

inheritan
e relation is impli
itly known, the a
tion re-

�nement 
an be synta
ti
, i.e., in the formal system spe
-

i�
ation, one simply repla
es a with �(a) en
losed into

bra
kets indi
ating that the pro
ess is a re�nement of

a 
oarse-grain a
tion. It is then a matter of the formal

semanti
s of the spe
i�
ation language to properly re-

late the 
onstituent a
tions of �(a) to the other a
tions.

Su
h a re�ned system spe
i�
ation is very readable, as

one 
an 
learly see the hierar
hy of a
tions.

It is, however, quite possible that a is not spe
i�ed ex-

pli
itly. For example, if it is an intera
tion between two

pro
esses of a system, the readiness of the pro
esses to

exe
ute a is expli
itly spe
i�ed, while a itself is not. In

su
h a 
ase, only semanti
 re�nement of a is possible,

i.e., one takes the 
oarse-grained spe
i�
ation of the sys-

tem and de
lares that whenever an a
tion of kind a is to

o

ur, it must be exe
uted as �(a). To fa
ilitate su
h de
-

larations, spe
i�
ation languages are in
reasingly being

furnished with a
tion re�nement operators.
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Ideally, a language would o�er a ri
h 
hoi
e of a
-

tion re�nement operators (or, equivalently, a single, but

ri
hly parameterized one), to support a wide range of dif-

ferent attribute inheritan
e strategies. At present, how-

ever, it is not unusual for a spe
i�
ation language to have

no a
tion re�nement operator at all. The reason is prob-

ably that in the past, languages were not routinely fur-

nished with a semanti
 model expli
itly representing a
-

tion relationships. Besides, even if a language does pos-

sess su
h a model, implementation of a
tion relationship

inheritan
e is not simple.

For a given spe
i�
ation language, it is, hen
e, reason-

able to start with the modest goal of de�ning a single

a
tion re�nement operator, implementing just a single,

very spe
i�
 inheritan
e strategy, preferably one well re-


e
ting the underlying philosophy of the language. In

this paper, we propose su
h an a
tion re�nement oper-

ator for E-LOTOS [4,14℄ (an enhan
ed su

essor of LO-

TOS [3,1℄), one of the standard languages for formal

spe
i�
ation of real-time, 
on
urrent and rea
tive sys-

tems.

There have been earlier attempts to de�ne a
tion re-

�nement for LOTOS and similar languages. Let us men-

tion just [2,13℄, as two of the earliest, and then [11℄,

whose method seems to be the most a

omplished one

among the 
urrently available for timed LOTOS, for it

supports even re�nement of visible urgent a
tions. How-

ever, none of the existing methods is dire
tly appli
a-

ble to E-LOTOS, whi
h is a mu
h ri
her language and

Preprint submitted to Computer Standards & Interfa
es 31 January 2007



therefore 
alls for an a
tion re�nement strategy of its

own. Besides, our work should be interesting also as the

�rst attempt to bene�t from the re
ently proposed true


on
urren
y semanti
s of the language [10℄.

The semanti
 model proposed for E-LOTOS pro
esses

in [10℄ is an instan
e of enhan
ed event stru
tures (EESs)

[10℄, where events are the atomi
 and instantaneous ele-

mentary 
onstituents of pro
ess behaviour, i.e. the enti-

ties whose re�nement we are trying to de�ne. Like in [10℄,

we fo
us entirely on the semanti
 aspe
ts of the prob-

lem, negle
ting the question on how to eÆ
iently handle

large or even in�nite and/or re
ursively spe
i�ed EESs.

Su
h approa
h is not naive, as one 
an always furnish a

spe
i�
ation language with additional restri
tions ban-

ning spe
i�
ations whi
h are not suÆ
iently tra
table.

The paper is organized as follows: Se
tion 2 des
ribes

the external observers' perspe
tive on E-LOTOS pro-


esses, i.e. the perspe
tive from whi
h a
tion re�nement

is supposed to be spe
i�ed. Se
tion 3 des
ribes the in-

ternal perspe
tive on E-LOTOS pro
esses, i.e., repre-

sents the pro
esses as ma
hines implementing the exter-

nal behaviour whi
h they exhibit. Let us note that we

des
ribe the E-LOTOS syntax and semanti
s just to the

detail ne
essary for understanding the issues of a
tion

re�nement. For more detailed information, please, refer

to [4,10℄. In Se
tion 4, we 
on
eptually and synta
ti
ally


on
eive an a
tion re�nement operator for E-LOTOS.

In Se
tion 5, we give its pre
ise semanti
s, by de�ning

how it e�e
ts the EES of a pro
ess. Se
tion 6 
omprises

a dis
ussion and 
on
lusions.

Before we pro
eed, let us for motivation state those

features of the operator proposed below whi
h we �nd

most 
onvenient: It allows multiple alternative imple-

mentations even for urgent events and properly re
e
ts

the fa
t that gate a
tions of E-LOTOS pro
esses are in

the general 
ase abstra
tions of distributed data gener-

ation pro
edures.

2. The external perspe
tive on E-LOTOS

pro
esses

In the following, let B denote the E-LOTOS pro
ess

whose a
tions are being re�ned, and B

0

the pro
ess re-

sulting from the re�nement. A

ording to the philoso-

phy whi
h the language has inherited from LOTOS, the

only relevant property of B is its behaviour, de�ned as

its readiness to engage into various kinds of events. More

pre
isely, it is only the external perspe
tive on the be-

haviour whi
h really matters. From the perspe
tive, B

engages into four kinds of events:

{ It might exe
ute a gate a
tion, i.e., intera
t with its

environment on a gate. The environment per
eives the

event as a G(Data), where G is the gate and Data is

the data 
arried in the intera
tion. G(Data) is, hen
e,

the external name of the event. Gate a
tions are in

E-LOTOS the only events whi
h are non-urgent.

{ It might exe
ute an unobservable a
tion. From the ex-

ternal perspe
tive, su
h a
tions are anonymous and,

hen
e, all given the same spe
ial dummy external

name \i()".

{ It might indi
ate su

essful termination. The exter-

nal name of su
h an event is a Æ(Data), where Æ de-

notes su

essful termination and Data for ea
h vari-

able whi
h B might bind on its way towards su

essful

termination, i.e. for ea
h variable in Bnd

B

, provides

information on its value upon the termination.

{ It might signal an ex
eption. The external name of

su
h an event is an X(Data), with X denoting the

general kind of the ex
eption and Data providing ad-

ditional details.

From the external perspe
tive, all events of B o

ur

in the time de�ned by a global 
lo
k starting upon the

start of B. It is important to be aware that two or more

events might o

ur simultaneously.We adopt the default

version of the true 
on
urren
y semanti
s from [10℄, a
-


ording to whi
h simultaneity is in prin
iple allowed even

for events with the same external name.

For every pro
ess B, [10℄ de�nes a dynami
 attribute

Trm

B

. When B is ready for an immediate Æ(Data) or

X(Data), the value of Trm

B

is the event name. At any

other time, the value of Trm

B

is \none".

3. The internal perspe
tive on E-LOTOS

pro
esses

While it is appropriate that a
tion re�nement is spe
-

i�ed from the external perspe
tive, its implementation

requires 
hanges in the disposition of B to a
t. To be

able to de�ne the 
hanges, we need an internal perspe
-

tive on B. This perspe
tive is de�ned by its EES E [10℄.

From the internal perspe
tive, B is basi
ally a stati



olle
tion of elementary events e and their relationships.

Its dynami
s arises from the fa
t that ea
h of its events

might at some point in time jump from its initial state

\has not yet o

urred" to its state \has already o
-


urred".

An e 
an o

ur only when it is logi
ally enabled, i.e.

not suspended. This is when ea
h of the pre
onditions

� of e whose trigger �(e; �) is 
urrently true is satis�ed.

If a �(e; �) is false just before the o

urren
e of e, it

must be false also just after it. Besides, just after the

o

urren
e of e, ea
h of the post
onditions � of e whose

trigger �(e; �) was true just before e must be satis�ed.

In the default E-LOTOS semanti
s proposed in [10℄, we

give every e exa
tly one post
ondition: its permanently

a
tive naming and timing 
onstraint �(e).

The passing of time is re
e
ted in B as aging of its

events. An age is a value of type \time", whi
h in all

our examples 
orresponds to non-negative rationals. Ini-

tially, the age a(e) of an e is 0, but in
reases when-

ever e idles, i.e. postpones its o

urren
e in spite of be-

ing logi
ally enabled. When an e eventually o

urs, a(e)

stops 
hanging and indi
ates the relative exe
ution time

(RET) of e.
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If a logi
ally enabled e is 
urrently urgent, it in prin
i-

ple o

urs immediately, i.e. before the global time makes

further progress, unless it is immediately suspended by

the o

urren
e of some other events. Nevertheless, there

might still exist some 
onstraints rendering immediate

o

urren
e of e impossible. In su
h a 
ase, if e is not im-

mediately suspended, B is blo
ked for ever. The urgen
y

of an e is regulated by a �(e) and a '(e). An e is ur-

gent when �(e) is true or if it 
an immediate o

ur in a

manner satisfying '(e) as a post
ondition.

When an e o

urs, a spe
i�
 name n(e; 
) is gener-

ated for it for every 
ontext 
 in whi
h it is embedded.

For example, every subpro
ess of B to whi
h e belongs,

in
luding the smallest su
h subpro
ess B

e

, is typi
ally

de
lared as a spe
i�
 
ontext for it. In parti
ular, ev-

ery E-LOTOS renaming or hiding operator a
ting on e

within B introdu
es an additional name for it. The most

important 
ontext for an e is its home 
ontext 


e

, i.e.

the 
ontext of B

e

. One of the names generated for an e

is designated as its external name n(e), while n(e; 


e

) is

the basi
 name of e.

An n(e; 
) is in general a hierar
hi
al list of �elds.

Within a list, the default key for its k-th �eld is \$k".

Take, for example, a name n of the form \Æ(V

1

)

Val

1

; V

2

) Val

2

)". We interpret it as a list of two ele-

ments. The �rst element has value Æ and default identi-

�er n:$1. The se
ond element is a list with elements Val

1

and Val

2

. The default identi�er for Val

1

is n:$2:$1, but

the element also has a spe
ial identi�er n:$2:V

1

, thanks

to the expli
itly spe
i�ed key V

1

. For every event e, the

information on n(e; 


e

):$1 available in �(e) quali�es e as

an (observable or unobservable) a
tion, as a su

essful

termination or as an ex
eption signalling. A

ordingly,

E, the event set of E , is partitioned into sets A, � and

�, respe
tively.

When an e o

urs, the o

urren
e is a part of a syn-


hronized o

urren
e s of elementary events in a (possi-

bly singleton) set E(s). Su
h an s denotes o

urren
e of

the 
ompound event whi
h we shall 
all hE(s)i. In an s,

all e in E(s) o

ur under the same external name, the

external name n(s) of s, whi
h thereby be
omes the ex-

ternal name n(hE(s)i) of hE(s)i. Syn
hronizations s are

what we 
all events in the external perspe
tive, where

n(s) is the name under whi
h they are per
eived, if vis-

ible, by the environment of B, and referred to by oper-

ators on B.

When an s o

urs, ea
h e in E(s) is a 
ontribution of

one of the elementary subpro
esses of B exe
uting s as a


ommon a
t. In ea
h of the 
on
erned 
ontexts 
, s a
ti-

vates one of the lo
al meeting points, in whi
h the mem-

bers of E(s) belonging to 
 syn
hronize with respe
t to


. For a meeting point m, R(m) denotes the set of the

asso
iated roles. For a role r, E(r) denotes the set of the

elementary events allowed to play the role. In ea
h a
-

tivated meeting point m, the syn
hronizing events play

roles whi
h are to the required degree 
omplementary

and adapt their external name to the lo
al naming 
on-

straint �(m). How exa
tly will elementary events group

into syn
hronizations is in general not known in advan
e,

be
ause E-LOTOS, like LOTOS, supports 
exible mul-

tiway syn
hronization. This is the main reason why syn-

ta
ti
 a
tion re�nement is so very diÆ
ult to implement

for LOTOS and its su

essors [13℄.

Alternatively, E 
an be interpreted as a 
olle
tion of

data obje
ts and rules for their 
on
urrent updating. The

data obje
ts are

{ individual input data parameters of B, with value

�xed before the start of B,

{ individual elementary events e, interpreted as Boolean

variables always indi
ating whether e has already o
-


urred,

{ individual event names n(e; 
), with value oÆ
ially set

upon the o

urren
e of e, though often known already

before it, and

{ individual event ages a(e), with value always repre-

senting the amount of time whi
h e has spent in the

state of idling.

We de�ne that a data obje
t is an input parameter of

an e if �(e) refers to it, but it is not e, a(e) or an n(e; 
).

The E-LOTOS semanti
s of [10℄ se
ures that when an e

is logi
ally enabled for the �rst time, ea
h of its input

parameters already has an oÆ
ial and stable value.

The defaults for a �(m), a �(e), a '(e), a �(e; �) or

a �(e; �) are \true", \false", \false", \true" and \true",

respe
tively.

4. Con
eption of an a
tion re�nement operator

4.1. Assessing the needs

The needs whi
h an E-LOTOSa
tion re�nement oper-

ator should 
over will be dis
ussed from the external per-

spe
tive. We are de�nitely interested in the re�nement

of gate a
tions of B. We are not interested in the re�ne-

ment of its unobservable a
tions, sin
e they are anony-

mous. For the su

essful termination of B (if any), E-

LOTOS already provides a re�nement operator, namely,

the sequential 
omposition operator [4℄, whi
h \traps"

the event and starts a pro
ess a
ting as its handler in-

stead. E-LOTOS also fa
ilitates trapping of ex
eption

signals, but as su
h trapping permanently reverts 
on-

trol from B, the operator spe
ifying it quali�es as a use-

ful re�nement operator only for ex
eptions denoting un-

su

essful termination of B. We, hen
e, need an opera-

tor fa
ilitating re�nement of gate a
tions and ex
eption

signallings.

4.2. The internal perspe
tive on a
tion re�nement

By an a
tion re�nement operator, one spe
i�es a 
ol-

le
tion of rules on how B

0

should implement individual

s from B. By su
h a rule, one de
lares that whenever B

would exe
ute an swith n(s) of a spe
i�
 kind,B

0

should

not exe
ute s as it is, while exe
uting it as a spe
i�
 B

00

is a

eptable. From the internal perspe
tive, the de
la-

3



ration requires re�nement of every hE

0

i with E

0

able to

a
t as E(s) of an s with n(s) of the spe
i�ed kind.

4.3. Alternative re�nements

For an hE

0

i in B, it might be impossible to tell in ad-

van
e what n(hE

0

i) will be. Hen
e, even if one stri
tly

refrains from asso
iating a name nwith multiple alterna-

tive re�nements for s with n(s) = n, it is in general not

possible to tell in advan
e pre
isely how an hE

0

i from B

will be exe
uted by B

0

. Obviously, we will have to sup-

port multiple alternative exe
utions per an hE

0

i. On
e

we master this problem, it should not be too diÆ
ult to

also master multiple alternative re�nements per an s. If

E

0

� �, handling of alternative exe
utions of hE

0

i is sim-

pli�ed by the fa
t that E

0

is always an feg with e never

logi
ally enabled without n(e), and thereby n(hE

0

i), be-

ing already known pre
isely.

4.4. Abstra
ting pro
esses into events

When B

0

exe
utes an hE

0

i with E

0

� A from B as a

B

00

, there is often more than one a

eptable way of ab-

stra
ting B

00

into n(hE

0

i) and more than one a

eptable

mapping of n(hE

0

i) into the basi
 names n(e; 


e

) of e

in E

0

. While n(hE

0

i) plays in B

0

only an auxiliary role,

the asso
iated n(e; 


e

) are extremely important, be
ause

they de�ne how the output data of B

00

a�e
t further ex-

e
ution of B

0

. Hen
e, B

0

must in general immediately

upon su

essful termination of B

00

, i.e. in the same time

instant, perform an auxiliary internal a
tion by whi
h it

makes a 
onsistent 
hoi
e of the names. The a
tion will

be 
alled end(B

00

).

In general, the details of the s into whi
h B

00

abstra
ts

might not be fully available until end(B

00

) o

urs. It is,

hen
e, appropriate to de�ne that hE

0

i abstra
tly o

urs

upon the a
tion. The arrangement 
orresponds to the

very 
ommon view that an abstra
t event is 
omplete

when its implementation is. The o

urren
e moment of

hE

0

i de�nes the RET of individual e in E

0

.

If E

0

� �, E

0

is an feg with n(e; 


e

) not a�e
ting fur-

ther exe
ution of B

0

and with the RET of e zero by de�-

nition, sin
e ex
eption signallings are urgent. Hen
e, the

above reasons for giving B

00

an end(B

00

) no longer apply,

but we still need it as an a
tion representing the abstra
t

o

urren
e of hE

0

i (see Se
tions 4.8 and 4.9). The a
tion

is usually interpreted as the Æ(: : :) event of B

00

renamed

into i() [6℄. Su
h interpretation is very 
onvenient, sin
e

it explains the role of the Æ(: : :) event within B

0

.

Example 1 Let B be a \rename a
tion G(?V : int) is

G

0

!abs(V ) in G?V

1

: intjjG?V

2

: int endren". \jj" is

the operator of 
on
urren
y requiring syn
hronization on

every gate a
tion. Hen
e, the two 
on
urrent pro
esses

\G?V

1

: int" and \G?V

2

: int" exe
ute their only gate a
-

tion in 
ooperation, as a G(Val), where Val is the integer

value thereby assigned to the variables V

1

and V

2

. From

the internal perspe
tive, the two subpro
esses exe
ute an

e

1

and an e

2

, respe
tively, where the gate a
tion 
orre-

sponds to hfe

1

; e

2

gi. The environment of B per
eives the

gate a
tion as a G

0

(jValj), and the impli
itly spe
i�ed

su

essful termination event of B as Æ(V

1

) Val; V

2

)

Val).

Suppose that hfe

1

; e

2

gi is exe
uted as a B

00

instead and

that the output data of B

00

imply that the a

eptable val-

ues for n(hfe

1

; e

2

gi), i.e. the a

eptable abstra
tions of

B

00

, are G

0

(1) and G

0

(2). Hen
e, it is upon the su

ess-

ful termination of B

00

not evident whether n(e

1

; 


e

1

) and

n(e

2

; 


e

2

) should be set to G(1), to G(�1), to G(2) or to

G(�2). This is 
riti
al, be
ause the two names, respe
-

tively, de�ne the value indi
ated for V

1

and V

2

in the Æ(: : :)

event of B, i.e. the Æ(: : :) event of B

0

. The two 
on
urrent

pro
esses in B 
annot se
ure the required V

1

= V

2

with-

out the spe
i�ed syn
hronization on gate G, but within

B

0

, the syn
hronization is not expli
it. Hen
e, for 
onsis-

tently resolving the 
hoi
e, we need an auxiliary event.

4.5. Starting of event implementations

When a B

00

is started as a potential implementation

of an hE

0

i, its starting time and input data must se-


ure that in the 
ase that B

00

su

essfully terminates,

it will be possible to give its abstra
tion hE

0

i an exter-

nal name 
onsistent with its o

urren
e moment and the

output data of B

00

. The 
hoi
e between multiple a

ept-

able starting times is nondeterministi
.

The data available to aB

00

upon its start are primarily

the input parameters of B

0

. If a B

00

is a potential imple-

mentation of an hE

0

i with E

0

� � and is by de�nition or

spe
i�
ation not allowed to start until the only e in E

0

is logi
ally enabled, the data 
arried in the signal may

also be among the input parameters ofB

00

, for remember

that n(hE

0

i) is already known upon the enabling of e.

Finding an appropriate starting time for an implemen-

tation B

00

of an hE

0

i might be extremely diÆ
ult, be-


ause the su

essful termination time of B

00

must satisfy

the requirements of ea
h individual e in E

0

. If a timed

e in E

0

is ever suspended by another event over a �nite

non-zero time interval during whi
h a timed e

0

in E

0

is

not, the two members of E

0

virtually la
k a 
ommon no-

tion of time, so that satisfying them both might even be

impossible. Therefore, any su
h hE

0

i will be 
onsidered

unre�nable, i.e., B

0

will exe
ute it as it is even if a re-

�nement has a

identally been spe
i�ed for it. A formal


hara
terization of the events whi
h we 
onsider unre-

�nable is given in Se
tion 5.1.

Example 2 Let B be a \B

1

j[G℄jB

2

". \j[: : :℄j" is the op-

erator of 
on
urren
y requiring syn
hronization on ev-

ery a
tion on the listed gates (in our 
ase, on gate G).

Let ea
h pro
ess B

i

be a \B

i;1

[X

i

> B

i;2

". The sus-

pend/resume operator \[X

i

>" spe
i�es that B

i

basi
ally

exe
utes pro
ess B

i;1

, but repeatedly suspends it by 
on-

se
utive instan
es of pro
ess B

i;2

, where su
h a suspen-

sion starts upon the �rst event of the 
urrent instan
e of

B

i;2

and ends when the suspender enables ex
eption X

i

,

4



thereby transferring 
ontrol to the next instan
e of B

i;2

.

Let ea
h B

i;1

be a \G�?V

i

[i+2 < V

i

< i+5℄", i.e. ready

just for an a
tion on gate G, with RET between (i + 2)

and (i+5). Let ea
h B

i;2

be a \G

i

;wait(1); signal X

i

",

i.e. ready just for an a
tion on gate G

i

, with any RET,

followed by X

i

() after one time unit.

If there were no B

1;2

and B

2;2

, an appropriate delay

for a
tion G() in B would be a t between 4 and 6. Repla
-

ing G() with a pro
ess B

00

terminating in exa
tly 2 time

units would, hen
e, require that B

00

starts at a t

0

between

2 and 4. However, as it is, ea
h B

i

independently and

unpredi
tably suspends its timing of a
tion G(), imply-

ing that it is impossible to 
hoose for B

00

a starting time

guaranteed to satisfy both B

1

and B

2

.

Now let B be a \(B

1;1

j[G℄jB

2;1

)[X > (G

0

;wait(1);

signal X)" instead, with B

1;1

and B

2;1

as above. Note

that the des
ribed problem no longer exists, be
ause the

syn
hronizing elementary events e

i

in B

i;1

are never sus-

pended individually. One would, hen
e, start B

00

when

a(e

1

) and a(e

2

) are between 2 and 4, and then take 
are

that it is suspended whenever e

1

and e

2

are.

4.6. Inheritan
e of 
ausality

If the duration (i.e. the time from the start to the su
-


essful termination, if any) of a B

00

spe
i�ed as a poten-

tial implementation of an hE

0

i is very long, B

00


annot

terminate in time if its start is delayed until hE

0

i is log-

i
ally enabled in B. It might, hen
e, be desirable that

events in B

00

overtake events guarding hE

0

i, although

not those on whi
h they depend. This would mean that

for a subpro
ess B

1

of B spe
i�ed as stri
tly pre
eding

hE

0

i, B

1

and B

00

would in B

0

be in weak sequential 
om-

position parameterized with a
tion dependen
ies.

There indeed exist pro
ess algebras supporting su
h

a
tion re�nement [12℄. Still, we sti
k to the more usual

approa
h that B

00

is allowed to run only when hE

0

i, i.e.

every e in E

0

, is logi
ally enabled. The reason is that al-

though weak sequen
ing has been de�ned for E-LOTOS

[9℄, it has not yet been in
luded into the new semanti
s

proposed in [10℄.

4.7. Prevention of time nondeterminism

If a B

00

running as a potential implementation of an

hE

0

i in B enables an ex
eption signalling 
on
urrently

to an event in B

0

outside B

00

, trapping of the signal of

B

0

potentially leads to time nondeterminism, whi
h is

in E-LOTOS a taboo. For prevention of su
h situations,

we follow the approa
h widely employed already in the

standard E-LOTOS semanti
s [4℄: We de�ne that any

ex
eption signalling from B

00

is in B

0

pre
eded with an

auxiliary internal a
tion expli
itly representing the de
i-

sion that the signalling should o

ur. Su
h a pre�x sus-

pends all other events in B

0

until the signalling a
tually

o

urs, so that there is no event 
on
urrent to the sig-

nalling.

4.8. Commitment of event implementations

For a B

00

running as a potential implementation of an

hE

0

i, one has to de�ne the moment of its 
ommitment,

i.e. the moment when it be
omes the sele
ted means for

the (abstra
t) exe
ution of e in E

0

. On the one hand, the


ommitment should be as late as possible, so that in the


ase that B

00

fails to su

essfully terminate, e may still

be exe
uted in some other way (by exe
ution of hE

0

i as it

is, by exe
ution of an alternative re�nement of hE

0

i or by

(possibly abstra
t) exe
ution of an hE

00

i). On the other

hand, if B

00

is to disrupt a rival, this should preferably

happen as soon as possible, to prevent redundant events

in the rival. Unfortunately, it is usually not possible to

tell in advan
e whether B

00

will run to 
ompletion.

A 
ompromise would be to delay the 
hoi
e between


ompeting event implementations until their external

behaviours begin to di�er, i.e., to let the pro
esses run


on
urrently, with visible events, in
luding ex
eption

signallings, exe
uted stri
tly as shared events, where

any failure of a pro
ess to 
ooperate with the others

would mean that the pro
ess is 
an
elled, while the

others 
ontinue to 
ompete. Unfortunately, su
h grad-

ual 
hoi
e upon 
onse
utive observational divergen
es


annot be easily formalized in an event stru
ture model.

For the above reasons, we suggest that it should be

possible to spe
ify whether B

00

should 
ommit (i) upon

su

essful termination (late 
ommitment), i.e., when B

0

exe
utes end(B

00

), or (ii) when it begins exhibiting visi-

ble behaviour, i.e., whenB

0

exe
utes a gate a
tion inB

00

,

the pre�x of an ex
eption signalling in B

00

or end(B

00

)

(early 
ommitment). An hE

0

i exe
uted as it is 
ommits

when it o

urs.

4.9. Inheritan
e of 
on
i
ts

We have already de
ided that a B

00

started as a po-

tential implementation of an hE

0

i should be suspended

whenever hE

0

i, i.e. some e in E

0

, is. A more diÆ
ult task

is to de
ide whi
h event in B

00

should be the one sus-

pending the implementations of the events whi
h are in

B suspended by hE

0

i. Should it be, for example, its start,

its �rst event, its 
ommitment event or end(B

00

)?

One of the spe
ialties of E-LOTOS is its sus-

pend/resume operator. If in the 
urrent instan
e B

0

2

of

B

2

in a B

1

[X>B

2

, hE

0

i is the �rst event, i.e. responsible

for suspending B

1

, it might be important that the time

between the last resumption of B

1

and the 
onsidered

suspension is exa
tly the time between the start of B

0

2

and the 
ompletion of hE

0

i, as originally spe
i�ed. It is,

hen
e, appropriate to de�ne that the suspensive event

of B

00

is end(B

00

), be
ause it o

urs exa
tly when hE

0

i

would. End-based suspension, at least permanent sus-

pension of rival alternatives, is not un
ommon in a
tion

re�nement [6℄.

Now suppose that in a B

1

[X>B

2

, hE

0

i is not in B

2

,

but in B

1

, and that B

2

permanently suspends B

1

when

5



B

00

has already exe
uted some, but not all of its events,

in parti
ular not end(B

00

). The already exe
uted events

of B

00

are redundant. If some of them have been visible

to the environment of B

0

, this is in
onvenient, but ex-

pe
ted. On the other hand, if an event in B

00

has already

suspended an event in B

0

outside B

00

, this is in prin
iple

an undesirable side e�e
t, even though not un
ommon

if prevention of redundant events is also pursued. This

further supports our belief that the default form of sus-

pension in E-LOTOS should be end-based suspension,

for end(B

00

) is the only event in B

00

whi
h 
an never be

redundant, and 
an, hen
e, always safely a
t as a sus-

pender.

4.10. Inheritan
e of urgen
y

Let B

00

be an a

eptable implementation of an hE

0

i,

meaning that an a

eptable starting time 
an be found

for it. Is B

0

obliged to start B

00

(and also every other

a

eptable implementation of hE

0

i, be
ause until one of

them 
ommits, they are by de�nition on an equal foot-

ing)? For an urgent hE

0

i, the answer is, of 
ourse, posi-

tive.

For a non-urgent hE

0

i, the 
urrent opinion seems to

be that B

0

has no su
h obligation for individual runs,

though it must have runs in whi
h B

00

is a
tually started

[11℄. We observe that without the obligation, B

0

might

unne
essarily refuse exe
ution of the event in B. In E-

LOTOS, su
h arbitrariness of B

0


ould be a

eptable for

an internal a
tion of B (as it is not dire
tly visible to the

environment) or for an ex
eption signalling (as the envi-

ronment is just its passive observer [7℄), if those events

were not urgent. For a non-urgent hE

0

i, however, we �nd

it una

eptable, be
ause su
h an event is a syn
hronous

intera
tion betweenB and its environment, whi
h should

in prin
iple de
ide on the failure of hE

0

i in 
ooperation,

during its exe
ution. For an hE

0

i re�ned into a B

00

, this

means during the exe
ution of B

00

, whi
h should, hen
e,

not fail to start.

For a B

00

implementing an urgent hE

0

i, a proper start

is not all that is reasonable to require. We also de
lare

that it is the responsibility of the spe
i�er to se
ure that

B

00

, if not abandoned, timely su

essfully terminates or

at least indi
ates its inability to do.

4.11. Spe
ifying event re�nement

After the above detailed dis
ussion of event re�ne-

ment from the internal perspe
tive, we are ready to

return to the external perspe
tive and 
on
eive the

syntax of the operator. We propose that B

0

is spe
i-

�ed as a \re�ne Ref

1

: : : Ref

k

in B endref". Ref

i

is a \signal X

i

(IPL

i

)[Cnst

i

℄ is B

i

Comm

i

" or an

\a
tionG

i

Ptr

i

[Cnst

i

℄�?V

i

[Cnst

0

i

℄ isB

i

Comm

i

", with

\(IPL

i

)", \[Cnst

i

℄", \Comm

i

", \Ptr

i

" and \[Cnst

0

i

℄"

optional. IPL

i

is an input parameter list. Cnst

i

and

Cnst

0

i

are 
onstraints. Ptr

i

is a pattern. V

i

is a variable

of type \time". \Comm

i

" spe
i�es how event imple-

mentation B

i

should 
ommit and is, hen
e, \early" or

\late".

With the operator, we mimi
 our 
exible event re-

naming operator from [8℄, ex
ept that we do not forbid

multiple alternative implementations per ex
eption sig-

nalling, while multiple alternative renamings per ex
ep-

tion signal are forbidden. Limiting our attention to re-

�nable events, we de�ne that events with a re�nement

spe
i�ed 
annot be exe
uted in their original form, while

events with no re�nement spe
i�ed are exe
uted as they

are. In the following, the 
onstraint whi
h an n(s) must

satisfy if a B

i

spe
i�ed in a Ref

i

is to qualify as an im-

plementation of s will be 
alled Cnst

+

i

. For example, the

name i() whi
h hidden a
tions have by de�nition 
an

never satisfy a Cnst

+

i

.

A Ref

i

of the form \signal X

i

(IPL

i

)[Cnst

i

℄ is B

i

Comm

i

" spe
i�es thatB

i

quali�es as an implementation

of any ex
eption signalling s with external name n(s)

an X

i

(Data) with Data mat
hing IPL

i

in a manner

satisfying Cnst

i

. Through IPL

i

, the data in Data are

sele
tively passed to B

i

. Any input parameter of IPL

i

is

an input parameter of B

0

and so is any input parameter

ofCnst

i

orB

i

whi
h is not an output parameter of IPL

i

.

The default IPL

i

is empty. The default Cnst

i

is

\true". The default Comm

i

is \early". As ex
eption

signalling is urgent and B

i

is not allowed to start before

the event whi
h it re�nes is logi
ally enabled, it is the

responsibility of the spe
i�er to se
ure that B

i

for every

input data for whi
h it is intended, in every possible run

terminates in no time, either su

essfully or by raising

an ex
eption indi
ating a failure.

Example 3 LetB

0

be a \re�ne signalX(?V

1

: int)[0 <

V

1

� V ℄ is B

1

signal X(?V

2

: int)[V

2

� V ℄ is B

2

in B

endref", where ea
h pro
ess B

i

is a \signal X

i

(V

i

);

signal X

0

i

(abs(V

i

� V ))". All V in Ref

i

represent an

input parameter of B

0

. A B

i

imports not only V , but also,

under name V

i

, the integer 
arried by the ex
eption whi
h

it re�nes.

Suppose that V is 2. An X(0) in B would be exe-


uted as it is. An X(1) would be exe
uted as event se-

quen
e \X

1

(1); X

0

1

(1)". An X(2) would be exe
uted as

\X

1

(2); X

0

1

(0)" or as \X

2

(2); X

0

2

(0)". An X(3) would be

exe
uted as \X

2

(3); X

0

2

(1)".

ARef

i

of the form\a
tionG

i

Ptr

i

[Cnst

i

℄�?V

i

[Cnst

0

i

℄

is B

i

Comm

i

" spe
i�es that B

i

quali�es as an imple-

mentation of any gate a
tion s with external name n(s)

a G

i

(Data) with Cnst

0

i

indi
ating the belief that B

i

might su

essfully terminate with results justifying ab-

stra
tion of the parti
ular instan
e of B

i

into G

i

(Data),

i.e., with results on whi
h Ptr

i


an evaluate to Data

in a manner satisfying Cnst

i

. The results of B

i

are its

output values for the variables in Bnd

B

i

, provided in its

Æ(: : :) event, and its duration V

i

. A 
ombination of the

results is believed to be possible exa
tly if it satis�es

Cnst

0

i

. Any input parameter of B

i

is an input parameter

of B

0

and so is any input parameter of Ptr

i

or Cnst

0

i

whi
h is not in Bnd

B

i

[fV

i

g, i.e. imported from B

i

, and

6



every input parameter of Cnst

i

whi
h is not an output

parameter of Ptr

i

or in Bnd

B

i

[ fV

i

g.

The default Ptr

i

is empty. The defaultCnst

i

is \true".

The default Comm

i

is \early". The default Cnst

0

i

is

Cnst

�

i

, the pre
ise 
hara
terization of the possible results

of B

i

. However, B

i

might be too 
ompli
ated for auto-

mati
 
onstru
tion of Cnst

�

i

, and this is why we allow

expli
it spe
i�
ation of Cnst

0

i

. A spe
i�er is not obliged

to make Cnst

0

i

pre
ise, but must se
ure that for every in-

put data for whi
h B

i

is intended, every 
ombination of

results whi
h B

i

might produ
e indeed satis�es Cnst

0

i

.

The only knowledge on the results of B

i

present in an

expli
it Cnst

0

i

by default is that of the de
lared type of

the output data and of the default type of the duration

of B

i

, in
luding the knowledge that the duration is non-

negative.

Example 4 LetB

0

be a \re�ne a
tionG(!(V +1); ?V

2

:

rational)[V

2

> V

1

℄�?V

1

[Cnst℄ is B

1

in B endref",

where B

1

is a \G

1

?V�!1[V < 4℄[℄G

2

!V�!2[V < 3℄",

with \[℄" the operator of 
hoi
e, the 
onstraint Cnst is

\(1 � V

1

� 2) ^ (V + V

1

< 5)", and the input param-

eter V of B

0

is a rational. V is an input parameter of

B

1

, while Ptr

1

and Cnst import V from B

1

. Note that

B

1

internally uses V as an ordinary variable and might

even produ
e a new value for it.

If an instan
e B

00

of B

1

is exe
uted instead of a

G(Data) in B, the value imported for V by B

00

is a

Val valid upon the start of B

0

. In the �rst alterna-

tive, B

00

normally exe
utes a gate a
tion G

1

(Val

0

) with

RET 1 and Val

0

< 4 a new value for V , and then in-

di
ates its su

essful termination and output data by a

Æ(V ) Val

0

). In the se
ond alternative, B

00

normally

exe
utes, provided that Val < 3, a gate a
tion G

2

(Val)

with RET 2, and then a Æ(V ) Val). The duration V

1

of B

00

is 1 or 2, respe
tively. We see that Bnd

B

1

is fV g.

With ((V

1

= 1) ^ (V < 4)) and ((V

1

= 2) ^ (V < 3)),

respe
tively, the two alternatives of B

00

indeed satisfy

Cnst if they su

essfully terminate. With gate a
tions

non-urgent, B

00

might as well idle for ever, but this is

not a problem, be
ause B

1

is not intended for re�nement

of urgent events.

The value of V in \G(!(V + 1); ?V

2

: rational)[V

2

>

V

1

℄" is as provided in the Æ(: : :) event of B

00

, i.e. Val

0

or Val, while V

1

is 1 or 2, respe
tively. B

1

quali�es as

an implementation of any gate a
tion G(Val

1

; Val

2

) with

Val

1

and Val

2

rationals for whi
h it is possible to �nd su
h

a rational V and a non-negative rational V

1

satisfying

Cnst that Val

1

= (V + 1) and Val

2

> V

1

. For example,

a G(Val

1

; 3) re�nes into B

1

if Val

1

< 5.

Suppose that B is a \G(?V; !3)�?V

0

[V

0

< 6℄", i.e.,

ready to exe
ute a G(Val

1

; 3) with RET a Val

2

< 6, and

then a Æ(V ) Val

1

; V

0

) Val

2

). As Val

1

might be a

rational less than 5, it is appropriate that B

0

starts as

a possible implementation of the gate a
tion an instan
e

B

00

of B

1

, at any time less than 4. B

0

should also be ready

to exe
ute the gate a
tion as it is, but only with Val

1

� 5

and before B

00


ommits. If the a
tion o

urs as it is, it

immediately disables B

00

.

Now suppose that B is a \G(?V; !3)[Cnst

0

℄" with Cnst

0

\(V < 3) _ (V > 6)". As in its gate a
tion G(Val

1

; 3),

Val

1

might be a rational less than 5, so that the external

name of the a
tion satis�esCnst

+

1

,B

0

should in prin
iple

start an instan
e B

00

of B

1

, but does not, be
ause there is

no starting time for whi
h Cnst would imply that it will

a
tually be possible to abstra
t B

00

into a G(Val

1

; 3) with

((Val

1

< 5) ^ Cnst

0

), i.e. with Val

1

< 3. B

0

may still

exe
ute the gate a
tion as it is, but only with ((Val

1

�

5) ^ Cnst

0

), i.e. with Val

1

> 6.

5. The re�nement operator as an operator on

EESs of E-LOTOS pro
esses

In the following, we assume that B

0

is spe
i�ed as a

\re�ne Ref

1

: : : Ref

k

in B endref" with every Ref

i

introdu
ing a pro
essB

i

as des
ribed in Se
tion 4.11. As

we will work with multiple pro
esses, identi�ers of EESs

and their attributes will be, where ne
essary to avoid

ambiguity, subs
ribed with the name of the modelled

pro
ess.

In this se
tion, we de�ne how E

B

and E

B

i


ombine into

E

B

0

. The de�nition is formulated as a 
onstru
tion pro-


edure, with Se
tions 5.2 to 5.8 des
ribing 
onse
utive


onstru
tion steps.

5.1. The re�nement operator as a 
omposition operator

As B

0


ombines pro
esses B and B

i

, it is obviously

a pro
ess 
omposition operator. However, B

0

does not


ombine B with pro
esses B

i

dire
tly, as the latter are

just templates for event implementations. It is more ap-

propriate to say that B

0

is a 
omposition of B and of

instan
es B

i;E

0

of B

i

with hE

0

i a re�nable event in B for

whi
h B

i

quali�es as an implementation.

Constru
ting E

B

0

, one, hen
e, has to introdu
e an in-

stan
e E

B

i;E

0

of E

B

i

for every E

0

� E

B

for whi
h it is

suspe
ted that B has an event hE

0

i whi
h B

0


ould ex-

e
ute as an instan
e B

i;E

0

of B

i

. For a B

i

, let �

i

be the

set of all E

0

� E

B

for whi
h E

B

i;E

0

is introdu
ed.

In
lusion of an E

0

into a �

i

does not automati
ally

imply that a
tivation of B

i;E

0

will a
tually be allowed.

Hen
e, trying to make �

i


onstru
tion reasonably easy,

we make the 
onditions on E

B

for in
luding an E

0

into a

�

i

less restri
tive than ne
essary for produ
ing a mini-

mal set: Among the names satisfying Cnst

+

i

, there must

be an n with the following property: There exists su
h a


ombination of values for the input parameters and ages

of e in E

0

that with all pre
onditions of e in E

0

ignored,

hE

0

i 
an immediately o

ur with n its external name.

Besides, hE

0

i must not be unre�nable.

Trying tomake identi�
ation of unre�nable events rea-

sonably easy, wemake the 
ondition for in
luding an hE

0

i

among the unre�nable events less restri
tive than ne
es-

sary for produ
ing a minimal set: An hE

0

i is 
onsidered

unre�nable if an e in E

0

has a 
riti
al pair (�; �(e; �)) for

whi
h an e

0

in E

0

does not have a 
opy. A pair (�; �(e; �))
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is 
riti
al if it denotes temporary suspension of e origi-

nating from a suspend/resume operator within B, for re-

member that su
h suspension might be problemati
 if it

applies only to some of the members of E

0

(Se
tion 4.5).

It does not matter whether e has a
quired the pair di-

re
tly, by appearing in the left operand of su
h an op-

erator (see [10℄, Se
tion 3.23, Step 8) or by inheritan
e

of the resolvable 
on
i
t (see Se
tion 5.5). Su
h a pair is


hara
terized by the property that neither � nor �(e; �)

is trivially true or false, but this is the 
ase also for any

pair denoting temporary suspension of e upon an ex-


eption signalling (see, for example, Se
tion 5.8), where

the latter kind of suspension is never problemati
, as its

duration is always zero. Hen
e, reliable identi�
ation of


riti
al pairs is only possible during the 
onstru
tion of

E

B

.

5.2. Furnishing event implementations with an ending

event

When an hE

0

i with E

0

� A

B

is exe
uted as a B

i;E

0

,

it abstra
tly o

urs upon end(B

i;E

0

), an event whi
h we

have in Se
tion 4.4 explained as the Æ(: : :) event of B

i;E

0

internalized and employed for spe
ial purposes. Unfor-

tunately, in the internal perspe
tive on B

0

, the pi
ture is

not so 
lear. The hE

00

i whi
h B

i;E

0

enables as its Æ(: : :)

event is typi
ally not known in advan
e and does not

generate the basi
 names of e in E

0

, as it should.

Therefore, we propose that end(B

i;E

0

) is rather added

to B

i;E

0

as a spe
ial event e

i;E

0

. As Æ(: : :) events of B

i;E

0


onsequently be
ome useless, they must be blo
ked. The

pro
ess obtained from B

i;E

0

by the two modi�
ations

will be 
alled B

0

i;E

0

. We de�ne it as an instan
e of the

pro
ess \B

i

; i; stop", slightly modi�ed in a manner not

in
uen
ing its dynami
 attribute Trm (Trm

B

0

i;E

0


an,

hen
e, still be 
omputed as des
ribed in [10℄). \B

i

" spe
-

i�es that the pro
ess �rst exe
utes B

i;E

0

, up to, but not

in
luding, its Æ(: : :) event. \i" spe
i�es the subsequent

end(B

i;E

0

). Afterwards, the pro
ess just idles. Up to the

additional modi�
ation, E

B

0

i;E

0


an be 
onstru
ted by en-

han
ing E

B

i;E

0

as des
ribed in [10℄. In the EES, one then

identi�es the end(B

i;E

0

) event e

i;E

0

and furnishes it with

an additional internal name, as follows:

The new name is an n(e

i;E

0

; 


i;E

0

) with 


i;E

0

a new


ontext 
omprising a meeting pointm with R(m) an frg

with e

i;E

0

the only member of E(r). �(e

i;E

0

) additionally

requires that n(e

i;E

0

; 


i;E

0

) is �nalized to an a

eptable


onsistent sele
tion of basi
 names for e in E

0

, where the

�eld whi
h in the re
ord n(e

i;E

0

; 


i;E

0

) 
ontains the value

assigned to an n(e; 


e

) is 
alled n(e

i;E

0

; 


i;E

0

):e. More

pre
isely, �(e

i;E

0

) adapts n(e

i;E

0

; 


i;E

0

) to the 
urrent age

of individual e in E

0

, to their input data and to the

output data of B

i;E

0

. The output data are available in

the 
urrent value of Trm

B

i;E

0

, be
ause upon the logi
al

enabling of e

i;E

0

, Trm

B

i;E

0

returns the external name of

the blo
ked Æ(: : :) event of B

i;E

0

, in whi
h the data are

embedded.

Example 5 Let B be a \rename a
tion G(int) is G

0

()

in G?V : int�?V

0

[V < V

0

℄jjG?V

00

: int[V

00

< 3℄

endren". Let e

1

and e

2

denote the gate a
tion of the

�rst and of the se
ond subpro
ess, respe
tively. The two


onstraints, respe
tively, de�ne that n(e

1

; 


e

1

) 
an be any

G(Val) with Val an integer less than the RET of e

1

, and

n(e

2

; 


e

2

) 
an be any G(Val) with Val an integer less than

3. In any 
ase, the renaming sets n(hfe

1

; e

2

gi) to G

0

().

Suppose that hfe

1

; e

2

gi is exe
uted as a B

1;fe

1

;e

2

g

and

that the pro
ess be
omes ready for a Æ(: : :) at a time whi
h

has not been pre
isely known in advan
e. As �(e

1;fe

1

;e

2

g

)

has to se
ure that n(e

1;f

e

1

;e

2

g

; 


1;fe

1

;e

2

g

) is an \(e

1

)

G(Val); e

2

) G(Val))" with Val less than 3 and the RET

of e

1

, it has to refer to the 
urrent value of a(e

1

), for this

is the RET of e

1

. Note also that there are many basi


names for e

1

and e

2


ompatible with the external name

G

0

() of hfe

1

; e

2

gi, and it is the task of e

1;fe

1

;e

2

g

to 
hoose

one of them.

If E

0

� �, B

0

i;E

0


an be simply an instan
e of the

pro
ess \B

i

; i; stop", be
ause e

i;E

0

does not have to a
t

as the generator of the basi
 name of the only e in E

0

.

Not only that the name is known in advan
e; it is also

irrelevant for the future behaviour ofB

0

, as there is inE

B

no e

0

for whi
h the name would be an input parameter.

5.3. Furnishing event implementations with a guard

For a B

i;E

0

with E

0

� A

B

, it is often required that

it does not start immediately upon the logi
al enabling

of hE

0

i, but with some delay. To represent the fa
t

that B

0


hooses between the (possibly in�nitely many)

a

eptable delays for B

i;E

0

nondeterministi
ally, one

enhan
es B

0

i;E

0

into a B

00

i;E

0

spe
i�ed as a \var V

i;E

0

:

time in hideG

i;E

0

inG

i;E

0

?V

i;E

0

�!0[Cnst

i;E

0

℄ endhide;

wait(V

i;E

0

) endvar;B

0

i;E

0

", thereby enhan
ing E

B

0

i;E

0

into E

B

00

i;E

0

as des
ribed in [10℄.

In the expression for B

00

i;E

0

, V

i;E

0

denotes a spe
ial-

purpose lo
al variable of type \time". \hide G

i;E

0

in

G

i;E

0

?V

i;E

0

�!0[Cnst

i;E

0

℄ endhide" makesB

00

i;E

0

exe
ute

an immediate hidden a
tion setting V

i;E

0

to a value sat-

isfying 
onstraint Cnst

i;E

0

, if any. \wait(V

i;E

0

)" makes

B

00

i;E

0

idle for the sele
ted time V

i;E

0

, before it startsB

i;E

0

by starting B

0

i;E

0

. If no a

eptable value for V

i;E

0

exists,

the presen
e of B

i;E

0

in B

0

is irrelevant, for B

00

i;E

0

just

idles, i.e., B

i;E

0

is not a
tivated.

Unlike B

i;E

0

, B

00

i;E

0

is supposed to start as soon as

all e in E

0

are logi
ally enabled simultaneously. After

that, B

00

i;E

0

and e in E

0

are always suspended (and later

possibly resumed) either simultaneously or not at all.

Together with the fa
t that, by 
onstru
tion of the EES

of B, no e in E

0

has a post
ondition referring to an e

0

whose value has not been �nalized already before the

logi
al enabling of e, this implies that for the purpose of


on
eiving Cnst

i;E

0

, it is safe to pretend that B

00

i;E

0

and

e in E

0

run in isolation.

For an e in E

0

, let a

e;E

0

denote its age a(e) upon the

�rst logi
al enabling of hE

0

i, i.e. at the moment to whi
h

8



Cnst

i;E

0

refers. At that moment, all the input data of e

in E

0

are also already available, be
ause otherwise the

events would not be logi
ally enabled. This is all the

informationwhi
hB

00

i;E

0

might need for 
he
kingwhether

a spe
i�
 external name would be a

eptable for hE

0

i

exe
uted with a spe
i�
 additional delay.

Remember that Ref

i

is an \a
tion G

i

Ptr

i

[Cnst

i

℄

�?V

i

[Cnst

0

i

℄ is B

i

Comm

i

". Cnst

i;E

0

is a 
onstraint re-

stri
ting V

i;E

0

exa
tly to values se
uring that for any


ombination of output data and duration V

i

of B

i;E

0

sat-

isfying Cnst

0

i

, Ptr

i


an evaluate to su
h Data satisfy-

ing Cnst

i

that G

i

(Data) is in B an a

eptable external

name for hE

0

i exe
uted at a time when the age of indi-

vidual e inE

0

is (a

e;E

0

+V

i;E

0

+V

i

). Note that a more pre-


ise Cnst

0

i

requires 
onsideration of fewer 
ombinations

of the output data and the duration of B

i;E

0

, thereby in-


reasing the 
han
es of �nding an a

eptable V

i;E

0

. This

might be extremely important, for example, if there are

no alternative implementations spe
i�ed for hE

0

i.

Example 6 Let B

0

be a \re�ne a
tion G�?V [V � 3℄

isB

1

in B endref" with B a \(?V

1

:= any time;G�?V

0

1

[V

0

1

< V

1

℄)j[G℄j(wait(1);G�?V

2

[V

2

< 5℄)". Let e

1

and

e

2

, respe
tively, denote the gate a
tions of the two sub-

pro
esses of B, and e

0

the immediate hidden event in

\?V

1

:= any time" whi
h nondeterministi
ally sets the

value of V

1

.

hfe

1

; e

2

gi is logi
ally enabled at time 1, be
ause of the

delay introdu
ed for e

2

by \wait(1)". At that moment, V

1

is available as n(e

0

; 


e

0

):$2:V

1

. An adequate Cnst

1;fe

1

;e

2

g

is \8V : time:((V � 3) ) ((a(e

1

) + V

1;fe

1

;e

2

g

+ V <

n(e

0

; 


e

0

):$2:V

1

) ^ (a(e

2

) + V

1;fe

1

;e

2

g

+ V < 5)))". Note

that it links the starting event e

00

of E

B

00

1;fe

1

;e

2

g

to e

1

, e

2

and e

0

in E

B

. When B

00

1;fe

1

;e

2

g

starts, a(e

1

) and a(e

2

) are

1 and 0, respe
tively, implying that e

00

sets V

i;fe

1

;e

2

g

to a

non-negative value less than (n(e

0

; 


e

0

):$2:V

1

� 4) and 2,

if any.

If Ref

i

is a \signal X

i

(IPL

i

)[Cnst

i

℄ is B

i

Comm

i

",

B

i;E

0

need not be delayed, but still has to be guarded.

Hen
e, we again enhan
e B

0

i;E

0

into a B

00

i;E

0

(and E

B

0

i;E

0

into E

B

00

i;E

0

), ex
ept that the pro
ess is now spe
i�ed as an

\if Expr

i;E

0

then Ptr

i;E

0

:= Expr

0

i;E

0

;B

0

i;E

0

else stop

endif". B

00

i;E

0

starts by evaluating Boolean expression

Expr

i;E

0

indi
ating whether the input data of hE

0

i se-


ure that the only possible n(hE

0

i) satis�esCnst

+

i

. If the

predi
ate is true, the assignment \Ptr

i;E

0

:= Expr

0

i;E

0

"

prepares Data for the subsequently exe
uted B

i;E

0

.

Expr

0

i;E

0

is an expression representing Data as a fun
-

tion of the input data of hE

0

i. Ptr

i;E

0

to whi
h the result

of Expr

0

i;E

0

is mat
hed is de�ned as a pattern se
uring

that Data is passed to B

i;E

0

as spe
i�ed by IPL

i

.

Example 7 Let B

0

be a \re�ne signal X((?V :

int; ?V

0

: bool))[V > 2℄ is B

1

in B endref" with B a

\(G

1

[℄G

2

?V

1

: int); signalX((V

1

; true))". Let e

1

, e

2

and

e

3

, respe
tively, denote the a
tion on gate G

1

, the a
tion

on gate G

2

and the ex
eption signalling in B.

When e

3

is enabled, the 
urrent value of V

1

is

either the one valid upon the start of B, in E

B


alled simply V

1

[10℄, or the one generated in e

2

and available as n(e

2

; 


e

2

):$2:V

1

. Consequently, e

1

and e

2

are also among the input data of e

3

, be-


ause they tell where to read V

1

. An adequate B

00

1;fe

3

g

is \if (e

1

^ (V

1

> 2)) _ (e

2

^ (n(e

2

; 


e

2

):$2:V

1

>

2)) then (?V : int; ?V

0

: bool) := (if e

1

then V

1

else

n(e

2

; 


e

2

):$2:V

1

endif ; true);B

0

1;fe

3

g

else stop endif".

Finally, every e in an E

0

in a �

i

also needs an addi-

tional 
onstraint: �(e) must additionally forbid �naliza-

tion of n(e) to values satisfying Cnst

+

i

.

5.4. Furnishing ex
eption signallings in event

implementations with pre�xes

For the reasons des
ribed in Se
tion 4.7, every e in a

�

B

00

i;E

0

must get an auxiliary hidden pre�x event e

0

. The

pre�xes enhan
e B

00

i;E

0

into a B

000

i;E

0

.

The home 
ontext 


e

0

of su
h a pre�x e

0

of an e must

be a new 
ontext 
omprising a meeting point m with

R(m) an frg with e

0

the only member of E(r). �(e

0

)

must require that n(e

0

; 


e

0

) is �nalized to i(). As e

0

must

be urgent, '(e

0

) is \true"

As e

0

may be logi
ally enabled only when e would

originally be, every pre
ondition of e must be, together

with its trigger, redire
ted to e

0

. As e

0

may o

ur only

if e is not trapped in B

00

i;E

0

, it must get an additional

pre
ondition true exa
tly when �(e) upon the logi
al

enabling of e provides a value for n(e), the external name

of e (if in a spe
i�
 run of B

00

i;E

0

, �(e) fails to provide

su
h a name, e is virtually non-existent, implying that

its pre�x must not o

ur). To se
ure that e o

urs only

after e

0

, it must get a pre
ondition \e

0

".

5.5. Implementing inheritan
e of pre
onditions

As a B

000

i;E

0

must be enabled in B

0

exa
tly when hE

0

i

is in B, one in every E

B

000

i;E

0

gives every event a 
opy of

every pre
ondition and its trigger whi
h an event in E

0

has.

5.6. Re�ning referen
es to re�ned events

Wherever a pre
ondition, a post
ondition or a 
ondi-

tion trigger belonging to an e in E

B

or in anE

B

000

i;E

0

refers

to a data obje
t belonging to another event e

0

in E

B

, i.e.

to e

0

itself, to a(e

0

) or to n(e

0

; 


e

0

), the intention is not

to in
uen
e, but to read the value of the obje
t. If the

referen
e is to e

0

or to n(e

0

; 


e

0

), and e

0

belongs to an E

00

for whi
h a B

i

0

;E

00

exists, the referen
e must be re�ned

too, as follows:

A reading of an e re�nes into a reading of the disjun
-

tion of e and every e

i;E

0

with e in E

0

.

A reading of an n(e; 


e

) re�nes into a 
he
king whether

e itself or some e

i;E

0

with e in E

0

is true, followed by a

reading of n(e; 


e

) or n(e

i;E

0

; 


i;E

0

):e, respe
tively.
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5.7. Implementing 
ommitment of event

implementations

For every B

i;E

0

, the members of E

0

are given a pre-


ondition \false" with trigger \e

i;E

0

", so that if hE

0

i is

exe
uted as B

i;E

0

, no hE

00

i with non-empty E

0

\E

00


an

o

ur as it is.

Every e

i;E

0

is given a pre
ondition \false" whose trig-

ger is true exa
tly if an e in E

0

is true, so that if an hE

00

i

with non-empty E

0

\ E

00

o

urs as it is, hE

0

i 
annot be

exe
uted as B

i;E

0

.

For every B

i;E

0

and B

i

0

;E

00

with (i; E

0

) 6= (i

0

; E

00

) and

E

0

\E

00

non-empty, e

i

0

;E

00

is given a pre
ondition \false"

with trigger \e

i;E

0

", so that if hE

0

i is exe
uted as B

i;E

0

,

hE

00

i 
annot be exe
uted as B

i

0

;E

00

.

For every B

000

i;E

0

with Comm

i

\early", every e in E

0

or in an E

B

000

i

0

;E

00

with (i; E

0

) 6= (i

0

; E

00

) and E

0

\ E

00

non-empty must get an additional pre
ondition \false"

whose trigger is true exa
tly if an e

0

in A

B

00

i;E

0

is true and

n(e

0

) 6= i(), or if an e

0

in (A

B

000

i;E

0

nA

B

00

i;E

0

) is true, so that

if a gate a
tion or a pre�x of an ex
eption signalling in

B

00

i;E

0

o

urs,B

000

i;E

0

be
omes the onlymeans for exe
ution

of e in E

0

.

5.8. Implementing temporary suspension upon

ex
eption signallings

The following applies to every ex
eption signalling e

in a �

B

00

i;E

0

and its pre�x e

0

introdu
ed as in Se
tion 5.4:

To se
ure that e

0

suspends B until e o

urs, every e

00

in

E

B

must get a pre
ondition e with trigger \e

0

". This is

ne
essary also for e

00

in E

B

000

i

0

;E

00

with (i

0

; E

00

) 6= (i; E

0

),

for e

0

must also suspend every 
on
urrent event imple-

mentation.

5.9. Terminations of pro
esses with re�ned events

The 
onstru
ted E

B

0

has all the properties expe
ted for

an EES of an E-LOTOS pro
ess, implying that B

0

is an

a

eptable operand for any E-LOTOS operator, in
lud-

ing the just de�ned re�nement operator. Further 
om-

position of B

0

might require employment of Trm

B

0

, the

attribute indi
ating when B

0

is ready for su

essful ter-

mination or for an ex
eption signalling, whose enabling

in the 
ase that the ex
eption is trapped also 
auses ter-

mination of B

0

.

Trm

B

0

in prin
iple behaves as follows: When there is

an e in a �

B

00

i;E

0

with (e

0

^ :e) for e

0

the pre�x of e in

E

B

0

, i.e., when a B

000

i;E

0

has just interrupted all other a
-

tivities in B

0

by enabling an ex
eption signalling, Trm

B

0

returns the ex
eption Trm

B

00

i;E

0

. Else, when Trm

B

re-

turns a Æ(Data) or anX(Data) with no re�nement spe
i-

�ed, so does Trm

B

0

. Otherwise, Trm

B

0

returns \none".

However, if one simply 
ombines Trm

B

and the vari-

ous Trm

B

00

i;E

0

as just des
ribed, the resulting expression

Trm

0

B

0

might be referring to an e or an n(e; 


e

) with e

belonging to an E

0

for whi
h a B

i;E

0

exists. To re�ne

Trm

0

B

0

into Trm

B

0

, one must re�ne every su
h referen
e

as des
ribed in Se
tion 5.6.

Example 8 Let B

0

be a \re�ne a
tion G!true�?V

1

is

B

1

signal X(!true : bool) is B

2

in B endref" with B a

\G?V : bool; signal X(V )", B

1

a \signal X

1

", and B

2

a \signal X

2

".

In E

B

, let e

1

denote the G(V ) event, e

2

the X(V )

event, and e

3

the impli
itly spe
i�ed Æ(: : :) event. Trm

B

is equivalent to \if e

2

^:e

3

then Æ(V ) n(e

1

; 


e

1

):$2:V )

elseif e

1

^ :e

2

then X(n(e

1

; 


e

1

):$2:V ) else none

endif".

In E

B

00

1;fe

1

g

, let e

4

denote the event sele
ting the ini-

tial delay V

1;fe

1

g

, e

5

the unexe
utable event whose ag-

ing times the initial delay (see [10℄), and e

6

the X

1

()

event, whi
h in E

B

0

gets a pre�x e

0

6

. Trm

B

00

1;fe

1

g

is

equivalent to \if e

4

^ (a(e

5

) � n(e

4

; 


e

4

):$2:V

1;fe

1

g

) ^

:e

6

then X

1

() else none".

In E

B

00

2;fe

2

g

, let e

7

denote the X

2

() event, whi
h

in E

B

0

gets a pre�x e

0

7

. Trm

B

00

2;fe

2

g

is equivalent to

\if n(e

1

; 


e

1

):$2:V ^ :e

7

then X

2

() else none".

Trm

0

B

0

is equivalent to \if e

0

6

^ :e

6

then Trm

B

00

1;fe

1

g

elseif e

0

7

^:e

7

then Trm

B

00

2;fe

2

g

elseif Trm

B

6= X(true)

then Trm

B

else none endif". It refers to e

1

, n(e

1

; 


e

1

)

and e

2

. The presen
e of B

1;fe

1

g

and B

2;fe

2

g

implies that

those referen
es must be re�ned.

6. Dis
ussion and 
on
lusions

6.1. Re�nement of 
ompound events

The proposed operator fa
ilitates semanti
 re�nement

of any non-anonymous (i.e. externally visible) event of a

pro
ess B, ex
ept of its su

essful termination event, for

whi
h a re�nement operator already exists in the stan-

dard E-LOTOS. Like, for example, [2,5℄, we allow re�ne-

ment of events whi
h are intera
tions of multiple sub-

pro
esses of B. This has not been easy to implement,

as we have adopted the E-LOTOS semanti
s from [10℄,

whi
h, unlike other true 
on
urren
y semanti
s for LO-

TOS and similar languages, intentionally avoids expli
it

representation of 
ompound events, thereby making pro-


ess models more 
on
ise. Formalizing the re�nement

operator, we had to introdu
e some obje
ts 
orrespond-

ing to 
ompound events of B (for example, e

i;E

0

events),

but as we did that only for the 
ompound events sus-

pe
ted to be 
andidates for re�ned exe
ution, the bene�t

of using EES pro
ess models has to a large extent been

preserved.

6.2. Alternative event implementations

To our knowledge, this is the �rst operator allow-

ing spe
i�
ation of multiple alternative re�nements per
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event. This relieves the spe
i�er from worrying whether

the spe
i�ed re�nements refer to di�erent kinds of

events. When events 
arrying data are being re�ned, the


onvenien
e is most wel
ome, for it might be ne
essary

that the re�nement operator refers to in�nite families of

event names, whi
h might easily interse
t. Multiple al-

ternative re�nements per event also help when it is not

known in advan
e for whi
h of them the environment of

B

0

will provide the ne
essary 
ooperation. Besides, even

if two alternative re�nements B

i

and B

i

0

of a spe
i�


event 
an be adequately 
ombined into a single re�ne-

ment \B

i

[℄B

i

0

" (be
ause they both 
ommit upon the

�rst event), some other events might have re�nement

B

i

, but not re�nement B

i

0

, so that a more 
on
ise spe
-

i�
ation might be feasible if B

i

is spe
i�ed as a separate

re�nement.

6.3. Observational atomi
ity of event implementations

We have adopted the very natural approa
h of [5,11,6℄

that re�ned events are not 
onsidered exe
uted until

their implementation su

essfully terminates. The diÆ-


ulty with the approa
h is that in any B

000

i;E

0

, all events

ex
ept e

i;E

0

are exe
uted spe
ulatively and be
ome re-

dundant if e

i;E

0

for some reason never o

urs. If an event

in B has multiple 
ompeting implementations, the prob-

lem is even more a
ute. We take 
are that redundant

events in a B

000

i;E

0

never have any in
uen
e on (abstra
t)

exe
ution of events in E

B

other than those in E

0

, but

the fa
t remains that those whi
h are visible might be

bothering for the environment of B

0

.

One of the situations where redundant visible events

arise is when a B

000

i;E

0


ommits after a B

000

i

0

;E

0

has already

exe
uted some visible events. One should, hen
e, avoid

solving the problem of potentially unsu

essful event

implementations by making their 
ommitment late, for

this might lead to long periods during whi
h alterna-

tive implementations of an event exe
ute their visible

events 
on
urrently. It would also be desirable to 
hange

the adopted de�nition of early 
ommitment from 
hoi
e

upon the �rst visible event to gradual 
hoi
e upon ob-

servational divergen
es. This would make early 
ommit-

ment more attra
tive, as su
h delaying of the 
hoi
e typ-

i
ally in
reases the probability that a su

essful event

implementation will be sele
ted.

When redundant visible events in a B

000

i;E

0

arise for a

reason other than 
ommitment of an alternative imple-

mentation of an e in E

0

, the reason is always a 
on
i
t

whi
h events in E

B

000

i;E

0

inherited from hE

0

i in B. Hen
e,

a less stri
t inheritan
e of 
on
i
ts would also in
rease

observational atomi
ity of event implementations. Be-

sides, one 
ould for a B

000

i;E

0

with hE

0

i in B disruptive

for an hE

00

i de�ne that it disrupts a B

000

i

0

;E

00

earlier than

upon end(B

000

i;E

0

), where it would again be desirable to

delay the resolution of the 
on
i
t until a 
riti
al obser-

vational divergen
e o

urs. For an urgent hE

00

i, however,

the latter approa
h is appli
able only with spe
ial 
are.

In any 
ase, prevention of redundant visible events is a

safety requirement for B

0

whi
h is often in 
on
i
t with

requirements for its liveness and fairness, implying that

it is in general impossible to �nd a solution ideal for all

environments in whi
h B

0

might be embedded. Parti
-

ularly problemati
 are asymmetri
 
on
i
ts, where one

of the involved events often gets logi
ally enabled un-

predi
tably earlier than the other, or it is for an inferior

event not known in advan
e whether it will be re-enabled

if it is disabled. In E-LOTOS, the sour
es of su
h 
on-


i
ts are the disabling operator, the suspend/resume op-

erator and ex
eption signallings, whi
h are problemati


also for their urgen
y. So far, a
tion re�nement in the

presen
e of asymmetri
 
on
i
ts has re
eived very lit-

tle attention for timed LOTOS. A
tually, only timeouts

have been 
onsidered [5,11℄.

6.4. Inheritan
e of 
ausality

In Se
tion 4.6, we mentioned that it would be desir-

able to allow that a B

i;E

0

starts before hE

0

i is logi
ally

enabled in B, so that it 
an terminate in time even if its

duration is long. Here, the question arises to what extent

should �ne-grain events be allowed to overtake events

whi
h in prin
iple 
ome earlier, for one must be aware

that when an event overtakes another on whi
h it 
on-


eptually depends, B

0

be
omes obliged to pro
eed in the

dire
tion of the latter [9℄. As su
h a de
ision might be

premature for the parti
ular environment, it is typi
ally

required that the kinds of events whi
h 
ommute are

spe
i�ed expli
itly [12℄, but this means additional work

for the spe
i�er. An interesting 
ompromise would be to

allow overtaking, but only where the resulting 
ommit-

ments 
ause no 
on
i
t resolution.

6.5. Con
luding remarks

All the earlier a
tion re�nement operators for timed

LOTOS work with diale
ts allowing only the most ba-

si
 forms of pro
ess 
omposition and no data handling.

We have proposed an event re�nement operator for E-

LOTOS with true 
on
urren
y with whi
h it is possible

to also handle events whi
h use and/or generate data,

have an only partially predi
table external appearan
e

and/or are shared by multiple pro
esses, unpredi
tably

disabled and re-enabled, subje
t to 
ompli
ated tim-

ing 
onstraints and/or urgent. For ea
h kind of visible

events, it is possible to spe
ifymultiple alternative re�ne-

ments. It is also possible to sele
tively a
tivate measures

for prevention of redundant visible events, although one

must be aware that su
h measures, parti
ularly the ex-

tremely simple ones whi
h our operator employs, poten-

tially 
ompromise the liveness or the fairness of the pro-


ess.

More advan
ed methods for prevention of redundant

visible events are, hen
e, an important topi
 for further

study. Another would be to allow less stri
t inheritan
e

11



of 
ausality, so that event implementations 
an have a

longer duration and run more 
on
urrently. Both en-

han
ements seem to 
all for a pro
ess model even more

advan
ed than EES.
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