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Abstract

Action refinement is an important operation in the hierarchical synthesis of concurrent systems. We propose an action
refinement operator for E-LOTOS, a standard process-algebraic language for formal specification of real-time, concurrent
and reactive systems. As the first step towards giving E-LOTOS a multitude of refinement operators supporting a variety
of strategies for event relationship inheritance, we propose an operator which seems both useful and simple to implement.
When the operator is applied to an E-LOTOS process, it modifies its enhanced event structure, i.e. its recently defined true
concurrency model. The operator allows multiple alternative implementations even for urgent events and properly reflects the
fact that gate actions of E-LOTOS processes are in the general case abstractions of distributed data generation procedures.
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1. Introduction

One of the typical steps in the synthesis of a system
is refinement of an action @ into a multi-action process
p(a), where the fine-grain actions selectively inherit the
attributes of a, including its relationships with the other
actions of the system. If a is explicitly specified and the
inheritance relation is implicitly known, the action re-
finement can be syntactic, i.e., in the formal system spec-
ification, one simply replaces a with p(a) enclosed into
brackets indicating that the process is a refinement of
a coarse-grain action. It is then a matter of the formal
semantics of the specification language to properly re-
late the constituent actions of p(a) to the other actions.
Such a refined system specification is very readable, as
one can clearly see the hierarchy of actions.

It is, however, quite possible that a is not specified ex-
plicitly. For example, if it is an interaction between two
processes of a system, the readiness of the processes to
execute a is explicitly specified, while a itself is not. In
such a case, only semantic refinement of a is possible,
i.e., one takes the coarse-grained specification of the sys-
tem and declares that whenever an action of kind a is to
occur, it must be executed as p(a). To facilitate such dec-
larations, specification languages are increasingly being
furnished with action refinement operators.
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Ideally, a language would offer a rich choice of ac-
tion refinement operators (or, equivalently, a single, but
richly parameterized one), to support a wide range of dif-
ferent attribute inheritance strategies. At present, how-
ever, it is not unusual for a specification language to have
no action refinement operator at all. The reason is prob-
ably that in the past, languages were not routinely fur-
nished with a semantic model explicitly representing ac-
tion relationships. Besides, even if a language does pos-
sess such a model, implementation of action relationship
inheritance is not simple.

For a given specification language, it is, hence, reason-
able to start with the modest goal of defining a single
action refinement operator, implementing just a single,
very specific inheritance strategy, preferably one well re-
flecting the underlying philosophy of the language. In
this paper, we propose such an action refinement oper-
ator for E-LOTOS [4,14] (an enhanced successor of LO-
TOS [3,1]), one of the standard languages for formal
specification of real-time, concurrent and reactive sys-
tems.

There have been earlier attempts to define action re-
finement 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 accomplished one
among the currently available for timed LOTOS, for it
supports even refinement of visible urgent actions. How-
ever, none of the existing methods is directly applica-
ble to E-LOTOS, which is a much richer language and
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therefore calls for an action refinement strategy of its
own. Besides, our work should be interesting also as the
first attempt to benefit from the recently proposed true
concurrency semantics of the language [10].

The semantic model proposed for E-LOTOS processes
in [10] is an instance of enhanced event structures (EESs)
[10], where events are the atomic and instantaneous ele-
mentary constituents of process behaviour, i.e. the enti-
ties whose refinement we are trying to define. Like in [10],
we focus entirely on the semantic aspects of the prob-
lem, neglecting the question on how to efficiently handle
large or even infinite and/or recursively specified EESs.
Such approach is not naive, as one can always furnish a
specification language with additional restrictions ban-
ning specifications which are not sufficiently tractable.

The paper is organized as follows: Section 2 describes
the external observers’ perspective on E-LOTOS pro-
cesses, i.e. the perspective from which action refinement
is supposed to be specified. Section 3 describes the in-
ternal perspective on E-LOTOS processes, i.e., repre-
sents the processes as machines implementing the exter-
nal behaviour which they exhibit. Let us note that we
describe the E-LOTOS syntax and semantics just to the
detail necessary for understanding the issues of action
refinement. For more detailed information, please, refer
to [4,10]. In Section 4, we conceptually and syntactically
conceive an action refinement operator for E-LOTOS.
In Section 5, we give its precise semantics, by defining
how it effects the EES of a process. Section 6 comprises
a discussion and conclusions.

Before we proceed, let us for motivation state those
features of the operator proposed below which we find
most convenient: It allows multiple alternative imple-
mentations even for urgent events and properly reflects
the fact that gate actions of E-LOTOS processes are in
the general case abstractions of distributed data gener-
ation procedures.

2. The external perspective on E-LOTOS
processes

In the following, let B denote the E-LOTOS process
whose actions are being refined, and B’ the process re-
sulting from the refinement. According to the philoso-
phy which the language has inherited from LOTOS, the
only relevant property of B is its behaviour, defined as
its readiness to engage into various kinds of events. More
precisely, it is only the external perspective on the be-
haviour which really matters. From the perspective, B
engages into four kinds of events:

— It might execute a gate action, i.e., interact with its
environment on a gate. The environment perceives the
event as a G(Data), where G is the gate and Data is
the data carried in the interaction. G(Data) is, hence,
the external name of the event. Gate actions are in
E-LOTOS the only events which are non-urgent.

— It might execute an unobservable action. From the ex-

ternal perspective, such actions are anonymous and,

hence, all given the same special dummy external

name “i()”.

— It might indicate successful termination. The exter-
nal name of such an event is a d(Data), where 0 de-
notes successful termination and Data for each vari-
able which B might bind on its way towards successful
termination, i.e. for each variable in Bndg, provides
information on its value upon the termination.

— It might signal an exception. The external name of
such an event is an X (Data), with X denoting the
general kind of the exception and Data providing ad-
ditional details.

From the external perspective, all events of B occur
in the time defined by a global clock starting upon the
start of B. It is important to be aware that two or more
events might occur simultaneously. We adopt the default
version of the true concurrency semantics from [10], ac-
cording to which simultaneity is in principle allowed even
for events with the same external name.

For every process B, [10] defines a dynamic attribute
Trmp. When B is ready for an immediate §(Data) or
X (Data), the value of Trmp is the event name. At any
other time, the value of Trmpg is “none”.

3. The internal perspective on E-LOTOS
processes

While it is appropriate that action refinement is spec-
ified from the external perspective, its implementation
requires changes in the disposition of B to act. To be
able to define the changes, we need an internal perspec-
tive on B. This perspective is defined by its EES & [10].

From the internal perspective, B is basically a static
collection of elementary events e and their relationships.
Its dynamics arises from the fact that each of its events
might at some point in time jump from its initial state
“has not yet occurred” to its state “has already oc-
curred”.

An e can occur only when it is logically enabled, i.e.
not suspended. This is when each of the preconditions
¢ of e whose trigger 7(e, ) is currently true is satisfied.
If a 7(e, &) is false just before the occurrence of e, it
must be false also just after it. Besides, just after the
occurrence of e, each of the postconditions A of e whose
trigger 7(e, A) was true just before e must be satisfied.
In the default E-LOTOS semantics proposed in [10], we
give every e exactly one postcondition: its permanently
active naming and timing constraint A(e).

The passing of time is reflected in B as aging of its
events. An age is a value of type “time”, which in all
our examples corresponds to non-negative rationals. Ini-
tially, the age a(e) of an e is 0, but increases when-
ever e idles, i.e. postpones its occurrence in spite of be-
ing logically enabled. When an e eventually occurs, a(e)
stops changing and indicates the relative execution time
(RET) of e.



If a logically enabled e is currently urgent, it in princi-
ple occurs immediately, i.e. before the global time makes
further progress, unless it is immediately suspended by
the occurrence of some other events. Nevertheless, there
might still exist some constraints rendering immediate
occurrence of e impossible. In such a case, if e is not im-
mediately suspended, B is blocked for ever. The urgency
of an e is regulated by a ¢(e) and a @(e). An e is ur-
gent when ¢(e) is true or if it can immediate occur in a
manner satisfying ¢(e) as a postcondition.

When an e occurs, a specific name n(e,c) is gener-
ated for it for every context ¢ in which it is embedded.
For example, every subprocess of B to which e belongs,
including the smallest such subprocess B., is typically
declared as a specific context for it. In particular, ev-
ery E-LOTOS renaming or hiding operator acting on e
within B introduces an additional name for it. The most
important context for an e is its home context c., i.e.
the context of B.. One of the names generated for an e
is designated as its external name n(e), while n(e, ¢.) is
the basic name of e.

An n(e,c¢) is in general a hierarchical list of fields.
Within a list, the default key for its k-th field is “$k”.
Take, for example, a name n of the form “5(V; =
Valy,Va = Vals)”. We interpret it as a list of two ele-
ments. The first element has value § and default identi-
fier n.$1. The second element is a list with elements Valy
and Vals. The default identifier for Val; is n.$2.$1, but
the element also has a special identifier n.$2.V7, thanks
to the explicitly specified key V7. For every event e, the
information on n(e, ¢.).$1 available in A(e) qualifies e as
an (observable or unobservable) action, as a successful
termination or as an exception signalling. Accordingly,
E, the event set of £, is partitioned into sets A, A and
Y, respectively.

When an e occurs, the occurrence is a part of a syn-
chronized occurrence s of elementary events in a (possi-
bly singleton) set E(s). Such an s denotes occurrence of
the compound event which we shall call (E(s)). In an s,
all e in E(s) occur under the same external name, the
external name n(s) of s, which thereby becomes the ex-
ternal name n({(E(s))) of (FE(s)). Synchronizations s are
what we call events in the external perspective, where
n(s) is the name under which they are perceived, if vis-
ible, by the environment of B, and referred to by oper-
ators on B.

When an s occurs, each e in E(s) is a contribution of
one of the elementary subprocesses of B executing s as a
common act. In each of the concerned contexts ¢, s acti-
vates one of the local meeting points, in which the mem-
bers of E(s) belonging to ¢ synchronize with respect to
¢. For a meeting point m, R(m) denotes the set of the
associated roles. For a role , E(r) denotes the set of the
elementary events allowed to play the role. In each ac-
tivated meeting point m, the synchronizing events play
roles which are to the required degree complementary
and adapt their external name to the local naming con-
straint u(m). How exactly will elementary events group

into synchronizations is in general not known in advance,

because E-LOTOS, like LOTOS, supports flexible mul-

tiway synchronization. This is the main reason why syn-
tactic action refinement is so very difficult to implement

for LOTOS and its successors [13].

Alternatively, £ can be interpreted as a collection of
data objects and rules for their concurrent updating. The
data objects are
— individual input data parameters of B, with value

fixed before the start of B,

— individual elementary events e, interpreted as Boolean
variables always indicating whether e has already oc-
curred,

— individual event names n(e, ¢), with value officially set
upon the occurrence of e, though often known already
before it, and

— individual event ages a(e), with value always repre-
senting the amount of time which e has spent in the
state of idling.

We define that a data object is an input parameter of

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

The E-LOTOS semantics of [10] secures that when an e

is logically enabled for the first time, each of its input

parameters already has an official and stable value.

The defaults for a p(m), a ¢(e), a ¢(e), a 7(e, §) or
a 7(e, A) are “true”, “false”, “false”, “true” and “true”,
respectively.

4. Conception of an action refinement operator
4.1. Assessing the needs

The needs which an E-LOTOS action refinement oper-
ator should cover will be discussed from the external per-
spective. We are definitely interested in the refinement
of gate actions of B. We are not interested in the refine-
ment of its unobservable actions, since they are anony-
mous. For the successful termination of B (if any), E-
LOTOS already provides a refinement operator, namely,
the sequential composition operator [4], which “traps”
the event and starts a process acting as its handler in-
stead. E-LOTOS also facilitates trapping of exception
signals, but as such trapping permanently reverts con-
trol from B, the operator specifying it qualifies as a use-
ful refinement operator only for exceptions denoting un-
successful termination of B. We, hence, need an opera-
tor facilitating refinement of gate actions and exception
signallings.

4.2. The internal perspective on action refinement

By an action refinement operator, one specifies a col-
lection of rules on how B’ should implement individual
s from B. By such a rule, one declares that whenever B
would execute an s with n(s) of a specific kind, B’ should
not execute s as it is, while executing it as a specific B”
is acceptable. From the internal perspective, the decla-



ration requires refinement of every (E') with E’ able to
act as E(s) of an s with n(s) of the specified kind.

4.3. Alternative refinements

For an (E') in B, it might be impossible to tell in ad-
vance what n((E')) will be. Hence, even if one strictly
refrains from associating a name n with multiple alterna-
tive refinements for s with n(s) = n, it is in general not
possible to tell in advance precisely how an (E') from B
will be executed by B’. Obviously, we will have to sup-
port multiple alternative executions per an (E'). Once
we master this problem, it should not be too difficult to
also master multiple alternative refinements per an s. If
E' C ¥, handling of alternative executions of (E') is sim-
plified by the fact that E' is always an {e} with e never
logically enabled without n(e), and thereby n({E")), be-
ing already known precisely.

4.4. Abstracting processes into events

When B’ executes an (E') with E' C A from B as a
B", there is often more than one acceptable way of ab-
stracting B into n((E’)) and more than one acceptable
mapping of n((E')) into the basic names n(e,c.) of e
in E'. While n((E')) plays in B’ only an auxiliary role,
the associated n(e, c.) are extremely important, because
they define how the output data of B" affect further ex-
ecution of B'. Hence, B’ must in general immediately
upon successful termination of B”, i.e. in the same time
instant, perform an auxiliary internal action by which it
makes a consistent choice of the names. The action will
be called end(B").

In general, the details of the s into which B"" abstracts
might not be fully available until end(B") occurs. It is,
hence, appropriate to define that (E’) abstractly occurs
upon the action. The arrangement corresponds to the
very common view that an abstract event is complete
when its implementation is. The occurrence moment of
(E'Y defines the RET of individual e in E'.

If ' CX, E'is an {e} with n(e, ¢.) not affecting fur-
ther execution of B’ and with the RET of e zero by defi-
nition, since exception signallings are urgent. Hence, the
above reasons for giving B" an end(B'") no longer apply,
but we still need it as an action representing the abstract
occurrence of (E') (see Sections 4.8 and 4.9). The action
is usually interpreted as the d(...) event of B" renamed
into i() [6]. Such interpretation is very convenient, since
it explains the role of the d(...) event within B’.
Example 1 Let B be a “rename action G(?V :int) is
G'labs(V) in G?V; : int||G?V; : int endren”. “|” is
the operator of concurrency requiring synchronization on
every gate action. Hence, the two concurrent processes
“G?Vy rint” and “G7V4 1 int” execute their only gate ac-
tion in cooperation, as a G(Val), where Val is the integer
value thereby assigned to the variables Vi and Vs. From
the internal perspective, the two subprocesses execute an

e1 and an ez, respectively, where the gate action corre-
sponds to ({e1,e2}). The environment of B perceives the
gate action as a G'(|Val|), and the implicitly specified
successful termination event of B as §(Vi = Val, Vo =
Val).

Suppose that ({e1,e2}) is executed as a B" instead and
that the output data of B" imply that the acceptable val-
ues for n({{e1,e2})), i.e. the acceptable abstractions of
B", are G'(1) and G'(2). Hence, it is upon the success-
ful termination of B" not evident whether n(ei, ce, ) and
n(es, Ce,) should be set to G(1), to G(—1), to G(2) or to
G(-2). This is critical, because the two names, respec-
tively, define the value indicated for Vi and Vs intheod(...)
event of B, i.e. the §(...) event of B'. The two concurrent
processes in B cannot secure the required Vi = Vo with-
out the specified synchronization on gate G, but within
B’ the synchronization is not explicit. Hence, for consis-
tently resolving the choice, we need an auxiliary event.

4.5. Starting of event implementations

When a B is started as a potential implementation
of an (E'), its starting time and input data must se-
cure that in the case that B"” successfully terminates,
it will be possible to give its abstraction (E') an exter-
nal name consistent with its occurrence moment and the
output data of B”. The choice between multiple accept-
able starting times is nondeterministic.

The data available to a B" upon its start are primarily
the input parameters of B'. If a B" is a potential imple-
mentation of an (E') with E C ¥ and is by definition or
specification not allowed to start until the only e in E’
is logically enabled, the data carried in the signal may
also be among the input parameters of B", for remember
that n({(E')) is already known upon the enabling of e.

Finding an appropriate starting time for an implemen-
tation B of an (E') might be extremely difficult, be-
cause the successful termination time of B" must satisfy
the requirements of each individual e in E’'. If a timed
e in E’ is ever suspended by another event over a finite
non-zero time interval during which a timed ¢’ in E’ is
not, the two members of E’ virtually lack a common no-
tion of time, so that satisfying them both might even be
impossible. Therefore, any such (E') will be considered
unrefinable, i.e., B’ will execute it as it is even if a re-
finement has accidentally been specified for it. A formal
characterization of the events which we consider unre-
finable is given in Section 5.1.

Example 2 Let B be a “B1|[G]|B2”. “[...]|” is the op-
erator of concurrency requiring synchronization on ev-
ery action on the listed gates (in our case, on gate G).
Let each process B; be a “B;1[X; > Bj2”. The sus-
pend/resume operator “X; >" specifies that B; basically
exzecutes process B, 1, but repeatedly suspends it by con-
secutive instances of process B; 2, where such a suspen-
ston starts upon the first event of the current instance of
B; » and ends when the suspender enables exception X;,



thereby transferring control to the next instance of B; ».
Let each B; 1 be a “GQTV;[i+2 < V; <i+5]”, i.e. ready
just for an action on gate G, with RET between (i + 2)
and (i +5). Let each B; 2 be a “G;; wait(1);signal X;”,
i.e. ready just for an action on gate G;, with any RET,
followed by X;() after one time unit.

If there were no By 2 and By 2, an appropriate delay
for action G() in B would be at between 4 and 6. Replac-
ing G() with a process B" terminating in exactly 2 time
units would, hence, require that B" starts at a t' between
2 and 4. However, as it is, each B; independently and
unpredictably suspends its timing of action G(), imply-
ing that it is impossible to choose for B" a starting time
guaranteed to satisfy both By and Bs.

Now let B be a “(B1.1]|[G]|B2,1)[X > (G'; wait(1);
signal X)” instead, with By 1 and B as above. Note
that the described problem mo longer exists, because the
synchronizing elementary events e; in B; 1 are never sus-
pended individually. One would, hence, start B" when
a(e1) and a(es) are between 2 and 4, and then take care
that it is suspended whenever ey and ey are.

4.6. Inheritance of causality

If the duration (i.e. the time from the start to the suc-
cessful termination, if any) of a B" specified as a poten-
tial implementation of an (E') is very long, B" cannot
terminate in time if its start is delayed until (E') is log-
ically enabled in B. It might, hence, be desirable that
events in B" overtake events guarding (E'), although
not those on which they depend. This would mean that
for a subprocess By of B specified as strictly preceding
(E"), By and B" would in B’ be in weak sequential com-
position parameterized with action dependencies.

There indeed exist process algebras supporting such
action refinement [12]. Still, we stick to the more usual
approach that B is allowed to run only when (E'), i.e.
every e in E’, is logically enabled. The reason is that al-
though weak sequencing has been defined for E-LOTOS
[9], it has not yet been included into the new semantics
proposed in [10].

4.7. Prevention of time nondeterminism

If a B"” running as a potential implementation of an
(E')Y in B enables an exception signalling concurrently
to an event in B’ outside B”, trapping of the signal of
B’ potentially leads to time nondeterminism, which is
in E-LOTOS a taboo. For prevention of such situations,
we follow the approach widely employed already in the
standard E-LOTOS semantics [4]: We define that any
exception signalling from B" is in B’ preceded with an
auxiliary internal action explicitly representing the deci-
sion that the signalling should occur. Such a prefix sus-
pends all other events in B’ until the signalling actually
occurs, so that there is no event concurrent to the sig-
nalling.

4.8. Commitment of event implementations

For a B" running as a potential implementation of an
(E"), one has to define the moment of its commitment,
i.e. the moment when it becomes the selected means for
the (abstract) execution of e in E'. On the one hand, the
commitment should be as late as possible, so that in the
case that B" fails to successfully terminate, e may still
be executed in some other way (by execution of (E') as it
is, by execution of an alternative refinement of (E') or by
(possibly abstract) execution of an (E")). On the other
hand, if B" 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 advance whether B” will run to completion.

A compromise would be to delay the choice between
competing event implementations until their external
behaviours begin to differ, i.e., to let the processes run
concurrently, with visible events, including exception
signallings, executed strictly as shared events, where
any failure of a process to cooperate with the others
would mean that the process is cancelled, while the
others continue to compete. Unfortunately, such grad-
ual choice upon consecutive observational divergences
cannot be easily formalized in an event structure model.

For the above reasons, we suggest that it should be
possible to specify whether B" should commit (i) upon
successful termination (late commitment), i.e., when B’
executes end(B'"), or (ii) when it begins exhibiting visi-
ble behaviour, i.e., when B’ executes a gate action in B",
the prefix of an exception signalling in B" or end(B"")
(early commitment). An (E') executed as it is commits
when it occurs.

4.9. Inheritance of conflicts

We have already decided that a B" started as a po-
tential implementation of an (E') should be suspended
whenever (E'), i.e. some e in E', is. A more difficult task
is to decide which event in B" should be the one sus-
pending the implementations of the events which are in
B suspended by (E'). Should it be, for example, its start,
its first event, its commitment event or end(B")?

One of the specialties of E-LOTOS is its sus-
pend/resume operator. If in the current instance B of
By in a B1[X > Bs, (E') is the first event, i.e. responsible
for suspending By, it might be important that the time
between the last resumption of B; and the considered
suspension is exactly the time between the start of B
and the completion of (E'), as originally specified. It is,
hence, appropriate to define that the suspensive event
of B" is end(B'"), because it occurs exactly when (E')
would. End-based suspension, at least permanent sus-
pension of rival alternatives, is not uncommon in action
refinement [6].

Now suppose that in a Bi[X > B, (E') is not in By,
but in By, and that B> permanently suspends B; when



B’ has already executed some, but not all of its events,
in particular not end(B"). The already executed events
of B" are redundant. If some of them have been visible
to the environment of B’, this is inconvenient, but ex-
pected. On the other hand, if an event in B” has already
suspended an event in B’ outside B", this is in principle
an undesirable side effect, even though not uncommon
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") is the only event in B" which can never be
redundant, and can, hence, always safely act as a sus-
pender.

4.10. Inheritance of urgency

Let B" be an acceptable implementation of an (E'),
meaning that an acceptable starting time can be found
for it. Is B’ obliged to start B"” (and also every other
acceptable implementation of (E’), because until one of
them commits, they are by definition on an equal foot-
ing)? For an urgent (E'), the answer is, of course, posi-
tive.

For a non-urgent (E'), the current opinion seems to
be that B’ has no such obligation for individual runs,
though it must have runs in which B” is actually started
[11]. We observe that without the obligation, B’ might
unnecessarily refuse execution of the event in B. In E-
LOTOS, such arbitrariness of B’ could be acceptable for
an internal action of B (as it is not directly visible to the
environment) or for an exception signalling (as the envi-
ronment is just its passive observer [7]), if those events
were not urgent. For a non-urgent (E'), however, we find
it unacceptable, because such an event is a synchronous
interaction between B and its environment, which should
in principle decide on the failure of (E’) in cooperation,
during its execution. For an (E') refined into a B", this
means during the execution of B"”, which should, hence,
not fail to start.

For a B" implementing an urgent (E'), a proper start
is not all that is reasonable to require. We also declare
that it is the responsibility of the specifier to secure that
B", if not abandoned, timely successfully terminates or
at least indicates its inability to do.

4.11. Specifying event refinement

After the above detailed discussion of event refine-
ment from the internal perspective, we are ready to
return to the external perspective and conceive the
syntax of the operator. We propose that B’ is speci-
fied as a “refine Refi...Ref, in B endref”. Ref;
is a “signal X;(IPL;)[Cnst;] is B; Comm;” or an
“action G; Ptr;[Cnst;|Q7V;[Cnst}] is B; Comm,;”, with
“(IPL;)”, “[Cnst;]”, “Comm;”, “Ptr;” and “[Cnst}]”
optional. IPL; is an input parameter list. Cnst; and
Cnst} are constraints. Ptr; is a pattern. V; is a variable

of type “time”. “Comm;” specifies how event imple-
mentation B; should commit and is, hence, “early” or
“late”.

With the operator, we mimic our flexible event re-
naming operator from [8], except that we do not forbid
multiple alternative implementations per exception sig-
nalling, while multiple alternative renamings per excep-
tion signal are forbidden. Limiting our attention to re-
finable events, we define that events with a refinement
specified cannot be executed in their original form, while
events with no refinement specified are executed as they
are. In the following, the constraint which an n(s) must
satisfy if a B; specified in a Ref; is to qualify as an im-
plementation of s will be called Cnstj. For example, the
name i() which hidden actions have by definition can
never satisfy a Cnst; .

A Ref; of the form “signal X;(IPL;)[Cnst;] is B;
Commy;” specifies that B; qualifies as an implementation
of any exception signalling s with external name n(s)
an X;(Data) with Data matching IPL; in a manner
satisfying Cnst;. Through IPL;, the data in Data are
selectively passed to B;. Any input parameter of [ PL; is
an input parameter of B’ and so is any input parameter
of Cnst; or B; which is not an output parameter of I PL;.

The default IPL; is empty. The default Cnst; is

“true”. The default Comm; is “early”. As exception
signalling is urgent and B; is not allowed to start before
the event which it refines is logically enabled, it is the
responsibility of the specifier to secure that B; for every
input data for which it is intended, in every possible run
terminates in no time, either successfully or by raising
an exception indicating a failure.
Example 3 Let B’ be a “refine signal X (?V] : int)[0 <
V1 < V]is By signal X(?V; :int)[Vo > V] is By in B
endref”, where each process B; is a “signal X;(V;);
signal X/(abs(V; — V))”. All V in Ref; represent an
input parameter of B'. A B; imports not only V', but also,
under name V;, the integer carried by the exception which
it refines.

Suppose that V is 2. An X(0) in B would be exe-
cuted as it is. An X (1) would be executed as event se-
quence “X1(1),X;(1)”. An X(2) would be executed as
“X1(2), X1(0)” or as “X3(2), X5(0)”. An X (3) would be
ezecuted as “X2(3), X5(1)”.

A Ref; of the form “action G; Ptr;[Cnst;|Q?V;[Cnst!]
is B; Comm,;” specifies that B; qualifies as an imple-
mentation of any gate action s with external name n(s)
a G;(Data) with Cnst} indicating the belief that B;
might successfully terminate with results justifying ab-
straction of the particular instance of B; into G;(Data),
i.e., with results on which Ptr; can evaluate to Data
in a manner satisfying Cnst;. The results of B; are its
output values for the variables in Bndp,, provided in its
d(...) event, and its duration V;. A combination of the
results is believed to be possible exactly if it satisfies
Cnst}. Any input parameter of B; is an input parameter
of B' and so is any input parameter of Ptr; or Cnst;
which is not in Bndpg, U {V;}, i.e. imported from B;, and



every input parameter of Cnst; which is not an output
parameter of Ptr; or in Bndg, U {V;}.

The default Ptr; is empty. The default C'nst; is “true”.

The default Comm,; is “early”. The default Cnst] is
Cnst;, the precise characterization of the possible results
of B;. However, B; might be too complicated for auto-
matic construction of Cnst}, and this is why we allow
explicit specification of C'nst}. A specifier is not obliged
to make Cnst] precise, but must secure that for every in-
put data for which B; is intended, every combination of
results which B; might produce indeed satisfies C'nst!.
The only knowledge on the results of B; present in an
explicit Cnst} by default is that of the declared type of
the output data and of the default type of the duration
of B;, including the knowledge that the duration is non-
negative.
Example 4 Let B’ be a “refine action G(!/(V+1),?V :
rational)[Vo > V1]@7V;[Cnst] is B; in B endref”,
where By is a “G1?7VQIL[V < 4][|G.IV@2[V < 3]7,
with “|]” the operator of choice, the constraint Cnst is
U<V <2ONV +V1 <5)7, and the input param-
eter V. of B' is a rational. V is an input parameter of
By, while Ptry and Cnst import V from B;. Note that
B, internally uses V' as an ordinary variable and might
even produce a new value for it.

If an instance B" of By is evecuted instead of a
G(Data) in B, the value imported for V by B" is a
Val wvalid upon the start of B'. In the first alterna-
tive, B" normally executes a gate action G1(Val') with
RET 1 and Val' < 4 a new value for V, and then in-
dicates its successful termination and output data by a
0(V = Val'). In the second alternative, B" normally
executes, provided that Val < 3, a gate action G2(Val)
with RET 2, and then a 6(V = Val). The duration Vy
of B" is 1 or 2, respectively. We see that Bndp, is {V'}.
With (Vi = 1) A (V < 4)) and (V1 = 2) A (V < 3)),
respectively, the two alternatives of B" indeed satisfy
Chnst if they successfully terminate. With gate actions
non-urgent, B" might as well idle for ever, but this is
not a problem, because By is not intended for refinement
of urgent events.

The value of V in “G(I(V + 1),7V3 : rational)[Va >
V1]” is as provided in the 6(...) event of B", i.e. Val'
or Val, while V1 is 1 or 2, respectively. By qualifies as
an implementation of any gate action G(Valy, Valy) with
Valy and Vals rationals for which it is possible to find such
a rational V and a non-negative rational Vi satisfying
Cnst that Valy = (V + 1) and Valy > Vi. For example,
a G(Valy, 3) refines into By if Val; < 5.

Suppose that B is a “G(?V,13)Q?V'[V' < 6]7, ie.,
ready to execute a G(Valy,3) with RET a Valy, < 6, and
then a 6(V = Vali,V' = Valy). As Val, might be a
rational less than 5, it is appropriate that B' starts as
a possible implementation of the gate action an instance
B" of By, at any time less than 4. B' should also be ready
to execute the gate action as it is, but only with Val, > 5
and before B" commits. If the action occurs as it is, it
immediately disables B"'.

Now suppose that B is a “G(?V,13)[Cnst']” with Cnst’
“V < 3)V(V > 6)”. As in its gate action G(Valy,3),
Val, might be a rational less than 5, so that the external
name of the action satisfies Cnst|, B' should in principle
start an instance B" of By, but does not, because there is
no starting time for which Cnst would imply that it will
actually be possible to abstract B" into a G(Valy,3) with
((Valy < 5) A Cnst'), i.e. with Valy < 3. B' may still
execute the gate action as it is, but only with ((Val; >
5) A Cnst'), i.e. with Valy > 6.

5. The refinement operator as an operator on
EESs of E-LOTOS processes

In the following, we assume that B’ is specified as a
“refine Ref; ... Refr, in B endref” with every Ref;
introducing a process B; as described in Section 4.11. As
we will work with multiple processes, identifiers of EESs
and their attributes will be, where necessary to avoid
ambiguity, subscribed with the name of the modelled
process.

In this section, we define how £ and £p, combine into
Epr. The definition is formulated as a construction pro-
cedure, with Sections 5.2 to 5.8 describing consecutive
construction steps.

5.1. The refinement operator as a composition operator

As B’ combines processes B and B;, it is obviously
a process composition operator. However, B’ does not
combine B with processes B; directly, as the latter are
just templates for event implementations. It is more ap-
propriate to say that B’ is a composition of B and of
instances B; g of B; with (E') a refinable event in B for
which B; qualifies as an implementation.

Constructing £pr, one, hence, has to introduce an in-
stance €g, ,, of &p, for every E' C Eg for which it is
suspected that B has an event (E') which B’ could ex-
ecute as an instance B; g of B;. For a B, let ©; be the
set of all E' C Ep for which B, 1s introduced.

Inclusion of an E’ into a ©; does not automatically
imply that activation of B; g will actually be allowed.
Hence, trying to make ©; construction reasonably easy,
we make the conditions on g for including an E’' into a
©; less restrictive than necessary for producing a mini-
mal set: Among the names satisfying Cnst;, there must
be an n with the following property: There exists such a
combination of values for the input parameters and ages
of e in E' that with all preconditions of e in E’ ignored,
(E") can immediately occur with 7 its external name.
Besides, (E’) must not be unrefinable.

Trying to make identification of unrefinable events rea-
sonably easy, we make the condition for including an (E')
among the unrefinable events less restrictive than neces-
sary for producing a minimal set: An (E') is considered
unrefinable if an e in E' has a critical pair (¢, 7(e, §)) for
which an ¢’ in E’ does not have a copy. A pair (§,7(e, £))



is critical if it denotes temporary suspension of e origi-
nating from a suspend/resume operator within B, for re-
member that such suspension might be problematic if it
applies only to some of the members of E' (Section 4.5).
It does not matter whether e has acquired the pair di-
rectly, by appearing in the left operand of such an op-
erator (see [10], Section 3.23, Step 8) or by inheritance
of the resolvable conflict (see Section 5.5). Such a pair is
characterized by the property that neither £ nor 7(e, £)
is trivially true or false, but this is the case also for any
pair denoting temporary suspension of e upon an ex-
ception signalling (see, for example, Section 5.8), where
the latter kind of suspension is never problematic, as its
duration is always zero. Hence, reliable identification of
critical pairs is only possible during the construction of
Ep.

5.2. Furnishing event implementations with an ending
event

When an (E') with E' C Ap is executed as a B; g,
it abstractly occurs upon end(B; g1), an event which we
have in Section 4.4 explained as the d(...) event of B; g
internalized and employed for special purposes. Unfor-
tunately, in the internal perspective on B’, the picture is
not so clear. The (E") which B; g enables as its d(...)
event is typically not known in advance and does not
generate the basic names of e in E', as it should.

Therefore, we propose that end(B; g+) is rather added
to B; g as a special event e; pr. As §(...) events of B; g
consequently become useless, they must be blocked. The
process obtained from B; g+ by the two modifications
will be called B; . We define it as an instance of the
process “Bj;;i; stop , slightly modified in a manner not
influencing its dynamic attribute Trm (Trm B, can,

hence, still be computed as described in [10]). “B » spec-
ifies that the process first executes B; g, up to, but not
including, its 6(...) event. “i” specifies the subsequent
end(B; g ). Afterwards, the process just idles. Up to the
additional modification, £ B, can be constructed by en-

hancing &g, ,, as described in [10]. In the EES, one then
identifies the end(B; g ) event e; g and furnishes it with
an additional internal name, as follows:

The new name is an n(e; g, ¢; pr) with ¢; g a new
context comprising a meeting point m with R(m) an {r}
with e; g the only member of E(r). A(e;, 5) additionally
requires that n(e; g/, ¢; g) is finalized to an acceptable
consistent selection of basic names for e in E’, where the
field which in the record n(e; g, ¢; gr) contains the value
assigned to an n(e,ce) is called n(e; g, ¢ g).e. More
precisely, A(e;, 5 ) adapts n(e; g, ¢; g) to the current age
of individual e in E’, to their input data and to the
output data of B; gr. The output data are available in
the current value of Trmp, B because upon the logical
enabling of e; g, T'rm B; g returns the external name of
the blocked 4(...) event ‘of B, g, in which the data are
embedded.

Example 5 Let B be ¢ “‘rename action G(int) is G'()
in G?V : int@?V'[V < VGV o int[V" < 3]
endren”. Let e; and es denote the gate action of the
first and of the second subprocess, respectively. The two
constraints, respectively, define that n(ey, ce,) can be any
G(Val) with Val an integer less than the RET of e1, and
n(ez, cey) can be any G(Val) with Val an integer less than
3. In any case, the renaming sets n({{e1,e2})) to G'().

Suppose that ({e1, e2}) is executed as a By fe, e,y and
that the process becomes ready for a 0(. ..) at a time which
has not been precisely known in advance. As A(e1 (e, e,})
has to secure that n(e1 fe, e} Cl {er,en}) 98 an “(ex =
G(Val), ez = G(Val))” with Val less than 3 and the RET
of e1, it has to refer to the current value of a(ey), for this
is the RET of e;. Note also that there are many basic
names for ey and es compatible with the external name
G'() of ({e1,e2}), and it is the task of ey g, c,} to choose
one of them.

If B/ C %, B g can be simply an instance of the
process “B;;i; stop” because e; g does not have to act
as the generator of the basic name of the ounly e in E’.
Not only that the name is known in advance; it is also
irrelevant for the future behaviour of B’, as thereisin Eg
no ¢’ for which the name would be an input parameter.

5.3. Furnishing event implementations with a guard

For a B; g with E' C Ap, it is often required that
it does not start immediately upon the logical enabling
of (E'Y, but with some delay. To represent the fact
that B' chooses between the (possibly infinitely many)
acceptable delays for B; g nondeterministically, one
enhances B] p, into a B}y, specified as a “var V; g :
time in hlde G inGy, E'7V1 5 @l0[Cnst; g] endhide;
wait(V; p/) endvar; B; ;,”, thereby enhancing EB; .
, as described in [10]. ’

In the expression for B{p, Vi g denotes a special-
purpose local variable of type “time”. “hide G g/ in
G, 5 Vi, g @I0[Cnst; gr] endhide” makes BZE, execute
an immediate hidden action setting V; g+ to a value sat-
isfying constraint Cnst; g, if any. “wait(V; g)” makes
B”E, idle for the selected time V; g+, before it starts B; g
by starting Bl g+ If no acceptable value for V; g exists,
the presence of B, g in B' is irrelevant, for Bl 5 just
idles, i.e., B; g is not activated.

Unlike B; g1, B{'p: is supposed to start as soon as
all e in E' are logically enabled simultaneously. After
that, Bl g and e in B are always suspended (and later
p0851bly resumed) either simultaneously or not at all.
Together with the fact that, by construction of the EES
of B, no e in E' has a postcondition referring to an e’
whose value has not been finalized already before the
logical enabling of e, this implies that for the purpose of
conceiving Cnst; g, it is safe to pretend that By, and
e in B’ run in isolation.

For an e in E', let a. g denote its age a(e) upon the
first logical enabling of (E'), i.e. at the moment to which

into EB”
iIE



Cnst; g refers. At that moment, all the input data of e
in E' are also already available, because otherwise the
events would not be logically enabled. This is all the
information which B}, might need for checking whether
a specific external name would be acceptable for (E')
executed with a specific additional delay.

Remember that Ref; is an “action G;Ptr;[Cnst;]
Q@?V;[Cnst}] is B; Commy;”. Cnst; g is a constraint re-
stricting V; g exactly to values securing that for any
combination of output data and duration V; of B; g sat-
isfying Cnst}, Ptr; can evaluate to such Data satisty-
ing Cnst; that G;(Data) is in B an acceptable external
name for (E') executed at a time when the age of indi-
vidual ein E' is (ae, g +V; g +V;). Note that a more pre-
cise C'nst} requires consideration of fewer combinations
of the output data and the duration of B; g, thereby in-
creasing the chances of finding an acceptable V; /. This
might be extremely important, for example, if there are
no alternative implementations specified for (E').
Example 6 Let B’ be a “refine action GQ?V[V < 3]
is By in B endref” with B o “(?V; := any time; GQ?V/
[V < ViDI|[G]|(wait(1); G@Q?V5[Va < 5])”. Let ey and
es, respectively, denote the gate actions of the two sub-
processes of B, and €' the immediate hidden event in
“?V1 := any time” which nondeterministically sets the
value of V7.

({e1,e2}) is logically enabled at time 1, because of the
delay introduced for es by “wait(1)”. At that moment, V3
is available as n(e’, ce).$2.V1. An adequate Cnsty fo, c.)
is WV i time.((V < 3) = ((aler) + Vifer,eny TV <
n(e',cer).$2.V1) A (a(e2) + Vi fey,e5y TV < 5)))”. Note

that it links the starting event €' of 5B'1'{ , to e1, e
2»1€1,€2

and e’ inEp. When Bﬁ{ehez} starts, a(e1) and a(es) are
1 and 0, respectively, implying that " sets V; o, e,y to a
non-negative value less than (n(e',ce).$2.V1 — 4) and 2,
if any.

If Ref; is a “signal X;(IPL;)[Cnst;] is B; Comm,”,
B; g need not be delayed, but still has to be guarded.
Hence, we again enhance B; p, into a Bj'p, (and Epr
into &£ B, ), except that the process is now specified as an
“if E:Ubr¢7Er then Ptr; p := Expr| p,; B p, else stop
endif”. By starts by evaluating Boolean expression
Ezpr; g indicating whether the input data of (E') se-
cure that the only possible n({E')) satisfies Cnst; . If the
predicate is true, the assignment “Ptr; g := Expri p,”
prepares Data for the subsequently executed B; gr.
E.%'p?”;, g is an expression representing Data as a func-
tion of the input data of (E'). Ptr; g to which the result
of Expr; j is matched is defined as a pattern securing
that Data is passed to B; g as specified by IPL;.
Example 7 Let B' be a ‘refine signal X((?V
int,?V" : bool))[V > 2] is By in B endref” with B a
“G1]]G27V4 :int); signal X ((V1,true))”. Let ey, ez and
es, respectively, denote the action on gate G1, the action
on gate G2 and the exception signalling in B.

When es is enabled, the current value of Vi is
either the one walid upon the start of B, in Ep

called simply Vi [10], or the one generated in es
and available as n(es,ce,).$2.V1. Consequently, e;
and ey are also among the input data of ez, be-
cause they tell where to read V1. An adequate 31’7{63}
is “Uf (es A (Vi > 2))V (e2 A (nlea,ce,).$2.V1 >
2)) then (?V : int, ?V’ : bool) := (if e; then V] else
n(ez,ce,).52.V1 endif, true); By ., , else stop endif”.

Finally, every e in an E' in a ©; also needs an addi-
tional constraint: A(e) must additionally forbid finaliza-
tion of n(e) to values satisfying Cnst; .

5.4. Furnishing exception signallings in event
implementations with prefizes

For the reasons described in Section 4.7, every e in a
D) B, must get an auxiliary hidden prefix event ¢'. The

" H m
prefixes enhance Bj'p, into a B},

The home context c. of such a prefix e’ of an e must
be a new context comprising a meeting point m with
R(m) an {r} with €' the only member of E(r). A(e')
must require that n(e’, c.r) is finalized to i(). As ¢’ must
be urgent, p(e') is “true”

As e’ may be logically enabled only when e would
originally be, every precondition of e must be, together
with its trigger, redirected to e'. As ¢’ may occur only
if e is not trapped in B}y, it must get an additional
precondition true exactly when A(e) upon the logical
enabling of e provides a value for n(e), the external name
of e (if in a specific run of B}y, A(e) fails to provide
such a name, e is virtually non-existent, implying that
its prefix must not occur). To secure that e occurs only
after €', it must get a precondition “e’”.

5.5. Implementing inheritance of preconditions

As a B{'p must be enabled in B’ exactly when (E')
is in B, one in every EB(wE, gives every event a copy of

every precondition and its trigger which an event in E'
has.

5.6. Refining references to refined events

Wherever a precondition, a postcondition or a condi-
tion trigger belonging to an e in Ep orin an Ep  refers
i, B!

to a data object belonging to another event ¢’ in Ep, i.e.
to e’ itself, to a(e’) or to n(e’, c.s), the intention is not
to influence, but to read the value of the object. If the
reference is to €’ or to n(e’, ¢ ), and e’ belongs to an £
for which a By g exists, the reference must be refined
too, as follows:

A reading of an e refines into a reading of the disjunc-
tion of e and every e; g with e in E'.

A reading of an n(e, c.) refines into a checking whether
e itself or some e; g with e in E' is true, followed by a
reading of n(e, c.) or n(e; g, ¢;, 5 )€, respectively.



5.7. Implementing commitment of event
implementations

For every B; gr, the members of E' are given a pre-
condition “false” with trigger “e; g+”, so that if (E') is
executed as B; g, no (E") with non-empty E' N E" can
occur as it is.

Every e; g is given a precondition “false” whose trig-
ger is true exactly if an e in E’ is true, so that if an (E"")
with non-empty E' N E" occurs as it is, (E') cannot be
executed as B; gr.

For every B; g and By g with (i, E') # (¢, E") and
E'NE" non-empty, e; g is given a precondition “false”
with trigger “e; g7, so that if (E') is executed as B; g,
(E") cannot be executed as By pr.

For every B}y with Comm; “early”, every e in E'
or in an Epw — with (t,E") # ((',E") and E' N E"
non-empty must get an additional precondition “false”
whose trigger is true exactly if an e’ in ABH - is true and

n(e') #1(),orif an €' in (ABm \ABH
if a gate action or a prefix of an exceptlon signalling in

! g occurs, B"p, becomes the only means for execution
; ;
ofein E'.

J) i is true, so that

5.8. Implementing temporary suspension upon
exception signallings

The following applies to every exception signalling e
in a EBH . and its prefix e’ introduced as in Section 5.4:

To secure that e’ suspends B until e occurs, every e”
Ep must get a precondition e with trigger “e'” ThlS is
necessary also for e’ in Epgn , with (@ E") # (i, E'),
for e’ must also suspend every concurrent event imple-
mentation.

5.9. Terminations of processes with refined events

The constructed £p/ has all the properties expected for
an EES of an E-LOTOS process, implying that B’ is an
acceptable operand for any E-LOTOS operator, includ-
ing the just defined refinement operator. Further com-
position of B’ might require employment of Trmpg:, the
attribute indicating when B’ is ready for successful ter-
mination or for an exception signalling, whose enabling
in the case that the exception is trapped also causes ter-
mination of B’.

Trmp: in principle behaves as follows: When there is
an e in a Lpr  with (e' A —e) for € the prefix of e in

Ep, e, when a B}y has just interrupted all other ac-
tivities in B’ by enabhng an exception signalling, T'rm g
returns the exception Trm By, Else, when Trmp re-

turns a 6(Data) or an X (Data) with no refinement spec1—
fied, so does Trmp:. Otherwise, Trmp: returns “none”.
However, if one simply combines Trmpg and the vari-
ous I'rm B, as just described, the resulting expression

10

Trm'g, might be referring to an e or an n(e, c.) with e
belonging to an E' for which a B; g exists. To refine
Trm'g, into Trmp, one must refine every such reference
as described in Section 5.6.

Example 8 Let B’ be a “refine action GltrueQ?V; is
By signal X (!true : bool) is B; in B endref” with B a
“G?V : bool;signal X (V)”, By a “signal X;”, and Bs
a “signal X7,

In &g, let e; denote the G(V) event, ex the X(V)
event, and e3 the implicitly specified §(...) event. Trmp
is equivalent to “if ex A—e3 then §(V = n(eq, ¢, ).$2.V)
elseif e; A —e; then X(n(er,c.,).$2.V) else none
endif”.

In 533'7{61},
tial delay V) te,y, €5 the unexecutable event whose ag-
ing times the initial delay (see [10]), and es the Xi()
event, which in Ep gets a prefix eg. s
equivalent to “if eq A (a (65) > nleq, ce,).$2.V; {el})
—eg then X;() else none”

In gBé',{ez}’ let er denote the Xo() event, which

in Ep gets a prefiz €. TTmBé’,{ez} is equivalent to

‘Gf n(e1, e, )-$2.V A —e; then X5() else none”.
Trm'y, is equivalent to “if eg A —eg then Trmb

elseif Trmp # X(true)

then T'rmpg else none endif ”. It refers to er, n(ey, ce, )
and ez. The presence of By (o} and By (.} implies that
those references must be refined.

let eq denote the event selecting the ini-

elseif e/ A—e; then TTmBé/{
5 2

6. Discussion and conclusions
6.1. Refinement of compound events

The proposed operator facilitates semantic refinement
of any non-anonymous (i.e. externally visible) event of a
process B, except of its successful termination event, for
which a refinement operator already exists in the stan-
dard E-LOTOS. Like, for example, [2,5], we allow refine-
ment of events which are interactions of multiple sub-
processes of B. This has not been easy to implement,
as we have adopted the E-LOTOS semantics from [10],
which, unlike other true concurrency semantics for LO-
TOS and similar languages, intentionally avoids explicit
representation of compound events, thereby making pro-
cess models more concise. Formalizing the refinement
operator, we had to introduce some objects correspond-
ing to compound events of B (for example, e; g events),
but as we did that only for the compound events sus-
pected to be candidates for refined execution, the benefit
of using EES process models has to a large extent been
preserved.

6.2. Alternative event implementations

To our knowledge, this is the first operator allow-
ing specification of multiple alternative refinements per



event. This relieves the specifier from worrying whether
the specified refinements refer to different kinds of
events. When events carrying data are being refined, the
convenience is most welcome, for it might be necessary
that the refinement operator refers to infinite families of
event names, which might easily intersect. Multiple al-
ternative refinements per event also help when it is not
known in advance for which of them the environment of
B’ will provide the necessary cooperation. Besides, even
if two alternative refinements B; and By of a specific
event can be adequately combined into a single refine-
ment “B;[|By” (because they both commit upon the
first event), some other events might have refinement
B;, but not refinement B;:, so that a more concise spec-
ification might be feasible if B; is specified as a separate
refinement.

6.3. Observational atomicity of event implementations

We have adopted the very natural approach of [5,11,6]
that refined events are not considered executed until
their implementation successfully terminates. The diffi-
culty with the approach is that in any B;"y, all events
except e; g are executed speculatively and become re-
dundant if e; i+ for some reason never occurs. If an event
in B has multiple competing implementations, the prob-
lem is even more acute. We take care that redundant
events in a B} never have any influence on (abstract)
execution of events in Eg other than those in E', but
the fact remains that those which are visible might be
bothering for the environment of B'.

One of the situations where redundant visible events
arise is when a B}y, commits after a B’ has already
executed some visible events. One should, hence, avoid
solving the problem of potentially unsuccessful event
implementations by making their commitment late, for
this might lead to long periods during which alterna-
tive implementations of an event execute their visible
events concurrently. It would also be desirable to change
the adopted definition of early commitment from choice
upon the first visible event to gradual choice upon ob-
servational divergences. This would make early commit-
ment more attractive, as such delaying of the choice typ-
ically increases the probability that a successful event
implementation will be selected.

When redundant visible events in a B}y, arise for a
reason other than commitment of an alternative imple-
mentation of an e in E', the reason is always a conflict
which events in K inherited from (E') in B. Hence,

a less strict inheritance of conflicts would also increase
observational atomicity of event implementations. Be-
sides, one could for a B} with (E') in B disruptive
for an (E") define that it disrupts a B}’ . earlier than
upon end(B;/), where it would again be desirable to
delay the resolution of the conflict until a critical obser-
vational divergence occurs. For an urgent (E"), however,

the latter approach is applicable only with special care.
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In any case, prevention of redundant visible events is a
safety requirement for B’ which is often in conflict with
requirements for its liveness and fairness, implying that
it is in general impossible to find a solution ideal for all
environments in which B’ might be embedded. Partic-
ularly problematic are asymmetric conflicts, where one
of the involved events often gets logically enabled un-
predictably earlier than the other, or it is for an inferior
event not known in advance whether it will be re-enabled
if it is disabled. In E-LOTOS, the sources of such con-
flicts are the disabling operator, the suspend/resume op-
erator and exception signallings, which are problematic
also for their urgency. So far, action refinement in the
presence of asymmetric conflicts has received very lit-
tle attention for timed LOTOS. Actually, only timeouts
have been considered [5,11].

6.4. Inheritance of causality

In Section 4.6, we mentioned that it would be desir-
able to allow that a B; g starts before (E') is logically
enabled in B, so that it can terminate in time even if its
duration is long. Here, the question arises to what extent
should fine-grain events be allowed to overtake events
which in principle come earlier, for one must be aware
that when an event overtakes another on which it con-
ceptually depends, B’ becomes obliged to proceed in the
direction of the latter [9]. As such a decision might be
premature for the particular environment, it is typically
required that the kinds of events which commute are
specified explicitly [12], but this means additional work
for the specifier. An interesting compromise would be to
allow overtaking, but only where the resulting commit-
ments cause no conflict resolution.

6.5. Concluding remarks

All the earlier action refinement operators for timed
LOTOS work with dialects allowing only the most ba-
sic forms of process composition and no data handling.
We have proposed an event refinement operator for E-
LOTOS with true concurrency with which it is possible
to also handle events which use and/or generate data,
have an only partially predictable external appearance
and/or are shared by multiple processes, unpredictably
disabled and re-enabled, subject to complicated tim-
ing constraints and/or urgent. For each kind of visible
events, it is possible to specify multiple alternative refine-
ments. It is also possible to selectively activate measures
for prevention of redundant visible events, although one
must be aware that such measures, particularly the ex-
tremely simple ones which our operator employs, poten-
tially compromise the liveness or the fairness of the pro-
cess.

More advanced methods for prevention of redundant
visible events are, hence, an important topic for further
study. Another would be to allow less strict inheritance



of causality, so that event implementations can have a
longer duration and run more concurrently. Both en-
hancements seem to call for a process model even more
advanced than EES.
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