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infinite refinements and refinements with conflicts. I expect that all theorems
of this chapter remain valid in the setting of flow event structures. Each flow
event structure is equivalent to a prime event structure (with respect to any of
the equivalences of Figure 2). Hence an alternative solution consists of
appending to the definition of refinement some transformation that turns the
refined event structure into an equivalent prime event structure.

Contrary to the previous generalization, a generalization of the refinement
operator to forgetful refinements, where replacing actions by the empty event
structure is allowed, does not seem very natural. Such refinements can drasti-
cally change the behaviour of concurrent systems and can not be explained by
a change in the level of abstraction at which these systems are regarded
(Chapter IV). Moreover, unlike the refinement theorems for partial order
semantics (Chapter VI) the refinement theorem for ST-bisimulation semantics
does not hold for forgetful refinements, as is demonstrated by the following
counterexample.

I

The two event structures above are ST-bisimulation equivalent. However, after
replacing a by the empty event structure, the resulting event structures (below)
are not ST-bisimulation equivalent.

The refinement theorems for ST-semantics show that in case preservation
under refinement is required, it is not necessary to employ partial order seman-
tics. From this the natural question arises if it is necessary to employ at least
ST-semantics, i.e. if any equivalence finer then a given interleaving equivalence
that is preserved under refinement is also finer then some ST-equivalence. Let
~, be an equivalence on E. Define ~,, by

& ~,, ¥ iff for all refinements r:Act—E — {0} one has r(&) =, r(9).

Then, =~,, is finer then ~, and preserved under refinement. Moreover it is
coarser then any other equivalence with these properties. In other words, ~,,
is fully abstract with respect to ~, and refinement. Of course the definition
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above is parametrized by the concept of refinement. Let ~,, be defined under
reference to general refinements r:Act—E—{0} (using flow event structures);
and let ~,, be defined under reference to refinements as defined in Section 1
of this chapter. Then I conjecture that ~gp, coincides with ~,;, i.e. ST-
bisimulation equivalence is fully abstract with respect to interleaving bisimula-
tion equivalence and action refinement, and also ~gr, coincides with ~,,. To
be more precise, let r, be the refinement that replaces actions a eAct by

ai“ ....... a; ....... a;' .......
a a as

Then I think that & ~gp F < r(6)~, (9% and likewise
b ~gn F o rJ(6) = r.(9), from which the conjecture follows. Furthermore,
together with Walter Vogler I observed that for finite event structures ~grp,
even coincides with ~,,;,. On the other hand ~,, is strictly coarser then ~,,

as follows from an example in LARSEN [83], see also [60].

In VOGLER [124] a ‘failures semantics based on interval semiwords’ was
presented that can be regarded as the ST-version of failure semantics. He
proved that this semantics is preserved under refinement of actions and also
established that it is fully abstract with respect to interleaving failure semantics
and refinement (allowing refinements with conflicts, but without initial and
final parallism, see Section 4 of Chapter IV). The same results he obtained for
ST-trace semantics.

Topics for further research include
- generalizing the refinement theorems to a setting with infinite refinements

and refinements with conflicts, as in Chapter IV.

- defining ‘syntactic refinement’ (replacing action symbols by terms in pro-
cess expressions) on process specification languages, investigating the
interaction with communication, proving syntactic refinement theorems
and establishing the correspondence with ‘semantic refinement’, as
employed in this chapter (cf. [3, 58, 83, 98]),

- proving the full abstraction results conjectured above,

- proving refinement theorems and full abstraction results for the ST-
versions of decorated trace semantics - for failure semantics this has been
done already in VOGLER [124] in a setting of Petri nets, and for a variant
of trace semantics, in the absence of autoconcurrency, modelling a process
as a set of semiwords, this has been done in NIELSEN, ENGBERG & LAR-
SEN [98] and LARSEN [83]

- and generalizing the entire theory to a setting with silent actions, or 7-
moves (possibly combining the notions of branching bisimulation (for
refinement of systems with silent actions) (Chapter III) and ST-
bisimulation or history preserving bisimulation (for refinement of non-
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sequential systems)).

PRATT [107] and CASTELLANO, DE MICHELIS & POMELLO [36] use the issue of
action atomicity as an argument for using partial order semantics instead of
interleaving semantics. This chapter shows that it is not necessary to employ
partial order semantics if one does not want to assume action atomicity; ST-
semantics turns out to be sufficient. In VAN GLABBEEK & VAANDRAGER [58]
we introduced the (related) criterion of real-time consistency. A semantics is
real-time consistent if it does not identify systems with a different real-time
behaviour. Of course interleaving semantics are not real-time consistent, but
again the criterion did not force us to consider partial order semantics: also for
this purpose ST-bisimulation semantics turned out to be sufficient. Therefore
the question remains whether or not there exists a convincing testing scenario,
or some natural operator, that reveals the full distinguishing power of partial
order semantics.
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Samenvatting

In dit proefschrift worden semantieken voor parallelle systemen met elkaar
vergeleken. Een systeem is parallel als het verscheidene activiteiten tegelijk
kan vertonen. Een semantiek voor parallelle systemen is een criterium dat zegt
wanneer twee systemen zich hetzelfde gedragen. Dit is ondermeer van belang
voor het correct bewijzen van implementaties van gespecificeerde systemen.

Het proefschrift bevat een introductie en zeven hoofdstukken die alle op
afzonderlijke artikelen gebaseerd zijn. Het eerste hoofdstuk bevat een
classificatie van semantieken voor een eenvoudig type systemen. Semantieken
die in de literatuur voorkomen worden op een uniforme, model-onafhankelijke
wijze gepresenteerd. De semantieken worden gemotiveerd met behulp van een-
voudige machinemodellen waarmee men het observeerbare gedrag van syste-
men kan beschrijven. Voor tien van de semantieken wordt bovendien een
complete axiomatizering gegeven.

Hoofdstuk II laat zien hoe semantische begrippen gebruikt kunnen worden
in protocolverificaties en andere toepassingen. Dit hoofdstuk wordt geheel in
algebraische stijl gepresenteerd. Teneinde axiomasystemen te combineren die
moeilijk te verenigen semantische noties vertegenwoordigen wordt een nieuwe
notie van bewijs geintroduceerd.

Hoofdstuk III introduceert de vertakkende bisimulatie, een variant van
Milner’s ‘observatie equivalentie’, die de vertakkingsstructuur van systemen
beter behoudt. Anders dan observatie equivalentie, blijft de equivalentie
behouden onder verfijning van acties (zie verderop) zolang acties niet parallel
kunnen plaatsvinden en is zij verenigbaar met modale logica met ‘uiteindelijk’
operator. Recent onderzoek heeft bovendien uitgewezen dat algorithmen voor
het beslissen van vertakkende bisimulatie in practische toepassingen in het
algemeen sneller zijn en minder ruimte gebruiken dan de corresponderende
algorithmen voor observatie equivalentie.
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In het vierde hoofdstuk wordt een operator voor verfijning van acties voor-
gesteld, en gedefinieerd op drie soorten ‘event structures’ en op Petri-netten.
In ‘event structures’ en Petri-netten kunnen systemen worden opgebouwd uit
bepaalde nog niet nader geinterpreteerde acties. De verfijningsoperator staat
toe om in het ontwerp van parallelle systemen deze acties te vervangen door
samengestelde systemen.

In de laatste drie hoofdstukken wordt onderzocht welke semantieken
behouden blijven onder actie-verfijning, in die zin dat equivalente systemen
equivalent blijven na vervanging van alle voorkomens van bepaalde acties door
hun interpretatie op een concreter niveau van abstractie.
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Let xeECRR", E open, VCR" and f:E—V a two times continuous
differentiable bijection. Then any sufficiently small open ball around x in
E is mapped on a convex subset of V.

From this it follows in an elementary way that every open covering of a
paracompact differentiable manifold has a refinement AU={U,},.,, with
the property that each non-empty finite intersection U; N --- NU, is
diffeomorphic with R".

See: R.J. vaN GLABBEEK, Good coverings, Report nr. 3, Mathematical
Institute, University of Leiden, The Netherlands 1985.

In the following formulation, Craig’s interpolation theorem holds for
equational logic:

If B is an equation and A4 a set of equations such that A+ f, then there
exists a finite set / of equations, the signature of which is contained in
that of 4 and that of B, such that A +7 and I+8.

See: P.H. RODENBURG & R.J. VAN GLABBEEK, An interpolation iheorem in
equational logic, Report CS-R8838, Centre for Mathematics and Computer
Science, Amsterdam 1988.

Consider the language with CCS operators 0, action-prefixing and +, and
a parallel composition operator || without synchronizativin. A closed term
P is prime (up to a semantic equivalence =) if P#0 and P~Q||IR implies
R=~0 or Q~0. R. Milner proved that any closed term in this language
can be expressed uniquely, up to (interleaving) bisimulation equivalence,
as the parallel composition of a set of primes. The following example
shows that this unique decomposition theorem for bisimulation semantics
does not generalize to failure semantics.

(a +aa)ll(a + aa) = all(a + aa + aaa).

In fact this example works for all semantics from completed trace seman-
tics to ready trace semantics in Figure 1 of Chapter I of this thesis.

See: R. MILNER & F. MOLLER, Unique decomposition of processes, to
appear in Bulletin of the EATCS 41, 1990.

Consider the process modules REC, AIP and KFAR, as defined in
Chapter II of this thesis, let BPA" be the submodule of ACP, + PR con-
sisting of the axioms A, T, TI, and PR, and let CA (the commutativity of
abstraction) be the module 7, o1, =7(,°7,). All these modules are
valid in various models of concurrency. However, their combination is
inconsistent in the sense that it doesn’t respect deadlock behaviour:

BPA"+REC+AIP+CA+KFAR+ 7 = 7+ 18.



See: R.J. VAN GLABBEEK, Bounded nondeterminism and the approximation
induction principle in process algebra. In: Proceedings STACS 87 (F.J.
Brandenburg, G. Vidal-Naquet & M. Wirsing, eds.), LNCS 247, Springer-
Verlag, pp. 336-347, 1987.

When assuming maximal parallelism, ST-failure trace equivalence and all
finer equivalences are real-time consistent, whereas step equivalences and
ST-readiness equivalence are not (using the combined terminology of
Chapters I and VII of this thesis).

Real-time consistency was defined in: R.J. vAN GLABBEEK & F.W. VAAN-
DRAGER, Petri net models for algebraic theories of concurrency. In:
Proceedings PARLE conference, Eindhoven, Vol II (Parallel Languages)
(J.W. de Bakker, A.J. Nijman & P.C. Treleaven, eds.), LNCS 259,
Springer-Verlag, pp. 224-242, 1987.

The use of ‘we’ in sentences like ‘We will now prove our main theorem’ in
scientific publications with only one author can be interpreted in only a
few ways:

(i) The author (mistakenly) expects his audience to join him in proving
his main theorem;

(ii) The author claims to be royal;

(iii) The author tries to shift the scientific responsibility for his theorem
on the professional community as a whole - for instance in order to
increase his authority on the subject and/or to display humbleness by
sharing his result with others.

I prefer the use of ‘T'.

Compare: A. RAND, Anthem, New American Library.

In social and political disputes the preferable position lies in the middle
about as often as mountain-tops can be found half-way up a slope.








