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This note continues a series of papers in the Bulletin of the EATCS about the 
relative merits of partial order semantics and interleaving semantics, starting with 
[CDP]. That paper pointed out a significant advantage of partial order semantics, 
by formulating a desirable property of semantic equivalences that is not met by in
terleaving equivalences. This property is preservation under refinement of actions. 
A semantic equivalence is preserved under action refinement if two equivalent pro
cesses remain equivalent after replacing all occurrences of an action a by a more 
complicated process r(a). For example, r(a) may be a sequence of two actions a1 

and a 2 • This property may be desirable in applications where concurrent systems 
are modelled at different levels of abstraction, and where the actions on an abstract 
level turn out to represent complex pr~cesses on a more concrete level. Therefore for 
example [Pratt] and [Lamport) already advocate the use of semantic equivalences 
that are not based on action atomicity. 

[CDP] showed by means of a simple example that none of the interleaving equiv
alences - not even bisimulation - is preserved under action refinement. Furthermore 
they claim that 'on the other hand, the approaches based on partial order are not 
constrained to the assumption of atomicity'. Indeed, they give a proof that "lin
ear time" partial order semantics, where a system is identified with the set of its 
possible (partially ordered) runs, is preserved by refinement. They conclude that 
'interleaving semantics is adequate only if the abstraction level at which the atomic 
actions are defined is fixed. Otherwise, partial order semantics should be considered'. 
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In this note we would like to point out that this conclusion is not so obvious. In 
particular we will argue 

that there are several equivalences based on partial orders which are not pre
served by refinement (namely when taking the choice structure of systems into 
account); 

that nevertheless a "branching time" partial order equivalence can be found that 
is preserved under refinement; 

but that, in order to achieve preservation under refinement it is not necessary to 
employ partial order semantics: there exist equivalences that abstract from the 
causal structure of concurrent systems and are still preserved under refinement. 

/ 

In interleaving semantics, the possible runs of a system are represented as se
quences of action occurrences, modelling parallelism by arbitrary interleaving of 
actions. The example of [CDP] consisted of the two systems M and N which may 
not be distinguished in this kind of semantics: 

M =a II b (two actions a and b, executed independently); 
N =a; b + b; a (either the sequence ab or the sequence ba is executed). 

They have the following Petri net representations (labelling transitions by action 
names): 

M N 

It was shown that after refining a into the sequential composition of a1 and a21 

thereby obtaining the systems 



M' can perform the sequence of actions a1 ba2 , while N 1 cannot do this. 
Hence M' and N' are not equivalent in interleaving semantics. 
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A first attempt to capture parallelism more precisely is made by so called step 
semantics. Here it is specified that in a run of a parallel system several independent 
actions may occur together in one step. We can think of a system having a global 
clock where at each clock tick several actions occur simultaneously. This view is 
taken in calculi like SCCS [Milner], CIRCAL [Milne] and MEIJE (AB]. Step seman
tics also have been given to CCS in [DDMa] and to TCSP in [TV]. 

It is easy to see that the two systems M and N considered above are already 
distinguished in step semantics: In M it is possible to execute the step {a, b} whereas 
in N it is not. So tl1e example in [CDP] is not well chosen to advocate partial order 
semantics; already step semantics would be sufficient in this case. Therefore, we will 
now give a slightly more elaborate example. Consider the following two systems: 

P = (a;b) 11 c, 
Q =a; (b JI c) +(a II c); b. 

In both of these systems the actions a, b and c are executed, and b occurs after 
completion of a. However, in P the c action occurs independently of both a and 
b whereas in Q c may only occur either "causally behind" a or "causally before" 
b. P and Q may be represented by the following Petri nets (using a construction 
explained for instance in (GV) for implementing+). 

p Q 

0 
P and Q are identified when considering their possible sequences of steps. Both of 
them take into account the five possibilities for c: occurring before a, simultaneous 
with a, between a and b, simultaneous with b, or after b. However, after substituting 
(c1 ; c2 ) for c only the first system can perform the sequence of actions c1abc2 • Thus 
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also this semantics is not preserved under refinement. 

On the other hand, P and Q can be distinguished by considering the partial 
orders of action occurrences they allow. 

a --+ b (a followed by b and 
independently c) c 

is a computation of P but not of Q. In [CDP] it was shown that partial order se
mantics - when identifying a system with its set of possible (partially ordered) runs 
- is preserved under action refinement. 

However, when taking the choice structure of systems into account, the situation 
becomes less ob~ous. 

Before discussing the problem in detail, we would like to give an overview, by 
classifying the equivalences being currently investigated (without claiming complete
ness). They may be positioned in a two dimensional diagram as shown below, distin
guishing them first),y with respect to the preserved level of detail in runs of systems 
(as discussed above) and secondly with respect to the preserved level of detail of the 
choice structure of systems (we do not consider abstraction from internal actions 
here). In trace semantics ("linear time" semantics), a system is fully determined by 
its set of possible runs, thereby completely neglecting the branching structure. On 
the other end, bisimulation semantics preserve the information where two different 
courses of action diverge (although branching of identical courses of action is still 
neglected). In between there are several "decorated trace semantics", where part of 
the branching structure is taken into account. Mostly these are motivated by the 
observable behaviour of processes, according to some testing scenerio. 

runs sequences sequences partial orders 
of actions of steps 

branching 
structure 

interleaving step pomset 
paths trace trace trace 

equivalence equivalence equivalence 

. 
testing : e.g. 

interleaving step e.g. pomset 
bisimula tion bisimulation bisimulation bi.simulation 

equivalence equivalence equivalence 
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Up to now we have only considered the trace equivalences in the upper row of 
the diagram. We recalled from (CDP] that pomset trace equivalence is preserved 
under action refinement, while interleaving trace equivalence is not. Moreover we 
have shown that also step trace equivalence is not preserved under refinement. Next 
we will try to establish similar results for the corresponding branching time equiva
lences and for the testing equivalences in between. 

In interleaving semantics this generalisation is quite simple. As observed in 
(CDP), the systems M and N are identified even in interleaving bisimulation se
mantics while the refined systems M 1 and N' are not even identified in interleaving 
trace semantics. So there is one single example showing that neither interleaving 
bisimulation equivalence nor interleaving trace equivalence is preserved under re
finement. As a consequence, also none of the decorated trace equivalences based on 
interleaving, which are more discriminating then interleaving trace equivalence, but 
less discriminating then interleaving bisimulation equivalence, is preserved under 
refinement; in each of the decorated trace semantics based on interleaving, M and 
N are identified, while M' and N' are distinguished. 

Our example against step trace equivalence however cannot be used to show that 
also step bisimulation equivalence is not preserved under refinement; the systems P 
and Q happen to be different in step bisimulation semantics already: after perform
ing an a-action the system P is always able to continue with a b-action, whereas Q 
can perform an a-action and reach a state where it is not possible to continue with 
b. Nevertheless, the following example shows that also step bisimulation semantics 
is not preserved under refinement. Consider the two systems M and L which may 
not be distinguished in step bisimulation semantics: 

M=allb 
L =a II b +a; b 

(two actions a and b, executed independently); 
(either a and b are executed independently or 
the sequence ab is executed). 

They have the following Petri net representations: 

M L 
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The systems M' = (a1 ;a2 ) IJ band L' = (a1 ;a2 ) 11 b + (a1;a2 );b which are ob
tained by substituting a1 ; a2 for a are no longer step bisimulation equivalent; only 
L' can perform all and reach a state where it is not possible to continue with b. 

Hence, neither step trace nor step bisimulation equivalence is preserved under 
refinement. However, M' and L1 happen to be step trace equivalent, so none of 
the previous two examples is adequate for both equivalences. In order to tackle 
the whole range of equivalences included between step trace and step bisimulation 
equivalence we need yet another example, which simultaneously shows that both 
step trace and step bisimulation equivalence are not preserved under refinement. 
Consider the systems 

Q = a;(b II c) +(a II c);b and 
R = Q + F =a; (b 11 c) +(a II c); b +(a; b) II c. 

The Petri net associated to Q has been shown before, and the net for R is drawn in 
[GV], where it was also pointed out that Q and R are step bisimulation equivalent. 
However, after refining c into c1 ; c2 the two systems are not even interleaving trace 
equivalent; only the. second system can perform the sequence of actions c1abc2 • As 
a consequence, none of the decorated trace equivalences based on steps, such as the 
step failure semantics of [TV], is preserved under refinement. 

A rather straightforward combination of the ideas of bisimulation and of captur
ing causal dependencies by partial orders has been proposed in [BC]. They suggest 
to consider transition systems as for the usual interleaving bisimulation, but to label 
the arcs in these transition systems by pomsets (partially ordered multisets of ac
tion occurrences) instead of single actions. However, it turns out that the obtained 
equivalence, usually called pomset bisimulation, is not preserved by refinement of 
actions. 

Consider the two systems K and L below. 

K L 
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In both systems either a and b are executed independently or the sequence ab is 
executed. However, in L the choice between these two options is made at the 
beginning, while in K this choice can be postponed until the execution of a' has 
been completed. 
The system K can behave as follows: 

it performs the single action a and the remaining behaviour is b + b, which is 
identified with b; 

it performs the single action b and the remaining behaviour is a; 

it performs the pomset ~ (a and b executed independently) and there is no 

remaining behaviour; 
/ 

or it performs the pomset a -t b (a followed by b) and again there is no remaining 
behaviour. 

The behaviour of L can be described in exactly the same way and for this reason 
the two systems are ppmset bisimulation equivalent. 

Now let us imagine that a is refined into a 1 ; a2• The systems K' and L' which are 
obtained in this way can be distinguished in pomset bisimulation semantics, and even 
in interleaving bisimulation: only L' can refuse to do a b-action after execution of a1 . 

Hence pomset bisimulation semantics is not preserved under refinement of ac
tions. Another example for this are the two terms 

a; (b + c) +(a II b) and a; (b + c) +(a II b) +(a; b) 
(again refining a into a1 ; a2 ). However the example given before can also be used to 
show that even the notion of generalised pomset bisimulation, as discussed in (GV], 
is not preserved under refinement. Of course we cannot find an example tackling the 
whole range of equivalences included between pomset trace and pomset bisimula
tion semantics, since we alread:y observ~d that pomset trace equivalence is preserved 
under refinement. However, the systems K' and L' can already be distinguished in 
interleaving failure semantics, as employed in [BHR, DH]. Thus no equivalence that 
is at least as discriminating as interleaving failure equivalence but less discriminat
ing then pomset bisimulation equivalence can be preserved under refinement. 

The interplay of equivalence notions and refinement of actions as discussed up to 
now has been investigated in detail in [GG]. There all the equivalence notions and 
examples presented so far are given formally in the framework of event structures; 
refinement of actions is performed by replacing actions by finite non-empty pom
sets. That paper concludes by showing that another "partial order bisirnulation" is 
indeed preserved by refinement. In order not to bore readers with technical details, 
we just ouline these results here. 
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After we realised that pomset bisimulation is not preserved by refinement, an
other equivalence was considered, hoping that it would solve the problem (see e.g. 
[Devillers]). This equivalence had been considered before under the name NMS 
partial ordering equivalence in [DDM]. The main idea is to bisimulate transition 
systems where the states are labelled by their (partially ordered) histories. In {GG] 
it is shown that this equivalence is indeed preserved by refinement when we restrict 
ourselves to systems without autoconcurrency, that is to systems which do not allow 
concurrent occurrences of the same action like in a II a. However, for systems with 
autoconcurrency it turns out that NMS po equivalence is not preserved by refine
ment. Even more, it does not even respect pomset bisimulation equivalence in this 
case. The example showing both these facts was suggested to us by Alex Rabi
novich who used it to show that this equivalence is not a congruence with respect 
to a TCSP-like J?"rallel composition. To obtain a conguence, a stronger version of 
NMS po equivalence was suggested in [RT]. In [GG] it is shown that this "partial 
order bisimulation equivalence" is indeed always preserved by refinement. 

So we have shown that it is not automatically sufficient to move to partial order 
semantics for refinement of actions. When considering the choice structure, this has 
to been done with ~are. In the remaining part of this note, we argue that on the 
other hand it is not even necessary to move to partial orders (as one may conclude 
from [CDP]). 

A branching time semantics lying strictly between step semantics and partial or
der semantics has been proposed in [GV]. This ST-bisimulation semantics is based 
on the idea that actions have a duration, and may overlap in time. Contrary to 
step semantics, it recognises the possibility that, in P = (a; b) II c, action c may 
have an overlap with both a and b, while b can only occur after completion of a. 
However when in a run of a system an action b happens after completion of a, it is 
not taken into account whether or not there is a causal link between the two actions. 

Compare for instance the systems J!! and· K that have been presented before. 

M K 
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Both systems perform an a-action and a b-action. In M these actions are always 
independent, whereas in K it is possible to perform a b-action which causally de
pends on a: so M and K are distinguished in partial order semantics. However, in 
ST-bisimulation semantics the only execution of K which is not possible in M (first 
a and then the b which is causally dependent on this a) can not be distinguished 
from another execution of K (and of M), namely: first a and then the b which is 
independent of this a. In K, the choice between both runs is only made after com
pletion of a, and in that state the remaining part of both executions is the same: 
just b. Hence M and K are identified in ST-bisimulation semantics. 

So ST-bisimulation equivalence abstracts from the causal structure of concurrent 
systems. Nevertheless it is preserved under refinement [van Glabbeek]. A similar 
result can be prov~ for linear time semantics as well. A variant of this can be found 
in [NEL]. Furthermore .a variant of failure semantics, based on the same ideas that 
underly ST-bisimulation semantics has been proposed in (Vogler]. There it is proven 
that also this equivalence respects refinement. 

This shows that indeed partial order semantics (in the strong sense) are not nec
essary for the type of refinement we have considered. Nevertheless, we need partial 
order bisimulation semantics when it is required to model the interplay of causality 
and branching in full detail. 

We hope that this note, and the formal versions of it (GG, van Glabbeek], help 
to clarify the relationship between various equivalences being currently considered. 
However, we do not intend _to advocate any particular type of equivalence here. We 
just want to illustrate that the appropriate equivalence notion has to be chosen 
carefully with regard to the considered questions. 
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