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Abstract

In this paper we present a solution to the long-standing problem of characterising the coars-
est liveness-preserving pre-congruence with respect to a full (TCSP-inspired) process algebra.
In fact, we present two distinct characterisations, which give rise to the same relation: an op-
erational one based on a De Nicola-Hennessy-like testing modality which we call should-testing,
and a denotational one based on a refined notion of failures.

One of the distinguishing characteristics of the should-testing pre-congruence is that it ab-
stracts from divergences in the same way as Milner’s observation congruence, and as a conse-
quence is strictly coarser than observation congruence. In other words, should-testing has a
built-in fairness assumption. This is in itself a property long sought-after; it is in notable con-
trast to the well-known must-testing of De Nicola and Hennessy (denotationally characterised by
a combination of failures and divergences), which treats divergence as catrastrophic and hence
is incompatible with observation congruence.

Due to these characteristics, should-testing supports modular reasoning and allows to use
the proof techniques of observation congruence, but also supports additional laws and tech-
niques. Moreover, we show decidability of should-testing (on the basis of the denotational
characterisation). Finally, we demonstrate its advantages by the application to a number of
examples, including a scheduling problem, a version of the Alternating Bit-protocol, and fair
lossy communication channels.
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1 Introduction

Over the years, the specification and analysis of distributed systems by means of process-algebraic
languages and theories has become an established field of theoretical and applied research. Basic
process algebraic theories like CCS (Milner [28]), CSP (Hoare [21]) and ACP (Baeten and Weijland
[1]) as well as standardised specification formalisms like LOTOS (Bolognesi and Brinksma [5], ISO
[22]) are being routinely applied.

One of the most interesting and fruitful areas of research in process algebra is that of behavioural
equalities and pre-orders. Such a relation defines formally when one process is a correct implemen-
tation of another; ideally, the relation should regard processes as comparable if and only if one can
replace the other as far as ‘observable behaviour’ is concerned. However, one of the insights that
has been gained in the past two decades is that there does not really exist one canonical notion
of observable behaviour; rather, depending on the formalisation of observability, many different
notions of behavioural equivalence or inclusion arise (the reader may consult Van Glabbeek [39, 38]
for an overview). Of course, other criteria apply as well, such as for example the availability of a
mathematically tractable and well-understood theory, so that in practice a compromise between
the various requirements must be found.

In their seminal paper [17], De Nicola and Hennessy present a framework for defining pre-orders
that is widely acknowledged as a realistic scenario for system testing. They use their framework to
define the must-testing and may-testing pre-orders, respectively, both based on a different notion
of what one can observe when a system is submitted to an arbitrary test. Both of these pre-orders
are backed up by a relatively simple and appealing denotational semantics, combining notions of
failure and divergence in the case of must-testing (see Brookes, Hoare and Roscoe [13, 14]), and
based on traces in the case of may-testing.

Another very successful family of pre-orders (most of them actually equivalences) arises out
of the principle of (mutual) simulation of systems. The prime representatives of this family are
bisimilarity (Milner [26], Park [33]) and especially also observation congruence (Milner [28]).

In favour of testing

We recall that, at least in principle, bisimulations provide the finer equivalences that keep track of
the branching structure of behaviours in detail; moreover, they have a rather elegant proof theory
based on the construction of bisimulation relations. Testing equivalences and pre-orders developed
following the recipe of De Nicola and Hennessy are in principle coarser.

The higher resolution power of bisimulations can, in fact, be undesirable in practice. For
instance, the transition systems By and Bs in Figure 1.1 are not observation congruent; but they
are must-testing equivalent, and indeed one would sometimes like to implement behaviour B; by
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Figure 1.1: Must-testing equivalent behaviours that are not observation congruent.

Bs, resolving the choice between the two a-actions in Bj internally through the internal T-actions in
Bs, and not through interaction with the environment. The idea is that, as the environment cannot
influence the choice in either case, this should make no difference to the observable behaviour.

It should be mentioned that, at least to some degree, successful techniques for observation
congruence can still be used if one is actually interested in a testing equivalence (or pre-order),



® @ b [ ] = [ ) —_——=
By a B, a {\ b Bs a @
T T

Figure 1.2: The difference between observation congruence and must-testing equivalence.

provided that the latter is really coarser than the former. Processes shown observation congruent
by providing a bisimulation or by using suitable axioms are also seen to be testing equivalent. And,
as e.g. Valmari argues in [34], the efficient reduction of a process to a minimal observation congruent
one provides also a reduction w.r.t. testing equivalence, which then can be improved further; thus,
one can only fare better when using the testing approach.

Finally, one may argue that (non-symmetric) pre-orders have an intrinsic advantage over equiv-
alences: They better reflect the idea of an implementation relation in which moving to a smaller
element expresses an implementation choice — usually involving some sort of deterministic reduc-
tion of the specified behaviour.

In favour of observation congruence

On the other hand, there is an important feature of observation congruence that classical testing
does not provide: it incorporates a particular notion of fairness. For instance, the behaviours
By and Bj shown in Figure 1.2 are observation congruent. Observation congruence works on the
principle that the 7-loop of Bs is executed an arbitrary but only finite number of times, in this case
implying that eventually action b will be enabled. Such identification of behaviour can be very useful
in practice: for example, when proving properties of systems with lossy communication media. In
such cases T-loops represent an unbounded but finite number of message losses. Interesting proofs of
protocol correctness based on this principle are given by Larsen and Milner in [24] and by Brinksma
in [9]. Most of the standard testing-preorders, on the other hand, are based on the interpretation
of T-loops as divergences, making them quasi-observable as a chaotic or under-specified process.
In this interpretation, all behaviour after a divergence is ignored. As a consequence, the standard
testing-preorders are only coarser than observation congruence for divergence-free processes, but
not in general. For instance, B; and By in Figure 1.2 are not must-testing equivalent; instead, By
is must-testing equivalent to Bs.

Joining strengths

It is of practical interest to have a testing pre-order that combines the ability to shift and reduce
nondeterminism typical for testing with the capacity to model fairness. In particular, this should
give a testing pre-order that is really compatible with observation congruence, giving the advantages
discussed above.

At the same time, an important property for a suitable implementation relation is to support
modular reasoning. Hence, the testing pre-order that we are looking for should be a pre-congruence
with respect to all important combinators; i.e., it should be preserved when substituting related
behaviours in a larger context. For instance, observation congruence and both the testing preorders
mentioned above are (pre-)congruences.

The combination of testing, fairness and pre-congruence turns out to be surprisingly hard to
achieve. A must-testing-like pre-order (which in this paper we call acceptance testing) that shares
the fairness property of observation congruence is in fact not too difficult to find: it has been defined
and studied under the name of reduction by Brinksma and Scollo in [12, 8] and the corresponding
equivalence relation also by Vogler in [40] (see also Section 3.3 of [41]). Denotationally, acceptance
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Figure 1.3: By and By are acceptance testing equivalent, but not after hiding a
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Figure 1.4: B; is an acceptance testing implementation of Bs, but not after hiding a

testing is precisely captured by the failures model. In contrast to must-testing, however, acceptance
testing does not yield a pre-congruence with respect to abstraction (or hiding), a construction which
internalises visible actions and may thereby introduce new divergences.! We give two examples
illustrating this fact.

Figure 1.3 is taken from Bergstra et al. [2]; it shows two acceptance testing equivalent systems
that differ when a is hidden. According to the acceptance testing scenario, the only observable fact
is that after an arbitrary nonempty sequence of a’s, either b is refused or c is refused; the difference
between the two systems in Figure 1.3 is that the left-hand system alternates between allowing
b and allowing ¢, whereas the right-hand side keeps on offering the same action after the initial
choice. After hiding a this difference becomes testable, at least in the acceptance testing scenario:
then the left-hand system accepts both the test for b and the test for ¢ — meaning that in all states
reachable from the initial state through internal moves, both b and ¢ are still possible — whereas
the right-hand system accepts neither, since after the first state either b or ¢ has been disabled.

Another, even simpler, example is shown in Figure 1.4: the behaviour B; is an implementation
of By in the sense of acceptance testing (in this case the two are not equivalent). After hiding a
on both sides, the implementation relation no longer holds: in the acceptance testing scenario, Bs
accepts the test for b — i.e., b is always possible — whereas By will obviously refuse to perform b,
meaning that it fails to accept that test. This shows that the removal of trace capabilities (taking
away the a-b trace of By) interferes with pre-congruence with respect to hiding.

The problem of defining a suitable fair testing pre-congruence is in fact a long-standing one; in
Section 8 we list some previous attempts at solving it. In the present article, we propose a solution
by introducing the notion of should-testing, elaborating on and extending our preliminary papers
[10, 11]. This notion of testing was also concurrently and independently developed by Natarajan and
Cleaveland [31]; again, see Section 8 for a more detailed comparison of the respective contributions.
A closely related approach based on liveness in Petri nets, giving an interesting characterization
for a coarsest congruence, has been developed by Vogler in [41].

Should-testing is based on a modified definition of a successful test: process B passes test ¢ iff
every finite execution of B || ¢ (the process subjected to the test, where “— || =7 denotes parallel
execution of two processes, synchronized on all observable actions) has passed through or can be
extended to pass through a successful state of t. For the behaviours in Figure 1.4, for instance,
using this definition the tester process t (with ‘success label’ v') will distinguish between B; and
Bs.

Our solution is canonical in the sense that it is the coarsest fair (i.e., divergence insensitive)

Tt is actually, erroneously, claimed in [12] that reduction is also a pre-congruence with respect to abstraction.



testing pre-congruence, even if one chooses a notion of observability-through-testing that is much
weaker than the one informally described above. In fact, no more is needed than the ability to
observe whether a system under test is alive, in the sense of being able to do any observable action.

Structure of the paper

We proceed as follows. Section 2 sets the scene by defining our process language, its operational
semantics and bisimulation, and discussing pre-congruences in general. In Section 3, we introduce
the De Nicola-Hennessy testing framework in general and should-testing in particular. We dis-
cuss the fairness properties of should-testing and show that it gives rise to a pre-congruence for
all our operators — but for the standard problem with choice, which is solved in the standard
fashion (namely, by taking initial stability into account). This pre-congruence result is one main
achievement of the present article. The pre-congruence proofs rely directly on the testing definition.

A theoretically interesting aspect is, that this pre-congruence is not the coarsest pre-congruence
for hiding within the acceptance testing preorder, since that coarsest pre-congruence surpris-
ingly fails to be a pre-congruence for parallel composition. As another surprise, our should-pre-
congruence has to be refined further (by requiring related processes to be trace equivalent) to
become a pre-congruence also for recursion. This full should-pre-congruence solves the problem of
fair testing pre-orders; in particular, it is coarser than observation congruence in all cases, with the
advantages discussed above.

As another main result, Section 4 gives a denotational characterization of the full should-
pre-congruence, based on a generalisation of the concept of failure pairs (cf. [13]) as given in
[41]. An important achievement are the suitable definitions for the operators of our language on
the denotational model — which results in alternative pre-congruence proofs — and the proof of
recursion pre-congruence, which is somewhat involved; a non-standard feature in the latter proof is
the fact that there is not one unique least element in the denotational model space, since comparable
processes must have the same language. For good measure, we have shown that the model space
is optimal in that it contains “no junk” (every model describes the semantics of some system
specifiable in our process language). Natarajan and Cleaveland [31] give another characterization
of the should-preorder (without giving denotational constructions or discussing any pre-congruence
properties).

In Section 5 we show decidability of the should-pre-congruence; an essential tool in this proof
is the (far from simple) denotational, failure-type characterization of the pre-congruence. Further
proof principles to demonstrate that the should-pre-congruence holds between two given behaviours
are presented in Section 6; they include bisimulations and axioms inherited from observational
congruence, compositional reasoning, specific axioms for should-precongruence and a special con-
traction lemma, which is proven on the basis of the denotational characterization. In Section 7 we
show the application of should-pre-congruence and these proof principles to a number of examples,
chosen so as to illustrate the practical advantages over standard observation equivalence and must-
and acceptance testing. The examples include a scheduling problem, a version of the Alternat-
ing Bit-protocol, and fair communication channels. Finally, Section 8 discusses related work and
presents our conclusions.

The “no junk” property of the model space, being quite technical and mainly of theoretical
interest, is relegated to Appendix A. Furthermore, this report version includes proofs of all the
main theorems; for readability, however, some have been deferred to Appendix B.



2 Basic process algebraic concepts

We start by defining our process algebraic language; then we present its operational semantics and
other basic notins, and discuss in particular the notion of pre-congruence.
We first review some general notational issues.

e We use A — B to denote the space of partial functions from A to B; f: A — B means that f
is such a partial function, in which case dom(f) equals the subset of A on which f is defined.
Note that if f: A — B then f:dom(f) — B.

e We use & to denote a countable (i.e., finite or countably infinite) vector of elements. ||
(e NU{w}) denotes the length of x and for all 0 < i < |Z], z; denotes the i’th element of x
(hence ¥ = zg x1 ).

2.1 The language

We assume sufficiently large sets A of actions, ranged over by a,b, ..., and X of process names,
ranged over by X,Y,Z.2 There is also a special invisible action T ¢ A; we denote A, = A U {7},
ranged over by «, 3, ... Throughout the paper we consider the language L, ranged over by B,C, ...
and generated by the following grammar:

B = oB | Y setof B| B|4,B | Bly] | B/A| X | recx0
0 == setof X:=DB .

The “set of” construction indicates a countable set of expressions of the relevant kind. Hence
terms are constructed from the following elements:

”

e A family of action prefix operators “a; —" indexed by an action o € A;

e A CCS-like infinitary summation operator “» —" whose parameter is a countable set of terms;
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e A family of CSP-like parallel composition operators indexed by a set of synchroni-

sation actions A C A;

—lla-

e A family of relabelling operators “—[¢]” indexed by a relabelling function ¢: A, — A, which
satisfies p(a) = 7 if and only if @ = 7. In actual terms, we usually only list the fragment of
@ that is not the identity.

e A family of hiding operators “—/A” indexed by a set of actions A C A to be abstracted away
from;

e A family of process variables “X” with X € X, which serve either as placeholders of sub-
terms to be inserted later (by syntactic substitution, see below) or as process invocations.
(These two uses are distinguished in [28] by using disjoint sets of so-called agent variables in
the first, and agent constants in the second case.)

e Recursive terms recx 6, where §: X — L is a process environment (see below) and X €
dom(0). 6 can be regarded as a vector of equations X := 6(X), of which the recursion
operator builds a fixpoint at each given coordinate X. (See also Milner [27] for another
example of this operator.) A special case is § = {X := B}, in which case we sometimes
simply write rec X. B.

We sometimes use rec 6 to denote the function dom(6) — L that maps each X € dom(6) to
the O-fixpoint at X, recx 6.

%In the general case, both A and X should be uncountable; see Section 2.6.



A process environment 6 is a countable set of definitions of the form X := By, with the additional
constraint that all the X’s are distinct; hence 6 can be interpreted as a partial function X — L,
such that 0(X) = Bx for all (X := Bx) € 6. We sometimes write 0 as {X := 0(X)} ycgom(0)-

Since it takes a function as parameter, one can regard recursion as a higher-order operator.
Accordingly, we sometimes refer to terms without recursion as the first-order fragment of L. We
denote a typical first-order operator by op, and its application to a vector of operands (of appro-
priate length) by op(B).

Note that, in spite of the presence of two constructions with a countable number of operands
(summation and recursion), the principle of induction over the structure of terms remains valid,
due to the fact that syntax trees have finite depth (even if they have countable width).

An alternative presentation of recursion, which is more pleasant to use in practice but more awkward
in theoretical developments, is to define the process environment 6 separately and in the term under
consideration just write down the variable X whose #-defined behaviour is invoked. That is, in this
alternative presentation, every term B has an implicit context, being the process environment 6
that defines the behaviour of the process variables invoked in Bj; see the beginning of Section 7
for an example. We sometimes write B with 6 to make the context explicit. In fact, we have the
following correspondence (which relies on syntactic substitution, to be formally defined below):

B with 0 = Blrecx 0/X]xcdom(0)
We use special abbreviations for some forms of summation, synchronisation and process definition:

0 = X0 B||C = BJ,C
B+C = Y{B,C} B|C = BJ,C .

The reason why we allow infinitary summation and infinite process environments in L is to be able
to capture arbitrary tests as terms of L; cf. Section 4 below.
To save parenthesis, we will use the following implicit order of binding strength:

—le] > /A > a- > —|,- > Y- > recx—

2.2 Sorts, free variables and substitution

We sometimes use the (syntactic) sort of a term, this being an approximation of the actions a
system may perform during its lifetime. Since the sort is a syntactic notion, due to the Turing
power of L it cannot precisely equal the set of actions actually performed; instead, it is an over-
estimate. Sorts are given by a function S:L — P(A). The definition is inspired by Milner [28].
In particular, to define the sorts of process variables we rely on explicit sorting: for every variable
X € X we assume that the sort is a pre-defined countable set Sy C A. The sorting function is
defined by the following set of rules:

S(r;B) = S(B) S(Bly]) = »(S(B))

S(a;B) = {a}US(B) S(B/A) = S(B)\A

S(B) = UpepS(B) S(X) = Sx
SBi|lyB2) = S(B1)US(Bo) S(recx ) = Sx

For the sake of consistency, process environments have to respect the sorts of process variables. We
call 0 well-sorted if S(A(X)) C Sy for all X € dom(0); in the remainder, we will always implicitly
assume process environments to be well-sorted. Moreover, we will always assume that there are
fresh actions not in the sorts of any of the terms under consideration; see Section 2.6.



The free variables of a term B, denoted fv(B), are defined as usual; furthermore, fv(f) =
Uxedom (o) fo(0(X). To be precise:
fo(op(B) = Upeioys Jo(B)
fo(X) = {X}
fo(recx ) = fo(0)\ dom(0) .

Note that fv(B) is always countable. We call B closed if fu(B) = () (and the same for §). We use
L® to denote the closed terms of L. The free variables of a term B can be instantiated by syntactic
substitution. This is denoted B[o], where 0: X — L is a (partial) substitution function. We also
use @[o] to denote the instantiated process environment {X := 0(X)[0]} x¢ gom(g)- Substitution is
defined as follows:

op(B)lo] = op(Bolo] Bifo] --)
X[o] = {O'(X) if X € dom(o)
X otherwise
(recx 0)[o] = rec,x)((0o p HlpUa]) where p: dom(8) — Y ( C X) is bijective
with Y N (dom (o) U fu(o) U fo(recx 0)) = 0.

Note that for p (which we use for an a-conversion, to avoid the capture of free variables of o) in the
last equation to exist, there must be sufficiently many process variables not in dom (o) U fu(o); see
Section 2.6. Just as for process environments, we only consider well-sorted substitution functions,
i.e., such that S(0(X)) C Sy for all X € dom(c). We sometimes write Bo] as Blo(X)/X]xedom (o0)-
(Note that process environments 6 and substitution functions o are in fact mathematically the same
kind of objects. For instance, the definition of fv(6) directly carries over to fv(c).)

2.3 Operational semantics

We express the behaviour of terms of L in terms of labelled transition systems, as usual. In general,
an A-labelled transition system is a triple (S,—,¢) where S is a set of states, = C S x A x S a
transition relation between states and ¢ € S the initial state.

The operational semantics of terms of L is defined through structural operational rules; see
Table 2.1. This gives rise to an A -labelled transition system (without initial state) (L®, —) (where
L*® denotes the set of closed terms of L, and — is generated by derivations from the rules in
Table 2.1). The rules are entirely standard.

The consistency of the sort and the operational semantics is expressed by the following propo-
sition, corresponding to the subject reduction property in typed functional languages:

Proposition 2.1 If B -2 B’, then S(B) 2 S(B’) [U{a} if a # 7).

We call a transition B -% B’ closed if B is closed. An example of a non-closed transition is
a; X % X. For any transition, closed or not, it holds that free variables of the target term are
already free in the source term, as expressed by the following proposition.

Proposition 2.2 If B -2 B’, then fu(B') C fu(B).

If a transition is not closed, it can be further instantiated; this is expressed by the following
proposition.

Proposition 2.3 B % B’ implies Blo] % B'[o] for arbitrary o.



Table 2.1: Structural operational semantics of L

BB BeB B % B, a¢A
OZ;B&B ZB&B, BlHABQi)BiHABQ
By B, adA Bi % B, By % B, acA
By ||A By = By ||A Bé By ||A By = Bi ||A Bé
BB BB acA BB a¢Ad
Bly] 2%, B'[y] B/A I, B'/A B/A % B'/A
0(X)[recy 0/Y ]y cdom(o) = B’
recxy § % B’

The premise of the operational rule for recursion can be simplified if one assumes guardedness. A
variable X is called guarded in a term B if X only occurs free in sub-terms of the form «a; C'. More
precisely, the definition of guardedness is as follows:

e X is guarded in a; B;

e X is guarded in ) B iff X is guarded in all B € B;

e X is guarded in B ||, C iff X is guarded in B and C;

e X is guarded in B/A and Bly] iff X is guarded in B;

e X is guarded in every variable Y # X, but not in X.

e X is guarded in recy @ if 0 is guarded and X is guarded in §(Y').
A process environment 6 as a whole is called guarded if all X € dom(0) are guarded in all f-images.
The crucial property of guarded variables is that they are not regarded in the derivation of any

(initial) transition of the term. The following proposition states the aforementioned simplification
of the operational rule for recursion that is the essential property of guarded process environments.

Proposition 2.4 If 6 is guarded, then recx % B’ iff 6(X) % B” such that B' =
B”[I'GCY Q/Y]Yedom(e) .

In the remainder of this paper, we restrict ourselves to guarded process environments.

2.4 Pre-congruence

For many purposes, the operational semantics is too fine-grained, distinguishing terms that are
intuitively equivalent — such as a; 0 and a;0+ a; (0+ 0). For that reason, one usually considers an
abstraction of the operational model. Such an abstraction can be obtained by defining a semantic
pre-order over the model, which takes the form of a relation £ C S x S over the states of a given
transition system; in particular, also over the (closed) terms in the transition system generated by
Table 2.1. To be able to reason about the open terms as well, the relation C is extended in the usual
way: two open terms are related iff all their closed instantiations are related (B C C'iff Blo| C C|o]
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for all o: fu(B,C) — L with fv(o) = 0). Furthermore, C is extended pointwise to vectors of terms
(BC Ciff |B] = |C| and B; T C; for all 0 < i < |B]) and also to process environments (6 C 7 iff
dom(0) = dom(n) and 6(X) C n(X) for all X € dom(0)).

One common use for semantic pre-orders is to formalise a notion of correctness of a design
or implementation, in such a way that a system correctly implements a given specification iff it
is smaller with respect to the pre-order under consideration. A pre-order used for this purpose
is also often called an implementation relation. The transitivity of an implementation relation
is essential to ensure that two correct design steps, executed one after the other, still give rise
to a correct implementation. If, moreover, one wants to design or verify a system in a modular
fashion, by comparing sub-systems and putting them together, a further desirable property of the
implementation relation is for it to be a pre-congruence. In fact, we distinguish several variants.

Definition 2.5 Let C C L x L be a pre-order.

e [ is a first-order pre-congruence if for any n-ary operator op of L (with n € NU{w}), BCC
with |B| = n implies op(B) C op(C).

e [ is a recursion pre-congruence if @ T n implies recx 0 C recx n for all X € dom(0).

e L s a full pre-congruence if it is both a first-order and a recursion pre-congruence.

Moreover, a [first-order/full/recursion] congruence is a [first order/full /recursion] pre-congruence
that is actually an equivalence relation.

Another well-known way to characterise (pre-)congruences is through so-called contexts. A context
is an incomplete term, containing so-called “holes”; the context can be instantiated by “filling” the
holes, that is, by inserting terms into them. (The holes can also be regarded as a kind of higher-level
variables; the only difference between instantiating a variable and filling a hole is that the latter
may capture free variables.) For a semantic relation to be useful in the algebraic theory, one would
like it to be preserved under substitution into arbitrary contexts. As we will now demonstrate, this
is the case if and only if the relation is a (full) pre-congruence.

In this paper, contexts are terms Ctz, with free variables from a predefined countably infinite
set {Zy, Z1, ...} serving as holes, and no Z; bound anywhere in Ctz. Holes can be (partially) filled
by instantiating them with a vector of terms B. Filling holes is different from ordinary syntactic
substitution in that free variables in B may be captured in the instantiated context: we usually
write Ctz[—] for Ctz and Ctz|B] for Ctz[B;/Z;) If Ctx contains only the hole Zj, we usually
denote it by —. For instance,

0<i<|B|’

Ctz|—] = recx, {X1:=a;—, X2 :=— || a; X3, X3 :=b;0}
is a context with example instantiation

Ctx[b; (X2 +recY. a; X3)]
= recx, {X1:=a;b; (Xo +recY.a; X3), Xo :=0b;(Xg +recY. a; X3) ||| a; Xo, X3 :=0;0} .

Full pre-congruences can then be characterised as follows:

Proposition 2.6 A pre-order C is a full pre-congruence iff for all contexts Ctx[—], B T C with
|B| = w implies Ctz[B] C Ctz[C].
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Proof: if. For an arbitrary operator op of L, choose Ctz = op(Zy, Z1,...). It follows that C is
a first-order pre-congruence. Now consider 6 C 7, and let Y € dom(0) be arbitrary. Let X
represent an arbitrary ordering of the variables in dom(6), and (X) (resp. (X)) the vector
of f-images of X. Now choose Ctz = recy {Xi = Zi}, <ic|%|" The property in the proposition

then implies

recy 0 = Ctz[0(X)] T Ctz[n(X)] = recy 1 .
Since Y is arbitrary, this implies C is a recursion pre-congruence.

Only if. Assume that C is a full pre-congruence. The proof obligation then follows by induction
on the structure of Ctz. Assume B C C with |B| = w:

o If Ctz = op(D), then D;[B] C Dy[C] for all 0 < i < |D| by the induction hypothesis,
implying Ctz[B] C Ctz[C] by the fact that C is a first-order pre-congruence;

o If Ctz = X where X ¢ {Zy,Z,,...}, then Ctz[B] = X C X = Ctz[C];

o If Ctz = Z;, then Ctz[B] = B; C C; = Ctz[C);

e If Ctz = recy 6, then by the induction hypothesis we have 0(Y)[B] C 0(Y)[C] for all
Y € dom(6). From this we may conclude

Ctz[B] = recx {Y := 0(Y)[Bl}y ¢ gom(o) E recx {Y 1= 0(Y)[Cl}ycgom() = Ctz[C]
using the fact that C is a recursion pre-congruence. O

An example of the use of contexts is given in Ex. 3.13, where a particular context is used to show
that a relation is not a pre-congruence.

2.5 Bisimulation

In this paper, we are concerned with relations that abstract from internal activity of the system,
in the sense that finite sequences of 7-actions are simply ignored. This is achieved by using weak
(or T-abstracting) transitions, defined as follows: for all s,s" € S,

g, oy g TP O, T T A, T
In this situation, we call aq ---a, a trace of s. A particular, well-known class of implementation
relations (in fact, equivalences) is based on the principle of bisimulation (see Milner [28], which
boils down to a step-by-step matching of transitions of two systems under comparison. The notion
of a “match” for a transition -% can be either strong (-%) or weak (== ); in the latter case, a match
for =, can be either at least one (=) or arbitrarily many (=). Let *: A, — A* be a mapping
defined by @ = a for all a € A and 7 = ¢.

Definition 2.7 (bisimilarity) Let (S,—) be a transition system.

e Strong bisimilarity ~ C S x S is the largest symmetrical relation such that for all s1 ~ sg
and s1 % s} there is a sb ~ s} such that sg % .

e Weak bisimilarity &~ C S x S is the largest symmetrical relation such that for all s1 = s9 and
s1 -% 8] there is a sh ~ s} such that sy = sb.

e Rooted bisimilarity ~yi;s C S xS is the largest symmetrical relation such that for all s1 ~pis S2
and s1 % s there is a sl ~ 8| such that sy = ).

12



The following result is standard; see Milner [28] for the corresponding property of CCS, and [4, 3]
for meta-results applying to the language L considered here.

Proposition 2.8 ~ and ~pis are full congruences.

Strong bisimulation is often regarded as the most distinguishing reasonable equivalence relation over
transition systems; in fact, all relations considered in this paper are weaker. Since it also happens
to have a relatively pleasant proof technique, we use it as a “touchstone” for the equivalence of
behaviours: equalities that hold up to strong bisimilarity are certain to be valid in all semantics
under consideration. For instance, with respect to process definitions, the following equivalence is
easily shown to hold:

Proposition 2.9 recx 6 ~ 0(X)[recy 0/Y |y cgom(o)-

The following is a technical result giving sufficient conditions to conclude that a relation is a pre-
congruence with respect to parallel composition.

Lemma 2.10 If C is a pre-congruence for renaming such that ~ C C, and B; & C; (1 = 1,2)
implies By || 4 Ba © Cy ||4 C2 for all A O (S(B1) N S(B2)) U (S(C1) NS(Cy)), then T is a pre-
congruence for parallel composition (with arbitrary synchronisation sets).

Proof. The proof strategy is to construct, for arbitrary terms B; ||, Bo and C || 4 C3, renaming
functions ¢1, 9,7 and a set of actions A’ such that

Bi|g B2 ~ (Bilgi] |4 Balw2])[¥]
Cill4C2 ~ (Cilpr] [l ar Cal2])[¥]

and both A" D §(By[p1]) NS(Ba[pz]) and A" O S(Ci[e1]) NS(Calep2]). Tt is not difficult to see that
this implies the proof obligation.

The role of the @; is to rename the actions (S(B;) U S(C;)) \ A for i = 1,2 to disjoint sets of
fresh actions. For i = 1,2 let ¢;: (S(B;) US(C;) U A) — A; be bijective such that o1 [ A =2 [ A
and A; N Ay = A’, where A’ = ¢1(A). (Note that A is assumed to be large enough so that such A;
can always be found.) Moreover, let ¢ = cpl_l Uy ! (hence 1 is left inverse to both o1 and ¢y). It
is straightforward to show that these satisfy the requirements; for instance, the following relation
R C L x L is a bisimulation:

R ={(B1 |4 Bs, (Bilei] Ly Balw2)[¥]) | Bi € L,S(B;) € S(By) for i = 1,2} .

2.6 Cardinality assumptions

The following remarks are intended to ensure the logical consistency of our assumptions and do
not concern the main point of this article. In the present section, we have made the following
statements regarding the cardinality of various sets and constructions:

e The sets A and X are uncountable;

e The sum operator ) has a countable number of operands;

e Process environments 6: X — L have countable domains;

e Each process variables X € X has a countable sort Sx.
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As a consequence, for all terms B € L, S(B) and fv(B) are countable subsets of A and X,
respectively. Therefore, we can always assume the existence of fresh actions (not in the sort of
a given term) and of a countable set of fresh process variables disjoint from any given countable
subset of X. This, in fact, is the motivation for choosing the cardinalities in this way. We have
already seen one case of the “enough process variables” assumption in the definition of syntactic
substitution.

Occasionally we will construct terms recy 6 where 6 actually has an uncountable domain. How-
ever, if we define <y C X x X as the smallest transitive and reflexive relation such that ¥ <y Z
whenever Y € fu(0(Z)), then |gY ={Z € X | Z <p Y} is clearly countable and 6 | |¢X intuitively
contains all process definitions that can possibly affect the behaviour of X. In fact, if we momen-
tarily treat recy 6 as if it were an allowed term we obtain recx 6 ~ recx (6 | |9X). For that reason,
we will implicitly assume recx 6 to stand for recx (0 [ [ X).
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3 Testing

The subject of this paper is the study of certain testing pre-orders. This entails a setup wherein
systems are investigated by synchronising them with tests, which are systems containing a special
success action v ¢ A,. A state with an outgoing v -transition is called successful. We denote
Ay = AU {v'} for arbitrary A C A, and we reuse « to range over A, /. Tests, then, are closed
terms ¢ with S(¢) C Ay/; their operational semantics is again determined by Table 2.1. We denote
the set of tests by Ly, ranged over by t. (Note that we will still use || to abbreviate ||, and not
lav)

Applying the test ¢ to the (closed) term B is done by synchronising the two on all actions
(except for 7 and v'), resulting in the term B || t. Whether or not a test application as a whole is
deemed successful depends on the presence of sufficiently many successful states in the behaviour of
B || t, where the notion of “sufficiently many” is itself a parameter of the testing framework, which
may be called the test modality. The landmark paper of De Nicola and Hennessy [17] essentially
defines two such modalities: may- and must-testing, which we recall here. To formulate the latter,
we define a mazimal run through a transition system to be a sequence of states (s;);<, for some
n € N>OU {w} such that s; 1 24 s; for all 0 < i < n, and if n # w then Pa:s, 1 -%.

Bmayt & EIwEA*:(BHt)w:‘/>
<)

Bmstt :& Vmaximal runs (B;)i<n: (B ||t = By implies 3¢ < n: B; Y-
In words, B may t if and only if there is a path from B ||t to a successful state, whereas B mst ¢
if and only if any path from B || ¢t eventually passes through a successful state.
Any such test modality mod C L°® x Ly gives rise to an implementation relation expressing
that the left-hand system (the proposed implementation) passes all the tests that the right-hand

system (the given specification) passes, in the sense of the chosen test modality mod. (If a term
does not pass a test, we say that it fails it.) That is, for I, S € L® we define:

IChedS & VieLy:Smodt— I modt (mod = may, mst).

The resulting relations Cyay and Epyst are studied extensively in [17]. CEmay is shown to be a full
pre-congruence (coinciding with inverse language inclusion, see the next section); Cpyet is not a
pre-congruence with respect to choice, but becomes a full pre-congruence if we strengthen it using
a stability test, which is a unary predicate defined by:

Bstb & B /L
Just like test modalities, unary predicates prd C L°® naturally give rise to an ordering over L®:
ICpqS & Sprd = I prd

For instance, I Cgp, S holds if either S is stable or I is not. The known (pre-)congruence properties
of may- and must-testing, then, come down to the following:

Theorem 3.1 (De Nicola and Hennessy [17]) Emay and EmstNEstp are full pre-congruences.
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Figure 3.1: T Znst S and I’ Ciyge I (Ex. 3.2)
3.1 Fairness and congruence issues

Let us recall the fairness aspects of mst-testing. A must-test application, B mst ¢, immediately
fails if either B or ¢ diverges, i.e., is able to do an infinite sequence of 7-moves that never reaches a
successful state. In particular, a simple 7-loop generates a divergence. The idea is that the system
may indeed choose to follow this path forever, in which case success is never attained.

For some purposes, this interpretation is too strict. For instance, the implementation technique
of busy-waiting, when formulated in terms of a transition system, gives rise to a 7-loop; so does
the assumption made in many protocols that messages may be retransmitted upon loss. In either
of theses cases, there is a fairness assumption implicitly associated with the 7-loop, which can
intuitively be understood as guaranteeing that the divergence will never actually arise; i.e., that
the path which stays in the loop forever is not a possible behaviour of the system. Because of the
way it deals with divergence, the mst-testing modality is not compatible with such an implicit
fairness assumption.

Example 3.2 Consider the systems S = 7;a;0 and I =rec X. 7;(X + a;0) (see Figure 3.1). The
visible behaviour in both cases consists of the ability to do a after some internal moves; however,
on the face of it, I may elect to do internal moves forever and never execute a. Indeed, we have
I Umst S due to S mst a;v';0 and —(I mst a;v';0). A fair execution of I, on the other hand,
should not always choose T, but should eventually choose to execute a; hence S and I are equivalent
if only fair runs are considered.

Now consider I' = (rec X. 7; X)) + a; 0 (see Figure 3.1), which can choose with its first T never
to do a. Hence, if only fair runs are considered, I' should not implement I; yet I' Cinet 1.

Inspired by the above example, this implicit notion of fairness can be captured by the following
liveness predicate:
Blive & VB = B 3a#7: B =

Hence B is called live if, after any amount of internal moves, there is always some visible behaviour
left. We will call an implementation relation liveness-preserving if it is at least as strong as Cijve.
I and I’ in Ex. 3.2 show that Tt is not liveness-preserving, since [ is live while I’ is not; neither
is Cmay liveness-preserving, witness 7;0 + a; 0 Epay a; 0.

A liveness-preserving test modality, here called acceptance testing, was developed in [12, 40]
(and called reduction in the former). It is defined as follows:

Bacct:=Vwe A" VB (B | t) = B’ implies Ja € Ay: B’ =

Hence, B acc t does not automatically fail at a divergence; rather, it fails only if a divergent
path cannot be exited by a visible action. This reflects the implicit assumption that as long as
there is a visible transition reachable from the current state, that (or some other) visible transition
will eventually be performed. The resulting implementation relation, Caee, is indeed liveness-
preserving, since B live iff B acc Y {a;v';0|a € S(B)}. For instance, in Ex. 3.2 we find that
I' Zace I, because I acc a;v'; 0 whereas —(I’ acc a; v'; 0).
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Figure 3.2: I Cyee S but I/a Zaee S/a (Ex. 3.3)
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Figure 3.3: I/A Cyee S/A for all A C A, but ( IHA )/a,b Lace (S|4 B)/a,b (Ex. 3.5)

Unfortunately, a new problem occurs that severely limits the usefulness of Cyee: it is not a
pre-congruence for hiding. The following example, demonstrating this, is due to Rom Langerak:

Example 3.3 Consider the systems S and I depicted in Figure 3.2. I satisfies all tests of S under
acc; hence I Cyee S. Yet after hiding a we get that S/a acc b;v';0 whereas —(I/a acc b;v';0);
hence I/a ZLace S/a.

We recall the following result.

Theorem 3.4 (Brinksma [12], Vogler [40, 41]) Cace N Cgap s a liveness-preserving first-
order pre-congruence for all operators of L except hiding.

The natural technique to repair the deficit for hiding would be to formulate the coarsest pre-
congruence within C,ee with respect to hiding. Surprisingly, in this case this is not sufficient, since
the relation thus obtained fails to be a pre-congruence with respect to parallel composition.

Example 3.5 Consider systems S and I in Figure 3.3. We have I/A Caee S/A for arbitrary
A. Yet after synchronising over A = {a,b} with B = rec X. a; (b; X + a;¢;0) we find that the
resulting systems are not Cacc-related after arbitrary hiding, as (S || 4 B)/a,b acc ¢;v'0 whereas
=((I|l4 B)/a,bacc c;v0).

3.2 Should-testing

It follows that in constructing the coarsest pre-congruence inside acceptance testing, one has to
take hiding and parallel composition into account at the same time. We now present a new test
modality that does this in the correct way.

Bshdt: Ywe A" VB (B | t) % B’ implies Jv € A*. B’ 2L

The difference with acc is that there, every reachable ‘pre-success’ state of the system under test
is merely required to be either live or successful, whereas for shd, every reachable state is required
to be on a path to success.

Since shd is a stronger requirement than acc, it follows that the resulting pre-order Cgpg is
also liveness-preserving. In fact, we have the following inclusions:
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Proposition 3.6 The following inclusions hold. All inclusions are strict; no inclusion exists where

none is shown.
~ C Emst

C

~pis C LCshd C LCace C Er_nlay
C
Ciive

Furthermore, for closed first-order terms, some of the inclusions collapse to equalities:
Cshd = Lacce = LCmst
Proof. We only prove the inclusions that are not standard or obvious.

Cshd € Cace - Assume I Cgpg S and let t € Ly be such that S acc t. If =(I acc t) then let
w € A* be such that I ||t =% I’ and I" A= for all « € A/ It follows that I’ = I" || ¢ for
some I” and ¢'. Assume w =a; - --a, and let

ti = V;0+a;ti; for0<i<n
th = YAa;v;0|t &} .

By construction it follows that, on the one hand, —(I shd tj) and, on the other, S shd
and hence I shd ty. By contradiction we may conclude I acc t.

Cshd 2 Cace for first-order terms. Assume I Cuee S and let t € Ly be such that S shd t. It
follows that S acc ¢ and hence I acc t. Now let w € A* be such that I ||t == I'. It follows
that I’ = I” || ¢’ for some I” and . Due to the fact that I is a first-order term, there are I
and £ such that I" ||t 2% ||t for some v € A* and =(I || ) <% for all a € A*. Due to I acc t

v

it follows that [ | # 2%, implying I’ 2% . We may conclude I shd t.

|

Moreover, as we will show, Cgnq is a pre-congruence w.r.t. the entire first-order fragment of L
except for choice. For the choice operator, the same problem occurs that we already encountered
with must-testing: to obtain a pre-congruence, initial stability has to be preserved as well. For that
reason, we define

E;_hd ‘= Lsha NCstb

We now set out to show that Cf} ; is indeed a first-order pre-congruence. Before giving the actual
proofs, we first need some auxiliary notation.

e Forany AC Ay, weuse A= A, \ A to denote the complement of A with respect to A .

e Any partial function p: Ay — A gives rise to a (total) string homomorphism ¢: A% — A%/
with ¢(a) = ¢ whenever ¢(a) is undefined originally; this in turn gives rise, through pointwise
extension, to a (total) function ¢: P(Al/) — P(AY ).

e A special class of such partial functions ¢ are the projections ma: Ay — Ay with A C A,
which are such that m4(a) = a if @ € A, and 7(a) is undefined otherwise. Hence, 74 applied
to a string w € A7/ has the effect of dropping all non-A-actions from w.
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We now present a series of lemmas stating the pre-congruence properties of Cgpg and E:hd with
respect to the first-order operators of L.

Lemma 3.7 Cgng and T are pre-congruences for prefizing.

Proof. We show that Cgpng is a pre-congruence for prefixing; since a; I Cgip ;S holds irregardless
of I and S, the result for CJ 4 follows immediately.
For this purpose, we show that, for all a € A,

Bshdt iff «;Bshda;t .

This suffices to conclude the lemma.

if. Assume B ||t == B’ for some w € A*. It follows that ;B || oyt = B’ if « # 7 or

a; B || a;t = B’ otherwise, implying in either case (due to a; B shd «;t) that B’ === for
some v € A*.

only if. Assume a; B || o;t == B’ for some w € A*. If B = a; B || a;t then (since B ||t = B t,
and hence Jv € A*: B|| ¢ % due to Bshd t) B’ =25 if a # 7 or B’ === otherwise.

Otherwise B[t . B’ where w = aw' if o # 7 or w = w' otherwise; hence Jv € A* : B’ %
due to B shd t.

Lemma 3.8 E:hd 18 a pre-congruence for choice.

The proof for this case is deferred to Appendix B (Page 65).

Lemma 3.9 Cgnhgq and E:hd are pre-congruences for renaming.

The proof for this case is deferred to Appendix B (Page 66).

Lemma 3.10 Cghq and E:hd are pre-congruences for synchronisation.

Proof. We show that Cghgq is a pre-congruence for synchronisation; since Cgyp is also clearly a
pre-congruence, the result for CJ 4 follows immediately.

Assume I Tgpg S; to be proved is I ||, B Cgha S |4 B for arbitrary B € L and A C A.
Since Cghg 2 ~ (Proposition 3.6) and Cgpg is a pre-congruence for renaming (Lemma 3.9), due to
Lemma 2.10 we only have to regard the case where A D (S(1) US(S)) NS(B).

For this case, it can be shown that for arbitrary C with S(C)NS(B) C A:

(CllaB)shdt iff Cshd ((Bllsguat)/(S(B)\A)) -

which suffices to conclude the desired property.
In order to prove the above characterisation, note that

(CllaB) 1t~ Clisgiun (Bllsiua®) -

For the purpose of should-testing, the right hand term has the same “failure capabilities” as C' ||
((Bllspyua t)/(S(B) \ A), in the sense that one term satisfies

B - B A-TJue AT B 2l

iff the other does. d
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Lemma 3.11 Cgng and Ty 4 are pre-congruences for hiding.

Proof. For all A C A, let R4 € X be a process variable with S(R4) = A, and for all ¢t € Ly, let
t4 be a derived test defined by

ta=(t|recRz. Y {a;Rz|a€ A})||rec Ra. > {a;Ra | a € A} .
Note that for all B,t € L and A C A, then
(B/A)shdt iff Bshdty .
(This follows by the fact that for all such B and ¢ the following holds for all w € A’/ :
B/A|t= B'/JA |t iff Fve Al :mz(v)=wAB|ts= B'|t)

Using this fact, any failure of B/A w.r.t. t can be converted to a failure of B w.r.t. t4, and vice
versa.)

Now assume I Cghgq S, and let A C A be arbitrary. If S/A shd ¢ for some arbitrary ¢ then
S shd t4, hence I shd t4, hence I/A shd t. We may conclude I/A Cghg S/A; hence Cgpq is a
pre-congruence.

Finally, if I Cf 4 S and S/A stb for some A C A, then S stb and S shd v';0 + a;0 for all
a € A. Tt follows that I stb and I shd v;0 + a;0 for all a € A, and hence I/A stb. We may
conclude /A Cgp S/A; hence E;rhd is also a pre-congruence. O

The following is one of the main results of this paper.
Theorem 3.12 The following properties hold for Cena and T 4, regarded as relations over L:

e Tong s the coarsest liveness-preserving pre-congruence for all operators except +;

o L4 s the coarsest liveness-preserving first-order pre-congruence.

Proof.

o The fact that Cgpq and CJ; 4 are liveness-preserving is due to the following observation: If
I Cgpa S and S live, then S shd ¢ for t = > {a;v;0 | a e S(I)US(S)}; hence (due to
I Cgpna S) I shd t, implying I live.

e The fact that Cgnhg and E:hd are pre-congruences for L follows from Lemmas 3.7-3.11.

e The fact that Cgpngq is the coarsest liveness-preserving pre-congruence can be proved as follows.
Assume I Zgpg S, and let ¢ be such that S shd ¢t and —(I shd t). Let a ¢ S(S)US(I)US(t)
(i.e., a is fresh w.r.t. S, I and t¢; such an action has been assumed to exist always) and
A= A\{a}. Now let B; be a term obtained from ¢ by syntactically replacing all occurrences
of v' by a and all occurrences of || by | 4. It can be proved by induction on the structure of ¢
that B; ~ t[a/v'] would hold if a/v" were a valid relabelling function. Now let

Ciz[=] = (Zo llx Z1)/A .

It follows that Ctz|[C, By| live iff C' shd ¢t whenever a ¢ S(C); hence Ctz[S, B;] live but
~Ctz[l, By live.
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e For the analogous claim about CJ 4, again assume I I} ; S. It now suffices to consider
the case that I Zgp S, ie., S stb and —I stb. Let a € A\ (S(S)US(I)) and Ctz[—] =
(= +a;0) [[s(s)us(r) 0- It follows that Ctz[S] live whereas —Ctz[I] live. O

It came as a surprise to the authors that the coarsest liveness-preserving first-order pre-congruence,
Clq, is not a full pre-congruence.® The original observation of this fact is due to Rom Langerak.

Example 3.13 Take B =0 and C = a;0 + 7;0. It is clear that B Cgip, C and B Caee C) since
both systems are finite, it follows (due to Proposition 3.6) that B T} 4 C. Now consider the context

Ctz[—] =rec X. ((1; X +a;0;0) ||, —)/a .

It can be seen that Ctz[C] ~ rec X.7; (X || 7;0)+7;b;0+7;7; X and hence Ctz[C] shd b; v whereas
Ctz[B] ~rec X. ;X and hence =(Ctz[B] shd b; v'). It follows that Ctz[B] Zsna Ctz[C].

A closer investigation shows that Ctz[—] in the above example “codes for” the trace a in the term
to be plugged in: Ctz[C] loops around internally, restarting C' just as long as C' has not done a.
Using this principle, we can build such “coding context” for any trace, and therefore the following
holds.

Proposition 3.14 If Ctz[I] Cena Ctz[S] for all contexts Ctx, then I Cimay S.

Proof. Let A = S(I)US(S). Let ¢t be arbitrary such that S may t. It follows that S || ¢ %
where (due to Proposition 2.1) w = a; - - - a, € A* for some n. Now let b € A\ A be arbitrary (by
assumption, such a b always exists) and define

Ctz[—] =rec X. (1; X + a1;...5a,;0;0) ||, —)/A .

It can be seen that for any B with S(B) C A, Ctz[B] shd b;v;0 iff B =%.. Due to Ctz[I] Cgna
Ctz[S], therefore, I =% ; hence I may t. O

It follows that in order to obtain a full pre-congruence within Cgpg, it is necessary to test for Epnay
as well. As it turns out, this is in fact also sufficient, at least if we restrict the language to finite
summation. Let

Eghd = Lsha NLCstp N Emay ;

we then have the following result, which is in fact the crucial theoretical contribution of this paper.

Theorem 3.15 T , is the coarsest liveness-preserving full pre-congruence over L restricted to
finite summation.

Note that it already follows from Theorems 3.1 and 3.12 that £, 4 is a first-order pre-congruence.
The proof of the recursion pre-congruence property relies on the denotational characterisation of
Cshd, presented in Section 4 below (see Theorem 4.25); the technical reasons for the restriction to
finite summation are also explained there.

3We were not yet aware of this while writing [10], and although we did not make an explicit claim of this kind,
that paper does reflect our impression at the time that Cg,4 is a full pre-congruence.
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By Cy aB+CW

“ @

Figure 3.4: KFAR is violated: B ~§, 4 a; B+ C but B/a 25 4 7:C/a

3.3 Fairness properties of should-testing

We call Cf, 4 “fair testing’, but so far we have not presented any results that justify this usage of the
word ‘fair’. We will now address this issue. First we show that Cg ; satisfies a weakened version
of what is known as Kooman’s Fair Abstraction Rule (KFAR); see e.g. Baeten and Weijland [1].

KFAR algebraically captures the interpretation of divergences found in weak and rooted bisim-
ilarity (see Definition 2.7). Essentially, since the only observations taken into account are visible
transitions, T-loops in a system are ignored by ~p;s. A general form of the rule is:

Bi=ai;Bit1+Ci a €A
Bi/A =T; ZieNn(Ci/A)

where N,, denotes the natural numbers modulo n, and B;,C; € L are arbitrary terms for i € N,,.
It is a standard result that ~;s satisfies (1).

Unfortunately, ~, 4 does not satisfy (1), for reasons discussed below. However, it does satisfy
a weaker variant, which we call KFAR™:

(1 € Nn) (1)

Xi=a; X1 +C; a; €A
Xi/A=T; ZieNn (Ci/A)

The difference with (1) is in the premise: where KFAR requires that certain equations hold (under
the equivalence relation being studied), KFAR ™ assumes that the variables X; are defined according
to those equations. Clearly, if a certain relation satisfies (1) then it certainly satisfies (2); for
instance, this is the case with ~s.

(1 € Nn) (2)

Corollary 3.16 C¢ , satisfies (2).

Proof. Immediate from the fact that ~p; C CF; 4 and ~p;s satisfies (2). O

As to the question Why E&hq fails to satisfy KFAR: Figure 3.4 shows a counterexample with n = 1.
In this example, B ~& 4 a; B+C (as can be checked formally using the denotational characterisation
presented in Section 4), but B/a #§,4 7;C/a since 7;C/a shd b; v'; 0 but —(B/a shd b; v';0).

An analysis of why Cf, 4 fails to satisfy the reasonable looking KFAR shows that the problem
actually lies in the failure of the so-called recursive specification principle, which states that recusive
equations have unique solutions. Indeed, it is not the case that, e.g., the equation X = a; X + C
(where C' is as in Figure 3.4) has a unique solution modulo ~ ; viz. both B from Figure 3.4
and rec X. a; X + C are solutions. However, if t = recY. a;Y + b;v';0 then rec X. a; X + C shd ¢
whereas —(B shd t); see Figure 3.5.

The built-in fairness assumption of should-testing can also be expressed in another, more classical
way. The strong fairness assumption states that, if a state is encountered infinitely often, then
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By CV recX.a;X+CY ty
a
a a a a b a
ai
bl @ bl ¢ b| ¢ v
'

Figure 3.5: RSP is violated: B ~¢, 4 a; B + C but (rec X. a; X 4 C') shd ¢ whereas —(B shd t)

all its outgoing transitions will eventually be taken. To make this precise we define for By € L:
By %0, By @1, . 22l B ... is a fair run of By if it is maximal and contains infinitely often
each transition B -% B’ for which B occurs infinitely often. Moreover, we call a process B finite
state if there are only finitely many reachable B’ (i.e., with Jw € A*. B =% B’).

Lemma 3.17 Let B € L be a finite state process. If for every B’ reachable from B there is some
v € A* with B' 2= then every fair run of B contains a v -transition.

The proof is by considering the minimal disctance from a state visited infinitely often in a fair
run to a state with an outgoing v -transition; it is omitted here. The condition of the lemma is
obviously connected to the shd-relation. The following makes the connection explicit.

Corollary 3.18 Let B € L and t € Ly be finite state processes. B shd t if and only if every fair
run of B ||t contains a v -transition.
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4 Denotational characterisation

The testing relations of the previous section can also be characterised denotationally. With the
exception of mst-testing, we recall these (standard) characterisations here. We then show that
should-testing can be captured by an extension of the model for acceptance testing. We demonstrate
that this really gives rise to a denotational model for should-testing, including alternative proofs
for the pre-congruence results in the previous section; these proofs are for some of the operators
considerably easier than the operational ones.

We use the following notations for the prefiz closure and suffiz closure of a set of strings W,
as well as the concatenation of V and W and the remainder of W after a word v; C denotes the
prefix relation.

W = {weA* | veW:wC v}

W o= {weA* | veW:vC w}
VW = {vw]|veV,we W}
vIWoi= {we A |vwe WY .

4.1 Language and failures

We now define the language £ and the failures F of a transition system T = (S, —,q).

LT) = {weA*|3(¢= 35)}
F(T) = {(w,A) e A*xP(A) ]3¢ s):L(s)NA=0}

(Note that the definition of F(T') uses L(s) with s € S; this is an abbreviation for L((S,—,s)),
i.e., the language of 7" with the initial state changed to s.) In words, the meaning of a failure
(w, A) € F(T) is that the initial trace w can lead to a state from which none of the actions in A
can be done, or in other words, the entire A can be refused. Intuitively, A can be understood as
describing a partial deadlock. Note that A need not be finite. The language can be derived from

the failures: £(T) = {w | (w,0) € F(T)} for all T.

Example 4.1 Assume A = {a,b,c}. The terms B = a;b;0 || ¢;a;0 and C = a;c; (b;0 + b;b;0)
share the failure (acb,{b,c}) (among many others). One may depict this failure by the following
“broomstick” picture:

initial trace | refusal
| v
b *——
a c b :
— ¢ e > v
C *——=

Based on the language and failures, we define the following orderings over L:
IC,S & L(I)CL(S)
ICsS & F(I)CF(S)

We also use ~, to denote the equivalence generated by C,, ie., >~ = C,y N Ezl. We now
recall, without proof, the characterisations of may- and acceptance testing in terms of language
and failures, respectively.
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) = {(eA) [ (c,a7A) e F(B)} U{(aw, A) | (w, A) € F(B)}
) = F(B)
FOB) = {(w,A)|VBeB:(w,A) € F(B)}
U{(w,A) € F(B) | B€ B,w € A" VB stb}
FBle) = {lpw),A) | (w,¢7(4)) € F(B)}
FB4C) = {(w,ApUAc) | (rg@ra(w) mseralAs)) € F(B),

(s (W) Tsma(Ac) € FO)} i S(B)NS(C) C A

~—

Table 4.1: Compositional construction of standard failure sets
Proposition 4.2 (cf. [12, 17, 40]) Cipay = /' and Cace = L.
Combined with Theorems 3.1 and 3.4, this has the following consequence:
Corollary 4.3

1. T, is a full pre-congruence and ~p a full congruence;

2. CrNCgp 1S a pre-congruence for all operators except hiding.

The second clause is equivalent to saying that all first-order L-operators, with the exception of
hiding, give rise to C- and <—=-monotonic constructions on the failure sets and stability predicate.
In Table 4.1, we have recalled the construction of the failure sets; monotonicity follows from the
fact that all of these are pointwise extensions of constructions on individual failure pairs.

Some remarks about the equations in Table 4.1 are in order.

”

e The equation for “a; —" specifies the union of two sets, the first of which has the condition
L(B)Nat'A = (. Since A C A, either a='4 = 0 (if a ¢ A) or a *A = {e} (if a € A);
hence this condition is equivalent to the simpler a ¢ A. However, in the form given here the
construction extends more smoothly to tree failures (see Table 4.2 below).

”

e The equation for “— ||, =" is defined only for the case where A includes all actions that the
operands have in common. As we have seen in Lemma 2.10, with the help of well-chosen
relabellings this suffices to cover the entire family of synchronisation operators. The failures
of the synchronised term are constructed from the failures of the operands.

The condition (WS(C)\A(’LU), FS(C)\A(AB)) € F(B) (and also the symmetrical condition on C)

are also formulated so as to extend smoothly to tree failures (Table 4.2). The condition is
equivalent to (wm(w),AB) € F(B)NAp N S(C) C A. This reflects the fact that in a
synchronised term B ||, C, B can only decide about the refusal of actions that C' cannot do

independently: i.e., actions that are in the synchronisation set or outside C’s alphabet.
To see this equivalence, observe for the reverse implication that Ap N S(C) C A implies

WW(AB) = Ap. On the other hand, if Ap NS(C) C A fails, then ¢ € WW(AB), but e

is never in a refusal set.

Proposition 4.4 All equations in Table 4.1 are sound.
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4.2 Tree failures

Fairness can only be captured if we introduce information about infinite behaviour into our model;
for it is only “in the infinity” that the notion of fairness exists at all. If we take ordinary failures
as our starting point, one way to add information about infinite behaviour, due to Vogler [41], is
to extend the refusal information in a failure from sets of actions A C A, as above, to sets of words
V C AT. This results in the following definition:

FHT) = {(w,V) € LT) x P(AT) | 3¢ = s: L(s) NV =0} .

Since the set V of an extended failure (w, V) € F(T) can be interpreted as a tree with nodes |V
and success nodes V' (corresponding to the nodes with outgoing v'-transitions in Ex. 4.5), we also
call the elements of FT tree failures. Due to the fact that the elements of V' can be of unbounded
length, tree failures provide information about infinite behaviour, or in other words, about certain
liveness properties of systems.

Example 4.5 Consider B =recX.a; X and C =), T; a’;b (where a'; B is recursively defined by
a’; B = B and '™, B = a;a’; B). It follows that F(B) = {(a*,A) |i € N,a ¢ A} C F(C); hence
B Cace C. Thus, B is considered a valid implementation for C up to acc despite the fact that C
will always eventually be able to execute b (which is a liveness property). This difference does show
up in the extended failure (a™,a*b) € FT(B)\ FT(C) (for arbitrary n € N). One may depict this
extended failure as follows:

initial trace refusal
a a a a a

|
I
|
I
——— =0 --. ° JI- . .
NN N
|
In principle, it looks as if the additional information provided by tree failures is precisely what we

need to determine fairness. Unfortunately, it turns out that on the whole, tree failures provide too
much distinguishing power to be a faithful model for should-testing.

Example 4.6 (a,{bc}) is a tree failure of B = a;b; c; 0+a;b; d; 0 but not of C = a; (b; ¢;0+b; d;0);
hence B and C can be distinguished using F ' -pairs, whereas they are equivalent under ~ace and
hence (being finite) also under ~gnq (see Proposition 3.6).

As this example shows, tree failures give too much information about the moment of choice:
(a,{bc}) tells us that already after the action a, the trace bc can be refused. This information
surplus can be removed by closing up or saturating under an ordering over tree failures. We define

v, V) =2 (w, W) & Jue{lu|Viw=vu,u 'V=W.
(

For instance, in Ex. 4.6, (a,{bc}) = (ab,{c}) € F(C). Note that if (w, W) is a tree failure then
u ¢ V, since otherwise ¢ € W which is ruled out by the definition of F*; hence u is in fact chosen
from the proper prefixes of V. The additional choice of u = ¢ is only relevant if V' = (), since in all
other cases € € |V. Without this addition, < would not be reflexive for tree failures with an empty
refusal set, i.e., of the form (v, (). Just as with standard failures, tree failures with empty refusal
sets are very useful, for instance to capture the language of a term.

26



Closing up the tree failures under < means that B is considered to be smaller than C if
|<FH(B) C |<F*(C) (where |< builds the <-downward-closure of its argument) rather than
F*(B) C F*(C); or equivalently (for arbitrary transition systems T,T"):

TCr T & YV(v,V)e FHT):3(w,W) € FH(T): (v,V) < (w, W) .

(Note that, in contrast to T, and Tz, Cr+ is not defined as the direct inclusion of f*-sets.)
Combining the definitions of < and C z+, we obtain the following simplified characterisation:

TCr T = V(u,V)e FHT):Fuec {e}UlV: (vu,u V) e FHT') . (3)

For instance, in Ex. 4.6 we have B Cr+ C' Cx+ Bj; in other words, the systems presented there
cannot be distinguished by C +. We arrive at the following hierarchy of pre-orders.

Proposition 4.7 F*-inclusion implies Cz+ implies Cx implies Cp.

Proof. The only non-trivial statement is that C r+ implies Cz. This can be seen by observing that
F(T) C FH(T) and that any standard failure is always a <-maximum within a given set of tree
failures: for if (v, A) < (w, W) for some tree failure (w, W) then w = vu for some v € {¢} U |A =
{eyuAdand W = utA. If u € A then W = {e}, which contradicts W C A*. It follows that u = e,
hence (v, A) = (w, W). O

The following theorem states that the closure of ' under < provides precisely the necessary
abstraction to capture should-testing.

Theorem 4.8 Cgpg = Cr-.

Proof. Below, we use L(t) to denote the language of a test ¢ € L. In this case, the words
w € L(t) range over A%/ rather than A*.

C This is due to the fact that we can mimic the failure of a should-test quite closely by the
presence of a tree failure. Recursively define a family of tests ¢,y with v € A* and V' C A*
by

tev = Xy
lawy = ‘/§0+a§tw,V

where the process variables Xy, are to be interpreted according to the following definition:
Xy =>A{v;0|ecV}+>{a; X1y |ae€ |V}

It follows that £(Xy) = [(VV) for all V C A*.* Now assume I Cgpq S and (v V) e FtI).
Then I = I’ such that £L(I')NV = §; hence I||t, v = I'|| Xy and $o": I'|| Xy :> It follows
that =(I shd t,,v), and hence =(S shd t,,v). The latter implies that S || t,,y = S’ || ¢’ such
that Aw’: 8[|t/ 2 WY This implies w = v u for some u € {e}U]V such that ¢’ = X,,-1y,. Since
t = YoV i € u 1V, we may conclude £(S") Nu~!V = 0; hence (w,u"1V) € F*(S).

“Note that this is a case as discussed in Section 2.6, where dom(0) is uncountable; as described there, the
invocations Xy are not to be interpreted as recx,, 0 but rather as recx, (0 [ |9 Xv). To be exact, we have to restrict
attention to languages V over a countable subset of A, which also makes the sum in the definition of Xy well-defined.
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) = {E&V)[(e,a”'V)e FHB)U{(aw,V) | (w,V) € F*(B)}
FH(B)

FrOB) = {(w,V)|VBeB:(w,V)eF(B)}

U{(w, V) 6,7:+( )| BeB,we A"V B stb}

FrBle) = {lp(w),V) | (w, ( )) € FH(B)}

FHBJA) = {(mz(w),V) |( 1 (V) e FH(B)}
FHBILO) ~ (waUVe)] (n ()

(w),wS(B (Vo)) e FH(C)} it S(B)NS(C)C A

~—

Table 4.2: Compositional construction of tree failures

D Assume I T+ S and —(I shd t). Tt follows that I || ¢ = I’ || #' such that f': I" || ' AN
Let V = {v' | v'v € L(t')}; then (v,V) € FH(I). Hence (w,W) € F*(S) such that w = vu
for some u € {e¢} U |V and W = «~'V. This implies S == S’ such that £(S’)NW = (). Since
u € L(t'), there is a t' = ¢"; it follows that S ||t = S’ || ¢”. Due to {u’ | «'v" € L(t")} C

u~'V =W we have fu': S’ || t” uy , implying —(S shd t). 0

Note that the construction of ¢,,y in the first part of the proof uses both infinitary summation
and an infinite process environment. In fact, this theorem is the reason why we included those
constructs in our language in the first place.

In analogy with Corollary 4.3, which tranfers the results about C,,ay and Eace in the testing
framework to Cy and Cx in the denotational setting, using Theorem 4.8 we can also transfer
Theorem 3.12 about Cgphg to Cr+:

Corollary 4.9 Cr+ NCgyp @S a first-order pre-congruence.

In fact, the denotational construction of the tree failures appears as a straightforward extension of
the failure constructions. They are given in Table 4.2, which should be compared with Table 4.1.
The following is straightforward to prove:

Proposition 4.10 All equations in Table 4.2 are sound.

Note that this in itself does not yet imply that Cr+ is a pre-congruence, merely (because all the
constructions are pointwise) that F'-inclusion is one. The denotational pre-congruence proof of
C 7+ is delayed until we have fully introduced the denotational model.

Alternative definition of Cz+. An alternative characterisation C z+ is obtained by using the
=<-downward-closure of 1 as a model and the subset relation as the corresponding ordering. This
is in fact the original formulation in [41], which we also used in [10, 11]. More precisely, one defines

FH(T) = {(w, V) € LIT) x P(AT) | Fv € [V:3(¢ 2% 5): L(s)Nv 1V = 0}
and regards set inclusion over this model as a semantic relation:
BCr+ C & .7'—++(B) - f++(0) .

It is not difficult to see that F™*(B) = |<F T (B) and hence Cr+ = Cr+. The reason why we
chose the simpler model with the more complex ordering is to have better model constructions (see
Table 4.2) directly extending those for standard failures (Table 4.1)— although the price is a more
involved proof of pre-congruence, especially for parallel composition (Lemma 4.18 below). Also,
C 7+ corresponds more closely to the way the decision algorithm works (Section 5 below).
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4.3 The denotational model

After having given the intuitions and preliminary definitions, we now switch to a purely denotational
perspective. We have seen that the denotation of terms has to take three factors into account:

e A system satisfies more tests if and only if it has fewer tree failures.
e In order to obtain a pre-congruence with respect to choice, initial stability has to be preserved.

e In order to obtain a recursion pre-congruence, language equivalence has to be preserved.

We first consider tree failures sets as objects in their own right.

The space of tree failures. We now give an explicit definition of the sets of tree failures that
constitute valid models. This space of tree failures is denoted T'; we use F,G to range over T.

In order for T to be adequate, we impose a number of saturation conditions on elements F € T,
which extend the closure conditions on failure sets; see, e.g., [13]:

e F may not be empty: even a completely deadlocked system has failures (namely, at least
(£,0) is a failure).

e The refusal part of F is saturated in the sense that the upward-closure TV of the refusal set
V of any tree failure (v,V) € F again gives rise to a tree failure, namely (v, V) € F. We
call this particular property suffix saturation; it reflects the fact that if the traces in V' can
be refused in a given state, then all longer traces can naturally also be refused.

e The refusal part of F is also saturated in the sense that the refusal set V' of any (v,V) € F
can be decreased arbitrarily: that is, (v, W) € F for all W C V.

e The refusal part of F is also saturated in the sense that the refusal set V' of any (v,V) € F
can be extended to any set of traces w such that (vw,w='V) ¢ F. (Note that all w € V
themselves satisfy this criterion, since then ¢ € w™!V and no refusal set can contain €.) We
call this particular property extension saturation. The intuition behind it is the following: if
state at which V can be refused had such a w-path, this would apparently lead to a state
where some u € w1V is enabled; this, however, contradicts the refusal of V. Hence there is
no such w-path.

e The trace part of F is saturated in the sense that for any tree failure (v,V) € F and any
prefix w C v, there is also a tree failure (w, ) € F.

We thus arrive at the following definition of the model space:

T={FCA*"xPA")| F#0and for all (v,V) € F:
(v,TV) € F,
VIV C V: (0, W) € F,
YW DO V:(VweW: (vw,w V)€ F) = (v,IW) € F,
Vw C v: (w,0) € F }

T is interpreted under the pre-order Cp, which carries the definition of C £+ over to T (see (3)):
FCrG & Yo,V)eFuec{etUlViwuuV)eg .

The following proposition (the proof of which is left to the reader) states that we have indeed
correctly characterised the model space.
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Proposition 4.11 F*(B) € T for all closed B € L.

The dual property (i.e., that we have also completely characterised the model space, in the sense
that all 7 € T correspond to the set of tree failures of some closed B € L), is discussed in
Appendix A; we regard this to be of limited interest, and the proof is very technical.

The full model. As recalled above, we already know that, apart from the tree failures, the initial
stability of terms must be encoded in their denotations; moreover, language equality is a necessary
condition for semantic inclusion. This gives rise to the following definition of M, the space of
denotational models. Moreover, in the remainder of this section we use W to denote the universe
of non-empty prefix-closed sets of words.

M = TxB
W = (WCA"|W#D,|W=W} .

The ordering over M accordingly extends Cp with the requirement of stability preservation and
language equivalence.

(F1, P1) Em (F2, B) oo (FLEx o) A (PL = Bo) AN(L(FY) = L(F2)) -
We can derive the tree failure semantics operationally as follows (for any B € L*®):
O(B) = (F'(B),Bstb) .
By combining Proposition 4.2, Proposition 4.7 and Theorem 4.8, we get:

Theorem 4.12 For all closed B,C € L, B C§, 4 C iff O(B) Tm O(C).

In the remainder of this section, essentially (M, Cyg) will be our denotational semantic domain.
However, this domain deviates from what is usual in denotational semantics in several respects,
which are potentially troublesome in the fixpoint construction needed to define the semantics of
recursion:

1. M does not have all least upper bounds with respect to Cng;
2. In particular, M does not have a bottom (smallest) element with respect to Cyy;
3. Cw is a pre-order rather than a partial order, so least upper bounds are in general not uniqe

even if they do exist.

The last point turns out to be less of a problem: obviously least upper bounds (when they exist)
are unique up to the kernel of the pre-order, ~n = Cag N D, and since due to Theorem 4.12 this
coincides with our semantic equivalence over terms, ~ ;, this is good enough for our purpose.

The other points can be solved by restricting the fixpoint constructions to sub-domains of M
in which all tree failure sets have the same language. That is, for all W € W, we define a subset
of models, Myy, that contains just the models with language W; moreover, in My, we distinguish
a special element Ly, that will turn out to be a smallest element (in My ).

My = {(F,P)eM|L(F)=W}
1y = ({(w,V)|weW,Vaw 'W =0},tt) .

First we state that Ly is indeed a smallest element. The following is straightforward to prove.
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Proposition 4.13 For every W € W and (F,P) € My, Lw Cwm (F, P).

Note that therefore Ly is a least upper bound of the empty set. For non-empty I we define

I_lz'EI (‘7:17 PZ> = <Ui€[ Fi, /\z‘el PZ>
The following proposition states that this yields a least upper bound.

Proposition 4.14 Let I # 0 and (F;, P;);, € My for all i € I; then | |,c; (F;, P;) € Myy is a least
upper bound with respect to Cyy.

Proof. First note that J, 7; € T and L(U; 7)) = U, £(F;) = W, and hence | |; (F;, Pi) € Myy.
Let (F,P) = ||, (¥, P;). It is clear that (F;, P;) Cm (F, P) for all ¢; hence (F, P) is an upper
bound. Now assume Vi : (F;, P;) Twm (G, Q) for some (G, Q) € M. Let (v, W) € |J; F; be arbitrary.
It follows that (v, W) € F; for some i; hence (due to F; Ct G) we have Ju € {¢} U |V such that
(vu,u"'V) € G. We may conclude F Ct G. Furthermore, it is also straightforward to see that
Q@ = P; hence (F,P) Ty (G, Q). O

It follows from the propositions above that, for every W € W, the quotient model Myy /~ng (which
is the set of ~pp-equivalence classes [(F, P)|~y, = {(G,Q) | (G, Q) ~m (F, P)} for all (F, P) € Myy)
is a complete lattice under the ordering C defined by [(F, P)|~y, T [(G, Q)]~p, iff (F, P) T (G, Q).
This observation can serve as an intuition and justification for our denotational semantics, even
though, for the sake of simplicity, we carry out the actual constructions and proofs in M. In
particular, the | |-construction defined above, lifted to the quotient model, indeed yields the (unique)
least upper bound.

First-order operators. Since we have already proved, using only the operational test framework,
that Cf, 4 is a first-order pre-congruence (Theorems 3.1 and 3.12), this is an indication that there
exist constructions over M that correspond to the first-order L-operators and are monotonic with
respect to Cyg. The definitions are given in Table 4.3.

The constructions over T in Table 4.3 are in fact strongly analogous to the equalities in Table 4.2.
The first task is to show that all these constructions stay within the denotational model space. The
proof is left to the reader.

Lemma 4.15 The constructions a; F, @, (Fi, P;), Fle] and F || 4 G in Table 4.3 map into T.

Note that the construction for parallel composition in Table 4.3 yields the same result when we
replace A(F) throughout by some A; O A(F) and A(G) by some As O A(G), provided A1NAs C A.
Hence, we can also apply this construction to F(B) and F*(C) if we only know the static sorts
S(B) and S(C) and not the (potentially smaller) dynamic alphabets A(F*(B)) and A(F*(C)).

The constructions in Table 4.3 are all clearly monotonic with respect to set inclusion on the set
of tree failures. Since, however, Ty is not based on a simple set inclusion (like Cx) but relies on
a form of saturation, it does not immediately follow from this observation that these constructions
preserve Cpp. Nevertheless, a more careful analysis shows that the desired property does hold. (In
terms of the quotient model discussed above, this preservation property is necessary to establish
that the constructions are well-defined in M/~pz.)

Proposition 4.16 The constructions over M defined in Table 4.3 are monotonic with respect to
CM-
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Constructions over T
a; F={EV)|(e,aV)e Fru{(aw,V) | (w,V) € F}
@ (Fi. P) =N, F VU {(w,V) € Fi |[we ATV -P}
Flol = {(p(w),V) | (w,~(V)) € F}
FIA={(rz(w),V) | (w,x7'(V)) € F}
Flag=A{w,Vuw)| (WA(g)\A(w)ﬂTA(g)\A(V)) €F,
(7TA(]_-) A(w),ﬂA(]_.) (W) egy ifAF)NAG) CA

Constructions over M

a; (F,P) = (a; F,tt)
T (F,P) = (F,£f)
>_i(Fi, P) = (D (Fi, Bi), \; Bi)
(F, P)e] = (Flg], P)
(F,P)JA=(FJA,PN(ANL(F)=0))
(F,P) 14 (G, Q) =(F 46, PNQ)

Table 4.3: Model constructions on T and M

For the proof, we restrict ourselves to the tree failures component of M; monotonicity w.r.t. stability
is straightforward to prove, whereas preservation of language equality follows from standard theory
(see Corollary 4.3). We show the required property for relabelling and synchronisation; the case
for hiding is analogous to relabelling.

Lemma 4.17 If F Tt G then Flp] Tt Gly).
Proof. Assume (v,W) € F[y].

e By definition (Table 4.3), v = ¢(w) for some (w, =1 (W)) € F.

e F L G then implies (wu,u"to Y (W)) € G for some u € {e} U [p~H(W).

e It can be shown that ¢~ (¢(u) W) = u~to=L(W).

e By definition (Table 4.3), it follows that (¢(w u), p(u) W) € Glp)].

e Since p(wu) = p(w)p(u) and p(u) € {e} U |[W, we are done. O
The monotonicity for synchronisation is by far the most complex to prove. Let us regard for a
moment the special case of full synchronisation (i.e., synchronisation set A) so that the string
homomorphisms TAFNA and TAGNA in Table 4.3 equal the identity function and can hence be
omitted. The first proof idea is as follows. If F; Cyg G; for @ = 1,2, then any tree failure (w, V) €

F1 || F2 is constructed from (w, V;) € F; such that V = V; U Vs; these in turn imply the existence
of elements of the G; of the form

(wul,ul_lVl) € G (w uz,uglVg) € Go

where u; € {e}]V; for i = 1,2. However, it is not automatically the case that u; = uy or even
that one is a prefix of the other, and hence these G;-elements do not immediately combine into an
element of Gj || G2. Consequently, the monotonicity proof is a good deal more involved than this
simple idea, and we refer it to Appendix B (Page 68).
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Lemma 4.18 If F; Ty G; for i = 1,2 with A(G1) N A(G2) C A, then Fi || 4 F2 C1 Gi || 4 Ga-

4.4 The denotational semantics

We now set out to develop the actual denotational semantics. For this purpose, we first prove
continuity of our M-constructions. Unfortunately, here it turns out that the infinite choice operator
is mot continuous in any obvious sense, and for that reason, we prove the results of this subsection
for the language with finite sums only.

Continuity. First let us clarify what we mean by continuity in a setting where least upper bounds
are not unique. We define this as preservation of the construction | |, defined above, that picks
a particular representative from the set of (equivalent) least upper bounds, modulo the kernel
equivalence ~pg. Let us call a subset of M consistent if it has an upper bound (as we have seen
above, this is the case if and only if it is actually a subset of some Myy).

Definition 4.19 (continuity) A function f:M — M is continuous if for any consistent subset
{mi}z‘el cM
fUiz) =m U, fzi) -

[ is chain-continuous if the above property holds for all cases where {x;};c; is a chain, i.e., is
linearly ordered according to Tny.

Note that this is a necessary and sufficient condition for “real” [chain-]continuity of f lifted to the
quotient model M/~p;. In practice we will always use subsets of N as index sets, and the chain
will correspond to the ordering of the indices; that is, x; T x; iff ¢ < 5. The desired property is
stated in the following proposition.

Proposition 4.20 The constructions over M defined in Table 4.3 are chain-continuous.

Proof. Since all our operators have finite arity (recalling that we have restricted summation to
finite sets), they are essentially functions g: M — M (n being the arity of the function), which
can be split into f: T" x B® — T and p: T" x B" — B such that

g((fl,P1>,...,<fn,Pn>): (f(fl,...,fn,Pl,...,Pn),p(fl,...,fn,Pl,...,Pn)> .

Note that (taking B to be ordered in the standard fashion, with ff smaller than tt), the f are
monotonic in their Fj-parameters and anti-monotonic in the Py, whereas the p are anti-monotonic
in the 7} and monotonic in the Pj. This is consistent with the definition of Cyy, which corresponds
to set inclusion for the tree failure sets but reverse implication for the stability predicate.

We show continuity for f; that of p is proved along the same lines. Furthermore, since the P
can only change once (from tt to £f), monotonicity actually implies continuity in these parameters.
Thus, the proof can be reduced to showing that the f are Cp-chain-continuous in the F.

For the purpose of this proof we write F € T for vectors of tree failure sets, with elements
Fr. € T for 1 < k < n; the elements of a vector .7:"; are likewise denoted Fj ;. We also write
Q = A* x P(A*) for the set of which tree failures are subsets.

The crux of the proof is the observation that the functions f are all defined pointwise on the
individual tree failures, in the sense that, for every vector Pe B", there is a pointwise construction
pp: Q" — P(Q) satistying, for all FeMn

FF,P)=Ules@ | 7€ F}
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where ¢ € F has to be understood componentwise. (In fact, with the exception of €, the ¢; are
actually insensitive to p.)

Over T™ we define C as the component-wise extension over the subset relation (i.e., FCGiff
Fi C Gy for 1 < k <n) and | | as the component-wise union (i.e., |_|Z.7?Z = (U; Frir-- Ui Fni))-
We now show that for all C-chains of vectors {F; € T"},,

F(U: 7o P) = U, f(Fi. P)

C Assume G € f(Uzﬁvﬁ)v hence G € () for some ¢ € | |; F. It follows that for all k €
{1,....,n} there is some ij such that g € F;, . Let j = max{i; | 1 <k < n}; due to the
fact that all {F;}, are C-chains it follows that g, € Fy ; for all 1 <k <n. But then § € .7:'},

hence G € U{pp(d) | 7€ F;} = f(F;, P), implying G € U, f(F, P).

D Assume G € sz(]-_';,ﬁ), hence G € ¢3(¢) for some i and some ¢ € F;. Since clearly
F; € |; Fi, it follows that g € | J; 7, hence G € U{pp(q) | 7 € L, Fi} = f(L; i, P).

This shows that f is C-chain-continuous in the “tree failures” parameters. However, for the con-
tinuity of g we actually need Cp-chain-continuity of f. Fortunately, we can turn any Cp-chain of
vectors {]:";}Z into a C-chain of equivalent vectors {gﬂ}l (i.e., with G; ~p F; for all i € N) and the
same component-wise union (| |; F; = | |; G;), as follows:

Gro = Fro Okiit1 = Gri U Friv1 -

Gri ~1 Fi, follows by induction on ¢, using transitivity of Cp and the fact that C over T is

stronger than Cp. It is not difficult to see (recalling that f is monotonic in the fk—parameters)
that necessarily |, f(F;, P) ~1 U, f(Gi, P). O

Fixpoints. In the following we discuss a fixpoint construction for recursion that is essentially
standard domain theory, except that we keep all our constructions in the concrete, pre-ordered
set Myy. Let us first discuss the necessary concepts not for the specific domain My, but for an
arbitrary domain (A, C,| |) with C a pre-order and | | a construction that selects a representative
least upper bound w.r.t. C for each B C A.

Let Y, Z denote sets of variables. First recall that there is a standard extension of C from A
to functions Y — A, according to which f C g for f,g: Y — A iff f(z) C g(x) for all z € Y,
and likewise for | |. The notions of monotonicity and [chain-|continuity are extended accordingly
to functions (Z — A) — (Y — A).

We use functions in ®:(Z — A) — (Y — A) to model the semantics of process environments
defined on Y and with free variables in Z (where one may imagine that usually Y C Z). When such
a process environment is closed recursively, essentially this provides values for the free variables in
x € Y NZ, by “feeding ®(z) back into ¢”.

To define this precisely, we alternatively portray ® as a function ¥:(Z — A) — (Y — A) —
(Y — A) defined by ¥(f)(g) = ®(f <g), where f < g, pronounced “f overwritten by ¢”, acts as
g where that is defined, and as f elsewhere — in other words, f is ignored whenever g offers an
alternative. For every f:Z — A, ¥(f) is a function from Y — A to Y — A, and this is where we
can finally apply fixpoint theory. A function g: Y — A is a pre-fizpoint of U(f) if g C ¥(f)(g),
and a fizpoint if g ~ W(f)(g), where ~ = C N . A least fixpoint (if it exists) is a fixpoint that is
“equal to or below” all others (w.r.t. C).
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As usual, if U(f) is continuous, then one can show that every least upper bound of all pre-
fixpoints is a least fixpoint of W(f). This implies that if our original ® is continuous, then every
U(f) has a least fixpoint. In our case, where we have only chain-continuity, we construct a particular
chain of pre-fixpoints and we define a mapping u®: (Z — A) — (Y — A) yielding a particular least
fixpoint u®(f) of U(f) for every f:Z — A. In terms of the original function ®, pu® satisfies, for
every f:7Z — A:

p®(f) = (f ap®(f)) .

A more constructive characterisation of a least fixpoint is through approximation: define L =| |0
and (for all f:Z — A)

PV f — {(z,1)|zeY]}
O f s B(fa®(f)) (i20)
p®: foe L 9Nf)

Proposition 4.21 ®:(Z — A) — (Y — A) is a monotonic and chain-continuous function, then
for every f1Z — A, pn®(f) is a least fixpoint of Vs:g — ®(f <g).

Proof. First of all, due to the fact that L is a smallest elements of A and hence ®°(f) is a smallest
element of Y — A, plus monotonicity of @, it can be proved by induction on i that ®¢(f) C ®*+1(f)
for all 4; hence {®'(f)}, is a chain, and hence so is {f < ®*(f)},.

2

The following sequence of equalities then shows that u®(f) is a fixpoint for W:

Up(pe(f)) = (f <L; ©°(f) = (L (f « @°(f))) = L; (f 1 *(f))
=; @) = L @'(f) = p@(f)

where the last step but one is due to the fact that, for any element g: Y — A, ®°(f)Lig = g (where
in this particular case g = | |, ®T1(f)).

If ¢ is a fixpoint of ¥, then clearly ®°(f) C g. By induction on 7 it can then be shown (using
monotonicity of ® and the fixpoint property of g) that ®‘(f) C ¢ for all i. But then g is an upper
bound to {®'(f)},, and hence u®(f) C g by the properties of least upper bounds. This proves that
pu®(f) is a least fixpoint of Wy. O

Proposition 4.22 Let ® be as in Proposition 4.21; then u® is monotonic and chain-continuous.

Proof. By induction on i it can be proved that all ® are monotonic and chain-continuous. Now
assume f,g:Z — A such that f C g; then

p@(f) = L; @'(f) E L; ®(9) = p®(g) -

Similarly, let {fy:Z — A}, be a chain; then

M(I)(le fk:) = I_lz q’Z(Uk fk:) = I_Iz le (I)i(fk) = le I_Iz (I)i(fk) = I_Ik Mq’(fk) :
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The semantic mapping. We are now ready to define the denotational semantics of L directly,
rather than through the operational semantics as in Theorem 4.12. As usual, the denotational
semantics takes the form of a mapping [-] :L — (X — M) — M, which for any term B € L
yields a function [B] _: (fv(B) — M) — M, the parameter of which provides the interpretation of
the free variables of the term. Actually, in the sequel we will allow any function : X — M for
which dom(§2) O fv(B) to play the role of such an interpretation. We write [B], (¢ M) for the
semantics of B in the context Q. If B is closed, we may omit the paramter Q.

In addition, for the semantics of process environments 6 we will use the same notation, where
now we impose [0] :(Z — A) — (Y — A) with Y = dom(0) and Z = fv(f). Thus, [0]_ has the
shape of ® in Propositions 4.21 and 4.22 above. This means that we can put Propositions 4.13
and 4.14 on the one hand, and Propositions 4.16 and 4.20 on the other, to good use: indeed for
each W € W, (M, Cg, | ) is just such a domain as (A,C,| |) in Proposition 4.21, and functions
[0] _ satisfy the required properties to construct least fixpoints.

However, we have cheated in one respect. Obviously the interpretations {2 are to play the
role of the functions f:Z — A, but in fact 2 does not range over a single domain A; rather, for
any X € fv(B) the interpretation has a different associated Wx € W such that Q(X) € My, .
Though this makes no difference to our least upper bound construction, which as we have shown
in Proposition 4.14 is the same irregardless of the trace set W, it does influence the construction
of the bottom element, Ly, . This does raise a problem, for where does Wx come from? Here we
rely on another semantic mapping £[—]_ that yields the trace language of terms.

Proposition 4.23 There is a function L[—] :L — (X —= W) =W such that for every closed
o: X — L with dom(o) 2 fu(B),
LBy = £(Blo]) -

We omit the actual definition of this function, since it is standard (in fact, it coincides with the
“initial trace” part of the tree failures).

Thus the definition of the approximants and least fixpoint becomes, for every 2: X — M with
dom(2) 2 fv(0) \ dom(6):

1615, {(X, Lw) | X € dom(6),W = L[recx 0] )}
[[‘9]]31 = ”:9]]94[01]6 (Z > O)
nlflg = L [[9]]6 :
The following is an immediate corollary of Propositions 4.16 and 4.22.
Theorem 4.24 For all B € L, [B]_ is Cy-monotonic.

The remainder of this section is spent in proving the following characterisation theorem, which states
the correspondence between the denotational semantics in Table 4.4 and the operational semantics
of the previous section. Together with Theorems 4.12 and 4.24 this proves Theorem 3.15, i.e., in
particular the recursive pre-congruence of Cf, ;.

Theorem 4.25

1. For all B € L and 0:X — L* with dom (o) 2 fo(B), [Blo(,) =m O(Blo]).
2. For all B € L*, [B] ~m O(B).
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[[OHQ = J-{5}
[e; Bl = o; [ Bl
']]Q =>_:[Bilq
I

[>2:Bi

[Blella = [Blalyl

[[B/A]]Q = [[B]]Q/A

[B 4 O]]Q = [Blq 14 [Clq
[X]o = (X)

[recx 0] = p[0]o(X)

Table 4.4: Denotational semantic function

Obviously, the second clause is a direct consequence of the first. The proof is given below; it is by
induction on the structure of B and, not surprisingly, the hard case is recursion. To prepare this,
we essentially need an operational counterpart of the approximations [f]". For arbitrary §: X — L
with fv(6) C dom(0) let

bw = D oew® Zaw/Zwlwew
0 = [I"GCZW OW/X]XEdom(G),W:L(reCX 0)
9i+1 — 0[92] )

Intuitively, each Zy recursively defined in fw?® is a stable and completely deterministic process
(no reachable state has an outgoing 7-transition or more than one outgoing a-transition for any
given a € A) with W as its language; in other words, it is the operational equivalent of Ly, . This
is formulated in the following lemma.

Lemma 4.26 For all W € W, O(recz,, 0w) = L.

Proof. In the proof we write Zy for recz,, Ow. We first establish Zy == B if and only if w € W
and B = Z,,-1yy, by induction on the length of w. This implies £L(Zw ) = W.

Base case. w = ¢. We have Zyy = B iff B = Zy, since Zy /Zs; on the other hand, w € W due
toW £ @ and W = |[W.

Induction step. w = va for some v and a.
If. If w € W then v € W by |W =W, and a € v~'W. By induction, Zy =% Z,-1y, and it

follows that Z,-1yy % Zy-1,-1w = Zy—1w; hence Zy % Z -1y

Only if. If Zyy % B then Zy = B’ = B. By induction, v € W and B’ = Z, 1.
It follows that Z, 1, = B; hence (by the definition of Z, 1) a € v"'W and B =
Zy-1p-1w = Zy-1w- The former implies w =va € W.

Zyw stb is immediate for all W. It remains to be proved that Fyy = FT(Zw).

C Assume w € W and w'W NV = 0. As proved above, Zy == B; it follows that £L(B)NV C
wL(Zw)NV =w W NV = 0.

SInterpreted as the countable restriction of fw as discussed in Section 2.6. Again, we really should restrict
ourselves to languages W that only use a countable subalphabet.
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D Assume (w,V) € FT(Zw); i.e., there is a B such that Zy = B and L(B) NV = (. As
proved above, B = Z,, 1y, thus £(B) = w™'W. Thus, w W NV = 0.

|

The following is an important element in the proof of Theorem 4.25. (Note that we freely apply
O(—) to mappings X — L*®; the result is a mapping X — M defined in the obvious way.)

Lemma 4.27 Let 6: X — L be such that [0]o,y ~m O(0lo]) for all 0:X — L® with dom(c) 2
fu(0); then [[«9]]%(0) ~n O(0]0]?) for alli > 0 and all 0: X — L* with dom(o) 2 fv(0) \ dom(6) and
dom(o) N dom(0) = 0.

Proof. By induction on i.
Base case. For i = 0 the property follows from
0100 = {(X,Lw)|X € dom(0),W = L[recx 0] o0 }

= {(X,0(recy,, 0w)) | X € dom(8),W = L(recx 0[c])}
= 0([])

where the first equality is by definition of [#]°, the last by definition of #[¢]° and the second
is due to a combination of Lemma 4.26 and

Llrecx 0] z(o(r)) = Llrecx ] zf,) = L(recx b[o])

This, in turn, follows from two successive applications of Proposition 4.23, where for the first
application we also use L(F T (B)) = L(B) (= L[B] by Proposition 4.23).

Induction step. For the induction step, we have
[0]oe) = [[Hﬂo(a)q[[eﬂg(a) M [0]oo)00p1) =M OO0 10[0]']) = O(0[0][0]0]']) = O(O[0] )

where the first step is by definition of [[0]]”1, the second by the induction hypothesis (also
using Theorem 4.24), the third by the assumption on 6, the fourth by the properties of
substitution and the last by definition of #'.

|

Lemma 4.28 Let 0: X — L be such that fv(0) C dom(0). For every X € dom(6) and i > 0 let X;
be a distinct, fresh name. Define 6“,0*:{X; | X € dom(0),i >0} — L by

0“: X; — recx0
0*:X; — 0(X) .

Let n>m >0 and let B € L be a term such that X; € fo(B) implies i > n. For every sequence of
transitions

B[¢¥] 4, ... 2m, O
there is a term C' for which X; € fo(C") implies i > n — m, such that C = C'[0*] and

Bl9*] L, ... 9, C'[6"] .
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Proof. By induction on m.
m = 0. In this case, C = B[#*] and hence C' = B satisfies the requirements.

m = 1. This is proved by induction on the derivation of B[§“] 2L, C'. Thus, there will be one case
for each of the operational rules in Table 2.1. The cases for the first-order operators really
follow from the fact that the corresponding rules are all in the SOS format of De Simone [18].
As an example, we show the case of the synchronisation rule.

e B = By ||, B2 such that By[6“] 2L C}, for k = 1,2 and C = C ||, C3. By the induction
hypothesis, for k = 1,2 there are transitions

B[07] =% Cy[67]

such that Cj, = C}[6] for k = 1,2. It follows that C" = C ||, C} satisfies the criteria,
since clearly

B[0"] = B1[07] || 4 Ba[07] =5 C1[07] |4 Col07] = C'[67] .

Now we consider the most interesting case, namely the recursion rule. Note that, for the
entire term B[6“] to be of the form recy 7, there are two sub-cases: B may equal one of the
X;, or B may itself be of the form recy 7.

e B = X; for some X € dom(f) and j > n > 1; hence B[#*] = 6*(X;) = recx . Due to
guardedness of 0, by Proposition 2.4 the premise of the rule can be given as (X) % D
such that C' = Dlrecx 0/X]xcjom(p).- By the definition of 67 and Proposition 2.3, it
follows that

B[0*] = /(X)) = 0(X)[" '] & D[’ 1] .

Then C' = D[X;_1/X]xef(p) satisfies the requirements of the lemma, due to C'[0*] =
D[0""1(X)/X]xeppy = D[]

e B =recyn. W.lo.g. assume dom(6*) N dom(n) = (). Since #* and #* are closed and
fo(B) N dom(n) =0, it follows that

B[6*] = recy (n[6*])
B[0*] = recy(n[0*]) .

Since 7 is guarded (by default assumption), due to Proposition 2.4 we can write the
premise of the recursion rule as

n(Y)[0*] 2 C .
By the induction hypothesis, it follows that there is a C” such that X; € fvo(C") implies

i>n—1, and
n(Y)[0"] =% C'[6"]

and C'[#¥] = C. But then also
B[0*] = recy (n[0*]) 24 C'[67]

and hence O’ satisfies the requirements of the lemma.
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m > 1. This follows immediately from putting together the case of m = 1 and the induction
hypothesis. Assume

B[0¥] &, D 92, ... 9m, C

then by the case for m = 1 we know that there is a term D’ for which X; € fv(D’) implies
i > n — 1 such that D = D'[6*] and

B[0*] 1, D'[6*] ,

from which, by the induction hypothesis, we can deduce the existence of term C’ for which
X; € fo(C") implies i > (n — 1) — (m — 1) and hence ¢ > n — m such that C' = C’[#*] and

D'[6*] 22, ... am, C'[p*] .
O

Proposition 4.29 Let 0 satisfy fu(0) C dom(0), and let X € dom(0). For every sequence of
transitions

recy § & ... @2, B

there is a sequence of transitions
O"(X) 21, ... on, B

such that L(B) = L(B’).

Proof. This is a consequence of Lemma 4.28, as follows: Define the term B in Lemma 4.28
to be X,; then X, [0*] = recx § and X,,[0*] = 0"(X). Let C’ be the term whose existence is
guaranteed in the lemma, such that B = C’'[6“] and X,,[0*] 2L ... 2o, C'[#*]. One can prove
L(0(X)) = L(recx 0) for all X € dom(f) and i > 0 (by induction, using Proposition 4.23 and
L(recx 0) = L(0(X)[recx 0] xecdom(g) — cf. Proposition 2.9); hence it follows from Proposition 4.23
that

L(C'[6°]) = LIC] gpge = LIC ] oy = LIC[07]] -

It follows that the proof obligation is fulfilled if we take B’ = C"[6*]. O

Proposition 4.30 Let 0: X — L be such that fv(9) C dom(f); then O(recx 0) Ty |, O(0°(X))
for all X € dom(6).

Proof. We show (1) F*(recx 0) C |J; FH(0'(X)) and (2) recy 0 stb if A, 0?(X) stb.

1. Assume recy § == B and V N L(B) = 0. It follows that there is a sequence of transitions
recx 24 ... 9, B such that w = ma (o -+ ) (in words, w is the concatenation of the
non-7-actions). Due to Proposition 4.29 we have §™(X) 2L, ... 2», B’ with £(B) = L(B’);
hence §™(X) = B'. Since clearly V N L(B’) = 0 it follows that (w,V) € F("(X)).

2. Assume —recy 6 stb. It follows that recx # =» B for some B. Due to Proposition 4.29 it
follows that #*(X) Z» B’ for some B’, and hence —0*(X) stb.

|

Proof of Theorem 4.25.1. By induction on the structure of B. For first-order operators, the proof
obligation follows immediately from a comparison of the equalities in Table 4.2 with the definitions
in Tables 4.3 and 4.4. The only interesting cases are B = X and B = recx .
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B = X. This follows from the following sequence of equalities:

B =recx 6. W.lo.g. assume dom (o) N dom(6)

[Blo) = O(0)(X)

= . We show [B]y ) ~m O(B[o]) by splitting the

equivalence in two parts.

Y

Consider the function W defined by ¥ : @ — [0] )4 for all 2: X — M with dom(£2) 2

fv(0)\ dom(o). Then the following sequence of equalities holds (where rec_# is shorthand

for [recx 0/X|xedom(6)):

Y (O(rec_0[a])) = [0low)orec_ o))
= 0 [U<1rec 0[o]])
~m  O(0lo][rec_6]o]])
~m  O(rec_0[o])

The first step is by definition of W, the second by the induction hypothesis, and the
third by Proposition 2.9 (which proves this equivalence up to ~) in combination with
the observation that ~ C ~p; due to Proposition 3.6, Theorem 4.12 and the fact that ~
is stability-preserving.

This proves that O(rec_6[o]) is a fixpoint of ¥. But then [recx 0],y Em O(recx 0[o])
for all X € dom(0) due to the fact that [rec_0]n,) = p[0lo(,) is a least fixpoint of ¥
(Proposition 4.21).

This follows from the following sequence of (in)equalities:
— L [0 ) (X) =t L; O(0lo]i(X)) Dt Ofrec 0o

where the first step is by definition of [recy 0], the second by Lemma 4.27 and the third
by Proposition 4.30.

[recx 0o (o)
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Figure 5.1: Example transition systems for the decision algorithms
5 Decidability and complexity

In this section, we will show that Cgpq is decidable, with linear exponential time complexity. Since
Ezl and Cgp are known or obvious to be decidable, with a complexity that is no worse, it follows
that £, 4 is decidable in linear exponential time.
The relation we eventually want to check is T C x4+ U for some finite transition systems 7" and
U; that is,
V(v,V)eF(T):3(w,W) e F(U):(v,V) = (w,W) .

As an exercise, we will first show in Section 5.2 how to check F*(T) C F*(U). As a running
example, we will treat the transition systems 7' and U shown in Figure 5.1 where neither F1(T') C
FT(U) nor T Cry U is true.

5.1 Preliminary concepts and constructions

Throughout this section, we assume that two finite transition systems 7" and U with initial states pg
and qo are given such that £(T") C L(U), which is known to be decidable. We denote the transition
relations with —; and = etc., and by abuse of notation we use A for the finite set of visible
actions occurring in T or U; hence, in the running example A = {a,b}.

We can view each finite transition system as a finite automaton where all states are final. For
an automaton A with some state s (we write s € A), £4(s) denotes the language of the automaton
if we change the initial state to s; observe that the arc-label 7 corresponds to the empty word in
automata theory. We call a state productive, if it lies on a path from the initial state to a final
state, i.e. if it is used by the automaton when accepting a word.

As a first step, we extend the automaton 1" to an automaton of automata AA by adding a
family of deterministic automata Ay, p € T, such that for each p € T' the language of A, is the set
A*\ L7(p) of traces that T cannot perform from p. The following holds:

(v,V) € FH(T) if and only if 3pg == 44 p: V C L(4,) .

Thus, the automata A, represent some tree failures (v, V) € F*(T) in the sense that there is a
p € T with pg =44 p and V = L(A4,); in particular, they represent all maximal tree failures, i.e.
all those (v,V) € FT(T) with maximal V. Since in a finite transition system 7 there exists for
each (v, W) € F*(T) a maximal (v,V) € FH(T) with W C V, maximal tree failures of F*(T') are
all we have to consider when checking F*(T') C F+(U) or F*(U) C F(T).

Similarly, we construct an automaton of automata for U, but this time, we additionally make
U deterministic more or less by the usual power set construction. This results in a deterministic
automaton of automata BB, which is a deterministic automaton extended with a family BB,
Q) € BB, where each BBg is a set of automata: for each state @) (being a set of states of U) BB
consists of deterministic automata By, ¢ € @, with £(B;) = A*\ Ly(q).
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Figure 5.2: BB for the example transition system U in Figure 5.1

More in detail, the automaton part of BB is defined as follows. The initial state of BB is Qg =
{q | q0 =5y q}; the transition relation is defined by Q % 55 Q' if Q' = {¢' | Ig € Q:q¢ Ly "=y '}
We restrict BB to the nonempty states reachable from Qg and let each state of BB be final.® As
a consequence, all states of BB are productive and £(BB) = L(U).

This way, Qo = pp Q iff Q = {q | qo = ¢} for all v € A* and

(v, V) € FT(U) if and only if 3Qy = pp Q, B € BBoy:V C L(B) .

Example 5.1 Figure 5.2 shows BB for U as in Figure 5.1, where all states are final, and the
associated automata, where only () is final. Each state Q of BB is connected with thick lines to
the automata in BBg. (We write a state {1,2} as 12 etc.) Note that these automata are also
obtained from a power set construction and complementation of final states, and that one only has
to construct one automaton for each state q of U.

5.2 Decision for Ft-inclusion

As an exercise, we will now show how to check F(T) C F*(U). For this, from A4 and BB,
we construct the following (partial) product automaton S, which can also be seen as the minimal

simulation from AA to BB (where a simulation is a relation between the states of AA and that of
BB)."

e (po, Qo) € S is the initial state of S and all states are final.

o If (p,Q) €S, ae A and p-L ,, p, then by language inclusion and definition of BB, there is
a unique Q' € BB such that Q %55 Q'; we add (p/, Q) and the transition (p, Q) % (p/, Q")
to S.

o If (p,Q) € Sand p 54, P/, then we add (p/,Q) and the transition (p,Q) = (p',Q) to S.
(Observe that BB has no 7-arcs.)

SNote that BB is deterministic in the sense that there are no 7-labelled arcs and for each state Q and each a € A
there is at most one outgoing a-labelled arc.

"In fact, initial state, final states and arcs of S are technically irrelevant, but we consider them as intuitively
helpful.
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The algorithm for checking F*(T) C F(U) now is based on the following principle. For every
sequence py =>4 p, V = L(A,) is a maximal refusal set for v in T (i.e., a maximal set for which
(v,V)) € FH(T)); moreover, all refusal sets are a subset of some maximal refusal set that is encoded
this way. Since BB is deterministic, v also determines a unique state Q with Qo =5 @; by
construction we have (p, Q) € S. The automata in BB likewise represent all maximal refusal sets
for v in U. Hence, we simply have to check for each (p,Q) € S whether there is some B € BBg
with L(Ap) C L(B).

Example 5.2 Figure 5.3 shows S for T (i.e. the corresponding AA) and BB as in Figures 5.1
and 5.2, as well as the only associated automaton Ar of AA, where () is the only final state. Since
(I,1) € S and ab € L(Af) \ L(B1), we conclude that F+(T) C FH(U) fails.

5.3 Decision for Cr+

Checking T+ entails checking whether for all (v, V) € F7(T) with V # () we have (vu,u~'V) €
FT(U) for some u € | V. (Recall that, by language inclusion, we do not have to check pairs (v,).)
As above, we construct AA, BB and S. This time, we have to check for each (p, Q) € S and each
0 #V C L(Ap) that

Jue |V, Q € BB, BEBBy:Q =55 Q and u™'V C L(B) . (4)

Let us fix (p, Q); we now show how to check (4) for all ) # V' C L(Ap). This means that we have to
compare runs of A, (u in (4)) with runs of BB. To do this, we construct another (partial) product
automaton P, similar to the one above, but this time between the automaton A, (whose initial
state we also denote by p) and BB where the initial state is changed to Q). Another difference with
the case above is that, this time, we do not necessarily have £L(A,) C L(BB) — i.e., BB might not
be able to simulate A, — but still we want to represent all of £L(A,) in order to check the inclusion
in (4). Therefore, P is constructed as follows (here * is a dummy element, not appearing anywhere
else):

e (p,Q) € P is the initial state;
o if (p,Q) € Pandp %, p”

— and Q' %55 Q”, we add the state (p”, Q") and the transition (p', Q") % (p”, Q") to P;
— and Q' A% g (in particular, if @' = x), we add (p”,*) and the transition (p’, Q") %
(p”,*) to P;
e (p/,Q) is final iff p' is.

Since A, and BB are deterministic, P is also deterministic, and we have £(P) = L(A,) by con-
struction. We will call R a productive sub-automaton of P, if R is obtained from P by restricting
all components (in particular also the final states) to a subset M of the state set such that each
state of R is productive (in R).® We will show that (4) is satisfied for all () # V C L£(P) if and only
if for each productive sub-automaton R of P

3(",Q") € R, Q" € BB, B e BBg:Lr(p',Q") C L(B) . (5)

Since the latter clearly is decidable, it then follows that that Cz+ is decidable. (Note that Q" € BB
in (5) is equivalent to @' # *.)

8Recall that a state of an automaton is called productive if it lies on a path from the initial to some final state.
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So assume (4) is satisfied for all ) # V C L(P). If R is a productive sub-automaton, then () #
L(R) C L(P). Hence (due to (4)), Ju € |L(R), Q' € BB, B€ BBy:Q =535 Q and u'L(R) C
L(B). Then (p,Q) = (p/,Q’) for some p'; since R is deterministic, (p/, Q') is uniquely determined
by u, and therefore u='L(R) = Lr(p’,Q"). Thus, (p’,Q’) and B are the state and the automaton
whose existence is asserted in (5).

Vice versa, assume that (5) holds for each productive sub-automaton R and take some () #
V C L(P). The set of states that are needed in P to accept the words of V' defines a productive
sub-automaton R with V' C L(R). Take (p',Q") € R and B € BBy that satisfy (5). Then there
is some v € |V with (p,Q) =p (p/, Q') by choice of R, and Q = 5 Q' by construction of P and
since Q' € BB. Now v 'V C u'L(R) = Lr(p',Q’) by determinism of R, and we conclude that
u™V C L(B).

Therefore we have shown:

Theorem 5.3 T+, i.e. Cgphq, 15 decidable.

Sy Ay P
(I, 1) ]Q (I, 1)

: jo VRN
(1,12) ©1,12) (@,*Q

0
a,b
a 0 ab b a,b

(

Figure 5.3: S, P and the only A, for the example transition systems

=
w
SN—

Example 5.4 Figure 5.3 shows S for T (i.e., its corresponding AA) and BB as in Figures 5.1
and 5.2, as well as the only associated automaton A; of AA, where () is the only final state.
Moreover, for the case (p,Q) = (I,1) it shows the product automaton P, where ((,3) and (0, *) are
final states. If we omit (0,%) from P, we get a productive sub-automaton R for which (5) fails:

o (p.Q)=(I,1): abe Lgr(I,1), ab & L(By);

o (p,Q)=(I,12): bab € Ly(I,12), ab & L(By), b & L(By);

o (@)=
(1,

Since we reach (I,1) in S by ¢ and L(R) = a™b, the fact that (5) fails corresponds to (e,a™b) €
FH(T) which is not <-dominated by any element of F*(U); hence T L r+ U.

3): e€ Lr(0,3), e & L(B3).

5.4 Complexity

The above decision algorithm for T z+ builds BB and P which could have in the order of 2™
states, where m is the number of states of U; then, P could have in the order of 22" productive
sub-automata. It follows that one would expect the algorithm to take at least double exponential
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time in the worst case. We will now refine the algorithm and show that T+ can be decided in
exponential, even linear exponential time.

Consider P as productive sub-automaton of itself, and consider respective (p/,Q’) € P and
B € BB( that make P satisfy (5). If some productive sub-automaton R contains (p/,Q’), then
clearly Lr(p/,Q") C Lp(p/,Q") € L(B). Thus, once we have found (p’,Q’), we have to check
(5) further only for productive sub-automata R’ of P’, where P’ is obtained from P by removing
(p', Q") and all states that then are not on a path from (p, Q) to a final state, i.e. are not productive
anymore. Now P’ can be treated in the same way, and all in all we only have to check (5) for
a number of productive sub-automata bounded by the number of states of P. We arrive at the
following result, whose proof can be found in Appendix B (Page 69).

Theorem 5.5 For a fized finite alphabet size, T Egng U and T TS 4 U can be decided in time
linear exponential in the numbers of states of T and U.

Actually, our algorithm can be further simplified: one can show that the states (p,*) of P are not
needed. Since this does not improve the complexity in the worst case, we do not go into details
here.
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B = > {B} (6)
dier 2jes Bij YABijliel,jeJ} (7)
Bl,C = YABi(Bill4C) | B ¢ A} (8)
+ 2 Ak (Bl Cr) | e & A}

+ 248 (Bill4 Ck) | Bi = v € A}
Blpl = > A{e(8); (Bile]) | i€ I} (9)
B/A = Y Ami(Bi/A)| Bi € A} (10)
+> 48 (Bi/A) | Bi & A}
recy 0 = 6(X)[recy] (11)
a;m;B = B (12)
B+71;B = 1;B (13)
a;(B+7,C)+o;C = a;(B+T1;0) (14)

Table 6.1: Bisimulation axioms, where B =), ;8;; B; and C = ), _ Vi3 Cp..

6 Proof principles

We discuss a number of general methods to prove that the Cf, j-preorder holds between a given
pair of systems, avoiding the direct use of the (costly) denotational characterisation as much as
possible. In the next section, we use these methods in a number of examples of system specifications
and their implementations on the basis of should-testing.

6.1 The bisimulation inheritance

Since observation congruence is stronger than all our testing pre-orders (see Proposition 3.6), all
known methods to prove ~y;s are valid for proving ~¢, ;. This is an advantage because, as men-
tioned before, the proof techniques for observation congruence are relatively simple; hence, if it
holds, it is cheaper to show ~;s than to try to show =~ ; directly. Of course, it may be that
observation congruence fails to hold between two given LS, j-related systems, in which case the
inherited proof techniques obviously cannot work. If this is so, then one can still try methods more
directly tuned to the testing notion one is actually interested in. (This point is made very forcefully
by Valmari [34] in the context of transition system reduction.)

Of the proof techniques available for observation congruence we mention two: constructing a
bisimulation relation and applying the equational theory. The details of bisimulation relations are
omitted here; see [28] for an exposition. With respect to the equational theory, we recall the axioms
in Table 6.1, adapted from Milner to our setting.

Axioms (8)—(10) explain, respectively, synchronisation, renaming and hiding in terms of action
prefix and choice. In fact, using (6)-(10) one may rewrite every finite term into a term of the form
> icr @i; B; where the B; are again of this form. Axiom (11), on the other hand, states that we
may always unfold fixpoint terms.

6.2 The testing theory

We do not have a complete equational theory of C; ;. However, there are a number of axioms
that this relation satisfies beyond those of observation congruence. For one thing, although £, 4
is incomparable to the standard must-testing of De Nicola and Hennessy [17] (see Proposition 3.6),
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a;B+a;C = a;(r;B+T1;0) (15)
;(B+C) C B+rt1;C (16)
B+71;(;C+ D) = 71i(;B+a;C+D)  (17)
B C 7;B (18)

if BCC then CCr;B+T1;C (19)
if flo]=o0 then rec_0C o (20)

Table 6.2: Should-testing axioms and rules.

most of their axioms dealing with nondeterminism do hold in our setting as well. Furthermore, the
fact that recursion builds smallest fixpoints (Proposition 4.21), can be lifted to the language and
transferred to CF, 4 (Theorem 4.25). Table 6.2 contains the resulting axioms and rules. Rule (19)
comes in the place of B C 7; B + 7;C', which is an important axiom of must-testing that is not
satisfied by £f 4 (it contradicts the language equality implicit in £F ;). Rule (20) is a weaker
version of the recursive specification principle that we have shown in Figure 3.5 not to hold for
~ha: even though a recursive set of equations ¢ does not generate a unique solution, every solution
is £} g-related to the fixpoint generated by rec 6.

Theorem 6.1 Cg, ; and ~5, 4 satisfy the axioms and rules in Table 6.2.

Proof. Clearly, language equality and reverse implication for stability are satisfied in all cases. In
the cases (15), (16), (18) and (19), we even have equality or inclusion of F'-semantics (in (19)
without any assumption on B and C') and are done by Proposition 4.7; as an example, we treat
(16).

If (w,V) e Fr(r;(B + C)) arises from 7;(B +C) = 7;(B+C) or 7;(B+ C) = B+ C,
then w = ¢ and VN L(r;(B+C)) = VNLB+C) =0 thus, (w,V) € FH(B + 7;C) since
L(t;(B+ C)) = L(B + 7;C). If it arises from some other 7; (B + C) = D, then B == D or
C =% D, hence also B + 7;C =% D; therefore (w,V) € F*(B + 7;C) in this case, too.

For (17), we have F*(7; (a; B+a;C+ D)) C F'(o; B+7;(a; C'+ D)) with a similar argument,
and we almost have the other inclusion as well. The only exception is (w, V) € F*(a; B+7; (a; C +
D)) arising from a; B+7; (a; C+D) = o; C+ D, ice. w = € and L(a; C+D)NV = . If L(«; B)NV =
0, we have (w,V) € F¥(1;(e; B+ a;C + D)); otherwise a € |V and (o, V) € F(7;(c; B +
a;C+ D)) by 7;(a; B+a;C + D) = C since L(C)Na 'V Ca Y L(a;C+D))Na"tV=0 O

Note that the axioms in Table 6.2 (together with the idempotence of choice, which is derivable in
our setting) imply the 7-laws of observation congruence in Table 6.1.

In addition to these axioms, we recall from Section 3.3 that ~¢ ; also satisfies the weakened fairness
rule KFAR™ (see Page 22). For instance, KFAR™ in combination with Axiom (12) can be used to
show that 7-loops at non-initial states can be ignored: if ¢ is an arbitrary action not occurring in
B then

a; (rec X. 7; X + B) ~gq @ ((rec X. a; X + B)/a) ~gq ;75 (B/a) ~gnq o; B

where the second step is by KFAR™. It may be worthwile noting that, in combination with
Rule (20), KFAR™ can actually be adapted somewhat to approach the original KFAR (1) —
where, with respect to Rule (20), 6 = [a;; Xi41/Xi)ien, and 0 = [X;/Bilien,:
B; = CLZ';BZ'+1 +C; a; €A
Bi/AJ T} ien, (Ci/A)

(i € Nyp) (21)
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Figure 6.1: preconditions for contraction

6.3 Denotational arguments

As remarked before, the equational theory presented above is not complete. This means that
occasionally one may be forced to show that two systems are Cg j-related by directly accessing
the denotational characterisation. As an example of a property proved in this way, we formulate
a contraction lemma stating that under certain circumstances, two states of a transition system
can be identified. The proof is rather technical and thus deferred to Appendix B (Page 70). An
algebraic counterpart of this lemma is difficult to give.

Lemma 6.2 (contraction lemma) Let T = (S, —,q) be a transition system with states s’ # q
and s that satisfy the following conditions (see Figure 6.1):

a) s % iffa=rT;

b) for all « # T we have s % s iff s % §';

¢) if s %t for somet € S\ {s,5'}, then s %5 t' for somet' € S\ {s'};
d) ift % s for somet € S\ {s,s'}, thent % s, too.

Let U = (S',—,q) be obtained from T by contracting s and s’ to s, i.e., by putting 8" = S\ {s'}
and replacing s' in the arcs by s. Then T ~$ 4 U.

Another denotational argument is presented in the following proposition. We call a transition
system deterministic if for all reachable states s, s -2 s1 and s % s implies a % 7 and 1 = $9.

Proposition 6.3 If S is deterministic and I Tg 4 S, then I ~p;6 S.

Proof. The absence of 7-moves implies stability of S and hence of I; thus, it is sufficient to
show that R = {(I',8") | Jw: I = I' A s == S’} is a weak bisimulation. Given (I’,S’) € R and a
respective w, we have: I’ I, I” implies (I”,5") € R; I' % I" implies wa € L(I) = L(S), and since
S’ is unique with S =% S’ by determinism, there is some S’ -% S” with (I”,5”) € R. Finally,
assume S’ % S”; if I’ £ we are done, and otherwise (w,{a}) € F(I) C F(S); but the latter is a
contradiction, since S’ is unique with S == 5’ O

As a final “denotational” proof technique, we mention the result from the preceding section that
Csha and C 4 are decidable for finite-state systems.

6.4 Compositionality

In conjunction with the methods presented above, it is very important to realise that, due to
the fact that our notion of implementation is pre-congruent, proofs of correctness can be done
in a compositional manner. This means that it is not necessary to consider complete systems;
rather, one may take a single module and replace that by a “better” one (more fault-tolerant, more
deterministic, etc.); the entire system will thereby be improved, and the result of this replacement
is a formal implementation of the original system.
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Figure 7.1: Correct and incorrect versions of busy waiting (to abbreviates timeout).

7 Examples

The purpose of this section is to demonstrate the advantages of shd-testing compared to observa-
tion congruence, acc- and divergence-sensitive must-testing. In this section, we make use of the
alternative presentation of recursion mentioned in Section 3, i.e. we give the process environment
0 by listing defining equations and use X in place of recx 6, leaving 6 implicit. In Section 7.3, we
also use the with-notation.

7.1 External choice as busy-waiting

Our first, simple example concerns the implementation of external choice as busy waiting; see
Figure 7.1. In the process Choice := init; (B + C') we have that, after initialisation, either B or C'
can be chosen. A busy-waiting implementation oscillates between B and C:

BWqy := init; Waitp + init; Waitco
Waitg = B + timeout; Waitc
Waitc = C + timeout; Waitp

where timeout is assumed not to occur in B or C' (hence B/timeout ~pis B and C/timeout ~p;s
C). From KFAR™ (2), Axiom (12) and idempotence of +, it can be derived that Choice ~p;s
BW/timeout; hence this also holds for ~¢ , and ~acc (Proposition 3.6). The systems are
not equivalent under De Nicola-Hennessy must-testing, since this is sensitive to the divergence
in BW(/timeout. To show the advantage of ~, ; over ~ucc, consider

BW; = init; Wait'y + init; Wait,,
Wait's = B+ timeout; Wait's
Waity, = C + timeout; Waity .

BW fails to change between options, so in general BW;/timeout is certainly not a correct im-
plementation of Choice. Accordingly, BWq 25,4 BW1; but acceptance testing suggests that BW g
and BW can be used interchangeably, since BWy ~acc BW1 (any failure of BW( can be found in
BW 1 and vice versa, by taking the appropriate initial init-branch). This, therefore, is an example
where the lack of pre-congruence w.r.t. hiding makes acceptance testing unsuitable.

7.2 The alternating bit protocol

As a more extensive example we will use ~¢, ; to show the correctness of a version of the alternating-
bit protocol. The desired behaviour is that of a one-place buffer:

Buf := snd; rcv; Buf,
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Figure 7.2: Two lossy channels.

where we abstract from the content of the message sent. The implementation is built from the
sender Sndy and the receiver Rcv, which are connected by two lossy channels Ms and Ma for
transmitting messages and acknowledgements. An additional bit is appended to the messages and
acknowledgements, so Ms participates in sending with s; on the one side and in receiving with r;
on the other, while Ma participates in confirming with ¢; and in acknowledging with a; (i = 0, 1).
The channels are given by

Ms = sqg;rg; Ms + sg; Ms + s1;r1; Ms + s1; Ms
Ma = co;a0; Ma + co; Ma + ci;a1; Ma + c1; Ma

(see Figure 7.2). Since Ms can repeatedly and unboundedly often lose the message, which at best
leads to an infinite repetition of this message, it is clear that an implementation on this basis will
be able to diverge instead of delivering the message. Hence, such an implementation cannot be
correct with respect to a divergence-sensitive relation like De Nicola-Hennessy must-testing. In
contrast, Cace, Egpq and ~pis can ignore divergence due to their built-in fairness assumption; and
indeed, our implementation will be correct for each of these.

In this implementation, the sender Sndy gets a message with snd, appends the bit 0, forwards
it with s to the receiver and waits in state Ackq for an acknowledgement. In this state, the sender
may accept an acknowledgement a; with the wrong bit, but will ignore it; the sender may repeat
the message; upon getting the correct acknowledgement a, it will repeat its behaviour using bit 1.
The receiver works analogously, starting in state Rcv where it waits for the first reception. Sender
and receiver are defined by:

Snd; := snd;s;; Ack;

Ack; = a;;Sndi—; + a1—;; Ack; + si; Ack;
Rcv = rg; Revg

Rev; = rcv;cy; Onf,

Cnf;, = ri_i;Revi_;+ri; Onf, + ¢;; Cnf;

(see Figure 7.3). In the implementation, the four components are composed using suitable synchro-
nisation sets, and all actions except snd and rcv are hidden, i.e.

ABP := ( (Sndy || Ms)/s0, 51 || Rev ||, oy Ma)/co,c1)/m0, 715 00,01

50,51 T0,71,00,01 (

We will show Buf ~¢, 4 ABP in a compositional fashion, viz. by reducing subsystems of ABP while
building up its transition system, which in the end will be checked against the specification. First,
we compose Sndg with Ms synchronising over sg, s;. The resulting transition system is shown in
Figure 7.4, where a state ¢j corresponds to Sndg being in state ¢ according to Figure 7.3 and Ms
being in state j according to Figure 7.2. sp and s; are subsequently hidden.

For the reduction of the resulting system we can use the contraction lemma (Lemma 6.2) of the
previous section, by applying it to s = 31 and s’ = 32 on the one hand and to s = 61 and s’ = 63
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Figure 7.3: Sender and receiver.
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Figure 7.5: Sender and message channel after contraction.

on the other. Afterwards, we can omit the 7-loops at the contracted states according to KFAR™
(2) as argued in Section 6.1. Consequently, there is only one arc leaving 21 and this is a 7-arc;
according to Axiom (12), we can contract this arc and similarly for 51. The resulting system is
shown in Figure 7.5 with a new enumeration of the states.

Note that this transition system is not observation congruent to the one in Figure 7.4 (with sg
and s1 hidden). The latter can perform snd to reach 32 from which ag can always be followed by
rg. The former necessarily reaches 2 when performing snd, and from there ag can be performed
such that rg is impossible. Hence, the reduction discussed above is not valid up to ~p;s; indeed,
Lemma 6.2 fails for ~ps.

Similarly as above, we construct the transition system of Rcv ||, .3 Ma (Figure 7.6) and reduce
it after hiding ¢y and ¢; (Figure 7.7). As a final step, we compose the systems of Figures 7.5 and 7.7
to get the transition system of (Sndy || Ms)/so, s1 || (Rev || Ma)/co,cq reduced up

50,51 70,71,00,01 €0,C1
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Figure 7.8: The reduced implementation.

to ~¢ q; see Figure 7.8.

Now one can show observation congruence of Buf with the system in Figure 7.8 after hiding
70,71, 00, a1. Informally, from the start state 10 we reach 22 by performing snd and rcv; from 22,

the system moves to 62 with snd, from 62 to 66 with rcv, and so on. Formally:

s ~ Buf fors=10,16,22,28,32,42,65,66,76
rcv; Buf for s = 20,21, 26,27,52,62, 63, 64,86

%

S

93



Figure 7.9: A different message channel Ms;.

and hence ABP ~¢ ; 10 due to compositionality of ~¢ ; for hiding and 10 ~;s Buf, implying
ABP ~¢ 4 Buf. Because Buf is clearly stable and deterministic, from Proposition 6.3 it now even
follows that ABP ~y;s Buf.

7.3 Alternative channels

To further stress the advantages of ~¢, ;, we will discuss the effect of changing the behaviour of
the channel Ms. For this purpose, we introduce a notation for changing environments: let 9)]% map
X to B and coincide with 0 otherwise. Furthermore, we define a number of contexts.

= S0;T0; — + S0;— + S13715— + S15—

= 505 (im0 — + 73 —) F s (T — 475 —)
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Above, we defined the message channel by Ms := Cy[Ms]. An alternative definition is Ms; :=
C1[Ms1]; the resulting behaviour is shown in Figure 7.9. This channel is perhaps more realistic
than the original one, since the decision to lose or to deliver a message is taken after (and not
while) accepting it with sp or s;. The above implementation remains correct if we change to Msy:
since Co[Ms] ~5 4 C1[Ms] in arbitrary environments due to Axiom (15) and C, 4 is a recursive
pre-congruence (Theorem 3.15), for 6 as implicitly introduced in Section 7.2 we have

ABP with 02 ~¢ . ABP with 61" ~c . ABP with 0 ~% Buf

and hence (again due to Proposition 6.3) ABP with 05\\4/[;1 ~nis Buf. Hence, in proving correctness
with respect to should-testing, we can reuse the existing proof to a large degree.

This argument, which is an example of the compositionality principle discussed in Section 6.4,
fails for observational congruence, since Ms ~y;s Msy is false. The compositionality argument also
fails for ~ace: we do have Ms ~,cc Ms1, but since ~,¢c is not a congruence for hiding, we cannot
exchange Ms and Ms in the context of ABP.

As a further variation, consider the channel Msy := C3[Mss]. This channel cannot lose a message
autonomously, but if the next message arrives before the previous one was read, then it over-
writes this previous message. Since Co[Ms] TS, 4 C1[Ms] for arbitrary process environments by
Axiom (18), it follows by recursive pre-congruence that

ABP with 0% ¢, ABP with 052" C¢, . ABP with 65} ~¢ - Buf .

Again, Proposition 6.3 then implies ABP with 0%;2 ~pis Buf and, thus, also ABP with 9%‘;2 ~C 4
Buf. The same argument works for the channel Mss := C5[Ms3] used by Natarajan and Cleaveland
[31], where the part 7; Mss describes the autonomous decision to lose the message, which can also
serve for freeing the channel for the next message.
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8 Concluding remarks

We briefly summarise the achievements of this paper, after which we review related work. We end
the section with a discussion of open questions.

We have defined a testing scenario, along the lines of the De Nicola-Hennessy framework,
which we called should-testing. In this scenario, a test is satisfied if success always remains
within reach in the system under test. Clearly, this is less demanding than requiring that
success is always reached; in fact, there is an implicit fairness assumption in should-testing.
(Section 3.2)

We have made this fairness assumption explicit in several manners: we have shown that (for
finite state systems) the should-satisfaction of a test corresponds to the certainty of reaching
success under a strong fairness assumption, and we have pointed out that should-testing
is strictly weaker than observation congruence, and hence satisfies (a weakened version of)
Kooman’s Fair Abstraction Rule. (Section 3.3)

We have shwon that should-testing gives rise to the coarsest liveness-preserving pre-
congruence for a fragment of process algebra consisting of prefixing, synchronisation, renaming
and hiding — where the notion of liveness that is being preserved is that a system can’t unob-
servably get to a state where it can never perform any visible action any more. In this respect,
should-testing improves upon pure failure inclusion, which is the coarsest liveness-preserving
pre-congruence for the same fragment with the exception of hiding. (Section 3.2)

We have shown that the combination of should-testing and the preservation of stability gives
rise to the coarsest liveness-preserving pre-congruence for the aforementioned fragment of
process algebra plus choice. (This is in fact the standard way to obtain (pre-)congruence
with respect to choice.) (Section 3.2)

We have shown that the combination of should-testing, the preservation of stability and
language equality gives rise to the coarsest liveness-preserving pre-congruence for the afore-
mentioned fragment of process algebra plus choice and recursion — thus, for a full-fledged
process algebra containing all the standard features, such as CSP, CCS, ACP or LOTOS.
(Section 3.2)

We have characterised a space of denotational models for should-testing, with constructions
modelling the aforementioned process algebraic operators. At the heart of the denotational
model lies an extension of standard failures which we call tree failures, previously studied by
Vogler. (Section 4.3)

We have defined a denotational semantics, based on the first-order constructions mentioned
above and the usual least-fixpoint construction for recursion, and shown it to be equivalent
to the combination of tree failures and stability from the operational semantics (Section 4.4).

We have proved decidability of should-testing for finite state systems, and shown the decision
procedure to be linear exponential. (Section 5)

We have provided several axioms, laws and proof principles for should-testing (albeit no full
axiomatisation). (Section 6)
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e We have demonstrated the practical applicability of should-testing on several examples, in-
cluding a busy-waiting scheme and the Alternating Bit-protocol. It is crucial here that should-
testing is a pre-congruence in order for the proof to be carried out in the given, modular
fashion. (Section 7)

8.1 Related work

In the introduction and in Section 3 we have already discussed the position of should-testing in
the lattice of behavioural equivalences and pre-orders; see especially Proposition 3.6. Rather than
repeating ourselves, here we limit ourselves to pointing out avenues of research similar to ours, and
compare the results achieved.

This paper is a continuation and extension of our own work with Brinksma [10, 11], where we first
presented the should-testing scenario and stated some of the congruence results, resp. presented
some applications. The main achievement over these preliminary versions (apart from the fact
that the present paper contains full proofs) are the denotational characterisations (which provide
independent proofs for the pre-congruence properties of should-testing, which are at least in some
cases much easier than the operational proofs we had in mind previously), the recursion pre-
congruence result, and the proof of decidability of should-testing.

Natarajan and Cleaveland [31] concurrently and independently developed the same testing
scenario that we call should-testing in this paper. They also present a — different — denotational
characterisation (but no denotational constructions), and moreover give a topological argument
that the difference with must-testing is small. However, they do not address congruence issues.

Boreale et al. [6] discuss and compare our should-testing to some other testing scenarios in “a
general approach to define behavioural pre-orders by considering the pre-congruences induced by
three basic observables”. That is, they start with “basic observables” and investigate the coarsest
pre-congruences generated by those, in the barbed bisimulation style (see Milner and Sangiorgi
[29]). One of these basic observables corresponds to our liveness predicate, and indeed our coarsest
liveness-preserving pre-congruence result corresponds to the characterisation of should-testing in
that setting. Pre-congruence with respect to recursion, however, is not considered there.

Our notion of test satisfaction corresponds to the notion of liveness in Petri net theory. There-
fore, the study of liveness in arbitrary contexts performed in a Petri net setting by Vogler [41] is
very close to our should-testing; the impact on hiding and divergence was not considered in [41],
but our denotational semantics is derived from this study.

The issue of fair testing has also been investigated in the context of the join calculus by Fournet
and Gonthier [20]; it turns out that in that setting, part of the hierarchy of equivalences collapses
so that fair testing comes to coincide with coupled simulation.

A preorder closely related to our full pre-congruence is studied by Voorhoeve and Mauw [42]
for a process algebra with a very restricted form of recursion: this preorder combines F'-inclusion
with language equality and, to cater for choice, preservation of initial stability. The authors argue
that this incorporates fairness in a sensible way, but has nicer algebraic properties than our should-
testing. Their claim is substantiated by giving characteristic formulae in Hennessy-Milner logic for
their preorder as well as an axiomatisation. Voorhoeve and Van Glabbeek have announced that
this preorder is the coarsest full pre-congruence refining acceptance testing and satisfying RSP; this
is currently work in progress [37].

There is a natural link between fairness and probability theory. Roughly, one would expect
that a process satisfies a test under a fairness assumption if and only if it satisfies that test under
a uniform distribution of probabilities over outgoing transitions, where satisfaction becomes “even-
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tually reaching success with probability 1”. Nifniez and Rupérez [32] show that this correspondence
indeed holds, under certain restrictions stating essentially that (i) the system under test may not
be infinitely branching and (ii) there is an upper bound to the ‘distance’ (measured in number of
transitions, including internal ones) from an arbitrary state of the system under test to the nearest
success state. On the other hand, the testing pre-orders studied by, e.g., Jonsson et al. [23] and
Cleaveland et al. [15] are different in that they compare the likelihood of success for arbitrary tests
(and hence do not restrict themselves to tests for which success is certain, as in [32]). This leads
to greater distinguishing power, as shown in [30].

With respect to the examples we treat in Section 7, especially the Alternating Bit Protocol,
comparable proofs in the literature have been carried out for observation congruence; see, e.g.,
Larsen and Milner [24]. Since our examples are indeed also correct up to observation congruence,
and observation congruence is less costly to check than should-testing, one may wonder where the
added value of should-testing lies. As an answer to this, we have pointed out that, up to should-
testing, state space reductions are possible on individual modules of the system that are invalid
up to observation congruence; since the sub-systems that are being reduced are much smaller than
the total system, there is a real space and time benefit. See also Valmari [34] for an extensive
discussion of this point. Another advantage of should-testing is that it is a pre-order rather than
an equivalence. Again in Section 7, several communication channel implementations are considered,
each modelling a subtly different kind of data loss. We could immediately conclude that the protocol
is correct for each of these kinds of media. Observation congruence does not support this particular
proof strategy, because the different channels are not observation congruent — even if the protocol
as a whole is still correct modulo observation congruence.

We close with a short review of earlier attempts to solve the problem to find a fair testing pre-
congruence. In fact, we can here rely very much on Leduc [25], who compares three approaches
and presents a new one. To ease the discussion, we limit this review to equalities, although there
are related pre-orders in all cases.

The first approach, called FAUD-semantics (Failures with Abstraction from Unfair Divergences)
in [25], was developed by Bergstra et al. [2]. Here, processes are considered equivalent if they are
language equivalent and have the same stable failures; a stable failure is a failure pair (w, A) of a
process B, if B =% C such that £(C)N A = () and C is stable. Clearly, this semantics ignores runs
that lead to a diverging process.

The second and third approaches are defined by Valmari and Tienari [35, 36]. The CFFD-
semantics (Chaos-Free Failures Divergences, see [35]) refines the FAUD-semantics by additionally
considering the set of traces that lead to a diverging process and the set of infinite traces. This
semantics has been studied in a number of later papers. The NDFD-semantics (Non-Divergent
Failures Divergences, see [36]) abstracts to some degree from the CFFD-semantics, by considering
only convergent failures instead of stable failures. A failure pair (w, A) of B is convergent, if B’ is
not divergent for any B’ with B =% B’.

Leduc [25] shows that CFFD-equivalence is the intersection of FAUD- and NDFD-equivalence,
and that none of the three is comparable to simple failure equivalence. Since in the present paper we
have looked at the coarsest congruence within simple failure equivalence, and since FAUD-;, CFFD-
and NDFD-equivalence are congruences as well, it follows that should-testing cannot be weaker
than these three. A significant example taken from [25] are the processes B = rec X. ;0 + 7; X
and C' = a;0 + 7;rec X. 7; X. These processes are FAUD-, CFFD- and NDFD-equivalent; note
that the empty sequence leads to divergence, and that all stable/convergent failures have the form
(a, A). We would argue that this is intuitively wrong, and B and C are indeed distinguished by
should-testing: B has a 7-loop initially, which under the assumption of fairness will eventually be
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abandoned in favour of a; in contrast, C' can choose internally to behave like a livelock that will
never perform a. On the other hand, the processes B = a;0 and C' = a;rec X.7; X are distinguished
by FAUD and NDFD (and hence also by CFFD) but not by should-testing. Hence should-testing
is incomparable to these three.

The new suggestions in [25] are two semantics supported by intuitive arguments. The respective
equivalences are not congruences, and the coarsest congruence refining these equivalences turns out
to be NDFD-equivalence. Thus, this contribution actually supports NDFD-equivalence.

Finally, we want to mention Erdogmus et al. [19]. They introduce a variant of labelled transition
systems where internal transitions are avoided; instead, the system has a kind of macro states
corresponding to processes, where each macro state corresponding to B has a set of internal states
which correspond more or less to the processes that can be reached from B internally. Furthermore,
divergence predicates are added to the macro states which allow to distinguish divergences that a
process can depart from under a fairness assumption from other divergences. While this is a point
of contact to our approach, a clear difference is that an operational semantics defined according to
[19] is divergence-sensitive. They do not present congruence results.

8.2 Open questions

The largest remaining open question is that of the axiomatic theory of should-testing. Section 6
provides some axioms and laws, but they are not complete. We have the impression (supported by
the complexity of the denotational characterisation) that if it exists at all, a complete axiomatisation
will be very difficult to construct.

To give one particular example where the axiomatic theory is lacking: it is not yet completely
understood whether the contraction lemma (Lemma 6.2), which is currently given in operational
terms, has a proper algebraic formulation. So far, we have only found algebraic statements corre-
sponding to special cases.
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A Completeness

Apart from the correctness property in Proposition 4.11, which confirms that the tree failures of any term
of L form an element of T and thus tells us that the saturation properties of T are not too strong, we would
like to know the (dual) completeness property that any element of T constitutes the set of tree failures of a
term, or in other words, that T contains ‘no junk’, which tells us that we have not ‘forgotten’ any saturation
properties.

Unfortunately, in its simplest form the completeness property does not hold, due to the cardinalities
of tree failure sets (which may be uncountable) on the one hand and of terms of L (which have countable
sums and sorts) on the other. However, the reason why this fails is beside the main point of this paper: it
has nothing to do with the tree failures or with fair testing in itself, merely with the very technical issue of
choosing the right cardinalities. Let us elaborate on this.

Calling a tree failure set F € T countably representable if there is a term B € L such that F = F+(B),
F may fail to be countably representable for two distinct reasons:

e The alphabet of actions that can be performed may be uncountable: for instance, (a,)) € F for all
a € A. A term representing this behaviour would need to have an uncountable sort, which is ruled
out in L.

e The degree of nondeterminism may be uncountable: for instance, if there is a countably infinite set of
actions A C A such that for all A" C A, (e, A’) € F iff A\ A’ is infinite.

It is not difficult to formulate a restriction ruling out the first of these cases. For this purpose, we successively
define the language and the alphabet of a tree failure set, F € T:

L(F) = {weA"|(w,0)eF}
AF) = {acA]TFweA":wae L(F)}

It should be clear that £(B) = L(F+(B)) for all closed B € L; moreover, for arbitrary F,G € T, if F C1 G
then £(F) C L(G). An alternative characterisation for the language is L(F) = {w € A* | J(wv, V) € F}.

Note the difference between the concepts of alphabet and sort: the latter is a syntactic notion, which
is defined for terms only, whereas the alphabet is the set of actions actually occurring. Since the latter is a
subset of the former, and the former is countable, for the completeness of T we have to restrict to 7 € T
for which A(F) is a countable set.

On the other hand, we have not found a good characterisation for countable non-determinism, due to the
aforementioned discrepancies in cardinalities between syntax and semantics. In fact, we can recover the ‘no
junk’ property by (temporarily) allowing uncountable sums and process environments. To remain consistent
(for instance, to guarantee the existence of fresh variables in the definition of syntactic substitution, see
Section 2.2) we should then also choose a higher cardinality for X, the set of all process variables.

In the following theorem, we use ng ; Bi to denote summation with a possibly uncountable index set I,
with [ J;c; S(B;) countable, and rec¥ 0 to denote recursion with a possibly uncountable process environment
0, with S(6(X)) countable for all X € dom(6). The extended language is denoted L*°. Note that the
semantics of the extended operators is the same as for the original ones.

Theorem A.1 F € T with A(F) countable if and only if F = FT(B) for some B € L™.

The proof is quite involved, and since this is an isolated result not used in the main body of the paper, we
advise the casual reader to move on to Section 4.3.

Proof of Theorem A.1. First, we show a property we will need in this proof: for w ¢ W we have
w™ W = T(w™'W). For the inclusion, consider z € w™ W, i.e. wa € [W; by assumption on w, we get
r=x129 with wz, € W, hence 1 € w™'W and « = z125 € T(w’lW). The reverse inclusion is easy.

The “if” direction of the theorem consists of proving that F*(B) meets the constraints in the definition
of T, which is a straightforward generalisation of Proposition 4.11 and omitted here, and proving that
A(FT(B)) is countable, which follows from the fact that A(F+(B)) C S(B) and S(B) is countable.
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For the “only if”, we have to construct a term B € L for an arbitrary F € T with A(F) countable,
such that F*(B) = F. For this purpose, first we concentrate on the saturated tree failures of F, which are
the pairs (v, V) € F that satisty

V=1VAYwé¢V:(vw,w 'V)eF .

Let us denote the saturated tree failures of F by sat(F). The saturated failures satisfy a number of special
properties, of which we list some that we will use later on.

(1) (e, A*\ L(F)) € sat(F) for all F € T.

To see this, take w € L(F) and W = w™ ' (A* \ L(F)); then u € W implies wu ¢ L(F), i.e. (wu, ) ¢ F;
with this we can apply extension saturation to (w,0) € F to get (w, W) € sat(F). In particular, for
w = ¢ this gives (0, A* \ L(F)) € sat(F).

(#3) (v, V) € sat(F) implies |V = A* for all F € T.
To see this, take a € A\ A(F) (which exists due to the difference in cardinalities between A(F)

and A); then for all w € A* we have vwa ¢ L(F), implying (vwa,wa='V) ¢ F and hence (by
saturation) wa € V; it follows that w € |[V.

111 v, € sat and w , then (vw,w™ € sat as well.
If (v,V F d V, th v F 11

To see this, note that w=!V = 7 (w™1V); moreover, u € w=1V implieswu ¢ V and (vw u,u"'w=1V) €

F.

(iv) sat(F) C G implies F C G for arbitrary F,G € T.
To see this, consider arbitrary F € T and (v, V) € F and let

0, V)=, TVUNw| (vw,w V)¢ F}) .

We will show that (v, V) € sat(F); then (v, V) € G implies (v, V) € G for arbitrary G € T.

Take W = {w | (vw,w™1V) & F}; then (v, V) = (v, [(VUW)). By saturation under extension, (v, VU
W) € F and thus (v, [(VUW)) € F. It remains to show that (v, T(V UW)) is saturated. Obviously,
TT(VUW) = 1 (VUW). Now take some u & T(VUW); we have to show (vu,u=11(V UW)) € F. Since
u & T(VUW), we have by the property shown at the beginning of this proof that u='1(V U W) =
Tu™1(V U W); thus it suffices to show (vu,u™1(V UW)) € F. Since u ¢ W, we have (vu,u"V) € F;
now we are done by saturation under extension since w € (VU W)\ u™'V implies uw € W, i.e.
(vuw,wtuTtV) ¢ F.

Now we assume the existence of a set of variables Z, v for all (v, V) € sat(F), and we define a process
environment 0 with

Zyy =2 A1 Zyw |V C W, (v,W) € sat(F)} + > {a; Zyaa-1v |a ¢V} .

for all (v, V) € sat(F).” Note that dom () is, in general, uncountable, and so is the first summation in the
above definition; here is where we need the corresponding extensions to L. Note that (va,a™V) € sat(F)
for all (v, V) € sat(F) and a ¢ V, due to property (iii) above; hence recy’ 0 is closed for all Z € dom(0r).

We have Z. p«\r(F) € dom(0x) due to property (i) above. We will denote Br = Z_ a«\£(r) (where all
variables Z € dom(6r) are implicitly interpreted as rec’ 6r); this is the required term whose tree failure set
equals F. The heart of the proof is the following property:

(x) For all (v,V) € sat(F), Z,v = B if and only if B = Z,,, w for some (vw, W) € sat(F) with
W D w V.
Among other things, from this it follows that £(Z,v) NV = 0 (since € ¢ W); hence (in combination with
(i73) above) L(Z,v) = A*\ V for all (v,V) € sat(F). The required property F*(Bx) = F is then proved
by the combination of the following two items, together with property (iv) above:

9This process definition is the counterpart, for the case of tree failures, of the canonical testers in [7] or the
acceptance graphs in [16].
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e FT(Bg)C F. Tosee this, let (v,V) € FT(Bz) be arbitrary; thus 3(Br == B) such that L(B)NV = 0.
According to (x), this implies B = Z,, y for some (v, W) € sat(F). As observed above, it follows that
L(B)=A*\W, and thus V C W; hence (v,V) € F due to the saturation properties of F.

o sat(F) C FH(Bg). To see this, let (v,V) € sat(F) be arbitrary. w € v~ (A*\ L(F)) implies
(vw,w= V) ¢ F and hence (by definition of sat(F)) w € V; thus we have V 2 v=1(A* \ L(F)). Due
to (x), it follows that By = Z,, v and (as noted above) £(Z,,v) NV = 0; hence (v,V) € F(Br).

It only remains to prove (x).

If. By induction on the length of w.

Base case. Assume w = ¢. It follows that V' C W, implying either Z, v = Z, w or Z, v T Zy w;
in either case, Z, v % Zyw,w-

Induction step. Assume w = awu, and assume the property has been proved for u. If a € V then
by V = 1V we would have w € V, which contradicts (vw, W) € F with W D w='V. Thus, we
have a ¢ V. We can therefore derive

u
ZU,V 2 Zva,aflV 4 va,W

where the first step is by the definition of 8 and the second by the induction hypothesis (noting
that w='V =u"ta=1V).

Only if. By induction on the length n of the transition sequence Z, y 2% --- 2=, Bunderlying Z, v = B
(hence w equals 1 - - - ay, with 7’s removed). If n = 0, then the property trivially holds (with W = V).
Now assume the property holds up to n — 1, and regard the transition Z, y -2 B’ 22, ... %, B,
Let u equal as - - - i, with 7’s removed. By construction of 67, we distinguish two cases.

e a7 = 7, in which case u = w and B’ = Z, w for some W D V. By the induction hypothesis,
then, B = Z, , w- for some W' D w™'W. Since w™'W D w1V, we are done.

e a; =a € A, in which case w = au, a ¢ V and B’ = Z,, ,—1v. By the induction hypothesis,
then, B = Z, 44w for some (vau, W) € sat(F) where W D u~la=1V; since the latter set equals
w~ 'V, we are done.
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B Additional proofs

This appendix contains some of the more technical and uninteresting proofs.
Lemma 3.8 CJ, 4 is a pre-congruence for choice.

In order to prove this, we first show that stable tests are sufficient to check Cgpqg.

Lemma B.1 If S shd t implies I shd t whenever t stb, then I Cgpq S.

Proof. For arbitrary t € Ly, let = Y- {a;t/ |t 225 t/, o # 7}. Note that t =2 iff { 22 for all w € A%, and
moreover, if [w| > 0 then ¢ =% ¢/ iff £ 2% ¢/,

We show that for arbitrary B € L and ¢ € Ly, B shd ¢t iff B shd ¢ whenever t == t’. Since ¢’ stb for
all ' € L, this establishes the lemma.

if. Assume B ||t =% B’ for some w € A*. If |w| > 0 then B||{ =% B’, and hence 3v € A* : B’ % due
to B shd t. Otherwise B’ = B" || t" where B = B and t = t". Due to B shd #" it follows that
Jv € A*: B” || 1" 2% ; but then also B’ 22=. We may conclude B shd t.

w

only if. Assume B || 2% B’ for some t = ' and w € A*. If |w| > 0 then B | ¢t 2% B’, and hence
Jv e A*: B 2% due to B shd t. Otherwise B’ = B” ||t where B = B” and #' = t"; hence (due
to ¢ stb) t” = #'. Due to B shd t it follows that Jv € A* : B” || ¢/ é; but then also B’ é We
may conclude B shd ¢'.

a

Moreover, we need another auxiliary relation. We define a sub-predicate shd® of shd that tests just for
states reachable through at least one visible action.

Bshd't & VYwe AT :VB :(B|t) % B implies 3v e A*: B 2L,

The following lemma states that the resulting testing pre-order, T 41, is weaker than Cgpg.

Lemma B.2
Eshd g Eshdl .
Proof. Assume I Cgng S and S shd! ¢, and assume T |t = I’ ||t/ for some w € AT. Let

t = t]|(vV;0+recX. > {a; X |a€S(t)})
t = t'|recX.>{a; X |acSt)} .

Clearly S shd ¢ and hence I shd ¢. Since ¢ =% ' it follows that ||t =% I'||#’ and hence Jv € A* : I'||#/ 2
But then also I || ¢/ é We may conclude I shd® ¢, and hence I C 41 S. O

Proof of Lemma 3.8. Assume I, T}, 4 Sk for k € K; we have to show that I T, 4 S for I = > rer Ik and
S = ZkeKSk' The case for Cgyp is easily shown, so we concentrate on demonstrating I Cgpg S.

We show that the following characterisation for the stable should-tests of a sum-term B = ), . By
holds, i.e., assuming ¢ stb:

Bshdt iff (Vke€ K:Byshd' t)A(Vk€ K :B,shdtVv B, stb)A(Jk € K : B, shd t) .

if. Assume B ||t = B’. If w € A" then B|| = B’ for some k € K, hence Jv € A* : B’ é by

By, shd' t. Otherwise one of the following cases holds:

o B :/B || t. Since By shd ¢t for some k € K it follows that Jv € A* : By || t % and hence

B2,
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e B’ = B" ||t where B = B”. In that case By, = B” for some k € K, implying (B, stb) and
hence By, shd t. It follows that B’ 2.

only if. The proof obligation consists of three parts, which we prove separately.

e Assume By ||t == B’ for some k € K and w € A*t. It follows that B || ¢t == B’ and hence
B Y, We may conclude By, shd' t.

e Assume By ||t == B’ for some k € K and w € A*, where =(By, stb). If B’ = By||t then there is a
transition By = By ; hence Bt = By ||t and (due to B shd t) Jv € A*: B} ||t é; thus also
B’ ===. Otherwise it follows (due to B shd t) that B |t == B’ and hence Jv € A* : B’ o
We may conclude By shd ¢.

e Due to Bshd ¢t and B/t = B/t we have Jv € A* : Bt é It follows that By || ¢ % for
some k € K. If =(By stb) then By _shd ¢ by the above. Otherwise let By || ¢t = B’; it follows
that B’ = By, || t, and hence B’ 2. Since in addition we have By, shd' ¢, we may conclude
By, shd t.

Using this characterisation, it is not difficult to show that I Cgpgq S. Assume t stb and S shd ¢.

e Forall k € K, S;, shd' ¢, implying (since I, Canqt Sk by Lemma B.2) I;, shd® ¢;
e For all k € K, Sy, shd t or Sy, stb, implying (by I, & 4 Sk) I shd t or I, stb;

e There exists k € K such that Sy shd ¢, implying (by I, Csha Sk) I shd ¢.
We may conclude I shd ¢t. Due to Lemma B.1, then, I Egpq S. O

Lemma 3.9 Cghg and Cf 4 are pre-congruences for renaming.

Proof. We show that Cgpg is a pre-congruence for renaming; since Cgtp, is also clearly a pre-congruence (due
to the fact that ¢(a) = 7 iff @ = 7) the result for CJ, 4 follows immediately.
The proof proceeds by constructing, from a given test ¢ and renaming function ¢, a test t7o~! such that
for an arbitrary term B
By shdt iff Bshdtle ! .

—1

Essentially, the behaviour of ¢t7¢™" is described by the operational rule

B2 B a=pB)
Bte ' £ Bt

That is, “~T¢~!” is very much like renaming according to “—[p~1],” except that p~! is in general not a
function. If we assume for the moment that Ly is extended with an operator with precisely this behaviour,

then it is not difficult to show that indeed

Blg]shdt iff Bshdtfe!

if Assume Blp] ||t = B’ for some w € A*. It follows that B’ = B"[¢] || ¢ such that B B

’
w

for some w’ € A* such that w = ¢(w'), and ¢t == t”. But then t7p~! == #"7¢o~!, and hence

B (t1e™1) ' " | (#"1¢~1). Due to B shd t1¢~!, it follows that B” || ("¢ 1) % for some

v € A*, implying B” =% and t""Tp~! % But then B”[¢] 2 and ¢ % for v = p(v), implying
V'V

BI .

only if Analogous to the above.
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However, we do not want to extend the language just in order to facilitate this test construction. Instead,
we will define t7¢p~! syntactically.

For the purpose of this construction, we need some auxiliary constructs. First, we assume (essentially)
that Ay is closed under Cartesian product. To be precise, we assume a product operation ® over the
universe of actions, which is an injective partial function ®: Ay x Ay — Ay such that a ® 3 is defined iff
{a, BN {r,v}=0ora=p3,and T® 7 =7 and v ® v = v". Moreover, for i = 1,2 we assume projection
operations

T {ai ifa:q1®a2
a  otherwise.
The inverse ¢! is to be treated as a function from actions to sets of actions (since ¢ is in general non-
injective); it is an inverse renaming in the following sense. In general, an inverse renaming is a function
P: Ay — P(Ay) such that (1) = {7}, ®(v') = {v'} and ®(a) N ®(B) = @ if @ # B. Inverse renamings
induce a mapping over X, associating with each X € X a variable X¢ € X such that Sx, = |J ®(S(X)).
To combine an inverse renaming and an (ordinary) renaming into a new inverse renaming, we define

Ppra—{a® |8 € e(P(a))}

Note that ®;1 is indeed an inverse renaming. If we had simply defined ;¢ as a — ®(¢)(«)) then this would
not have been the case: one can have (a) = ¥(8) and thus ®(¢¥(a)) = ®(¢(5)) even though o # 5. As it
is, we can construct ®(¢(«)) from ®;¢(«) by applying ms.

For arbitrary inverse renamings ® and (test) terms B € Ly, let BT® be defined inductively by

(@B)1® = Y syl (B1®)
(ZieIBi)T(I) = ZieI(BiTq))
(Billg B2)1® = (Bi1®) || ja(a) (B219)
BJ1e = (B1®;¢)[r]
(B/A)1® = (B19)/(U2(4))
X1 = Xp
(recx 0)T® = recx, (01®) where (01®) = {Yo :=0(Y) 1P}ty cjom(o) -

The following properties can then be shown to hold, essentially reflecting the operational rule given above:
1. B 2 B implies B1® 2, B'1® for all § € ®(a);
2. B1® £, B implies B %, B” such that § € ®(a) and B’ = B"1®.

The proof of these properties is (naturally) by induction on the structure of B. We show the more interesting
cases of the proof: synchronisation and renaming.

e Assume B = (1 ||, Ca. It follows that BT® = (C11®) ||| g4 (C2T9).

1. B % B’ can be generated in either of three possible ways:

—a ¢ A C % Cf and B’ = C] ||, C2. By the induction hypothesis, it follows that
C11® £, C}1® for all B € ®(a). Due to the properties of inverse renamings, 3 ¢ |J ®(A);
hence B1® £, G119 || g4y C21® (= B'1®).

—a¢A Cy % C)and B' = C ||, C5. Analogous to the above.

—a€A C & Clfori=1,2and B’ = C] ||, C5. By the induction hypothesis, it follows
that C;1® 2 Ci1® for all 8 € ®(a) and ¢ = 1,2. Since 8 € |JP(A), we then have
B1® 2 Ci1® lyga) G312 = BT

2. B1® £, B’ can be generated in either of three possible ways:

- B ¢ Uo(A), C11® L ¢f and B = ¢ ljoca) C21®. By the induction hypothesis, it
follows that Cy -2 CY such that § € ®(a) and C] = CY1®. It follows that o ¢ A, hence
B 2, C7 || 4 C2; moreover, B = (CY || 4 C2)1®.
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— B¢ UP(A), C21® L, €} and B’ = C11® |y ®(ay C2- Analogous to the above.

— BelUe(A), Cit® £ ¢ for i = 1,2 and B’ = O} || g4y Cs- By the induction hypothesis,
it follows that for i = 1,2, C; 24 CV such that 3 € ®(a;) and C] = C/1®. Due to
the properties of inverse renamings, it follows that a; = as € A, hence B 21, C7 ||, CY;
moreover, B’ = (C{ || , C¥)1P.

Assume B = C[y]. It follows that BT® = (CT®;e))[m2].

1. B % B'implies C' % C’ where a = 1(8) and B’ = C'[)]. By induction, we have that CT®;) L
C'"1®yp for all y € ®;3p(8); i.e., for all v = § @ B with 3 € (). But then B1® £, (C"1®;3)[mo]
for all 8 € ®(«a); moreover, B'1® = (C'1®;))[ma].

2. B1® £, B’ implies C1®;0 X5 " where = () and B’ = C'[m]. By induction, we have

that C 25 C” such that v € ®;1(0) and C' = C"1®;1h. Let o = 1(0). It follows that 3 € ®(a);
furthermore, if B” = C”[¢] then B % B"” and B’ = (C""1®;¢)[m2] = B"1.

Lemma 4.18 If F; Tt G; fori= 1,2 with A(G1) N A(Gz2) C A, then Fy ||, Fo Cr Gi || 4 Go.

Proof. Note that F; Cr G; implies £(F;) € £(G;) and hence A(F;) C A(G;); therefore Fy || , F2 is defined.
By commutativity of || ,, we may assume that F> = Go. For understandability, we show the full proof for the
case where A = A, since there the restriction functions in the construction of the synchronised tree failures
become the identity over A and hence disappear.

First note that [(VUW) =1V UTW and u=*(V UW) = =V Uu~'W. Furthermore, for w ¢ TW
we have w1 W = T(w™1W).

These properties imply the following law, which we will need below: w ¢ TW implies w=1(V U TW) C
T(w=1(VUW)), due to

wH(VUITW) =0 ' VUw "W C T(w ' V)U T (w'W) = 1(w ' (VUW)) .

Let (v, V1 UVa) € Fy || F2 be arbitrary, such that (v, V;) € F; for i = 1,2.

We will shift some of the traces in the refusal set Vi (which is refused by F7) to V4 (which is refused
by F»). For this purpose we define the following sets:

W= {w]|ww,w 'Va) ¢ Fo}
Vi = Vi\iw
Vi = VaUTW .

It should be clear that V{ U VY O Vi U V,. Furthermore, by the saturation properties of M, clearly
(v, V{) € F1. (Actually, also (v, Vy) € Fa, and hence (v, V] UVy) € Fy || F2. In effect, this constitutes
a new “explanation” of the tree failure (v, V3 UVa) € Fy || Fa.)

Due to F; Cr Gi, there is a w € {e} U |V{ such that (vw,w 1V{) € G;. Note that w ¢ TW (in
particular, since ¢ ¢ W).

From w ¢ W it follows that (vw,w™'V5) € F». By construction, (vwu,u " tw=1V5) ¢ Fy for all
u € w™tW; by saturation, it follows that (vw,w=1 (Vo UW)) € Fo.

By F2 = Ga, the saturation properties of M and the above law we have (vw,w™Vy) € Gs.

By definition (Table 4.3) we have (vw,w=!(V{ UVJ)) € G1 || Ga.

By V] € V4 we have found a w € {e} U [(V1 U V3) with (due to V{ U V] D V4 UV, and saturation)
(vw,w (Vi UVs)) € G1 || Go.
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Now we show the (entirely analogous) proof for the general case, without comment. Let ¢ = TAGa\A
and py = TAG\A" We implicitly use some algebraic properties of our string homomorphisms, for instance
P(VUW) =o(V)Up(W), o(IV) = le(V), ¢(1V) € T(V) and p(w™ V) C p(w) (V).

e Let (v,V1 UVa) € Fi || 4 F2 be arbitrary, such that (p;(v), ¢;(V;)) € F; for i = 1,2.

o Let W= {w| (p2(vw), pa(w=Va)) ¢ Fo}, and let V/ = V4 \ TW and V§ = Vo U TW. It follows that
(e1(v), 01 (W)) € Fa.

e Due to Fi; C Gi, there is a w € {e} U [V} such that (¢1(vw),p1(w) tp1(VY)) € Gi; hence (by
01 (w™VY) C o1 (w) 1 (V) and saturation) (o1 (vw), 1 (w™VY)) € G1. Again, w & TW.

e From w ¢ W it follows that (2 (vw), p2(w™1Va)) € Fo. For all u € w™ W, we have by construction
that (p2(vwu), g2 ((wu)~tVa)) & Fa, hence (p2(vwu), p2(u) Loz (w=Vs)) € Fa. By saturation, this
implies (p2(vw), p2(w=t(Va UW))) € Fo.

e By 7, = G, and the saturation properties of M, we get (¢2(vw), p2(T(w=t(Va UW)))) € Go. With
the above law, we have (p2(vw), 2 (w=1Vy)) € Ga.

e The rest of the proof is exactly as in the special case above.

Theorem 5.5 For a fized finite alphabet size, T Tena U and T T 4 U can be decided in time linear
exponential in the numbers of states of T and U .

Proof. First note that language inclusion (or equality) has to be checked first, which can be done within the
given time bound. We have to determine the time complexity of our improved algorithm. Let T have n and
U have m states. We assume that T" and U are given by adjacency matrices for each o € A, i.e., T and U
have sizes O(n?) and O(m?).

Making U deterministic as described above costs O(m?2™), in fact we can construct the complete
powerset automaton in this time: first, we determine the transitive closure of the 7-edges in O(m?), which is
subsumed by the complexity of the next step. Given a state @@ among the 2" many subsets of the state set
of U and a € A, we build Q" with Q -% 5 Q' by constructing Q" = {¢' | Ig € Q: ¢ % ¢’} in O(m?) and
then constructing Q" from Q" in O(m?) using the transitive closure. We can store the complete powerset
automaton as a 2 X |A|-matrix where Q" is the entry for @ and a.

BB consists of the nonempty states reachable from @y as above. The complete deterministic powerset
automaton can also serve for describing all associated automata; in this role, the empty state §) is the only
final state and the automata in BB are obtained by taking the {¢} with ¢ € @ as initial states. Compare
our running example and Figure 5.2.

Similarly, we construct the complete powerset automaton for 7' to have a description of the associated
automata for AA. Thus, building A4 and BB costs O(n?2" +m?2™). From S, we only need the states;
building these takes time O(n?2™), since AA has n states having O(n) edges each, while BB has O(2™)
states having O(1) edges each. S has O(n2™) states.

For each state (p, @) of S we do the following: We construct P from two deterministic automata with
O(2"™) and O(2™) states; this takes time O(2"7™) and results in as many states. Searching for a suitable
(p', Q") in P or any productive sub-automaton R, we check for all of the O(2""™) possible (p’, Q') and all
of the O(m) associated B € BB, whether Lr(p', Q") C L(B). R and B are deterministic of sizes O(2""™)
and O(2™); hence, this inclusion is checked by building yet another product, which takes time O(2"+2™).
Hence, treating R takes time O(2"7™)O(m)O(2"T2™) = O(m2?"+3™). (Building the new productive sub-
automaton is a simple graph-theoretic reachability analysis and takes time in the order of the number of
edges, i.e. O(2"T™).)

Thus, treating (p, Q), we build P with O(2"T™) states and check as many productive subautomata; this
takes time O(m23"4™). Since S has O(n2™) states, for deciding Csha we need altogether time O(n?2" +
m22™) + O(n?2™) + O(n2™)0(m23"+4m) = O(nm23"+5m). Deciding C¢, 4 additionally involves deciding
inverse stability implication and inverse language inclusion; both can be done within the given time bound.
O
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Lemma 6.2 Let T = (S,—,q) be a transition system with states s’ # q and s that satisfy the following
conditions (see Figure 6.1):

a) s % s iffa=r1;
b) for all « # 7 we have s % s iff s' 2 §';
¢) if s &t for somet € S\ {s,s'}, then s 2 ' for some t' € S\ {s'};

d) ift % s for somet € S\ {s,s'}, thent % s, too.

Let U = (S',—, q) be obtained from T by contracting s and s’ to s, i.e., by putting S’ = S\{s'} and replacing
s in the arcs by s. Then T ~5, 4 U.

Proof. Initial stability is not modified by the contraction, hence it suffices to check T' ~ghq U (which includes
language equality) using our denotational characterization. We proceed in several steps.

i) Forall t,t' € S — {s'}, we have t == ¢/ in T iff t =% ¢’ in U.
Proof. Paths in T can be translated to paths in U easily, replacing s’ by s. To translate a path in U
to one in T', we consider several cases. On such a path, an arc that does not start in s exists in T as
well. A loop s =5 s can be ignored. A loop s -% s with a # 7 either exists in T" as well; or it arises
from a loop s’ % §’, but then it exists in T as well by b); or by a) it arises from an arc s’ % s, in
which case it can be translated to s T s -2 s. Finally, an arc s <% t” with ¢ # s either exists in T
or can be translated to s T» s" -2, ¢”.

i1) For all t € S — {s'}, we have that t =% s’ in T implies ¢t == sin 7.
Proof. Very similar to the second part of the above proof, also using d).

iii) Let V C A* and u € A* be given such that in U ¢ == t and Hv e V.t 2. Then the same holds in 7.
Proof. The proof follows directly from ) and i), since t # s'.
1w) Let V.C A* and u € A* be given such that in T ¢ = t with t # s’ and Hv e V.t 4. Then the same
holds in U.
Proof. The proof follows directly from 7).
v) Let V.C A* and u € A* be given such that in T ¢ 2y ¢ and Fv € V. s/ 2. Then there exists some
t # 5" and some w € |V such that in 7' ¢ 2 ¢ and v € w™ V. t 2.

Proof. This is shown in two steps:

a) If for some w € |V we have s’ =% ¢ with some ¢ # s’, then we can choose this ¢ and w.

B3) Otherwise we choose t = s and w = €. By ii) we have ¢ = s. If we had s = for some
v € w™ 'V =V, then consider the corresponding path. If this path consists of loops at s only,
we find the same loops at s’ by b), which gives the contradiction s’ == . If the first state # s on
the path is s’, then the path starts with loops at s and the arc s = s’ by a), we find the same
loops at s’ by b), and again get the contradiction s’ =. Finally, if the first state # s on the
path is some t” # s’ reached with the arc s -2 ", then we find the same loops at s’ by b) and
an arc s’ % ¢’ by d), hence we are in case «), which is a contradiction.

We now conclude from ) and i7) that 7" and U have the same language; iii) shows F+(U) C F*(T), and
1) and v) show T'Crt U. O
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