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Abstract

We propose a new semantic model for reasoning about realsystem specifications. Based on a
theory of timed omega-final regular states, we present adinark of timed testing and two refinement
timed preorders similar to De Nicola and Hennessy’s may ansk testing. We also provide alternative
characterizations for these relations to show that the nmerders are extensions of the traditional
preorders and to lay the basis for a unified logical and aljet@pproach to conformance testing of
real-time systems.
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1 Introduction

The development of hardware and software is getting morevaoré complex. How to guarantee validity
and reliability is one of the most pressing problems nowaddy8]. Among many theoretical methods for
this, conformance testinflL1, 14] is the most notable one for its succinctness and aigbmatization. Its
aim is to check whether an implementation conforms to a gsgatification.

Formal system specifications [12], together with the im@atations, can be mainly classified into two
kinds: algebraic and logic. The first favors refinement, whaingle algebraic formalism is equipped with
a refinement relation to represent a system’s specificatidnmaplementation [6, 15]. An implementation is
validated correct if it refines its specification. Since ieof defines the system transitionally, process alge-
brae [10], labelled transition systems [6], and finite awtarare commonly used in this classification, with
traditional refinement relations being either behavioarplivalences or preorders [6, 9]. A typical example
is model-based testing [6]. The second approach to confarentesting prefers assertive constructs; differ-
ent formalisms are used to describe the properties of thterayspecifications and implementations [2, 6].
Specifications are usually defined in a logical languageeniniiplementations are given in an operational
notation. The semantics of assertions is to determine whaih implementation satisfies its specification.
A typical example is model checking [2].

*This research was supported by the Natural Sciences anddargig Research Council of Canada. Part of this researsh wa
also supported by Bishop’s University.
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The domain of conformance testing consists in reactiveeayst which interact with their environment
(also regarded as a reactive system). Often such systemequiged to bereal timeg meaning that in
addition to the correct order of events, they must satishstraints on delays separating certain events. A
system that does not respond within our lifetime is obvipuslt useful, but many times we require a more
precise time-wise characterizatioReal-time specificationd 2] are then used as the basis of conformance
testing for such systems.

The aim of this paper is to develop a semantic theory for tiead-system specifications featuring real-
time transition systems modeling the behaviour of timedtpsses. Using a new theory of timeefinal
states as well as a timed testing framework based on De NdcmldHennessy’s may- and must-testing [9],
we develop our timed may and must preorders that relate tpr@oksses on the basis of their responses to
timed tests. We also provide concise alternative chaiiaateans of these two preorders. Our framework is
as close to the original framework of (untimed) testing assgae, and is also as general as possible. While
studies of real-time testing exist, they have mostly refsd the real-time domain to make it tractable; by
contrast, our theory is general. As a consequence, it iapsrhot applicable directly in practice; however,
it considers the whole domain with all its particularitiédle believe that starting from a general theory is
more productive than starting directly from some praclyciasible (and thus restricted) subset of the issue.

2 Preliminaries

Preorders are reflexive and transitive relations. They @telwused as implementation relations comparing
specifications and implementations. Preorders are easgamsstruct and analyze compared to equivalence
relations, and once a preorder is established, an assbeigtivalence relation is immediate.

Our theory is based on soraetion alphabef® representing a set of actions excluding the internal action
7, and on a&ime alphabet, which represent time values (often the set of strictly fdasreal numbers) and
is ranged over by the s&tof time variables The set otime clocksC is a set of clocks (i.e, variables W)
associated to state®.C is the set of time constraints over a §etf clocks. Aclock interpretationfor a set
Cis a mappingC — L. Clock progressienotes the effect of time sequences that increase cloakszalf
t > 0 andk is a clock interpretation ovet, in the clock interpretatiok’ = k + ¢t we havek’(x) = k(x) +1¢
for all clocksz € C. Clocks can beesetto zero.

A time constraintis also calledclock constrainthere, since we constrain the clocks of the states to
constrain time between states.lfs a clock and: is a real number, then ~ ¢ is a clock constraint, where
~€ {<,<,=,#,>,>}. Clock constraints can be joined together either in cortjans (A\) or disjunctions
(V). That is, ifz is a clock, the following is an admissible clock constraint: 3V x > 5 (A is for multiple
clocks).

A time-event sequengea potentially infinite sequence of pairs of actions aneétmlues, i.e., amember
of (A x L)*U (A xL)~.

Timed automata [3] are based on the automata theory andlirgecthe notion of time constraints over
their transitions. We define timed automata in terms of titmadsition tables [3]: A timed automaton is a
tuple (X, S, So, C, E), whereX is a finite alphabetS is a finite set of statesjy C S is a set of start states,
C'is afinite set of clocks, an8 C S x S x 3 x 2¢ x ¢ C is the transition relation. A membés, s’, a, \, ¢)
of the transition relation represents a transition forntestao states’ on input symbok:.. The set\ gives
the clocks to be reset with the transition, afit a clock constraint ovef'.

Using the theory of timed automata, we can transform a piaigninfinite labelled transition system
into a timed transition system. The difference betweendimgtomata and timed transition systems is that
the states, time intervals, and transitions in the latematenecessarily finite or even countable. A timed



transition system is essentially a labelled transitioriespsextended with time values associated to actions.
It is then a tuple(S, (A x L) U {7}, —, s0), whereS is a countable, non-empty set of statdsis a set of
actions withr ¢ A representing a special, internal actidns a set of time values (which we informally call
time actions);—C S x (A x L) U {7} x S is the timed transition relation; ang € S is the initial state.
Note that time can only be associated to visible actions.

3 Timed Processes, Timed Traces and Timed Languages

Labelled transition systems are used to model the behawiotarious processes. They serve as a semantic
model for formal specification languages. Here, we definenmiion of timed process based on timed
transition systems.

Definition 3.1 For a setA of observable actionsr(¢ A), a setL of times values, and a sét of clocks
with an associated sétC of time constraints, a timed process is a tuile x L) U {7}, C, S, —, (so, c0)),
where: S is a countable set of states;= (s,c) € S, wheres is the location of the state andis a clock
interpretation oveC!; —C S x ((A x L) U {r}) x S x ®C is the transition relation (commonly, we use

p%dgp/ instead of(p, (a, §),p’, ®c) €—); (so, co) is the initial staté.

The process picks its way from one state to the next statediogoto the transition relation. Whenever
(s, c)(';%é)(s’, ), then the process performswith delayd; the delay causes the clocks to progress so that
C

¢ = ¢+ ¢; the transition is enabled only @#c holds in states, ¢).

Timed processes are distinguished from labelled tramsgystems in their treatment of traces (by asso-
ciating time information with them). Normally a trace is debed as a sequencing of the events or states,
but not the delays between them. To add time to a trace, waraddrtformation to the usual notion of trace
(that contains actions only).

Definition 3.2 A timed traceoverA, L, and®C is a member ofA x L x ®C)* U (A x L x $C)¥, whereA
is a finite set of eventd, is a set of time actions antlC is a set of time constraints.

If both L and®C are empty, the timed process is the same as a labelled iansjstem, and the timed
trace is a normal trace. However, onelLabr ®C could be empty and we still obtain a timed trace; this will
be used later.

We will use the following relationp%Qp’ iff p=py — p1 — pg — -+ — pn%?p/ for some

n>0,andp = p/ iff p = py — p1 — ps — --- — p, = p for somen > 0. By abuse of notation,

: g g 3
we also writep == ¢ whenevem = (a;, §;, ®¢;)oci<k andp(‘%j)pl(c%f)m co (‘%ﬁ‘)pk =y
- 1 2 k

Definition 3.3 Let M = ((A x L) U {7},C, S, —, (s0,¢p)) be a timed process. Amed pathr (M) is a
potentially infinite sequencls;—1,ci—1), (ai, 6;, Pc;), (si, ¢i))o<i<k, Where(s;_1, ci_l)(‘%;)(si, ), for
all0 <i<kwitha; € A, §; €L, Pc; € OC. '

IFor simplicity we only consider one clock, as we only need coek to establish our results. Generalizing to multiplecks
is however immediate.

2Whenever the transition relation is global and understoectan regard a state as the process whose initial state isvére g
state.



We use|r| to refer tok, the length ofr. If |7| = w, we say thatr is infinite; otherwise,r is finite. A
deadlockoccurs when the process cannot move to another stdtg. df N and(s |, ¢jx|) 7 (i-€.,(8|x|; C|x|)
is a deadlock state), then the timed patfs called maximal. trader), the (timed) trace ofr is defined as
the sequenceai,éi, <Dci)0§i§|7r\ € (A x L x q)C)*

We usell;((s', ), L, ((s', ), I ((s", ¢)) (orIIf(p'), etc.) to denote the sets of all finite timed paths,
all maximal timed paths, and all infinite timed paths starfiom statg(s’, ¢’) € S (orp’ € S), respectively.
We also pullI(p’) = ¢ (p) UIL, (p) UTI;(p'). The empty timed path with || = 0 is symbolized by()
and its (always empty) trace by

We can now introduce different languages for a timed propess

Definition 3.4 The timed finite-trace languages((s, c)), imed maximal-trace (complete-trace) language
L., ((s,¢)), and timed infinite-trace languade ((s, c)) of p = (s, c) are

L¢((s,c)) = {tracgn):m e llf((s,c))} € (AxLx®C)*
L ((s,c)) = {tracen): 7 € 1l,,((s,c))} € (A xLx Q)"
Li((s,c)) = {trac€n):meIl;((s,c))} C(AxLx®CO)*U(AxLxC)“.

Then the set of initial actions of stajé = (s',¢’) in processp if defined as follows:,((s,¢)) =
{(a,0,Bc) € Ax Lx ©C: 3(s",¢") : (s, ) L2 (5", ")},

3.1 Timedw-languages andv-final states

A timed w-language is defined as a language that can be accepted bgdutiautomaton [3]. A timed
word over an alphabét consists in a paifo, t), whereo = o105 ... is an infinite word ove: andt is a
time sequence (a sequence of time values). A timed languagé_ds then a set of timed words ovE&r.

In our theory, timedv-languages are defined slightly differently (notice howetat there is a natural
bijection between our definition and the original [3]), inder to reflect the use of such languages for
system specification (where we consider that time passgshativeen actions) and also to simplify the
presentation. A timed-language is then a set of time-event sequences (see S8tor= vivovs---.
When the sequence is finite, the last element must.be

Timedw-final states are the states which allow time-event seqsetheined by a timed-regular lan-
guage to be accepted by appearing infinitely often in theespnding timed path. For untimed sequences
and automata, the theory etlanguages is not as simple as the theory of finite automata. tieory be-
comes even more complex when we move to timed traces wheraweetivo notions of infinitude (event
length and time length) which might not coincide. To allégithis problem, we introduce-final states as
a recurrence over the state sequence. The events betwestatéwin a single recurrence are all the same,
but the associated time intervals are not necessarily the.sa

Consider for instance a very simple timed trace (over an gsgitof time constraintgy, 1)(a, 1)(a, 1)

.-+, whose infinite time-event sequence(is 1)“. Another time trace might be:, 1)(a,1/2)(a,1/4) - -,
whose infinite time-event sequence(is 1)(a,1/2)(a,1/4)---. If L has no positive lower-bound on the
time length, then timed traces oviermay exhibit Zeno behaviours, like our second example. Osigde
choice is to explicitly exclude such Zeno behaviours from lBnguages that we consider, that is, no se-
guence is allowed to show Zeno behaviour. The second trate iaxample above is therefore not a valid
trace (while the first one is). In other words, time progressed must eventually grow past any constant
value (this property is also called progress [3, 7]).

In all, we define the timed-regular-trace language as following:
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Definition 3.5 Thetimedw-regular-trace languagef some procesgis L,,(p) = {trace€r) : m € II,(p)} C
(AxLx®O)*U(A xLxdC), wherell, (p) contains exactly all the-regular timed paths That is,
w-final states must occur infinitely often in anye I1,(p).

Divergence, the special notion of partially defined statieat(may engage in an infinite internal compu-
tation), is important for the testing theory of reactiveteyss. Statés’, ¢') of process is timed divergent
denoted by(s’, &) 1, if Im € II;((s',)) : tracgm) = e. State(s’, ¢’) is called timedw-divergent (denoted
by (s', ) frp, w) for somew = (a;,d;, Pc;)ocick € (A x L x C)* U (A x L x C)¢ if one can reach
a divergent state starting fro(’, ¢’) when executing a finite prefix af, i.e., if 3 € N, (s",¢") € S :

I <k, (s,¢) N (s","), 8" frp, with w' = (a;, d;, Pc;)o<ici- FOr convenience we writép(p') for the
divergence language of, i.e., Lp(p') = {w € (Ax L x ®C)* U (A x L x dC)¥ : p' 1, w}.

Conversely, statés’, ¢’) is timed convergent or timed-convergent (denotety’, ¢’) |, and(s’, ) |,

w, respectively) if it is not the case th@t, ¢') 1, and(s’, &) 1, w, respectively.

4 A Testing Theory

In this section we extend the testing theory of De Nicola aedréssy [9] to timed testing. The traditional
testing framework defines behavioural preorders thatedddielled transition systems according to their re-
sponses to tests [1]. Tests are used to verify the extertbictions between a system and its environment.
We use here timed processes as the basis for relating pesc@s®l thus reasoning about timed specifica-
tions). Recall that our timed processes extend labellegitian systems not only with time information but
also by their ability to consider infinite traces.

4.1 Timed tests and timed testing preorders

In our framework a test is a timed process where certainsstageconsidered to be success states. In order to
determine whether a system passes a test, we run the tesallepaith the system under test and examine
the resulting finite or infinite computations until the tass into a success stat@ass) or a deadlock state
(fail). In addition, a set ofu-final states is used to compartmentalize the timed tesfimte and infinite.

Definition 4.1 A timed test((A x L) U {r},C, T, —+,Q, (s, c}), Suc) is a timed proces$(A x L) U
{r},C, T, —, (s0, cp)) with the addition of a sebuc C T of success statesnd a sef2 C T of w-final
states. Furthermoré, = () for tests and therefore>;C S x (AU {7}) x S x ¢C.

The transition relation differs from the original one besathe test runs in parallel with the process un-
der the test This latter process (called the implementation) feattines sequences but no time constraints,
while the test features only time constraints. It is mealeisg)to run the test by itself. C = () which
means there is no time constraint in the test, we call thectassical. The set of all timed tests is denoted
byT.

Definition 4.2 A partial computationc with respect to a timed procepsand a timed test is a potentially

infinite sequencé(p;_1, ti_1>%§_}% (pi, ti))o<i<k, Wherek € NU {w}, such tha(1) p; € P andt; € T for

3Success states are deadlock states too, but we distingeistas special deadlock states.
“Note however that the difference is syntactical only, agrfesition relation for a timed process allows for an emgtys



all0 < i < k,and(2) (a;,9;) € (A x L)U {7} is taken fromp, ®¢; is the time constraint (if any) taken
fromtandR € {1,2,3} forall 0 < i < k.
The relation— is defined by the following rules:

CL,L',(;Z') .
° (pi—17tz’—1>g;’_1 (pirti) i a; =7, pi—1 L)p Di» ti—1 = t;, andt;_1 € Suc

. <pi—1>ti—1>§?2 (pi,t;) if a; = 7, pi_1 = pi, tio1 —— t;, andt;_q & Suc

)
Ci

(ai,07) (as,9)

i i .
. )<pi>ti> if (a;,0;) € Ax L, pi—1 —"p pisti—1 oo Ltis andt;_y & Suc

o (pi-1,ti-1) Pt

The first expression in the definition ef indicates that when the process under the test is executing a
internal action fronp;_1 to p;, the test keeps its state. The second expression indidetew/hen the test
is executing an internal action from_, to t;, the process under test keeps its state. The third expnessio
indicates that when the action is not internal, the test &edprocess under test execute their respective
action in parallel, and spend the same time while doing sarelleer, the test also needs to check the time
constraint.

If & € Nthencis finite, denoted byc| < w; otherwise, it is infinite, i.e.|c|] = w. The projection
proj,(c) of c onp is defined asg(p;—1, (a;, 6;), pi))icrs € Il(p), wherely = {0 <i < k: R; € {1,3}}.
Similarly, the projectiorprojq,(c) of c ont if defined as((t;—1, (ai, d;, ®ci), ti))icre € 11(t) , wherelf =
{0<i<k:R; €{23}}.

Definition 4.3 A partial computatiorc is calledcomputation if it satisfies the following properties(1) ¢
is maximal, i.e.k € Nimpliespy, /=, , tx 7=+ and,(px) N L(t;) = O (pr. andt; cannot execute the
same action), or the time sequenceppfdoes not satisfy the time constraint#f and (2)k = w implies
proj,(c) € Tl;(p).

The set of all computations @fandt is denoted byC'(p, t).

Definition 4.4 Computatiore is successfuif ¢.| € Suc wheneverc| € N, and proj(c) € 11, (t) whenever
le| = w.

Definition 4.5 p may pasg, denoted by mayr t, if there exists at least one successful computatian
C(p,t). Analogously,p must pass$, denoted by must ¢ if every computationt € C(p, t) is successful.

Intuitively, an infinite computation of procegsand test is successful if the test passes through a set of
w-final states infinitely often. Hence—in contrast with theimmed theory [3]—some infinite computations
can be successful in our setting. Since timed processesmed tests potentially exhibit nondeterministic
behaviour, one may distinguish between the possibility inaditability of success. This is captured in the
following definition of the timed may and must preorders.

may

Definition 4.6 Letp andq be timed processes. Then=."” ¢ iff Vi € I' : pmayr t = ¢ mayy t; and
p Cmust giff Vi € T : pmusty ¢ = ¢ musty ¢.

It is immediate that the relations’,*’ and C'J'“s' are preorders. They are defined analogously to the
classical may and must preorders (which are based on ldhedliasition systems and restricto classical
tests).



4.2 Alternative characterizations

We now present alternative characterizations of the timagl and must preorders. The characterizations
are similar in style to other characterizations and protdebasis for comparing the existing testing theory
to our timed testing. The first characterization is simitattie characterization of other preorders [1] and
relates timed testing directly with the behaviour of preess

Theorem4.1 1. p Cpn™ qiff Ly(p) C Ly(q) and Ly, (p) € Lu(q).
2. p Cimust giff for all w € (A x L)* U (A x L) such thap | w it holds that: (a) ¢ | w, (b) if |w| < w
thenvq' : ¢ == ¢ implies3p’ : p == p’ and I,(p') C I,(¢'), and(c) if |w| = w thenw € L, (q)
impliesw € L, (p).

The second characterization is given in terms of timed tiackisions, once more similarly to the
characterization of other preorders [15]. Note that we ame concerned with_77“s* only, as the simplest
/" is already characterized in terms of timed traces in Theatdm

To introduce this result we need to introduce the notiopuré nondeterminismVe call a timed process

p purely nondeterministic, if for all states of p, (a) p’ ——, impliesp’ /=, and|{((a,?),p") : p’ (a—’ézp

p"}| = 1. Note that every timed procegscan be transformed to a purely nondeterministic timed E®ce

p',such thatl¢(p) = L¢(p'), Lp(p) = Lp(®'), Lm(p) = L (p'), and L, (p) = L. (p") by splitting every

L (ad) LT (a.0)
transitionp” —,, p” into two transitiong’ —, Py (a,6),p7) ANAPy (a,6)p7) —p Py WhErep s (4 5) pr)

is a new, distinct state.

Theorem 4.2 Letp and ¢ be timed processes such theis purely nondeterministic. ThenC7“st g iff all
of the following hold:(a) Lp(q) € Lp(p), (b) L;(q)\ Lp(q) € Ls(p), (¢) Lim(q) \ Ln(q) € Lm(p), and
(d) Lu(q) \ Lp(q) € Lu(p).

With respect to finite traces, the characterizations of dirtessts differ from the ones of classical pre-
orders by the addition of time variables. We also need to edfire classical characterizations so as to
capture the behaviour of timed may- and must-testing wispeet to infinite traces. The proofs of the two
characterization theorems rely on the properties of tHevidhg specific timed tests.

o Forw = (a;,8;)o<ick € (A x L)*, letty “* = (AU{r},C, T, —,0,0,k), whereT' = {0,1,..., k}
and—= {(’L —1,a4,1,¢, = Z;':O 51) 0<e < k?}

o Forw = (aj, d;)oci<k € (A x L,)*, let v — (AU {r},C,T,—,T,0,0), whereT = N,
—= {(’L —1,a;,%,¢; = Z;’:O 51) 11> 0}.

o Forw = (ai,(si)0<i§k € (A x L)*, Iet tl]\ljfay,div = (AU {r},C,T,—,{k},0,0), whereT =
{0, 1,... ,k}, —= {(Z —1,a;,1,¢; = Z;’:O (52) 0<e <L k} U {(k,T, k‘,Tl’UG)}.

e Forw = (ai, 5i)0<i§k S (A X L)*, Iett%* = (AU{T}, C,T,—, @,0, {8}), whereT = {0, 1,... ,k‘}U
{sh =={(—Layic;=3%_0;): 0 <i<k}U{(i,7,5 True): 0 <i < k}.

o Forw = (a;,8;)o<ick € (A x L)?, letty” = (AU {r},C, T, —,{s},0,{s}), whereT = NU {s},
—={(i — Lai,i,¢; =3 5_¢0) i >0}y U{(i,7,5,True) : i > 0},

o Forw = (a;,0;)o<i<k € (AxL)*, letth " = (AU{r},C, T, —,0,0,{s}), whereT' = {0,1,...,k}U
{sh —=={(i—Lai,ci=3500:): 0 <i <k}U{(i,7,5,True) : 0 <i < k}



Figure 1: Timed tests used for the characterization of timagt and must preorders.

o Forw = (a;,8)o<ick € (A x L)%, letty “""* = (AU{r},C,T,—,0,0,{s1,s2}), whereT =
{0, 1, kY U{st,s2}, == {(i — Liaj,i,¢; = 375_¢0i) : 0 < i < k}U{(i,7,51,Trug) : 0 < i <
k} U{(k,a,ss, True) : (a,®c) € A x ¢C.

o Forw = (a;,6;)o<i<r € (A x L), letty, " = (AU {r},C,T,—,0,0,{s}), whereT' = N U {s},
—={(i = Lai,i,¢; =3 5_0;) :i >0} U{(i,7,5,True) : i € N},

e Forw = (ai,5i)0<i§k € (A X L)* andA C A, Iett%ft = (A U {T}, C,T,—>,@,O, {81,82}), where

T={0,1,...,k}U{s1,s2}, = {(i — 1, ai,i,¢; = 22-205@) :0<i <k}U{(i,7,s1,True) : 0 <
i <k}U{(k,a,s2,True) :a € A}.

These tests are depicted graphically in Figure 1. In thedigtiinal states are marked by the symhohnd
success states are distinguished from regular states dkylibiders. Intuitively, while timed testd!#¥*
andtM @+ test for the presence of a finite and infinite tracerespectively, timed testd/ W4 b+ and
4 are capable of detecting divergent behaviour when exegttitew. These are “presence” tests, that
check whether a trace (finite or infinite) exists in the implementation. Timed s} “st*, 3 ust:maz
and tMst“ test for the absence of the finite trace, maximal trace, asthte trace (i.e., trace that goes
through infinite occurrences af-final statesyu, respectively. Timed must-testing is a little bit trickinese

we cannot feasibly check all the possible traces or comipugatxhaustively (as we need to do according
to the definition of must testing). So we think the other wayuad: We assume one “failure trace,” which
does not satisfy the test and leads to failure. If there €ateast one such failure trace, then the test fails.
On the other hand, if we cannot find the failure trace in thelémgntation, the test succeeds. We then test
the absence of this trace in must-testing. Finally, timedtt{gﬁft is capable of comparing the initial action
sets of states reached when executing traeéth respect to a subset C A. Note that we use the tightest

time constraint possible in our test. We dengte- Zé':o d; by @¢; in what follows (and also in Figure 1).
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Our specific timed tests satisfy the following desired progs:

Lemma4.3 1. Letw € (Ax L)*. Thenw € L¢(p) iff p mayr tu
2.

© N o g bk~ w

May,

Letw € (A x L)*. Thenw € Ly (p) iff p mayp ta “4<.

Ax L May, dw

Letw € *. Thenw € L (p) iff p mayr tw
* . Thenp |} wiff p musty £,
*U (A x L) . Thenp | wiff p musty ti*.
*such thatp | w. Thenw & L(p) iff p musiy ¢,
* such thatp |} w. Thenw ¢ L., (p) iff p must; tM“St maa

w such thatp |} w. Thenw & L, (p) iff p musty ¢354

Letw €
Letw € Must,*

Letw €
Letw €

(
(
(A
Letw € (
(
(
(

\_/\_/\_/\_/\_/\_/

AxL
AxL
AxL
AxL

Proof. The proofs are simple analyses of the potential computatioising when running the timed tests
in lock-step (to a deadlock or successful state) with abjttimed processes. Let = (a;,;)o<i<k fOr
somek € NU {w}.

( ai,0 ) (‘7'2752) (ak7

o ltem1,=:w € L¢(p),and thupy =" p1 = - :> pi (Definition 3.4). On the other hand,

May,x(a1,41) ,May,*(az2,d2) (an, Q&) , May,*
t ="t = =S ’
0 dcy 1 [oXe ey, k

fore, ((pi_1, t1% *>(a; (022 s, £M199%)) o i<, sOw is the trace of a potential computatiorfor both
i

i—1
p andty **. In factw is even the trace of a computationsofindt,, “* (indeed,t,”** /— and

L(px) N I, (t"™*) = 0), and is further the trace of a successful computation leﬁ[@y’* € Suc).

It then follows thatp mayy 3 “v"*.
May,*

May,*

(definition of ¢y, including the form of®c¢;). There-

«<: Given thatp mayy 2 **, we have a successful computationf p andtl ““"*. That is,((p;_1,

IR o, 1 Jocip, 1P A, To(og) N T8 ) = 0, andel " = 17" € Suc.
May,* x(a1,41) May,*(l12752) (ak75k) May,*
By a reverse argument we conclude then that L (p) (t, o b t 2 e t, :
8 ) 0 .
thenpg (21.31) P (a2:8) | (aud) i, and thusw € Ly(p)). Items 2 and 3 are proven similarly.

ltem 4,=: Assume thap musty %" does not hold. However, the tragepassesy;” (by the defini-

tion of tiﬂ’*), only divergence can cause the test to fail. So for s6rrel < k there exists one trace

76 75 75 - - - -
() ) (e2%) ed) ) 7, .. which means thab 1 w, a contradiction. So it must be

thatp musty o™

<= Assume thap 1 w. Then for some) < | < k there exists one traqey = (@ 1’61) D1 (@:’%) (al——’éﬁ)

pi — p; - - - which fails the testy,*. This contradicts the conditiopmusty t4* and so it must be
thatp || w. Item 5 is proven similarly.

ltem 6, =: Assume thap mustr ¢y, “*"* does not hold. According to the definition of “*"*,
(a1,81) (a2,92) (ai,d3)

there are two ways fop to fail the test: Eithep, = p; == --- = p; — p;---, OF
5 5 5 . » .
po ‘), (@2f) (%l These contradict the conditiops] w or w & L(p), respectively.
Must,*

<« Assume thatv € L;(p). By the definition oft,, , w fails to pass this test. This contradicts
the condition thap musty £/ “*“*. Items 7 and 8 are proven similarly. O
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The proof of Theorem 4.1 relies extensively on these ineiiproperties of timed tests. Notice that the
usage ofu-state tests (that is, tests that accept based on an acoefganily, not only onSuc)—even when
discussing finite-state timed processes—is justified bywoew that timed tests represent the arbitrary,
potentially irregular behaviour of the unknown real-tim&ieonment.

Proof of Theorem 4.1 Item 1 of the theorem is fairly immediate. For the direction we distinguish the

following casesw € L(p) implies thatp mayy tMav*  Sincep C1* gitfollows thatg mayr tMay* and
thusw € L;(q). w € L,(p)] has two sub-casesu) If |w| = w, thenp mayr ¢ . Sincep C'Y ¢ it
follows thatg mayr ¢, “* and thusw € Ly(q). (b) If |w| < w, thenp mayr ti ™. Sincep T ¢ it
follows thatg mayy 3™ and thusw € L, (q).

We go now to the< direction for Item 1. Let be any timed process such thamayr t, i.e., there
exists a successful computatiere C(p,t) with w = tracgproj,(c)) = tracgproj,(c)). If [w| = w, then
w € Ly(p) and thusw € L (q) (sinceL,(p) C L,(g)). It follows that we can construct a successful
computationc’ € C(g,t) such thatw = tracgproj,(c')) = tracgproj,(c’)) and proj(c’) = proj,(c). It
follows thatg mayr ¢ and thereforep C12Y ¢. If |w| < w, we can split the proof into two cases: either
w € L¢(p) orw € L,(p). We can then establish thamayr ¢ as above.

On to Item 2 now. For the> direction we have thgt C'“s" ¢, w € (A x L)* U (A x L) such that
p J w. Thenp musty %" or p musty £t (Lemma 4.3), the musty 5" or ¢ musty t5* (Definition 4.6),
thusq |} w (Lemma 4.3). We further distinguish two cases, depending/togther|w| = w or not:

If lw| < w, letqg == ¢ for someq/, i.e.,w € L;(q). Assume that there is ng such thaty ==

p and I(p') C I,(¢'). Suppose thap A= i.e., w ¢ Ls(p). Thenp must t, “*"* (Lemma 4.3), so
g musty £ "% (Definition 4.6). Howeverg musty i “*** does not hold (contrapositive of Lemma 4.3),

a contradiction. Suppose now that==. Let thenX = {(a,6) € L,(p') : p == p'} # 0. Since
L,(p') € I,(¢") (assumption), for everyi € X there exists afa,d) € A\ I,(¢). Let B be the set of all
such actions (ignoring the time actions). It is then immediate then thatusty tﬁ{%st (by the construction

of t3]%"); however, it is not the case thatmustr /%" (since ¢/ 7@2 for any (a,0) € (B,L)). This
contradicts the assumption that-7ust ¢.

If on the other handw| = w, assume thaw ¢ L,,(p). Thenp musty ! “*““ (Definition 4.6) and thus
w ¢ Ly, (q) (Lemma 4.3). This contradicts with € L, (q) (given).

Finally, for the< direction of Item 2, let be any timed process such thamnustr ¢t does not hold, i.e.,
there exists an unsuccessful computatios: ((gi—1,ti—1), (ai, 6, ®c;), (gi, ti) Jo<i<e € C(g,t) (Defini-
tion 4.5). Letw = traceproj,(c)) = tracgproj,(c)).

Assume thap f} w. We can then construct an unsuccessful, infinite computatiovhich resembles
¢ until p can engage in its timed divergent computation and then weefionot to contribute anymore.
Then proj(c’) € T, (p) and proj(c’) & TL,(t) (becauseprojy(c’)] < w).This implies thaty musty ¢
does not hold (Definition 4.5) and thps—7'“s* ¢ (sinceq musty ¢ does not hold, by the contrapositive of
Definition 4.6).

Assume now thap |} w, i.e.,w ¢ Lp(p). We have again two cases depending on whether. w or
not.

Wheneveric| < w, (a) w € L;(q), ¢ = ¢’ for someq’ andt;, # Suc by definition ofty, “*"*, (b)
ae A=ty £, Ig(qr) N If () = 0 by definition oftlust:maz, and(c) Ip' : p = P, I5(p") € I5(q') by
condition 2(b). By observationg)—(c) we have a finite computatiott = ((p;—1,t;_,), (ai, %, ®c;), (i,
t))o<i<i € C(p,t) with proj,(c') = proj,(c) and(p;,t;) = (p”,t;), wherep’ = p” for somep” /=,
Note that such @"” must exist since |} w. Thenl;(p”) C IS(p'), definition ofc’ andp”, and observations
(a) and(b) above imply thatls (p”) N IF (t) € I5(¢") N IE(t;) € 15(qr) N IE(1); thuse’ cannot be extended.
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Sincet) = t;, & Suc, ¢’ is unsuccessful, semustr ¢ does not hold.

Wheneveric| = w, ¢ musty t3“**“ does not hold. It follows thaty € L, (q), and thusw € L (p)
(given). Sop musty ¢, “**“ does not hold either (contrapositive of Lemma 4.3). In allZ#st ¢, as

desired. 0
The proof of Theorem 4.2 also relies on the properties ofithed tests introduced in Lemma 4.3.

Proof of Theorem 4.2 For the= direction, assume thatC/7/“' g and letw € (A x L)* U (A x L)“. Then,

(1) w € Lp(q) impliesq 1+ w, so it is not the case thatmusty Tl (Lemma 4.3(5)). Therefore it is not
the case that musty e (sincep Cust g), sop ft w, orw € Lp(p), as desired.

(2) w € Ly(q) \ Lp(q) impliesq | w and thusp | w (same ag1) but using Lemma 4.3(4)). In
addition, it is not the case thatmusty t2/“** (Lemma 4.3(6)) and thus musty £/ “*** does not hold
(sincep C/ist g). Thereforew € L¢(p), again as desired.

The proofs of(3) and (4) are the same as the proof @) using Lemma 4.3(7) and Lemma 4.3(8),
respectively.

On to the< direction now. We assume thét), (2), (3), and(4) hold. We further assume that there
exists a timed testsuch thaty musty ¢ does not hold (if such a test does not exist then’7“s* ¢ for any
process). Thus there exists an unsuccessful computatien((g;—1, t;—1)(a;, 6;){(gi, t:) Jo<i<k € C(g,1),
with w = tracgproj,(c)) = trace(proj,(c)).

If p 9 w then construct an unsuccessful, infinite computatiomhich resembles until p can engage in
its divergent computation, at which poihtan be forced to stop contributing ¢0 Thusg {} w and it is not
the case that musty t.

If pJ w,|c| <w,andt; ¢ Suc we distinguish two cases:

Letw € L¢(q) \ Lm(g). Then there exists sonfe, §) € A x L such thaty <“_’52q but (7L’5)>t. That is,
w-(a,d) € Ly(q) and so (by(3)) w-(a,d) € L, (p). Sincep is purely nondeterministic, we can construct a
finite computationt’ = ((gi—1,t,_1)(ai, 9:){(q:, t))o<i<i € C(g,t) where proj(c) = proj,(c'), t; = tx, and

P (a—’gzp. The computation is maximal (sin¢g = ¢ (7715)>t/) and unsuccessful (sin¢€| < w andt; ¢ Suc).

Thereforep musty ¢ does not hold.

Let noww € L,,(q) (and thusw € L,,(p)). We can then construct a maximal computatibas above
and therp musty ¢ does not hold given thatmusty ¢ does not hold.

Finally, if p || w and|c| = w, since proj(c) & IL,(t), proj,(c) € I,(q), andw € L, (p), we can
construct an infinite computatiori € C(q,t) such that prgjc) = proj,(¢’). Similar to the abovey’ is
unsuccessful and gomusty ¢ does not hold. All the cases leadpd-7"“** ¢, as desired. O

5 Conclusion and Future Work

We proposed in this paper a model of timed processes baséuhexh transition systems. We addressed the
problem of infinite timed processes by developing a theorynoéd w-final states. This theory is new but
inspired by the acceptance family of Muller automata [3k &l50 extended the testing theory of De Nicola
and Hennessy [9] to timed testing. We then studied the ditiseed may and must preorders and developed
alternative characterizations for them. These charaet#ions are very similar to the characterization of
De Nicola and Hennessy’s testing preorders, which showsadinmapreorders are fully back compatible:
They extend the existing preorders as mentioned, but theyttake anything away.

The significance of our results stems from the fact that wdlid@rithms and techniques for real-time
testing have been studied actively [5, 13], the domain Istiks solid techniques and theories. Our paper
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attempts to present a general theoretical framework féitirea testing, in order to facilitate the subsequent
evolution of the area. To serve such a purpose our framewsaak close as possible to the original frame-
work of (untimed) testing, as shown in our characterizatlmeorems. In addition, our characterization is
surprisingly concise in terms of the test cases needed.

We also note that the algebraic and logic specificationsngitéo achieve the same thing (conformance
testing) in two different ways. Each of them is more convenier certain systems, as they both have
advantages and disadvantages: logic approaches allow $pesifications (and therefore greater latitude
in their implementations) but lack compositionality, whihlgebraic specifications are compositional by
definition but are often seen as too detailed (and theredarednstraining). Our immediate future work will
focus on bringing logic and algebraic specifications togettius obtaining heterogeneous specifications for
real-time systems, that combine the advantages of the traaligens. We will focus on providing a uniform
basis for analyzing heterogeneous real-time system spegaifns with a mixture of timed transition systems
and linear-time temporal logic (LTL) formulae. Our currembrk is to establish standard algorithms for
constructing timed processes or timed transition system &rTL formulae (and the other way around).
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