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Abstract. The paper studies testing based on input/outpuisition systems,
also known as input/output automata. It is assuthed a tester can never
prevent an implementation under test (IUT) fromduwing outputs, while the
IUT does not block inputs from the tester, eitfiéus, input from the tester and
output from the IUT may occur simultaneously anduti be queued in finite
buffers between the tester and the IUT. A framewfark so-called queued-
guiescence testing is developed, based on thethidédhe tester should consist
of two test processes, one applying inputs viaeuguo an IUT and the other
reading outputs from a queue until it detects noenautputs of the IUT, i.e.,
the tester detects quiescence of the IUT. Thenpdtamework is then extended
with so-called queued-suspension testing by corisgl@ tester that has several
pairs of input and output processes. Test deringtimcedures are elaborated
with a fault model in mind.
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1 Introduction

The problem of deriving tests from state-orienteddeis that distinguish between
input and output actions is usually addressed wiith of the two basic assumptions
about the relationships between inputs and outpusuming that a pair of input and

output constitutes an atomic action of a systenotler words, that the system cannot
accept the next input before producing output asaation to a previous input, one
relies on the input/output Finite State MachineNr$nodel. There is a large body of
work on test generation from FSM with various famlodels and test architectures,
for references see, e.g., [6] and [1]. A systemenehthe next input can arrive even
before an output is produced in response to a quevinput, is usually modeled by
the input/output automaton model [5], also knowntlas input/output transition

system (IOTS) model (the difference between thermasginal, at least from the

testing perspective). Compared to the FSM modd, rttodel has received a far less



attention in the testing community, see, e.qg., [@], [10]. In this paper, we consider
the IOTS model and take a close look on some kasstmptions underlying the
existing IOTS testing frameworks.

An important publication on test generation frorbdked transition systems (LTS)
with inputs and outputs is [12]. In this paperisitassumed that a tester interacting
with an implementation under test (IUT) is an LTi®ie LTS composition operator
used to formalize this interaction does not distiely between inputs and outputs, and
the tester is not input-enabled. Due to the syrmabue nature of the LTS composition,
the tester preempts output of the IUT any timeeitides to send input to the IUT.
Although this allows the tester to avoid choosirgween inputs and outputs, the
tester overrides the principle that “output acticsen never be blocked by the
environment” [12, p.106]. An IOTS “generates outpahd internal actions
autonomously” [5], so such an IUT can be synchrehpoomposed only with a tester
that is receptive to the IUT’s output.

Another assumption about the tester is taken by dreh Petrenko [11]. In this
work, it is recognized that the tester cannot bldc& IUT's outputs. It is only
assumed that the tester can detect the situatiem wioffers input to the IUT, but the
latter, instead of consuming it, issues an outputs¢-called “exception”). An
exception halts a current test run (as the testeldst control over the test execution)
and results in the verdiéhconclusive. Notice that the tester of [12] has only two
verdicts,pass andfail.

Either approach relies on an assumption that islatys justified in a real testing
environment. As an example, consider the situatiben the tester cannot directly
interact with an IUT because of a context, suchussles or interfaces, between them.
As pointed out in [15], to apply the test derivat@lgorithm of [12], one has to take
into account the presence of a queue contextstt slates “the assumption that we
can synthesize every stimulus and analyze evergreéson is strong”, so that some
problems in observing quiescence occur.

The case when IOTS is tested via infinite queuésvisstigated by Verhaard et al
[14]. The proposed approach relies on a specifinatf a given 10TS explicitly
combined with a queue context, so it is not cleaw tthis approach could be
implemented in practice. This context is also cded in [4], where a stamping
mechanism is proposed to order the outputs witlpegtsto the inputs, while
quiescence is ignored. A stamping process has syiehronously composed with an
IUT as the tester in [12].

We also notice that we are aware of the only wdrl that uses fault models in
test derivation from IOTS. In [12] and [14], a tesise is derived from a trace
provided by the user.

The above discussion indicates a need for anotiignoach that does not rely on
such strong assumptions about the testing envirohared incorporates a fault model
to derive tests that can be characterized in terriault detection. In this paper, we
report on our findings in attempts to elaboratehsan approach. In particular, we
introduce a framework for testing IOTS, assumingt & tester can never prevent an
IUT from producing outputs, while the IUT does rwock inputs from the tester
either, and thus, input and output actions may ostuultaneously and should be
queued in finite buffers between the tester andute



The paper is organized as follows. In Section 2, imeoduce some basic
definitions and define a composition operator 075 based on a refined notion of
compatibility of 0TS first defined in [5]. Sectio® presents our framework for so-
called queued-quiescence testing, based on thetlidedhe tester should consist of
two test processes: one process applies inputs to & via a finite input queue and
the other reads outputs that the IUT puts intonéefioutput queue until the second
process detects no more outputs from the IUT,the.tester detects quiescence of the
IUT. We elaborate such a tester and formulate séweplementation relations that
can be tested with a queued-quiescence testeedtio8 4, we discuss how queued-
quiescence tests can be derived for a given spatidh and fault model that
comprises a finite set of implementations. In S®rtb, we extend our testing
framework with so-called queued-suspension tesktipgallowing a tester to have
several pairs of input and output processes anddstnate that a queued-suspension
tester can check finer implementation relationsthagueued-quiescence tester. We
conclude by comparing our contributions with thevious work and discussing
further work. An earlier version of this paper isbfished in an INRIA preprint [7].

2 Preliminaries

A labeled transition system (LTS) is a 4-tupld. = <S, 5, A, >, whereSis a finite set
of states with a non-empty set of initial stafe§] S Z'is a finite set of actionst 0 S

x (20 {1}) x Sis a transition relation. The special symkoll > represents the
internal action. We call an LT8eterministic if it contains no internal action, has a
single initial state, and for transitions &, s), (s, a, ') 0 A, s =". (As opposed to
the preprint [7], this paper considers LTS thathhige non-deterministic.) After [12],
we only consider strongly converging LTS, i.e., thES that contain no loop of
internal actions.

LetL; =<S 23, A1, > andL, = <T, 2,, A,, Tp>, theparallel composition L ||L; is
the LTS R, 2; O 2, A, Ry>, whereRy = § x Ty is the set of initial states; the set of
statesR 00 S x T and the transition relatiod are the smallest sets obtained by
application of the following inference rules:

e ifall2;n 2, (5,8 9)0A, and (, a, t') O A, then &, a, St') O A4;
o ifal{r O 2\, (s a s) 0Ay, then &, @ st) O 4
o ifal{r O 2\, (t at)dA, then &, a, st') O A

We use the LTS model to define a transition systgth inputs and outputs. The
difference between these two types of actions & tlo system can deny an input
action from its environment, while it is completelp to the system when to produce
an output, so that the environment cannot blockotitput. Formally, amnput/output
transition system (IOTS) L is an LTS in which the set of actiogsis partitioned into
two sets, the set of input actiohand the set of output actio@s We use §, 1, O, A,
S$> to represent an I0TSS<I O O, A, §> with | n O = 0. Further, we us€OTS(,

0) to denote the set of all possible IOTS over ttput set and output sed.

Given states of L, we further denoténit(s) the set of actions defined sti.e.,

init(s) ={ald (20 {1} | 5 OSs.t. (6 a s) JA)}. The IOTS is (stronglyjnput-



enabled if each input action is enabled at any state, li.E. init(s) for eachs. In this
paper, we consider only input-enabled I0TS speatificis, while an implementation
IOTS (that models an IUT) is always assumed toripaittenabled. We notice that
IOTS here corresponds to IOLTS in [4], and inpuglaled IOTS to IOA in [5]. State
s of the IOTS is calledinstable if init(s) n (O O {7}) # 0. Otherwise, the state is
stable. A non-empty sequence [1 >* is called atrace of L in states if there exist
actionsay, ...,ain 20 {1} and states, ..., S«1 such thatg, a, s.+1) 0 A for alli =1,
..., K; sy = s; and the projection dd;...a onto the action sef is the sequence. We
usetraces(s) to denote the set of traces lofin states, andtraces(P) to denote the
union of traces of in the states i, whereP is a set of states &@ec. Sometimes,
we usel to refer to the set of initial states of the IOLSe.g.,traces(L) denotes the
union of traces of in its initial states. We call an 10TISoscillating if there exist a
state s reachable from an initial state and a sequemog...ox [0 O* such that
(010,...0)* O traces(s). Following [13] and [12], we refer to a trace thakes the
IOTS from a given state to a stable state ggiescent trace. We usetraces(P) to
denote the set of quiescent trace§m{ in P.

When we compose two IOTS using the parallel contjposiof LTS, an output
action enabled in one IOTS is blocked from happghinthe other IOTS if the action
is not enabled in the second IOTS. Such a situatiowever, cannot be justified by
our assumption about the I0TS model, i.e., outfudm an IOTS are under the
control of the IOTS itself. On the other hand, twmposition operator for I0A
defined in [5], which does not have this problempnly applicable to input-enabled
IOTS. This discussion suggests that we need toeledi composition operator for
IOTS that are not necessarily input-enabled. Te #md, we first state compatibility
conditions that define when two IOTS can be comgodsg relaxing the original
conditions of [5]. We usd.; || L, for IOTS L; and L, to denote the parallel
composition of the LTS; and L, when the difference between their inputs and
outputs is neglected.

Definition 1. Let two IOTSL; = <S |3, Oy, A1, > andL, = <T, |,, O,, A, T5> be
such that the sé&; n O, =[1. Letst be a state of the compositibn || L,. The IOTS
L, andL, arecompatiblein state st if
e ainit(s) impliesa O init(t) for anyad 1, n O; and
e adinit(t) impliesa O init(s) foranya O I; n O,.

L, andL, are said to beompatible if they are compatible in each initial stateSn
x To. Ly andL, arefully compatible if they are compatible in all the states of|| L,.

Clearly, two input-enabled IOTS with = O, andl, = O, are fully compatible, but
the converse is not true. Based on the notion afipadibility we define what we
mean by a parallel composition of two IOTS. We owtihat the parallel composition
|| of any two IOTS that are not fully compatibl®lgites the assumption that outputs
of an IOTS cannot be blocked. Therefore, we deéingarallel composition of IOTS
only for fully compatible ones.

Definition 2. The parallel composition ][ of two fully compatible 1I0TS; O 10T,
0Oy, andL, O 10TY,, O,), where the setis n 1, andO; n O, are empty, is an IOTS
defined ad.; ][ L, = L4 || Ly, with inputs (; O I,) \ (O, O O,) and output®©; [1 O..



For fully compatible 0TS, the results of both amters, || and ][, coincide. For the
IOTS that are not fully compatible, the composit]pis not defined.

3 Framework for Queued-Quiescence Testing

In defining a framework for testing systems modelgdOTS, we first assume that
testers are modeled by IOTS. We then require thgttester possess the following
properties in addition to the usual soundness remént. First, due to our assumption
about the IOTS model, a tester should not preermfiub of any IOTS. Second, a
tester should always reach a verdict in finite stgmd once a verdict is reached, the
tester should not change it later in the same mast Third, a tester should be
deterministic, meaning that it should have no iméractions and at most a single
output action is enabled in any state. Finallygstdr should not make choice between
inputs and outputs.

In a typical testing framework, it is usually as@dhthat a tester is a single process
applying inputs to an IUT and observing outputsrfrine IUT. The two systems, the
tester and the IUT, form a closed system. This mélaat ifL; is an IOTS modeling a
tester, whilel; is an I0TS modeling the IUT, thdn = O,, andl, = O;. To be fully
compatible with all the 10TS inOTS(l,, O,) the tester should be input-enabled.
However, input-enabledness of testers, while maktiegn meet the first requirement,
may cause violation of the remaining ones.

An input-enabled tester may yield an infinite tast because the I0TS modeling
the tester includes cycles. The test execution meser terminate when the tester
interacts with an IUT with proper cycles. This, femer, could simply be resolved by
defining a tester whose only cycles are self-loopthe states labeled with verdicts.
An IUT may continuously interact with such a testeut the tester still reaches a
verdict in a finite number of steps and remainsistate with the reached verdict.
However, an arbitrary IUT may produce a wrong otggfter the tester has reached
the verdictpass, which cannot be reversed because of the selfslodp solve this
problem, we require that states with the vergiess only be reached when the
quiescence of an IUT is detected. This featurehef tester immediately excludes
oscillating specifications from further consideoatj but still leaves us a wide class of
specifications. Thus, we will define testers wile above stated features.

Another problem of input-enabled testers is thathsa tester needs choosing
between inputs and outputs. In fact, in any stateres the tester has to produce an
output to an IUT, all the inputs are enabled asl.w&b the tester has to choose
between doing input or output, violating the lagjuirement.

It turns out that a tester processing inputs ségigrrom outputs may resolve the
problem. It is sufficient to decompose the testéw iwo processes, one for inputs and
another for outputs. Intuitively, this could be doas follows. The input test process
only sends to the IUT via input buffer a given @) number of consecutive test
stimuli. In response to the submitted input seqaettiee IUT produces outputs that
are stored in another (output) buffer. The outpst tprocess, that is simply an
observer, only accepts outputs of the IUT by regudive output buffer. All the output
sequences that the specification can produce iporsg to the submitted input



sequence should take the output test process istatelabeled with the verdipass,
while any other output sequence produced by an $bduld take the output test
process to a state labeled with the verthdt Since the notion of a tester is based on
the definition of a set of output sequences thatsghecification IOTS can produce in
response to a submitted input sequence, we forenabith notions as follows.

Let pref(a) denote the set of all the prefixes of a sequan€e>* over the sef.
The setpref(a) has the empty sequeneeAlso given a sef” 0 3%, let {5 0 pref(y) |
y U7} = pref(7).

Definition 3. Given an input worda O I*, the input test process with a for L O
IOTS(, O) is an (deterministic) IOT& = <pref(a), O, |, A, {&>, where the state set
is pref(a) with € as the only initial state, the set of inputs ispgmthe set of outputs
is I, and the transition relatioh, = {(5, a, fa) | fa O pref(a)}.

We slightly abuser to denote both the input sequence and the ingtitprcess
that executes this sequence. It is easy to seeeHwt input test process is fully
compatible with any I0TS in IOT§(O) that is input-enabled.

To define an output test process that compleméetfmput test process we have
first to determine all the output sequences, vafid invalid, the output test process
has to expect from the IUT. The number of validpotitsequences is finite, as the
specification does not oscillate by our assumptidius, in response ta, the IOTS
Soec O 10TS(, O) can execute any trace that is a completed ti@oaf the IOTSa |[
Soec leading into a terminal state, i.e., into stgtevhereinit(g) = 0. Letctraces(a ][
Foec) be the set of all such traces. It turns out thatsetctraces(a ][ Joec) is closely
related to the set of quiescent traces of the Bpation qtraces(Spec), viz. it includes
each quiescent traggwhose input projection, denotét, is the sequence.

Proposition 4. ctraces(a ][ Spec) = {£ U gtraces(Spec) | 5,1 = a}.

Thus, the settraces(a ][ Sec),0 = {Lio | B0 qgtraces(Spec) & B, = a} contains
all the output sequences that can be produce®ey in response to the input
sequence.

Given a quiescent trac8 [0 gtraces(P), whereP is a set of states @&pec, the
sequence, [, 0Jis said to be gueued-quiescent trace of Spec in P, whered [ Zis a
designated symbol indicating that no more outpaliews, in other words, the@pec
becomes quiescent as it has reached a stable \&tataseQqtraces(P) to denote the
set of queued-quiescent tracesPof( 5,18.09) | £ 0 gtraces(P)} and Qqtraces,(P, a)
to denote the setf 00| B O gtraces(P) & B, = a}. Next, we define the output test
process and the test case.

Given the input test processand the seQqtraces,(Spec, a), we define a set of
output sequenceaut(a) that the output test process can receive fronhan It is
sufficient to consider all the shortest invalid mutt sequences along with all the valid
ones. Any valid sequence should not be followedity further output action, as the
specification becomes quiescent, while any prereatwiescence indicates that the
observed sequence is not valid. The aéfa) is defined as follows. For eagh
pref(Qqtraces,(Spec, a)) the sequencel O out(a) if £ O Qgtraces,(Spec, a),
otherwisefa O out(a) for alla 0 O O {J} such thatFa O pref(Qgtraces,(Spec, a)).



Definition 5. The output test process for the IOTSSpec and the input test proceass
an (deterministic) IOTS pref(out(a)), O O {J}, O, Aoua) {&>, Where certain states
are labeled with verdictpass or fail. and the state set @ef(out(a)) with £ as the
only initial state, the input sés O 0 {J}, and the output set is empty. Stafel
pref(out(a)) is labeled with the verdigbass if S O Qqtraces,(Spec, a) or with the
verdictfail if 50 out(a)\Qatraces,(Spec, a). The transition relatiodowq = {(5, &
Ba) | fa Ol pref(out(a))} O {(B, 3 B) | Bis labelecbass} U {(B a, f)|lallOL {4 &
Bis labeledrail}.

For a given input test process wherea O I*, we reuseout(a) to denote the
output test process that complements the inputprestessa. The pair @, out(a)) is
called aqueued-quiescence tester or simply atest case for the I0OTSSpec.

The self-looping transitions at the states labglass andfail are added to make
the output test process fully compatible with abyf lin the set IOT3( O). These
self-loops are the only cycles of the output testess, so verdicizass or fail can be
reached in finite steps. Once verdicts are readheg,are not changed. Therefore, the
states with verdicts indicate the end of the tesicetion. We assume that once the
output test process detects the quiescence, thedldiot produce any visible output
later, which justifies why thpass states have only a self-loop on quiescence.

To describe the execution of a queued-quiescerstectse, we define a new
operatordJO. For IOTSL, Lo is an IOTS obtained by first augmenting all trebi
states ofL by self-looping transitions labeled with then projecting the augmented
automaton onto the alphab&® 0O J and finally determinizing the obtained
automaton. The execution of a queued-quiescentecéss &, out(a)) against an
IOTS Imp O 10TH(, O) is described by the IOTS([ Imp)aio 1[ out(a). Each trace
leading this I0TS into a state, where the outpsit peocess is in a state labeled with
pass or fail, is atest run. Notice that we treat the symbélas an input of the output
test process, assuming that the tester execudiingt detects the fact that its buffer
has no more symbols to read. Since the outputa 4@ are stored in a finite queue,
any implementation that, in response to the inpgusncea, can produce an output
sequence longer than the queue length may overfl@vqueue. To solve this
problem, we should determine a lower bound of thgput queue length so that the
buffer is not overflowing until the tester reacleserdict. The bound depends on the
input sequencer andSpec, and it is finite becausgpec does not oscillate.

The queued-quiescence tester qut(a)) meets all the requirements stated above.
We use the termerdict state to refer to a state of the IOT&][ Imp)suo ][ out(a)
such that the I0T8ut(a) is in a state with a verdict.

Proposition 6. For a queued-quiescence test cageo(t(a)) of Spec and any IOTS

Imp O 10T, O)

e the IOTS @][ Imp)s0 andout(a) are fully compatible;

 at least one verdict state is reachable from estte in the I0TSA ][ Imp)sio 1[
out(a) and every cycle in the IOTS involves only verditdtes, in other words, the
tester always reaches a verdict in finite steps;

» both a andout(a) are deterministic;

« there is no state ior or out(a) where both inputs and outputs are enabled;



« if a verdict state is reached in the IOT&][ Spec)aio ][ out(a), the output tester
out(a) is in a state with the verdipsss, i.e., the test caser{out(q)) is sound.

The composition ¢ ][ Imp)aio ][ out(a) has one or several verdict states. In a
particular test run, one of these states with tkediet pass or fail is reached.
Considering the distribution of verdicts in the diet states of the composition, three
cases are possible:

Case 1. All the states havtil.

Case 2. States havpass as well agail.

Case 3. All the states havpass.

These cases lead us to various relations betweemmplementation and the
specification that can be established by the queuésscence testing.

In the first case, the implementation is distinge from the specification in a
single test run.

Definition 7. Given 0TS Spec andImp, Imp is queued-quiescence separable from
Soec, if there exists a test case, put(a)) for Spec such that all the verdict states of
the IOTS @ ][ Imp)sio [ out(a) are labeled with the verditail.

In the second case, the implementation can alsadibénguished from the
specification if a proper run is taken by the inmpémntation during the test execution.

Definition 8. Given I0TS Spec and Imp, Imp is queued-quiescence distinguishable
from Spec, if there exists a test case, put(a)) for Spec such that at least one verdict
state of & ][ Imp)suo ][ out(a) is labeled with the verdidail.

Clearly, Imp queued-quiescence separable fr§pec is also queued-quiescence
distinguishable from it. Consider now case 3, wfamna given test casex( out(a))
all the states haveass. In this case, the implementation does nothirggédl when the
test case is executed, as it produces only valigubisequences. Two situations can
yet be distinguished here. Either there exigiass state of the output test process that
is not included in any verdict state af {[ Imp)so ][ out(a) or there is no such a
state. The difference is that with the given temsecin the former situation, the
implementation could still be distinguished frora g@pecification, while in the latter,
it could not. This motivates the following defimiti.

Definition 9. Given IOTSSpec andimp,

* Imp is queued-quiescence weakly-distinguishable from Spec if there exists a test
case &, out(a)) for Spec such that the verdict states of J{ Imp)si0 ][ out(a) does
not include all thepass states obut(a).

* Imp is queued-quiescent trace-included in Spec if for all a O 1* all the verdict state
of the IOTS ¢ ][ Imp)sio ][ out(a) are labeled with the verdipass.

 Imp andSpec arequeued-quiescent trace-equivalent if for all O I* all the verdict
states of the IOTSa(][ Imp)sio ][ out(a) are labeled with the verdigtass and
include all thepass states obut(a).

By definition, Imp is queued-quiescence weakly-distinguishable f8pet if Imp
is queued-quiescence distinguishable figmec, or if Imp is queued-quiescent trace-



included in but not queued-quiescent trace-equinatie Spec. We characterize the
above relations in terms of traces and queued-cgrgsraces.

Proposition 10. Given 10T SSpec andlmp,

1. Imp is queued-quiescence separable f@pec iff there exists an input sequenge
such thaQqtraces,(Imp, @) n Qqgtraces,(Spec, @) =0.

2. Imp is queued-quiescence distinguishable from ithiéire exists an input sequence
a such thatraces(a ][ Imp) a0 & traces(a ][ Spec) sio-

3. Imp is queued-quiescence weakly-distinguishable froiff there exists an input
sequencer such thatraces(a ][ Imp)aio # traces(a ][ Spec)suo-

4. Imp is queued-quiescent trace-included iffec, iff Imp does not oscillate and
Qqtraces(Imp) O Qqtraces(pec).

5. Imp and Spec are queued-quiescent trace-equivalentrifd does not oscillate and

Qqtraces(Imp) = Qqgtraces(Spec).

traces(a ][ Imp)aio is the set of traces oftx(][ Imp)so in the initial states of the
IOTS. traces(a ][ Imp)asio = traces(a ][ Imp), o O Qqtraces,(Imp, a)Jd*. The relation
betweentraces(a ][ Imp),o andtraces(a ][ Spec),o is used to deal correctly with
oscillating implementations [10]. Fig. 1 provides example of the systems that are
not quiescent trace equivalent, but are queuedsgere trace-equivalent. Indeed, the
quiescent tracaald of the IOTSL, is not a trace of the IOTE,. In both, the input
sequencea yields the queued-quiescent traakd, aa yields the queued-quiescent
tracesaaldandaa2d, any longer input sequence results in the samgubsequences
asaa.

Fig. 1. Two IOTS that have different sets of quiescentesa but are queued-quiescent trace-
equivalent. Inputs are decorated with “?”, outpwith “!”; and stable states are drawn in bold

The IOTSL,; andL, are considered indistinguishable in our framewarkijle
according to theoco relation [12], they are distinguishable. The IOLShas the
quiescent tracaal that is not a trace af;, therefore, to distinguish the two systems,
the tester has to apply two consecutive input3he output 1 appearing after the
second inputa indicates that the system being tested is, in, fagtand notL;.
However, to reach such a conclusion, the testeuldhbe able to prevent the
appearance of the output 1 after the first inpufThis is not possible under our
assumption that the tester cannot block outputh®flUT. The tester interacts with
the IUT via queues and has no way of knowing incltstate the output is actually
produced. The presence of a testing context, wisich pair of finite queues in our
case, makes implementation relations that couli@&ted via the context coarser, as is
usually the case [8].



4 Deriving Queued-Quiescence Test Cases

Proposition 10 indicates the way test derivationldde performed for the IOTSpec
and an explicit fault model that includes a firstet of implementations. Namely, for
eachlmp in the fault model, we may first attempt to detemnan input sequence
such thatQqgtraces,(Imp, a) n Qqgtraces,(Spec, a) = 0. If fail we could next try to
find a such thatraces(a ][ Imp)aio & traces(a ][ pec)sio. If traces(a ][ Imp)sio O
traces(a ][ Spec)sio for eacha the question is about an input sequencguch that
traces(a ][ Imp)aio # traces(a ][ Spec)aso, thustraces(a ][ Imp)so O traces(a ][
Foec) s10. Based on the found input sequence, a queuedeguies test case fomp at
hand can be constructed, as explained in the pre\dection. If no input sequence
with this property can be determined we conclude the I0TSSpec andImp are
queued-quiescent trace-equivalent, they cannot ibenguished by the queued-
guiescence testing.

Search for an appropriate distinguishing input sege could be performed in a
straightforward way by considering input sequengfesicreasing length. To do so,
we just parameterize Definitions 7, 8 and 9 andadingly Proposition 10 with the
length of input sequences. Given a length of irgequenceg, then, e.g.Jmp and
Soec are queued-quiescekittrace-equivalent ifftraces(a ][ Imp)aio = traces(a [
Fec) 410 for all a O 1K, wherel*™ denotes the set of all input sequences of length
equal or less thak. If the length ofa such thatraces(a ][ Imp)sio & traces(a ][
Foec) 10 is k thenlmp is said to be queued-quiescerkedistinguishable fronSpec.
With these parameterized definitions, we examidethed input sequences starting
from an empty sequence. The procedure terminatesnwhe two IOTS are
distinguished or when the value lofreaches a predefined maximum defined by the
input buffer of the IUT available for queued tegtin

Consider the example in Fig. Bnp is not queued-quiescence 1-distinguishable
from Spec, for both produce the output 1 in response tortpeta. However,Imp is
gueued-quiescencedistinguishable fron§pec. Indeed, in response to the sequence
aa the Spec can produce the output 1 or 12. WHibgp - 2 or 12.

Fig. 2. The IOTS that are queued-quiescence 2-distingbishbut not queued-quiescence 1-
distinguishable

The search for a distinguishing input sequenceseatin a procedure that verifies
whether a given input sequengesatisfiesraces(a ][ Imp)aio O traces(a ][ Spec)aio -
Instead of elaborating this procedure, we give sengeneral procedure that accepts a
regular language defined over the input set. Eetenote such a languade,d I*,
following the definition of the input test processe also useE to denote the
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(deterministic) IOTS whose trace setpef(E). SinceE is regular, such an IOTS
exists. In the following proposition, we generaligem 2 in Proposition 10 by
considering the inclusion relation betwegéraces(E ][ Imp)sio and traces(E ][

ec) sjo-

Proposition 11. Given two IOTS Spec and Imp, Imp is queued-quiescence
distinguishable frongpec iff there exists a regular languagel I* such thatraces(E

[ Imp)ato & traces(E ][ Spec)sio. Moreover, any tracg O traces(E ][ Imp) such that
B.od n (traces(E ][ Imp)asio \ traces(E ][ Spec)aio) # O yields a queued-quiescence
test casef,|, out(S,)) that, when executed agaimsip, produces the verditail.

Proof: (If) If there exists a regular language I* such thatraces(E ][ Imp)sio &
traces(E ][ Sec)aio, the part after “moreover” in the proposition icalies how a
corresponding test case can be derived.

(Only if) If Imp is queued-quiescence distinguishable frgmec, according to the
definition of the queued-quiescence distinguislighithere exists an input sequence
a, which is a regular language with a single worgghsthattraces(a ][ 1mp)sio &

traces(a ][ Spec)si0. QED.

We call a languag& satisfying the properties in Proposition 1Higinguishing
input set of Spec andimp. The proposition suggests a test case derivatiocepure.

Procedure 12. For deriving a test case §bec thatImp fails if a given languagk is a

distinguishing input set.

Input: IOTS Spec andlmp, and a regular language

Output: E is not a distinguishing input set or a test case(t(a)).
Step 1. Construct the deterministic automata that actegues(E ][ Imp)so and
traces(E ][ Spec)aio, respectively.
Step 2. Using the direct products of the obtained autondgtermine a sequenge
O traces(E ][ Imp) suo \ traces(E ][ Spec)si0- If such a sequence exists, go to Step 3;
otherwise, return the result tHais not a distinguishing input set.
Step 3. Construct a deterministic automaton by compodimg with the LTS
<pref(p,0), O, A, {&>, where A, = {(B, a, fa) | fa O pref(p, 9)}. Determine a
trace yof the obtained LTS witly, O E and ;o = p,0 and the queued-quiescence
test case)(;, out()1))).

Proposition 13. Given two I0TSSpec andImp, and a distinguishing input sEt let
(a, out(@)) be the queued-quiescence test case derivedebgtitive procedure. Then
the queued-quiescence test case executed atfamptoduces the verditail.

If we consider everf O {{ a} | a O 15, the test cases that queued-quiescdace
distinguishimp from Spec are derived. We notice that if the &ets I*, Procedure 12
reduces to the test case derivation proceduretegpeearlier [7].

It is interesting to know that the notion leflistinguishability applied to the IOTS
and FSM models exhibits different properties. Intipalar, two k-distinguishable
FSM are alsdk+ 1-distinguishable. This does not always hold fof 80 The system
Imp in Fig. 3 is queued-quiescence 1-distinguishednf@pec; however, it is not
queued-quiescendedistinguished fromSpec for anyk > 1. This indicates that a
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special care has to be taken when one attemptdatat & SM-based methods to the
queued testing of IOTS.

Fig. 3. The IOTS that are queued-quiescenakstinguishable, but not queued-quiescekice
distinguishable fok > 1

5 Queued-Suspension Testing

In the previous sections, we explored the poss#slifor distinguishing I0TS based
on their traces and queued-quiescent traces. Tteg e pairs of input and output
projections of quiescent traces. If two non-ostilig systems with different quiescent
traces have the same sets of queued-quiescens,tiaeeued-quiescence testing may
not differentiate them. However, sometimes such3@an still be distinguished by a
gueued testing, as we demonstrate below.

Fig. 4. Two queued-quiescent trace equivalent IOTS

Consider the example in Fig. 4. Here the two IOT&ehdifferent sets of quiescent
traces, however, they have the same set of queuesequietraces g1J, aald,
aal2d aaald aaal?d, ... }. In the testing framework presented in SecBothey are
not distinguishable. Indeed, we cannot tell therarawhen a single input is applied
to their initial states. Moreover, in response toitipait sequencea and to any longer
sequence, they produce the same output sequencen&Xifference is that IOTS
Imp, while producing the output sequence 12, becomesscent just before the
output 2 and the IOTSpec does not. The problem is that this quiescenceots n
visible through the output queue by the output pestess that expects either 1 or 12
in response tma. The queued-quiescence tester can detect thecquies after
reading the output sequence 12 as an empty queuejt btannot detect an
“intermediate” quiescence of the system. It hasway of knowing whether the
system becomes quiescent before a subsequentisrggoplied. Both inputs are in the
input buffer and it is completely up to the systenewko read the second input.

Further decomposing the tester f8pec into two input and two output test
processes could solve the problem. In this castngeis performed as follows. The
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first input test process issu#ise inputa. The first output test process expects the
output 1 followed by a quiescendewhen the quiescence is detected, the control is
transferred to the second input test process tha tlee finala. Then the second
output test process expects quiescence. If, insteddiects the output 2 it produces
the verdictfail which indicates that the IUT isnp and notSpec. As opposed to a
gueued-quiescence tester, such a tester can degehédiate quiescence of the IUT.

The example motivates the definition of a new typeesters. Such a tester is
defined for a given sequence of input wows.. ap,, in whicha; 2 efori = 2, ...,p.

The tester is a finite tree with queued-quiescencecests as nodes connected by
transfer of control. The root noder( out(a;)) is a queued-quiescence test case of
Foec, and is executed first. If the IUT passes the queueescence test case, one of
the node’s children is selected based on the owtptlite 1UT £, 0 Qqtraces,(Spec,

a;) and control is transferred to this node; otherwise,IUT fails the tester and the
test execution is terminated. We Bpec-after-(a, f) to denote the set of stable states
that are reached I§pec when it executes all possible quiescent traces thihinput
projection a and output projectiof. If we also usespec-after-(a, £) to denote the
IOTS obtained frongpec by initializing it in these states, the selectdiddcnode is a
queued-quiescence test cas&udc-after -(ai, £1). The input test process of the child
node executea,. The process continues until the IUT fails or a i&rdf a leaf node

is reached.

We define a sequence of output words...5 to be consistent with the
corresponding sequence of input worgs.. a; if 8, O Qqtraces,(Spec, a;) and 5 O
Qqtraces,(Spec-after-(ay... a1, fi...[54), a) for eachj = 2, ...,i. Every node in the
tree is identified by a consistent output sequeahee leads the tester to the node.
Given a;, we use &, out(a;, Gi...3.1)) to denote the queued-quiescence test case of
Foec-after-(a...a.q, (i...3.1). We have the definition of the tester based on the
discussions above.

Definition 14. Given a finite sequence of input words... a,, a queued-suspension
tester or aqueued-suspension test case (a;...a,, Out(a...ay)) is a tree {, A (m,
out(a))), in which

» Nis the set of nodesy = {(a, out(a))} O {(a;, out(a, Bi...B1) | Bi...[B1is an
output sequence consistent with.. a1, i = 2, ...,p};

e Pis the transition relation?= {(a, out(a)) — (a,, out(a,, B1)) | A is an output
sequence consistent with} O {(a;, out(a;, Bi...[-1) - (G+1, OUL(Gis1, Si...B)) |
Bi...3 is an output sequence consistent wath.a;, i = 2, ...,p-1};

e (a, out(a)) is the root node.

It is clear that for a single input word, a queuedssusion tester reduces to a
gueued-quiescence tester. The queued-suspensimy tissinore discriminative than
gueued-quiescence testing, as Fig. 4 illustratefadt consider a queued-quiescence
tester derived from a single sequemge.. a, and a queued-suspension tester derived
from the sequence @fwordsa, ..., a,, the former uses just the output projection of
quiescent traces that have the input projection. a, while the latter additionally
partitions the quiescent traces iqa@uiescent sub-traces. Then the two systems that
cannot be distinguished by the queued-suspensstimgehave to produce the same
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output projection, moreover, the output projectidmsve to coincide up to the
partition defined by the partition of the input sequenthis leads us to the notion of
gueued-suspension traces.

Given a finite sequence of finite input words.. ap, a sequencea(;9)...(ap5,9
is called agueued-suspension trace of Spec if £;... 4, is an output sequence consistent
with a... a,. We useQstraces(Spec) to denote the set of queued-suspension traces of
Joec in the initial states.

We define the relations that can be established uued-suspension testing
similar to Definitions 7, 8, and 9.

Definition 15. Given I0TSSpec andimp,

 Imp is queued-suspension separable from Spec, if there exists a test case (.. ay,
Out(an... ap)) for Spec such that for any consistent output sequegficef3,; all the
verdict states of the I0TSa ][ Imp-after-(ay...ap1, fi-..Lo1))abo 1 out(ap,
Bi... 1) are labeled with the verditail.

e Imp is queued-suspension distinguishable from Spec, if there exist a test case
(an...ap, Out(an...ap)) for Spec and a consistent output sequegge. 3,1 such
that at least one verdict state of the IOTS]{ Imp-after-(ai... apa, Fi...5o-1)) so
1[ out(ap, Bi...By-1) is labeled with the verdidail.

* Imp is queued-suspension weakly-distinguishable from Spec if there exist a test
case (n...a,, Out(a;...qp)) for Spec and a consistent output sequenge. 3,1
such that the verdict states of the IOT& |[ Imp-after-(a;... a1, Bi...Bo1))sto I
out(ap, Bi...5-1) does not include all theass states obut(ay, £i...5-1)-

e Impis said to bejueued-suspension trace-included in Spec if for all a O I* and all
possible partitions ofr into wordsas, ..., ap, all the verdict states of I0TSx( ][
Imp-after-(ay... a1, Bi...Bo1))sto [ out(ay, Bi...5-1) are labeled with the verdict
pass.

* Imp andSpec arequeued-suspension trace-equivalent if for all a O 1*, all possible
partitions ofa into wordsa, ..., a,, and all consistent output sequege. 3,1,
all the verdict states of the IOTSx(][ Imp-after-(ay...ap1, Gi...B-1))sto 1l
out(ay, fi...5-1) are labeled with the verdipass and include all th@ass states of
out(ap, Bi...L).

Accordingly, the following is a generalization ofdposition 10.

Proposition 16. Given I0TSSpec andimp,

* Imp is queued-suspension separable fi@mec iff there exists a finite sequence of
input words a;...a; such thatQqgtraces,(Imp-after-(as... a1, W... K1), &) n
Qqtraces,(Spec-after-(a;... a1, ... %.1), a;)) =0 for any consisteng... j(.;.

* Impis queued-suspension distinguishable from it iff thetist a finite sequence of
input wordsa;... a; and consisteng... )., such thatraces(a; ][ Imp-after-(a;... a;.

1 W K1) alo & traces(a; ][ Spec-after-(ay... aig, K. 1)) dlo-

* Imp is queued-suspension weakly-distinguishable froiiff ithere exist a finite
sequence of input words;...a; and consisteng... .1 such thatraces(a; ][ 1mp-
after-(an... ai1, ... K1) alo # traces(a; ][ Spec-after-(ar... aig, J... fa1)) dlo-
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* Imp is queued-suspension trace-included iGtec, iff Imp does not oscillate and
Qstraces(Imp) O Qstraces(Spec).
* Imp andSpec are queued-suspension trace-equivalentriff does not oscillate and

Qstraces(Imp) = Qstraces(Spec).

The queued-suspension testing needs input and tobtgters as the queued-
quiescence testing. The size of the input buffeefindd by the longest input word in
a chosen test casen(..a, Out(a...a)), while that of the output buffer by the
longest output sequence produced in response tmmpayword. We assume the size
of the input bufferk is given and use it to define queued-suspenkitnaces and
accordingly, to parameterize Definition 15 obtainingp@priate notions ofk-
distinguishability. In particular, a queued-suspengiace ofSpec o f5.0... ap3,0 O
Qstraces(Spec) is called a queued-suspensiotrace of Spec if || < k for alli = 1,
..., p. The set of all these tracstraces™(Spec) has a finite representation.

Definition 17. Let Syane be the set of all stable states of an IC§gc = <S I, O, A,

S>. A queued-suspension k-machine for Spec is a tuple R, 10* 3 Aqapier 0>,

denote(ﬂ:)eckm,, where the starting statg = {S} and the set of statd?® 0 P(Syapie)

0 {S} (P(Ssanie) is @ powerset 0f4ane), and the transition relationype are the

smallest sets obtained by application of the follgiules:

o (r, aBd, r') O Aae if @ 015 B0 O* andr' is the set of statasafter-(a, f) in
Foec.

« In case that some initial state Qec is unstablerg, £83, r') 0 AXgape if £0 O* and
L% & andr' = S-after-(, f).

Notice that each system that does not oscillatehbesast one stable state.

Proposition 18. The set of traces oﬁ:)ec"Susp coincides with the set of queued-
suspensiotk-traces ofSpec.

Corollary 19. A non-oscillating IOTSImp is queued-suspensidadistinguishable
from Spec iff Imp*yane has a trace that is not a traceSpéctyq.

Fig. 1 depicts the IOTS that are queued-suspensame tequivalent, recall that
they are also queued-quiescent trace-equivalent,dbufuiescent trace equivalent.

We notice that a queued-suspendiemachine can be viewed as an FSM with the
input setl** and output seD*" for an appropriate integen, so that FSM-based
methods could be adapted to derive queued-suspeesiotases.

6 Conclusion

We addressed the problem of testing from transitiotesys with inputs and outputs
and elaborated a testing framework based on thedfieecomposing a tester into
input and output processes. Input test processesppiputs to an IUT via a finite
input queue and output test process reads outpattshin IUT puts into a finite output
gueue until it detects no more outputs from the IUF., the tester detects quiescence
of the IUT. In such a testing architecture, input frima tester and output from the
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IUT may occur simultaneously. We call such a tessoenario queued testing. We
elaborated two types of queued testers, the firstistomg of single input and single
output test processes, a so-called queued-quiestestee, and the second consisting
of several such pairs of processes, a so-called gtmusgension tester. We defined
implementation relations that can be checked byjtleied testing with both types of
testers and proposed test derivation procedures.

Our work differs from the previous work in several omant aspects. First of all,
we make a liberal assumption on the way the testeracts with an IUT, namely that
the IUT can issue output at any time and the tesienat determine exactly the
stimulus that causes the output. We believe thattbsumption is less restrictive than
any other assumption known in the testing literat[®f [6]. Testing with this
assumption requires buffers between the IUT and te$termake our approach
practical, these buffers are considered finite, opposetie case of infinite queues
considered earlier [14]. We demonstrated that thdeimentation relations that can
be verified by the queued testing are coarser thasetpoeviously considered. The
test derivation procedures were elaborated with i faadel in mind. The resulting
test suite becomes finite and related to the assongptbout potential faults, as
opposed to the approach of [12], where the numberesf tases is, in fact,
uncontrollable and not driven by any assumptionuéffaults. The finiteness of test
cases allows us, in addition, to check equivalemtations and not only preorder
relations as in, e.g., [12].

Concerning future work, we believe that this papey tngger research in various
directions. It is interesting, for example, to seevtich extent one could adapt FSM-
based test derivation methods driven by fault modedss done in [11] with a more
restrictive assumption about a tester in mind.
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