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Abstract. In this paper, we discuss how to test partiallycsiged IOTS through
lossless queues. A liberal assumption is made@i@TS model by allowing
both blocked and unspecified input actions. Fortings IOTS through
unbounded queues, we demonstrate that test caseklreetly be derived from
the specification when the transition coverageedon is used, and we provide
two test derivation algorithms, for fully specifieahd partially specified 10TS,
respectively. Applying the derived tests to test8through bounded queues is
also discussed.

1. Introduction

Transition systems with concurrent input/outputdébr are usually modeled by
input/output transition systems (IOTS). Here, welese how to test IOTS through
queues with the following scenario of system comitation in mind. As shown in
Fig. 1,L; andL, are two message-passing systems. Output actidnsasé stored in
the input queue df,, and, if the input queue is not emplty,can read an input action
and make a transition according to the action réad. communication frorh, to L
is symmetrically configured. This scenario is conmnitocommunicating systems.
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Fig. 1. The communication between two message-passingmsgst; and L, “read” input
actions from their input queues and “write” outpations into the output queues

We notice that, in this scenario, either system ldack its own input actions by
not reading the input queue; the output actionthefother system, however, are not
blocked, but stored in the queues. Therefore, ysems do not have to be receptive
to input actions in every state, whereas their wufgtions are never blocked. Queues



in this scenario store actions for a later consionpand, thus, are callddssless
gueues.

A system that can block input actions is usuallydered as an IOTS with input
actions missing in some states. The system’s behawthese states is fully specified.
In particular, the system decides not to read imgtibns from the input queue.

Input actions could also be missing due to undeifipation. The missing actions
are “don't cares”, i.e., the consequence of théomstis not specified, so that any
behavior of the IOTS’s implementations after thecens is acceptable.
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Fig. 2. Difference between two types of missing input ation IOTS. For the IOTS in the
figure, the input actions (decorated with ?) aandb, the output action (decorated with )xis
and the starting states are shaded by grey: (ajntbeing input actions are blocked; (b) the
missing input actiot is unspecified

Fig. 2 illustrates the difference between thesetypes of missing input actions. In
Fig. 2(a), the starting state has no transitiorapy input action. For a system with
input queue, this means that, in this state, thESi@oes not read any input action
from its input queue, so input actions are blockedFig. 2(b), on the other hand,
input actiona is specified in the starting state, but input@th is not. Since it is hard
to imagine that the I0TS can read only input act@prbut not actionb, without
knowing which action is in the input queue, the sinig actionb is understood as
unspecified. Implementations of this IOTS can beharbitrarily after reading in
the starting state.

We say that an action enabledin a state if the corresponding transition on the
action starting from the state is defined. An I0$&put-enabledf all input actions
are enabled in every state. Moreover, an I0T8Iig specifiedf, in each state, either
all input actions are enabled or no input actiorenigbled; otherwise, the 10TS is
partially specified Input-enabled IOTS are fully specified, but fupecified IOTS
may have missing input actions and, therefore, me¢the input-enabled.

In this paper, specifications can be partially e, whereas implementations
must be fully specified, but not necessarily inpogbled.

A model closely related to IOTS, called input/odt@utomata (I0A), is first
formalized in [7], among others. The differenceviedn the two models is marginal,
at least from the viewpoint of testing. In [7]jdtstated that an IOA “generates output
and internal actions autonomously”. A system matlddg 10A, therefore, cannot
have its output blocked by other systems. Non-biagkof output is ensured by
requiring that IOA be input-enabled.

Although there is some research done for IOTS-basstthg (for references, see,
e.g., [3], [9], [10]), none of them, in our opinijoprovides a satisfactory answer to
testing IOTS in the aforementioned scenario.



Testing based on the IOTS model is explored in ,[Ethong others, which
establishes the so-callédco testing framework. In that framework, a tester and
implementation under test (IUT) communicate synobusly: testers are modeled by
labeled transition systems (LTS), and implementegtiare modeled by input-enabled
IOTS. Because of synchronous composition, testetisedoco framework can block
the output actions of IUT, violating the assumptibat “output actions can never be
blocked by the environment” [p. 106, 12]. Also besa of synchronous
communication, when applying theco framework to test IOTS through queues, one
has to compose IOTS with queues, which is not sealiif the queues have
unbounded capacity.

Theioco testing framework is further elaborated for mahiannel IOTS (MIOTS)
in [5]. In that paper, in each state of an impletaBan, either all input actions of a
communication channel are enabled or they ard@tkbd. Similar to the approach in
[12], output actions of IUT can be blocked. Moregvesters are empowered with the
ability to observe refusal of input or output byTlUWhile it is indeed possible to
detect absence of output (quiescence) by usingopeprtimer, it is unclear how
refusal of input can be observed in an arbitrastey.

Testing IOA systems with synchronous communicai®ralso studied in [11],
where it is assumed that testers, instead of bhgckutput, can observe input/output
conflict with IUT. In that paper, however, both sffications and implementations
must be input-enabled.

Testing IOTS through queues with unbounded capéifiyst explored in [13] and
[14], where both specifications and implementatiaren block input actions.
However, the proposed approach relies on explicgdynposing IOTS with infinite
state queue contexts, so it is not clear how thgaach could be implemented in
practice.

Testing IOTS through unbounded queues is also derei in [6], where a
stamping mechanism is proposed to order the oatptidns with respect to the input
actions, while quiescence is ignored. A stampirngc@ss observes and records local
actions of IUT, so it is not always realistic tsase that such a process is available.

Testing I0TS through bounded queues is explorefBinwhich only considers
input-enabled specifications. However, the queudehosed in that paper is different
from the one used here. In [8], it is assumed tjugtues feed input actions to IOTS,
which leads to the requirement that both testeds BT must be input-enabled to
avoid blocking the output of queues. In the commatidn scenario of Fig. 1, we
assume that contents of queues are read by IOTi®strs and IUT can block input
actions. Examples of the queue model assumed ira@]shift registers, whereas
examples of the queue model assumed in this papenessage queues.

This paper studies how to test IOTS through losskgseues. Unlike previous
work, we make a liberal assumption about the systewdel, namely, the
specification of a system can have both blocked @mpecified input actions. We
believe that such a model is closer to real sysspatifications than other models
known to us.

A “naive” test derivation algorithm would deriveste from the composition of
such a specification 0TS and its input/output gsewComputing the composition is
usually not viable, when the queues have unbourwdgxcity, or faces the state
explosion problem, when the queues have boundeacitgp Moreover, there is no



guarantee that a test case derived by this appreichbserve the queues’ capacities
because the information of capacities is lost emdbmposition.

Here, we derive tests directly from a specificatioot from its composition with
gqueues. The derived tests aim at covering transita the specification. For testing
IOTS through unbounded queues, the resulting tase< traverse only specified
transitions, whereas in the case of bounded quéuesest cases also obey the bound
of queues.

The paper is organized as follows. We provide spneéiminaries of the paper in
Section 2. Section 3 introduces the testing archite. Section 4 discusses how to
test fully specified 10TS through unbounded queumslding the basis for testing
partially specified 0TS through unbounded queue$eéction 5. Sections 4 and 5
provide two test derivation algorithms with thens#ion coverage criterion in mind.
Section 6 briefly discusses testing 0TS throughnged queues. Conclusions are
provided in Section 7.

2. Preliminaries

Here, we use a definition of input/output transiteystems (IOTS) that is similar to

the one of input/output automata (IOA) in [7]. Fadiy, aninput/output transition

systenis a 5-tuplel = <§ I, O, A, &>, where

e Sis a countable (not necessarily finite) set ofesta

* | andO are finite sets of input and output action typespectively, which satisfy
the condition n O =0;

e A0Sx(D000O({n) xSis a transition relation, where | O O is the internal
action type;

e S0 Sis anon-empty, finite set of initial states.

After [12], we only consider strongly converging esfications and
implementations, i.e., systems that contain noecydl internal transitions. We use
I0TS, O) to represent the set of all IOTS with inputisahd output sed.

For IOTSL =<S |, O, A, >, we usdnit(s) to denote the set of actions enabled in
statesO S i.e.,init(s)={ad (1 000 {7}) | 5 OSs.t. (6 & s) OA)}. Lisinput-
enabledif all input actions are enabled in each state, li.00 init(s) for eachs O S L
is fully specifiedif either all input actions are enabled or no ingction is enabled in
each state, i.e., eithérd init(s) or | n init(s) = O for eachs O S If L is not fully
specified, it ispartially specified States 00 Sis calledstableif no output or internal
actions are enabled s init(s) n (O O {7}) = 0. States 0 Swith no action enabled,
i.e., init(s) = O, is called adeadlockstate.L deadlocksif there is a deadlock state
reachable from a starting state.

With multiple initial states, internal transitionand a transition relation (not a
function), the I0TS considered in this paper ar@-deterministic and, thus, can
model a wide range of systems on various levefhefraction. On the other hand, we
call an IOTS deterministicif it has a single initial state, contains no ingd
transitions, and the transition relation is a fiorcti.e., § & s), (5 a ) OAforall
I O Oimpliess; =s,.



The projection operatarA projects action sequences onto the alphakét O O.
Let £ denote the empty sequence of actiens=¢c ForuO (I 0 OO {p)*andall
O0o0d({z, (ud),4=u, 4aif alA; otherwise, (a), , = u, ». A sequence O (I 00 O)*
is called atrace of IOTSL in states 0 Siif there exist actiongy, ...,a 01 0 OO
{1}, such thatu = (a;...a),1n0), and states,, ..., s¢; 0 § such thatg, &, s.,) 0 A
foralli =1, ...,k- 1 ands; =s. L executesraceu if L makes a sequence of transitions
from its starting state and the corresponding actiequence projected oritd] O is
u. We usdracegs) to denote the set of tracesloin states, and sometimes, by using
L to refer to the set df’s initial states, we uskacegL) to denote the union of traces
in L’s initial states. State ] Swith a sequench;bs,...b, 0 O* such that p;b,...b)* O
traceqs) is called anoscillating state.L oscillatesif there is an oscillating state
reachable from a starting state.

IOTS L is calledinput-progressivef it neither oscillates nor deadlocks. lUfis
input-progressive, it must consume an input adtiomake a transition in less th& |
steps, whereq isL’s number of states.

Following [13] and [12], we refer to a trace thakeés IOTSL from states 0 Sto a
stable state as guiescentrace in s, and we usetracegs) to denote the set of all
quiescent traces im Similar to the case of tracegtracegL) denotes the union of the
quiescent traces ib’s initial states. Traces and quiescent traces lmarused to
distinguish non-deterministic systems, whereas ega@lone are sufficient to
distinguish deterministic systems.

We use a usual operatafiter. For IOTSL, L-after-U denotes the set of states that
are reachable by when it executes the traces in theldet

We use suspension traces to refer to sequencesesicgnt traces executable by an
IOTS. As usual ([12]), the symbdiindicates quiescence, i.e., the absence of output
and internal actions in a system. To explicitlyresggnt quiescence in IOTS we add
self-looping ¢ transitions to the stable stateslgfsimilar to [12]. The augmented
IOTS is denoted als; where thed actions are treated as output actions. For stafe
L, we define asuspension tracén s to be a trace ofsin s. We usestraceglL) to
denote the set of all suspension tracels iof the initial statesstracegL) is a superset
of traces and quiescent traces augmented withiegiate quiescence.

Composition of IOTS formalizes the interaction eVeral systems. Here, we use
the traditional parallel composition || of labelé@nsition systems (LTS), i.e.,
transition systems that do not distinguish inpatfroutput.

Formally, for IOTSL; = <S Iy, Oy, A1, > andL, = <T, |,, O,, A5, To> such thaO,

n O, =0, theparallel compositiorL; [|L; is the IOTS R, (I, O 1)\ (O, 0 O,), O, O

O,, A, § x Tp>, where the set of statés[] Sx T and the transition relatioh are the

smallest sets obtained by applying the followinfgiience rules:

e SxTUOR

e fald@:00) n (1,00, (s1, 8 ) OA, and €, a, ty) O Ay, thens,t, [0 R and
(sity, & Sotp) O A4

e fabl{f 0D(1,:00)\ (1,00, and &, a, 52) 0 Ay, thens;t; O R and &ty a,
Sty) O 4,

e fald{300,00)\ (.00 and €y, & tp) O Ay, thensit, O R and &y, a,



Sometimes, we have to transform a partially spegifOTS to a fully specified one
by completing the former’s input transitions, so wge a completion operator similar
to [6]. For IOTSL = <S§ I, O, A, >, operatorComp I0TS]I, O) - 10THI, O) is
defined asComyL) = <S O {s.}, |, O, A, S> wheres| is a trap state and, is
defined ast 0 {(s, a, 8) |init(s) n 1 20, a0 \init(s)} O {( S, b,sy) |bO1 0O}
Notice that, unlike the operator in [@omHL) is a fully specified IOTS, not input-
enabled, because the states, where all input acsianblocked, have no input enabled
in CompL).

3. Testing Architecture with L ossless Queues

When testing a communicating system, we assumeldBed system shown in Fig. 1.
The tester and the implementation under test (laf€)the end systems of the queues.
Both systems, along with the queues, are modeld®Bb%. The interaction between
the components in the closed system is describeldiyparallel composition.

The IUT Imp belongs tdOTS]1, O) and the testefestbelongs tdOTSO O {4},
1), where symbolb denotes the detection of quiescence, i.e., ogpatie ofimp is
empty. The input actions dmp correspond to the output actions st and vice
versa. When seen in the closed system, the agtp@s toflmp, Test the input queue
Q,, and the output queu@, are assigned according to Fig. 3, to avoid usiegsame
action types at different interfaces.

Q .
| | ;I |
Test Imp'
T oL Tl
Qo
Q(imp)s | Q(Imp)

Fig. 3. The input and output action types of the compaénthe testing architecturgéestl]
1I0TO 0O {4, 1), Imp'O010THI', O), Q O I10TS], I'), andQy O 10TO', O)

In the closed system, the actionslwip are relabeled by Formally, operatoris
defined on actions:aj' = a', and @)' = a. We lift the operator to sets of actions,
traces, and IOTS: for action s&tA' = {a' |a O A}; for traces,' is recursively defined
as¢ = cand (@)’ = u'a’ for traceu and actiorg; for IOTSL O 10TH], O), L' belongs
to I0THI', O) andis derived fromL by relabeling each actiamd 1 0 Otoa'. Impin
the closed system is relabeled' by

For the queues, each input acta(or a') corresponds to an output actianor a).
We define the queue model with theperator. Formallyan unbounded queue with
input set AQ,, is a deterministic IOTS S, A, A", Aa, {£>, where the state s&, =
A* and the transition relatiod, = {(u, a, ua) |u,ual Sy} O {(av, a', v) |av, v O Si}.



By definition, Qa is input-enabled and has infinitely many states, its is
“unbounded”. As an example, Fig. 4 shows an unbedmueueQ;,; with a single
input actiona.

7a 7a
QO
la’ la'

Fig. 4. An unbounded queue with a single input action

As seen in Fig. 3, the input queueQg and the output queue @ (notice the
property of the operatora" = a). The behavior of the closed system shown in &ig.
can be described by the 10T®st|| @ ||Imp' ||Qo)s WhereL sis IOTSL augmented
by adding self-looping transitions (see Section 2).

Imp composed with its input/output queues can be destiby the operatd®( ).
For L O 10TSI, O), Q(L) = hidg(I' O O)(Q, || L' || Qo), where operatohide(A)( )
relabels transitions of an IOTS with actionsAio internal actiorr. Q(L) is similar to
the queue operator as in [13] and [14]. From tlsetés point of view, the observable
behavior of the closed system shown in Fig. 3 cardéscribed byest|| Q(Imp)s,
since the actions ih 0 O' are not observahle

Some properties are usually assumed for IOTS irpm@position, e.g., input-
enabledness [7] and full compatibility [8]. Hereg wtate a compatibility condition for
each interface in the closed system shown in Fig. 3

For TestandImp, output actions are usually under their total manso the output
actions of Testand Imp have to be accepted immediately ®flmp)s; and Qo,
respectively.

Definition 1 Let Ly = <S Iy, O4, A1, > andL, = <T, |,, Oy, A;, Tp>, L; is output
compatiblewith L, if, for any statest of L, ||L, and any actiom [0 O; n I, a O init(s)
impliesa O init(t).

If Ly is output compatible with.,, the output ofL; is not blocked by, in the
composition.L; is output compatible with, if L, is input-enabled, but the condition
is not necessary. In Fig. Bestis output compatible witlQ(Imp)s andIimp is output
compatible withQo, because the queues are input-enabled (and therédmp)s is
input-enabled).

On the other hand, requiring the queues in théntpsirchitecture (Fig. 3) to be
output compatible with the tester or IUT (as in)[B]too strong for the closed system
with lossless queues. Here, output actions of quewsn be stored for a later
consumption. This means that an input queue camimposed with a system without
being output compatible with the system. Such augus a storage media that does
not lose data not requested immediately, such asage queues, so itlssslessA
queue that is not output compatible with the systeost be lossless. In [8], on the
contrary, a queue is a media that only transfeis, deut does not keep it, such as shift
registers, so that some data might be lost if ffstesn at the end of the queue is not
receptive to the queue’s output.

We require that, before executing a test c@¢mp) must be properly initialized,
i.e.,, Imp, Q, and Qo must be in (one of) their initial states, respedi. The



requirement can be met with the following threeuagstions. First, we can resebp
reliably. Second, the input que@®, which is usually under the control bhp, is
reset reliably to an empty queue wHemp is reset. Third, the tester only assigns the
verdict pass after emptying the output que@gy, which is usually under the tester’s
control. On the other hand, if the verdiatl is assignedmp is immediately rejected,
so there is no need to execute another test case.

Instead of assuming that we can clear the outpetigjbbefore executing a test case,
we make the last assumption to prevent the sitnatibere an IUT can produce a
wrong output after the tester reaches the veghss. This assumption immediately
excludes specifications that oscillate from furtibensideration, but still leaves us
with a wide class of specifications. Moreover, veguire that specifications do not
have deadlock states, which are usually used teehsydtem breakdown triggered by
unspecified behavior or implementation faults. Efere, we only consider in the
paper input-progressive specifications, which da woscillate or deadlock by
definition.

We find it convenient to use the delay operatodesned in [1] to describe the
behavior of Q(L). Delay operators are a subset of so-called semirtutation
functions (see [4]). Intuitively, an IUT's outputtions can be delayed from the
viewpoint of a tester; whereas the tester’s oufations (i.e., the IUT’s input actions)
can be delayed from the viewpoint of the IUT. Thelagt operation expresses the
effect of queues on traces.

For a sequence set (language)] A*, a subalphabef; [0 A, operatordelayAq]:

2% _ 2% calculates the smallest superlanguagke sfich that fou, v O A*, anya O
A\A; anda; O A;:

« EDOdelajAy(E) and

e uyav O delayAJ(E) impliesuaayv O delay A (E).

According to the definitiondelayAj](E) derives a language frof by shifting
symbols inA; towards the end of each wordEwhile keeping the relative order of
symbols inA; andA \ A, respectively.

From the viewpoint of a tester, the traces and spaiBt traces of an input-
progressive I0TSL = <§ I, O, A, S> in a queue context argacegQ(L)) =
pref(delay O](tracegL))), where pref(U) is the prefix closure of trace sét and
gtracegQ(L)) = delayO](qtracegL)), respectively.

On the other hand, after a tracés executed by the testércan execute any trace
in delayl](u0*) n tracegL). Sincel is input-progressive, each input action can
cause at mos§|- 1 output actions, socan cause at moKu) = |u, | x (]9 - 1) - b, ol
additional output actions ih. Therefore, the corresponding traces executable by
can be refined agelay|J(u0™) n tracegL), whereA" is the sublanguage &f with
at mostn symbols in each word. Finally, when a quiesceatdu is executed by
Q(L), L executes any quiescent tracelélayl](u) n gtracegL).

In the following, we use the variab&pecalong withimp. SpecandIimp represent
the specification and implementation of a systezapectively, that belong IOTS],

0O) and have finite number of states.



4. Testing Fully Specified |OTS through Unbounded Queues

We assume in this section tt#pecis fully specified and input-progressive, whereas
Imp is fully specified. NeitheBSpecnor Imp has to be input-enabled. In Section 5, we
will lax the restriction on fully specifieBpec

There are a couple of conformance relations thatbeaformulated betweeBpec
andImp in a context with unbounded queues, for exampe,[$3], [6], and [8]. We
briefly introduce them as follows.

Definition 2 For Spe¢Iimp O 10T, O),

e Imp is queue-context trace includednto Spec if tracegQ(Imp)) O
tracegQ(Speg);

¢ Imp is queue-context quiescent trace includetb Specif tracegQ(Imp)) O
tracegQ(Speg) andgtracegQ(Imp)) O gtracegQ(Sped);

¢ Impis queue-context suspension trace included Specif strace$Q(Imp)) O
strace$Q(Spey).

Queue-context trace inclusion relation is simitathe<q relation in [13]. In [6],
the trace inclusion relation is used. Queue-corgaiscent trace inclusion relation is
similar to the<g relation in [13]. Finally, the suspension tracelusion relation is
used in thdoco testing framework [12], and the queued testingnérevork [8] uses
the queued suspension trace inclusion relation.

SinceQ(L) usually has infinitely many states, its trace ety not be regular. In
[13], an attempt is made to use so-called tracksharacterize the traces and
quiescent traces dP(Spe¢ and Q(Imp). However, [13] only proves that tracks are
finite if the specification has finite behaviorg.. with finitely many traces and
quiescent traces. It is not known whether tracke eggular for (finite state)
specifications with infinite behavior, so it is ndear how the track characterization
can be applied to these specifications.

In the following, we restrict ourselves to the cafehe queue-context quiescent
trace inclusion relation and derive tests dire@ttyn the original specification alone
according to the transition coverage criterion. Tésults for other relations can be
similarly formulated.

We first define a test case with respect to theofétaces ofQ(Speg that we want
to verify in Q(Imp) (test purposes) using the chosen conformancéarlaAs usual,
we require that a test case has finite behaviorigmbterministic. The latter means
that in each state of the test case, either ondyimput action tdmp is enabled, or all
output actions ofmp (including quiescence, which indicates that thgpouqueue of
Imp is empty) are enabled, except for deadlock statbsre the test case terminates
and the verdicts are assigned. Therefore, thetateiof a test case should be a tree,
which branches only when output actions of the &€& read from the queue. The
verdicts are assigned in the following way. As asd in Section 3jass verdicts are
only assigned after the tester observes quiescércepnly when the tester emptied
the output queue of the IUT. On the other handdigefail is assigned when wrong
output or premature quiescence is observed. Inicpiat, delayl](80'®@) n
tracegSpeg contains all traces that can be execute@pgcafter the tester executes
B and the input queu®, is empty. If the intersection is empty, verdiail is assigned



to the tester state corresponding to the observatigs. Similarly, delay{I]{8}) n

gtracegSpe¢ contains all quiescent traces that can be exdcoyeSpecafter the
tester execute§ and observes quiescenceQfSpeg. Therefore, we assidiail if the
intersection is empty grass otherwise.

Definition 3 For Specd I0TS], 0O),

1. An output-branching trace treOBTT) of Specis a finite set of traced O
tracegQ(Speg) that satisfies the following conditions: far u;, u, 0 U, there
existv, w;, w, O (I O O)* and by, b, 00 O (b; # by) such thau; = vbyw; andu, =
VhWs.

2. For OBTTU of Spe¢ atest case (U) with respect to the queue-context quiescent
trace inclusion relation is a deterministic IOT&J) = <§ O {pass, fail}, O O
{3, I, A, {&>, where the state s& and the transition relatiof are the smallest
sets derived by the following inference rules:

o pref(U) O S O tracegQ(Sped);
o for g, fal pref(U), wherea O I, (G, a, fa) O Ay
« for S0 S, where there is na 0 | such thafia O pref(U),
« forbOO, (B b, fal) O A if delayl](BoO®™) n tracegSped = U;
otherwise,fb 0 S and G, b, £o) O A;
o« (B o fail) O A if delayl]({8}) n gtracegSpe¢ = O; otherwise, £, 4,
pass) O A.

3. Thetest lengtlof a test cas&(U) is the length of the longest input sequences that
the tester has to apply, i.exax{|u,| |u O tracegT(U))}.

4. A test suitds a set of test cases.

The number of expected output actions is finiteabieeSpecis input-progressive;
moreover, test case has no cycles. Thereforef aass has finite behavior.
We have the following proposition claiming the sdoass of the test cases.

Proposition 1 For Spe¢ Imp O 10T, O), if Imp is queue-context quiescent trace
includedinto Spec then for any test casU) of Specas in Definition 3, no state of
T(U) ||Q(Imp)s containdail as a substate.

One possible way to define an output-branchingetttaee is covering a transition
of Spec Transition coverage is a widely used criteriosaftware testing. In protocol
testing, covering a given transition is also atgptest purpose.

A traceu O tracegL) coversa transition §;, a, ;) of L 0 10TH], O) if there exisi3
O pref(u) and, ifa O (I O O), Ba O pref(u) such that, O L-after-8. A test casd(U)
coversa transition ¢, a, s;) of Specif there is a trace in the compositioT(U) || Q
|| Spec’|| Qo)s such thau, no covers ¢, &', ;) of Spec’ According to the discussion
in Section 3, a test ca3¢U) covers a transition dpecif and only if there exists a
tracev O delay]](tracegT(U))O*) covering the transition oSpec A test suite is a
transition cover tesof Specif each transitiong, a, ;) of Specis covered by at least
one test case in the suite

Notice that, due to limited control, a test casevetimg a transition cannot
guarantee that the transition is actually execirieghy test run. We can only assume
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that if the test case is executed a sufficient remdf times, the transition will
eventually be executed. This is a so-called fagresll-the-weathermssumption.

The following proposition states that it is suféint to look into the traces &pe¢
not the traces d(Speg, to derive a transition cover test.

Proposition 2 ForSpec= <S I, O, 4, §>, a transitiong, a, ), and a test casgU,),
whereU; O tracegQ(Speg), that covers the transition, there exists a taseT(U,),
whereU, O tracegSpey, that also covers the transition; moreover, #s kength of
T(U,) does not exceed that BfU,).
Proof: According to the definition of a test case coverngansition ofSpeg there is
a traceu of T(Uy) || @ || Spec'|| Qo)s such thau, o covers transitions], a', s,) of
Spec' Therefore, §,00)' is a trace oSpecand coversy, a, ). LetU, = {(u,100)'}
(a singleton) and(U,) be the test case for the OBUE. T(U,) is a test case covering
(s1, 8, ) becausena;'axay'azag’..., whereajazas... = (Uyrpoy)', is a trace off(Uy) ||
(Q lISpec]|Qo)sand gyay'aa;'asas’...) rno = &'aag’... = U ypo COVers §;, @', S).
Moreover, if T(U;) executesu, no, the traces executable I8pecis a subset of
pref(delay1](u,1500%), so WU.rno)' U pref(delayl](u,1000%)) ((U.roo)' is a trace of
Speg. Thus, T(U,)'s test length |(,00)',i| is equal to or less tharu|o), |- Since
U, 0o iS a trace executable AyU,), the test length of (U,) does not exceed that of
T(Uy). QED

Intuitively, if a testefT(U) can execute a traeceof Speg then it is possible that the
traceu' is executed byspec'in the closed system(U) || @ || Spec'|| Qo)s As a
result, T(U) covers all transitions @pecthat are covered hyin Spec

According to Proposition 2, to derive a test stiitat is a transition cover test of
Spec¢ we only have to find a set of traces that cowergtransition ofSpec Since the
trace set is based on a regular language,tiaeegSpeg, there is an algorithm to
derive such a set. Here, we propose an algorithdetive a transition cover test with
the shortest (in terms of the test length) testsas

Procedure 1 To derive a transition cover test f6pec
Input: Spec=<S I, 0, A, &>
Output: A transition cover test @pec{T(U,), T(Uy), ...}
Step 1: Let U = 0, V = O 1 tracegSpey. While Spechas a transition not
covered by traces id, do:
Step 1.1: for each VI V:
addv to U if v covers a transition that is not covered by angetiaU;
Step 1.2: let V = VIO n tracegSpey;
end of the while-loop in Step 1.
Step 2: For eachu O U
deleteu from U if u O pref(U \ {u}).
Step 3: Leti = 1. WhileU # [0, do:
Step 3.1 letU; = U;
Step 3.2: for each pair of trace8 Fa O pref(U;) such thaa O 1, letU; = U; \
Al 0o\ {a})(I OO0)%
Step 3.3 letU=U\U;andi =i + 1;
end of the while-loop in Step 3.
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Step 4: Use Definition 3 to build test casé@éU,), T(U,), ..., and return the test
suite {T(U,), T(Uy), ...}.

Step 1 of Procedure 1 implements a breadth-firatcbefor the traces covering
transitions ofSpecwith the shortest input projections. The resultireges are stored
in the setU. Step 2 deletes the traces that are prefixestardtaces irJ. Step 3
groups traces iJ to derive the output-branching trace trees, siweeneed two
different test cases for two tracesUnthat have a common prefix followed by two
different actions, at least one of which is an inpation. Step 4 builds test cases
according to the trace trees.

Fig. 5. A specification IOTS and a transition cover testit

Example 1 Fig. 5 shows a specification and a transition cotest derived by
Procedure 1. After Step 1 is appliddi,could be f, ax, aa aax axa aaxg. After
Step 2, traces, ax, aa, andaaxare deleted frortd because, ax [] axaandaa, aax
aaxa respectively. Step 3 separate® andaaxainto two different output branching
trace trees, and Step 4 builds the test caseassh the figure.

Notice that, due to the fact that the order of ésaexamined in Step 1.1 is not
fixed, other transition cover tests could also leived by the procedure. For
example, we could have = {a, ax, axa aa, aax, axag after Step 1 and, accordingly,
U = {aax axagd after Step 2. The largest test length of the teses (three) is not
influenced, however, by this non-deterministic cleodf traces.

In each step of Procedure 1, &¢thas at most/| traces, each with the input
projection of at most actions, wherel] and § are the number of transitions and the
number of states iBpeg respectively. The reason is that any transitioS8pgeccan be
covered by a trace of at mo§t &ctions, and each tracelincovers at least one new
transition. Therefore, Procedure 1 stops in fisiteps for a finite stat€pe¢ so the
procedure is an algorithm that derives a test swite at most | test cases, whose
test lengths are at mo§t. |

5. Testing Partially Specified IOT S through Unbounded Queues

In this section, we assume th@pecis partially specified and input-progressive,
whereadmpis fully specified.
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For partially specified IOTS, we might have somexpected results when the test
cases by Definition 3 are executed.

Fig. 6. A partially specified IOTSSpecand two implementations

Example 2 In Fig. 6, since the transition on input actians not specified irSpec
after sequencex, Imp; should be considered a correct implementation Spec
However,Imp; fails a test with tracaax According to Definition 3, the test case will
reach the verdictail if traceaaxxis observed. Howevegaxx 0 delayO](axaxX, so
the trace can be observed when tesiing.

There are several solutions to this problem wheting partially specified 10TS,
one of which is to complete the specification agtdelny implementation pass a test if
unspecified input actions are executed ([6] anyl [2pwever, when the closed system
of our testing architecture is considered (Fig. tBjs solution may cause some
problems.

Example 3 In Fig. 6,Imp, should also be a correct implementatiorSpec When a
test case with tracaaxbxis executed)mp, may execute the tra@xa This trace
leads Imp, to a deadlock state, where input actibnis blocked. According to
Definition 3, the tester observes premature quissE@axho.

The problem in Example 3 is inherent to the sofutiof completing the
specification because the intuition behind the detign operation is that all input
actions should be accepted by the IUT, which isthetcase if we consider systems
that can refuse to read their input actions froraugs. Intuitively, the problem can be
solved by restraining the tester from applying arput that might not be specified in
Spec As a result, some transitions may not be testamlether words, covered by the
resulting test cases.

To avoid executing unspecified input actions $pe¢ traces covering the
transitions to the trap stat€s,c of ComgSpe} should be excluded from
consideration. I8specis reached, there is no need to further Smtcas its behavior
might not be specified.

A state ofQ(CompL)) is anexception stat# it has the trap statéy as a substate.
We define the set of all exception state®Q¢ComgL)) asS(L). Theexception trace
setof Q(ComgL)) is defined agtraces¢L) = {u O tracegQ(ComgL))) | Q(ComgL))-
after-u n S(L) # O}. The exception suspension trace s#tQ(ComgL)) is defined
asestraced) ={ud (1 O OO {&)* | Ov O preflu) n stracegsQ(ComgL))) s.t.
Q(CompL))-after-v n (L) # O}. Due to the definition of operatoComp
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estracefl) contains sequences that are nadtiace$Q(ComgL))), but their prefixes
are instrace$Q(ComgL))) and lead)(ComgL)) to some exception states.

The conformance relations introduced in Sectiometrawritten below to account
for partially specifiedspec

Definition 4 For Spe¢Iimp O 10TS], O),

¢ Impis queue-context trace includéato Specif tracegQ(Imp)) \ etrace¢Sped O
tracegQ(ComSpeg)) \ etrace¢Speg;

« Imp is queue-context quiescent trace includeto Specif trace¢Q(Imp)) \
etrace¢Speg O tracegQ(ComSpey)) \ etraceg¢Sped and gtracegQ(Imp)) \
etrace¢Speg [ gtracegQ(CompSpeg)) \ etracegSpey;

« Imp is queue-context suspension trace includetd Specif strace$Q(Imp)) \
estraceéSpeg O strace$Q(ComfSpeg)) \ estrace€Speg.

When Specis fully specified, Definition 4 reduces to Detion 2. In Definition 4,
the exclusion oSpets exception sets eliminates all unspecified betravdo that the
rest of Imp should be specified b$pec Based on this discussion, we refine the
definition of output-branching trace trees.

Definition 5 For Spec 10T, O), anoutput-branching trace treef Specis a finite
set of traced) 0 tracegQ(CompSpey)) \ etracegSpeg that satisfies the following
conditions: for uy, u, O U, there exisv, wy, w, O (I O O)* and by, b, 0 O (b, # by)
such that;, = vbpw, andu, = viows,.

At the same time, Definition 3 still applies to ttesses for partially specified
IOTS, by substituting(ComgSped) for Q(Speg.

Similar to Section 4, we want to derive a transitamver test oSpecwith respect
to the queue-context quiescent trace inclusiortioglaThe definitions of a trace and
test case covering a transition®pecremain the same as in Section 4. The definition
of transition cover test, on the other hand, shaeaks into account exception traces.
Formally, a transition ofSpecis coverableif there is a test case that covers the
transition. A test suite istaansition cover tesof Specif each coverable transition of
Speds covered by at least one test case in the.suite

The following statement is the generalization obpesition 2 to the case of
partially specifiedSpec

Proposition 3 For Spec= <S I, O, A, >, a coverable transitiors( a, ;), and a test
case T(U,), where U; O tracegQ(ComfSpeg)) \ etrace¢Spe¢, that covers the
transition, there exists a test cag,), whereU, [ tracegSpeg, that also covers the
transition; moreover, the test lengthTgtJ,) does not exceed that ofU,).

Proof: According to the definition of a test case coverngansition oSpe¢ there
is a traceu of T(Uy) || Qi [ Spec’|| Qo)s (= T(U1) || Qi || ComiSped || Qo)s) such
thatu,no covers transitions, a', s;) of Spec’ Similar to the proof of Proposition 2,
we letU, = {(u,;00)'}, and prove thaf(U,) is a test case covering,(a, $), and the
test length off (U,) does not exceed that ©fU,). The only difference from that proof
is that we now have to provel (no)' O etrace$¢Spe¢ so thatU, is an OBTT
according to Definition 5.
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The states reachable Bpec after the tester executes a tra@nd the input queue
is empty, iIsSComSpeg-after-delay[1](vO*) (see Section 3), so checking whetkén
etrace¢Spes is equivalent to checking whether the trap stig.0 ComgSpe¢-
after-delayl](vO®).

Suppose W no) O etrace¢Sped, then Sspee O CompgSpeg-after-
delay1]((u,r00)'0*), which implies thatSsye.] Comg(Speg-after-delay1](u,;100%)
(because Y 1qo)' O pref(delayl](u,;500%))), which in turn implies thatu, o O
etrace¢Speg. This result, however, contradicts the fact tbato O pref(U;) O
tracegQ(ComSpeg)) \ etrace¢Speg. Therefore, ,no)' O etracegSpe¢. QED

Attempts to generalize Procedure 1 to the casetiafly specifiedSpecfaces the
problem that it is unknown how to determine whicmsitions ofSpecare coverable
becausetrace¢Speg is not regular.

Here, we take a pragmatic approach by restrictiegtést length of the test cases,
which allows us to determine which transitions a@verable with the given
constraint. Formally, a transition &pecis k-coverableif there is a test casgU)
with test lengthk that covers the transition. We can verify thaa ifransition isk-1
coverable, it ik-coverable A test suite is d@ransition k-cover tesif all k-coverable
transitions are covered by at least one test cagmisuite.

Given a boundk, we can now generalize Procedure 1 to deriversitiank-cover
test for a partially specifieB8pec Intuitively, this can be done by examining traocés
Specincrementally to derive the test cases whose &giths are not larger thén
When examining tracea O tracegSpeg, wherea O I, we have to verify whethera
belongs tetrace¢Sped. Similar to the proof of Proposition 3, checkiwgetherva O
etrace§Sped is equivalent to checking whethesspee O ComgSped-after-
delay[1](va0“?). Sincevad"? is a finite setdela){l](vadfva)) is a finite set, too. The
problem of verifying whetheva I etrace$¢Speg is, therefore, decidable.

Based on the discussions above, we have the faoltpaligorithm.

Procedure 2 To derive a transitiok-cover test foiSpec
Input: Specd 10TH], O) and boundk
Output: A transitionk-cover test oBpec{T(U,), T(Uy), ...}
Step 1: LetU = [0, V = O 1 trace{Spes, i = 0. While Spechas a transition
not covered by traces handi <k, do:
Step 1.1: for eachv OV
addv to U if v covers a transition that is not covered by angetiaU;
Step 1.2: let V = VIOS™ n tracegSpe¢, forv 0 V:
deletev from V if Sgpec[] ComiSpeg-after -delay1](vO™);
Step 1.3:i =i +1;
end of the while-loop in Step 1.
Step 2: For eactu O U
deleteu from U if u O pref(U \ {u}).
Step 3: Leti = 1. WhileU # [0, do:
Step 3.1: letU; = U.
Step 3.2: for each pair of trace8 Fa O pref(U;) such thaa O 1, letU; = U; \
Al 0o\ {ah(l O0)%
Step 3.3: letU=U\U; andi =i + 1;
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end of the while-loop in Step 3.
Step 4: Use Definition 3 to build test cas@&gU,), T(U,), ... , and return the test
suite {T(Uy), T(Uy),...}.

Step 1 of Procedure 2 is different from that ofdedure 1: it stops when the bound
kis reached and checks whether a trace iV sefongs tetrace¢Spes.

Fig. 7. A transition cover test for tifgpedin Fig. 7

Example 5 Fig. 7 shows a transition 3-cover test derivedPbycedure 2 for th8pec
in Fig. 6. All transitions on action, except the one from the starting state, are not
covered by this suite. However, it can be proved these transitions anare, in fact,
not coverable, so the obtained test suite is aitian cover test for thEpec

To obtain the test suite in Fig. @,= {a, ax, b, ab, axh, axbx axbl} after Step 1,
andU = {b, ab, axbx axbl} after Step 2.

6. Testing IOT S through Bounded Queues

The test suites derived by Procedures 1 and 2 fiaiely many test cases, and
each test case, by definition, has finite behavidrerefore, once a test suite is
constructed, we can calculate the capacity of theugs used when a conforming
implementation of an input-progressive specifigatis tested. This suggests that
bounded queues (i.e., queues with bounded capacdty) be used in the testing
architecture (Fig. 3) for a given test suite. Ititgily, this can be done by requiring
that the queue capacities be large enough sohtbajueues do not overflow when a
conforming IUT is tested. Since we assume Byecis input-progressive, there is a
lower bound of the queue capacities to meet theliion. When the output queue
overflows, on the other hand, we are sure thatracomforming IUT is tested.

la

Fig. 8. A bounded queue with capacity 1 and a single iaptibna

We start with the definition of bounded queues.nfkaly, abounded queue with
input set A and capacity, Qa,, is a deterministic I0TS Sk, O {Sanh, A A", Aan
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{&>, where the se§,, = {u O A* | |u] £ n}, and the transition relatioA,,, = {(u, a,
ua) |u,ual Sw O {(av, &, v) |av, v St O {(u, & San) |u D0 San Jul =0, anda

0 A} O {(San @& San) |ad A O AY. The trap statess., once reached indicates that
the queue overflows. Fig. 8 shows an example aumbed queud);.;.

According to the definition, bounded queues are utrgnabled, so the
compatibility conditions of the testing archite@uiSection 3) are not violated when
we replace unbounded queues with bounded ones.

When bounded queues are used, the execution st aaselestcan be described
by Test|| Qi || Imp' || Qo-m)s The queue capacitiesandm, for input and output
queues, respectively, should be large enough torerikat there is no state dést||
(Qun |1 SPeC| Qoms (=Test]| Qin || ComgSped || Qo)) that hass, or So.m as a
substate. The value can always be taken equal to the longest testHeofgthe test
cases, which is at mo§ prk for fully or partially specifiedSpec respectively, anth
could be estimated similarly. Further reducing éséimated value ofi andm is an
optimization problem and is not discussed heretdube lack of space.

7. Conclusion

In this paper, we discussed how to derive testsnwibsting (not necessarily input-
enabled) I0OTS through lossless queues with thatfiiaie to cover each transition of a
non-deterministic specification. We introduced tbsting architecture, along with the
compatibility condition at each interface. Althougite traces of IOTS composed with
a pair of unbounded queues are usually not reguiar,demonstrated that the
transition cover test can be derived from a reglalaguage, namely, the trace set of
the specification. We first considered testingydpecified IOTS and formalized the
basic ideas of the test derivation algorithm. Tirgapartially specified 0TS, where
coverability of transitions is still an open protlewe took a pragmatic approach by
restricting the test length of test cases. Basedhentest suites derived for testing
IOTS through unbounded queues, we discussed hawsdobounded queues in the
testing architecture, which makes our method maaetzal.

Our work differs from previous work by distinguisigi between blocked and
unspecified input actions, which brings our modeker to the real-world designs of
communicating systems. I0TS in this paper can lsages that block input actions,
where the system does not read its input queuepddified input actions are treated
as “don’t care” situation in the specification, @ar test derivation method does not
require fully specified designs.

An important contribution of this paper is that wse a widely used (transition)
coverage criterion to derive a finite test suitedily from a specification. This allows
us to avoid either explicitly composing the spesifion with unbounded queues (as in
[14]) or devising IUT with a local observer (ad@j).

Concerning future work, it is interesting to exgldnow to determine whether a
transition of a partially specified 0TS is covembso that we could estimate the
boundk for which a transitiork-cover test is a transition cover test. Moreoveis i
still unknown, when testing IOTS through unboundpctues, whether there is an
algorithm to derive test cases based on some fanddels. Also, we only
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demonstrated how to derive transition cover teststlie queue-context quiescent
trace inclusion relation. It would be interestimg derive tests for more stringent
conformance relations, e.g., queue-context suspernsice inclusion. A foreseeable
difficulty of this work is that intermediate quiestwe of a system is not always
observable through the queue contexts. Some otirdorenance relations could be
tested by exploiting the ability to observe ovesflof bounded queues. Consider two
single-state IOTS, where both states are stable. IOA'S is input-enabled, whereas
the other deadlocks. They are not distinguishaldeoraing to the conformance
relations in this paper. In fact, they cannot bstidguished when tested through
unbounded queues. On the other hand, if a boumgted queue is used with the IOTS
that deadlocks, the queue could eventually overflsw the deadlocking IOTS is
distinguishable from the input-enabled one. Last, ot least, although the test cases
derived by Procedures 1 and 2 are the shortestimstof test lengths, the number of
test cases is not the smallest. Some test caseedurdant because the transitions
that they cover are covered by other test casashdfureducing the number of test
cases is an optimization problem still under inigesion.

Acknowledgement

This work was in part supported by the NSERC discpgrant OGP0194381.

References

1. Balemi, S.: Control of Discrete Event Systemisedry and Application. Ph.D. thesis, Swiss
Federal Inst. of Technology, Zurich, Switzerlan@42)

2. van der Bijl, M., Rensink, A., Tretmans, J.: Gmusitional Testing with IOCO. In: Proc. 3rd
Intl. Workshop on Formal Approaches to Testing oft®are, FATES 2003. Canada (2003)

3. Brinksma, E., Tretmans, J.: Testing Transitigrst&ms: An Annotated Bibliography. In:
Cassez, F., Jard, C., Rozoy, B., Ryan, M. (edsQdéing and Verification of Parallel
Processes. Lecture Notes in Computer Science, 2067. Springer-Verlag, Berlin
Heidelberg New York (2001)

4. Clerbout, M., Latteux, M., Roos, Y.: Semi-Comatigns. In: Diekert, V., Rozenberg, G.
(Eds.): The Book of Traces. World Scientific (1995)

5. Herrink, L., Tretmans, J.: Refusal Testing féagSes of Transition Systems with Inputs and
Outputs. In: Mizuno, T., Shiratori, N., Higashiria, Togashi, A. (Eds.): Formal Description
Techniques and Protocol Specification, Testing\dadfication. Chapman & Hill (1997)

6. Jard, C., Jéron, T., Tanguy, L., Viho, C.: Remndesting Can be as Powerful as Local
Testing. In: The Proceedings of the IFIP Joint fmi¢ional Conference, Methods for
Protocol Engineering and Distributed Systems, FORTEPSTV XIX. China (1999)

7. Lynch, N., Tuttle, M. R.: An Introduction to lngOutput Automata.In: CWI Quarterly,
Vol. 2, No. 3 (1989)

8. Petrenko, A., Yevtushenko, N., Huo, J. L.: Tl ransition Systems with Input and Output
Testers. In: Proc. IFIP 15th Int. Conf. TestingGdmmunicating Systems. TestCom'2003,
France. Lecture Notes in Computer Science, Vol42&pringer-Verlag, Berlin Heidelberg
New York (2003)

18



9. Phalippou, M.: Executable Testers. In: The Pedogs of the IFIP Sixth International
Workshop on Protocol Test Systems, IWPTS'93. Frdhe83)

10. Segala, R.: Quiescence, Fairness, Testing lamdNbtion of Implementation. In: The
Proceedings of CONCUR’'93. Lecture Notes in Comp8eience, Vol. 715. Springer-
Verlag, Berlin Heidelberg New York (1993)

11. Tan, Q. M., Petrenko, A.: Test Generation fpe&ications Modeled by Input/Output
Automata. In: The Proceedings of the IFIP 11th rimi&ional Workshop on Testing of
Communicating Systems, IWTCS'98. Russia (1998)

12. Tretmans, J.: Test Generation with Inputs, Otstpand Repetitive Quiescence. In:
Software-Concepts and Tools, Vol. 17, Issue 3 (1996

13. Tretmans, J., Verhaard, L.: A Queue Model ReaSynchronous and Asynchronous
Communication. In Linn, R. J., Jr., Uyar, M. U. EdBrotocol Specification, Testing and
Verification, XIl. Elsevier Science Publishers B. Worth-Holland) (1992)

14. Verhaard, L., Tretmans, J., Kim, P., BrinksrBa, On Asynchronous Testing. In: The
Proceedings of the IFIP 5th International WorkslopProtocol Test Systems, IWPTS'92.
Canada (1992)

19



