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Covering Transitions of Concurrent Systems through Queues

Abstract

By testing a concurrent system through queues, we seek a ¢cem@answer to whether a
given transition of the specification of the system is execuféd. define transition

coverage through queues and find testing strategies to cover theamansquestion with

and without fairness, respectively.
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1 Introduction

This paper studies the following problem: given a transition ospleeification (model) of
a concurrent system, design a strategy for a testeeéo ah implementation under test
(IUT) through a context of queues, so that the IUGuaranteedto execute a transition
corresponding to the aforementioned transition of the specification.

This problem is interesting to study for the following reasonst,Ftoncurrent systems,
such as distributed communicating systems or multithreaded progeaensotoriously

difficult to test due to concurrency and non-determinism. Second, terbedhcurrent

input/output actions, one usually inserts between a tester and pdir af queues ([22],

[11], and [8]), which add to the non-determinism. Third, transition covesageimportant

and practical measurement in model-based testing, and even morecemplex systems
such as concurrent ones.

Solving this problem can help improve the quality of test suiteisdrgasing coverage of
specifications.

The problem falls into a wider category of problems knowspegification-based testing
a.k.a. model-based testing ([18], [12], [6], [13], [5], [1], [19], [8], and [17]).

Transition coverage was first used on specifications of sequeintiaits ([18]), where the
models are deterministic so that the correspondence betweetiansnsf a specification
and those of an IUT is straightforward.

Transition coverage for specification-based testing is latediest in testing of
communication protocols ([12], [6], [13], [5], and [8]), where systemes aften non-
deterministic and tested through some contexts. As non-determinikes lihdess evident
the correspondence between transitions of specifications and thos&'sf $ome works
([12] and [13]) assume white-box testing features such as oliserdtstates, whereas
others ([6] and [8]) define that a specification’s transitionageced if it is one of many
transitions thatmay be executed according to the behavior observed from the IUT.
Moreover, to make the systems under test finite state, firate sbntexts are usually
considered ([12], [13], and [5]). We are aware of only [8] wheraitefistate contexts are
considered.

Transition coverage for specifications is also related topesgtoses ([6] and [10]) as
covering a specific transition is a well-defined test purpose.

In software testing, however, transition coverage is usually delatenplementation-based
testingor structural testing([20], [3, pp. 357-399], [14], and [7]), where coverage criteria
are based on the structural features (statements, branches,dadghfipws, etc.) of a
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program’s code. Hence, structural testing covers implementati@tiser than
specifications.

With the development of model-based testing, transition coveragerfoalf specifications

is being studied in software testing ([1], [19], and [17]), and thexeemen commercial
tools ([9]) that can automatically generate test casesdalel coverage. General coverage
criteria and techniques for test generation from state-baseifisgtions are presented in
[19]. Reference [1] presents a case study on covering the roungaig ([3]) of a
container class’s statechart. A method for covering transitidna probabilistic non-
deterministic FSM, without context, is introduced in [17]. It is natice[4], however, that
there is a context of queues when multithreaded programs are tested.

Our work differs from previous ones in the following aspects.

First, we seek to obtain a conclusive answer from testing, naeitlgr a given transition

of a non-deterministic specificatiomust have been executed according to the trace
observed from the IUT, which implies that the IUT has at least tomgsition that
corresponds to (“implements”) the specification’s transition, odtlledoes not conform

to the specification. In previous works, conclusive answers are onlynedtdor
deterministic specifications ([18]), whereas for non-determinggiecifications, less strict
criteria of transition coverage are used. For example, aticang covered if itmay have
been executed ([6] and [8]) or if the probability that it is executed is close to 1 ([17])

Second, we assume a context between a tester and IUT of unboundes, gqu@ch have
infinitely many states. Some previous works consider transition ageethrough finite
state contexts ([12], [13], and [5]) or no context at all ([17]). Unbodimpleeues can model
storage with large capacity, such as computer memories, and unboundadntcation
delays.

Last, unlike [12] or [13], we do not assume that we can observe sfatee IUT, but
consider our problem under the assumption of black-box testing.

The main difficulty of obtaining the conclusive answer comes fromdst@rminism. An
IUT (even a conforming one) acting as adversary can alwsjse choices to avoid a
tester's intension to make it execute certain transitions. Assalt, the tester may not
always succeed. For the tester, a winning strategy has toeetigt the transition is
executed within finite steps no matter how the system maneuvers.

On the other hand, for a system that randomly picks its next movessition can be
covered under the so-called fairness assumption, which in our corgarsrthat a tester
repeatedly applying a trace that covers the transition can eventuallit bageuted. In this
case, we demonstrate that that is exactly what a winning strategy isedippal®.

The rest of the paper is organized as follows. Preliminaregyiaen in Section 2. We
present in Section 3 some results useful in later parts: aaljeed delay operator and
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some properties of traces under the operator. In Section 4, we study Hiow winning
strategies to cover given transitions. First, we define transitbverage and present a
procedure to find traces covering transitions without context, tdrdlesthe basic ideas of
our methods. Then, we define testing strategies and discuss hovaito thieim. Last, we
consider two cases of transition coverage through queues, one with the fassesption,
the other without. Conclusions are given in Section 5, whereas progiscarded in the
appendix.
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2 Preliminaries

2.1 Input/Output Transition Systems

For the model of systems, we usput/output transition systenfBDTS, a.k.a. input/output
automata in [15]). Formally, an IOTISis a quintuple § I, O, A, &>, whereSis a set of
states] andO are disjoint sets of input and output actions, respectivelyl(ireQ =0); A
O0Sx (1 0O00{n) x Sis the transition relation, with the symbpldenoting internal
actions; andy, is the set of initial states. We u€gTS], O) to denote the set of IOTS with
input setl and output seD.

With transition relations (not functions), multiple initial statesd internal transitions,
IOTS have many ways to express non-determinism. On the other haraglivan 10TS
deterministicif it has a transition functiond, a single initial state, and no internal
transitions.

For IOTSL, apath from states; to states,:; is a sequence of transitiops= (i, a1, $)(S,
a2, Sz)...(Sy an, S+1), Wwhere §, a, s+1) OAfori=1, ...,n.

Let £ denote the empty sequence of actions. pifugection operatort A, which projects
sequences of actions onto theAét /1 O O { 7}, is recursively defined as 4 = & (Vv&), 4
=v,saif alA and ¢a), 4, = v, 4 otherwise, whereg 0 (/O OO {f)*andall /000

{z.

A sequencel [ (/0 O)* is called atrace of IOTSL from states; [1 Sif there exists path

(S1, &1, 92)(S2, @2, Sg)...(Sh, @n, Si+1), Such that = (az...an), 1no). We useracegT) to denote
the set of traces from statesTin] S.

In subsequent definitions where sets of states are used as gasametoften use I0TIS
as shorthand for its initial state s®& and states for the singleton sets]. Therefore,
traceqL) =tracegS) andtracegs) = traceg{s}).

For traceu = vw, we say thav is aprefix of u, writtenv O pref(u). Notice that is its own
prefix because = ue. For trace sdt), we defingpref(U) = {v | b O U s.t.v O pref(u)}.

We usepathgT, u) to denote the set of paths from states inTset S with traceu, i.e.,
pathgT, u) = {(s;, &, S)(S2 @, S3)-- (S &y Sw1) | U T, (S, &, s+1) U A, and
(alaz...an)mo:u}.

Traces represent the externally observable behavior of a systereas paths represent
the internal functioning of the system.
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We useinit(T) to denote the set of actions enabled in states belonging To($€& i.e.,
nit(M={ad0(000{}) | d0Tandz0Ss.t. ¢, a 5 OA}L

IOTS L is fully specifiedif either all input actions are enabled or no input action is etiable
in each state, i.e., eithef] init(s) or I n init(s) = O for allsO S In every state of a fully
specified IOTSL, eitherL does not accept inputs at all if no input is enabled, 'sr
behavior after any input is defined. Sirice response to any input is predictable, we call it
“fully specified”.

An I0TS ispartially specifiedf it is not fully specified.

States [] Sis stableif no output or internal actions are enabled, ine.,init(s) n (O U {1})
= 0. We useS™®[J Sto denote the set of all stable states.

States [ S deadlocksif there is no action enabled 8) i.e., init(s) = 0. States 0 S
oscillatesif there is a path with only output or internal transitions fsotm itself, i.e., there
is p O pathgs, u) tos, whereu [0 O*. IOTS L deadlock=or oscillatesif there is a deadlock
or oscillating state reachable from an initial state,atspectively.

On the other hand, I0TE is input-progressivef it neither deadlocks nor oscillates. An
input-progressive IOT& must accept inputs in stable states and, after an input, must reac
a stable state in less th&hgutput or internal transitions, whegisL’s number of states.

In this paper, we consider only fully specified and input-progressive IOTS.

We define a usual operataiter. For state sef [1 Sand trace sat, T-after-U denotes the
set of states that are reachable from statdsviten traces itJ are executed. Notice that
T-after-cincludes all states reachable by internal transitions as well as g®isfaitself.

Composition of IOTS formalizes the interaction between sevestemsyg. Formally, for
IOTS L; = <S5, |4, Oy, A4, Si> andL, = <S5, |, Oy, A5, So such thatD; n O, = [, the
parallel compositiorL; ||L; is the IOTS § (I O 1) \ (O; O Oy), O O O, A, Sip x So>,
where the set of stat&d1 S, x S, and the transition relatiohare the smallest sets obtained
by applying the following inference rules:
e if ity 0 Sox S, thensit; O S,
e forst; O0S

- ifal(.00) n (120 0y), (81, a ) O Ay, and {4, a, tp) O Ay, thenst, O Sand

(sits, &, Stz) O A
- ifald{g O(:00:)\ (120 0Oy and €&, a, ) 1 Ay, thens,t; 0 Sand &ity, a, Spta)

O A;
- ifald{gd 00,00\ (I, 00, and €1, a, to) O A, thenst, [0 Sand &ity, a, Sito)
0 A.
CRIM 31 aodt 2005
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2.2 Testing IOTS through Queues

Assume a testefestand an IUTImp, both modeled by IOTS, interact with each other
through queues (Figure 1, the meaning of the symbols will be egdldater in this
section). The tester applies input stimuli to the IUT and obsetvegaction. Therefore,
output actions of the tester are input actions of the IUT, and vice versa.

Q .
I=I I
Test Imp'
T oLl LIk
o
Q(Imp)s | Q(Imp)

Figure 1 Architecture of queued testing

Besides outputs, absence of outputs, caljl@dscencecan also be a response of the IUT.
Testers observing quiescence are used in so-cqliéescence testingnd suspension
testing ([21] and [8]), where quiescence is treated as special outpttieofUT, and
observation of quiescence is made with a proper timer.

After [21], we usedl] | O O to indicate quiescence in an IOTS= <S I, O, A, S&>.
Quiescence can be encodedLimy adding self-looping transitions to the stable states,
and we denote the resulting I0TS lag which has output séd [0 {J. A tester ofL
therefore, should have input €&t1 { &} and output sel.

The action types of each component in Figure 1 are assignedhrasmay that no action
types are used at different interfaces, while the same aattithre two ends of a queue are
related by operatdr

Formally, operatoris defined on actionsal =a’, and @)’ =a. We lift the operator to sets
of actions, traces, and IOTS: for action 8eA' = {a' | a [ A}; for traces,’ is recursively
defined as£' = £ and (1a)' = u'a’ for traceu and actiorg; for IOTSL O I0THI, O), L' [
I0TSI', O") is derived fronL by relabeling each actian] 1 0 Otoa'

For the queues, each input actian(or a") corresponds to an output actiah (or a).
Formally,anunbounded queue with input set@y, is a deterministic IOTSS, A, A', Aa,
{ &>, where the state s& = A* and the transition relatioAs = {(u, a, ua) |u, ual Sa} O
{(av, a',v) |av, v [ Sa}.

Figure 2. An unbounded queue

CRIM 31 aodt 2005
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By definition, Qa has infinitely many states, so it is “unbounded”. As an exampieyé&Q2
shows an unbounded que@g,; with a single input actiom, where input actions are
decorated with “?” and output actions with “!”.

In summary, for the closed system in Figure 1, the t@gst(]1 IOTSO O {d}, 1), the IUT
Imp' O 10TYI', O, input queueQ, 0 I0TS], I'), and output queu®o O IOTSO', O)
(notice tha@d" = a).

In Figure 1, the system interacting with the tester is theposition of the IUT with the
queues, which is defined b@(Imp) = hidgl' O O(Q || Imp' || Qo), where operator
hidgA] replaces transitions of actions Awith transitions of internal actiom Q( ) is
similar to the queue operator in [22].

From the tester’s point of view, the behavior of the system uedeisQ(Imp)s; and the
specification of the system @(Spegs; whereSpeds the specification dimp.

CRIM 31 aodt 2005
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3 Delay Operator and Properties of Traces

We find it convenient to use a generalized delay operator (sder[®]e definition of the
delay operator) to describe the relation betw@fr) s andL »

An IUT’s output actions can be stored in the queue anddélayedfrom the viewpoint of
a tester, which chooses to send inputs rather than to read outputsrigirtiie tester’s
output actions (i.e., the IUT’s input actions) can be delayed from the viewpointlofithe

5{\ 7a

b
Figure 3. An IOTS with inputa and outpub

Example 1 Consider an IUT modeled by the IOTS shown in Figure 3. When thadUT
tested through queues, output actions in tratb?a!b can be delayed, so the tester may

observe the tracea?alb!b. O

On the other hand, the quiescent acidarannot be delayed, although it can be treated as a
special output. In other wordg) actions serve as boundaries within which the delay
operation applies.

Example 2 For the IUT in Figure 3, when traca!Bd?albd is executed, the tester cannot
observe @b?adbd, becaused means absence of outputs and thus cannot be followed by
an output. However, the tester can obseaRal®!bd?albdif ?alb?albd?albdis executed®

Here, we generalize the delay operator in [2] to account for the efféetabions.

Definition 1 For action sef, subsetA; [0 A\ {Jd}, and a seUU [0 A* of action sequences,

delayfA;](V) is the smallest set of action sequences obtained by apphenfpltowing

inference rules:

o ifuldU, thenu O delayfA;](U); and

o if wajaw O delayf{A1](VU), thenwaau, O delay{A:](U), whereuy, u; O A*, a O A\
(ArO{3), anday O A.

According to the definitiondelayf A1](U) derives a superset bf by shifting actions i,
towards the end of each sequencé&Jiwhile keeping the relative orders of actionsAin
andA\ A, respectively. Notice that actionsAa cannot swap places withactions.

As promised, traces d@(L)s andLs can now be related with the help of the generalized
delay operator.

CRIM 31 aodt 2005
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First, if traceu is executed by s and both queues @(L)s are empty, ther@(L)s can
execute any trace irdelayf{O](ud?). According to Definition 1, we haveu [
delay{O](uc), sotracegL s [ tracegQ(L)y).

Second, if tracer is executed by)(L)s and the input queue &(L)sis empty, which we
can always assume If is input-progressive, thehs must have executed a trace in
delayf{1](uO* &) n tracegL ).

Notice that delay{l](uO*J*) is not regular (it is not even context-free), but
delayf1](uO* &) n tracegLy) is, because the number of actions left in the output queue is
bounded when the input queue is empty. For input-progressieach input action can
cause at mos§|- 1 output actions. Therefore, let u;Au,0... du,, whereu, Uy, ..., Uy O (I

[0 O)*, u can cause at moKu) = | * (|9 - 1) - bno| additional output actions i,
where V| is the length of tracer. As a result,delayfl](u0*d) n tracegLy =
delayfIJ(u0“&) n tracedLy), whereO'™ O O* has at most(u) actions in each element.
Since delayf{IJ(u0“&) is regular, so isdelay{lJ(uO*F) n traceqLy for input-
progressive I0TS.

With the delay operator, we can define some properties of tratésh will be useful in
our search for winning strategies to cover transitions.

Traceu [ tracegL 4 is delay-insensitivéDl) if delay{l](uO* &) n tracegLy) = uO*F n
tracegLs). A DI trace cannot be distorted by the delay operator. Whenbserve a DI
trace fromQ(L)5 we know that the same trace is executed pyWe useDI-traceqL ) U
tracegL s to denote the set of DI traceslof

Delay-insensitivity as defined here is similar to that defif@ macromodules (hardware)
in [16].

Traceu [ tracegL ) is input/output conflict-fre€lOCF) if u = voa;viayVs...anvn, Wherev; 0
O*& for0<i<n,a Ol for 0 <j < n, andL safter-vo, Lyafter-voapva...awi 0 S for 0
< k < n. Input actions in an IOCF trace are only applied in stable statesuselOCF-
tracegL ) O tracegL ) to denote the set of IOCF traced gf

Figure 4 A coffee machiné&
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We can verify that IOCF traces are DI because, under thg de&ator, an input applied
in a stable state cannot swap places with outpufsaotions.

DI traces, however, do not have to be IOCF. In Figure 4, traceoin coin espresso [
IOCF-tracegE,) because the second inmaiin is not applied in a stable state, bufl DI-
traceqE,) because the inpgannot swap places with

CRIM 31 aodt 2005
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4 Transition Coverage through Queues

Testing non-deterministic IOTS through queues ([8]), the testigrapplies input stimuli,
whereas the IUT decides whether to read the first input awailalbhe queue or to produce
an output and, in the later case, which output to produce. Moreover, it maypend
various states.

Due to the freedom of choices, we can conclusively declare thiaka transition in the

specificationSpeg is covered if all paths oBpeg with the trace executed BY(Imp)s
traverses the transition.

Two problems have to be addressed by a tester trying to acseecific transition. First,
for reduction (preorder) conformance relations such as tracesioo| the IUT is not
required to implement every trace of the specification. Second, dvérere is an
implemented trace whose every path traverses the transitiofl)JThean simply make
moves to ensure that the trace itself is not executed.

Different solutions to these problems seem to be related ttherher not they assume
fairness which in our context means that an IUT eventually executes arnmepted trace
if its tester tries a sufficient number of times.

Assuming fairness, we can test equivalence conformance relatoich, as trace
equivalence. If a trace is not observed after a sufficient numbealsf by the tester, we
can conclude thdinp does not implement the trace, and thus does not confdimein

It is also easy to find winning strategies to cover transitiorger the fairness assumption.

If there is a trace of(Spegsthat can only be caused by paths traversing the transition in
guestion, the tester just have to repeatedly apply the trace, wisimhf@ming IUT will
execute eventually.

On the other hand, if we do not assume fairness, only reduction confermedaimons can
be tested. In this case, we need some adaptive strategiethaunb matter how the IUT
implements the specification or maneuvers, a tester can afaragQ(Imp)sto execute a
trace that can only be caused by paths traversing the given transiBpagf

In light of this discussion, we consider in the following two casesanfsition coverage,
one with the fairness assumption and the other without.

Before that, we have to formally define transition coverage and stratégessens.

CRIM 31 aodt 2005
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4.1 Transition Coverage and Basic Algorithm
We first define transition coverage.

Definition 2 Consider IOTSSpeg, whereSpec= <S 1, O, A, &>, and a given transition of
Speg
» A pathtraverseghe transition if the transition is in the path.
* For traceu [ tracegSpeg),
— u coversthe transition if there exists pathl] path§Speg, u) that traverses the
transition;
— u stronglycoversthe transition if all paths ipathgSpeg, u) traverse the transition.
* For tracev [J tracegQ(Spegy),
— Vv g-coversthe transition if there exists traod] delay{1](vO* &) n tracegSpeg)
that covers the transition;
— v strongly g-coverghe transitionf all traces indelayf1](vO* &) n tracegSpeg)
strongly cover the transition.

Example 3 For the coffee machingsin Figure 4, pathst{, coin, t;)(t;, coffee t3)(ts, milk,
to) and (o, coin, t)(t1, espresspty)(tz, coin, t3)(ts, milk, to) traverse transitiontd, milk, to).
As a result, tracesoin coffee millandcoin espresso coin militrongly cover the transition.
Moreover, the reader can verify that these traces strongly g-cover thédransi

On the other hand, trac®in coin espressstrongly covers transitior;( coin, t;), but does
not strongly g-cover it, becaudelayjl](coin coin espressfcoffee espresspmilk}* &) n
tracegEs = {coin coin espressaoin espresso coin mlk*. However, tracecoin coin
espress@ strongly covers and strongly g-covers the transition. 0

A trace ofQ(Spegs g-covers a transition if the transition is traversed by one opdlies
causing the trace. If such a trace is executedQ@yp)s Imps; may have executed a
transition corresponding to (“implementing”) thatSpes

Traces covering and g-covering transitions have been studied so[B&re we concentrate
on traces that strongly cover and strongly g-cover transitions.

A trace of Q(Spegs strongly g-covers a transition if the transition is traversga\ery
paths causing the trace. Once such a trace is execudniy) 5 Imps musthave executed
a transition corresponding to thatSpeq

When Q(Spe¢s executes strongly g-covering trace, all traces ®yaeg can execute
strongly cover the transition in question. We can find out whetheaica ur= a;a...a,
strongly covers a transition in the following way. We trackghsition §, T;) of the state
set§ O T, reached aftea;a,...a;, whereS contains the states reached by paths that have
not traversed the transition so far, afidcontains the states reached by paths that have
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already traversed the transition and no§jn.e.,S§ n T; = 0. Traceu strongly covers the
transition if and only if§, =0 andT, # [J, so that all paths th&peg can take traverse the
transition. The following procedure finds all tracaflsSpeg that strongly cover a given
transition.

Procedure 1 To derive the set of traces that strongly cover a transition
Input: IOTS Speg, whereSpec=<S 1, O, A, >, and transitiong, a, ;) of Speg
Output: A setU [J tracegSpeg) that contains all traces strongly coverisg &, ;)
Step 1: LetX=<S1,00{d, A, &> =<{(S, 0)}, 1,00 {4, 0, {(S O)}>
Step 2: Do
Add (S, T,) to S*and (6, T1), b, (S, T2)) to A*, where
e (S, T)OSbONt(SOTYOIOOD{,
S ={s]|there existp [ pathgS,, b) to sthat does not traverss (a, )},
T, ={s| anyp O path{S,, b) to s traversesq, a, )} O {s| there existp [
pathgTi, b) tos}\ S,
Until no more changes can be mad&to
Step 3: ReturnU = {u O tracegX) | &~ -after-u = (d, T), whereT # O}.

If S 1, andO in Procedure 1 are finite sets, then the procedure is anthlgdsecause in
this caseX can be constructed in finite steps.

The computational complexity of Procedure D{&>™). For deterministic I0TSpeg, the
complexity is reduced t0(|SP).

Procedure 1 contains the basic ideas of the methods that we welbpen this paper for
finding winning strategies for transition coverage.

Procedure 1 cannot be generalized directly to find traces thaght g-cover a transition,
however. The difficulty is that the search space for strongbowgring traces is
tracegQ(Spegs), a non-regular language even for finite-s@pec

We will study how to find strongly g-covering traces in Section 4.4.

It is worth noticing that some transitions cannot be strongly greavalthough they can be
strongly covered.

Example 4 Consider a two cell queue (the IOTS in Figure 2 with no outgaipgti
transitions defined in stat@a). Transition &, a, aa) is strongly covered by tracs, but
there is no trace to strongly g-cover the transition. WheneveOfh$ is in state and the
tester applies through the input queue, the IOTS can always execute(@adh £)(&, a,
a), which has the same net effect as the IOTS executing path 4a)(aa, a', a): ana’
action is added to the output queue and the IOTS is insstate 0
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The fact that even for deterministic IOTS as in Example 4thsr transitions that cannot
be strongly g-covered indicates the impact of queues on the non-desenrof the system
under test.

4.2 Testing Strategies
A tester needs some strategy to steer an IUT through quearsdute a trace that strongly
g-covers a given transition in the specification.
Definition 3 For input set and output seD, astrategyis a functionf: (I 0 O O {J)* - |
0 { & stop.
The trace treeof strategyf is the smallest sefT(f) defined by the following inference
rules:
e cOTT();
o ifulTT(f) andf(u) O 1, thenuf(u) O TT();
o ifubOTT(f) andf(u) = ¢ thenu(O O { &) O TT(f).
In the definition of a strategf(u) [0 | means that a tester implementing the strategy applies
input f(u), f(u) = £ means that the tester does not apply any input, but waits for jaut,out
andf(u) = stopindicates that the tester terminates.
The trace tree of a strategy is a set of traces timabeaxecuted by a tester implementing
the strategy.

Figure5 The trace tree of a strategy

Example 5 Figure 5 shows the trace trees of a strategy that camgdemented to tedf,
in Figure 4. 0
On the other hand, trace trees of strategies are instances of a mored@sed trace sets
where traces fork on outputs.
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4.3

Definition 4 For input set and output seD, U [J (I O O O { &)* is output-branchingf u,
ux O U impliesu; O pref(uy), oru, O pref(us), oru; = vagws andu, = vaw,, wherev, wi, W,
O@000{d)* a,ad(O0{d), anda; # a,.

The trace tree of a strategy is an output-branching traceugethe reverse is usually not
true. A trace tred) is prefix closed, i.elJ = pref(U), and “output-complete”, i.ey(O O
{&) OUifubOUforulUandb OO O {&. An output-branching trace set does not
necessarily have these properties.

It turns out that the more general trace sets can be usedne defitegies. For an output-
branching trace sét, we can uniquely define a strateffjy], wheref[U](u) =a O | if uall
pref(U); flUl(u) = if u(O O { &) n pref(U) # O; andf[U](u) = stop otherwise.

When we look for strategies, we usually find all traces acagrth a certain criteria and
then prune the trace set into an output-branching trace set. Werasarsive function
prungU) to prune a given finite trace ddtinto an output-branching subset of the shortest
traces that are not prefixes of other traces.

Formally, for trace sdt) and actiorb, we defineheigh{U) = max{|u| [uO U}, U/b={v|

bv O U}, and prungU) =

o {4&,if U=/{g; otherwise,

o [pogbprungU /b), it B=(© O {J) n pref(U) # U; otherwise,

e bfrungU / b), whereb 01 s.t. heigh{prungU / b)) = min{heigh{prungU /c)) |c O |
n pref(U)}.

By finding the trace seprungU) with the least height, we ensure that the strategy
flprungU)] is optimal in terms of test length.

Transition Coverage without Fairness

In the following, we try to find strategies that can s@@mp)sto execute traces strongly
g-covering a given transition &peg Depending on whether we make fairness assumption
or not, different types of strategies can be used for the pugiadeongly g-covering the
transition.

In this subsection, we do not assume fairness, and we only considalidhveny reduction
conformance relation ([8]).

Definition 5 For Spe¢ Imp O IOTS], O), Imp is queue-context suspension trace included
into Spedf tracegQ(Imp)y) O tracegQ(Speds).
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With the absence of fairness, we have to impose finiteness oegggtgti.e.stop must be
reached within finite steps. Onstopis reached, we want the tester to witness a trace that
either strongly g-covers the transition in question or does not b&bangcegQ(Sped,),
meaning that the IUT is non-conforming.

Definition 6 For IOTSSpeg, whereSpec= <S I, O, A, S>, strategyf is awinning strategy
over transition(s, a, ) if there exists a numbersuch that, for any O (I O O O { &)*,

lu] = n impliesf(u) = stop andf(u) = stopimplies eithe strongly g-covers the transition or
u [ tracegQ(Spegy).

Here,n is the bound of steps that a tester can execute to concludsthieatthe transition
in question is strongly g-covered or the IUT is non-conforming.

Example 6 The strategyf[{ coin coffee milkcoin espresso coin mjk(Figure 5) is a
winning strategy overt{, milk , tp) of the coffee machinEsin Figure 4.

On the other hand[{ coin coin espressd}] is not a winning strategy over transition, (
coin, t;) because, after the secooain, the tester may observe output sequeRSgEsesso
milk &, which means that the IUT produced an output instead of redungetond input
coinin statet;. 0

The strategy shown in Figure 5 is of special interest. Artasiglementing this strategy
applies inputs to the IUT only whéfyis supposed to be in stable states, so that only IOCF
traces of the specification are executed. Proposition 1 stetesuch a winning strategy
always exists if there is ever a winning strategy over a given iansit

Proposition 1 There is a winning stratedy over a transitions, a, ;) of IOTS Speg iff
there is a winning strategly over the transition such thatl(f,) n tracegQ(Spegs U
IOCF-tracegSpeg).

Intuitively, if a tester executes a trace@fSpegs Imps can postpone the consumption of
input actions until the corresponding statesSpecare stable. If this is the case, traces
executed bylmps are IOCF traces ofpeg According to Definition 2, if a trace of
Q(Spegs strongly g-covers a transition, all corresponding traces possdaguted by
Speg, including the IOCF ones, have to strongly cover the transitionteSIOCF traces
are DI, they must be executed 8peg if Q(Spegsexecutes them. Thus, by Definition 2, if
an IOCF trace strongly covers a transition, it also stronglgwers it. Hence we can find a
winning strategy by properly pruning the IOCF traceSpég

According to Proposition 1, we know that to derive a winning styategr a transition, we
only have to look into the IOCRraces ofSpeg that strongly cover the transition.
Therefore, we can generalize Procedure 1 to find such a winning strategy.
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Procedure 2 To derive a winning strategy over a transition, if the strategy exists
Input: IOTS Speg, whereSpec=<S 1, O, A, >, and transitiong, a, ;) of Speg
Output: A winning strategy over §,, a, $) or declare thatdoes not exist
Step 1: LetX=<S1,00{d, A, &> =<{(S, D)}, 1,00{d, 0, {(S O)}>
Step 2: For (S, T) O S (S, To) O 2° x 2° andb O init(S, O Ty) satisfying the
following conditions:
* (S, T1) is not marked as a leaf node;
« bOlonlyifS 0T, 0 Sk
« S ={s]|thereigp O pathgS,, b) to sthat does not traverss,(a, s,)};
« T, ={s|anyp O pathgS, b) to s traversesq, a, s;)} O {s | there isp O
pathgT,, b) tos}\ S;
Case 2.1: if (S, T1) is not reachable front{, T,) in X, add &, T») to S* and (&,
Ty, b, (S, T2)) to A%, mark &, T») as leaf node i, =0
Case 2.2: otherwise, ib=dand &, Ty) # (S, T2), orb 0 O, mark §,, T,) as a leaf
node and delete all transitions from it;
until no more changes can be mad&to
Step 3: Do
« mark all states i8° with no outgoing transitions as leaf nodes;
» delete the last input transition leading to a leaf n&ler{) whereS, # [,
until no more changes can be mad&to
Step 4: If there is a leaf nodeS(, T;) reachable fromS, 1), whereS, # [, declare that
f does not exist, otherwise,
Step 5: Return strategf] prungtracegX))].

In Step 2, we exclude from further consideration transitions thatdinte cycles in the

construction oK because of the requirement teaipshould be reached within finite steps.
If such a transition is an output other than a self-loo@ingnsition (Case 2.2), we also
have to cut off the last input transition before the output transitiorsigp 3) because

Q(Imp)scan choose to execute the output once the input is applied.

Like Procedure 1, Procedure 2 has comple®it§”™) for non-deterministic specifications
and complexityO(|SP?) for deterministic ones.

The reader can verify that to strongly g-cover the transitipredin, to) of Esin Figure 4,
Procedure 2 returns the strategy showhigure 5.

4.4 Transition Coverage with Fairness
A winning strategy over a transition 8peg forcesQ(Imp)sto execute a trace that strongly
g-covers the transition within finite steps, no matter how the IlAheuvers. Such a
strategy does not always exist for transitions that can neverthelessriggyst|-covered.
CRIM 31 aodt 2005
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Example 7 There is no winning strategy over the input transitigndpin, t;) of Es in
Figure 4. If we apply twacoins in a row, an IUT can always produce outpatfeeor
espressan statet; instead of accepting the secorwin, so there is no guarantee that the
IUT will execute a transition corresponding tg €oin, t;).

On the other hand, if we assume fairness, i.e., an implemenaiesl will be executed
eventually if the tester tries a sufficient number of timegeating a strategyith the trace

u =coin coin espressg, i.e.,f[{ u}], can eventually have the trace executed, which strongly
g-covers the transitior;( coin, ty). ¢

This example indicates that there are strategies, albewinoing strategies, that can steer
an Q(Imp)s to execute a trace that strongly g-covers the transition istigneunder the
fairness assumption. A test implementing such a strategy esexecuted repeatedly, so
that the trace can eventually be executed if it is implemented [§)(kimp) s To ensure that
this is the case, the IUT has to conform to the specificatioording to some equivalence
relation.

Definition 7 For Spec¢Imp O 10TH], O), Imp is queue-context suspension trace equivalent
to Spedf tracegQ(Imp),) =tracegQ(Spegy).

In this subsection, we assume fairness and consider only the queud-cusfgension
trace equivalence conformance relation.

For the winning strategy under fairness assumption, we gjiline finiteness, i.estopis
reached within finite steps. Onstop is reached, there are three possible cases. First, a
trace that strongly g-covers the transition in question is ex@cut this case, we declare
success and stop testing. Second, a trace that is trat@Q(Speg,) is executed. In this
case, we declare that the IUMp does not conform t8pecand stop testing. Third, a trace
that is intracegQ(Spegy but does not strongly g-cover the transition is executed. In this
case, we resdmp and restart the test. If the last case happens a suffipierdefined)
number of times, we declare tt@timp)sdoes not implement the trace strongly g-covering
the transition, so thdmp does not conform t&pecunder the queue-context suspension
trace equivalence relation.

The formal definition of the winning strategy under fairness assumption is @asdoll

Definition 8 For IOTSSpeg, whereSpec= <S I, O, A, &>, a strategy is afair winning
strategyover transition(s, a, ), if there exists a numbersuch that, forany O (1 0 O O
{})*, |u] = nimpliesf(u) = stop and there exists trase]l TT(f) that strongly g-covers the
transition.

According to their definitions, a winning strategy is a fainmng strategy, but the reverse
is usually not true.
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A fair winning strategy only has to be finite and include aetrthat strongly g-covers the
transition in question. Therefore, for IOBpeg, transition €, a, S) of Speg, and a finite
setU 0O tracegQ(Speg,) of traces that strongly g-cover the transitifjprungU)] is a fair
winning strategy over the transition. In particularUifis a singleton ¢}, f[prungU)] =

fi{uil.
Finding a fair winning strategy now reduces to finding a strongly g-coveaog.

However, it is unknown how to find such a tracdrasegQ(Speg,) is usually not regular.
The following proposition give us a better characterization oégrélcat strongly g-cover a
given transition.

Proposition 2 For Ls there is a tracen O tracegQ(L)y) that strongly g-covers a given
transition iff there is a trace, [ DI-traceqL that strongly covers the transition and
l(U), 4 < 2°. Moreover u, strongly g-covers the transition.

Proposition 2 tells us that, to find traces that strongly g-caueansition, we only have to
look into the DI traces of the IOTS itself, not the tracehefdomposition of the IOTS and
the queues. Moreover, the proposition restricts the DI traces to witdsea bounded
number of quiescent actions.

Hence, if there are traces that strongly g-cover a trandg;, a, s;) of Speg, we can find
some inU39(Speg (s1, @, %)) n UP'(Speg), whereUS{(Speg; (s, &, s)) is the set of traces
strongly covering the transition (the output of Procedure 1)Uffi¢Speg) = {u O DI-
trace{Speg) | b. 4 < 22F1. As we know how to findUS(Speg, (s1, &, %)), the problem of
finding a fair winning strategy now boils down to deciding trac&J8§Speg).

However, it is not easy to decitlE'(Speg), either. The problem is that regular languages
are not closed under the delay operator, so it is unknown how to decicgettbé
tracegSpeg).

Here, we take a pragmatic approach by finding subsets (uridextishs) ofU' (Speg).
We defineU”'(Spe@) = {u = vidv2d...vadvns1 O Di-traceqSpeq) | v O (I O O)* and |¢).|
<k n< 2°}. One can check that™(Speg) is finite (becausSpecis input-progressive),
U (Speg) O UP'(Speg), and limk ..U (Speg) = U (Speg).

By limiting the number of input actions between two consecutive cgnes¢c we can
decideU"'(Speg@) because it is finite. We can improve our estimation of whetinengly
g-covering traces exist by increasiag

The reader can verify that for the coffee machkein Figure 4, traces = coin coin
espressa) strongly covers transitiory( coin, t;) and is DI, so it belongs td°YEs (to, a,
t1)) n UP'5(Ey. Therefore, a fair winning strategy over the transition caff{ o], which is
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the one given in Example 7. When executing a test implementiagstifiitegy, we can
declare success if we observe the trace, but have to re-run the test otherwise.
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5 Conclusions

Motivated by the need to improve specification coverage in testiagconsidered in this
paper the following problem: for the IUT of a concurrent systgine a conclusive answer
by testing through a context of queues that either a transitioesponding to a given
transition in the specificatiomusthave been executed or the IUT does not conform to the
specification.

We defined transition coverage through queues and studied how to @n&tidns with
and without fairness assumption.

For transition coverage without the fairness assumption, we competed the problem
by constructing winning strategies composed of only input/outputicbfifte traces of the
specification.

The computational complexity of the procedure for finding winnimategies (Procedure
2) is double exponential in terms of the specification’s number t#sstand is reduced to
polynomial-time for deterministic specifications. Since the cexipl of determinizing an

IOTS alone is exponential, the impact of the infinite state comexnbounded queues
seems to be minimized in our solution.

For transition coverage with the fairness assumption, the problepariglly solved
because we only found underestimations for fair winning strateages,is unknown how
to decide the delay-insensitive traces of an IOTS.

However, since a winning strategy is a fair winning strategg, may first try to derive a
winning strategy. If this fails, one may then examine delayasisee traces through
underestimation to find a fair winning strategy.

Our solution also applies to other types of state machines, sutheay machines.

Consider observable non-deterministic finite state machines (BINFE® important model
for software systems ([23] and [17]). If we “decouple” transitioisan ONFSM into

transition pairs of an input followed by an output, we obtain a detestio IOTS whose

traces are input/output conflict-free (thus delay-insensitive). For ssg$t@m, our solution
is complete and efficient because it can find winning strasegyi fair winning strategies in
polynomial-time.

This paper complements our previous work [8] where g-coverage (not sti®ng)
considered.

A byproduct of the paper is the generalized delay operator. To our éahgsylthis is the
first time that suspension traces of an IOTS are relateédoe of its composition with
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queues. In existing works, only the relations between traces orcemietraces are
discussed ([22] and [8]).

In view of future work, we will try to find finer ways to @stte delay-insensitive traces.
Also, we plan to generalize the results to include partial patodons. The major difficulty
of this is that the relation between an IOTS and its composititnqueues as formulated
for fully specified systems in Section 3 has to be revised for partiallyfigueones.
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Appendix

Lemma 3 For IOTSL, a DI trace strongly g-covers a transition if it strongbyers the
transition.

Proof: For traceu [ Dl-traceqLys), we haveu [0 traceqL; 0O tracegQ(L)y, and
delay{1](uO* &) n traceqLs = uO*F n tracegL,). Therefore, ifu strongly covers the
transition, all traces idelayf{I](uC* &) n tracegL strongly covers the transition, which
means thatl strongly g-covers the transition according to Definition 2. O

Proof of Proposition 1 (outline): (if) Obvious.

(Only if) According to Definition 2 and Definition 6, for any] TT(f;) n tracegQ(Spegy)
such thafi(u) = stop all traces irdelayfI](uC* &) n tracegSpeg), including IOCF ones,
strongly cover the transition. According to Lemma 3 and the fatti@@F traces are DI
traces, traces idelayfl](u0* &) n IOCF-tracegSpeg) strongly g-cover the transition.
Thus, strategy, = f[prungdelayfI](TT(f))O* &) n IOCF-tracegSpeg))] is the one that
we are looking for. O

Proof of Proposition 2: (if) By Lemma 3.

(only if) For L O IOTH]I, O), we define a relatioR on traces indelayf!](u10*J) n
traceqlLy): (u, v) O R if u O delayfl](v). R is reflexive, asu O delayfl](u). R is
antisymmetric becausel,(v) 0 R andu # v implies thatu is derived fromv by shifting
input actions to the right, which means ) O R. R is transitive, since we can proud]
delayq1](v) andv [J delayfI](w) = u O delayj1](delayf1](w)) = delayq{1](w) (delay a trace
twice is the same as delaying it once). TherefRris,a partial order. A minimal element of
the partial ordeR, i.e.,v s.t.0u.(u, v) 0 R= u =V, is the candidate of the traugthat we
look for.

First, a minimal element must exist becausgelay{1](u;0*d) n tracegL,) is finite and
non-empty (recall that is input-progressive, so there are only finitely many output
sequences leading to quiescence aifi¢r Second,v is DI, becausalelayl](vO* ) n
traceqL ) = delayl](v)d n tracegLy) (v ends withd, after which no output is possible) =
v n traceglLy) (v is minimal) =vO* & n tracegLy (v ends withd). Third, v strongly
covers ¢, a, S) because, according to Definitiong,strongly g-covers the transition if all
traces indelayy1](u;0* &) n tracegL ) strongly cover the transition.

If [v.d > 28, letv =viw...vi,, v O (I O O)* dfor 0 <i < n. We can construct a sequence of
state set triples), U, O), (S, T1, Z1), (S, T2, Z2),... (Sv1, Tn1, Zna), (O, Ty, O), whereT,
# 0 and §, Ti, Z) is reached by tracevs...v; for 0 <i < n. § contains the states reached
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by paths of tracenv,...v; that have not traversed the transition yigtcontains the states
reached by paths of tracgv,...v; that have already traversed the transition and n& in
(.,e., § n T, = ), andZ contains the states reached by the paths of traces belong to
delayfl](viva...v)) \ {vivo...vi}.

If n> 28 there must be some triples visited twice alerizpcause there are at most 2
triples of the form §, T, Z). By deleting strings between every two occurrencethef
same triples, we obtain a trace that still reachésT, ). The obtained trace is DI
(becaus&, = [0), strongly covers the transition (becase= 0 andT, # [1), and has no
more than 2 J actions (by deletion of redundant occurrences of the triples},isdHe
traceu, that we look for.

U, strongly g-covers the transition by Lemma 3. 0
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