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SUMMARY

This paper introduces a formal framework to specify and sgstems presenting both soft and hard
deadlines. While hard deadlines must be always met on timi¢,deadlines can be sometimes met
in a different time, usually greater, from the specified olds this characteristic (to formally define
sometimeswhat produces several reasonable alternatives to defp®ateimplementation relations
that is, relations to decide whether an implementation isect with respect to a specification. In addition
to introduce these relations, the paper also presents afoesting framework to test implementations and
provides an algorithm to derive sound and complete testswuitth respect to the implementation relations
previously defined. That is, an implementation conformsdpexification if and only if the implementation
successfully passes all the tests belonging to the suiteedefrom the specification. Copyrigh®) 2010
John Wiley & Sons, Ltd.

Received ...

KEY WORDS: Formal testing techniques; timed systems; suftfzard deadlines

1. INTRODUCTION

The complexity of computational systems has reached a Velrete old intuition-based methods
to check the reliability of systems are no longer valid. Huaald of system components may be
built by different parties and no team member is able to giygexise prediction about where
critical errors could appear. In these situations, it is eneuitable to use automatic tools to
analyze systems according to a giviemmal method These methods check system properties
by systematically confronting the ideal system definitiorite practical realization against a big
(ideally, complete) battery of critical situations. In ghivay, it is possible to check a property
in a model representing the behavior of the system (modetkihg [1, 2]) or to apply tests to
an implementation, trying to check whether it fulfills a peoty (testing techniques3] 4]). If
testing is supported by a specification of the system therapipgoach is usually called formal
testing or model-based testing, [6, 7, 8]. In both cases, model checking and formal testing, a
model representing the ideal system behavior is requiredn Ehough the initial frameworks to
formally specify systems, such as Process Algebghaifd Petri Nets 10, 11, 12], focused on
definingwhat a system must do, a new generation of models allow the usetsfioe how the
system performs these actions. In this way, probabiligtit #mporal issues were introduced in
specification formalismsl3, 14, 15, 16, 17, 18, 19, 20].
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2 M. G. MERAYO ET AL.

Formal testing went through a similar process: From testinly whatto also teshiow. Formal
testing originally targeted the functional behavior ofteyss, such as determining whether the tested
system can, on the one hand, perform certain actions andyeonther hand, does not perform
some unexpected ones. While the relevant aspects of soitegrsyenly concern what they do, in
some other systems it is equally relevant how they do whatdlee Thus, as in the case of model
definition, formal testing techniques are also dealing witim-functionalproperties such as the
probability of an event to happen or the time that it takesaxdgym a certain action (for example,
[21, 22, 23, 24, 25, 26, 27, 28]).

One of the problems when specifying timed systems is that itot always easy to precisely
establish the time bounds associated with the tasks thatgtem performs. Thus, it is sometimes
useful to consider some degree inflecisionin such specifications. In this line, formalisms to
represent systems presentstgchastic-timéehavior P9, 30, 31, 32, 33]) can specify constraints
such as “with probability, the task must finish beforetime units have passed”. So, the specifier
does not need to provide the precise point of time associattdd a task, but a probabilistic
estimation of the time value(s). However, there are situatiwhere the specifier either does
not have such probabilistic information or does not wantravjgle such information because it
might unnecessarily complicate the model. In this casentbst appropriate way to specify time
constraints is to uséme intervals that is, the specifier provides a set of possible time values
instead of just one, but without quantifying the probapilihat each value of the interval has.
Moreover, it may happen that while testing the correctnésssystem, the tester can accept some
imprecisionin the temporal behavior of the system. For example, if thecii@r cannot precisely
define the temporal constraints of a system, the tester sarhalve problems to determine what is
the exact notion of passing a test time Moreover, it can be admissible that the execution of a task
sometimes lasts longer than expected: If most of the timesatsk is performed on time, a couple
of delays can be tolerated. This is the idea aioét deadline, in contrast withard deadlines that
have to be always met on time. Finally, another reason fotebier to accept imprecisions is that
the artifacts measuring time while testing a system coutdaa@s precise as desirable. In this case,
an apparent wrong behavior due to bad timing can be in facecbsince it may happen that the
clocksare not working properly.

This paper proposes a novel formal framework to specify amt systems where time
considerations fall in the cases previously commentedeTiifi be introduced in specifications by
extending classical finite state machines with time intisraasociated to the performance of actions.

Intuitively, a transition of a finite state machine suchsa¥% ' indicates that if the machine is in
a states and receives and inpathen it will produce and output and it will change its state tg.

In the timed extension of finite state machines used in thi®pa transition such as’% [t1,t2]8
means that if the machine is in statand receives the inputit will perform the outpub, and reach
the states’, and it will take a time greater than or equakidut smaller than or equal tg between
the reception of the input and the generation of the outplié Main weakness of this model is
that its expressive power is limited when compared with iothere complex formalisms such as
timed automatad4]. Most notably, it is not possible to express relations lesmtimed behavior in
different states of the machine. This can be easily donetimitad automata by defining constraints
involving different clocks that are initialized at diffarepoints. In order to reach an expressive
power similar to timed automata, finite state machines shbalaugmented with data, as well as
with conditions on data to choose among transitions, in a sigylar to the extension considered
in the paper35]. Therefore, this model can be considered as the basis fara expressive model.
On the positive side, the simplicity of this formalism is@iss main advantage: It is really easy
to define reactive systems where time has to be taken intauatboit where there is no need to
express complex timed constraints, that is, where the exjwe power of timed automata is not
fully used. More precisely, the systems that can be modededyuhe formalism presented in this
paper do not have infinite data domains (finite domains carepéyed as usual by generating a
transition for each value of the domain), they require omig clock, and this clock is initialized
before each transition is performed. There is a wide vaagésystems that stick to these constraints.
For example, ovens3p] or washing machines (as used in this paper) can be modetkdraaiyzed
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A FORMAL FRAMEWORK TO TEST SOFT AND HARD DEADLINES IN TIMED SYBSTEMS 3

with this type of formalism (one clock and finite domains)isitimportant to emphasize that the
simplicity of the formalism allows non-experts in formal theds, but with a background on reactive
systems that receive inputs and produce outputs, to praviist draft (as the experience shows,
very accurate) of a formal specification of a part of the syste functionality that needs to be
tested.

Testing, as well as the definition of implementation relagiowill depend on measuring time
values and accepting the performance of the system if the tighavior is correctip to an
admissible error. The possible definition afimissiblewill give raise to several alternative
implementation relations and several notions of passirest However, there is still a last issue
when dealing with systems where time requirements are diyemeans of intervals. Since a
black-box testing framework is assumed, it is not possibletteck that the intervals governing
the behavior of the implementation are correctly relatethwhe ones corresponding to the
implementation. In fact, the execution of a test will rettima time associated with the performance
of transitions, not the associated time interval. As a cqueace, all that can be achieved by testing
is to approximatelyinfer the actual intervals of the implementation.

The main original point of this paper is the presentation abgel specification formalism and
a testing methodology, including the definition of implertegion relations, to deal with systems
where imprecisions in the analysis of time behaviors am@nedt. This is a major difference with
respect to the usual approaches where a system must alwesenpan appropriate time behavior
to be correct. In contrast with other approaches to nootseguirements that will be analyzed in
Section6, devoted to related work, this testing framework providegh way to express what is
allowed partially allowed or completely forbiddeim non-strict (temporal) requirements. In fact,
the proposed implementation relations allow the testexpliatly consider, for each system action,

¢ anintervalwhere observed times will be considered as correct;

e atemporal area where any observation will make that theesy# considered as incorrect
(even if a single observation falls within it); and

e an undesirable (but partially acceptable) area where wasens will be accepted to some
extent, explicitly defined by the tester.

By making a suitable definition of allowed/forbidden arearsgfach task that the system can perform,
the tester has the capability to impose different nonistequirements to each system activity.
Moreover, the tester is able to deciiew badobservations in the third area are since she may
consider either that theroportionof all observations falling within this area determinesslstem
(in-)correctness, or that tlstanceof each observation within this area to the allowed one meist b
considered as well. This paper represents an extended asdde/ersion of the papeBT]. This
paper adds detailed discussions and explanations of the coacepts, new illustrative examples,
both numerical and practical, proofs of selected resuitd,aatest derivation algorithm to generate
sound and complete test suites.

The rest of the paper is organized as follows. Secfiamroduces a notion of timed finite state
machine and gives some auxiliary notation. Seclipnesents several timed conformance relations.
Sectiord shows how tests are defined and applied to implementatiecto®5 gives an algorithm
to generate sound and complete test suites. Related wakieswed and briefly compared with the
approach presented in this paper in Sectiofrinally, Section7 gives the conclusions and some
lines for future work.

2. EXTENDING FINITE STATE MACHINES WITH TIME INTERVALS

This section introduces a notion of timed finite state maghtalled FSM and some concepts that
will be used along the paper. The main difference with resfpagsualFSMs consists in the addition

of timeto indicate the lapse between offering an input and recgiamoutput. First, notation related
to time intervals, sets, and multisets is presented.

Definition 1
Let a; € Ry, a2 € Ry U {0}, anda; < as. Then,d = [a1, as] is atime intervaland r;(d), for
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4 M. G. MERAYO ET AL.

i € {1, 2}, denotes the valug . From now on, assume that for ale R, r < oo, 7 + 00 = oo, and
— = 0. The set of time intervals is denoted By, .

Given two time intervalsly = [a11, a12] andds = [as1, ass], d1 + d2 denotes the time interval
[a11 + a21,a12 + az2]. The addition of time intervals can be generalized:tsummands in the
expected way. Given time intervalsd; = [a11, a12), . .., dn = [an1, an2], Y d; denotes the time
interval [Z ail, Z aig].

Given a setS, |S| denotes the cardinal ¢f, P(S) denotes the powerset 6f andp(S) denotes
the powermultiset ofS, that is, the set of multisets conformed from elements lgglanto S.
The symbols{ and} will be used to denote multisets. Given a multigett » € M denotes that
r appears inV (that is, has multiplicity greater tha®). | M| denotes the cardinal g¥1 including
multiplicity of its elements. For examplg{1,2,3,1,2}| = 5. O

A temporal requirement such &3, t5] indicates that the associated task should take at fgast
time units and at most, units to be performed. Intervals liKe, o], [t1, oo}, or [0, oo] denote the
absence of a temporal lower/upper bound and the absence tfoamd, respectively. In the case
of intervals such a§, o], there is an abuse of notation since this interval represémfact, the
interval(t, co).

Definition 2

An Interval Finite State Machinen the followingl FSM is a tupleM = (S,1,0,T'r, s;,) WhereS
is a finite set of stated, is the set of input actiong) is the set of output actiong;r is the set of
transitions, and;,, is the initial state.

A transitionbelonging tal'r is a tuple(s, ', i, 0, d) wheres, s’ € S are the initial and final states
of the transition; € I ando € O are the input and output actions, and Zg . is the time interval
associated with the transition.

Thel FSMM is input-enabledf for all statess € S and inputs € I, there exisk’, o, andd such
that (s, s’,4,0,d) € Tr. Thel FSM M is observabldf there do not exist two different transitions
(s,81,14,0,d1), (8, 82,%,0,d2) € Tr. O

Intuitively, a transition(s, s', i, o, d) indicates that if the machine is in statand receives the input
1 then, after a time belonging to the interdahas passed, the machine emits the outmrtd moves
to s'. It is important to remark that these machines can patiemdiy in a state until they receive
an input. The amount of time elapsed during this waitingqukviill not influence the behavior of
the machine. For example, the traces of a machine do notdmnrisiis waiting time. An alternative
possibility consists in assuming that the environmeff@senough or that the inputs are provided
beforehand so that there is no delay between the produdtiam output and the application of the
next input.

In this paper, the systems under test musinpat-enabled This notion needs and additional
explanation since, in this paper, it slightly departs frésrstandard meaning. In a non-timed setting,
a system is input-enabled if “for all states of the systemputs are available.” If this notion is
adapted to a timed framework, the natural translation wbeldfor all states of the system, inputs
are available at all times.” The notion used in this papefediffrom this one since inputs are
available only when they can be performed by the corresmgnaiachine. In other words, inputs
are not available during the lapse between an input is redeand the corresponding output is
emitted. Note that this notion of input-enabledness is@ddealistic. On the one hand, if a testing
approach where inputs are provided beforehand is used ith¢ine formalism presented in this
paper, it does not matter the actual time when they are apfilies only important to apply them in
the same order provided by the tester). Therefore, it iselevant that the machine is not accepting
inputs while completing its transitions. On the other hahihputs are provided by the tester in
an adaptive way (that is, according to the reactions preWonbserved) then this approach can be
implemented in the general testing scenario use®& iy considering that these machines are
equipped with areen light When this light is on, the user knows that the system is peifg
some internal activities (the ones producing the outpui@ated with the provided input) and that
it cannot accept any input. Therefore, the user precisedykrwhen to apply inputs.
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A FORMAL FRAMEWORK TO TEST SOFT AND HARD DEADLINES IN TIMED SYBSTEMS 5

(sin) y

bon/ di sp_Sel ect _Program [ 1, 2]

@ bcot/di sp_Cotton,[1, 2] bec/ di sp_Easy_Cares, [ 1, 2]

bwool / di sp_Wol , [ 1, 2]

[z 'z ]'6Bu uadp jusdog

bqui ck/ di sp_Qui ck_Wash, [ 1, 2]
bqui ck/ di sp_Qui ck_Wash, [ 1, 2]

bstart/di sp_Washi ng, [ 45, 55] bstart/di sp_Washi ng, [ 35, 42]

\ J

Figure 1. An example of Interval Finite State Machine.

Example 1

Consider the graphical representation of ldfSM given in Figurel. This system will be used
as a running example to illustrate the main concepts of tipepdhis relatively simple system
adequately represents the kind of systems covered by thenturamework: Systems whose
evolutions can be described as an alternating sequencputsiand outputs and where time plays
an important role, but without time conditions affectindfelient parts of the system. The machine
depicted in Figuré. is based on a simplification of a washing machine.

The washing machine provides a set of buttdyen, bwool , bcot , bec, bqui ck, bstart,
bopen) and a screen. The buttons allow the user to access theediffeunctionalities of the
machine and correspond to the inputs that can be applietlidisystem, some outputs correspond
to the display of differennessagesAn output such adli sp_mindicates thamis displayed on
the screen. During the rest of the paper, and in the conte#tisfrunning examplem will be
used as a shorthand df sp_m The specification has eight states, bedmg its initial state. The
different transitions are labeled by the pressed buttos ifiput of the transition), the action that
will be executed considering the input applied (the outguthe transition), and a time interval
representing the lower and upper bounds of time that the mgshachine can spend between the
moment the button is pressed and the associated messageiadisplayed/executed.

The behavior of the washing machine is as follows. The irste@te si n, corresponds to the point
in which the user switches on the machine and the system niogtatesel . At this state the user
can choose among the different programs available by mgd$be buttondcot (cotton),bec
(easy cares) abwool (woolens). This interaction produces the display of theceld program,
changing the system to thex, sec or sw state, respectively. At statex andsec the button
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6 M. G. MERAYO ET AL.

bgui ck can be pressed to choose a short washing cycle. If this oj#tiant selected, then the
machine will perform a complete cycle when the buthst art is pressed. In the case that the
user chooses the program for woolens, the quick cycle camngelected. Once the washing has
finished, the user must press thepen button in order to unlock the door. After two units of time
the door will be released.

Overall, the following processes are considered in thesgyst

e The user chooses the program: Cotton, Woolens or Easy Cares.

e The user selects, by pressing the butbmyui ck, a short washing cycle. It can be selected
only if the program Cotton or Easy Cares was chosen.

e The user must press the buttoapen to unblock the door and switch off the machine.

The machine patiently waits at stagel until it receives eithebcot , bec or bwool . Note
that the amount of time that the machine stayed at statewill not be relevant in its subsequent
behavior. If, for example, the user eventually pressestitetbcot then it will produce the output
di sp_Cot t on, taking between one and two time units, and it will move téest& . As explained
before, the machine will not be able to process an input thiprevious output is performed. For
example, in the previously described situation wharet is received, the system will not be able to
process any input from the moment it receibet until it displays the messagh sp_Cot t on.

O

A more operationalview of | FSMs can be given by unfolding the time values contained in the
corresponding time intervals to generate a timed labeasition system.

Definition 3

Let M =(S,1,0,Tr,s;n) be anl FSM The equivalent timed labeled transition systewf
M is a tuple (S,I x O,Tr',s;,), where Tr' C S x (I xO) x Ry xS is defined such that
(s,(i,0),t,s") € Tr'if and only if there existg € Zr, such thals,s’,i,0,d) € Trandt € d. O

This operational definition is given only to provide an eriogdf | FSMs into astandardmodel
to represent timed systems but it will not be used along tipeipsince it gives raise to an infinite
number of transitions.

Example 2

Consider the specification presented in Exandpl€he equivalent timed labeled transition system
has indeed the same states as the original specificatioh, thit same initial state, and its
alphabet is given by the product of the set of inputs by the afebutputs. Regarding the
transitions of the labeled transition system, each orlgi@msition produces a set of transitions,
one transition for each value of the associated interval.dxample, consider the transition of
the original specification that outgoes from statgec, reaches statend, and it is labeled with
the pairbst art /di sp_Washi ng and the interva|35, 42]. This transition generates a transition
(sgec,(bst art ,di sp_Washi ng),t,end) for each value belonging to the intervgB5,42]. O

As usual, draceis a sequence of input/output pairs together with a timewateThe time interval
indicates the lower and upper bounds associated with trsesapetween receiving each input and
performing its associated output. Therefore, this inlemtibe computed by the addition of all the
time intervals associated with the transitions conforntimgtrace. Arevolutionis a trace starting
at the initial state of the machine.

Definition 4
Let M =(S,1,0,Tr,s;,) be anl FSM A timed trace or simply trace of M is a tuple
(s,8',(i1/01,...,ir/0r),d) if there exist transitiongsi, so,41,01,d1), ..., (Sr, Sr4+1,ir, Or,dy) €

Tr such thats = s1, s’ = 5,41, andd = > _ d;.

The sequencgiy/oy,...,ir/o,) IS @ non-timed evolutionor simply evolution of M if
(Sin, 8, (i1/01,...,ir/0r),d) is a trace ofM for somed € IR+ ands’ € S. NTEvol (M) denotes
the set of non-timed evolutions of .

The pair ((i1/o1,...,i-/0),d) is atimed evolutionof M if there existss’ € S such that
(Sin, ', (i1/01,...,1/0.),d) is atrace oM. TEvol (M) denotes the set of timed evolutions/df.
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A FORMAL FRAMEWORK TO TEST SOFT AND HARD DEADLINES IN TIMED SYBSTEMS 7

Let n>1, 4y,...,i, €1, and o1,...,0,_1 € O. The set of outputs afterthe sequence
11/01,. .., in—1/0n-1, 1, is defined as

setout(M,i1/01,. .., in—1/0n—1,1in) =

Js,s' € S,d,d" € I, :
o€ O (Sins S, (11/01, -+, in—1/0n-1),d) trace of M
A (8,8 in,0,d)eTr

O

The notion of timed trace/evolution is important for the sedpuent theory and deserves some
additional discussion. Specifically, there is an altexmativay to define the time information
associated with a timed evolution. It consists in sepayatetording the time associated with
each component of the trace, so that there is not a uniqueitirmeal associated with the whole
sequence but a time interval associated with each inpptiopgir. This approach would give rise
to implementation relations with a higher distinguishirogyer. Note that it is very easy to adapt the
current framework to deal with this type of timed evolutiolmsfact, it would be enough to consider
the notions introduced in a previous work by the auth8& o that the current notion of timed
evolution would produceveakimplementation relations while the alternative notion Wagquroduce
strongrelations.

Example 3
Consider again the specification of a washing machine pregém Figurel. The tuple

(sin, sqc, (bon/ Sel ect _Program bcot/ Cot t on, bqui ck/ Qui ck_Wash), [ 3, 6])
is atrace ofM. Its associated timed evolution is

((bon/ Sel ect _Program bcot/ Cotton, bqui ck/ Qui ck_Wash),[3, 6])

This timed evolution represents that from staien the machine will perform the sequence of
displaysSel ect _Program Cot t on, Qui ck_Wash after the user has pressed the sequence
of buttonsbon,bcot ,bqui ck, and the system will reach the statgc. The associated interval
indicates that the addition of the three lapses of time dmxbetween receiving each input and
performing the associated output must belonggt@]. As it has been already mentioned, the time
that the system is waiting to receive the correspondingtgjsunot taken into account.

If the previously discussed notion of timed evolution wesed then it would become

(bon/ Sel ect _Prograni [ 1, 2], bcot/ Cotton/[1, 2], bqui ck/ Qui ck_Wash/[ 1, 2])

3. IMPLEMENTATION RELATIONS

This section introduces several implementation relatidfdlowing the classical pattern, an
implementationconformsto a specification if for all possible sequences of inputst tie
specification can perform, the outputs emitted by the impletation are a subset of those of the
specification. Intuitively, this means that the impleméintacannotinventa behavior (that is, an
output) for those traces that the specification can perfohis pattern is borrowed fromoco [39]
and was firstly introduced in the context of finite state maekiin the work40].

A specification is arl FSM while implementations are input-enableé&#SMs. This is a usual
condition to assure that the implementation will react (ebow) to any input. In order to simplify
the presentation, it will be assumed that specificationsraptementations are given by observable
| FSMs (see Definitior?). Note that even restricting to this kind of machines, itti§ possible to
have two transition$s, si1,4,01,d1) and (s, sa,,02,ds), as far as; # o2. Thus, some degree of
non-determinism is allowed within these constraints.
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8 M. G. MERAYO ET AL.

M, M,

a/n (D) ar/bs D)
a1 /by as/bs a1 /by az/bs

as /by C_(2)

Figure 2. Examples of non-timely conformance.

Definition 5

Let .S and! be twoobservabld FSMs wherel is alsoinput-enabled! non-timely conform#o S,
denoted byf conf ,,; S,ifforall e = (i1/01,...,4r—1/0r—1,ir/0,) € NTEVOI (S), withr > 1, and
ale' = (i1/01, e ,’L'l,~_1/07-_1,i7-/0;n),

e’ € NTEvol (I) = ¢’ € NTEvol (S)

O

From now on, it will be usually omitted that specificationslamplementations are observable
and that implementations are input-enabled. Note that, h@ previous definition, if the
specification would also have the property of being inpwtbded then the condition “for all
e=(i1/o1,...,ir—1/0r—1,1./0,) € NTEVOI (S), with » > 1 " can be removed, so that the notion
of conformance becomes trace inclusion.

Example 4

Consider the system&/; and M- depicted in Figure, where time information has been omitted. It
is straightforward to check that/; conf ,,; M;. Note that the non-timed evolutions 8f; having
as prefix the sequence. /bs, a2 /by) are not checked becausé (playing the role of specification)
cannot perform those evolutions.

Consider that\M; is extended with the transitiof2, 2, as, b5, d) so thatM; is input-enabled.
Then, M; does not conform ta\/;. For example,M>; may perform the non-timed evolution
e = (ag/bs,as/bs), My has the non-timed evolutioel = (az/bs, a2/bs), but e’ does not belong
to the set of non-timed evolutions &f,. Note thate ande’ share the common prefix/bs, as. O

Since the previously introduced implementation relatioil v used to define the rest of
implementation relations given in this paper, it can be uisief have an alternative definition. The
following result states that theonf ,,; relation can be alternatively defined by considering those
outputs that can be performed after some input/output semseare performed. These sequences
are selected from those that the specificatfocan perform, that is, it is enough to consider only
those sequencessuch thasetout(S, e) # 0.

Lemma 1
Let S and I be two | FSMs. I conf,; S if and only if for all sequences of input/outputs
11/01, s in—1/0n—1,4n, With setout(S,41/01,...,in—1/0n—1,in) # 0, the following inclusion
holds:
setout(l,41/01,...,in—1/0n-1,1in)
-
setout(S, il/Ol, R ,Z'nfl/On,l, Zn)

O

The following definition introduces the first timed implentation relation. In addition to the non-
timed conformance of the implementation, it requires a taordition to hold: The time intervals
of the implementation correspond to those of the specifinati
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A FORMAL FRAMEWORK TO TEST SOFT AND HARD DEADLINES IN TIMED SYBSTEMS 9

Definition 6
Let I andS bel FSMs. I conforms in timeo S, denoted by conf
e € NTEvol (I) "NTEvol (S) and all time intervalg € 7y ,

S, if I conf ,,; S and for all

int

(e,d) € TEvol (I) = (e,d) € TEvOI (95)
O

Despite its neat definition, this relation suffers from piead problems due to the assumption that
the implementation under test is a black box. The assumettdblex testing framework forbids to
check whether the corresponding intervals coincide indeadh observation of the implementation
providesone of the time values allowed by the implementation at a givenfigoration (i.e., it
provides a single time within the corresponding intervathaf implementation). Hence, some of
the time values allowed by the implementation at this com&éjon could remain unknown after
observing this point of the implementation any given nunmifdimes. For example, suppose that
a test is applied an arbitrarily big number of times and akeaslied time values belong to the
interval [2, 4]. Still, the corresponding implementation interval coudd h 5]. Thus, it is necessary
to give morerealistic implementation relations that are less accurate butheekable The only
additional assumption needed in the testing framework pouca this idea is that the time that the
implementation takes to perform a given sequence can bededtadn order to do that, the concept
of timed executioris used. A timed execution is simply an input/output seqaeiogether with
the time that it takes to perform the sequence. In a certaiseseimed executions can be seen
asinstancesof timed evolutions where the time interval is substitutgdabspecific time within
it. Timed executions are grouped intaultisets These multisets will be later used to denote the
observations collected bgstingan implementation.

Definition 7
Let M = (S,1,0,Tr, si,) be anl FSM A multiset H of elements contained iff x O)* x R is
amultiset of timed executiorsf M if for all (e,t) € H there existsi € Zr, such that(e, d) €
TEvol (M) andt € d.

Let H = {(e},t1),..., (e, tn)} be a multiset of timed executions éff and ® ={e | I¢:
(e,t) € H} be the set of input/output sequencegdnThe functionCbs_Ti ney : & — p(Ry)
defined, for alle € ®, asCbs_Ti ney(e) = {t| (e,t) € H} is called thetime functiorof H. O

Example 5
Consider again the system introduced in Figur€he following is a possible set of timed executions

((bon/ Sel ect _Program bcot/ Cotton, bqui ck/ Qui ck_Wash, bstart/Washi ng), 53)
((bon/ Sel ect _Program bcot/ Cotton, bqui ck/ Qui ck_Wash, bstart/Wshi ng), 55)
((bon/ Sel ect _Program bcot/ Cotton, bqui ck/ Qui ck_Wash, bstart/Washi ng), 55)
((bon/ Sel ect _Program bcot/ Cotton, bstart/Washi ng), 87)

((bon/ Sel ect _Program bcot/ Cotton, bstart/Washi ng), 88)

H = ((bon/ Sel ect _Program bcot/ Cotton, bstart/Wshi ng), 88)

((bon/ Sel ect _Program bcot/ Cotton, bstart/Wshi ng), 89)

((bon/ Sel ect _Program bwool / Wol , bst art/Washi ng), 39)

((bon/ Sel ect _Program bwool / Wol , bst art/Washi ng), 39)

((bon/ Sel ect _Program bwool / Wol , bst art/Washi ng), 42)

((bon/ Sel ect _Program bwool / Wol , bst art/Washi ng), 40)

For example, ife = (bon/ Sel ect _Pr ogr am bwool / Wbol , bst art/ Washi ng) then
Obs_Ti ney(e) = {39, 39,42, 40}. |

The following definition introduces several conformandatiens where the observed time values
are contrasted, in each case, with the appropriate timevaite The purpose of this paper is
to introduce implementation relations where the time bejraef the implementation does not
exactly correspond to the expected one, that is, it partibdl/iates from the behavior defined in the
specification. Intuitively, it is necessary to determinest¥ter the amount ahcorrecttime values is
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10 M. G. MERAYO ET AL.

relevant to ensure the possible conformance of the implétien to the specification. Moreover,
the deviation of the observed time values with respect tantegval can be also quantified.

The next definition introduces notation to relate a set oeoled time values and a time interval.
In these notions, the parameterdenotes theoleranceto have unexpected values. In particular,
greater values ofv denote smaller tolerance. The first relatian,, reflects that the number of
values outside the considered interval is not large. Thergoidistinction between values being
smaller/greater than the lower/upper bound of the intefak second relations,, is used to
indicate that values greater than the upper bound are raved and that the number of values
smaller than the lower bound is acceptable. Finadly, is useful in situations where most of the
values have to be smaller than tleever bound of the interval, while values greater than the upper
bound are again not allowed. That ig,, reinterprets temporal requirements imposed by intervals,
stating that time values under the lower bound are alwagsveld, time values between the lower
and the upper bound are acceptable only up to some extemn(dy«, which here imposes a
requirement over a different temporal region), and time@alover the upper bound are forbidden.
This last relation requires that the amount of time that tysesn spends to perform the actions
is smaller than the one specified in the corresponding tiansi The previous relations count the
number of errors but do not quantify how big these errors @oenedistancefunctions allow to
measure the error degree of wrong values. The firstdnst , considers both time values greater
and smaller than the bounds of the interval. Th@m up function considers as wrong only those
values greater than the upper bound of the interval. Finddef r om | ow function measures the
values that are not fast enough, that is, such that they asagrthan thiowerbound of the interval.
Thus, similarly to<,, thefrom_| ow relation also reinterprets the meaning of time intervals,
stating that execution times oviewer bounds are acceptable only up to some extent.

Definition 8
Letd = [a1,a2] € Zr, be a time intervalR be a non-empty finite multiset of non-negative real
numbers, anfl < a < 1.

e R C, dholds if
HrlreR A (r<ai V r>as)

H
<l—-a«
IR -

e R =<, dholds if

[{r|reR A r<ai}]

R <l—aand |{r|reR A r>a}|=0

o R <, dholds if

[{r|reR A a1 <71 < as}
IR

<l—aand |{r|reR A r>a}|=0

e Given an observed time valuec R, and a time intervall = [a1, a2] € TR, , the following
three functions, and their generalization to sets of valdeéinedistancesfrom the time
value(s) to the time interval:

0 if red
di st (r,d) = r— as if 7>ay dist(C,d) =Y, odist(rd)?’
a;—r if r<aq
0 if r<as 9
fromup(r,d) = ] fromup(C,d) =3 ofromup(rad)
r—as if r>ao
0 if r<ay 9
fromlow(r,d) = ) fromlow(C,d) =3 .,fromlow(rd)
r—al if r>a1
O
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A FORMAL FRAMEWORK TO TEST SOFT AND HARD DEADLINES IN TIMED SYBSTEMS 11

By combining inclusion relations and distance functions,isi possible to evaluate the
conformance of the implementation with respect to the sjation in different ways.

Definition 9
Let I andS be twol FSMs, H be a finite multiset of timed executions Bf® = {e | 3¢ : (e, 1) €
H} NNTEvol (5),0<a<1,andg € R;.

(f) I (H,B)-low-timely conformso S, denoted by conf \* (H.B) ) s,
(9) I (H, a,ﬁ )-timely conformgo S, denoted by conf (F-f) g

int

(h) I (H,«,p)-preferable timely conform® S, denoted by conf (.e.f) g and

intp

() I (H,a«,p)-fasttimely conform® S, denoted by conf fft}"’ﬂ) S,

(a) I (H,«)-timely conformso S, denoted byl conf \ int ) g,
(b) I (H,«)-preferable timely conform® S, denoted by conf fﬁl‘f‘) S,
(c) I (H,«)-fast timely conform# S, denoted by conf fi]‘f‘) S
(d) I (H, B)-global timely conformso S, denoted byl conf ¥ mtgb ) s,
(e) I (H,p)-up-timely conformso S, denoted byl conf & mtup ) S,

(

(

(

respectively, iff conf ,,; S and for alle € ® and all time intervalgl € Zg _, if (e,d) € TEvol (S5)
then, respectively,

(@) Cbs_Ti ne(e) Cu d
(b) Gos_Tineg(e) 2o d
(c) Qbs_Tineg(e) <o d

(d) di st (Qbs_Tineg(e),d) <p

(e) from up(Qos_Ti meg(e),d) <p

(f) from| ow(Cbs_Ti nmey(e),d) <p

(g) bs_Tineg(e) Sy d A dist(Cbs_Tinmeg(e),d) <p

(h) Cos_Tinmey(e) 2o d A from| ow(Cos_Ti meg(e),d) <

(i) Qos_Tinmeg(e) <ad A froml ow(Oos_Ti meg(e),d) <
O

First, all of the previous relations establish that the enpéntation must conform to the
specification in functional terms (that isconf ,,; S). In addition, a given proportion of observed
execution time values must belong to the correspondingititeevals indicated by the specification
((H, )-timely conformp optionally including the additional conditions that #the values over
upper bounds af®rbiddenand that the interval of allowed time values is above/betower bounds
of intervals (H, «)-preferable timely conformand (H, «)-fast timely conformsrespectively). In
fact, the latter additional condition allows to reinterpifee meaning of lower bounds of intervals,
giving the opportunity to denote that time values musbbtveeriower and upper bounds, or that
they must bainderlower bounds (so time values within the interval are quéytially acceptable),
respectively. Moreover, the relationi&, 8)-global timely conforms(H, §8)-up-timely conforms,
and (H, 3)-low-timely conformgequire that distances between observed execution timeval
and allowed time values do not exceed a established thikshbkse first six relations are a
straightforward application of time criteria given in Defion 8. In addition, proportion-based
criteria and distances-based criteria can be combinedinig#o new implementation relations. The
last three relations of the previous definition considehbahds of requests simultaneously, that
is, relations demand conditions both over the proportionlsferved time values being out of the
interval and over the distances from these values to thegponding interval. In fact, these three
combined relations, that igH, «, 5)-timely conforms(H, «, 3)-preferable timely conformsand
(H, a, p)-fast timely conformsare a representative sample of the kind of combined relsitivat can
be defined. Note that many other choices to combine propsridteria and distances criteria do
not provide valuable new relations. For instance, a ratat@mbining=< andf r om_up is equivalent
to arelation based only o (i.e., preferable timely conformsSimilarly, the combination ok and
f rom_up does not provide a new relation either.

Copyright© 2010 John Wiley & Sons, Ltd. Softw. Test. Verif. Relia2010)
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12 M. G. MERAYO ET AL.

®)
ar /b, [1,% y/m, [3,9]
O @)
as/ba, [QN %/bg, [3,6]
O

e | Obs_Tinmey,(e) Cbs_Timey,(e) interval
o1 [ {1.9,2.3,2.6,2.8,3] 12,12,1.3,1.3, 1.4 1.3

e2 | {2.9,3.6,3.8,3.9,3.9,4.1} 3.1,3.2,3.2,3.2,3.6,3.8 3,8

es | {5.6,5.6,6.2,6.5,6.5,6.8,8.3,8.5,10.1,10.1} 6.4,6.4,6.4,6.5,6.5,6.7 6,14
eq | {74,7.9,9.3,10.9,10.9,11.3,11.6,13.0, 13.2} | {9.2,9.2,9.2,9.2,9.2,9.3,9.3,9.3,9.3} | [9,23

Whereel = (al/bl),eg = (a1/b1,a2/b2),€3 = (a1/b1,a2/b2,a3/b3) ande4 = (a1/b1,ag/bg,ag/b37a4/b4).

Figure 3. Examples of implementation relations.

The following two examples show and compare the featurehefdifferent implementation
relations given in DefinitiorD. The first example is moraumericand it is useful to illustrate
the different computations associated with the implententaelations. The second example uses
several variants of a real system to intuitively illustratkich implementation relation should be
used in each specific situation.

Example 6
Consider the specification depicted in Figa@réts initial state is the one placed on the top of the
graph). Two multisets of timed executior®§; and H,, have been collected from a system under
test. The table in Figurg, bottom, shows the projections of these multisets for eacjuance of
actions as well as the time interval that the specificatidlicetes for the corresponding sequence.

All the implementation relations require some conditiorithwespect to the ratio of observed
time values outside/inside the time intervals and the toga@hber of values. The syste(#l, «)-
timely conformsand (H;, «)-preferable timely conform® the specification for certain values of
a. On the one hand, there are no time values greater than ther bppnds. On the other hand,
the number of values registered during the execution ofrdete, es, e3, ande, that are smaller
than the lower bound of the intervals is small;1, 2, and2, respectively. The greatest ratio of
time values out of the bounds of the associated intervabsponds to the trace, and takes the
value Z = 0.22. Therefore, the conditions “for all tracesin the sample(bs_Ti me, (e) Cq d”
and “for all traces: in the sampleCbs_Ti ne g, (e) <, d” are satisfied only itx takes a value less
than or equal t@.78. Consider the sell». There are no values out of the bounds of the intervals.
Therefore, the conditions hold for all levels of toleranitet is, for all values ofv. Regarding the
relation(Hs, «)-fast timely conformghe system only fulfills the requirement “for all trace# the
sampleObs_Ti me g, (e) <, d” whena is equal ta). This situation happens because all the timed
execution values are between the bounds of the corresmpimderval for each trace and, therefore,
the systems is nevéast

The relation(H, 5)-up-timely conform®nly establishes restrictions over the values greater than
the upper bound of the interval. Taking into account thahld®t and H, contain values smaller
than the upper bounds, the implementatid,, 5)-up-timely conformsand (Hs, 5)-up-timely
conformsto the specification for all values ¢f. Regarding thg H, 8)-low-timely conformance
relation, the required condition is satisfied by the systeith wespect to the set of values
H, if g takes values greater thds, that corresponds to the maximum value of the function
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A FORMAL FRAMEWORK TO TEST SOFT AND HARD DEADLINES IN TIMED SYBSTEMS 13

from.| ow(Obs_Ti mey, (e),d). In the case ofy, it is enough thaf; takes values greater than
1.47 because all the time execution values are very close to #wer lbounds of the intervals.
Finally, taking into account the previous requirementthé parameters andg take appropriate
values, the systertf;, a, 5)-timely, preferable timelgndfast timely conform® the specification,
forie {1,2}. O

The following simple example illustrates why it is inteliegt to have several implementation
relations. In particular, given different variants of a tgys, it is important to chose the most
appropriate implementation relation to capture, in a masgable way, the notion ofjood
implementation.

Example 7

Suppose the testing of a video player application. Spetificeonsider the functionality that
iteratively decodes the next frame and sends it to the vidsicd. The time required to process
and send the next frame should approximately match the timieglwhich each frame is displayed
on the screen, that is, ideally, this time should be withirnvemginterval[ty, to]. If the next frame
is processed at time> ¢, then there are two choices: Either delaying the dispiiscontinuous-
speedreproduction) or refusing to display it when timgis reached, thus keeping the previous
frame Ekippedreproduction). If the next frame is processed at titne ¢;, then it could be
immediately displayed (discontinuous-speed reproduocégain), it could be discarded (again,
skipped reproduction), or it could be stored so that it ig $ethe video device later (this requires
that the player is provided with enough memory to keep eanyges until it displays them). Next,
different scenarios are considered as well as the implatientrelation that should be checked for
each one.

Depending on the kind of errors detected, the chosen impitatien relation should consider
errors from a different point of view. In particular, if themsequences of early or late behaviors
depend omowearly or late they are produced, then distances should tstdmmad. In this example,
this is the case if early and late images are actually digglayhen they are produced: Displaying
a frame 0.2 seconds late is worse than displaying it 0.1 skxclatte. However, if the consequences
of early and late behaviors do not depend on the gap betweenbderved time and the expected
time, then theproportion of wrong time values should be used. In this example, thikéscase if
early and late images are discarded: If after 0.3 secondsigéided not to wait anymore and keep
the previous frame, then it is irrelevant how late the dedaypeage will be produced.

Suppose that there is not enough memory available to st@gdmproduced too early for being
displayed later, and both early and late images are jusaudlsd. In this case, the tester should
be concerned only about timeimberof discarded images. Therefore, thé, «)-timelyrelation is
suitable. Furthermore, assume that discarding an imagéodate processing is just unacceptable.
In this case, a good choice (&, «)-preferable timelyAlternatively, suppose that there is enough
memory available to store early images (i.e., early imageshe displayed later at the expected
time) and late images are discarded (i.e., late images peodkipped reproduction). Moreover,
consider that producing an imagm late is completely unacceptable. In this case,(tHex)-fast
timely relation should be chosen. Regarding the previogslatelimit, note that this relation, as
well as(H, a, §)-fast timely considers botlate andtoo latelimits. This is done by assuming that
thelate limit is denoted by théowerbound of each interval, while the upper bound denotesabe
late limit. This interpretation allows to denote that any timeybed the late limit is not good, but
any time beyond the too late limit is unacceptable.

Assume that there is not enough memory to store early imagebath early and late images are
actually sent to the video device. In this situation, theéeteshould be concerned abdww early
andhow lateare early/late images. In this case, {l#& j3)-global timelyrelation should be used.
If there is enough memory to properly handle early imagesldietimages are actually (lately)
displayed then the tester should be concerned about hovatlatthese images. Therefore, either
the (H, 5)-up-timelyrelation or the(H, 5)-low-timelyrelation should be used, depending on how
lower and upper bounds of the specification are used. Iniadda more flexible approach, where
both early and late images may be displayed/discarded dameon run-time conditions, can be
considered. For instance, memory limitations could birerttaximal number of early images that
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14 M. G. MERAYO ET AL.

can be stored to be displayed later on time and a given disgjgplicy could limit the number of
images that are discarded due to late processing. In théstbagH, «, 5)-timelyrelation should be
used because this relation accounts both the proportiamefvalues that are outside the interval
and the distances from these values to the interval. Therether possibilities. If early images
are discarded, images exceeding upper bounds of intemeaisacceptable, and displaying images
later than thdower bounds of intervals is considerdxdd, then the(H, «, 3)-preferablerelation
should be chosen. However, if the memory allows the devideatalle early images, late images
can be either displayed or discarded, and too late imagasnaeeptable, then thé?, «, 5)-fast
timelyrelation should be used.

In conclusion, deciding which implementation relation sldobe checked strongly depends on
the kind of system and on the kind of behaviors that are censitlacceptable in each case. O

Note that having the previously defined relations parariegtéby the seH is somehow similar
to consider the, widely usethirness assumptioim formal testing: If a systeni is testedenough
it can be assumed that all the possible paths of the testédnsysere exercised. The fairness
assumption essentially corresponds to hHve TEvol (I) while the framework presented in this
paper considers that an implementation is correct up totainesubmultiset offEvol (I). Note
that the fairness assumption is related to the more genetimmof fairnessin systems where it
is assumed that if a possibility is available enough times it will be eventually chosen (see the
book [41] for a good discussion on fairness and different possiédito define appropriate notions).

Some properties of the proposed implementation relatigesidentified next. Implications
identified in part (c) of the following proposition are gragdily depicted in Figuré.

Proposition 1 (a) (reflexivity) Let M be anl FSM H be a multiset of timed executions af,
0 < a <1,ands € Ry. Letconf (.8 pe any of the implementation relations given in (a),
(b), (d), (e), or (g) of Definitior® (ignore a or g if they do not apply in that case). Then,
M conf (He8) pr,

(b) (transitivity) Let A, B,C be input-enabledl FSMs and conf (#:#) pe any of the
implementation relations given in Definitién If A conf (%) B andB conf (.8 ¢
thenA conf (He8) C,

(c) (implications)Let A, B bel FSMs.

(c.1) If A conf %) Bthena conf ) B,

intp int

(c.2) If A conf Y Bthend conf 9 p,

intlw intu,
(c.3) If Aconf > BthenA conf Eﬁ;; B andAconf (%) B,
(c.4) If Aconf ﬁft;‘ﬂ) B then Aconf ifft;‘) B, Aconf "% B A conf"* B, and
A conf 5{;5]3 B,
(c.5) If Aconf Eﬁ’}*’ﬁ) B thenA conf Eﬁ}*) B, Aconf %) B, andA conf ") B.

Proof
In order to prove (a), note that the relatiomsnf (/:*-#) impose both non-temporal and temporal
constraints. The non-temporal requirementohf (-8 is given byconf ;. By Definition5 it
is straightforward to check thatonf ,,; is reflexive. Regarding temporal constraints, note that all
relations given in (a), (b), (d), (e), (g) of Definitighaccept all execution time values that are both
over the lower boundndunder the upper bound of thé&SMat the right hand side afonf (7:@:5),
Since H is a multiset of timed executions of thé=SMat the left hand side afonf (Z:«#) all
execution time values are within the corresponding intsrgathel FSMat the left side. Thus, the
temporal requirement afonf (-8 holds and\/ conf (H:*:8) pf,

In order to prove (b), assume thatconf (:«#) BandB conf (#:¢:8) (. Then, in particular,
A conf ,; BandB conf,; C.SinceA andB are input-enabled, theonf ,,; relation reduces
to trace containment. TherefoldTEvol (4) C NTEvol (C), concludingA conf ,,; C. Regarding
temporal constraints imposed bpnf (#:8) note thatd conf (:>-#) BandB conf (H:8) ¢
imply that H is a multiset of timed executions @oth A and B. The temporal requirement of
conf (F.2.8) is assessed by comparing the multigebf timed executions of theFSMat the left
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Aconf 1ef p Aconf Lef p

intf intp

Aconf 8 p A conf (H'B)/ Aconf W g Aconf WP p

intf intlw intp int

— |

Aconf 19 p Aconf 1) p Aconf A p

intup int intgb

Figure 4. Implications between relations.

hand side with thd FSM at the right hand side. Thus, B conf (#:#) C then the temporal
requirement ofdA conf (:#) ( holds as well, since the same multig&tof timed executions is
considered. Thereforey conf (.8 (.

The five subcases of (c) are proved next. First, (c.1) is denedl. If A conf (/") B then
Aconf ,; B and the execution time values collected franfulfill the following conditions:

e They are never greater than the upper bounds imposégidnd
o the proportion of execution time values smaller than lowaurgs imposed by is smaller
thanl — a.

These two conditions imply, in particular, that the propmrtof execution time values out of the
intervals imposed by is belowl — «. SinceA conf ,; B, it can be concluded that conf (H,a)

wnt

B. Next, (c.2) is proved. For a given time interVa], a2] imposed byB for some trace, lef) be the

set of all execution time values &f for the corresponding trace that are greater thamBesides, let
Q' C Q be the set of all execution time valueskbfthat are greater tham. It is trivial to check that
the addition of squares of distances from time valué€g to a, is lower than or equal tahe addition
of squares of distances from time valuesJhC Q to a, since’ is contained inQ, as > a;, and

@’ contains only values greater thapn Given the fact thatd conf ,,; B, it can be concluded that
A conf ®%) B Regarding the three implications given in (c.3), (c.4)d 40.5), note that the

. intup ) . ; N
relation assumed in the premise of each of these three capeségdwo conditions over temporal
samples. In particular, in (c.3) the premideconf gff;aﬂ) B requires, in addition td conf ,,; S,

that for all e € ® and all time intervalsd € g, if (e,d) € TEvol (S) then two conditions

must hold:Qbs_Ti neg(e) C, d and di st (QGbs_Ti neg(e),d) < 8. Thus, A conf (H,a.B) p

int
trivially implies the relation imposing that requirememmly over Cos_Ti ney(e) C, d (that is,
conf (H"")) and the relation imposing that requirememty overdi st (Cbs_Ti neyg(e),d) <

int
(that is, conf %ﬁ)). For a similar reason, in (c.4) the relaticonf ﬁft;‘ﬂ) implies conf Eﬁf)
(H,o,8)

Eﬁfi} The other two relations implied byonf ;> ™" in (c.4), that isconf ifft"‘) and
conf %) are a consequence of (c.1) and havounf ifft;‘) and a consequence of (c.2) and

ntup’
havingconf Efﬂﬁ? respectively. Similarly, in (c.5) the relatiaronf Efg}*’ﬁ) contains the temporal

Eon(ditzig)ns required bgonf Eft}*) andconf fftli) whileconf Eftfg is a consequence obnf fftli)
y (c.2).

andconf

Note that the implementation relations given in (c), (f), @nd (i) of Definition9 are not reflexive.
This is so because relations based eitheranor onfrom | ow do not necessarily accept all
execution time values that are within the intervals giveriteyl FSM placed at the right side of
the relation. Intuitively, this result means that, in theskations, a good implementation must be
faster than the specification, and therefore, the specditdself cannot be a good implementation.
Besides, it is worth to point out that the only implicationstween pairs of relations given in
Definition9 are those identified in the previous result.
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The next result identifies some special conditions that ntiaggorevious relations collapse. The
idea is that sometimes specifications follow a predefinegtpategarding temporal behaviors. For
example, if itis assumed that takifgyv time values is always allowed, then specifications could use
only time intervals of the fornf0, a2]. This is the case if, for example, time information is asatsxi
with the time required to compute a value (getting fasterrédsailt of a computation is generally
good). Alternatively, taking only intervals of the forfa;, oc] implicitly denotes thahigh time
values are not bad. This would be suitable if time informatilenotes the time consumed before
some kind of undesired behavior is produced. Other spetditacould denote that there isimgle
ideal time for each event (i.e., only intervéds, a,] are used) and any other time is not appropriate.
In these special circumstances, some of the implementagiations given in Definitio® collapse,
that is, they denote the same requirements.

Proposition 2
Let I, S be twol FSMs and consider the followinigFSVs:

1. S8 coincides with S but replacing its set of transtions by the sétr' =
{(s,5',1,0,[0,a2])|(s, 8, 1,0, a1, az]) € Tr}.

2. S” coincides with S but replacing its set of transtions by the sétr’ =
{(s,¢,1,0,az,a2])|(s, s, i,0,[a1,az2]) € Tr}.

3. 8" coincides with S but replacing its set of transtions by the s&tr"” =
{(s,5,1,0,a1,))|(s, 5,14, 0,[a1,as]) € Tr}.

4. S coincides with S but replacing its set of transtions by the s&u"" =
{(s,5,1,0,az,))|(s, 5,1, 0,[a1,as]) € Tr}.

The following properties hold:

(@) I conf 7*) g iff I conf ifft;‘) S

(b) I conf ;) s iff 1 conf (1) s
(c) Iconf Eﬁf) S’ iff I conf ifft}") S

(d) 7 conf {1y §”iff I conf ([ S’

intp

(e) I conf (1.5) g1 iff [ conf (15 g/

intgb intup

() Iconf ™A griff 1 conf (5 g

intgb intlw

(g) I conf %) giff 1 conf (15 g

intlw intup

(h) I conf 22 g iff 1 conf ,,, S

intup

(i) 1conf {1y siff 1 conf (e g
Proof
Only the proof of (c) is given since the rest of the resultstoaproved by using similar arguments.

Consider the implication from left to right. Leb = {e | 3¢: (e,t) € H}N NTEvol (5)
and supposel conf ifft"‘) S’. Then, Iconf,; " and for allec ® and d € Zr,, (e,d) €
TEvol (S’) implies Qbs_Ti mey(e) <, d. That is, for all (e, [a1,as2]) € TEvOl (S'), |{r|r €
Qbs_Ti mey(e) A 7> as}] =0 and Hrlre@eNimate fr<atl <1 — o Next, it is necessary

to check that the conditions required to fulfilc onf Eﬁ"“) S” actually hold. The first requirement,

I conf ,; S”, trivially holds becausd conf ,,; S’ and time intervals do not affectonf ;. For
thisreasonp = {e | 3¢: (e,t) € H}NNTEvol (S”). The second requirement bt onf Eﬁ}*) S”
is that for alle € ® and alld € Zr ., (e,d) € TEvol (S”) implies Cbs_Ti mey(e) <, d. That
is, it is necessary to prove that for ak, [a1,az2]) € TEvol (S”), |{r|r € Qos_Ti meg(e) A

r > as}| =0 and ”{’”“EO"‘T(SJ; ”TEiHm(eef){(Ae)c"llqgaz}” < 1-—a. By the construction ofS” from S,
for all (e, [a1,az2]) € TEVOI (S”), a1 = ae. Moreover, by the construction &’ from S, for all
(e, [az, az]) € TEVOI (S”), (e,[0,a2]) € TEvOIl (S’) holds and by the assumption dtonf Eﬁf)
S, H{r|reos_Tinmeg(e) A r>ag}| =0, which is the first condition required for all

f F— reCbs_Ti e az<r<a
(e, [az, a2]) € TEvol (S”). The second requirement is in fagt-L"SPosT il pcesreatl <
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1 — «, which trivially holds because the interval < r < ay is empty. Therefore] conf Eﬁ}*) S

holds.
In order to prove the right to left implication, note thiat onf Eft;“) S” implies thatl conf ,,; S”

and for all(e, [az, az]) € TEvol (S”), |{r | r € Cos_Ti mey(e) A r > as}| = 0 and the (trivial)

e [{r | r€Cbs_Ti mey(e) A az<r<as}| B . P
condition [Cbs T M8 5 (O] < 1—a. So, by using similar arguments as before,

I conf ,; S” and for all(e, [0, az]) € TEVOl (S”), [{r |r € Qbs_Ti neg(e) A r> as}|=0and
plir [ r€Cbs_Timey (e) A r<0}|

the (trivial) conditio [Obs T e (€] <1—a. Thus,I conf Eft;*) S’ 0

4. DEFINITION AND APPLICATION OF TESTS

A test represents a sequence of inputs applied to the impltien under test. After applying
each input, it is necessary to check whether the receivepubig expected or not. In the latter
case, a fail signal is produced. In the former case, eitheass gignal is emitted (indicating
successful termination) or the testing process continyepplying another input. In order to test an
implementation with input and output sdtandO, respectively, tests are deterministic acyéhi©
labeled transition systems (i.e. trees) with a strict aidon between an input action and the set of
output actions. An output action is followed either by a I@aflicating either failure or successful
termination) or by an input action. Leaves are labeled eibygassor by fail. In the first case, a
time stamps also placed in the leaf. The time stamp will be a time irdkrVhe idea is that the time
that the implementation takes to reach that point will be parad with the time stamp.

Definition 10

A testis a tupleT = (S,1,0,Tr, s0,S1,S0,S5F,Sp,Cr) where S is the set of states, and O

are disjoint sets of input and output actions, respectivElyC S x (I UO) x S is the transition
relation, sq € S is the initial state, and the setsy, So, Sr, Sp C S are a partition ofS. The
transition relation and the sets of states fulfill the foliogvconditions:

e S; is the set ofinput states, withsy, € S;. For all input states € S; there exists a unique
outgoing transitiorts, a, s’) € T'r. For this transitiong € I ands’ € So.

e So is the set obutputstates. For all output statess Sp and allo € O there exists a unique
states’ such that(s, o, s’) € Tr. In this cases’ ¢ So. Moreover, there do not existe I and
s' € S such that(s,i,s") € Tr.

e Sr andSp are the sets diail andpassstates, respectively. These states are cadiadinal
That is, for all statess € Sy U Sp, there do not exist € TUO and s’ € S such that
(s,a,s") €Tr.

Finally, Cr : Sp — Zr, is afunction associating time stamps, that is, a time iallewith passing
states.

Let e=id1/01,...,ir/0p. T == s denotes thats € Sy USp and that there exist states
S$12, 521,522, ... 5r1,Sr2 € S such that {(S(),il,slg),(STQ,OT,S)} CTr, for all 2<53<r,
(Sjl,ij, Sjg) € Tr,andforalll < i<r—1, (Sjg, 0j, 5(j+1)1) e Tr.

AtestT is valid if the graph induced b¥ is a tree with root at the initial statg. A set of tests
T ={T1,...,T,} is called atest suite O

From now on, the reader must assume that tests refer onlylitbteats. Figures shows three
valid tests that can be applied to the running example. Fersttke of clarity, in this graphical
representations a branch labeledddyse represents a separate branch for each output different
from the one appearing to the right of the correspondingledaach.

Next, the application of a test to an implementation is defidetest suite7 is passedf, for all
tests, the terminal states reached by the composition dhthlEementation and the test belong to
the set opassingstates. Note that since implementations are input-enathledesting process will
conclude only when the test reaches either a fail or a sustates
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T T 13
[ ] [ ] [ ]
l bon l bon J bon
[ ] [ ] [ ]
el se/\SeI ect _Program el se/\ Sel ect _Program el se/\ Sel ect Program
L] ° L] L] [ ] L]
fail J bcot fail J bwool fail ‘ bec
[ ] [ ] )
el se/\Ootton el se/\W)oI el se/\Easy_Car es
[ ] L[] [ ) (] [ ) (]
fail l bst art fail [ bstart fail [ baui ck
) [ ] [ ]
el se/ \V\ashi ng el se/ \Wlshi ng el se/ \V\ashi ng
[ ] [ ] [ ] [ ] [ ] [ ]
fail pass, [87,99] fail pass, [50, 65] fail pass, [38, 48]

Figure 5. Three different tests.

Definition 11
Let I be anl FSM T be a test, and be a state of. I || T == s denotes that’ = s and
e € NTEvol ().

I passes the test suite 7, denoted by pass(l,7), if for all tests T =
(5,1,0,Tr,s,S1,50,Sr,Sp,Cr) € T ande € NTEvol (I) there does not existe Sr such that

I|T=% s. O

Example 8

Consider the running example presented in Figuend the tests given in Figufe The system
passes the test sui{@y, 7>} since there does not exist a computation that leads to atéd.<On
the contrary, if the test suitgl; } is applied then a failing computation appears since, formpla,
the system and the test can perform the sequence

bon, Sel ect _Program bec, Easy_Car es, bqui ck

but the message displayed by the system after the bootanck is pressed, that i€ui ck_Wash,
leads the test to a fail state. O

The previous definition of passing tests does not take intowd the time values that will be
collected during the application of tests. The setobterved timed executiomnsll be checked
against time stamps. In fact, it is necessary to obtain a fsetsb executions associated to each
evolution in order to evaluate if they match, in a certainsgerthe time interval associated to the
corresponding state of the test. In order to increase thehitly degree, the method presented in
this paper does not follow the classical approach whereimmsstest suite is defined according
only to the results for each test. In this method all the okzterns will be put together so that more
samples for each evolution will be available. In particutarme observations will be used several
times. In other words, an observation from a given test mayseel to check the validity of another
test sharing the same observed sequence.

Definition 12
LetI be anl FSM T be atest, andbe astate of. I || T' ==, s denotes thal' == s and that there
existsd € Zr, such thatle,d) € TEvol (1) andt € d. In this case(e, t) is called atest execution
of I andT.

Let I be anl FSMandT = {Ty,...,T,} be a test suite. Lef4, ..., H, be finite multisets of
test executions of andTi,...,T,, respectively. Letd = J_, H;, ® ={e | 3t :(e,t) € H},
B8 € Ry, and0 < a < 1.Then,
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(9) I (H,a,p)-timely passethe test suitd,
(h) I (H,«,p)-preferable passethe test suitg, and
() I (H,«,p)-fast passethe test suitg

(a) I (H,«)-timely passethe test suité,
(b) I (H,«a)-preferable passethe test suite,
(c) I (H,«)-fast passethe test suitd,
(d) I (H,p)-global timely passethe test suité,
(e) I (H,p)-up-timely passethe test suite,
() I (H,ps)-low-timely passethe test suite,

(

(

(

respectively, ifpass(7,7) and foralle € ® and allT € 7, I | T == s implies, respectively,

(@) Qos_Timey(e) Ca Cr(s)
(b) Cos_Ti me (e )< Cr(s)
(c) Qos_Ti meg(e) <o Cr(s)
(d) di st (Qbs_Ti meg(e),Cr(s)) <
(e) fromup(Qos_Ti neg(e),Cr(s)) <

(H from.!| ow(Qos_Ti meg(e),Cr(s)) < ﬂ

() Obs_Ti mey(e) Co Cr(s) A di st (Qos_Ti mey(e), Or(s)) <

(h) Cbs_Timeg(e) <o Cr(s) A fromlow(@os_Ti meg(e),Cr(s)) <
(i) Qos_Ti nmey(e) <o Cr(s) A from| ow(@Gos_Ti mey(e),Cr(s)) < B

O

Note that an observed timed execution does not contain the ithterval associated with
performing the evolution (that is, the addition of all théeirvals corresponding to each transition
of the implementation) but the addition of all the time valtleat elapsed between the reception of
each input and the performance of its associated output.

Intuitively, an implementation passes a test if there dagserist an evolution leading to a fail
state and certain conditions on observed values hold. Thé& serresponds to the observations
of the (several) applications of the tests belonging to #s suite to the implementation under
test. Thus, it must be decided whether, for each evolutiothhe observed time values (that is,
Obs_Ti ne y(e)) matchthe definition of the time intervals appearing in the sudtgsstate of
the tests corresponding to the execution of that evolutiwat {s,Cr(s)).

Example 9

Consider again the running example presented in Figused the tests given in Figue The
system passes the test suftg } for the (H, «)-timely, (H, «)-preferable (H, 8)-global timely
(H, B)-up-timely and(H, «, 3)-timely notions, for any value ofi andg. This is so because these
notions of passing a test suite only impose restrictions twe time values observed out of the
interval associated to the pass state. In this case, alldhey collected from the system, that is,
{87, 88, 88,89}, are included in the corresponding interyar, 99]. The notions(H, «)-fast and
(H, «, B)-fastare based on the limitation of the number of time values withe interval given by
the relationk,. The system only fulfills the requirement if the valuexds equal to zero, taking into
accounttha®bs_Ti me y(e) <, [87,99] only holds for this value. In addition, the system does not
pass the test suitg; } for the notiong H, 3)-up-timely (H, «, §)-preferable and(H, «, §)-fast, if
the value of5 is greater thauli st (Cbs_Ti ne g (e), [87,99]) = 6.

The system passes the test sujfg} according to the different notions depending on the
tolerance degree established and the error degree of walngsvaccepted. For example, assume
that o« = 8 = 0 and consider the sample of observations included in theiseulf described
in Example5. In this situation, the systeniH, «)-timely, (H, «)-preferable and (H, «)-fast
passesthe test suite{7>}. The same situation appears regarding the notions thatidevas
the distance functionr om | ow( ) andfrom up( ). However, the system fails according to
the definition of (H, 8)-global timely passing the test suite. The reason is that the value of
di st (Qbs_Ti meg(e),Cr(s)) = di st ({39, 39,40, 42}, [50,65]) = 406 is greater than the value
considered fops. O
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5. DERIVATION OF TEST SUITES

This section introduces an algorithm to derive tests frompexsication. The derived test suites are
sound and complete with respect to the implementationoelaintroduced in Sectiod The basic
idea underlying test derivation consists in traversingsiecification in order to get all the possible
evolutions in an appropriate way. First, some additionghtion is needed.

Definition 13
LetM = (S,1,0,Tr,s;,) be anl FSM For alls € S andi € I, the sebut (s, ) is defined as

out (s,i) ={o|3s,d: (s,5,i,0,d) € Tr}
Givens € S;i € I,0 € O, andd € T, the functionaf t er (s, 1, 0,d) is defined as

(s, d+d) if (s,¢,i,0,d)€Tr

error otherwise

after(s,z’,o,d):{

O

The functionout (s,7) computes the set of output actions associated with thossitiens that
can be executed from after receiving the input. The functionaf t er (s, , 0,d) computes the
situationthat is reached from a stateafter receiving the input, producing the outpus, when
the duration of the testing process so far is givenlbg situation is a pair containing the reached
state and the cumulated intervals since the system stdstgubiformance. Note that, due to the
assumption that FSMs are observablaf t er (s, i, 0, d) is uniquely determined. In addition, this
function will be applied only when the side condition holttst is,er r or will never be returned
as result of applyingf t er.

The algorithm to derive tests from a specificatiahis given in Figures. This algorithm is non-
deterministic and each application returns a single testdhsidering the set of all tests that can
be obtained by taking non-deterministic choices in all fidesvays, a test suite is extracted from
the specification. This test suite is calleest s(A1).

The algorithm works as follows. A set gending situations,,..,, keeps those tuples denoting
the possible states and duration values that could appearstate of the test whose definition
has not been completed yet (that is, its outgoing transtimewve not been defined yet). A tuple
(sM.d, sT) € Sa.. indicates that the stat€ of the test is not completed yet, the current state in
the traversal of the specificationdd/, and the accumulated time interval in the specification from
the initial state is given by. The setS,,,.. initially contains a tuple with the initial states (of both
specification and test) and the initial situation of the ps®(that is, the time interval[, 0]). There
are two possibilities for each tuple belongingdg.... It is important to remark that the second step
can be applied only when the s&t,. becomes a singleton. So, the derived tests corresponddo val
tests as introduced in DefinitiakD. The first possibility simply indicates that the state of thst
becomes a passing state. The second possibility takes anang generates a transition in the test
labeled by this input. Then, the whole sets of outputs isiclemed. If the output is not expected by
the specification (step 2.(e) of the algorithm) then a ttarsieading to a failing state is created.
This could be simulated by a single branch in the test, lablejee| se, leading to a failing state.
For the expected outputs (step 2.(f) of the algorithm), asiteon with the corresponding output
is created and the appropriate tuple is added to th& sgt Note that a (finite) test is constructed
simply by considering a step where the second inductiveisasat applied.

Example 10

The testT; given in Figure5 is one of the tests that the algorithm may produce when appdie
the system given in Figurg. Initially, the inputbon is chosen in the step 2.b of the algorithm
and a transition labeled by this input is generated in thie Tége considered input determines the
expected output(s). In this case, oi8gl ect _Pr ogr amcan be displayed on the screen. Thus,
a transition for theSel ect _Pr ogr am output is created in the test (step 2.f of the algorithm).
Moreover, another transition leading to a fail state is t@@édor the rest of the outputs, represented
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Input A specificationM = (S, I,0,Tran, s;,).
Output A caseT’ = (S',1,0,Tran’, sg,Sr, S0, Sr, Sp, Cr).

Initialization:

o S":={so};Tran’,Sr,So,Sr,Sp := 0.
o Soug 1= {(Sin; [0,0], SO)}-

Inductive CasesChoose one of the following two options un$il,,. = 0.

1. If (s™,d, sT) € S, then perform the following steps:
(@) Sauz = Sauz — {(s™,d, sT)}.
(b) Sp:=SpuU{st}; Cr(s?) :=d.
2. If Spue = {(s™,d,sT)} and3 i € I : out (s, i) # 0 then perform the following steps:

(a) Sauz = 0.
(b) Choose such thabut (s, ) # 0.
(c) Consider a fresh staté ¢ S’ and letS” := 5" U {s'}.
(d) S;:=Sru{sT}; So:=SoU{s'}; Tran’ := Tran’ U{(sT,i,s')}.
(e) Forallo ¢ out (s™,i) do
e Consider a fresh stat¢ ¢ S’ and letS’ := 5" U {s"}.
o Sp:=SpU{s"}; Tran' :==Tran’ U{(s',0,5")}.
(f) Forallo € out (s*,i) do
Consider a fresh stat& ¢ S” and letS’ := 5" U {s"}.
Tran' = Tran' U{(s',0,s")}.
(sM,d') :=after (sM,i,o,d).
Sauz = Sauz U {(S{wv dlv S”)}'

Figure 6. Derivation of tests from an observable specificati

by the labekl se. After this, the inpubcot is selected. The only output that the specification can
perform is the display of th€ot t on message; a new transition associated to this output isdadiu

in the test. For the rest of the outputs, the correspondangsition leading to a fail state is created.
The specification moves to state and the inpubst art is selected. The appropriate transitions
are created and, finally, step 1 of the algorithm is appliedrater to conclude the generation of
this test. Only one pass state is created. The attached nir@eval represents the associated time
values with the different possibilities to perform the cdete input/output sequence. Note that the
algorithm considers only the lapses, extracted from theiBpation, between reception of inputs
and performance of outputs. O

The main result of the paper shows that passing the test saiés(S) for a sampleH is
equivalent to having the conformance of the implementaiitger test with respect 19, according
to the relations given in Definitiof.

Theorem 1
Let I andS bel FSMs. Given a finite multisel of timed executions of, 3 € Ry, and0 < a <1,

(a) I conf 1) §iff I (H,a)-timely passesest s(S).

(b) I conf ") Siff I (H,a)-fast passesest s(S).

(c) Iconf (%) Siff I (H,a)-preferable passes est s(S).
(d) 7 conf ") Siiff 1 (H, §)-global timely passesest s ().
(e) I conf Eﬁfg Siff I (H,)-up-timely passesest s(.5).
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(f) Iconf (15) g iff | (H, B)-low-timely passeg est s(S5).

intlw
(9) I conf P giff T (H, o, B)-timely passesest s(S).
(h) 7 conf % Siff I (H,a, p)-fast passesest s (S).
(i) Iconf ™" giff I (H,a,B)-preferable passesest s(S).

intp
Proof
Only the proof of (g) is given since the proofs of the rest clules are similar.

The right to left implication will be proved by counterpogd. Therefore, assume that
I conf Eﬁ’a’ﬁ) S does not hold. There are two possibilities.

First, suppose that the previous relation does not hold usecd conf ,;, S does not
hold. This means that there are two non-timed evolutiens (i1/o1,...,ir—1/0r—1,1r/0:)
ande’ = (i1/o1,...,ir—1/0r_1,ir/0)), With r > 1, such thate € NTEvol (S), ¢ € NTEvol (1),
and ¢’ € NTEvol (S). It will be shown that if e € NTEvol (S) then there existsT =
(St,1,0,Tr, s0,S1,S0,SF,Sp,Cr) € test s(S) such thatl’ = sT ands” € Sp. This test is
built by applying the algorithm given in Figuand solving non-deterministic choices as follows:

for1<j<rdo
apply inductive case for input;
apply inductive case for all (s, d, s7) € S,.. Obtained
by processing any output different from
end
apply inductive case for the last(s™, d, s7) € Squs

This testT is such that’ = 7, for someu? € Sr. This is because the outpalt is necessarily
treated in stefe) during the last application of the inductive caseincee’ ¢ NTEvol (S). Given
the fact thatl” € t est s(5), pass(/,t est s(S)) does not hold. Thug, (H, «, 8)-timely passes
t est s(S) does not hold.

Second, suppose thdtconf fﬁ"’"ﬁ) S does not hold because there exists a sequence
{e/ | 3t:(¢/,t) e HYNNTEvol (S) and a time intervall € Zr, such that(e,d) € TEvol (S5)
and eitherCbs_Ti mey(e) Zo d or di st (Cbs_Ti meg(e),d) > 5. Consider the test” built
before for the non-timed evolutioa Sincee € NTEvol (5), sT € Sp for a states” satisfying
T = s”. Besides, sinceH is a multiset of timed executions of, for all sequences: €
{e/ | 3t:(e/,t) € HYNNTEvol (S),e € NTEvol (I). Therefore] | T == s”. According to the
construction ofT', Cr(s”) denotes the interval of time values allowed Byto executee, that
is, Cr(sT) = d. Hence, ifQos_Ti mey(e) Z, d then Qos_Ti mey(e) Z, Cr(sT) and thusI
(H,a, B)-timely passes est s(S) does not hold. In addition, ifli st (Cos_Ti meg(e),d) > S
thendi st (Qbs_Ti ney(e), Or(sT)) > B andI (H, o, 3)-timely passesest s (S) does not hold
either.

The left to right implication will be also proved by countesitive. Therefore, assume that
(H, a, B)-timely passesest s(S) does not hold.

First, suppose thatl (H,«,pS)-timely passestests(S) does not hold because
pass(I,tests(S)) does not hold. This means that there exists a tBsttests(S),

e/ = (i1/o1,...,ir_1/0r_1,i./0.), and s such that IHT% sT and s € Sp. Then,

¢’ € NTEvol (I) and T == s”. According to the test derivation algorithm, a branch of a
test leads to a failure state only if the associated outpumaibe produced in the specification.
Hence,e’ ¢ NTEvol (S). Note that the algorithm creates a failure state only whenitiductive
case?2 is applied. Applying this case requires thatit (Sys,4) # 0, that is, the specification
must provide some output in response to the chosen inputs, Tiere exists an output.
and a non-timed evolutiom = (i1/01,...,%-—1/0-—1,%-/0,) such thate € NTEvol (S). Since

e’ € NTEvol (I), ¢ ¢ NTEvol (S), ande € NTEvol (S), it can be concluded thatcopf ,,;S.
Thus,I conf "> 5 does not hold.
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Second, assume thatH, a, §)-timely passesest s (S) does not hold bypass (I,t est s(.9))
holds. In this case, there must exist a sequewmce{e’ | 3t:(¢/,t) € H} and a test
T = (Sr,1,0,Tr,s0,51,50,8r,Sp,Cr) €T, with I||T==s", such that either
os_Ti mey(e) Zo Cr(sT) or dist(Obs_Tineg(e),Cr(sT)) > 3. Note that, since
pass(I,tests(S)) holds, s” € Sp. By the construction oft ests(S) according to the
test derivation algorithm given in Figuré, Cr(s”) denotes the interval of time values
allowed by S to executee, that is, for somed € I, (e,d) € TEvol (S) and Cr(s”) = d.

Thus, if Qbs_Ti mey(e) Zo Cr(sT) then Cbs_Tiney(e) Zo d and Icopf g In

addition, ifdi st (Qos_Ti ney(e), Cr(sT)) > Bthendi st (Qbs_Ti ney(e),d) > (3. Therefore,
1 conf %% g does not hold. O

int

6. RELATED WORK

This section briefly reviews some related work. The extarsiaf process algebras with time are
somehow related to the proposal presented in this papee giracess algebras usually rely on
semantic models, either equivalence relations or (préeyst to relate processes. The following
proposals 15, 42, 43, 44, 45, 46, 18, 47] can be mentioned among many others. There is a main
difference between the work on timed process algebras andidhk reported in this paper. In the
former, the considered semantic relation relates two psEEgenerated from the same language,
that is, both processes have the same nature arabttenf both of them is visible. In contrast, the
proposal presented in this paper relates two objects d@drdifit nature: One of them is visible (the
specification) and the other one is not (the implementatievgn assuming that the implementation
is written in the same language as the specification, it ipassible to access its textual description.
This fact produces that implementation relations asympely relate processes: They compare
intervals of the specification with time values extractaarfrthe implementation. Similarly, even
though the objective is similar, applying tests to systetiis, proposal is not very related to the
classical de Nicola & Hennessy's testing theof§3,[49]. The latter is based on comparing two
processes by analyzing their responseailitthe tests of a given set of tests. In addition, processes
are always visible, so that thdiranchingcan be fully observed. On the contrary, the approach
presented in this paper consists in applying tests, deffeed specifications, to implementations to
determine whether the implementatiors@nehoveorrect with respect to the specification.

There are already several papers devoted to formal testitigpned systems (for example, the
papersPl, 22, 23, 24, 25, 35, 50], to name a few). The interested reader is referred to thenjag|
where a comparison between different approaches is pessdfwen though (formal) timed testing
can be considered a mature area of research, only a few pdipeety or indirectly consider the
topic of non-strictdeadlines, and this number is even more reduced when tedttic a testing
framework. The work reported in the papéd] presents a probabilistic formalism to approximate
the idea of soft deadline. However, this approach is not velgted to the one presented in this
paper since, on the one hand, they are based on the wW8rki§], and, on the other hand, they
use a probabilistic approach, based on the pdiidy fo deal with soft deadlines. As mentioned in
the introduction of the paper, stochastic models allow taiglly simulate soft deadlines. In this
line, there are two proposals to test stochastic systé®)HH]. but they are also inspired on the
work [48, 49].

Although not directly related to this framework, it is wortilhmention the topic of testing non-
strict requirements over some kind of numerical values épetifically time) as presented in the
paper p5]. A distancebetween two systems is calculated by measuring how far theerigal
values associated to actions in one of them are from the valssociated to the same actions in the
other one. In particular, the distance between t@oescomposed of the same actions is given by
the maximum difference between values associated to the steps in both sequences. Based on
this idea, the distance between taystemss the highest distance between traces of both systems,
where each trace of one system is compared todagestrace of the other. In the papéid], this
distances approach is considered in a framework where ricathgalues explicitly represent time,
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although the goal is not to develop a black-box testing nuhagy to check the correctness of an
implementation under test, but to directly compare/studgets in a white-box fashion. This is also
the goal of the work reported in the papéi’], where semantic relations, such as traces inclusion,
traces equivalence, simulation, and bisimulation, areslbged for a similar (but not specifically
timed) quantitative framework. In the pap&g], several functions associating each trace to a single
numerical value, depending on the values associated tonacin the trace, are considered and
studied (e.g. maximum, sum, different kinds of limits fofifrite traces, etc).

In contrast with these approaches to non-strict requirésn@rich are based on the previously
described notion of distancé&4, 56, 57] or on associating a single value to each tras§,[the
testing framework presented in this paper provides a rialagrto express what ellowed partially
allowed or completely forbiddem non-strict (temporal) requirements.

7. CONCLUSIONS AND FUTURE WORK

This paper presented a novel framework to specify and testdisystems showing both soft and
hard deadlines. Nine conformance relations, that takedntmunt the different considerations of
what aslightlyerroneous system is, were introduced and the precisearelagitween these relations
was studied. The paper develops a testing theory by intindacnotion of test and by defining how
tests are applied to implementations and what is the mearfipgssing a test. Finally, it has been
proved that testing a system with the appropriate test ssiiggjuivalent to establishing that it is
related with the specification from which the test suite wasved.

There is still some room for future work. In particular, theper is the first step, together with the
paper p6], to define a testing theory for systems presenting both &intkprobabilistic information
expressed by means of intervals. A second direction fonéuntesearch is to increase the expressive
power of the formalism. In this line, the formalisi®g] can be used to extend the machines used in
this paper with data.
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