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Abstract. We address the problem of misalignment of artifacts devslop ag-
ile software development projects and those required byetHoased test gener-
ation tools. Our solution is domain specific and relies onetkistence of domain
experts to design the test models. The testers interfadeghgeneration systems
with use cases that are converted into sequences of so ealied words corre-
sponding to user events at a high level of abstraction. Tpauiphis scheme, we
introduce a coverage language and an algorithm for autortesti generation.

1 Introduction

Agile software development practices are rapidly gainindeapopularity. From the
testing point of view, this can be seen as a step forward $estang is no longer seen
as the last and the least respected phase of software dmaibprojects. Instead, tests
are driving the development, and automated tests are ieglseme design artifacts and
documents. However, finding the balance between agile ardghiven development
is a difficult managerial task that needs to be made on a casede basis [1].

Agile methods are lifting the status of testing by advoa@atutomated unit and
acceptance tests. However, conventional tests are linmtdeir ability to find defects.
Test cases are scripted as linear and static sequencegkhat hegression testing but
may prove inadequate in their coverage and maintainab@itythe other hand, tests
generated automatically from models can introduce the gsaecg variance in tested
behavior or data for better coverage. Moreover, thanksgidpher level of abstraction,
the maintenance of test models can be easier than test cafiesl by hand.

However, there is a mismatch between the artifacts needadamatic test genera-
tion and those usually created in agile development prejddte models created in the
latter are rarely detailed enough to be used as the basisff@rgting tests, since precise
modeling is not seen to add any value [2]. An easy answer $gptfoblem would be to
use model-based test generation only when detailed modéelbeavy documentation
are produced in any case, for example, in projects deveajogafety-critical systems.

We think that model-based testing needs to be adapted to itmalkee suitable for
agile projects by developing highly automated and usenttly tools. There are oppor-
tunities to introduce model-based practices to increastecteverage especially when
quality is essential, for instance in development of highume consumer products.



Furthermore, the importance of maintainability and rei#glof artifacts grows when
working in a setting such as product family development. E\osv, the right balance
should be found between what should be modeled and whatdhotl

In our previous work [3-5] we have introduced a methodologyrhodel-based
graphical user interface (GUI) testing in the context of $ian S60. Symbian S60
is an operating system and a GUI platform for mobile devisash as smart phones,
that has over 50 million installations [6]. Our methodoldgybuilt around adomain-
specific modeling languag®nsisting of so calledction wordsandkeywordg7, 8] that
describe user actions at a high level of abstraction as wdheir lower-level imple-
mentations, respectively. Action words are used as tiandibels in labeled transition
systems (LTSs) modeling the behavior of the user of the phbimey are refined to se-
guences of keywords with an automatic model transformakon example, an action
word for taking a picture with the phone is translated to #guence of key strokes that
conduct the action on the system under test (SUT).

Based on our experiences with the prototype implementatiaur testing tools,
the biggest obstacles in the practical use of our methogatogcern the creation of
the action word model. Moreover, even though the domairiipdanguage can help
domain-experts without programming skills to build mog#igre is no clear picture on
the relationship between the models created for testindjofimer artifacts, especially
the requirements and design documents. Another relateslignés about requirements
coverage: “How can we know when some requirement has bearexby the gener-
ated tests?”

In this paper, we tackle the above problems. Agile developsigould be supported
by easy-to-use tools that can show immediate added valuéngtance, by finding
serious defects. Thus, our approach is highly automatedayahat all the complexity
associated with model-based test generation is hidden thentester. To achieve the
high level of automation, the approach is domain-specifoweler, a similar approach
can be developed also for other domains.

In more detail, we build our solution on use cases. Since ourain is quite re-
stricted, experts can handle the actual test modeling wésiers define test objectives
based on use cases. On the one hand, use cases should e tamilost system level
testers. On the other hand, use cases can help us to solve-oreurring problem in
model-based testing, i.e., how to restrict the set of geeditasts.

The structure of the remainder of the paper is as followseletiBn 2 we introduce
the background of the work. Our contributions on adaptingehdased testing to agile
developmentare presented in Section 3. This includes fivatin of an improved cov-
erage language that can be used in use case driven testitigeaaskociated algorithm
for test generation. Related work is presented in Sectiam#Szction 5 concludes the
paper with some final remarks.

2 Background

To present the background of our work briefly, we first reviee tole of requirements
in agile software development. Second, we describe our oeapeecific test automa-
tion methodology including the so-called 3-tier test maatehitecture [4].



2.1 Role of Requirements in Agile Development

Requirements form the foundation upon which the entireesgss built. One of the
most import roles of testing is to validate that the systenetés requirements. How-
ever, we see the role of requirements in agile developmeitg different from con-
ventional plan-driven projects. In the latter case reqonents are documented in the
beginning of the project. Any changes to requirements ierlatages of the develop-
ment should be avoided, due to the high costs involved in rewno the former case,
changes to requirements are considered to be inevitablR [[9] for instance, simple
descriptions of requirements are documented as “useestdhat are used mainly for
release planning. The actual implementation should bedbas¢he face-to-face inter-
action with the customer or the end user. While the costs afighs can also be high
in agile development, the increased customer satisfaitis®en as more important and
also more cost effective in the course of the whole project.

Agile Modeling [2] is an extension to more code-centric agilethods, such as XP.
It suggests developing models that can help to design andaent the implementation,
quite similarly to plan-driven approaches but emphasizegain agile principles and
light weight. Requirements can be captured using UML likegdams or simple textual
format, for instance.

Use cases are one of the most popular methods of capturingrestents in in-
dustrial projects. Whether textual or visual, they can bitew with various levels of
formality, depending on the criticality of the system undewelopment. However, in
Agile Modeling, the use cases should contain just enougrimétion to communicate
the idea and no more. Instead of developing all the use caske beginning, it is sug-
gested that they should be defined in iterations and refirerdnmentally when needed
just like other artifacts developed during the project.

The definition of a use case varies in the literature. Here iN@ge the informal use
case format, as defined in [2]. It includes three elementsaenaentifier and the basic
course of action, which is a sequence of event descriptiorregponding to the high-
level interaction between the user and the system. We wéllthie following informal
use case as a running example:

Name: Alice asks Bob to meet for lunch
Identifier: UC1
Basic course of action:

1. Alice sends Bob an SMS asking him to meet for lunch.

2. Bob replies by sending a multimedia message containinigtarp of a bumper
taken at a traffic jam and a text "l will call you when I'll getete”.

3. After a while, Bob calls to Alice, but she is talking to Ckso the line is busy.

4. After a few minutes Alice calls back to Bob and they agreméet at the cafeteria.

All use cases are not equally important. In order to cope thithy some risk-based
testing practices [10] should be deployed: the use caseshmygioritized based on
some formal risk analysis or customer intuition. From th&titg point of view, the
source of the priority is less important; what is importanthat the tests should be
executed in the priority order. This way it can be ensuretlahleast the most important
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Fig. 1. 3-tier model architecture.

risks have been covered if testing needs to be discontiraresbme reason. However,
because there is always a risk that the risk analysis hasdmeenpoorly, it is suggested
to aim at covering each use case at least in some detail.

2.2 Domain-Specific Test Modeling

Our approach to domain-specific test modeling using keysvart action words is
built around the 3-tier model architecture, consistingaftrol, actionandrefinement
machineseach in its own tier (see Figure 1). The machines are LTSsntioakel the
behavior of the user of the SUT. In order to support testinditérent products of the
same product family, a high-level functionality is sepadafrom the GUI events. This
facilitates the reuse of action machines with SUTSs that stijghe same operations on
different kind of GUIs. Refinement machines in the Keywoet tire used for refining
the action words in action machines to sequences of exdewtabnts in the GUI of
the SUT. To obtain an executable test model, we composenatiszhines with their
corresponding refinement machines, i.e., the machinesetw lowest tiers in the
model architecture.

For execution, we use am-lineapproach, i.e., we run tests as we generate them.
The tests are executed using a commercial Windows GUI téstration tool running
on a PC and an adapter tool connecting the PC to the SUT. Aatedag file is used
for re-running the test when, for example, debugging.

In the following, the three tiers are presented (see [4] forardetails).

Keyword tier In Figure 2 Cameray is a refinement machine for a Camera appli-
cation. In its initial state (the filled circle) the machirefines high level actions for
starting the applicatiora(vStartCam) and for verifying that the application is running
(awVerifyCam).

Keywords are used for generating input events to the SUT dswemaking obser-
vations on the SUT. A test oracle is encoded in the model.riguttie test run, execution
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Fig. 2. Action machine and refinement machine.

of a keyword always either succeeds or fails. For exampx@ingkw\VerifyText 'Cam-
era’ succeeds if string “Camera” is found on the display and faiterwise. Sometimes
failure is allowed or even required. Allowed results areresged in the labels of tran-
sitions; an error is found if the status of an execution dagsmatch any of these.

In a test model library, the keyword tier consists of a nundfenachines refining
several action words. Each of the refinement machines ttgeomly with one action
machine. Usually, the refinement corresponds to a simplearegansion: an action
word is always implemented with the same sequence of keysvétdwever, in some
cases the sequence may vary depending on the action woicgedearlier. For exam-
ple, the keyword implementation of “activate Camera agpion” could be different,
depending on whether or not the application is already mngnim the background.

Action tier Action machines model concurrently running applicatioftse machines
contain action words whose executions can be interleavéitetextent defined in this
tier. In a Symbian S60 GUI context, it is sufficient to define fdozens of keywords.
However, the number of action words is required to be muchéerig

Interleaving the executions of the action machines is agrgfsd part of our domain-
specific modeling approach. Symbian S60 applications shalulays be interruptible:
user actions, alarms, received phone calls and messagestopaghe ordinary execu-
tion of the application at any time. Obviously, it is hard figvelopers to ensure that
applications behave well in every case. The number of casgéshould be tested is far
beyond the capabilities of conventional testing methodigther automated or not. To
facilitate the creation of test models where the action rimeshare automatically inter-
leaved, the concepts of running and sleeping action masiiaee been introduced.

There are two kinds of states in action machines: runningséeeping states. An
action word can be executed only when the correspondingimaghrunning, i.e., itis
in a running state. The interleaving mechanisms guarahtgdhere is always exactly
one action machine in a running state. In the beginning o$tarten, the running action
machine is a special task switcher.

Cameray in Figure 2 is a simple action machine for testing the Camegia
cation. The machine tests the following functionality:rstey the camera application
(awStartCam), taking a picturegwTakePhoto), and creating a multimedia message con-



taining the pictureqwCreateMMS). The three dotted states are sleeping states, the left-
most of which is the initial state. The application is stdréhen the machine wakes up
for the first time. After that, it is verified that the applizat actually started. Then, the
test guidance algorithm makes a choice between taking & pipaitting the application,
and entering a sleeping state.

At this tier, there are two communication mechanisms betvthe machines. The
first one controls which action machine is currently runnising primitives Sleeg,
Wakers, Sleepppand Wakepp. These represent putting to sleep and waking up an appli-
cation with a task switche® or directly within another applicatiopp). The other
mechanism is for exchanging information on shared ressusebveen the machines:
there are primitives for requesting (Req) and giving pesioiss (Allow). The former
can be executed only between running states and the latige®e sleeping states.

Test control tier The test control tier is used for defining which test modelsse and
what kind of tests to run in which order. Naturally, there difeerent needs depending
on whether we are performing a quick test in conjunction witbontinuous integra-
tion [11] cycle or chasing the cause for some randomly apipgatrange behavior.

We have initially identified three different testing “mod#sat should be supported
in an agile project. Firstly, smoke tests are needed fofyiag that a build has been
successful. Such verification step can be included in thertesfor each continuous
integration build, for instance. However, we do not restigca static sequence of tests
such as in conventional test automation. Instead, we majnsiet on the duration of
the test and explore the test model on a breadth-first fastithin those limits.

Secondly, we need to be able to cover certain requiremeatds@or testing projects
are often set in terms of requirements coverage; for exgrapleast requirements R1,
R2 and R4 should be tested. Thirdly, we would like to do sevioug hunting. In this
case our primary motivation is not to cover certain requéata or to stop within five
minutes. Instead, we try to find as many defects as possibleelkir, requirements can
be used to guide the test generation also in this mode. Furthre, the coverage data
obtained in the previous test could be used to avoid retgttim same paths again.

It is also in this tier where we define which machines are caadanto an exe-
cutable test model. Obviously, composing all the machisesually not necessary. In
cases where we use requirements to limit the test generatginclude in the compos-
ite model only those machines that are needed to cover thiéreasents. However, in
smoke testing mode, the machines required to be composattidimexplicitly stated:
machines for the Camera, Messaging and Telephony applisatior example. More-
over, within the Symbian S60 domain, the task switcher nrexts always included in
the executable test model. Since the state-space explosioaccur when composing
test models by interleaving executions of a number of mashimstead of generating
the composite test model at once, we do the parallel conmposih the fly.

3 From Informal Use Cases to Model-Based Tests

This section presents the process of use case driven testagiem in conjunction with
the associated coverage language and test generatioittaigor
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3.1 Use Case Driven Testing

Organizations developing software in an agile manner ptefting tools that are easy
to use, can find defects effectively, and integrate sealylesth the agile processes.

In the following we will concentrate on the first and the laéttloese requirements.

Firstly, the sophisticated algorithms etc. should be hidakemuch as possible from the
tool users. Secondly, the input of the tools should be somgthat is produced in the

project anyway.

We think that it is hard to get average testers to build teddet® Thus, we devel-
oped a visual and easy-to-grasp domain-specific languagprising LTSs and action
words. However, in a strict domain such as ours, the test mddemselves could be
developed by a third party. Alternatively, the adaptingamigation could train one or
two dedicated experts to build test models using requirésnelesign documents, etc.
In both cases, the basic test model library consisting ofuhdamental models, such
as machines for calling, contacts, calendar and camerarinase, may be developed
with a reasonable effort. Moreover, the library could besaxied incrementally based
on the new requirements to be tested.

We suggest that the testers should primarily interact vightést automation system
through coverage objectives that drive the test generaliorachieve this, we must
link the informal use cases to coverage objectives and defstgeneration algorithms
based on the objectives. Moreover, there should be a cleppinbetween the use
cases and the tests; testers need to be able to report teshgevn terms of use cases.
This scheme is depicted in Figure 3.

As discussed in Section 2.1, we make the following assumgptdout the require-
ments used as input to the test automation:

1. The requirements are stated as informal use cases ingladhame, an identifier
and the basic course of actions.
2. The uses cases have been prioritized, for instance, baszdsk analysis.

The tester maps the events listed in the basic course ohadticaction words. For
instance, a spreadsheet can be used to list the action wamésponding to each event.
As discussed above, if there are no predefined action wondesamnding to some
event, the test model library needs to be extended with nedetaoFor traceability and



Related use case:Alice asks Bob to meet for lunch
Use case identifier: UC1
Action word sequence:

Alice.Messaging.awCreateSMS “Would you like to meetifimch?”
Bob.Messaging.awReadSMS

Bob.Camera.awTakePhoto
Bob.Messaging.awCreateMMS “I will call you when I'll gittere”
Alice.Messaging.awReadMMS

Alice.Contacts.awSelectCarol
Carol.Telephone.awAnswerCall
Bob.Contacts.awSelectAlice
Bob.Contacts.aw\VerifyBusy

10. Carol.Telephone.awHangUp

©oNo Ok w NE

11. Alice.Contacts.awSelectBob
12. Bob.Telephone.awAnswerCall
13. Bob.Telephone.awHangUp

Fig. 4. An action word sequence based on use case UC1

comprehensibility, the action word sequence is annotatddthe use case name and
identifier. The priority affects the test guidance, so it thesstated as well.

Based on the above, our running example would result in theraword sequence
presented in Figure 4. The action words are chosen from a Insodsisting of three
actors: Alice, Bob, and Carol. When running in the requireta&overage mode, for
instance, the sequence in Figure 4 can be automaticallyneepicbased on the models
referenced in the names of the action words. An expandedesequs presented in
Figure 5. From the intermediate steps the tester can maketisatrthere is a sensible
way to execute the sequence in the model.

Alice.Contacts.awOpenAddressBook

1. Alice.Messaging.awCreateSM&g

Alice.Messaging.awVerifySMS 6. Alice.Contacts.awSelectCarol
Al?ce.Messag?ng.awOpenRecipientList Alice.Contacts.awDialSelected
2:!%'messag!“g'awghoggffsob 7. Carol.Telephone.awAnswerCall
ice. ess.aglng.aw en Bob.Contacts.awOpenAddressBook

2. Bob.Messaging.awReadSMS 8. Bob.Contacts.awSelectAlice
Bob.Camera.awStartCam Bob.Contacts.awDialSelected
Bob.Camera.awVerifyCam 9. Bob.Contacts.aw\VerifyBusy

3. Bob.Camera.awTakePhoto 10. Carol.Telephone.awHangUp

4. Bob.Messagmg.awCreateMMSsgz Alice.Contacts.awOpenAddressBook
Bob.Messaging.aw\VerifyMMS .
Bob.Messaging.awOpenRecipientList 11. Alice.Contacts.awSelectBob
Bob.Messaging.awChooseAlice Alice.Contacts.awDialSelected
Bob.Messaging.awSendMMS 12. Bob.Telephone.awAnswerCall

5. Alice.Messaging.awReadMMS 13. Bob.Telephone.awHangUp

Fig. 5. A detailed action word sequence generated from the model



3.2 Coverage Language

The action word sequences are processed further using teeage language that will
be introduced next. The design of the language has beendyydehe following prin-
ciples:

1. Syntax should be concise and readable.

2. Elements can be required to be covered in a free order or inesgpecific order.

3. There can be alternative coverage criteria.

4. Criteria can relate to both test environment and test mo#ekst criterion can be
fulfilled, for example, if the test run has already taken tog, if some resources
in the test system are running low, or if some elements ingbiemhodel are covered
in sufficient detail.

5. Execution paths in the test model must not be restricted djatihguageWe keep
the roles of the coverage criteria and the test model sepdraé test model (alone)
specifies what can be tested, whereas the coverage cripeiies the stopping
condition for test runs.

A coverage criterion@C) is either an elementary criterio&C) or a combination
of two other coverage criteria:

CC=EC|(CC(and|or|then)CC)
The operators that combine the criteria have the followigning

and requires that both coverage criteria are fulfilled in anyeorahd or simul-
taneously. (Design principle 2, free order.)
or requires that at least either one of the criteria is fulfill@@esign princi-
ple 3.)
then requires that the second criterion is fulfilled after thetfoee. (Design
principle 2, a specific order.)

Note thatA then B does not require tha must not be fulfilled beford\, it only
requires thaB is fulfilled (possibly again) after fulfillingA. The reasons for this will be
elaborated at the end of the section.

Elementary criteria consist of two parts, a query and a requent for the return
value of the query:

EC=Regfor Query
Reqg= (every|any)value > n
Query= (actions| stated transitions | sysvars) regexps

The query part of an elementary criterion returns a set nf-#alue pairs. The items
are actions, states, transitions or test system varidlMbie the first three items relate
to the test model, the test system variables give accessnwand date, amount of
free memory in the SUT and the number of executed actionsnéteince. There is an
item-value pair for every item that matches any regular esgion in the query.

The meaning of the value associated with an item dependseaiyple of the item.
For actions, states and transitions we use the number of timedtem has been executed



(actions and transitions) or visited (states) during tiserien. For system variables it is
natural to choose the value of the variable to occur in the pai

There are two quantifications for the values in the returneaket. Eitheeveryor
anyvalue is required to satisfy the condition. Once the reaué@et is met, the elemen-
tary criteria is fulfilled.

We often use the coverage language for setting coveragaeetgnts based on the
action word sequences. For that purpose, we define a shuodtAwaation (design prin-
ciple 1). If the requirement part of a query is omitted, italdfs to “every value > 1”
or “any value > 1” depending on whether or not the type of items is given inpilneal
form. For example, the requirement that SendMMMessage endShortMessage are
tested after making a call can be written as follows:

action MakeCal | then actionsSend. * Message

which is a short-hand notation for

any value > 1for actions MakeCal |
then
every value > 1for actions Send. * Message

The use case of our running example would be converted totlosving coverage
language sentence simply by addirartion” in front of every action word and joining
the results with then”:

action Alice.Messaging.awCreateSMS
then action Bob.Messaging.awReadSMS
then action Bob.Camera.awTakePhoto
then action Bob.Messaging.awCreateMMS
then action Alice.Messaging.awReadMMS
then action Alice.Contacts.awSelectCarol
then action Carol.Telephone.awAnswerCall
then action Bob.Contacts.awSelectAlice
then action Bob.Contacts.awVerifyBusy
then action Carol.Telephone.awHangUp
then action Alice.Contacts.awSelectBob
then action Bob.Telephone.awAnswerCall
then action Bob.Telephone.awHangUp

The data in the use case (the messages “Would you like to meetich?”, “I will
call you when I'll get there”) is stored in a separate tabléallis used as a data source
in the test run.

Coverage requirements can also be built from a number ofasescBothand and
then operators are sensible choices for joining the requiresn@niiained from the use
cases. However, depending on the guidance algorithm, tlagyresult in very different
test runs. But before we can show why, we have to show how teeatqr's affect the
evaluation of the coverage criteria.

Next we define an evaluation functidnthat maps coverage criteria to real num-
bers from zero to one. The number describes the extent tdwtiéccriterion has been



fulfilled, number one meaning that the criterion has beenptetaly fulfilled. The eval-
uation function is defined using functi@) which evaluates an elementary criterion to
areal number, and thréex R — R functions. The three functions afefor evaluating
and, Sfor or, andR for then:

f(EC)=E(EC)
(AandB) T(f(A), f(B))
f(AorB) =5(f(A), (B))
f(AthenB) =R(f(A), f (B))

Let us first consider functiok for elementary criteria. Once an elementary criteria
EC has been fulfilledE(EC) = 1. Defining that otherwis&(EC) = 0 would be easy
and it would not contradict the semantics. However, theuatan would not give any
hint for test guidance algorithms about smaller advancekencoverage. When the
search depth of the guidance algorithms is bounded, or afibgdtl 2] search is used,

a more fine-grained evaluation is useful.

Of course, it is not always possible to give more detailedrimiation than 0 and 1.
For instance, if a coverage requirement requires that desgtgte in the test model has
been visited at least once, we are clearly dealing with O @ldes On the other hand, a
requirement that every action in a set of actions is exeaitbghst once can be thought
to be one step closer to the fulfillment every time a new adtiotie set is executed.
More generally, consider criteridbC that sets an upper limit to a monotonically grow-
ing query valueE(EC) evaluates closer to 1 every time the result of the query grows
reaching 1 when the result reaches the limit.

Based on this, we defirte as follows for elementary criteridbC = Reqfor Query:.

E(EC) = { min(n,maxQuery))/n if Regis any value > n
avgw_ulimit(Queryn) if Regisevery value > n
whereavgw_ulimit is the average of values returned by the query so that values
greater tham are replaced by. ThusE(every value > 1for actions a b) = 0.5 when
a has been executed three times ariths not been executed.

Next, we define the evaluation function so that logicallyieglent coverage criteria
produce equal values. That is, the evaluation functionaespthe idempotence (1.x),
symmetry (2.x), associativity (3.x) and distributivity. 3 laws presented in Table 1.

A basic result for norms in fuzzy logic [13] says that the ofugctions that satisfy
the properties x.1 and x.2 in Table 1 are the following:

f(AandB)=T(A,B) = min(f(A), f(B))
f(AorB)=S(A,B) =maxf(A), f(B))

WhenT andSare defined as above, the followiRgsatisfies properties 4.3 and 4.4:
f(AthenB) = R(A, B) = 1A [(Battern)

WhereBaser o denotes coverage requiremé&vhose covering does not start until
Ahas been covered. TherefoféBager o) = 0 if f(A) <1



(AandA) f(A) (1.1)
f(AorA)=f(A) (1.2)

(Aand B)=f(BandA) (2.2)
f(AorB)=f(BorA) (2.2)
f((AandB)andC) = f(Aand(BandC)) (3.1)
f((AorB)orC) = f(Aor(BorC)) (3.2)
f(Aand(BorC))= f((AandB)or (AandC)) (4.1)
f(Aor (BandC)) = f((AorB)and(AorC)) (4.2)
f(Athen(BandC)) = f((AthenB)and(AthenC)) (4.3)
f(Athen(BorC)) = f((AthenB)or (AthenC)) (4.4)

Table 1.Equal coverage criteria

Let us now get back to the two possible ways to join use casasitogle coverage
requirement. Assume that we have converted two use caseve&oage requirements
CCyc1 andCCycz- They can both be tested at once by combining them to thenequi
ment “CCyc1 and CCycp” or “CCyc1 then CCyc”. Our test guidance algorithm is
a greedy bounded-depth search, which will be presenteceifiolfowing subsection.
Here it is enough to know that the algorithm chooses the pidh most lengthd (the
search depth) where the value evaluated for the coverageeetent is maximal. Us-
ing the then operator to combine the requirements implies a test run eviie first
use case is fulfilled before the second. But if the use casescanbined with theand
operator, it would result in a test run where the executiothefuse cases advances
roughly side-by-side. Thus, we suggest combining the usescaith the same priority
usingand and use cases with different priorities withen.

We have excluded the negationdt” in the language because of the design prin-
ciple 5. Consider the following (false) example which wostdte that making a phone
call should be tested without sending an email at any poitti@fest run:

actionMakeCal | and not actionSendEnai | Message

The negation would provide a way to restrict the behavioheftest model. There-
fore, the language would not anymore state the coveragieritt would also change
the test model. This would break the separation betweerotas of the test model and
the coverage language (design principle 5). The same aie to many other oper-
ators that we considered. For example, stating that songestiould be tested strictly
before something else is tested breaks the same principis.ig the reason for the
limitations of our “then” operator.

In the language, there is a nice property obtained from tlségdeprinciple 5 to-
gether with our requirement that the initial states of testdeis are reachable from
every other state of the models. Consider finite sets of @geecriteria that can be ful-
filled in the same test model and that talk only about the melgehents (actions, states
and transitions), not system variables. Every new critebigild by combining the cri-
teria in any set withand, or andthen operators can also be fulfilled in the same test
model. This gives the testers the freedom to choose any catidin of valid coverage
criteria to define the stopping condition for the test run.



NextSteq(s : state, depth: integer, C : coverage requirement)
if depth= 0 or s.outTransitions(= 0 or c.getRate()= 1 then return (c.getRate(){})
bestrate= 0; besttransitions= {}
for eacht € s.outTransitiong) do
c.push()
c.markExecuted(t)
(newrate, dont care) = NextSte(t.destinationState(flepth— 1, ¢)
c.pop()
if new.rate> bestratethen bestrate= new rate besttransitions= {t}
if new.rate= bestratethen besttransitions= besttransitionsJ {t}
end for
return (bestrate, besttransitiong
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Fig. 6. An on-line test guidance algorithm using the coverage regugnts

3.3 Using Coverage Language in Test Generation

Next, we will present a simple algorithm that can be used sh generation. First, let
us describe briefly the data structure that we use for staiyevaluating coverage
requirements in our on-line test generation algorithms.

Parsing a coverage requirement results in a tree wheredelasrepresent elemen-
tary requirements and the other nodes the operands or and then. Every node
implementsnarkExecuted(transitionpethod.And and or nodes pass the calls to all
children, then nodes pass the call to the first child that has not been fulfillt (see
the definition for theR function), and leaf nodes update their item execution tafilbe
tables, indexed by the queried items, store the number aidas/visitations of each
item.

All nodes also offepush()andpop()methods whose calls are always passed through
the tree to the leaf nodes. The leaf nodes either push or poputinent execution tables
to or from their table stacks. Push and pop methods allowagnaie algorithms to store
the current coverage data, evaluate how the coverage whaltge if some transitions
were executed, and finally restore the data.

Lastly, there iggetRate()method which returns the fulfillment rate of the require-
ment represented by the node and its children. Non-leafnodkulate the rate by
asking first the rates of their child nodes and then u3in§ or R function, depending
on the operator of the node. Leaf nodes evaluate the valbethgE function.

The NextStep function, presented in Figure 6, can be usedcaseaof the test
generation algorithms. Three parameters are given to thaifin: a state from which
the step should be taken, the maximum search depth in whelklgorithm has to
make the decision, and the coverage requirement, thatisotit node of the tree. The
function returns a pair: the best rate that is achievablééngiven number of steps
(search depth) and the set of transitions leaving the gitata.sAny of those transitions
can be executed to achieve the coverage rate in the givenerwhbteps.

For simplicity, we did not take into account in NextStep tthet SUT may force the
execution of certain transitions in some states. Insteachsgumed that the suggested
transition can always be executed. If this is not the case,cam use the expectation



value for the fulfillment rate in place afetRate()for details, see “state evaluation”
in [14]).

4 Related Work

The idea of using use cases (or sequence diagrams) to dstvgetieeration is not new.
In addition, it has been suggested to use more expressimgfiems, such as state
machines [15, 16]. Traceability between requirements andahbased tests has also
been studied before. For instance, Bouquet et al. presag@oach in [17] where the
idea is to annotate the model used for test generation wathrement information. The
formal model is tagged with identifiers of the requiremefitasxdng model coverage to
be stated in terms of requirements. This allows automatieggion of a traceability
matrix showing relations between the requirements ande¢hemted test suite.

We have tackled these issues from a slightly different arigla restricted domain
such as ours, test modeling can be assigned to some inteqpett® or third parties.
Then, the primary task of the test automation engineer isattsform use cases to se-
quences of predefined actions words. The action words @mnekto concepts familiar
to testers in the particular domain, thus facilitating trenslation. Our generation al-
gorithms use the action word sequences as coverage obfcliloreover, a test run
produces a test log that can be used for generating repasi lman requirements cov-
erage.

In formal verification, the properties concerning models eommonly stated in
terms of temporal logics such as LTL [18] and CTL [19]. Thigpegach has been
adopted also for test generation in model-based testimgxample in [20]. We de-
fined a simpler and less expressive language for coverag@daeasons. Firstly, using
temporal logics require skills not too often available istiieg projects. Secondly, the
strength of logics is great enough to change (restrict) #teabior of the test model:
fulfilling a criterion can require that something is not &zktWhat we gained is that
coverage requirements cannot conflict.

5 Conclusions

In this paper we have introduced an approach to adapting lrheded testing prac-
tices in organizations developing software using agilecpsses. Such organizations
are often reluctant to develop detailed models needed irt otber approaches. Our
approach is based on a domain-specific methodology thatshigh-level of automa-
tion. The test models are developed incrementally by ifezrperts or third parties,
and the informal uses cases are used to drive the test giemertis involves simple
translation from the events listed in the use cases to actinds used in the high-level
test models. Such action words describe the abstract kettheat is implemented by
lower-level keyword models in the test model library.

We have also defined a test coverage language used in prgdimierage objec-
tives from the sequences of action words. The language stgpgifferent kinds of
testing modes such as requirements coverage, bug huntisigake testing. In the first



two modes, the coverage objectives obtained from the uss eais used as input to the
test generation algorithm.

We are currently implementing a tool set supporting our seheThe future work
includes conducting industrial case studies to assessvialbapproach as well as
investigating the defect-finding capability of the presehbeuristic. Moreover, since
model-based tests include complex behavior, some of thectie€an be very hard to
reproduce. Towards this end we must explore different pdiigs to ease debugging.
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