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Abstract Software product line engineering (SPLE) is about prody@nset of similar
products in a certain domain. A variability model documehtsvariability amongst prod-
ucts in a product line. The specification of variability candxtended with quality informa-
tion, such as measurable quality attributes (e.g., CPU amory consumption) and con-
straints on these attributes (e.g., memory consumptionlgie in a range of values). How-
ever, the wrong use of constraints may cause anomalies sp#afication which must be
detected (e.g., the model could represent no productsthéranore, based on such quality
information it is possible to carry out quality-aware arsaly, i.e., the product line engineer
may want to verify whether it is possible to build a produdttkatisfies a desired quality.
The challenge for quality-aware specification and analigsisree-fold. First, there should
be a way to specify quality information in variability modelSecond, it should be possi-
ble to detect anomalies in the variability specificationoaggted with quality information.
Third, there should be mechanisms to verify the variabititydel to extract useful informa-
tion, such as the possibility to build a product that fulfiestain quality conditions (e.qg., is
there any product that requires less than 512MB of memohy?his article, we present an
approach for quality-aware analysis in software produnediusing the orthogonal variabil-
ity model (OVM) to represent variability. We propose to mapiability represented in the
OVM associated with quality information to a constrainisfaction problem and to use an
off-the-shelf constraint programming solver to autonetcperform the verification task.
To illustrate our approach, we use a product line in the aotive domain which is an ex-
ample that was created in a national project by a leadingaapany. We have developed
a prototype tool named FaMa-OVM, which works as a proof ofcemts. We were able to
identify void models, dead and false optional elements,cmetk whether the product line
example satisfies quality conditions.
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1 Introduction

Software product line engineering (SPLE) is a paradigm fodpcing a family of products
that share more commonalities than variabilities. Thisgem usually consists of two de-
velopment processes, nametigmain engineeringndapplication engineeringPohl et al,
2005). In domain engineering, the common software artefact designed and developed
for reuse. In application engineering, the specific proslace derived by reusing a set of
the aforementioned domain artefacts.

Variability models are central artefacts in all activitefghe SPLE. A variability model
documents the variability amongst products in the produoet i.e., rules that constrain the
possible configurations of artefacts in a product (Chen,e2G09; Sinnema and Deelstra,
2007; Kang et al, 1990). The configuration of an individualdarct is done by selecting
options in the variability model. Over the past years, ssweariability modelling techniques
have been developed in order to document and manage viyiahith as feature modelling,
decision modelling and orthogonal variability modellir®jr{nema and Deelstra, 2007; Chen
et al, 2009). Thanalysis of variability modeldeals with the computer-aided extraction of
valuable information from variability models (Benavidésak 2010).

The specification of variability can be extended with meable quality attributes (e.g.,
CPU and memory consumption) and constraints on thesewdtisibin order to express qual-
ity information about different products (Benavides eR8l10). For example, in cases where
there are limitations of resources such as memory capawityC#U time, the derivation of
products that does not satisfy those conditions must bedadoiwhen quality informa-
tion is added to a variability model guality-aware analysigan be performed. In SPLE,
quality-aware analysis is an essential activity to guaithat the derived software prod-
ucts reach the desired quality. In SPLE, early quality asialig particularly important, since
any anomaly should be identified before the derivation o€#igeproducts. The wrong use
of constraints may cause anomalies in the specificatiodirigao contradictory or to mis-
leading information about the scope of the product line iSarmomalies should be detected
and avoided to assure that desired products can be configimegt anomaly is not detected
early, all products that were developed based on the anamdlomain artefacts have to be
corrected. This can lead to high cost and effort (Pohl etG052.

Currently, there are some approaches that extend featulelsnwith quantitative at-
tributes and constraints (Benavides et al, 2005, 2010).edevy quality information associ-
ated with the orthogonal variability model (OVM) (Pohl et2005; Metzger et al, 2007) has
not been explored in the literature before. The challenggiafity-aware analysis in SPLE
using OVM is three-fold. First, a way of expressing qualitformation has to be provided.
Second, possible anomalies in the model should be detebéd, the variability model
should be verified to extract useful information, such as,pbssibility to build a product
that fulfils certain quality conditions (e.qg., is there amgqgtuct that requires less than 512MB
of memory?).

Our main contributions are as follows:

1. To address the first challenge, we present a way to relat®YM and quality infor-
mation, which we refer to as OVMg In our approach, quality information consists
of quality attributes and constraints on these attributésrefore, the approach allows
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modelers to specify levels of quantitative quality atttésifor products in SPLE with
OVM. These quality attributes are related to the elemersds ripresent variability in
the OVM.

2. To address the second challenge, we provide an automatetbvdetect anomalies in
OVM+¢, which is made up of the relationship between OVM and quatitgrmation.
We support three kinds of anomalies: void model, dead el&sneand false optionals.
To automate anomaly detection, we present a mapping from @¥kb a constraint
satisfaction problem. Then, we use an off-the-shelf caigtisolver to implement the
detection.

3. To address the third challenge, we provide an automatgdovgarry out analysis oper-
ations on SPLE using OVM. We provide analysis operationsdaa be used to verify
quality conditions, ask for an optimal product or the mosgresentative one. A quality
condition is any constraint that restricts the value of fyaittributes.

4. We have developed a prototype tool named FaMa-OVM, whiolksvas a proof of
concepts of our approach. The approach was able to idewtifymnodelsas well azlead
and false optionagélements for our product line example, which is a non-ttiex@mple.
It was also possible to identify whether this product linéis$is quality conditions.
Furthermore, we discuss the limitations of our approach.

In this article, we motivate the quality-aware analysisaifware product lines by using
an example of a Radio Frequency Warner (RFW) product lindaénautomotive domain.
This example was created in a national project by a leading@apany. In the example,
we use the OVM for variability modelling.

In Figure 1, we show an overview of our approach. An OVM repngés a set of possible
products. When an OVM is associated with quality informatfoe., quality attributes and
constraint on these attributes) which we refer to as O@¥Mthe set of products can be



reduced since not all of them satisfy the required qualiBased on this new set of products
which takes quality information into account, the engiseefr the product line can carry
out quality-aware analysis. On the one hand, the O¥Mspecification can be analysed
in order to verify possible anomalies. On the other handjreys can execute analysis
operations to analyse OVM: These operations can use as input a quality condition dkfine
by the engineers, i.e., restrictions on the set of proddfc@®/d1+ ¢ .. These quality conditions
restrict the set of products even more.

The remainder of this article is organized as follows: St gives an overview of vari-
ability modelling techniques, particularly feature madahd OVM. Section 3 presents our
RFW motivating example. Section 4 discusses how we speuadityf information in SPLE
using OVM. Section 5 introduces analysis operations thatbzperformed on OVMé¢,
describes the process we use for the automated analysisMf-@yand reports on the map-
pings from the OVM+ to a constraint satisfaction problem. Section 6 defines @ulisses
analysis that extracts information from OVMi+Section 7 comments on our tool support,
FaMa-OVM, and discusses the obtained analysis resultsralated work is discussed in
Section 8 and, finally, we discuss limitations and draw ounctgsions in Section 9.

2 Background

In SPLE, variability models document the variability of aguct line. They provide a set of
options that must be selected during derivation of a spemifiduct. Besides, they provide
a mechanism to specify rules that constrain the combinatf@such options. These con-
straints may come from technical restrictions or any donacisions. The configuration
of products is done by selecting desired and valid optiorthénvariability model during
application engineering.

Among the most popular variability modelling techniqueseiature modelling, which
captures the set of possible products of a product line iratufe model. The first feature
model was proposed in 1990 by Kang et al (1990) as part of taguFeOriented Domain
Analysis (FODA) method. Since then, several extension<aid& have been proposed.

2.1 Feature Models

Besides documenting variability, feature models alsoesgpthe commonalities of the prod-
uct line, i.e., the features that are common to all produttfeature is an increment in pro-
gram functionality (Batory et al, 2006). Feature modelsiezed to represent product lines
by means of a hierarchical decomposition of features, whiekls a feature tree. A feature
model is composed of two main elements: features and rekdtips between them, with
one of these features being the root. Constraints of thergguéresandexcludesetween
features can be added, leading to additional complexitys thsulting in a directed acyclic
graph.

A common graphical notation is depicted in Figure 2. Thisgdemmodel example de-
fines a product line, in which every product contains two nsdoiy featuresa andac. Fur-
thermore, the product line ha§) one optional featuren, which can be selected or left out
at will; (ii) the grouped featuresandF that are possible choices of their parent featnje (
in which thealternativerelationship defines that one and only one of these grouaddrss

1 In some cases the number of products could increase, we dibisigs Section 9
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Constraint: B and C implies E.memory > 64
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Fig. 3 A sample of a feature model with attributes

can be selected, andi) the grouped features and ¢ that are possible choices of their
parent featurea) with the Or relationship defining that one or more features of the group
must be selected. In addition, the constraratpiiresandexcludesmpose limitations on the
possible combinations of features. In this case réugiiresrelationship defines that, when

C is selectedE must be selected as well. The area limited by the grey collustrates the
features that are common to all products of the product line.

2.2 Extended Feature Models

Some authors have identified the need to extend feature maitél extra-functional infor-
mation such as memory consumption, binary size and develnpoost (Benavides et al,
2005; Kang et al, 1998; Czarnecki et al, 2005). The purposiei®Extension is to add mea-
surable information about the features, which is done hythicingattributesto features.
By means of these attributes, it is possible to specify dtaive information required to
support the feature. As stated by Benavides et al (2010) tlkeno consensus on a nota-
tion to define attributes. However, most proposals agreeatiattribute should consist of a
name, a domain and a value. Figure 3 shows an example of ardextéeature model using
the notation proposed by Benavides et al (2005).

This extension enables the inclusion of more complex camgr among features and
attributes. For example, it is possible to specify constedike: “If feature B and feature C
are selected, then memory of feature E must be higher than 64"
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2.3 Orthogonal Variability Model

OVM is a modelling language to define the variability of a safte product line in an

orthogonal way, in other words, it provides a cross-seelieiew of the variability across
all product line artefacts (Pohl et al, 2005, p.75). OVM inddates the variability in base
models such as requirement models, design models, comporetels, and test models
(see Figure 4). The traceability between OVM and the difietgpes of base models is
established through artefact dependencies (dashed firfégure 4). In the following, we

provide an overview of the OVM. For a complete formal defonitiof the OVM, we refer

the reader to (Metzger et al, 2007).

An OVM is composed of two main elementariation points (VPandvariants (V) In
this article, we refer to these OVM elements as variable etem A variation point docu-
ments the aspects that can vary in a product line and arerchysbe customer or engineer
of the software product line. A variant is related to a vaoiapoint and documents how this
variation point can vary. We refer to the variation point amadiant relationship as parent-
child relationship.

Figure 5 shows an example of an OVM. The variation points teveast one child
and each variant has at most one parent. Furthermore, tves typvariation points are
distinguished, e.giP1 andvp2 in Figure 5.



Although feature models are similar to OVMs, they differ itiypsn two aspects: in
their structure and in the way they relate to quality infotioa A feature model is only
composed of features organised in a single tree and havegke soot feature, whilst an
OVM is composed of variation points and variants organisezhie or more two-level trees.
In feature models, the root feature is always mandatory,it.es part of all products and
therefore, there is no empty product. On the other hand, iM§Wariation points can be
optional. This allows configuring a product without any eatior variation point. Regarding
the second aspect, feature models provide possibility hotate quality information in the
same model, while in OVMs it should be external to the moded.aMborate on this topic
in Section 4.

3 Radio Frequency Warner system: motivating example

The RFW product line is used as the motivating example inattisle. The aim of systems
derived from the RFW product line is to give hints of relevaaffic signs to a driver of a
car or truck. The motivation for developing such a produwt fis the increasing complexity
of today’s traffic.

The product line is based on the fictional assumption thatafic signs are equipped
with a Radio-Frequency ldentification (RFID) tag. This alfothe identification of traffic
signs when approaching a sign. The transmitted data insltigetype of sign (maximum
speed, no overtaking, etc.) and the direction of the sige. flinctionality of the RFW is
realised by a control unit in the car that interacts with ot@mponents in the car such as
the display and sound system.

An illustration of the functionality of the RFW system canfoend in Figure 6: the car
is arriving from the east heading to west. Four differenhsigre in the area: a stop sign, a
do-not-enter sign, a no-trucks sign, and a no-parking #igrthese signs are equipped with
an active RFID transmitter and each sign knows its direction

— the stop sign is relevant for all vehicles approaching fromeast;

— the do-not-enter sign is relevant for all vehicles appraagfrom the east and west;
— the no-parking sign is relevant for all vehicles approagltirom the west;

— the no-trucks sign is relevant for all trucks approachimgrfithe west and the east.

The information about the direction is encoded in the sightie traffic signs. If the car,
for example, heads to the west, it will receive the signalalb$igns. The RFW processes
the signals and dismisses the no-parking sign, becauseiitlysrelevant for the opposite
direction. It signals the stop sign to the driver, since thithe nearest sign to the car that
is relevant. During the trip, the RFW system will also show tlo-not-enter sign. The no-
trucks sign is dismissed for the car. The truck, for examilat is approaching from the
west receives the same signals including the no-parkingisighe opposite order, but the
RFW does not dismiss the no-trucks sign, because it is reléoathe truck driver.

3.1 System components

An overview of the system can be found in Figure 7. Roughhakpey, the system consists
of three components: the RFW display, RF-receiver unit &iedRFW control unit. They
communicate via a Controller Area Network (CAN) which is argtard interface in the au-
tomotive area, standardised by ISO (ISO 11898). HoweveICtN is used as a transparent
transport gateway. The components can be characterisetiasst.
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Fig. 7 Radio frequency warner system overview

— RFW control unitthe control unit is the main part of the system. It receivesgignals of
the RF receiver and reacts specifically based on a set of rules
— Discard switchthe discard switch marks the current signal to be discaMédn the
user presses the button, the actual symbol in the displag¢audied and the actual
warning sound is stopped, and all upcoming signs with theedaFiD are dismissed
for the next 60 seconds
— On/Off switch the On/Off switch activates and deactivates the RFW system
— RFW displaythe RFW display shows the output of the RFW control unit.
— RF receiver unitthe RF receiver unit receives the signals and sends thelret®EW
control unit.
— Antennathe antenna of the RF-receiver unit receives the signatisenactive RFID
transmitters and decodes them.
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Fig. 8 Excerpt of the RFW orthogonal variability model

3.2 RFW product line

In order to provide a RFW system to customers with differezeds, the RFW product line
has been created. Figure 8 shows an excerpt of the OVM comdsm to the RFW prod-
uct line. In this figure, the variation point®7:0ther signs, VP8:Prohibition signs,
VP9:Warning signs, andVP10:Signs giving orders subsume the different categories
of signs that can be detected. For simplification, we show twb signs for each category.
The complete OVM diagram with all variation points and vatsacan be found in Appendix
A, Figure 19. Note that in this figure we are omitting seveegjuires and excludes depen-
dencies since it would be too confusing to show all of them.pAésent the list of these
constraints in Appendix A, Table 8.

The main differentiation of the RFW system is made in vaoia{pointVP1:Type of
vehicle. There, one of four different vehicle types has to be cho$ée. variation point
VP2:Activation determines whether the RFW is switchable (i.e., whetheast & switch
to turn it on or off) or whether it is turned on instantly andntiauously. The variation
point VP3: comfort functions determines the additional functionality of the RFW. The
following comfort functions are available:

— V7:No stopping warning: warns the driver if there is an active no stopping sign at the
current position and therefore stopping is forbidden.
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— V8:0verspeed warning: warns the driver if there is a speed limit is in effect andc¢he
is too fast. This requires additional information about ¢therent speed that needs to be
received via CAN.

— V9:Sound at warning sign: if the car passes a warning sign, the RFW system warns
the driver acoustically.

— V10:Hazardous situation alarm: warns the driver in a hazardous situation and may
take over control, e.g., by initiating an emergency brakas Tetection requires much
external information, e.g., the actual speed, laterallacaton, status of the wheels (i.e.,
blocking, slippage etc.).

The variation pointP4:Behaviour at warning signs determines the behaviour, if a
relevant warning sign is passed. The system can show theéngasign in the display and it
can additionally sound an acoustic warning. The behavibthheoRFW system at a relevant
stopping sign is determined by the variation paip% : Behaviour at no stopping sign.
The system may warn the driver or not.

The behaviour in a hazardous situation is defined by theti@mipointvpPé : Behaviour
in hazardous situations. The RFW can show a warning in the display and it can ad-
ditionally warn the driver with an acoustic signal. Additaly, the system can initiate an
emergency brake.

Although the above specification of RFW variability is quitgortant to guarantee that
different customer needs are satisfied by the product lidegs not provide extra-functional
information, which is also relevant when developing sofevaroducts. To satisfy quality
conditions regarding, for instance, development cost, argraonsumption, or any other
quality, this is not enough. Extra-functional informatiowist be specified and related to the
RFW variability. Based on this specification, a quality-asveerification can be performed
to ensure that all products fulfill the stakeholders neausrdier to specify quality informa-
tion for the RFW product line, to relate it to the variabilignd to verify that its products
satisfy the quality conditions, some challenges arisesé&laee described in the next section.

4 Expressing quality information

In the RFW product line, we have identified many variatiomp®regarding functionalities
of the product line systems, but no quality information. @y&anformation such as the
specification of the development cost of the comfort funciio the power of the sensor
required by different signals, cannot be expressed djyracthe OVM.

In feature models, the attributes annotate features witdlityuinformation (see Fig-
ure 3). In the OVM, this is different, since OVM documents W#aeiability of base models.
There are two different possibilities when relating qualiformation with the OVM which
represent two different problem@) the OVM is directly related to a quality model includ-
ing quality information, considering this model as a baselehin the OVM terminology,
see Figure 9 (a)(ii) the quality information refers to a base model (e.g., aechitre, re-
quirements or configuration models) so the OVM is not diserlated to a quality model,
see Figure 9 (b). In this article we address the second proble

In the following, we consider the case that the base modeldvoe a configuration
model and this model is related to quality information. Raygpeaking, a configuration
model is made up of a set of components (e.g., features @ntayiand rules that constrain
the possible combinations of these components. We asswaheutes can be represented
in an OVM, and that the relationship between elements in baitlels (OVM and configu-
ration model) is one-to-one (see discussion in Section 9. specific configuration model
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(base model)
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OVM Configuration Model Quality Information

(base model)
............. Attribute 1

Attribute 2
| {Attribute 4
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......................... Attribute 6
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(b)

Fig. 9 (a) OVM documenting variability of a quality model; (b) OVM damenting variability of a configu-
ration model that has quality information

depends on the language used to model the configurationgonafflinkel and O’Sullivan,
2011; Felfernig et al, 2000). As our approach is independkthie configuration model used
and for the sake of simplicity, we omit the configuration mddam the subsequent figures
and text. We relate the OVM directly to quality informatidrereafter called OVM¢ (see
Figure 10), still considering the second problem describettie previous paragraph, i.e.,
we are still not documenting the variability of a quality nebd

Although it is out of the scope of this article to provide aarigus syntax and seman-
tics of a language to define quality information in OVMs (thisuld require a parallel
research), we assume that such information can be mappea iovnstraint satisfaction
problem (CSP), thus enabling the automation of our approad@@sSP is defined as a set of
variables, a set of domains for those variables, and a sensfi@ints restricting the values
of those variables (Tsang, 1993). For example, suppbse, x3 are variables of a CSP, all
with domains in[1,2, 3], and(x1 = x2), (x2 < x3) being the constraints. A solution to this
CSP is an assignment to every variable of some value in itsadosuch that it does not
violate any of the constraints. Therefore, a possible &wiub this CSP is ((x1 = 1), (x2 =
1), (x3=2)).

In Figure 11, we provide a high-level conceptual model faal#ing the main elements
of a quality information language such as the one we use impproach. A quality infor-
mation language is represented by a set of attributes wéih thspective domains, and/or a
set of constraints on these attributes. In the following describe these elements and how
they are related to the OVM.
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Fig. 11 Conceptual model for describing quality information

4.1 Quality attributes

In our approach, we define a quality attribute as a measupabfeerty of an artefact. We
consider only those properties that can be quantified arohieslly defined. For example,
the memory consumption or the accuracy of an antenna. AeddtgtBenavides et al (2010),
most proposals agree that an attribute should consist offe na domain and a value. We
have relied on this statement to specify the attributes irsedr approach. An attribute has
aname, adomain, avalue, anullValue, andunit. name denotes the name of the attribute
which does not need to be unique since different artefacthage different attributes with
the same nam@omain denotes the range of values that the attribute may hold suReals,
Integers, and any range (e.g., [1..512plue denotes the attribute value which will depend
on the concrete type of attribute (we elaborate more ondt)atullValue denotes the value
that must be taken by the attribute when the variant with tiie attribute is related is



13

Quality information

name = Accuracy

domain = Integer [1..10]

value = min(GPS.Accuracy, Galileo.Accuracy)
nullValue = +c0

unit = Meter

name = Accuracy name = Accuracy
domain = Integer [1..10] domain = Integer [1..10]
value = 4 value = 8

nullValue = +c nullValue = +c

unit = Meter unit = Meter

:
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|
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|
|
|
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|
|
|
|
|
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'
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................... | domain = Real [0..2]
value = 1.5
nullValue = -0

unit = Factor

domain = Real [0..20]
value = PositioningSystem.Accuracy * Antena:AccuracyFactor
unit = Factor

|
|
| name = TotalAccuracy
|
|

Fig. 12 Example of basic, derived, and global attribute

not selectedunit denotes a determinate quantity such as meters, secondsn@yrand
kilobytes, adopted as a standard for measurement.
We distinguish two kinds of attributes depending on howrthieiues are calculated:

— Basic attribute The value of a basic attribute idrase measuréGarcia et al, 2006), i.e.,
a measure that does not depend upon any other measure.

— Derived attribute The value of a derived attribute is determined by a funabieer other
attribute values.

An attribute can be related to zero or matgiable element in the OVM. In the same
manner, a variable element can be related to zero or moiteudts. \We refer to an attribute
as aglobal attributewhen it is not related to a variable element in the OVM,; it isoane
position of any other attributes. We refer to a relationdtgpveen a variable element and
an attribute asariable-element.attribute, wherevariable-element denotes the name of the
variable element which must be unique anttibute denotes the name of the attribute. For
exampley53:GPS. Accuracy defines the relationship betweess : GPS andAccuracy.

To illustrate quality attributes, we use the example in FéglR. In this example, we can
see that the RFW product line offers two different types ddifponing systemsvs3: GPS
and/or v54:Galileo. The positioning systems have different accuracies, theisiefine a
basic attribute to express their accuracy. The GPS systsrarhaccuracy of 8 meters, while
Galileo has 4 meters of accuracy.

In Figure 12, there are two derived attributéscuracy andAccuracyFactor, related
to VP12:PositioningSystem, andVP13:Antenna, respectively. The former expresses the
system accuracy regarding the type of positioning systdettssl, and it is the minimum
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value betweervs3:GPS.Accuracy andV54:Galileo.Accuracy; the latter expresses the
accuracy factor of the selected antenna which is obtaingtidoynaximum value between
Small.AccuracyFactor, Medium.AccuracyFactor andBig.AccuracyFactor. Finally, the
TotalAccuracy is a global attribute because it is not connected to anydariglement. The
global attribute represents a quality property of the pobtine as a whole. Thus, in the case
of TotalAccuracy, it represents the resulting accuracy of the system, whitte product of
the selected positioning system accuracy and the seleatatifier. With this specification,
it would, for example, be possible to get the same overalli@ay with a bigger antenna
and GPS and a medium size antenna and Galileo.

The function used to calculate the values of derived atiebulepends on the solver
used to automate the approach; furthermore, it is domaiardégnt. The resulting value of
a function depends on whether the variable element relatiétstselected or not. Therefore,
when an attribute is involved in a function iallValue must be neutral to such a function.
Each function must be handled specifically and suitablerakvrilues must be defined. Let
us observe, for example, the function defined inth&2:PositioningSystem.Accuracy
attribute. In the case where both positioning systerss;Galileo andVvs3:GPS, are se-
lected, the function will return the minimum value betweéeit accuracy, resulting in
value 4. However, if one of the variants is not selected, f@neplevs3:GPs, the value
of V53:GPS. Accuracy must have a neutral value with regard to then function. In this
case, we can use thieoo as a neutral value because it is bigger than any real nunmbtre |
RFW example, we use aggregate functions suckuas min and maxand also functions
with the operators- andsx.

The list of attributes identified for the RFW product line aheéir descriptions can be
found in Table 1. Their values are not shown in this table beedhey depend on the asso-
ciation with the variable elements in the OVM. The valuessirewn in Table 2, Table 3,
and Table 4; they were defined by the engineers of the RFW ptdide. Table 2 shows the
values taken by the basic attributes. The variants arellistéhe first column of the table,
and the attribute names are listed along the first row. This cadicate the values taken
by each attribute when related to the corresponding varEmy are shown in the form
valugneutral-value Cells marked with “~” indicate that the attribute is notateld to the
variant.

In the RFW example, all derived attributes are related téatian points. Their values
are shown in Table 3. The variation points are listed in thet iolumn, and the attribute
names are listed along the first row. The cells indicate whicletion is used to calculate
each attribute value when related to the correspondingwi@ni point. Those cells marked
with “~" indicate that the attribute is not related to the ig#ion point. Values are shown
in the formvalugneutral-value As these attributes are involved in the values of the global
attributes (see Table 4), their null values are defined-@s—co or 0. In the case that the
variation point is selected, the attributes can take asegatlne functionsnin, maxor sum
They are defined as follows:

— min(vy.attribute, ..., vp.attribute), where{vy,...,vn}
— maxvy.attribute, ..., vy.attribute), where{va,...,vn}
n

- Zlvi.attribute where{vy,...,vp} C childrenOf(vp)

childrenOf(vp)

C
C childrenOf(vp)

Consider thathildrenO f(vp), with vp belonging to the set of variation points returns
the set of children o¥p, andn < |childrenOf(vp)|. Next, we provide some examples.

VP12:PositioningSystem.Accuracy = min(GPS.Accuracy,
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Table 1 Quality attributes in the RFW product line

Name Description Domain Unit
Specifies the accuracy of the positioning

1. Accuracy system to locate the position of the car Integer [1..10] meters

2. AccuracyFactor Specifies a quantifier for the antenna Real [0..2] meters
Specifies the accuracy offered by the sys-

3. TotalAccuracy tem. Itis calculated by relating the accura¢yReal[0..20] meters

and the accuracyFactor attributes
Specifies the memory size of the contrp .

urrl)it that is needed to rgrocess the traffic si gnlnteger [1..512] kilobytes
Specifies the total of memory required by|a
5. TotalMemory system. It is calculated by aggregating thelnteger[1..512] kilobytes
memory attributes

Specifies the ROM size of the control un
utilised by a specific variant

Specifies the ROM size of the control unif.
The more traffic signs are recognisable, the
bigger the ROM size has to be to save th .
different types of signs and the required ac‘::‘I nteger [1..512] kilobytes
tion for the traffic sign. It is calculated by
aggregating the ROM attributes

It concerns the power of a sensor and spec-
ifies the distance from which the sensor |is
8. Range capable to detect a traffic sign. The higherinteger meters
the value is, the earlier a traffic sign can be
detected
Specifies the latency required by a variant.
Latency means the elapsed time between - |
the firing of an event and the feedback givenI nteger [200..800] | millisecond
to the user.
Specifies the latency that has to be guaran-
10. TotalLatency teed by the system. It is calculated by ag-Integer [200..800]| milliseconds
gregating the latency attributes

4. Memory

6. ROM i Integer [1..512] kilobytes

7. TotalROM

9. Latency

monetary
unit
monetary
unit

11. Cost Cost of the specific variant Real [1..500]

Specifies the total cost of a system. Itis cg
culated by aggregating the cost attributes
Specifies the maximum recognition time r:
quired by a variant.

Specifies the maximum recognition time
14. RecognitionTime| that the system has to ensure. It is calquinteger [10..500] | milliseconds
lated by aggregating the cycle attributes

12. TotalCost U Real [1..500]

13. Cycle " Integer[10..500] | milliseconds

Galileo.Accuracy)

VP13:Antenna.AccuracyFactor = max(Small.AccuracyFactor,
Medium.AccuracyFactor,
Big.AccuracyFactor)

VP2:Activation.Memory = V5:Switchable.Memory + V6:Continuously.Memory

The equations for the values of global attributes are shawrable 4. Except for the
TotalAccuracy, the other global attributes are calculated using an ag¢gdgnction in the
set of variation points. In the following we elaborate onitineeaning:

— TotalAccuracy: represents the overall accuracy of a givedyct which is computed by
multiplying the accuracy of the positioning system by théeana accuracy factor. For
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Table 2 Values of basic attributes when associated with variants

Accuracy | Accuracy | Memory | ROM Range Latency Cost Cycle
Factor

V5:Switchable - - 2|0 2|0 - - 2|0 -
V6:Continously - - 2|0 2|0 - - 0.2|0 -
i\%:No stopping warn- _ _ _ 8l0 _ _ 05/0 _
i\r/]z:Overspeed warn- _ _ _ 16/0 _ _ 05/0 _
\/_Q:Sound at warning _ _ _ 4]0 _ _ 1]0 _
signs
V10:Hazardous situa
tion alarm - - - 16/0 - - ifo -
;;:Show warning _ _ 2|0 4/0 _ 40|+ 1/0 _
V12:Display and
sound indication - - 210 410 - 40|+ | 1[0 -
V13:Warn for no stop-
ping sign - - 2|0 4]0 - 500+ | 0.50 -
V14:No warning - - 2|0 0|0 - 500|+ | 0.2|0 -
V15:Show on display - - 8|0 8[0 - 350+ | 1]0 -
V16:Display and
sound indication - B 8|0 810 - 350 +eo | 110 -
V17:Emergency brake| - - 16|0 32|0 - 350|+ | 3|0 -
V18:Road w/ right of
way start - - 4|0 4]0 - - 0.2|/0 | 100|+w
V19:City limit - - 2|0 4]0 - - 0.2|0 | 50|+
V20:Crossroads - - 2|0 4]0 - - 0.2|/0 | 100+
V21:Home zone entry - - 4]0 4]0 - - 0.2|0 | 100|+w
V22:Road w/ right of
way end - - 4|0 410 - - 0.2|/0 | 100|+w
V23:End of city limit - - 4|0 4]0 - - 0.2|0 | 50|+
i\t/y24:Traff|t: has prior- _ _ 2]0 40 _ _ 02(0 | 75|+
V25:Home zone end - - 4|0 4|0 - - 0.2/0 | 100|+ w0
V26:No vehicles - - 2|0 4]0 - - 0.2]0 | 50|+
V27:No cars - - 2|0 4]0 - - 0.2|0 | 100+
V28:No vehicles over
max width> Xm - - 8|0 8|0 - - 0.2|/0 | 200|+w
V29:No vehicles w/
weight> 3.5t - - 2|0 4]0 - - 0.2|/0 | 100+
V30:No vehicles over
max gross weight g~ - - 8|0 8|0 - - 0.2|/0 | 200|+w
Xt
V31:Do not enter - - 2|0 4]0 - - 0.2|/0 | 100|+w
V32:No vehicles over
max height ft> Xm - - 8|0 8|0 - - 0.2|/0 | 200|+w
V33:No stopping - - 2|0 4[0 = - 0.2|/0 | 100+
V34:Danger - - 2|0 410 - - 0.5/0 | 100|+ w0
V35:Side winds - - 2|0 4]0 - - 0.5/0 | 100|+w
V36:Slippery road - - 2|0 410 - - 0.5/0 | 100|+w
V37:Risk of ice - - 2|0 4]0 - - 0.5/0 | 100+
V38:Bend - - 2|0 410 - - 0.5/0 | 100|+w
V39:Traffic queues - - 2|0 4]0 = - 0.5/0 | 100+
V40:Stop and give
way - - 2|0 4]0 - - 0.2|/0 | 50|+
V41:No overtaking - - 4]0 4[0 = - 0.2|0 | 50|+
VaNo  overaking)  _ - alo | 4o | - - | o02/0] 50+
V43:No  overtaking
vehicles> 3.5t B B cle 410 - - 020 | Sre
V44:End of prohibi-
tions - - 4|0 410 - - 0.2|/0 | 50|+
V45:Yield - - 2|0 4]0 - - 0.2|0 | 50|+
V46:Maximum speed
eV P - - glo | 8|0 - - 02|10 | 200|+o
V47:0ne way - - 2|0 4]0 - - 0.2|0 | 50|+
V48:Maximum speed
of X Km/h end - - 8[0 8|0 - - 0.2|/0 | 200|+w
V49:No  overtaking
vehicles>3.5t end - - cle 410 - - 020 | S
V50:Low - - - - 20| - - 10|0 -
V51:Medium - - - - 45| — o0 - 35/0 -
V52:High - - - - 70| —c0 - 50| 0 -
V53:GPS 8|+ = = = = = = =
V54:Galileo 4|+ - - — - — — —
V55:Small - 15|—o - - - - 15|0 -
V56:Medium - 1|—o0 - - - - 0.5 0 -
V57:Big - 0.25| - - - - - 50| 0 -
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Table 3 Values of derived attributes when associated with varigpioints

Accuracy | Accuracy | Memory | ROM Range Latency Cost Cycle
Factor

VP2:Activation - - sum|0 | sum|O - - sum|0 -
VP3:Comfort func- _ _ _ sum|o _ _ sum|o _
tions
VP4:_Behe_1w0ur al - - sum|0 sum|0 - min|+c | sum|O -
warning signs
VP5:Behaviour — at .
no stopping signs - - sum|0 sum|0 - min|+c | sum|0 -
VPGEEEMENT 1D - - sum|0 | sum|O - min|+c | sum|0 -
hazardous situations ‘ I+ ‘
VP7:Other signs - - sum|0 | sum|O - - sum|0 | min|4o
VP8:Prohibition .
signs - - sum|0 | sum|0 - - sum|0 | min|+co
VP9:Warning signs - - sum[0 | sum|O - - sum|0 | min |+ oo
VP10:Signs given :
el - - sum|0 | sum|O - - sum|0 | min |+
VP11:Sensor power - - - - max| — oo - sum|0 -
VP12:Positioning :

min |+ o = = = = = = =
system
VP13:Antenna - max| — o - - - - sum|0 -

Table 4 Equations for the values of global attributes
Name Value
TotalAccuracy PositioningSystemccuracyx AntennaAccuracyFactor
K
TotalMemory zlvpI .Memory wherevpj.Memorye OVM+¢
=
K
TotalROM z vp;.ROM, wherevp;.ROMe OVM+¢
j=1
TotalLatency min(vp.Latency...,vpc.Latency, wherevp;.Latency...,vp.Latencye OVM+¢
3

TotalCost zlvpI .Cost, wherevp;.Coste OVM+¢
RecognitionTime min(vp;.Cycle...,vp.Cycle), wherevp; .Cycle ..., vp..Cyclee OVM+¢

k < number of variation points OVM+¢

example, a product of the RFW product line that BBS and amedium antenna offers
an overall accuracy of 8, since V53:GPS.Accuracy = 8 and MB@ium = 1.
TotalMemory: represents the total memory required by argpr@duct, which is com-
puted by the sum of all attributeemory related to variation points.

TotalROM: represents the total ROM required by a given pegdwhich is computed
by the sum of all attributesoM related to variation points.

TotalLatency: represents the maximum time that a givenymbtékes to provide feed-
back, which corresponds to the minimum value amongst thibatitsLatency related
to variation points. For example, the minimum value betw€¢ed.Latency = 350 and
VP2.Latency =500 is 350. Then, the maximum time this prodbould take to provide
feedback to the user is 350 milliseconds.

TotalCost: represents the cost of a given product, whiclomsputed by the sum of all
attributesCost related to variation points.

RecognitionTime: represents the maximum time that a givedyxt takes to recognize
a signal, which corresponds to the minimum value amongsattiéutesCycle re-
lated to variation points. For example, the minimum valusveen VP1.Cycle = 50 and
VP2.Cycle =100 is 50. Then, the maximum time this productuthtake to recognize
a signal is 50 milliseconds.
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Quality Information

name = Range

domain = Integer

value = max(Low.Range, Medium.Range, High.Range)
nullValue = - oo

unit = Meter

domain = Integer

|
|
|
..|.--»[ name = Range
|
|
|

value = 7
nuilValue = -co name = Range
- | unit = Meter domain = Integer
Tl value = 45
e e ) Lo ..v|nullValue = -o0
. e Unit = Meter
" yP10:Signs *. |
| .. gvingorders | name = Range
ST TP I domain = Integer
. | “"M value = 20
A nullValue = -c0
""" V41:No overtaking unit = Meter

VP11:Sensor power.Range >= 50

If (V44:End of prohibitions) then

|

1

|

|

| If (V41:No overtaking) then
|

|

| VP11:Sensor power.Range >= 25
|

Fig. 13 An example with constraints on attributes

4.2 Domain constraints

Domain constraints are constraints on attributes that timei possible configuration of prod-
ucts. These constraints may come from resource limitatfergs, the maximum memory
consumption allowed) or any domain relevant restrictiog,, @ll products derived from the
RFW product line must provide feedback to the user beforsipgghe signals, otherwise
the system is useless. Therefore, domain constraints cdaflred on quality attributes to
avoid building unsuitable products.

In the case of the RFW product line, for example, the traffgnsimust be detected
by the sensor from a given distance before passing the tsadfic This distance must be
reasonable to allow the product to provide feedback to tlee within an expected time.
Therefore, some constraints on the attribike1: Sensor power.range must be defined.
To guarantee that a RFW product can successfully detedtaheEnd of prohibitions
sign, the sensor has to have a range of at least 25 meters.veiowe detect th&41:No
overtaking Sign, the sensor must be able to detect the signal at leastes@rsrbefore
passing the sign. Thus, the constraints on attributes septed within ellipses in Figure 13
are specified to prevent the configuration of unsatisfagtoogucts.

The syntax of domain constraints depends on the solver asadtbmate the analysis.
Domain constraints are predicates over attributes thabeagvaluated to true or false de-
pending on the attribute values. The neutral values foibates must also be considered in
constraint definitions. In the RFW product line, we have tifimd some required domain
constraints. A complete list of these constraints can bedan Appendix A, Figure 20.

5 Detecting anomalies in OVM+¢ by means of CSP
A typical problem that comes to light when specifying OVMhigtwrong use of constraints.

A wrong constraint modelling can cause anomalies in theipation, which are difficult
to detect in practice. In addition to requires and excludesstraints, domain constraints
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VP VP
. VP4:Beh:
V41:Show Vi2Displayand | Wrong constraint WiShow Vi2Display and wrong constraint
warning sign sound indication . . Specification
Iy 7y specification T

excludes \, 4 includes . \ ncludes
N excludes?, \

VP \
'VP6:Behaviour inN\_ ..
hazardous situations ~

B - Y - N Y

T
V15:Show on V16:Display and VA17:Emergent V15:Show on V16:Displ. d VATES
r Gispiay | Psoundlmpmga(mn r Brake Y P dispiay rsoum'ﬁ&?cyaﬁgn r Brake Y
false optional

dead element
element

VP

VP6:Behaviour in
hazardous situations

T

a) b)

Fig. 14 Anomalies in OVM: a) Dead element, b) False optional element

can also cause anomalies. Therefore, before analysingyqeahditions, we have to detect

possible anomalies in the OVMt+ For example, anomalies such ake' model does not

allow the derivation of any product that respects all the Gfied dependencies amongst
variants', should be detected.

The RFW product line has 13 variations points, 4 out of whigh @ptional, and 57
variants. Consequently, there are 57 variability depeciésrbetween variation points and
variants, 65% of them are optional and 35% are alternativehErmore, the product line has
34 requires and 4 excludes relationships between variddeeats, 225 attributes (18 out
of them are derived), and 72 quality domain constraints sS€quaently, in order to manually
detect anomalies in this model is a tedious and error-prasgl. {This task is even more
complicated if we consider that the products should respettain constraints.

There are three kinds of anomalies we intend to check in theifspation of OVM+¢;
namelyvoid modeldead variable elemepgndfalse optional These anomalies were already
identified and supported by other approaches when usingréeatodels (Benavides et al,
2010; Trinidad et al, 2008a). In this article we propagatséhresults to the OVM context.

— Void model. A model is void when it is not possible to derive any valid prod i.e., a
product that respects the rules specified in the O@YM+

— Dead variable elementsing constraints wrongly can generate a dead variableegiem
i.e., it never appears in any valid product. Figure 14. a shavalse constraint between
variantvi2:Display and sound indication and variani7:Emergency brake. The
V17:Emergency brake behaviour will not be part of a product regardless of whether
V11:Show warning signs Of V12:Display and sound indication iS selected. This
situation gives a false view of the product line scope, sthe¢the optional dependency
betweervp6:Behaviour at hazardous situation andV1i7:Emergency brake deter-
mines that it should be possible to configure products withwithoutv17:Emergency
brake. When the false constraint on this7 :Emergency brake is specified, this func-
tionality will never appear in a product of the RFW produceli and thus will lead to a
dead variant.

— False optional.Verifies whether a variable element is false optional or Aotariable
element is false optional if it is modelled as optional, yepears in all valid products.
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Fig. 15 Process for the automated analysis of O\ViMdsing CSP

This anomaly also gives a false view of the product line scéijgure 14.b shows how
the variantV17 :Emergency brake can become a false optional.

The purpose of automated analysis of feature models isatixtgainformation from
feature models using automated mechanisms (Batory et @6)2Benavides et al (2010)
define a conceptual framework, in which they propose a peoimeghe automated analysis
of feature models. Based on this framework, we define theggpresented in Figure 15
as the whole process to automate the analysis of OY MRhe process starts by mapping
the OVM+¢ to a CSP, which is the logical representation we use to autotha analysis
(hereinafter, this mapping is referred toisim:¢). Afterwards, we define analysis opera-
tions, which observe the properties of tig,m.¢ model without modifying it; they take a
Yovm-9 Model and/or a configuration as input and provide a respéuseff-the-shelf CSP
solver is used to automatically analyse the input data aodgbe the analysis results. CSP
solvers search for a valid set of variable values that semelbusly satisfies all constraints.
For exampleA+ B > 1 is a CSP involving the integer variablésindB, both with a domain
€ [1..10]. In this case, the solver would find & 2, B = 2) as a valid solution for the CSP.

5.1 Mapping OVM+ to CSP

The mapping of an OVM¢ into CSP can differ depending on the concrete solver that is
used later to solve the problem. In general, the mappingegsgoes through two main
steps. First, the 3-tupl@ovm = Movm Dovm Covm) iS built, where the variable elements in the
OVM become variables iNgym With their respective domains Doy, and the variability
and constraint dependencies in the OVM become constrairtteCoym. Second, the final
mapping from an OVM+# to a CSP is carried out by adding variables and constraints to
the Yovm, Where the quality attributes become variables and the thocomstraints become
constraints, resulting in the 3-tupl&vmey = Vovmi-¢» Dovme¢» Covme¢)- NeXE, we detail the
complete mapping process.

5.1.1 Building thepovm

Concrete rules for mapping an OVM into a CSP are listed in&ablAlso, the mapping of
our RFW example of Figure 13 is presented. In this table wevghe mapping of an OVM
into a general CSP, which is independent of the solver to bd lager to analyse the model.
The mapping is very similar to the one used for feature ma@#savides et al, 2005), with
the following differences:
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Table 5 Mapping OVM into Constraint Satisfaction Problem

OVM CSP mapping Mapping example
c
2% VP11:Sensor power €[0,1] A
.g:cz vpr € [01A vp, €011 | \pyo:Signs giving orders € [0,1]
>
£ V50:Low € [0,1] A V51:Medium € [0,1] A
© . .
= v € [0,1] V52:High € [0,1.] /\ V41:No overtaking € [0,1] A
> V44:End of Prohibitions € [0,1]
|
S &
£ 8
) g vp=1 VP11:Sensor power =1
: |z
S =
)
g
£ A oy
% p
> | S
5
g if (VP10:Signs giving orders = 0)
-3 2 A V41:No overtaking = 0
8 | % L if (vp = 0)
2 = : v=0 if (VP10:Signs giving orders = 0)
V44:End of Prohibit =0
§ S nd of Prohibitions
=
S o if (VP11:Sensor power > 0)
E if (vp > 0) sum (V50:Low ,V51:Medium,
< ROt sum (v1,v2, ..., vn) in {i..j} V52:High )€ {1..1}
cza \.-»/ ,[LJ] else else
= = > vi=0,v2=0,..,vn=0 ‘Low = :Medium =
[: V50:Low =0 ,V51.Meldu‘1m _O,
= V52:High = 0
if (v1>0
"""" ’ 5,2 >0 )
wn
53]
= if (v > 0)
5 || O /N
] o3
2 & if (vp1 > 0)
& | | e\ > vp2 >0
8 2
§ [vy Jaore »[v2] i (\/21 >00)
= V2=
if(v>
O | a | |y |«
5 if (vp1 > 0)
= NI vp2=0

1. In the OVM model, there are two types of nodes, namely tiarigpoints and variants.
These nodes differ from each other. Variation points aredatny or optional. In fea-
ture models, all nodes in the diagram are features.

2. There is no constraint for a root node, since there is nbrrode in the OVM.

3. For each mandatory variation point, we add a constrasigamg value 1 to the corre-

spondent variable.

4. Each alternative relationship is mapped to a constraiftp > 0) surm(vy, vo,...,vp) in
{m..m'} else y =0Av, = 0AV, =0", wherevpis the variation pointy; | i € [1... n] the
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Table 6 Mapping OVM+¢ into Constraint Satisfaction Problem

OVM+g Wovmsg mapping example
o £
- © .
= Al € {Ad
BE _ E vp-Aname € {Adomain}l {y} VP11:Sensor power.Range € Integer U{-« }
%0 name = Aname . a
S :— ey domain = Adomain
; g ‘rﬁIIIL{?aI_u: =y If VP11:Sensor power = 1 then
% (if unit = Aunit € 1fvp = VP11:Sensor power.Range = max(
3= £ vp = 1 then .
2 g © Vb.Aname = x V50:Low.Range,
2 @ elsep‘ Pl V51:Medium.Range,
S P =y V52:High.Range )
else VP11:Sensor power.Range = - «
c V50:Low.Range € Integer U{-o} A
] 'E v.Aname € {Adomain}uU {y} V51:Medium.Range € Integer U{-«} A
E |:I° V52:High.Range € Integer U{-«}
s .E name = Aname
domain = Adomain
;'E """" *| value = x
Jg [ nullValue = y (If V50:Low = 1 then
2 unit = Aunit V50:Low.Range = 70
g else V50:Low.Range = - «) A
£ Ifv=1then (If V51:Medium = 1 then
s v.Aname = x V51:Medium.Range = 45
g else v.Aname =y else V51:Medium.Range = - «) A
o
(If V52:High = 1 then
V52:High.Range = 20
else V52:High.Range = - »)
-g If VP11:Sensor power = 1 then
@ name = Aname Aname € {Adomain} VP11:Sensor power.Range = max(
% domain = Adomain V50:Low.Range,
value = x X .
= nullValue =y V51 .M.edlum.Range,
S unit = Aunit V52:High.Range )
o else VP11:Sensor power.Range = - ©
E.E (If V41:No over taking = 1 then
Eg VP11:Sensor power.Range >= 50 ) A
o2 domain constraint constraint
og (If V44:End of prohibitions = 1 then
VP11:Sensor power.Range >= 25 )

set of optional variants in the relationship, dmd..n7] | 0 < m< m < nthe cardinality.
This mapping is similar to cardinality-based feature medel

5.1.2 Building thefoymy¢

After we have built the,ym, we add the variables corresponding to each attribute in the
OVM+¢ and the needed constraints, thus resulting inghgn.¢. The general mapping
rules and the mapping for the RFW example of Figure 13 arespted in Table 6. These
mappings created following these steps:

1. Each attribute in the OVMg becomes a variable iioym:¢. The domain of these vari-
ables are defined by the union of the domain interval specifiettie corresponding
attribute and itswllValue. Note that, when an attribute is global it is part of all protu
therefore it does not need a neutral value.

2. The values of each attribute in the OVil-become constraints on a variableyigym -

3. The domain constraints in the OVIM+become constraints iloymy¢ -
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5.2 Defining operations for detecting anomalies as CSP {ivisi

The analysis method we propose is characterised by anagsistions that are applied
to an OVM+¢. In this section, we define the three analysis operations eeg o detect
anomalies in the OVM¢ as CSP primitives.

Operation 1 (Void Model). Let ovmq be an OVM+ specification, an@Uovmy ¢ its equiv-
alent CSP. Then, ovmq is void if there is no solution t@oymy-¢ .

void(Yovmi-¢ ) < [SOI(Yoymi-¢ )| =0
wheresol(ovms¢ ) is the set of solutions aflovmy-¢ -

Operation 2 (Dead Variable Element). Let owng be an OVM+ specification and let
Yovme¢ be its equivalent CSP of the formo(Mq, Dovm-g: Covmiq)- The variable element
ve € Vovmiq is dead if it does not belong to any solutionyafym¢ . It follows:

isDead Yovmy-¢,Ve) < Vs: SOl(Youmig ) - VEE S

A variable element is false optional if it is modelled as optl, but it appears in all
valid products. A variable element can be a variant or a tiarigpoint. A variation point
vp is false optional if it is optional and is part of all solut®f Yoym¢. A variantv is
false optional when it is part of all solutions gfoymi¢ andi) its parent relationship is
optional or alternative, dr) its parent is optional. Consider thatrent(v) returns the parent
of v, relationship() returns the type of relationship between a variaand its parent, and
vptype() returns whether the variation point is mandatory or optiombe false optional
operation is defined as follows:

Operation 3 (False Optional (FO)). Let ovi be an OVM4 specification foym¢ be its
equivalent CSP of the form Mn¢, Dovmi¢. Covmeg), and vvp € Voyme¢. Then, vp is false
optional if isFalseO ptovms¢,Vp) =true and v is false optional if isFalse Olioyms-¢ , V) =
true. It follows:

isFalseO pfWovmi-¢,VP) < Vs: SOl(Wovmi-¢ ) - VP € SAVptypévp) = optional

isFalseOptWovm: ¢, V) < Vs: sol(Yovmi ¢ )-
(v e sA (relationshig parent(v)) = optionalVv alternative)) v (v € sA (vpty pé parentv)) = optional))

6 Analysing OVM+¢

Apart from analysis operations to detect anomalies in O\Mwe propose other analysis
operations. Quality-aware analysis operations allowfyieig whether a product or a set of
products in a product line specification fulfil a given qualiiondition, at the same time
that satisfy functional variability and domain constrainthis analysis aims at supporting
the engineer decisions, but it can be performed by any stédtehthat wants to obtain
information from the product line. Therefore, if an enginega product line has at his/her
disposal an OVM+# specification, he/she can make use of quality-aware asalysi

The analysis process introduced in Figure 15 is extendedderdo consider quality
conditions (see Figure 16). In this process, an operatisraanput a target OVMg#, may
or may not have a partial configuration (a set of variants tmast be in the products and
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Analysis + Quality
Operation condition

Fig. 16 Process for the automated analysis of OM@/Awith quality conditions

a set of variants that cannot be), and a quality conditiondéfene a quality condition as
a statement of what is required as part of a product or a setoofupts regarding quality
attributes. For example, the engineer of the RFW produetriiray want to analyse if it is
possible to derive a particular product with developmerst em higher than the assigned
budget. The restrictions imposed by the engineer when sgpdeas quality conditions can
be used to get the answer from the OVi#ispecification. For example, the quality condition
defined by the engineer can be expressedaslAccuracy< 10 A TotalCost< 30. As
previously mentioned, our approach is automated by mea@Séf Therefore, our basic
assumption is that quality conditions can be specified asst@nt on quality attributes, as
shown in the following:

Definition 1 (Quality condition). Let ovm g be an OVM+ specification Yovm:¢ be its
equivalent CSP of the form §¥n.q, Dovmtq, Covmi-q)- A quality condition g is a constraint
on one or more attributes Vovmy g-

6.1 Satisfiability

As previously mentioned, the engineer of the RFW produe limy want to verify if it
is possible to configure a product that satisfies a given tyuadindition. We propose an
analysis operation, namely satisfiability, to verify whatla product or a set of products in
OVM+¢ fulfil a given quality condition, at the same time that satisfnctional variability
and domain constraints. A product line satisfies a qualityd@n if there is at least one
product that satisfies all constraints defined in both, O@Vand quality condition. Let
us, for example, consider the quality condition previoudd§inedTotalAccuracy< 10 A
TotalCost< 30. Then, the product line satisfies this quality conditicthére is at least one
solution toyipym-¢ A TotalAccuracy< 10 A TotalCost< 30, as follows:

Satis fie$ovmy ¢ , TOtalAccuracy< 10A TotalCost< 30) <
|sol(Wovmy ¢ A TotalAccuracy< 10A TotalCost< 30)| > 0

Additionally, taking into account the needs of the stakdbdd, the engineers can verify
whether some partial configuration (i.e., a set of variasasisfies the variability expressed
by the OVM+¢$ and a quality condition, as well. Therefore, if necess&ggngineer can try
to achieve the required configuration by relaxing or remgvelationships in the variability
model.

A partial configuration is of the forfSeRe}, whereSeis the set of variants to be
selected, an®Reis the set of variants to be removed from the configuratioch &8V v; €
Se— v =1andV v, € Re— v; = 0. For example, the RFW engineer wants to verify if it
is possible to derive a product by combining the most powsdnsor, the GPS positioning
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system, and the medium-class car. Thus, this partial camatfiign is expressed by the set
{{V53:GPS, V52:High, V1:Medium-class car}{}}. Therefore, the OVM¢ satisfies the
engineers quality condition and simultaneously offer tesiicéd partial configuration if and
only if there is at least one solution tyym¢ A TotalAccuracy< 10 A TotalCost< 30 A
{V53:GPS, V52:High, V1:Medium-class car}{}, as shown in the following:

Satis fie$ovm- ¢, TotalAccuracy< 10A TotalCost< 30,
{{V53:GPSV52:High,V1:Medium-classcat{}}) <
|Sol(ovmys¢ A TotalAccuracy< 10A TotalCost< 30)A
({{Vv53:GPSV52 :High,V1:Medium-classcai{}})| > 0

6.2 Optimal product

We refer to optimal product as the product that satisfies OglMand also minimises or
maximises a given objective function. When relating qualiformation to OVM we are
able to ask for an optimal product, since the objective fianctakes into account values of
attributes. The product line engineer may want to verify,éeample, which product of the
set of products consumes less memory, or even to find the gredth the lowest devel-
opment cost. Therefore, finding the optimal solution, asosep to any possible solution,
would be helpful for making quality-aware decisions. Hertoefind the optimal solution,
we can associate an objective function with the CSP. Thensohver has to find solutions
that maximise or minimise the specified objective functioat tsatisfies all the constraints.
A possible objective function would b® = TotalCost such that the sought solution is
rendered by minimisin®, as follows:

Cheapest produ¢s) = min(CSRBym:q, TotalCos)

6.2.1 Optimal product with quality condition

The engineer of a product line may want to verify which is tipdiroal product that satis-

fies some quality condition and a desired partial configanatiF-or example, which is the

cheapest product that offef@tal Accuracy< 10 A TotalCost< 30 and has the variants
V53:GPS, V52:High, andv1i:Medium-class car? To find this optimal solution, we first fil-

ter the model by adding a quality conditio®) and a partial configuration (PC), which
were introduced in Section 6.1. Afterwards, we define theabje function. In this case,

the objective function is the global attribut®talCost which has been defined as follows
(see Table 4 for a complete definition):

k

]Z\ij .Cost

Finally, we define that the optimal product ;) minimise theTotalCost as shown in
the following:
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@ = TotalAccuracy< 10A TotalCost< 30

PC = {{V53:GPSV52:High,V1:Medium-classca}{}}
filter = CSBymeq A @ APC

O =TotalCost

Popt = min( filter, O)

6.2.2 Most representative product

The optimization operation can be used to find the most reptatve product(s) of a prod-
uct line, which could be used to support evaluation stratedgissessing all possible products
of the product line is impracticable due to the usually vemgé number of products in a
product line. Therefore, strategies to decide which prtalsicould be checked are needed.
There may be different ways of implementing tilest Representative Products (MRP)
operation. In this article, we consider the MRP those thaehariants involved in a larger
number of products, however there are other possibiligas. (the most expensive ones or
those that have the largest number of variants). TheretbeeMRP operation is defined
as the product(s) of the software product line that maxi(gjsthe commonality degree.
The commonality degree of a product is determined by the dutfmeocommonality of its
variants and variation points. This commonality represéme percentage of products where
the variable element appears, e.g., if there are 10 pogzibtRicts and a variantappears
in 5 products, the commonality ofis 50%. After the most representative product has been
found, any evaluation technique employed in single-systeam be applied to evaluate its
quality. This operation is defined as follows:

Operation 4 (Most Representative Products (MRP)). Let ¢xaqrbe an OVM+ specifica-
tion and ve Vovmy¢. Commonality Degree of v is the percentage of products {(sols) in
which v is included. O is the summation of commonality degfemriants, and MRP is the
product(s) that maximise(s) O.

CommonalityDegre®) = %W
\

k
0= ZlCommonalityDegre(e/i),Where k= [Vovm:q|
i=

MRP(Yovmy ¢ ) = MaXx Yovms ¢, O)

Note that, the MRP operation is defined based on an optimis&iinction represented
by O. This function can be defined according to the user needssasdjuality-aware. For
example,O could be defined as treumof the attributesost and therefore MRP would
return the most expensive product(s).

7 Implementing the approach
7.1 FaMa-OVM
We have developed FaMa-OVM, which is a prototype tool to enpnt our approach.

FaMa-OVM receives as input an OVM+specification and provides support to quality-
aware analysis process. It allows detecting anomalies @\Ad+¢ specification, as well
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Fig. 17 FaMa-OVM, an extension of FaMa-FW

as verifying quality conditions, optimal products, and thest representative product(s).
The tool was implemented based on FaMa-Framework (FaMa{fWidad et al, 2008b),
which is an open source Java framework designed to faeilite development of analysis
tools for diverse variability modelling languages. FaMatprovides a number of exten-
sion points to plug in new components, such as metamodelders/writers and reasoners.
Figure 17 shows an overview of FaMa-OVM components. The darkponents are the
extensions of the original framework. In the following, weport on those components we
have implemented:

The OVM+¢ metamodeimplements the description of the different variable elatag
and the rules that constraint the combination of these el&sn&urthermore, it describes
the attributes and their relationship with variable eletagas well as the constraints on
attributes.

The OVM+¢ readerimplements a reader to an OVM+textual format, which we have
defined for representing an OVM+specification. Figure 18 shows a single textual for-
mat for the examples in Figures 12 and 13. This textual folasists of four main parts,
namely:RelationshipsAttributes Global Attributesand Constraints Relationshipspeci-
fies the variability dependencies between variation pants variantsAttributesspecifies
basic and derived attributeSlobal Attributesspecifies global attribute€onstraintsspeci-
fies excludes and requires relationships, and quality ¢iondi

Attributes are defined as follows:
< name> : < domain>,< value>,< nullValue>;

The terms are separated by commas, and lines are finishedevitttolon. When the
value of an attribute is a function, a semicolon aftevalue> is used.

The OVM+Q reasonelimplements the solver by using Choco (Laburthe et al, aecess
November 2010). A CSP solver was used because it offers tmhplity to work with nu-
merical values, such as integer, which allows dealing witfibaites, enabling it to maximise
or minimise values.
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%Relationships
VP12PositioningSystem : [1,2]1{V53GPS V54Galileol};
VP13Antenna : [1,1]{V55Small V56Medium V57Big};
VP11SensorPower: [1,1]1{V50Low V51Medium V52High};
[VP10SignsGivingOrders] : [V41NoOvertaking] [V44EndOfProhibitions];
%Attributes
V53GPS.Accuracy: Integer[1 to 10], 8, INF;

V54Galileo.Accuracy: Integer[1 to 10], 4, INF;
VP12PositioningSystem.Accuracy: Integer[1 to 10], min(V53GPS.
Accuracy ,V54Galileo.Accuracy);, INF;

V55Small.AccuracyFactor: Integer [1 to 4], 4, MINF;

V56Medium.AccuracyFactor: Integer [1 to 4], 3, MINF;

V57Big.AccuracyFactor: Integer [1 to 4], 1, MINF;

VP13Antenna.AccuracyFactor: Integer [1 to 4], max(V55Small.
AccuracyFactor , V56Medium.AccuracyFactor ,V57Big.AccuracyFactor)
; » MINF;

V50Low.Range: Integer [20 to 30], 20, MINF;

V51Medium.Range: Integer [45 to 60], 45, MINF;

V52High.Range: Integer [70 to 1001, 70, MINF;

VP11SensorPower .Range: Integer [1 to 100], max(V50Low.Range,
V51Medium.Range ,V52High.Range) ; ,MINF;

%GlobalAttributes
TotalAccuracy: Integer [1 to 40], VP12PositioningSystem.Accuracy *
VP13Antenna.AccuracyFactor;, O;

%Constraints
V53GPS EXCLUDES V55Small;
V41NoOvertaking IMPLIES VPllSensorPower.Range >= 50;
V44EndOfProhibitions IMPLIES VPl11SensorPower.Range >= 25;

Fig. 18 FaMa-OVM textual format

As we have used Choco solver, all variables in the CSP mughéb a finite domain,
which implies that attributes must have a finite domain. Du¢hts limitation, functions
can only involve integer values. Consequently, we were len@buse real numbers as we
intended. Subsequently, real numbers were mapped to istefee values of the attributes
V558mall.AccuracyFactor, V66Medium.AccuracyFactor, V67Big.AccuracyFactor were
mapped from [1.5,1,0.25] to [4,3,1], respectively.

7.2 Analysis results

In this section, we present the analysis results we havénsotavith FaMa-OVM. Our tool
provides support to quality-aware analysis of OVt is worth mentioning that we have
no intention of providing an industrial tool support for buguality-aware analysis, but offer
a proof of concepts of our approach.

The analysis of variability models with attributes is a cdexpproblem. When spec-
ifying quality attributes we have defined a certain domaintfem. The domain sets the
limits of the attribute values. We address the analysislprotas a CSP, then the higher
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[ RFW modelf£ [ Excerpt of RFW T |

Void False False
V38Bend
V39Traffic queues
V45Yield

Dead V50Low None
V51Medium
V55Small
V56Medium
VP70ther signs
VP8Prohibition signs
VP9Warning signs
VP10Signs given orders

Detect anomalies

False Optional None

V41No overtaking
V57Big
>
% Satisfies(QC) False True
s
R
& | satisfies(QC+PC) False True

T QC = TotalAccuracy< 10A TotalCosts< 30

F QC = TotalAccuracy< 10

+ PC= {{V53:GPSV52 :High,V1:Medium-ClassCat,{}}
F PC={{V53:GPSV52:High,{}}

Table 7 Results for some of the analysis operations

the range of the domain is, the more complex the problem besom our implementa-
tion, when mapping the RFW example to a CSP, we have repldeeddmain range of
attributes as much as possible in order to reduce the protdenplexity. For example, in
the case of11.Latency, we have replaced the rantjgeger[200..800py [400], and in the
case OfVP4Behavior at warning signs.Latency, we have replacethteger[200..800]
by [350,400,500. An effort was made to preserve consistency amongst thgressivalues.

We have employed FaMa-OVM to execute all the operations efim this article. We
have analysed two modelsi) the RFW model which represents the RFW product line
with all attributes and domain constraints that were deftheaugh this article, an¢ii) the
Excerpt of RFWmodel, which is depicted in Figure 8. The textual OVM for tHeVR model
can be found in the complementary material provided at tlieoéthis article.

We were able to find solutions for five operations when appliebloth models, as can
be seen in Table 7. We have verified that none of the modelsids ot other anomalies
where detected. The excerpt model does not have any androalgyer the RFW model has
seven dead elements and six false optional. These anomeliescaused by the wrong use
of constraints by the product line engineer. We were ablesterdhine that the constraints
that involvesTotalAccuracy<= 10 are causing some of the dead elements as well as the
false optional.

Furthermore, we were able to verify that the RFW product liloes not satisfy the
quality conditionT otal Acurancy 10 A TotalCost< 30. When we have relaxed this quality
condition, by changing values otal Accuracy< 30 A TotalCost<= 50, we have found
that there are products which satisfy the relaxed qualibhdd@n. As can be seen in Table 7,
we have also analysed the excerpt model and seen that fitesafinother quality condition,
namely TotalAcurancy< 10. The number of products found in the excerpt model when
no quality conditions were defined is 70, but when analysinging the quality condition
TotalAcurancy 10, this number was reduced to 30.
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In addition, we have analysed whether the RFW product litisfaes the quality con-
dition TotalAcurancy< 10 A TotalCost< 30 associated with the partial configuration
{{V53GPSV52High,V1Medium- ClassCa#,{}}. As shown in Table 7, we have found
that there are no products which hatgsGPs, V52High, andViMedium-ClassCar, and sat-
isfy such quality condition. In the case of the excerpt mpdel have verified that there are
products which haves3GPs andvs2High, and satisfy the quality conditiohotal Acurancy<
10. When we have associated the partial configuration witlgjtlality condition and verified
satisfiability, the number of products found in the excerptel was reduced to 10.

There are operations that need to compute all possiblei@odubeforehand to be able
to find a solution, such as the optimal product and the MRPréfbee the problem to be
solved is more complex. We have observed that for the RFW htbdse two operations
have taken much more time. The Choco solver was not able taHfenchost representative
and the optimal products in a reasonable time; howeveruihdoa solution to these two
operations when analysing the excerpt model. In this moaelvere able to find the most
accurate products. For this purpose we have defined thapthmal products minimise the
TotalAccuracyglobal attribute. Thus, we have found that 20 products alestatprovide the
minimum accuracy, which is 4. In the following, we preserg #0 most accurate products.

Optimal product 1 = {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High}

Optimal product 2 {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,

VP11SensorPower,V52High,VP10SignsGivingOrders}

Optimal product 3 {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High,VP10SignsGivingOrders,

V44End0fProhibitions}

=
[}

Optimal product {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High,VP10SignsGivingOrders,

V41NoOvertaking}

Optimal product 5 {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High,VP10SignsGivingOrders,

V41NoOvertaking,V44EndOfProhibitions}

[}
]

Optimal product {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,

VP11SensorPower,V51Medium}

~
]

Optimal product {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,

VP11SensorPower,V51Medium, VP10SignsGivingOrders}

Optimal product 8 {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V51Medium,VP10SignsGivingOrders,

V44End0fProhibitions}

Optimal product 9 = {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,

VP11SensorPower,V50Low}

Optimal product 10 = {VP12PositioningSystem,V54Galileo,VP13Antenna,V57Big,

VP11SensorPower,V50Low,VP10SignsGivingOrders}

e
[N
]

Optimal product {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,

V57Big,VP11SensorPower,V52High}

Optimal product 12 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,

V57Big,VP11SensorPower ,V562High,VP10SignsGivingOrders}
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Optimal product 13 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V52High,VP10SignsGivingOrders,
V44End0fProhibitions}

Optimal product 14 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V52High,VP10SignsGivingOrders,
V41NoOvertaking}

Optimal product 15 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V52High,VP10SignsGivingOrders,
V41NoOvertaking,V44EndOfProhibitions}

Optimal product 16 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V51Medium}

Optimal product 17 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V51Medium, VP10SignsGivingOrders}

Optimal product 18 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V51Medium,VP10SignsGivingOrders,
V44End0fProhibitions}

Optimal product 19 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V50Low}

Optimal product 20 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,
V57Big,VP11SensorPower,V50Low,VP10SignsGivingOrders}

Furthermore, we have analysed the excerpt model by exectitenoptimal operation
associated with the quality conditionotalAcurancy< 10 and the partial configuration
{{V53GPSV52High},{}}, and still usingT otalAccuracyas the objective function. In this
case, five products were found as the most accurate prodacigly:

Optimal product 1 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High}

Optimal product 2 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High,VP10SignsGivingOrders}

Optimal product 3 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower, V52High,VP10SignsGivingOrders,
V44End0fProhibitions}

Optimal product 4 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High,VP10SignsGivingOrders,V41NoOvertaking}

Optimal product 5 = {VP12PositioningSystem,V53GPS,V54Galileo,VP13Antenna,V57Big,
VP11SensorPower,V52High,VP10SignsGivingOrders,V41NoOvertaking,
V44End0fProhibitions}

In addition, we present the two most representative preduethave obtained with our
tool.

Most representative product 1 = {VP12PositioningSystem,V53GPS,V54Galileo,
VP13Antenna,V56Medium,VP11SensorPower,
V52High,VP10SignsGivingOrders,
V41NoOvertaking,V44EndOfProhibitions}
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Most representative product 2 = {VP12PositioningSystem,V53GPS,V54Galileo,
VP13Antenna,V57Big,VP11SensorPower,
V52High,VP10SignsGivingOrders,
V41NoOvertaking,V44EndOfProhibitions}

We ran the experiments on a computer that is equipped withehdaue AMD Opteron
1218 processor running at 2.6GHz, 2GB of RAM, Ubuntu 10.1® Kernel 2.6.35.28, and
the 1.6.0 version of the Java Runtime Environment.

8 Related work

A number of research efforts have been made to capture yadiitbutes and their rela-
tionship with functional features (Montagud and Akah2009). The addition of quality
information to variability models has mostly been propogedeature model approaches,
however, in the context of OVM, it has not been explored inlitezature before. The re-
lationship between feature models and some additionalrivdtion was already suggested
by (Kang et al, 1990) in the seminal feature model proposiéadd&ODA. In this work,
the authors contemplate the addition of feature attribwitfs quantified values. They also
introduce the need to define relationships between featumeattributes. Later, (Kang et al,
1998) make an explicit reference to non-functional featuwehich they define as a kind of
feature that characterises functional features. Othdroasithave also proposed the exten-
sion of feature models with so-called feature attributest¢By, 2005; Batory et al, 2006;
Benavides et al, 2005; Czarnecki et al, 2005). Feature ra@iel OVMs differ in the way
they relate to quality information. Feature models can bectly annotated with features,
whereas in OVM, the quality information must be in a sepanadeel. As OVM documents
variability realised in the base models and this variapitorthogonal to all base models,
it cannot be annotated with attributes.

There are several proposals providing automated analf/siasic or cardinality-based
feature models (Benavides et al, 2010). Several analygigatipns on feature models and
also automated support for them were proposed. These ayg®aan be classified in four
different groups, according to the logic paradigm or methsed to provide automated sup-
port: propositional logic, constraint programming, dgs@on logic, and ad-hoc algorithms.
Most of the approaches that deal with quality informatioogmse the use of constraint pro-
gramming for automating, since it allows dealing with irdegariables. However, feature
models extended with attributes, where numerical valuesrariuded, have not received
much attention (Benavides et al, 2010).

Benavides et al (2005) proposgtended feature modedsid the automated analysis of
such models by using CSP. Although in this approach the asiffrovide a way to add at-
tributes to features, they do not provide much detail abbetvalues of the attributes, as
acknowledged in Benavides et al (2010). In this work they @mésent a simple and high-
level example were they illustrate a possible mapping freature attributes to CSP. The
values of the attributes are ranges and the only functiod tesealculate derived attributes
is the addition There is no global attribute and relationships betweetbates are hier-
archically organised in the feature tree, in other words,réiationship between attributes
exists only between a parent and a child, and they do not geasiipport to constraint on
attributes. In addition, the authors propose a number df/aisaoperations on the extended
feature model, however, they do not provide quality-awaiassis.

Karatas et al (2010) propose a quality language to expreésaded feature model. They
address feature-attribute and attribute-attribute caimgs. In addition, they provide a map-
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ping from an extended feature model to a CSP. We were inspiydtieir ideas to define

a quality information language. It is to note that is woulddaesy to introduce their results
in our proposal. Although they offer a detailed quality laage, they neither cover derived
and nor global attributes. In addition, functions as valieeshe attributes are not allowed.
Furthermore, the proposed mapping is different from ourgheir proposal, they also do
not have null values for the attributes, so, to map each cainsinto a CSP, they need to
add a constraint indicating that the features involved endbnstraint must be selected. In
other words, in their approach, the value of an attributelsvant to a constraint only if the

feature it belongs to is included in the product.

White et al (2009) present a method called Filtered CameElattening to solve the
problem of optimally selecting a set of features that siamébusly satisfy a number of re-
source constraints. They apply several existing algosthorthis problem, which perform
much faster and offer an approximate solution. We consitisrwork complementary to
ours, and their research results could be applied to oulgrobf finding an optimal prod-
uct.

Other authors Tun et al (2009); Bagheri et al (2010) haveddokt more qualitative
means of evaluating quality constraints based on goafi@ikanalysis. In (Tun et al, 2009),
the authors separate feature descriptions into featurelsicelating to the requirements, the
problem world context, and the specifications. Once reqerds are selected for a desired
product, one or more products that satisfy the requirenmarmdshe quantitative quality con-
straints are generated. This article resembles our réseegarding the analysis of quality
information in variability models. They use quality atuites and quality constraints to ex-
press technically known properties of the system. Howedwetlh approaches differ with
regard to the way, quality attributes are defined. In cohti@®ur approach, they define
the value of derived attributes as a hierarchical functieimch means that the value of the
attribute of a parent feature is calculated as a functiorhefahild feature’s values. This
hierarchy limits the relationship between attributes.ddition, they provide a way to con-
figure, from a feature model, solutions that satisfy quaktguirements as well as quality
constraints. In our work, on the other hand, we propose a euwiftquality-aware analysis
operations to analyse OVM. Bagheri et al (2010) take intcsm®ration the stakeholders’
desired quality attributes (callebft constraintsduring a feature model configuration, and
use a fuzzy propositional language for the analysis. Theyige an interactive feature
model configuration process, where they annotate featuiteshigh-level abstract objec-
tives. By using fuzzy form, they express how features cbute to satisfy these objectives.
This work focuses on related feature models with stratefjeative of the stakeholders to
find the solution that best fits stakeholders’ desire.

There is also research that is based on other variabilityefrtedhniques. Sinnema et al
(2004) propose COVAMOF, which is a variability modellinguinework for modelling vari-
abilities and constraints on quality properties. In COVAMGQuality attributes are expressed
as dependencies related to variation points. These depeedenave, among other things,
a function that determines their values, depending on tleetsel variants, and a constraint
on these values. The value of the dependencies can repfesaat or informal knowledge.
The former is represented using algebraic expressionsthenthtter can contain or refer
to documented knowledge (e.g., HTML documents). Dhungare €010) propose the
decision-oriented variability modelling language DOPMARL as part of the DOPLER tool
suite (Dhungana et al, 2007). In this language, the de@giepresent the variation points
in a variability model and the assets describe the reusatdfaets and their dependencies.
In contrast with our proposal, in COVAMOF attributes areyorglated to variation points,
but not with variants, thus direct impact from one varianatmther cannot be specified.
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In DOPLERVML attributes are related to assets and not to #réability model, besides
constraints on attributes are not considered by the autRarthermore, both proposals do
not provide automated analysis.

To the best of our knowledge, only Metzger et al (2007) hawgigly explored the
automated analysis of OVM. As part of their work, they prapes indirect way to au-
tomatically analyse OVMs. First, they transform an OVM istd/aried Feature Diagram
(VFD™), which is a formal “back-end” language used to define seitaand automating
analysis, and in doing so, they reuse the semantics of amalysrations on VFD. To carry
out this transformation, they provide an ad—hoc algoritBecond, they map the VFDto
a propositional formula and then automatically analyseQéM by means of the solver
SAT4j (Berre and Parrain, accessed November 2010). Inasinio our proposal, they do
not address quality information.

9 Discussions and conclusions

In this article, we have presented an approach for qualitgra analysis in software product
lines using OVM to represent variability. To provide a metHor quality-aware analysis,
we follow three steps. First, we have presented a way to edeaguality information with
OVM (referred to as OVM+#). Second, we have proposed a number of analysis opera-
tions to verify OVM+¢. Third, we have presented a mapping from OVt a constraint
satisfaction problem and use Choco, an off-the-shelf caimétprogramming solver, to au-
tomatically perform the analysis tasks. To illustrate teasibility of our approach, we have
used a product line example from the automotive domain, lwhias created in a national
project by a leading car company. Besides, we have intratlba®a-OVM, which is a pro-
totypical tool developed as a proof of concepts of our apgroslVe were able to identify
void models, dead and false optional elements, and chectheshine product line example
satisfies quality conditions. With FaMa-OVM results, we éaetermined that the addition
of quality information to the analysis process highly irages the complexity of the prob-
lem when trying to find an optimal solution or the most repnéstive product, as we have
discussed in Section 7.2. We believe that it is importantaokvin collaboration with other
research areas (e.g., Constraint Programming, Artifici@lligence), in order to find other
techniques that could better solve this problem.

In our approach we consider 1 : 1 relationships between OViicanfiguration model
elements. However, these relationships could be exteraleé df 1 :N with only minor
changes. These changes concern the mapping from @vid-a CSP. In 1 : 1 relationships,
we can omit the configuration model in the mapping processthed each relationship
between an OVM element and a quality attribute becomes antarn the CSP. If 1 N is
allowed, the configuration model cannot be omitted. Consetly the mapping is changed
and each relationship involving an OVM element, a configaratmodel element, and a
quality attribute become a variable in the CSP. For the sélsamplicity we have not ad-
dressed 1N relationships, although our approach is theoreticallyliagple.

In our approach, a quality attribute can be composed of sabdfiether attributes, such
asTotalCostandTotalMemory However, the compositionality of certain attributes,tsas
security, usability, and performance is not obvious androftard to define. In our approach,
we deal with attributes that are technically known and tfeat be composed of means of
functions on individual values. In addition, in our propbsa attribute can be involved in
many functions, yet these functions must allow a commonrakwlue. For example, if the
neutral value of5PS.Costs zero, then it cannot be involved simultaneously in an taidi
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and a multiplication operation. Therefore, a limitation afr approach is that the same
attribute can only be involved in multiple functions whernsitpossible to find a common
neutral value for these functions.

There may be some cases in which the engineer wants to pedtpwdecision about the
value to be assigned to an attribute, for example, the ata{Bostof a given functionality. In
these cases, it would be helpful if a range and not a specifiewuld be specified for the
value of the attributes related to variants. The use of raageild slightly vary our approach,
since we limit attribute values to concrete values or fuori however it would be possible
to extend our proposal to support it. In fact, in our tool,ges can be specified. One of the
consequences of adding ranges as values for attributestithehnumber of products could
be increased and not reduced, as we have mentioned in Séctimr example, it would
be possible to have different products with the same funatities but different levels for
attributes. In our approach, the products differ only byctionalities.

Regarding our tool, we emphasise that it is based on a frankdaothe analysis of fea-
ture models, which is a research area that has been expWesdoted that this framework
simplified the development, since we did not have to starhfsoratch. We have used a CSP
solver to implement the analysis, Choco, to be precise. IBR, @ll variables belong to a fi-
nite domain, which implies that attributes must have a danfaue to limitations in Choco,
functions can only involve integer values. Consequently,could not use real numbers as
we intended, and real numbers were mapped to integers.

In this article, we have proposed a technique to supporitgtelhare analysis in SPLE
with OVM. In this analysis, there can be different users ef different operations with dif-
ferent quality conditions. Therefore, the associatiomieen quality conditions and stake-
holders would be determined by the user of the operationinsteince, minimising the de-
velopment cost is important to the product provider, whessuracy of positioning system
is far more interesting to the product customer.

In our experience, we have observed that although featudelmand OVM are similar,
both the specification of quality information in OVM and theglementation of our tool
were not straightforward. This is due to their differenaestructure and the way they re-
late to quality information. Furthermore, the addition oidjty information to the analysis
process highly increases the complexity of the problem.

The CSP solver we have used is not well prepared to solve soomplex problem as
the quality-aware analysis. Our proposal provides a waligoretically solve this problem,
however when implementing FaMa-OVM to provide automatgupsut for our approach,
it was demonstrated that this problem cannot be solvednvghieasonable time. Thus, we
consider that it is important to investigate the nature obgms of the automated analysis
of variability models associated with attributes.

Currently the FaMa-OVM textual format is created manudityfacilitate this task, we
are implementing a textual editor using the Xtext framew@taundation, accessed April
2011). In addition, we are working on the integration of Fa®NM with an OVM editor
in order to offer a visual editor from where it is possible i®eute quality-aware analysis.
The visual OVM editor is included in the REMIDEMM (Requirente Engineering and
Management in Domain Engineering with Multi-Model Intetian) case tool, which was
presented in (Heuer et al, 2010).
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Complementary material

The FaMa-OVM tool and the RFW textual format used in our extdun are available at
http://www.lsi.us.es/~dbc/material/SofQualJii.
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Appendix A

Table 8 RFW excludes and requires dependencies

Variation Point
VP1:Type of vehicle
VP1:Type of vehicle
VP1:Type of vehicle
VP1:Type of vehicle

Variant

V10:Hazardous situation alarm

V15:Show on display
V9:Sound at warning signs
V9:Sound at warning signs
V11:Show warning sign
V8:0verspeed warning
V8:0verspeed warning
V8:0verspeed warning
V7:No stopping warning
V7:No stopping warning
V7:No stopping warning
V1:Medium-class car
V1:Medium-class car
V1:Medium-class car
V1:Medium-class car
V1:Medium-class car
V2:Upper-class car
V2:Upper-class car
V2:Upper-class car
V2:Upper-class car
V2:Upper-class car
V2:Upper-class car
V3:Small truck (3,5t)
V3:Small truck (3,5t)
V3:Small truck (3,5t)
V3:Small truck (3,5t)
V3:Small truck (3,5t)
V4:Big truck (7,5t)
V4:Big truck (7,5t)
V4:Big truck (7,5t)
V4:Big truck (7,5t)
V4:Big truck (7,5t)
V17:Emergency brake
V53:GPS

Type
requires
requires
requires
requires
requires
excludes
requires
requires
excludes
requires
requires
requires
requires
requires
excludes
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
requires
excludes

Variation Point
VP9:Warning signs
VP10:Signs giving orders
VP8:Prohibition signs
VP7:Other signs

Variant

V16:Display and sound indication
V10:Hazardous situation alarm
V12:Display and sound indication
V34:Danger

V9:Sound at warning signs
V48:Maximum speed of x km/h end
V19:City limit

V21:Home zone entry

V33:No stopping

V13:Warn for no stopping sign
V14:No warning

V26:No vehicles

V27:No cars

V31:Do not enter

V41:No overtaking
V5:Switchable

V26:No vehicles

V27:No cars

V31:Do not enter

V41:No overtaking

V6:Durable

V8:Overspeed warning

V26:No vehicles

V27:No cars

V31:Do not enter

V41:No overtaking
V5:Switchable

V29:No vehicles w/ weight > 3,5t
V30:No vehicles over max gross weight g > x
V43:No overtaking vehicles > 3,5t
V41:No overtaking

V6:Durable

V10:Hazardous situation alarm
V55:Small
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VP

'VP1:Type of
vehicle

. 1.1 el
ﬂ Medium-class car ﬂZ.Upper-c\ass car ﬁS.SmaH truck (3,5t)

rm Big truck (7.5t)

o

r V5:Switchable rv@cominuously |
VP

VP3:Confort
functions
rw No stopping l .
warning
r V9:Sound at .
warning signs

v
V21:Home zone entry

V8:Overspeed |
warning

rvm Hazardous

situation alarm

V22:Road w/ right
of way end
V23:End of city limit

VP
'P4:Behaviour
V24:Traffic has priority at warning signs
N
v . .
V25:Home zone end V11:Show V12:Display and
warning sign solnd indication

.- -
. 'P5:Behaviour
.+ "VP8:Prohibitiori -, ‘at no stopping signs
. signs . -
v
VP

> 7 11

V13:Warn for
no stopping sign

V14:No warning |

A

,~"VP9: Warning "+
. signs

v

V34:Danger

V35:Side winds
V36:Slippery road

v

V3T:Risk of ice

V39:Traffic queues

v
top and give away

v
V41:No overtaking

v

V42:No overtaking end

v
V43:No overtaking
vehickes > 3,5t

V44:End of prohibitions

'P6:Behaviour in
hazardous situations
T
Xm B
V16:Display and
sound indication

V2!
w/ weight > 3,5
No vehicles over max
Xt P11:Sensor power

1.1 .

V3
gross weight g >

*| v31:D0 not enter

V28:No vehicles over Lt
‘max width >
V15:Show on VA7:Emergency
r display r Brake "
No vohigles
\d

v
V45:Yield

v
V46:Maximum speed
x Km/h

V47:0ne way

r V50:Low | r V51:Medium
V32:No vehicles over max

r V52:High |

height h > Xm

v
V33:No stopping
VP
P12:Positioni
system
N 1.2

N

VP13: Antenna

V48:Maximum speed

v
x Km/h end

v
V49:No overtakin:
vehicles > 3,5t er

V53:GPS | r V54:Galileo | r V55:Small | r V56:Medium

r V57:Big |

Fig. 19 RFW orthogonal variability model without excludes and regsidependencies
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ViOHazardous situation alarm
Vi7Emergency brake
Vi8Road w/ right of way start

IMPLIES VP11.Range >= 50;
IMPLIES VP11.Range >= 50;
IMPLIES VP11.Range >= 25;

© ® N O O R W N

P R~ S
o o » W N P O

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

V19City 1limit IMPLIES VP11.Range >= 50;
V20Crossroads IMPLIES VP11.Range >= 25;
V21Home zone entry IMPLIES VP11.Range >= 25;
V22Road w/ right of way end IMPLIES VP11.Range >= 10;
V23End of city limit IMPLIES VP11.Range >= 10;
V24Traffic has priority IMPLIES VP11.Range >= 10;
V25Home zone end IMPLIES VP11.Range >= 10;
V26No vehicles IMPLIES VP11.Range >= 25;
V27No cars IMPLIES VP11.Range >= 25;
V28No vehicles over max width $>$ Xm IMPLIES VP11.Range >= 25;
V29No vehicles w/ weight $>$ 3.5t IMPLIES VP11.Range >= 25;

V30No vehicles over max gross weight g $>$ Xt

25;

V31Do not enter

IMPLIES

IMPLIES VP11.Range >=

VP11 .Range >=

2183

V32No vehicles over max height h $>$ Xm IMPLIES VP11.Range >= 25;

V33No stopping IMPLIES VP11.Range >= 10;
V34Danger IMPLIES VP11.Range >= 50;
V358ide winds IMPLIES VP11.Range >= 50;
V36Slippery road IMPLIES VP11.Range >= 50;
V37Risk of ice IMPLIES VP11.Range >= 50;
V38Bend IMPLIES VP11.Range >= 80;
V39Traffic queues IMPLIES VP11.Range >= 80;
V40Stop and give way IMPLIES VP11.Range >= 50;
V41No overtaking IMPLIES VP11.Range >= 50;
V42No overtaking end IMPLIES VP11.Range >= 50;
V43No overtaking vehicles $>$ 3.5t IMPLIES VP11.Range >= 50;
V44End of prohibitions IMPLIES VP11.Range >= 25;
V45Yield IMPLIES VP11.Range >= 80;
V46Maximum speed X Km/h IMPLIES VP11.Range >= 50;
V470ne way IMPLIES VP11.Range >= 25;
V48Maximum speed of X Km/h end IMPLIES VP11.Range >= 10;
V49No overtaking vehicles $>$3.5t end IMPLIES VP11.Range >= 10;
V1iiShow warning sign IMPLIES TotalAccuracy <= 30;
V1i2Display and sound indication IMPLIES TotalAccuracy <= 30;
Vi3Warn for no stopping sign IMPLIES TotalAccuracy <= 10;
V1i5Show on display IMPLIES TotalAccuracy <= 30;
ViéDisplay and sound indication IMPLIES TotalAccuracy <= 30;
Vi7Emergency brake IMPLIES TotalAccuracy <= 10;
Vi8Road w/ right of way start IMPLIES TotalAccuracy <= 30;
V19City limit IMPLIES TotalAccuracy <= 30;
V20Crossroads IMPLIES TotalAccuracy <= 30;
V21Home zone entry IMPLIES TotalAccuracy <= 30;
V22Road w/ right of way end IMPLIES TotalAccuracy <= 30;
V23End of city limit IMPLIES TotalAccuracy <= 30;
V24Traffic has priority IMPLIES TotalAccuracy <= 30;
V25Home zone end IMPLIES TotalAccuracy <= 30;
V26No vehicles IMPLIES TotalAccuracy <= 10;
V27No cars IMPLIES TotalAccuracy <= 10;
V28No vehicles over max width $>$ Xm IMPLIES TotalAccuracy <= 10;
V29No vehicles w/ weight $>$ 3.5t IMPLIES TotalAccuracy <= 10;

V30No vehicles over max gross weight g $>$ Xt

<= 10;

V31Do not enter
V32No vehicles over max height h $>$ Xm IMPLIES TotalAccuracy <= 10;

IMPLIES

IMPLIES TotalAccuracy

TotalAccuracy

<=

10;

V33No stopping IMPLIES TotalAccuracy <= 10;
V34Danger IMPLIES TotalAccuracy <= 30;
V35Side winds IMPLIES TotalAccuracy <= 30;
V36Slippery road IMPLIES TotalAccuracy <= 30;
V37Risk of ice IMPLIES TotalAccuracy <= 30;
V38Bend IMPLIES TotalAccuracy <= 10;
V39Traffic queues IMPLIES TotalAccuracy <= 30;
V40Stop and give way IMPLIES TotalAccuracy <= 10;
V41No overtaking IMPLIES TotalAccuracy <= 30;
V42No overtaking end IMPLIES TotalAccuracy <= 30;
V43No overtaking vehicles $>$ 3.5t IMPLIES TotalAccuracy <= 30;
V44End of prohibitions IMPLIES TotalAccuracy <= 30;
V45Yield IMPLIES TotalAccuracy <= 10;
V46Maximum speed X Km/h IMPLIES TotalAccuracy <= 30;
V48Maximum speed of X Km/h end IMPLIES TotalAccuracy <= 30;
V49No overtaking vehicles $>$3.5t IMPLIES TotalAccuracy <= 30;

Fig. 20 RFW domain constraints



