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Abstract. Feature models and associated feature diagrams allow mod-
eling and visualizing the constraints leading to the valid products of a
product line. In terms of their expressiveness, feature diagrams are equiv-
alent to propositional formulas which makes them theoretically expensive
to process and analyze. For example, satisfying propositional formulas,
which translates into finding a valid product for a given feature model,
is an NP-hard problem, which has no fast, optimal solution. This theo-
retical complexity could prevent the use of powerful analysis techniques
to assist in the development and testing of product lines. However, we
have found that satisfying realistic feature models is quick. Thus, we
show that combinatorial interaction testing of product lines is feasible
in practice. Based on this, we investigate covering array generation time
and results for realistic feature models and find where the algorithms can
be improved.

Keywords: Software Product Lines, Testing, Feature Models, Practical,
Realistic, Combinatorial Interaction Testing.

1 Introduction

A software product line is a collection of systems with a considerable amount
of code in common. The commonality and differences between the systems are
commonly modeled as a feature model. Testing of software product lines is a
challenge since testing all possible products is intractable. Yet, one has to ensure
that any valid product will function correctly. There is no consensus on how
to efficiently test software product lines, but there are a number of suggested
approaches. Each of the approaches still suffers from problems of scalability
(Section 2).

Combinatorial interaction testing [4] is a promising approach for performing
interaction testing between the features in a product line. Most of the difficulties
of combinatorial interaction testing have been sorted out, but there is one part of
it that is still considered intractable, namely finding a single valid configuration,
an NP-hard problem. This is thus the bottleneck of the approach. In this paper
we resolve this bottleneck such that combinatorial interaction testing should
not be considered intractable any more (Section 3). We then investigate how a
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basic covering array generation algorithm performs on realistic feature models
(Section 4), and suggest, based on the resolution of the bottleneck and on the
empirics, how the algorithm can be improved (Section 5).

2 Background

2.1 Software Product Lines

A software product line (SPL) [19] is a collection of systems with a considerable
amount of code in common. The primary motivation for structuring one’s sys-
tems as a product line is to allow customers to have a system tailored for their
purpose and needs, while still avoiding redundancy of code. It is common for
customers to have conflicting requirements. In that case, it is not even possible
to ship one system for all customers.

The Eclipse products [22] can be seen as a software product line. Today,
Eclipse lists 12 products on their download page1. These products share many
components, but all components are not offered together as one single product.
The reason is that the download would be unnecessary large, since, for exam-
ple, a C++ systems programmer usually does not need to use the PHP-related
features. It would also bloat the system by giving the user many unnecessary
alternatives when, for example, creating a new project. Some products contain
early developer releases of some components, such as Eclipse for modeling. In-
cluding these would compromise the stability for the other products. Thus, it
should be clear why offering specialized products for different use cases is good.

One way to model the commonalities and differences in a product line is using
a feature model [10]. A feature model sets up the commonalities and differences
of a product line in a tree such that configuring the product line proceeds from
the root of the tree. Please refer to an example of a feature model for a subset
of Eclipse in Figure 1. Proceeding from the root, configuring the product line
consists of making a decision for each node in the tree. Each node represents a
feature of the product line. The nature of this decision is modeled as a decoration
on the edges going from a node to another. For example, in Figure 1, one has
to choose one windowing system which one wants Eclipse to run under. This is
modeled as an empty semi-circle on the outgoing edges. When choosing a team
functionality provider, one or all can be chosen. This is modeled as a filled semi
circle. The team functionality itself is marked with an empty circle. This means
that that feature is optional. A filled circle means that the feature is mandatory.
One has to configure the feature model from the root, and one can only include
a feature when the preceding feature is selected. For example, supporting CVS
over SSH requires that one has CVS.

The parts that can be different in the products of a product line are usually
called its variability. One particular product in the product line is called a variant
and is specified by a configuration of the feature model. Such a configuration
consists of specifying whether each feature is included or not.
1 http://eclipse.org/downloads/

http://eclipse.org/downloads/
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Fig. 1. Feature model for a subset of Eclipse

2.2 Software Product Line Testing

Testing a software product line poses a number of new challenges compared to
testing single systems. It has to be ensured that each possible configuration of the
product line functions correctly. One way to validate a product line is through
testing, but testing is done on a running system. The software product line is
simply a collection of many products. One cannot test each possible product,
since the number of products in general grows exponentially with the number of
features in the product line. For the feature model in Figure 1, the number of
possible configurations is 512, and this is a relatively simple product line.

There is no single recommended approach available today for testing product
lines efficiently [5], but there are many suggestions. Some of the more promising
suggestions are combinatorial interaction testing [4], discussed below; reusable
component testing, seen in industry [9], but which does not test for interaction
faults in the product line; a technique called ScenTED, where the idea is to
express the commonalities and differences on the UML model of the product
line and then derive concrete test cases by analyzing it [21]; and incremental
testing, where the idea is to automatically adapt a test case from one product
to the next using the specification of similarities and differences between the
products [25].

2.3 Combinatorial Interaction Testing for Product Lines

Combinatorial interaction testing [4] is one of the most promising approaches.
The benefits of this approach is that it deals directly with the feature model to
derive a small subset of products which can then be tested using single system
testing techniques, of which there are many good ones. The idea is to select a
small subset of products where the interaction faults are most likely to occur.
For example, we can select the subset of all possible products where each pair
of features is present. This includes the cases where both features are present,
when one is present, and when none of the two are present. Table 1 shows the 22
products that must be tested to ensure that every pair-wise interaction between
the features in the running example functions correctly. Each row represents one
feature and every column one product. ’X’ means that the feature is included
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for the product, ’-’ means that the feature is not included. Some features are
included for every product because they are mandatory, and some pairs are not
covered since they are invalid according to the feature model.

Table 1. Pair-wise coverage of the feature model in Figure 1 the test suites numbered

Feature\ Product 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
EclipseSPL X X X X X X X X X X X X X X X X X X X X X X
WindowingSystem X X X X X X X X X X X X X X X X X X X X X X
Win32 - - X - - X - - X - - - - - X - - - - - - X
GTK - X - - - - X - - X - - - X - - X - - - - -
Motif - - - - X - - X - - - X - - - - - - X - - -
Carbon - - - X - - - - - - X - - - - X - X - - - -
Cocoa X - - - - - - - - - - - X - - - - - - X X -
OS X X X X X X X X X X X X X X X X X X X X X X
OS Win32 - - X - - X - - X - - - - - X - - - - - - X
Linux - X - - X - X X - X - X - X - - X - X - - -
MacOSX X - - X - - - - - - X - X - - X - X - X X -
Hardware X X X X X X X X X X X X X X X X X X X X X X
x86 X - - X X - - X - X X X - - X X - X X - - -
x86 64 - X X - - X X - X - - - X X - - X - - X X X
Team - - - - - X X X X X X X X X X X X X X X X X
CVS - - - - - - - - - - - - - - X X X X X X X X
CVS Over SSH - - - - - - - - - - - - - - - X X X X X X X
CVS Over SSH2 - - - - - - - - - - - - - - - - X X X X X X
SVN - - - - - X X X X X X X X X X X - X X X X X
Subversive - - - - - - - - - - X X X X X - - - - - - X
Subclipse - - - - - X X X X X - - - - - X - X X X X -
Subclipse 1 4 x - - - - - - - X X X - - - - - X - - - - X -
Subclipse 1 6 x - - - - - X X - - - - - - - - - - X X X - -
GIT - - - - - - - - - X - - - - - X X - X X - X
EclipseFileSystem X X X X X X X X X X X X X X X X X X X X X X
Local X X X X X X X X X X X X X X X X X X X X X X
Zip - - - X X - - - X - - - - X - - - - - X - X

Testing every pair is called 2-wise testing, or pair-wise testing. This is a special
case of t-wise testing where t = 2. 1-wise coverage means that every feature is
at least included and excluded in one product, 3-wise coverage means that every
combination of three features are present, etc. For our running example, 5, 64
and 150 products is sufficient to achieve 1-wise, 3-wise and 4-wise coverage,
respectively.

An important motivation for combinatorial interaction testing is a paper by
Kuhn et al. 2004 [11]. They indicated empirically that most bugs are found for
6-wise coverage, and that for 1-wise one is likely to find on average around 50%,
for 2-wise on average around 70%, and for 3-wise around 95%, etc.

There are three main stages in the application of combinatorial interaction
testing to a product line. First, the feature model of the system must be made.
Second, the subset of products must be generated from the feature model for
some coverage strength. Such a subset is called a t-wise covering array for a
coverage strength t. Last, a single system testing technique must be selected
and applied to each product in this covering array. The first and last of these
stages are well understood. The second stage, however, is widely regarded as
intractable, thereby rendering the approach useless for industrial size software
product lines.
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3 The Case for Tractable t-wise Covering Array
Generation

3.1 Complexity Analysis of Covering Array Generation

The generation of t-wise covering arrays is equivalent to the minimum set cover
problem, an NP-complete problem. Given a set of elements, for example U =
{1, 2, 3, 4, 5}; we have a set of sets of elements from U , for example S = {{1, 2, 3},
{2, 4}, {3, 4}, {4, 5}}. The set cover problem is to identify the minimum number
of sets, C, from S such that the union contains all elements from U , which is for
the example C = {{1, 2, 3}, {4, 5}}.

1-wise covering array generation is easily converted to a set cover problem
by listing all valid configurations of the product line, and having that as S.
Each element of U is a pair with the feature name and a Boolean specifying the
inclusion or exclusion of the feature. Solving this set cover problem then yields
a 1-wise covering array. This can be done similarly for t > 1 by having tuples of
assignments in U .

The set cover problem has a known approximation algorithm. (An approxi-
mation in this context is not the degree of t-wise coverage, which is 100% for
all the discussion in this paper; but how many more products are selected than
absolutely necessary.) The approximation algorithm was presented in Chvátal
1979 [3]. It is a greedy algorithm with a defined upper bound for the degree
of approximation which grows with the size of the problem, but the degree of
approximation remains acceptable. The algorithm is quite simple; it selects the
set in S which covers the most uncovered elements until all elements are cov-
ered. For t-wise testing, this means selecting the product which covers the most
uncovered tuples.

The set cover problem assumes that the sets with which to cover are already
available so that one can look at all of them. For feature models, the solution
space grows exponentially with respect to the number of features. Thus, it is
infeasible to iterate through all the valid configurations.

And it gets worse, even generating a single configuration of a feature model
is equivalent to the Boolean satisfiability problem (SAT), an NP-hard problem.
SAT is the problem of assigning values to the variables of a propositional formula
such that the formula evaluates to true. Batory 2005 [1] showed that ordinary
feature models are equivalent to propositional formulas with respect to expres-
siveness, and that a feature model can easily be converted to a propositional
formula.

Approximating the SAT problem is not possible: either we have the solution
or we do not. This is also why the literature on combinatorial interaction testing
classifies the generation of covering arrays as intractable.

3.2 Quick Satisfiability of Realistic Feature Models

Nie and Leung 2011 [16] is a recent survey of combinatorial testing. They state
that their survey is the first complete and systematic survey on this topic. They
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found 50 papers on the generation of covering arrays. Covering array generation
is reported to be NP-hard, but no detailed analysis is given. Such an analysis
is given in both Perrouin et al. 2010 [18] and Garvin et al. 2011 [6] which both
classify covering array generation as intractable because finding a single config-
uration of a feature model is equivalent to the Boolean satisfiability problem.

And this is indeed the general case given an arbitrary, grammatically valid
feature model, but is it so in practice? It was observed by Mendonca et al.
2009 [15] that SAT-based analysis of realistic feature models with constraints is
easy, but they did not identify the theoretical reason for this nor whether it is
necessarily so and suggested finding the theoretical explanation as future work.

We propose that the theoretical explanation simply is that realistic feature
models must be easily configurable by customers in order for them to efficiently
use them. Configuring a feature model is equivalent to solving the Boolean sat-
isfiability problem for the feature model.

The primary role of feature models in software product line engineering is for
a potential customer to be able to sit down and configure a product to fit his
or her needs. Imagine the opposite case. A company has developed a product
line, but finding a single product of the product line takes a million years since
there is no tractable solution to NP-hard problems. This situation is absurd. If
it is really that difficult to find even a single product in a product line, then
the feature model is too difficult for customers to use. If the customers cannot
configure a feature model by hand assisted by a computer, is not an important
point of the product line approach lost?

The same argument also shows that finding the solution to a partially con-
figured feature model remains quick. If not, a customer might come into the
situation that he or she cannot manage to complete the product configuration.

The kind of complexity that gives rise to modern computers being unable to
solve a Boolean satisfiability problem in a timely manner would start challenging
what is understandable by an engineer maintaining the product line.

Therefore, for the class of feature models intended to be configured by humans
assisted by computers, which we think at least is a very large part of the realistic
feature models, quick satisfiability is also a property.

3.3 Configuration Space

Even if the satisfiability of a realistic feature model is quick, traversal of the
configuration space is still an issue. The configuration space of a feature model
grows exponentially with the number of features, so one cannot traverse this
space looking for the configuration that covers the most uncovered tuples, as
required by Chvátal’s greedy approximation algorithm.

Even if one only manages to cover one tuple per iteration, the upper bound
for both time and the numbers of products is polynomial, since the number of
tuples is

(
f
t

)
(where f is the number of features and t the coverage strength; for

example,
(
f
2

)
gives the number of ways we can select a pair out of the configured

features where order does not matter.) It is highly likely, however, that one is able
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to quickly cover many tuples. For pair-wise coverage, finding the first product
covers

(
f
2

)
out of 4

(
f
2

)
pairs for the worst case scenario. This is at least 25% of

the possible pairs.
Covering many tuples at each iteration is still a challenge, but the upper

bound of the penalty is polynomial. Since it is not feasible to traverse the con-
figuration space to find the product which covers the most tuples, neither is it
possible to guarantee the upper bound for the approximation with Chvátal’s
greedy algorithm. As we will see in the section on empirics, this does not seem
to be a problem as one is usually able to cover many tuples per iteration.

3.4 Tractable Approximation of Covering Arrays

Since finding a covering array consists of two parts, finding valid configurations
and solving the set cover problem, and since the former was shown to be tractable
and the second is approximable by Chvátal’s algorithm, we conclude that finding
an approximation of the covering array is also tractable for realistic feature
models.

4 Performance of Chvátal’s Algorithm for Covering
Array Generation

Even if the generation of covering arrays can be shown to be tractable, some
improvement of the algorithms still have to be done in order to generate covering
arrays from some of the largest known feature models. Let us look at how a basic
implementation of Chvátal’s algorithm for generating covering arrays performs
and then discuss how to improve it.

The following algorithm assumes a feature model, FM , has been loaded, and
a strength, t, of the wanted coverage strength has been given. From the set of
assignments, (f, i), where f is a feature of FM , and i is a Boolean specifying
whether f is included, all combinations of t assignments are generated and placed
in a set, U . This set then includes all valid and invalid tuples.

An Adaption of Chvátal’s Algorithm for Covering Array Generation.

While U is not empty:
c is a configuration of FM with no variables assigned.
For each tuple e in U:
Satisfy FM assuming the assignments in both c and e.
If satisfiable: Fix the assignments of e in c. Remove e from U.

Satisfy FM assuming c, add the solution to the covering array C.
//At some point, decide to remove the invalid tuples from U.
If the number of newly covered tuples < number of features:
For each tuple e in U:
If FM is not satisfiable assuming e, remove e from U.

//C now holds the covering array of FM of strength t.
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4.1 Models

Sometimes in papers discussing combinatorial interaction testing, experiments
are run on randomly generated feature models. The problem with that is that
one is assuming things about feature models that might not be realistic. Here,
performance measurements will be run on realistic feature models, so that no
assumptions are made on the nature of realistic feature models.

Models2 were gathered from some available sources within software product
line engineering research where the models are open and available. All the feature
models are either of actual product lines or related to publications. The models
are listed in Table 2 together with the product line name and their source.

Table 2. Models and Sources

System name Model File Name Source
X86 Linux kernel 2.6.28.6 2.6.28.6-icse11.dimacs [23]
Part of FreeBSD kernel
8.0.0

freebsd-icse11.dimacs [23]

eCos 3.0 i386pc ecos-icse11.dimacs [23]
e-Shop Eshop-fm.xml [12]
Violet, graphical model ed-
itor

Violet.m http://sourceforge.net/projects/violet/

Berkeley DB Berkeley.m http://www.oracle.com/us/products/
database/berkeley-db/index.html

Arcade Game Maker Peda-
gogical Product Line

arcade game pl fm.xml http://www.sei.cmu.edu/productlines/
ppl/

Graph Product Line Graph-product-line-fm.xml [13]
Graph Product Line Nr. 4 Gg4.m an extended version of the Graph Product

line from [13]
Smart home smart home fm.xml [27]
TightVNC Remote Desk-
top Software

TightVNC.m http://www.tightvnc.com/

AHEAD Tool Suite (ATS)
Product Line

Apl.m [24]

Fame DBMS fame dbms fm.xml http://fame-dbms.org/

Connector connector fm.xml a tutorial [26]
Simple stack data structure stack fm.xml a tutorial [26]
Simple search engine REAL-FM-12.xml [14]
Simple movie system movies app fm.xml [17]
Simple aircraft aircraft fm.xml a tutorial [26]
Simple automobile car fm.xml [28]

4.2 Tool and Transformations

The models gathered were of many different formats. Software product line en-
gineering is an active field of research, and there are many research tools for
different purposes and with various strengths and weaknesses.

In order to measure the performance of covering array generation on the gath-
ered models, integration and some modification of existing tools and libraries
were needed to make them cooperate. Figure 2 shows the overview of the tool

2 The models are available at the following URL: http://heim.ifi.uio.no/martifag/
models2011/fms/

http://sourceforge.net/projects/violet/
http://www.oracle.com/us/products/database/berkeley-db/index.html
http://www.oracle.com/us/products/database/berkeley-db/index.html
http://www.sei.cmu.edu/productlines/ppl/
http://www.sei.cmu.edu/productlines/ppl/
http://www.tightvnc.com/
http://fame-dbms.org/
http://heim.ifi.uio.no/martifag/models2011/fms/
http://heim.ifi.uio.no/martifag/models2011/fms/
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that was constructed for this purpose3. The figure is of no particular graphical
modeling notation. The diamonds symbolize files with a certain suffix, the boxes
symbolize internal data structures and the arrows symbolize transformations
between the formats.

The tool accepts feature models in three different formats: GUI DSL (model
names suffixed with ’.m’), as shipped with earlier versions of Feature IDE; SXFM,
the Simple XML Feature Model format (model names suffixed with ’.xml’) and
dimacs (model names suffixed with ’.dimacs’), a file format for storing proposi-
tional formulas in conjunctive normal form (CNF).

Fig. 2. Transformations in the tool

The GUI DSL files can be loaded using the Feature IDE library. This library
allows writing and reading of SXFM files. Thus, they can be loaded into the
SPLAR library4 along with other SXFM files.

The SPLAR library provides an export to conjunctive normal form (CNF),
a canonical way of representing general propositional constraints. Thus all the
previously loaded models can be converted into CNF formulas, along with other
formulas stored in dimacs files.

Once a model is in the form of a CNF formula, it can be given to SAT4J, an
open source tool for solving the SAT problem. Thus, all the feature models can
be input to the covering array algorithm discussed above. (SAT4J is also used
to calculate satisfiability time for the feature models.)

The covering arrays are written to a comma separated values (CSV) file, which
can be viewed in Microsoft Excel, Open Office Calc, etc. The covering arrays are
then ready to be used to configure products for which single system testing is
applied.

(Another interesting thing to know about a feature model is the number
of possible configurations. The SPLAR library makes it possible to generate a

3 The tool is available as open source at http://heim.ifi.uio.no/martifag/

models2011/spltool/
4 http://splar.googlecode.com

http://heim.ifi.uio.no/martifag/models2011/spltool/
http://heim.ifi.uio.no/martifag/models2011/spltool/
http://splar.googlecode.com
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binary decision tree (BDD) which JavaBDD can work with. It then calculates
the number of possible configurations of the feature model.)

4.3 Results

Table 3 shows the results from running5 our tool on the feature models in Table 2.
The feature models are ordered after the number of features. The next column
shows the number of unique constraints in the model as the number of clauses
of the conjunctive normal form of the constraints. (Constraints implied by the
structure of the feature diagrams were not included in the count.) The number
of valid products for each feature model is available for some of the smaller
models, and as can be seen, quickly increases. The next column shows the time,
in milliseconds, for running SAT4J on the feature model to find a single valid
solution. The following columns show both the size and time for generating
covering array of strengths 1–4. Some of the results are not available because
the current implementation of the tools to not scale well to these sizes.

Boolean Satisfiability Times for Feature Models. Satisfiability in gen-
eral has a worst case of about O(2n) according to Pătraşcu and Williams 2010
[20]. Table 3 shows the satisfiability times for the feature models. Empirically
the satisfiability time of the feature models remains low. Thus, our conclusion
regarding the quickness of satisfiability of realistic feature models is consistent
with these few observations. Note that this is not meant as a validation, but
merely as a demonstration of what we discussed in Section 3; that is, it follows
from the fact that the feature models are meant to be configured manually.

Covering Array Generation. The following are the statistically significant
relations6 between the number of features and the sizes of the covering arrays.
CA(P, t) is the covering array with strength t for the propositional formula, P,
representing a feature model with F features. The size function gives the size of
the covering array.

log(size(CA(P, 2))) = 0.37 ∗ log(F ) + 1.30, adjusted R2: 0.59
log(size(CA(P, 3))) = 1.09 ∗ log(F ) + 0.00, adjusted R2: 0.63

Covering array sizes of strength 1 and 4 did not allow for a statistical model with
a decent fit to be made. The fit for strengths 2 and 3 are poor. The reason is that
covering array sizes are not really dependent on the number of features but on
the structure of the feature model. For example, for 1-wise coverage, a covering
array of size 2 might be sufficient: a certain assignment of optional features and
the inverse.
5 The computer on which we did the measurements had an Intel Q9300 CPU

@2.53GHz and 8 GB, 400MHz ram. All executions ran in one thread.
6 Adjusted R2 is a measure, ranging from 0 to 1, of the goodness of fit of a statistical

model. A value of 0.90 means that it is very unlikely a random sample would fit this
approximation with the same significance, and a value of 0.20 means that it is very
likely.
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The following are the estimated relations between the number of features and
the time taken in milliseconds of generating the covering arrays.

log(time(CA(P, 1))) = 1.46 ∗ log(F ) + 0.00, adjusted R2: 0.84
log(time(CA(P, 2))) = 2.13 ∗ log(F ) + 0.00, adjusted R2: 0.96
log(time(CA(P, 3))) = 4.03 ∗ log(F ) − 3.51, adjusted R2: 0.98
log(time(CA(P, 4))) = 6.02 ∗ log(F ) − 6.41, adjusted R2: 0.97.

5 Discussion

5.1 Memory Requirements

The way our tool deals with the constraints in a feature model is to calculate and
store the valid, uncovered tuples in memory. The tuples need to be traversed in
order to find the configurations which cover the most uncovered tuples at each
iteration. Doing it this way, the number of constraints does not affect the memory
requirement significantly, but memory might prove to be a bottle neck.

This effectively sets the memory requirement to O(F t), where F is the number
of features in a feature model and t is the strength of the coverage. For a system
with M bytes of memory and assuming each t-tuple requires t ∗ x bytes, the
upper bound for t-wise coverage is F t = M/(t ∗ x).

For pair-wise coverage on a system with 8GB of memory, and assuming
that a structure holding the pairs take 20 bytes, the upper bound is n =√

8, 000, 000, 000/20, n = 20, 000 features. This is the upper bound of a high-end
laptop. More powerful computers are available which can be used for generating
covering arrays which increases the upper bound such that even 3-wise coverage
of the second largest feature model in our sample is within.

5.2 Accepted Covering Array Size

There is a correspondence between the number of features in a feature model
and the size of the team working with it. Thus a team of developers and testers
should be able to deal with a covering array of a size around the same size as
the number of features. If we look at the data and statistical models for covering
array size, we can see that the size of 1–3-wise covering arrays is below or close
to the number of features since the coefficient of log(F), and thus the exponent
of F, is less than or close to 1.

5.3 Suggested Improvements and Future Work

Given the evaluations up to this point, there are a number of source of improve-
ment for generating covering arrays for software product lines.

Exploiting the Boolean Satisfiability Speed. Nie and Leung 2011 [16] clas-
sified handling constraints for covering array generation is an open problem for
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covering array generation in general. Using SAT-solvers is good way to handle
constraints for covering array generation based on feature models. Also, since
satisfiability of feature models has been assumed to be intractable up to this
point, it might be an unexploited source for improvement of covering array gen-
eration speed.

Parallelization. The algorithm that was used to make the measurements in this
paper ran in one thread. An algorithm which supports running on several threads
will improve the execution time for generating the covering arrays. For example,
the step for finding all invalid tuples in the adaption of Chvátal’s algorithm
above can be run in parallel by splitting the set of tuples in, for example, four
and checking each fourth in a separate thread.

Heuristics. Another unexploited source of improvement for covering array gen-
eration is knowledge from the domain model. UML-models and annotations on
feature models should be taken into account when generating a covering array to
make it smaller and its generation time lower. CVL [7] is a variability language
with tool support which, in addition to feature diagrams, models the variabil-
ity of a system on the system model as well. Knowing what a feature refers to
in a system model is an unexploited source of improvement for covering array
generation.

In a recent publication [8], we show how to exploit one commonly occurring
structure in product lines when doing combinatorial interaction testing. Often
there are several implementations of the same basic functionality which is used by
the other components in the product line through an abstraction layer. These
implementations occur as mutual exclusive alternatives in the feature model.
Mutual exclusive alternatives are detrimental to combinatorial interaction test-
ing [2], causing a substantial increase in the number of products in the covering
arrays. We show that if the increase of products is due to the abstraction layer
implementations, then the number of test suites required can be reduced by
reusing test suites for several of the products in the array without losing the bug
detection capabilities.

6 Conclusion

In this paper we showed that although it is widely held that configuring feature
models is intractable, in practice the role of feature models in software product
line engineering implies that it is quick. Boolean satisfiability solvers thus provide
an efficient way to handle constraints in feature models and should be exploited
for doing covering array generation without the fear that the running time will
be intractable.
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product lines. In: Käkölä, T., Dueñas, J.C. (eds.) Software Product Lines, pp. 479–
520. Springer, Heidelberg (2006)

22. Rivieres, J., Beaton, W.: Eclipse Platform Technical Overview (2006)
23. She, S., Lotufo, R., Berger, T., Wasowski, A., Czarnecki, K.: Reverse engineering

feature models. In: Taylor, R.N., Gall, H., Medvidovic, N. (eds.) ICSE, pp. 461–470.
ACM, New York (2011)

24. Trujillo, S., Batory, D., Diaz, O.: Feature refactoring a multi-representation pro-
gram into a product line. In: Proceedings of the 5th International Conference on
Generative Programming and Component Engineering, GPCE 2006, pp. 191–200.
ACM, New York (2006)

25. Uzuncaova, E., Khurshid, S., Batory, D.: Incremental test generation for software
product lines. IEEE Transactions on Software Engineering 36(3), 309–322 (2010)

26. Voelter, M.: Using domain specific languages for product line engineering. In: Pro-
ceedings of the 13th International Software Product Line Conference, SPLC 2009,
pp. 329–329. Carnegie Mellon University, Pittsburgh (2009)

27. Weston, N., Chitchyan, R., Rashid, A.: A framework for constructing semantically
composable feature models from natural language requirements. In: Proceedings of
the 13th International Software Product Line Conference, SPLC 2009, pp. 211–220.
Carnegie Mellon University, Pittsburgh (2009)

28. White, J., Dougherty, B., Schmidt, D.C., Benavides, D.: Automated reasoning
for multi-step feature model configuration problems. In: Proceedings of the 13th
International Software Product Line Conference, SPLC 2009, pp. 11–20. Carnegie
Mellon University, Pittsburgh (2009)


	Properties of Realistic Feature Models Make Combinatorial Testing of Product Lines Feasible
	Introduction
	Background
	Software Product Lines
	Software Product Line Testing
	Combinatorial Interaction Testing for Product Lines

	The Case for Tractable t-wise Covering Array Generation
	Complexity Analysis of Covering Array Generation
	Quick Satisfiability of Realistic Feature Models
	Configuration Space
	Tractable Approximation of Covering Arrays

	Performance of Chvátal's Algorithm for Covering Array Generation
	Models
	Tool and Transformations
	Results

	Discussion
	Memory Requirements
	Accepted Covering Array Size
	Suggested Improvements and Future Work

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




