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Recap: Quality Assurance [Ludewig and Lichter 2013]

Quality Assurance
(Qualitätssicherung)

organizational

Process
Models
(Lecture 8)

analytical

analysis
(Lecture 10)

Compilation

Static
Analysis

execution
(Lecture 11)

Black-Box
Testing

White-Box
Testing

constructive

Guidelines
(Lecture 9)

Lectures on Quality Assurance

how to avoid variability bugs
(esp. feature interactions) . . .

• with processes [Lecture 8]

(e.g., domain scoping)

• with guidelines [Lecture 9]

how to find variability bugs . . .

• statically [Lecture 10]

• dynamically [Lecture 11]

• challenges of product-line
testing in Part a

• black-box testing in Part b
• white-box testing in Part c
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11. Product-Line Testing

11a. Challenges of Product-Line Testing

Recap: Software Testing

Test-Case Design in Single-System Engineering

Testing All Configurations

Testing One Configuration

Sample-Based Testing

Summary

11b. Combinatorial Interaction Testing

11c. Solution-Space Sampling
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Recap: Software Testing

Software Testing [Sommerville]

“Testing is intended to show that a program does
what it is intended to do and to discover program
defects before it is put into use.”

Validation Testing [Sommerville]

“Demonstrate to the developer and the customer
that the software meets its requirements.”

Defect Testing [Sommerville]

“Find inputs or input sequences where the behavior
of the software is incorrect, undesirable, or does not
conform to its specification.”

Stages of Testing [Sommerville]

1. “Development testing, where the system is
tested during development to discover bugs and
defects”

2. “Release testing, where a separate testing
team tests a complete version of the system
before it is released to users”

3. “User testing, where users or potential users of
a system test the system in their own
environment”

Manual vs Automated Testing [Sommerville]

“In manual testing, a tester runs the program with
some test data and compares the results to their
expectations. [...] In automated testing, the tests
are encoded in a program that is run each time the
system under development is to be tested.”
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Recap: Test-Case Design

Test Case [Ludewig and Lichter 2013]

In a test, a number of test cases are executed,
whereas each test case consists input values for
a single execution and expected outputs. An ex-
haustive test refers a test in which the test cases
exercise all the possible inputs.

Systematic Test [Ludewig and Lichter 2013]

A systematic test is a test, in which

1. the setup is defined,

2. the inputs are chosen systematically,

3. the results are documented and evaluated by
criteria being defined prior to the test.

Goal [Ludewig and Lichter 2013]

Detect a large number of failures with a low num-
ber of test cases. A test case (execution) is pos-
itive, if it detects a failure, and successful if it
detects an unknown failure.

An ideal test case is . . . [Ludewig and Lichter 2013]

• representative: represents a large number of
feasible test cases

• failure sensitive: has a high probability to
detect a failure

• non-redundant: does not check what other test
cases already check

Thomas Thüm, Sebastian Krieter, Timo Kehrer, Elias Kuiter SPL – 11. Product-Line Testing – 11a. Challenges of Product-Line Testing 5

https://learning.oreilly.com/library/view/-/9781457184932/?ar
https://learning.oreilly.com/library/view/-/9781457184932/?ar
https://learning.oreilly.com/library/view/-/9781457184932/?ar
https://learning.oreilly.com/library/view/-/9781457184932/?ar


Testing All Configurations

ConfigDB

API

Get Put Delete

Transactions OS

Windows Linux

Transactions → Put ∨ Delete

Recap: 26 Valid Configurations [Lecture 4]

{C , G ,W}
{C , P,W}
{C , G , P,W}
{C ,D,W}
{C , G ,D,W}
{C , P,D,W}
{C , G , P,D,W}
{C , P,T ,W}
{C , G , P,T ,W}
{C ,D,T ,W}
{C , G ,D,T ,W}
{C , P,D,T ,W}
{C , G , P,D,T ,W}

{C , G , L}
{C , P, L}
{C , G , P, L}
{C ,D, L}
{C , G ,D, L}
{C , P,D, L}
{C , G , P,D, L}
{C , P,T , L}
{C , G , P,T , L}
{C ,D,T , L}
{C , G ,D,T , L}
{C , P,D,T , L}
{C , G , P,D,T , L}

Discussion

• only feasible for small product lines
(few valid configurations)

• redundant test effort

• large product lines: not feasible to generate
and compile all configurations

• (some) large product lines: even number
of valid configurations is unknown
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Recap: Feature Model of the Linux Kernel

A BDD for Linux?
The Knowledge Compilation Challenge for Variability

Thomas Thüm
University of Ulm, Germany
thomas.thuem@uni-ulm.de

Figure 1: Excerpt of a feature model for Linux 2.6.33.3 with 6,467 features and 3,545 cross-tree constraints in FeatureIDE.

ABSTRACT
What is the number of valid configurations for Linux? How to gen-
erate uniform random samples for Linux? Can we create a binary
decision diagram for Linux? It seems that the product-line com-
munity tries hard to answer such questions for Linux and other
configurable systems. However, attempts are often not published
due to the publication bias (i.e., unsuccessful attempts are not pub-
lished). As a consequence, researchers keep trying by potentially
spending redundant effort. The goal of this challenge is to guide
research on these computationally complex problems and to foster
the exchange between researchers and practitioners.
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1 MOTIVATION
What is the holy grail of the product-line community? A binary
decision diagram for Linux.

Linux is an operating system with thousands of configuration
options (cf. Figure 1). These options cannot be arbitrarily combined,
as every option typically comes with constraints with respect to
several other options. Constraints are specified in KConfig [21],
but can be translated into feature models or propositional logic [11,
32, 34, 37, 40, 49, 57, 65, 68, 71, 77, 81–83]. Whenever we analyze
the Linux kernel for errors, ignoring those constraints would lead
to false positives. That is, tools would report errors for invalid
configurations, which cannot be used to compile a kernel. Hence,
these constraints are crucial for any kind of analysis of Linux.

A binary decision diagram (short BDD) is data structure repre-
senting a propositional formula. While there are multiple represen-
tations of propositional formulas, BDDs can have the advantage of
reducing NP-complete problems into more tractable problems (aka.
knowledge compilation) [14, 31]. For instance, checking whether a
formula represented as a BDD is satisfiable is an operation with
constant effort. While operations on BDDs might scale well, the
downside of BDDs is that their construction can be intractable.
The main reason for the scalability challenge is that the variable
ordering heavily influences the size of the BDD and they tend to
explode for most variable orderings.

Why do we argue that a BDD for Linux is the holy grail of the product-
line community?

First, it seems to be a challenging task. To the best of our knowl-
edge, no one has been able to create a BDD for Linux so far. In
recent work, we tried to create a BDD for hundreds of large feature
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Testing All Configurations

Recap: Industrial Configuration Spaces [Lecture 1]
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Figure 4: Correlation of number of features, constraints, and clauses with the runtime of the fastest solver on every system

103

Number of Features (Logarithmic)

10 2

10 1

100

101

102

103

Ru
nt

im
e 

in
 S

ec
on

ds
 (L

og
ar

ith
m

ic)

Features

102 103 104

Number of Constraints (Logarithmic)

Constraints

103 104

Number of Clauses (Logarithmic)

Clauses

Automotive03
Automotive04
Automotive05
Timeout

Figure 5: Correlation of number of features, constraints, and clauses with the runtime of the fastest solver for every model of
Automotive03, Automotive04, and Automotive05
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Figure 6: Correlation between number of features and num-
ber of configurations for all systems

5.5 Discussion
In this section, we discuss the results regarding our five research
questions RQ1-RQ5.

RQ1: Do #SAT solvers scale to industrial configuration
spaces?Our results indicate that it is possible to apply #SAT solvers
to analyze various configurable systems. Overall, the model count
was computed for 125 of the 127 analyzed systems and all models

of Automotive02-Automotive04 within 10 minutes. However, the
current solvers do not scale for all industrial systems that were
available to us. Two systems could not be evaluated: Automotive05
and Linux. Out of the 136 Automotive05 models only 35 were eval-
uated within 10 minutes. With a 24 hours timeout, 62 models were
evaluated by at least one solver.

RQ2: Is one #SAT solver superior to the other solvers?None
of the solvers was superior to the other solvers in every instance.
Cachet is the fastest solver for 24 out of the 55 models from Automo-
tive03 and Automotive04, but only for 7 other systems. c2d solved
the highest number of models from Automotive05 of all solvers
within 10 minutes, but required by far the longest runtime for the
Automotive03 and Automotive04 models of the solvers considered
in the second stage. However, countAntom was the fastest one in
113 of the 127 systems that were solved by at least one solver within
10 minutes. Furthermore, the solver computed the highest number
of models from Automotive05 within 24 hours.

Even though the best performing solver countAntom is DPLL-
based, the results do not indicate a superiority of DPLL-based over
d-DNNF-based solvers regarding the scalability of computing the
number of configurations. However, for larger systems the BDD-
based solver has scalability issues, as the memory limit was reached
for 122 systems (i.e., 96.1% of all systems). picoSAT is the only solver

6

Why being complete on the configurations then?

Edsger W. Dijkstra (1972)

“Program testing can be a very effective
way to show the presence of bugs, but
it is hopelessly inadequate for showing
their absence.” [The Humble Programmer]
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Testing One Configuration

ConfigDB

API

Get Put Delete

Transactions OS

Windows Linux

Transactions → Put ∨ Delete

Recap: 26 Valid Configurations [Lecture 4]

{C , G ,W}
{C , P,W}
{C , G , P,W}
{C ,D,W}
{C , G ,D,W}
{C , P,D,W}
{C , G , P,D,W}
{C , P,T ,W}
{C , G , P,T ,W}
{C ,D,T ,W}
{C , G ,D,T ,W}
{C , P,D,T ,W}
{C , G , P,D,T ,W}

{C , G , L}
{C , P, L}
{C , G , P, L}
{C ,D, L}
{C , G ,D, L}
{C , P,D, L}
{C , G , P,D, L}
{C , P,T , L}
{C , G , P,T , L}
{C ,D,T , L}
{C , G ,D,T , L}
{C , P,D,T , L}
{C , G , P,D,T , L}

Discussion

• applicable to large product lines

• no redundant test effort (from configurations)

• strategy in practice: all-yes-config
(configuration with many features selected)

• often unfeasible to test all features wit a single
configuration (e.g., Windows and Linux)

⇒ unnoticed feature interactions [Lecture 9]

What about interactions with missing features?
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Sample-Based Testing

Intuition

• to analyze the product line, just analyze some
products

• sample refers to a subset of all valid
configurations

• common technique to test a product line

• sample configurations chosen by experts,
randomly, or systematically

Advantages and Challenges

+ lower effort than testing all configurations

+ higher chance to detect defects than testing
one configuration

– how many configurations to test?
which configurations to test?

Thomas Thüm, Sebastian Krieter, Timo Kehrer, Elias Kuiter SPL – 11. Product-Line Testing – 11a. Challenges of Product-Line Testing 10
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Challenges of Product-Line Testing – Summary

Lessons Learned

• recap on software testing and test-case design

• testing all configurations

• testing one configuration

• sample-based testing

Further Reading

• Varshosaz et al. 2018: overview on sampling literature

• Sampling Database: database on sampling algorithms
and evaluations

Practice

Recap on feature interactions: What are examples
of interactions that cannot be detected statically
(cf. Lecture 10) and could be missed when testing
a single configuration only?
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11. Product-Line Testing

11a. Challenges of Product-Line Testing

11b. Combinatorial Interaction Testing

Pairwise Interaction Testing

T-Wise Interaction Testing

Algorithms for Combinatorial Interaction Testing

Efficiency of Combinatorial Interaction Testing

Effectiveness of Combinatorial Interaction Testing

Summary

11c. Solution-Space Sampling
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Recap: Black-Box Testing

Motivation [Ludewig and Lichter 2013]

• source code not always available
(e.g., outsourced components,
obfuscated code)

• errors are not equally distributed

Black-Box Testing [Ludewig and Lichter 2013]

• test-case design based on
specification

• source code and its inner structure is
ignored (assumed as a black-box)

Sample Configuration ̸= Test Case

• test case: concrete inputs and expected outputs for a
program

• sample configuration: selection of features to derive the
program

• both needed when testing product lines

• often confused in the literature

• test case derivation
• out of scope here
• global tests (i.e., identical for all configurations)
• product-line implementation technique used to

automatically derive configuration-specific tests
[Lecture 8]

• on next slides: idea of black-box testing applied to derive
sample configuration
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Pairwise Interaction Testing

Configurations with the Interaction Get ∧ Put

{C , G ,W}
{C , P,W}
{C , G , P,W}
{C ,D,W}
{C , G ,D,W}
{C , P,D,W}
{C , G , P,D,W}
{C , P,T ,W}
{C , G , P,T ,W}
{C ,D,T ,W}
{C , G ,D,T ,W}
{C , P,D,T ,W}
{C , G , P,D,T ,W}

{C , G , L}
{C , P, L}
{C , G , P, L}
{C ,D, L}
{C , G ,D, L}
{C , P,D, L}
{C , G , P,D, L}
{C , P,T , L}
{C , G , P,T , L}
{C ,D,T , L}
{C , G ,D,T , L}
{C , P,D,T , L}
{C , G , P,D,T , L}

Pairwise Interaction Testing

• create a sample S ⊆ C , in which every pairwise
interaction is covered by at least one
configuration

• test every configuration in S

Pairwise Combinations

• four combinations between A and B
• both selected: A ∧ B
• one selected: ¬A ∧ B and A ∧ ¬B
• none selected: ¬A ∧ ¬B

Discussion

• applicable to large product lines

• reduced redundant effort compared to
testing all configurations

• full coverage guarantee
(opposed to random configurations)

• still requires good test cases (program inputs)

• hard to compute small sample sets
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Pairwise Coverage

ConfigDB

API

Get Put Delete

Transactions OS

Windows Linux

Transactions → Put ∨ Delete

Interactions to Cover

• exclude abstract features (e.g., API , OS)

• exclude features contained in every
configuration (e.g., C)

• exclude invalid combinations (e.g., W ∧ L)

Pairwise Interactions

G ∧ P G ∧ ¬P ¬G ∧ P ¬G ∧ ¬P
G ∧ D G ∧ ¬D ¬G ∧ D ¬G ∧ ¬D
G ∧ T G ∧ ¬T ¬G ∧ T ¬G ∧ ¬T
G ∧ W G ∧ ¬W ¬G ∧ W ¬G ∧ ¬W
G ∧ L G ∧ ¬L ¬G ∧ L ¬G ∧ ¬L
P ∧ D P ∧ ¬D ¬P ∧ D ¬P ∧ ¬D
P ∧ T P ∧ ¬T ¬P ∧ T ¬P ∧ ¬T
P ∧ W P ∧ ¬W ¬P ∧ W ¬P ∧ ¬W
P ∧ L P ∧ ¬L ¬P ∧ L ¬P ∧ ¬L
D ∧ T D ∧ ¬T ¬D ∧ T ¬D ∧ ¬T
D ∧ W D ∧ ¬W ¬D ∧ W ¬D ∧ ¬W
D ∧ L D ∧ ¬L ¬D ∧ L ¬D ∧ ¬L
T ∧ W T ∧ ¬W ¬T ∧ W ¬T ∧ ¬W
T ∧ L T ∧ ¬L ¬T ∧ L ¬T ∧ ¬L

L ∧ ¬W ¬L ∧ W

Pairwise Coverage with Six Configurations

{C, P,D,T,W}
{C,G,D, L}
{C,G, P,T, L}
{C,G,W}
{C, P,W}
{C,D,T, L}
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T-Wise Interaction Testing

T-Wise Interaction Testing

• generalization of pairwise interaction testing

• t-wise coverage: every t-wise interaction is covered by at
least one configuration in the sample

• t = 1: every feature is selected and also deselected

• t = 2: pairwise interaction coverage

• t = 3: every valid combination of three features covered

t = 3 Interactions

for the features G , P, and D:
G ∧ P ∧ D
G ∧ P ∧ ¬D
G ∧ ¬P ∧ D
G ∧ ¬P ∧ ¬D

¬G ∧ P ∧ D
¬G ∧ P ∧ ¬D
¬G ∧ ¬P ∧ D
¬G ∧ ¬P ∧ ¬D
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Algorithms for Combinatorial Interaction Testing

A Greedy Algorithm

idea: select configuration that cover most missing interactions in
each step

1. randomly choose first configuration

2. find next optimal configuration

3. repeat step 2 until all interactions are covered

Challenges and Optimizations

• non-deterministic: different sample for each run (cf. Step 1)
• starting with all-yes-config? ⇒ covers more code

• iterating all valid configurations does not scale (cf. Step 2)

• greedy strategy: optimal configuration in each step does not
guarantee optimal sample

ICPL [Johansen et al. 2012]

• widespread greedy algorithm

• iterates over all interactions
• identifies core and dead

features early
• identifies invalid and already

covered interactions
• utilizes parallelization

• incrementally increases t up to
desired value

• performance shown on next slides
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Efficiency of Combinatorial Interaction Testing [Johansen et al. 2012]

Assumption: All Features are Optional

SPL
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Efficiency of Combinatorial Interaction Testing [Johansen et al. 2012]

Time in Minutes to Compute Sample
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• about 9h for Linux

• 480 configuration in pairwise sample

Number of Configurations in Sample
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• Linux kernel v2.6.28.6 (February 2009)

• 6,888 features

• 187,193 clauses in conjunctive normal form

Thomas Thüm, Sebastian Krieter, Timo Kehrer, Elias Kuiter SPL – 11. Product-Line Testing – 11b. Combinatorial Interaction Testing 19

https://dl.acm.org/doi/10.1145/2362536.2362547
Author: Thomas Thüm
Author: Thomas Thüm


Effectiveness of Combinatorial Interaction Testing

Effectiveness of Interaction Testing [Kuhn et al. 2004]
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Trade-Off

large t: high coverage (more effective)
small t: low testing effort (more efficient)
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Combinatorial Interaction Testing – Summary

Lessons Learned

• recap on black-box testing

• combinatorial interaction testing: pairwise
testing, t-wise testing

• efficiency: number of configurations, time to
compute sample

• effectiveness: percentage of found defects

Further Reading

• Johansen et al. 2012 – popular t-wise sampling
algorithm ICPL

• Krieter et al. 2020 – alternative t-wise sampling
algorithm YASA

Practice

Why is it hard to find a good trade-off between
efficiency and effectiveness?
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11. Product-Line Testing

11a. Challenges of Product-Line Testing

11b. Combinatorial Interaction Testing

11c. Solution-Space Sampling

Coverage in Single-System Engineering

Coverage of Ifdef Blocks

Presence-Condition Coverage

Overview on Coverage Criteria

Input for Sampling Algorithms

Summary

FAQ
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Recap: Coverage in White-Box Testing [Ludewig and Lichter 2013]

White-Box Testing

• inner structure of test object is used

• idea: coverage of structural elements
• code translated into control flow graph
• specific test case (concrete inputs)

derived from logical test case (conditions)
derived from path in control flow graph

Coverage Criteria

1. statement coverage :
all statements are executed for at least one test
case

2. branching coverage : statement coverage and
all branches of branching statement are
executed

3. term coverage :
branching coverage and all terms used in a
branching statement (n) are combined
exhaustively (2n) (simplified)
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Can You Spot Problems in the Elevator Product Line? [Varshosaz et al. 2018]

A Classification of Product Sampling for Software Product Lines SPLC ’18, September 10–14, 2018, Gothenburg, Sweden

1 class ControlUnit {

2 Elevator elevator;

3 ElevatorState state, nextState;

4 //#if FIFO

5 Req req = new Req();

6 //#elif DirectedCall

7 Req req = new UndReq(this);

8 Req dreq = new DirReq(null);

9 //#else

10 Req req = new Req(this);

11 //#endif

12 void run() {

13 while (true) {

14 calculateNextState();

15 setDirection(nextState);

16 //#if DirectedCall

17 sortQueue();

18 //#endif

19 }

20 }

21 void calculateNextState() {

22 //#if Sabbath

23 if (sabbathNextState()) return;

24 //#endif

25 //#if Service

26 if (serviceNextState()) return;

27 //#endif

28 //#if FIFO

29 callButtonsNextState(dreq);

30 //#endif

31 }

32 //#if Service

33 boolean serviceNextState() {...}

34 //#endif

35 //#if Sabbath

36 boolean sabbathNextState() {...}

37 //#endif

38 //#if DirectedCall

39 void callButtonsNextState(Req d)

{...}

40 void sortQueue() {...}

41 //#endif

42 }

Listing 1: Simplified implementation for Elevator product line given in Fig. 1

3.1 Input Data for Product Sampling
The input data is one of the considered characteristics that is speci-
fied to address the types of input that sampling approaches exploit.

We consider two main sub-characteristics for input data, namely,
problem space and solution space. In general, the problem space con-
cerns the system requirements and specification handled during
the domain analysis and the solution space refers to the concrete
artifacts that are created through design and implementation pro-
cess. The problem space includes two sub-characteristics that are
feature model and expert knowledge. We also refine the solution space
characteristic into two sub-characteristics, namely, test artifacts and
implementation artifacts. These characteristics are represented in
Fig. 2 and are explained with more details in the following.

3.1.1 Feature Model. As mentioned in Section 2, feature mod-
els represent different relations among features in a product line.
Hence, feature models can be used to recognize valid products from
invalid ones throughout the sampling process. According to fea-
ture diagram in Fig. 1, a sample set that contains a configuration
including both features Sabbath and FIFO is not valid as these two
features are in an alternative relation. The feature model can be
also considered as a kind of expert knowledge, we separate this
sub-characteristic, as many studies use feature models as a part of
information that they use.

3.1.2 Expert Knowledge. In general, expert knowledge is the
knowledge about the characteristics of the environment that the
system operates in. Recognizing important feature interactions and
generation of products based on that can be considered as a case
for which expert knowledge is used. As an example, consider the
elevator product line given in Section 2. An expert might know that
the products that include a combination of features Sabbath, Service
and DirectedCall are more prevalent and in demand in the market.
Then the products containing combinations of these features can
be included in the sample set to make sure that they are analyzed.

Input Data

Solution SpaceProblem Space

Implementation
Artifacts

Expert
Knowledge

Feature
Model

Test
Artifacts

Figure 2: Input data for product sampling

3.1.3 Implementation Artifacts. This is another sub-characteristic
of input data used by some of the covered techniques during the
sampling process. Implementation artifacts, such as, source code
and models, can be used by sampling techniques in order to meet
one or more criteria that are considered during the sampling pro-
cess (e.g., a sample set guarantees a certain code coverage). For
example, the code given in Listing 1 is considered as a part of the
implementation artifacts for the elevator product line.

3.1.4 Test Artifacts. With test artifacts, we refer to all artifacts
that are developed and produced during different phases of the
testing process. (See the example given at the end of Section 2.)

3.2 Techniques for Product Sampling
While there are different inputs are necessary for sampling, there
are also different principal techniques for computing sample sets.
we distinguish four main sub-characteristics for the technique char-
acteristic, namely, automatic selection, semi-automatic selection,
manual selection and coverage, which are represented in Fig. 3 and
explained in the following.

3.2.1 Automatic Selection. We consider the two following gen-
eral types of automatic selection approaches:

Greedy: In greedy algorithms, a locally optimal choice is made
in each stage of the problem solving [59]. In these algorithms, in
each step, a new member is added to the sample set that is the best
choice considering the current sample set and the defined criteria for
sampling and the process continues with the resulting set. Consider

• Line 29: compiler error (i.e., field dreq undefined) when FIFO ∧ ¬DirectedCall

• Line 8: null pointer exception when DirectedCall ∧ ¬FIFO
• both problems detectable with pairwise coverage, but presence conditions are more complicated in practice

• also: pairwise coverage often too much effort for large configuration spaces / continuous integration

Coverage of Ifdef Blocks [Tartler et al. 2012]

• every block selected for at least one configuration in the sample (cf. statement coverage)

Thomas Thüm, Sebastian Krieter, Timo Kehrer, Elias Kuiter SPL – 11. Product-Line Testing – 11c. Solution-Space Sampling 24

https://raw.githubusercontent.com/SoftVarE-Group/Papers/main/2018/2018-SPLC-Varshosaz.pdf
https://dl.acm.org/doi/abs/10.1145/2039239.2039242


Presence-Condition Coverage

Presence-Condition Coverage [Krieter et al. 2022]

• application of t-wise interaction testing to
presence conditions

• recap presence condition: formula specifying
exactly those configurations under which a
block is present

• t-wise presence condition coverage: every
t-wise interaction of presence conditions is
covered by at least one configuration in the
sample

• t = 1: every block is selected and also
deselected (i.e., more than Tartler’s coverage
of ifdef blocks)

• t = 2: every combination of two blocks
covered

• t = 3: every combination of three blocks
covered

T=3 Presence-Condition Interactions

for the blocks a, b, and c with presence conditions
A, B, and C :
A ∧ B ∧ C
A ∧ B ∧ ¬C
A ∧ ¬B ∧ C
A ∧ ¬B ∧ ¬C

¬A ∧ B ∧ C
¬A ∧ B ∧ ¬C
¬A ∧ ¬B ∧ C
¬A ∧ ¬B ∧ ¬C

Presence-Condition Coverage [Krieter et al. 2022]

• coverage of solution space (not problem space)

• aka. solution-space sampling

• for same t: often fewer configurations and similar
effectiveness than feature interaction coverage

• also feasible by translating presence conditions
into feature model [Hentze et al. 2022]
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Overview on Coverage Criteria

Techniques & Coverage Criteria [Varshosaz et al. 2018]

SPLC ’18, September 10–14, 2018, Gothenburg, Sweden Varshosaz et al.

the Elevator product line. Assume that in the current step the sample
set is {{e,b,m,h},{e,b,m,h, s}} and that the criterion considered
throughout the sampling process is feature interaction (Feature
interaction is a software engineering concept which addresses the
occurrence of changes in the behavior of the system related to
a feature in presence and absence of other features). Then, the
solution in the next step after applying a greedy algorithm can
be {{e,b,m,h},{e,b,m,h, s},{e,b,m, f ,d, c, s}} since a new set of
interactions among features f and d is covered.

Meta-Heuristic Search: The problem of finding a representative
subset of products in a product line can be formulated as an op-
timization problem. Meta-heuristic algorithms aim at selecting a
subset of products as an optimal solution for this problem using
computational search in a configuration space. The search space
can be potentially large due to high variability and complex feature
combinations in an SPL. Many meta-heuristic approaches have
been inspired by biological evolution [8]. Based on whether the
meta-heuristic searches operate on individual states or population
of states [11], the meta-heuristic approaches are divided into the
following: (a) Local search and (b) Population-Based Search.
(a) Local search: Such approaches start with a preliminary set of
products as a solution for the optimization problem and the search
algorithmwill gradually evolve the current set of products to reach a
near optimal solutions. Examples of such approaches are simulated
annealing and tabu search.
(b) Population-Based Search: Such approaches start with a prelimi-
nary set of sample sets (sets of products) and then the algorithm
will evolve the current sets of products to reach a final solutions.
Examples of such approaches are genetic algorithms and swarm
techniques. In such approaches the primary set of solutions are
mutated and recombined into new sets in order to find a near op-
timal solution. A fitness function is usually used as a measure for
evolving the set of solutions during the process. As a general ex-
ample consider the elevator product line and the code given in
Listing 1. Assume that in the current step of the sampling pro-
cess the generated solution consist of two sets, namely S1 and S2,
each with one member {S1 = {e,b,m,h}, S2 = {e,b,m, f }}. In the
next step the the intermediate solution can be evolved to {S1 =
{{e,b,m,h}, {e,b,m,h, s}}, S2 = {{e,b,m, f }, {e,b,m, f , c,d}}}. Con-
sidering different criteria one of these sets can be used to continue
the sampling based upon.

3.2.2 Semi-Automatic Selection. In semi-automatic selection,
different type of data such as the required number of products to
be generated, the time for sampling, and a degree for coverage e.g.,
coverage on feature interactions can be considered.

Greedy Code

1−wisePair−wiset−wise

Technique

Automatic Selection Coverage

Meta-Heuristic Feature Interaction

Local Search

Manual
Selection

Population-Based
Search

Semi-Automatic
Selection

Figure 3: Technique of product sampling

Evaluation

EfficiencyEffectiveness

Sampling

Tool Support Subject SystemCriteria

Testing
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Figure 4: Evaluation of product sampling

Furthermore, in such techniques, the full sample set or a primary
set that is generated by other sampling techniques can be used as a
starting point for sampling. An expert can provide the set based on
information, such as feature model and domain knowledge.

3.2.3 Manual Selection. The set of products can be selected
manually. In this approach a set of products are selected by a do-
main expert and based on the knowledge that they have about the
possible and common feature combinations.

3.2.4 Coverage. Coverage criteria are often used to assure the
quality of product sampling. One widely used criterion is feature
interaction coverage. Considering this criterion, the main goal dur-
ing the sampling process is to provide coverage for different kinds
of feature interactions such as feature-wise (aka. 1-wise), pair-wise
(aka. 2-wise), and t-wise. As an example, when considering the
pair-wise coverage criterion, all the valid/possible pairs of features
should be covered by configurations in the sample set. A common
mean for extracting the sample set based on the feature interac-
tions is a covering array [19]. A t-wise covering array is a subset
of products that covers all the valid t-wise feature combinations in
the product line. A covering array is commonly represented using
a table where each row represents a feature and each column repre-
sents a product. As an example consider the elevator product line
given in Section 2. A sample set that fulfills the pair-wise criterion
for this example is {{e,b,m,h, s},{e,b,m,h, c,d},{e,b,m, s,h, c,u},
{e,b,m, f , s, c,d},{e,b,m, f , c,u}}.

Code coverage coverage. Considering this criteria, the code should
be covered with some percentage using the sample set. As an ex-
ample, consider the code for the elevator product line given in
Listing 1. One notion of code coverage could be that each ifdef
block should be included at least once as a part of the code of the
products in the sample set. As an example a sample set such as
{{e,b,m, f , c,d}, {e,b,m,h, s,u}} will cover all the ifdef blocks in
the implementation given in Listing 1 at least once.

Additionally, there are some techniques which do not consider
any notion of coverage during the sampling process. Hence, we
address this in the classification of the selected studies as well (not
as an explicit characteristic).

3.3 Evaluation of Product Sampling
Evaluation is another high-level characteristic in our classification.
This characteristic mainly addresses the artifacts and the process
taken to evaluate the sampling techniques. Furthermore, we refine
this characteristic into three sub-characteristics, namely, tool sup-
port, evaluation criteria, and subject system, which are represented in
Fig. 4, in addition to a set of sub-characteristics which are explained
in detail in the following.
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Input for Sampling Algorithms

Input Data [Varshosaz et al. 2018]

A Classification of Product Sampling for Software Product Lines SPLC ’18, September 10–14, 2018, Gothenburg, Sweden

1 class ControlUnit {

2 Elevator elevator;

3 ElevatorState state, nextState;

4 //#if FIFO

5 Req req = new Req();

6 //#elif DirectedCall

7 Req req = new UndReq(this);

8 Req dreq = new DirReq(null);

9 //#else

10 Req req = new Req(this);

11 //#endif

12 void run() {

13 while (true) {

14 calculateNextState();

15 setDirection(nextState);

16 //#if DirectedCall

17 sortQueue();

18 //#endif

19 }

20 }

21 void calculateNextState() {

22 //#if Sabbath

23 if (sabbathNextState()) return;

24 //#endif

25 //#if Service

26 if (serviceNextState()) return;

27 //#endif

28 //#if FIFO

29 callButtonsNextState(dreq);

30 //#endif

31 }

32 //#if Service

33 boolean serviceNextState() {...}

34 //#endif

35 //#if Sabbath

36 boolean sabbathNextState() {...}

37 //#endif

38 //#if DirectedCall

39 void callButtonsNextState(Req d)

{...}

40 void sortQueue() {...}

41 //#endif

42 }

Listing 1: Simplified implementation for Elevator product line given in Fig. 1

3.1 Input Data for Product Sampling
The input data is one of the considered characteristics that is speci-
fied to address the types of input that sampling approaches exploit.

We consider two main sub-characteristics for input data, namely,
problem space and solution space. In general, the problem space con-
cerns the system requirements and specification handled during
the domain analysis and the solution space refers to the concrete
artifacts that are created through design and implementation pro-
cess. The problem space includes two sub-characteristics that are
feature model and expert knowledge. We also refine the solution space
characteristic into two sub-characteristics, namely, test artifacts and
implementation artifacts. These characteristics are represented in
Fig. 2 and are explained with more details in the following.

3.1.1 Feature Model. As mentioned in Section 2, feature mod-
els represent different relations among features in a product line.
Hence, feature models can be used to recognize valid products from
invalid ones throughout the sampling process. According to fea-
ture diagram in Fig. 1, a sample set that contains a configuration
including both features Sabbath and FIFO is not valid as these two
features are in an alternative relation. The feature model can be
also considered as a kind of expert knowledge, we separate this
sub-characteristic, as many studies use feature models as a part of
information that they use.

3.1.2 Expert Knowledge. In general, expert knowledge is the
knowledge about the characteristics of the environment that the
system operates in. Recognizing important feature interactions and
generation of products based on that can be considered as a case
for which expert knowledge is used. As an example, consider the
elevator product line given in Section 2. An expert might know that
the products that include a combination of features Sabbath, Service
and DirectedCall are more prevalent and in demand in the market.
Then the products containing combinations of these features can
be included in the sample set to make sure that they are analyzed.

Input Data

Solution SpaceProblem Space
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Figure 2: Input data for product sampling

3.1.3 Implementation Artifacts. This is another sub-characteristic
of input data used by some of the covered techniques during the
sampling process. Implementation artifacts, such as, source code
and models, can be used by sampling techniques in order to meet
one or more criteria that are considered during the sampling pro-
cess (e.g., a sample set guarantees a certain code coverage). For
example, the code given in Listing 1 is considered as a part of the
implementation artifacts for the elevator product line.

3.1.4 Test Artifacts. With test artifacts, we refer to all artifacts
that are developed and produced during different phases of the
testing process. (See the example given at the end of Section 2.)

3.2 Techniques for Product Sampling
While there are different inputs are necessary for sampling, there
are also different principal techniques for computing sample sets.
we distinguish four main sub-characteristics for the technique char-
acteristic, namely, automatic selection, semi-automatic selection,
manual selection and coverage, which are represented in Fig. 3 and
explained in the following.

3.2.1 Automatic Selection. We consider the two following gen-
eral types of automatic selection approaches:

Greedy: In greedy algorithms, a locally optimal choice is made
in each stage of the problem solving [59]. In these algorithms, in
each step, a new member is added to the sample set that is the best
choice considering the current sample set and the defined criteria for
sampling and the process continues with the resulting set. Consider

Further Domain Knowledge [Varshosaz et al. 2018]

• in addition to feature model

• e.g., configurations chosen by experts

• e.g., specialized feature model for sampling

Part 2: Combinatorial Interaction Testing

• (Problem-Space Sampling)

• feature model used to consider only valid
configurations

Part 3: Solution-Space Sampling

• mapping from features to implementation
artifacts

• feature model used to consider only valid
configurations

Combinatorial Reduction of Tests [Kim et al. 2011]

• which configurations matter for each test?

• analyze unit tests and impl. artifacts

• feature model used to consider only valid
configurations
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Solution-Space Sampling – Summary

Lessons Learned

• recap on white-box testing and coverage criteria

• coverage of ifdef blocks

• t-wise presence condition coverage

• overview on techniques, coverage criteria, input
data for sampling

Further Reading

• Tartler et al. 2012: covering every ifdef block (but not
their absence)

• Krieter et al. 2022: solution-space sampling as
discussed in this part

• Hentze et al. 2022: translation of presence conditions
into feature model + reuse of problem-space sampling

Practice

Does the order of configurations matter during
testing? [Al-Hajjaji et al. 2019]
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FAQ – 11. Product-Line Testing

Lecture 11a

• What is the goal of quality
assurance for software product lines?

• How can product lines be tested?

• Why is testing product lines
challenging?

• What are (dis-)advantages of
testing all configurations?

• What are (dis-)advantages of
testing only one configuration?

• What is sample-based testing?

• What is a sample?

• How can a sample be computed?

Lecture 11b

• How is black-box testing used for
testing product lines?

• What is the difference between a
test configuration and a test case?

• What are (dis-)advantages of
combinatorial interaction testing?

• What is pairwise interaction testing?

• What is t-wise interaction testing?

• When does a sample achieve 100%
pairwise coverage?

• How can a t-wise sample be
computed?

Lecture 11c

• How can white-box testing be used
for testing product lines?

• What are potential problems with
t-wise interaction testing?

• What is presence condition
coverage?

• What are different techniques for
t-wise sampling?

• Which additional inputs can be used
for sampling algorithms?

• How efficient and how effective are
sampling algorithms?
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