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“Any customer can have a car 
painted any color that he wants 

so long as it is black.” 
 

Henry Ford (1909) 
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Variant-rich Software Systems – Modern Cars 



Variability = Complexity 



...one variant for each person on earth... 

33 Features 
Optional, independent 



 
320 Features 
 

... More variants than atoms in the universe ... 

optionale, unabhängige 
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What is wrong here? 



20 November 2019 | Ina Schaefer | Testing the Universe | Slide 9 
 

Institut für Softwaretechnik 
und Fahrzeuginformatik

And here ...? 

Quelle:	
  mercedes-­‐benz.de,	
  19.	
  April	
  2013	
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And here …? 
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Problem 

•  Assume we have safety-critical software (e.g., automobile ECUs) 
•  à Every product variant should be safe! 

•  How to test every product variant? That’s impossible! 

•  We need efficient strategies to reduce testing effort! 
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Agenda 

1.  Modeling Variant-rich Systems 

2.  Efficient Analysis of Variant-Rich Systems 
a.  Variant Selection Techniques 
b.  Test effort reduction by incremental testing 
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Modeling Variant-rich Systems 
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Modeling (and Managing) Variant-rich Systems 
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Feature Models 
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Variability Realization Techniques 

Transformational 
§ Valid basic variant of 
system as start 
§ Transformation by 
adding/removing/ 
modifying 

Annotative 
(Subtractive/Negative) 
§  Large „150% 

model“ for all 
variants 

§  Remove unneeded 
variable parts 

Compositional 
(Additive/Positive) 
§  Small common 

core 
§  Add variable parts 

E.g., Delta Modeling, 
CVL 

E.g., Feature-Oriented 
Programming (FOP), 
component systems 

E.g., pure::variants, 
Gears, FeatureMapper, 
conditional compilation 
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Efficient Analysis of Variant-Rich Systems 
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Feature Interactions 

•  A feature is a customer-visible product characteristic.  

•  Each feature in isolation satisfies its specification.  

•  If features are combined, the single specifications are 
violated. There are unwanted side effects.  

 à Feature Interaction! 
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Example: Combine Fire and Water Alarms 

If there is fire, start 
sprinkling system.   

If there is water, cut the main 
water line.  
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Reasons for Feature Interactions 

Intended Feature Interactions:  
•  Communication via shared variables: one feature writes, another 

feature reads values.  

Unintended Feature Interactions: 
•  Non-synchronized write access to shared resources, such as 

actuators, memory, shared variables, status flags 

In general, uncritical:  
•  Shared read access to resources, e.g., sensors 
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Efficient Testing of Variant-Rich Software Systems 

We use a combination of two approaches:  
 

Combinatorial Testing:  

•  Selection of representative subsets from a large set of possible 
 variants 

Incremental Regression-based Testing:  

•  Reuse test cases and test results in order to efficiently test the 
selected variants  
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Variant Selection Techniques 
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Sample-based SPL Testing 
 
 
•  Problem: Number of test cases growths exponentially 

•  Solution: Combinatorial Interaction Testing (CIT) 

1.  Create Feature Model 
2.  Generate a subset of variants based on the FM, covering relevant 

combinations of features  
3.  Apply single system testing to the selected variants  
 

•  Efficiency of t-wise Covering Arrays (CA) 
Ø  1-wise CA: 50% of all errors 
Ø  2-wise CA: 75% of all errors   Trade-Off 
Ø  3-wise CA: 95% of all errors 
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Set Covering Problem and Covering Arrays 

•  S = {a,b,c,d,e}     SPL features 

•  M = {{a,b,c}, {b,d}, {c,d}, {d,e}}   Valid product configurations 

•  Minimal Covering Array L = M1 + M4    Feature combinations to test 

•  Precondition: All valid product configurations already known 
•  SAT-problem, which is NP-complete 
•  Fortunately, we deal with realistic FMs 
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Heuristic Solution by Chvátal (1979) 

18 June 2014 | Ina Schaefer | Model-based Testing – Part 2 | Slide 24

First Solution by Chvátal (1979)

• Idea of the algorithm:

1. ݐ݁ܵ ܮ = Ø
2. ݂ܫ ݅ܯ = Ø,׊ ݅, ݅ א 1, 2,… ,݊ .ܦܰܧ

ܧܵܮܧ ݂݅݊݀ ݁ݎ݄݁ݓ,ᇱܯ # ݂݋ ݀݁ݎ݁ݒ݋ܿ݊ݑ ݏݐ݈݊݁݉݁݁ ݏ݅ ݔܽ݉
3. ݀݀ܣ ݋ݐᇱܯ ܮ ܽ݊݀ ݈݁ܿܽ݌݁ݎ ݏݐ݈݊݁݉݁݁ ݅݊ ݅ܯ ݕܾ ݅ܯ െ ᇱܯ

4. ݋ݐ݋ܩ ݌݁ݐܵ 2

• Worst Case: ܯ contains only subsets with different elements

• Best solution not guaranteed

• Adaptation for pairwise CA generation is easy!

Vasek Chvátal: A Greedy Heuristic for the Set-Covering Problem. Math. Oper. Res. 4(3): 233-235 (1979) 
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ICPL 

•  Adaptation is still slow in computation! 

•  (Selected) Improvements 
Ø  Finding core and dead features quickly 
Ø  Early identification of invalid t-sets 
Ø  Parallelization 
Ø  and several more…  

Martin Fagereng Johansen, Øystein Haugen, Franck Fleurey: An algorithm for generating t-wise 
covering arrays from large feature models. SPLC (1) 2012: 46-55 
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ICPL - Evaluation 
 
•  ICPL can handle large-scale SPLs 

•  Compute 2-wise Covering Array with „normal“ hardware 

•  Easily over 90% variant reduction 

•  Even with ICPL: Calculation time can be several hours 
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Regression-based Delta-oriented Testing 
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Delta-oriented Testing Approaches 

•  Goal: Reduce testing effort by only testing differences between product variants 
 
•  Define Deltas on test-models in model-based testing 

•  State Machines 
•  Activity Diagrams 
•  Architectures 

•  Define Deltas on requirements in natural language 
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Delta-oriented Test Modeling 
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Classification of Test Cases by Delta-Analysis 

Test cases Vn

Test cases V2

Test cases 
V1

Retest V2

Variant 1

Variant 2

Variant n

∆

[…]

Invalid V2
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Delta Testing Strategy 

Core
Product

Variant 1 Variant 2

Variant 3 Variant 4
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Case Study – Body Comfort System 
28 Features, 11616 Product Variants, 1 Core Product, 40 Deltas  
16 Products for Pair-Wise Feature Coverage 
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Sascha Lity, Remo Lachmann, Malte Lochau, Ina Schaefer: Delta-oriented Software Product Line Test Models –  
The Body Comfort System Case Study, Technische Universität Braunschweig, 2012 
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Motivation Delta SM Testverfahren eDeltaMBT Fallstudie Zusammenfassung

Ergebnisse (6/6)
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Deltas based on State Machines 
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•  State machines describe component behavior 
•  Used as test models for component testing 

•  Deltas describe add, remove and modify transformations of states, transitions and 
signals 

•  Select test cases based on coverage of changes 

Malte Lochau, Sascha Lity, Remo Lachmann, Ina Schaefer, Ursula Goltz: Delta-oriented model-based integration 
testing of large-scale systems. Journal of Systems and Software 91: 63-84 (2014) 
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Deltas based on Software Architectures 

•  Architectures describe the structure of software and component interaction 
•  Used as test models for integration testing 

•  Deltas describe add and remove transformations for components, connectors, ports and 
signals 

•  Select test cases based on coverage of changes 
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Malte Lochau, Sascha Lity, Remo Lachmann, Ina Schaefer, Ursula Goltz: Delta-oriented model-based integration 
testing of large-scale systems. Journal of Systems and Software 91: 63-84 (2014) 
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Deltas based on Requirements 

•  Requirements describe desired properties of software on system level 
•  Used as specification for system testing 

•  Deltas describe add and remove transformations of requirements 
•  Select test cases based on requirements coverage 
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Michael Dukaczewski, Ina Schaefer, Remo Lachmann, Malte Lochau: Requirements-
based delta-oriented SPL testing. PLEASE@ICSE 2013: 49-52 
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Possible Strategies for Re-Test Selection 

•  Manually by test engineer 

•  (Semi-)Automatical classification of test cases into variants 

•  Formulation of requirements in delta-sets with linking of test 
cases to requirements 

 
•  Model-based impact analysis of changes by delta analysis 
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Drawback of Test Case Selection 

0.  Fully test first product variant 

1.  Generate test cases for subsequent variants 
•  Still valid and reuseable test cases? 
•  Invalid test cases?   
•  New test cases? 

 
2.  Selection of test cases by delta analysis:  

•  Always test new test cases 
•  Select subset of reuseable test cases for re-test 

3.  Optionally minimize resulting test suite by redundancy elimination 

Remember the delta testing procedure: 

There is one drawback à Selection of test cases might still be huge! 

Solution? Prioritize test cases to always test important parts first! 
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Delta-Oriented Test Case Prioritization 
•  We propose a test case prioritization approach for SPLs to find failures early 

Delta-oriented to exploit  
variability and commonalities 

Model-Based to be flexible 
for different testing phases 

Test Case Prioritization 
for individual product variants 

Remo Lachmann, Sascha Lity, Sabrina Lischke, Simon Beddig, Sandro Schulze, Ina Schaefer: Delta-oriented 
test case prioritization for integration testing of software product lines. SPLC 2015: 81-90 
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Test Prioritization Technique 

X Y

Z

a

b
c

X Y

Z

a

c

d

X Y

Z

a

c

dA

b

P0:

P1: P2:

�P1,P2 = {add A, add bY!X ,
add eZ!A, add fA!Z}

�P1 = {rem bY!X ,
add dY!Z}

e

f

�P2 = {add A, add dY!Z ,
add fZ!A, add eA!Z}
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Test Prioritization Technique 
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Test Prioritization Technique 

Compute regression 
deltas 

Compute first 
executed deltas 

Compute weights 

Prioritize test cases 

Define Test Model Weights 
•  Weights are defined for test model elements  
•  Weight function of signature:  
•  No restriction in their semantics 
•  Can be combined 

•  Examples: Complexity of model elements, direct and 
indirect delta influences, interface changes, e.g., : 

such that                                          holds. ↵,� 2 R,↵+ � = 1

w : ⌦ ! R
! 2 ⌦

w(!) = ↵ · |IC(!)|
|I(!)| + � · |OC(!)|

|O(!)|
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Test Prioritization Technique 
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Example weight instantiation for components               :  c 2 C

Weights for components X,Y and Z in P2 with   ↵ = 0.6 � = 0.4and 
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Test Prioritization Technique 

Compute regression 
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Compute first 
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Define Prioritization Functions 
•  Definition based on weight functions 
•  Goal: Prioritize individual test cases                  for 

individual product variants 
•  Thus, signature is   

Similar to test case selection, we only prioritize 
reusable test cases for product variants 
 
Process is repeated for all product variants under test 

tc 2 T C
p 2 PSPL

prio : T C ⇥ PSPL ! R
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Test Prioritization Technique 

Compute regression 
deltas 

Compute first 
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Compute weights 

Prioritize test cases 
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Example Prioritization Function for Architectures: 
•  Test cases defined as message sequence charts 
•  Prioritize test cases according to covered components 
•  Summarize component weights and normalize by total 

number of covered components   
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Evaluation Results 
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A Selection of Further Contributions in SPL Testing 

•  Dissimilarity-based testing in combination with delta-oriented testing 

•  Optimize product variant orderings for incremental SPL testing 

 
•  Scalable risk-based testing for SPLs 

 
•  Change impact analysis using incremental model slicing for SPL testing 

Remo Lachmann, Simon Beddig, Sascha Lity, Sandro Schulze, Ina Schaefer: Risk-based 
integration testing of software product lines. VaMoS 2017: 52-59 

Remo Lachmann, Sascha Lity, Mustafa Al-Hajjaji, Franz Fürchtegott, Ina Schaefer: 
Fine-grained test case prioritization for integration testing of delta-oriented software product lines. 
FOSD@SPLASH 2016: 1-10 

Sascha Lity, Mustafa Al-Hajjaji, Thomas Thüm, Ina Schaefer: Optimizing product orders using 
graph algorithms for improving incremental product-line analysis. VaMoS 2017: 60-67 

Sascha Lity, Thomas Morbach, Thomas Thüm, Ina Schaefer: Applying Incremental Model 
Slicing to Product-Line Regression Testing. ICSR 2016: 3-19 
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Conclusion 

•  Variant-rich systems lead to an exponential increasing number of 
products and test cases 

•  Subset selection heuristics reduce number of product variants to a 
representative subset which is tested. 

•  Incremental delta-testing reduces test effort between product variants 
by identifying effective test cases for reuse 


