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• The Pd.D is a trip





Scope of the journey: software product lines

Subroutines  
1960’s

Modules

1970’s

Objects 

1980’s

Components

& 
frameworks  

1990’s

SPL 
2000’s

Mass 
Customization

of Software 
Products

“producing software to meet 

individual customer's needs with 

near mass production efficiency “



Software product lines

Core Assets

Product Lines Approach (mass customization)

Product 1 Product 2 Product 3

Product 5Product 4 Product 6



A more practical view of the

SPL framework

From “Mastering Software Variability with FeatureIDE”



How to model 

variability?



Expressing 
variability

Inside the 
base model

Outside the 
model

Positive 
variability

Negative 
variability

How to model variability



Inside the 
model

Taken from  Modeling variability by UML use case diagrams by Von der Massen et al.

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.20.2206&rep=rep1&type=pdf


Expressing 
variability

Inside the 
base model

Outside the 
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Negative 
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Requirements Design Components

Base models

Outside the 
model Variability Model



Expressing 
variability

Inside the 
base model

Outside the 
model

Positive 
variability

Negative 
variability

How to model variability



Positive 
variability

Assets

Product



Negative 
variability

Base model

Product



Orthogonal
variability 
modelling

Feature modelling

COVAMOF

Decision modelling

UML-based

Ad-hoc solutions: 
tables, textual 
docs, ...

Techniques

How to model variability



Orthogonal
variability 
modelling

Feature modelling

COVAMOF

Decision modelling

UML-based

Ad-hoc solutions: 
tables, textual docs, 
...

Techniques

How to model variability

Feature models were first 

introduced by Kang et al. in 1990



Feature models

How to specify a particular product?

FEATURE

“An important part of 

something”

“A prominent or distinctive 

characteristic of a software 

system”



Feature models

How to specify an SPL?

“Feature Model: A hierarchically arranged 

set of features to represent all possible 

products of an SPL”



Mandatory Optional

Alternative

(choose 1) Or

1+Excludes

Requires

Feature

Feature models
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Challenge 1: Automated analysis of Feature 

Models
Computer-aided, extraction of useful information from feature models

Analysis Process

Analysis 
results

Analysis 
operations



Analysis process

Analysis process

Translation Solver

Logic Analysis 

result

Analysis 
operations



Feature models as CSPs

Constraint Satisfaction Problem

Translation

Feature Model

C

V

V

V
V

V
C

CC

V



Feature models as Propositional formulas



14
How many 

products?

Automated analysis of feature models:
Computer-aided extraction of information from FMs



Yes, feature 

“Basic” is dead

Any error?

Automated analysis of feature models:
Computer-aided extraction of information from FMs



Analysis implementations

SAT SAT4J

BDD JavaBDD

General CSP

JaCoP

Choco

C

V

V

V
V

V C

CC
V



Different solvers, different performance

BDD SAT General CSP

Memory complexity  ☺ ☺

Time complexity ☺ ☺ 

Counting solutions ☺  

Type of variables   ☺

Advanced FMs - Optimization   ☺



Automated analysis of SPL

Why it’s an important problem?

Doing this by hand is an error prone 

task in large-scale feature models

Detecting properties at early stage of 

development  and along all the life 

cycle

It’s the base for other more 

complicated tasks, i.e. product 

configuration



Challenge 1: Automated analysis of SPL:
Computer-aided, extraction of useful information from SPL models

David Benavides, Sergio Segura, Antonio Ruiz Cortés: Automated analysis of 

feature models 20 years later: A literature review. Inf. Syst. 35(6): 615-636 (2010)

https://doi.org/10.1016/j.is.2010.01.001


Amador Durán, David Benavides, Sergio Segura, Pablo Trinidad, Antonio 

Ruiz Cortés: FLAME: a formal framework for the automated analysis of 

software product lines validated by automated specification testing. Software 

and System Modeling 16(4): 1049-1082 (2017)

https://doi.org/10.1007/s10270-015-0503-z.




Challenge 1.1: Automated Analysis of Feature 

Models with attributes

• David Benavides, Pablo Trinidad Martín-Arroyo, Antonio Ruiz Cortés: Automated

Reasoning on Feature Models. CAiSE 2005: 491-503

• F Roos-Frantz, D Benavides, A Ruiz-Cortés, A Heuer, K Lauenroth

Quality-aware analysis in product line engineering with the orthogonal variability

model. Software Quality Journal

https://doi.org/10.1007/11431855_34
https://doi.org/10.1007/s11219-011-9156-5
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No

Is valid?

Root

A B

R1

R5

R2

E F

<1..1>R4

C D

<1..2> R3

R6
R7

✓✓



Challenge 2: Explanations on the Automated 

analysis of SPL

Deductive 

reasoning

Why not?
R

5

R

7

Explanations

Abductive

reasoning



Challenge 2: Explanations on the Automated 

analysis of SPL

Ch 2.1 with feature models

Pablo Trinidad, David Benavides, Amador Durán, Antonio Ruiz Cortés, Miguel Toro: Automated

error analysis for the agilization of feature modeling. Journal of Systems and Software 81(6): 

883-896 (2008)

https://doi.org/10.1016/j.jss.2007.10.030
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Challenge 2: Explanations on the Automated 

analysis of SPL

Ch 2.2 with configurations

Jules White, David Benavides, Douglas C. Schmidt, Pablo Trinidad, Brian Dougherty, Antonio 

Ruiz Cortés: Automated diagnosis of feature model configurations. Journal of Systems and 

Software 83(7): 1094-1107 (2010)

Alexander Felfernig, Rouven Walter, José A. Galindo, David Benavides, Seda Polat Erdeniz, 

Müslüm Atas, Stefan Reiterer: Anytime Diagnosis for Reconfiguration. J. Intell. Inf. Syst. 51(1): 

161-182 (2018)

 ×× ×

https://doi.org/10.1016/j.jss.2010.02.017
https://doi.org/10.1007/s10844-017-0492-1
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Input Output

Translation Solver

Feature Model Analysis Tool

Time-consuming

Error-prone

• SAT, CSP, DL, OWL...

• Large programs.

Functional Testing 
How to detect faults in feature model analysis 

tools?



P1 = {A,C}

P2 = {A,B,C,D}

P3 = {A,B,C,E}

P4 = {A,B,C,D,E}

P1 = {A,C}

P2 = {A,B,C}

P1 = {A,C,F}

P2 = {A,B,G}

P3 = {A,B,C,D,F}

P4 = {A,B,C,E,F}

P5 = {A,B,C,D,G}

P6 = {A,B,C,E,G}

P7 = {A,B,C,D,E,G}

P8 = {A,B,C,D,E,F}

Or Alternative Excludes

P1 = {A,C,F}

P2 = {A,B,C,D,F}

P3 = {A,B,C,E,F}

P4 = {A,B,C,D,E,F}

Optional

P1 = {A,C,F}

P2 = {A,B,C,D,F}

P3 = {A,B,C,E,F}

P4 = {A,B,C,D,E,F}

P5 = {A,B,C,E,F,H}

P6 = {A,B,C,D,E,F,H}

MR’ MR’’ MR’’’ MR’’’’

Is the model consistent?

Operation

Yes, it represents at least one 

product

Expected output

How many products does it 

represent?

Operation

6 products

Expected output

Does the model contain 

any dead feature?

Operation

Yes, feature ‘G’ is not included in 

any product.

Expected output

Metrics?

Operation

Commonality(B) = 83.3%

Variability = 0.023

Expected output

Functional Testing 

Sergio Segura, Robert M. Hierons, David Benavides, Antonio Ruiz 

Cortés: Automated metamorphic testing on the analyses of feature 

models. Information & Software Technology 53(3): 245-258 (2011)

https://doi.org/10.1016/j.infsof.2010.11.002
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Challenge 3.1: Functional Testing 



Feature Model 

Analysis Tool

Execution time

Memory consumption

…

Performance Testing 
How to know the performance of FM analysis 

tools in pessimistic cases?

Sergio Segura, José Antonio Parejo, Robert M. Hierons, David Benavides, 

Antonio Ruiz Cortés: Automated generation of computationally hard feature 

models using evolutionary algorithms. Expert Syst. Appl. 41(8): 3975-3992 

(2014)

https://doi.org/10.1016/j.eswa.2013.12.028


Evaluation

Encoding

Selection

Crossover

Mutation

Decoding

Initial 

population

Hardest feature 

model found

Fitness values

(execution time, memory consumption)

>
>

>
>

Challenge 3.2: Performance Testing 



Tree

CTC

Encoding - Crossover - Mutation

Mutation

Challenge 3.2: Performance Testing 



Execution time in a CSP-based reasoner Memory consumption in a BDD-based reasoner

4.2 minutes (x2)

6.7 minutes

25.3x106 nodes

Evolutionary search

Random search

27.9x106 nodes

0.2 seconds

> 30 minutes

Challenge 3.2: Performance Testing 



But what’s the 
application of all 

these???
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Some results from the literature



Automated 

analysis 

of feature models

Configuration Testing

Reverse

engineering

Multimodel

Modelling

Variability intensive

systems



Challenge 1: 
Automated  
Analysis of 

FM

Challenge 2: 
Explanations 

on FM 
analysis

Challenge 3: 
Testing on 

FM analysis 
tools

Challenge 4: 
Applications 

of the 
Automate 
analysis of 

feature 
models

Tool support

Formal methods



www.isa.us.es/fama

https://github.com/isa-group/FaMA

Tooling the Automated analysis of SPL

http://www.isa.us.es/fama
https://github.com/isa-group/FaMA


FAMA Architecture
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Valid #Prod

Explain Errors
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Benchmarking and TesTing on the analysis of feature models

https://betty.services.governify.io/

https://github.com/isa-group/BeTTy

Random FM 

generation

Metamorphic test 

data generation

Evolutionary FM 

generation

Benchmarking 

support

Tooling the Testing of FM analysis tools

https://betty.services.governify.io/
https://github.com/isa-group/BeTTy
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Intermediate stop in the journey
(ICSR 2013)



• The Pd.D is a trip

SPL  Team and collaborators
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