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• Project Centric Software Engineering 

• Product Centric Software Engineering
Organizations 

evolving

• Variability goes from hardware to 
software 

• Variations points grows by thousands

Software 
variability 
constantly 
increasing:

• from ad-hoc to systematic
Assets’ Reuse is 

shifting

Software Industrial Trends



Computers programming computers



Configuration explosion



Configuration explosion

More than 16.000 

configuration options. 

The number of potential 

configurations is 2
16.000 , 

around 1072 tim
es larger 

than the estim
ated number 

of atoms in the Milky Way!



Taken from http://sigops.org/sosp/sosp11/current/2011-Cascais/12-yin-slides.pdf 

http://sigops.org/sosp/sosp11/current/2011-Cascais/12-yin-slides.pdf


Configuration explosion

Taken from http://sigops.org/sosp/sosp11/current/2011-Cascais/12-yin-slides.pdf 

http://dx.doi.org/10.1145/2791577 

http://sigops.org/sosp/sosp11/current/2011-Cascais/12-yin-slides.pdf
http://dx.doi.org/10.1145/2791577


https://dx.doi.org/10.1145/3368089.3409675 

https://dx.doi.org/10.1145/3368089.3409675


Configuration meanings

Taken from: https://dx.doi.org/10.1145/3368089.3409675 

https://dx.doi.org/10.1145/3368089.3409675


First advice

be proud of belonging to 

the community that 

handle one of the main 

elements of software



Data-intensive product 

lines: embracing past 

results and new variability 

challenges

@davbencue

https://grupo.us.es/diversolab/ 

https://twitter.com/davbencue
https://grupo.us.es/diversolab/


A configurable presentation

A 

configurable 

presentation!



A configurable presentation

Most of you know 

about software 

product lines and 

variability history?



Those who don’t 

know history are 

destined to 

repeat it
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When shall we start writing history?

1990



FODA report

Many interesting things 

were already mentioned 

in the original report!

 

Basic

SPL

concepts



FODA report

Basic

SPL

processes



FODA report

References 

to 

“prehistory”



FODA report

The first feature model ever?



FODA report

Automated analysis 

operations already there!!



FODA report

Almost 6K citations, 

probably the most cited work 

in SPLs



FODA report

However, not immediately 

recognized but 15 years 

later!

161

41



MODELLING 

DIALECTS



Orthogonal
variability 
modelling

Feature modelling

COVAMOF

Decision modelling

UML-based

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

Techniques

VARIABILITY MODELLING DIALECTS
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Second advice

Be aware of the history

https://splc.net/mip-award/

https://splc.net/mip-award/


THE 

VARIABILITY 

HYPE



Software variability

Source: scopus

2019

https://www.scopus.com/term/analyzer.uri?sid=00523428cbef6d2705bf87218fdcb6af&origin=resultslist&src=s&s=TITLE-ABS-KEY(software+variability)&sort=cp-f&sdt=cl&sot=a&sl=35&count=4745&analyzeResults=Analyze+results&cluster=scosubjabbr,%22COMP+%22,t+scosubjabbr,%22COMP%22,t&txGid=0df047eebb799cca73e2fae6428bb569


Software product lines

Source: scopus

2011

https://www.scopus.com/term/analyzer.uri?sid=4eea50fdd67b95cbf630094631f5ecac&origin=resultslist&src=s&s=TITLE-ABS-KEY(software+product+lines)&sort=cp-f&sdt=a&sot=a&sl=37&count=5902&analyzeResults=Analyze+results&cluster=scosubjabbr,%22COMP++%22,t&txGid=ea752c7a9e32c630d3091dd1b6971d38


Bubble stages

Software product lines Software variability



However….too many sources of information!



A configurable presentation

Most of you know 

about software 

product line 

concepts?



Basic concepts

Software product 

line engineering 

and feature models



Basic concepts



Mandatory
Optional

Alternative

(choose 1)
Or

1+

Excludes

Requires

Feature

Feature models

Complex cross tree constraints are also possible and quite used



Configurator



Some definitions



Some definitions



2005 2023

Some of our contributions



First try to an ICSE workshop



First review



Third advice

Do not give up!



Challenge 1: Automated  Analysis of FM

Challenge 2: Explanations on FM analysis

Challenge 3: Testing on FM analysis tools

Challenge 4: Application of FM analysis



Challenge 1: Automated  Analysis of FM

Ch 1.1 with 
attributes

Ch 1.2 with 
configuration 

paths



Challenge 1: Automated analysis of Feature Models
Computer-aided, extraction of useful information from feature models

Analysis Process

Analysis 
results

Analysis 
operations





Feature models as CSPs

Constraint Satisfaction Problem

Translation

Feature Model

C

V

V

V
V

V
C

CC

V



54
How many 

configurations?

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



Yes, feature 

“standard” is 

dead

Any error?

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



Analysis implementations

SAT

SAT4J

Glucose

PySAT

BDD

JavaBDD

DD 
(Python)

CSP/SMT

JaCoP

Choco

Z3

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   ☺



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)

• Third most visited paper in the 

history of the journal (Scopus)

• The most cited in the period of 

2009-2014 (Scopus)

• More than 1.500 citations (GS)

Challenge 1: Automated analysis of Feature Models
Computer-aided, extraction of useful information from feature models

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


Challenge 1: Automated  Analysis of FM

Ch 1.1 with 
attributes

Ch 1.2 with 
configuration 

paths



• 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

• Most Influential Paper 

Award 2017

• Rejected at a local 

conference

• Among the most 

influential paper in the 

25th anniversary of the 

conference

• More tan 930 citations 

(Gscholar)

Challenge 1.1: Automated Analysis of Feature Models with 

attributes

https://doi.org/10.1007/11431855_34
https://doi.org/10.1007/s11219-011-9156-5


Jules White, José A. Galindo, Tripti Saxena, Brian Dougherty, David 

Benavides, Douglas C. Schmidt: Evolving feature model configurations in 

software product lines. Journal of Systems and Software 87: 119-136 

(2014)

Challenge 1.2: Automated Analysis of Feature Models 

Configuration Paths

https://doi.org/10.1016/j.jss.2013.10.010
https://doi.org/10.1016/j.jss.2013.10.010


Challenge 2: Explanations on FM analysis

Ch 2.1 with 
feature models

Ch 2.2 with 
configurations



No

Is satisfiable?

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

✓



Ch 2.2 with configurations

Ch 2.1 with feature models

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 and Stefan Reiterer. Anytime Diagnosis for

Reconfiguration. Journal of Intelligent Information Systems (2019).

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)

 ×× ×

Challenge 2: Explanations on the Automated analysis of SPL

https://doi.org/10.1016/j.jss.2010.02.017
https://doi.org/10.1007/s10844-017-0492-1
https://doi.org/10.1016/j.jss.2007.10.030


Challenge 3: Testing on FM analysis tools

Ch 3.1 
Functional 

Testing

Ch 3.2 
Performance 

Testing



Input Output

Translation Solver

Feature Model Analysis Tool

Time-consuming

Error-prone

• SAT, CSP, DL, OWL...

• Large programs.

Challenge 3.1: 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

Challenge 3.1: 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


Feature Model 

Analysis Tool

Execution time

Memory consumption

…

Challenge 3.2: 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
https://doi.org/10.1016/j.eswa.2013.12.028


Challenge 4: Application of FM analysis



Beyond (software) product lines



Some results from the literature

José A. Galindo, David Benavides, Pablo Trinidad, Antonio Manuel Gutiérrez-

Fernández, Antonio Ruiz-Cortés: Automated analysis of feature models: Quo 

vadis? Computing 101(5): 387-433 (2019)

https://dblp.uni-trier.de/pers/hd/g/Galindo:Jos=eacute=_A=
https://dblp.uni-trier.de/pers/hd/t/Trinidad:Pablo
https://dblp.uni-trier.de/pers/hd/g/Guti=eacute=rrez=Fern=aacute=ndez:Antonio_Manuel
https://dblp.uni-trier.de/pers/hd/g/Guti=eacute=rrez=Fern=aacute=ndez:Antonio_Manuel
https://dblp.uni-trier.de/pers/hd/r/Ruiz=Cort=eacute=s:Antonio
https://dblp.uni-trier.de/db/journals/computing/computing101.html#GalindoBTGR19


Some results from the literature

Ana Eva Chacón-Luna, Antonio Manuel Gutiérrez , José A. Galindo, David 

Benavides: Empirical software product line engineering: A systematic 

literature review. Inf. Softw. Technol. 128: 106389 (2020)

https://dblp.org/pid/246/4810.html
https://dblp.org/pid/62/7569.html
https://dblp.org/pid/130/7585.html
https://dblp.org/db/journals/infsof/infsof128.html#Chacon-LunaGGB20


Examples of applications

Mauricio Alférez, Mathieu Acher, José A. Galindo, Benoit Baudry, David 

Benavides: Modeling variability in the video domain: language and experience 

report. Software Quality Journal

José A. Galindo, Hamilton A. Turner, David Benavides, Jules White:

Testing variability-intensive systems using automated analysis: an application to

Android. Software Quality Journal 24(2): 365-405 (2016)

https://dx.doi.org/10.1007/s11219-017-9400-8
https://dx.doi.org/10.1007/s11219-017-9400-8
https://doi.org/10.1007/s11219-014-9258-y
https://doi.org/10.1007/s11219-014-9258-y


Tooling the Automated analysis of SPL



http://www.fama-ts.us.es/ 

https://github.com/FaMaFW/FaMA   

Tooling the Automated analysis of SPL

David Benavides, Sergio Segura, Pablo Trinidad, Antonio Ruiz Cortés: FAMA: 

Tooling a Framework for the Automated Analysis of Feature Models. VaMoS

2007: 129-134

https://flamapy.github.io/ 

http://www.fama-ts.us.es/
https://github.com/FaMaFW/FaMA
https://dblp.org/db/conf/vamos/vamos2007.html#BenavidesSTC07
https://dblp.org/db/conf/vamos/vamos2007.html#BenavidesSTC07
https://flamapy.github.io/


The future





Data aware configurations

Jorge Rodas-Silva, José Angel Galindo, Jorge García-Gutiérrez, David 

Benavides: Selection of Software Product Line Implementation Components

Using Recommender Systems: An Application to Wordpress. IEEE Access 7: 

69226-69245 (2019)

https://dblp.org/db/journals/access/access7.html#Rodas-SilvaGGB19


Configuration workflows mining

B. Ramos-Gutiérrez, Á.J. Varela-Vaca , J. A. Galindo, M.Teresa Gómez-López, 

D. Benavides:Discovering configuration workflows from existing logs using

process mining. Empir. Softw. Eng. 26(1): 11 (2021)

https://dblp.org/db/journals/ese/ese26.html#Ramos-Gutierrez21


Sampling based analyses

José Miguel Horcas, José A. Galindo, Ruben Heradio, David Fernández-

Amorós, David Benavides: A Monte Carlo tree search conceptual framework for 

feature model analyses. J. Syst. Softw. 195: 111551 (2023)

José Miguel Horcas Aguilera, A. Germán Márquez, José A. Galindo, David 

Benavides: Monte Carlo Simulations for Variability Analyses in Highly

Configurable Systems. ConfWS 2021: 37-44

Ruben Heradio, David Fernández-Amorós, José A. Galindo, David Benavides, 

Don S. Batory:Uniform and scalable sampling of highly configurable systems. 

Empir. Softw. Eng. 27(2): 44 (2022)

Monte Carlo Conceptual Framework for SPLE

Stopping Conditions
  Iterations constraint
  Time constraint
  Memory constraint

     

Best Action Selection Criteria
  Highest reward
  Most visit state
  Highest visit count and reward
  Maximize lower confidence bound

     

Monte Carlo
Algorithms

  Monte Carlo 
  flat Monte Carlo
  flat UCB
  Monte Carlo Tree Search
  UCT Algorithm
  Greedy MTCS
  Heuristic MCTS
  MC-RAVE

     

Python framework for Automated Analysis 
[Galindo & Benavides, 2019]

Variability 
Models

  Feature Model
  CNF Model
  Configuration

     

Operations
  Valid Configuration 
  Valid Partial Configuration
  Core Features
  Products

     

<<interface>>

Action
+ execute(s: State): State
+ is_applicable(s: State): bool

<<interface>>

State
+ find_successors(): list[State]
+ find_random_successor(): State
+ is_terminal(): bool
+ reward(): float
+ hash(): int
+ eq(s: State): bool

Transformations
  T2M      M2T      M2M

https://github.com/diverso-lab/fm_montecarlo

https://dblp.org/pid/142/9275.html
https://dblp.org/pid/130/7585.html
https://dblp.org/pid/08/9.html
https://dblp.org/pid/83/5191.html
https://dblp.org/db/journals/jss/jss195.html#HorcasGHFB23
https://dblp.org/db/conf/confws/confws2021.html#AguileraMG021
https://dblp.org/pid/08/9.html
https://dblp.org/pid/83/5191.html
https://dblp.org/pid/130/7585.html
https://dblp.org/pid/b/DSBatory.html
https://dblp.org/db/journals/ese/ese27.html#HeradioFGBB22
https://github.com/diverso-lab/fm_montecarlo
https://twitter.com/intent/tweet?url=https%3A%2F%2Fdoi.org%2F10.1007%2Fs10664-021-10102-5&text=%22Uniform+and+scalable+sampling+of+highly+configurable+systems.%22&hashtags=dblp&related=dblp_org


Data migration product lines



Chat bot product lines



LLMs and variability models

José A. Galindo, Antonio J. Dominguez, Jules White, David Benavides: Large 

Language Models to generate meaningful feature model instances. SPLC (A) 

2023: 15-26

https://dblp.org/pid/130/7585.html
https://dblp.org/pid/355/1378.html
https://dblp.org/pid/89/2873.html
https://dblp.org/db/conf/splc/splc2023a.html#GalindoDW023
https://dblp.org/db/conf/splc/splc2023a.html#GalindoDW023


CONSOLIDATION



WHAT DOES THE NIGHT SKY OF
SOFTWARE SCIENCE LOOK LIKE ?

Batory’s test of time award talk (2017)



KNOWLEDGE CONSOLIDATION

UVL

Repository

Analysis 
tool

2018 @ SPLC
MODEVAR@SPLC 

2019. Paris, 
France. 

MODEVAR@VaMo
S 2020. 

Magdeburg, 
Germany.

MODEVAR@SPLC 
2020. Montréal, 

Canada

MODEVAR@SPLC 
2021. Leicester, 
United Kingdom. 

MODEVAR@SPLC 
2022. Graz. Austria

https://modevar.github.io/ 

https://modevar.github.io/2019/
https://modevar.github.io/2019/
https://modevar.github.io/vamos-2020/
https://modevar.github.io/vamos-2020/
https://modevar.github.io/splc-2020
https://modevar.github.io/splc-2020
https://modevar.github.io/
https://modevar.github.io/
https://modevar.github.io/


Some conclusion

• Variability is a fundamental part of software 
science. Our problems are difficult but are 
important to solve. If we don’t solve them, 
others will.

• Be aware of our own history. If you don’t know 
it, you can repeat it. 

• We passed the variability hype. Be prepared to 
come back to normal. 

• Do not give up when rejections come to you. 
Something amazing can happen afterwards

• Data intensive software product lines will be 
important in the following years



Prof. David Benavides 
benavides@us.es 

Tokyo, SPLC 2023

Data-intensive product lines: embracing past results 

and new variability challenges

@davbencue

https://grupo.us.es/diversolab/ 

ありがとうございました

mailto:benavides@us.es
https://twitter.com/davbencue
https://grupo.us.es/diversolab/
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