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Software Product
Line Engineering

Factoring out commonalities

for Reuse [Krueger et al., 1992] [Jacobson et al., 1997]

Managing variabilities

fOF SOﬂwa e |V|aSS CUStomizaﬁon [Bass et al., 1998] [Krueger et al., 2001], [Pohl et al., 2005]
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Variability Management

Common features

print — connect with computer...
Variable features

fax — scan — USB port...
Product-specific features

serial port
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Variability
“the ability of a system to be efficiently

extended, changed, customized or

configured for use in a particular context
Mikael Svahnberg, Jilles van Gurp, and Jan Bosch (2005)
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Domain engineerinfg (development for reuse)

[ ] = —

D Em --|:I

Common assets Variants

Variability Model > Reusable Assets
(e.g., models or source code)

T

product, product,

product,

Application engineerirfag (development with reuse)




Modeling Variability:

Why Should I Care?



Variability Models

@romm)

Vorsprung durch Technik

e
S \‘h oy 1 R _‘ Prix total

V¥ CarEquipment
v ® Healthing { h— B e
AirConditioningFrontAndRear =l
AirConditioning s i i
v ® Comfort
O AutomaticHeadLights
¥ ® DrivingAndSafety
© FrontFoglLights
¥ Constraints
AutomaticHeadLights = FrontFogLights

oysemes dossstance




#1 precise specification is needed



Domain engineering?,r (development for reuse)
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#2 variability cross cuts all
artefacts (from requirements to
code)
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httpd.conf -- win32 Apact

Building a Web Server, for Windows Jia

Listen 80

ServerRoot " /www/Apache2™
DocumentRoot " /www/webroot™

ServerName localhost:80
ServerAdmin admin@localhost

ServerSignature On
ServerTokens Full

DefaultType text/plain

AddDefaultCharset IS0-8859-1

UseCanonicalName Off

Hostnamelookups Off

L% karoma - Poderosa

File Edit Console Tools Window Plugin  Help

i | Lnefeed R

~ Encoding iso-8859-1

i@ Ao [iR[2H]

=10l x|

¢ 1 karoma)['¢ 2 karoma
in el v2.6.33.3

.config - Linux Kerni

] High Resolution Timer Support

V

RENAULT VANS

| ESC (Electronic Stability Control) with traction
‘and understeer control

[

It'-,'pe filter text

o8 General.

General

& Preferences

CARS | VANS | ELECTRIC VEHICLES | REMAULT BUSINESS | USED CARS | OWNER SERVICES | ABOUT RENAULT | RENAULT SHOP

Renault UK > Renault Vans > New Kangoo VanRange > KangooVan > Build your own Kangoo Van > Select Options
NEW KANGOO VAN RANGE
01 Preferences 02 Version 03 Equipment & options
OPTIONS
> COMFORT
+ Central storage console & armrest between £50.00
seats
> DRIVING
Electric door mirrors £0.00
> SAFETY & SECURITY
£200.00

—Open mode

(% Double dlick

Erroi Tdentifier License Language | Storage | LicenseCostFee | RSS | Unicode
Lo gL= Confluence | Commercial Java Database US10 Yes Yes
PBwiki Nolimit No No Yes Yes No
MoinMoin GPL Python Files No Yes Yes
- DokuWiki GPL2 PHP Files No Yes Yes
PidF—pnmwia GPL2 PHP Files No Yes Yes
DrupalWiki GPL2 PHP Database | Different Licences | Yes Yes
TWiki GPL Perl FilesRCS Community Yes Yes
Time( MediaWiki GPL PHP Database No Yes Yes
""" rTiDpTLUVED
i Search
KeepAlive On [+ Security

MaxKeepAliveRequests 100

KeepAliveTimeout 15

<IfModule mpm_winnt.c>

ThreadsPerChild 250

MaxRequestsPerChild ©

T e A L e e

[+ Startup and Shutdown
- Web Browser

- Workspace

[+ Ant

[+~ Help

- IMP

[+~ InstallUpdate

[#-Java

- LPG

" Single dick
I~ Select on he
" Openwhen
Note: This preferer

[~ Always run in backaround
™ Keep next/previous editor, view and perspectives dialog open

|7 Shou heap status/ & notepad.java [ i Actionsjava | B Mainjava B2

= ) oune TN,

output.setText (t.toString());
prograu. setText (t.eval(""});
equation. setText (base) ;
updateQuarkPanel () ;
}
120

apply. addActionlistener {new ActionListener() {
public void actionPerformed(ActionEvent ej {

if (hoa.isSelected(}) {

alm
30 %|H |

OC: null

IERS (1)
'RUCTOR: 'false’
2ARAMETERS (0)
N_TYPE2

i

© = t.apply(new hoa("h" +
]

if (ladvice.isSelected()) {

t = t.apply(new advice("a" + layerno));

}
if (intro.isSelected(}) {

t = t.apply(new intro("i" + layerno));

)
if (gadvice.isSelected()) {

]
if (hoa.isSelected() ||

|| ladvice.isSelected() || intro.isSelected()

hoa.setSelected{false);

ladvice.setSelected{false);
intro.setSelected(false);

equation.setText("F" + layerno + "(" + equation.g

+
< %

IETERS (1)
_DIMENSIONS: o'
YN_EXCEPTIONS (0)

hck [4443, 805]
STATEMENTS (5)
J =) IfStatement [4450, 73] |
= EXPRESSION
[ Ethﬂdlnvocatinn
+) THEN_STATEMENT

ELSE_STATEMENT: null
- IfStatement [4529, 80]
- IfStatement [4615, 77]
o]
- IfStatement [4785, 457]

il £




Domain
Engineering

Application

Software Product-Line
Engineering

Domain Domain Domain Domain
Req. Engineering Design Realization Testing

& . <

Application Application Application Application
Req. Engineering Design Realization Testing

3 3

Engineering
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#3 automation
(exponential number of products)






33 features

a unique variant for every

person on this planet

Kdistner’s slide



optlonal independent .
320 features
more varlants than estlmated

atoms |n the umverse

Kdistner’s slide






Variability Model

* Abstraction of some aspect of a system under
study (SUS)

— Some details are hidden or removed to simplify and
focus attention

— general concepts can be formulated by abstracting
common properties of instances

* In aform that can be mechanically analyzed
— properties of a SUS

— model transformation
* Generation of another abstraction (including code)

23



Variability Models: Why?

(3 arguments, summary)

precise specification

variability is orthogonal / cross cuts different
artefacts

automation

24



Variability models are needed. Now
we are convinced...

#1 Formalism? Theory?
modeling principles, semantics, logics

#2 Language?
to elaborate/build variability models

#3 Reasoning techniques?
to analyze properties of an SPL (scalable and automated way)

#4 Applications of variability models?
variability model and so what?

25



Feature models,

the defacto standard
for modeling variability



Feature Models

not, and, or, implies

Optional

/‘\ Or \ Mandatory
A\

Compa r e jious editor, vie tives dialog ops

Content Types [V Show heap status
& 2‘:;“ Open mode
RENAULT VANS |
Perspectives el dick
n Search I~ Select on hover
ENAULT - Security
- Startup and Shutdown = Open when using arraw keys
Note: This fere t take effect on all vie
CARS | VANS | ELECTRIC VEMICLES | RENAULTBUSINESS | USED CARS | owr  lieooree skt b e
Ant
Renault UK > RenaultVans > New Kangoo Van Range > KangooVan > Help
IMP
InstalUpdate

NEW KANGOO VAN RANGE g Dercpment ®
i

(©)

01 Preferences 02 Version e

[ € Freviots |

OPTIONS

I Bl

> COMFORT

+ Cenfral storage console & armrest between £50.00
seals

> DRIVING
Electric door mirrors 200

> SAFETY & SECURITY

v ESC (Electronic Stability Control) with tractior
and understeer control

httpd.conf -- win32 Apache

Building a Web Server, for Windows

Listen 80
ServerRoot "/wwai/Apache2”
DocumentRoot " /wwae/webroot™

ServerName localhost:88 Fgie

) Wirldo Plugin  Help
ServerAdmin admin@local . 3

- Encodng isos85-1  * @ [foeneric [ R [¥ H|

| EE Notepad.java [ EB Actions.java IE Main.java 52 = (=] M

ServerSignature On
ServerTokens Full

output.setText (t.toString()); |00
prograu. setTexe (t.eval (""}); <
DefaultType te equation. setText (base) ; F) % | & |
AddDefault@ars p updaveQuarkPanel () ; oC: null
¥ IERS (1)
e o o 'RUCTOR: False'
UseCanona Na) 0 apply.addictionlistener (new Actionlistener() { 3ARﬂMETER5(0)
2 2 < public void actionPerformed{ActionEvent e) {
" ot ] High Resolution LiT(hea TsSalactadtin N_TYPE2
o & S t = t.apply(new hoa{"h" + i)
) IETERS (1)

_DIMENSIONS: o'
YN_EXCEPTIONS (0)

if (ladvice.isSelected()) {

ro. logs/error.log t = t.apply(nev advice("a" + layerno));

Level error il

if (intro.isSelected(}) { bck [4443, 805]
N s t = t.apply(new intro("i" + layerno)); STATEMENTS (5)
PidFile logs/httpd.pid ) J &) [IfStatement [4450, 73] |
if (gadvice.isSelected(}) { = EXPRESSION
Timeout 300 @ {MethodInvocation
] #) THEN_STATEMENT
i if (hoa.isSelected() || ELSE_STATEMENT: null
KeepAlive On || ladvice.isSelected() || intro.isSelected() o

IfStatement [4529, 80]
& IfStatement [4615, 77]
IfStatement [4785, 457]

MaxKeepAliveRequests 1@ hoa.setSelected(false);

KeepAliveTimeout 15 n
ladvice.setSelected(false) ;
intro.setSelected(false) ;
equation.setText ("F' + layerno + (' + equation.g
<IfModule mpm_winnt.c>

+ "1y -
ThreadsPerChild 250 < : 5 | Ll—l K| B

MaxRequestsPerChild €
</IfModule>




Feature Model: defacto standard

e Central to many software product line approaches
— More than 1000 citations Of angetal, 1900 per year
— Generative programming (czarnecki et al., 2000]

e Research effort
— Formal Semantics (schobbens et al., 2007] (P

- AutomatEd Reasoning TECh nlq ues [Batory et al., 2005], [Czarnecki et al., 2007],
[Mendonca et al., 2009], [Thuem et al., 2009], [Janota et al., 2010], [Benavides et al., 2010]

* Tools g

— Commercial: pure::variants, Gears

— Academic: fmp, FeaturelDE, FaMa, FAMILIAR, SPLOT, TVL,
etc. 28




Feature Model: Applications

Domain Analysis

Configurators
Automated Derivation of “Product”
Testing

Model Checking

29



Feature Models:

Principles



Feature modeling is...

e ...about identifying
— common features of concepts
— variable features of concepts
— and their dependencies

— and documenting them in a coherent model, called a
feature model

e Core activity of domain-engineering methods

Identify

Identify Identify

Products Subdomains Features
Assess Assess Prioritize
Products Subdomains Features

Optim ‘

Asset:

Dom. rts [John+08]
r evelopers,
Manag arketing etc) A concrete scoping process = a combination of these activities



Feature and Psychology

The human mind processes lots of information

Important function of human information processing:
reducing the amount of information

Describing concepts by features

— Clustering

— Abstraction (Classification/Generalization)

— Vocabulary construction

Classifying a perceptional unit as an instance of a concept

Analysis of similarity

— Features common to entities, activities, events,
relationships, structures, etc.

Analysis of variations

— Features that are unigue to entities, activities, events,
relationships, structures, etc. .



Modeling variability (and commonality)

* Features are a convenient way to think about commonalities and
differences between family members

— e.g. "MP3 player" — some phones have it, some don't

* Features are « usually » coarse-grained abstractions

— Abstract from detailed requirements

* e.g. "when in shuffle mode, the player selects the next track using a random function"

— Abstract from design/implementation details
* e.g. "MP3_Player is a concrete subclass of Media_Player »
 Depends on what you are modeling and for which purpose

— Elicitating requirements with customers (informal document)

— VS builiding a representation of your code (based on CPP directives)



What's a feature? (survey excerpt)

[Kang et al.] “a prominent or distinctive user-visible aspect, quality or characteristic of a
software system or systems”

[Kang et al.] “distinctively identifiable functional abstractions that must be
implemented, tested, delivered, and maintained”

[Eisenecker and Czarnecki]. “anything users or client programs might want to control
about a concept”

[Bosch et al.] “A logical unit of behaviour specified by a set of functional and non-
functional requirements.”

[Chen et al.] “a product characteristic from user or customer views, which essentially
consists of a cohesive set of individual requirements”

[Batory] “an elaboration or augmentation of an entity(s) that introduces a new service,
capability or relationship”



Feature Models:

Syntax



= —

SN R 8018

[+] 4 = L]
Packs Couleurs
Aucun pack n'est proposé pour ce modeéle. Blanc Ibis

Noir
Prix: 0,00 EUR

Couleurs métallisées a partir de 0,00 EUR

Couleurs a effet perlé a partir de 0,00 EUR

Couleurs personnalisées Audi exclusive

Audi
avelicive

Couleur capote
Noir

Moteur 3 Extérieur Intérieur

:

Audi (000 0
R8 Spyder
5.2 FSI quattro R tronic

» Informations détaillées
» Entrez |'Audi Code B

» Générer un PDF

» Nouvelle configuration

Jantes

4 Jantes alu 5 BRANCHES ROTOR finition titane 8,5 x 19 a
I'avant, 11 x 19 a |'arriére. Pneus 235/35 R19 a |'avant et
305 /30 R19 a |'arriére

Prix: 726,00 EUR

19" a partir de 0,00 EUR

Option Votre Audi



Audi (" (Y 1) ¢
N e R
R8 Spyder
5.2 FSI quattro R tronic

» Informations détalllées
» Entrez I'Audi Code B

» Générer un PDF

» Nouvelle configuration

» Packs d'éguipements > Chéssis ~ Régulateur de vitesse 8 320,65 EUR
> Extérieur > Freins
» Jantes & pneumatigues Systémes d'assistance e au stationnement APS @ — 931,70 EUR
» Intérieur » Autres v
» Volants
» Siéges
Sécurité & technique
AFS B 1.373,35 EUR
» Infotainment excludes z
v Systéme d'alde au stationnement [ ] 1.790,80 EUR
Advanced : APS avant et arriére et
caméra arriére
Attention:
Le prix peut varier en fonction du choix de moteur et des équipements. @ Audi hill assist : assistance au ;| Série
démarrage en cote v

Un aperc des équipements:

[ Réinitia

:

Moteur Extérieur Intérieur 5 Option Votre Audi




Prix total

Vérification de votre sélection




Feature Models

@romm)

Vorsprung durch Technik

e
S \‘h oy 1 R _‘ Prix total

V¥ CarEquipment
v ® Healthing { h— B e
AirConditioningFrontAndRear =l
AirConditioning s i i
v ® Comfort
O AutomaticHeadLights
¥ ® DrivingAndSafety
© FrontFoglLights
¥ Constraints
AutomaticHeadLights = FrontFogLights

oysemes dossstance

39



Feature Models (Background)

V¥ CarEquipment
v ® Healthing
vA
AirConditioningFrontAndRear
AirConditioning
v ® Comfort
O AutomaticHeadLights
v ® DrivingAndSafety
O FrontFogLights
¥ Constraints
AutomaticHeadlights = FrontFogLights

Hierarchy: rooted tree L Optional /é\ Xor-Group
Varlablllty - /A\ Or-Group
mandatory, ¢ Vanaatory

. optional,
. Groups: exclusive or inclusive features
. Cross-tree constraints

40



V¥ CarEquipment \/
v ® Healthing v/
vA
AirConditioningFrontAndRear x
AirConditioning v
v ® Comfort
O AutomaticHeadlights
¥ ® DrivingAndSafety v/
O FrontFogLights
¥ Constraints
AutomaticHeadLights = FrontFogLights

l Optional /é\ Xor-Group
l Mandatory /A\ CIFEIRI

configuration = set of features selected

{CarEquipment, Comfort, DrivingAndSafety, Healthing, AirConditioning, FrontFogLights}

41




V¥ CarEquipment \/
v ® Healthing v/
vA
AirConditioningFrontAndRear x
AirConditioning v
v ® Comfort
O AutomaticHeadlights
¥ ® DrivingAndSafety v/
O FrontFoglights X
¥ Constraints
AutomaticHeadLights = FrontFogLights

l Optional /é\ Xor-Group
l Mandatory /A\ CIFEIRI

configuration = set of features selected

{CarEquipment, Comfort, DrivingAndSafety, Healthing, AirConditioning}

42




¥ CarEquipment \/
v ® Healthing v/
vA
AirConditioningFrontAndRear x
AirConditioning x
v ® Comfort
O AutomaticHeadlights
¥ ® DrivingAndSafety v/
O FrontFogLights
¥ Constraints
AutomaticHeadLights = FrontFogLights

(L Optional /é\ Xor-Group
l Mandatory /A\ CIFEIRI

configuration = set of features selected

{CarEquipment, Comfort, DrivingAndSafety, Healthing, AirConditioning,

AirConditioningFrontAndRear, FrontFogLights}




¥ CarEquipment \/
v ® Healthing v/
vA
AirConditioningFrontAndRear x
AirConditioning ./
v ® Comfort
© AutomaticHeadlights /
¥ ® DrivingAndSafety v/
O FrontFoglights x
¥ Constraints
AutomaticHeadLights = FrontFogLights

(L Optional /é\ Xor-Group
l Mandatory /A\ CIFEIRI

configuration = set of features selected

{CarEquipment, Comfort, DrivingAndSafety, Healthing, AirConditioning,

AutomaticHeadLights}




¥CarEquipment
¥ ® Healthing
VA
AirConditioningFrontAndRear
AirConditioning
v ® Comfort
O AutomaticHeadLights
¥ ® [DrivingAndSafety
A
SAControl
FrontFogLights
¥ Constraints

AutomaticHeadlights = FrontFoglLights

Bool

SAControl » FrontFoglights = AirConditioningFrontAndRear

ean logic: A, v, not, implie:

/

l Optional /é\ Xor-Group
l Mandatory /A\ SUREIE

45




¥CarEquipment
¥ ® Healthing
7

AirConditioningFrontAndRear
AirConditioning

v ® Comfort

O AutomaticHeadLights
¥ ® [DrivingAndSafety

v
SAControl x
FrontFogLights x

¥Constraints
AutomaticHeadlights = FrontFoglLights
SAControl » FrontFogLights = AirConditioningFrontAndRear

(L Optional /é\ Xor-Group
l Mandatory /A\ CIFEIRI

Or-group: at least one!

46




¥CarEquipment
¥ ® Healthing
vA,
AirConditioningFrontAndRear

AirConditioning (L Optional /é\ Xor-Group
v ® Comfort

O AutomaticHeadLights
¥ ® DrivingAndSafety l Mandatory /A\ Or-Group
A
SAControl
FrontFogLights
¥ Constraints
AutomaticHeadlights = FrontFoglLights
SAControl » FrontFogLights = AirConditioningFrontAndRear

{AirConditioningFrontAndRear, FrontFogLights, SAControl}
{Ca rEquipment, Comfort, {AirConditioningFrontAndRear, SAControl}

{AutomaticHeadLlights, AirConditioning, FrontFogLights}

i {AirConditioningFrontAndRear, SAControl, AutomaticHeadLights, FrontFogLights
Healthing} {FrontFogLights, AirConditioning}

{AutomaticHeadLights, AirConditioningFrontAndRear, FrontFogLights}
{FrontFogLights, AirConditioningFrontAndRear}

{SAControl, AirConditioning}

DrivingAndSafety,

47



Languages:

How to specify
feature models?



Feature Models

> .
Metamodel Modeling
H Language
A x € v
System Under
Model > Study
H

X : conformantTo
H . RepresentationOf
€ . ElementOf

V¥ CarEquipment
¥ ® Healthing
vA
AirConditioningFrontAndRear
AirConditioning
v ® Comfort
O AutomaticHeadLights
¥ ® DrivingAndSafety
O FrontFoglights
¥ Constraints
AutomaticHeadlLights = FrontFogLights




History of Feature Models

~ often called Feature Diagrams
(suggest a visual representation)

graphical languages

50



Feature Models

Kang et al. (1990)

Car
Mandatory Optional
features eature
Transmission Horsepower Air conditioning
Alternative " )
features CQmpo.s..ltl.on rule:
Air conditioning requires Horsepower > 100
Manual Automatic
Rationale:

Manual more fuel efficient

51



I L
| — Monitor Engine
Monitor Engine Syetem

Monitor Engine system
system

- Mm/\mn -
I Moritor & .
Monitor Engine Monie Fuel Porformance Consumption ‘Performance. Monitor Engine
formance " ot
Consumption /K /\
/N /\ Monitor ~ Monitor RPM  Monitor exhaust  peasures e M\.
i Monitor RPM Temperatyres B bethvideins Mo Monilor RPM  Monitor exhaust
o Meriter WMorior xhaust  aasures ol ’ e s v onitor x MogSures Mthods
peratures um ¢ \ | ‘ | | | . temperature ./‘
/<‘ /AF\ transmission\  UKm  6aloMie gocoson  gaceqon  Basedon & o cmion cessdon o
o W galonimie g .7 e » ecn coolant \ distance typo of drive dstanco bpoof  on e
coolant distance ol,  engine \ aning | |
. _ ol engne tramsmission
drwmg reqires |

o, engine o SmS L

FODA (OFT) | FeatuRSEB (RFD) PLUSS (PFT)
[Kang et al., 1990] | [Griss et al., 1998] [Eriksson et al., 2005]

FORM (OFD) Gen. Prog. (GPFT) |
[Kang etal., 1998] R [Czarneckietal., § VBFD 8 [Riebisch et al., 2002]
— 2000] | [van Gurp et al.,

Manior Engine Monir Fusl
/N y’%
i Marior RPM. Moritor Xhaust gssures Methods
M
mm% lMomkaFM‘ Wonior sxbaust |Msasum| Methods
hm MI.I
transmission  UKm  galon/mile gasoson poiedon  Based
on . :
coolant dsnce  tpoof  amo
. ongine dming s ] \\|:| gallonimile W

-
Based on o Based on
|| |
driving

\ requires.



— _ L Monitor Engine
Monitor Engine Systom

Monitor Engine system
systom /\
Monktor Engine Monitor Fuel Monitor E:
onitor Engine )
Monitor Engine Monie Fuel Performance Consumption et Comaumnon
formance Consumption /M /\
/N /\ Monitor  Monitor RPM Monitor exhaust  peasuros Mothods
’ ’ . Tomperatyres levels and % MontorRPM  MoniioPexhaust
Monitor  Monitor RPM - Monitor exhaust  peasures Methods * temperatre Temperatures lovals and Measires MeThods
Temperatures levels and \ ™ temperature.
== g T T
transmission\  UKm  galonmie gy oy gacedon  Basedon & o cmion cessdon o

coolant distance of i detance  type of
transmission  UKm galonimie  gassdon  Bassdon  Basedon \ :’mm drive ving

coolant distance  type of drive ol,  engine \ | ol engne

driving requires | <croqino>

engine L

RSEB (RFD) PLUSS (PFT)
al., 1998] [Eriksson et al., 2005]

Gen. Prog. (GPFT) EFD

[Czarnecki et al. VBFD [Riebisch et al., 2002]
[van Gurp et al.,

= 2001]

Monitor Engine Monitor Fuel
forman Consumption Monitor Engine Monitor Fuel
. Monitor Engine. u
/\
%
Monitor  Monitor RPM  Monitor exhaust  jeasures Mathods
R = i [ [V o [rnats] [
> oy Fetonae i) e
.
il 1.9)
anovission  UKm  gallonimile g D en - \ /ﬁ
coolant distance  type of drive ased
driving \ [ vkm | | gallon/mile Based on
ol,  engine \ s
Based on \ o
distance o _s<reauies>»> -




Monitor Engine
system

Monitor Engine.
System
n

dialects
c::;":r:\:t‘::n b,
N

Monitor Engi
Monitor Engine p Porforman o Monitor Engine
Parformance Uontr Puct Porco e
Monitor ~ Monitor RPM  Monitor exhaust  paasures Methods /\
' ; Temperatyres levols and % v S exhan
Monitor  Monitor RPM  Monitor exhaust  poasires Methods 3 temperature Tomporatures OO M  Monor exhaust Measures Methods
Temperatures lovels and \ temperature
mmpersturs/<‘ .
v \
/AF\ transmission\  UKm  6aloMie gocoson  gaceqon  Basedon - & o cmion cessdon o
tansmission  UKm galonimie g D ion Bascdon coolant \ distance type of ive fresedilit ot
coolant distance  type of arive ol

driving
o, engine

drving
engine \ |

on drive

ol engine transmission

| USS (PFT)
son et al., 2005]

EFD

[Czarnecki et al., VBFD [Riebisch et al., 2002]

[van Gurp et al.,

Monitor Engine

_ /\

Monitor Fuel

WMonitor Engine
system
Consumption
Monitor Engine.
om

Monitor  Monitor RPM  Monitor exhaust  poasures
a

Tomperatures lovels and Methods
hmm% /AF\
transmission UKm gallon/mile

Monitor Engine
system
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Temperatyres
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Concrete (graphical)
syntax matters...

But semantics even more!




Feature Models

~ Feature Diagrams
(suggest a visual representation)

but that’s not mandatory
that does not necessary scale
or respond to users’ concerns
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<<Aquires>

coxcudess>

<coxcudess>

<coxcudoss>

y “Numbering
Zioldng metnod

EIER = E e e

p—

<croquiess>

<croquies>









Visualisation will help, right ?

* Tools create their own problems
* Lock-in, dependance

* Some information is inevitably textual
— OCL constraints in UML
— Minispecs in StateCharts
— Attributes and constraints in FD
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Why not use text altogether ?

 There are powerful tools for that

* Helps with
— Editing
— Transformation
— Versioning
— Information exchange

* Graphical views can be generated anyway
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Not a new idea

Language | User Friendly Cardinalities Cross tree Modula-
constraints risation

Van Deursen

et al.

GUIDSL v

(AHEAD)

SXFM V4

XML-based V4 V4 v

(FAMA etc.)
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Furthermore

Intuitive C-like syntax

Formal semantics

Statically typed

Editing facilities
— Textual editor with auto-completion
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TVL : allOf — and decomposition

¥ AudiCar
root feature ® ModelLine
* Model
3 ® Exteri
root AudiCar { . erior
aroup allof {‘/ and decomposition ® Engine
ModellLine, ® |nterior
BodyStyle, all subfeatures must be present in the product &
Model, BodyStyle
Engine, ® Eguipment
Exterior, sub features
Interior,
Equipment
}



TVL : optional features

all subfeatures

/ must be present in the product
Exterior{

group allof {
Wheels,
Paint,

opt BlackStylingPack .
} v except this one
}

\¥7 / t1s optional

¥ Exterior
“ BlackStylingPack
* Paint
® Wheels




TVL : one of — xor decomposition

feature definition

- Xor decomposition
one and only one subfeature must be present in the product

ModellLine {

group oneof {
AudiAl {
AudiAl -> (Al || AlSportback);

AudiAl -> (Door3 || Sportback);
s

AudiA3
{ constraints definition
AudiA3 -> (A3 || A3Sportback || A3Cabriolet
|| S3 || S3Sportback || RS3Sportback); Boolean expressions in terms of features
AudiA3 -> (Door3 || Sportback || Cabriolet); that must remain true
¥ ,
AudiAd
{
AudiA4 -> (Ad4Avant || A4AllroadQuattro || S4Avant);
AudiA4 -> (Avant || AllroadQuattro);
¥
}
¥ ¥ ® ModelLine
A
AudiA3
AudiaAd
AudiAl




TVL : someOf — or decomposition

feature definition

A/ ———  or decomposition

Equipment{ A/ one or more subfeatures must be present in the product

group someof {

Package,

EquipExterior,

Tyr‘gs, . ¥Equipment

Equ1p¥nter‘10r, ‘,A

SteeringWheels,

Seats, Warranty

SafetyAndTechnology, Package

AudiAndCommunication, Tyres

Warranty EquipExterior

} } Equipinterior

SteeringWheels
AudiAndCommunication
Seats
SafetyAndTechnology




TVL : Modularity

root Car {
group allof {
BodyStyle,
Model,
Engine,
Equipment }
}
include(BodyStyle.tvl); & o—
include(Model.tvl); Split model in reusable parts

include(Engine.tvl);

include(Equipment.tvl); using external files



TVL : Modularity

BodyStyle.tvl Model.tvl Engine.tvl
BodyStyle { Model { Engine {
group oneof { group oneof { group oneof {
Avant, Al, SE12TFSI,
Door3, A3, CE14TFSI,
Sportback, S3, CE14TFSI119,
Coupe, A4, Sportl12TFSI,
Cabriolet, S4, Sportl14TFSI,
Roadster, A5, Sport14TFSI119,
Spyder, S5, BlackEditionl14TFSI,
SuV RSS, SLinel2TFSI,
} A6, SLinel4TFSI,
A7, SE16TDI,
} A8, CE16TDI,
A8L, CE20TDI,
R8 cen
Q3, }
Q5,
Q7, }
1T,
TTS,
TT RS
}



TVL : Tools

* Key references

— Classen, A.; Boucher, Q. and Heymans, P. A Text-based Approach to
Feature Modelling: Syntax and Semantics of TVL. In Science of
Computer Programming (SCP), Special Issue on Software Evolution

— Hubaux, A.; Boucher, Q.; Hartman, H.; Michel, R. and Heymans, P.
Evaluating a Text-based Feature Modelling Language: Four
Industrial Case (SLE 2010)

— http://info.fundp.ac.be/tvl/

* Support
— Parser / Syntactic and semantic checker
— SAT-based checker for Boolean models

* Lessons learned
— Textual vs graphical languages
— Semantics of your language matter



I want to analyze and
play with my specification!



VA

O B
O C
¥ Constraints

B= —-C
Ba C

(L Optional /A\ Xor-Group
l Mandatory /A\ Or-Group




vfm4

o e

O e e
A

ve m
A
P

N
0
¥ Constraints
C=-E
J=C

(L Optional /A\ Xor-Group
l Mandatory /A\ Or-Group




¥ CarEquipment
v ® Healthing
vA
AirConditioningFrontAndRear
AirConditioning
v ® Comfort
O AutomaticHeadlights
¥ ® DrivingAndSafety
O FrontFoglights
¥ Constraints
AutomaticHeadLights = FrontFoglLights

{CarEquipment, Comfort,
DrivingAndSafety, Healthing}

J) Optional /A\ Xor-Group
l Mandatory /A\ Or-Group




VCarEquipment

v ® Healthing (L Optional /A\ Xor-Group
vA

AirConditioningFrontAndRear

AirConditioning l Mandatory/‘\ Or-Group
v ® Comfort

O AutomaticHeadLights
¥ ® DrivingAndSafety
© FrontFogLights
¥ Constraints
AutomaticHeadLights = FrontFogLights

v . CarEquipment (invalid, & possible configurations)
v . Healthing
D AirConditioningFrontAndRear
DAirConditioning
v . Comfort
D AutomaticHeadLights
v . DrivingAndSafety
D FrontFogLights

v . CarEquipment {valid, 3 possible configurations}
¥ [ Healthing
.AirConditioning
v - Comfort
D AutomaticHeadlLights
v . DrivingAndSafety v . CarEquipment {valid, 1 possible configurations)
D FrontFogLights v . Healthing
E AirConditioningFrontAndRear
- AirConditioning
v . Comfort
v . DrivingAndSafety
. FrontFoglLights




Feature Models and Automated Reasoning

Benavides et al. survey, 2010

Batory [5]

Mannionet al. [51,52]

Gheyi et al. [37)

Czameckiet al. [30]

Mendonca et al. [57]

Mendonca et al. [56]

Sunetal [74]

Thiim et al. [75]

van der Storm [86, 87]

Zhang etal. [102, 101]

Zhangetal. [103]

Yan et al. [100]

Benavidesetal [10,11,12]

Benavides et al [15]
Djebii et al. [34]
Trinidad et al. [78, 76]
White et al. [99]

White et al [97]
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Benavides et al [16]

Segura [70]

Wang et al [92,93]
Benavides et al [14]
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Dependency analysis
ECR
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Feature model notation
Extended feature model
Formalization
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+

B

+

B

+

C/ C|B|B

+
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+ +
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B B|B|C|B

+

B

+
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+

+ +

C
+
+

B|C|C

+

+

Supported

No support

B+ + ™

Supported(first ref

ference)

© No support (first rel

erence)

B Basic feature model

C Cardinali

eature models




Decision problems and complexity

Validity of a feature model

Validity of a configuration

Computation of deac

and core features

Counting of the num

oer of valid configurations

* Equivalence between two feature models

e Satisfiability (SAT) problem

— NP-complete



How to automate analysis
of your feature models?

Binary Decision Diagram (BDD)
SAT solver



Typical implementations

uuuuuuuuuu

VAN

logics

tttttttt

solvers

result “J‘SQ 5 %“% 35

N2




(Boolean) Feature Models

Hierarchy + Variability = set of valid configurations

v

ve fml

VA,
71

* A

Oy

U
veép

A
R

5
¥ Constraints
U = =5
V=R

[fm1] = {
{W,P,R,S,T,A,V},
{W,P,8,T, A},
{W,P,R, T, A},
{W,P,R,U},
{W,P,R,T,V, A},
{W,P,R,S,T, A},

}

81




(Boolean) Feature Models

~ Boolean formula

l Optional /0\ Xor-Group
l Mandatory/‘\ Or-Group

¥ Constraints
U = =5
V=R

dfm, = W // root
AW < P// mandatory
/ / Or-group
ANP=RVS
AR=PANS=P

AV =T // optional

A A << T // mandatory
/ / Xor-group

AT =W

ANU=>W

ATV U

/ / constraints

AV = R // implies

A U = 8 // excludes ]




Truth table, boolean function

to

from

X1 X2|X3 X4|f

Ohmwmiwd O O ORwdl O O ORwd O O O O

@) — O v ol gle] v ol el v el el

@] O v v [olNeRud < ool i v loNe Al

Ofsleolal — «— R O O Of@] v+ v« v v

OfelNeNeal O O Ofe] v« v« v Rl v v v



BDDs from Truth Tables

Tthh Table
Binary Decision Tree

Binary Decision Diagram (BDD)

|

Ordered Binary Decision Diagram (OBDD)

|

Reduced Ordered Binary Decision Diagram
(ROBDD, simply called BDD)



Binary Decision Diagrams: @ryant 19ss)

encoding of a truth table.

to

from

|x3 x4|f

X
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Reduction

* |dentify Redundancies

* 3 Rules
— Merge equivalent leaves
— Merge isomorphic nodes
— Eliminate redundant tests



Merge equivalent leaves




Merge iIsomorphic nodes




Eliminate redundant tests

\
= @
> R

/

e
&

/




Binary Decision Diagrams

* Collapse redundant nodes.




Binary Decision Diagrams

* Collapse redundant nodes.

----» (0edge




Binary Decision Diagrams

* Collapse redundant nodes.

—
sl o,
~— -
e — ==
~— — =

—
~~

_—
—
—
—
—



Binary Decision Diagrams

* Collapse redundant nodes.




Binary Decision Diagrams

* Eliminate unnecessary nodes.




Binary Decision Diagrams

* Eliminate unnecessary nodes.

-=—=--» (0edge

e T e
—
i
—
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Binary Decision Diagrams (BDDs)

Very efficient structure for most of the
satisfiability operations

Polynomial in time for checking satisfiability
and determining equivalence between two
BDDs

Graph trasversal
So great?
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Binary Decision Diagrams (BDDs):
Theoretical Problem

 The size of the BDD is very sensitive to the
order of the BDD variables

— e.g. two equivalent BDDs for the same feature

Variable Order: C,R,A,B,D Variable Order: R,D,A,C,B

[Mendonca, slide]
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Binary Decision Diagrams (BDDs):
Theoretical Problem

 The size of the BDD is very sensitive to the
order of the BDD variables

— e.g. two equivalent BDDs for the same feature

12 nodes Feature Mode : 7 nodes
(@
O HlOIO
© - May lead to w
oW size explosion ‘
/‘ll‘ i

Variable Order: C,R,A,B,D Variable Order: R,D,A,C,B

[MeM¥lonca, slide]
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Binary Decision Diagrams (BDDs):
Theoretical Problem

 The size of the BDD is very sensitive to the
order of the BDD variables

— e.g. two equivalent BDDs for the same feature

12 nodes Feature Mode _; 7 nodes
(®)
: (2 :
et | SOl
Best order: |

Bicol> N P-complete!
SNty ngo

o n’ ‘n

Variable Order: C,R,A,B,D Variable Order: R,D,A,C,B

[MeM¥lonca, slide]
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Binary Decision Diagrams (BDDs):
Practical Problem

 The size of the BDD is very sensitive to the order of

the BDD variables. In practice: BDDs cannot be build for
feature models with 2000+ features

12 nodes Feature Modg 7 nodes
()
: (2 :
OO
Heuristics
Moy eo needed
/‘II i

Variable Order: C,R,A,B,D Variable Order: R,D,A,C,B

100
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How to automate analysis
of your feature models?

Let us try with SAT solvers



Satisfiability (SAT) solver

* A “SAT solver” is a program that automatically decides
whether a propositional logic formula is satisfiable.

— If it is satisfiable, a SAT solver will produce an example of a truth
assignment that satisfies the formula.

/ Yes + model
Problem _. Formula _ . CNF |— [SAT
P F .
Solutions P = Models F No + proof

* Basic idea: since all NP-complete problems are mutually
reducible:

— Write one really good solver for NP-complete problems (in fact,
get lots of people to do it. Hold competitions.)

— Translate your NP-complete problems to that problem.
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SAT solver and CNF

e All current fast SAT solvers work on CNF

* Terminology:

— A literal is a propositional variable or its negation
(e.g., por-q).

— A clause is a disjunction of literals (e.g., (p V -q V
r)). Since V is associative, we can represent clauses
as lists of literals.

 Aformulaisin conjunctive normal form (CNF) if it
is a conjunction of clauses

—eg,PVaV-rrApVsVtV -u)
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SAT solver and Unit Propagation

 Whenever all the literals in a clause are false except one, the
remaining literal must be true in any satisfying assignment (such a
clause is called a unit clause).

— Therefore, the algorithm can assign it to true immediately. After choosing a
variable there are often many unit clauses.

— Setting a literal in a unit clause often creates other unit clauses, leading to a

cascade.
—p Vg q
pV-qVr qVr
{-pVgq, -pV—qVr p -}
—r —r

* A good SAT solver often spends 80-90% of its time in unit
propagation.
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funit = (ﬁﬂ?l V X3 V 5174) A\ (ﬁfL’l V ) V .273)
(mz1 V) A1 VI3V ag) A(—xy VgV xs)
(5131 V —ICB(;) N\ (5134 V L5 V $6) N\ (5135 V —I.CC(;)
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Funit = (ﬁil?l V I3 V 5134) A\ (ﬁﬂ?l V X9 V 5133)
(mz1 Vo) A (21 VgV xzg) A (1 V xg V —xs)
( V ﬁ5176) N\ (334 V L5 V 5136) N\ (5135 V ﬁﬂ&'ﬁ)

p = {x1=1}
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Fanit := (—x1 Vx3 V) A (-2 V—xs V)
(mz1 Vo) ANz VsV ag) A(—x1 VagV —xs)
(21 V zg) A (x4 V 25V 26) A (25 V —X6)

© = {x1=1, 19=1}
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Fanit := (mx1 V23V ay) A (—x VgV ors)
(ﬁiEl V 1’2) A\ (Qfl V X3 V 566) N\ (_1513'1 V L4 V ﬂ.fl?5)
(21 V xg) A (x4 Vx5V x6) A (T5 V —6)

QY = {$1=1, .CEQ=1, 5133=1}
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funit = (—IIEl \V/ I3 V $4) A\ (—IIEl \V/ L9 \V/ $3)
(mx1 Vo) A(2y Vs Vag) A(—xy Vg V-xs)
(5131 V ﬁ5176) N\ (334 V L5 V 376) N\ (ZE5 V ﬁ£L’6)

QY = {561:1, ZEQ=1, 2133=]., LIZ4=1}

109



SAT solver and Unit Propagation

BCP():
Repeatedly search for unit clauses, and
set unassigned literal to required value.
If a literal is assigned conflicting values, return F
else return T;

satisfy(¢) {

if every clause of ¢ has a true literal, return T;
if BCP() == F, return F;
assign appropriate values to all pure literals;
choose an x € V that is unassigned in A,

and choose v € {T, F}.

A(x) = v;
if satisfy(¢) return T;
A(x) = v,

if satisfy(¢) return T;
unassign A(x); // undo assignment for backtracking.
return F; }
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How to automate analysis
of your feature models?

Let us use BDDs and SAT solvers



e SAT-Solver
— SAT(FM)

Consistency



Core and dead features

Root
 Dead : SAT(FM " F)
e Core: SAT(FM A not(F)) = I
F3 | [ Fa
F5 = F4 v Base

F3=F2AF5
~(F4 A F2)



Partial configuration

* SAT(FM A PK A F)
* SAT(FM A PK * not(F))

“4* Tmp Model | e *a.config &3 .

EJ-- Root (invalid, 8 possible configurations)
--[£] Base

: D Root

Bz o N

~[]Fs 'Base | [F1|[F2|[F5

F3||F4




Relationship between feature models

No Products Products
Added Added
No Products Q Q
Deleted Refactoring Generalization
Products ® O .
Deleted Specialization  Arbitrary Edit

e Refactoring

— Tautology: (FM1 <=> FM2)
= not SAT(not (FM1 <=> FM?2))



How can I use automated
analysis in practice?



Like this?

String featureModelPath = "/Users/mathieuacher/Documents/workspaceScala/SPLAR/resources/models/simple_bike_fm.xml";

// Create feature model object from an XML file (SXFM format - see www.splot-research.org for details)

// If an identifier is not provided for a feature use the feature name as id

FeatureModel featureModel = new XMLFeatureModel(featureModelPath, XMLFeatureModel.USE_VARIABLE_NAME_AS_ID);
// load feature model from

featureModel. loadModel();

// create BDD variable order heuristic
new FTPreOrderSortedECTraversalHeuristic("Pre-CL-MinSpan", featureModel, FTPreOrderSortedECTraversalHeuristic.FORCE_SORT);
VariableOrderingHeuristic heuristic = VariableOrderingHeuristicsManager.createHeuristicsManager().getHeuristic("Pre-CL-MinSpan");

// BDD construction parameters

// —= Tuning this parameters can be tricky at times and may require playing a bit
// - For the purpose of this example let's assume "large enough" values

int bddNodeNum = 10000; // sets the initial size of the BDD table

int bddCacheSize = 10000; // sets the size of the BDD cache table

// Creates the BDD reasoner
ReasoningWithBDD reasoner = new FMReasoningWithBDD(featureModel, heuristic, 50000, 50000, 60000, "pre-order");

// Initialize the reasoner (BDD is created at this moment)
reasoner.init();

// Use the reasoner
System.out.println("BDD has " + reasoner.getBDD().nodeCount() + " nodes and was built in " + reasoner.getBDDBuildingTime() + " ms");

// Check if feature model is consistent, i.e., has at least one valid configuration
System.out.println("Feature model is " + (reasoner.isConsistent()? "" : " NOT ") + "consistent!");

// Count feature model solutions
System.out.println("Feature model has " + reasoner.countValidConfigurations() + " possible configurations");



No. Like this!

fml = FM ("fml.tvl") // many other formats
bl
nl

isvalid fml // check consistency

counting fml // count the number of valid configurations

// Feature model path
String featureModelPath = "/Users/mathieuacher/Documents/workspaceScala/SPLAR/resources/models/simple_bike_fm.xml";

// Create feature model object from an XML file (SXFM format - see www.splot-research.org for details)

// If an identifier is not provided for a feature use the feature name as id

FeatureModel featureModel = new XMLFeatureModel(featureModelPath, XMLFeatureModel.USE_VARIABLE_NAME_AS_ID);
// load feature model from

featureModel. loadModel();

// create BDD variable order heuristic
new FTPreOrderSortedECTraversalHeuristic("Pre-CL-MinSpan", featureModel, FTPreOrderSortedECTraversalHeuristic.FORCE_SORT);
VariableOrderingHeuristic heuristic = VariableOrderingHeuristicsManager.createHeuristicsManager().getHeuristic("Pre-CL-MinSpan");

// BDD construction parameters

// - Tuning this parameters can be tricky at times and may require playing a bit
// - For the purpose of this example let's assume "large enough" values

int bddNodeNum = 10000; // sets the initial size of the BDD table

int bddCacheSize = 10000; // sets the size of the BDD cache table

// Creates the BDD reasoner
ReasoningWithBDD reasoner = new FMReasoningWithBDD(featureModel, heuristic, 50000, 50000, 60000, "pre-order");

// Initialize the reasoner (BDD is created at this moment)
reasoner.init();

// Use the reasoner
System.out.println("BDD has " + reasoner.getBDD().nodeCount() + " nodes and was built in " + reasoner.getBDDBuildingTime() + " ms");

// Check if feature model is consistent, i.e., has at least one valid configuration
System.out.println("Feature model is " + (reasoner.isConsistent()? "" : " NOT ") + "consistent!");

// Count feature model solutions
System.out.println("Feature model has " + reasoner.countValidConfigurations() + " possible configurations");



FAMILIAR: domain-specific language

fml

bl
nl

FM ("fml.tvl") // many other formats
isvalid fml // check consistency
counting fml // count the number of valid configurations

more concise and readable
no need to |learn a (set of) API

Feature model pat
Strlng featureModelPath "/Users/mathieuacher/Documents/workspaceScala/SPLAR/resources/models/simple_bike_fm.xml";

file (SXFM format - see www.splot-research.org for details)
f1 ature use the feature name as id

eat ureModel eatureModel = new XMLFeatureModel(featureModelPath, XMLFeatureModel.USE_VARIABLE_NAME_AS_ID);
// load feature model from
featureModel. loadModel() ;

// create BDD variable order heuristic
new FTPreOrderSortedECTraversalHeuristic("Pre-CL-MinSpan", featureModel, FTPreOrderSortedECTraversalHeuristic.FORCE_SORT);
VariableOrderingHeuristic heuristic = VariableOrderingHeuristicsManager.createHeuristicsManager().getHeuristic("Pre-CL-MinSpan");

// BDD construction parameters

// - Tuning this parameters can be tricky at times and may require playing a bit
// - For the purpose of this example let's assume "large enough" values

int bddNodeNum = 10000; // sets the initial size of the BDD table

int bddCacheSize = 10000; // sets the size of the BDD cache table

// Creates the BDD reasoner
ReasoningWithBDD reasoner = new FMReasoningWithBDD(featureModel, heuristic, 50000, 50000, 60000, "pre-order");

// Initialize the reasoner (BDD is created at this moment)
reasoner.init();

// Use the reasoner
System.out.println("BDD has " + reasoner.getBDD().nodeCount() + " nodes and was built in " + reasoner.getBDDBuildingTime() + " ms");

// Check if feature model is consistent, i.e., has at least one valid configuration
System.out.println("Feature model is " + (reasoner.isConsistent()? "" : " NOT ") + "consistent!");

// Count feature model solutions
System.out.println(“Feature model has " + reasoner.countValidConfigurations() + " possible configurations");



Managing (multiple)
feature models



RENAULT VANS F oty e

CARS | VANS | ELECTRIC VEHICLES | REMAULT BUSINESS | USED CARS | OWNER SERVICES | ABOUT RENAULT | RENAULT SHOP

]
M l l I l I p I e Fe ltl | re M O d e IS Renault UK Renault Vans New Kangoo Van Range > Kangoo Van > Build your own Kangoo Van Select Options

o

NEW KANGOO VAN RANGE

01 Preferences - - )3 Equipment & option*

I b
OPTIONS

> COMFORT

+ Central storage console & a
seals

> DRIVING

Electric door mirrors

> SAFETY & SECURITY

v ESC (Electronic Stability Control) with tractiol £21
and understeer control

not, and, or, implies

L \ (Brcpative | B Aorsia [ moniova 57 = 5| foutes TN

output.setText (t.toString()); |00

\ program. setText (t.eval("")); .
equation. setText (base) ; 3 % | |
updateQuarkPanel () ; ocirul
N } IERS (1)

RUCTOR: 'false’
. apply.addictionlistener (new Actionlistener() { >ARAMETERS (0)
public void actionPerformed{ActionEvent e) { N_TYPEZ
if (hoa.isSelected()) { -

t = t.apply(new hoa("h" + layerno));

) IETERS (1)
Sf fladwics isfalacted(}) { _DIMENSIONS: '0'
advice("a" + layerno)); VN_EXCEPTIONS (0)
ain { hck [4443, 805]
intro{"i" + layerno)); STATEMENTS (5)
_J = IfStatement [4450, 73]
(=1 EXPRESSION

= {MethodInvocation
'+ THEN_STATEMENT
ELSE_STATEMENT: null
[@- IfStatement [4529, 80]
@ IfStatement [4615, 77]
]
cred{false);
Pl o (- IfStatement [4785, 457]

©{"F" + layerno + "(" + equation.g

il £

AN
isSelected() || intro.isSelected()
ifalse);




WCarEquipment
v ® Healthing
v A
AirConditioningFrontAndRear

W CarEquipment
v ® Healthing
A

AirConditioningFrontAndRear

AirConditioning
v ® Comfort
© AutomaticHeadLights
v ® DrivingAndSafety

AirConditioning
v ® Comfort
© AutomaticHeadlights
v ® DrivingAndSafety
O FrontFoglLights
¥ Constraints

W CarEquipment

v ® Healthing .
vA htFoglLights

AirConditioningFrontAndRear

AirConditioning
v ® Comfort

R8 Spyder

» Informations cétaillées

» Nouvelle configuration

5.2 FSI quattro R tronic

AutomaticHeadLights = F| ¥ Carl © AutomaticHeadLlights » packs d'équipements » Chassis 2 [RomAntmetcie Ut a 320,65 ER
v ¥ ® DrivingAndSafety > Extérleur > Freins
R » Jantes & Systéme d'alde au stationnement APS @ [ 931,70 EUR
© FrontFoglLights — } Autres avant / ariere .
N N ~ » Siéges
AutomaticHeadlights = FrontFoglLights e W T e
Systéme d'aide au stationnement APS @ 1.373,35 EUR
v pgIotainment avant / arriére avec affichage dans
I'écran MMI
O AutomaticHeadlights
¥ @ DrivingAndSafety 7 Rovarend s wvam s ama et e
2 61 rriére
O FrontFoglights smees =
¥ Constraints B ot B = 5 e TN, =5
AutomaticHeadLights = FrontFoglights € Prixpeut verier en fnction d e de mateur <t Dol ln sk £
Un aperg des équipements: -
—
Modéle Moteun Votre Audi
T =Is
—

Composition/Decomposition
for managing
large, complex and multiple

feature models

FORM 1998, Tun et al. 2009 (SPLC), Hartmann 2008 (SPLC), Lee et al. 2010, Czarnecki 2005, Reiser et al. 2007 (RE journal), Hartmann
et al. 2009 (SPLC), Thuem et al. 2009 (ICSE), Classen et al. 2009 (SPLC), Mendonca et al. 2010 (SCP), Dunghana et al. 2010, Hubaux et

al. 2011 (SoSyM), Zaid et al. 2010 (ER), She et al., 2011 (ICSE), etc.



¥ Medicallmage
O Anonymized
© DICOM
v ® MRI

A\
T1

T2

¥ Medicallmage

® Anonymized
O Header
v ® MRI
©T1
© T2

Composition (Merging)

¥ Medicallmage
O Anonymized
O DICOM
v ® MR
©T1
© T2
¥ Constraints
T1 = Anonymized

¥ Medicallmage
O Anonymized
v©O

vA
DICOM
Header
v e MRI
°T1
© T2
¥ Constraints
Header = Anonymized

Offering: union of sets of configurations
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Merging operation: algorithm

: ¥ Medicallmage
. Anonymized ® Anonymized © DICOM
B O Header v ® MRI
v ® MRI v ® MRI o T1
Tl o T2 ¥ Constraints
T2 T1 = Anonymized
@ ® @
How to synthesiseaifeature
(P model that resen
. AF¥'g Rll_ﬂd DICOM
123 + uniol ngpnymize I\g_ eader
configuration d hi h
merged propositional formula mergea nierarchy
¥ Medicallmage
© Anonymized
vOo _
Set mandatory features A & Optional X Xer-Group
DICOM ptiona
Detect Xor and Or-groups o o leader | Mandetory /A Or-Group
. . v MRI
Compute “implies/excludes” o 11
constraints o T2
¥ Constraints
Header = Anonymized 124




Building “views” of a feature model
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Building “views” of a feature model

* Problem: given a feature model, how to
decompose it into smaller feature models?

* Semantics?
— What's the hierarchy
— What's the set of configurations?
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A first try

& optional X Xor-Group

A Or-Group
& Mandatory

fm0
| R |
| P1 | | P2 | P3
P1=>P2
A3 =>P1
P2 => A5
A

| M/\|K2 A3 =t A5

A3 A4 A5 A6

Problem: You can select A3 without AS




Slicing Operator

l Optional /6\ Xor-Group
l Mandatory/‘\ Or-Group

constraints

E implies D

R implies E

D excludes F

S implies (F and not E)

constraints T

E implies D
D implies E

S E| [D




Slicing operator: going into details
projected set of configurations

l Optional /0\ Xor-Group
l Mandatory/‘\ Or-Group

fm1

constraints
E implies D
R implies E
D excludes F

S implies (F andnot E)

fmlp ={
D,E, T},

g‘-} =1
5,
il
S, T},
{S,T},

{D,E,T}
}

frirb® £ {

{ABEQIEERA, LW},
{ABEE,PBI, TN},
{ABEQIEERA, TN},
{ABE,CE,PB,S, UMV},
{ABEEPBS, TN MY},
{ABEEPBI, T},
{ABEOEP,RH, VMY,
}}
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Slicing operator: going into details

synthesizing the corresponding feature model
fm1

(P1

existential
quantification constraints
of features E implies D
; R implies E
not included D excludes F
in the slicing S implies (F andnot E)
criterion
() T
s + T
) E D
constraints T

E implies D
{D,E,T}, D implies E /%ﬁ
{s,T} O
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FAMILIAR language and environment

Reasonlng/composutlon/decomposmon......

Chrascati binding.sns o frascati binding.dm> + (sca

77 contrans e, taguregate” operation essunes

doiogat,

8 _comoter | [t comote | [ 0o [ o

Feature Diagram | Souree|
 console 38 _[21 problems | @ Javadoc| &, Declaration (= properties
FAMILIAR Console
(SEDiC

ET)i21
(FEATURE_MODEL) zoomMerle

(G) cmp
(VARIABILITY_OPERATOR) 0p
(FEATURE_MODEL) z00mArcn
(FEATURE_MODEL) fmArch

Tenameteatire tmterte 5
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renancFeature falerle.rmi as "

notInfmArch ~ setDiff fmArch.* frerleAligned.*

o = operator faArch.sca-inplenentat ion-composite
er i)

Lekipiionat Faens usg\
SetOptional frArch2. tinfi_oo_1
SetHandatory farehs.generators

mmem:ed in a dedicated language

"mé*f r/projects/familiar

] FeaturelDE - Eclipse Platform |- (O] x]
75 | WA FeaturelDE >

File Edit Mavigate Search Project Run ‘Window Help

Is-B&c |- ls s

p .
~ | le] *simple.config 33\

=E

Algorithms
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O cyele
D Shortest
-|-[F] Graphs
[=-[Z] GraphType
[ pirected

1

= [F] Weight
Ow

ghted

]

--[£] Search
Jors
[sFs

=-[J implementation

[ Edges

GraphProductLine (invalid, 42 solutions)

[0 undirected
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[ onlyNeighbors

‘e *Full.config £3 :

=5

=] GraphProductLine (invalid, 63 solutions)

S| - Algorithms
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: {:] Cycle
= shortest
S| - Graphs
= Gra
=
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=] weight
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=48 Search
[Jors
.| BFs
S| D Implementation
: D OnlyNeighbors
D Edges

Configuration [ Advanced Configuration I Source I

Configuration |Advanced Configuration | Source
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Feature models in practice



Feature model in the SPL framework

* Not restricted to document/communicate

* Product/model derivation
* reminder of previous course

e Safe composition and automated reasoning

* Generation of Configurators
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Feature Models
+
other artefacs

(what we can do with feature models)
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“features” in feature models:
a label
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A CatalogStructure (52 configurations) «ML&

=@ Categories
o MultipleClassification
o Multilevel
o Description
o Thumbnails

- # Productinformation
- o Associatedassets

=

subCategories

Catalog

«Multilevel»

*

Category
«Categories»

_’.

-

«Categories & !'MultipleClassification»

.k
«Categories»
tipleClassification | !Categories»

String description «Description»

b1

*

«MultipleClassification | !Categories»

%

Product

o 2DImage+——
o 30Image

String name
float price

* * Image2D
«2DImage» | «2DImage»

* * | Image3D
«3DImage» | «3DImage»
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subCategone: Category
Catalog | «Multilevel» «Categories»
A CatalogStructure (1 configuration) '
=[] Categaries ~ . *
«Categories»
[] MultipleClassification b 5 1
[ Multilevel «MultipleClassification | !Categories» 1.*
[X] Description «MultipleClassification | !Categories»
B Thumbnails * %
= “® Productinformation Product * * | Image2D
- f‘-ssodamd'&sse"s Strs «2DImage» | «2DImage»
= ring name
E 2DImage float price
B<] 3DImage —
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W CatalogStructure (1 configuration)

- 5] Categories

D] MultipleClassification

O] Multilevel
%] Description
U< Thumbnails

--“# Productinformation
- [#] Associatedassets

-

[¥] 2DImage
Bx] 3DImage

Ooops

Catalog

«MultipleClassification | !Categories»

*

L.*

«MultipleClassification | !Categories»

Product

* *

String name
float price

«2DImage»

Image2D
«2DImage»
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A CatalogStructure {52 configurations) «Mﬁ
@ Categories

& ProductInformation
0 Associatedassets

Safe composition? No!

subCategories

& MultipleClassification
o Multilevel

o Description

o Thumbnails

= A

Catalog | «Multilevel»
.

*

Category
«Categories»

-

.k
«Categories»
tipleClassification | !Categories»

String description «Description»

«Categories & !MultipleClassification»

b1

*

«MultipleClassification | !Categories»

%

Product

o 2DImage+——
a 3DImage

String name
float price

* * Image2D
«2DImage» | «2DImage»

* * | Image3D
«3DImage» | «3DImage»
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Safe composition: how does it work?

arm =
root:
child-parent:

group:
mandatory:
additional:

A CatalogStructure (52 configurations)

- @ Categories
o MultipleClassification
o Multilevel
© Description
o Thumbnails
- # ProductInformation
-l & AssociatedAssets
S
o 2DImage+——
o 3DImage

csA

(ct = cs) A (mc = ct) A (ml = ct)A
(ds = ct) A (tn = ct) A (pi = cs)A
(aa = pi) A (12 = aa) A (i3 = aa)A
(aa = choice; 2(i2,i3))A

(cs = pi)A

(tn = i2)

subCategonis Category
Catalog | «Multilevel» «Categories»
< String description «Description»
«Categories*

«MultipleClassification | !Categories»

{

«Categories & !MultipleClassification»

1.*

«MultipleClassification | !Categories

¥

* *
Product * *
. «2DImage»
String name
float price
* *
«3DImage»

Image2D
«2DImage»

Image3D

«3DImage»

Another
propositional
formula
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Mapping:

an example

Graph

class Graph {
Vector nv = new Vector(); Vector ev = new Vector();

Edge add(Node n, Node m) {
Edge e = new Edge(n, m);
nv.add(n); nv.add(m); ev.add(e);

class Node {

intid =0; Weighted

Color color = new Color(); «—_|
void print() {
Color.setDisplayColor(color); <

e.weight = new Weight();
return e;

} —

Edge add(Node n, Node m, Weight w)
Edge e = new Edge(n, m);
nv.add(n); nv.add(m); ev.add(e);
e.weight = w; return ¢;

}

void print() {
for(inti = 0; i < ev.size(); i++) {

((Edge)ev.get(i)).print();

}

}

System.out.print(id);
}

class Edge {
Node a, b;
Color color = new Color();
Weight weight;= new Weight();
Edge(Node _a, Node b){a=_a;
void print() {
Color.setDisplayColor(color);
a.print(); b.print();

}

weight.print();

class Color {

}
}

— ]

P

static void setDisplayColor(Colorc){ ... }

}

class Weight { void print(){ ...}} "

Colored
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Tag and prune

cfdp_receiver.c cfdp_receiver.h
/ @eature:recy_mind@ /" @ file_feature! @ Dfeature:REC NG/~ @ file_featurel @
(-) "
void clop_recaner_handie_PDU(Cfdp._receiver” const ma, struct clop_buffer PDU_buer) @fio  cldp_recenverh
CFDP_PDU_type_t PDU_type) { i @orie!  This fie o s e spacilication

W @date  Generated by abx on Tue, 24, Mar 2009 with Rhapsody 7.2

Tag: annotate blocks of code with features

 Restart inactivity timi (...
clop_timer_stan(&(me->timee_inacivity) me->con'g timeout_inactivity), | > " Sleature Stoahres ")
. " Handie PDU and dispatch 2 depencing on its type */ \\‘ ained in the input bufier. it restarts the inactvity
Prune: remove blocks tagged with non-selected features D) A,
u:eéF‘D;;au’f:;f o ISHED: \‘ e
{ N## cperation handle_PDU(cfdo_buler, CFDP_PDU_type_t) *
cid_receiver_handle_PDU_ect_na_errar(me,PDU_butler); A Vol cicn_raceiver_handle_POU(ciip_recever® const me, stnuct cica._baffer” PDU_butler,
P | (CFOR_DU_type._t PDU.type)
. . case CFDP_PDU_EGF_NO_ERAOR: — \‘ N
Tagglng a whole file with feature recv_min oo T e T \ . AST
} 9, N Function
K, N
::m‘a N /’\
@ oatare rocy_keop_Sved ] : N
?:dmp-mu-"m::u"ssp-ww I S \ Return lype‘\‘ Parameters Block
. . p_receiver_nandia_PDU_prompt_xeep_alve{me,PDU | ] ' ' N
Tagglng a function call with feature recv_inactivity [ O /1\
' \
e e E \ MethodCall SwitchStruct
cidn_roceiver_handie_PDU_prompt_nak{me, PDU_tuser); : 5 //’7
0 \
. orank; . H \
Tagglng case blocks ?"a‘m: : E \\\ Parameter Cases
* Unexpected PDU - discard * ] : Y ‘/%\
P H ! v
R E H Case 1 Case2 | Case3 Case 4 Default
' H

() T T

Feature Modelling Tool

v U F CFDP_lib = (- -
v K (F) RECV_MIN Domaln Englnee"ng
74 7 (F) RECV_MIN_EXCL
v 7 (F) RECV_MIN_ACK
k RECV_KEEP_ALIVE
RECV_ASYNCH_NAK
RECV_PROMPT_NAK

rOoOOoo

RECV_IMMEDIATE_NAK
Y . Feature . _
S ey memy : » Design ~———Implementation
- - modelling
] 7 (F) RECV_RECEPTION_OPPOR >
? (F) RECV_FS
) 7 (F) RECV_USR_PROXY_PUT

v K F) SND_MIN
v 7 (F) SND_MIN_ACK . - . .
O} & e Application Engineering
) SND_KEEP_ALIVE
F) SND_PROMPT_NAK

F) SND_SUSPEND_RESUME
7 (F) SND_TRANSFER_OPPOR '

()7 ® SND_Fs ) . Code pruning
) 7 SND_USR_PROXY_PUT Configuration and compilation Source Code Pruner

(1% ® ReBOOT
) REBOOT_ENTITY
F) REBOOT_USER

) o) oad oD

a
4d
v

1 7 (F) REBOOT_PUS Source file '—'
jz : ::l'mom Feature parser

List of

PROPCY




Product Derivation

variable model and

feature model code assets
7S~ ——— |
| " pruning,
{2)._composition,
configuration = Weaving,
transformation

{ MP, Photo, Print, Inkjet, Scan,
Fax, Connection, USB, Ethernet }

product spec product



From Products to Feature Models

== Commercial <->US10
FileRCS <-> Perl
Unicode <-> Language
US10 <-> Java

lucst

Nolimit -> -DifferentLicenses
Unicode -> - Nolimit
LicenseCostFee -> -Files

N

AXM

Identifier License Language | Storage | LicenseCostFee | RSS | Unicode
Confluence | Commercial Java Database US10 Yes Yes
PBwiki Nolimit No No Yes Yes No
MoinMoin GPL Python Files No Yes Yes
DokuWiki GPL2 PHP Files No Yes Yes
PmWiki GPL2 PHP Files No Yes Yes
DrupalWiki GPL2 PHP Database | Different Licences | Yes Yes
TWiki GPL Perl FilesRCS Community Yes Yes
MediaWiki GPL PHP Database No Yes Yes
WikiMatrix
LicenseCostFee Storage RSS License Unicode Language
—
.1
Different . " y . .
Licensas us Community Files Database FileRCS Commercial NoLimit GPL GPL2 Java Python PHP Perl
! So— S!S — — So— |
Storage <-> Unicode GPL2 -> PHP DifferentLicenses -> ~GPL
Bl = Communty <>FileRCs | = g’ ->>Stovage E = oaiaase -Python A or \ Mandatory

\ Optional

PEWORKS
.

MediaWiki

X Confluence

T |

T.\MkiMatrix (valid, 1 possible configurations)
V. Language

.Java

v [ License
. Commercial

SlcrL
HlcrL2

= unicode
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Manual extraction of a feature model from

product description(s) is not possible

Identifier License Language | Storage | LicenseCostFee | RSS | Unicode
Confluence | Commercial Java Database US10 Yes Yes
PBwiki Nolimit No No Yes Yes No
MoinMoin GPL Python Files No Yes Yes
DokuWiki GPL2 PHP Files No Yes Yes
PmWiki GPL2 PHP Files No Yes Yes
DrupalWiki GPL2 PHP Database | Different Licences | Yes Yes
TWiki GPL Perl FilesRCS Community Yes Yes
MediaWiki GPL PHP Database No Yes Yes

/

Stora

/%)\

WikiMatrix

RSS

/U{\

AR

Different
Licenses

LicenseCostFee
us C

ge
ommunity Files Database

FileRCS Commercial

NoLimit GPL

GPL2

va Python PHP

Perl

\ Mandatory
/A\ Xor \) Optional

Exact set of configurations, each configuration
corresponding to at least one product

640 configurations
(634 counter examples)
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* Each product description is encoded as a feature model

Automation

Identifier License Language | Storage | LicenseCostFee | RSS | Unicode
Confluence | Commercial Java Database US10 Yes Yes —» fml
PBwiki Nolimit No No Yes Yes No —» fm2
MoinMoin GPL Python Files No Yes Yes —> fm3
DokuWiki GPL2 PHP Files No Yes Yes —* fm4
PmWiki GPL2 PHP Files No Yes Yes —* fm5
DrupalWiki GPL2 PHP Database | Different Licences | Yes Yes ™ fmé6
TWiki GPL Perl FilesRCS Community Yes Yes ™ fm7
MediaWiki GPL PHP Database No Yes Yes ™ fm8

e Feature models {fm1, fm2,...,fm8} are merged
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Each product description
is encoded as a feature model

ID

Revision Difls

Operating System

Storage

Open

FooWiki

Plugin

Windows; Linux

Files ; Database

(a) A wiki engine description

L)
Revision Diffs

Operating
System

Pe—
| Windows l |Linux|

(b) Corresponding FM
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Merging of feature models

— - WikiMatrix WikiMatrix
WikiMatrix
\ - Language
& - License guag iconse Language
License anguage /\\
GPL GPL2 Java Perl Commercial Python Perl
Commercial GPL2 Java Perl

P, ? P,

WikiMatrix

Language

m +

merged propositional formula

Python |

I GPL | GPL2|

merged hierarchy

Commercial

WikiMatrix

Set mandatory features
Detect Xor and Or-groups
Compute “implies/excludes”

Language

| Unicode |

Commercial

GPL2

GPL excludes Unicode

Unicode excludes Python 148
GPL excludes Python
GPL2 excludes Python



Feature models in the real

SPLOT repository

— more than 200 feature models reported from the
literature (various domains)

Linux feature model

— worst case: more than 6300 features!
— eCos, FreeBSD, BusyBox, etc.

Automotive industry

— thousands of features

Wiki matrix

— wiki engines: ~ 2000 features

Reverse engineering procedures are emerging
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Summary

e Variability models for mastering complexity:
variability is everywhere, precise specification,
automated reasoning and management

e Feature Models

— Formalism and theory: modeling principles,
semantics, logics

— Language to elaborate/build variability models

— Reasoning technigues to analyze properties of an SPL
(scalable and automated way)

— Applications: variability models and so what?
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reasoning and
management

N 7

Textual or Graphical
Languages

Feature ModéF

generation

N

Configurators

mapping

Reusable Assets
(e.g., models or source code)

derivation

product, 151



