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Challenges and Overview

— Developping billions of software product is hard but
now a common practice

Implementing Variability

— Reuvisit of existing techniques and curriculum
Specificity of Product Line Engineering

— Process, methods

Feature Models

— Defacto standard for modeling product lines and
variability

— Syntax, semantics, automated reasoning,
synthesis



The idea of software product lines and variability
— You will be able to recognize this class of systems

— Aware of the complexity, the specific development
process, and existing techniques

Feature modeling

— A widely used formalism for modeling product lines
and configurable systems in a broad sense

Composing/Decomposing feature models with
a domain-specific language
Reverse engineering variability models
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Modeling and Reverse
Engineering Variability
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Commercia

not, and, or, implies

Feature models
or Product Matrices

(product lines)

o)
&
W Variants of code (e.g., Java or C)
Variants of user interfaces
&  Variants of video sequences
% Variants of models (e.g., UML or
" SysML)
Variants of « things » (3D
models)
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Quizz: what are the constraints over
WORLD and BYE?

#include <stdio.h>

#1fdef WORLD

char * msg = "Hello_World\n";
#endif

#1fdef BYE

char * msg = "Bye bye!\n";
#endif

main() {
printf(msqg);
}



A CatalogStructure (52 configurations) «ML&
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subCategone: Category
Catalog | «Multilevel» «Categories»
A CatalogStructure (1 configuration) '
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W CatalogStructure (1 configuration)
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Feature Models

(defacto standard for modeling variability

V¥ CarEquipment o
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

17



4% SPLC12Scripts Model ¢ SPLC12Scripts.config 22 [

v [F|CarEquipment (valid, 1 possible configurations)
v [/ Healthing
|=| AirConditioningFrontAndRear
|4+ AirConditioning
v [|Comfort
|= AutomaticHeadLights
v || DrivingAndSafety
FrontFogLights

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

l Optional /0\ Xor-Group

Or-Group

configuration = set of features selected

{CarEquipment, Comfort, DrivingAndSafety, Healthing, AirConditioning, FrontFogLights}
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V¥ CarEquipment
| ¥ ® Healthin
& SPLC12Scripts Model | [¢] SPLC12Scripts.config 52 v A g
v [ CarEquipment (valid, 1 possible configurations) AirConditioningFrontAndRear
v [|Healthing AirConditioning
|=| AirConditioningFrontAndRear v ® Comfort
[+ AirConditioning © AutomaticHeadLights
v [ Comfort ¥ ® DrivingAndSafety
- [=|AutomaticHeadLights °. FrontFogLights
v [| DrivingAndSafety ¥ Constraints
El FrontFogLights AutomaticHeadLights = FrontFoglLights

l Optional /0\ Xor-Group

Or-Group

configuration = set of features selected

{CarEquipment, Comfort, DrivingAndSafety, Healthing, AirConditioning}

A :




¥ 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}




V¥ CarEquipment
v ® Healthing

vA

AirConditioningFrontAndRear (L T sor-Gro
ion r-Gr
AirConditioning ptiona /é\ up
v ® Comfort
. . Or-Group
O AutomaticHeadLights Mandatory
¥ ® DrivingAndSafety

O FrontFoglights
¥ Constraints

AutomaticHeadLights = FrontFogLights

_ {AirConditioning, FrontFogLights}
{CarEquipment, Comfort, @ {AutomaticHeadLights, AirConditioning, FrontFogLights}

DrivingAndSafety,

{AutomaticHeadLights, FrontFogLights, AirConditioningFrontAndRear}
Healthing}

{AirConditioningFrontAndRear}
{AirConditioning}

{AirConditioningFrontAndRear, FrontFogLights} 21



¥ CarEquipment
v ® Healthing

vA

AirConditioningFrontAndRear l T or-G
AirConditioning Al /é\ or-Group
v ® Comfort
. . Or-Group
O AutomaticHeadLights Mandatory

¥ ® DrivingAndSafety
O FrontFoglights
¥ Constraints
AutomaticHeadLights = FrontFogLights

Configuration set (from a basic feature model of car)

CarEquipment | Comfort DrivingAndSafety | Healting A AirConditioning FrontFogLights AutomaticHeadLights @ AirConditioningFrontAndRear
{ Car2 | yes yes yes yes yes yes yes no
[ car6 yes yes yes yes no yes no yes ar}
b Car1 yes yes yes yes yes yes no no
Car4 | yes yes yes yes no no no yes
Car5 yes yes yes yes yes no no no
Car3 | yes yes yes yes no yes yes yes




V¥ CarEquipment
v ® Healthing

vA

AirConditioningFrontAndRear l Obtional Xor-Gro
ion r-Gr
AirConditioning P /é\ "

V¢ Comfort Or-Grou
O AutomaticHeadlights l Mandatory /A\ P

¥ ® DrivingAndSafety
O FrontFoglights
¥ Constraints
AutomaticHeadLights = FrontFogLights

Product » v CarEquipment v Comfort v DrivingAndSafety v Healting Vv AirConditioning Vv FrontFogLights Vv AutomaticHeadLights ¥ AirConditioningFrontAndRear v
Find Yes [ No [ Yes [ No Yes (| No Yes "1 No [ Yes [ No [ Yes (| No Yes | No [ Yes [ No

Car1 yes yes yes yes yes yes no no

Car2 yes yes yes yes yes yes yes no

Car3 yes yes yes yes no yes yes yes

Car4 yes yes yes yes no no no yes

Car5 yes yes yes yes yes no no no

Car6 yes yes yes yes no yes no yes



¥ CarEquipment
v ® Healthing

vA

AirConditioningFrontAndRear l T sor-Gro
ion r-Gr
AirConditioning ptiona /é\ up
v ® Comfort
. . Or-Group
O AutomaticHeadLights Mandatory
¥ ® DrivingAndSafety

O FrontFoglights
¥ Constraints
AutomaticHeadLights = FrontFogLights

Product « o o 4 o v AirConditioning Vv FrontFogLights Vv AutomaticHeadLightsv AirConditioningFrontAndRear v
Find Yes (1 No () Yes (| No Yes (1 No Yes [ No [

Car1 yes yes no no

Car2 yes yes yes no

Car3 no yes yes yes

Car4 no no no yes

Car5 yes no no no

Car6 no yes no yes



&% SPLC12Scripts Model «¢] SPLC12Scripts.config 3

v [ CarEquipment (valid, 1 possible configurations)
v [|Healthing
|=| AirConditioningFrontAndRear
[+ AirConditioning
v || Comfort
|=| AutomaticHeadLights
v || DrivingAndSafety
[=! FrontFogLights

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

l Optional /0\ Xor-Group

Or-Group

configuration = set of features selected

{CarEquipment, Comfort, DrivingAndSafety, Healthing, AirConditioning}

Product ~ v v v v
Find

Car5

yes

v AirConditioning v FrontFoglLights Y AutomaticHeadLights v AirConditioningFrontAndRear v
Yes No

Yes ~| No Yes (| No Yes (| No 8

no no no



¥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
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¥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!
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¥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,

28



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

(Boolean)
Feature Models

Product = v CarEquipment v Comfort v DrivingAndSafety v Healting

Find Yes (| No [ Yes (| No [ Yes | No [ Yes 71 No [
Car1 yes yes yes yes

Car2 yes yes yes yes

Car3 yes yes yes yes

Car4 yes yes yes yes

Car5 yes yes yes yes

Car6 yes yes yes yes

(Boolean)
Formula

Vv AirConditioning Vv FrontFogLights Vv AutomaticHeadLights ¥ AirConditioningFrontAndRear v

Yes (| No Yes (| No [ Yes 7| No [ Yes (| No
yes yes no no
yes yes yes no
no yes yes yes
no no no yes
yes no no no
no yes no yes

(Boolean)
Product Comparison Matrix



(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},

}
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(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 ‘




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
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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
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Monitor Engine system
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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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Textual variability languages

Andreas Classen, Quentin Boucher, Patrick Heymans: A text-
based approach to feature modelling: Syntax and semantics
of TVL. Sci. Comput. Program. 76(12): 1130-1143 (2011)

Czarnecki et al. “Clafer: Unifying Class and Feature
Modeling” SoSyM’15

Mathieu Acher, Philippe Collet, Philippe Lahire, Robert B.
France « A Domain-Specific Language for Large-Scale

Management of Feature Models » Science of Computer
Programming (SCP), 2013

Mauricio Alférez, José A. Galindo, Mathieu Acher, and
Benoit Baudry. Modeling Variability in the Video Domain:

Language and Experience Report (2014). Research Report
RR-8576
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FAMIliAR

(FeAture Model script Language for manlpulation and Automatic Reasoning)

http://familiar-project.github.com/

LANGUAGE

COMMON @
VARIABILITY g

s‘l’.l-.("’l'ﬂ

FrontFogLights

art n
/Ae\az in
irConditioningFrontAndRear
irConditionin
o
aticHeadLights
rivi e
ron
nstraints
o i ights
aticHea ts
rivingAndsafer
°
onstraints
Software Product Lines nline Tools 3 :
eature A\

I VI nin
uty cHeadLights
i ndsafe
tFoglights
onstraints
Automatic HeadLights = FrontFogLights

not, and, or, implies




z fml> convert fmCarEquipment into SPLOT
VCarEquupment LOPﬁOna' /a\XOT'GmUP resl: (STRING) <feagur2_model name="fmCarEquipment">
v @ Healthing o fml> d<meta>
v lMandatory/A\ r-Group reso: <ga§a name= descilpt;on />
f} <data name="creator"/>
CarEqu .gata name="address"/>
AirConditioningFrontAndRear <data name="email"/>
Drivin <data name="phone"/>
AirConditioning <data name="website"/>
<data name="organization"/> ® PS agw
v ® Comfort Comfor| <data name="department"/> el ol o l e
X ) <data name="date"/> Software froducT Lines Unlime Tools
O AutomaticHeadLights <data name="reference"/>
Health|
e </meta>
ve DrivingAndSafety <feature_tree>
. :r CarEquipment(_ro)
© FrontFoglLights %% :m Healthing(_r1)
. :g [1,1]
¥ Constraints Automa : AirConditioningFrontAndRear(_r2)
- - - : AirConditioni 3
AutomaticHeadLights = FrontFogLights :m DrivingAndSafety( rd) loning(_r3)

:0 FrontFogLights(_r5)
:m Comfort(_r6)
:0 AutomaticHeadLights(_r7)

</feature_tree>
<constraints>
CO:~_r7 or _r5
</constraints>
</feature_model>

CarEquipment ;

ty

fmCarEquipment = FM (CarEquipment :

Healthing :

Comfort :

Healthing DrivingAndSafety Comfort ;

: [FrontFogLights] ; // optional

// optional

// cross-tree constraints
AutomaticHeadLights -> FrontFogLights ; )

// 3 mandatory features
(AirConditioning|AirConditioningFrontAndRear) ;
DrivingAndSafety
[AutomaticHeadLights] ;

// Xor

http://familiar-project.github.com/
fml> 1s

(FEATURE_MODEL) fmCarEquipment

fml> |

MacBook-Pro-de-Mathieu-3:Documents macherl$ java -Xmx1024M -jar FML-basic-1.1l.jar FMLTestRepository/carEquipTuto.fml

FAMILIAR (for FeAture Model scrIpt Language for manIpulation and Automatic Reasoning) version 1.1 (beta)
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VCarEquipment L Optional /0\ Xor-Group

ve i
Healthi ng l Mandatory/‘\ Or-Group

vA

AirConditioningFrontAndRear
AirConditioning
v ® Comfort
O AutomaticHeadLights
v ® DrivingAndSafety
© FrontFoglLights
¥ Constraints
AutomaticHeadLights = FrontFogLights

“4* SPLC12Scripts Model | SPLC12Scripts.config 22

v [l CarEquipment (valid, 1 possible configurations)
v [/ Healthing
[=| AirConditioningFrontAndRear
4 AirConditioning
v |4/ Comfort
f=| AutomaticHeadLights
v 4| DrivingAndSafety
[+ FrontFogLights

fmCarEquipment = FM (CarEquipment : Healthing DrivingAndSafety Comfort ; // 3 mandatory features
Healthing : (AirConditioning|AirConditioningFrontAndRear) ; // Xor
DrivingAndSafety : [FrontFogLights] ; // optional

Comfort :

[AutomaticHeadLights] ; // optional

// cross-tree constraints
AutomaticHeadLights -> FrontFogLights ; )

fml> ¢l = configuration fmCarEquipment

cl: (CONFIGURATION) selected: [Healthing, CarEquipment, DrivingAndSafety, Comfort] deselected: []
fml> select AirConditioning FrontFogLights in cl

res2: (BOOLEAN) true

fml> deselect AutomaticHeadlLights in cl
res3: (BOOLEAN) true

fml> selectedF cl

res4: (SET) {Comfort;CarEquipment;Healthing;AirConditioning;DrivingAndSafety;FrontFogLights}
|
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v i .

carauipment b ovens 2 xrorom {CarEquipment, Comfort

v ® Healthing | A Or-Group ’ ’
Mandatory

vA DrivingAndSafety,

AirConditioningFrontAndRear Healthing}
AirConditioning
v ® Comfort
O AutomaticHeadlLights
v ® DrivingAndSafety

{AirConditioning, FrontFogLights}
{AutomaticHeadLights, AirConditioning,
FrontFogLights}
O FrontFoglLights {AutomaticHeadLights, FrontFoglLights,

¥ Constraints AirConditioningFrontAndRear}

AutomaticHeadlights = FrontFoglights {AirConditioningFrontAndRear}
{AirConditioning}
{AirConditioningFrontAndRear, FrontFogLights}

fmCarEquipment = FM (CarEquipment : Healthing DrivingAndSafety Comfort ; // 3 mandatory features
Healthing : (AirConditioning|AirConditioningFrontAndRear) ; // Xor
DrivingAndSafety : [FrontFogLights] ; // optional
Comfort : [AutomaticHeadLights] ; // optional
// cross-tree constraints
AutomaticHeadLights -> FrontFogLights ; )

fml> s1 = configs fmCarEquipment

sl: (SET) {{Comfort;CarEquipment;FrontFogLights;DrivingAndSafety;AirConditioning;Healthing};{AirConditioningFrontAndRear;CarEquipment;Comfort;Driving
AndSafety;Healthing};{FrontFogLights;DrivingAndSafety;AutomaticHeadLights;CarEquipment;Healthing;AirConditioningFrontAndRear;Comfort};{Healthing;CarE
quipment;AirConditioning;DrivingAndSafety;Comfort};{Healthing;CarEquipment;Comfort;FrontFogLights;DrivingAndSafety;AirConditioningFrontAndRear};{Auto
maticHeadLights;DrivingAndSafety;CarEquipment;AirConditioning;Healthing;Comfort;FrontFogLights}}

fml> size sl

res@: (INTEGER) 6

fml> counting fmCarEquipment

resl:‘(DOUBLE) 6.0

fml> co = cores fmCarEquipment
co: (SET) {CarEquipment;Healthing;DrivingAndSafety;Comfort}

fml> fmCarEquipment.x*
res6: (SET) {DrivingAndSafety;AirConditioningFrontAndRear;Comfort;Healthing;FrontFogLights;AirConditioning;AutomaticHeadLights;CarEquipment}

fml> setDiff fmCarEquipment.* co
res7: (SET) {AutomaticHeadLights;FrontFogLights;AirConditioning;AirConditioningFrontAndRear}

fml> [




.

vep
fml = FM (A : B [C] ; B:EF ; C: (I|J) ;) ¢
. ®F
vOo C
rl = root fml \\\\--—" v A
s = children ril ]
sl = children fml.A '
assert (s eq sl) // equality of the two set
ftl = parent fml.F lwmm/\&ﬁw
strl = name ftl s
ft2 = parent F // parent fml.F VA
¢
// another FM -""——--\* *E
ve C
fm2 = FM (A : BCE ; C : (I|J)+ ; ) v A
ft3 = fm2.B )
ft4 = name B // ambiguity |
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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
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Explanations
Refactoring
Optimization
Commonality
Filter

+

+ +

Valid partial configuration| +

Atomic sets

False optional features
Corrective explanations
Dependency analysis
ECR

Generalization
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Arbitrary edit
Conditional dead features
Homogeneity
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Feature model notation
Extended feature model
Formalization
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+
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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




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

X1

-—~% (Qedge

— > 1 edge

01{0]]01{0

“ (<
~
'\

\
\
\

o

0

(<
, "<

I’O
o
/’O

o
I’O

\

\ N
; .-
AWV /’O

~

0111000100010000
0101010101010101
0011001100110011
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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
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Binary Decision Diagrams

* Collapse redundant nodes.




Binary Decision Diagrams

* Collapse redundant nodes.
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Binary Decision Diagrams

* Collapse redundant nodes.
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Binary Decision Diagrams

* Collapse redundant nodes.




Binary Decision Diagrams

* Eliminate unnecessary nodes.




Binary Decision Diagrams

* Eliminate unnecessary nodes.
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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]

72



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

75
[MeM¥lonca, slide]



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}

81



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}

83



funit = (—l$1 \V/ I3 V 334) A\ (—1331 \V/ L9 \V/ 933)
(mx1 Vo) A(2y Vs Vag) A(—xy Vg V-xs)
(1‘1 V ﬁ513’6) N\ ($4 V L5 V 376) N\ (ZC5 V ﬁZL’(;)

QY = {5171=1, ZEQ=1, $3=1, QZ4=1}
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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



'fml X l

A A
Ofje
A< BA A
C=>AAN I I
D=>A
F M (L Optional /G\ Xor-Group
l Mandatory/‘\ Or-Group
fml> fml = FM ("output/fml.tvl")
root A {
fmlbis = FM ("foo3.dimacs") group [ 3..3 ] {
fmlbisbis = FM ("foo3.constraints") ;pt D {
B {
b
opt C {
}
fml> cl1 = cores fml ) }
fml> s cl: (SET) {B;A} . . .
1. (SEfm1> c1bis = cores fmlbis L C) fml: (FEATURE_MODEL) A: [D] B [C] ;
fml> fml> compare fml fmlbis
slbisres7: (STRING) REFACTORING A;B;D}}
fml? fml> compare fmlbis fmlbisbis
:1?15 res8: (STRING) REFACTORING iAY;{B;A}}
m > S ———r oo == -

res3: (fml> c1 eq c1b15b15
fml> siresé6: ﬁ(BOOLEAN) true

res4:ﬁ(BOOLEAN) true
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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))



Recap



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




Typical implementations

uuuuuuuuuu

VAN

logics

tttttttt

solvers

result “J‘SQ 5 %“% 35

N2




FAMIliAR

(FeAture Model script Language for manlpulation and Automatic Reasoning)

http://familiar-project.github.com/

LANGUAGE

COMMON @
VARIABILITY g

s.l’.l-.(".l'.

Software Product Lines nline Tools

TVL
DIMACS

not, and, or, implies

importing, exporting, composing, decomposing, editing, configuring,
reverse engineering, computing "diffs", refactoring, testing,
and reasoning about (multiple) variability models



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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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



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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