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The Situation 110 Years Ago: Ford Model T

»,Any customer can have a car
painted any color that he
wants so long as it is black.®

— Henry Ford, 1909
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Today: Every Second Car has a Unique Configuration
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https://en.wikipedia.org/wiki/Motor_vehicle#/media/File:I-80_Eastshore_Fwy.jpg

Constraints Among Features are Challenging

Configuration Assistant.

»Show instructions

‘Your most recent action requires your configuration to be adjusted.

Your choice Price
+ Enhanced Bluetooth telephone with USB & Voice Control + £ 350.00
Adding

+BMW Navigation £000
Removing

- Enhanced Bluetooth with wireless charging - £395.00
- Navigation system Professional £0.00
- WiFi hotspot preparation £0.00
- Media package - Professional - £ 900.00
- Online Entertainment £0.00
- Microsoft Office 365 -£150.00
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Constraints Among Features are Challenging
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Configuration Assistant.

»Show instructions

‘Your most recent action requires your configuration to be adjusted.

Your choice Price
+ Enhanced Bluetooth telephone with USB & Voice Control + £ 350.00
Adding . . .
A car without Microsoft Office 365?17

+BMW Navigatio £0.00
Removing

- Enhanced Bluetooth with wireless charging - £395.00
- Navigation system Professional £0.00
- WiFi hotspot preparation £0.00
- Media package - Professional - £900.00
- Online Entertainment £0.00
- Microsoft Office 365 - £ 150.00
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Constraints Among Features are Challenging

Display

14.0" FHD (1920x1080), LED backlight, 300 nits, 16:9 aspect ratio, 700:1 contrast { SELECTED

ratio, 72% gamut, 170° viewing angle, IPS, Touch

14.0" WQHD (2560x1440), LED backlight, 300 nits, 16:9 aspect ratio, 700:1 contrast [ +£91.20
ratio, 72% gamut, 170° viewing angle, IPS, Touch

14.0" HDR WQHD (2560x1440) with Dolby Vision™, LED backlight, 500 nits, 16:9 [ +£159.60

aspect ratio, 1500:1 contrast ratio, 100% gamut, 170° viewing angle, IPS, Touch
Please note this display is only available with WWAN/mobile broadband.
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Invalid configuration!
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Variability Models as Central Knowledge Database
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Real-World Variability Modeling

N_379925076_F_91527E 359458

N 37852507 FEBMD0iFSEs N,37BBZED757?

7 sesssiaos0n

AFI77C2C134 | | N_3733250
9)

N_2086033141_F_CE3EADCFFO30

- AB17CDED74 | | F_DAGFE9ACTDE |

F_BI74EEBECABT | | F_E36083

| _ — _ .
765E | | F_BC4026D091F2 | | F_175083914033 | | F_8BBAZ1A2CDZ3 | | F_5262876ECSFS | | F_ADDS1672FERS

F_6B23DDAECE 40 = F_2B7DI2BEELS
F_75372381F32E = F_BAAZFBFBET7S
F_AGZ2IDCEFEET A [F_ES2BE7186064 v F_SIBDAEEFCATT v F_ADICABB377DA)= F_1587476818FF
F_A4FDA0I9241E » |_2163186830_F_31B7538F7662 = F_AB232981FESE
F_8FEBEEASA1DI 4 |_108785184_F_AEF4AFD38D98 & F_FDEACEEBCI0G= F_TATFIEBFAFDC
F_OATFBIA4ATE A |_3491892541_F_797E290EDD02= F_29CFFAEGIEEL
F_FBFCB7325074 4 |_3441900932_F_EOA4B4BBDARC 4 F_FDEACBEBCIDE v F_GFEBEESSAIDS » |_108785184_F_AEF4AFDIED9B A F_ABSDSBCEDCER = F_DFISBO9522E2

Thousands of features and constraints, increases over time
= No modularity or information hiding

= Temporal elements

= Typically not modeled with feature models
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One Product Line Specified with Different "Languages"
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Variability Modeling par Excellence

B - L= vmaise - Excel | - X

File Home Insert Pagelayout  Formulas Data Review  View  ACROBAT  Q Tell me what you want to do. Signin £ Share

8512 - fo || Thelast feature in my example

A B C D E F
1 FeatureID Feature Name Start Date  End Date Editor  Last Modified
2 ABC A feature 01/04/2019 Thomas 11/03/2019
3 DEF A great feature 01/07/2019 Thomas 27/02/2019
4 GHI Another feature 01/04/2019 Thomas  07/03/2019
5 JKL The feature you cannot afford 01/07/2019 Thomas  05/01/2019
6 MNO A feature you don't need 01/04/2019 01/07/2019 Thomas 10/02/2019
7 PQR A feature that noone needs 01/04/2019 01/03/2019 Thomas 05/03/2019
8 STU A feature never built Thomas 20/01/2019
9 VWX A description that noone understands ~ 01/10/2019 Thomas 25/01/2019
512|Yz The last feature in my example | 01/04/2019 Thomas  28/02/2019
513
514
515
Ready H @ = 1 + 190%
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Variability Modeling par Excellence

B - L= vmaise - Excel | - X

File Home Insert Pagelayout  Formulas Data Review  View  ACROBAT  Q Tell me what you want to do. Signin £ Share

c6 - fe || 01/04/2019 v

A B C D E F
1 FeatureID Feature Name Start Date  End Date Editor  Last Modified
2 ABC A feature 01/04/2019 Thomas 11/03/2019
3 DEF A great feature 01/07/2019 Thomas 27/02/2019
4 GHI Another feature 01/04/2019 Thomas  07/03/2019
5 JKL The feature you cannot afford 01/07/2019 Thomas  05/01/2019
6 |MNO A feature you don't need 01/04/2019| 01/07/2019 Thomas 10/02/2019
7 PQR A feature that noone needs 01/04/2019. 01/03/2019 Thomas 05/03/2019
8 STU A feature never built Thomas 20/01/2019
9 VWX A description that noone understands  01/10/2019 Thomas 25/01/2019
512 YZ The last feature in my example 01/04/2019 Thomas 28/02/2019
513
514
515
Ready H @ = 1 + 190%
% Technische
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Variability Modeling par Excellence

B - L= vmaise - Excel | - X

File Home Insert Pagelayout  Formulas Data Review  View  ACROBAT  Q Tell me what you want to do. Signin £ Share

A B C D E F

1 FeatureID Feature Name Start Date  End Date Editor  Last Modified
2 ABC A feature 01/04/2019 Thomas 11/03/2019
3 DEF A great feature 01/07/2019 Thomas 27/02/2019
4 GHI Another feature 01/04/2019 Thomas  07/03/2019
5 JKL The feature you cannot afford 01/07/2019 Thomas  05/01/2019
6 MNO A feature you don't need 01/04/2019 01/07/2019 Thomas 10/02/2019
7 PQR A feature that noone needs 01/04/2019 01/03/2019 Thomas 05/03/2019
8 |STU A feature never built | Thomas 20/01/2019
9 VWX A description that noone understands  01/10/2019 Thomas 25/01/2019

512 YZ The last feature in my example 01/04/2019 Thomas 28/02/2019

513

514

515

Ready H O M - 1 + 190%
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Variability Modeling par Excellence

B - L= vmaise - Excel | - X

File Home Insert Pagelayout  Formulas Data Review  View  ACROBAT  Q Tell me what you want to do. Signin £ Share

c7 - fe || 01/04/2019 v

A B C D E F
1 FeatureID Feature Name Start Date  End Date Editor  Last Modified
2 ABC A feature 01/04/2019 Thomas 11/03/2019
3 DEF A great feature 01/07/2019 Thomas 27/02/2019
4 GHI Another feature 01/04/2019 Thomas  07/03/2019
5 JKL The feature you cannot afford 01/07/2019 Thomas  05/01/2019
6 MNO A feature you don't need 01/04/2019 01/07/2019 Thomas 10/02/2019
7 |PQR A feature that noone needs 01/04/2019| 01/03/2019 Thomas 05/03/2019
8 STU A feature never built | Thomas 20/01/2019
9 VWX A description that noone understands  01/10/2019 Thomas 25/01/2019
512 YZ The last feature in my example 01/04/2019 Thomas 28/02/2019
513
514
515
Tabelle1 O <
Ready H @ = 1 + 190%
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Variability Modeling par Excellence

=] L constraints-in-excelisx - Excel m - X
File Home Insert Pagelayout  Formulas Data Review  View  ACROBAT  Q Tell me what you want to do... Signin £ Share
B2 A fe ABC implies DEF v

A B © D E F -
1 Constraint ID Constraint Start Date  End Date Editor  Last Modified
2 |c1 [ABC implies DEF | 01/04/2019 Thomas  11/03/2019
3 C2 ABC implies DEF or GHI 01/07/2019 Thomas 27/02/2019
4 C3 ABC implies DEF or GHI or JKL or MNO 01/04/2019 Thomas 07/03/2019
5 C4 ABC and DEF implies GHI or ZAB 01/07/2019 Thomas 05/01/2019
6 C5 ABC implies not DEF 01/04/2019 01/07/2019 Thomas 10/02/2019
7 Cc6 ABC and DEF implies GHI 01/04/2019 01/03/2019 Thomas  05/03/2019
8 C7 ABC and DEF and GHI implies JKL or MNO Thomas 20/01/2019
9 C8 DEF implies GHI 01/10/2019 Thomas 25/01/2019
512 C511 STU implies VWX or YZ 01/04/2019 Thomas 28/02/2019
4513
514
515
e Tabelle1 <
Ready H o = 1 + 1803
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Variability Modeling par Excellence

=] L constraints-in-excelisx - Excel m - X
File Home Insert Pagelayout  Formulas Data Review  View  ACROBAT  Q Tell me what you want to do... Signin £ Share
B5 A fe ABC and DEF implies GHI or ZAB v

A B © D E F -
1 Constraint ID Constraint Start Date  End Date Editor  Last Modified
2 C1 ABC implies DEF 01/04/2019 Thomas 11/03/2019
3 C2 ABC implies DEF or GHI 01/07/2019 Thomas 27/02/2019
4 C3 ABC implies DEF or GHI or JKL or MNO 01/04/2019 Thomas 07/03/2019
5 |C4 ABC and DEF implies GHI or ZAB | 01/07/2019 Thomas 05/01/2019
6 C5 ABC implies not DEF 01/04/2019 01/07/2019 Thomas 10/02/2019
7 Cc6 ABC and DEF implies GHI 01/04/2019 01/03/2019 Thomas  05/03/2019
8 C7 ABC and DEF and GHI implies JKL or MNO Thomas 20/01/2019
9 C8 DEF implies GHI 01/10/2019 Thomas 25/01/2019
512 C511 STU implies VWX or YZ 01/04/2019 Thomas 28/02/2019
4513
514
515
e Tabelle1 O <
Ready H o = 1 + 1803
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Clone-and-Own of Variability Models

[ c D E
1 FeaturelD Feature Name StartDate EndDate  Editor Last Modified
2 ABC Afeature 01/04/2019 Thomas  11/03/2019
3 DEF Agreat feature 01/07/2019 Thomas  27/02/2019
4 GHI Another feature 01/04/2019 Thomas  07/03/2019
5 KL The feature you cannot afford 01/07/2019 Thomas  05/01/2019
6 MNO Afeature you don't need 01/04/2019 01/07/2019 Thomas  10/02/2019
7 PQR Afeature that noone needs 01/04/2019 01/03/2019 Thomas  05/03/2019
8 sTU Afeature never built Thomas  20/01/2019
9 vwx A description that noone understands _ 01/10/2019 Thomas  25/01/2019
512|vz The last feature in my example | 01/04/2019 Thomas  28/02/2019
513
514
515

A 3 g ) 3 3
1 Constraint 1D Constraint StartDate EndDate  Editor Last Modified
2 |a [ABC implies DEF ] 01/04/2019 Thomas  11/03/2019
3 ABC implies DEF or GHI 01/07/2019 Thomas  27/02/2019
43 ABC implies DEF or GHIor IKLor MNO  01/04/2019 Thomas  07/03/2019
5 ca ABC and DEF implies GHI or A8 01/07/2019 Thomas  05/01/2019
6 cs ABC implies not DEF 01/04/2019 01/07/2019 Thomas  10/02/2019
76 ABC and DEF implies GHI 01/04/2019 01/03/2019 Thomas  05/03/2019
s ABC and DEF and GHI implies JKL or MNO Thomas  20/01/2019
9 c8 DEF implies GHI 01/10/2019 Thomas  25/01/2019
512,511 STU implies VWX or YZ 01/04/2019 Thomas  28/02/2019
513
s14

sts

Ly,
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Clone-and-Own of Variability Models

[ c D E c D E
1 FeaturelD Feature Name StartDate EndDate  Editor Last Modified 1 FeatureID Feature Name StartDate EndDate  Editor Last Modified
2 ABC Afeature 01/04/2019 Thomas  11/03/2019 2 ABC Afeature 01/04/2019 Thomas  11/03/2019
3 DEF Agreat feature 01/07/2019 Thomas  27/02/2019 3 DEF Agreat feature 01/07/2019 Thomas ~ 27/02/2019
4 GHI Another feature 01/04/2019 Thomas  07/03/2019 4 GHI Another feature 01/04/2019 Thomas  07/03/2019
5 KL The feature you cannot afford 01/07/2019 Thomas  05/01/2019 5 KL The feature you cannot afford 01/07/2019 Thomas  05/01/2019
6 MNO Afeature you don't need 01/04/2019 01/07/2019 Thomas  10/02/2019 6 MNO Afeature you don't need 01/04/2019 01/07/2019 Thomas  10/02/2019
7 PQR Afeature that noone needs 01/04/2019 01/03/2019 Thomas  05/03/2019 7 PQR Afeature that noone needs 01/04/2019 01/03/2019 Thomas  05/03/2019
8 sTU Afeature never built Thomas  20/01/2019 8 sTU Afeature never built Thomas  20/01/2019
9 vwx A description that noone understands _ 01/10/2019 Thomas  25/01/2019 9 VWX A description that noone understands _ 01/10/2019 Thomas  25/01/2019
512|vz The last feature in my example | 01/04/2019 Thomas  28/02/2019 s12|vz The last feature in my example | 01/04/2019 Thomas  28/02/2019
513 513
514 514
515 515

A L s < ) 3 3 A s ) 3 F
1 Constraint 1D Constraint StartDate EndDate  Editor Last Modified 1 Constraint 1D Constraint StartDate EndDate  Editor Last Modified
2 |a [ABC implies DEF ] 01/04/2019 Thomas  11/03/2019 2 |a [ABC implies DEF ] 01/04/2019 Thomas  11/03/2019
3 ABC implies DEF or GHI 01/07/2019 Thomas  27/02/2019 3 ABC implies DEF or GHI 01/07/2019 Thomas  27/02/2019
43 ABC implies DEF or GHI or JKLor MNO  01/04/2019 Thomas  07/03/2019 4lc3 ABC implies DEF or GHI or JKLor MNO  01/04/2019 Thomas  07/03/2019
5 ca ABC and DEF implies GHI or ZA8 01/07/2019 Thomas  05/01/2019 5 ca ABC and DEF implies GHI or ZA8 01/07/2019 Thomas  05/01/2019
6 cs ABC implies not DEF 01/04/2019 01/07/2019 Thomas  10/02/2019 6 cs ABC implies not DEF 01/04/2019 01/07/2019 Thomas  10/02/2019
76 ABC and DEF implies GHI 01/04/2019 01/03/2019 Thomas  05/03/2019 7 6 ABC and DEF implies GHI 01/04/2019 01/03/2019 Thomas  05/03/2019
s ABC and DEF and GHI implies JKL or MNO Thomas  20/01/2019 87 ABC and DEF and GHI implies JKL or MNO Thomas  20/01/2019
9 c8 DEF implies GHI 01/10/2019 Thomas  25/01/2019 9 s DEF implies GHI 01/10/2019 Thomas  25/01/2019
512,511 STU implies VWX or YZ 01/04/2019 Thomas  28/02/2019 512,511 STU implies VWX or YZ 01/04/2019 Thomas  28/02/2019
513 513
s14 s14
sts 515
= = — s —
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Anomalies in Variability Models

| oF vorugspwosAY2CGBEsLASTKLroX
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Anomalies in Variability Models
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Configuration Spaces Tend to Grow Over Time

1,00E+27
1,00E+24 o0

1,00E+21 ° e 00
o O®me® © ® 00
1,00E+18 P® o wmesee [
1,00E+15
(L J
1,00E+12
1,00E+09

1,00E+06

wv

c

S

2

m©

—

)

& _

&

St

O c
<

25

S w

Fe)

= 2

2

(0]

o)

£

=)

=2

1,00E+03

1,00E+00
2013 2014 2015 2016 2017 2018 2019 2020 2021

Year

Technische

Universitit Thomas Thum | On Language Levels for Feature Modeling Notations | Slide 14

Braunschweig ISF =,




Part Il




Why to Use SAT Solvers for Variability Analysis?

1,000,000

1960 1970 1980 1990 2000 2010

number of variables of a typical, practical SAT instance
that can be solved by the best solvers in that decade
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https://twitter.com/oe1cxw/status/862008719768514560?s=09

Missing Analyses for Feature Attributes

E




Industry Demands for Modularity and Branching

Master Develop Feature Feature

v1.0

e
Q « 2]

(©)
(@)
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Language Levels for Feature Modeling Notations

Major Levels: expressiveness aligns with solver classes

= propositional logic: SAT, binary decision diagram (BDD), #SAT, ...
= first-order logic: satisfiable modulo theory (SMT), constraint satisfaction problem (CSP)?, ...
= more needed? answer set programming (ASP)? pseudo-boolean satisfiability (PB-SAT)? ...
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Language Levels for Feature Modeling Notations

Major Levels: expressiveness aligns with solver classes

= propositional logic: SAT, binary decision diagram (BDD), #SAT, ...

= first-order logic: satisfiable modulo theory (SMT), constraint satisfaction problem (CSP)?, ...
= more needed? answer set programming (ASP)? pseudo-boolean satisfiability (PB-SAT)? ...

Minor Levels: differing expressiveness within major levels
= align with expressiveness of state-of-the-art languages
= meet requirements from typical application domains
= example: supported tree and cross-tree constraints
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Language Levels for Feature Modeling Notations

Major Levels: expressiveness aligns with solver classes

= propositional logic: SAT, binary decision diagram (BDD), #SAT, ...

= first-order logic: satisfiable modulo theory (SMT), constraint satisfaction problem (CSP)?, ...
= more needed? answer set programming (ASP)? pseudo-boolean satisfiability (PB-SAT)? ...

Minor Levels: differing expressiveness within major levels
= align with expressiveness of state-of-the-art languages
= meet requirements from typical application domains
= example: supported tree and cross-tree constraints

Orthogonal Levels: independent of expressiveness
= Modularity with feature-model interfaces or slicing
= Feature versions and temporal validity with hyper and temporal feature models
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The Situation 110 Years Ago: Ford Model T

Today: Every Second Car has a Unique Configuration

Constraints Among Features are Challenging

Variability Models as Central Knowledge Database



Part Il

Real-World Variability Modeling

One Product Line Specified with Different "Languages"
Variability Modeling par Excellence

Clone-and-Own of Variability Models

Anomalies in Variability Models

Configuration Spaces Tend to Grow Over Time
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Why to Use SAT Solvers for Variability Analysis?

Missing Analyses for Feature Attributes

Industry Demands for Modularity and Branching

Language Levels for Feature Modeling Notations
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