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Implementing Configurable Software Systems

A Configurable Graph

class Node {

#ifdef LABELED
std::string label;

#endif

#ifdef COLORED
std::string color;

#endif

+

class Edge {

#tifdef DIRECTED
Node from, to;

#elif UNDIRECTED && HYPER
std::set<Node> nodes;

#endif

I8

Product Line Implementation
(here: C++ with C preprocessor)
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Implementing Configurable Software Systems

A Labeled Directed Graph

class Node {
std::string label;

A Configurable Graph

class Node {
#ifdef LABELED

std::string label; define b
+H
#endif NBELED

¢ v D class Edge {
#Iﬂif-f C'OLORIEP D\RECTE Node from, to;
#::‘d.i.:trmg color; };

b

class Edge {

#tifdef DIRECTED
Node from, to;

#elif UNDIRECTED && HYPER
std::set<Node> nodes;

#endif

I8

Product Line Implementation

(here: C++ with C preprocessor) Configuration Product Implementation
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Implementing Configurable Software Systems

A Configurable Graph

class Node {

#ifdef LABELED
std::string label;

#endif

#ifdef COLORED
std::string color;

#endif

+

class Edge {

#ifdef DIRECTED
Node from, to;

#elif UNDIRECTED && HYPER
std::set<<Node> nodes;

#endif

I8

Product Line Implementation
(here: C++ with C preprocessor)

Tseitin or not Tseitil

Configuration

A Labeled Directed Graph

class Node {
std::string label;

h

class Edge {
Node from, to;

b

A Colored Undirected Hypergraph

class Node {
std::string color;

class Edge {
std::set<Node> nodes;

h

Product Implementation
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Modeling Features and their Dependencies

Feature Models
[[] Feature

® Mandatory

e tree models features

e cross-tree constraints model o Optional

dependencies

e solver-based analyses can be —(Directed A Undirected) feature conflict
used to understand the con-

figuration space better

O O O O
Labeled | | Colored | | Directed | | Undirected

Hyper — Undirected  missing implementation
Directed </ (Undirected A Hyper)  well-defined #ifdef
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Modeling Features and their Dependencies

Feature Models

[[] Feature
e tree models features ® Mandatory
a _ ; O O —0 O :
cross-tree constraints model Labeled | [Colored | [Directed | [Undirected o Optional

dependencies
® solver-based analyses can be —(Directed A Undirected)  feature conflict

used to understand the con-

figuration space better Hyper — Undirected  missing implementation

Directed </ (Undirected A Hyper)  well-defined #ifdef

The Linux Kernel /-\
[Tinae]

e > 12000 features [2016] ¢ oo
o > 105000 products [2016] T ' BLK_DE Co5s
P/ NET_EMATCH | NET_SCH MULTIG || NET_SCH_GRED | NET_CLS U32 mwm ARG SR Wi DEBLG

e 114 dead features [2013] —_— =
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y s sammiocDt [PLKDEVIMICRON | BLK DEVE
dependency bugs [2019] \

a5 o s oo [ o] [somEonon s WGP G s s 9 _ Yosserai | s
. _ - NQSVP | | NET_SCH_TBF | | 17
o e Tt A S GBI L NELSE
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Analyzing Feature Models with SAT and #SAT Solvers

Feature-Model Analysis
>
FM — Formula

E

SAT
Result &t Query < CNF
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Analyzing Feature Models with SAT and #SAT Solvers

Feature-Model Analysis A Feature Model FM

[0
FM — Formula

E

SAT
Result &t Query < CNF

Elias Kuiter et al. Tseitin or not Tseitin? — The Impact of CNF Transformations on Feature-Model Analyses



Analyzing Feature Models with SAT and #SAT Solvers

Feature-Model Analysis A Feature Model FM As a Formula ®(FM)

G
A (N <+ G)A(E < G)
A ((LV C) = N)
A((DV UV H)—E)
AN (DAU)A(H— U)
A (D 4 (U A H))

[0
FM — Formula

E

SAT
Result &t Query < CNF
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Analyzing Feature Models with SAT and #SAT Solvers

Feature-Model Analysis

[0
FM — Formula

E

SAT
Result &t Query < CNF

Elias Kuiter et al.

A Feature Model FM

As a Formula ®(FM)

G
A (N <+ G)A(E < G)
A ((LV C) = N)
A((DV UV H)—E)
AN (DAU)A(H— U)
A (D 4 (U A H))

le
As a CNF ©(®(FM))

{{G}7 {ﬁNv G}1 {N7 “G}v
{=E, G}, {E, =G}, {~L,N},
{~=C, N}, {-D,E},{~U, E},
{ﬁH’ E}7 {ﬁDv ﬁU}? {ﬁHv U}v
{{D,U},{D, H},{=D, ~U, ~H}}}
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Analyzing Feature Models with SAT and #SAT Solvers

Feature-Model Analysis

(0]
FM — Formula

E

SAT
Result &t Query < CNF

Core Features

{G, N, E}

Elias Kuiter et al.

A Feature Model FM

Core Feature F?

| SAT(O(P(FM)) A—F)

—

As a Formula ®(FM)

G
A (N <+ G)A(E < G)
A ((LV C) = N)
A((DV UV H)—E)
AN (DAU)A(H— U)
A (D 4 (U A H))

le
As a CNF ©(®(FM))

{{G}7 {ﬁNv G}1 {N7 “G}v
{=E, G}, {E, =G}, {~L,N},
{~=C, N}, {-D,E},{~U, E},
{ﬁH’ E}7 {ﬁDv ﬁU}? {ﬁHv U}v
{{D,U},{D, H},{=D, ~U, ~H}}}
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Analyzing Feature Models with SAT and #SAT Solvers

Feature-Model Analysis A Feature Model FM As a Formula ®(FM)

G
A (N <+ G)A(E < G)
A ((LV C) = N)

(0]
FM — Formula

C 2,
A((DV UV H) = E)
Result #SS% Query < CNF AN (DAU)A(H— U)
A (D <4 (U A H))
le
Core Features Core Feature F? As a CNF ©(®(FM))

{G,N, E} < SAT(O(P(FM)) A—F) < {6 {=N, G}, {N, -G},
{=E, G} {E, =G}, {~L, N},

Feature Model Cardinality ., Products in FM? - | "&Nh{=D,E} {~U,E},
{~H, E}, {~D, ~U}, {~H, U},

8 #SAT (O(®(FM))) {{D,U}, {D, H}, {~D, —U, ~H}}}

Tseitin or not Tseitin? — The Impact of CNF Transformations on Feature-Model Analyses
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Often Overlooked: Conjunctive Normal Form (CNF)

Feature-Model Analysis From Formula ...
[0} G
FM — Formula A (N < G) A (E & G)
5 A ((LV C) = N)
A(DVUVH)—E)
Result #SS% Query < CNF AN=(DAU)A(H— U)
A (D 4 (U A H))
le
. to CNF

{{G}v {“Nv G}7 {Nv "G}v
{-E, G}, {E,~G}, {—-L,N},
{=C, N}, {-D,E},{~U, E},
{ﬁHv E}? {“Dv ﬁU}v {ﬁHa U}v
{{D,U},{D, H},{~D,~U,~H}}}
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Often Overlooked: Conjunctive Normal Form (CNF)

Feature-Model Analysis Conjunctive Normal Form From Formula ...
@ e conjunction A of disjunc- G
FM — Formula tions V of literals X, =X A (N G)A(E < G)
- e here: a set of clauses, A ((Lv C)— N)
which are sets of literals A(DVUVH)—E)
Result #SS% Query < CNF e used by almost all solvers AN =(DAU)A(H— U)

A (D 4 (UAH))

le
. to CNF

{{G}v {“Nv G}7 {Nv "G}v
{-E, G}, {E,~G}, {—-L,N},
{=C, N}, {-D,E},{~U, E},
{ﬁHv E}7 {“Dv ﬁU}v {ﬁHa U}v
{{D,U},{D, H},{~D,~U,~H}}}
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Often Overlooked: Conjunctive Normal Form (CNF)

Feature-Model Analysis Conjunctive Normal Form From Formula ...
@ e conjunction A of disjunc- G
FM — Formula tions V of literals X, =X A (N G)A(E < G)
- e here: a set of clauses, A ((Lv C)— N)
which are sets of literals A(DVUVH)—E)
Result #SS% Query « CNF e used by almost all solvers A =(DAU)A(H— V)

A (D 4 (UAH))

le
Our Goal: Raise Awareness for CNF Transformations ... to CNF
e how to transform feature-model formulas into CNF? {{G}, {=N, G}, {N, =G},
= describe and classify CNF transformations {-E, G},{E, -G}, {-L, N},
e does this impact the work of practitioners and researchers? {=C, N}, {=D, E}, {-U, E},
= evaluate efficiency and correctness on feature models {=H, E},{-D, U}, {=H, U},

{{D,U},{D, H},{~D,~U,~H}}}
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CNF Transformations

Distributive © = D

apply laws of logic (De Mor-
gan'’s laws and distributivity)

D < (UA H)
L. (DV(UAH)A(=DV—(UAH))

L, (1D, U} {D,H} {~D,~U,~H}}

v/ equivalence
SAT v, #SAT =4

v/ easy to implement

X exponential complexity
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CNF Transformations

Distributive © = D

apply laws of logic (De Mor-

gan'’s laws and )
D + (U A H)

By YA(=DV=(UAH))

Bog A=D,~U,~H}

v/ equivalence
SAT v, #SAT =4

v/ easy to implement

X exponential complexity

Elias Kuiter et al.

Tseitin or not Tseitil

Tseitin © = T ['83]

abbreviate a subformula ¢ with
an auxiliary variable ¢

D < (UA H)
Lo (D <5 ) A x < (UA H)

2y {({D, <}, {=D, ~x}, {~x, U},
{ﬁ 7H}1{ﬁU7"H7 }}

v quasi-equivalence
SAT v, #SAT =4

v linear complexity
X take care of new variables
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CNF Transformations

Distributive © = D

apply laws of logic (De Mor-

gan'’s laws and )
D+ (UA H)

By YA(=DV=(UAH))

2N {=D,~U,~H}}

v/ equivalence
SAT v, #SAT =4

v/ easy to implement

X exponential complexity

Tseitin or not Tseitil

Tseitin © = T ['83]

abbreviate a subformula ¢ with
an auxiliary variable ¢

D < (UA H)
Lo (D <5 ) A x < (UA H)

2y {({D, <}, {=D, ~x}, {~x, U},
{ﬁ 7H}1{ﬁU7"H7 }}

v quasi-equivalence
SAT v, #SAT =4

v linear complexity
X take care of new variables

Plaisted-Greenbaum © = PG  [sg]

abbreviate a subformula ¢ with
an auxiliary variable xg o)

D + (U A H)
FE (Db x)Ax — (UAH)

2 {{D, x},{~D, ~x}, {~x, U},
{~x, H}}

v equi-assignability SAT v
v linear complexity < T
X equi-countability #SAT =5

— The Impact of CNF Transformations on Feature-Model Analyses
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Evaluation

Research Questions

RQ1 efficiency of CNF transformations?
RQ2 CNF transformation — efficiency of analyses?

RQ3 CNF transformation — correctness of analyses?

he Impact of CNF Transformations on Feature-Model Analyses



Evaluation

Research Questions

RQ1 efficiency of CNF transformations?
RQ2 CNF transformation — efficiency of analyses?

RQ3 CNF transformation — correctness of analyses?

Experimental Setup

e 22 configurable software systems
e 3 CNF transformation tools
e 23 SAT and #SAT solvers
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Evaluation

Research Questions Experimental Setup
RQ1 efficiency of CNF transformations? e 22 configurable software systems
RQ2 CNF transformation — efficiency of analyses? e 3 CNF transformation tools
RQ3 CNF transformation — correctness of analyses? e 23 SAT and #SAT solvers
Stage 1: Formula Extraction Stage 2: CNF Transformation Stage 3: Automated Analysis
FeaturelDE
(DiStribUtive)
_kconfig | 8 FOSS systems SAT Solver
Z3
#SAT Solver
5 10 FOSS, 4 industrial systems KConfigReader
ol (Plaisted-Greenbaum)

Elias Kuiter et al Tseitin or no The Impact of CNF Transformations on Feature-Model Analyses



Efficiency of CNF Transformations (RQ 1) and Analyses (RQ 2)

100.0

10.0

Algorithm Runtime (log10, rel. to Z3)

0.1

Elias Kuiter et al

CNF Transformation Tool E3 FeaturelDE KConfigReader - Z3

| ! :
! l
$ ]
s
L] .
60.0% 60.0% 60.0% 100.0° 59.3% 59.6%
Transformation Void Core/Dead Feature Model Cardinality Feature Cardinality

Tseitin or no
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Efficiency of CNF Transformations (RQ 1) and Analyses (RQ 2)

CNF Transformation Tool E3 FeaturelDE KConfigReader - Z3
100.0

®
N
2
E
< 10.0
=)
2 .
[
E . . 1
z 3
g 10f s - %= """"" ——— e - $ -------- R % -------- e
E | : 1
E == i l
8 :
< g !

0.1 °

60.0% 60.0% 60.0% 59.3% 59.6%
Transformation Void Core/Dead Feature Model Cardinality Feature Cardinality

RQ 1: D often fails,
tools differ significantly
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Efficiency of CNF Transformations (RQ 1) and Analyses (RQ 2)

CNF Transformation Tool E3 FeaturelDE KConfigReader - Z3
100.0

®
N
2
E
< 10.0
=)
2 .
[
E . . 1
z 3
g 10f s - %= """"" ——— e - $ -------- R % -------- e
E | : 1
E == i l
8 :
< g !

0.1 °

60.0% 60.0% 60.0% 59.3% 59.6%
Transformation Void Core/Dead Feature Model Cardinality Feature Cardinality

RQ 1: D often fails,
tools differ significantly

Elias Kuiter et al

RQ 2 (SAT): almost all calls succeed,
solve time varies by factor 0.31-16.27

Tseitin or no
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Efficiency of CNF Transformations (RQ 1) and Analyses (RQ 2)

CNF Transformation Tool E3 FeaturelDE KConfigReader z3

100.0
o
N
L
E
s 100
=)
2 .
o
£ . . 1
E ! .
& 10fees R %= --------- s Sl —— ARl L e =
£ | ! i
i =S i l
o ]
< L]

0.1 °
60.0% 100.( 60.0% 10 60.0% 10( 59.3% 80. 59.6%
Transformation Void Core/Dead Feature Model Cardinality Feature Cardinality
RQ1: D often fails, RQ 2 (SAT): almost all calls succeed, RQ 2 (#SAT): 81.6% of calls succeed,
tools differ significantly solve time varies by factor 0.31-16.27 solve time varies by factor 0.11-32.7
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Correctness of #SAT-Based Analyses (RQ 3)

Analysis E5 FC £ FMC

—_ 100.0% < 100 90.2% < 100 100.0% < 100
N
]
* 100+ R
[
=] .
-
jo
k)
S 104
o
]
©
=}
o
=
14 - —— e L - m—
FeaturelDE KConfiéReader z3

CNF Transformation Tool
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Correctness of #SAT-Based Analyses (RQ 3)

Analysis E5 FC £ FMC

RQ3
1 ~ 0,
. 100.0% < 100 90.2% < 100 100.0% < 100 * with PG, ~ 70% of #SAT calls return
Q incorrect results
] . .
= 100 . e incorrect by factor ~ 3 (median)
[3)
= . e incorrect by factor ~ 1077 (worst)
S
8
£ 10
o
S
@
=}
o
=
14 - —— e L - m—
FeaturelDE KConfiéReader z3

CNF Transformation Tool
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Correctness of #SAT-Based Analyses (RQ 3)

Analysis E5 FC £ FMC

—_ 100.0% < 100 90.2% < 100 100.0% < 100
N
]
* 100+ R
[
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-
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o
]
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=}
o
=
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CNF Transformation Tool

RQ3

o with PG, =~ 70% of #SAT calls return
incorrect results

e incorrect by factor ~ 3 (median)

e incorrect by factor ~ 1077 (worst)

Our Recommendations

RQ1 D for small, T for large models

RQ2 largely depends on the model
= future work

RQ3 do not use PG for #SAT

Tseitin or not The Impact of CNF Transformations on Featu odel Analyses



Conclusion

The Impact of CNF Transformations on Feature-Model Analyses

Distributive

apply laws of logic

v equivalence
v/ easy to implement

X exponential complexity

FeaturelDE

often fails on large models

Elias Kuiter et al.

Tseitin or not Tseitil

Tseitin

abbreviate ¢ with x4 <> ¢

v quasi-equivalence
v linear complexity

X take care of new variables

Z3

succeeds correctly on all models

Plaisted-Greenbaum

abbreviate ¢ with x5 — ¢

v/ equi-assignability
v/ linear complexity

X equi-countability

KConfigReader

often incorrect for #SAT calls
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Conclusion

The Impact of CNF Transformations on Feature-Model Analyses

Distributive

apply laws of logic

v equivalence
v/ easy to implement

X exponential complexity

FeaturelDE

Tseitin

abbreviate ¢ with x4 <> ¢

v quasi-equivalence
v linear complexity

X take care of new variables

Z3

Plaisted-Greenbaum

abbreviate ¢ with x5 — ¢

v/ equi-assignability
v/ linear complexity

X equi-countability

KConfigReader

often fails on large models succeeds correctly on all models often incorrect for #SAT calls
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Conclusion

The Impact of CNF Transformations on Feature-Model Analyses

Distributive

apply laws of logic

v equivalence
v/ easy to implement

X exponential complexity

FeaturelDE

Tseitin

abbreviate ¢ with x4 <> ¢

v quasi-equivalence
v linear complexity

X take care of new variables

Z3

Plaisted-Greenbaum

abbreviate ¢ with x5 — ¢

v/ equi-assignability
v/ linear complexity

X equi-countability

KConfigReader

often fails on large models succeeds correctly on all models often incorrect for #SAT calls

Tseitin or not Tseitin? = Yes!
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find out more:

https://github.com/ekuiter/tseitin-or-not-tseitin


https://github.com/ekuiter/tseitin-or-not-tseitin

Stage 3: Automated Analysis

Stage 1: Formula Extraction Stage 2: CNF Transformation
Result: 9176 /9198 SAT calls, 1192/ 1460 #SAT calls

Result: 30 feature models as .model and .xml files Result: 73/ 90 formulas in CNF as .dimacs files

12 timeouts

FeaturelDE
(Distributive)

22 timeouts
SAT Solver for
Void/Dead/Core
(18)

_kconfig
®)

KConfig models (8 FOSS systems)

0 timeouts

‘kclause
®)

.smtlib2
(30)

z3
(Tseitin)

KClause

268 timeouts

#SAT Solver for
FMC/FC

(5)

5 timeouts

KConfigReader
(Plaisted-
Greenbaum)
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CNF Transformation Tool g FeaturelDE [ KConfigReader Fa z3
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]
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e« S s AE
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Transformation Void Core/Dead FMC FC
Algorithm
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