Part I: Ad-Hoc Approaches for Variability

1. Introduction
2. Runtime Variability and Design Patterns

3. Compile-Time Variability with
Clone-and-Own

5a. Features with Build Systems

How to Implement Features?

Problems of Ad-Hoc Approaches for Variability
Features with Runtime Variability?
Features with Clone-and-Own?

Recap: Clone-and-Own with Build Systems

Introducing Features to Build Systems

The Linux Kernel

Discussion

Summary

Part 1I: Modeling & Implementing Features

. Feature Modeling
. Conditional Compilation
. Modular Features

. Languages for Features

o N o o »

. Development Process

5b. Features with Preprocessors

Granularity of Variability

What is a Preprocessor?

CPP — The C Preprocessor

Preprocessors for Java

Preprocessors in FeaturelDE

Discussion of Preprocessors
Preprocessor-Based Product Lines in the Wild
Summary

Part I11: Quality Assurance and Outlook

9. Feature Interactions
10. Product-Line Analyses
11. Product-Line Testing

12. Evolution and Maintenance

5c. Feature Traceability

Recap: Code Scattering and Tangling

Feature Traceability Problem

Feature Traceability with Colors
Feature Commander
FeaturelDE

Virtual Separation of Concerns
CIDE

Summary

FAQ

5. Conditional Compilation — Handou

Software Product Lines | Thomas Thiim, Elias Kuiter, Timo Kehrer | April 23, 2023

b UNIVERSITAT
BERN




5. Conditional Compilation

5a. Features with Build Systems

How to Implement Features?

Problems of Ad-Hoc Approaches for Variability
Features with Runtime Variability?
Features with Clone-and-Own?

Recap: Clone-and-Own with Build Systems

Introducing Features to Build Systems

The Linux Kernel

Discussion

Summary

imo Kehrer Conditional Compilation Features with Build Systems



How to Implement Features?

How to Generate Products Automatically?

Given a feature model for graphs ... — Fore 1 [oma™] fete
/ \ / \ /N /\
o—oO e—O Oo—0 0—0O
Toog | ese | oo | oe
AS A \ A 7N
Oo—=0 o—-0
[ O—’v-ol = f oo | losg | o2e
ShortestPath — Weighted
. we can derive a valid configuration Goals
(G} (G, W} (G, W, S} ® descriptive specification of a product (i.e., a
{G,C} {GZ c,wh {G: C,7W, S} configuration, a selection of features)
?G;’ L(_?}D} %g’ g’g/}i/v} %g’ g’g/*vf/}s} ® automated generation of a product with

compile-time variability

Focus of Lecture 5 — Lecture 7
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Problems of Ad-Hoc Approaches for Variability — Features with Runtime Variability?

public class Config {
public static boolean COLORED = true;
public static boolean WEIGHTED = false;

}

class Graph {

Edge add(Node n, Node m) {
Edge e = new Edge(n, m);
if (Config. WEIGHTED) { e.weight = new Weight(); }
nodes.add(n); nodes.add(m); edges.add(e);
return e;

}
Edge add(Node n, Node m, Weight w) {
if (!Config. WEIGHTED) {
throw new RuntimeException();
}
Edge e = new Edge(n, m);
e.weight = w;
nodes.add(n); nodes.add(m); edges.add(e);
return e;

. Conditional Col

class Node {
Color color; ...
Node() {
if (Config. COLORED) { color = new Color(); }

}
void print() {
if (Config. COLORED) {
Color.setDisplayColor(color);

System.out.print(id);

class Edge {
Weight weight; ...
Edge(Node a, Node b) {
this.a = a; this.b = b;

\}IOid print() {
a.print(); b.print();
if (Config. WEIGHTED) { weight.print(); }

ion — ba. Features with Build Systems



Problems of Ad-Hoc Approaches for Variability — Features with Runtime Variability?

How to? — Preference Dialog

implement runtime variability
compile the program
® run the program

manually adjust preferences
based on configuration

R

ox. Tauncher_1..5.760. sar

ox. launcher. uin3 64111200,

et
org. ecipse. epp. package . modeling  product
~shausplash

epp. package..connon
Ldefanltaction

cher. defaultaction

cher..appendvnargs

How to? — Command-Line Options / Configuration Files

® implement runtime variability
® compile the program

automatically generate command-line options /
configuration files based on configuration

® run the program




Problems of Ad-Hoc Approaches for Variability — Features with Runtime Variability?

public class Config {
public final static boolean COLORED = true; . P
public final static boolean WEIGHTED = false; What is missing?

}

® automated generation:

. for preference dialogs
How to? — Immutable Global Variables

® no compile-time variability / same large binary:

® implement runtime variability for all except immutable global variables
® automatically generate class with global ® very limited compile-time variability:
variables based on configuration for immutable global variables

® compile and run the program

Thomas Thiim, Elias Kuiter, Tim:

. Conditional Compilation — 5a. Features with Build Systems



Problems of Ad-Hoc Approaches for Variability — Features with Clone-and-Own?

How to?
® implement separate project for each product
(i-e., branch with version control)
O O ® download project / checkout branch based on configuration

— - ® run build script, if existent

® compile and run the program

/ \ What is missing?

® compile-time variability only for implemented products

De
@)
!

ob

, ® no automated generation:
S SRR for clone-and-own (with version control systems)

OoO—— ® automated generation based on build script and extra files:

7 Y for clone-and-own with build systems
& o ® no free feature selection (i.e., configuration)

Thomas Thiim, Elias Kuiter, Timo Kehrer Conditional Compilation — 5a. Features with Build Systems
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Recap: Clone-and-Own with Build Systems e e st 20

Case Study: Anesthesia Device

® C application

® targets embedded devices
(ESP32)

® configurations are hard-coded as
build scripts

Prototype: OLED Display

T

imo Kehrer

v main-variants

Production Device: OLED, Clock v i config

l % cfg_production_oled.mk

I % cfg_prototype_lcd_rtc.mk
| % cfg_prototype_oled.mk
v lib
Il C batteryc
I C ds3231c
I C framc
I C i2cdev.c
Il C rtec
v monitor
Il C display.c
iIlc http.c
I C lcdc
Il C oledc
I I C wific
I % build.mk
Il C history.c
Il C mainc


https://dl.acm.org/doi/10.1145/3461002.3473950
Author: Elias Kuiter
Author: Elias Kuiter
Author: Elias Kuiter
Author: Elias Kuiter

Introducing Features to Build Systems i eta 2001

Vv @ main-features
How to Implement Features with Build Systems? v & lib
® step 1: model variability in a feature model C battery.c  sattery
Q 9 9 q . ?\(ﬂ build.mk Libraries
® step 2: in build scripts, in- and exclude files based on C 43031
feature selection = SEESIE U
. . . fram.c FRAM
® step 3: pass a feature selection at build time C i
1Zcaev.c FRAM
= one build script per group of related features C rec e
v monitor

?f'? build.mk Monitor

Anesthesia Device

C display.c Display

Monitoring C http.c HTTP Server
c led.c LCD
O O
Display Wi-Fi C 0|§§-C OLED
<> C wifi.c WiFi
@ build.mk n ia Devi
LCD| |OLED| |[HTTP Server| |[NVS| |[FRAM| |Battery R =<thesl2 Deves
C history.c History
History — Storage A RTC C mainc Anesthesia Device

Thomas Thiim, Elias Kuiter, Timo Kehrer b 5a. Features with Build Systems
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ITTOOK A LOT OF WORK, BUT THIS
LATEST LINUX PATCH ENABLES SUPPORT
FOR MACHINES WITH 4,096 CPUs,
UP FROM THE OLP LIMIT OF 1,024,

/ DOYOU HAVE SUPPORT FOR SMOOTH
FULL-SOREEN FLASH VIDED YET?

NO, BUTWHO USES 7HAT77

i
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The Linux Kernel — KConfig for Feature Modeling

Part of the x86 Architecture [linux/arch/x86/Kconfig] KConfig Language [kernel.org]
ct:)r:,f‘i)gl ?gzllji—t kernel” if " $(ARCH)” — " x86" ® configuration language used in embedded/OS
default " $(ARCH)" 1= "i386" development (e.g., Linux, Zephyr, ESP32)
help ® similar to UVL, but has many quirks (e.g.,

Say yes to build a 64-bit kernel (x86_64) :
Say no to build a 32-bit kernel (i386) s i, Geilcet)

® transformation into formula or feature model
config X86_32 possible, but not trivial [Oh et al. 2021]
def_bool y
depends on !64BIT
# Options that are inherently 32-bit kernel only:
select GENERIC_.VDSO_32
select ARCH_SPLIT_ARG64

config X86_64
def_bool y
depends on 64BIT
# Options that are inherently 64-bit kernel only:
select ARCH_HAS_GIGANTIC_PAGE
select ARCH_SUPPORTS_INT128 if CC_HAS_INT128

Conditional Compilation Features with Build Systems


https://github.com/torvalds/linux/blob/0326074/arch/x86/Kconfig
https://www.kernel.org/doc/html/latest/kbuild/kconfig-language.html
https://dl.acm.org/doi/abs/10.1145/3468264.3468578
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The Linux Kernel — MenuConfig for Configuration

.config - Linux/x86 6.1.0-rcl Kernel Configuration
> Device Drivers

Device Drivers
Arrow keys navigate the menu. <Enter> selects submenus ---> (or empty submenus
----). Highlighted letters are hotkeys. Pressing <Y> includes, <N> excludes,
<M> modularizes features. Press <Esc><Esc> to exit, <?> for Help, </> for
Search. Legend: [*] built-in [ ] excluded <M> module < > module capable

Graphics support ——> make menuconfig

<#> Sound card support >
>

HID support ) :
[+] USB support (NEW) ® configures KConfig models

< > MMC/SD/SDIO card support (NEW) --—-

< > Universal Flash Storage Controller (NEW) --—— . .

< > Sony MemoryStick card support (NEW) ---—- ® generates a .config file

—%— LED Support --—> X ) .

[ 9 egre iUy anpm (=D - ® widely used to configure Linux

< > InfiniBand suppor —

[*] Real Time Clock ---> A A 8 . . .

[*] DMA Engine support —--> ® still: it is possible to create invalid
DMABUF options -——> - .

[ 1 Auxiliary Display support (NEW) configurations and products

< > Userspace I/0 drivers (NEW) --—-—

< > VFIO Non-Privileged userspace driver framework (NEW)

v(+)

< Exit > < Help > < Save > < Load >



Author: Elias Kuiter

The Linux Kernel — KBuild as Build System

Feature Model with KConfig

config X86.32 ..
config X86.64 ..

[linux/arch/x86/Kconfig]

config IA32_.EMULATION
bool "1A32 Emulation”
depends on X86_64
help Include code to run legacy 32-bit programs under a 64-bit
kernel. You should likely enable this, unless you're 100% sure
that you don’t have any 32-bit programs left.

KBuild

[kernel.org]

® 3 style for writing Makefiles in Linux

® defines goals with Make variables
® obj-y (= 8%): static linkage (= include feature)
® obj-m (< 1%): dynamic linkage (= as module)
® obj- (0%): no linkage (= exclude feature)
® obj-$(...) (= 91%): conditional compilation

® full power of Make = hard to comprehend

imo Kehrer

Conditional Compilation

Feature Mapping with KBuild [linux/arch /x86/Kbuild]

# link these subdirectories statically:
obj-y += entry/ # entry routines

obj-y += realmode/ # 16-bit support
obj-y += kernel/ # x86 kernel

obj-y += mm/ # memory management

# link these depending on a configuration option:
0bj-$(CONFIG_IA32_EMULATION) += ia32/
obj-$(CONFIG_XEN) += xen/ # paravirtualization

# in the real code, kconfig is (unintuitively?) overridden:
obj-$(subst m,y,$(CONFIG_HYPERV)) += hyperv/

Recurse into Subsystems [linux/arch,/x86//ia32/Makefile]

# ia32 kernel emulation subsystem
obj-$(CONFIG_IA32_EMULATION) := ia32_signal.o
audit-class-$(CONFIG_AUDIT) := audit.o

# IA32_.EMULATION and AUDIT required for audit.o:
obj-$(CONFIG_IA32_.EMULATION) += $(audit-class-y)

Features with Build Systems
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The Linux Kernel — KBuild as Build System

Interactive Linux Kernel Configurator

config - Linu; 6.1.0-rcl Kernel Configuration
> Binary Emulations

Binary Emulations
Arrow keys navigate the menu. <Enter> selects submenus
—==> (or empty submenus ----). Highlighted letters are
hotkeys. Pressing <Y> includes, <N> excludes, <M>
modularizes features. Press <Esc><Esc> to exit, <?> for

[*] IA32 Emulation

[ 1 x32 ABI for 64-bit mode (NEW)

< Exit > < Help > < Save > < Load >

Feature Model and Example Configuration

config AUDIT ... # configured as NO

config IA32_.EMULATION ... # configured as YES
config HYPERV ... # configured as MODULE
config XEN ... # configured as NO

Timo Kehrer

Feature Mapping

obj-y += entry/ realmode/ kernel/ mm/
obj-$(CONFIG_IA32_EMULATION) += ia32/
0bj-$(CONFIG_XEN) += xen/

obj-$(subst m,y,$(CONFIG_HYPERV)) 4+= hyperv/
obj-$(CONFIG_IA32_EMULATION) := ia32signal.o
audit-class-$(CONFIG_AUDIT) := audit.o
obj-$(CONFIG_IA32_.EMULATION) += $(audit-class-y)

Feature Mapping for Example Configuration

obj-y += entry/ realmode/ kernel/ mm/
obj-y +=ia32/

obj- += xen/

obj-y += hyperv/

obj-y := ia32_signal.o

audit-class- := audit.o
obj-y +=
ie., entry, realmode, kernel, mm, ia32, hyperv,

ia32_signal.o are compiled

Conditional Compilation — 5a. Features with Build Systems
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Discussion

Advantages

® compile-time variability
= fast, small binaries with smaller attack
surface and without disclosing secrets

® automated generation of arbitrary products
= free feature selection

® allows in- and exclusion of individual files or
even entire subsystems
= high-level, modular variability

Thomas Thiim, Elias Kuiter, Timo Kehrer

Challenges

® not reconfigurable at run- or load-time

® build scripts may become complex, there is no
limit to what can be done (e.g., you can run
arbitrary shell commands on files)
= hard to understand and analyze

® no simple inclusion and exclusion of individual
lines or chunks of code
= high-level use only!

Conditional Compilatiol Features with Build Systems



Features with Build Systems — Summary

Lessons Learned

® ad-hoc variability is lacking

® features with build systems allow for automated
generation of products and free feature

selection Practice
® build systems include entire files, not lines or What are differences of the following two
chunks implementation techniques for variability?
(a) clone-and-own with build systems
Further Reading (b) features with build systems

® Apel et al. 2013, Chapter 5.2.1, pp. 105-106
— brief introduction to variability in build scripts

® Apel et al. 2013, Chapter 5.2.3, pp. 107-108
— variability in build scripts of the Linux kernel

Thomas Thiim, Elias Kuiter, Timo . Conditional Compilation — 5a. Features with Build Systems
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5. Conditional Compilation

5b. Features with Preprocessors
Granularity of Variability
What is a Preprocessor?
CPP — The C Preprocessor
Preprocessors for Java
Preprocessors in FeaturelDE
Discussion of Preprocessors
Preprocessor-Based Product Lines in the Wild

Summary
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Thomas Thiim, Elias Ki imo Kehrer

Granularity of Variability

Granularity of Variability

® Depending on the implementation technique,
variability can be introduced at different levels
of granularity.
® A level of granularity refers to
® the hierarchical organization of
implementation artifacts (e.g., through the
file system),
® the hierarchical structure of an
implementation artifact (e.g., given by its
syntax)

Granularity Levels in Java

modules > libraries > packages > classes > mem-
bers > statements > parameters

Conditional Compilation

What we have seen so far?
® Coarse-grained: Clone-and-own with version
control (entire variants)

® Medium-grained: Clone-and-own with build
systems (file level)

® Medium-grained: Features with build systems
(file level)

® Medium-grained: Design patterns for variability
(class or member level)

® Fine-grained: Runtime parameters (statement
level)
What is missing?

Yet no approach supporting fine-grained compile-
time variability!

Features with Preprocessors



What is a Preprocessor? jae e 20, p. 110111

Preprocessor

® tool manipulating source code before
compilation (i.e., at compile time)

® preprocessors are used:

Preprocessor

® the C Preprocessor (CPP) is used in almost
every C/C++ project

® preprocessors are typically oblivious to the

® 1o inline files (e.g., header files) target language as they operate on text files

® to define and expand macros

(e.g., the C Preprocessor can also used for

(cf. metaprogramming) Fortran or Java)

® for conditional compilation

® conditional compilation is a very common

(e-g., remove debug code for release) technique to implement product lines

imo Kehrer

Conditional Compilati Features with Preprocessors
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CPP — The C Preprocessor

CPP Directives

[cppreference.com]

file inclusion

® #include

text replacement

® #define

® #undef

conditional compilation

® #if, #endif

® jftelse, #elif

® #ifdef, #ifndef

® new: #elifdef, #elifndef

Thomas Thiim, Elias Kuiter, Timo Kehrer

Example Input

= R i R N

e
[SRCN VRS

18

#include <iostream>

#define Hello true
#define Beautiful true
#define Wonderful false
#define World true

int main() {

::std::cout
#if Hello

<< "Hello "
#endif
#if Beautiful

<< "beautiful "
#endif
#if Wonderful

<< "wonderful ";
#endif
#if World

<< "world!"
#endif

<< std::endl;

SPL - 5. Conditional Compila

Example Output (Simplified)

int main() {
::std::cout
<< "Hello "
<< "Beautiful "
<< "World!"
<< std::endl;

N U R W —

Why simplified?

® preprocessed file can get
very long due to to
included header files

® preprocessors typically do
not remove line breaks to
not influence line numbers
reported by compilers

5b. Features with Preprocessors


https://en.cppreference.com/w/cpp/preprocessor
https://link.springer.com/book/10.1007%2F978-3-319-61443-4
https://link.springer.com/book/10.1007%2F978-3-319-61443-4

Munge — A Simple Preprocessor for Java peiice et s 2017

Example Input and Output Munge
1 public class Main { public class Main { ® preprocessor for
2 public static void main(String[] public static void main(String[] Tewe
args) { args) {
3 /+1f[Hello]*/ ® written in Java
4 System.out.print("Hello"); System.out.print("Hello");
5 /*end[Hello]+/ ® about 300 LOC
6 /*if[Beautiful]*/
7 System.out.print(" beautiful"); System.out.print(" beautiful");
8 /*end[Beautiful]x/
9 /*1if[Wonderful]x/
10 System.out.print(" wonderful");
11 /*end[Wonderful]x/
12 /*if[World]*/
13 System.out.print(" world!"); System.out.print(" world!");
14 /*end[World]x/
15} }
16 } }

Call of Munge on Command Line

Munge -DHello -DBeautiful -DWorld Main.java targetDir

Thomas Thiim, Elias Kuiter, Timo Kehrer Conditional Compilatio Features with Preprocessors
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Antenna — An In-Place Preprocessor for Java peiice e o1 2017

Example Input and Output

1 public class Main {

2

O 00NN AW

public static void main(String[]
args) {

//#1if Hello
System.out.print("Hello");
//#endif
//#1if Beautiful
System.out.print(" beautiful");
//#endif
//#1if Wonderful

10 //@ System.out.print(" wonderful");

11
12
13
14
15
16 }

//#endif

//#1if World
System.out.print(" world!");
//#endif

Call of Antenna on Command Line

Thomas Thiim

java Antenna Main.java Hello,World,Beautiful

Elias Kuiter, Timo Kehrer

public class Main {

public static void main(String[]
args) {
//#1if Hello
System.out.print("Hello");
//#endif
//#if Beautiful

//@ System.out.print(" beautiful");

//#endif

//#1if Wonderful
System.out.print(" wonderful");
//#endif

//#if World

System.out.print(" world!");
//#endif

Conditional Compilatio

Features with Preprocessors

Antenna

® preprocessor for
Java

® written in Java

® has been used for
Java ME (micro
edition) projects



https://link.springer.com/book/10.1007%2F978-3-319-61443-4
https://link.springer.com/book/10.1007%2F978-3-319-61443-4
https://link.springer.com/book/10.1007%2F978-3-319-61443-4

In-Place and Out-of-Place Preprocessors e« i 2017

In-Place Preprocessor Out-of-Place Preprocessor
® input file manipulated ® separate output file generated
® |ines commented out where necessary ® |ines deleted where necessary
® often: better support in IDEs ® often: worse support in IDEs
Antenna, ... CPP, Munge, ...
|

v = HelloWorld-Antenna v £ HelloWorld-Munge

v [ src v [ src

v {3 (default package)

v Bt (default package) 6 5> [ HelloWerld java

> [J] HelloWorld java 5 m JRE System Library [jre1.2.0_121]
> m JRE System Library [jre1.2.0_121] > & configs

. : v [= source
» [= configs HelloWorld,java

’ modelxml ’ modelxml

Thomas Thiim, Elias Kuiter, Timo Kehrer onditional Compilation

b. Features with Preprocessors
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https://link.springer.com/book/10.1007%2F978-3-319-61443-4
https://link.springer.com/book/10.1007%2F978-3-319-61443-4

Preprocessors in FeaturelDE i et a1 2017

[ FesturcDE - HelloWoridconfga/HeloWorid.config - Ecipse

Fle Edt Novigste Sewch Project Run Window Help
=h) SBR[
[t PackageEml.. 22 = O
N ) Mainjove 52
Bele v |7,
v {2 HelloWorld 2 public class tain {
v @ 5= public static void main(string[) args) {
V@ 4 N
> 1) Msinjava s
) Testjova L
> B RESystem Ubray o+ | [ 6= static String helloborld() {
> B it o age = "7
~ & confgs 1o 77415 ello
¥ Heloworaconty | (11 nessage = "Hello";
@ modelsm /
i
neszage = * orld!”;
Jeandit
return nessage;
< >

@ Heloord Model 1

ners B
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e S s
i [Gbe] [ ][ Wt =1 concree

Feature Diagram Feature Order Source

pEET——
vl 4 pesible confiqurations
© ] oo

e

Closen

[ cones

Bt vors

Integr:

Configuration  Advanced Configuration | Source

 Consce 52

Hello

% | Klrovene

- % %|EpEEE e
<terminsted> Main (1) [Jva Application] C:\Program Fles ava\je]

ated Development

x

=n

al Compilati

5b. Features

ith Preprocessors

Demo Video

® preprocessing with
Antenna on
command line

® feature modeling

® warnings for
unreferenced
features

® content assist
proposing feature
names

® configuration and
automated
regeneration

® (first 2 min relevant
here)



https://link.springer.com/book/10.1007%2F978-3-319-61443-4
https://www.youtube.com/watch?v=jVe7f32mLCQ
https://www.youtube.com/watch?v=jVe7f32mLCQ

Discussion of Preprocessors

Powerful Preprocessors class Edge { class Edge {
Node first, second; Node first, second;
we can annotate //#ifdef Weighted
® complete files (i.e., //';Zr\:\z}ght; int weight;
Java classes) Edge(Node first, Node second) {...} Edge(Node first, Node second) {...}
® members (e.g., fields, boolean equals(Edge e) { boolean equals(Edge €) {
methods) return (first == e.first return (first == e.first
&& second == e first && second == e first
® (parts of) statements //#ifndef Directed [ Graph|
® parameters || first == e.second [ Directed || first == e.second
P && second == e first ::";h;;dmmm && second == e.first
® ... ) && weight == e.weight; B ) && weight == e.weight;
® single characters /[ #endif
and automatically gen- void testEquality() { void testEquality() {
erate variants Node a = new Node(); Node a = new Node();
Node b = new Node(); Node b = new Node();
Edge e = new Edge(a, b); Edge e = new Edge(a, b);
everyone happy? Assert.assertTrue(e.equals(e)); Assert.assert True(e.equals(e));
}} }}

Thomas Thiim, Elias Kuiter, Timo Kehrer . Conditional Compilation — 5b. Features with Preprocessors


Author: Thomas Thuem

Discussion of Preprocessors

class Edge { class Edge { Syntax Error
Node first, second; Node first, second;
/[ #ifdef Weighted missing ) and semicolon!
int weight; int weight;
//#endif
Edge(Node first, Node second) {...} Edge(Node first, Node second) {...} Powerful Preprocessors
boolean equals(Edge e) { boolean equals(Edge e) {
return (first == e.first return (first == e.first can produce syntactically
& & second == e first & & second == e first ill-formed programs:
//#ifndef Directed (] Graph |
|| first == e.second 5] Orrected ® errors may appear only
&& second == e first (W] Weighted for certain

OptimalConnection

) && weight == e.weight; configurations,

//f#endlf ® are hard to find, and
void testEquality() { void testEquality() { ® are more likely than
Node a = new Node(); Node a = new Node(); for other techniques
Node b = new Node(); Node b = new Node();
Edge e = new Edge(a, b); Edge e = new Edge(a, b); [more in Lecture 5c]
Assert.assert True(e.equals(e)); Assert.assertTrue(e.equals(e));
b} +}
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Author: Thomas Thuem

Discussion of Preprocessors

class Edge { class Edge { Type Error
Node first, second; Node first, second;
/[ #ifdef Y]VEighted weight undefined!
int weight;
//#endif
Edge(Node first, Node second) {...} Edge(Node first, Node second) {...} Powerful Preprocessors
boolean equals(Edge e) { boolean equals(Edge e) {
return (first == e.first return (first == e first can produce ill-typed pro-
&& second == e first && second == e first grams:
//#ifndef Directed || Graph |
|| first == e.second ] Directed || first == e.second ® errors may appear only
&& second == e first (£ Welghted && second == e first for certain

[] OptimaiConnection

) && weight == e.weight; ) && weight == e.weight ; configurations,
//f#end'f ® are hard to find, and
void testEquality() { void testEquality() { ® are more likely than
Node a = new Node(); Node a = new Node(); for other techniques
Node b = new Node(); Node b = new Node();
Edge e = new Edge(a, b); Edge e = new Edge(a, b); e (o st 10]
Assert.assert True(e.equals(e)); Assert.assertTrue(e.equals(e));
b} +}
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Author: Thomas Thuem

Discussion of Preprocessors

class Edge { class Edge { Runtime Error
Node first, second; Node first, second;
/[ #ifdef Weighted assertion failed!
int weight; int weight;
//#endif
Edge(Node first, Node second) {...} Edge(Node first, Node second) {...} Powerful Preprocessors
boolean equals(Edge e) { boolean equals(Edge e) {
return (first == e.first return (first == e first can produce programs
&& second == e first && second == e first with unwanted behavior:
//#ifndef Directed [m] Graph| o
|| first == e.second [] Directed || first == e.second errors may appear lly
&& second == e first :;::;zﬂnemn && second == e first ter c_ertam.
) && weight == e.weight; O ) && weight == e.weight; configurations,
//f#e”dif ® are hard to find, and
void testEquality() { void testEquality() { ® are more likely than
Node a = new Node(); Node a = new Node(); for other techniques
Node b = new Node(); Node b = new Node(); .
Edge e = new Edge(a, b); Edge e = new Edge(a, b); [more in Lecture 11]
Assert.assert True(e.equals(e)); Assert.assert True(e.equals(e));
b} +}
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Problem: Source-Code “Obfuscation”

Observations on Readability

® Mixing two languages (C and #ifdefs, or Java
and Munge, ...)

® Control flow difficult to understand

® | ong annotations hard to find

® Extra line breaks destroy layout

Problem: Undisciplined Annotations

® the preprocessor language (e.g., #ifdefs) does
not care about the preprocessed language (e.g.,
Q)

® allows for “undisciplined” preprocessor usage
(precise definition later)

® considerably worsens readability

Can you read this source code? [Liebig et al. 2011; xterm]

#if defined(__GLIBC_.)
// additional lines of code
#elif defined(__MVS_.)
result = pty_search(pty);
#else
#tifdef USE_ISPTS_FLAG
if (result) {
#endif
result = ((xpty=open(" /dev/ptmx", O_.RDWR))<0);
F#endif
#£if defined(SVR4) || defined(--SCO_.) || \
defined(USE_ISPTS_FLAG)
if (!result)
strcpy(ttydev, ptsname(xpty));
F#ifdef USE_ISPTS_FLAG
IsPts = Iresult;

¥
#endif
F#endif

Thomas Thiim, Elias Kuiter, Ti onditional Compilation b. Features with Preprocessors
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Discussion of Preprocessors

Advantages

® well-known and mature tools, readily available

® easy to use
= just annotate and remove

® supports compile-time variability
® flexible, arbitrary levels of granularity

® can handle code and non-code artifacts
(uniformity)

® little preplanning required
= variability can be added to an existing
project

Challenges
® scattering and tangling
= separation of concerns?

® mixes multiple languages in the same
development artifact

® may obfuscate source code and severely impact
its readability

® hard to analyze and process for existing IDEs
® often used in an ad-hoc or undisciplined fashion

® prone to subtle syntax, type, or runtime errors

which are hard to detect [Lecture 9—Lecture 11]

Conditional Compilation Features with Preprocessors



Preprocessor-Based Product
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Lines in the Wild [Liebig et al. 2010]

Percentage of Variable Code

50

30

10

o

[o]e}

Lines of Code

itional Compilation — 5b. Features with Preprocessors

10M



https://dl.acm.org/doi/abs/10.1145/1806799.1806819
https://dl.acm.org/doi/abs/10.1145/1806799.1806819
https://dl.acm.org/doi/abs/10.1145/1806799.1806819
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Preprocessor-Based Product Lines in the Wild (v et a1 2019
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Features with Preprocessors — Summary

Lessons Learned
® granularity of variability at file level is not
sufficient 1.

® preprocessors facilitate fine-grained variability
within files

® a widely applied preprocessor is the C
Preprocessor 2.

® industrial systems often combine preprocessors
and build systems for features (e.g., Linux
kernel)

Further Reading

® Apel et al. 2013, Section 5.3 Preprocessors

Practice

Antenna performs an in-place transformation
on implementation artifacts. What might be
the benefits of using an in-place approach? Do
you see any drawbacks?

The preprocessors we have seen so far are also
called lexical preprocessors. What is
emphasized by the notion of lexical and can
you think of other preprocessing approaches?

The literature on software product lines has
coined the term “#ifdef hell”. What could be
meant with this?

Thomas Thiim, Elias Kuiter, Timo Kehrer . Conditional Compilation — 5b. Features with Preprocessors
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5. Conditional Compilation

5c. Feature Traceability
Recap: Code Scattering and Tangling
Feature Traceability Problem
Feature Traceability with Colors

Feature Commander

FeaturelDE

Virtual Separation of Concerns
CIDE

Summary

FAQ

imo Kehrer Conditional Compilatiol Feature Traceability



Recap: Code Scattering and Tangling

public class Graph { public class Node { public class Color {
List nodes = new ArrayList(); intid = 0; static void
List edges = new ArrayList(); Color color = new Color(); setDisplayColor(
Color c) {...}
Edge add(Node n, Node m) { void print() {
Edge e = new Edge(n, m); Color.setDisplayColor(color);
nodes.add(n); nodes.add(m); edges.add(e); System.out.print(id); . .
e.weight :( rzew Weight(g; ) <8 © g print() publ|.c cla_ss Weight {
return e; 1 void print() {...}

}
Edge add(Node n, Node m, Weight w) {

Edge e = new Edge(n, m); public class Edge {

. . . Node a, b;
szeeisg.;fd:(nv%/’; nodes.add(m); edges.add(e); Weight weight = new Weight(); What is ...
return e; Edge(Node a, Node b) { ® code scattering?

} H -_— . H — .
void print() { this.a = a; this.b = b;

for (int i = 0; i < edges.size(); i++) { L o f o
) X ture t bility?
((Edge) edges.get(i)).print(); vo::.IpFr)irrI\:g-) If.print()' CEUE HEE Iy

weight.print();
’ }

® code tangling?

Thomas Thiim, Elias Kuiter, Timo SPL - 5. Conditional Compilatios c. Feature Traceability



Recap: Code Scattering and Tangling

public class Graph { public class Node { public class Color {
List nodes = new ArrayList(); intid = 0; static void
List edges = new ArrayList(); Color color = new Color(); setDisplayColor(
Color c) {...}
Edge add(Node n, Node m) { void print() {
Edge e = new Edge(n, m); Color.setDisplayColor(color);
nodes.add(n); nodes.add(m); edges.add(e); System.out.print(id); . .
e.weight :( r?ew Weight(g; ) © } () pUbII.C class Weight {
return e } ) void print() {...}

}

Edge add(Node n, Node m, Weight w) {
Edge e = new Edge(n, m);
nodes.add(n); nodes.add(m); edges.add(e);
e.weight = w;
return ¢;

public class Edge {
Node a, b;
Weight weight = new Weight();

Is it a problem for ...

(a) single systems?

Edge(Node a, Node b) { (b) runtime variability?

Eoid print() { this.a = a; this.b = b; [Lecture 2]

for (int i = 0; i < edges.size(); i++) { .
((Edge) edges.get(i)).print(); vo:pir)irr::(t? If.print()'
} weight.print(); (d) conditional
compilation? [Lecture 5]

(c) clone-and-own?
[Lecture 3]
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Thomas Thiim, Elias Kuiter, Timo Kehrer

Feature Traceability Problem

Recap: Feature Traceability

Feature traceability is the ability to trace a feature
throughout the software life cycle (i.e., from re-
quirements to source code).

Recap: Intuition on Feature Traceability

find feature “ in product

Feature Traceability (revisited)  [apel et al. 2013, p. 54]

“Feature traceability is the ability to trace a feature
from the problem space (for example, the feature
model) to the solution space (that is, its manifes-
tation in design and code artifacts).”

Feature Traceability Problem

The feature traceability problem is the challenge
to trace a feature in software artifacts (i.e., all or
some locations).

SPL — 5. Conditional Compilatiol c. Feature Traceability
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Feature Traceability with Colors — Feature Commander

1 FeatureCommander (=

Show] | seeheflestuctre and open |
files by clicking on 3 node
foiorer ox F 5x
| getanovenview of the - seethe feature

) Festres @ Fesicare s atite 0 @ anctwotorthe
L . whole document
(e l ! e

[ e |

Feature Commander

‘CONFIG YENO_OPT_PIPELINE HEAD
CONFIG_YENO_OPT_SCHED CLASSES
CONFIG YENO_OPT_STATS.

#Debug

‘CONFIG XENO_OPT_DEBUG

mples

42 (sched_class->ached migrate)
sched_clasa->sched migrate (chread, sched);

1

* WARNING: che scheduling class may have Just changed as &

# result of calling che per-class Sigration hook.

-

® each feature can be assigned to
o

xnsched_set_zesched (chread->sched) ;
hzead-Sschad = sched;

a color oM OF S G
4f (1xathread_vest_state (thread, XVTHREAD BLOCK_BITS)) { ‘CONFIG XENO_OPT_DEBUG XNLO..
e o

xnchread_set_stace (thread, XIREADY):

® color used to support feature

5 = CONFIG 6o, OPT.XBUGREGS..
o \ e oG o, 0PT. 058U, TERS
traceability NN o toncecokr CONFIGXENO_0PT D8BUG SYNC..
o X CONIG6NO,OPT XRUG VAT

T sHRQ

¥i£ndes CONFIG_XEND_OFT_DESOG, QUEUES
¥detine CONFIG_XENO_OPT_DEBDG_QUEVES 0 dickafeatureoccurence.
tonavigate oits start

® features not assigned to a color
shown in a shade of grade

vosd intemlq(etruct xnsched mlq *q, int loprio, iat hiprio) Fiachine
l

* Intefaces
Drives

R
Ea—
[ —
PR
® visualizations based on N ||| w0 ormms): e o
preprocessor directives e (Garslomsp, 0, ot (@>loms)): GG
PR
F .
|
e
.
= e
|

dentiyfeatures for (prio = 0; prio < 7 priott)

XSCHED J0Q. LEVELS:

4ntea (ea->quese (prio]) i  ae

XENO_ASSERT (QUEUES, —
hiprio - loprio + 1 < XiSCHED JuQ LEVELS,

x0pod_fatal ("priority range (3d..id] 1s beyond =

“quee indexing capabiliciest,

Demo Video

)

ot adaslq(seruct xasched g q,
steuce xapholder #h, dnc ddx, tnc 1ifo)
«

(there is no sound)
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Feature Traceability with Colors — Feature Commander
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{conm o o scren romsoe 1| = LR
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Feature Traceability with Colors — FeaturelDE

IDE - Fe E- ‘exam|
File Edit Source Refactor Navigate Search Project Run Window Help
N-HRi%-0 -~ #-iPHEeREDIH -F oD FeaturelDE [Meinicke et al. 2017]
[PyProje.. 52 = O |J] Requestjava 53 = =S
e B %]‘:, - [E I B ~ ® tool support for feature
v evator-Antenna-v1. 70 1 o il
o ” & traceability
2 [Mde.ovgu featureide. 728 public static class RequestComparator implements Comparator<R = . .
" i s | 7 E ® inspired by
> © ControlUnit I 74 1/ #if Shortestpath F C d
> m%nxkunmmm ;f - - eature Commander
0 [MMriggerListenerj (W 77= public estComparator (ControlUnit controller) { If .
* DilRevesiove I;g : R ® color can be assigned to
> © Request
v @ﬂ]é[ﬂ]d]::.l?;gulea!.ureidme zi’ /1 #endif E features
> levator,java 828 @ id .
. Bieevtorsatejov 1= o2 Gebiic int compare(Request o1, Request 02) { ® colors used in feature model,
# de. featureide.c 84 // #if DirectedCall [:51 . .
v D]IﬂlﬂI.T‘,STrgv\:I:lm‘:Sn - B reiry coparasirectiamicr, 23 v configurations, package
+ @[MKeovgufestureides | - 0 $it £I7G explorer, and source code
> D[MTestElevatorjava | 55 // @ return (int) Math.signum(ol.timestamp - o2.times L/}
> g[[Mdeovgufeatureidee | 59 // #endif
> (3 resource b Z "L;”‘Zl??é"“" h.abs(o1. Floor 11
N i | - 91 = Math. ol. = 14 . . -
> RE Sytem irary a5 1 || 21 T iR S LR = e Demo Video (last minute only)
> A JRE System Library [jre1.2.0_ || o5 71 @ return diffe - diff1;
> B Junitd 9 11 #endif . .
> € configs o e ® collaboration view
del.xml 6
@ modelxm * ,
< > < > ® support for colors

Writable | smartinsert | 1:1



Author: Thomas Thuem
https://link.springer.com/book/10.1007%2F978-3-319-61443-4
https://youtu.be/jVe7f32mLCQ?t=240
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Virtual Separation of Concerns
® annotations of code based on the underlying
structure (i.e., abstract syntax)

® disciplined annotations: only optional nodes in
the abstract syntax tree can be annotated

® tool support used to provide views and navigate
in source code

® syntactic correctness guaranteed for all
generated program variants

Conditional Compilatiol

What is different with preprocessors?

® annotation of characters in plain text
® undisciplined annotations possible

® can lead to generation of syntactically invalid
program variants

What is different with physical separation?

® features physically separated from each other

® dedicated components, services, plug-ins

[Lecture 6]

® dedicated modules, folders, files [Lecture 7]

Feature Traceability
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Virtual Separation of Concerns — CIDE (i

'5..55 sre ffdeclaration of the private variables u
private int returnVal; //for JFileChoose
E-E3 com.slespycat. compat N N ) . o
o private int option; //for using it into
B
—ofeemte e fileContent = null; JSto
8 com.sleepycat je e L ;1leName = null; f/for us What is CIDE?
T8 com.sleepycat je.c - r:mdword; #/for searching
ﬁa com.sleepycat je.c - s “’"""E:uu °
3 com seepyeat jo.c ] Editor v stands for Colorec! Integrated
5 comslespycat je.c  OPENType Hierarchy F4 (3] Java Editor Fhe Development Environment
Bl com.slespycat e Text Editor
i TR— cirtc | ® colors used to mark features
. 5= Copy Qualified Name =
com.slespycat. je.h o= |= Gystem Editar .
‘g com.s\ee';;cat‘;a.\: = Baste Crl \=| In-Place Editor ® based on ECleSG 3.5 and FeaturelDE
E mm'sleem’m:‘?a'g L Delete Defeurtder 1 ® research prototype (last update in
. e T s £
5 ot ot 2R P co oy 4 the v wa May 2012)
T com.sleepycat.je.. Source AlL+ShIfE+S P koo ien't empty 4 the tex i . .
& com.slepycat jo. RErackor AR+SNFE+T ¥ b cption for saving the ® special editors available for several
4 comseepycat.utl oo y languages: ANTLR, Bali, C, C++,
E g ;zisystem Uirary [ | g oo . C+#, JavaScript, Featherweight Java,
a t area isn't empty & i
B lib References » b saved befor (fileComten Java 1.5, gCIDE, Haskell, HTML,
B2 aut S 2 I § JavaCC, OSGi Manifest, Properties,
(= refdocs real) . getTex _equals Pyth
= on, and XHTML
54 build.properties 5 mefresh F5 et s o o . Yy )
.\D Faild worml o 2= opTlons =

eature Tracea
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Virtual Separation of Concerns — CIDE (i

‘ FH Motepad.java | BB actions. java f@ Main java 52 = O/||outline = [m]
output . setText [t. taStringl)); N -
progran. setText(t.evali®*}];
equation. senText (base) ; 3% | = =2[s
updateuarkPanel {); o nul -

¥ IERS (1)
B RUCTOR; false'
= apply. addierionlistener new Actionlistener () { AR AMETERS (1)
e public void actionPerformed{ActionBwvent e) | N_TYPEZ
ey e e

if (ladvice isSelectedi)) {

© = o applyinew advice("a" + layerno));
+
if (intro.isSelected()} {

t = t.applyinew intro{'i' + layerna});

i1f (hoa.isSelected() |

|

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

ladvice.setSelected{false;
intro.zetSalacted(falze):
equation

[

senTexn ("T" + layerno + "i" + equacion. g

_DIMENSIONS: 0
UN_EXCEPTIONS (0)

bl [4443, 805]
STATEMENTS (5}

Ifstatement [4529, 80]
Ifstatement [4615, 77]

Ifstatement [4785, 457]

pr

Why colors?

colors replace
preprocessor directives

features relevant for
development task are
assigned a color

code annotated to a
feature by selection and
context menu

features visualized by
background colors

annotations stored
externally (no changes
outside the special editor
feasible)
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Virtual Separation of Concerns — CIDE (i

Ele Edit Source Refactor Navigate Search Project Colors Run Window Help

-0 -0-Q-|[2(6-[/-5l-nc- 5.

[ | @ coloredinE 2

Lockjava | =0

ﬁ Stack.java 83
7 Mozt Java.ic.PrintStrean; H den Code

© - @lals
B (default package)
: [ Lock.java
ERO] s o iovs I ]
@[] statisticobiect |3
& IRE System Library| (=2

B puslic clase stack {

public Soack(int maxSize, | PESNUSCRESMNIGOUIHGTETGEE) {
elenentData = mew Ubject maxSizel s

Feature Code

¥
private int size = 07
private Object(] elementData;

s (Oyerlapping
Fubisc bosLean push (Ghece o1 (

Features
if (lock == mmll) {

3 x|t =

1 AsTiiew 82 =

Block [128, 73] b
ol e— D

glevariableDeclara &
> variable binding: log
EXTRA_DIMENSIONS: 0 J

THROWH_EXCEPTIONS (0}
E-BODY

Problems | Previewview | @ Feature Interactions 53

$ =0

Allinteractions (1)
Interactions by Feature (2)
< | | el dervatives (3)

i Shack,java - Stack

I ET

Why virtual separation?

® source code is a view on the
abstract syntax tree (AST)

possible to hide irrelevant
features

® possible to show overlapping
features

® supporting development
despite scattering and tangling

® no need to handle separators
and logical connectors:

won nlln
s

® efficient detection of type

€rrors [Lecture 10]
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Virtual Separation of Concerns — CIDE (i

[E] model.colors f Test.java f BaseMessaging java 2 [E] model.colors Test java f BaseMessaging.java > =8
59 public class MediaController extends MediaListController { 59 public class MediaController extends HediaListController { -
60 68 public boolean handlecComwand (Comnand comuand)

61 private MediaData media: 72 /%% Cage: Save Add phaoto * ¥/
52 private NewlabelScreen screen; 81 // #ifdef includePhotodlbum
63 82 // [NC] Added in the scenario 07
64 public MediaController {MainUINidlet midlet, Alburbata albumbati 23 //#endit
65 super (midler, albumDara, albuwlistScreen): 95 /7 #ifdef includeMusic
1 ¥ EL 4/ [NC] Added in the scenario 07
67 97
68 public boolean handleCommand (Command command) 98
L=} %tring label = command.getlabel(); B
70 System.out.printin{ "<* PhotoController.handleCommand{) *> ' 101
71 102
72 /%% Case: Save Add photo * ¥/ 103 //#endit
73 if (label.equals ("iddw)) { 104 if (label.eguals("Save Iten”)) {
74 SereenSingleton.get Instance () .getCurrent Sereenliame (Const 108 try (
75 iddMediaTollbun form = new AddMediaToklbum{"idd new iter 108 /f #ifdef includeMusic
76 form. setComnandListensr (this) 109 /¢ [NC] Added in the scenario 07
77 setCurrenticreen [form) ; 110
78 return true:| 111
79 112
80 3 113
81 /7 #ifdef includePhotollbum 114
82 #/ [NC] Added in the scenario 07 118
83 if (lsbel.equals("View"|| { 116 /fHendif
il i « |
= Parsing successful (43 ms). petals| @ = Parsing successful (83 ms). Detals: ﬁ

view on a feature: possible to only show a single feature — in its surrounded code
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Virtual Separation of Concerns — CIDE (i

e IH[=] E3
Select Features

Select features For a variant {double-click on Feature ko select or deselect)

Select Features:

Why configuration? H ExpressionProblem (valid, 4 solutions)

® features specified in FeaturelDE feature
model

® configuration created in FeaturelDE
configuration editor

® configuration used to generate and
visualize variant

® < Back I Mext = I Eimisti Cancel

Thomas Thiim, Elias Kuiter, 5c. Feature Traceability
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Virtual Separation of Concerns — CIDE (i

Why configuration?
.

® view on a variant: variant visualized in
source code and project explorer

® only necessary to press CIDE button in
project explorer

® pressing it again returns to the view of
the product line

(RS Project Explorer 52 =0
elzlle=
SR - B sre |
=2 com =& com
B (= slespycat Bl (= sheepycat
(= compat BE& e
[SR=3 ] & (= e
CREY- = B g
B config B tree
B i w = B
(= evictor - B Btreestats.java
@ (= incomp [ DatabaseConfig.java
& = kR B Environment.java
B (= og [ sequence.java
B (2 recavery B sequenceConfig.java
B tres |0 c best Ej
= B T e+
B = carestudy_shead
(= whiint = casestudy_berkeleydocu
& |3 casestudy_gpl
|| BtreeStats java.color |0 casestudy_saiparser
£ CheckpointConfig. java = CIDEArith
B Cursor.java |7 dema
|7 FAMEDBCIDE

?JFJ [ L':I

Thomas Thiim, Elias Kuiter,
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Feature Traceability — Summary

Lessons Learned
® preprocessor variability suffers from scattering
and tangling

® feature traceability can be established with tool
support (e.g., Feature Commander)

® virtual separation of concerns is an alternative
to preprocessors (e.g., CIDE)

Further Reading

® Apel et al. 2013, Section 3.2.2 Feature Traceability

® Apel et al. 2013, Chapter 7 Advanced, Tool-Driven
Variability Mechanisms

Practice

1.

Conditional Compilatiol

Why is it beneficial to have feature traceability
even for single systems?

Using disciplined annotations, only optional
nodes in the abstract syntax tree can be
annotated (i.e., assigned to features); if we
remove them, no syntax error occurs. What are
examples of optional and non-optional (i.e.,
mandatory) types of nodes in Java?

Feature Traceability
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FAQ — 5. Conditional Compilation
Lecture 5b

Lecture ba

Thomas Thii

What are problems of ad-hoc
approaches for variability?

How to implement features with
build systems?

How is it different from
clone-and-own with build systems?

How is the Linux kernel developed
in terms of feature model,
configuration, and feature mapping?

What are KConfig, MenuConfig,
KBuild (used for)?

What are tristate features in Linux?

How to develop new features or
variants? Exemplify!

What are (dis)advantages of
conditional compilation with build
systems?

When (not) to implement features
with build systems?

Elias Kuiter, Timo Kehrer

What are different levels of
granularity for variability?

Which granularity level supported by
each techniques?

What is a preprocessor and how
does it work?

What are examples for preprocessors
and what are their differences?

What is better in-place or
out-of-place preprocessing?

What is the problem with
fine-grained variability or
undisciplined annotations?

How to develop new features or
variants? Exemplify!

What are (dis)advantages of cond.
comp. with preprocessors?

When (not) to implement features
with preprocessors?

SlFL =

Conditional Compilatiol

Lecture 5c

Which implementation techniques
suffer from code scattering, code
tangling, missing traceability?

What is feature traceability? What
is the feature traceability problem?

What is the difference between
problem and solution space?

How can feature traceability be
achieved for preprocessor-based
product lines?

Can feature traceability be
automated for every potential
feature of a domain?

What is virtual separation of
concerns? How is it different from
preprocessors or physical separation?

What is the principle of conditional
compilation? How can it be
implemented?

Feature Traceability
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