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Plan 
•  Challenges and Overview 

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

•  Implementing Variability 
– Revisit of existing techniques and curriculum 

•  Specificity of Product Line Engineering 
– Process, methods 

•  Feature Models 
– Defacto standard for modeling product lines and 

variability 
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Contract 
•  The idea of software product lines and 

variability 
– You will be able to recognize this class of systems 
– Aware of the complexity 
– Aware of the specific development process 
– Aware of existing techniques 

•  Feature modeling 
– A widely used formalism for modeling product lines 

and configurable systems in a broad sense 
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«	
  A	
  set	
  of	
  programs	
  is	
  considered	
  to	
  cons<tute	
  
a	
  family,	
  whenever	
  it	
  is	
  worthwhile	
  to	
  study	
  
programs	
  from	
  the	
  set	
  by	
  first	
  studying	
  the	
  
common	
  properEes	
  of	
  the	
  set	
  and	
  then	
  
determining	
  the	
  special	
  properEes	
  of	
  the	
  
individual	
  family	
  members	
  »	
  
	
  
	
  
	
  
	
  
	
  
David	
  L.	
  Parnas	
  —	
  ‘‘On	
  the	
  design	
  and	
  development	
  of	
  program	
  
families’’	
  in	
  TransacEons	
  on	
  So,ware	
  Engineering,	
  SE-­‐2(1):1–9,	
  1976	
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aka	
  Variability	
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SoKware-­‐intensive	
  systems	
  

come	
  in	
  many	
  variants	
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So,ware	
  Product	
  
Line	
  Engineering	
  

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

	
  
	
  
	
  
Managing	
  variabiliEes	
  	
  

	
  for	
  SoKware	
  Mass	
  CustomizaEon	
  [Bass	
  et	
  al.,	
  1998]	
  [Krueger	
  et	
  al.,	
  2001],	
  [Pohl	
  et	
  al.,	
  2005]	
  
	
  
	
  



Variability	
  	
  
“the	
  ability	
  of	
  a	
  system	
  to	
  be	
  efficiently	
  
extended,	
  changed,	
  customized	
  or	
  
configured	
  for	
  use	
  in	
  a	
  parEcular	
  context”	
  	
  

Mikael	
  Svahnberg,	
  Jilles	
  van	
  Gurp,	
  and	
  Jan	
  Bosch	
  (2005)	
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Extensible
	
  architect

ures	
  

(eg	
  plugin
s-­‐based)	
  

Configura
Eon	
  

files	
  

System	
  

Preferenc
es	
  

Configura
tors	
  

Source	
  co
de	
  Build	
  

systems	
  

Comparison	
  o
f	
  *	
  

Structura
l	
  or	
  behav

orial	
  	
  

models	
  

External	
  Variability	
  
Internal	
  Variability	
  
Variability	
  @	
  run.Eme	
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Variability	
  in	
  Eme	
  vs	
  in	
  space	
  
•  Variability	
  in	
  Time	
  (releases)	
  	
  

–  the	
  existence	
  of	
  different	
  versions	
  of	
  an	
  arEfact	
  that	
  are	
  valid	
  
at	
  different	
  Emes	
  

•  Variability	
  in	
  Space	
  (variants)	
  
–  the	
  existence	
  of	
  an	
  arEfact	
  in	
  different	
  shapes	
  at	
  the	
  same	
  Eme	
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ObjecEves	
  

•  Variability	
  and	
  SoKware	
  Product	
  Line	
  
Engineering	
  
– Overview	
  
– Challenges	
  

•  The	
  (possible)	
  role	
  of	
  Model-­‐Driven	
  
Engineering	
  	
  

•  Overview	
  of	
  techniques	
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A	
  Bit	
  of	
  History:	
  	
  
Industrial	
  RevoluEon	
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1901	
  
Henry	
  Ford	
  

1980s	
  

1698	
  
Thomas	
  Savery	
  



Nowaday:	
  Product	
  Lines	
  
Everywhere	
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Product	
  Lines	
  of	
  Cars	
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Food?	
  Product	
  lines!	
  





Mass	
  producEon	
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What	
  about	
  
so,ware?	
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Product	
  lines	
  of	
  	
  
so,ware	
  intensive	
  systems	
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So,ware	
  intensive	
  systems	
  	
  

are	
  declined	
  in	
  many	
  variants	
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So,ware	
  intensive	
  systems	
  	
  

are	
  declined	
  in	
  many	
  variants	
  	
  



So,ware	
  Product	
  Lines	
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Car	
  



Database	
  
Engine	
  



Printer	
  
Firmware	
  



Linux	
  
Kernel	
  



Linux-­‐Kernel	
  



Features	
  in	
  Microso,	
  Office	
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The	
  development	
  of	
  a	
  
	
  
family	
  of	
  so,ware	
  systems	
  	
  
	
  
is	
  much	
  more	
  challenging	
  than	
  the	
  
development	
  of	
  
	
  
a	
  single	
  so,ware	
  system	
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Variability = Complexity 



a	
  unique	
  variant	
  for	
  every	
  

person	
  on	
  this	
  planet	
  

33	
  features	
  op<onal,	
  independent	
  



320	
  features	
  
	
  

more	
  variants	
  than	
  es<mated	
  

	
  	
  atoms	
  in	
  the	
  universe	
  

op<onal,	
  independent	
  



2000 features 10000 
features	
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Avoid	
  solving	
  the	
  same	
  problem!	
  
	
  
	
  

	
  2,	
  3…n	
  Emes	
  	
  

Automation? 



Correctness? 



Maintenance?	
  
Comprehension?	
  



Printer	
  
Firmware	
  

Checking	
  Products	
  
2000 Features 
100 Printers 
30 New Printers per Year 



Linux	
  
Kernel	
  

Checking	
  Products	
  
8000	
  Features	
  
?	
  Products	
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So,ware	
  product	
  line	
  engineering	
  

=	
  modeling	
  and	
  managing	
  variability	
  



The	
  development	
  of	
  a	
  
	
  
family	
  of	
  soKware	
  systems	
  	
  
	
  
differs	
  from	
  the	
  development	
  of	
  
	
  
a	
  single	
  soKware	
  system	
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«	
  The	
  development	
  of	
  a	
  
family	
  of	
  soKware	
  systems	
  	
  
differs	
  from	
  the	
  development	
  of	
  
a	
  single	
  soKware	
  system	
  »	
  
	
  
Reuse	
  
CustomizaEon	
  	
  
AutomaEon	
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Commonality	
  

Variability	
  



Assembly	
  Line	
  	
  
and	
  	
  

Mass	
  CustomizaEon	
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Reuse	
  	
  
and	
  	
  

Mass	
  CustomizaEon	
  
58	
  



StarEng	
  from	
  scratch?	
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You	
  cannot	
  start	
  from	
  scratch	
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So,ware	
  	
  
Product	
  Lines	
  

“a	
  set	
  of	
  so)ware-­‐	
  intensive	
  systems	
  that	
  share	
  a	
  common,	
  managed	
  
set	
  of	
  features	
  sa8sfying	
  the	
  specific	
  needs	
  of	
  a	
  par8cular	
  market	
  
segment	
  or	
  mission	
  and	
  that	
  are	
  developed	
  from	
  a	
  common	
  set	
  of	
  
core	
  assets	
  in	
  a	
  prescribed	
  way”	
  [Clements	
  et	
  al.,	
  2001]	
  



62	
  

So,ware	
  Product	
  
Line	
  Engineering	
  

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

	
  
	
  
	
  
Managing	
  variabiliEes	
  	
  

	
  for	
  SoKware	
  Mass	
  CustomizaEon	
  [Bass	
  et	
  al.,	
  1998]	
  [Krueger	
  et	
  al.,	
  2001],	
  [Pohl	
  et	
  al.,	
  2005]	
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Domain	
  engineering	
  

64	
  

“Reuse-­‐in-­‐the-­‐large	
  works	
  
best	
  in	
  families	
  of	
  related	
  
systems,	
  and	
  thus	
  is	
  domain	
  
dependent.”	
  [Glass,	
  2001]	
  

Domain	
  Analysis	
  
(problem)	
  

• 	
  elicitate	
  requirements	
  and	
  scope	
  the	
  line	
  
• 	
  variability	
  modeling:	
  determine	
  
commonali<es	
  and	
  variabili<es	
  usually	
  in	
  
terms	
  of	
  features	
  	
  

	
  

Variability	
  Model	
  
(Feature	
  Model)	
  

Common	
  assets	
   Variants	
  

C++	
  

UML	
  
model	
   service	
  

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

Domain	
  Implementa<on	
  
(solu<on)	
  

	
  



Domain	
  engineering	
  (development	
  for	
  reuse)	
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Common	
  assets	
   Variants	
  

ApplicaEon	
  engineering	
  (development	
  with	
  reuse)	
  

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

Feature	
  Model	
  

product2	
   productn	
  
product1	
  

Feature	
  ConfiguraEon	
  

Feature	
  ConfiguraEons	
  

“central	
  to	
  the	
  so,ware	
  product	
  
line	
  paradigm	
  is	
  the	
  modeling	
  
and	
  management	
  of	
  variability,	
  
that	
  is,	
  the	
  commonaliEes	
  and	
  
differences	
  in	
  the	
  applicaEons”	
  

	
  	
  [Pohl	
  et	
  al.,	
  2005]	
  



Variability	
  AbstracEon	
  
Model	
  (VAM)	
  

ConfiguraEon	
  
(resoluEon	
  model)	
  

Domain	
  Artefacts	
  
(e.g.,	
  models)	
  

So,ware	
  Generator	
  
(derivaEon	
  engine)	
  

ü	
   ü	
  

Variability	
  
RealizaEon	
  
Model	
  
(VRM)	
  





	
  
What	
  is	
  new?	
  

	
  
Family	
  vs	
  single	
  systems	
  

Focus	
  on	
  reuse	
  
Domain	
  engineering	
  

Factoring	
  out	
  commonality	
  
Managing	
  variability	
  

	
  
	
  



«	
  variability	
  »	
  
	
  

Is	
  it	
  really	
  new?	
  



Parameter	
  

70	
  



Parameter	
  –i	
  in	
  grep	
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Global	
  configuraEon	
  
class	
  Config	
  {	
  
	
  	
  	
  public	
  sta<c	
  boolean	
  isLogging	
  =	
  false;	
  
	
  	
  	
  public	
  sta<c	
  boolean	
  isWindows	
  =	
  false;	
  
	
  	
  	
  public	
  sta<c	
  boolean	
  isLinux	
  =	
  true;	
  
}	
  
class	
  Main	
  {	
  
	
  	
  	
  public	
  void	
  foo()	
  {	
  
	
  	
  	
  	
  	
  	
  if	
  (isLogging)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  log(„running	
  foo()“);	
  
	
  	
  	
  	
  	
  	
  if	
  (isWindows)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  callWindowsMethod();	
  
	
  	
  	
  	
  	
  	
  else	
  if	
  (isLinux)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  callLinuxMethod();	
  
	
  	
  	
  	
  	
  	
  else	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  throw	
  Run<meExcep<on();	
  
}	
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ConfiguraEon	
  

73	
  



CondiEonal	
  compilaEon	
  
#ifdef	
  (Berkeley	
  DB)	
  

static int __rep_queue_filedone(dbenv, rep, rfp) 
  DB_ENV *dbenv; 
  REP *rep; 
  __rep_fileinfo_args *rfp; { 

#ifndef HAVE_QUEUE 
  COMPQUIET(rep, NULL); 
  COMPQUIET(rfp, NULL); 
  return (__db_no_queue_am(dbenv)); 

#else 
  db_pgno_t first, last; 
  u_int32_t flags; 
  int empty, ret, t_ret; 

#ifdef DIAGNOSTIC 
  DB_MSGBUF mb; 

#endif 
  // over 100 lines of additional code 

} 
#endif 74	
  



IntenEonal	
  Code	
  Cloning	
  
	
  

~	
  Copy	
  &	
  Paste	
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Code	
  Cloning	
  (example,	
  Linux	
  driver)	
  
cyberstorm.c	
  
….	
  
static void dma_dump_state(struct NCR_ESP *esp) 
{ 

 ESPLOG(("esp%d: dma -- cond_reg<%02x>\n", 
  esp->esp_id, ((struct cyber_dma_registers *) 
         (esp->dregs))->cond_reg)); 
 ESPLOG(("intreq:<%04x>, intena:<%04x>\n", 
  custom.intreqr, custom.intenar)); 

} 
 
static void dma_init_read(struct NCR_ESP *esp, __u32 addr, int 

length) 
{ 

 struct cyber_dma_registers *dregs =  
  (struct cyber_dma_registers *) esp->dregs; 

 
 cache_clear(addr, length); 

 
 addr &= ~(1); 
 dregs->dma_addr0 = (addr >> 24) & 0xff; 
 dregs->dma_addr1 = (addr >> 16) & 0xff; 
 dregs->dma_addr2 = (addr >>  8) & 0xff; 
 dregs->dma_addr3 = (addr      ) & 0xff; 
 ctrl_data &= ~(CYBER_DMA_WRITE); 

……. 
	
  

cyberstormII.c	
  
….	
  
static void dma_dump_state(struct NCR_ESP *esp) 
{ 

 ESPLOG(("esp%d: dma -- cond_reg<%02x>\n", 
  esp->esp_id, ((struct cyberII_dma_registers *) 
         (esp->dregs))->cond_reg)); 
 ESPLOG(("intreq:<%04x>, intena:<%04x>\n", 
  custom.intreqr, custom.intenar)); 

} 
 
static void dma_init_read(struct NCR_ESP *esp, __u32 addr, int 

length) 
{ 

 struct cyberII_dma_registers *dregs =  
  (struct cyberII_dma_registers *) esp->dregs; 

 
 cache_clear(addr, length); 

 
 addr &= ~(1); 
 dregs->dma_addr0 = (addr >> 24) & 0xff; 
 dregs->dma_addr1 = (addr >> 16) & 0xff; 
 dregs->dma_addr2 = (addr >>  8) & 0xff; 
 dregs->dma_addr3 = (addr      ) & 0xff; 

} 
……... 
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Inheritance	
  (OOP)	
  
	
  

Base	
  Class	
  encapsulate	
  commonali<es	
  
	
  

Derive	
  classes	
  specialize	
  peculiari<es	
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Generic	
  Programming	
  

81	
  

C++	
  template	
  
	
  
template	
  <typename	
  T>	
  
T	
  max(T	
  x,	
  T	
  y)	
  	
  
{	
  
	
  	
  	
  	
  return	
  x	
  <	
  y	
  ?	
  y	
  :	
  x;	
  
}	
  
	
  
	
  
Generics	
  in	
  Java	
  
	
  
public	
  interface	
  List<E>	
  {	
  	
  
void	
  add(E	
  x);	
  	
  
Iterator<E>	
  iterator();	
  	
  
}	
  	
  
public	
  interface	
  Iterator<E>	
  {	
  	
  
E	
  next();	
  	
  
boolean	
  hasNext();	
  	
  
}	
  	
  
	
  
	
  



Design	
  Pa:erns	
  

Template	
  Method	
  
	
  
Factory	
  
	
  
Strategy	
  
	
  
Decorator	
  
	
  
....	
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Template	
  Method	
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API	
  
	
  

Framework	
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Plugin-­‐based	
  systems	
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(AcEve)	
  AnnotaEons	
  
	
  

can	
  have	
  parameters	
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Metamodeling	
  and	
  Domain-­‐
Specific	
  Languages	
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Generator 

Pivot  
MM 

Model-
to-Model 

UI 
model 

Model-
to-Text 

TP
3 

TP
3 

TP
4 

TP
5 

Questionnaire.xtext 

TP
2 

Commonalities 
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Promises	
  of	
  	
  
SoKware	
  Product	
  Line	
  Engineering	
  

92	
  

Single Systems

System Family

Accumulated 
Costs

Up-Front 
Investment

Lower Costs 
per System

Number of
Different Systems

approx. 3 Systems
(Software Engineering)

Break-Even 
Point

Klaus	
  Pohl	
  (2005)	
  	
  	
  



Promises	
  of	
  	
  
SoKware	
  Product	
  Line	
  Engineering	
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Single Systems

System Family

Time to 
Market

Number of
Different Systems

Time For Building 
Common Artefacts

Shorter Development 
Cycles due to Reuse

Klaus	
  Pohl	
  (2005)	
  	
  	
  



Single	
  SoKware	
  Development	
  	
  

94	
  



SoKware	
  Product	
  Line	
  Development?	
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Time	
  and	
  Effort:	
  not	
  scalable!	
  

	
  
	
  



We	
  need	
  an	
  engineering	
  
process	
  specific	
  to	
  
so,ware	
  product	
  lines	
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ObservaEon:	
  “Reuse-­‐in-­‐the-­‐large	
  
works	
  best	
  in	
  families	
  of	
  related	
  
systems,	
  and	
  thus	
  is	
  domain	
  
dependent.”	
  [Glass,	
  2001]	
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Domain	
  Engineering	
  

[...] is the activity of collecting, organizing, and 
storing past experience in building systems [...] 
in a particular domain in the form of reusable 
assets [...], as well as providing an adequate 
means for reusing these assets (i.e., retrieval, 
qualification, dissemination, adaptation, 
assembly, and so on) when building new 
systems. 

K. Czarnecki and U. Eisenecker 
98	
  



Domain	
  Engineering	
  
	
  

~=	
  
	
  

Product	
  Line	
  Engineering	
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The	
  conven<onal	
  soKware	
  engineering	
  
concentrates	
  on	
  sa<sfying	
  the	
  

requirements	
  for	
  a	
  single	
  system	
  
	
  

Domain	
  Engineering	
  concentrates	
  on	
  
providing	
  reusable	
  solu<ons	
  for	
  

families	
  of	
  systems.	
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Key	
  idea:	
  building	
  a	
  reusable	
  
playorm	
  during	
  domain	
  
engineering	
  

101	
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99%	
  domain	
  engineering,	
  	
  
1%	
  applicaEon	
  engineering?	
  

–  specifies	
  what	
  you	
  want	
  (click,	
  click,	
  click)	
  a	
  customized	
  
product	
  is	
  automa<cally	
  built	
  for	
  you	
  

–  Iterate	
  the	
  process	
  for	
  n	
  products	
  

Amount 
of 

effort

Application 
Engineering

More Sophisticated 
Technology

Domain 
Engineering
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product2	
  

productn	
  

product1	
  

Specific	
  requirements	
  



Domain	
  engineering	
  (development	
  for	
  reuse)	
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Common	
  assets	
   Variants	
  

ApplicaEon	
  engineering	
  (development	
  with	
  reuse)	
  

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

Feature	
  Model	
  

product2	
   productn	
  
product1	
  

Feature	
  ConfiguraEon	
  

Feature	
  ConfiguraEons	
  

“central	
  to	
  the	
  so,ware	
  product	
  
line	
  paradigm	
  is	
  the	
  modeling	
  
and	
  management	
  of	
  variability,	
  
that	
  is,	
  the	
  commonaliEes	
  and	
  
differences	
  in	
  the	
  applicaEons”	
  

	
  	
  [Pohl	
  et	
  al.,	
  2005]	
  



Mobile

3G+ 3G GPS

Maps

Camera

ü	
  
ü	
  
ü	
  

Mobile

3G+ 3G GPS

Maps

Camera

Domain/Variability	
  Model	
  

ConfiguraEon	
   So,ware	
  Generator	
  

Domain	
  Artefacts	
  	
  
	
  

Domain	
  	
  
Engineering	
  

ApplicaEon	
  	
  
Engineering	
  

«	
  the	
  investments	
  required	
  to	
  develop	
  the	
  reusable	
  arHfacts	
  during	
  
domain	
  engineering,	
  are	
  outweighed	
  by	
  the	
  benefits	
  of	
  deriving	
  the	
  
individual	
  products	
  during	
  applica8on	
  engineering	
  »	
  

Jan	
  Bosch	
  et	
  al.	
  (2004)	
  	
  	
  



AcEviEes	
  related	
  to	
  domain	
  
engineering	
  and	
  	
  

applicaEon	
  engineering	
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Domain	
  Analysis	
  
•  Collect	
  relevant	
  domain	
  informa<on	
  	
  

–  domain	
  experts	
  (interviews,	
  workshops)	
  
–  system	
  handbooks,	
  textbooks,	
  prototyping,	
  experiments,	
  	
  
–  already	
  known	
  requirements	
  on	
  future	
  systems	
  	
  
–  Crea<ve	
  ac<vity	
  

•  Domain	
  Defini<on	
  
–  examples	
  of	
  systems	
  in	
  a	
  domain,	
  	
  
–  counterexamples	
  (i.e.	
  systems	
  outside	
  the	
  domain),	
  	
  
–  generic	
  rules	
  of	
  inclusion	
  or	
  exclusion	
  (e.g.	
  “Any	
  system	
  
having	
  the	
  capability	
  X	
  belongs	
  to	
  the	
  domain.”).	
  	
  

•  Domain	
  vocabulary	
  
•  Domain	
  concepts	
  
•  and	
  integrate	
  it	
  into	
  a	
  coherent	
  domain	
  model	
  

–  more	
  or	
  less	
  formal	
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Domain	
  Modeling	
  (aka	
  Metamodeling)	
  
•  Ontology,	
  ER,	
  UML,	
  Ecore,	
  Feature	
  Model	
  

•  Analysis	
  of	
  similarity	
  	
  
– Analyze	
  similari<es	
  between	
  en<<es,	
  ac<vi<es,	
  
events,	
  rela<onships,	
  structures,	
  etc.	
  	
  

•  Analysis	
  of	
  varia<ons	
  	
  
– Analyze	
  varia<ons	
  between	
  en<<es,	
  ac<vi<es,	
  events,	
  
rela<onships,	
  structures,	
  etc.	
  	
  

•  Clustering	
  	
  
•  Abstrac<on	
  	
  	
  
•  Classifica<on	
  	
  
•  Generaliza<on	
  	
  
•  Vocabulary	
  construc<on	
  	
   109	
  



110	
  

Unused	
  flexibility	
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Illegal	
  variant	
  



Scoping	
  AcEviEes	
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Domain/Product	
  Line	
  Scoping	
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Schmid	
  2002	
  



Domain	
  Design	
  

114	
  
Czarnecki	
  et	
  al.	
  (GPCE’05)	
  	
  	
  



DSLs	
  for	
  customizing	
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Czarnecki	
  et	
  al.	
  (2005)	
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Voelter	
  (SPLC‘11)	
  	
  	
  



Preprocessor	
  for	
  Java	
  code	
  (Munge)	
  

class Example { 
 void main() { 
  System.out.println(“immer”); 
  /*if[DEBUG]*/ 
  System.out.println(“debug info”); 
  /*end[DEBUG]*/ 
 } 

} 

java	
  Munge	
  –DDEBUG	
  –DFEATURE2	
  Example.java	
  

configuration option 
h�p://weblogs.java.net/blog/tball/archive/2006/09/munge_swings_se.html	
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class Edge { 
  Node a, b; 
  Color color = new Color(); 
  Weight weight = new Weight(); 
  Edge(Node _a, Node _b) { a = _a; b = _b; } 
  void print() { 
    Color.setDisplayColor(color); 
    a.print(); b.print();  
    weight.print(); 
  } 
} 

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

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

class Graph { 
  Vector nv = new Vector(); Vector ev = new Vector(); 
  Edge add(Node n, Node m) { 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e);  
    e.weight = new Weight(); 
    return e; 
  } 
  Edge add(Node n, Node m, Weight w) 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e); 
    e.weight = w; return e; 
  } 
  void print() { 
    for(int i = 0; i < ev.size(); i++) { 
      ((Edge)ev.get(i)).print();  
    } 
  } 
} 

class Graph { 
  Vector nv = new Vector(); Vector ev = new Vector(); 
  Edge add(Node n, Node m) { 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e);  
    e.weight = new Weight(); 
    return e; 
  } 
  Edge add(Node n, Node m, Weight w) 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e); 
    e.weight = w; return e; 
  } 
  void print() { 
    for(int i = 0; i < ev.size(); i++) { 
      ((Edge)ev.get(i)).print();  
    } 
  } 
} 

class Node { 
  int id = 0; 
  Color color = new Color(); 
  void print() {  
    Color.setDisplayColor(color); 
    System.out.print(id); 
  } 
} 

class Node { 
  int id = 0; 
  Color color = new Color(); 
  void print() {  
    Color.setDisplayColor(color); 
    System.out.print(id); 
  } 
} 

class Color { 
  static void setDisplayColor(Color c) { ... }  
} 

class Weight { void print() { ... } } 
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Mapping:	
  an	
  example	
  

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

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

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

class Graph { 
  Vector nv = new Vector(); Vector ev = new Vector(); 
  Edge add(Node n, Node m) { 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e);  
    e.weight = new Weight(); 
    return e; 
  } 
  Edge add(Node n, Node m, Weight w) 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e); 
    e.weight = w; return e; 
  } 
  void print() { 
    for(int i = 0; i < ev.size(); i++) { 
      ((Edge)ev.get(i)).print();  
    } 
  } 
} 

class Graph { 
  Vector nv = new Vector(); Vector ev = new Vector(); 
  Edge add(Node n, Node m) { 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e);  
    e.weight = new Weight(); 
    return e; 
  } 
  Edge add(Node n, Node m, Weight w) 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e); 
    e.weight = w; return e; 
  } 
  void print() { 
    for(int i = 0; i < ev.size(); i++) { 
      ((Edge)ev.get(i)).print();  
    } 
  } 
} 

class Node { 
  int id = 0; 
  Color color = new Color(); 
  void print() {  
    Color.setDisplayColor(color); 
    System.out.print(id); 
  } 
} 

class Node { 
  int id = 0; 
  Color color = new Color(); 
  void print() {  
    Color.setDisplayColor(color); 
    System.out.print(id); 
  } 
} 

class Color { 
  static void setDisplayColor(Color c) { ... }  
} class Weight { void print() { ... } } 119	
  



class Edge { 
  Node a, b; 
  /*if[COLOR]*/ 
  Color color = new Color(); 
  /*end[COLOR]*/ 
  /*if[WEIGHT]*/ 
  Weight weight; 
  /*end[WEIGHT]*/ 
  Edge(Node _a, Node _b) { a = _a; b = _b; } 
  void print() { 
    /*if[COLOR]*/ 
    Color.setDisplayColor(color); 
    /*end[COLOR]*/ 
    a.print(); b.print();  
    /*if[WEIGHT]*/ 
    weight.print(); 
    /*end[WEIGHT]*/ 
  } 
} 

class Graph { 
  Vector nv = new Vector(); Vector ev = new Vector(); 
  Edge add(Node n, Node m) { 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e);  
    /*if[WEIGHT]*/ 
    e.weight = new Weight(); 
    /*end[WEIGHT]*/ 
    return e; 
  } 
  /*if[WEIGHT]*/ 
  Edge add(Node n, Node m, Weight w) 
    Edge e = new Edge(n, m); 
    nv.add(n); nv.add(m); ev.add(e); 
    e.weight = w; return e; 
  } 
  /*end[WEIGHT]*/ 
  void print() { 
    for(int i = 0; i < ev.size(); i++) { 
      ((Edge)ev.get(i)).print();  
    } 
  } 
} 

class Node { 
  int id = 0; 
  /*if[COLOR]*/ 
 Color color = new Color(); 
  /*end[COLOR]*/ 
 void print() {  
    /*if[COLOR]*/ 
    Color.setDisplayColor(color); 
    /*end[COLOR]*/ 
    System.out.print(id); 
  } 
} 

/*if[COLOR]*/ 
class Color { 
  static void setDisplayColor(Color c) { ... }  
} 
/*end[COLOR]*/ 

 /*if[WEIGHT]*/ 
class Weight { void print() { ... } } 
 /*end[WEIGHT]*/ 
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Adop<on	
  and	
  Strategies	
  

•  ProacEve	
  (starEng	
  from	
  scratch)	
  

•  ExtracEve	
  (re-­‐engineering,	
  from	
  products	
  to	
  
product	
  line)	
  

•  ReacEve	
  (hybrid)	
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[Krueger	
  2002]	
  

ProacEve	
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ReacEve	
  

[Krueger	
  2002]	
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ExtracEve	
  

[Krueger	
  2002]	
  





GeneraEve	
  approach	
  

•  Programming	
  the	
  genera<on	
  of	
  programs	
  
•  Very	
  old	
  prac<ce	
  
•  Metaprogramming:	
  genera<ve	
  language	
  and	
  target	
  
language	
  are	
  the	
  same	
  

–  Reflec<on	
  capabili<es	
  

•  Generaliza<on	
  of	
  this	
  idea:	
  
–  from	
  a	
  specifica<on	
  wri�en	
  in	
  one	
  or	
  more	
  textual	
  
or	
  graphical	
  domain-­‐specific	
  languages	
  

– you	
  generate	
  customized	
  variants	
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Modeling	
  and	
  implemen<ng	
  system	
  
families	
  such	
  that	
  a	
  desired	
  system	
  can	
  be	
  
automa<cally	
  generated	
  from	
  a	
  
specifica<on	
  wri�en	
  in	
  one	
  or	
  more	
  textual	
  
or	
  graphical	
  domain-­‐specific	
  languages.	
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Models	
  
And	
  	
  

Languages	
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Models	
  
And	
  	
  

Languages	
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[Czarnecki	
  and	
  Eisenecker	
  2000]	
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[Czarnecki,	
  PhD	
  thesis]	
  



Problem	
  space	
  
	
  
vs	
  	
  
	
  

Solu<on	
  space	
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Developing	
  Product	
  Lines	
  
Metamodels,	
  DSLs,	
  and	
  TransformaEons	
  to	
  the	
  rescue	
  

•  Domain	
  Engineering	
  
– Domain	
  Models	
  
–  Level	
  of	
  abstrac<on	
  
– Domain-­‐specific	
  modeling	
  languages	
  

•  (visual	
  or	
  textual)	
  syntacs,	
  precise	
  seman<cs	
  
•  analyzed	
  (verifica<on)	
  	
  

–  Traceability	
  between	
  the	
  artefacts	
  
•  Applica<on	
  Engineering	
  

– Model	
  transforma<ons	
  (automa<on)	
  
•  Reduce	
  the	
  gap	
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Realizing	
  variability	
  
•  Nega<ve	
  Variability	
  (pruning,	
  annota<ve)	
  

–  takes	
  opEonal	
  parts	
  away	
  from	
  an	
  „overall	
  whole“	
  	
  

•  Posi<ve	
  Variability	
  (merging,	
  composi<onal)	
  
– adds	
  opEonal	
  parts	
  to	
  a	
  minimal	
  core	
  

•  Both	
  in	
  prac<ce!	
  
134	
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Feature-­‐based	
  Model	
  Templates	
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[Czarnecki	
  et	
  al.	
  (GPCE’05)]	
  



Approach	
  

136	
  

[Czarnecki	
  et	
  al.	
  (GPCE’05)]	
  

Product	
  Model	
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[Czarnecki	
  et	
  al.	
  (GPCE’05)]	
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Ooops	
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Safe	
  composi<on?	
  No!	
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Another	
  approach	
  (composiEonal)	
  

142	
  

[Perrouin	
  et	
  al.	
  (SPLC’08)]	
  



ComposiEon	
  of	
  models	
  	
  
for	
  deriving	
  the	
  product	
  model	
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Variability	
  Model	
  

ConfiguraEon	
  

Domain	
  Artefacts	
  (e.g.,	
  source	
  code)	
  

So,ware	
  Generator	
  

Modeling	
  
variability	
  	
  
is	
  crucial	
  ü	
   ü	
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Unused	
  flexibility	
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Illegal	
  variant	
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Extensible
	
  architect

ures	
  

(plugins-­‐b
ased)	
  

Configura
Eon	
  

files	
  

System	
  

Preferenc
es	
  

Configura
tors	
  

Source	
  co
de	
  

Build	
  syst
ems	
  

Comparison	
  o
f	
  Product
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Feature	
  modeling	
  is…	
  

•  …	
  about	
  iden<fying	
  	
  
– common	
  features	
  of	
  concepts	
  
– variable	
  features	
  of	
  concepts	
  
– and	
  their	
  dependencies	
  	
  

•  and	
  documen<ng	
  them	
  in	
  a	
  coherent	
  model,	
  
called	
  a	
  feature	
  model	
  	
  

•  Feature	
  modeling	
  is	
  a	
  core	
  ac<vity	
  of	
  
important	
  domain-­‐engineering	
  methods	
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What's a feature? (survey excerpt) 
•  [Kang et al.] “a prominent or distinctive user-visible aspect, quality or 

characteristic of a software system or systems” 

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

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

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

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

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

Requirements	
  to	
  Code	
  



	
  
Feature	
  Model	
  
	
  
CommunicaEve	
  
	
  
AnalyEc	
  
	
  
GeneraEve	
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Feature	
  Model	
  	
  
de	
  facto	
  standard	
  

•  Research	
  	
  
–  2500+	
  cita<ons	
  of	
  [Kang	
  et	
  al.,	
  1990]	
  on	
  Google	
  Scholar	
  	
  
–  Central	
  to	
  many	
  genera<ve	
  approaches	
  

•  at	
  requirements	
  or	
  code	
  level	
  
–  Tools	
  &	
  Languages	
  (GUIDSL/FeatureIDE,	
  SPLOT,	
  FaMa,	
  
etc.)	
  

•  Industry	
  	
  
–  Tools	
  (Gears,	
  pure::variants),	
  	
  

•  Common	
  Variability	
  Language	
  (CVL)	
  
153	
  





excludes






Feature	
  Models	
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Feature	
  Models	
  (Background)	
  

158	
  

Hierarchy:	
  rooted	
  tree	
  	
  
Variability:	
  	
  
•  mandatory,	
  	
  
•  op<onal,	
  	
  
•  Groups:	
  exclusive	
  or	
  inclusive	
  features	
  
•  Cross-­‐tree	
  constraints	
  

Optional

Mandatory

Xor-Group

Or-Group
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Hierarchy	
  +	
  Variability	
  	
  
=	
  	
  

set	
  of	
  valid	
  configuraEons	
  

ü

{CarEquipment,	
  Comfort,	
  DrivingAndSafety,	
  Healthing,	
  AirCondi<oning,	
  FrontFogLights}	
  

configuraEon	
  =	
  set	
  of	
  features	
  selected	
  

Optional

Mandatory

Xor-Group

Or-Group
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Hierarchy	
  +	
  Variability	
  	
  
=	
  	
  

set	
  of	
  valid	
  configuraEons	
  

ü

{CarEquipment,	
  Comfort,	
  DrivingAndSafety,	
  Healthing,	
  AirCondi<oning}	
  

configuraEon	
  =	
  set	
  of	
  features	
  selected	
  

Optional

Mandatory

Xor-Group

Or-Group
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Hierarchy	
  +	
  Variability	
  	
  
=	
  	
  

set	
  of	
  valid	
  configuraEons	
  

ü

Optional

Mandatory

Xor-Group

Or-Group

{CarEquipment,	
  Comfort,	
  DrivingAndSafety,	
  Healthing,	
  AirCondi<oning,	
  
Automa<cHeadLights}	
  

configuraEon	
  =	
  set	
  of	
  features	
  selected	
  

ü	
  
ü	
  

ü	
  

ü	
  

ü	
  

ü	
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Hierarchy	
  +	
  Variability	
  	
  
=	
  	
  

set	
  of	
  valid	
  configuraEons	
  

ü

ü

Optional

Mandatory

Xor-Group

Or-Group

{AirCondi<oning,	
  FrontFogLights}	
  
{Automa<cHeadLights,	
  AirCondi<oning,	
  FrontFogLights}	
  
{Automa<cHeadLights,	
  FrontFogLights,	
  AirCondi<oningFrontAndRear}	
  
{AirCondi<oningFrontAndRear}	
  
{AirCondi<oning}	
  
{AirCondi<oningFrontAndRear,	
  FrontFogLights}	
  

{CarEquipment,	
  Comfort,	
  
DrivingAndSafety,	
  
Healthing}	
   X



Feature	
  Models	
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Empty	
  set	
  of	
  
configuraEons	
  

Optional

Mandatory

Xor-Group

Or-Group



Dead	
  feature	
  

False	
  opEonal	
  
feature	
  

Optional

Mandatory

Xor-Group

Or-Group



Core	
  features	
  

{CarEquipment,	
  Comfort,	
  
DrivingAndSafety,	
  Healthing}	
  

Optional

Mandatory

Xor-Group

Or-Group



InteracEve	
  
ConfiguraEon	
  

Optional

Mandatory

Xor-Group

Or-Group



Decision	
  problems	
  and	
  complexity	
  

•  Validity	
  of	
  a	
  feature	
  model	
  

•  Validity	
  of	
  a	
  configura<on	
  
•  Computa<on	
  of	
  dead	
  and	
  core	
  features	
  

•  Coun<ng	
  of	
  the	
  number	
  of	
  valid	
  configura<ons	
  

•  Equivalence	
  between	
  two	
  feature	
  models	
  

•  Sa<sfiability	
  (SAT)	
  problem	
  
–  NP-­‐complete	
  





(Boolean)	
  Feature	
  Models	
  

171	
  

Hierarchy	
  +	
  Variability	
  =	
  set	
  of	
  valid	
  configuraEons	
  

Optional

Mandatory

Xor-Group

Or-Group

fm1	
  



(Boolean)	
  Feature	
  Models	
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~	
  Boolean	
  formula	
  

Optional

Mandatory

Xor-Group

Or-Group

fm1	
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Summary	
  
•  So,ware	
  product	
  line	
  engineering	
  

– Mass	
  customiza<on	
  
–  Family	
  of	
  soKware	
  intensive	
  systems	
  
–  Systema<c	
  reuse	
  
– Domain	
  engineering	
  
–  Variability	
  management	
  

•  Variability	
  everywhere	
  
– Applied	
  and	
  applicable	
  to	
  many	
  industries	
  and	
  domains	
  	
  

•  Modeling	
  and	
  implemenEng	
  variability:	
  an	
  overview	
  174	
  


