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Abstract	
  
	
  
During	
  product	
  development,	
  most	
  of	
  the	
  customer	
  value,	
  as	
  well	
  as	
  the	
  cost	
  and	
  the	
  quality	
  of	
  a	
  
product	
  are	
  defined.	
  This	
  key	
  role	
  of	
  development	
   in	
   industry	
  has	
   led	
   to	
  an	
   intense	
  search	
   for	
  
better	
   ways	
   to	
   develop	
   products,	
   software,	
   services	
   and	
   systems.	
   Two	
   development	
  
methodologies	
   that	
   have	
   received	
   positive	
   attention	
   for	
   their	
   efficiency	
   are	
   Set-­‐Based	
  
Concurrent	
  Engineering	
  and	
  platform-­‐based	
  design.	
  	
  

This	
   thesis	
   presents	
   the	
   results	
   of	
   implementing	
   the	
   principles	
   of	
   Set-­‐Based	
   Concurrent	
  
Engineering	
   (SBCE)	
   in	
   platform-­‐based	
   design	
   as	
   a	
   means	
   to	
   improve	
   the	
   industrial	
   product	
  
development.	
   The	
   contribution	
   is	
   a	
   better	
   understanding	
   of	
   SBCE	
   and	
   new	
   ways	
   to	
   use	
   its	
  
principles	
   to	
   support	
   development	
   processes.	
   The	
   results	
   are	
   developed	
   in	
   collaboration	
  with	
  
industry	
   and	
   demonstrate	
   that	
   SBCE	
   gives	
   positive	
   effects	
   on	
   many	
   aspects	
   of	
   product	
  
development	
   performance	
   and	
   on	
   the	
   resulting	
   products.	
   Further,	
   it	
   clarifies	
   that	
   SBCE	
   has	
   a	
  
distinctive	
   way	
   to	
   manage	
   the	
   design	
   space	
   that	
   promotes	
   a	
   thorough	
   understanding	
   of	
   the	
  
important	
  design	
  parameters	
  before	
  committing	
  to	
  a	
  specific	
  design.	
  

Finally,	
  this	
  work	
  presents	
  a	
  structured	
  design	
  process	
  for	
  managing	
  the	
  first	
  phases	
  of	
  platform	
  
development.	
   The	
   studies	
   in	
   this	
   thesis	
   show	
   that	
   previous	
   approaches	
   in	
   literature	
   do	
   not	
  
present	
  methodological	
   support	
   for	
   developing	
   product	
   architectures	
   in	
   the	
   earliest	
   stages	
   of	
  
platform	
  development.	
   This	
  work	
   fills	
   this	
   void	
   by	
   introducing	
   a	
   new	
  design	
  methodology	
   for	
  
modelling,	
   assessing	
   and	
  narrowing	
  down	
   the	
   architectural	
   design	
   space	
   in	
   the	
  phases	
   before	
  
embodiment.	
   It	
   allows	
  exploration	
  of	
  more	
  alternatives	
   in	
   the	
  earliest	
  phases	
  of	
  development,	
  
which	
  ultimately	
  may	
  produce	
  better	
  designs.	
  	
  

Keywords:	
  product	
  development,	
  platform-­‐based	
  development,	
  set-­‐based	
  concurrent	
  
engineering,	
  design	
  decisions,	
  functional	
  modelling,	
  configurable	
  components,	
  platform	
  
architecture,	
  system	
  family	
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1 Introduction	
  
During	
  product	
  development	
  most	
  of	
  the	
  customer	
  value	
  as	
  well	
  as	
  the	
  cost	
  and	
  the	
  quality	
  of	
  a	
  
product	
  are	
  defined.	
  A	
  first-­‐class	
  development	
  organisation	
  is	
  therefore	
  crucial	
  in	
  maintaining	
  a	
  
profitable	
  market	
  position.	
  

One	
  may	
  argue	
  that	
  the	
  final	
  product	
  properties	
  are	
  created	
  by	
  the	
  manufacturing	
  system,	
  and	
  
that	
   manufacturing	
   thereby	
   determines	
   the	
   cost	
   and	
   the	
   quality	
   of	
   a	
   product.	
   Studies	
   show,	
  
however,	
  that	
  the	
  best	
  performing	
  manufacturing	
  companies	
  could	
  credit	
  part	
  of	
  their	
  success	
  to	
  
their	
  attention	
  to	
  design	
  (Womack	
  &	
  Jones,	
  1990).	
  Other	
  authors	
  stress	
  that	
  the	
  design	
  process	
  
is	
   the	
   most	
   important	
   factor	
   affecting	
   the	
   outcome	
   of	
   the	
   production	
   system	
   (M.	
   Kennedy,	
  
Harmon,	
  &	
  Minnock,	
  2008;	
  Morgan	
  &	
  Liker,	
  2006;	
  Whitney,	
  1993).	
  This	
  key	
  role	
  of	
  development	
  
in	
  industry	
  has	
  led	
  to	
  an	
  intense	
  search	
  for	
  better	
  ways	
  to	
  develop	
  products,	
  software,	
  services	
  
and	
  systems.	
  	
  

One	
   design	
   methodology	
   that	
   has	
   received	
   positive	
   attention	
   for	
   its	
   efficiency	
   is	
   Set-­‐Based	
  
Concurrent	
   Engineering	
   (Bernstein,	
   1998;	
   M.	
   Kennedy	
   et	
   al.,	
   2008;	
   Morgan,	
   2002;	
   Morgan	
   &	
  
Liker,	
  2006;	
  D.	
  K.	
  Sobek,	
  A.	
  Ward,	
  &	
  J.	
  Liker,	
  1999;	
  D.	
  Sobek,	
  K.,	
  1997;	
  A.	
  C.	
  Ward,	
  Liker,	
  Sobek,	
  &	
  
Cristiano,	
  1994;	
  A.	
  Ward,	
  Liker,	
  Cristiano,	
  &	
  Sobek,	
  1995;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  2014).	
  Some	
  
authors	
  optimistically	
  claim	
  that	
  Set-­‐Based	
  Concurrent	
  Engineering	
  (SBCE)	
  and	
  related	
  practices	
  
from	
  Lean	
  Development	
  are	
   four	
   times	
  more	
  productive	
   than	
   traditional	
  development	
  models	
  
(Morgan	
  &	
  Liker,	
  2006;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  2014).	
  	
  
	
  
Another	
  path	
  to	
  efficient	
  development	
  is	
  the	
  product	
  platform	
  strategy.	
  There	
  are	
  several	
  types	
  
of	
   platforms	
   (Zhang,	
   2015)	
   characterised	
   by	
   the	
   type	
   of	
   platform	
   elements	
   that	
   are	
   used	
   to	
  
create	
   it.	
   The	
   common	
   denominator	
   is	
   that	
   platforms	
   enable	
   a	
   systematic	
   reuse	
   of	
   corporate	
  
assets.	
   Platform	
   literature	
   commonly	
   describe	
   manufacturing	
   oriented	
   platforms	
   having	
  
components	
  that	
  are	
  reusable	
  in	
  a	
  several	
  products	
  (Jiao,	
  Simpson,	
  &	
  Siddique,	
  2007).	
  Here,	
  the	
  
combination	
  of	
  different	
  components	
  enables	
  a	
  variety	
  of	
  products,	
  while	
  keeping	
  the	
  number	
  of	
  
individual	
  components	
  low,	
  thus	
  creating	
  economics	
  of	
  scale	
  in	
  manufacturing.	
  For	
  some	
  sectors	
  
of	
  manufacturing	
   industry,	
  a	
  platform	
  based	
  on	
  the	
  reuse	
  of	
  components	
  may	
  not	
  be	
  economic.	
  
Typical	
   examples	
   are	
   firms	
   with	
   an	
   engineer-­‐to-­‐order	
   business	
   model	
   or	
   firms	
   having	
   low	
  
production	
  volumes	
  as	
  in	
  the	
  aerospace	
  industry.	
  These	
  need	
  instead	
  to	
  focus	
  on	
  the	
  economics	
  
of	
  scale	
  in	
  product	
  development,	
  which	
  is	
  not	
  met	
  by	
  the	
  reuse	
  of	
  components.	
  	
  
	
  
Combining	
   SBCE	
   and	
   platform-­‐based	
   design	
   would	
   provide	
   a	
   highly	
   effective	
   arrangement.	
  
However,	
  in	
  the	
  platform	
  design	
  process	
  several	
  product	
  variants	
  are	
  created	
  simultaneously	
  to	
  
satisfy	
   a	
   wide	
   set	
   of	
   customer	
   requirements	
   (R.	
   Pedersen,	
   2009).	
   This	
   makes	
   platform	
  
development	
  more	
  difficult	
  than	
  designing	
  single	
  products.	
  SBCE	
  is	
  also	
  challenging	
  to	
  apply	
  and	
  
is	
  described	
  by	
  M.	
  Kennedy	
  et	
  al.	
  (2008)	
  as	
  difficult	
  to	
  implement.	
  Combining	
  the	
  development	
  
of	
   several	
   product	
   variants	
   of	
   a	
   platform	
  with	
   the	
   characteristic	
   broad	
   search	
   for	
   solutions	
   of	
  
SBCE	
  will	
  result	
  in	
  a	
  huge	
  design	
  space	
  that	
  is	
  difficult	
  to	
  manage	
  and	
  there	
  are	
  a	
  limited	
  number	
  
of	
  studies	
  that	
  take	
  on	
  the	
  challenge	
  to	
  use	
  SBCE	
  to	
  develop	
  a	
  product	
  family	
  instead	
  of	
  a	
  single	
  
design.	
   This	
   thesis	
   focuses	
   on	
   improving	
   development	
   processes	
   and	
   therefore	
   considers	
  
development	
   platforms	
   as	
   opposed	
   to	
   manufacturing	
   oriented	
   platform	
   types	
   based	
   on	
  
previously	
  designed	
  components	
  as	
  reusable	
  assets.	
  

1.1 Set-­‐based	
  Concurrent	
  Engineering	
  and	
  the	
  similarities	
  to	
  platform	
  development	
  

In	
   short,	
   the	
   concept	
   of	
   SBCE	
   is	
   characterized	
   by	
   developing	
   multiple	
   solutions	
   to	
   design	
  
problems	
  in	
  parallel.	
  It	
  considers	
  sets	
  of	
  design	
  alternatives	
  rather	
  than	
  a	
  specific	
  design.	
  As	
  the	
  
design	
   evolves,	
   the	
   sets	
   of	
   solutions	
   are	
   gradually	
   narrowed	
   down	
   based	
   on	
   relevant	
  
information	
   from	
  customers,	
  manufacturing	
  departments,	
   tests,	
   and	
  other	
   sources.	
   In	
   the	
  end,	
  
only	
  one	
  solution	
  is	
  left.	
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A	
   “set”	
   is	
   a	
   part	
   of	
   the	
   design	
   space	
   representing	
   a	
   palette	
   of	
   different	
   possibilities	
   for	
   the	
  
emerging	
  system.	
  It	
  holds	
  multiple	
  versions	
  of	
  elements	
  having	
  a	
  common	
  denominator	
  such	
  as	
  
a	
   family	
   of	
   design	
   solutions	
   for	
   a	
   specific	
   requirement,	
   variations	
   on	
   an	
   industrial	
   design,	
  
possible	
  manufacturing	
  options,	
  etc.	
  	
  

The	
  term	
  “Set-­‐Based”	
  is	
  opposed	
  to	
  the	
  term	
  “Point-­‐based”	
  (A.	
  Ward	
  et	
  al.,	
  1995),	
  describing	
  the	
  
traditional	
   development	
   methodology.	
   The	
   separation	
   of	
   development	
   into	
   two	
   distinct	
  
categories	
   is	
   a	
  way	
   to	
  pinpoint	
   their	
  differences	
   and	
  a	
   typical	
  design	
  processes	
   can	
  have	
  both	
  
Set-­‐based	
  and	
  Point-­‐based	
  elements.	
  In	
  this	
  context,	
  a	
  Point-­‐based	
  design	
  is	
  characterized	
  by	
  an	
  
early	
   selection	
  and	
  approval	
  of	
  one	
   “best”	
   specific	
  design,	
   a	
   single	
  point	
   in	
   the	
   solution	
   space.	
  
This	
   initial	
   design	
   is	
   then	
   refined,	
   re-­‐worked	
   and	
   sequentially	
   modified	
   until	
   an	
   acceptable	
  
solution	
  is	
  found.	
  	
  

SBCE	
  is	
  not	
  a	
  prescriptive	
  methodology.	
  Instead,	
  it	
  relies	
  on	
  three	
  principles1	
  (D.	
  K.	
  Sobek	
  et	
  al.,	
  
1999):	
   (1)	
   Map	
   the	
   design	
   space,	
   (2)	
   Integrate	
   by	
   intersection,	
   and	
   (3)	
   Establish	
   feasibility	
  
before	
   commitment.	
   The	
   Set-­‐based	
   process	
   can	
   be	
   described	
   by	
   Figure	
   1,	
   where	
   the	
   set	
   of	
  
possible	
  design	
  solutions	
  to	
  the	
  problem	
  are	
  schematically	
  drawn	
  as	
  circles.	
  Each	
  set	
  of	
  possible	
  
solutions	
  to	
  a	
  functional	
  requirement	
  is	
  not	
  fully	
  overlapping	
  the	
  other	
  sets,	
  and	
  the	
  compatible	
  
solutions	
  are	
  represented	
  by	
  the	
  intersection	
  between	
  all	
  sets.	
  

	
  

	
  
Figure	
  1:	
  Sets,	
  intersection	
  of	
  sets	
  and	
  narrowing	
  of	
  constraints.	
  

	
  

The	
   numbers	
   of	
   solutions	
   are	
   initially	
   reduced	
   by	
   removing	
   those	
   falling	
   outside	
   the	
  
intersection,	
   followed	
   by	
   a	
   tightening	
   and	
   adding	
   of	
   more	
   constraints.	
   The	
   application	
   of	
  
requirements	
  and	
  constraints	
  is	
  also	
  a	
  characteristic	
  feature	
  of	
  SBCE	
  in	
  the	
  sense	
  that	
  these	
  are	
  
initially	
  defined	
  by	
  a	
  broad	
  interval	
  instead	
  of	
  being	
  a	
  specific	
  number.	
  	
  Between	
  each	
  round	
  of	
  
narrowing	
  the	
  sets	
  are	
  developed	
  to	
  provide	
  information	
  for	
  elimination	
  decisions.	
  The	
  process	
  
of	
   detailing	
   the	
   sets	
   and	
   reducing	
   solutions	
   is	
   repeated	
   until	
   only	
   one	
   solution	
   remains.	
   The	
  
general	
  principle	
   is	
   to	
  eliminate	
   inferior	
  solutions.	
  This	
   is	
  contrary	
   to	
  selecting	
  a	
  best	
  solution	
  
which	
  is	
  the	
  preferred	
  approach	
  given	
  in	
  design	
  literature	
  (G.	
  Pahl,	
  Beitz,	
  W.,	
  et	
  al.	
  ,	
  2007;	
  Pugh,	
  
1991;	
  Ulrich	
  &	
  Eppinger,	
  2012).	
  	
  
	
  
Judging	
   by	
   previous	
   literature	
   the	
   application	
   of	
   SBCE	
   for	
   platforms	
   is	
   not	
   straight-­‐forward;	
  
where	
   platform-­‐based	
   design	
   aims	
   at	
   producing	
   a	
   product	
   family,	
   SBCE	
   is	
   described	
   in	
   the	
  
context	
  of	
  developing	
  single	
  products.	
  However,	
  there	
  is	
  no	
  inherent	
  conflict	
  between	
  SBCE	
  and	
  
the	
  development	
  of	
  a	
  product	
  family.	
  For	
  platform	
  types	
  based	
  on	
  functional	
  platform	
  elements	
  
Michaelis,	
  Levandowski,	
  and	
  Johannesson	
  (2013)	
  have	
   found	
  that	
  product	
  platforms	
  and	
  SBCE	
  
have	
   several	
   similarities.	
   This	
   applies	
   to	
   platforms	
   modelled	
   according	
   to	
   the	
   Configurable	
  
Component	
   (CC)	
   framework	
   (Claesson,	
   2006),	
  which	
   is	
   a	
   systematic	
   object	
   oriented	
   approach	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  The	
  principles	
  are	
  further	
  explained	
  in	
  chapter	
  2	
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that	
  supports	
   the	
  modelling	
  and	
  development	
  of	
  product	
  platforms	
  based	
  on	
  Functions-­‐Means	
  
methodology	
  (Svendsen	
  &	
  Hansen,	
  1993).	
  
	
  
Michaelis	
   et	
   al.	
   (2013)	
   and	
   Levandowski,	
  Michaelis,	
   and	
   Johannesson	
   (2014)	
   present	
  ways	
   to	
  
model	
   development	
   platforms	
   in	
   different	
   life	
   cycles.	
   The	
  work	
   focuses	
   on	
   the	
   preparation	
   of	
  
platforms	
  and	
  corresponding	
  manufacturing	
  system	
  and	
  outline	
  a	
  process	
  where	
  the	
  modelling	
  
of	
  functions	
  and	
  means	
  corresponds	
  to	
  the	
  SBCE	
  principle	
  Map	
  the	
  design	
  space.	
  Each	
  functional	
  
requirement	
  is	
  solved	
  by	
  a	
  set	
  of	
  several	
  alternative	
  design	
  solutions,	
  rather	
  than	
  selecting	
  and	
  
pursuing	
   one	
   solution.	
   The	
   principle	
   Integrate	
   by	
   intersection	
   is	
   managed	
   by	
   identifying	
  
interactions	
  between	
  design	
  solutions,	
  where	
  the	
  functional	
  relations	
  in	
  the	
  CC-­‐model	
  and	
  trade-­‐
off	
   curves	
   are	
   used	
   to	
   describe	
   the	
   intersection	
   of	
   interacting	
   sets.	
   This	
   is	
   used	
   to	
   eliminate	
  
unfeasible	
  alternatives.	
  For	
   the	
   last	
  SBCE	
  principle,	
  Establish	
  feasibility	
  before	
  commitment,	
   the	
  
authors	
  suggest	
  to	
  model	
  configurable	
  components	
  by	
  partitioning	
  the	
  F-­‐M	
  tree	
  into	
  discrete	
  CC-­‐
objects	
  that	
  can	
  be	
  separately	
  tested	
  and	
  validated	
  within	
  their	
  working	
  range.	
  
	
  
To	
   further	
   apply	
   the	
   support	
   offered	
   by	
   the	
   principles	
   of	
   SBCE	
   also	
   for	
   platforms,	
   multiple	
  
platform	
   concepts	
   must	
   be	
   considered	
   and	
   evaluated	
   efficiently.	
   In	
   this	
   work	
   the	
   applied	
  
mindset	
  is	
  that	
  a	
  Set-­‐based	
  approach	
  essentially	
  implies	
  that	
  the	
  principles	
  of	
  SBCE	
  are	
  followed.	
  
Regardless	
   of	
   which	
   platform	
   type	
   is	
   considered,	
   conceiving	
   a	
   product	
   platform	
   requires	
   a	
  
massive	
  workload	
  compared	
  to	
  development	
  of	
  single	
  products.	
  To	
  design	
  multiple	
  alternative	
  
platforms	
   to	
   a	
   high	
   level	
   of	
   detail	
   is	
   therefore	
   not	
   feasible	
   from	
   a	
   resource	
   and	
   lead-­‐time	
  
perspective	
  and	
  methods	
  to	
  evaluate	
  platform	
  concepts	
  in	
  different	
  phases	
  of	
  development	
  are	
  
therefore	
  needed.	
  	
  

1.2 Motivation	
  for	
  the	
  research	
  	
  

In	
   this	
   thesis,	
   the	
   research	
   is	
   driven	
  by	
   the	
   consideration	
  of	
   both	
   a	
   scientific	
   challenge	
  and	
   an	
  
industrial	
  opportunity.	
  The	
  overall	
  purpose	
  of	
  the	
  research	
  is	
  to	
  investigate	
  if	
  the	
  productivity	
  of	
  
the	
   design	
   process	
   can	
   be	
   improved	
   if	
   it	
   is	
   supported	
   by	
   the	
   combined	
   use	
   of	
   Set-­‐based	
  
Concurrent	
   Engineering	
   principles	
   and	
   platform-­‐based	
  modelling	
   approaches.	
   Here,	
   there	
   are	
  
three	
   primary	
   knowledge	
   gaps	
   that	
  motivate	
   the	
   research:	
   The	
   first	
   gap	
   is	
   lack	
   of	
   knowledge	
  
about	
   the	
   impact	
   and	
   relevance	
  of	
   the	
  principles	
  of	
   SBCE	
   for	
  problems	
  and	
   industrial	
   settings	
  
outside	
  the	
  original	
  study.	
  

The	
  second	
  gap	
  is	
  the	
  question	
  of	
  how	
  SBCE	
  is	
  used	
  to	
  identify	
  promising	
  regions	
  of	
  the	
  design	
  
space	
   and	
   converge	
   to	
   a	
   solution.	
  The	
  design	
   space	
   in	
  platform	
  development	
   is	
   larger	
   than	
   in	
  
traditional	
  development	
  and	
  SBCE	
  uses	
  a	
  distinctive	
  approach	
  to	
  manage	
  this.	
  Even	
  though	
  this	
  
approach	
  is	
  well	
  known	
  (A.	
  Ward	
  et	
  al.,	
  1995)	
  there	
  are	
  no	
  previous	
  studies	
  that	
  explain	
  how	
  to	
  
apply	
  it	
  in	
  practice,	
  especially	
  not	
  for	
  platforms.	
  	
  

The	
   last	
   gap	
   is	
   the	
   lack	
   of	
   methodology	
   supporting	
   early	
   phases	
   of	
   product	
   and	
   platform	
  
development	
   with	
   SBCE	
   and	
   EF-­‐M	
   modelling.	
   This	
   addresses	
   the	
   challenges	
   of	
   creating	
   and	
  
evaluating	
  system	
  layouts	
  or	
  platform	
  architectures,	
  which	
  is	
  one	
  of	
  the	
  most	
  important	
  tasks	
  in	
  
development.	
  

1.2.1 Scope	
  of	
  the	
  research	
  

The	
   scope	
   of	
   the	
   research	
   is	
   to	
   study	
   SBCE	
   and	
   platform	
   based	
   design	
   both	
   in	
   theory	
   and	
  
through	
  industrial	
  cases	
  to	
  gain	
  a	
  better	
  understanding	
  of	
  the	
  subject.	
  The	
  approach	
  is	
  to	
  apply	
  
the	
  principles	
  of	
  SBCE	
  to	
  different	
  development	
  processes.	
  It	
  includes	
  studies	
  of	
  the	
  introduction	
  
of	
   SBCE	
   pilot	
   projects,	
   analysis	
   of	
   the	
   results	
   and	
   identification	
   of	
   important	
   key	
   features.	
  
Existing	
  descriptions	
  and	
  theories	
  concerning	
  SBCE	
  and	
  product	
  platforms	
  are	
  used	
  as	
  an	
  initial	
  
starting	
  point	
  to	
  develop	
  design	
  support	
  based	
  on	
  the	
  three	
  principles	
  of	
  SBCE.	
  	
  

The	
  decision	
  process	
  of	
  SBCE	
  is	
  also	
  included	
  in	
  the	
  scope	
  since	
  the	
  methods	
  for	
  evaluations	
  of	
  
designs	
   are	
   different	
   compared	
   to	
   traditional	
   Point-­‐based	
   development	
   processes.	
   Design	
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decisions	
  have	
  a	
  fundamental	
  influence	
  on	
  all	
  aspects	
  of	
  product	
  and	
  platform	
  development,	
  and	
  
it	
  is	
  therefore	
  important	
  to	
  study	
  the	
  details	
  of	
  a	
  Set-­‐based	
  decision	
  process.	
  	
  

Finally,	
  processes	
  and	
  tools	
  to	
  introduce	
  SBCE	
  are	
  developed.	
  These	
  should	
  support	
  product	
  and	
  
platform	
  design	
  with	
  the	
  three	
  principles	
  of	
  Set-­‐based	
  Concurrent	
  Engineering	
  and	
  be	
  consistent	
  
with	
  findings	
  in	
  this	
  research	
  and	
  with	
  previously	
  reported	
  results.	
  
	
  

1.2.2 Industrial	
  Goals	
  

The	
   previously	
   stated	
   high	
   efficiency	
   of	
   SBCE	
   and	
   platform–based	
   design	
  makes	
   the	
   concepts	
  
relevant	
  for	
  product	
  developing	
  industry.	
  An	
  evaluation	
  of	
  the	
  principles	
  of	
  SBCE	
  in	
  an	
  industrial	
  
setting	
  outside	
  the	
  original	
  study	
  (A.	
  Ward	
  et	
  al.,	
  1995)	
  is	
  therefore	
  important	
  but	
  has	
  not	
  been	
  
documented	
  before.	
  Even	
  though	
  there	
  are	
  prior	
  examples	
  of	
  SBCE	
  trials,	
  the	
  principles	
  have	
  not	
  
all	
  been	
  consistently	
  applied	
  or	
  evaluated	
  in	
  industry.	
  

In	
   order	
   to	
   introduce	
   SBCE,	
   there	
   are	
   practical	
   difficulties	
   that	
   need	
   to	
   be	
   overcome:	
   SBCE	
   is	
  
usually	
  considered	
  incompatible	
  to	
  traditional	
  phased	
  project	
  models	
  (M.	
  Kennedy	
  et	
  al.,	
  2008;	
  
Morgan	
  &	
  Liker,	
  2006;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  2014),	
  which	
  are	
  a	
  common	
  way	
  to	
  organize	
  an	
  
industrial	
   development	
   process.	
   Another	
   drawback	
   is	
   that	
   SBCE	
   is	
   characterised	
   by	
   a	
   slow	
  
decision	
  process	
   (A.	
  Ward	
  et	
   al.,	
   1995),	
   an	
  effect	
   that	
   is	
  usually	
   considered	
   to	
  have	
  a	
  negative	
  
effect	
  on	
  the	
  development	
  performance.	
  The	
  industrial	
  goal	
  of	
  this	
  work	
  is	
  therefore	
  to	
  improve	
  
the	
  support	
  for	
  development	
  of	
  technical	
  system	
  design	
  by	
  implementing	
  the	
  principles	
  of	
  SBCE.	
  	
  

Examples	
  of	
  the	
  application	
  of	
  SBCE	
  to	
  platforms	
  are	
  previously	
  described	
  in	
  literature	
  and	
  this	
  
thesis	
   contributes	
   by	
   developing	
   methods	
   for	
   the	
   early	
   phases	
   of	
   design.	
   From	
   an	
   industrial	
  
point	
   of	
   view,	
   the	
  principles	
   do	
  not	
   give	
   any	
   advice	
   for	
  how	
   to	
   implement	
   them.	
  A	
   structured	
  
way	
  to	
  introduce	
  the	
  three	
  principles	
  of	
  Set-­‐based	
  Concurrent	
  Engineering	
  is	
  therefore	
  needed,	
  
for	
  platforms	
  as	
  well	
  as	
  for	
  single	
  products.	
  
	
  

1.2.3 Scientific	
  Goals	
  

From	
  a	
  scientific	
  standpoint,	
  there	
  are	
  also	
  questions	
  that	
  motivate	
  the	
  research.	
  The	
  principles	
  
of	
   SBCE	
   were	
   mainly	
   formulated	
   on	
   the	
   grounds	
   of	
   one	
   industrial	
   example	
   [1-­‐3]	
   and	
   from	
  
theoretical	
   simulations	
   of	
   a	
   design	
   compiler	
   (A.	
   C.	
   Ward,	
   1989).	
   There	
   are	
   no	
   prior	
   studies	
  
showing	
   that	
   the	
   three	
   principles,	
   extracted	
   out	
   of	
   one	
   firm’s	
   development	
   process,	
   would	
  
improve	
  the	
  efficiency	
  or	
  effectiveness	
  of	
  another	
  firm’s	
  design	
  process.	
  	
  

	
  
Another	
  goal	
  is	
  to	
  use	
  the	
  principles	
  of	
  SBCE	
  to	
  support	
  platform	
  concept	
  design.	
  Michaelis	
  et	
  al.	
  
(2013)	
  and	
  Levandowski	
  et	
  al.	
  (2014)	
  present	
  ways	
  to	
  model	
  platforms	
  in	
  a	
  Set-­‐based	
  way.	
  They	
  
focus	
   on	
   the	
   preparation	
   of	
   platforms	
   and	
   corresponding	
   manufacturing	
   system	
   using	
   the	
  
approach	
  taken	
  for	
  the	
  Configurable	
  Component	
  framework	
  (Claesson,	
  2006).	
  They	
  do	
  not	
  cover	
  
the	
   earliest	
   phases	
   of	
   development	
   and	
   this	
   thesis	
   aims	
   at	
   elaborating	
   design	
   support	
   for	
   the	
  
conceptual	
  phases	
  of	
  platform	
  design	
  using	
  Set-­‐based	
  principles.	
  The	
  support	
  must	
  also	
  present	
  
new	
  ways	
   to	
   assess	
   platform	
   architectures	
   that	
   ensure	
   the	
   feasibility	
   of	
   the	
   platform	
   concept	
  
before	
  commitment	
  to	
  a	
  specific	
  design.	
  

1.3 Research	
  questions:	
  
The	
  following	
  research	
  questions	
  were	
  formulated	
  to	
  drive	
  the	
  research:	
  
	
  
RQ	
  1:	
  	
   How	
   do	
   the	
   principles	
   of	
   SBCE	
   affect	
   industrial	
   product	
   development	
   and	
   its	
  

performance	
  in	
  different	
  environments?	
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The	
  first	
  Research	
  Question	
  has	
  several	
  dimensions	
  and	
  includes	
  how	
  SBCE	
  can	
  be	
  introduced	
  to	
  
support	
   industrial	
   product	
   and	
   platform	
   development	
   and	
   how	
   it	
   affects	
   the	
   development	
  
process	
  and	
  the	
  resulting	
  products.	
  	
  
	
  
	
  
RQ2:	
   How	
  can	
  the	
  principles	
  of	
  SBCE	
  be	
  applied	
  to	
  identify	
  feasible	
  regions	
  of	
  the	
  design	
  

space	
  and	
  support	
  convergence	
  to	
  feasible	
  solutions?	
  
	
  
	
  
The	
  way	
  that	
  SBCE	
  can	
  narrow	
  down	
  the	
  design	
  space	
  is	
  one	
  of	
  the	
  most	
  characteristic	
  ways	
  that	
  
SBCE	
   distinguishes	
   itself	
   from	
   point-­‐based	
   development.	
   It	
   includes	
   both	
   clarifying	
   how	
  
decisions	
  are	
  made	
  and	
  how	
  requirements	
  are	
  handled.	
  Consequently,	
  this	
  research	
  question	
  is	
  
touched	
  upon	
  in	
  all	
  papers.	
  	
  
	
  
	
  
RQ3:	
  	
   How	
   can	
  methods	
   and	
   tools	
   derived	
   from	
  SBCE	
   and	
   EF-­‐M	
  modelling	
   be	
   used	
   to	
  

find	
  feasible	
  system	
  architectures	
  and	
  function	
  realizing	
  features	
  in	
  early	
  phases	
  of	
  
product	
  and	
  platform	
  development?	
  

	
  
	
  
One	
   of	
   the	
   most	
   critical	
   steps	
   when	
   developing	
   new	
   products	
   and	
   systems	
   is	
   in	
   the	
  
establishment	
  of	
  a	
   system	
   layout	
  or	
  a	
  platform	
  architecture.	
  Existing	
  design	
  methodologies	
  do	
  
not	
   provide	
   sufficient	
   support	
   for	
   this	
   purpose.	
   The	
   aimed	
   answer	
   to	
   RQ3	
   is	
   expected	
   to	
  
contribute	
  to	
  closing	
  this	
  methodological	
  gap.	
  	
  	
  

1.4 Delineation	
  of	
  the	
  Research	
  	
  
This	
  thesis	
  does	
  not	
  pursue	
  the	
  objective	
  of	
  describing	
  how	
  to	
  create	
  the	
  sets	
  used	
  in	
  SBCE	
  even	
  
though	
  the	
  initial	
  design	
  space	
  is	
  an	
  important	
  prerequisite	
  of	
  SBCE.	
  Generating	
  this	
  is	
  a	
  creative	
  
process	
  and	
  there	
  are	
  several	
  methods,	
  tools	
  and	
  processes	
  in	
  literature	
  that	
  describe	
  different	
  
aspects	
   of	
   generating	
   ideas	
   and	
   organising	
   development	
   to	
   enhance	
   creativity.	
   For	
   the	
   same	
  
reason,	
   the	
   research	
   does	
   not	
   address	
   the	
   practical	
   task	
   of	
   creating	
   F-­‐M	
   trees.	
   Creating	
   F-­‐M	
  
structures	
   by	
   either	
   breaking	
   down	
   existing	
   systems	
   or	
   building	
   up	
   new	
   systems	
   requires	
  
creativity	
  and	
  contextual	
  technical	
  skills,	
  which	
  is	
  out	
  of	
  scope	
  for	
  this	
  research.	
  	
  	
  
	
  
There	
  are	
  several	
  other	
  areas	
  that	
  are	
  not	
  covered	
  by	
  this	
  research.	
  Mathematical	
  modelling	
  of	
  
phenomena	
   related	
   to	
   SBCE	
   and	
   platforms	
   are	
   rather	
   mature	
   areas	
   and	
   are	
   therefore	
   not	
  
considered	
   here.	
   Nor	
   is	
   the	
   concept	
   of	
   manufacturing	
   oriented	
   platform	
   types	
   based	
   on	
  
components	
  since	
  this	
  thesis	
  focuses	
  on	
  development	
  platforms,	
  specifically	
  the	
  object	
  oriented	
  
Configurable	
   Component	
   approach.	
   Also	
   for	
   this	
   reason,	
   modularisation	
   is	
   not	
   studied,	
   even	
  
though	
   Allen	
   C.	
   Ward	
   and	
   Sobek	
   (2014)	
   p.	
   271	
   state	
   that	
   there	
   is	
   a	
   strong	
   link	
   between	
  
modularisation	
  and	
  Set-­‐based	
  thinking.	
  Modularisation	
  is	
  a	
  research	
  field	
  in	
  its	
  own	
  right	
  that	
  is	
  
closely	
  connected	
  to	
  component	
  based	
  platform	
  development.	
  	
  

1.5 Disposition	
  of	
  the	
  thesis	
  

This	
   thesis	
   consists	
   of	
   an	
   introductory	
   part,	
   covering	
   the	
   background,	
   the	
   goals	
   and	
   research	
  
questions.	
   It	
   further	
   presents	
   the	
   relevant	
   underlying	
   theories	
   and	
   the	
   applied	
   research	
  
approach,	
  leading	
  up	
  to	
  the	
  summary	
  of	
  the	
  six	
  contributing	
  publications.	
  Lastly,	
  it	
  discusses	
  the	
  
quality	
  of	
  the	
  results	
  and	
  presents	
  the	
  conclusions	
  and	
  suggests	
  future	
  work.	
  

	
  
Chapter	
  1	
  hold	
  the	
  introduction	
  including	
  background	
  and	
  aim	
  of	
  the	
  research.	
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Chapter	
  2	
  describes	
  the	
  frame	
  of	
  reference	
  and	
  related	
  work.	
  	
  

Chapter	
  3	
  presents	
  the	
  research	
  approach.	
  

Chapter	
  4	
  presents	
  the	
  findings	
  of	
  the	
  appended	
  papers.	
  

Chapter	
  5	
  discusses	
  the	
  implications,	
  the	
  reliability,	
  and	
  the	
  validity	
  of	
  the	
  results.	
  

Chapter	
  6	
  presents	
  conclusions	
  and	
  an	
  outlook	
  on	
  future	
  work.	
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2 Frame	
  of	
  Reference	
  
	
  
This	
  chapter	
  presents	
  a	
  selection	
  of	
  literature	
  aiming	
  at	
  positioning	
  Set-­‐based	
  Concurrent	
  
Engineering	
  in	
  relation	
  to	
  platform	
  development	
  and	
  existing	
  design	
  methodologies.	
  Some	
  
methodologies	
  are	
  fundamental	
  for	
  the	
  research	
  while	
  others	
  provide	
  a	
  contextual	
  overview.	
  In	
  
this	
  thesis,	
  SBCE	
  is	
  presented	
  in	
  the	
  context	
  of	
  functional	
  platform	
  development.	
  

2.1 Design	
  Methodology	
  	
  
Companies	
  often	
  use	
  a	
  formal	
  design	
  methodology	
  to	
  create	
  products,	
  services	
  and	
  systems.	
  By	
  
using	
  a	
  formal	
  design	
  methodology,	
  the	
  development	
  activities	
  are	
  transformed	
  from	
  art	
  and	
  
craftsmanship	
  to	
  a	
  structured,	
  repeatable	
  process.	
  From	
  an	
  industrial	
  point	
  of	
  view,	
  the	
  two	
  
main	
  purposes	
  of	
  using	
  methods	
  and	
  processes	
  are	
  to	
  improve	
  the	
  cost	
  and	
  speed	
  of	
  the	
  
engineering	
  process,	
  and/or	
  to	
  improve	
  the	
  cost,	
  and	
  quality	
  of	
  the	
  outcome	
  of	
  the	
  engineering	
  
process.	
  A	
  methodology	
  is	
  defined	
  by	
  Vladimir	
  Hubka	
  and	
  Eder	
  (1996)	
  as	
  a	
  “coordinated	
  
grouping	
  of	
  methods”.	
  It	
  is	
  in	
  its	
  nature	
  prescriptive,	
  where	
  certain	
  procedural	
  models	
  should	
  be	
  
followed,	
  in	
  order	
  to	
  receive	
  the	
  stated	
  benefits	
  of	
  the	
  methodology.	
  There	
  are	
  numerous	
  design	
  
methodologies,	
  all	
  targeting	
  different	
  areas	
  of	
  design	
  and	
  in	
  the	
  following	
  section	
  the	
  design	
  
methods	
  relevant	
  to	
  Set-­‐based	
  Concurrent	
  Engineering	
  and	
  product	
  platforms	
  are	
  discussed.	
  
	
  

2.1.1 The	
  generic	
  engineering	
  design	
  process	
  
The	
  process	
  from	
  a	
  market	
  need	
  to	
  a	
  manufactured	
  product	
  can	
  be	
  found	
  in	
  many	
  textbooks	
  on	
  
mechanical	
  design	
  and	
  product	
  development.	
  This	
  process	
  is	
  described	
  in	
  different	
  ways	
  by	
  
different	
  authors:	
  G.	
  Pahl,	
  Beitz,	
  Feldhusen,	
  and	
  Grote	
  (2007),	
  for	
  example,	
  offer	
  guidelines	
  for	
  
design,	
  such	
  as	
  simplicity	
  and	
  unambiguousness.	
  Pugh	
  (Pugh,	
  Clausing,	
  &	
  Andrade,	
  1996)	
  and	
  
(Suh,	
  1990)	
  offer	
  widely	
  known	
  design	
  selection	
  methods.	
  

On	
   an	
   overall	
   level,	
   however,	
   the	
   prescribed	
   activities	
   suggested	
   by	
   these	
   authors	
   are	
   similar	
  
and	
   can	
   be	
   seen	
   as	
   the	
   generic,	
   best	
   practice	
   to	
   develop	
   products.	
   Different	
   versions	
   of	
   this	
  
generic	
   process	
   can	
   be	
   found	
   in	
   literature	
   by	
   Ullman	
   (Ullman,	
   2009),	
   Ulrich	
   and	
   Eppinger	
  	
  
(Ulrich	
  &	
   Eppinger,	
   2012),	
   Pugh	
   (Pugh	
   et	
   al.,	
   1996),	
   Pahl	
   and	
  Beitz	
   (G.	
   Pahl,	
   Beitz,	
  W.,	
   et	
   al.	
   ,	
  
2007)	
   and	
   other	
   authors.	
   Typically,	
   the	
   overall	
   activities	
   are	
   described	
   as	
   a	
   linear	
   process.	
   A	
  
representative	
  model	
  of	
  this	
  generic	
  process	
  model	
  can	
  be	
  described	
  by	
  Figure	
  2.	
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Figure	
  2:	
  A	
  generic	
  funnelling	
  process.	
  After	
  (Ulrich	
  &	
  Eppinger,	
  2012).	
  

	
  
The	
  process	
  starts	
  with	
  a	
  planning	
  phase,	
  which	
  includes	
  the	
  definition	
  of	
  business	
  and	
  
customer	
  need,	
  the	
  clarification	
  of	
  the	
  task	
  and	
  what	
  results	
  to	
  accomplish.	
  This	
  is	
  followed	
  by	
  a	
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concept	
  development,	
  a	
  wide	
  search	
  for	
  possible	
  solutions.	
  As	
  the	
  work	
  progresses,	
  it	
  passes	
  
through	
  steps	
  intending	
  to	
  ensure	
  a	
  high	
  quality	
  product:	
  system	
  level	
  design,	
  detail	
  design,	
  
testing	
  and	
  refinement	
  and	
  production	
  ramp	
  up,	
  etc.	
  One	
  important	
  feature	
  of	
  the	
  process	
  is	
  the	
  
methods	
  deployed	
  to	
  reduce	
  the	
  number	
  of	
  alternative	
  design	
  solutions,	
  where	
  the	
  objective	
  is	
  
to	
  select	
  the	
  most	
  promising	
  alternative	
  to	
  spend	
  resources	
  on.	
  
	
  
On	
  an	
  overall	
  level,	
  the	
  Set-­‐based	
  process	
  seems	
  rather	
  similar	
  to	
  this	
  generic	
  process.	
  In	
  Figure	
  2	
  
however,	
  the	
  design	
  iterations	
  and	
  loopbacks	
  are	
  not	
  described,	
  i.e.	
  when	
  the	
  process	
  has	
  to	
  
return	
  to	
  an	
  earlier	
  stage	
  of	
  development.	
  Theses	
  iterations	
  can	
  cause	
  costly	
  rework	
  (B.	
  M.	
  
Kennedy,	
  Sobek,	
  &	
  Kennedy,	
  2014).	
  A	
  Set-­‐based	
  approach	
  can	
  be	
  characterised	
  as	
  convergent	
  
rather	
  than	
  iterative.	
  There	
  is	
  no	
  distinct	
  phase	
  where	
  the	
  best	
  alternative	
  must	
  be	
  chosen	
  or	
  
specifications	
  be	
  fixed.	
  
	
  

2.1.2 Integrated	
  Product	
  Development	
  and	
  Concurrent	
  Engineering	
  
To	
  discuss	
  Set-­‐based	
  Concurrent	
  Engineering,	
  knowledge	
  of	
  the	
  related	
  concepts	
  Integrated	
  
Product	
  Development	
  (M.	
  M.	
  	
  Andreasen	
  &	
  Hein,	
  1997)	
  and	
  (point-­‐based)	
  Concurrent	
  
Engineering	
  (Prasad,	
  1997)	
  is	
  needed.	
  These	
  are	
  processes	
  that	
  emphasize	
  the	
  interdisciplinary	
  
nature	
  of	
  development	
  and	
  are	
  created	
  to	
  overcome	
  different	
  drawbacks	
  of	
  a	
  serial	
  development	
  
process.	
  The	
  serial	
  process	
  can	
  be	
  seen	
  as	
  a	
  "relay	
  race"	
  where	
  one	
  set	
  of	
  activities	
  is	
  completed	
  
before	
  the	
  information	
  is	
  passed	
  on	
  to	
  the	
  technical	
  discipline	
  that	
  is	
  responsible	
  for	
  the	
  next	
  set	
  
of	
  activities.	
  It	
  can	
  be	
  characterised	
  by	
  a	
  series	
  of	
  sequential	
  tasks	
  with	
  little	
  or	
  no	
  
communication	
  between	
  functional	
  disciplines.	
  	
  
	
  
One	
  important	
  drawback	
  of	
  a	
  serial	
  process	
  is	
  the	
  prolonged	
  development	
  lead-­‐	
  times	
  caused	
  by	
  
the	
  inability	
  to	
  process	
  information	
  in	
  parallel.	
  Another	
  drawback	
  is	
  the	
  possibility	
  of	
  iterative	
  
design	
  loopbacks	
  since	
  feedback	
  from	
  other	
  technical	
  disciplines	
  comes	
  late.	
  This	
  increases	
  both	
  
development	
  costs	
  and	
  development	
  lead-­‐	
  times	
  since	
  errors	
  discovered	
  later	
  are	
  more	
  costly	
  
and	
  time-­‐consuming	
  to	
  correct	
  compared	
  to	
  errors	
  discovered	
  early	
  in	
  the	
  design	
  process.	
  
	
  
To	
  overcome	
  the	
  difficulties	
  caused	
  by	
  poor	
  communication	
  between	
  functional	
  departments,	
  
Integrated	
  Product	
  Development	
  was	
  created	
  (M.	
  M.	
  	
  Andreasen	
  &	
  Hein,	
  1997).	
  Here,	
  
development	
  is	
  performed	
  in	
  cross-­‐functional	
  teams	
  enabling	
  quick	
  and	
  un-­‐bureaucratic	
  
communication.	
  In	
  Figure	
  3	
  this	
  can	
  be	
  seen	
  as	
  parallel	
  activities	
  instead	
  of	
  sequential	
  activities:	
  
the	
  analysis	
  of	
  the	
  market	
  and	
  customer	
  need	
  run	
  in	
  parallel	
  with	
  product	
  and	
  process	
  design,	
  
aiming	
  at	
  good	
  compromises	
  between	
  the	
  various	
  requirements	
  and	
  constraints.	
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Figure	
  3:	
  Integrated	
  Product	
  Development.	
  After	
  (M.	
  Myrup	
  Andreasen,	
  1980).	
  

A	
  related	
  concept,	
  mainly	
  targeting	
  the	
  speed	
  of	
  development,	
  is	
  Concurrent	
  Engineering.	
  It	
  is	
  
based	
  on	
  two	
  fundamental	
  concepts	
  (Prasad,	
  1997).	
  The	
  first	
  fundamental	
  concept	
  is	
  that	
  all	
  
development	
  activities	
  ideally	
  should	
  be	
  occurring	
  at	
  the	
  same	
  time,	
  concurrently.	
  By	
  running	
  
activities	
  in	
  parallel,	
  the	
  overall	
  lead-­‐time	
  from	
  idea	
  to	
  start	
  of	
  production	
  can	
  be	
  shortened.	
  
The	
  second	
  fundamental	
  concept	
  is	
  that	
  different	
  points	
  of	
  view	
  should	
  be	
  taken	
  into	
  
consideration	
  in	
  the	
  early	
  design	
  phases,	
  thereby	
  avoiding	
  unnecessary	
  loopbacks.	
  

2.2 SET-­‐BASED	
  CONCURRENT	
  ENGINEERING	
  
Set-­‐based	
  Concurrent	
  Engineering	
  (SBCE)	
  is	
  a	
  framework	
  used	
  throughout	
  all	
  stages	
  of	
  
development.	
  It	
  is	
  characterized	
  by	
  developing	
  and	
  managing	
  multiple	
  solutions	
  to	
  design	
  
problems	
  by	
  considering	
  sets	
  of	
  design	
  alternatives,	
  rather	
  than	
  focusing	
  on	
  one	
  specific	
  design.	
  
A	
  distinction	
  may	
  also	
  be	
  made	
  between	
  Set-­‐based	
  Design	
  (SBD)	
  and	
  SBCE	
  where	
  the	
  
Concurrent	
  Engineering	
  term	
  represents	
  a	
  broad	
  industrial	
  development	
  setting	
  having	
  
stakeholders	
  in	
  several	
  organisational	
  functions.	
  SBD	
  is	
  the	
  practical	
  approach	
  to	
  engineering	
  
design	
  following	
  the	
  principles	
  of	
  SBCE.	
  In	
  this	
  work	
  the	
  term	
  SBCE	
  is	
  used	
  to	
  denote	
  both	
  SBCE	
  
and	
  SBD.	
  The	
  applied	
  mindset	
  is	
  that	
  a	
  Set-­‐based	
  approach	
  essentially	
  implies	
  to	
  follow	
  the	
  
principles	
  of	
  SBCE.	
  
	
  
The	
  first	
  description	
  of	
  Set-­‐based	
  design	
  was	
  made	
  by	
  Ward	
  (A.	
  C.	
  Ward,	
  1989)	
  based	
  on	
  his	
  
studies	
  on	
  a	
  “mechanical	
  design	
  compiler”.	
  When	
  Ward	
  later	
  discovered	
  his	
  ideas	
  at	
  work	
  in	
  
Toyotas	
  development	
  organisation,	
  the	
  term	
  Set-­‐Based	
  Concurrent	
  Engineering	
  was	
  established	
  
(A.	
  C.	
  Ward	
  et	
  al.,	
  1994).	
  	
  
	
  
Ward	
  had	
  a	
  background	
  in	
  computer	
  science	
  and	
  specialized	
  in	
  Artificial	
  Intelligence.	
  The	
  
mechanical	
  design	
  compiler	
  was	
  a	
  configurator	
  for	
  mechanical	
  design,	
  which	
  used	
  constraint	
  
programming	
  to	
  select	
  and	
  combine	
  catalogue	
  components	
  (A.	
  C.	
  Ward,	
  1989).	
  The	
  work	
  on	
  the	
  
mechanical	
  design	
  compiler	
  went	
  beyond	
  finding	
  one	
  acceptable	
  solution	
  but	
  rather	
  exploring	
  
the	
  whole	
  design	
  space	
  in	
  order	
  to	
  find	
  the	
  best	
  combination	
  of	
  components	
  fulfilling	
  the	
  given	
  
constraints.	
  By	
  moving	
  established	
  computer	
  science	
  tools	
  for	
  reducing	
  and	
  searching	
  large	
  sets	
  
of	
  data	
  to	
  the	
  domain	
  of	
  product	
  development,	
  the	
  first	
  steps	
  were	
  made	
  towards	
  the	
  principles	
  
of	
  SBCE.	
  	
  
	
  
In	
  design,	
  the	
  number	
  of	
  design	
  alternatives	
  for	
  a	
  combination	
  of	
  solutions	
  quickly	
  increases	
  into	
  
astronomical	
  amounts	
  of	
  rules	
  and	
  data	
  and	
  it	
  is	
  not	
  always	
  possible	
  for	
  a	
  program	
  to	
  terminate	
  
within	
  reasonable	
  time.	
  By	
  excluding	
  solutions	
  that	
  are	
  not	
  compatible,	
  i.e.	
  unable	
  of	
  operating	
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in	
  combination	
  with	
  elements	
  in	
  the	
  other	
  sets,	
  the	
  design	
  space	
  can	
  be	
  pruned.	
  This	
  saves	
  
execution	
  time,	
  without	
  sacrificing	
  any	
  potentially	
  good	
  solutions.	
  Applying	
  a	
  constraint	
  of	
  the	
  
type	
  “220V	
  <	
  Voltage	
  <	
  240V”	
  to	
  a	
  set	
  of	
  electric	
  components,	
  terminates	
  the	
  configurations	
  
using	
  110V	
  or	
  400V	
  components.	
  More	
  complex	
  constraints	
  can	
  be	
  propagated	
  according	
  to	
  
rules	
  and	
  laws	
  of	
  physics.	
  	
  
	
  
The	
  start	
  of	
  the	
  research	
  on	
  SBCE	
  was	
  when	
  Ward	
  discovered	
  that	
  this	
  process	
  also	
  was	
  used	
  as	
  
the	
  backbone	
  of	
  a	
  previously	
  unknown	
  design	
  methodology	
  at	
  Toyota	
  Motor	
  Corporation	
  (A.	
  
Ward	
  et	
  al.,	
  1995).	
  The	
  process	
  was,	
  however,	
  not	
  executed	
  in	
  software	
  but	
  by	
  engineers	
  
applying	
  design	
  constraints	
  to	
  sets	
  of	
  design	
  solutions	
  in	
  a	
  converging	
  design	
  process.	
  
	
  

2.2.1 The	
  three	
  principles	
  
SBCE	
  is	
  not	
  a	
  prescriptive	
  methodology;	
  instead	
  it	
  relies	
  on	
  three	
  principles	
  (D.	
  K.	
  Sobek,	
  A.	
  C.	
  
Ward,	
  &	
  J.	
  K.	
  Liker,	
  1999).	
  This	
  implies	
  that	
  SBCE	
  needs	
  to	
  be	
  adapted	
  to	
  each	
  individual	
  
application.	
  The	
  principles	
  are	
  given	
  below:	
  
	
  
1.	
  Map	
  the	
  design	
  space:	
  	
   	
   -­‐	
  Define	
  feasible	
  regions.	
  

-­‐	
  Explore	
  trade-­‐offs	
  by	
  designing	
  multiple	
  alternatives.	
  
-­‐	
  Communicate	
  sets	
  of	
  possibilities.	
  

2.	
  Integrate	
  by	
  intersection:	
  	
   -­‐	
  Look	
  for	
  intersections	
  of	
  feasible	
  sets.	
  
-­‐	
  Impose	
  minimum	
  constraint.	
  
-­‐	
  Seek	
  conceptual	
  robustness.	
  

3.	
  Establish	
  feasibility	
  	
   	
   -­‐	
  Narrow	
  sets	
  gradually	
  while	
  increasing	
  detail.	
  
	
  	
  	
  	
  before	
  commitment:	
   	
   -­‐	
  Stay	
  within	
  sets	
  once	
  committed.	
  

-­‐	
  Control	
  by	
  managing	
  uncertainty	
  at	
  process	
  gates.	
  
	
  
The	
  first	
  principle	
  implies	
  a	
  wide	
  search	
  for	
  possible	
  solutions.	
  The	
  sets	
  are	
  defined	
  by	
  designing	
  
multiple	
  alternatives	
  that	
  allow	
  designers	
  to	
  explore	
  and	
  learn	
  about	
  the	
  alternatives,	
  thereby	
  
enabling	
  trade-­‐offs.	
  To	
  generate	
  a	
  broad	
  set	
  of	
  possibilities,	
  the	
  initial	
  creation	
  is	
  carried	
  out	
  
without	
  taking	
  other	
  functional	
  departments’	
  needs	
  or	
  opinions	
  into	
  account.	
  The	
  author	
  would	
  
like	
  to	
  emphasize	
  that	
  this	
  is	
  a	
  contradiction	
  to	
  the	
  Concurrent	
  Engineering	
  practice.	
  In	
  
Concurrent	
  Engineering,	
  an	
  important	
  principle	
  is	
  that	
  constraints	
  from	
  different	
  technical	
  
disciplines	
  and	
  functional	
  departments	
  are	
  considered	
  at	
  the	
  beginning	
  of	
  the	
  process.	
  	
  
	
  
The	
  second	
  principle	
  integrates	
  the	
  different	
  solutions	
  by	
  eliminating	
  those	
  that	
  are	
  not	
  
compatible	
  with	
  the	
  main	
  body	
  of	
  solutions.	
  When	
  information	
  to	
  enable	
  elimination	
  is	
  not	
  
readily	
  available,	
  the	
  designers	
  evaluate,	
  build	
  or	
  simulate	
  the	
  remaining	
  solutions	
  to	
  gain	
  
knowledge	
  of	
  the	
  different	
  alternatives.	
  
	
  
The	
  last	
  principle	
  is	
  a	
  commitment	
  to	
  develop	
  solutions	
  that	
  both	
  matches	
  the	
  other	
  sets	
  and	
  
fulfils	
  current	
  specifications.	
  Elimination	
  of	
  remaining	
  solutions	
  is	
  done	
  by	
  repeated	
  
development,	
  tightening	
  of	
  specifications	
  and	
  application	
  of	
  the	
  second	
  principle.	
  
The	
  design	
  process	
  of	
  SBCE	
  is	
  explained	
  in	
  Figure	
  4.	
  Here,	
  a	
  “set”	
  is	
  schematically	
  drawn	
  as	
  a	
  
circle.	
  The	
  boundary	
  of	
  the	
  circle	
  represents	
  the	
  design	
  constraints	
  and	
  requirements	
  that	
  will	
  
be	
  gradually	
  tightened	
  during	
  the	
  development	
  process.	
  The	
  sets	
  are	
  built	
  up	
  by	
  designing	
  
multiple	
  alternatives,	
  even	
  though	
  the	
  SBCE	
  principles	
  give	
  no	
  strategies	
  for	
  how	
  to	
  generate	
  
these	
  design	
  solutions.	
  There	
  are,	
  however,	
  a	
  plurality	
  of	
  creative	
  methods	
  and	
  systematic	
  
approaches	
  available	
  in	
  industry	
  to	
  generate	
  these.	
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Figure	
  4:	
  The	
  Set-­‐based	
  process.	
  Adapted	
  and	
  redrawn	
  from	
  (Bernstein,	
  1998).	
  

	
  
To	
  reduce	
  the	
  number	
  of	
  solutions	
  two	
  different	
  approaches	
  are	
  used.	
  One	
  approach	
  is	
  to	
  
identify	
  designs	
  violating	
  the	
  constraints	
  and	
  requirements.	
  This	
  is	
  a	
  common	
  approach	
  in	
  
design	
  methodology.	
  However,	
  the	
  management	
  of	
  requirements	
  is	
  an	
  important	
  distinction	
  
from	
  traditional	
  development	
  (Morgan	
  &	
  Liker,	
  2006).	
  In	
  SBCE	
  the	
  requirement	
  specifications	
  
are	
  initially	
  defined	
  by	
  a	
  broad	
  interval	
  instead	
  of	
  being	
  a	
  specific	
  number.	
  This	
  adds	
  flexibility	
  
to	
  the	
  engineering	
  design	
  specifications	
  that	
  can	
  be	
  used	
  to	
  trade	
  off	
  alternatives.	
  
	
  	
  
The	
  second	
  approach	
  is	
  to	
  find	
  the	
  intersection	
  where	
  members	
  of	
  the	
  individual	
  sets	
  are	
  
compatible	
  (A.	
  Ward	
  et	
  al.,	
  1995)	
  i.e.	
  where	
  the	
  solutions	
  are	
  capable	
  of	
  interacting	
  and	
  
operating	
  with	
  each	
  other.	
  This	
  is	
  a	
  different	
  approach	
  than	
  the	
  traditional	
  point-­‐based	
  
selection.	
  Instead	
  of	
  using	
  different	
  methods	
  for	
  ranking	
  and	
  selecting	
  one	
  or	
  a	
  few	
  concepts	
  for	
  
further	
  development,	
  the	
  SBCE	
  decision	
  process	
  is	
  based	
  on	
  a	
  rejection	
  of	
  the	
  least	
  suitable	
  
solutions.	
  Rather	
  than	
  making	
  an	
  educated	
  guess	
  of	
  the	
  performance	
  of	
  a	
  future	
  design,	
  SBCE	
  
carries	
  forward	
  all	
  implementations	
  that	
  cannot	
  yet	
  be	
  eliminated.	
  This	
  is	
  a	
  robust	
  process	
  since	
  
the	
  consequences	
  of	
  an	
  incorrect	
  choice	
  are	
  fairly	
  small.	
  Rejecting	
  the	
  third	
  worst	
  solution	
  
instead	
  of	
  the	
  worst	
  is	
  less	
  critical	
  compared	
  to	
  the	
  magnitude	
  of	
  failure	
  if	
  the	
  third	
  best	
  
alternative	
  is	
  picked	
  for	
  development	
  instead	
  of	
  the	
  best.	
  
	
  
The	
  design	
  process	
  converges	
  by	
  repeatedly	
  tightening	
  the	
  specifications	
  and	
  actively	
  searching	
  
for	
  intersections/incompatibilities.	
  This	
  is	
  represented	
  in	
  Figure	
  4	
  by	
  narrowing	
  the	
  boundaries	
  
of	
  the	
  circles.	
  Before	
  narrowing,	
  new	
  information	
  is	
  needed.	
  Information	
  can	
  be	
  obtained	
  in	
  
several	
  ways	
  such	
  as	
  the	
  elaboration	
  of	
  remaining	
  alternatives,	
  by	
  testing,	
  improved	
  customer	
  
knowledge	
  or	
  information	
  from	
  manufacturing.	
  	
  
	
  
Specifications	
  and	
  requirements	
  are	
  gradually	
  narrowed	
  down	
  to	
  a	
  fixed	
  point,	
  but	
  are	
  flexible	
  
during	
  the	
  process,	
  allowing	
  engineers	
  to	
  compromise	
  on	
  different	
  aspects.	
  The	
  set	
  of	
  possible	
  
solutions	
  decreases	
  step	
  by	
  step,	
  but	
  is	
  balanced	
  by	
  the	
  desire	
  to	
  keep	
  the	
  design	
  space	
  
unrestricted	
  until	
  sufficient	
  information	
  is	
  acquired	
  to	
  enable	
  design	
  commitments.	
  In	
  the	
  end,	
  
only	
  one	
  solution	
  remains.	
  	
  
	
  
Although	
  it	
  seems	
  circumstantial,	
  studies	
  have	
  shown	
  that	
  the	
  SBCE	
  decision	
  process	
  is	
  effective	
  
(A.	
  Ward	
  et	
  al.,	
  1995)	
  .	
  One	
  reason	
  for	
  this	
  may	
  be	
  that	
  choosing	
  alternatives	
  requires	
  detailed	
  
knowledge	
  of	
  all	
  different	
  alternatives	
  while	
  the	
  elimination	
  of	
  alternatives	
  requires	
  only	
  partial	
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information.	
  The	
  opposite	
  of	
  Set-­‐based	
  is	
  the	
  widely	
  used	
  traditional	
  “Point-­‐based”	
  (A.	
  Ward	
  et	
  
al.,	
  1995)	
  development	
  methodology	
  shown	
  in	
  Figure	
  5.	
  
	
  

	
  
Figure	
  5:	
  Schematic	
  view	
  of	
  the	
  Point-­‐based	
  development	
  process.	
  	
  

	
  	
  
Here,	
  the	
  selection	
  and	
  approval	
  of	
  a	
  single	
  design	
  solution	
  is	
  done	
  early	
  when	
  the	
  knowledge	
  of	
  
the	
  product	
  is	
  not	
  complete.	
  The	
  selection	
  of	
  a	
  concept	
  in	
  traditional	
  Point-­‐based	
  design	
  
methodology	
  is	
  an	
  important	
  occasion	
  and	
  the	
  starting	
  point	
  for	
  subsequent	
  work.	
  This	
  single	
  
design	
  is	
  then	
  re-­‐worked	
  and	
  improved	
  in	
  an	
  iterative	
  way	
  until	
  a	
  feasible	
  solution	
  is	
  found.	
  
Committing	
  to	
  a	
  single	
  solution	
  principle	
  for	
  final	
  design	
  and	
  prototyping	
  can	
  result	
  in	
  a	
  design-­‐	
  
build-­‐	
  test-­‐	
  modify	
  loop	
  that	
  runs	
  until	
  the	
  result	
  meets	
  specifications.	
  This	
  situation	
  is	
  not	
  
desired	
  since	
  each	
  iteration	
  uses	
  resources	
  and	
  slows	
  down	
  the	
  development.	
  Industrial	
  
development	
  resources	
  are	
  carefully	
  planned	
  and	
  unintended	
  iterations	
  can	
  create	
  expensive	
  
rework	
  (B.	
  M.	
  Kennedy	
  et	
  al.,	
  2014).	
  Another	
  complication	
  is	
  that	
  these	
  iterations	
  also	
  slow	
  
down	
  the	
  projects	
  that	
  share	
  the	
  resources,	
  giving	
  consequences	
  on	
  non-­‐engineering	
  aspects	
  
such	
  as	
  missed	
  market	
  opportunities	
  etc.	
  Sometimes	
  the	
  chosen	
  design	
  cannot	
  fulfil	
  the	
  
requirements,	
  irrespective	
  of	
  the	
  number	
  of	
  iterations.	
  In	
  these	
  cases	
  a	
  new	
  solution	
  principle	
  
has	
  to	
  be	
  found,	
  causing	
  significant	
  delays	
  and	
  increased	
  costs.	
  In	
  set-­‐based	
  projects	
  this	
  is	
  less	
  
troublesome;	
  at	
  most	
  stages	
  of	
  development,	
  the	
  sets	
  include	
  multiple	
  solutions	
  implying	
  that	
  
the	
  designers	
  do	
  not	
  have	
  to	
  restart	
  the	
  design	
  process	
  from	
  the	
  beginning.	
  However,	
  developing	
  
parallel	
  solutions	
  is	
  more	
  expensive	
  than	
  developing	
  one	
  solution.	
  In	
  the	
  cases	
  of	
  loopbacks,	
  i.e.	
  
when	
  the	
  process	
  has	
  to	
  return	
  to	
  an	
  earlier	
  stage	
  of	
  development,	
  the	
  Set-­‐based	
  solutions	
  are	
  
still	
  compatible	
  with	
  the	
  rest	
  of	
  the	
  system.	
  This	
  makes	
  the	
  integration	
  of	
  the	
  new	
  design	
  easier	
  
compared	
  to	
  starting	
  from	
  a	
  new	
  solution.	
  	
  
	
  

2.2.2 Integration	
  events	
  
The	
  process	
  of	
  narrowing	
  the	
  solution	
  space	
  is	
  important	
  for	
  hindering	
  that	
  too	
  much	
  work	
  is	
  
invested	
  in	
  unfeasible	
  solutions.	
  To	
  prevent	
  this	
  the	
  Set-­‐based	
  development	
  process	
  converges	
  
step-­‐wise	
  towards	
  a	
  solution	
  acceptable	
  from	
  many	
  points	
  of	
  view	
  through	
  a	
  series	
  of	
  
“integration	
  events”	
  (A.	
  Ward	
  et	
  al.,	
  1995),	
  (Morgan	
  &	
  Liker,	
  2006),	
  (M.	
  Kennedy	
  et	
  al.,	
  2008).	
  
These	
  are	
  decision	
  points	
  (Figure	
  6)	
  where	
  the	
  objective	
  is	
  not	
  to	
  make	
  a	
  binary	
  “go/no	
  go”	
  
decision	
  where	
  the	
  project	
  can	
  be	
  stopped/paused/reworked	
  as	
  in	
  traditional	
  development.	
  
Instead	
  the	
  objective	
  is	
  to	
  make	
  decisions	
  on	
  which	
  alternative	
  solutions	
  to	
  eliminate.	
  The	
  
information	
  available	
  concerning	
  the	
  different	
  alternatives	
  is	
  presented	
  and	
  the	
  characteristics	
  
of	
  different	
  solutions	
  are	
  compared	
  with	
  current	
  specifications	
  and	
  checked	
  for	
  compatibility	
  
with	
  the	
  other	
  sets.	
  At	
  integration	
  events,	
  knowledge	
  of	
  the	
  different	
  systems	
  and	
  trade-­‐offs	
  is	
  
used	
  to	
  remove	
  solutions	
  that	
  are	
  no	
  longer	
  feasible	
  in	
  the	
  system.	
  If	
  there	
  is	
  not	
  enough	
  
information	
  available	
  to	
  exclude	
  a	
  solution	
  confidently,	
  it	
  will	
  remain	
  in	
  the	
  set	
  and	
  be	
  further	
  
investigated.	
  A	
  wise	
  strategy	
  is	
  always	
  to	
  include	
  a	
  low-­‐risk	
  member	
  in	
  each	
  set.	
  This	
  works	
  as	
  a	
  
back-­‐up	
  for	
  innovative,	
  high-­‐risk	
  members,	
  as	
  illustrated	
  in	
  Figure	
  6.	
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Figure	
  6:	
  Schematic	
  view	
  of	
  the	
  SBCE	
  narrowing	
  process.	
  

	
  
	
  

2.2.3 Trade-­‐offs	
  and	
  trade-­‐off	
  curves	
  
In	
  the	
  complex	
  process	
  of	
  product	
  development,	
  developers	
  must	
  strike	
  an	
  acceptable	
  balance	
  
between	
  conflicting	
  interests.	
  The	
  SBCE	
  principle	
  1	
  implies	
  to	
  Explore	
  trade-­‐offs	
  by	
  designing	
  
multiple	
  alternatives.	
  By	
  consequently	
  exploring	
  concrete	
  alternatives	
  for	
  different	
  architectures	
  
and	
  subsystems,	
  more	
  rational	
  decisions	
  could	
  be	
  made	
  compared	
  the	
  often	
  intangible	
  and	
  
abstract	
  information	
  in	
  the	
  Point-­‐based	
  methodology.	
  
	
  
Another	
  means	
  to	
  balance	
  conflicting	
  interests	
  is	
  the	
  use	
  of	
  trade-­‐off	
  curves.	
  These	
  curves	
  are	
  
widely	
  used	
  in	
  engineering	
  specialities	
  i.e.	
  dimensioning	
  belt	
  transmissions,	
  gears,	
  ball	
  bearings,	
  
fluid	
  pumps	
  and	
  other	
  systems.	
  LPD	
  literature	
  advocates	
  the	
  use	
  of	
  trade-­‐off	
  curves	
  (B.	
  M.	
  
Kennedy	
  et	
  al.,	
  2014;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  2014)	
  as	
  an	
  effective	
  means	
  for	
  balancing	
  
properties	
  that	
  are	
  not	
  attainable	
  at	
  the	
  same	
  time.	
  Figure	
  7	
  shows	
  a	
  trade-­‐off	
  curve	
  for	
  an	
  
aircraft	
  structure.	
  It	
  lets	
  the	
  designer	
  balance	
  component	
  weight,	
  material	
  type,	
  fatigue	
  life	
  and	
  
the	
  number	
  of	
  ingoing	
  structural	
  parts	
  to	
  arrive	
  at	
  a	
  good	
  compromise	
  between	
  the	
  properties.	
  
	
  

	
  
Figure	
  7:	
  Trade-­‐off	
  curve	
  for	
  component	
  weight,	
  material	
  type,	
  fatigue	
  life	
  and	
  the	
  number	
  of	
  ingoing	
  
structural	
  parts.	
  After	
  (Levandowski	
  et	
  al.,	
  2014).	
  

Trade-­‐off	
  curves	
  are	
  important	
  in	
  SBCE	
  for	
  several	
  reasons.	
  The	
  creation	
  of	
  the	
  curves	
  is	
  a	
  way	
  
to	
  codify	
  design	
  knowledge	
  that	
  can	
  be	
  reused.	
  The	
  curves	
  are	
  used	
  to	
  evaluate	
  and	
  eliminate	
  
alternative	
  designs,	
  thus	
  supporting	
  principle	
  2.	
  The	
  curves	
  can	
  be	
  used	
  to	
  indicate	
  feasible	
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regions	
  of	
  the	
  design	
  space	
  as	
  well	
  as	
  communicating	
  what	
  is	
  possible	
  to	
  obtain,	
  thereby	
  
supporting	
  principle	
  1.	
  
	
  

2.2.4 The	
  specification	
  management	
  process	
  of	
  Set-­‐	
  based	
  Concurrent	
  Engineering	
  	
  
The	
  management	
  of	
  specifications	
  is	
  an	
  important	
  feature	
  of	
  SBCE,	
  aiming	
  at	
  an	
  optimal	
  system	
  
design	
  rather	
  than	
  an	
  optimization	
  of	
  components	
  under	
  fixed	
  constraints.	
  Initially,	
  SBCE	
  
specifications	
  are	
  not	
  fixed	
  numbers	
  but	
  rather	
  a	
  range	
  of	
  upper	
  and	
  lower	
  limits	
  representing	
  
design	
  specifications	
  (Durward	
  K.	
  Sobek	
  et	
  al.,	
  1999;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  2014).	
  The	
  
approach	
  eliminates	
  the	
  need	
  for	
  a	
  complete	
  specification	
  at	
  the	
  start	
  of	
  a	
  project.	
  The	
  SBCE	
  
decision	
  method	
  does	
  not	
  include	
  a	
  pre-­‐determined	
  number	
  of	
  steps	
  and	
  can	
  be	
  used	
  regardless	
  
of	
  the	
  state	
  of	
  development	
  or	
  maturity	
  of	
  the	
  technical	
  system.	
  The	
  convergence	
  of	
  the	
  evolving	
  
design	
  is	
  controlled	
  by	
  adding	
  more	
  constraints	
  and	
  by	
  narrowing	
  the	
  specifications.	
  
	
  

2.2.5 Industrial	
  applications	
  of	
  Set-­‐	
  based	
  Concurrent	
  Engineering	
  	
  
The	
  emerging	
  interest	
  for	
  SBCE	
  may	
  suggest	
  that	
  it	
  is	
  a	
  new	
  concept,	
  but	
  in	
  the	
  early	
  20th	
  
century,	
  the	
  Wright	
  brothers	
  employed	
  a	
  strategy	
  that	
  could	
  be	
  characterised	
  as	
  Set-­‐based	
  (B.	
  M.	
  
Kennedy	
  et	
  al.,	
  2014).	
  The	
  similarities	
  to	
  Set-­‐based	
  design	
  are	
  that	
  the	
  Wrights	
  designed	
  and	
  
evaluated	
  the	
  performance	
  of	
  different	
  sets	
  of	
  design	
  solutions	
  to	
  identify	
  the	
  critical	
  
parameters,	
  before	
  committing	
  to	
  a	
  specific	
  design.	
  To	
  be	
  successful,	
  the	
  trade-­‐offs	
  between	
  the	
  
propellers,	
  wing	
  profiles,	
  engine	
  and	
  control	
  system	
  must	
  all	
  be	
  well	
  balanced	
  and	
  orchestrated.	
  
One	
  example	
  is	
  the	
  design	
  of	
  propellers.	
  In	
  spite	
  of	
  their	
  inferior	
  resources	
  (B.	
  M.	
  Kennedy	
  et	
  al.,	
  
2014)	
  the	
  Wrights	
  propellers	
  had	
  a	
  near	
  optimal	
  design	
  for	
  the	
  application	
  that	
  was	
  superior	
  to	
  
their	
  competitors’	
  designs	
  (Ash,	
  2003),	
  which	
  relied	
  on	
  heuristics	
  for	
  steam-­‐boat	
  propellers.	
  The	
  
Wright	
  propellers	
  were	
  shaped	
  by	
  knowledge	
  of	
  the	
  critical	
  design	
  parameters	
  obtained	
  from	
  
wind	
  tunnel	
  tests.	
  With	
  these	
  data,	
  they	
  could	
  make	
  trade-­‐offs	
  between	
  propulsion,	
  air	
  speed	
  
and	
  propeller	
  speed,	
  and	
  match	
  the	
  propellers	
  to	
  the	
  set	
  of	
  possible	
  wing	
  profiles	
  and	
  
engine/transmission	
  configurations.	
  	
  
	
  
More	
  recently,	
  other	
  authors	
  have	
  used	
  optimisations	
  methods	
  inspired	
  by	
  SBCE	
  (Finch	
  &	
  Ward,	
  
1997).	
  Also	
  simulations	
  of	
  the	
  communication	
  between	
  engineers	
  have	
  been	
  investigated,	
  to	
  
compare	
  the	
  effectiveness	
  of	
  a	
  Set-­‐based	
  design	
  process	
  with	
  traditional	
  processes.	
  Shahan	
  and	
  
Seepersad	
  (2010)	
  found	
  that	
  a	
  Set-­‐based	
  approach	
  increase	
  the	
  probability	
  of	
  identifying	
  
satisfactory	
  designs	
  compared	
  to	
  a	
  Point-­‐based	
  process.	
  In	
  some	
  cases	
  SBCE	
  research	
  is	
  done	
  in	
  
cooperation	
  with	
  industry,	
  but	
  only	
  evaluation	
  of	
  single	
  SBCE	
  principles	
  has	
  been	
  recorded.	
  One	
  
article	
  (Madhavan	
  et	
  al.,	
  2008)	
  uses	
  input	
  from	
  industry	
  to	
  model	
  and	
  optimise	
  a	
  product	
  and	
  
thereby	
  apply	
  parts	
  of	
  SBCE	
  in	
  the	
  form	
  of	
  multiple	
  solutions	
  and	
  broad	
  specifications.	
  	
  
	
  
There	
  are	
  also	
  larger	
  studies	
  of	
  related	
  industrial	
  implementations	
  in	
  the	
  Lean	
  Aerospace	
  
Initiative	
  (McManus,	
  Haggerty,	
  &	
  Murman,	
  2007).	
  According	
  to	
  Morgan	
  and	
  Liker	
  (2006),	
  Allen	
  
C.	
  Ward	
  and	
  Sobek	
  (2014)	
  and	
  M.	
  Kennedy	
  et	
  al.	
  (2008),	
  SBCE	
  is	
  a	
  central	
  component	
  of	
  the	
  Lean	
  
Product	
  Development	
  (LPD)	
  framework.	
  However,	
  in	
  the	
  primary	
  studies	
  (A.	
  Ward	
  et	
  al.,	
  1995),	
  
SBCE	
  contained	
  a	
  majority	
  of	
  the	
  features	
  that	
  are	
  now	
  considered	
  the	
  core	
  of	
  LPD.	
  	
  The	
  Lean	
  
Aerospace	
  Initiative	
  studies	
  do	
  not	
  address	
  the	
  same	
  questions	
  as	
  the	
  SBCE	
  principles,	
  rather	
  a	
  
translation	
  of	
  lean	
  manufacturing	
  principles	
  to	
  the	
  domain	
  of	
  development.	
  The	
  LeanPPD	
  project	
  
(Al-­‐Ashaab	
  et	
  al.,	
  2013)	
  involved	
  several	
  industrial	
  and	
  academic	
  partners	
  throughout	
  Europe.	
  
The	
  authors	
  present	
  a	
  design	
  process	
  based	
  on	
  SBCE	
  and	
  evaluate	
  it	
  in	
  a	
  pilot	
  project	
  in	
  an	
  
aerospace	
  company.	
  One	
  part	
  of	
  the	
  methodology	
  is	
  to	
  use	
  a	
  Pugh	
  matrix	
  to	
  select	
  the	
  best	
  
concept,	
  which	
  is	
  rather	
  Point-­‐based.	
  The	
  participating	
  engineers,	
  however,	
  appreciate	
  the	
  
overall	
  approach.	
  
	
   	
  
In	
  the	
  construction	
  industry,	
  Parrish	
  investigated	
  a	
  set-­‐based	
  design	
  approach	
  to	
  reinforcing	
  
concrete	
  structures	
  (Parrish,	
  2009).	
  Parrish	
  explores	
  multiple	
  designs	
  and	
  postpones	
  the	
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commitment	
  to	
  a	
  specific	
  design.	
  Also	
  the	
  communication	
  of	
  designs	
  between	
  different	
  
stakeholders	
  is	
  discussed,	
  but	
  the	
  thesis	
  does	
  not	
  explore	
  other	
  important	
  features	
  such	
  as	
  Set-­‐
based	
  decisions.	
  
	
  
For	
  platform	
  development,	
  Michaelis	
  et	
  al.	
  (2013)	
  present	
  an	
  integrated	
  model	
  for	
  product	
  and	
  
manufacturing	
  system	
  platforms	
  inspired	
  by	
  SBCE.	
  Moreover,	
  Levandowski	
  et	
  al.	
  (2014)	
  
continues	
  that	
  work	
  by	
  elaborating	
  the	
  model	
  and	
  outlines	
  a	
  process	
  for	
  its	
  application.	
  The	
  
approach	
  is	
  illustrated	
  by	
  an	
  industrial	
  case.	
  

2.3 Popular	
  decision	
  methods	
  in	
  design	
  
Decision-­‐making	
  and	
  selection	
  of	
  different	
  design	
  alternatives	
  is	
  a	
  central	
  activity	
  in	
  the	
  product	
  
development	
  process.	
  A	
  closer	
  look	
  at	
  the	
  Set-­‐based	
  decision	
  process	
  can	
  be	
  found	
  in	
  Paper	
  B.	
  
In	
  this	
  section,	
  some	
  popular	
  decision	
  methods	
  are	
  presented.	
  On	
  an	
  abstract	
  level,	
  the	
  aim	
  of	
  
decision	
  methods	
  is	
  to	
  identify	
  a	
  solution	
  that	
  fulfils	
  customers’,	
  users’	
  and	
  other	
  stakeholders’	
  
interests	
  in	
  order	
  to	
  select	
  the	
  most	
  promising	
  alternatives	
  to	
  spend	
  resources	
  on.	
  
Unfortunately,	
  this	
  is	
  a	
  Catch-­‐22	
  situation:	
  it	
  is	
  not	
  possible	
  to	
  make	
  decisions	
  based	
  on	
  the	
  
performance	
  of	
  a	
  particular	
  design	
  until	
  the	
  degree	
  of	
  detail	
  is	
  sufficiently	
  high,	
  but	
  these	
  details	
  
are	
  not	
  possible	
  to	
  assess	
  unless	
  numerous	
  decisions	
  are	
  made.	
  	
  
Popular	
  selection	
  methods	
  such	
  as	
  Pugh’s	
  method	
  for	
  controlled	
  convergence	
  (Pugh,	
  1991)	
  ,	
  
Kesselring´s	
  selection	
  matrix	
  (Kesselring,	
  1951),	
  address	
  this	
  problem	
  by	
  a	
  structured	
  use	
  of	
  the	
  
knowledge	
  at	
  the	
  current	
  level	
  of	
  refinement.	
  This	
  knowledge	
  is	
  used	
  to	
  forecast	
  the	
  
characteristics	
  and	
  performance	
  of	
  future	
  designs	
  in	
  order	
  to	
  select	
  the	
  most	
  promising	
  one.	
  
Other	
  ways	
  to	
  evaluate	
  designs	
  presented	
  in	
  this	
  section	
  are	
  the	
  Set-­‐based	
  decision	
  process	
  and	
  
Suh’s	
  axiom	
  for	
  selecting	
  the	
  best	
  design	
  (Suh,	
  1990).	
  	
  
	
  

2.3.1 The	
  decision	
  process	
  of	
  Set-­‐	
  Based	
  Concurrent	
  Engineering	
  	
  
The	
  decision	
  process	
  of	
  Set-­‐Based	
  Concurrent	
  Engineering	
  is	
  sometimes	
  described	
  as	
  delaying	
  
decisions	
  until	
  enough	
  information	
  is	
  available	
  (A.	
  Ward	
  et	
  al.,	
  1995).	
  In	
  this	
  aspect,	
  it	
  can	
  be	
  
characterised	
  as	
  slow,	
  a	
  quality	
  usually	
  considered	
  a	
  negative	
  impact	
  on	
  development	
  speed,	
  but	
  
at	
  the	
  same	
  time	
  described	
  as	
  very	
  efficient.	
  
	
  
A	
  Set-­‐Based	
  process	
  offers	
  a	
  different	
  approach	
  to	
  the	
  selection	
  methods	
  found	
  in	
  popular	
  
textbooks	
  (G.	
  Pahl,	
  Beitz,	
  W.,	
  et	
  al.	
  ,	
  2007;	
  Pugh,	
  1991;	
  Ullman,	
  2009;	
  Ulrich	
  &	
  Eppinger,	
  2012).	
  It	
  
uses	
  the	
  mechanism	
  of	
  excluding	
  solutions	
  that	
  are	
  incompatible	
  and	
  not	
  capable	
  of	
  operating	
  in	
  
combination	
  with	
  other	
  elements	
  in	
  a	
  system	
  (A.	
  Ward	
  et	
  al.,	
  1995;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  
2014).	
  The	
  Point-­‐based	
  approach,	
  in	
  this	
  thesis	
  represented	
  by	
  Pugh’s	
  method	
  Pugh,	
  1991,	
  
makes	
  selection	
  and	
  approval	
  of	
  specific	
  product	
  solutions	
  early	
  when	
  the	
  knowledge	
  is	
  
incomplete.	
  The	
  set-­‐based	
  approach	
  is	
  somewhat	
  the	
  opposite	
  of	
  this;	
  Instead	
  of	
  selecting	
  the	
  
most	
  promising	
  solutions,	
  the	
  impossible	
  solutions	
  are	
  rejected.	
  In	
  practice,	
  this	
  is	
  an	
  
elimination	
  of	
  solutions	
  that	
  are	
  proven	
  unfeasible	
  according	
  to	
  relevant	
  criteria	
  at	
  the	
  current	
  
state	
  of	
  development.	
  	
  
	
  
The	
  set-­‐based	
  approach	
  resembles	
  methods	
  used	
  in	
  the	
  early	
  phases	
  of	
  development,	
  such	
  as	
  
the	
  exclusion	
  method	
  (Roozenburg	
  &	
  Eekels,	
  1995).	
  It	
  also	
  resembles	
  the	
  elimination	
  matrix	
  (G.	
  
Pahl,	
  Beitz,	
  W.,	
  et	
  al.	
  ,	
  2007;	
  Ullman,	
  2009).	
  The	
  elimination	
  matrix	
  is,	
  however,	
  a	
  concept	
  
selection	
  tool	
  used	
  to	
  judge	
  intuitively	
  whether	
  a	
  concept	
  should	
  be	
  eliminated	
  or	
  not.	
  The	
  
concepts	
  are	
  evaluated	
  against	
  a	
  set	
  of	
  generic	
  criteria	
  including	
  the	
  perceived	
  ability	
  to	
  meet	
  
the	
  requirements.	
  The	
  elimination	
  matrix	
  is	
  not	
  concerned	
  with	
  the	
  compatibility	
  between	
  
concepts	
  or	
  between	
  individual	
  design	
  solutions	
  in	
  different	
  concepts.	
  
The	
  logical	
  robustness	
  of	
  the	
  rejection	
  approach	
  is	
  appealing	
  since	
  the	
  consequences	
  of	
  incorrect	
  
choices	
  are	
  rather	
  small.	
  If	
  a	
  designer	
  uses	
  a	
  selection	
  method	
  promoting	
  the	
  second	
  best	
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solution	
  as	
  the	
  candidate	
  for	
  industrialization	
  instead	
  of	
  the	
  best	
  it	
  is	
  much	
  more	
  critical	
  than	
  
excluding	
  the	
  second	
  worst	
  solution	
  instead	
  of	
  the	
  worst.	
  
	
  
Another	
  aspect	
  is	
  the	
  efficiency	
  of	
  the	
  SBCE	
  decision	
  process:	
  choosing	
  alternatives	
  requires	
  
detailed	
  knowledge	
  of	
  the	
  different	
  alternatives	
  in	
  order	
  to	
  rank	
  the	
  different	
  concepts	
  correctly.	
  
Contrary	
  to	
  the	
  selection	
  of	
  one	
  alternative,	
  elimination	
  can	
  be	
  done	
  confidently	
  from	
  
incomplete	
  information.	
  The	
  process	
  of	
  eliminating	
  solutions	
  is	
  therefore	
  less	
  exhaustive	
  
compared	
  to	
  the	
  selection	
  process.	
  
	
  

2.3.2 Pugh	
  and	
  Kesselring’s	
  matrix	
  selection	
  methods	
  for	
  comparing	
  different	
  solutions.	
  
Pugh’s	
  method	
  for	
  controlled	
  convergence	
  (Pugh	
  et	
  al.,	
  1996)	
  and	
  Kesselring´s	
  selection	
  matrix	
  
(Kesselring,	
  1951)	
  are	
  well	
  known	
  methods	
  for	
  design	
  evaluations.	
  For	
  the	
  purposes	
  of	
  this	
  
thesis,	
  only	
  the	
  main	
  characteristics	
  are	
  presented,	
  detailed	
  descriptions	
  on	
  how	
  to	
  use	
  them	
  can	
  
be	
  found	
  in	
  textbooks	
  and	
  research	
  papers.	
  Usually,	
  Pugh’s	
  method	
  is	
  used	
  earlier	
  in	
  the	
  design	
  
process	
  to	
  select	
  the	
  alternatives	
  to	
  use	
  in	
  the	
  more	
  advanced	
  Kesselring	
  evaluation.	
  
Both	
  methods	
  are	
  decision	
  matrixes	
  aimed	
  at	
  selecting	
  the	
  most	
  promising	
  design	
  among	
  a	
  set	
  of	
  
alternatives.	
  To	
  make	
  the	
  decisions	
  more	
  objective,	
  each	
  individual	
  property	
  of	
  a	
  design	
  is	
  
compared	
  to	
  the	
  same	
  properties	
  of	
  the	
  other	
  designs,	
  instead	
  of	
  comparing	
  one	
  complete	
  
alternative	
  versus	
  another.	
  
	
  
Pugh’s	
  method	
  is	
  relative	
  and	
  uses	
  a	
  datum,	
  a	
  reference	
  solution,	
  together	
  with	
  three	
  criteria:	
  
better	
  “+”,	
  same	
  “S”	
  or	
  worse	
  “-­‐”	
  than	
  the	
  datum,	
  see	
  Table	
  1.	
  The	
  relative	
  comparison	
  between	
  
individual	
  properties	
  of	
  the	
  design	
  alternatives	
  and	
  the	
  datum	
  is	
  an	
  important	
  feature	
  of	
  the	
  
method,	
  since	
  it	
  is	
  easier	
  for	
  humans	
  to	
  compare	
  a	
  solution	
  to	
  a	
  datum,	
  than	
  to	
  evaluate	
  a	
  score.	
  	
  
	
  
	
  
	
  
Table	
  1:	
  One	
  version	
  of	
  the	
  Pugh	
  selection	
  matrix.	
  After	
  (Pugh	
  et	
  al.,	
  1996).	
  

	
   	
   Concept	
  1	
   Concept	
  2	
   Concept	
  3	
  
Criterion	
  1	
   	
   D	
   S	
   +	
  
Criterion	
  2	
   	
   A	
   -­‐	
   +	
  
Criterion	
  3	
   	
   T	
   +	
   S	
  
Criterion	
  4	
   	
   U	
   -­‐	
   -­‐	
  
Criterion	
  5	
   	
   M	
   +	
   S	
  
	
   No.	
  of	
  +	
   	
   2	
   2	
  
	
   No.	
  of	
  -­‐	
   	
   2	
   1	
  
	
   No.	
  of	
  S	
   	
   1	
   2	
  
	
  
	
  
The	
  evaluation	
  process	
  is	
  a	
  comparison	
  in	
  pairs	
  of	
  the	
  individual	
  attributes	
  of	
  each	
  design	
  
solution	
  to	
  the	
  corresponding	
  attributes	
  of	
  the	
  datum.	
  The	
  result	
  is	
  often	
  summarized	
  into	
  a	
  
score,	
  a	
  single	
  number	
  representing	
  the	
  quality	
  of	
  each	
  design	
  (Ullman,	
  2009;	
  Ulrich	
  &	
  Eppinger,	
  
2012).	
  Ideally,	
  the	
  best	
  alternative	
  corresponds	
  to	
  the	
  best	
  scores.	
  However,	
  this	
  is	
  not	
  the	
  way	
  
Pugh	
  describes	
  the	
  method.	
  The	
  “+”	
  and	
  “-­‐”	
  are	
  not	
  to	
  be	
  arithmetically	
  summarised	
  since	
  their	
  
strengths	
  and	
  characters	
  are	
  different.	
  The	
  matrix	
  should	
  instead	
  provide	
  a	
  base	
  for	
  discussion	
  
on	
  design	
  evaluation	
  rather	
  than	
  pointing	
  out	
  the	
  best	
  solution.	
  The	
  matrix	
  shows	
  the	
  strengths	
  
and	
  weaknesses	
  of	
  different	
  concepts	
  and	
  serves	
  as	
  a	
  guideline	
  to	
  which	
  concepts	
  to	
  improve	
  in	
  
an	
  iterative	
  process.	
  
	
  
Kesselring’s	
  method	
  compares	
  each	
  different	
  design	
  alternative	
  to	
  a	
  set	
  of	
  evaluation	
  criteria.	
  
Each	
  evaluation	
  criteria	
  is	
  given	
  a	
  weight	
  factor	
  or	
  importance.	
  Then	
  each	
  design	
  alternative	
  is	
  
graded	
  on	
  a	
  pre-­‐defined	
  scale	
  on	
  its	
  ability	
  to	
  fulfil	
  each	
  criterion.	
  The	
  merit	
  value	
  for	
  the	
  



	
   29	
  

individual	
  design	
  solution	
  is	
  the	
  sum	
  of	
  the	
  weight	
  factor	
  of	
  each	
  criteria	
  multiplied	
  with	
  the	
  
grades	
  of	
  the	
  corresponding	
  property	
  of	
  each	
  design	
  alternative.	
  The	
  design	
  alternative	
  having	
  
the	
  highest	
  merit	
  value	
  is	
  considered	
  the	
  best	
  alternative.	
  
	
  
Before	
  using	
  Pugh’s	
  or	
  Kesselring’s	
  methods,	
  preparations	
  are	
  needed.	
  The	
  process	
  is	
  not	
  
straight-­‐forward	
  since	
  it	
  relies	
  on	
  human	
  judgment	
  rather	
  than	
  hard	
  facts.	
  One	
  issue	
  is	
  how	
  to	
  
obtain	
  the	
  properties	
  of	
  a	
  future	
  technical	
  system	
  without	
  designing,	
  building	
  or	
  simulating	
  it	
  
first.	
  Many	
  decision	
  supporting	
  methods	
  have	
  also	
  another	
  important	
  drawback:	
  In	
  spite	
  of	
  a	
  
sound	
  logical	
  or	
  empirical	
  foundation,	
  important	
  input	
  to	
  the	
  decision	
  process	
  is	
  subjective	
  and	
  
based	
  on	
  personal	
  preferences.	
  It	
  is	
  often	
  expressed	
  in	
  the	
  form	
  of	
  estimates	
  of	
  customer	
  
requirements	
  or	
  ranking	
  the	
  importance	
  of	
  different	
  product	
  properties.	
  
	
  

2.3.3 Design	
  decisions	
  based	
  on	
  axioms	
  	
  
In	
  the	
  context	
  of	
  design	
  decisions,	
  Axiomatic	
  design	
  (Suh,	
  1990)	
  presents	
  a	
  different	
  approach	
  
compared	
  to	
  using	
  subjective	
  evaluations	
  of	
  future	
  performance	
  of	
  proposed	
  solutions.	
  The	
  
Axiomatic	
  design	
  methodology	
  offers	
  a	
  toolbox	
  for	
  systematic	
  analysis	
  of	
  the	
  interdependence	
  
between	
  customer	
  needs,	
  functional	
  requirements,	
  design	
  parameters	
  and	
  process	
  variables.	
  
The	
  theory	
  however,	
  does	
  not	
  provide	
  a	
  process	
  for	
  how	
  to	
  fulfil	
  the	
  axioms.	
  	
  
	
  
Axiomatic	
  design	
  is	
  founded	
  in	
  two	
  axioms:	
  the	
  Independence	
  axiom	
  and	
  the	
  Information	
  axiom.	
  
The	
  Independence	
  axiom	
  states	
  that	
  a	
  design	
  should	
  satisfy	
  the	
  functional	
  requirements	
  and	
  
constraints	
  without	
  introducing	
  a	
  coupling	
  of	
  functions.	
  In	
  a	
  good	
  design,	
  the	
  individual	
  design	
  
parameter	
  can	
  be	
  adjusted	
  to	
  satisfy	
  its	
  corresponding	
  functional	
  requirement	
  without	
  affecting	
  
the	
  fulfilment	
  of	
  other	
  functional	
  requirements.	
  
	
  
For	
  design	
  decisions,	
  the	
  Information	
  axiom	
  states	
  that	
  the	
  best	
  design	
  has	
  the	
  lowest	
  amount	
  of	
  
information.	
  Information	
  is	
  a	
  measure	
  of	
  complexity	
  and	
  this	
  quality	
  is	
  used	
  to	
  select	
  between	
  
designs	
  that	
  all	
  satisfy	
  the	
  Independence	
  axiom.	
  In	
  this	
  sense,	
  Axiomatic	
  design	
  resembles	
  the	
  
guideline	
  “simplicity”	
  from	
  G.	
  Pahl,	
  Beitz,	
  W.,	
  et	
  al.	
  (2007)since	
  it	
  encourages	
  reducing	
  the	
  
complexity	
  of	
  the	
  design.	
  Also,	
  the	
  use	
  of	
  the	
  Information	
  axiom	
  resembles	
  the	
  Set-­‐based	
  
decision	
  process,	
  since	
  both	
  use	
  facts	
  about	
  the	
  designs	
  to	
  eliminate	
  inferior	
  solutions	
  rather	
  
than	
  estimations.	
  
	
  
The	
  use	
  of	
  Axiomatic	
  design,	
  however,	
  is	
  again	
  a	
  Catch-­‐22	
  situation:	
  to	
  calculate	
  the	
  level	
  of	
  
information,	
  concrete	
  designs	
  are	
  needed,	
  and	
  to	
  obtain	
  concrete	
  designs,	
  design	
  decisions	
  have	
  
to	
  be	
  made.	
  This	
  implies	
  that	
  the	
  approach	
  in	
  practice	
  differs	
  little	
  from	
  other	
  selection	
  methods,	
  
especially	
  in	
  the	
  first	
  stages	
  of	
  development.	
  

2.4 The	
  role	
  of	
  knowledge	
  management	
  	
  
The	
  importance	
  of	
  knowledge	
  management	
  is	
  obvious	
  in	
  all	
  development	
  paradigms,	
  since	
  the	
  
engineers	
  use	
  their	
  knowledge	
  to	
  create	
  new	
  products	
  and	
  processes.	
  Not	
  surprisingly,	
  the	
  role	
  
of	
  knowledge	
  is	
  emphasised	
  by	
  several	
  authors	
  of	
  LPD	
  books,	
  devoting	
  principles	
  and	
  
cornerstones	
  to	
  knowledge	
  management.	
  Knowledgeable	
  employees	
  and	
  re-­‐use	
  of	
  knowledge	
  is	
  
a	
  central	
  part	
  in	
  the	
  frameworks	
  of	
  Morgan,	
  Kennedy,	
  Ward,	
  and	
  Sobek.	
  There	
  are	
  also	
  tools	
  for	
  
storing	
  codified	
  knowledge	
  that	
  are	
  commonly	
  used	
  in	
  Lean	
  contexts,	
  such	
  as	
  the	
  A3-­‐report	
  
(Morgan	
  &	
  Liker,	
  2006).	
  
	
  
The	
  authors	
  above	
  give	
  two	
  principal	
  means	
  to	
  improve	
  knowledge	
  management:	
  
	
  

•	
  Knowledge	
  resides	
  in	
  the	
  engineers	
  becoming	
  experts	
  on	
  their	
  jobs.	
  This	
  
expertise	
  is	
  carefully	
  fostered	
  by	
  the	
  organization	
  that	
  recognizes	
  the	
  value	
  of	
  
knowledgeable	
  employees.	
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•	
  Knowledge	
  is	
  codified	
  and	
  structured	
  into	
  written	
  information.	
  In	
  this	
  form,	
  it	
  
can	
  be	
  stored,	
  retrieved	
  and	
  re-­‐used	
  by	
  the	
  employees.	
  The	
  organization	
  
recognizes	
  the	
  value	
  of	
  codified	
  knowledge	
  and	
  dedicates	
  resources	
  to	
  create	
  and	
  
maintain	
  it.	
  
	
  

2.4.1 The	
  emphasis	
  on	
  design	
  knowledge	
  in	
  Set-­‐based	
  Concurrent	
  Engineering.	
  
From	
  a	
  Set-­‐based	
  point	
  of	
  view,	
  design	
  knowledge	
  and	
  the	
  processing	
  of	
  design	
  information	
  is	
  
more	
  important	
  in	
  SBCE	
  compared	
  to	
  traditional	
  product	
  development.	
  Since	
  the	
  amount	
  of	
  
information	
  concerning	
  different	
  design	
  alternatives	
  will	
  be	
  more	
  extensive,	
  the	
  need	
  for	
  means	
  
to	
  store	
  and	
  structure	
  this	
  information	
  is	
  correspondingly	
  higher.	
  One	
  framework	
  showing	
  the	
  
relationship	
  between	
  the	
  development	
  of	
  knowledge	
  and	
  the	
  development	
  of	
  products	
  is	
  
proposed	
  by	
  (M.	
  Kennedy	
  et	
  al.,	
  2008).	
  It	
  visualises	
  the	
  separation	
  of	
  projects	
  aimed	
  at	
  
delivering	
  goods	
  to	
  customers	
  and	
  other	
  activities	
  such	
  as	
  developing	
  new	
  technologies	
  or	
  r	
  
knowledge.	
  	
  
	
  
In	
  Kennedy’s	
  model,	
  the	
  inclined	
  arrow	
  (Figure	
  8)	
  represents	
  the	
  knowledge	
  value	
  stream,	
  the	
  
amount	
  of	
  knowledge	
  in	
  an	
  organisation.	
  This	
  knowledge	
  is	
  mainly	
  increased	
  by	
  acquiring	
  and	
  
codifying	
  experiences	
  from	
  customer	
  development	
  projects	
  and	
  from	
  technology	
  development	
  
projects.	
  The	
  horizontal	
  arrows	
  represent	
  the	
  traditional	
  Point-­‐based	
  stage-­‐gate	
  development,	
  
the	
  product	
  value	
  stream.	
  Provided	
  that	
  there	
  is	
  a	
  learning	
  process	
  in	
  the	
  firm,	
  each	
  new	
  project,	
  
contributes	
  to	
  an	
  increased	
  amount	
  of	
  corporate	
  knowledge,	
  enabling	
  subsequent	
  projects	
  to	
  
start	
  at	
  a	
  higher	
  level.	
  	
  	
  

	
   	
  
Figure	
  8:	
  Kennedy’s	
  model	
  of	
  knowledge	
  transfer	
  in	
  design	
  projects.	
  After	
  (M.	
  Kennedy	
  et	
  al.,	
  2008).	
  

	
  
Kennedy’s	
  model	
  emphasises	
  the	
  importance	
  of	
  reusing	
  knowledge.	
  The	
  model	
  also	
  suggests	
  
that	
  before	
  introducing	
  new	
  technology	
  into	
  the	
  product	
  value	
  stream,	
  the	
  knowledge	
  of	
  this	
  
technology	
  should	
  first	
  be	
  developed	
  in	
  the	
  knowledge	
  value	
  stream.	
  This	
  view	
  resembles	
  
NASA’s	
  Technology	
  Readiness	
  Level	
  (TRL)	
  scale.	
  This	
  is	
  used	
  to	
  assess	
  maturity,	
  or	
  readiness,	
  of	
  
technology	
  elements	
  (Mankins,	
  1995)	
  with	
  the	
  main	
  objective	
  to	
  define	
  risks	
  and	
  costs	
  
associated	
  with	
  the	
  development	
  of	
  new	
  technologies.	
  To	
  include	
  a	
  new	
  technology	
  in	
  a	
  
customer	
  project,	
  the	
  technology	
  must	
  have	
  a	
  proven	
  minimum	
  TRL	
  level.	
  
	
  
The	
  knowledge	
  value	
  stream	
  inhabits	
  the	
  first	
  phases	
  of	
  SBCE.	
  Here,	
  designers	
  learn	
  by	
  
designing	
  multiple	
  alternatives,	
  searching	
  for	
  intersections	
  of	
  feasible	
  sets	
  and	
  gradually	
  
tightening	
  the	
  constraints.	
  Ideally,	
  this	
  design	
  knowledge	
  is	
  codified	
  and	
  catalogued	
  in	
  a	
  form	
  
that	
  facilitates	
  knowledge	
  reuse.	
  There	
  are	
  several	
  means	
  available	
  to	
  facilitate	
  reuse	
  in	
  the	
  Lean	
  
community,	
  the	
  A3	
  report	
  is	
  a	
  popular	
  tool	
  (Morgan	
  &	
  Liker,	
  2006;	
  Raudberget	
  &	
  Bjursell,	
  2014;	
  
D.	
  K.	
  Sobek	
  &	
  Smalley,	
  2008;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  2014).	
  M.	
  Kennedy	
  et	
  al.	
  (2008)	
  advocate	
  
their	
  own	
  version	
  of	
  the	
  A3	
  report	
  to	
  fulfil	
  the	
  knowledge	
  reuse	
  in	
  Figure	
  8.	
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In	
  addition	
  to	
  the	
  approaches	
  above,	
  this	
  thesis	
  has	
  bearing	
  on	
  the	
  reuse	
  of	
  design	
  knowledge	
  
that	
  can	
  be	
  achieved	
  by	
  functional	
  models.	
  These	
  represent	
  a	
  concise	
  body	
  of	
  knowledge	
  about	
  
designs	
  of	
  technical	
  systems	
  and	
  their	
  rationale	
  and	
  are	
  further	
  discussed	
  in	
  the	
  section	
  below.	
  

2.5 Functional	
  modelling	
  of	
  products	
  and	
  systems	
  
Modelling	
  of	
  products	
  and	
  systems	
  can	
  be	
  done	
  for	
  several	
  reasons	
  and	
  by	
  several	
  means,	
  
depending	
  on	
  the	
  purpose	
  of	
  the	
  model.	
  The	
  goal	
  is	
  often	
  to	
  simplify	
  reality	
  and	
  thereby	
  enable	
  
analysis	
  and	
  synthesis	
  of	
  technical	
  systems.	
  However,	
  a	
  model	
  can	
  sometimes	
  contain	
  more	
  
information	
  or	
  different	
  types	
  of	
  information	
  than	
  the	
  artefact	
  that	
  the	
  model	
  is	
  supposed	
  to	
  
support.	
  This	
  is	
  the	
  case	
  for	
  platform	
  modelling,	
  where	
  each	
  instantiated	
  product	
  is	
  a	
  subset	
  of	
  
the	
  larger	
  platform.	
  
	
  
Functional	
  modelling	
  is	
  important	
  in	
  this	
  research	
  and	
  the	
  views	
  of	
  functions	
  that	
  are	
  related	
  to	
  
this	
  thesis	
  are	
  presented	
  in	
  this	
  section.	
  The	
  term	
  function,	
  however,	
  is	
  ambiguous	
  and	
  it	
  is	
  
therefore	
  necessary	
  to	
  clarify	
  its	
  meaning.	
  The	
  concept	
  of	
  function	
  has	
  been	
  thoroughly	
  
researched	
  and	
  the	
  aim	
  of	
  this	
  section	
  is	
  not	
  to	
  give	
  a	
  complete	
  overview	
  of	
  the	
  subject.	
  	
  
	
  
Researchers	
  have	
  given	
  different	
  meanings	
  to	
  the	
  term	
  “function”.	
  As	
  an	
  example,	
  Eckert,	
  Alink,	
  
Ruckpaul,	
  and	
  Albers	
  (2011)	
  	
  note	
  that	
  ”designers	
  in	
  practice	
  still	
  struggle	
  with	
  the	
  concept	
  of	
  a	
  
function	
  and	
  a	
  functional	
  breakdown,	
  even	
  though	
  these	
  ideas	
  form	
  a	
  key	
  part	
  of	
  many	
  established	
  
design	
  methodologies.”	
  Futhermore,	
  (Roozenburg	
  &	
  Eekels,	
  1995)	
  state	
  that	
  the	
  functions	
  of	
  an	
  
object	
  also	
  emerge	
  from	
  the	
  way	
  it	
  is	
  used,	
  not	
  only	
  by	
  the	
  way	
  it	
  is	
  designed.	
  Unintended	
  
functionality,	
  positive	
  and	
  negative,	
  can	
  arise	
  through	
  the	
  interaction	
  of	
  adjacent	
  systems	
  and	
  by	
  
unanticipated	
  behaviour	
  of	
  the	
  users	
  of	
  the	
  object.	
  V.	
  	
  Hubka	
  and	
  Eder	
  (2001)	
  define	
  eight	
  types	
  
of	
  functions,	
  as	
  opposed	
  to	
  the	
  Function-­‐	
  Means	
  modelling	
  (M.	
  Myrup	
  Andreasen,	
  1980;	
  
Svendsen	
  &	
  Hansen,	
  1993;	
  Tjalve,	
  1976)	
  having	
  only	
  one	
  type.	
  This	
  is	
  further	
  described	
  in	
  the	
  
next	
  paragraph.	
  
	
  

2.5.1 Enhanced	
  Function-­‐Means	
  modelling	
  
Function-­‐Means	
  (FM)	
  modelling	
  is	
  a	
  technique	
  for	
  functional	
  decomposition	
  and	
  concept	
  
generation	
  of	
  systems	
  and	
  products	
  (Svendsen	
  &	
  Hansen,	
  1993)),	
  capturing	
  the	
  design	
  and	
  the	
  
rationale	
  behind	
  a	
  technical	
  system.	
  Here,	
  a	
  function	
  describes	
  the	
  required	
  effect	
  or	
  purpose	
  of	
  
an	
  object,	
  not	
  the	
  object	
  in	
  itself;	
  a	
  pump	
  is	
  not	
  a	
  function,	
  rather	
  a	
  solution	
  that	
  implements	
  the	
  
function	
  “move	
  liquid”.	
  FM	
  modelling	
  provides	
  a	
  systematic	
  way	
  of	
  describing	
  these	
  functions	
  
with	
  corresponding	
  solutions	
  and	
  modelling	
  is	
  done	
  in	
  a	
  hierarchic	
  manner.	
  It	
  was	
  initially	
  
developed	
  as	
  synthesis	
  support	
  and	
  to	
  visualize	
  the	
  causality	
  between	
  functional	
  requirements	
  
(FR),	
  i.e.	
  the	
  solution-­‐driving	
  requirements,	
  and	
  the	
  means,	
  expressed	
  as	
  design	
  solutions	
  (DS)	
  
that	
  are	
  synthesized	
  in	
  order	
  to	
  deliver	
  the	
  desired	
  functionality.	
  	
  
	
  
At	
  the	
  top	
  level,	
  a	
  main	
  function	
  is	
  identified.	
  Below	
  each	
  function,	
  a	
  design	
  solution	
  element	
  (a	
  
means)	
  is	
  generated.	
  Each	
  design	
  solution	
  is	
  in	
  turn	
  further	
  decomposed	
  into	
  two	
  or	
  more	
  FRs.	
  
Each	
  FR	
  has	
  one	
  corresponding	
  DS	
  attached	
  to	
  each	
  of	
  them.	
  For	
  the	
  case	
  of	
  alternative	
  design	
  
solutions,	
  an	
  FR	
  can	
  be	
  realised	
  by	
  only	
  one	
  DS	
  at	
  a	
  time,	
  each	
  creating	
  a	
  new	
  F-­‐R	
  branch.	
  The	
  
creation	
  of	
  a	
  F-­‐M	
  structure	
  is	
  also	
  a	
  zigzag	
  process	
  between	
  identifying	
  the	
  FRs	
  and	
  creating	
  the	
  
means	
  to	
  solve	
  these	
  FRs,	
  see	
  Figure	
  9.	
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Figure	
  9:	
  Example	
  of	
  an	
  F-­‐M	
  model	
  representing	
  several	
  alternative	
  overall	
  concepts	
  (adapted	
  from	
  
(Svendsen	
  &	
  Hansen,	
  1993)).	
  

	
  
One	
  important	
  aspect	
  is	
  that	
  any	
  effective	
  functional	
  decomposition	
  requires	
  casual	
  links	
  or	
  
relations	
  between	
  functions	
  and	
  means.	
  These	
  are	
  mutually	
  dependent	
  and	
  different	
  choices	
  of	
  
design	
  solutions	
  render	
  different	
  subsequent	
  functional	
  requirements	
  and	
  different	
  
corresponding	
  functional	
  couplings.	
  This	
  is	
  a	
  clear	
  distinction	
  from	
  a	
  traditional	
  breakdown	
  of	
  
requirements,	
  which	
  is	
  subsequently	
  decomposed	
  into	
  sub-­‐	
  requirements	
  without	
  considering	
  
the	
  ways	
  requirements	
  are	
  embodied.	
  	
  It	
  is	
  also	
  contrasts	
  the	
  view	
  that	
  functions	
  can	
  be	
  used	
  to	
  
create	
  meaningful	
  structures	
  independent	
  of	
  the	
  designed	
  artefact,	
  as	
  presented	
  by	
  G.	
  Pahl	
  et	
  al.	
  
(2007)	
  p.32.	
  
	
  
FM-­‐	
  modelling	
  has	
  been	
  extended	
  by	
  combining	
  it	
  with	
  the	
  so-­‐called	
  ‘chromosome	
  model’	
  and	
  
by	
  adding	
  modelling	
  elements	
  that	
  captures	
  design	
  history,	
  objectives	
  and	
  constraints	
  
(Malmqvist,	
  1997).	
  A	
  further	
  enhancement	
  of	
  function-­‐means	
  trees	
  is	
  the	
  object-­‐	
  oriented	
  view	
  
presented	
  by	
  Schachinger	
  and	
  Johannesson	
  (2000)	
  clarifying	
  how	
  constraints	
  are	
  decomposed	
  
and	
  how	
  accompanying	
  design	
  information	
  can	
  be	
  adhered	
  to	
  the	
  models	
  in	
  the	
  same	
  
hierarchical	
  model.	
  	
  
	
  
Schachinger	
  and	
  Johannesson	
  (2000)	
  point	
  out	
  that	
  this	
  Enhanced	
  F-­‐M	
  modelling	
  follows	
  a	
  
representational	
  formalism	
  that	
  is	
  consistent	
  with	
  the	
  independence	
  axiom	
  of	
  Axiomatic	
  design	
  
(Suh,	
  1990).	
  Suh	
  claims	
  that	
  a	
  good	
  design	
  must	
  be	
  uncoupled,	
  which	
  implies	
  that	
  only	
  one	
  DS	
  is	
  
allowed	
  to	
  solve	
  the	
  superior	
  FR.	
  It	
  also	
  implies	
  that	
  a	
  DS	
  must	
  not	
  affect	
  the	
  ability	
  to	
  fulfil	
  the	
  
functional	
  requirements	
  governing	
  a	
  parallel	
  FR.	
  
	
  

2.5.2 Manufacturing	
  oriented	
  and	
  development	
  oriented	
  platforms	
  
Platform-­‐based	
  design	
  has	
  received	
  positive	
  attention	
  for	
  its	
  efficiency	
  and	
  there	
  is	
  a	
  vast	
  body	
  
of	
  knowledge	
  in	
  platforms.	
  Jiao	
  et	
  al.	
  (2007)	
  conclude	
  that	
  there	
  are	
  two	
  dominant	
  views	
  on	
  the	
  
concept	
  of	
  platforms.	
  The	
  first	
  considers	
  a	
  platform	
  the	
  physical	
  collection	
  of	
  components	
  
shared	
  by	
  several	
  products.	
  Here,	
  the	
  combination	
  of	
  different	
  components	
  enables	
  a	
  variety	
  of	
  
products,	
  while	
  keeping	
  the	
  number	
  of	
  individual	
  components	
  low,	
  thus	
  creating	
  economics	
  of	
  
scale	
  in	
  manufacturing.	
  The	
  second	
  view	
  is	
  that	
  a	
  platform	
  is	
  a	
  common	
  structure	
  from	
  which	
  
new	
  products	
  can	
  be	
  derived	
  (instantiated).	
  	
  Additionally,	
  Zhang	
  (2015)	
  identifies	
  five	
  more	
  
types	
  than	
  the	
  two	
  considered	
  above.	
  These	
  types	
  are	
  exemplified	
  by	
  multibranded	
  platforms,	
  
process	
  platforms,	
  flexible	
  platforms,	
  layout	
  platforms	
  and	
  function-­‐technology	
  platforms.	
  	
  
	
  

Function 

Two alternative means 
to realize a function 

Two necessary functions 
required if means is chosen 

Means Possible overall concept 
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The	
  most	
  commonly	
  described	
  platforms	
  are	
  manufacturing	
  oriented	
  types	
  having	
  components	
  
that	
  are	
  reusable	
  in	
  a	
  several	
  products	
  (Jiao	
  et	
  al.,	
  2007).	
  These	
  component-­‐based	
  platforms	
  are	
  
motivated	
  by	
  the	
  benefits	
  of	
  scale	
  in	
  manufacturing	
  and	
  are	
  often	
  created	
  and	
  prepared	
  by	
  
studying	
  the	
  components	
  and	
  structures	
  of	
  existing	
  products.	
  One	
  example	
  of	
  such	
  platform	
  
preparation	
  methodology	
  is	
  given	
  by	
  Hvam,	
  Mortensen,	
  and	
  Riis	
  (2008)	
  where	
  the	
  process	
  
begins	
  with	
  an	
  analysis	
  of	
  the	
  current	
  physical	
  product	
  families.	
  From	
  the	
  prepared	
  platform,	
  
derivative	
  products	
  are	
  configured	
  and	
  the	
  platform	
  must	
  accommodate	
  sufficient	
  
differentiating	
  features	
  to	
  satisfy	
  the	
  different	
  needs	
  of	
  the	
  market.	
  	
  
	
  
One	
  challenge	
  is	
  to	
  identify	
  the	
  optimal	
  common	
  product	
  elements	
  that	
  could	
  form	
  the	
  basis	
  for	
  
the	
  platform.	
  This	
  challenge	
  is	
  described	
  by	
  (Whitney,	
  1993	
  )	
  before	
  the	
  term	
  platform	
  was	
  
commonly	
  used.	
  He	
  presents	
  detailed	
  examples	
  of	
  how	
  the	
  firm	
  Nippondenso	
  can	
  offer	
  large	
  
product	
  families	
  by	
  combining	
  a	
  limited	
  set	
  of	
  base	
  components	
  that	
  are	
  also	
  adapted	
  for	
  cost	
  
efficient	
  automatic	
  production.	
  To	
  set	
  up	
  the	
  production,	
  Nippondenso	
  designs	
  the	
  components	
  
specifically	
  for	
  automatic	
  production	
  and	
  also	
  designs	
  specialised	
  manufacturing	
  equipment.	
  In	
  
this	
  example	
  the	
  designed	
  base	
  components	
  are	
  one	
  example	
  of	
  reusable	
  assets.	
  	
  
	
  
Robertson	
  and	
  Ulrich	
  (1998)	
  define	
  platforms	
  as	
  ”the	
  collection	
  of	
  assets	
  that	
  are	
  shared	
  by	
  a	
  set	
  
of	
  products”.	
  Nippondensos’	
  knowledge	
  of	
  integrating	
  design	
  and	
  manufacturing	
  could	
  therefore	
  
be	
  regarded	
  as	
  an	
  asset	
  provided	
  that	
  it	
  could	
  be	
  shared,	
  i.e.	
  could	
  be	
  reused.	
  This	
  type	
  of	
  assets	
  
are	
  commonly	
  implemented	
  in	
  a	
  development-­‐oriented	
  platform	
  strategy	
  or	
  a	
  development	
  
platform	
  (Levandowski,	
  2014).	
  These	
  focuses	
  on	
  the	
  economics	
  of	
  scale	
  in	
  product	
  development	
  
and	
  reuses	
  other	
  things	
  than	
  physical	
  parts	
  such	
  as	
  functions,	
  design	
  knowledge	
  etc.	
  
Development	
  platforms	
  are	
  important	
  for	
  companies	
  that	
  cannot	
  achieve	
  the	
  economics	
  of	
  scale	
  
offered	
  by	
  manufacturing	
  oriented	
  platforms	
  such	
  as	
  engineer-­‐to-­‐order	
  firms	
  or	
  industry	
  with	
  
low	
  production	
  volumes.	
  This	
  thesis	
  focuses	
  on	
  improving	
  development	
  processes	
  and	
  
consequently	
  concentrates	
  on	
  development	
  platforms.	
  
	
  

2.5.3 Theory	
  of	
  Domains	
  	
  
The	
  theory	
  of	
  domains	
  was	
  introduced	
  by	
  M.	
  Myrup	
  Andreasen	
  (1980).	
  The	
  model	
  identifies	
  
four	
  different	
  types	
  of	
  systems	
  structures,	
  i.e.	
  domains,	
  in	
  the	
  design	
  of	
  a	
  system.	
  The	
  domains	
  
are	
  the	
  Process,	
  Function,	
  Organ	
  and	
  the	
  Constructional	
  domains.	
  The	
  theory	
  was	
  revised	
  (M.	
  
Myrup	
  Andreasen,	
  1998)	
  by	
  merging	
  the	
  process	
  and	
  function	
  domains	
  into	
  the	
  Transformation	
  
Domain.	
  In	
  this	
  thesis,	
  the	
  initial	
  model	
  is	
  more	
  suitable	
  as	
  it	
  has	
  a	
  separate	
  domain	
  for	
  
functions.	
  
	
  
Processes	
  and	
  operations	
  are	
  described	
  in	
  the	
  Process	
  domain.	
  The	
  Functional	
  domain	
  defines	
  
what	
  the	
  product	
  does	
  and	
  the	
  organs	
  that	
  realize	
  these	
  functions	
  are	
  found	
  in	
  the	
  Organ	
  
domain.	
  Finally,	
  the	
  physical	
  components	
  that	
  build	
  up	
  the	
  product	
  are	
  found	
  in	
  the	
  
Constructional	
  domain.	
  The	
  model	
  shows	
  how	
  abstract	
  functional	
  structures	
  relate	
  to	
  physical	
  
structures	
  and	
  how	
  these	
  structures	
  may	
  be	
  related.	
  The	
  theory	
  of	
  Domains	
  can	
  represent	
  
different	
  types	
  of	
  information	
  created	
  during	
  a	
  development	
  process	
  in	
  the	
  same	
  way	
  as	
  a	
  F-­‐M	
  
tree	
  can	
  hold	
  abstract	
  and	
  concrete	
  information	
  about	
  functional	
  requirements	
  and	
  design	
  
solutions.	
  
	
  
Each	
  domain	
  is	
  described	
  as	
  a	
  two	
  dimensional	
  space:	
  The	
  first	
  dimension	
  relates	
  to	
  the	
  
understanding	
  of	
  the	
  solutions	
  to	
  a	
  design	
  problem,	
  ranging	
  from	
  an	
  abstract	
  to	
  a	
  concrete	
  
understanding.	
  The	
  second	
  dimension	
  relates	
  to	
  the	
  description	
  of	
  the	
  solutions	
  from	
  a	
  low	
  to	
  a	
  
high	
  level	
  of	
  detail,	
  see	
  Figure	
  10.	
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Figure	
  10:	
  The	
  four	
  domains	
  of	
  design	
  with	
  gradual	
  change	
  in	
  concretisation	
  and	
  detailing.	
  After	
  M.	
  
Myrup	
  Andreasen	
  (1980).	
  

	
  
The	
  model	
  suggests	
  that	
  in	
  order	
  to	
  arrive	
  at	
  a	
  full	
  understanding	
  of	
  the	
  design	
  solution,	
  no	
  field	
  
should	
  be	
  left	
  blank.	
  The	
  designers	
  work	
  between	
  domains	
  and	
  zigzag	
  between	
  simple	
  and	
  
abstract	
  representations	
  through	
  different	
  levels	
  of	
  complexity.	
  By	
  being	
  more	
  concrete	
  and	
  
closing	
  the	
  gaps	
  in	
  the	
  model,	
  the	
  process	
  generates	
  knowledge	
  in	
  the	
  different	
  domains	
  and	
  in	
  
that	
  sense	
  it	
  resembles	
  the	
  Set-­‐based	
  process.	
  However,	
  the	
  approach	
  is	
  not	
  intended	
  for	
  
designing	
  multiple	
  alternatives.	
  
	
  
Reflecting	
  on	
  the	
  relation	
  between	
  the	
  theory	
  of	
  Domains	
  and	
  F-­‐M	
  trees,	
  it	
  is	
  evident	
  that	
  the	
  
design	
  solutions	
  of	
  the	
  F-­‐M	
  tree	
  correspond	
  to	
  the	
  organ	
  domain	
  with	
  its	
  physical	
  embodiment	
  
in	
  the	
  constructional	
  domain.	
  The	
  theory	
  of	
  Domains	
  can	
  therefore	
  be	
  useful	
  when	
  constructing	
  
an	
  F-­‐M	
  tree.	
  	
  
	
  
A	
  function	
  can	
  only	
  be	
  realised	
  by	
  a	
  specific	
  design	
  solution	
  (Suh,	
  1990).	
  Several	
  design	
  solutions	
  
can,	
  however,	
  be	
  integrated	
  into	
  one	
  shared	
  physical	
  component,	
  as	
  well	
  as	
  the	
  opposite	
  case	
  
where	
  function	
  is	
  provided	
  by	
  the	
  combination	
  of	
  different	
  components.	
  Figure	
  11	
  shows	
  the	
  
case	
  where	
  several	
  design	
  solutions	
  are	
  integrated	
  into	
  one	
  shared	
  component.	
  	
  
	
  



	
   35	
  

	
  
Figure	
  11:	
  Functions	
  are	
  realised	
  by	
  the	
  most	
  detailed	
  design	
  solutions	
  of	
  the	
  F-­‐M	
  tree.	
  These	
  are	
  
mapped	
  to	
  components	
  and	
  can	
  be	
  distributed	
  over	
  several	
  components,	
  or	
  have	
  several	
  design	
  
solutions	
  integrated	
  into	
  one	
  shared	
  component.	
  After	
  (Levandowski	
  et	
  al.,	
  2014).	
  
	
  
At	
  the	
  bottom	
  right	
  of	
  Figure	
  11,	
  the	
  generic	
  design	
  solution	
  circumferential	
  flange	
  is	
  instantiated	
  
in	
  three	
  different	
  types	
  of	
  flanges,	
  illustrating	
  flexibility	
  of	
  a	
  design	
  solution	
  compared	
  to	
  a	
  
physical	
  component.	
  Another	
  advantage	
  of	
  an	
  abstract	
  functional	
  based	
  model	
  is	
  the	
  ability	
  to	
  
describe	
  behaviours	
  that	
  is	
  realised	
  by	
  non-­‐material	
  features.	
  One	
  example	
  is	
  the	
  cooling	
  
channel	
  between	
  the	
  cylinder	
  head	
  and	
  casing	
  in	
  a	
  chain	
  saw.	
  The	
  function	
  provide	
  cooling	
  
emerges	
  through	
  the	
  empty	
  space	
  between	
  the	
  two	
  components	
  that	
  can	
  well	
  be	
  defined	
  as	
  a	
  
functional	
  feature,	
  but	
  not	
  be	
  described	
  as	
  a	
  component	
  in	
  a	
  bill	
  of	
  material.	
  

2.6 Configurable	
  Component	
  platform	
  modelling	
  
The	
  changeover	
  from	
  a	
  component	
  based	
  to	
  a	
  functional	
  based	
  view	
  of	
  platforms	
  presents	
  new	
  
opportunities	
  to	
  model	
  and	
  assess	
  product	
  platforms.	
  Functional	
  platforms	
  are	
  by	
  nature	
  
prepared	
  differently	
  than	
  physical	
  architectures,	
  and	
  the	
  result	
  are	
  functional	
  features,	
  not	
  the	
  
physical	
  components	
  in	
  a	
  bill	
  of	
  materials.	
  Functional	
  features	
  are	
  embodied	
  as	
  physical	
  features	
  
in	
  physical	
  components.	
  Functional	
  platforms	
  allow	
  modelling	
  that	
  go	
  beyond	
  physical	
  
components	
  such	
  as	
  manufacturing	
  machines,	
  thus	
  supporting	
  the	
  view	
  of	
  Jiao	
  et	
  al.	
  (2007)	
  who	
  
conclude	
  that	
  ”future	
  research	
  lies	
  in	
  the	
  holistic	
  view	
  and	
  system-­‐wide	
  solutions”.	
  
	
  
A	
  systematic	
  product	
  platform	
  design	
  framework	
  that	
  combines	
  a	
  functional	
  and	
  parametric	
  
modelling	
  approach	
  is	
  presented	
  by	
  Johannesson	
  and	
  Claesson	
  (2005).	
  This	
  Configurable	
  
Component	
  (CC)	
  framework	
  has	
  been	
  thoroughly	
  explored	
  during	
  the	
  last	
  decade,	
  most	
  notably	
  
by	
  (Claesson,	
  2006;	
  Michaelis,	
  Lindquist	
  Wahl,	
  &	
  Johannesson,	
  2010;	
  Schachinger	
  &	
  
Johannesson,	
  2000).	
  It	
  supports	
  modelling	
  and	
  development	
  of	
  product	
  platforms	
  with	
  the	
  E-­‐FM	
  
methodology	
  as	
  its	
  core,	
  and	
  also	
  manages	
  information	
  about	
  the	
  platform	
  throughout	
  all	
  stages	
  
of	
  the	
  product	
  life	
  cycle.	
  
	
  
The	
  Configurable	
  Components	
  represent	
  systems	
  and	
  their	
  sub-­‐systems	
  as	
  objects	
  related	
  to	
  
each	
  other,	
  according	
  to	
  Figure	
  12.	
  The	
  framework	
  uses	
  both	
  scalable	
  objects	
  and	
  a	
  modular	
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approach	
  by	
  decomposing	
  the	
  platform	
  into	
  several	
  Configurable	
  Components,	
  which	
  in	
  turn	
  can	
  
inhabit	
  several	
  design	
  solutions.	
  	
  
	
  
	
  

	
  
Figure	
  12:	
  The	
  core	
  of	
  CC	
  is	
  the	
  Enhanced	
  F-­‐M	
  model	
  (adopted	
  from	
  (Johannesson	
  &	
  Claesson,	
  2005)).	
  

	
  
A	
  strength	
  of	
  the	
  CC	
  model	
  is	
  that	
  it	
  can	
  model	
  different	
  features	
  of	
  the	
  platform,	
  its	
  interactions	
  
and	
  constraints.	
  The	
  relations	
  is_solved_by	
  (iib)	
  and	
  interacts_with	
  (iw)	
  are	
  of	
  special	
  interest	
  in	
  
this	
  research	
  since	
  they	
  represent	
  the	
  interactions	
  that	
  are	
  unique	
  to	
  each	
  platform	
  architecture	
  
and	
  can	
  be	
  used	
  for	
  Set-­‐based	
  evaluation	
  of	
  these	
  interactions.	
  	
  To	
  facilitate	
  the	
  CC	
  framework,	
  
the	
  Configurable	
  Component	
  Modeller	
  (CCM)	
  software	
  was	
  developed	
  (Peter	
  Edholm,	
  Wahl,	
  
Johannesson,	
  &	
  Söderberg,	
  2009)	
  that	
  supports	
  the	
  modelling	
  of	
  objects	
  and	
  relations	
  in	
  the	
  
CC´s.	
  It	
  is	
  used	
  in	
  the	
  concept	
  design	
  phase	
  to	
  instantiate	
  different	
  product	
  family	
  members	
  from	
  
a	
  platform	
  model	
  and	
  exports	
  their	
  characteristic	
  design	
  parameters	
  to	
  CAE	
  software	
  for	
  further	
  
modelling	
  and	
  analysis.	
  	
  

2.7 The	
  Bandwidth	
  of	
  product	
  platforms	
  
A	
  product	
  platform	
  is	
  designed	
  to	
  meet	
  a	
  wide	
  range	
  of	
  customer	
  requirements.	
  This	
  range	
  may	
  
be	
  referred	
  to	
  as	
  bandwidth	
  (Berglund	
  &	
  Claesson,	
  2005).	
  The	
  bandwidth	
  of	
  a	
  platform	
  is	
  
created	
  during	
  the	
  concept	
  development	
  and	
  is	
  an	
  indicator	
  of	
  the	
  system’s	
  flexibility	
  which	
  
allows	
  it	
  to	
  instantiate	
  a	
  variety	
  of	
  products	
  (Berglund	
  &	
  Claesson,	
  2005).	
  Thus,	
  bandwidth	
  may	
  
consider	
  the	
  physical	
  and	
  functional	
  properties	
  of	
  a	
  product,	
  such	
  as	
  the	
  performance	
  of	
  a	
  range	
  
of	
  hydraulic	
  pumps,	
  which	
  can	
  be	
  linked	
  to	
  the	
  fulfilment	
  of	
  the	
  range	
  of	
  customer	
  requirements.	
  
Consequently,	
  there	
  is	
  a	
  bandwidth	
  of	
  the	
  requirements,	
  and	
  on	
  the	
  design	
  solutions	
  that	
  fulfils	
  
the	
  requirements	
  (Wahl	
  &	
  Johannesson,	
  2010).	
  	
  
	
  
Bandwidth	
  is	
  also	
  a	
  concept	
  that	
  is	
  shared	
  with	
  SBCE.	
  These	
  take	
  the	
  form	
  of	
  a	
  flexible	
  range	
  
whenever	
  possible,	
  instead	
  of	
  specifying	
  single	
  values	
  that	
  must	
  be	
  achieved,	
  i.e.	
  specifying	
  a	
  
weight	
  to	
  be	
  in	
  the	
  range	
  of	
  150-­‐200	
  grams	
  as	
  opposed	
  to	
  specifying	
  it	
  to	
  175	
  grams.	
  The	
  
principle	
  is	
  to	
  place	
  minimum	
  constraints	
  on	
  requirements	
  (D.	
  K.	
  Sobek	
  et	
  al.,	
  1999)	
  to	
  keep	
  
options	
  open	
  as	
  long	
  as	
  needed.	
  The	
  approach	
  enables	
  an	
  efficient	
  trade-­‐off	
  between	
  various	
  
properties	
  and	
  the	
  range	
  is	
  narrowed	
  down	
  during	
  the	
  development	
  process.	
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Bandwidth	
  can	
  be	
  used	
  to	
  eliminate	
  unfeasible	
  or	
  undesired	
  solutions.	
  If	
  there	
  are	
  two	
  
interfering	
  requirements,	
  i.e.	
  capacity	
  and	
  power	
  consumption	
  of	
  a	
  vehicle	
  component,	
  the	
  
bandwidth	
  of	
  one	
  of	
  the	
  functional	
  requirements	
  may	
  be	
  partly	
  reduced.	
  Thereby	
  several	
  design	
  
solutions	
  that	
  previously	
  covered	
  that	
  part	
  of	
  the	
  bandwidth	
  are	
  eliminated.	
  The	
  choice	
  of	
  which	
  
functional	
  requirement	
  to	
  reduce	
  depends	
  on	
  several	
  factors,	
  such	
  as	
  the	
  weighting	
  between	
  the	
  
requirements	
  etc.	
  	
  The	
  second	
  case	
  in	
  which	
  the	
  design	
  set	
  is	
  reduced	
  occurs	
  when	
  design	
  
solutions	
  are	
  redundant	
  in	
  their	
  coverage	
  of	
  the	
  bandwidth.	
  Redundant	
  solutions	
  may	
  also	
  be	
  
eliminated	
  based	
  on	
  how	
  well	
  they	
  fulfil	
  other	
  requirements	
  and	
  solutions,	
  which	
  is	
  illustrated	
  
in	
  Figure	
  13.	
  
	
  

	
  
Figure	
  13:	
  In	
  this	
  figure,	
  there	
  are	
  several	
  redundant	
  DSs.	
  DS2,	
  DS5,	
  and	
  DS6	
  could	
  be	
  eliminated	
  by	
  
their	
  lack	
  of	
  contribution	
  to	
  the	
  bandwidth	
  (adapted	
  from	
  Wahl	
  and	
  Johannesson	
  (2010)).	
  

	
  
When	
  a	
  design	
  solution	
  is	
  eliminated,	
  the	
  whole	
  branch	
  of	
  underlying	
  FRs	
  and	
  DSs	
  is	
  removed.	
  
This	
  property	
  makes	
  it	
  an	
  effective	
  way	
  to	
  narrow	
  down	
  solutions.	
  

2.8 Set-­‐based	
  Concurrent	
  Engineering	
  for	
  platform	
  development	
  
The	
  application	
  of	
  SBCE	
  for	
  platforms	
  is	
  not	
  straight-­‐forward	
  due	
  to	
  the	
  increased	
  complexity	
  
involved	
  when	
  combining	
  the	
  two	
  concepts.	
  However,	
  Michaelis	
  et	
  al.	
  (2013)	
  outline	
  a	
  way	
  to	
  
connect	
  SBCE	
  with	
  platform-­‐based	
  design.	
  It	
  builds	
  upon	
  EF-­‐M	
  modelling	
  in	
  the	
  CC-­‐	
  artefact	
  
model	
  and	
  presents	
  a	
  way	
  to	
  model	
  a	
  product	
  platform	
  supported	
  by	
  the	
  three	
  principles	
  of	
  
SBCE.	
  It	
  also	
  extends	
  the	
  CC-­‐	
  framework	
  with	
  ways	
  to	
  model	
  component	
  structures	
  and	
  
manufacturing	
  processes.	
  The	
  approach	
  is	
  summarised	
  in	
  Table	
  2	
  where	
  Mode	
  I	
  refers	
  to	
  
generating	
  a	
  product	
  from	
  the	
  platform	
  and	
  Mode	
  II	
  to	
  modifying	
  the	
  platform	
  to	
  accommodate	
  
new	
  requirements.	
  
	
  
	
  
Table	
   2:	
   The	
   steps	
   in	
   the	
   platform	
   preparation	
   process	
   and	
   the	
   addressed	
   set-­‐based	
   principles.	
  
Several	
  of	
  the	
  rows	
  also	
  have	
  suggestions	
  for	
  methods.	
  Adapted	
  from	
  (Michaelis	
  et	
  al.,	
  2013).	
  

Preparation	
  and	
  use	
  steps	
   SBCE-­‐	
  principles	
  and	
  possible	
  methods	
  

Model	
  functions	
  and	
  means	
   Explore	
  trade-­‐offs	
  by	
  designing	
  multiple	
  alternatives.	
  
Communicate	
  sets	
  of	
  possibilities	
  (Applicable	
  methods:	
  
Morphological	
  matrix	
  adapted	
  to	
  SBCE	
  )	
  

Identify	
  bandwidth	
   Define	
  feasible	
  regions	
  (Applicable	
  method:	
  trade-­‐off	
  curves	
  
from	
  earlier	
  development)	
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Identify	
  interactions	
   Look	
  for	
  intersections	
  of	
  feasible	
  sets	
  

Model	
  configurable	
  com-­‐
ponents	
  

Communicate	
  sets	
  of	
  possibilities	
  

Validate	
  the	
  design	
  space	
  for	
  
Mode	
  I	
  

Establish	
  feasibility	
  before	
  commitment(Applicable	
  
methods:	
  design	
  space	
  exploration,	
  trade-­‐off	
  curves,	
  multi-­‐
criteria	
  optimization,	
  physical	
  testing	
  and	
  worst-­‐case	
  
scenarios	
  )	
  

Platform	
  execution	
  (Mode	
  I)	
   Establish	
  feasibility	
  before	
  commitment	
  (Applicable	
  
methods:	
  trade-­‐off	
  curves	
  and	
  preference	
  set-­‐based	
  design).	
  

	
  
	
  
This	
  work	
  is	
  extended	
  by	
  Levandowski	
  et	
  al.	
  (2014)	
  by	
  further	
  developing	
  the	
  CC-­‐framework	
  
and	
  suggesting	
  a	
  platform	
  preparation	
  process	
  for	
  SBCE.	
  The	
  process	
  is	
  illustrated	
  by	
  modelling	
  
an	
  example	
  from	
  the	
  aerospace	
  industry	
  and	
  its	
  corresponding	
  manufacturing	
  system.	
  The	
  
process	
  uses	
  trade-­‐off	
  curves	
  to	
  make	
  decisions	
  on	
  which	
  technology	
  to	
  pursuit	
  if	
  the	
  bandwidth	
  
of	
  the	
  platform	
  is	
  to	
  be	
  expanded.	
  The	
  proposed	
  model	
  also	
  helps	
  to	
  trace	
  the	
  propagation	
  of	
  
changes	
  introduced	
  in	
  the	
  product	
  or	
  the	
  manufacturing	
  system	
  to	
  prevent	
  unanticipated	
  effects	
  
in	
  the	
  platform.	
  

2.9 Modelling	
  and	
  evaluating	
  functional	
  product	
  platform	
  concepts	
  
The	
  Configurable	
  Component	
  framework	
  has	
  been	
  used	
  to	
  model	
  product	
  and	
  manufacturing	
  
systems	
  and	
  their	
  respective	
  subsystems	
  inspired	
  by	
  Set-­‐based	
  principles	
  (Michaelis,	
  2013).	
  To	
  
further	
  apply	
  the	
  support	
  offered	
  by	
  the	
  principles	
  of	
  SBCE	
  also	
  for	
  platforms,	
  multiple	
  platform	
  
concepts	
  must	
  be	
  considered	
  and	
  evaluated	
  efficiently.	
  Regardless	
  of	
  which	
  platform	
  model	
  is	
  
used,	
  conceiving	
  a	
  product	
  platform	
  requires	
  a	
  massive	
  workload	
  compared	
  to	
  development	
  of	
  
single	
  products.	
  Designing	
  multiple	
  alternative	
  platforms	
  to	
  a	
  high	
  level	
  of	
  detail	
  is	
  therefore	
  not	
  
feasible	
  from	
  a	
  resource	
  and	
  lead-­‐time	
  perspective	
  and	
  methods	
  to	
  evaluate	
  platform	
  concepts	
  
before	
  embodiment	
  are	
  therefore	
  needed	
  
	
  
Michaelis	
  et	
  al.	
  (2013)	
  and	
  Levandowski	
  et	
  al.	
  (2014)	
  present	
  ways	
  to	
  model	
  platforms	
  in	
  
different	
  life	
  cycles.	
  The	
  work	
  focuses	
  on	
  the	
  preparation	
  of	
  platforms	
  and	
  corresponding	
  
manufacturing	
  system,	
  and	
  uses	
  aircraft	
  components	
  to	
  exemplify	
  the	
  approach.	
  The	
  evaluation	
  
of	
  the	
  platform	
  models	
  is	
  done	
  by	
  eliminating	
  unfeasible	
  alternatives	
  and	
  by	
  using	
  trade-­‐off	
  
curves.	
  Moreover,	
  manufacturing	
  alternatives	
  can	
  to	
  some	
  extent	
  be	
  evaluated	
  in	
  the	
  
preparation	
  process,	
  thereby	
  ensuring	
  feasibility	
  of	
  the	
  design	
  space	
  before	
  commitment	
  to	
  a	
  
design.	
  
	
  
Bonjour,	
  Deniaud,	
  and	
  Micaelli	
  (2012)	
  combine	
  the	
  component	
  based	
  view	
  and	
  functional	
  view	
  
of	
  platforms	
  and	
  propose	
  a	
  methodology	
  to	
  evaluate	
  both	
  the	
  physical	
  architecture	
  and	
  the	
  
functional	
  architecture	
  for	
  alternative	
  systems.	
  In	
  the	
  view	
  of	
  F-­‐M	
  modelling,	
  it	
  is	
  evident	
  that	
  
the	
  proposed	
  functions	
  are	
  rather	
  Design	
  Solutions	
  than	
  Functional	
  Requirements.	
  Their	
  method	
  
analyses	
  the	
  consistency	
  between	
  the	
  suggested	
  system	
  components	
  and	
  the	
  corresponding	
  
functional	
  architecture	
  in	
  order	
  to	
  divide	
  and	
  arrange	
  the	
  physical	
  architecture	
  into	
  relevant	
  
modules	
  by	
  using	
  couplings	
  between	
  functions	
  and	
  components.	
  	
  
	
  
The	
  quantity	
  of	
  couplings	
  is	
  a	
  measure	
  of	
  the	
  complexity	
  of	
  a	
  system.	
  Suh	
  (1990)	
  states	
  in	
  the	
  
Axiomatic	
  design	
  theory	
  that	
  the	
  design	
  with	
  the	
  lowest	
  degree	
  of	
  functional	
  couplings	
  is	
  
preferable.	
  Here,	
  term	
  functional	
  coupling	
  is	
  referring	
  only	
  to	
  interactions	
  where	
  a	
  chosen	
  
solution	
  negatively	
  affects	
  the	
  ability	
  to	
  fulfil	
  the	
  functional	
  requirements	
  governing	
  a	
  parallel	
  
functional	
  requirement	
  (Suh,	
  1990)	
  (Johannesson,	
  1996).	
  	
  In	
  the	
  CC	
  framework	
  the	
  is_solved_by	
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relations	
  represents	
  the	
  functional	
  couplings.	
  These	
  could	
  therefore	
  be	
  used	
  to	
  compare	
  
platform	
  concepts	
  based	
  on	
  a	
  CC-­‐model	
  in	
  a	
  similar	
  way	
  as	
  (Bonjour	
  et	
  al.,	
  2012).	
  

2.10 Change	
  propagation	
  Method	
  
The	
  components	
  and	
  modules	
  of	
  a	
  system	
  interact	
  with	
  each	
  other	
  through	
  its	
  physical	
  and	
  
functional	
  couplings.	
  A	
  change	
  to	
  one	
  part	
  of	
  a	
  system	
  may	
  therefore	
  require	
  changes	
  to	
  other	
  
parts,	
  which	
  in	
  turn	
  can	
  initiate	
  a	
  flow	
  of	
  unwanted	
  changes	
  that	
  propagates	
  through	
  the	
  system.	
  
Clarkson,	
  Simons,	
  and	
  Eckert	
  (2004)	
  present	
  the	
  Change	
  Propagation	
  Method	
  (CPM),	
  that	
  can	
  
predict	
  this	
  propagation	
  for	
  mature	
  designs.	
  By	
  breaking	
  down	
  a	
  model	
  of	
  the	
  product	
  into	
  sub-­‐
systems,	
  the	
  risk	
  of	
  change	
  propagation	
  can	
  be	
  calculated.	
  CPM	
  analyses	
  the	
  connections	
  
between	
  the	
  components	
  and	
  sub-­‐systems	
  and	
  converts	
  these	
  to	
  entries	
  in	
  a	
  Design	
  Structure	
  
Matrix	
  (DSM)	
  (Steward,	
  1981).	
  The	
  magnitude	
  of	
  propagation	
  depends	
  on	
  the	
  context	
  of	
  the	
  
design	
  change.	
  The	
  method	
  uses	
  two	
  concepts	
  to	
  capture	
  this:	
  the	
  change	
  multiplier	
  or	
  the	
  
change	
  absorber.	
  The	
  change	
  absorber	
  can	
  accommodate	
  changes	
  to	
  some	
  degree	
  but	
  will	
  
ultimately	
  pass	
  this	
  change	
  on	
  to	
  other	
  parts	
  when	
  it	
  becomes	
  too	
  extensive.	
  	
  
	
  
The	
  CPM	
  method	
  has	
  been	
  extended	
  also	
  to	
  incorporate	
  a	
  function–behaviour–structure	
  
(Hamraz,	
  Caldwell,	
  Ridgman,	
  &	
  Clarkson,	
  2015).	
  This	
  also	
  includes	
  considering	
  the	
  behaviour	
  
and	
  the	
  functions	
  of	
  the	
  system	
  as	
  opposed	
  to	
  only	
  analysing	
  the	
  structure	
  and	
  its	
  physical	
  
components.	
  To	
  support	
  functional	
  modelling	
  with	
  CPM,	
  the	
  interacts_with	
  relations	
  of	
  the	
  CC-­‐
model	
  represent	
  the	
  same	
  connections	
  as	
  are	
  used	
  in	
  CPM	
  and	
  could	
  therefore	
  be	
  used	
  to	
  
populate	
  the	
  DSM	
  matrix.	
  These	
  could	
  then	
  be	
  used	
  to	
  compare	
  and	
  rule	
  out	
  platform	
  concepts	
  
that	
  are	
  sensitive	
  to	
  changes	
  and	
  disturbances	
  based	
  on	
  the	
  CPM	
  analysis.	
  

2.11 Concluding	
  summary	
  
The	
  following	
  conclusion	
  can	
  be	
  drawn	
  from	
  the	
  literature	
  in	
  this	
  chapter:	
  	
  
	
  

• A	
  	
  Set-­‐based	
  approach	
  uses	
  parallel	
  design	
  alternatives	
  and	
  can	
  be	
  characterised	
  as	
  
convergent	
  rather	
  than	
  iterative.	
  The	
  management	
  of	
  requirements	
  and	
  specifications	
  is	
  
aiming	
  at	
  an	
  optimal	
  system	
  design	
  by	
  letting	
  the	
  individual	
  requirements	
  be	
  flexible	
  
allowing	
  designers	
  to	
  compromise	
  on	
  different	
  aspects.	
  The	
  requirements	
  are	
  defined	
  as	
  
a	
  range	
  of	
  upper	
  and	
  lower	
  limits	
  representing	
  the	
  design	
  space,	
  and	
  are	
  gradually	
  
narrowed	
  down	
  to	
  a	
  final	
  value.	
  This	
  corresponds	
  to	
  the	
  concept	
  of	
  Bandwidth	
  of	
  
product	
  platforms.	
  
	
  

• The	
  decision	
  process	
  uses	
  a	
  distinctive	
  approach:	
  Instead	
  of	
  using	
  methods	
  to	
  grade	
  and	
  
select	
  one	
  or	
  a	
  few	
  concepts	
  for	
  further	
  development,	
  the	
  least	
  suitable	
  solutions	
  are	
  
rejected.	
  This	
  mechanism	
  is	
  also	
  used	
  for	
  product	
  platform	
  and	
  may	
  be	
  challenging,	
  but	
  
is	
  a	
  key	
  feature	
  of	
  SBCE.	
  The	
  traditional	
  Point-­‐based	
  design	
  methods	
  require	
  designers	
  to	
  
select	
  a	
  final	
  design	
  at	
  an	
  earlier	
  stage	
  of	
  development	
  than	
  in	
  SBCE.	
  SBCE	
  thereby	
  allows	
  
better	
  decisions,	
  since	
  the	
  knowledge	
  of	
  the	
  alternatives	
  is	
  more	
  substantial.	
  	
  
	
  

• For	
  product	
  platforms,	
  functional	
  couplings	
  are	
  important	
  enablers	
  for	
  the	
  assessment	
  of	
  
platform	
  concepts.	
  These	
  can	
  be	
  evaluated	
  using	
  the	
  is_solved_by	
  and	
  interacts_with	
  
relations	
  in	
  the	
  CC-­‐model.	
  
	
  

• Knowledge	
  management	
  is	
  more	
  important	
  in	
  SBCE	
  compared	
  to	
  traditional	
  product	
  
development	
  since	
  the	
  amount	
  of	
  information	
  concerning	
  different	
  design	
  alternatives	
  
will	
  be	
  more	
  extensive.	
  The	
  need	
  for	
  means	
  to	
  store	
  and	
  structure	
  this	
  information	
  is	
  
therefore	
  correspondingly	
  higher.	
  Knowledge	
  can	
  be	
  stored	
  in	
  the	
  CC-­‐model	
  in	
  form	
  of	
  
Function-­‐Means	
  trees,	
  trade-­‐off	
  curves	
  and	
  functional	
  relations.	
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2.11.1 Opportunities	
  for	
  research	
  
Reflecting	
  upon	
  the	
  theories	
  introduced	
  in	
  this	
  section,	
  one	
  contribution	
  from	
  this	
  research	
  is	
  a	
  
generic	
  understanding	
  of	
  SBCE	
  in	
  the	
  context	
  of	
  an	
  industrial	
  platform	
  development.	
  More	
  
specific,	
  the	
  following	
  opportunities	
  for	
  research	
  can	
  be	
  identified:	
  
	
  

• Current	
  literature	
  covers	
  few	
  practical	
  applications	
  and	
  evaluations	
  of	
  the	
  principles	
  of	
  
SBCE	
  in	
  industry.	
  Therefore	
  there	
  are	
  opportunities	
  to	
  clarify	
  the	
  effects	
  of	
  these	
  
principles	
  on	
  costs,	
  lead-­‐time	
  and	
  other	
  development	
  process	
  metrics	
  in	
  industrial	
  cases.	
  	
  

	
  
• Current	
  theory	
  of	
  the	
  SBCE	
  does	
  not	
  cover	
  practical	
  means	
  to	
  introduce	
  SBCE	
  in	
  

industry,	
  based	
  on	
  an	
  application	
  of	
  the	
  three	
  principles.	
  Thus	
  there	
  are	
  opportunities	
  to	
  
develop	
  support	
  and	
  processes	
  for	
  this,	
  both	
  for	
  single	
  products	
  and	
  for	
  platforms.	
  	
  

	
  
• Current	
  literature	
  states	
  that	
  SBCE	
  requires	
  a	
  large	
  design	
  space	
  but	
  gives	
  no	
  strategies	
  

for	
  how	
  to	
  accomplish	
  this.	
  Accordingly,	
  there	
  are	
  opportunities	
  to	
  use	
  the	
  combinatorial	
  
effects	
  of	
  design	
  morphology	
  in	
  F-­‐M	
  modelling	
  to	
  synthesise	
  this	
  design	
  space.	
  	
  

	
  
• Current	
  descriptions	
  of	
  the	
  Set-­‐based	
  decision	
  process	
  are	
  not	
  well	
  developed	
  and	
  do	
  not	
  

describe	
  in-­‐depth	
  examples.	
  Therefore	
  there	
  are	
  opportunities	
  to	
  test	
  and	
  explain	
  
different	
  aspects	
  of	
  this	
  process	
  in	
  more	
  detail.	
  	
  

	
  
• Current	
  literature	
  does	
  not	
  cover	
  the	
  early	
  phases	
  before	
  the	
  development	
  of	
  functional	
  

platform	
  concepts,	
  even	
  though	
  the	
  establishment	
  of	
  a	
  platform	
  concept	
  is	
  one	
  of	
  the	
  
most	
  critical	
  phases	
  in	
  design.	
  This	
  requires	
  the	
  identification	
  of	
  suitable	
  levels	
  of	
  
abstraction	
  where	
  platform	
  concepts	
  can	
  be	
  effectively	
  introduced	
  as	
  well	
  as	
  new	
  
methods	
  to	
  assess	
  platform	
  concepts.	
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3 Research	
  approach	
  
	
  
This	
  section	
  describes	
  the	
  field	
  of	
  the	
  research,	
  the	
  methodological	
  framework	
  and	
  the	
  research	
  
context	
  including	
  both	
  a	
  scientific	
  challenge	
  and	
  an	
  industrial	
  opportunity.	
  Furthermore,	
  the	
  
adopted	
  research	
  approach	
  and	
  the	
  collection	
  of	
  empirical	
  material	
  are	
  described,	
  together	
  with	
  
criteria	
  to	
  evaluate	
  the	
  research.	
  	
  

3.1 Design	
  research	
  	
  

Engineering	
   design	
   is	
   a	
   broad	
   subject	
   spanning	
   several	
   knowledge	
   disciplines.	
   Consequently,	
  
there	
  are	
  a	
  variety	
  of	
  ways	
  to	
  research	
  the	
  effects	
  and	
  usefulness	
  of	
  new	
  products,	
  processes	
  and	
  
methods	
  within	
  engineering	
  design.	
  	
  

Design	
  research	
  is	
  a	
  field	
  in	
  its	
  own	
  right,	
  related	
  to	
  Engineering	
  Sciences.	
  The	
  research	
  field	
  is	
  
also	
   affected	
   by	
   the	
   human	
   factor,	
   which	
   is	
   inevitable	
   when	
   studying	
   design	
   processes	
   in	
  
organisations.	
  One	
  attempt	
  to	
  define	
  design	
  research	
  is	
  given	
  by	
  Hubka	
  and	
  Eder	
  who	
  coined	
  the	
  
term	
  Design	
  Science	
  (Vladimir	
  Hubka	
  &	
  Eder,	
  1996),	
  pp.	
  73,	
  where	
  the	
  term	
  

“Design	
  Science	
  is	
  to	
  be	
  understood	
  as	
  a	
  system	
  of	
  logically	
  related	
  knowledge,	
  which	
  
should	
  contain	
  and	
  organize	
  the	
  complete	
  knowledge	
  about	
  and	
  for	
  designing.”	
  	
  

In	
  the	
  perspective	
  of	
  this	
  thesis,	
  however,	
  the	
  above	
  statement	
  needs	
  one	
  more	
  element.	
  Design	
  
research	
  cannot	
  rely	
  only	
  on	
  logical	
  deduction	
  to	
  explain	
  all	
  phenomenon,	
  given	
  that	
  there	
  is	
  an	
  
element	
  of	
  human	
  and	
  organizational	
  interaction	
  involved.	
  

A	
  view	
  of	
  design	
  research	
  that	
  also	
  takes	
  this	
  element	
  into	
  consideration	
  is	
  given	
  by	
  Blessing	
  and	
  
Chakrabarti	
  (2009).	
  They	
  propose	
  two	
  different	
  views	
  on	
  design	
  research:	
   the	
  development	
  of	
  
understanding	
  and	
  the	
  development	
  of	
  support.	
  Developing	
  support	
  refers	
  to	
  creating	
  processes,	
  
tools	
   and	
   knowledge	
   to	
   support	
   designers.	
   Developing	
   understanding	
   refers	
   to	
   creating	
   and	
  
verifying	
  theories	
  about	
  design	
  in	
  a	
  wide	
  perspective	
  involving	
  a	
  multitude	
  of	
  aspects	
  including	
  
human	
  and	
  organizational	
  interaction.	
  

3.1.1 Classification	
  of	
  design	
  research	
  

Hubka	
  and	
  Eder	
  (Vladimir	
  Hubka	
  &	
  Eder,	
  1996)	
  presents	
  a	
  classification	
  of	
  design	
  research	
  that	
  
can	
   be	
   described	
   by	
   the	
   model	
   in	
   Figure	
   14.	
   Here,	
   research	
   is	
   classified	
   by	
   what	
   is	
   being	
  
researched	
   and	
  what	
   the	
   output	
   of	
   the	
   research	
   is.	
   The	
   research	
  may	
   be	
   concerned	
  with	
   the	
  
design	
   process,	
   with	
   the	
   designed	
   technical	
   system	
   or	
   both.	
   The	
   output	
   of	
   the	
   research	
   is	
  
descriptive	
   statements	
   about	
   how	
   design	
   is	
   done	
   in	
   specific	
   cases	
   or	
   prescriptive	
   means	
   to	
  
improve	
  technical	
  systems	
  or	
  design	
  processes.	
  The	
  support	
  from	
  Blessing	
  and	
  Chakrabarti,	
  can	
  
be	
  mapped	
  on	
   the	
  upper	
  half	
   of	
  Figure	
  14	
   and	
   the	
  understanding	
   can	
  be	
  mapped	
  on	
   the	
   lower	
  
half.	
  The	
  research	
  presented	
  in	
  this	
  thesis	
  fall	
  into	
  the	
  right	
  hand	
  part	
  of	
  Figure	
  14.	
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Figure	
  14:	
  Classification	
  of	
  Design	
  Science	
  according	
  to	
  Hubka	
  and	
  Eder.	
  After	
  (Vladimir	
  Hubka	
  &	
  Eder,	
  
1996).	
  	
  

	
  

Instead	
  of	
  classifying	
  design	
  research	
  by	
  the	
  object	
  of	
  study,	
  Cross	
  (2007)	
  suggests	
  that	
  design	
  
research	
   can	
  be	
   classified	
   through	
   the	
  way	
   it	
   is	
   implemented,	
   i.e.	
   how	
   the	
   research	
  process	
   is	
  
performed	
   and	
   for	
   whom	
   it	
   is	
   done.	
   Cross	
   defines	
   three	
   main	
   categories	
   of	
   design	
   research,	
  
based	
  on	
  people,	
  process	
  and	
  products	
  according	
  to	
  Table	
  3	
  
	
  
	
  
Table	
   3:	
   Classification	
   of	
   design	
   research	
   according	
   to	
   Cross.	
   Description	
   adopted	
   from	
   (Vladimir	
  
Hubka	
  &	
  Eder,	
  1996).	
  

	
  
	
  

	
  

	
  

	
  

	
  

No.	
   Classification	
   Description	
   	
  
	
   	
   	
   	
  

1.	
   Research	
  into	
  design,	
   By	
  various	
  kinds	
  of	
  observation,	
  e.g.,	
  	
  protocols	
   	
  
2.	
   Research	
  for	
  design,	
   To	
  create	
  tools	
  (especially	
  computer-­‐resident),	
  

design	
  methods,	
  forms	
  of	
  modelling	
  
	
  

3.	
   Research	
  through	
  
design,	
  

Abstraction	
  from	
  self-­‐observation	
  and	
  other	
  
observations	
  during	
  designing,	
  hypothesizing	
  and	
  
testing.	
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3.1.2 Available	
  research	
  frameworks	
  

The	
  overall	
  goal	
  of	
  design	
  research	
  is	
  to	
  enhance	
  industrial	
  product	
  development	
  (Vladimir	
  
Hubka	
  &	
  Eder,	
  1996).	
  Therefore	
  it	
  is	
  of	
  little	
  practical	
  use	
  just	
  to	
  suggest	
  improvements	
  of	
  
current	
  design	
  processes;	
  the	
  suggested	
  framework	
  must	
  also	
  be	
  practically	
  deployed.	
  Blessing	
  
and	
  Chakrabarti	
  (2009)	
  propose	
  a	
  research	
  methodology	
  for	
  the	
  development	
  of	
  design	
  support,	
  
the	
  Design	
  Research	
  Methodology	
  (DRM).	
  It	
  is	
  based	
  on	
  four	
  stages	
  depicted	
  in	
  Figure	
  15:	
  
Research	
  Clarification,	
  Descriptive	
  study	
  1,	
  Prescriptive	
  study,	
  Descriptive	
  study	
  2.	
  A	
  research	
  
project	
  can	
  start	
  in	
  any	
  of	
  the	
  stages	
  if	
  there	
  is	
  previous	
  knowledge	
  to	
  draw	
  from.	
  

	
  

	
  

	
  
Figure	
  15:	
  The	
  Design	
  Research	
  Methodology.	
  After	
  (Blessing	
  &	
  Chakrabarti,	
  2009).	
  

	
  
	
  
The	
  first	
  stage	
  creates	
  a	
  broad	
  understanding	
  for	
  the	
  research	
  problem	
  mainly	
  by	
  studying	
  the	
  
literature.	
  Here,	
  preliminary	
  goals	
  and	
  research	
  questions	
  are	
  established,	
  possible	
  success	
  
criteria	
  are	
  identified	
  and	
  a	
  description	
  of	
  the	
  research	
  problem	
  is	
  formulated.	
  	
  
	
  
The	
  second	
  stage	
  takes	
  a	
  closer	
  look	
  at	
  the	
  current	
  situation,	
  guided	
  by	
  the	
  goals	
  and	
  research	
  
questions	
  from	
  the	
  first	
  phase.	
  This	
  is	
  done	
  by	
  further	
  studies	
  of	
  literature,	
  empiric	
  studies	
  or	
  
simulations.	
  At	
  this	
  stage,	
  the	
  focus	
  is	
  to	
  investigate	
  the	
  research	
  problem	
  to	
  that	
  extent	
  that	
  it	
  is	
  
possible	
  to	
  identify	
  which	
  parameter(s)	
  that	
  is	
  important.	
  	
  Here,	
  the	
  current	
  situation	
  is	
  
documented,	
  serving	
  as	
  a	
  datum	
  for	
  comparisons	
  to	
  a	
  future	
  improved	
  state.	
  	
  
	
  
In	
  the	
  third	
  stage,	
  a	
  prescription	
  for	
  the	
  improvements	
  is	
  developed	
  and	
  the	
  results	
  of	
  this	
  stage	
  
lead	
  to	
  the	
  prescription	
  of	
  a	
  support	
  to	
  improve	
  the	
  current	
  situation.	
  

In	
  the	
  fourth	
  stage,	
   the	
  prescribed	
  support	
   is	
  evaluated	
  in	
  a	
  realistic	
  design	
  situation	
  so	
  that	
   it	
  
can	
  be	
  judged	
  as	
  to	
  whether	
  it	
  fulfils	
  the	
  goals	
  identified	
  in	
  the	
  first	
  phase.	
  

A	
  related	
  framework	
  considering	
  both	
  the	
  understanding	
  and	
  support	
  of	
  design	
  is	
  presented	
  by	
  
Eckert,	
  Clarkson,	
  and	
  Stacey	
  (2004).	
  Their	
  Spiral	
  of	
  Applied	
  Research	
  is	
  seen	
  in	
  Figure	
  16.	
   In	
  the	
  
same	
  way	
  as	
  DRM,	
  the	
  spiral	
  model	
  can	
  start	
  in	
  different	
  stages.	
  It	
  initiates	
  a	
  research	
  project	
  in	
  
four	
   different	
   activities:	
   empirical	
   studies	
   of	
   design	
   behavior,	
   development	
   of	
   theory	
   and	
  
understanding,	
   development	
   of	
   tools	
   and	
   procedures,	
   introduction	
   of	
   tools	
   and	
   procedures.	
   Each	
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activity	
  is	
  evaluated	
  resulting	
  in	
  eight	
  different	
  research	
  outputs	
  that	
  can	
  trigger	
  a	
  new	
  research	
  
spiral.	
  

	
  

	
  

	
  
Figure	
  16:	
  The	
  Spiral	
  of	
  Applied	
  Research.	
  After	
  (Eckert	
  et	
  al.,	
  2004).	
  

Another	
  model	
  for	
  design	
  research	
  is	
  given	
  by	
  (Jørgensen,	
  1992)	
  .	
  This	
  descriptive	
  model	
  
explains	
  how	
  theory	
  and	
  empirical	
  observation	
  are	
  related	
  in	
  applied	
  research.	
  Design	
  research	
  
can	
  have	
  its	
  starting	
  point	
  in	
  a	
  problem	
  base,	
  such	
  as	
  an	
  industrial	
  challenge,	
  or	
  a	
  theory	
  base,	
  
such	
  as	
  a	
  knowledge	
  gap.	
  The	
  starting	
  point	
  can	
  also	
  be	
  a	
  combination	
  of	
  a	
  problem	
  base	
  and	
  a	
  
theory	
  base.	
  Jørgensen’s	
  model,	
  Figure	
  17,	
  illustrates	
  these	
  two	
  starting	
  points	
  as	
  parallel	
  
activities	
  and	
  how	
  the	
  interaction	
  between	
  these	
  activities	
  generates	
  new	
  scientific	
  insights	
  that	
  
lead	
  to	
  practical	
  results.	
  	
  

The	
  theory	
  base	
  of	
  this	
  thesis	
  is	
  laid	
  by	
  previous	
  work	
  in	
  Set-­‐based	
  Concurrent	
  Engineering	
  and	
  
Enhanced	
  Function-­‐Means	
  modelling.	
  The	
  problem	
  base	
  is	
  real-­‐life	
  industrial	
  observations	
  from	
  
product	
  developing	
  companies.	
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Figure	
   17:	
   Jørgensen´s	
   work	
   paradigms	
   for	
   research	
   and	
   development	
   activities.	
   Translated	
   from	
  
(Jørgensen,	
  1992).	
  

3.2 Applied	
  research	
  approach	
  

The	
  chosen	
  applied	
  research	
  approach	
  is	
  the	
  Design	
  Research	
  Methodology.	
  This	
  is	
  motivated	
  by	
  
the	
  reason	
  that	
  it	
  is	
  suitable	
  for	
  all	
  steps	
  in	
  the	
  current	
  research,	
  e.g.	
  developing	
  understanding	
  
and	
   support	
   for	
   the	
   design	
   process.	
   The	
   performed	
   research	
   also	
   coincides	
   with	
   Jørgensen´s	
  
approach	
   in	
   the	
   sense	
   that	
   the	
   adopted	
   theories	
   are	
   interwoven	
   and	
   further	
   developed.	
   The	
  
developed	
  theory	
  is	
  then	
  verified	
  in	
  empirical	
  case	
  studies.	
  Even	
  though	
  the	
  research	
  process	
  at	
  
times	
   could	
   be	
   described	
   as	
   iterative,	
   the	
   framework	
   is	
   flexible	
   enough	
   to	
   accommodate	
   the	
  
performed	
  studies.	
  

3.2.1 Research	
  sequence	
  in	
  relation	
  to	
  Design	
  Research	
  Methodology	
  

The	
  applied	
  research	
  approach	
  did	
  not	
  follow	
  DRM	
  in	
  a	
  strict	
  sequence	
  from	
  stage	
  1	
  to	
  stage	
  4.	
  
In	
   the	
   first	
  study	
  (Paper	
  A),	
   the	
   first	
   three	
  steps	
  of	
  DRM	
  were	
  already	
  carried	
  out	
   through	
  the	
  
discovery	
   and	
   formulation	
   of	
   SBCE.	
   In	
   the	
   prior	
   work,	
   the	
   “Research	
   Clarification”	
   and	
  
“Descriptive	
  study	
  1”	
  was	
  published	
  by	
   (A.	
  C.	
  Ward	
  et	
  al.,	
  1994;	
  A.	
  Ward	
  et	
  al.,	
  1995),	
  and	
   the	
  
“Prescriptive	
  study”	
  resulted	
  in	
  the	
  formulation	
  of	
  the	
  three	
  principles	
  of	
  SBCE	
  (D.	
  K.	
  Sobek	
  et	
  al.,	
  
1999).	
  At	
  a	
  glance,	
  this	
  may	
  propose	
  problems	
  for	
  the	
  application	
  of	
  DRM,	
  but	
  the	
  authors	
  of	
  the	
  
method	
  state	
  that	
  the	
  stages	
  can	
  be	
  passed	
  in	
  a	
  different	
  sequence.	
  The	
  actual	
  sequence	
  of	
  this	
  
research	
  is	
  found	
  in	
  Table	
  4.	
  
	
  
Since	
  the	
  process	
  was	
  not	
  initiated	
  at	
  stage1	
  in	
  DRM,	
  the	
  initial	
  success	
  criteria	
  were	
  unknown.	
  
In	
  DRM,	
  however,	
  most	
  criteria	
  are	
  formulated	
  in	
  order	
  to	
  support	
  the	
  research	
  process	
  of	
  the	
  
first	
  two	
  steps.	
  The	
  remaining	
  criteria	
  are	
  used	
  to	
  evaluate	
  the	
  last	
  “Descriptive	
  study	
  2”.	
  	
  In	
  
Paper	
  A,	
  this	
  meant	
  to	
  find	
  criteria	
  that	
  show	
  if	
  the	
  three	
  principles	
  of	
  SBCE	
  lead	
  to	
  more	
  
successful	
  products,	
  and/or	
  a	
  better	
  development	
  process,	
  and	
  at	
  what	
  expense.	
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The	
  sequence	
  of	
  research	
  is	
  that	
  Paper	
  A	
  uses	
  the	
  results	
  from	
  Sobek’s	
  prescriptive	
  study	
  as	
  the	
  
input	
   to	
   the	
   “Descriptive	
   study	
   2”.	
   Following	
   the	
   results	
   of	
   Paper	
   A,	
   Paper	
   B	
   analyses	
   and	
  
describes	
  the	
  decision	
  process	
  of	
  SBCE	
  in	
  a	
  case	
  study.	
  The	
  results	
  of	
  Paper	
  A	
  and	
  B	
  are	
  used	
  to	
  
formulate	
  a	
  process	
  and	
  computer	
  tool	
  to	
  introduce	
  SBCE	
  in	
  industry,	
  which	
  is	
  reported	
  in	
  Paper	
  
C.	
  	
  

Paper	
   D	
   changes	
   the	
   direction	
   of	
   the	
   research	
   slightly	
   by	
   adding	
   theory	
   for	
   platform	
  
development.	
  Therefore,	
  a	
  Descriptive	
  study	
  2	
  is	
  not	
  performed	
  to	
  evaluate	
  the	
  results	
  of	
  Paper	
  
C.	
   Instead	
   Paper	
   D	
   presents	
   a	
   Research	
   Clarification	
   and	
   Descriptive	
   study	
   1	
   by	
   using	
   EF-­‐M	
  
modelling	
   and	
   SBCE	
   in	
   early	
   phases	
   of	
   platform	
   development.	
   It	
   incorporates	
   the	
   decision	
  
process	
   of	
   Paper	
   B	
   and	
   the	
   iterative/converging	
   process	
   from	
   Paper	
   C.	
   Paper	
   E	
   prescribes	
  
support	
  for	
  assessing	
  platform	
  architectures	
  by	
  analysing	
  their	
  functional	
  relations	
  and	
  Paper	
  F	
  
uses	
  the	
  processes	
  and	
  tools	
  of	
  Papers	
  D	
  and	
  E	
  to	
  prescribe	
  support	
  and	
  reports	
  a	
  case	
  of	
  using	
  
the	
  support.	
  

	
  
Table	
  4:	
  The	
  research	
  sequence	
  in	
  relation	
  to	
  DRM.	
  

Stage	
   Description	
   Paper	
  

I	
   Research	
  Clarification	
  	
   	
  Ward	
  (A.	
  C.	
  Ward	
  et	
  al.,	
  1994;	
  A.	
  Ward	
  et	
  al.,	
  1995)	
  

II	
   Descriptive	
  study	
  1	
   Ward	
  (A.	
  C.	
  Ward	
  et	
  al.,	
  1994;	
  A.	
  Ward	
  et	
  al.,	
  1995)	
  

III	
   Prescriptive	
  study	
   Sobek	
  (D.	
  K.	
  Sobek	
  et	
  al.,	
  1999)	
  

IV	
   Descriptive	
  study	
  2	
   Paper	
  A	
  

I	
   Research	
  Clarification	
  	
   Paper	
  B	
  

II	
   Descriptive	
  study	
  1	
   Paper	
  B	
  

III	
  

I	
  

II	
  

III	
  

III	
  

	
  

Prescriptive	
  study	
  	
  

Research	
  Clarification	
  

Descriptive	
  study	
  1	
  

Prescriptive	
  study	
  

Prescriptive	
  study	
  

	
  

Paper	
  C	
  

Paper	
  D	
  

Paper	
  D	
  

Paper	
  E	
  

Paper	
  F	
  

3.3 Collection	
  of	
  empirical	
  material	
  

There	
  are	
  several	
  ways	
  to	
  collect	
  data	
  within	
  design	
  research.	
  For	
  the	
  present	
  type	
  of	
  research	
  in	
  
close	
   collaboration	
   with	
   industry,	
   case	
   studies	
   are	
   a	
   common	
   approach.	
   	
   According	
   to	
   Yin	
  
(2009),	
  case	
  studies	
  are	
  suitable	
  settings	
  for	
  data	
  collecting	
  when	
  the	
  researched	
  phenomenon	
  
cannot	
  be	
   isolated	
   from	
   its	
   context.	
  This	
   is	
   the	
   case	
   for	
  most	
   industrial	
   development	
  projects,	
  
where	
  the	
  causal	
  relationship	
  between	
  improved	
  design	
  support	
  and	
  the	
  resulting	
  output	
  cannot	
  
be	
  established	
  without	
  considering	
  changes	
  in	
  other	
  variables.	
  	
  

For	
   paper	
   A	
   and	
   B,	
   the	
   empirical	
   data	
   is	
   collected	
   from	
   a	
   three	
   year	
   joint-­‐venture	
   with	
   four	
  
different	
  companies.	
  The	
  unit	
  of	
  analysis	
  is	
  development	
  projects	
  in	
  each	
  case.	
  A	
  consequence	
  of	
  
this	
  is	
  that	
  it	
  excludes	
  activities	
  before	
  and	
  after	
  the	
  project	
  period,	
  such	
  as	
  market	
  research	
  or	
  
preparation	
   of	
   production.	
   The	
   companies	
  were	
   chosen	
   because	
   of	
   their	
   efforts	
   to	
   implement	
  
SBCE,	
   rather	
   than	
   the	
   selection	
   of	
   an	
   optimal	
   sample	
   of	
   companies.	
   This	
   corresponds	
   to	
   the	
  
opinions	
   of	
   Eckert,	
   Clarkson,	
   and	
   Stacey	
   (2003)	
   p.3,	
   stating	
   that	
   researchers	
   must	
   balance	
  
opportunities	
   for	
   empirical	
   studies	
   that	
   fit	
   a	
   company’s	
   goals,	
   against	
   the	
   need	
   for	
   well-­‐
grounded	
  research	
  results.	
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For	
   Papers	
   D	
   and	
   F,	
   the	
   research	
   is	
   performed	
   within	
   the	
   Wingquist	
   Laboratory	
   Excellence	
  
Centre.	
  For	
   the	
   last	
  decade,	
   the	
  centre	
  has	
  been	
  an	
  arena	
   for	
   collaboration	
  between	
   industrial	
  
participants	
   and	
   the	
   researchers	
   within	
   the	
   centre.	
   This	
   long-­‐term	
   relationship	
   creates	
  
continuity	
   in	
   research,	
   opportunities	
   for	
   new	
   research	
   as	
   well	
   as	
   a	
   knowledge	
   base	
   to	
   draw	
  
from.	
   The	
   knowledge	
   base	
   creates	
   a	
   head	
   start	
   for	
   new	
   projects	
   by	
   offering	
   experienced	
  
colleagues,	
  computer	
  tools	
  and	
  related	
  publications.	
  	
  

For	
  all	
  papers,	
  the	
  adopted	
  view	
  is	
  that	
  the	
  participation	
  of	
  professional	
  designers	
  is	
  essential	
  in	
  
the	
  research	
  of	
   industrial	
  product	
  development	
  methods.	
  With	
  reference	
  to	
  Jørgensen	
  (1992)	
   ,	
  
this	
  industrial	
  problem	
  base	
  cannot	
  be	
  replaced	
  by	
  students	
  or	
  by	
  literature	
  reviews.	
  	
  

The	
  research	
  of	
  Paper	
  A	
  started	
  with	
  an	
  exploratory	
  study	
  at	
  the	
  participating	
  companies,	
  in	
  the	
  
form	
   of	
   pilot	
   projects.	
   Information	
   was	
   collected	
   from	
   semi-­‐structured	
   interviews	
   with	
  
managers	
   and	
   design	
   engineers,	
   through	
   studies	
   of	
   documents,	
   and	
   by	
   a	
   questionnaire	
   at	
   the	
  
end	
   of	
   the	
   research	
   project.	
   The	
   respondents	
   were	
   senior	
   designers	
   or	
   managers	
   with	
   long	
  
experiences	
   of	
   product	
   development.	
   Other	
   data	
   sources	
   were	
   workshops	
   at	
   the	
   companies	
  
where	
  project	
  members	
  and	
  researchers	
  participated.	
  	
  

Following	
  the	
  analysis	
  of	
  the	
  results,	
  the	
  study	
  was	
  extended	
  to	
  include	
  an	
  in-­‐depth	
  study	
  of	
  the	
  
SBCE	
  decision	
  process	
   in	
  one	
  of	
   the	
   firms,	
  on	
  which	
  paper	
  B	
   is	
  based.	
  Here,	
   the	
  main	
  empiric	
  
material	
  comes	
  from	
  following	
  the	
  design	
  and	
  decision	
  process	
  of	
  two	
  design	
  engineers	
  and	
  one	
  
manager.	
   Also,	
   two	
   cross-­‐	
   functional	
   workshops	
   were	
   held	
   with	
   representatives	
   from	
  
mechanics-­‐,	
   electronics-­‐	
   and	
   production	
   departments.	
   Here,	
   the	
   researchers	
   contributed	
   by	
  
introducing	
  tools	
  and	
  methods	
  for	
  Set-­‐based	
  decision	
  making.	
  Besides	
  the	
  notes	
  recorded	
  at	
  the	
  
meetings,	
  also	
  extensive	
  working	
  material	
  from	
  the	
  development	
  process	
  was	
  collected.	
  

Papers	
   D	
   and	
   F	
   partly	
   build	
   upon	
   empirical	
   data	
   collected	
   over	
   several	
   years	
   within	
   the	
  
Wingquist	
   Laboratory.	
   The	
   collection	
   of	
   data	
   for	
   the	
   turbine	
  rear	
  structure	
   is	
   reported	
   by	
   and	
  
Michaelis	
   (2013)	
   and	
   Levandowski	
   (2014).	
   Additional	
   data	
   for	
   extending	
   the	
   turbine	
   rear	
  
structure	
   model	
   in	
   Papers	
   D	
   and	
   F	
   was	
   collected	
   in	
   collaboration	
   with	
   the	
   participating	
  
company,	
  through	
  meetings	
  and	
  workshops.	
  	
  

Additional	
   data	
   in	
   Paper	
   F	
   was	
   collected	
   through	
   four	
   international	
   reviews	
   with	
   engineers	
  
within	
   the	
  European	
   aerospace	
   industry.	
  Here,	
   the	
  platform	
  models	
  built	
   in	
   the	
  demonstrator	
  
software	
  were	
  used	
  as	
  a	
  mediating	
  object	
  to	
  enable	
  feedback	
  on	
  the	
  results	
  from	
  the	
  companies.	
  
Apart	
  from	
  the	
  reviews,	
  several	
  workshops	
  and	
  digital	
  meetings	
  were	
  held	
  in	
  order	
  to	
  obtain	
  the	
  
information	
  to	
  populate	
  the	
  demonstrator	
  models.	
  The	
  meetings	
  all	
  followed	
  an	
  agenda,	
  and	
  the	
  
data	
  acquisition	
  method	
  can	
  be	
  described	
  as	
  semi	
  –structured.	
  

3.4 Validating	
  and	
  verifying	
  the	
  quality	
  of	
  the	
  results	
  	
  

Quality	
   assessment	
   is	
   a	
   crucial	
   component	
   of	
   the	
   research	
   process,	
   often	
   using	
   the	
   terms	
  
validation	
   and	
   verification.	
   	
   Unfortunately,	
   these	
   terms	
   are	
   used	
   differently	
   within	
   different	
  
research	
   disciplines.	
   Within	
   this	
   research,	
   verification	
   and	
   validation	
   are	
   seen	
   as	
   separate	
  
constructs	
  that	
  are	
  used	
  together	
  for	
  assessing	
  the	
  relevance	
  and	
  authenticity	
  of	
  the	
  performed	
  
research.	
  Verification	
  seeks	
  to	
  answer	
  the	
  question	
  “Have	
  we	
  done	
  things	
  in	
  the	
  right	
  way?”	
  and	
  
validation	
  seeks	
  to	
  answer	
  the	
  question	
  “Have	
  we	
  done	
  the	
  right	
  things?”.	
  

The	
   reliability	
   of	
   the	
   results	
   in	
   this	
   work	
   is	
   verified	
   by	
   assessing	
   the	
   research	
   approach	
   and	
  
methodological	
  rigour.	
  The	
  validity	
  of	
  the	
  research	
  results	
  in	
  this	
  work	
  is	
  regarded	
  as	
  a	
  matter	
  of	
  
how	
  relevant	
  and	
  applicable	
  the	
  results	
  are	
  in	
  order	
  to	
  handle	
  the	
  addressed	
  problems	
  in	
  their	
  
intended	
  contexts.	
  For	
  the	
  purpose	
  of	
  validation,	
  application,	
  assessment	
  and	
  acceptance	
  of	
  the	
  
results	
  by	
  professional	
  users	
  in	
  such	
  contexts	
  are	
  useful	
  (Buur,	
  1990;	
  Eckert	
  et	
  al.,	
  2004).	
  Both	
  
approaches	
  for	
  assessing	
  the	
  quality	
  of	
  the	
  results	
  are	
  therefore	
  used	
  in	
  this	
  thesis.	
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3.4.1 Criteria	
  for	
  valid	
  design	
  research	
  according	
  to	
  Cross	
  

Cross	
  draws	
  a	
  distinct	
  line	
  between	
  ordinary	
  day-­‐to	
  day	
  development	
  work	
  and	
  that	
  of	
  research	
  
and	
  states	
  that	
  

	
  “I	
  do	
  not	
  see	
  how	
  “normal	
  works	
  of	
  practice	
  can	
  be	
  regarded	
  as	
  works	
  of	
  research.	
  The	
  
whole	
   point	
   of	
   doing	
   research	
   is	
   to	
   extract	
   reliable	
   knowledge….	
   ..and	
   to	
   make	
   that	
  
knowledge	
  available	
  to	
  others	
  in	
  re-­‐usable	
  form.”	
  (Cross,	
  2007).	
  

	
  

Cross	
  further	
  presents	
  a	
  list	
  of	
  criteria	
  for	
  valid	
  design	
  research,	
  that	
  should	
  have	
  the	
  following	
  
characteristics	
  	
  (Cross,	
  2007):	
  

	
  

-­‐ Purposive	
   –	
   based	
   on	
   identification	
   of	
   an	
   issue	
   or	
   problem	
   worthy	
   and	
   capable	
   of	
  
investigation	
  

-­‐ Inquisitive	
  –	
  seeking	
  to	
  acquire	
  new	
  knowledge	
  

-­‐ Informed	
  –	
  conducted	
  from	
  an	
  awareness	
  of	
  previous,	
  related	
  research	
  

-­‐ Methodical	
  –	
  planned	
  and	
  carried	
  out	
  in	
  an	
  efficient	
  and	
  disciplined	
  manner	
  

-­‐ Communicable	
   –	
   generating	
   and	
   reporting	
   results	
  which	
  are	
   testable	
   and	
  accessible	
  by	
  
others.	
  

The	
  first	
  two	
  aspects	
  and	
  the	
  fourth	
  aspect	
  are	
  addressed	
  in	
  this	
  chapter.	
  The	
  third	
  aspect	
  is	
  
addressed	
  in	
  Chapter	
  2	
  and	
  the	
  fifth	
  aspect	
  is	
  reported	
  in	
  Chapter	
  4.	
  

3.4.2 Criteria	
  for	
  valid	
  design	
  research	
  according	
  to	
  Buur	
  

The	
  following	
  list	
  of	
  criteria	
  was	
  proposed	
  by	
  Buur	
  (Buur,	
  1990)	
  for	
  verifying	
  the	
  validity	
  of	
  
design	
  theories.	
  Buur	
  states	
  that	
  design	
  research	
  cannot	
  be	
  validated	
  through	
  scientific	
  methods	
  
such	
  as	
  controlled	
  experiments.	
  The	
  reason	
  for	
  this	
  is	
  that	
  the	
  number	
  of	
  control	
  factors	
  are	
  
large,	
  making	
  it	
  unfeasible	
  to	
  repeat	
  the	
  experiments.	
  Also,	
  design	
  processes	
  are	
  unpredictable	
  
in	
  the	
  way	
  that	
  a	
  specific	
  outcome	
  cannot	
  be	
  accredited	
  to	
  the	
  applied	
  design	
  method.	
  For	
  these	
  
reasons,	
  Buur	
  introduces	
  a	
  list	
  of	
  criteria	
  for	
  the	
  validity	
  of	
  design	
  research:	
  
	
  
Logical	
  verification	
  

-­‐ Consistency:	
  no	
  internal	
  conflicts	
  between	
  individual	
  elements	
  (e.g.	
  axioms)	
  of	
  the	
  
theory.	
  

-­‐ Completeness:	
  all	
  relevant	
  phenomena	
  observed	
  previously	
  can	
  be	
  explained	
  or	
  rejected	
  
by	
  theory	
  (i.e.	
  observation,	
  from	
  literature,	
  industrial	
  experience,	
  etc.)	
  

-­‐ Well	
  established	
  and	
  successful	
  methods	
  are	
  in	
  agreement	
  with	
  theory.	
  
-­‐ Cases	
  (i.e.	
  particular	
  design	
  projects)	
  and	
  specific	
  design	
  problems	
  can	
  be	
  explained	
  by	
  

means	
  of	
  the	
  theory.	
  
	
  
Verification	
  by	
  acceptance	
  

-­‐ Statements	
  of	
  the	
  theory	
  (axioms,	
  theorems)	
  are	
  acceptable	
  to	
  experienced	
  designers.	
  
-­‐ Models	
  and	
  methods	
  derived	
  from	
  the	
  theory	
  are	
  acceptable	
  to	
  experienced	
  designers.	
  

	
  
Verification	
  by	
  acceptance	
  is	
  also	
  suggested	
  by	
  Eckert	
  et	
  al.	
  ((Eckert	
  et	
  al.,	
  2004),	
  p.	
  6)	
  note:	
  “The	
  
most	
  useful	
  criterion	
  for	
  success	
  is	
  the	
  perception	
  of	
  value	
  in	
  new	
  procedures	
  and	
  methods	
  by	
  
design	
  practitioners	
  in	
  industry.”	
  In	
  chapter	
  5,	
  the	
  validity	
  of	
  the	
  research	
  is	
  discussed	
  based	
  on	
  
the	
  criteria	
  of	
  Cross	
  and	
  Buur.	
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4 Results	
  
	
  
This	
  chapter	
  presents	
  an	
  overview	
  of	
  the	
  results	
  gained	
  throughout	
  the	
  studies	
  presented	
  in	
  the	
  
appended	
  papers.	
  The	
  focus	
  is	
  set	
  on	
  clarifying	
  how	
  each	
  paper	
  contributes	
  to	
  answering	
  the	
  
research	
  questions.	
  Research	
  Question	
  1	
  is	
  essentially	
  aimed	
  at	
  developing	
  understanding	
  of	
  the	
  
characteristics	
  of	
  SBCE	
  in	
  industrial	
  product	
  development,	
  while	
  Research	
  Question	
  2	
  focuses	
  on	
  
clarifying	
  how	
  SBCE	
  can	
  be	
  used	
  to	
  manage	
  constraints	
  and	
  enable	
  convergence	
  of	
  solutions	
  for	
  
products	
  and	
  product	
  platforms.	
  Research	
  Question	
  3	
  aims	
  at	
  developing	
  support	
  to	
  enable	
  
SBCE	
  in	
  the	
  earliest	
  phases	
  of	
  product	
  platform	
  development,	
  specifically	
  for	
  the	
  phases	
  
foregoing	
  embodiment	
  design.	
  

4.1 Paper	
  A:	
  Exploring	
  Set-­‐Based	
  Concurrent	
  Engineering.	
  
Paper	
  A	
  presents	
  an	
  explorative	
  study	
  to	
  develop	
  understanding	
  of	
  different	
  aspects	
  of	
  SBCE.	
  It	
  
does	
  so	
  by	
  introducing	
  the	
  three	
  principles	
  of	
  SBCE	
  in	
  pilot	
  projects	
  at	
  four	
  companies.	
  The	
  
paper	
  presents	
  the	
  set-­‐up	
  and	
  findings,	
  which	
  are	
  a	
  compilation	
  of	
  results,	
  experiences	
  and	
  
challenges	
  identified	
  in	
  the	
  implementation	
  of	
  SBCE.	
  The	
  study	
  was	
  part	
  of	
  a	
  three	
  year	
  joint-­‐
venture	
  between	
  industry,	
  the	
  School	
  of	
  Engineering	
  in	
  Jönköping	
  and	
  the	
  research	
  institute	
  
Swerea	
  IVF.	
  The	
  framework	
  for	
  research	
  was	
  based	
  on	
  six	
  pilot	
  cases	
  in	
  four	
  companies.	
  These	
  
represent	
  a	
  wide	
  selection	
  of	
  industries,	
  working	
  in	
  the	
  businesses	
  of	
  electronic	
  systems,	
  graphic	
  
industry,	
  automotive	
  components	
  and	
  heavy	
  trucks.	
  The	
  size	
  of	
  the	
  companies	
  is	
  also	
  a	
  wide	
  
range,	
  having	
  between	
  100	
  and	
  30	
  000+	
  employees.	
  For	
  each	
  participating	
  company,	
  the	
  studied	
  
design	
  process	
  was	
  adapted	
  to	
  the	
  principles	
  of	
  SBCE	
  and	
  the	
  teams	
  were	
  allowed	
  to	
  bypass	
  the	
  
ordinary	
  development	
  processes	
  whenever	
  appropriate	
  for	
  the	
  project.	
  	
  To	
  create	
  a	
  broad	
  
acceptance	
  for	
  the	
  methodology,	
  a	
  core	
  team	
  of	
  managers	
  and	
  engineers	
  from	
  across	
  the	
  
organization	
  was	
  given	
  an	
  introduction	
  to	
  SBCE.	
  An	
  active	
  research	
  strategy	
  was	
  used	
  with	
  
workshops	
  at	
  the	
  participating	
  companies,	
  studying	
  the	
  development	
  costs	
  and	
  use	
  of	
  resources,	
  
the	
  characteristics	
  of	
  the	
  resulting	
  products	
  and	
  development	
  process	
  metrics.	
  
	
  
Information	
  was	
  collected	
  in	
  workshops	
  and	
  interviews	
  with	
  senior	
  designers	
  or	
  managers	
  with	
  
long	
  experiences	
  of	
  product	
  development	
  and	
  from	
  a	
  questionnaire.	
  The	
  information	
  was	
  used	
  
to	
  compare	
  SBCE	
  to	
  the	
  standard	
  development	
  practice	
  of	
  the	
  companies.	
  On	
  each	
  parameter,	
  
the	
  results	
  were	
  given	
  1	
  point	
  if	
  SBCE	
  created	
  a	
  better	
  result	
  than	
  current	
  development	
  practice,	
  
0	
  points	
  if	
  the	
  output	
  was	
  equally	
  good	
  and	
  -­‐1	
  point	
  for	
  an	
  inferior	
  output.	
  The	
  individual	
  values	
  
for	
  each	
  company	
  were	
  plotted	
  in	
  diagrams	
  together	
  with	
  the	
  average	
  score	
  for	
  all	
  companies.	
  	
  
	
  

4.1.1 What	
  are	
  the	
  effects	
  of	
  SBCE?	
  	
  
The	
  effects	
  on	
  project	
  lead	
  time,	
  development	
  costs	
  and	
  product	
  cost	
  are	
  displayed	
  in	
  Figure	
  18.	
  
The	
  pilot	
  projects	
  had	
  slightly	
  longer	
  lead	
  times	
  than	
  comparable	
  projects.	
  There	
  could	
  be	
  many	
  
reasons	
  for	
  this,	
  but	
  one	
  reason	
  mentioned	
  by	
  the	
  engineers	
  is	
  that	
  they	
  are	
  not	
  used	
  to	
  this	
  way	
  
of	
  working.	
  An	
  extensive	
  documentation	
  also	
  took	
  more	
  time	
  than	
  usual.	
  In	
  all	
  projects	
  extra	
  
resources	
  were	
  allocated	
  to	
  enable	
  thorough	
  exploration	
  of	
  parallel	
  solutions	
  in	
  early	
  phases	
  of	
  
development.	
  This	
  caused	
  the	
  pilots	
  to	
  have	
  slightly	
  higher	
  average	
  development	
  costs	
  compared	
  
to	
  standard	
  projects.	
  One	
  manager	
  commented	
  that	
  the	
  budget	
  increase	
  was	
  surprisingly	
  small	
  
compared	
  to	
  the	
  increased	
  product	
  knowledge	
  generated.	
  	
  
	
  
In	
  all	
  but	
  one	
  project,	
  the	
  product	
  costs	
  were	
  reduced.	
  One	
  of	
  the	
  companies	
  reported	
  a	
  40%	
  
decrease	
  in	
  product	
  cost	
  compared	
  to	
  the	
  initial	
  calculated	
  cost.	
  This	
  was	
  achieved	
  by	
  having	
  
high-­‐risk	
  product	
  architecture	
  with	
  inexpensive	
  components	
  in	
  parallel	
  to	
  safer	
  alternatives.	
  The	
  
thorough	
  evaluation	
  of	
  multiple	
  combinations	
  proved	
  that	
  the	
  low-­‐cost	
  solution	
  was	
  good	
  
enough.	
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Figure	
  18:	
  Costs	
  and	
  use	
  of	
  resources.	
  A	
  positive	
  result	
   indicates	
  an	
   improvement	
  compared	
  to	
  the	
  
current	
  development	
  practice.	
  From	
  Paper	
  A.	
  

	
  
The	
  effects	
  on	
  product	
  performance,	
  the	
  robustness	
  to	
  changes	
  of	
  requirements	
  and	
  on	
  the	
  level	
  
of	
  innovation	
  are	
  displayed	
  in	
  Figure	
  19.	
  
	
  

	
  
Figure	
  19:	
  Product	
  characteristics.	
  From	
  Paper	
  A.	
  

	
  
In	
  all	
  but	
  one	
  case,	
  the	
  product	
  performance	
  was	
  improved	
  compared	
  to	
  the	
  output	
  of	
  their	
  
regular	
  methods.	
  In	
  the	
  case	
  where	
  performance	
  was	
  not	
  improved,	
  the	
  company	
  responded	
  
that	
  once	
  the	
  specifications	
  were	
  met,	
  the	
  focus	
  was	
  to	
  decrease	
  the	
  cost	
  of	
  the	
  product.	
  
In	
  the	
  study,	
  the	
  robustness	
  to	
  changes	
  in	
  specifications	
  was	
  improved	
  by	
  the	
  SBCE	
  decision	
  
process,	
  and	
  by	
  the	
  knowledge	
  of	
  key	
  characteristics	
  gained	
  through	
  the	
  evaluation	
  of	
  different	
  
solutions.	
  All	
  companies	
  answered	
  that	
  the	
  Level	
  of	
  innovation	
  in	
  their	
  projects	
  was	
  improved.	
  
Again,	
  the	
  main	
  reason	
  mentioned	
  was	
  the	
  parallel	
  solutions.	
  Carrying	
  a	
  safe	
  option	
  in	
  the	
  set	
  
also	
  makes	
  it	
  easier	
  to	
  develop	
  an	
  innovative	
  version.	
  
	
  
In	
  some	
  cases,	
  parameters	
  had	
  to	
  be	
  estimated,	
  for	
  the	
  reason	
  that	
  not	
  all	
  projects	
  have	
  yet	
  
reached	
  the	
  market.	
  The	
  firms	
  estimated	
  the	
  project	
  risk,	
  warranty	
  costs	
  and	
  number	
  of	
  
engineering	
  changes	
  in	
  on-­‐going	
  production.	
  The	
  estimates	
  were	
  made	
  by	
  experienced	
  
engineers	
  and	
  managers	
  based	
  on	
  the	
  project	
  result	
  so	
  far,	
  assuming	
  that	
  the	
  remaining	
  part	
  of	
  
the	
  project	
  would	
  follow	
  the	
  same	
  path	
  as	
  the	
  first	
  (Figure	
  20).	
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Figure	
  20:	
  Estimated	
  development	
  process	
  metrics.	
  From	
  Paper	
  A.	
  

	
  
The	
  estimated	
  risk	
  of	
  project	
  failure	
  was	
  considered	
  to	
  be	
  lower	
  in	
  all	
  but	
  one	
  case.	
  In	
  the	
  last	
  
case,	
  the	
  manager	
  argued	
  that	
  SBCE	
  does	
  not	
  improve	
  the	
  level	
  of	
  risk	
  in	
  cases	
  where	
  previous	
  
knowledge	
  cannot	
  be	
  used	
  and	
  therefore	
  the	
  project	
  risk	
  is	
  equal	
  to	
  the	
  risk	
  of	
  the	
  current	
  
practice.	
  Based	
  on	
  the	
  confidence	
  in	
  the	
  technical	
  solutions	
  created	
  in	
  the	
  projects,	
  the	
  
participants	
  answered	
  that	
  their	
  warranty	
  costs	
  would	
  improve	
  moderately	
  in	
  the	
  future.	
  
The	
  number	
  of	
  unwanted	
  engineering	
  changes	
  to	
  on-­‐going	
  production	
  was	
  also	
  estimated	
  to	
  be	
  
better	
  than	
  current	
  practice.	
  One	
  comment	
  was	
  that	
  all	
  solutions	
  were	
  evaluated	
  from	
  different	
  
points	
  of	
  view,	
  rather	
  than	
  selecting	
  one	
  alternative	
  for	
  review.	
  
	
  
Another	
  way	
  of	
  investigating	
  the	
  usefulness	
  of	
  Set-­‐	
  based	
  principles	
  is	
  to	
  see	
  if	
  the	
  companies	
  
intend	
  to	
  use	
  SBCE	
  in	
  future	
  projects.	
  
	
  The	
  view	
  is	
  optimistic	
  (Figure	
  21),	
  and	
  all	
  participants	
  intend	
  to	
  use	
  the	
  methodology	
  in	
  
upcoming	
  projects	
  where	
  appropriate.	
  
	
  

	
  
Figure	
  21:	
  Future	
  expectations	
  on	
  SBCE.	
  From	
  Paper	
  A.	
  

	
  
Most	
  companies	
  expect	
  that	
  SBCE	
  will	
  give	
  them	
  shorter	
  Lead-­‐time	
  in	
  the	
  future.	
  One	
  reason	
  for	
  
this	
  is	
  the	
  improvement	
  in	
  failure	
  rate	
  seen	
  in	
  the	
  pilot	
  projects,	
  and	
  that	
  the	
  organization	
  will	
  
learn	
  the	
  different	
  practices	
  and	
  therefore	
  work	
  faster.	
  Most	
  companies	
  also	
  argued	
  that	
  the	
  
increased	
  amount	
  of	
  reused	
  experiences	
  from	
  prior	
  projects	
  would	
  also	
  speed	
  up	
  the	
  projects,	
  
but	
  none	
  of	
  the	
  pilot	
  companies	
  had	
  implemented	
  new	
  routines	
  for	
  capturing	
  design	
  knowledge.	
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The	
  future	
  development	
  costs	
  are	
  expected	
  to	
  be	
  lower	
  than	
  today.	
  One	
  company	
  commented	
  on	
  
how	
  SBCE	
  gave	
  stability	
  to	
  the	
  product	
  development	
  process	
  that	
  helped	
  them	
  to	
  avoid	
  
expensive	
  mistakes.	
  All	
  companies	
  also	
  expected	
  their	
  competitiveness	
  to	
  increase	
  in	
  future	
  
projects.	
  Moreover,	
  the	
  companies	
  believe	
  that	
  SBCE	
  in	
  the	
  future	
  will	
  create	
  more	
  proficient	
  
personnel.	
  This	
  optimistic	
  view	
  is	
  based	
  on	
  the	
  assumption	
  that	
  the	
  engineers	
  will	
  capture	
  more	
  
useful	
  knowledge	
  from	
  the	
  exploration	
  of	
  parallel	
  solutions.	
  
	
  
	
  
The	
  contribution	
  of	
  Paper	
  A	
  to	
  RQ1	
  can	
  be	
  summarized	
  as:	
  
	
  

	
  
• Paper	
  A	
  clarifies	
  that	
  Set-­‐based	
  projects	
  can	
  be	
  implemented	
  within	
  an	
  organization	
  

practicing	
  traditional	
  Point-­‐based	
  development	
  without	
  fundamental	
  changes	
  in	
  the	
  
organisation.	
  However,	
  this	
  requires	
  changes	
  to	
  the	
  development	
  process	
  in	
  the	
  early	
  
phases	
  of	
  development,	
  and	
  that	
  the	
  three	
  principles	
  of	
  SBCE	
  are	
  interpreted	
  in	
  the	
  
context	
  of	
  the	
  current	
  design	
  processes.	
  Proper	
  support	
  and	
  attention	
  from	
  the	
  
management	
  is	
  also	
  required.	
  	
  

• The	
  results	
  show	
  that	
  SBCE	
  gives	
  positive	
  effects	
  on	
  several	
  aspects	
  of	
  product	
  
development	
  performance	
  and	
  on	
  the	
  resulting	
  products.	
  The	
  improvements	
  are	
  
especially	
  dominant	
  on	
  product	
  performance,	
  product	
  cost	
  and	
  the	
  level	
  of	
  innovation,	
  
but	
  at	
  the	
  expense	
  of	
  slightly	
  lower	
  efficiency,	
  measured	
  in	
  the	
  terms	
  of	
  development	
  
costs	
  and	
  lead-­‐time.	
  	
  

• The	
  observed	
  lower	
  efficiency	
  in	
  the	
  terms	
  of	
  development	
  costs	
  and	
  lead	
  time	
  is	
  a	
  
deviation	
  from	
  literature	
  that	
  states	
  that	
  both	
  costs	
  and	
  lead	
  time	
  are	
  significantly	
  lower	
  
for	
  a	
  Lean	
  development	
  process.	
  Paper	
  A	
  explains	
  this	
  by	
  the	
  extra	
  resources	
  and	
  time	
  
needed	
  to	
  introduce	
  new	
  ways	
  of	
  working	
  as	
  well	
  as	
  a	
  lack	
  of	
  previous	
  design	
  knowledge	
  
to	
  draw	
  from,	
  which	
  is	
  stressed	
  as	
  an	
  enabler	
  for	
  SBCE	
  in	
  literature.	
  

• Previous	
  descriptions	
  of	
  SBCE	
  are	
  mainly	
  based	
  on	
  findings	
  at	
  Toyota	
  Motor	
  
Corporation.	
  This	
  study	
  contributes	
  by	
  adding	
  new	
  findings	
  from	
  other	
  companies.	
  

	
  

4.2 Paper	
  B:	
  Clarifying	
  the	
  Set-­‐based	
  narrowing	
  process	
  
Paper	
  B	
  directs	
  its	
  attention	
  towards	
  the	
  decision	
  process	
  of	
  SBCE	
  since	
  this	
  is	
  a	
  key	
  concept	
  in	
  
understanding	
  SBCE.	
  The	
  paper	
  presents	
  the	
  effects	
  of	
  a	
  Set-­‐based	
  decisions	
  process	
  compared	
  
to	
  a	
  traditional	
  Point-­‐based	
  process	
  in	
  an	
  industrial	
  case	
  study.	
  Here,	
  design	
  evaluations	
  were	
  
carried	
  out	
  both	
  by	
  a	
  Set-­‐based	
  evaluation	
  and	
  by	
  the	
  company´s	
  current	
  matrix	
  selection	
  
method.	
  	
  The	
  purpose	
  of	
  the	
  study	
  was	
  to	
  investigate	
  if	
  the	
  set-­‐based	
  decision	
  process	
  renders	
  
different	
  results	
  compared	
  to	
  the	
  traditional	
  decision	
  matrix	
  based	
  selection.	
  The	
  industrial	
  goal	
  
was	
  to	
  develop	
  a	
  new	
  sensor	
  system.	
  A	
  new	
  improved	
  sensor	
  would	
  provide	
  benefits	
  with	
  
regards	
  to	
  both	
  cost	
  and	
  quality	
  compared	
  to	
  the	
  four	
  types	
  of	
  sensor	
  systems	
  used	
  in	
  current	
  
production.	
  The	
  new	
  sensor	
  system	
  was	
  to	
  be	
  designed	
  with	
  Set-­‐based	
  principles.	
  Design	
  
methods	
  from	
  the	
  current	
  development	
  process	
  were	
  also	
  used,	
  serving	
  as	
  a	
  reference	
  for	
  “best	
  
practice”.	
  	
  
	
  
The	
  first	
  principle	
  of	
  SBCE	
  is	
  “Mapping	
  the	
  design	
  space”	
  and	
  in	
  this	
  project,	
  the	
  generation	
  of	
  
solutions	
  gave	
  28	
  “new”,	
  i.e.	
  untested,	
  sensor	
  principles,	
  besides	
  the	
  four	
  currently	
  used	
  
principles.	
  To	
  enable	
  comparison	
  between	
  the	
  outcome	
  from	
  traditional	
  Point-­‐based	
  and	
  set-­‐
based	
  decisions,	
  the	
  first	
  steps	
  of	
  sensor	
  evaluation	
  were	
  repeated	
  twice	
  on	
  the	
  same	
  set	
  of	
  
solutions.	
  	
  The	
  sequence	
  of	
  the	
  two	
  different	
  development	
  paths	
  is	
  illustrated	
  by	
  Figure	
  22,	
  both	
  
starting	
  with	
  the	
  definition	
  of	
  a	
  set	
  of	
  design	
  solutions.	
  	
  
	
  
In	
  the	
  current	
  point-­‐based	
  methodology,	
  the	
  first	
  screening	
  and	
  elimination	
  of	
  solutions	
  is	
  done	
  
by	
  applying	
  the	
  engineer’s	
  experiences	
  and	
  thereby	
  removing	
  the	
  main	
  part	
  of	
  the	
  most	
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spectacular	
  solutions,	
  followed	
  by	
  a	
  decision	
  matrix	
  based	
  selection	
  of	
  the	
  best	
  or	
  a	
  few	
  best	
  
solutions	
  for	
  further	
  development.	
  	
  
	
  

	
  
	
  

	
  
Figure	
  22:	
  The	
  current	
  Point-­‐based	
  process	
  and	
  the	
  Set-­‐based	
  process.	
  From	
  Paper	
  B.	
  

	
  

4.2.1 Traditional	
  decision	
  process	
  
The	
  first	
  round	
  of	
  evaluations	
  was	
  a	
  screening	
  of	
  the	
  immature	
  concepts,	
  a	
  subjective	
  intuitive	
  
process	
  where	
  the	
  designers	
  estimated	
  both	
  the	
  technical	
  potential	
  and	
  the	
  risk	
  of	
  failure	
  for	
  
each	
  alternative	
  on	
  a	
  ten	
  grade	
  scale.	
  The	
  alternatives	
  having	
  their	
  potential	
  risk	
  greater	
  than	
  
their	
  potential	
  success	
  were	
  eliminated	
  and	
  the	
  result	
  was	
  that	
  most	
  unfamiliar	
  solutions	
  were	
  
stopped	
  in	
  this	
  phase.	
  Also	
  three	
  solutions	
  were	
  eliminated	
  since	
  they	
  did	
  not	
  fall	
  into	
  the	
  scope	
  
of	
  the	
  project.	
  The	
  result	
  was	
  an	
  elimination	
  of	
  20	
  solutions.	
  
	
  
The	
  second	
  round	
  evaluation	
  of	
  the	
  remaining	
  alternatives	
  was	
  made	
  by	
  both	
  Pugh’s	
  and	
  
Kesselring’s	
  matrix	
  evaluations.	
  Kesselring’s	
  evaluation	
  was	
  simplified	
  in	
  the	
  sense	
  that	
  the	
  scale	
  
for	
  how	
  the	
  individual	
  design	
  solutions	
  were	
  rated	
  had	
  three	
  steps	
  rather	
  than	
  the	
  usual	
  five	
  
steps.	
  The	
  intention	
  of	
  Pugh’s	
  method	
  is	
  a	
  repeated	
  selection-­‐development,	
  but	
  in	
  the	
  current	
  
set-­‐up,	
  only	
  one	
  round	
  of	
  evaluation	
  was	
  planned	
  before	
  restart	
  and	
  initiation	
  of	
  the	
  set-­‐based	
  
elimination.	
  A	
  careful	
  selection	
  of	
  the	
  datum	
  is	
  also	
  important,	
  and	
  the	
  optical	
  gate	
  sensor	
  was	
  
selected	
  for	
  this	
  purpose.	
  Also	
  the	
  effect	
  of	
  weight	
  factors	
  on	
  the	
  evaluation	
  was	
  investigated	
  by	
  
comparing	
  the	
  results	
  generated	
  by	
  the	
  Kesselring	
  and	
  Pugh	
  matrixes.	
  	
  
	
  
Table	
  5	
  shows	
  the	
  result	
  of	
  both	
  Pugh	
  and	
  Kesselring	
  evaluations	
  after	
  applying	
  the	
  firm’s	
  24	
  
criteria	
  for	
  evaluation.	
  Note	
  that	
  there	
  is	
  an	
  agreement	
  between	
  the	
  selection	
  methods	
  on	
  which	
  
technologies	
  are	
  the	
  most	
  promising	
  (marked	
  in	
  grey).	
  	
  
	
  

Table	
  5:	
  Results	
   from	
  the	
  second	
  round	
  of	
  evaluation.	
  The	
  most	
  promising	
  technologies	
  are	
  
marked	
  in	
  grey;	
  the	
  current	
  technology	
  is	
  marked	
  by	
  bold	
  text.	
  Adapted	
  from	
  Paper	
  B.	
  

Concept	
   Pugh	
  score:	
   Kesselring	
  	
  score:	
  
Optical	
  gate	
   0	
   0	
  
Hall	
  sensor	
   -­‐1	
   -­‐40	
  
Reed	
  sensor	
   0	
   -­‐37	
  
Mechanical	
  switch	
   -­‐1	
   -­‐39	
  
Capacitive	
  sensor	
   0	
   25	
  
Inductive	
  sensor	
   -­‐1	
   2	
  
Back	
  bias	
   -­‐3	
   -­‐25	
  
Solenoid	
  Permeability	
   3	
   33	
  
Solenoid	
  inductivity	
   6	
   62	
  
Short	
  circuit	
   1	
   -­‐3	
  

Brainstorming/	
  
Mapping	
  of	
  Design	
  

space	
  
Gut-­‐feel	
  

elimination	
  
Pugh/	
  

Kesselring	
  
selection	
  

Development	
  
of	
  a	
  few	
  best	
  
alternatives	
  

Repeat:	
  
Selection-­‐	
  

Development	
  	
  

Brainstorming/	
  
Mapping	
  	
  of	
  
Design	
  space	
  

Elimination	
  by	
  
intersection/	
  
unfeasibility	
  

Developmen
t	
  of	
  

remaining	
  
alternatives	
  

Elimination	
  by	
  
tightening	
  of	
  
specifcations	
  

Repeat:	
  
Elimination-­‐	
  
Development	
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Plunger	
  as	
  
potentiometer	
  

-­‐1	
   -­‐8	
  

Multiple	
  coils	
   5	
   85	
  
Even	
  though	
  there	
  were	
  uncertainties	
  in	
  the	
  evaluation,	
  none	
  of	
  the	
  currently	
  used	
  solutions	
  
(bold	
  text)	
  received	
  a	
  high	
  score.	
  The	
  conclusion	
  from	
  this	
  example	
  was	
  that	
  the	
  traditional	
  
Point-­‐based	
  methods	
  seem	
  to	
  favour	
  new,	
  unknown	
  solutions	
  over	
  established	
  solutions	
  where	
  
the	
  shortcomings	
  are	
  known.	
  The	
  selection	
  process	
  was	
  halted	
  here	
  but	
  the	
  next	
  step	
  would	
  be	
  
selecting	
  a	
  best	
  alternative	
  for	
  preliminary	
  design,	
  likely	
  one	
  of	
  the	
  alternatives	
  having	
  the	
  best	
  
score.	
  
	
  

4.2.2 Set-­‐based	
  decision	
  process	
  
After	
  completing	
  the	
  traditional	
  decision	
  matrixes	
  the	
  evaluation	
  process	
  started	
  over	
  again	
  
with	
  the	
  initial	
  32	
  solutions.	
  The	
  elimination	
  was	
  done	
  according	
  to	
  SBCE	
  principle	
  2	
  and	
  3	
  
starting	
  with	
  readily	
  available	
  information.	
  Initially,	
  simple	
  criteria	
  such	
  as	
  “technology	
  
readiness”	
  was	
  used,	
  where	
  the	
  availability	
  of	
  commercial	
  “off	
  the	
  shelf”	
  components	
  were	
  
enough	
  to	
  keep	
  the	
  solution	
  in	
  the	
  set.	
  If	
  data	
  was	
  unknown,	
  a	
  question	
  mark	
  was	
  noted,	
  
indicating	
  that	
  more	
  work	
  was	
  needed.	
  Solutions	
  that	
  were	
  out	
  of	
  the	
  project	
  scope	
  were	
  also	
  
eliminated	
  as	
  well	
  as	
  solutions	
  that	
  were	
  incompatible	
  with	
  adjacent	
  systems	
  or	
  could	
  not	
  fulfil	
  
the	
  functions	
  needed.	
  	
  
	
  
Further	
  elimination	
  was	
  done	
  stepwise	
  by	
  acquiring	
  knowledge	
  of	
  the	
  solutions,	
  as	
  opposed	
  to	
  
the	
  intuitive	
  standard	
  decision	
  process	
  used	
  in	
  the	
  company.	
  The	
  first	
  criteria	
  concerned	
  sensor	
  
functions	
  and	
  could	
  often	
  be	
  found	
  in	
  data	
  sheets.	
  Properties	
  such	
  as	
  detection	
  distance	
  and	
  
precision	
  were	
  clarified	
  and	
  any	
  component	
  fulfilling	
  the	
  initial	
  broad	
  specifications	
  was	
  kept	
  in	
  
the	
  set.	
  Subsequent	
  elimination	
  was	
  done	
  by	
  adding	
  more	
  constraints	
  such	
  as	
  the	
  need	
  for	
  
special	
  voltages,	
  external	
  processor	
  requirements	
  or	
  detector	
  size.	
  	
  
After	
  some	
  time	
  there	
  were	
  14	
  remaining	
  solutions	
  but	
  no	
  more	
  data	
  could	
  be	
  found	
  by	
  desk-­‐top	
  
studies.	
  Table	
  6	
  describes	
  the	
  status	
  of	
  the	
  elimination	
  process	
  at	
  this	
  point.	
  Note	
  that	
  highest	
  
ranked	
  alternatives	
  from	
  the	
  matrix	
  evaluations	
  are	
  not	
  superior	
  to	
  the	
  other	
  remaining	
  
solutions.	
  	
  
	
  
Table	
  6:	
  Results	
   from	
  the	
  Set-­‐based	
  evaluation.	
  The	
  current	
   technology	
   is	
  marked	
   in	
  bold	
   text	
  and	
  
the	
  top	
  3	
  solutions	
  from	
  the	
  Point-­‐based	
  evaluations	
  are	
  marked	
  in	
  italics.	
  A	
  question	
  mark	
  indicates	
  
that	
  more	
  information	
  is	
  needed	
  to	
  make	
  a	
  decision	
  and	
  grey	
  areas	
  represent	
  eliminated	
  solutions.	
  
Adapted	
  from	
  Paper	
  B.	
  

Concept	
   Eliminated	
  by	
  
availability,	
  
compatibility	
  

Eliminated	
  by	
  
preliminary	
  
performance	
  

Eliminated	
  by	
  more	
  
constraints	
  

Activation	
  current	
   	
   ?	
   ?	
  
Angular	
  sensor	
   	
   x	
   	
  
Back	
  bias	
   	
   ?	
   ?	
  
Cam	
  curve	
   	
   x	
   	
  
Capacitive	
  sensor	
   	
   ?	
   x	
  
Conductive	
  carbon	
   x	
   	
   	
  
Conductive	
  fluid	
   x	
   	
   	
  
Current	
  and	
  voltage	
  through	
  
solenoid	
  

	
   ?	
   ?	
  

External	
  permeability	
   	
   ?	
   ?	
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In	
   order	
   to	
   eliminate	
  more	
   of	
   the	
   14	
   remaining	
   solutions,	
   new	
   information	
  was	
   needed.	
   The	
  
company	
  chose	
  to	
  evaluate	
  the	
  performance	
  through	
  physical	
  tests	
  and	
  a	
  test	
  rig	
  was	
  developed.	
  
The	
   purpose	
   of	
   the	
   test	
   rig	
   was	
   to	
   measure	
   different	
   aspects	
   of	
   sensor	
   performance	
   such	
   as	
  
switching	
   tolerances	
   in	
  different	
   temperatures.	
  The	
   tests	
   started	
  with	
   the	
  sensors	
  currently	
   in	
  
production,	
   revealing	
   that	
   the	
  designers	
  only	
  had	
   shallow	
  knowledge	
  of	
   the	
   important	
   factors	
  
affecting	
  the	
  technologies	
  in	
  use.	
  These	
  had	
  less	
  precision	
  and	
  repeatability	
  than	
  expected	
  and	
  it	
  
was	
  only	
  after	
   that	
   the	
  SBCE	
  process	
  required	
  the	
  designers	
   to	
  pursue	
  the	
   information	
  needed	
  to	
  
make	
  decisions	
  that	
  these	
  problems	
  were	
  revealed.	
  

The	
  development	
  project	
  was	
  put	
  on	
  hold	
  here	
  and	
  resources	
  were	
  directed	
  towards	
  performing	
  
more	
  tests	
  on	
  the	
  currently	
  used	
  sensors	
  instead	
  of	
  developing	
  new	
  sensors.	
  The	
  data	
  were	
  then	
  
used	
  to	
  create	
  design	
  guidelines	
  for	
  sensor	
  design.	
  
	
  
Paper	
  B	
  contributes	
  to	
  RQ2	
  in	
  the	
  following	
  ways:	
  
	
  
	
  

• Paper	
  B	
  presents	
  a	
  way	
  to	
  use	
  the	
  principles	
  of	
  SBCE	
  to	
  narrow	
  down	
  the	
  design	
  space.	
  
The	
  results	
  conclude	
  that	
  a	
  Set-­‐based	
  decision	
  process	
  can	
  generate	
  different	
  results	
  
compared	
  to	
  a	
  traditional	
  Point-­‐based	
  matrix	
  evaluation.	
  The	
  matrix	
  evaluation	
  
promoted	
  the	
  development	
  of	
  new	
  designs,	
  where	
  the	
  Set-­‐based	
  process	
  delayed	
  
decisions	
  until	
  the	
  elimination	
  criteria	
  could	
  be	
  fulfilled,	
  	
  

• All	
  of	
  the	
  currently	
  used	
  designs	
  were	
  eliminated	
  by	
  the	
  traditional	
  matrix	
  evaluation,	
  as	
  
opposed	
  to	
  the	
  Set-­‐based	
  process	
  that	
  investigated	
  current	
  designs	
  as	
  well	
  as	
  future	
  

Fiber	
  optics	
   	
   ?	
   ?	
  
Guided	
  auxiliary	
  locking	
  device	
   x	
   	
   	
  
Hall	
  sensors	
   	
   ?	
   ?	
  
Inductive	
  sensor	
  system	
   	
   ?	
   x	
  
Laser	
   x	
   	
   	
  
Mechanical	
  switch	
   	
   ?	
   ?	
  
Multiple	
  coils	
   	
   ?	
   ?	
  
Multiple	
  coils	
  externally	
   	
   	
   x	
  
Optical	
  gate	
  (Ref)	
   	
   ?	
   ?	
  
Optical	
  reflection	
   	
   ?	
   ?	
  
Piezo	
  element	
   	
   x	
   	
  
Pneumatic/hydraulic	
  pressure	
   x	
   	
   	
  
Pressure/force	
  gauge/film	
   ?	
   x	
   	
  
Programmed	
  magnet	
   x	
   	
   	
  
Pulse	
  train	
  counter	
   x	
   	
   	
  
Radioactivity	
   x	
   	
   	
  
Reed	
  sensors	
   	
   ?	
   ?	
  
Short	
  circuit	
  induced	
  by	
  solenoid	
   	
   ?	
   ?	
  
Solenoid	
  inductivity	
   	
   ?	
   ?	
  
Solenoid	
  permeability	
   	
   ?	
   ?	
  
Ultrasonic	
  gauge	
   	
   x	
   	
  
Strain	
  gauge	
   x	
   	
   	
  
The	
  plunger	
  as	
  a	
  potentiometer	
   	
   ?	
   x	
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alternatives	
  in	
  the	
  same	
  way.	
  It	
  thereby	
  revealed	
  the	
  lack	
  of	
  knowledge	
  of	
  the	
  important	
  
design	
  parameters	
  in	
  current	
  designs	
  being	
  the	
  root	
  cause	
  of	
  the	
  existing	
  problems.	
  

• The	
  efficiency	
  of	
  the	
  Set-­‐based	
  decision	
  process	
  was	
  demonstrated	
  when	
  the	
  industrial	
  
partner	
  preferred	
  the	
  results	
  from	
  the	
  Set-­‐based	
  evaluations	
  instead	
  of	
  the	
  results	
  from	
  
traditional	
  Point-­‐based	
  matrix	
  evaluations.	
  It	
  is	
  however,	
  impossible	
  to	
  draw	
  general	
  
conclusions	
  from	
  one	
  case	
  study	
  and	
  a	
  superior	
  decision	
  methodology	
  cannot	
  be	
  
identified.	
  The	
  study	
  is	
  valid	
  for	
  the	
  case	
  it	
  represents,	
  where	
  it	
  concludes	
  that	
  these	
  two	
  
approaches	
  generate	
  disparate	
  results.	
  

	
  

4.3 Paper	
  C:	
  A	
  process	
  and	
  tool	
  to	
  introduce	
  Set-­‐Based	
  Concurrent	
  Engineering	
  
Paper	
  C	
  presents	
  a	
  structured	
  process	
  and	
  computer	
  tool	
  for	
  the	
  introduction	
  of	
  SBCE	
  in	
  
companies	
  having	
  a	
  traditional	
  Point-­‐based	
  development	
  environment.	
  The	
  usefulness	
  of	
  the	
  
proposed	
  process	
  is	
  demonstrated	
  by	
  applying	
  information	
  from	
  an	
  industrial	
  concept	
  
development	
  project,	
  showing	
  how	
  the	
  proposed	
  process	
  could	
  implement	
  the	
  three	
  principles	
  
of	
  SBCE	
  in	
  a	
  traditional	
  Point-­‐based	
  development	
  environment.	
  Since	
  a	
  Set-­‐based	
  process	
  is	
  
described	
  as	
  difficult	
  to	
  implement,	
  the	
  objective	
  of	
  the	
  work	
  is	
  to	
  develop	
  a	
  structured	
  process	
  
supported	
  by	
  the	
  three	
  principles	
  of	
  SBCE.	
  
	
  
The	
  first	
  principle,	
  “map	
  the	
  design	
  space”,	
  starts	
  with	
  the	
  definition	
  of	
  feasible	
  regions.	
  These	
  
regions	
  are	
  built	
  up	
  by	
  designing	
  multiple	
  alternatives.	
  Here,	
  no	
  new	
  approaches	
  are	
  needed	
  and	
  
there	
  are	
  sufficient	
  creative	
  methods	
  and	
  systematic	
  approaches	
  available.	
  A	
  well-­‐known	
  tool	
  
that	
  can	
  be	
  adapted	
  to	
  fulfil	
  the	
  first	
  principle	
  is	
  the	
  morphological	
  chart.	
  In	
  Paper	
  C,	
  two	
  
novelties	
  are	
  introduced	
  to	
  create	
  the	
  Extended	
  morphological	
  chart	
  depicted	
  in	
  Figure	
  23:	
  
	
  

• Each	
  set	
  is	
  identified	
  with	
  a	
  row	
  in	
  the	
  morphological	
  chart,	
  and	
  the	
  sets	
  are	
  thereby	
  
becoming	
  concrete,	
  tangible	
  objects.	
  

• The	
  chart	
  is	
  extended	
  by	
  the	
  introduction	
  of	
  elements	
  from	
  other	
  domains	
  that	
  are	
  not	
  
related	
  to	
  design	
  solutions.	
  A	
  traditional	
  morphological	
  chart	
  only	
  contains	
  solutions	
  to	
  
product	
  functions,	
  but	
  in	
  the	
  proposed	
  process,	
  also	
  the	
  possible	
  business	
  cases,	
  
manufacturing	
  processes,	
  styling	
  or	
  other	
  important	
  aspects	
  can	
  be	
  included.	
  

	
  

	
  
Figure	
  23:	
  The	
  mapping	
  of	
  functions	
  from	
  different	
  domains	
  in	
  the	
  Extended	
  morphological	
  chart.	
  
From	
  Paper	
  C.	
  

	
   	
  
To	
  create	
  the	
  mapping	
  of	
  the	
  design	
  space,	
  common	
  creative	
  methods	
  are	
  used	
  to	
  generate	
  
ideas.	
  Figure	
  23	
  illustrates	
  how	
  each	
  function	
  and	
  its	
  solutions	
  are	
  denoted	
  in	
  rows,	
  representing	
  
the	
  different	
  sets.	
  The	
  Extended	
  morphological	
  chart	
  provides	
  a	
  visual	
  overview	
  of	
  the	
  possible	
  
combinations,	
  thereby	
  communicating	
  the	
  sets	
  of	
  possibilities.	
  In	
  order	
  to	
  explore	
  trade-­‐offs	
  by	
  
designing	
  multiple	
  alternatives,	
  the	
  chart	
  should	
  be	
  flexible	
  and	
  expanded	
  with	
  different	
  
solutions	
  as	
  the	
  process	
  proceeds.	
  
	
  
The	
  second	
  principle,	
  “Integrate	
  by	
  intersection”,	
  identifies	
  intersections	
  between	
  the	
  different	
  
sets	
  by	
  two	
  different	
  approaches.	
  The	
  first	
  is	
  to	
  find	
  the	
  region	
  where	
  members	
  of	
  the	
  individual	
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sets	
  are	
  compatible	
  with	
  each	
  other.	
  The	
  other	
  approach	
  is	
  to	
  find	
  the	
  borderlines	
  where	
  the	
  
current	
  constraints	
  are	
  satisfied.	
  The	
  process	
  eliminates	
  unfeasible	
  sets	
  and	
  visualises	
  the	
  result	
  
in	
  the	
  Extended	
  morphological	
  chart	
  by	
  introducing	
  three	
  novelties:	
  
	
  

• The	
  intersections	
  of	
  feasible	
  sets	
  can	
  be	
  found	
  by	
  an	
  active	
  search	
  for	
  the	
  possible	
  
combinations	
  where	
  maximum	
  compatibility	
  between	
  the	
  alternatives	
  exists.	
  
Traditionally,	
  in	
  the	
  morphological	
  chart,	
  only	
  one	
  combination	
  at	
  a	
  time	
  is	
  evaluated.	
  

• The	
  conceptual	
  robustness	
  comes	
  from	
  the	
  search	
  for	
  the	
  largest	
  amount	
  of	
  compatible	
  
solutions.	
  This	
  can	
  be	
  achieved	
  by	
  strategic	
  elimination	
  of	
  the	
  right	
  members	
  of	
  the	
  set.	
  	
  

• Designs	
  and	
  functions	
  that	
  are	
  incompatible	
  with	
  other	
  sets	
  are	
  eliminated.	
  If	
  there	
  is	
  not	
  
enough	
  information	
  available	
  to	
  make	
  a	
  decision,	
  the	
  design	
  remains	
  in	
  the	
  set	
  and	
  the	
  
decision	
  is	
  postponed	
  until	
  further	
  investigations	
  or	
  tests	
  are	
  done.	
  

	
  
In	
  the	
  proposed	
  method,	
  the	
  identification	
  of	
  intersections	
  is	
  one	
  of	
  two	
  ways	
  to	
  reduce	
  the	
  
number	
  of	
  active	
  solutions.	
  The	
  other	
  way	
  is	
  included	
  in	
  the	
  third	
  principle,	
  “Establish	
  feasibility	
  
before	
  commitment”.	
  The	
  essence	
  of	
  the	
  third	
  principle	
  is	
  to	
  narrow	
  the	
  sets	
  gradually	
  at	
  the	
  
same	
  time	
  as	
  the	
  amount	
  of	
  details	
  of	
  the	
  remaining	
  solutions	
  is	
  increased.	
  In	
  the	
  proposed	
  
process	
  this	
  is	
  achieved	
  by	
  developing	
  the	
  remaining	
  alternatives	
  one	
  step	
  further	
  and	
  then	
  
bring	
  the	
  new	
  information	
  from	
  simulations,	
  tests,	
  suppliers	
  or	
  other	
  sources	
  together	
  for	
  
evaluation.	
  Information	
  is	
  used	
  to	
  eliminate	
  the	
  least	
  feasible	
  alternatives	
  by	
  narrowing	
  and	
  
adjusting	
  the	
  requirements,	
  adding	
  more	
  requirements	
  or	
  by	
  identifying	
  incompatibilities.	
  The	
  
Extended	
  morphological	
  chart	
  can	
  still	
  provide	
  an	
  overview	
  of	
  the	
  different	
  possibilities,	
  but	
  as	
  
the	
  amount	
  of	
  information	
  grows,	
  the	
  details	
  must	
  be	
  stored	
  in	
  a	
  different	
  form,	
  hence	
  the	
  need	
  
for	
  the	
  proposed	
  computer	
  tool.	
  
	
  

4.3.1 A	
  novel	
  design	
  process	
  	
  
The	
  design	
  process	
  presents	
  a	
  new	
  iterative	
  way	
  to	
  use	
  design	
  morphology.	
  It	
  is	
  intended	
  for	
  
both	
  system	
  level	
  design	
  and	
  detail	
  design,	
  handling	
  the	
  conceptual	
  and	
  detailed	
  levels	
  of	
  design	
  
at	
  the	
  same	
  time.	
  This	
  follows	
  the	
  nature	
  of	
  design,	
  where	
  different	
  parts	
  are	
  at	
  a	
  different	
  state	
  
of	
  development	
  at	
  a	
  specific	
  time,	
  ranging	
  from	
  well-­‐defined	
  components	
  to	
  imaginary	
  parts.	
  
The	
  proposed	
  design	
  process	
  is	
  seen	
  in	
  Figure	
  24:	
  

	
  

	
  
Figure	
  24:	
  The	
  novel	
  design	
  process.	
  From	
  Paper	
  C.	
  

	
  
The	
  second	
  and	
  third	
  SBCE	
  principles	
  are	
  intertwined	
  in	
  this	
  process,	
  and	
  applied	
  repeatedly.	
  
The	
  elimination	
  of	
  a	
  solution	
  is	
  achieved	
  by	
  using	
  information	
  from	
  tests,	
  simulations,	
  suppliers	
  
or	
  other	
  sources.	
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4.3.2 A	
  supporting	
  computer	
  tool	
  	
   	
  
The	
  Extended	
  morphological	
  chart	
  is	
  implemented	
  in	
  a	
  spread	
  sheet	
  template.	
  A	
  spread-­‐sheet	
  
concept	
  was	
  selected	
  because	
  of	
  the	
  ease	
  of	
  use	
  and	
  the	
  speed	
  of	
  creating	
  a	
  prototype	
  system.	
  
Also,	
  necessary	
  calculations	
  can	
  be	
  done	
  in	
  the	
  spread-­‐sheet.	
  The	
  main	
  function	
  is	
  to	
  display	
  
information	
  on	
  different	
  solutions,	
  to	
  link	
  values	
  and	
  keep	
  track	
  of	
  the	
  requirement	
  space.	
  The	
  
tool	
  is	
  based	
  on	
  four	
  templates:	
  
	
  

• The	
  “Morphological	
  overview”	
  is	
  the	
  master	
  sheet,	
  linking	
  to	
  additional	
  information	
  
pages	
  that	
  provide	
  deeper	
  details	
  of	
  the	
  specific	
  solutions.	
  

• The	
  “Specification	
  manager”	
  that	
  keeps	
  track	
  of	
  the	
  evolving	
  specifications	
  and	
  the	
  
converging	
  constraints.	
  	
  

• The	
  “Technology	
  manager”	
  containing	
  relevant	
  information	
  of	
  the	
  
solutions/components.	
  

• The	
  “Morphological	
  relations”	
  template	
  that	
  stores	
  the	
  reasons	
  for	
  decisions.	
  
	
  
The	
  supporting	
  tool	
  is	
  demonstrated	
  by	
  a	
  case	
  study	
  using	
  information	
  collected	
  from	
  a	
  
completed	
  point-­‐based	
  development	
  project	
  that	
  is	
  chosen	
  because	
  of	
  the	
  appropriate	
  
complexity	
  allowing	
  the	
  different	
  features	
  of	
  the	
  computer	
  tool	
  to	
  be	
  evaluated.	
  The	
  product	
  is	
  a	
  
battery	
  powered	
  consumer	
  product	
  manufactured	
  in	
  large	
  volumes	
  having	
  two	
  basic	
  functions:	
  
To	
  clean	
  and	
  polish	
  surfaces.	
  This	
  requires	
  different	
  tools	
  and	
  different	
  peripheral	
  speed.	
  The	
  
initial	
  design	
  space	
  may	
  look	
  as	
  in	
  Table	
  7.	
  	
  
	
  
Table	
  7:	
  Initial	
  design	
  space.	
  From	
  Paper	
  C.	
  

Set	
   	
   Solution	
   	
  
Enable	
  use	
   8	
  different	
  industrial	
  designs	
   	
  
Create	
  power	
   Brushed	
  DC	
   Stepper	
  motor	
   	
  
Control	
  power	
   PWM	
   Step-­‐control	
   	
  
Store	
  energy	
   AA	
  cells	
   AAA	
  cells	
   Prismatic	
  cells	
  
Control	
  Speed	
  	
   Encoder	
  measurement	
   Current	
  

measurement	
  
Step-­‐counting	
  

Enable	
  movement	
   Reciprocal	
  mechanism	
   Programmed	
   	
  
Detect	
  tool	
   Magnetic	
   Optic	
   Switch	
  
	
  
	
  
The	
  feasible	
  regions	
  of	
  the	
  design	
  space	
  are	
  described	
  by	
  different	
  sets:	
  Styling,	
  electronics,	
  
mechanics	
  etc.	
  Worth	
  noting	
  is	
  that	
  in	
  Table	
  7	
  the	
  sets	
  “speed	
  control”	
  and	
  “movement”	
  are	
  
realised	
  in	
  different	
  ways:	
  as	
  separate	
  solutions	
  using	
  a	
  motor,	
  controller,	
  encoder	
  and	
  
mechanism,	
  or	
  integrated	
  as	
  in	
  the	
  step	
  motor	
  drive.	
  This	
  indicates	
  that	
  the	
  process	
  supports	
  
different	
  types	
  of	
  representation,	
  from	
  a	
  strict	
  functional	
  decomposition	
  to	
  integrated	
  function	
  
carriers	
  and	
  “organs”	
  (Vladimir	
  Hubka	
  &	
  Eder,	
  1992),	
  fulfilling	
  multiple	
  functions.	
  
	
  
The	
  second	
  and	
  third	
  principles	
  are	
  intertwined	
  and	
  the	
  process	
  now	
  repeats	
  principle	
  2	
  and	
  3	
  
until	
  only	
  one	
  solution	
  remains.	
  This	
  follows	
  the	
  nature	
  of	
  design,	
  where	
  different	
  parts	
  can	
  
simultaneously	
  be	
  at	
  a	
  different	
  state	
  of	
  development.	
  In	
  the	
  present	
  example,	
  this	
  is	
  
demonstrated	
  by	
  the	
  speed	
  control	
  and	
  tool	
  detection	
  both	
  being	
  conceptual	
  solutions,	
  while	
  
other	
  systems	
  have	
  already	
  gone	
  through	
  substantial	
  development.	
  To	
  find	
  the	
  intersections	
  the	
  
first	
  step	
  is	
  to	
  increase	
  the	
  detail	
  of	
  different	
  sets.	
  All	
  components	
  created	
  under	
  Principle	
  1	
  are	
  
listed	
  in	
  their	
  own	
  row	
  of	
  a	
  template	
  and	
  assigned	
  to	
  different	
  sub-­‐sets.	
  The	
  set	
  number	
  5	
  has	
  
the	
  subsets	
  51,	
  52	
  and	
  53,	
  and	
  new	
  subsets	
  can	
  be	
  added	
  by	
  inserting	
  a	
  new	
  column	
  in	
  the	
  chart,	
  
see	
  Figure	
  25.	
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A	
  component	
  can	
  also	
  be	
  a	
  member	
  of	
  many	
  sets,	
  an	
  organ,	
  fulfilling	
  multiple	
  functions.	
  This	
  is	
  
demonstrated	
  by	
  the	
  component	
  “Step-­‐controller	
  1”,	
  being	
  a	
  member	
  of	
  the	
  sets	
  “Controller”,	
  
“Speed	
  control”	
  and	
  “Movement”.	
  This	
  is	
  displayed	
  by	
  a	
  green	
  mark	
  in	
  the	
  corresponding	
  
column.	
  It	
  also	
  has	
  a	
  yellow	
  exclamation	
  mark	
  in	
  column	
  4	
  “Battery”	
  that	
  indicates	
  that	
  it	
  
requires	
  this	
  set	
  to	
  work.	
  The	
  dependencies	
  between	
  sets	
  and	
  components	
  are	
  described	
  only	
  in	
  
one	
  direction,	
  exemplified	
  by	
  the	
  motor	
  requiring	
  a	
  controller,	
  and	
  the	
  controller	
  requiring	
  a	
  
battery	
  and	
  a	
  speed	
  measurement.	
  The	
  reason	
  for	
  this	
  is	
  to	
  make	
  the	
  description	
  clear	
  and	
  avoid	
  
circular	
  dependencies.	
  
	
  

	
  
Figure	
  25:	
  Morphological	
  relations.	
  From	
  Paper	
  C.	
  

	
  
	
  
Preferably,	
  the	
  process	
  starts	
  with	
  “low	
  hanging	
  fruits”-­‐	
  readily	
  available	
  information	
  that	
  is	
  
easy	
  to	
  obtain.	
  This	
  rapidly	
  decreases	
  the	
  number	
  of	
  remaining	
  alternatives.	
  If	
  set	
  32	
  “Step-­‐
control”	
  (Figure	
  25)	
  is	
  found	
  unfeasible,	
  all	
  four	
  stepper	
  motors	
  are	
  also	
  eliminated.	
  
	
  
The	
  relative	
  compatibility	
  of	
  each	
  set	
  compared	
  to	
  other	
  sets	
  is	
  investigated	
  on	
  other	
  pages	
  of	
  
the	
  Morphological	
  relations	
  template.	
  This	
  compares	
  every	
  component	
  to	
  all	
  components	
  of	
  the	
  
other	
  sets	
  of	
  solutions.	
  In	
  the	
  case	
  of	
  reducing	
  the	
  number	
  of	
  possible	
  battery	
  configurations,	
  
Figure	
  26,	
  the	
  batteries	
  that	
  cannot	
  provide	
  the	
  correct	
  voltage	
  and	
  storage	
  capacity	
  for	
  a	
  specific	
  
motor	
  are	
  marked,	
  leading	
  to	
  the	
  elimination	
  of	
  some	
  components,	
  indicated	
  by	
  a	
  red	
  X.	
  
	
  

!
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Figure	
  26:	
  Component	
  compatibility.	
  From	
  Paper	
  C.	
  

	
  
Figure	
  8	
  indicates	
  that	
  there	
  is	
  a	
  watershed	
  between	
  two	
  distinct	
  conceptual	
  solutions:	
  The	
  DC-­‐
motor	
  and	
  the	
  stepper	
  motor	
  are	
  not	
  compatible.	
  In	
  the	
  proposed	
  process,	
  no	
  premature	
  choice	
  
of	
  a	
  best	
  concept	
  is	
  made.	
  The	
  goal	
  is	
  to	
  explore	
  the	
  concepts	
  step-­‐by-­‐step	
  to	
  the	
  point	
  that	
  it	
  is	
  
possible	
  to	
  eliminate	
  confidently	
  one	
  or	
  a	
  few	
  inferior	
  designs	
  from	
  the	
  set	
  of	
  active	
  solutions,	
  
not	
  to	
  gain	
  a	
  complete	
  knowledge	
  of	
  the	
  design	
  space.	
  In	
  this	
  example,	
  more	
  information	
  is	
  
needed	
  to	
  eliminate	
  one	
  of	
  the	
  motor	
  technologies,	
  and	
  information	
  can	
  be	
  found	
  by	
  further	
  
investigation	
  of	
  compatibility.	
  When	
  all	
  incompatibility	
  issues	
  are	
  resolved,	
  applying	
  more	
  
constraints	
  allows	
  subsequent	
  elimination.	
  These	
  are	
  stored	
  in	
  the	
  “Specification	
  manager”	
  
template.	
  From	
  specific	
  requirements	
  in	
  the	
  template,	
  values	
  can	
  be	
  linked	
  to	
  individual	
  
components	
  if	
  needed.	
  The	
  most	
  important	
  information	
  on	
  each	
  component	
  is	
  put	
  in	
  a	
  template	
  
of	
  the	
  “Technology	
  manager”,	
  Figure	
  27.	
  
	
  

	
  
Figure	
  27:	
  The	
  Technology	
  Manager	
  template	
  holds	
  important	
  technical	
  information.	
  From	
  Paper	
  C.	
  

	
  
Here,	
  attributes	
  and	
  relations	
  to	
  other	
  sets	
  are	
  displayed,	
  and	
  important	
  specifications	
  are	
  
linked.	
  Whenever	
  possible,	
  each	
  requirement	
  is	
  an	
  interval	
  instead	
  of	
  a	
  fixed	
  number.	
  By	
  
applying	
  constraints,	
  more	
  solutions	
  that	
  fall	
  outside	
  the	
  allowed	
  range	
  are	
  eliminated.	
  Basic	
  
calculations	
  can	
  be	
  done	
  in	
  the	
  templates	
  of	
  each	
  component,	
  and	
  aggregate	
  calculations,	
  such	
  as	
  
weight	
  and	
  cost,	
  are	
  done	
  in	
  the	
  Specification	
  manager	
  (Figure	
  28)	
  in	
  the	
  form	
  of	
  intervals.	
  
	
  

!

!



	
   61	
  

	
  
Figure	
  28:	
  The	
  Specification	
  Manager	
  template.	
  From	
  Paper	
  C.	
  

	
  
The	
  process	
  now	
  proceeds	
  with	
  a	
  repeated	
  increase	
  of	
  details	
  and	
  elimination.	
  When	
  a	
  set	
  or	
  
component	
  is	
  eliminated,	
  it	
  is	
  marked	
  in	
  the	
  Morphological	
  overview.	
  At	
  the	
  same	
  time,	
  more	
  
details	
  are	
  created	
  that	
  need	
  to	
  be	
  added.	
  An	
  example	
  of	
  how	
  the	
  process	
  could	
  work	
  is	
  the	
  
development	
  of	
  the	
  mechanism.	
  Depending	
  on	
  the	
  styling,	
  the	
  space	
  available	
  is	
  distributed	
  
differently,	
  and	
  only	
  some	
  mechanisms	
  and	
  motors	
  will	
  fit	
  a	
  specific	
  design.	
  In	
  the	
  project,	
  an	
  
evolving	
  sequence	
  of	
  similar	
  designs	
  was	
  developed,	
  with	
  the	
  goal	
  to	
  arrive	
  at	
  a	
  good	
  
compromise	
  between	
  the	
  most	
  favourable	
  styling,	
  motor,	
  batteries	
  and	
  mechanism.	
  The	
  team	
  
arrived	
  at	
  a	
  solution	
  having	
  high	
  vibration	
  levels.	
  After	
  a	
  redesign	
  to	
  reduce	
  vibrations,	
  the	
  team	
  
started	
  over	
  with	
  another	
  mechanism	
  concept.	
  
	
  
In	
  the	
  proposed	
  approach,	
  instead	
  of	
  starting	
  a	
  re-­‐design,	
  the	
  other	
  mechanism	
  concepts	
  should	
  
be	
  developed	
  to	
  a	
  level	
  where	
  it	
  is	
  possible	
  to	
  compare	
  it	
  to	
  the	
  failing	
  mechanism.	
  Also	
  
information	
  from	
  these	
  failed	
  designs	
  could	
  be	
  used	
  to	
  evaluate	
  the	
  compatibility	
  between	
  
specific	
  motors,	
  designs	
  and	
  batteries	
  and	
  thereby	
  reduce	
  the	
  amount	
  of	
  remaining	
  solutions.	
  At	
  
this	
  stage	
  of	
  development,	
  the	
  Morphological	
  overview	
  could	
  look	
  like	
  Figure	
  29,	
  where	
  the	
  
eliminated	
  members	
  are	
  marked	
  by	
  red	
  graphics.	
  
	
  
	
  

	
  
Figure	
  29:	
  The	
  Morphological	
  overview.	
  Red	
  graphics	
  indicates	
  eliminated	
  solutions.	
  From	
  Paper	
  C.	
  

	
  
	
  
The	
  paper	
  introduces	
  a	
  way	
  to	
  support	
  development	
  by	
  introducing	
  the	
  principles	
  of	
  SBCE	
  and	
  
controlling	
  the	
  convergence	
  of	
  the	
  design	
  process.	
  The	
  contribution	
  of	
  Paper	
  C	
  to	
  RQ1	
  and	
  RQ2	
  
can	
  be	
  summarized	
  as:	
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• A	
  structured	
  design	
  process	
  is	
  presented	
  that	
  is	
  supported	
  by	
  the	
  three	
  principles	
  of	
  

SBCE.	
  The	
  new	
  process	
  encourages	
  design	
  of	
  parallel	
  alternatives	
  and	
  promotes	
  
elimination	
  of	
  the	
  least	
  suitable	
  solutions	
  instead	
  of	
  selection	
  of	
  the	
  best	
  solution.	
  It	
  is	
  
clarified	
  by	
  an	
  illustrative	
  example	
  showing	
  how	
  it	
  supports	
  engineering	
  design.	
  	
  
	
  

• To	
  support	
  the	
  process,	
  a	
  computer	
  tool	
  with	
  templates	
  is	
  presented.	
  Information	
  from	
  
an	
  industrial	
  development	
  project	
  of	
  the	
  appropriate	
  complexity	
  was	
  used	
  to	
  
demonstrate	
  the	
  process	
  and	
  the	
  different	
  features	
  of	
  the	
  computer	
  tool.	
  	
  

	
  
• The	
  results	
  suggest	
  that	
  the	
  process	
  and	
  computer	
  tool	
  supports	
  a	
  step-­‐vice	
  evolution	
  of	
  

requirements	
  and	
  promotes	
  decisions	
  based	
  on	
  a	
  rational	
  reason	
  or	
  facts,	
  rather	
  than	
  
subjective	
  opinions.	
  Finally,	
  it	
  allows	
  designs	
  to	
  evolve	
  with	
  increased	
  level	
  of	
  detail.	
  To	
  
fully	
  evaluate	
  the	
  usefulness	
  of	
  the	
  proposed	
  process	
  it	
  should	
  be	
  tested	
  also	
  by	
  a	
  study	
  
involving	
  professional	
  engineers.	
  

	
  
	
  

4.4 Paper	
  D:	
  Set-­‐Based	
  Concurrent	
  Engineering	
  for	
  platform	
  concept	
  development	
  
Paper	
  D	
  adopts	
  the	
  Configurable	
  Component	
  (CC)	
  framework	
  to	
  present	
  an	
  approach	
  for	
  
applying	
  SBCE	
  in	
  early	
  phases	
  of	
  platform	
  preparation.	
  The	
  approach	
  is	
  demonstrated	
  by	
  an	
  
example	
  from	
  the	
  aerospace	
  industry.	
  A	
  design	
  process	
  is	
  presented	
  where	
  the	
  platform	
  has	
  its	
  
design	
  rationale	
  modelled	
  in	
  an	
  EF-­‐M-­‐	
  structure.	
  E-­‐FM	
  is	
  used	
  to	
  create	
  sets	
  of	
  design	
  solutions	
  
that	
  correspond	
  to	
  the	
  functional	
  requirements.	
  Tools	
  based	
  on	
  the	
  principles	
  of	
  SBCE	
  are	
  
subsequently	
  applied	
  to	
  eliminate	
  undesired	
  regions	
  of	
  the	
  design	
  space.	
  Paper	
  D	
  also	
  clarifies	
  
the	
  importance	
  of	
  the	
  hierarchal	
  position	
  of	
  the	
  objects	
  in	
  an	
  F-­‐M	
  tree	
  by	
  defining	
  three	
  
distinctive	
  levels	
  of	
  functional	
  abstraction.	
  This	
  definition	
  is	
  based	
  on	
  the	
  hierarchical	
  
characteristics	
  of	
  the	
  F-­‐M-­‐tree,	
  forming	
  the	
  static,	
  conceptual	
  and	
  concrete	
  levels,	
  as	
  seen	
  in	
  
Figure	
  30.	
  	
  
	
  
	
  

	
  
Figure	
  30:	
  The	
  different	
  characteristics	
  of	
  the	
  F-­‐M-­‐tree,	
  forming	
  the	
  static,	
  conceptual	
  and	
  concrete	
  
levels.	
  From	
  Paper	
  D.	
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At	
  the	
  static	
  level,	
  there	
  is	
  little	
  variation	
  in	
  alternative	
  sets	
  of	
  solutions.	
  The	
  static	
  level	
  is	
  
defined	
  by	
  functions	
  that	
  contain	
  the	
  core	
  of	
  the	
  system	
  or	
  platform,	
  and	
  thus	
  rarely	
  change	
  
between	
  product	
  generations.	
  The	
  conceptual	
  level	
  allows	
  the	
  complete	
  range	
  of	
  possible	
  
solutions.	
  It	
  holds	
  multiple	
  branches	
  of	
  FRs	
  and	
  DSs	
  to	
  higher	
  level	
  requirements	
  that	
  represent	
  
various	
  concepts.	
  
	
  
The	
  concrete	
  level	
  contains	
  the	
  functional	
  features	
  (DSs)	
  that	
  define	
  the	
  physical	
  embodiment.	
  
There	
  is	
  a	
  clear	
  distinction	
  between	
  the	
  physical	
  architecture	
  and	
  the	
  functional	
  architecture,	
  
implying	
  that	
  there	
  is	
  no	
  1:1	
  mapping	
  between	
  these.	
  Multiple	
  functional	
  features	
  from	
  different	
  
functional	
  branches	
  can	
  be	
  integrated	
  into	
  a	
  physical	
  design	
  but	
  also	
  the	
  opposite,	
  where	
  a	
  
functional	
  feature	
  is	
  distributed	
  over	
  several	
  components.	
  The	
  physical	
  level	
  in	
  Figure	
  30	
  is	
  not	
  
included	
  in	
  the	
  F-­‐M	
  tree	
  but	
  is	
  the	
  result	
  of	
  the	
  subsequent	
  engineering	
  design	
  process.	
  
	
  
The	
  presented	
  design	
  process	
  has	
  four	
  major	
  activities,	
  three	
  that	
  are	
  iterated	
  for	
  each	
  level	
  in	
  
the	
  F-­‐M	
  tree:	
  
	
  

• Generate	
  and	
  structure	
  solutions	
  	
  
• Specify	
  solutions	
  	
  
• Narrowing	
  of	
  sets	
  

	
  
The	
  last	
  step,	
  compilation	
  of	
  bandwidth,	
  is	
  done	
  when	
  the	
  FM-­‐tree	
  is	
  ready.	
  
	
  
Initially,	
  the	
  functional	
  architecture	
  is	
  structured	
  according	
  to	
  the	
  EF-­‐M	
  methodology.	
  For	
  each	
  
level	
  in	
  the	
  architecture,	
  the	
  solutions	
  are	
  collected	
  and	
  generated	
  to	
  build	
  up	
  the	
  design	
  space	
  
by	
  modelling	
  the	
  sets	
  of	
  possible	
  solutions	
  to	
  functional	
  requirement	
  creating	
  separate	
  sub-­‐	
  
branches.	
  
	
  
Following	
  the	
  generation	
  of	
  functional	
  requirements	
  and	
  design	
  solutions,	
  each	
  solution	
  needs	
  
to	
  be	
  specified	
  to	
  a	
  sufficient	
  degree	
  that	
  enables	
  elimination	
  of	
  undesired	
  solutions.	
  In	
  terms	
  of	
  
functional	
  modelling,	
  this	
  refers	
  to	
  elaborating	
  the	
  relations	
  in	
  the	
  EF-­‐M-­‐model	
  in	
  the	
  form	
  of	
  
interacts-­‐with	
  and	
  is-­‐influenced-­‐by	
  relations.	
  These	
  relationships	
  can	
  be	
  binary	
  in	
  the	
  sense	
  that	
  
they	
  indicate	
  that	
  a	
  significant	
  connection	
  exists,	
  but	
  also	
  more	
  specific	
  in	
  the	
  form	
  of	
  trade-­‐off	
  
curves	
  that	
  describe	
  how	
  the	
  entities	
  affect	
  each	
  other.	
  
	
  
Lastly,	
  the	
  sets	
  of	
  possible	
  solutions	
  are	
  narrowed	
  down	
  and	
  in	
  this	
  phase	
  the	
  goal	
  is	
  to	
  reduce	
  
the	
  number	
  of	
  candidate	
  architectures	
  that	
  could	
  fulfil	
  the	
  overall	
  functional	
  requirements.	
  In	
  
this	
  context,	
  following	
  the	
  principles	
  of	
  SBCE,	
  the	
  architecture	
  of	
  an	
  emergent	
  system	
  is	
  
evaluated	
  before	
  it	
  is	
  elaborated	
  fully.	
  This	
  is	
  important	
  in	
  order	
  to	
  reduce	
  the	
  amount	
  of	
  
development	
  work.	
  In	
  theory,	
  numerous	
  platform	
  concepts	
  could	
  be	
  generated	
  by	
  combining	
  all	
  
design	
  solutions	
  on	
  all	
  levels,	
  resulting	
  in	
  a	
  comprehensive	
  design	
  space	
  that	
  is	
  difficult	
  to	
  
manage.	
  The	
  iterative	
  nature	
  of	
  the	
  SBCE	
  development	
  and	
  decision	
  process	
  helps	
  resolve	
  this	
  
issue	
  by	
  gradually	
  increasing	
  the	
  level	
  of	
  detail,	
  while	
  narrowing	
  down	
  solutions.	
  The	
  three	
  
activities	
  generate,	
  specify	
  and	
  eliminate	
  are	
  repeated	
  in	
  cycles	
  at	
  each	
  level	
  of	
  abstraction	
  as	
  the	
  
granularity	
  increases,	
  again	
  following	
  the	
  principles	
  of	
  SBCE.	
  
	
  

4.4.1 Functional	
  modelling	
  of	
  interactions	
  
The	
  approach	
  presents	
  several	
  ways	
  of	
  narrowing	
  down	
  a	
  set	
  and	
  elimination	
  is	
  based	
  on	
  a	
  
number	
  of	
  different	
  criteria.	
  The	
  initial	
  strategy	
  is	
  an	
  assessment	
  of	
  the	
  compatibility	
  between	
  
Design	
  Solutions.	
  This	
  compatibility	
  can	
  be	
  modelled	
  using	
  the	
  interacts_with	
  relationship	
  that	
  
play	
  a	
  major	
  role	
  in	
  defining	
  concepts,	
  and	
  thus	
  can	
  eliminate	
  a	
  great	
  number	
  of	
  unfeasible	
  
designs.	
  Eliminating	
  a	
  design	
  solution	
  at	
  the	
  Conceptual	
  level	
  effectively	
  prunes	
  a	
  branch	
  of	
  
underlying	
  FR	
  and	
  DSs	
  which	
  can	
  be	
  seen	
  in	
  Figure	
  32.	
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Figure	
   31:	
   In	
   this	
   figure,	
   there	
   are	
   several	
  
redundant	
  DSs.	
  DS2,	
  DS5,	
  and	
  DS6	
  could	
  be	
  
eliminated	
  due	
   to	
   their	
   lack	
  of	
   contribution	
  
to	
  the	
  bandwidth.	
  From	
  Paper	
  D.	
  

	
  
Figure	
  32:	
  Elimination	
  of	
  branches	
  by	
  eliminating	
  
a	
  DS.	
  DSs	
  might	
  not	
  be	
  eliminated	
  until	
   they	
  are	
  
specified	
  to	
  a	
  certain	
  level.	
  From	
  Paper	
  D.	
  

	
  
For	
  DSs	
  at	
  the	
  concrete	
  level,	
  elimination	
  can	
  be	
  based	
  on	
  compatibility	
  with	
  the	
  overall	
  
platform,	
  removing	
  individual	
  solutions	
  rather	
  than	
  branches.	
  Other	
  means	
  for	
  elimination	
  
include	
  assessing	
  the	
  amount	
  of	
  functional	
  coupling	
  between	
  FRs	
  and	
  DSs	
  in	
  different	
  platform	
  
concepts	
  and	
  eliminating	
  the	
  alternatives	
  having	
  a	
  high	
  degree	
  of	
  functional	
  coupling.	
  Also,	
  the	
  
fulfilment	
  of	
  bandwidth	
  can	
  be	
  used	
  for	
  elimination:	
  If	
  there	
  are	
  design	
  solutions	
  being	
  
redundant	
  in	
  their	
  coverage	
  of	
  the	
  bandwidth,	
  some	
  of	
  them	
  can	
  be	
  eliminated	
  (Figure	
  31).	
  The	
  
case	
  of	
  interfering	
  requirements	
  may	
  also	
  be	
  used	
  for	
  elimination,	
  if	
  the	
  conflict	
  is	
  resolved	
  by	
  
reducing	
  bandwidth	
  of	
  one	
  of	
  the	
  functional	
  requirements.	
  Consequently,	
  this	
  in	
  turn	
  will	
  
eliminate	
  the	
  design	
  solutions	
  that	
  previously	
  covered	
  that	
  part	
  of	
  the	
  bandwidth.	
  
	
  
The	
  approach	
  is	
  illustrated	
  by	
  an	
  example	
  from	
  the	
  aerospace	
  industry,	
  the	
  Turbine	
  Exhaust	
  
Case	
  (TEC).	
  This	
  is	
  a	
  stationary	
  component	
  located	
  at	
  the	
  rear	
  of	
  a	
  jet	
  engine.	
  It	
  has	
  three	
  
primary	
  functions	
  constituting	
  the	
  static	
  level:	
  Lead	
  core	
  gas	
  flow,	
  Convey	
  mechanical	
  loads	
  
between	
  wing	
  and	
  engine	
  and	
  Contain	
  disintegrating	
  parts.	
  Table	
  8	
  illustrates	
  the	
  FRs	
  and	
  DSs	
  
for	
  the	
  static	
  and	
  conceptual	
  level	
  of	
  the	
  TEC.	
  By	
  combining	
  all	
  possible	
  solutions	
  into	
  concepts,	
  
144	
  distinct	
  variants	
  can	
  be	
  identified.	
  
	
  
Table	
  8:	
  The	
  static	
  and	
  conceptual	
  level	
  of	
  a	
  TEC.	
  From	
  Paper	
  D.	
  

Functional	
  Requirements	
   Possible	
  Design	
  Solutions	
  
Lead	
  core	
  gas	
  flow	
  along	
  outer	
  perimeter	
   -­‐	
  Geometry	
  of	
  surfaces	
  along	
  outer	
  perimeter	
  	
  

-­‐	
  Core	
  gas	
  tube	
  
Lead	
  core	
  gas	
  flow	
  along	
  inner	
  perimeter	
   -­‐	
  Geometry	
  of	
  surfaces	
  along	
  inner	
  perimeter	
  	
  

-­‐	
  Core	
  gas	
  tube	
  
Turn	
  the	
  swirling	
  flow	
  of	
  the	
  Low	
  Pressure	
  
Turbine	
  (LPT)	
  

-­‐	
  Geometry	
  of	
  outer	
  surface	
  on	
  vane	
  	
  
-­‐	
  Peripheral	
  Bleed-­‐air	
  injection	
  
-­‐	
  Spoilers	
  

Convey	
  mechanical	
  loads	
  between	
  TEC	
  and	
  wing	
  
interface	
  

-­‐	
  2-­‐	
  point	
  engine	
  mounting	
  system	
  
-­‐	
  3-­‐point	
  engine	
  mounting	
  system	
  	
  
-­‐	
  Line	
  welding	
  



	
   65	
  

Convey	
  mechanical	
  loads	
  between	
  TEC	
  periphery	
  
and	
  engine	
  

-­‐	
  Set	
  of	
  radially	
  extending	
  struts	
  	
  
-­‐	
  Set	
  of	
  angular	
  extending	
  struts	
  	
  
-­‐	
  Magnetic	
  force	
  conveyer	
  	
  
-­‐	
  Asymmetric	
  design	
  direct	
  connection	
  

Connect	
  TEC	
  to	
  outer	
  engine	
  components	
   -­‐	
  Circumferential	
  flanges	
  

	
  
	
  
Designing	
  and	
  analysing	
  all	
  144	
  combinations	
  would	
  require	
  extensive	
  design	
  and	
  analysis	
  
work,	
  but	
  the	
  process	
  above	
  allows	
  most	
  of	
  the	
  alternatives	
  to	
  be	
  ruled	
  out	
  as	
  unfeasible.	
  The	
  
initial	
  strategy	
  for	
  elimination	
  is	
  based	
  on	
  compatibility	
  between	
  Design	
  Solutions.	
  The	
  solutions	
  
are	
  assessed	
  and	
  those	
  found	
  incompatible	
  with	
  the	
  overall	
  system	
  are	
  eliminated.	
  In	
  the	
  
example,	
  the	
  DSs	
  Magnetic	
  force	
  conveyer	
  and	
  Core	
  gas	
  tube	
  are	
  eliminated	
  due	
  to	
  their	
  
incompatibility	
  with	
  all	
  of	
  the	
  other	
  DSs.	
  In	
  the	
  same	
  way,	
  further	
  assessment	
  of	
  the	
  
compatibility	
  eliminates	
  117	
  possible	
  concepts.	
  The	
  pattern	
  of	
  model	
  and	
  eliminate	
  is	
  iterated	
  on	
  
each	
  consecutive	
  level	
  to	
  produce	
  a	
  manageable	
  design	
  space.	
  Figure	
  34	
  describes	
  the	
  
breakdown	
  of	
  a	
  DS	
  into	
  a	
  concrete	
  level.	
  On	
  this	
  level,	
  elimination	
  based	
  on	
  the	
  bandwidth	
  may	
  
be	
  used.	
  The	
  trade-­‐off	
  curves	
  in	
  Figure	
  34	
  describe	
  the	
  bandwidth	
  in	
  the	
  iw-­‐relationship	
  
between	
  the	
  design	
  solutions	
  in	
  Figure	
  33.	
  
	
  
	
  
	
  

	
  

	
  

	
  

Figure	
  34:	
  Three	
  different	
  DSs	
  in	
  the	
  concrete	
  
level	
  of	
  a	
  TEC.	
  The	
  angle	
  of	
  attack	
  and	
  drag	
  are	
  
plotted	
  to	
  define	
  the	
  iw-­‐relationship.	
  

	
  
The	
  TEC	
  typically	
  needs	
  a	
  redirection	
  angle	
  between	
  0	
  and	
  20	
  degrees.	
  Based	
  on	
  that,	
  profile	
  Z	
  
can	
  be	
  eliminated	
  because	
  it	
  has	
  higher	
  drag	
  that	
  the	
  other	
  alternatives	
  over	
  the	
  desired	
  
bandwidth.	
  Profile	
  Y	
  cannot	
  be	
  eliminated	
  on	
  a	
  redundancy	
  basis,	
  even	
  though	
  profile	
  X	
  
performs	
  better	
  in	
  the	
  larger	
  part	
  of	
  the	
  desired	
  bandwidth.	
  To	
  complete	
  the	
  elimination,	
  each	
  
branch	
  on	
  the	
  conceptual	
  level	
  needs	
  to	
  be	
  developed	
  to	
  a	
  level	
  where	
  the	
  DSs	
  can	
  be	
  mapped	
  to	
  
a	
  physical	
  component.	
  The	
  approach	
  advocates	
  alternating	
  between	
  conceptual	
  elimination	
  and	
  
DS	
  elimination	
  using	
  the	
  bandwidth	
  and	
  compatibility	
  with	
  the	
  other	
  parts	
  of	
  the	
  architecture.	
  
The	
  resulting	
  set	
  of	
  architectures	
  constitutes	
  the	
  platform.	
  	
  
	
  
	
  
Paper	
  D	
  contributes	
  to	
  RQ	
  2	
  and	
  3	
  in	
  the	
  following	
  ways:	
  
	
  

• The	
  paper	
  identifies	
  that	
  the	
  F-­‐M	
  tree	
  changes	
  its	
  characteristics	
  depending	
  on	
  the	
  level	
  
of	
  abstraction	
  and	
  uses	
  this	
  information	
  to	
  identify	
  where	
  SBCE	
  can	
  be	
  used.	
  It	
  defines	
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Figure	
  33:	
  A	
  part	
  of	
  the	
  concrete	
  level	
  of	
  
the	
  TEC.	
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the	
  top	
  level	
  of	
  an	
  F-­‐M	
  structure	
  to	
  be	
  static	
  by	
  the	
  reason	
  that	
  that	
  there	
  are	
  no	
  
alternative	
  sets	
  of	
  solutions	
  at	
  this	
  level.	
  Consequently,	
  SBCE	
  has	
  little	
  effect	
  here.	
  	
  

• At	
  the	
  Conceptual	
  level,	
  numerous	
  platform	
  concepts	
  can	
  be	
  developed	
  by	
  elaborating	
  
the	
  F-­‐M	
  structure.	
  For	
  each	
  Functional	
  Requirement,	
  multiple	
  Design	
  solutions	
  can	
  be	
  
generated	
  and	
  product	
  platform	
  concepts	
  are	
  created	
  by	
  combining	
  possible	
  design	
  
solutions.	
  One	
  result	
  is	
  the	
  combinatorial	
  explosion	
  that	
  generates	
  a	
  large	
  design	
  space	
  
holding	
  many	
  alternative	
  platform	
  concepts.	
  	
  

• To	
  manage	
  this	
  large	
  design	
  space	
  the	
  alternatives	
  are	
  compared	
  and	
  narrowed	
  down	
  by	
  
methods	
  introduced	
  in	
  Paper	
  D.	
  These	
  are	
  based	
  on	
  analysis	
  of	
  functional	
  relations	
  and	
  
trade-­‐off	
  curves	
  evaluating	
  the	
  compatibility	
  between	
  Design	
  Solutions	
  and	
  their	
  
resulting	
  bandwidth.	
  

• The	
  approach	
  allows	
  design	
  concept	
  exploration	
  before	
  committing	
  to	
  a	
  platform	
  
concept	
  which	
  improves	
  the	
  support	
  for	
  platform	
  development	
  in	
  early	
  phases.	
  This	
  may	
  
ultimately	
  produce	
  better	
  designs.	
  

	
  
	
  

Paper	
   E:	
   Narrowing	
   down	
   product	
   platforms	
   using	
   Set-­‐based	
   principles	
   and	
  
Function-­‐	
  Means	
  modelling	
  

	
  
Paper	
  E	
  presents	
  a	
  method,	
  following	
  the	
  principles	
  of	
  SBCE,	
  which	
  narrows	
  down	
  the	
  design	
  
space	
  in	
  early	
  phases	
  of	
  platform	
  system	
  design.	
  It	
  does	
  so	
  specifically	
  by	
  introducing	
  a	
  way	
  to	
  
elaborate	
  and	
  evaluate	
  the	
  properties	
  of	
  the	
  functional	
  structure	
  and	
  thereby	
  capture	
  previously	
  
unused	
  information	
  in	
  early	
  phases	
  of	
  development.	
  The	
  work	
  introduces	
  Architectural	
  Options	
  
(AOs)	
  that	
  represent	
  valid	
  platform	
  system	
  configurations.	
  For	
  each	
  AO,	
  its	
  internal	
  
dependencies	
  and	
  functional	
  relations	
  are	
  modelled,	
  quantified	
  and	
  visualised	
  in	
  an	
  AO	
  chart,	
  
which	
  is	
  used	
  to	
  compare	
  the	
  functional	
  feasibility	
  of	
  the	
  AOs.	
  
	
  
The	
  method	
  is	
  based	
  on	
  SBCE	
  and	
  EF-­‐M	
  modelling.	
  The	
  choice	
  of	
  SBCE	
  is	
  due	
  to	
  its	
  effective	
  
approach	
  to	
  deliver	
  feasible	
  solutions	
  by	
  gradually	
  disregarding	
  obviously	
  unfeasible	
  
alternatives	
  throughout	
  the	
  development	
  process.	
  	
  However,	
  when	
  the	
  number	
  of	
  alternatives	
  to	
  
consider	
  becomes	
  very	
  high,	
  e.g.	
  when	
  using	
  morphological	
  matrices	
  to	
  generate	
  design	
  system	
  
alternatives,	
  the	
  solution	
  space	
  may	
  become	
  too	
  large	
  to	
  manage	
  in	
  a	
  set-­‐based	
  process.	
  This	
  
challenge	
  can	
  be	
  handled	
  by	
  using	
  the	
  function-­‐means	
  method	
  to	
  generate	
  and	
  structure	
  design	
  
solution	
  alternatives	
  and	
  EF-­‐M	
  system	
  models	
  to	
  describe	
  the	
  results	
  as	
  functional	
  system	
  family	
  
architectures.	
  These	
  could	
  be	
  realized	
  with	
  alternative	
  system	
  design	
  solutions	
  to	
  different	
  
functional	
  requirements	
  on	
  different	
  levels	
  of	
  detail	
  and	
  abstraction.	
  The	
  EF-­‐M	
  model	
  allows	
  
dependencies,	
  i.e.	
  different	
  kinds	
  of	
  interactions	
  and	
  functional	
  couplings	
  between	
  different	
  
design	
  solutions	
  and	
  between	
  functional	
  requirements	
  and	
  design	
  solutions,	
  to	
  be	
  modelled	
  as	
  
relations.	
  These	
  can	
  then	
  be	
  used	
  to	
  evaluate	
  the	
  feasibility	
  of	
  different	
  system	
  family	
  
alternatives,	
  the	
  AOs,	
  on	
  different	
  levels	
  of	
  abstraction	
  in	
  terms	
  of	
  complexity	
  and	
  functional	
  
couplings	
  in	
  an	
  axiomatic	
  design	
  sense.	
  In	
  this	
  work	
  AOs	
  on	
  the	
  three	
  levels	
  of	
  abstraction	
  of	
  EF-­‐
M	
  trees	
  introduced	
  in	
  paper	
  D	
  are	
  evaluated	
  and	
  compared	
  to	
  gradually	
  narrow	
  down	
  the	
  
solution	
  space.	
  
	
  

4.4.2 Illustrative	
  example	
  
To	
  illustrate	
  the	
  method,	
  an	
  example	
  of	
  a	
  foot-­‐controlled	
  vehicle	
  parking	
  brake	
  platform	
  is	
  given.	
  
The	
  platform	
  is	
  modelled	
  according	
  to	
  the	
  EF-­‐M	
  methodology	
  and	
  the	
  brake	
  system	
  is	
  
decomposed	
  into	
  two	
  Functional	
  Requirements:	
  Regulate	
  brake	
  force	
  and	
  Create	
  brake	
  force.	
  The	
  
system	
  is	
  subsequently	
  broken	
  down,	
  as	
  is	
  seen	
  in	
  Table	
  9.	
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The	
  process	
  investigates	
  alternative	
  system	
  configurations	
  that	
  emerge	
  at	
  the	
  Conceptual	
  level	
  
of	
  the	
  F-­‐M	
  tree.	
  At	
  the	
  Static	
  level	
  there	
  are	
  several	
  interactions	
  between	
  DS/DS	
  and	
  FR/DS	
  but	
  
these	
  do	
  not	
  change	
  and	
  can	
  therefore	
  not	
  be	
  used	
  to	
  evaluate	
  different	
  architectures.	
  For	
  most	
  
FRs,	
  alternative	
  design	
  solutions	
  can	
  be	
  found.	
  These	
  are	
  placed	
  as	
  means	
  in	
  the	
  F-­‐M	
  tree	
  and	
  
thus	
  represent	
  different	
  sets	
  of	
  solutions.	
  For	
  the	
  vehicle	
  brake	
  these	
  include	
  both	
  mechanical	
  
and	
  hydraulic	
  solutions	
  that	
  can	
  be	
  seen	
  in	
  Table	
  9.	
  
	
  
Following	
  the	
  establishment	
  of	
  the	
  E-­‐FM	
  tree,	
  the	
  functional	
  relations	
  are	
  identified	
  and	
  
modelled.	
  Two	
  types	
  of	
  relations	
  are	
  used	
  here	
  to	
  classify	
  different	
  couplings	
  (see	
  chapter	
  2.6).	
  	
  
The	
  first	
  relation	
  is	
  the	
  interacts_with	
  (iw)	
  relation	
  that	
  describes	
  a	
  constitutive	
  influence	
  
between	
  parallel	
  solutions,	
  where	
  one	
  solution	
  creates	
  a	
  load	
  (in	
  a	
  general	
  sense)	
  on	
  the	
  other	
  
solution,	
  which	
  may	
  cause	
  a	
  necessary	
  redimensioning	
  or	
  a	
  redesign	
  of	
  the	
  loaded	
  solution.	
  The	
  
second	
  relation	
  is	
  the	
  is_influenced_by	
  (iib)	
  relation	
  that	
  represents	
  a	
  functional	
  coupling	
  which	
  
exists	
  if	
  the	
  constitutive	
  influence	
  due	
  to	
  the	
  interaction	
  results	
  in	
  functional	
  interference	
  
between	
  the	
  interacting	
  solutions.	
  Here,	
  functional	
  couplings	
  are	
  defined	
  as	
  only	
  those	
  
interactions	
  where	
  a	
  chosen	
  solution	
  negatively	
  affects	
  the	
  ability	
  to	
  fulfil	
  the	
  functional	
  
requirements	
  governing	
  a	
  parallel	
  FR.	
  
	
  

4.4.3 Creating	
  product	
  platform	
  architectural	
  options	
  
The	
  architecture	
  of	
  a	
  product	
  platform	
  is	
  created	
  by	
  the	
  choices	
  of	
  possible	
  design	
  solutions	
  at	
  
the	
  conceptual	
  level	
  of	
  the	
  F-­‐M	
  tree.	
  The	
  FRs	
  and	
  DSs	
  are	
  clustered	
  into	
  logical	
  units	
  and	
  the	
  
Architectural	
  Options	
  (AOs)	
  are	
  generated	
  from	
  the	
  alternate	
  Design	
  Solutions	
  that	
  constitute	
  
specific	
  system	
  designs.	
  Each	
  AO	
  leads	
  to	
  different	
  functional	
  relations	
  in	
  the	
  system	
  and	
  the	
  
corresponding	
  iib	
  and	
  iw	
  relations	
  are	
  identified.	
  Each	
  DS	
  is	
  evaluated	
  to	
  see	
  if	
  it	
  is	
  incompatible	
  
with	
  FRs	
  governing	
  parallel	
  DSs	
  or	
  if	
  it	
  has	
  constitutive	
  influence	
  on	
  other	
  DSs	
  
	
  
The	
  formulation	
  of	
  AOs	
  in	
  itself	
  is	
  a	
  first	
  step	
  to	
  reduce	
  the	
  design	
  space	
  by	
  eliminating	
  
unfeasible	
  combinatorial	
  possibilities,	
  such	
  as	
  driving	
  an	
  electric	
  actuator	
  with	
  a	
  hydraulic	
  
power	
  source.	
  An	
  example	
  of	
  an	
  AO	
  is	
  illustrated	
  in	
  Figure	
  35.	
  
	
  

Table	
  9:	
  FUNCTIONAL	
  REQUIREMENTS	
  AND	
  DESIGN	
  SOLUTIONS	
  FOR	
  A	
  VEHICLE	
  	
  
PARKING	
  BRAKE	
  PLATFORM.	
  From	
  Paper	
  E.	
  

	
  
Functional	
  Requirements	
   Design	
  Solution	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   Design	
  Solution	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
Convert	
  pedal	
  force	
   Wire	
  brake	
  pedal	
   Hydraulic	
  brake	
  pedal	
   	
  
Convey	
  pedal	
  force	
   Wire	
  system	
   Hydraulic	
  Brake	
  line	
   	
  
Attach	
  pedal	
   Brake	
  pedal	
  bracket	
   	
   	
  
Absorb	
  energy	
   Brake	
  drum	
   Brake	
  rotor	
   	
  
Create	
  braking	
  force	
   Wire	
  Brake	
  shoe	
   Brake	
  calliper	
   	
  
Convert	
  force	
   Wire	
  Brake	
  lining	
   Hydraulic	
  Brake	
  pad	
   	
  
Adjust	
  force	
  ratio	
   Wire	
  pedal	
  lever	
  arm	
   Hydraulic	
  pedal	
  lever	
  arm	
   	
  
Connect	
  brake	
  wire	
   Wire	
  groove	
   	
   	
  
Connect	
  brake	
  line	
   Master	
  cylinder	
   	
   	
  
Convey	
  wire	
  pressure	
   Wire	
  cover	
   	
   	
  
Convey	
  wire	
  force	
   Brake	
  wire	
   	
   	
  
Convey	
  hydraulic	
  pressure	
   Hydraulic	
  fluid	
   	
   	
  
Enclose	
  hydraulic	
  pressure	
   Brake	
  line	
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Figure	
  35:	
  One	
  Architectural	
  Option	
  in	
  a	
  EF-­‐M	
  tree.	
  The	
  Architectural	
  Option	
  is	
  illustrated	
  by	
  the	
  
dashed	
  lines	
  that	
  include	
  branches	
  shaping	
  one	
  compatible	
  system.	
  From	
  Paper	
  E.	
  	
  

	
  
For	
  each	
  AO,	
  the	
  iib	
  and	
  iw	
  interactions	
  are	
  identified.	
  To	
  refine	
  the	
  assessment,	
  the	
  
characteristic	
  of	
  the	
  iw	
  interactions	
  are	
  quantified	
  on	
  Pimmlers	
  and	
  Eppingers	
  five	
  level	
  
classification	
  scale:	
  Required:	
  (+2),	
  Desired:	
  (+1),	
  Indifferent:	
  (0),	
  Undesired:	
  (-­‐1)	
  and	
  
Detrimental	
  (-­‐2).	
  The	
  characteristics	
  of	
  the	
  couplings	
  can	
  then	
  be	
  visualised	
  in	
  an	
  AO	
  chart	
  and	
  
used	
  to	
  compare	
  different	
  platform	
  architectures.	
  	
  
	
  
Quantifying	
  the	
  interactions	
  is	
  a	
  task	
  that	
  requires	
  engineering	
  judgement	
  and	
  knowledge.	
  For	
  
example,	
  the	
  AO	
  chart	
  in	
  Figure	
  36	
  indicates	
  that	
  the	
  DS	
  Master	
  cylinder	
  has	
  a	
  +2	
  interaction	
  with	
  
the	
  pedal	
  arm.	
  This	
  may	
  cause	
  a	
  functional	
  coupling	
  to	
  the	
  FR	
  on	
  a	
  higher	
  level	
  (Adjust	
  force	
  
ratio)	
  if	
  the	
  diameter	
  of	
  the	
  master	
  cylinder	
  and	
  the	
  length	
  of	
  the	
  pedal	
  arm	
  cannot	
  be	
  balanced	
  
to	
  fulfil	
  the	
  required	
  force.	
  The	
  +2	
  indicates	
  that	
  this	
  risk	
  is	
  considered	
  here	
  to	
  be	
  negligible.	
  	
  The	
  
process	
  continues	
  with	
  the	
  evaluation	
  of	
  all	
  iib	
  and	
  iw	
  interactions	
  and	
  the	
  AO	
  chart	
  for	
  the	
  
hydraulic	
  disc	
  brake	
  architecture	
  is	
  seen	
  in	
  Figure	
  36.	
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Figure	
  36:	
  The	
  Architectural	
  Option	
  chart	
  for	
  the	
  hydraulic	
  disc	
  brake	
  architecture.	
  The	
  value	
  “1”	
  
corresponds	
  to	
  a	
  desired	
  interaction	
  and	
  the	
  value	
  “2”	
  corresponds	
  to	
  a	
  required	
  interaction.	
  
Adapted	
  from	
  Paper	
  E.	
  

	
  
The	
  AO	
  chart	
  shows	
  both	
  the	
  iib	
  relations	
  and	
  the	
  iw	
  relations.	
  There	
  are	
  no	
  -­‐1	
  and	
  -­‐2	
  values	
  in	
  
this	
  example	
  for	
  the	
  reason	
  that	
  the	
  AO	
  chart	
  represents	
  a	
  compatible	
  architecture.	
  Therefore	
  no	
  
significant	
  functional	
  conflicts	
  exists	
  within	
  the	
  AO.	
  Had	
  new	
  DSs	
  been	
  introduced	
  or	
  had	
  the	
  
tree	
  been	
  further	
  decomposed	
  into	
  the	
  concrete	
  level,	
  negative	
  interactions	
  could	
  have	
  been	
  
found.	
  	
  
The	
  interactions	
  are	
  summarised	
  and	
  for	
  the	
  present	
  example	
  the	
  iib	
  score	
  is	
  13.	
  This	
  result	
  is	
  
then	
  compared	
  to	
  the	
  scores	
  of	
  other	
  possible	
  architectures.	
  According	
  to	
  Axiomatic	
  design,	
  the	
  
design	
  with	
  the	
  lowest	
  degree	
  of	
  functional	
  coupling	
  is	
  preferable.	
  Positive	
  Pimmler-­‐Eppinger	
  
scores	
  indicate	
  that	
  interactions	
  and	
  functional	
  couplings	
  are	
  not	
  necessary	
  but	
  beneficial	
  (+1),	
  
or	
  necessary	
  for	
  fulfilment	
  of	
  functional	
  requirements	
  (+2).	
  Negative	
  scores	
  indicate	
  that	
  they	
  
are	
  unwanted	
  but	
  tolerable	
  (-­‐1)	
  or	
  forbidden	
  (-­‐2)	
  if	
  functional	
  requirements	
  are	
  to	
  be	
  fulfilled.	
  In	
  
both	
  cases	
  there	
  are	
  potential	
  functional	
  couplings	
  that	
  may	
  cause	
  different	
  degrees	
  of	
  
functional	
  interference	
  depending	
  on	
  how	
  the	
  interacting	
  solutions	
  will	
  be	
  designed.	
  Therefore	
  
the	
  sum	
  of	
  the	
  absolute	
  values	
  of	
  the	
  iib	
  scores	
  is	
  used	
  as	
  a	
  measure	
  of	
  architectural	
  feasibility.	
  
	
  
For	
  individual	
  DSs,	
  the	
  AO	
  chart	
  presents	
  new	
  information	
  that	
  can	
  be	
  used	
  for	
  judging	
  the	
  
feasibility	
  of	
  an	
  architecture.	
  In	
  figure	
  xx,	
  the	
  DS	
  “Hydraulic	
  brake	
  calliper”	
  has	
  a	
  high	
  score	
  of	
  
functional	
  coupling	
  (5)	
  indicating	
  that	
  changes	
  in	
  this	
  DS	
  will	
  affect	
  many	
  Functional	
  
Requirements	
  at	
  higher	
  levels.	
  From	
  a	
  platform	
  perspective	
  this	
  could	
  be	
  negative	
  when	
  a	
  design	
  
solution	
  is	
  to	
  be	
  instantiated	
  in	
  different	
  versions,	
  covering	
  different	
  parts	
  of	
  the	
  performance	
  
bandwidth.	
  Each	
  version	
  would	
  then	
  significantly	
  affect	
  the	
  fulfilment	
  of	
  superior	
  FRs,	
  possibly	
  
causing	
  a	
  re-­‐design	
  of	
  the	
  subordinate	
  DSs.	
  The	
  iw	
  score	
  is	
  also	
  summarised	
  showing	
  that	
  many	
  
DSs	
  need	
  to	
  be	
  co-­‐designed	
  such	
  as	
  the	
  brake	
  rotor,	
  brake	
  calliper	
  and	
  brake	
  pad.	
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Comparing	
  the	
  AO	
  charts	
  for	
  all	
  architectures	
  will	
  pinpoint	
  the	
  architectural	
  option	
  that	
  has	
  a	
  
high	
  degree	
  of	
  functional	
  dependencies	
  and	
  therefore	
  can	
  be	
  eliminated.	
  The	
  remaining	
  set	
  of	
  
architectural	
  options	
  constitutes	
  the	
  platform	
  that	
  is	
  further	
  developed	
  with	
  traditional	
  
engineering	
  tools.	
  
	
  
The	
  contributions	
  of	
  Paper	
  E	
  to	
  RQ2	
  and	
  RQ3	
  can	
  be	
  summarised	
  as:	
  
	
  

• Paper	
  E	
  presents	
  a	
  way	
  to	
  manage	
  sets	
  of	
  functional	
  platform	
  concepts.	
  It	
  introduces	
  the	
  
concept	
  of	
  Architectural	
  Options	
  to	
  divide	
  the	
  architectures	
  into	
  feasible	
  types.	
  For	
  each	
  
Architectural	
  Option,	
  a	
  chart	
  can	
  be	
  created	
  that	
  clarifies	
  the	
  functional	
  couplings	
  and	
  
interactions	
  within	
  an	
  EF-­‐M	
  model,	
  thereby	
  communicating	
  the	
  properties	
  of	
  different	
  
architectures.	
  
	
  

• The	
  method	
  increases	
  the	
  amount	
  of	
  information	
  that	
  can	
  be	
  captured	
  in	
  early	
  phases	
  of	
  
development	
  by	
  elaborating	
  the	
  relations	
  within	
  the	
  EF-­‐M	
  model.	
  It	
  assesses	
  the	
  severity	
  
of	
  the	
  constitutive	
  influence	
  between	
  parallel	
  solutions	
  as	
  well	
  as	
  the	
  functional	
  
couplings	
  between	
  solutions	
  and	
  functional	
  requirements.	
  Knowledge	
  about	
  the	
  
different	
  architectures	
  is	
  therefore	
  enhanced	
  without	
  the	
  need	
  for	
  conceptual	
  design	
  and	
  
analysis.	
  
	
  

• This	
  increased	
  information	
  is	
  used	
  to	
  narrow	
  down	
  the	
  design	
  space	
  and	
  the	
  conceptual	
  
robustness	
  of	
  the	
  architectures	
  is	
  assessed	
  by	
  analysing	
  the	
  complexity	
  of	
  the	
  individual	
  
architectures	
  through	
  the	
  relations	
  of	
  the	
  EF-­‐M	
  model.	
  .	
  The	
  relations	
  are	
  scored	
  and	
  
compared	
  across	
  architectures,	
  thereby	
  risky,	
  highly	
  coupled	
  architectures	
  and	
  design	
  
solutions	
  can	
  be	
  avoided.	
  

	
  

4.5 Paper	
   F:	
   Modelling	
   and	
   assessing	
   platform	
   architectures	
   in	
   early	
   phases	
   through	
  
Set-­‐based	
  evaluation	
  and	
  change	
  propagation.	
  

	
  
Paper	
  F	
  presents	
  methodological	
  support	
  for	
  the	
  establishment	
  of	
  platform	
  architectures	
  in	
  the	
  
earliest	
  phase	
  of	
  development.	
  It	
  elaborates	
  on	
  the	
  results	
  presented	
  in	
  paper	
  D	
  and	
  E,	
  by	
  adding	
  
an	
  architectural	
  view	
  and	
  new	
  ways	
  to	
  evaluate	
  platform	
  architectures	
  using	
  a	
  methodology	
  
from	
  another	
  research	
  domain.	
  The	
  support	
  is	
  illustrated	
  with	
  a	
  case	
  from	
  the	
  aerospace	
  
industry	
  showing	
  how	
  a	
  manufacturer	
  of	
  parts	
  for	
  a	
  jet	
  engine	
  can	
  use	
  the	
  methodology	
  to	
  
redesign	
  a	
  platform	
  concept.	
  
	
  
In	
  the	
  formulation	
  and	
  embodiment	
  of	
  a	
  product	
  platform,	
  many	
  decisions	
  are	
  made	
  and	
  
assumptions	
  established	
  with	
  little	
  methodological	
  support.	
  Paper	
  F	
  addresses	
  this	
  need	
  by	
  
presenting	
  a	
  method	
  for	
  modelling,	
  analysing	
  and	
  assessing	
  products	
  and	
  platform	
  architectures	
  
in	
  the	
  Pre-­‐embodiment	
  phase	
  that	
  foregoes	
  the	
  embodiment	
  and	
  elaboration	
  of	
  ideas	
  into	
  
concepts.	
  It	
  allows	
  exploration	
  of	
  more	
  alternatives	
  in	
  the	
  earliest	
  phases	
  of	
  development,	
  which	
  
ultimately	
  may	
  produce	
  better	
  designs.	
  The	
  result	
  is	
  a	
  design	
  space	
  of	
  a	
  manageable	
  and	
  
desirable	
  size	
  for	
  subsequent	
  embodiment	
  and	
  detailed	
  design	
  with	
  traditional	
  engineering	
  
tools.	
  The	
  advantage	
  is	
  that	
  feasibility	
  of	
  the	
  candidate	
  platforms	
  has	
  been	
  established	
  to	
  a	
  high	
  
degree	
  of	
  certainty	
  
	
  
The	
  Pre-­‐embodiment	
  phase	
  focuses	
  on	
  context	
  analysis	
  rather	
  than	
  content	
  analysis.	
  The	
  
approach	
  of	
  Paper	
  F	
  analyses	
  the	
  functional	
  architecture	
  in	
  the	
  form	
  of	
  functional	
  requirements	
  
and	
  design	
  solutions	
  instead	
  of	
  the	
  resulting	
  designed	
  architecture,	
  as	
  is	
  the	
  case	
  for	
  traditional	
  
engineering	
  analysis.	
  The	
  reason	
  for	
  choosing	
  the	
  functional	
  architecture	
  as	
  the	
  unit	
  of	
  analysis	
  
is	
  that	
  the	
  functions	
  of	
  an	
  artefact	
  are	
  a	
  key	
  concept	
  for	
  knowledge	
  about	
  products	
  and	
  systems.	
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Functionality	
  reveals	
  part	
  of	
  the	
  rationale	
  behind	
  its	
  design	
  and	
  can	
  thereby	
  improve	
  the	
  
understanding	
  of	
  its	
  behaviour	
  and	
  potential.	
  The	
  process	
  for	
  Pre	
  embodiment	
  consists	
  of	
  three	
  
major	
  activities	
  that	
  are	
  repeated	
  at	
  each	
  level	
  of	
  abstraction	
  during	
  the	
  process:	
  generate	
  and	
  
structure	
  functional	
  models,	
  specify	
  and	
  generate	
  architectures	
  and	
  narrow	
  down	
  architectures	
  
(Figure	
  37).	
  	
  
	
  
	
  

	
  
Figure	
  37:	
  The	
  process	
  for	
  Pre-­‐embodiment	
  analysis.	
  From	
  Paper	
  F.	
  

	
  
These	
  activities	
  are	
  clarified	
  in	
  the	
  following	
  illustrative	
  example.	
  
	
  
	
  

4.5.1 Illustrative	
  example	
  
Paper	
  F	
  illustrates	
  the	
  approach	
  by	
  extending	
  the	
  case	
  from	
  Paper	
  D,	
  the	
  Turbine	
  Rear	
  Structure	
  
(TRS).	
  This	
  is	
  a	
  component	
  located	
  at	
  the	
  rear	
  of	
  a	
  jet	
  engine,	
  which	
  connects	
  the	
  shaft	
  to	
  the	
  rest	
  
of	
  the	
  engine	
  as	
  well	
  as	
  connects	
  the	
  engine	
  to	
  the	
  wing.	
  It	
  also	
  guides	
  the	
  exhaust	
  fumes	
  out	
  of	
  
the	
  engine	
  and	
  consists	
  of	
  an	
  outer	
  ring	
  enclosing	
  the	
  structure,	
  an	
  inner	
  ring	
  connecting	
  to	
  the	
  
aft	
  bearing	
  of	
  the	
  engine,	
  and	
  struts	
  connecting	
  the	
  two	
  rings.	
  Figure	
  38	
  shows	
  an	
  EF-­‐M	
  
breakdown	
  of	
  the	
  TRS.	
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Figure	
  38:	
  The	
  EF-­‐M	
  breakdown	
  of	
  the	
  TRS.	
  From	
  Paper	
  F.	
  

	
  
Increased	
  engine	
  performance	
  drives	
  new	
  designs	
  in	
  civil	
  aircraft	
  manufacturing.	
  In	
  the	
  
presented	
  case,	
  one	
  constraint	
  is	
  to	
  re-­‐design	
  the	
  engine	
  to	
  meet	
  the	
  new	
  requirements	
  with	
  
minimal	
  impact	
  on	
  the	
  design	
  of	
  the	
  aircraft.	
  This	
  strategy	
  enables	
  the	
  re-­‐use	
  of	
  existing	
  
components	
  and	
  production	
  equipment	
  for	
  the	
  aircraft,	
  as	
  well	
  as	
  a	
  reduction	
  of	
  flight	
  test	
  and	
  
certification	
  costs.	
  Increased	
  performance	
  can	
  be	
  realized	
  by	
  an	
  increase	
  of	
  the	
  combustion	
  
temperature.	
  The	
  TRS	
  in	
  its	
  current	
  design	
  will	
  not	
  be	
  able	
  to	
  cope	
  with	
  the	
  temperature	
  load	
  as	
  
it	
  is	
  increased	
  from	
  800°C	
  in	
  the	
  current	
  engine	
  to	
  900°C	
  for	
  the	
  new	
  engine	
  option.	
  The	
  changed	
  
constraint	
  is	
  managed	
  by	
  introducing	
  a	
  new	
  functional	
  requirement;	
  to	
  Reduce	
  Thermal	
  Loads,	
  
on	
  the	
  top	
  level	
  in	
  the	
  EF-­‐M	
  tree.	
  This	
  creates	
  a	
  new	
  branch	
  that	
  leads	
  to	
  new	
  design	
  solutions.	
  
By	
  adopting	
  the	
  process	
  suggested	
  above,	
  the	
  new	
  branch	
  spawned	
  from	
  the	
  new	
  functional	
  
requirement	
  can	
  be	
  expanded,	
  evaluated,	
  narrowed	
  down	
  and	
  incorporated	
  into	
  the	
  current	
  
architecture.	
  	
  
	
  
In	
  essence,	
  this	
  is	
  a	
  redesign	
  task	
  where	
  the	
  main	
  objective	
  is	
  to	
  incorporate	
  new	
  functionality	
  
into	
  a	
  design,	
  affecting	
  it	
  as	
  little	
  as	
  possible.	
  Consequently,	
  the	
  new	
  designs	
  will	
  be	
  evaluated	
  
partly	
  by	
  to	
  which	
  extent	
  they	
  affect	
  the	
  current	
  aircraft	
  design.	
  Assessing	
  the	
  design	
  solutions,	
  
three	
  indicators	
  are	
  important	
  from	
  an	
  aircraft	
  program	
  level,	
  apart	
  from	
  the	
  pure	
  performance	
  
side	
  of	
  the	
  product:	
  
	
  

• Ability	
  to	
  integrate	
  	
  
• Design	
  Process	
  Efficiency	
  
• Development	
  Process	
  Efficiency	
  

	
  
These	
  indicators	
  are	
  developed	
  within	
  the	
  context	
  of	
  the	
  on-­‐going	
  TOICA	
  research	
  project	
  
(TOICA,	
  2015)	
  that	
  is	
  a	
  collaboration	
  between	
  several	
  European	
  aerospace	
  companies.	
  	
  
Assessment	
  of	
  these	
  indicators	
  can	
  be	
  done	
  using	
  the	
  EF-­‐M	
  model	
  of	
  the	
  TRS.	
  The	
  ability	
  to	
  
integrate	
  is	
  a	
  means	
  to	
  express	
  how	
  difficult	
  it	
  is	
  to	
  change	
  a	
  design	
  or	
  architecture.	
  It	
  is	
  
calculated	
  based	
  on	
  the	
  level	
  of	
  functional	
  relations	
  which	
  is	
  representing	
  the	
  goodness	
  of	
  a	
  
solution	
  (Suh,	
  1990)	
  .	
  It	
  represents	
  the	
  potential	
  level	
  of	
  re-­‐use	
  of	
  current	
  aircraft	
  components	
  
and	
  equipment	
  since	
  less	
  coupled	
  architectures	
  are	
  easier	
  to	
  integrate	
  with	
  existing	
  equipment.	
  	
  
	
   	
  
Design	
  process	
  efficiency	
  expresses	
  the	
  complexity	
  of	
  an	
  architecture	
  with	
  respect	
  to	
  design	
  
iterations.	
  It	
  is	
  calculated	
  with	
  the	
  Change	
  Propagation	
  Method	
  (CPM)	
  that	
  analyses	
  changes	
  that	
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propagate	
  through	
  the	
  system	
  (Clarkson	
  et	
  al.,	
  2004)	
  and	
  represents	
  the	
  number	
  of	
  interactions	
  
that	
  are	
  affected	
  by	
  a	
  change.	
  The	
  development	
  process	
  efficiency	
  is	
  also	
  evaluated	
  by	
  CPM	
  and	
  
presents	
  an	
  overall	
  view	
  that	
  looks	
  at	
  the	
  relation	
  between	
  “risk	
  absorbers”	
  and	
  unwanted	
  
“change	
  propagation	
  multipliers”.	
  This	
  represents	
  the	
  amount	
  of	
  resources	
  that	
  are	
  needed	
  to	
  
improve/redesign	
  a	
  specific	
  architecture	
  to	
  decrease	
  its	
  risk	
  to	
  an	
  acceptable	
  level.	
  
	
  

4.5.2 Generate	
  and	
  structure	
  functional	
  models	
  
As	
  an	
  initial	
  step,	
  the	
  design	
  is	
  expanded	
  by	
  generating	
  and	
  structuring	
  functional	
  models,	
  
starting	
  with	
  the	
  new	
  functional	
  requirement	
  as	
  the	
  basis.	
  Through	
  ideation,	
  four	
  conceptually	
  
different	
  solutions	
  are	
  identified:	
  adding	
  heat	
  shields,	
  implement	
  geometric	
  thermal	
  matching	
  –	
  
i.e.	
  the	
  design	
  compensates	
  for	
  the	
  thermal	
  expansion	
  thus	
  reducing	
  the	
  possible	
  loads	
  thereof	
  –,	
  
changing	
  material	
  or	
  adding	
  a	
  cooling	
  system.	
  Every	
  level	
  in	
  the	
  tree	
  is	
  subject	
  to	
  idea	
  generation	
  
on	
  how	
  to	
  solve	
  the	
  function.	
  The	
  result	
  from	
  such	
  a	
  process	
  can	
  be	
  seen	
  in	
  Figure	
  39.	
  The	
  figure	
  
illustrates	
  the	
  upper	
  levels	
  of	
  the	
  F-­‐M	
  tree,	
  yet	
  it	
  breaks	
  down	
  further	
  into	
  alternative	
  sub-­‐
concepts	
  as	
  a	
  consequence.	
  	
  
	
  

	
  
Figure	
  39:	
  A	
  new	
  branch	
  in	
  the	
  structure	
  representing	
  the	
  functional	
  requirement	
  "Reduce	
  thermal	
  
loads".	
  From	
  Paper	
  F.	
  

	
  

4.5.3 Specify	
  and	
  generate	
  architectures	
  
The	
  second	
  step,	
  specify	
  and	
  generate	
  architectures,	
  aims	
  to	
  identify	
  possible	
  architectures	
  based	
  
on	
  compatibility	
  between	
  design	
  solutions	
  and	
  to	
  divide	
  the	
  F-­‐M	
  tree	
  into	
  significant	
  
Architectural	
  Options.	
  To	
  assess	
  this	
  compatibility,	
  using	
  the	
  complete	
  F-­‐M	
  tree	
  as	
  input,	
  i.e.	
  the	
  
original	
  TRS	
  with	
  the	
  new	
  branch	
  attached,	
  the	
  newly	
  expanded	
  branch	
  is	
  connected	
  to	
  the	
  
original	
  TRS	
  via	
  the	
  interacts_with-­‐relationship.	
  Some	
  concepts	
  may	
  have	
  more	
  connections,	
  
producing	
  a	
  more	
  integrated	
  solution,	
  to	
  the	
  original	
  TRS	
  while	
  others	
  are	
  less	
  coupled.	
  For	
  
example,	
  the	
  high	
  thermal	
  resistance	
  material	
  has	
  connections	
  to	
  all	
  of	
  the	
  parts	
  in	
  the	
  TRS	
  as	
  a	
  
change	
  of	
  material	
  affects	
  the	
  entire	
  structure.	
  On	
  the	
  other	
  hand,	
  the	
  cooling	
  system	
  has	
  several	
  
internal	
  connections	
  but	
  affects	
  the	
  rest	
  of	
  the	
  TRS	
  only	
  on	
  some	
  parts.	
  Also,	
  the	
  sub-­‐concepts	
  
differ	
  in	
  the	
  degree	
  of	
  coupling.	
  	
  
	
  
The	
  Configurable	
  Component	
  Modeller	
  (CCM)	
  (P.	
  Edholm,	
  Wahl,	
  Johannesson,	
  &	
  Söderberg,	
  
2009)	
  is	
  used	
  to	
  model	
  the	
  FRs,	
  DSs,	
  iibs	
  and	
  iws.	
  It	
  adds	
  structure	
  to	
  the	
  modelling	
  process	
  and	
  
introduces	
  data	
  management	
  functionality.	
  Figure	
  40	
  illustrates	
  the	
  cooling	
  system	
  option	
  and	
  the	
  
iw-­‐relationships	
  modelled	
  in	
  the	
  tool.	
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Figure	
  40:	
  The	
  cooling	
  system	
  option	
  and	
  the	
  iw-­‐relationships	
  modelled	
  in	
  CCM.	
  From	
  Paper	
  F.	
  

	
  
By	
  recursively	
  choosing	
  one	
  of	
  the	
  alternative	
  DSs	
  for	
  each	
  FR,	
  eight	
  possible	
  architectural	
  
options	
  are	
  identified	
  which	
  are	
  seen	
  in	
  Figure	
  41.	
  These	
  are	
  represented	
  as	
  DSMs,	
  exported	
  from	
  
CCM.	
  
	
  

	
  
Figure	
  41:	
  Eight	
  possible	
  architectural	
  options.	
  From	
  Paper	
  F.	
  

	
  
The	
  lowest	
  level	
  of	
  DSs	
  is	
  represented	
  on	
  both	
  axes	
  in	
  the	
  DSM.	
  An	
  X	
  marks	
  an	
  iw-­‐relationship	
  
between	
  two	
  DSs	
  (Figure	
  42).	
  These	
  cells	
  may	
  also	
  be	
  populated,	
  as	
  described	
  above,	
  with	
  
likelihood	
  and	
  impact	
  as	
  a	
  means	
  to	
  quantify	
  the	
  relationship.	
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Figure	
  42:	
  One	
  of	
  eight	
  possible	
  architectural	
  options	
  represented	
  as	
  a	
  DSM.	
  From	
  Paper	
  F.	
  

	
  
In	
  this	
  example,	
  the	
  values	
  are	
  set	
  at	
  the	
  neutral	
  level	
  of	
  0,5	
  for	
  likelihood	
  and	
  impact,	
  which	
  is	
  
appropriate	
  for	
  identifying	
  promising	
  regions	
  of	
  the	
  design	
  space.	
  These	
  values	
  can	
  also	
  be	
  
modified	
  for	
  design	
  space	
  exploration	
  and	
  “what-­‐if”	
  studies.	
  Finding	
  more	
  precise	
  values	
  
requires	
  extensive	
  experience	
  and	
  engineering	
  work,	
  which	
  is	
  not	
  the	
  scope	
  for	
  the	
  Pre-­‐
embodiment	
  phase.	
  However,	
  the	
  numbers	
  for	
  likelihood	
  and	
  impact	
  can	
  be	
  reused	
  from	
  related	
  
architectures	
  once	
  they	
  are	
  established	
  which	
  is	
  subject	
  to	
  on	
  going	
  research	
  (TOICA,	
  2015).	
  

4.5.4 Narrow	
  down	
  architectures	
  
In	
  the	
  definition	
  of	
  AOs,	
  the	
  alternatives	
  that	
  are	
  not	
  compatible	
  are	
  already	
  eliminated.	
  Still,	
  the	
  
eight	
  remaining	
  architectural	
  options	
  constitute	
  a	
  design	
  space	
  too	
  great	
  to	
  embody	
  and	
  analyse.	
  
It	
  is	
  therefore	
  desirable	
  to	
  narrow	
  down	
  these	
  further.	
  As	
  the	
  third	
  step	
  is	
  initiated,	
  the	
  eight	
  
architectures	
  are	
  narrowed	
  down	
  to	
  a	
  select	
  few.	
  Inferior	
  architectural	
  options	
  are	
  eliminated	
  
based	
  on	
  functional	
  couplings.	
  These	
  are	
  extracted	
  from	
  the	
  DSMs	
  and	
  are	
  compared	
  across	
  
architectures	
  as	
  a	
  measurement	
  of	
  complexity.	
  A	
  more	
  coupled	
  architectural	
  option	
  affects	
  the	
  
ability	
  to	
  integrate	
  high-­‐level	
  requirement,	
  and	
  is	
  thus	
  considered	
  harder	
  to	
  develop	
  in	
  detailed	
  
design.	
  The	
  analyses	
  show	
  that	
  six	
  out	
  of	
  the	
  eight	
  architectures	
  have	
  26	
  or	
  27	
  couplings,	
  
whereas	
  the	
  remaining	
  two	
  have	
  35	
  and	
  40	
  respectively.	
  The	
  difference	
  is	
  not	
  considered	
  
significant	
  as	
  the	
  only	
  elimination	
  criterion	
  at	
  this	
  level	
  of	
  abstraction	
  and	
  all	
  options	
  are	
  kept	
  in	
  
the	
  set	
  of	
  active	
  solutions	
  until	
  more	
  information	
  is	
  available.	
  Had	
  the	
  system	
  been	
  further	
  
decomposed,	
  larger	
  differences	
  could	
  have	
  been	
  found.	
  Also	
  the	
  performance	
  in	
  the	
  terms	
  of	
  
bandwidth	
  can	
  be	
  used	
  for	
  narrowing.	
  In	
  the	
  present	
  case,	
  the	
  model	
  is	
  not	
  developed	
  to	
  an	
  
extent	
  that	
  allows	
  comparing	
  the	
  bandwidths,	
  and	
  this	
  is	
  therefore	
  not	
  used	
  for	
  elimination.	
  
	
  
Further	
  analysis	
  of	
  the	
  functional	
  architecture	
  can	
  be	
  performed	
  in	
  different	
  ways	
  and	
  the	
  
present	
  example	
  utilizes	
  change	
  propagation	
  analysis	
  on	
  the	
  DSMs	
  by	
  the	
  Change	
  Propagation	
  
Method	
  (Clarkson	
  et	
  al.,	
  2004).	
  	
  The	
  parts	
  of	
  a	
  system	
  interact	
  with	
  each	
  other	
  and	
  a	
  change	
  to	
  
one	
  part	
  of	
  a	
  system	
  may	
  therefore	
  require	
  changes	
  to	
  other	
  parts	
  to	
  fulfil	
  the	
  requirements.	
  
When	
  such	
  a	
  change	
  or	
  a	
  new	
  solution	
  is	
  introduced	
  in	
  a	
  system,	
  it	
  can	
  initiate	
  a	
  flow	
  of	
  
unplanned	
  changes	
  that	
  propagates	
  through	
  the	
  system.	
  Most	
  importantly,	
  the	
  Change	
  
Propagation	
  Method	
  can	
  reveal	
  the	
  region(s)	
  of	
  a	
  system	
  that	
  is	
  not	
  explicitly	
  connected	
  with	
  the	
  
change,	
  although	
  significantly	
  influenced.	
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The	
  DSMs	
  are	
  analysed	
  for	
  sensitivity	
  to	
  changes	
  in	
  the	
  structure	
  using	
  the	
  Cambridge	
  Advanced	
  
Modeler	
  (Wynn,	
  Wyatt,	
  Nair,	
  &	
  Clarkson,	
  2010).	
  The	
  data	
  is	
  prepared	
  according	
  to	
  the	
  Value	
  
Driven	
  Design	
  methodology	
  presented	
  by	
  Kipouros	
  and	
  Isaksson	
  (2014)	
  and	
  	
  translated	
  to	
  the	
  
three	
  indicators	
  presented	
  above-­‐	
  ability	
  to	
  integrate,	
  design	
  process	
  efficiency	
  and	
  development	
  
process	
  efficiency,	
  and	
  plotted	
  in	
  Figure	
  43.	
  

	
  
Figure	
  43:	
  Plot	
  of	
  the	
  eight	
  architectural	
  options	
  after	
  going	
  through	
  change	
  propagation	
  analysis	
  and	
  
transformation	
  to	
  the	
  assessment	
  criteria.	
  Architectures	
  number	
  2	
  and	
  3	
  have	
  identical	
  values;	
  
thereby	
  only	
  seven	
  data	
  points	
  are	
  plotted.	
  The	
  higher	
  values	
  the	
  better.	
  From	
  Paper	
  F.	
  

	
  
Examining	
  the	
  plot	
  in	
  Figure	
  43,	
  a	
  cluster	
  of	
  architectures	
  having	
  similar	
  values	
  for	
  the	
  high-­‐level	
  
assessment	
  criteria	
  is	
  found.	
  The	
  two	
  remaining	
  alternatives	
  have	
  different	
  properties.	
  In	
  the	
  
present	
  case,	
  the	
  ability	
  to	
  integrate	
  is	
  highly	
  important	
  but	
  the	
  values	
  are	
  not	
  sufficiently	
  
differentiated.	
  It	
  is	
  clear	
  that	
  a	
  “best”	
  alternative	
  cannot	
  be	
  selected	
  out	
  of	
  this	
  information,	
  
unless	
  the	
  priority	
  between	
  criteria	
  is	
  clear.	
  Looking	
  at	
  the	
  other	
  indicators,	
  the	
  two	
  alternatives	
  
with	
  a	
  low	
  score	
  on	
  Design	
  process	
  efficiency	
  might	
  be	
  eliminated,	
  and	
  the	
  remaining	
  
architectures	
  kept	
  for	
  further	
  development,	
  assessment	
  and	
  evaluation.	
  	
  
	
  
The	
  contribution	
  of	
  Paper	
  F	
  to	
  RQ2	
  and	
  RQ3	
  can	
  be	
  summarised	
  in	
  the	
  following	
  way:	
  

	
  
• A	
  support	
  for	
  product	
  or	
  platform	
  development	
  in	
  the	
  phase	
  foregoing	
  concept	
  design	
  is	
  

presented.	
  Here,	
  many	
  decisions	
  are	
  made	
  and	
  assumptions	
  established	
  with	
  little	
  
methodological	
  support	
  and	
  this	
  paper	
  presents	
  a	
  methodology	
  that	
  fills	
  this	
  void.	
  

• It	
  uses	
  the	
  software	
  CCM	
  to	
  model	
  and	
  synthesise	
  the	
  functional	
  design	
  space	
  that	
  is	
  
divided	
  into	
  discrete	
  Architectural	
  Options	
  each	
  holding	
  one	
  platform	
  variant.	
  The	
  
functional	
  relations	
  within	
  each	
  Architectural	
  Option	
  are	
  packaged	
  in	
  DSM	
  matrixes	
  that	
  
can	
  be	
  used	
  for	
  further	
  analysis	
  by	
  other	
  tools.	
  

• The	
  DSMs	
  are	
  analysed	
  with	
  the	
  Change	
  Propagation	
  Method	
  and	
  the	
  results	
  are	
  mapped	
  
onto	
  high-­‐level	
  objectives	
  according	
  to	
  the	
  Value	
  Driven	
  Design	
  process	
  (VDD).	
  This	
  way	
  
of	
  working	
  enables	
  VDD	
  in	
  the	
  earliest	
  phase	
  of	
  development	
  where	
  the	
  data	
  typically	
  
required	
  for	
  modelling	
  and	
  simulation	
  of	
  product	
  properties	
  used	
  in	
  VDD	
  is	
  unavailable.	
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5 Discussion	
  
	
  
In	
  this	
  chapter	
  the	
  research	
  questions	
  are	
  answered.	
  Moreover,	
  the	
  contributions	
  and	
  the	
  quality	
  
of	
  the	
  results	
  in	
  relation	
  to	
  the	
  research	
  approach	
  used	
  are	
  discussed.	
  	
  

5.1 Answering	
  the	
  research	
  questions	
  
	
  
The	
  research	
  questions	
  are	
  partly	
  overlapping	
  where	
  Research	
  Question	
  1	
  essentially	
  is	
  aimed	
  at	
  
developing	
  understanding	
  of	
  SBCE	
  while	
  Research	
  Question	
  2	
  focuses	
  on	
  the	
  unique	
  way	
  that	
  
SBCE	
  handles	
  alternative	
  solutions.	
  Research	
  Question	
  3	
  aims	
  at	
  developing	
  support	
  for	
  the	
  
earliest	
  phases	
  of	
  platform	
  development	
  based	
  on	
  the	
  principles	
  of	
  SBCE.	
  
	
  
RQ	
  1:	
  	
   How	
  do	
  the	
  principles	
  of	
  SBCE	
  affect	
  industrial	
  product	
  development	
  and	
  its	
  

performance	
  in	
  different	
  environments?	
  	
  	
  
	
  
	
  
The	
  first	
  Research	
  Question	
  has	
  several	
  dimensions	
  and	
  includes	
  how	
  SBCE	
  can	
  be	
  introduced	
  to	
  
support	
  industrial	
  product	
  development	
  and	
  how	
  it	
  affects	
  the	
  development	
  process	
  and	
  the	
  
resulting	
  products.	
  	
  
	
  
Means	
  needed	
  to	
  introduce	
  the	
  principles	
  of	
  SBCE	
  are	
  addressed	
  in	
  Papers	
  A	
  and	
  C,	
  D	
  and	
  F,	
  even	
  
though	
  all	
  papers	
  touch	
  upon	
  the	
  pursuit	
  of	
  introducing	
  SBCE.	
  Paper	
  A	
  contributes	
  to	
  the	
  
research	
  question	
  by	
  presenting	
  	
  a	
  way	
  to	
  introduce	
  SBCE	
  though	
  pilot	
  projects.	
  It	
  shows	
  that	
  
Set-­‐based	
  projects	
  can	
  be	
  implemented	
  within	
  an	
  organization	
  practicing	
  traditional	
  Point-­‐based	
  
development	
  without	
  fundamental	
  changes	
  in	
  the	
  organisation.	
  This	
  finding	
  is	
  not	
  evident	
  since	
  
(Morgan	
  &	
  Liker,	
  2006)p.	
  283	
  and	
  M.	
  Kennedy	
  et	
  al.	
  (2008)	
  describes	
  SBCE	
  as	
  challenging	
  to	
  
apply.	
  It	
  further	
  clarifies	
  factors	
  that	
  need	
  to	
  be	
  considered	
  in	
  order	
  to	
  make	
  a	
  successful	
  
introduction	
  in	
  different	
  environments.	
  Paper	
  C	
  presents	
  a	
  morphological	
  approach	
  that	
  follows	
  
the	
  principles	
  of	
  SBCE.	
  The	
  contribution	
  is	
  a	
  methodology	
  and	
  a	
  computer	
  tool	
  to	
  enable	
  SBCE	
  in	
  
traditional	
  product	
  development	
  and	
  the	
  applicability	
  is	
  demonstrated	
  with	
  an	
  example	
  form	
  
industry.	
  Furthermore,	
  Papers	
  D	
  and	
  F	
  contribute	
  by	
  presenting	
  support	
  for	
  early	
  platform	
  
development	
  built	
  on	
  the	
  Set-­‐based	
  principles	
  and	
  Enhanced	
  Function-­‐Means	
  modelling.	
  The	
  
support	
  is	
  developed	
  in	
  collaboration	
  with	
  industry	
  and	
  applied	
  in	
  a	
  project	
  (TOICA,	
  2015),	
  
although	
  not	
  evaluated	
  in	
  a	
  completed	
  project.	
  
	
  
The	
  main	
  contribution	
  to	
  clarifying	
  the	
  effects	
  on	
  the	
  products	
  is	
  found	
  in	
  Paper	
  A	
  which	
  
addresses	
  the	
  effects	
  on	
  the	
  products	
  by	
  applying	
  the	
  principles	
  of	
  SBCE	
  in	
  industrial	
  product	
  
development.	
  Paper	
  A	
  shows	
  that	
  SBCE	
  gives	
  positive	
  effects	
  on	
  the	
  resulting	
  products,	
  well	
  
aligned	
  to	
  previous	
  literature.	
  The	
  effects	
  are	
  especially	
  dominant	
  on	
  product	
  performance,	
  
product	
  cost	
  and	
  the	
  level	
  of	
  innovation.	
  Moreover,	
  the	
  design	
  decision	
  process	
  has	
  important	
  
effects	
  on	
  the	
  products.	
  Paper	
  B	
  reports	
  that	
  SBCE	
  creates	
  different	
  design	
  decisions	
  and	
  
consequently	
  this	
  will	
  affect	
  the	
  resulting	
  products.	
  	
  
	
  
For	
  the	
  effect	
  on	
  the	
  development	
  process,	
  Papers	
  A	
  and	
  B	
  reports	
  the	
  results	
  from	
  industrial	
  
product	
  development.	
  The	
  positive	
  effects	
  reported	
  in	
  Paper	
  A	
  were	
  achieved	
  at	
  the	
  expense	
  of	
  
slightly	
  lower	
  efficiency,	
  measured	
  in	
  the	
  terms	
  of	
  development	
  costs	
  and	
  lead-­‐time.	
  This	
  lower	
  
efficiency	
  is	
  not	
  consistent	
  with	
  prior	
  art	
  and	
  the	
  reasons	
  are	
  not	
  fully	
  clarified.	
  Part	
  of	
  this	
  
discrepancy	
  may	
  be	
  accounted	
  for	
  by	
  the	
  uncertainty	
  in	
  the	
  way	
  costs	
  and	
  lead-­‐time	
  are	
  
compared	
  over	
  projects.	
  Another	
  reason	
  is	
  the	
  additional	
  resources	
  needed	
  to	
  start	
  working	
  in	
  a	
  
new	
  way,	
  as	
  stated	
  by	
  the	
  participating	
  firms.	
  Moreover,	
  the	
  development	
  of	
  solutions	
  that	
  are	
  
eliminated	
  and	
  not	
  used	
  in	
  the	
  projects	
  will	
  cost	
  resources.	
  These	
  solutions	
  may	
  be	
  reused	
  in	
  
future	
  projects	
  provided	
  that	
  necessary	
  knowledge	
  management	
  means	
  are	
  implemented.	
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The	
  effects	
  that	
  come	
  from	
  introducing	
  the	
  new	
  tools	
  and	
  methodologies	
  suggested	
  in	
  Papers	
  C-­‐
F	
  are	
  difficult	
  to	
  apprehend	
  beforehand.	
  One	
  potential	
  positive	
  effect	
  is	
  that	
  the	
  knowledge	
  
management	
  need	
  identified	
  in	
  Paper	
  A	
  can	
  be	
  improved	
  by	
  the	
  EF-­‐M	
  model.	
  As	
  stated	
  by	
  V.	
  	
  
Hubka	
  and	
  Eder	
  (2001),	
  functionality	
  is	
  an	
  important	
  key	
  to	
  knowledge	
  about	
  products	
  and	
  
systems	
  and	
  the	
  EF-­‐M	
  model	
  represents	
  a	
  de-­‐facto	
  map	
  of	
  the	
  design	
  rationale	
  in	
  the	
  form	
  of	
  its	
  
functional	
  requirements	
  and	
  design	
  solutions.	
  	
  
	
  
In	
  summary,	
  the	
  research	
  question	
  can	
  be	
  answered	
  with	
  the	
  limitations	
  outlined	
  above.	
  The	
  
principles	
  of	
  SBCE	
  can	
  be	
  introduced	
  in	
  other	
  environments	
  than	
  the	
  primary	
  studies	
  with	
  
dominating	
  positive	
  effects,	
  provided	
  that	
  the	
  applicability	
  of	
  the	
  suggested	
  processes	
  and	
  tools	
  
is	
  considered	
  in	
  each	
  development	
  context.	
  
	
  
	
  
RQ2:	
   How	
  can	
  the	
  principles	
  of	
  SBCE	
  be	
  applied	
  to	
  identify	
  feasible	
  regions	
  of	
  the	
  design	
  

space	
  and	
  support	
  convergence	
  to	
  feasible	
  solutions?	
  
	
  
	
  
The	
  way	
  that	
  SBCE	
  can	
  narrow	
  down	
  the	
  design	
  space	
  is	
  one	
  of	
  its	
  most	
  characteristic	
  
differences	
  from	
  point-­‐based	
  development.	
  It	
  includes	
  both	
  clarifying	
  how	
  decisions	
  are	
  made	
  
and	
  how	
  requirements	
  are	
  handled	
  and	
  evolved.	
  Consequently,	
  this	
  research	
  question	
  is	
  touched	
  
upon	
  in	
  all	
  papers.	
  
	
  
Paper	
  A	
  states	
  that	
  the	
  Set-­‐based	
  decision	
  process	
  basically	
  is	
  a	
  rejection	
  process	
  of	
  the	
  least	
  
suitable	
  solutions	
  rather	
  than	
  a	
  selection	
  process	
  based	
  on	
  estimates	
  of	
  future	
  properties.	
  SBCE	
  
carries	
  forward	
  all	
  alternatives	
  that	
  cannot	
  yet	
  be	
  eliminated	
  and	
  earlier	
  studies	
  state	
  that	
  Set-­‐
based	
  decisions	
  are	
  made	
  in	
  different	
  ways	
  compared	
  to	
  traditional	
  Point-­‐based	
  decisions.	
  Paper	
  
B	
  corroborates	
  this	
  claim	
  and	
  further	
  demonstrates	
  how	
  Set-­‐based	
  decisions	
  can	
  generate	
  
disparate	
  results	
  compared	
  to	
  traditional	
  matrix	
  evaluations.	
  The	
  study	
  is	
  based	
  on	
  an	
  industrial	
  
case	
  study,	
  which	
  concludes	
  that	
  one	
  important	
  difference	
  between	
  the	
  approaches	
  is	
  that	
  the	
  
traditional	
  decision	
  process	
  is	
  unable	
  to	
  both	
  identify	
  and	
  request	
  the	
  critical	
  information	
  
needed	
  to	
  make	
  good	
  decisions.	
  In	
  SBCE,	
  alternatives	
  that	
  cannot	
  be	
  eliminated	
  stays	
  in	
  the	
  sets	
  
until	
  adequate	
  information	
  is	
  obtained.	
  To	
  converge	
  to	
  a	
  solution,	
  this	
  information	
  must	
  be	
  
actively	
  sought	
  after	
  which	
  is	
  a	
  somewhat	
  different	
  task	
  than	
  estimating	
  the	
  properties	
  of	
  a	
  
future	
  design	
  solution.	
  Estimates	
  rely	
  heavily	
  on	
  personal	
  judgement	
  and	
  experience	
  that	
  makes	
  
the	
  outcomes	
  dependent	
  on	
  the	
  individuals	
  involved	
  and	
  also	
  affects	
  the	
  reported	
  study.	
  Claims	
  
that	
  the	
  SBCE	
  decision	
  process	
  is	
  superior	
  to	
  other	
  approaches	
  cannot	
  be	
  made	
  based	
  on	
  one	
  
case,	
  although	
  the	
  industrial	
  partner	
  preferred	
  the	
  results	
  from	
  the	
  Set-­‐based	
  approach.	
  The	
  
results	
  are	
  consistent	
  with	
  the	
  principles	
  of	
  SBCE	
  and	
  the	
  approach	
  could	
  therefore	
  be	
  
applicable	
  in	
  similar	
  situations.	
  
	
  
A	
  way	
  to	
  introduce	
  the	
  Set-­‐based	
  decision	
  process	
  is	
  presented	
  in	
  Paper	
  C	
  where	
  it	
  is	
  
implemented	
  in	
  a	
  process	
  and	
  computer	
  tool.	
  It	
  supports	
  a	
  step-­‐vice	
  evolution	
  of	
  requirements	
  
and	
  allows	
  designs	
  to	
  evolve	
  with	
  increased	
  level	
  of	
  detail,	
  promoting	
  the	
  elimination	
  of	
  the	
  least	
  
suitable	
  solutions	
  instead	
  of	
  selecting	
  the	
  best	
  solution.	
  The	
  process	
  is	
  demonstrated	
  by	
  data	
  
from	
  an	
  industrial	
  project.	
  
	
  
Papers	
  D,	
  E	
  and	
  F	
  focuses	
  on	
  support	
  for	
  early	
  phases	
  of	
  product	
  platform	
  development	
  that	
  also	
  
should	
  be	
  applicable	
  for	
  single	
  product	
  development,	
  although	
  not	
  explicitly	
  targeted.	
  These	
  
papers	
  present	
  a	
  collection	
  of	
  approaches	
  that	
  aims	
  at	
  identify	
  promising	
  regions	
  of	
  the	
  design	
  
space	
  and	
  to	
  converge	
  towards	
  feasible	
  solutions.	
  The	
  result	
  is	
  a	
  design	
  space	
  of	
  a	
  desirable	
  size	
  
that	
  is	
  manageable	
  in	
  subsequent	
  phases.	
  In	
  Paper	
  D,	
  one	
  contribution	
  is	
  definition	
  of	
  three	
  
abstraction	
  levels	
  in	
  EF-­‐M	
  structures	
  that	
  clarify	
  where	
  convergence	
  is	
  applicable.	
  One	
  
conclusion	
  is	
  that	
  no	
  elimination	
  of	
  solutions	
  is	
  possible	
  at	
  the	
  most	
  abstract	
  static	
  level,	
  since	
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this	
  holds	
  functional	
  requirements	
  that	
  are	
  part	
  of	
  the	
  core	
  business	
  and	
  must	
  be	
  fulfilled.	
  	
  Paper	
  
D	
  also	
  contributes	
  with	
  methods	
  to	
  narrow	
  down	
  the	
  design	
  space	
  based	
  on	
  how	
  well	
  a	
  DS	
  
covers	
  the	
  desired	
  bandwidth	
  of	
  an	
  FR,	
  or	
  based	
  on	
  individual	
  DSs	
  compatibility	
  with	
  the	
  
system.	
  Functionality	
  is	
  further	
  elaborated	
  in	
  Paper	
  E	
  by	
  introducing	
  Architectural	
  Options	
  that	
  
divide	
  the	
  design	
  space	
  into	
  significantly	
  different	
  platform	
  types,	
  thereby	
  eliminating	
  the	
  
alternatives	
  that	
  fall	
  outside	
  these	
  architectures.	
  The	
  functional	
  characteristics	
  of	
  these	
  options	
  
are	
  further	
  assessed	
  through	
  the	
  distinctive	
  functional	
  relations	
  of	
  each	
  architecture,	
  thereby	
  
enabling	
  the	
  elimination	
  of	
  the	
  least	
  feasible	
  alternatives.	
  Paper	
  F	
  contributes	
  with	
  an	
  
architectural	
  view	
  on	
  platform	
  development	
  for	
  the	
  phase	
  that	
  foregoes	
  the	
  embodiment	
  and	
  
elaboration	
  of	
  ideas	
  into	
  concepts.	
  Following	
  the	
  generation	
  of	
  alternatives	
  and	
  the	
  elimination	
  
steps	
  described	
  in	
  Paper	
  D	
  and	
  E,	
  the	
  paper	
  introduces	
  the	
  Change	
  Propagation	
  Method	
  that	
  
makes	
  new	
  types	
  of	
  analysis	
  on	
  the	
  functional	
  relations.	
  	
  This	
  information	
  is	
  used	
  to	
  further	
  
narrow	
  down	
  the	
  design	
  space,	
  as	
  is	
  demonstrated	
  by	
  an	
  example	
  developed	
  in	
  collaboration	
  
with	
  industry.	
  
	
  
Summarising the discussion, the presented	
  research	
  offer	
  possible	
  approaches	
  to support 
design convergence	
  by	
  applying the principles	
  of	
  SBCE	
  to product platforms and single 
products with the reservations outlined above. 
	
  
	
  
RQ3:	
  	
   How	
  can	
  methods	
  and	
  tools	
  derived	
  from	
  SBCE	
  and	
  EF-­‐M	
  modelling	
  be	
  used	
  to	
  

find	
  feasible	
  system	
  architectures	
  and	
  function	
  realizing	
  features	
  in	
  early	
  phases	
  of	
  
product	
  and	
  platform	
  development?	
  

	
  
	
  
One	
  of	
  the	
  most	
  critical	
  steps	
  when	
  developing	
  new	
  products	
  and	
  systems	
  is	
  in	
  the	
  
establishment	
  of	
  a	
  system	
  layout	
  or	
  platform	
  architecture.	
  For	
  this,	
  current	
  methodology	
  is	
  
undeveloped	
  and	
  RQ3	
  aims	
  at	
  creating	
  support	
  for	
  this	
  abstract	
  phase	
  of	
  development.	
  The	
  
underlying	
  assumption	
  is	
  that	
  the	
  principles	
  of	
  SBCE	
  also	
  are	
  efficient	
  for	
  platform	
  based	
  
development.	
  The	
  main	
  contribution	
  is	
  found	
  in	
  papers	
  D	
  and	
  F,	
  with	
  supporting	
  tools	
  
developed	
  in	
  Paper	
  E.	
  An	
  additional	
  contribution	
  is	
  that	
  papers	
  D	
  and	
  F	
  provide	
  a	
  new	
  way	
  to	
  
use	
  SBCE	
  by	
  applying	
  it	
  to	
  the	
  Pre-­‐embodiment	
  phase	
  of	
  development.	
  
	
  
The	
  transition	
  from	
  a	
  component	
  based	
  to	
  a	
  functional	
  based	
  perception	
  of	
  products	
  and	
  
platforms	
  presents	
  new	
  opportunities	
  in	
  the	
  early	
  phases	
  of	
  development.	
  Paper	
  D	
  presents	
  a	
  
process	
  and	
  model	
  where	
  the	
  chosen	
  way	
  of	
  modelling	
  with	
  Function-­‐Means	
  allows	
  several	
  
alternative	
  designs	
  in	
  the	
  platform,	
  which	
  increases	
  the	
  chances	
  for	
  creating	
  feasible	
  solutions	
  
within	
  the	
  design	
  space.	
  Methodologies	
  that	
  are	
  relevant	
  for	
  the	
  platform	
  development	
  process	
  
are	
  presented	
  and	
  by	
  analysing	
  an	
  industrial	
  example	
  the	
  work	
  presents	
  a	
  way	
  that	
  companies	
  
can	
  take	
  toward	
  integrating	
  the	
  principles	
  of	
  SBCE	
  in	
  platform-­‐based	
  development.	
  To	
  improve	
  
the	
  assessment	
  process	
  and	
  thereby	
  the	
  resulting	
  design	
  convergence,	
  Paper	
  E	
  elaborates	
  the	
  
functional	
  relations	
  in	
  the	
  EF-­‐M	
  model	
  by	
  quantifying	
  the	
  severity	
  of	
  the	
  lateral	
  relationships	
  in	
  
the	
  form	
  of	
  interacts_with	
  and	
  is_influenced_by	
  couplings.	
  It	
  enhances	
  the	
  information	
  generated	
  
in	
  the	
  process	
  presented	
  in	
  Paper	
  D,	
  thereby	
  may	
  better	
  design	
  decisions	
  be	
  made	
  during	
  
preliminary	
  embodiment.	
  Paper	
  E	
  also	
  introduces	
  Architectural	
  Options	
  charts	
  that	
  make	
  it	
  
possible	
  to	
  compare	
  sets	
  of	
  functional	
  architectures	
  to	
  each	
  other.	
  
	
  
Paper	
  F	
  elaborates	
  the	
  process	
  in	
  Paper	
  D	
  for	
  architectural	
  exploration	
  by	
  preparing	
  information	
  
about	
  the	
  possible	
  architectures	
  in	
  a	
  way	
  that	
  allows	
  for	
  subsequent	
  analysis	
  in	
  other	
  tools.	
  The	
  
results	
  are	
  Design	
  Structure	
  Matrixes	
  holding	
  the	
  functional	
  relations.	
  These	
  can	
  be	
  exported	
  for	
  
different	
  types	
  of	
  analysis.	
  In	
  Paper	
  F,	
  an	
  example	
  of	
  analysis	
  using	
  the	
  Change	
  Propagation	
  
method	
  is	
  given	
  and	
  the	
  result	
  is	
  that	
  the	
  architectures	
  can	
  be	
  mapped	
  against	
  the	
  fulfilment	
  of	
  
high-­‐level	
  objectives	
  of	
  the	
  platform.	
  	
  By	
  providing	
  preference	
  information	
  between	
  these	
  high-­‐
level	
  objectives,	
  a	
  number	
  of	
  alternatives	
  can	
  be	
  eliminated.	
  The	
  results	
  of	
  Paper	
  F	
  are	
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implemented	
  in	
  an	
  on-­‐going	
  research	
  within	
  the	
  European	
  aerospace	
  industry	
  (TOICA,	
  2015)	
  
aiming	
  at	
  providing	
  better	
  information	
  to	
  base	
  design	
  decisions	
  on	
  in	
  the	
  Pre-­‐embodiment	
  
phase.	
  
	
  
In	
  summary,	
  the	
  here	
  presented	
  research	
  presents	
  one	
  possible	
  approach	
  to	
  generate,	
  evaluate	
  
and	
  narrow	
  down	
  sets	
  of	
  platform	
  system	
  architectures.	
  It	
  hereby	
  answers	
  the	
  research	
  
question	
  within	
  the	
  limitations	
  and	
  possibilities	
  presented	
  above.	
  

5.2 RESEARCH	
  EVALUATION	
  	
  

The	
   contribution	
   has	
   to	
   be	
   evaluated	
   by	
   addressing	
   its	
   quality.	
   Following	
   the	
   discussion	
   in	
  
section	
   3.4,	
   the	
   terms	
   validation	
   and	
   verification	
   are	
   within	
   this	
   research	
   seen	
   as	
   separate	
  
constructs	
  that	
  are	
  used	
  together	
  for	
  assessing	
  the	
  quality	
  of	
  the	
  research.	
  Unfortunately,	
  these	
  
terms	
  are	
  used	
  differently	
  within	
  different	
  research	
  disciplines	
  and	
  in	
  this	
  work	
  validation	
  seek	
  
to	
  answer	
  the	
  question	
  “Have	
  we	
  done	
  the	
  right	
  things?”	
  whereas	
  verification	
  seek	
  to	
  answer	
  the	
  
question	
   “Have	
  we	
  done	
   things	
   in	
   the	
  right	
  way?”.	
  The	
  presented	
  research	
   is	
  evaluated	
  by	
   the	
  
approaches	
  given	
  in	
  (Buur,	
  1990)	
  and	
  Cross	
  (2007).	
  
	
  

5.2.1 Evaluating	
  the	
  research	
  according	
  to	
  Buur	
  	
  

Buur	
   (Buur,	
   1990)	
   proposes	
   two	
   ways	
   to	
   evaluate	
   the	
   quality	
   of	
   design	
   theories:	
   logical	
  
verification	
  and	
   	
   verification	
   by	
   acceptance.	
   Logical	
   verification	
   evaluates	
   the	
   reliability	
   of	
   the	
  
results.	
  It	
  considers	
  the	
  methodological	
  rigor	
  and	
  theoretical	
  consistency	
  within	
  the	
  research	
  as	
  
well	
   as	
   the	
   consistency	
   with	
   the	
   results	
   from	
   external	
   research.	
   Verification	
   by	
   acceptance	
  
focuses	
   on	
   having	
   new	
   scientific	
   results	
   accepted	
   by	
   researchers	
   or	
   experienced	
   designers	
  
within	
  the	
  field,	
  which	
  in	
  this	
  thesis	
  is	
  denoted	
  as	
  the	
  validity	
  of	
  the	
  approach.	
  

The	
  results	
  in	
  the	
  papers	
  are	
  verified	
  by	
  acceptance	
  by	
  different	
  means	
  and	
  the	
  criteria	
  are	
  seen	
  
here	
  as	
  corroborating	
  the	
  validity	
  of	
  the	
  results	
  rather	
  than	
  representing	
  the	
  absolute	
  truth.	
  All	
  
results	
  are	
  verified	
  through	
  the	
  peer	
  review	
  in	
  the	
  publication	
  process,	
  where	
  experts	
  in	
  
respective	
  fields	
  assess	
  the	
  quality	
  of	
  the	
  results.	
  Papers	
  A	
  and	
  F	
  were	
  published	
  by	
  journals	
  and	
  
Papers	
  B,	
  C,	
  D	
  and	
  E	
  were	
  published	
  in	
  conference	
  proceedings.	
  

Verification	
  of	
  the	
  results	
  from	
  Papers	
  A,	
  B,	
  D	
  and	
  F	
  is	
  also	
  done	
  in	
  different	
  ways	
  by	
  the	
  
industrial	
  partners,	
  demonstrating	
  that	
  the	
  models	
  and	
  methods	
  derived	
  from	
  the	
  theory	
  of	
  
SBCE	
  are	
  acceptable	
  to	
  experienced	
  designers.	
  In	
  Paper	
  A,	
  the	
  respondents	
  state	
  that	
  they	
  will	
  
continue	
  to	
  use	
  SBCE	
  in	
  the	
  future	
  when	
  appropriate.	
  Moreover,	
  one	
  of	
  the	
  firms	
  has	
  
implemented	
  a	
  new	
  design	
  process	
  in	
  the	
  whole	
  organization	
  based	
  on	
  LPD	
  and	
  SBCE	
  and	
  has	
  
trained	
  most	
  of	
  its	
  staff	
  in	
  the	
  fundamentals	
  of	
  SBCE	
  and	
  LPD.	
  In	
  Paper	
  B,	
  the	
  benefits	
  of	
  the	
  
SBCE	
  decision	
  process	
  were	
  corroborated	
  in	
  a	
  case	
  study	
  when	
  the	
  firm	
  preferred	
  the	
  
alternatives	
  promoted	
  by	
  the	
  Set-­‐based	
  decisions.	
  The	
  question	
  of	
  whether	
  the	
  results	
  drawn	
  
from	
  Paper	
  B	
  are	
  applicable	
  to	
  other	
  development	
  projects	
  or	
  firms	
  cannot	
  be	
  answered	
  without	
  
further	
  studies,	
  but	
  the	
  principle	
  of	
  elimination	
  as	
  a	
  decision	
  method	
  is	
  also	
  suggested	
  by	
  
Roozenburg	
  and	
  Eekels	
  (1995).	
  

The	
  modelling	
  approach	
  presented	
  in	
  Papers	
  D	
  and	
  F	
  agrees	
  with	
  established	
  design	
  theory	
  
presented	
  by	
  M.	
  Myrup	
  Andreasen	
  (1980),	
  Mortensen	
  (1999)	
  and	
  Suh	
  (1990).	
  Verification	
  of	
  the	
  
results	
  from	
  Papers	
  D	
  and	
  F	
  is	
  also	
  demonstrated	
  by	
  its	
  acceptance	
  within	
  an	
  on-­‐going	
  
collaboration	
  project	
  in	
  European	
  aerospace	
  industry	
  (TOICA,	
  2015),	
  even	
  though	
  no	
  products	
  
are	
  yet	
  developed	
  following	
  this	
  approach.	
  Here,	
  the	
  platform	
  modelling	
  technique,	
  the	
  
narrowing	
  strategy	
  and	
  the	
  accompanying	
  Configurable	
  Component	
  Modeller	
  IT	
  tool	
  is	
  used	
  in	
  
the	
  early	
  development	
  phases	
  for	
  the	
  next	
  generation	
  of	
  jet	
  planes.	
  Specifically	
  the	
  management	
  
of	
  functional	
  information	
  is	
  seen	
  as	
  a	
  valuable	
  addition	
  to	
  traditional	
  engineering	
  tools.	
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Papers	
  C	
  and	
  E	
  are	
  not	
  based	
  on	
  projects	
  involving	
  professional	
  engineers	
  and	
  must	
  therefore	
  be	
  
logically	
   verified.	
   The	
   research	
   is	
   based	
   on	
   known	
   models	
   and	
   literature	
   and	
   the	
   results	
   are	
  
found	
  to	
  be	
  consistent	
  with	
  established	
  literature	
  and	
  related	
  results:	
  

The	
   results	
   presented	
   in	
   Paper	
   C	
   can	
   be	
   logically	
   verified	
   since	
   the	
   proposed	
   process	
   and	
  
computer	
  tool	
  are	
  consistent	
  with	
  the	
  use	
  of	
  Morphological	
  matrixes	
  and	
  the	
  grounds	
  of	
  SBCE.	
  
The	
  suggested	
  process	
   in	
  Paper	
  C	
  delays	
  design	
  decisions	
  until	
  sufficient	
  knowledge	
  about	
   the	
  
design	
   and	
   requirements	
   is	
   available	
   to	
   eliminate	
   the	
   weakest	
   alternatives.	
   This	
   approach	
   is	
  
consistent	
  with	
  A.	
  Ward	
  et	
  al.	
  (1995),	
  stressing	
  the	
  importance	
  of	
  delaying	
  decisions.	
  Moreover,	
  
the	
  presented	
  case	
   study	
  also	
  demonstrates	
   the	
  process’s	
   coherence	
   to	
   the	
   three	
  principles	
  of	
  
SBCE.	
  

The	
   results	
   in	
   paper	
   E	
   are	
   consistent	
   with	
   known	
   theories:	
   The	
   modelling	
   approach	
   is,	
   in	
  
essence,	
  an	
  application	
  of	
  function-­‐means	
  modelling	
  and	
  no	
  conflicts	
  emerged	
  between	
  the	
  EF-­‐M	
  
model,	
  the	
  model	
  of	
  Pimmler	
  and	
  Eppinger	
  (1994)	
  and	
  the	
  principles	
  of	
  SBCE.	
  Using	
  functional	
  
couplings	
  to	
  assess	
  the	
  quality	
  of	
  a	
  design	
  is	
  also	
  in	
  line	
  with	
  the	
  work	
  of	
  Suh	
  (1990).	
  Moreover,	
  
the	
  concept	
  of	
  functional	
  modelling	
  in	
  early	
  phases	
  of	
  platform	
  development	
  is	
  also	
  suggested	
  by	
  
Farrell	
  and	
  Simpson	
  (2003).	
  

Looking	
   at	
   the	
   completeness	
   of	
   the	
   research,	
   the	
   results	
   are	
   in	
   agreement	
  with	
   the	
   respective	
  
theory	
  for	
  the	
  represented	
  cases.	
  In	
  Paper	
  A,	
  the	
  results	
  show	
  that	
  the	
  SBCE	
  increases	
  lead-­‐time	
  
and	
  is	
  more	
  expensive	
  which	
  is	
  a	
  deviation	
  from	
  theory	
  (Morgan	
  &	
  Liker,	
  2006;	
  A.	
  Ward	
  et	
  al.,	
  
1995;	
  Allen	
  C.	
  Ward	
  &	
  Sobek,	
  2014).	
  The	
  respondents,	
  however,	
   state	
   that	
   for	
   future	
  projects,	
  
the	
   organization	
   will	
   learn	
   the	
   new	
   practices	
   and	
   therefore	
   work	
   faster.	
   Furthermore,	
  
reservations	
   must	
   be	
   considered	
   regarding	
   the	
   results	
   drawn	
   from	
   the	
   selection	
   companies.	
  
Nevertheless,	
  for	
  the	
  cases	
  presented,	
  the	
  firms	
  represent	
  a	
  wide	
  selection	
  of	
  industries,	
  working	
  
in	
   the	
   businesses	
   of	
   aerospace,	
   electronic	
   systems,	
   graphic	
   industry,	
   automotive	
   supplies	
   and	
  
heavy	
  trucks.	
  The	
  size	
  of	
  the	
  companies	
  also	
  represents	
  a	
  broad	
  range,	
  varying	
  between	
  100	
  and	
  
30	
  000+	
  employees.	
  This	
  indicates	
  that	
  the	
  results	
  are	
  useful	
  to	
  other	
  companies.	
  	
  

5.2.2 Evaluating	
  the	
  research	
  according	
  to	
  Cross	
  

Cross	
  (2007)	
  p.48	
  presents	
  a	
  list	
  of	
  best	
  practice	
  for	
  valid	
  design	
  research	
  (see	
  chapter	
  3).	
  These	
  
criteria	
  are	
  seen	
  as	
  indicators	
  of	
  the	
  quality	
  of	
  the	
  research	
  that	
  should	
  have	
  the	
  characteristics	
  
of	
  table	
  5.1	
  below.	
  The	
  first	
  three	
  indicators	
  concern	
  the	
  relevance	
  for	
  the	
  problem	
  addressed	
  
(validation)	
  and	
  the	
  last	
  two	
  indicators	
  concern	
  methodological	
  and	
  theoretical	
  consistency	
  
(verification).	
  Descriptions	
  of	
  the	
  way	
  that	
  the	
  presented	
  research	
  meets	
  these	
  indicators	
  are	
  
also	
  given	
  in	
  the	
  table.	
  	
  

	
  

	
  
Table	
  10:	
  Indicators	
  for	
  valid	
  design	
  research	
  according	
  to	
  Cross	
  and	
  the	
  

corresponding	
  confirmation	
  from	
  the	
  presented	
  research.	
  
	
  
Indicators	
   Fulfilment	
   	
  

	
   	
   	
  Purposive	
  –	
  based	
  on	
  identification	
  of	
  
an	
  issue	
  or	
  problem	
  worthy	
  and	
  capable	
  
of	
  investigation	
  	
  
	
  

The	
  need	
  for	
  more	
  efficient	
  design	
  
methodologies,	
  especially	
  the	
  stated	
  
high	
  efficiency	
  of	
  SBCE	
  

	
  

Inquisitive	
  –	
  seeking	
  to	
  acquire	
  new	
  
knowledge	
  
	
  

Filling	
  known	
  research	
  gaps	
  on	
  the	
  
effects	
  and	
  practical	
  application	
  of	
  
SBCE	
  and	
  early	
  platform	
  
development	
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Reflecting	
  upon	
  the	
  evaluation	
  of	
  the	
  research	
  results	
  and	
  the	
  research	
  approach,	
  the	
  criteria	
  
proposed	
  by	
  Buur	
  and	
  Cross	
  are	
  generally	
  met	
  by	
  the	
  work	
  presented	
  here.	
  These	
  criteria	
  are	
  
seen	
  as	
  indicators	
  and	
  not	
  as	
  representing	
  an	
  absolute	
  truth.	
  Consequently,	
  before	
  applying	
  the	
  
proposed	
  tool	
  and	
  models	
  created	
  in	
  this	
  research,	
  the	
  users	
  must	
  evaluate	
  whether	
  the	
  results	
  
are	
  relevant	
  for	
  their	
  specific	
  context	
  and	
  challenges.	
  	
  
	
  
The	
  chosen	
  applied	
  research	
  approach,	
  the	
  Design	
  Research	
  Methodology	
  (Blessing	
  &	
  
Chakrabarti,	
  2009),	
  as	
  well	
  as	
  Buur’s	
  and	
  Cross’	
  criteria	
  for	
  evaluation	
  of	
  design	
  research	
  (Buur,	
  
1990;	
  Cross,	
  2007)	
  are	
  frequently	
  used	
  in	
  the	
  type	
  of	
  work	
  presented	
  in	
  this	
  thesis.	
  This	
  type	
  of	
  
evaluation	
  is	
  further	
  corroborated	
  by	
  K.	
  Pedersen,	
  Emblemsvåg,	
  Bailey,	
  Allen,	
  and	
  Mistree	
  
(2000),	
  where	
  several	
  criteria	
  for	
  research	
  validation	
  are	
  linked	
  to	
  its	
  usefulness	
  with	
  respect	
  to	
  
a	
  purpose.	
  Likewise,	
  Eckert	
  et	
  al.	
  (2004),	
  p.	
  6,	
  state	
  that	
  “The	
  most	
  useful	
  criterion	
  for	
  success	
  is	
  
the	
  perception	
  of	
  value	
  in	
  new	
  procedures	
  and	
  methods	
  by	
  design	
  practitioners	
  in	
  industry”.	
  The	
  
conclusion	
  is	
  that	
  these	
  quality	
  indicators	
  are	
  also	
  relevant	
  for	
  assessing	
  the	
  quality	
  of	
  the	
  
presented	
  research	
  approach	
  and	
  results.	
  	
  
	
  
Given	
  the	
  above	
  ways	
  to	
  validate	
  research	
  results	
  and	
  approaches,	
  the	
  following	
  concluding	
  
remarks	
  are	
  made	
  to	
  support	
  the	
  validity	
  of	
  the	
  results	
  of	
  this	
  thesis:	
  The	
  research	
  process	
  used	
  
several	
  data	
  sources	
  including	
  process	
  descriptions,	
  drawings	
  and	
  project	
  related	
  documents.	
  
Interviews,	
  workshops	
  as	
  well	
  as	
  web	
  meetings	
  were	
  held	
  with	
  individuals	
  from	
  different	
  
departments	
  and	
  holding	
  different	
  roles	
  in	
  the	
  companies.	
  	
  The	
  results	
  were	
  obtained	
  in	
  
collaboration	
  with	
  five	
  different	
  companies	
  representing	
  a	
  broad	
  selection	
  of	
  industries	
  working	
  
in	
  different	
  businesses.	
  Development	
  of	
  methodology	
  was	
  also	
  made	
  in	
  a	
  consortium	
  including	
  
several	
  universities	
  and	
  aerospace	
  companies	
  across	
  Europe,	
  where	
  the	
  results	
  were	
  
demonstrated	
  and	
  approved.	
  	
  The	
  diverse	
  character	
  of	
  companies	
  and	
  applications	
  indicates	
  
that	
  the	
  results	
  are	
  valid	
  and	
  useful	
  also	
  in	
  other	
  contexts.	
  	
  
	
  
	
   	
  

	
  
Informed	
  –	
  conducted	
  from	
  an	
  
awareness	
  of	
  previous,	
  related	
  research	
  
	
  

Thorough	
  review	
  of	
  state-­‐of-­‐the-­‐art	
   	
  

Methodical	
  –	
  planned	
  and	
  carried	
  out	
  in	
  
an	
  efficient	
  and	
  disciplined	
  manner	
  

The	
  applied	
  research	
  methodology,	
  
DRM.	
  Interviews	
  and	
  industrial	
  
collaboration	
  carried	
  out	
  in	
  a	
  
methodical,	
  traceable	
  manner	
  
	
  

	
  

Communicable	
  –	
  generating	
  and	
  
reporting	
  results	
  which	
  are	
  testable	
  and	
  
accessible	
  by	
  others.	
  

Peer-­‐reviewed	
  publications	
  and	
  
presentations	
  of	
  the	
  results	
  to	
  the	
  
industrial	
  partners,	
  specifically	
  
within	
  the	
  Wingquist	
  Laboratory	
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6 Conclusions	
  and	
  future	
  work	
  
	
  
Based	
  on	
  the	
  results	
  and	
  their	
  quality	
  as	
  discussed	
  in	
  the	
  previous	
  chapter,	
  a	
  number	
  of	
  
conclusions	
  can	
  be	
  drawn.	
  Furthermore,	
  the	
  remaining	
  research	
  gaps	
  are	
  discussed	
  and	
  
suggestions	
  for	
  future	
  work	
  are	
  presented.	
  	
  

6.1 Conclusions:	
  
The	
  presented	
  research	
  clarifies	
  that	
  the	
  three	
  principles	
  of	
  SBCE	
  give	
  positive	
  effects	
  on	
  many	
  
aspects	
  of	
  product	
  development	
  performance,	
  which	
  could	
  be	
  predicted	
  from	
  current	
  theories.	
  It	
  
also	
  shows	
  that	
  Set-­‐based	
  projects	
  can	
  be	
  implemented	
  within	
  an	
  organization	
  practicing	
  
traditional	
  Point-­‐based	
  development	
  without	
  fundamental	
  changes	
  in	
  the	
  organisation.	
  For	
  this	
  
result	
  to	
  be	
  valid,	
  the	
  three	
  principles	
  of	
  SBCE	
  must	
  be	
  interpreted	
  in	
  the	
  context	
  of	
  a	
  specific	
  
organisation’s	
  design	
  processes.	
  Proper	
  support	
  and	
  attention	
  from	
  the	
  management,	
  as	
  well	
  as	
  
changes	
  to	
  the	
  development	
  process	
  in	
  the	
  early	
  phases	
  of	
  development	
  is	
  also	
  required.	
  The	
  
results	
  are	
  based	
  on	
  studies	
  of	
  product	
  developing	
  companies	
  having	
  different	
  sizes,	
  products	
  
and	
  methods	
  of	
  working.	
  This	
  indicates	
  that	
  the	
  conclusions	
  are	
  applicable	
  also	
  to	
  wider	
  range	
  
of	
  product	
  developing	
  industry	
  outside	
  the	
  studied	
  companies.	
  
	
  
The	
  way	
  that	
  SBCE	
  can	
  narrow	
  down	
  the	
  design	
  space	
  is	
  one	
  of	
  the	
  most	
  characteristic	
  ways	
  that	
  
SBCE	
  distinguishes	
  itself	
  from	
  Point-­‐based	
  development	
  and	
  earlier	
  studies	
  state	
  that	
  Set-­‐based	
  
decisions	
  are	
  made	
  in	
  different	
  ways.	
  This	
  thesis	
  corroborates	
  this	
  claim	
  and	
  further	
  
demonstrates	
  how	
  Set-­‐based	
  decisions	
  can	
  generate	
  different	
  results	
  compared	
  to	
  traditional	
  
Point-­‐based	
  decisions.	
  Claims	
  that	
  the	
  SBCE	
  decision	
  process	
  is	
  superior	
  to	
  other	
  approaches	
  
cannot	
  be	
  made	
  without	
  further	
  studies.	
  
	
  
This	
  thesis	
  further	
  presents	
  means	
  to	
  introduce	
  design	
  support	
  based	
  on	
  the	
  principles	
  of	
  SBCE	
  
intended	
  for	
  both	
  platform	
  modelling	
  and	
  for	
  single	
  product	
  development.	
  Supporting	
  tools	
  and	
  
methods	
  are	
  developed	
  that	
  can	
  generate	
  and	
  narrow	
  down	
  the	
  design	
  space.	
  The	
  generation	
  of	
  
solutions	
  is	
  supported	
  by	
  a	
  morphological	
  approach	
  that	
  can	
  create	
  a	
  large	
  design	
  space	
  and	
  
design	
  convergence	
  is	
  supported	
  by	
  several	
  means	
  eliminating	
  unfeasible	
  solutions	
  based	
  on	
  
compatibility,	
  performance	
  and	
  functionality.	
  
	
  
The	
  support	
  for	
  platform	
  development	
  is	
  based	
  on	
  Enhanced	
  Function–	
  Means	
  modelling.	
  
Several	
  approaches	
  for	
  design	
  convergence	
  are	
  presented	
  in	
  which	
  the	
  functional	
  relations	
  of	
  
the	
  models	
  are	
  used	
  to	
  identify	
  promising	
  regions	
  of	
  the	
  design	
  space	
  and	
  to	
  gradually	
  narrow	
  
this	
  down.	
  These	
  are	
  based	
  on	
  functional	
  analysis	
  of	
  the	
  model	
  and	
  also	
  supplemented	
  with	
  the	
  
Change	
  Propagation	
  Method	
  to	
  elaborate	
  the	
  information	
  that	
  can	
  be	
  captured	
  in	
  the	
  early	
  
phases	
  of	
  development.	
  
	
  
Lastly,	
  this	
  thesis	
  contributes	
  with	
  a	
  new	
  application	
  of	
  SBCE	
  for	
  architectural	
  exploration	
  of	
  
platforms.	
  Previous	
  SBCE	
  literature	
  describes	
  how	
  knowledge	
  of	
  the	
  design	
  space	
  is	
  gained	
  
through	
  evaluation	
  of	
  concrete	
  designs	
  in	
  the	
  form	
  of	
  sketches,	
  drawings,	
  simulations	
  or	
  by	
  
prototype	
  testing.	
  The	
  presented	
  support	
  can	
  generate	
  knowledge	
  of	
  the	
  design	
  space	
  without	
  
the	
  need	
  for	
  physical	
  or	
  virtual	
  testing.	
  	
  It	
  is	
  applied	
  in	
  the	
  first	
  phase	
  of	
  development	
  and	
  is	
  
based	
  on	
  Enhanced	
  Function–	
  Means	
  modelling.	
  It	
  uses	
  the	
  functional	
  characteristics	
  of	
  multiple	
  
platform	
  options	
  to	
  evaluate	
  and	
  eliminate	
  sets	
  of	
  platform	
  concepts	
  according	
  to	
  Set-­‐based	
  
principles.	
  Unfeasible	
  alternatives	
  can	
  thereby	
  be	
  eliminated	
  in	
  early	
  design	
  phases	
  long	
  before	
  
physical	
  prototypes	
  are	
  available.	
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6.2 Future	
  Work	
  
	
  
Applying	
  Set-­‐based	
  approaches	
  in	
  development	
  projects	
  has	
  created	
  new	
  knowledge	
  of	
  SBCE.	
  In	
  
Paper	
  A,	
  the	
  companies	
  report	
  that	
  the	
  level	
  of	
  innovation	
  is	
  improved	
  in	
  the	
  pilot	
  projects.	
  This	
  
is	
  an	
  important	
  observation	
  and	
  further	
  investigations	
  are	
  needed	
  in	
  order	
  to	
  clarify	
  if	
  improved	
  
innovation	
  abilities	
  are	
  a	
  characteristic	
  feature	
  of	
  SBCE.	
  Another	
  important	
  observation	
  is	
  that	
  
Paper	
  B	
  concludes	
  that	
  SBCE	
  can	
  promote	
  different	
  design	
  decisions	
  compared	
  to	
  traditional	
  
methods.	
  Studies	
  of	
  evaluation	
  principles	
  have	
  a	
  universal	
  importance	
  in	
  engineering	
  design	
  and	
  
efforts	
  should	
  be	
  made	
  to	
  better	
  understand	
  the	
  SBCE	
  assessment	
  and	
  elimination	
  process.	
  More	
  
work	
  is	
  therefore	
  needed	
  to	
  verify	
  and	
  to	
  generalise	
  the	
  results	
  from	
  Paper	
  B	
  in	
  other	
  cases.	
  
Knowledge	
  management	
  is	
  also	
  of	
  great	
  importance	
  in	
  engineering	
  design.	
  SBCE	
  creates	
  an	
  
extensive	
  amount	
  of	
  design	
  knowledge	
  that	
  needs	
  to	
  be	
  managed,	
  making	
  this	
  aspect	
  more	
  
important	
  than	
  in	
  traditional	
  development.	
  Future	
  research	
  should	
  therefore	
  study	
  how	
  the	
  EF-­‐
M	
  platform	
  model	
  can	
  support	
  knowledge	
  development	
  and	
  management	
  of	
  design	
  knowledge	
  
since	
  this	
  is	
  not	
  investigated	
  in	
  this	
  work.	
  	
  

	
  
For	
  product	
  platforms,	
  the	
  design	
  processes	
  described	
  in	
  Papers	
  D	
  and	
  F	
  should	
  be	
  evaluated	
  in	
  
more	
  ways.	
  It	
  should	
  be	
  tested	
  in	
  industrial	
  case	
  studies	
  involving	
  professional	
  engineers	
  and	
  
also	
  be	
  applied	
  in	
  cases	
  with	
  less	
  integrated	
  products.	
  Additionally,	
  more	
  work	
  is	
  needed	
  to	
  
improve	
  the	
  suggested	
  assessment	
  methods.	
  The	
  amount	
  of	
  information	
  used	
  for	
  assessment	
  in	
  
Paper	
  E	
  could	
  be	
  increased	
  by	
  also	
  evaluating	
  different	
  classes	
  of	
  relations	
  such	
  as	
  spatial	
  
interactions,	
  energy-­‐,	
  material	
  –	
  and	
  information	
  exchange.	
  The	
  information	
  should	
  be	
  
integrated	
  in	
  the	
  Configurable	
  Component	
  Modeller	
  IT	
  tool	
  to	
  automate	
  the	
  scoring	
  and	
  
visualising	
  of	
  the	
  Architectural	
  Options,	
  which	
  could	
  improve	
  the	
  ease	
  and	
  quality	
  of	
  the	
  
convergence	
  process.	
  Also	
  the	
  appropriate	
  values	
  for	
  likelihood	
  and	
  impact	
  in	
  the	
  change	
  
Propagation	
  Method	
  needs	
  to	
  be	
  further	
  investigated.	
  The	
  new	
  design	
  methodology	
  for	
  
managing	
  the	
  architectural	
  design	
  space	
  is	
  currently	
  subject	
  to	
  on	
  going	
  research	
  within	
  the	
  
aerospace	
  industry	
  and	
  hopefully	
  the	
  results	
  presented	
  in	
  this	
  thesis	
  will	
  contribute	
  to	
  better	
  
products	
  in	
  the	
  future.	
  
	
  
	
  
“Det	
  mesta	
  är	
  ännu	
  ogjort,	
  underbara	
  framtid!”	
  	
  
Ingvar	
  Kamprad,	
  IKEA	
  founder,	
  1976	
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