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PREAMBLE	  
In	   many	   cognitive	   activities,	   the	   temporary	   maintenance	   and	   manipulation	   of	  

mental	   objects	   is	   a	   necessary	   step	   in	   order	   to	   reach	   a	   cognitive	   goal.	  Working	  

memory	   has	   been	   regarded	   as	   the	   process	   responsible	   for	   those	   cognitive	  

activities.	   This	   thesis	   addresses	   the	   question:	   what	   limits	   working-‐memory	  

capacity	   (WMC)?	   A	   question	   that	   still	   remains	   controversial	   (Barrouillet	   &	  

Camos,	  2009;	  Lewandowsky,	  Oberauer,	  &	  Brown,	  2009).	  This	  study	  attempted	  to	  

answer	   this	   question	   by	   proposing	   that	   the	   dynamics	   between	   the	   causes	   of	  

forgetting	  and	   the	  processes	  helping	   the	  maintenance,	  and	   the	  manipulation	  of	  

the	  memoranda	  are	  the	  key	  aspects	  in	  understanding	  the	  limits	  of	  WMC.	  	  

	   Chapter	   1	   introduced	   key	   constructs	   and	   the	   strategy	   to	   examine	   the	  

dynamics	  between	  inhibition,	  attentional	  control,	  and	  the	  causes	  of	  forgetting	  in	  

working	   memory.	   Processes	   such	   as	   control	   of	   attention	   and	   inhibition	   of	  

prepotent	   responses	   were	   regarded	   as	   processes	   that	   help	   working	   memory.	  

Then	  the	  implementation	  of	  formal	  cognitive	  models	  was	  justified	  as	  an	  excellent	  

tool	   for	   scrutinising	   the	   scope	   of	   different	   accounts	   to	   explain	   the	   limits	   of	  

working	  memory.	  The	  interference	  model	  (IM;	  Oberauer	  &	  Kliegl,	  2006),	  a	  model	  

proposing	  interference-‐related	  mechanisms	  as	  the	  main	  cause	  of	  forgetting,	  was	  

intuitively	  introduced	  with	  the	  aim	  of	  offering	  a	  friendly	  presentation	  to	  readers	  

not	   familiarized	  with	   formal	  cognitive	  models.	  Then	  an	  overview	  of	  Chapters	  2	  

and	  3	  was	  given.	  

	   Chapter	  2	  examined	  the	  limits	  of	  WMC	  across	  the	  life	  span.	  The	  study	  in	  

Chapter	  2	  tested	  the	  performance	  of	  children,	  young	  adults,	  and	  old	  adults	   in	  a	  

working-‐memory	  updating-‐task	  with	  two	  conditions:	  one	  condition	  included	  go	  

steps	  and	  the	  other	  condition	  included	  go,	  and	  no-‐go	  steps.	  The	  IM	  was	  used	  to	  

simultaneously	   fit	   the	  data	  of	   these	  age	  groups.	   In	  addition	  to	  the	   interference-‐

related	   parameters	   reflecting	   interference	   by	   feature	   overwriting	   and	  

interference	  by	  confusion,	  and	  in	  addition	  to	  the	  parameters	  reflecting	  the	  speed	  

of	   processing,	   the	   study	   included	   a	   new	   parameter	   that	   captured	   the	   time	   for	  

switching	  between	  go	   steps	  and	  no-‐go	   steps.	  The	   study	   indicated	   that	   children	  

and	  young	  adults	  were	  less	  susceptible	  than	  old	  adults	  to	  interference	  by	  feature	  

overwriting;	   children	   were	   the	   most	   susceptible	   to	   interference	   by	   confusion,	  

followed	   by	   old	   adults	   and	   then	   by	   young	   adults;	   young	   adults	   presented	   the	  
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higher	  rate	  of	  processing,	  followed	  by	  children	  and	  then	  by	  old	  adults;	  and	  young	  

adults	  were	  the	  fastest	  group	  switching	  from	  go	  steps	  to	  no-‐go	  steps.	  In	  Chapter	  

2	   it	   was	   argued	   that	   the	   switching	   time	   reflects	   attentional	   control	   and	   that	  

participants	   use	   part	   of	   time	   during	   no-‐go	   steps	   to	   complete	   the	   immediately	  

preceding	  go	   step.	  Thus,	   individuals	  or	   group	  participants	   showing	  an	  efficient	  

attentional	   control	   (i.e.,	   a	   smaller	   switching	   cost)	  had	  more	   time	   to	  update	   the	  

stimulus	  in	  the	  preceding	  go	  step.	  	  

	   Chapter	  3	   examined	   the	  dynamics	  between	   causes	  of	   forgetting	   and	   the	  

inhibition	  of	  a	  prepotent	  response	   in	   the	  context	  of	   three	   formal	  models	  of	   the	  

limits	  of	  WMC:	  A	   resources	  model,	   a	  decay-‐based	  model,	   and	   three	  versions	  of	  

the	   IM.	   The	   resources	   model	   was	   built	   on	   the	   assumption	   that	   a	   limited	   and	  

shared	  source	  of	  activation	  for	  the	  maintenance	  and	  manipulation	  of	  the	  objects	  

underlies	  the	  limits	  of	  WMC.	  The	  decay	  model	  assumes	  that	  memory	  traces	  of	  the	  

working-‐memory	  objects	  decay	  over	  time	  if	  they	  are	  not	  reactivated	  via	  different	  

mechanisms	   of	   maintenance.	   The	   IM,	   already	   described,	   proposes	   that	  

interference-‐related	  mechanisms	  explain	  the	  limits	  of	  WMC.	  In	  two	  experiments	  

and	   in	   a	   reanalysis	   of	   data	   of	   the	   second	   experiment,	   one	   version	   of	   the	   IM	  

received	  more	  statistical	  support	  from	  the	  data.	  This	  version	  of	  the	  IM	  proposes	  

that	   interference	   by	   feature	   overwriting	   and	   interference	   by	   confusion	   are	   the	  

main	  factors	  underlying	  the	  limits	  of	  WMC.	  In	  addition,	  the	  model	  suggests	  that	  

experimental	  conditions	  involving	  the	  inhibition	  of	  a	  prepotent	  response	  reduce	  

the	   speed	   of	   processing	   and	   promotes	   the	   involuntary	   activation	   of	   irrelevant	  

information	  in	  working	  memory.	  	  

	   Chapter	  4	  summed	  up	  Chapter	  2	  and	  3	  and	  discussed	  their	   findings	  and	  

presented	  how	  this	  thesis	  contributes	   in	  understanding	  the	  relationship	  among	  

causes	  of	  forgetting,	  attentional	  control,	  and	  inhibition.	  Thus,	  after	  ruling	  out	  the	  

hypothesis	   of	   limited	   resources	   in	   working	   memory	   and	   the	   decay-‐based	  

hypothesis	  the	  study	  indicates	  that	  interference-‐related	  mechanisms	  seem	  as	  the	  

most	  promising	  candidates	  to	  explain	  the	  limits	  of	  WMC	  (Chapter	  3).	  The	  study	  

also	   showed	   that:	   an	   efficient	   attentional	   control	   leaves	  more	   time	   to	   perform	  

other	  activities	  –	  such	  as	  in	  completing	  the	  preceding	  updating	  steps	  (Chapter	  2);	  

inhibition	  aids	   in	  effectively	  manipulating	   the	  memoranda,	  when	  dominant	  but	  

inappropriate	  responses	  are	   involved	   in	  a	  working-‐memory	  updating-‐task;	  and	  
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that	   deficiencies	   in	   inhibition	   affect	   working	   memory	   by	   increasing	   the	  

involuntary	  activation	  of	  irrelevant	  information,	  thereby	  reducing	  the	  processing	  

speed,	  and	  in	  return	  hindering	  the	  accuracy	  of	  recalling	  objects.	  
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1 Introduction	  	  

Humans	   are	   aware	   that	   their	   ability	   to	   store	   information	   simultaneously	   is	  

limited.	  Just	  trying	  to	  mentally	  solve	  the	  equation	  4253	  x	  8	  by	  decomposing	  the	  

multiplier	   into	   its	   units	   represents	   a	  difficult	   task.	  The	   first	   step	   in	   solving	   the	  

equation	  is	  to	  decompose	  the	  multiplier	  into	  thousands,	  hundreds,	  tens,	  and	  ones	  

(i.e.,	   4000,	   200,	   50,	   3).	   Afterwards	   it	   is	   necessary	   to	   switch	   from	   the	  

decomposition	   task	   to	   the	   multiplication	   task,	   which	   involves	   multiplying	   the	  

units	   by	   the	  multiplicand	   (i.e.,	   4000	   x	   8,	   200	   x	   8,	   50	   x	   8,	   3	   x	   8).	   A	   very	   good	  

strategy	   is	   solving	   the	   equations	   one	   after	   the	   other.	   After	   computing	   the	   first	  

operation	  4000	  x	  8,	  the	  equation	  is	  updated	  to	  its	  result	  32000,	  such	  that	  the	  new	  

number	   is	   stored	   and	   the	   already	   solved	   part	   of	   the	   equation	   can	   be	   removed	  

from	  memory	  (i.e.,	  4000	  x	  8).	  Finally,	  after	  solving	  all	  single	  multiplications,	  it	  is	  

necessary	   to	  switch	   to	   the	  addition	  of	   the	   intermediate	  results	  such	   that	  at	   the	  

end,	  the	  final	  results	  is	  32000	  +	  1600	  +	  400	  +	  24	  =	  34024.	  

The	   above	   example	   illustrates	   some	   characteristics	   of	   an	   important	  

cognitive	   process:	   working	   memory.	   The	   latter	   process	   reflects	   the	   ability	   to	  

maintain	   a	   limited	   subset	   of	   mental	   objects1 	  –	   usually	   three	   or	   four–	   for	  

immediate	   access	   while	   other	   pieces	   of	   information	   or	   the	   to-‐be-‐remembered	  

objects	   are	   manipulated	   with	   the	   aim	   of	   reaching	   a	   specific	   cognitive	   goal.	  

According	   to	   the	   equation	   given	   as	   example	   as	   above,	   the	   object	   was	   the	  

operation	   4253	   x	   8,	   which	   is	   a	   composite	   of	   several	   features.	   A	   central	  

characteristic	   of	   working	   memory	   is	   the	   manipulation	   or	   the	   processing	   of	  

information2.	   Different	   task	   sets,	   which	   are	   denoted	   by	   distinctive	   stimulus-‐

response	   mappings	   (e.g.,	   3	   x	   8,	   32000	   +	   1600	   +	   400	   +	   24),	   indicate	   how	   the	  

memoranda	   or	   other	   information	   have	   to	   be	  manipulated.	   In	   the	   example,	   the	  

first	   task	  set	  was	  the	  decomposition	  of	   the	  multiplier	   into	   its	  units,	  resulting	   in	  

four	   objects	   4000,	   200,	   50,	   and	   3	   and	   the	   multiplicand	   8.	   Then,	   objects	   were	  

updated	   to	  equations	  4000	  x	  8	  and	  so	  on.	  The	   second	   task	   set	  was	   solving	   the	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Mental	  objects,	  objects,	   the	   to-‐be-‐remembered	  objects,	  or	   the	  memoranda	  refer	   to	   the	  mental	  
representations	  in	  working	  memory.	  
2	  Through	  this	  thesis	  I	  will	  use	  the	  terms	  manipulation,	  processing	  or	  processing	  of	  information	  
interchangeably.	  
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equations	  and	  storing	  the	  result	  of	  each	  equation	  to	  be	  used	  as	  input	  for	  the	  final	  

addition	   –	   the	   addition	   task	   set.	   Thus,	   numbers	   and/or	   equations	   were	  

maintained	  and	  manipulated	  in	  working	  memory	  in	  order	  to	  solve	  the	  operation	  

(i.e.,	  the	  cognitive	  goal).	  

From	   the	   extensively	   explained	   example	   above	   one	   can	   quite	   simply	  

conclude	   that	   the	   study	   of	   working	   memory	   is	   of	   practical	   relevance.	   But	   the	  

relevance	  of	  working	  memory	  goes	  beyond	  this	  example	  of	  practical	  importance:	  

Individual	  differences	  in	  the	  capacity	  of	  maintaining	  objects	  simultaneously	  and	  

manipulating	  them,	  that	  is	  working-‐memory	  capacity	  (WMC),	  have	  proven	  to	  be	  

a	   good	   means	   of	   predicting	   intelligence	   tests,	   language	   comprehension	  

(Daneman	  &	  Carpenter,	  1980;	  Palladino,	  Cornoldi,	  De	  Benin,	  &	  Pazzaglia,	  2001),	  

and	   reasoning	   ability	   (Chen	   &	   Li,	   2007;	   Engle,	   Tuholski,	   Laughlin,	   &	   Conway,	  

1999;	  Kyllonen	  &	  Christal,	  1990;	  Oberauer,	  Süß,	  Wilhelm,	  &	  Sander,	  2008).	  These	  

findings	  suggest	   that	  WMC	  plays	  a	  crucial	   role	   in	  complex	  cognition;	   therefore,	  

understanding	   its	  sources	  of	  variation	  will	  extend	  our	  knowledge	  about	  human	  

cognition.	  

As	  sources	  of	  variation	  in	  WMC	  this	  thesis	  distinguish	  between	  causes	  of	  

forgetting	   as	   well	   as	   mechanisms	   that	   aid	   the	   processing	   and	   maintaining	   of	  

representations	  of	  objects	  in	  working	  memory.	  On	  the	  one	  hand,	  different	  types	  

of	   interference,	   time-‐related	  decay,	   and	   limited	   resources	  have	  been	  viewed	  as	  

causes	  of	  forgetting	  in	  working	  memory	  (Oberauer	  &	  Kliegl,	  2001).	  On	  the	  other	  

hand,	   mechanisms	   such	   as	   inhibitory	   processes	   (Hasher,	   Zacks,	   &	   May,	   1999),	  

executive	  attention	  as	  well	  as	  control,	  and	  processing	  speed	  have	  been	  proposed	  

as	   factors	   that	   facilitate	  working-‐memory	  manipulations	   (for	   a	  detailed	   review	  

see	  Conway,	  Jarrold,	  Kane,	  Miyake,	  &	  Towse,	  2007).	  	  

This	  thesis	  examined	  the	  dynamics	  between	  causes	  of	  forgetting	  and	  two	  

processes	   aiding	   working	   memory:	   Attentional	   control,	   and	   the	   inhibition	   of	  

prepotent	  responses3.	  Chapter	  2	  compares	  the	  switching	  time	  across	  age	  groups	  

and	   to	   investigate	   the	   development	   of	  WMC	   across	   the	   life	   span	   in	   the	   formal	  

framework	  of	   the	   interference	  model	  (IM,	  Oberauer	  &	  Kliegl,	  2006).	  Tests	  have	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  From	   here	   the	   terms	   Inhibition	   or	   the	   inhibition	   process	   are	   used	   as	   synonyms	   for	   the	   long	  
phrase	  inhibition	  of	  prepotent	  responses;	  the	  long	  pharase	  will	  be	  used	  when	  needed	  to	  clarify	  or	  
to	  emphasize	  this	  specific	  meaning	  in	  a	  given	  context.	  We	  use	  term	  inhibitory	  process	  to	  refer	  to	  
the	  broad	  category	  of	  processes	  proposed	  by	  Hasher,	  Zacks,	  &	  May	  (1999).	  
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been	   carried	   out	   on	   children	   (aged	   9-‐10),	   young	   adults	   (aged	   20-‐26),	   and	   old	  

adults	  (aged	  65-‐79)	  switching	  from	  go	  steps	  to	  no-‐go	  steps	  in	  a	  working-‐memory	  

updating-‐task.	  We	  argued	  that	  the	  switching	  time	  reflects	  attentional	  control.	  In	  

Chapter	  3	  two	  experiments	  were	  conducted	  with	  the	  aim	  of	  exploring	  the	  role	  of	  

inhibition	  within	  the	  framework	  of	  three	  formal	  models	  about	  the	  limits	  of	  WMC:	  

a	  model	  assuming	  limited	  resources,	  a	  model	  assuming	  interplay	  between	  decay	  

and	  reactivation,	  and	  three	  versions	  of	  the	  IM.	  	  

The	   outline	   of	   Chapter	   1	   is	   as	   follows.	   The	   first	   section	   gives	   a	   brief	  

overview	   of	   some	   characteristics	   and	   general	   advantages	   of	   using	   formal	  

approaches.	  The	  second	  section	  sketches	  the	  basic	  architectural	  assumptions	  of	  

the	  formal	  framework	  used	  in	  this	  thesis	  –	  the	  IM	  (Oberauer	  &	  Kliegl,	  2006).	  The	  

third	   section	   presents	   some	   mechanisms	   related	   to	   the	   maintenance	   and	  

processing	  of	  working-‐memory	  representations	  and	  the	  fourth	  section	  presents	  

an	   overview	   of	   the	   previous	   chapters,	   concluding	   the	   topics	   covered	   in	   this	  

thesis.	  

1.1 Formal	  cognitive	  models	  

The	  first	  phases	  of	  a	  research	  project	  start	  with	  a	  diffuse	  query.	  After	  a	  detailed	  

literature	   review,	   the	   research	   question	   can	   be	   formulated	   more	   precisely,	  

leading	   to	   the	   establishment	   of	   hypotheses	   within	   a	   specific	   well-‐developed	  

theory.	   In	   psychology,	   most	   theories	   have	   been	   developed	   verbally;	   namely,	  

natural	   language	  descriptions	  of	   their	  premises.	  Verbal	   theories	  are	  valuable	   in	  

order	  to	  summarise	  and	  organise	  a	  common	  set	  of	  empirical	  regularities	  of	  basic	  

facts	   accumulated	   from	   research.	   Nonetheless,	   it	   has	   been	   pointed	   out	   that	  

verbal	  theories	  leave	  unspecified	  a	  number	  of	  details	  with	  important	  theoretical	  

implications	   (Farrell	   &	   Lewandowsky,	   2010;	   Lewandowsky	   &	   Farell,	   2011;	  

Lewandowsky,	   1993).	   This	   discrepancy	   is	   not	   due	   to	   the	   complacence	   of	  

scholars;	  rather	   it	  reflects	   the	   limitations	  of	   the	  human	  reasoning	  (for	  a	  review	  

on	  this	  topic	  see	  Farrell	  &	  Lewandowsky,	  2010).	  In	  any	  verbal	  theory,	  there	  are	  

unspecified	   aspects.	   Here	   one	   of	   them	   is	   presented.	   Forgetting	   has	   been	  

associated	  to	  a	  time-‐related	  decay	  of	  the	  memory	  traces	  unless	  they	  are	  restored	  

via	  attentional	  refreshing	  –	  redirecting	  the	  attention	  to	  the	  memoranda	  (Camos,	  

Lagner,	  &	  Barrouillet,	  2009)	  –	  or	  via	  rehearsal	  –	  the	  overt	  or	  covert	  recitation	  of	  
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the	  memoranda	  (Baddeley,	  Thomson,	  Buchanan,	  1975;	  Kieras,	  Meyer,	  Mueller,	  &	  

Seymour,	  1999;	  Page	  &	  Norris,	  1998).	  The	  assumption	  of	  a	  time-‐related	  decay	  of	  

memory	  traces	  does	  not	  specify	  at	  what	  rate	  the	  memory	  traces	  actually	  decay,	  

nor	   does	   it	   indicate	   at	   what	   exact	   rate	   the	   memory	   objects	   reactivated.	   The	  

answers	  to	  these	  queries	  are	  critical	   in	  order	  to	  predict	  how	  much	  forgetting	  is	  

expected	  in	  any	  given	  interval	  of	  time.	  	  

	   Notwithstanding	  the	  limitations	  of	  verbal	  theories,	  there	  is	  the	  possibility	  

of	   implementing	   them	   into	   formal	   cognitive	  models	   (formal	   models).	   Theories	  

instantiated	  as	  formal	  models	  can	  be	  fully	  specified,	  thereby	  resulting	  at	  least	  in	  

an	  internally	  consistent	  theory,	  an	  aspect	  in	  which	  verbal	  theories	  frequently	  fail.	  

Formal	  models	  are	  described	  in	  formal	  mathematical	  or	  computer	  programs	  and	  

they	   are	   a	   derived	   from	   basic	   principles	   of	   cognition.	   Thus,	   formal	   models	  

characterise	  and	  can	  explain	  mechanisms	  underlying	  cognitive	  processes.	  

	   One	  hallmark	  of	  formal	  models	  is	  that	  researchers	  can	  use	  them	  to	  make	  

precise	   quantitative	   predictions.	   For	   example,	   Oberauer	   and	   Lewandowsky	  

(2011)	   reproduced	   basic	   predictions	   of	   a	   verbal	   theory	   that	   proposes	   that	  

forgetting	   is	  due	   to	   time-‐related	  decay	   (Barrouillet,	  Bernardin,	  &	  Camos,	  2004).	  

They	   predicted	   traces	   of	   memory	   strength	   over	   time	   for	   each	   object	   in	   a	   list	  

under	   conditions	   in	   which	   a	   compromise	   between	   attentional	   refreshing	   and	  

processing	  was	  proposed	  (see	  figure	  4	  of	  Oberauer	  &	  Lewandowsky,	  2011).	  	  

	   Another	  hallmark	  of	  cognitive	  models	  is	  that	  scientists	  can	  quantitatively	  

compare	   cognitive	   models	   vying	   for	   data	   explanation.	   Hence,	   decisions	   about	  

which	  model	  accounts	  better	  for	  the	  data	  is	  given	  by	  quantitative	  evaluation	  and	  

intellectual	  judgment.	  This	  issue	  is	  called	  model	  selection.	  	  

1.2 The	  Interference	  Model	  

The	   IM	   was	   developed	   in	   the	   context	   of	   a	   working-‐memory	   updating-‐task.	  

However,	   in	  order	  to	  understand	  the	  IM	  assumptions	  it	   is	  enough	  to	  know	  that	  

objects	  in	  the	  updating	  paradigm	  have	  to	  be	  retrieved	  for	  updating,	  and	  that	  after	  

some	  updating	  sequences	  they	  have	  to	  be	  recalled.	  Chapter	  2	  and	  3	  present	  the	  

equations	  for	  estimating	  the	  IM	  parameters.	  	  

The	   IM	   is	   sketched	   as	   a	   network	   of	   four	   layers:	   the	   context	   layer,	   the	  

feature	   layer,	   the	   focus	   layer,	  and	   the	  results	   layer.	  The	   top	  panel	  of	  Figure	  1.1	  
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illustrates	   a	   state	   in	   which	   two	  words	   were	   stored	   (i.e.,	   “dog”	   and	   “car”).	   The	  

probe,	  the	  word	  to	  be	  updated,	  is	  presented	  in	  a	  box	  at	  the	  left	  side.	  The	  word	  on	  

the	   right	   side	   represents	   another	   word	   in	  working	  memory	   also	   know	   in	   this	  

framework	   as	   the	   competitor.	   An	   assumption	   of	   the	   IM	   is	   that	   the	   contents	   of	  

working	  memory	  are	  represented	  as	  a	  set	  of	  activated	  feature	  units	  in	  the	  feature	  

layer	  and	  in	  the	  context	  layer.	  The	  words	  to	  be	  retrieved	  are	  represented	  in	  the	  

feature	  layer,	  and	  the	  cues,	  which	  can	  be	  used	  to	  retrieve	  them,	  are	  represented	  

in	  the	  context	  layer.	  For	  example,	  a	  task	  in	  which	  subjects	  are	  required	  to	  recall	  

words	   in	   forward	  order	  one	  might	  use	   the	   temporal	  positions	   to	   retrieve	   each	  

word.	  Thus,	  temporal	  positions	  act	  as	  contextual	  cues	  that	  serve	  to	  retrieve	  the	  

words.	  Therefore,	  words	  are	  represented	  in	  the	  feature	  layer,	  and	  their	  temporal	  

positions	   are	   represented	   in	   the	   context	   layer.	   The	   features	   of	   each	   word	   are	  

bound	   to	   the	   features	   of	   their	   temporal	   position.	  The	  model	   supposes	   that	   the	  

synchronised	   firing	   of	   neurons	   could	   be	   a	   mechanism	   to	   bind	   features	   of	   the	  

same	   object	   to	   each	   other,	   and	   to	   their	   temporal	   position	   (Raffone	  &	  Wolters,	  

2001).	   In	   the	   example	   of	   Figure	   1.1,	   synchronisation	   is	   illustrated	   by	   filling	  

feature	  and	  context	  units	  with	  the	  same	  colour.	  Two	  words	  are	  stored.	  The	  target	  

word	   is	   the	  word	   that	   has	   to	   be	   retrieved	   and	   is	   associated	  with	   blue	   feature	  

units,	  and	  the	  competitor	  word,	  which	  is	  marked	  by	  grey	  feature	  units	  (i.e.,	  car).	  

The	  IM	  assumes	  that	  any	  two	  representations	  in	  working	  memory	  share	  a	  

proportion	   of	   their	   features	   (i.e.,	   feature	   overlap),	   with	   more	   similar	  

representations	  sharing	  more	  features.	  In	  the	  example,	  words	  share	  two	  feature	  

units	  denoted	  with	  1	  and	  2.	  If	  a	  shared	  feature	  fires	  in	  synchrony	  with	  one	  phase,	  

thereby	  being	  included	  in	  the	  same	  representation,	  then	  this	  feature	  cannot	  fire	  

synchronously	   at	   the	   same	   time	   with	   another	   phase.	   Consequently,	   the	   other	  

representation	   loses	   the	   feature	   unit.	   This	   interference	   mechanism	   is	   called	  

feature	  overwriting	  (Nairne,	  1990).	  This	  example	  shows	  that	  each	  word	  lost	  one	  

feature	   due	   to	   overwriting.	   The	   target	   word	   lost	   feature	   unit	   2	   and	   the	  

competitor	   word	   lost	   unit	   1.	   When	   n	   objects	   are	   simultaneously	   present	   in	  

working	  memory,	  then	  each	  word	  suffers	  interference	  from	  other	  words.	    

In	   order	   to	   retrieve	   a	  word	   for	   updating,	   it	   is	   necessary	   to	   transfer	   the	  

sum	  of	   activation	   of	   its	   feature	  units	   to	   the	  word’s	   representation	   in	   the	   focus	  

layer	   (Oberauer	   &	   Kliegl,	   2006).	   In	   the	   example,	   all	   feature	   units	   that	   fire	   in	  
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synchrony	  with	  the	  blue	  phase,	  which	  is	  the	  phase	  representing	  the	  target	  word,	  

transfer	   their	   activation	   to	   the	   focus	   layer.	   Therefore,	   the	   proportion	   of	   not	  

overwritten	   features	   for	   one	   word	   directly	   translates	   into	   the	   asymptotic	  

activation	   level	   of	   the	   target	  word	   in	   the	   focus	   layer.	   In	   Figure	   1.1,	   the	   target	  

word	  transfers	  only	  3/4	  th	  of	  its	  maximum	  activation	  strength,	  because	  it	  had	  lost	  

feature	  unit	  2.	  	  

As	   a	   consequence	   of	   the	   feature	   overwriting,	   the	   focus	   unit	   of	   the	  

competitor	  also	  receives	  1/4th	  of	  its	  maximum	  activation.	  This	  is	  due	  to	  the	  fact	  

that	   feature	   unit	   1,	   on	  which	   the	  words	   overlap,	   fires	   in	   the	   “blue	   phase”	   and	  

transfers	   its	  activation	  to	  the	  focus	  unit	  of	   the	  competitor.	  This	   fact	  reflects	  the	  

existence	  of	  a	  noisy	  activation	   in	   the	   focus	   layer.	  The	  activation	   levels	  of	   target	  

and	   competitor	   must	   therefore	   be	   interpreted	   as	   expected	   values	   of	   random	  

variables.	  Thus	  objects	  due	  to	  noise	  can	  be	  confused	  at	  recall.	  The	  model	  includes  

the	  σ	  parameter,	  which	  captures	  interference	  by	  confusion	  of	  whole	  elements.	  In	  

the	  example,	  the	  relative	  activation	  levels	  of	  target	  and	  competitor	  in	  Figure	  1.1	  

(i.e.,	  3/4	  and	  1/4,	  respectively)	  would	  lead	  the	  correct	  selection	  of	  features	  of	  the	  

target	  word	   and	   consequently	   the	   object	   could	  be	  updated.	   Then	   its	   activation	  

spreads	   to	   the	   results	   layer	   and	   a	   new	   updating	   sequence	   commences.	   The	  

average	   time	  needed	   for	  retrieving	  and	  updating	  an	  object	   is	   reflected	  by	   the	  r	  

parameter.	  

To	  update	  a	  word	  that	  has	  been	  updated	  immediately	  before	  is	  faster	  than	  

updating	  another	  word	  in	  working	  memory.	  This	  is	  because	  the	  word	  is	  already	  

strongly	   activated	   in	   the	   focus	   layer	   and	   it	   is	   not	   necessary	   to	   spread	   the	  

activation	   from	   features	   to	   focus	   layer.	   This	   is	   the	   so-‐called	   object-‐switch	   cost	  

(Garavan,	   1998;	   Oberauer,	   2003).	   To	   account	   for	   this	   assumption	   in	   the	  

formalization,	   the	   IM	  distinguishes	   two	   rate	  parameters,	  r1,	   and	  rMD>1.	   The	   rate	  

parameter	  r1	  reflects	  the	  speed	  of	  updating	  in	  memory	  demand	  equal	  1,	  that	  is,	  

when	   no	   object	   switch	   is	   necessary.	   The	   rate	   parameter	   rMD>1	   in	   memory	  

demands	   larger	  1,	  when	  an	  object	   switch	   is	  necessary	  between	  every	  updating	  

step	  and	  the	  next.	  	  
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Figure	  1.1.	  Schematic	  illustration	  of	  the	  architectural	  assumptions	  of	  the	  IM.	  	  

Additionally	  the	  IM	  includes	  another	  rate	  parameter	  for	  memory	  demands	  larger	  

2.	  One	  reason	  why	  the	  rate	  might	  continuously	  decrease	  with	  increasing	  memory	  

demand	   is	   that	   competing	   responses	   inhibit	   each	   other,	   as	   proposed	   by	  Usher	  

and	  McClelland	  (2001).	  Thus,	  strong	  object	  competition	  in	  working	  memory	  slow	  
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down	  the	  retrieval	  of	  any	  object	  through	  inhibition,	  and	  consequently	  reduce	  the	  

rate	  of	  updating.	  	  

The	   IM	   explains	   two	   well-‐documented	   findings:	   the	   phonological	  

similarity	   effect	   (Conrad	   &	   Hull,	   1964;	   Copeland	   &	   Radvansky,	   2001;	   Lobley,	  

Baddeley,	   &	   Gathercole,	   2005)	   and	   the	   average	   maximum	   capacity	   of	   storing	  

independent	   objects	   in	   working	   memory	   (Cowan,	   2001).	   The	   phonological	  

similarity	  effect	  has	  been	  documented	  by	  studies	  showing	  that	  words,	  which	  are	  

phonologically	  similar,	  are	  more	  difficult	  to	  be	  maintained	  in	  memory	  (Conrad	  &	  

Hull,	  1964;	  Copeland	  &	  Radvansky,	  2001;	  Lobley,	  Baddeley,	  &	  Gathercole,	  2005).	  

The	   middle	   panel	   of	   Figure	   1.1	   illustrates	   this	   phenomenon.	   Two	   words	   are	  

stored:	  The	   target	  word	   “Boat”	  and	   the	  competitor	  word	   “Boot”.	  Because	   these	  

words	  are	  phonetically	   similar	   they	  overlap	   in	  many	   features.	  The	   target	  word	  

lost	  feature	  5	  and	  the	  competitor	  word	  lost	  features	  3	  and	  4.	  Consequently,	  the	  

activation	  of	  the	  target	  word	  in	  the	  focus	  layer	  is	  3/4.	  Due	  to	  feature	  overwriting	  

features	  3	  and	  4	  belonging	  to	  the	  target	  also	  spread	  the	  activation	  to	  the	  unit	  of	  

the	  competitor	  in	  the	  focus	  layer.	  Thus,	  the	  competitor	  receives	  1/2	  of	  activation	  

in	  its	  focus	  unit,	  which	  increases	  the	  probability	  of	  selecting	  the	  erroneous	  word	  

(i.e.,	   interference	  by	  confusion).	  Therefore,	  according	  to	  the	  IM,	  the	  phonological	  

similarity	   effect	   is	   a	   product	   of	   interference	   by	   feature	   overwriting	   and	  

interference	  by	  confusion.	  	  

The	  bottom	  panel	  of	  Figure	  1.1	  illustrates	  a	  state	  in	  which	  three	  words	  are	  

stored	   in	   working	   memory.	   Given	   the	   assumption	   postulating	   that	   any	  

representation	   in	   working	   memory	   shares	   a	   proportion	   of	   feature	   units,	   an	  

increase	   in	   the	   memory	   demand	   promotes	   more	   feature	   overlapping.	   In	   the	  

example,	  the	  target	  object	  “Boat”	   lost	  feature	  units	  7	  and	  8	  and	  therefore	  it	  can	  

transfer	   only	   1/2	   from	   its	   maximum	   activation.	   The	   competitor	   “Ship”	   lost	  

feature	   unit	   6	   and	   the	   competitor	   “Dog”	   lost	   feature	   units	   6	   and	   7.	   Hence,	   the	  

maximum	  asymptotic	  activation	  of	   the	   target	  word	   in	   the	   focus	   layer	  would	  be	  

1/2	  and	  the	  asymptotic	  activation	  of	  each	  competitor	  is	  1/4.	  In	  this	  scenario,	  due	  

to	   noise,	   the	   co-‐activated	   competitors	   could	   reach	   the	   highest	   activation	   level	  

because	   their	   strength	   of	   activation	   is	   similar	  with	   respect	   to	   the	   target.	   Thus,	  

Figure	  1.1	  illustrates	  that	  the	  correct	  selection	  of	  one	  object	  depends	  on	  feature	  

loss	  from	  overwriting	  and	  noise	  in	  the	  focus	  layer.	  	  
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To	   summarise,	   the	   IM	   has	   five	   basic	   parameters.	   The	   C	   parameter	  

reflecting	   interference	   by	   feature	   overwriting,	   the	   σ	   parameter	   reflecting	  

interference	  by	  confusion,	  and	   the	  r	  parameters	  reflecting	  speed	  of	  processing:	  

the	  rate	  parameter	  reflecting	   the	  speed	  of	  processing	   for	  memory	  demand	  =	  1,	  

the	  rate	  of	  retrieve	  an	  object	  from	  the	  features	  layer	  to	  the	  focus	  layer	  (i.e.,	  rMD>1),	  

and	  the	  rate	  of	  updating	  objects	  at	  memory	  demand	  larger	  than	  two	  (i.e.,	  rMD>2).	  	  

In	  this	  thesis,	  predictions	  of	  the	  IM	  are	  plotted	  as	  time-‐accuracy	  functions,	  

which	  is	  a	  procedure	  helping	  to	  estimate	  how	  much	  time	  the	  participants	  need	  to	  

achieve	   their	   particular	   asymptotic	   level	   of	   accuracy.	   Figure	   1.2	   illustrates	   the	  

effects	  of	  changing	  the	  values	  of	  the	  IM	  parameters	  on	  time-‐accuracy	  functions.	  	  

	  
Figure	  1.2.	  Illustration	  of	  the	  IM	  parameters	  in	  time-‐accuracy	  functions.	  

The	  left	  panel	  of	  Figure	  1.2	  –	  to	  be	  regarded	  as	  base	  line	  –	  shows	  the	  IM	  

predictions	  for	  a	  group	  of	  participants	  in	  a	  working-‐memory	  updating-‐task.	  The	  

updating	  task	  involved	  trials	  in	  which	  participants	  were	  requested	  to	  store	  and	  

to	  update	  one,	   two	  or	   three	  objects.	  The	  solid,	   the	  dashed,	  and	  the	  dotted	   lines	  

represent	   the	   predicted	   proportion	   of	   correct	   responses	   –	   the	   y-‐axis	   –	   for	  

memory	   demand	   of	   one,	   two,	   and	   three	   objects	   given	   the	   available	   time	   for	  

updating	   –	   x-‐axis.	   The	   box	   inside	   the	   base-‐line	   panel	   summarises	   the	   IM	  

estimates:	  Interference	  by	  feature	  overwriting	  –	  C;	  interference	  by	  confusion	  –	  σ;	  

and	  the	  processing	  speed	  parameters	  r1,	  rMD>1,	  and	  rMD>2.	  The	  red	  arrow	  depicts	  

the	  amount	   interference	  by	  feature	  overwriting	  –	  C	  =	  0.32	  –	  from	  one	  object	  to	  

three	  objects.	  
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The	   second-‐to-‐left	   panel	   illustrates	   the	   effect	   of	   increasing	   only	   the	   C	  

parameter	   from	  0.32	   to	   0.42,	  which	   results	   in	   a	   reduced	  proportion	   of	   correct	  

responses	   for	   memory	   demands	   larger	   than	   one.	   Again	   the	   red	   arrow	   shows	  

interference	  by	  feature	  overwriting	  from	  one	  to	  three	  objects.	  

The	  second-‐to-‐right	  panel	  demonstrates	  the	  effect	  of	  only	  increasing	  the	  σ	  

parameter	  from	  0.16	  to	  0.19.	  Regardless	  of	  the	  memory	  demand,	  an	  increase	  in	  

the	  σ	  parameter	  relates	  to	  a	  generous	  reduction	  of	  the	  performance.	  	  

Finally,	   the	   right	   panel	   indicates	   that	   relative	   to	   the	   base-‐line	   panel	  

increasing	   the	  r	  parameter	   from	  1.65	   to	  2.65	  more	   time	   is	  needed	   to	  reach	   the	  

asymptotic	  accuracy.	  The	  vertical	  dashed	   line	   in	   the	  right	  panel	  shows	  that	   the	  

asymptotic	  accuracy	  in	  memory	  demand	  equalling	  3	  is	  reached	  around	  1500-‐ms,	  

while	  the	  vertical	  dashed	  line	  in	  the	  base-‐line	  panel	  indicates	  that	  at	  1500-‐ms	  the	  

asymptotic	  accuracy	  is	  still	  not	  reached.	  

1.3 Inhibition	  as	  a	  mechanism	  that	  aids	  working-‐memory	  	  

Several	   studies	   have	   related	   inhibitory	   processes	   to	   WMC	   (for	   a	   review	   see	  

Redick,	   Heitz,	   &	   Engle,	   2007;	   and	   Lustig,	   Hasher,	   &	   Zacks,	   2007).	   Particularly,	  

some	  researchers	  have	  argued	  that	   inhibitory	  processes	  serve	   to	  keep	  working	  

memory	   free	   of	   irrelevant	   information	   by	   controlling	   the	   access	   of	   irrelevant	  

information,	   by	   deleting	   no-‐longer	   relevant	   information,	   and	   by	   inhibiting	  

inappropriate	  responses	  –	  restraint	  function	  in	  the	  framework	  of	  Hasher,	  Zacks,	  

&	  May,	  (1999).	  	  

For	   several	   reasons,	   the	   present	   study	   focused	   only	   on	   the	   effect	   of	  

inhibiting	   prepotent	   responses	   on	   working	   memory.	   First,	   albeit	   inhibitory	  

processes	  can	  be	  defined	  by	  these	  three	  functions.	  Yet,	  it	  is	  not	  clear	  if	  they	  form	  

the	   same	   construct	   or	   related	   constructs	   but	   remain	   separable	   (Friedman,	   &	  

Miyake,	  2004;	  Lustig,	  Hasher,	  &	  Zacks,	  2007).	  	  

Second,	  the	  inhibition	  of	  prepotent	  responses	  is	  the	  inhibitory	  process	  in	  

which	  taxonomies	  diverge	  less	  (Friedman	  &	  Miyake,	  2004;	  Hasher,	  Zacks,	  &	  May,	  

1999;	  Nigg,	  2000).	  In	  more	  detail,	  inhibition	  of	  prepotent	  responses	  refers	  to	  the	  

ability	  of	  withholding	  and/or	  preventing	  prepotent	  but	  inappropriate	  responses	  

for	  the	  task	  or	  situation	  going	  on.	  	  
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Third,	  studying	  the	  relation	  between	  inhibition	  and	  WMC	  could	  help	  us	  to	  

understand	  also	  age	  differences	  in	  WMC	  because	  both	  of	  them	  have	  been	  largely	  

related	  to	  changes	  across	  the	  lifespan.	  	  

Fourth,	   the	  underlying	  mechanisms	   explaining	   the	   relationship	  between	  

WMC	  and	  inhibition	  remain	  unclear.	  Thus,	  the	  next	  step	  is	  to	  fill	  in	  the	  gaps.	  

1.4 Overview	  of	  the	  present	  studies	  	  

This	   thesis	   investigated	   the	   role	   of	   inhibition	   in	   WMC.	   In	   a	   first	   study,	   we	  

compared	   the	   performance	   of	   children,	   young	   adults,	   and	   old	   adults	   in	   a	  

working-‐memory	  updating-‐task	  with	   two	  conditions:	   the	  control	   condition	  and	  

the	  go/no-‐go	  condition.	  In	  particular,	  the	  study	  estimated	  the	  time	  for	  switching	  

from	  go	  steps	  to	  no-‐go	  steps	  in	  order	  to	  examine	  age	  differences.	  We	  argued	  that	  

the	  switching	  time	  reflects	  either	  the	  time	  for	  stopping	  the	  tendency	  to	  update	  a	  

stimuli	  or	  the	  time	  to	  remove	  the	  update	  task	  set	  and	  replace	  it	  with	  the	  do	  not	  

update	  task	  set.	  	  

In	  a	  second	  study,	  we	  tested	  how	  three	  theories	  fit	  the	  role	  of	  inhibition	  in	  

WMC.	   Two	   experiments	   were	   conducted	   in	   order	   to	   examine	   the	   inhibition	  

across	  different	   frameworks	  of	  the	   limits	  of	  WMC.	  We	  specifically	   implemented	  

two	  formal	  models	  assuming	  limited	  resources	  in	  working	  memory	  as	  a	  cause	  of	  

forgetting,	   two	   formal	   models	   proposing	   interplay	   between	   decay	   and	  

reactivation	  as	  a	  cause	  of	  forgetting,	  and	  three	  versions	  of	  the	  IM.	  	  

1.4.1 Working	   memory	   capacity	   in	   a	   go/no-‐go	   task:	   age	   differences	   in	  

interference,	  processing	  speed,	  and	  attentional	  control	  (Chapter	  2)	  

The	   study	   in	   Chapter	   2	   examined	   the	   performance	   of	   22	   children,	   18	   young	  

adults,	  and	  22	  old	  adults	  switching	  from	  go	  to	  no-‐go	  steps	  in	  a	  working	  memory	  

updating	   task	   that	   consisted	   in	   two	   experimental	   conditions:	   the	   control	  

condition	  and	  the	  go/no-‐go	  condition.	  In	  the	  control	  condition,	  participants	  were	  

requested	   to	   encode	   one,	   two	   or	   three	   stimuli	   located	   in	   a	   3	   x	   4	   grid.	   After	  

encoding,	   go	   steps	   were	   serially	   presented.	   A	   go	   step	   consisted	   of	   the	  

simultaneous	  presentation	  of	  a	  black	  arrow	  and	  a	  picture	  of	  one	  of	  the	  encoded	  

stimuli,	  with	   the	  arrow	  placed	  on	   top	  of,	  below,	   to	   the	   left,	   to	   the	  right,	  or	   in	  a	  

diagonal	   position	   to	   the	   stimulus.	   The	   task	   was	   to	   mentally	   shift	   the	   spatial	  

position	   of	   a	   respective	   stimulus	   according	   to	   black	   arrows.	   After	   updating	  
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sequences	   the	   final	   location	   of	   each	   stimulus	   was	   requested.	   The	   go/no-‐go	  

condition	   resembled	   the	   control	   condition	   but	   it	   included	   the	   random	  

presentation	  of	   go	  and	  no-‐go	   steps	  –	  denoted	  with	  a	  white	   arrow.	  Participants	  

were	  instructed	  to	  not	  update	  a	  stimulus	  if	  a	  white	  arrow	  was	  presented.	  	  

With	  the	  aim	  of	  modelling	  the	  differences	  between	  the	  control	  condition	  

and	  the	  go/no-‐go	  condition	  we	  introduced	  two	  modifications	  in	  the	  IM.	  First,	  the	  

model	   implementation	   estimated	   the	   time	  of	   switching	   from	  go	   steps	   to	   no-‐go	  

steps;	   this	   cost	   was	   captured	   by	   the	   sc	   parameter.	   Second,	   in	   the	   model	   we	  

doubled	   the	  updating	   time	  of	   go	   steps	   that	  were	   followed	  by	   a	  no-‐go	   step.	  We	  

assume	   that	   during	   a	   no-‐go	   step	   participants	   use	   a	   fraction	   of	   the	   time	   for	  

completing	  the	  preceding	  go	  step.	  	  

In	   addition	   to	   these	  manipulations	  we	   tested	  whether	   age	   groups	  were	  

different	   in	   terms	   of	   interference	   by	   feature	   overwriting,	   interference	   by	  

confusion,	  processing	  speed	  and	  in	  the	  time	  of	  switching	  from	  go	  steps	  to	  no-‐go	  

steps.	  	  

The	  results	  indicated	  that	  our	  implementation	  improved	  the	  model	  fit	  to	  

the	  data,	  thereby	  bringing	  support	  to	  our	  main	  assumptions:	  switching	  from	  go	  

to	   no-‐go	   steps	   costs	   time	   and	   during	   no-‐go	   steps	   participants	  may	   use	   part	   of	  

time	   for	   completing	   the	   preceding	   go	   step.	   Thus,	   these	   new	   manipulations	  

appear	  to	  explain	  the	  differences	  between	  updating	  conditions.	  	  

Regarding	  age	  groups	  differences,	  young	  adults	  were	  more	  susceptible	  to	  

interference	  by	  feature	  overwriting	  than	  old	  adults	  were.	  Children	  were	  the	  most	  

susceptible	  to	  interference	  by	  confusion	  followed	  by	  old	  adults	  and	  young	  adults.	  

The	  processing	  rate	  of	  old	  adults	  was	  slower.	  Children	  and	  old	  adults	  showed	  a	  

larger	  switch	  cost.	  	  

In	   summary,	   the	   study	   indicated	   that	   across	   age	   the	   limits	   of	  WMC	   are	  

mainly	  influenced	  by	  different	  mechanisms:	  feature	  overwriting,	  interference	  by	  

confusion,	  processing	  speed,	  and	  attentional	  control.	  

1.4.2 Dynamics	   between	   causes	   of	   forgetting	   and	   Inhibition	   in	   working	  

memory:	  a	  formal	  approach	  (Chapter	  3)	  

The	  study	   in	  Chapter	  3	  examined	  the	  role	  of	   inhibition	   in	  working	  memory.	  To	  

this	   end	  we	   conducted	   three	   experiments,	   and	   implemented	   formal	  models	   of	  
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the	   limits	   of	  WMC	   to	   fit	   the	   data:	   a	   resources	  model	   –	   two	   versions,	   a	   decay-‐

based	   model	   –	   two	   versions,	   and	   three	   versions	   of	   the	   IM.	   Experiment	   1	  

compared	   how	   participants	   performed	   between	   the	   control	   condition	   and	   the	  

switch-‐inhibition	  condition.	  Participants	  in	  the	  control	  condition	  were	  requested	  

to	  encode	  the	  location	  of	  one,	  two	  or	  three	  stimuli	  in	  3	  X	  4	  grid.	  After	  encoding,	  a	  

sequence	   of	   updating	   steps	   was	   displayed.	   An	   updating	   step	   consisted	   in	   the	  

presentation	  of	  one	  of	  the	  encoded	  objects	  together	  with	  a	  black	  arrow.	  The	  task	  

was	  to	  mentally	  shift	  the	  spatial	  location	  of	  the	  respective	  stimulus	  one	  cell	  in	  the	  

direction	  of	  the	  arrow	  and	  to	  encode	  the	  new	  location.	  Then	  the	  spatial	  location	  

of	  each	  stimulus	  was	  requested.	  The	  switch-‐inhibition	  condition	  resembled	   the	  

control	   condition	   but	   either	   a	   black	   arrow	   or	   a	   white	   arrow	   was	   presented	  

during	  an	  updating	  step.	  White	  arrows	  indicated	  to	  move	  the	  object	  one	  location	  

in	   the	   opposite	   direction	   of	   the	   arrow.	   This	   manipulation	   left	   two	   further	  

processes	   in	   the	  switch-‐inhibition	  condition:	   task	  switching	  and	   inhibition.	  The	  

task	  switching	   is	   reflected	  by	   the	   fact	   that	  participants	  have	   to	  switch	  between	  

the	  task	  set	  shift	  the	  object	  one	  cell	  in	  the	  direction	  of	  the	  black	  arrow	  and	  the	  task	  

set	  shift	  the	  object	  one	  cell	  in	  the	  opposite	  direction	  of	  the	  white	  arrow.	   Inhibition	  

is	  reflected	  by	  the	  fact	  that	  participants	  have	  to	  withhold	  the	  natural	  tendency	  of	  

shifting	  objects	  in	  the	  direction	  of	  the	  arrow.	  	  

The	  three	  formal	  families	  of	  models	  invoke	  different	  mechanisms	  in	  order	  

to	  explain	  causes	  of	  forgetting	  and	  the	  role	  of	  inhibition	  in	  WMC.	  The	  resources	  

model	  proposes	  a	   limited	  source	  of	  activation	   for	  maintenance	  and	  processing.	  

An	   increase	   in	   the	   memory	   demand	   leaves	   fewer	   resources	   for	   updating.	  

Likewise,	   an	   updating	   phase	   requiring	   more	   cognitive	   processes	   leaves	   fewer	  

resources	  for	  maintenance.	  	  

The	   resources	   model	   predicts	   forgetting	   due	   to	   a	   limited	   source	   of	  

activation(Anderson,	  Reder,	  &	  Lebiere,	  1996;	  Just	  &	  Carpenter,	  1992).	  Updating	  

conditions	  in	  Experiment	  1	  differ	  in	  that	  the	  switch-‐inhibition	  condition	  includes	  

task	   switching	   and	   inhibition	   as	   further	   processes.	   According	   to	   the	   resources	  

account	  the	  additional	  processes	  take	  away	  resources	  from	  maintenance,	  which	  

results	   in	   a	   smaller	   accuracy	   for	   recalling	   objects	   in	   the	   switch-‐inhibition	  

condition.	   In	   this	  model	  we	   included	   the	  ψ	  parameter	   in	  order	   to	   estimate	   the	  

resources	  that	  task	  switching	  and	  inhibition	  take	  away.	  	  
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The	  main	   assumption	   of	   a	   decay-‐based	  model	   is	   that	   working-‐memory	  

objects	   decay	   over	   time	   unless	   they	   are	   reactivated	   via	   attentional	   refreshing	  

(Camos,	   Lagner,	   &	   Barrouillet,	   2009),	   or	   via	   rehearsal	   (Baddeley,	   Thomson,	  

Buchanan,	   1975;	   Page	   &	   Norris,	   1998;	   Kieras	   et	   al.,	   1999).	   The	   decay	   model	  

explains	  a	  reduction	  in	  the	  accuracy	  at	  recall	  due	  to	  an	  increase	  in	  the	  memory	  

demand.	  This	  reduction	  in	  accuracy	  is	  explained	  by	  assuming	  an	  inverse	  relation	  

between	  memory	  demand	  and	  the	  time	  dedicated	  to	  reactivate	  memory	  traces.	  	  

The	  decay	  model	  predicts	   a	  decline	   in	   the	  accuracy	   for	   recalling	  objects	  

because	   task	   switching	   and	   inhibition	   cost	   time.	   Thus,	   memory	   traces	   in	   the	  

switch-‐inhibition	  condition	  suffer	  more	  decay.	   In	  order	  to	  estimate	  the	  average	  

time,	  which	   task	   switching	  and	   inhibition	  use	   from	   the	   total	   time	   for	  updating,	  

the	  decay	  model	  includes	  the	  Z	  parameter.	  	  

The	   main	   assumption	   of	   the	   IM	   is	   that	   memory	   representations	   are	  

degraded	   in	   working	   memory	   due	   to	   interference	   by	   feature	   overwriting	   and	  

interference	  by	   confusion.	   The	   first	   version	  of	   the	   IM	  predicts	   that	   the	   switch-‐

inhibition	   condition	   consumes	  more	   time	   than	   the	   control	   condition.	   Likewise,	  

the	  second	  version	  of	  the	  IM	  assumes	  a	  reduced	  rate	  of	  processing	  in	  the	  switch-‐

inhibition	   condition.	   But	   additionally,	   it	   expects	   that	   differences	   in	   accuracy	   at	  

recall	  exist	  due	  to	  failures	  in	  updating	  objects	  when	  white	  arrows	  are	  presented.	  

Specifically,	  the	  model	  assumes	  that	  participants	  fail	   inhibiting	  the	  white	  arrow	  

and	  therefore	   they	  shift	   the	  object	   to	  a	  wrong	   location.	  Consequently,	  errors	  at	  

recall	   are	   not	   due	   to	   forgetting.	   The	  φ	   parameter	   estimates	   the	   probability	   of	  

incorrectly	   updating	   an	   object.	   The	   third	   version	   resembled	   the	   first	   one	   but	  

included	   the	  X	  parameter,	  which	  estimates	  an	   increase	   in	   the	  memory	  demand	  

due	   to	   the	   activation	   of	   irrelevant	   locations	   in	   the	   focus	   layer.	   The	   rationale	  

underlying	   this	   parameter	   was	   that	   participants	   in	   the	   switch-‐inhibition	  

condition	   could	   fail	   inhibiting	   the	   direction	   of	   the	   white	   arrow.	   A	   possible	  

consequence	  of	  this	  failure	  is	  that	  participants	  can	  spend	  time	  giving	  attention	  to	  

irrelevant	  cells	  in	  the	  grid.	  Attention	  to	  irrelevant	  locations	  could	  be	  translated	  in	  

the	  involuntary	  activation	  of	  those	  cells	  in	  the	  focus	  layer,	  which	  at	  the	  same	  time	  

increase	  the	  probability	  of	   interference	  by	  feature	  overwriting	  and	  interference	  

by	  confusion.	  
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The	  results	  of	  Experiment	  1	   indicated	   that	  within	   this	   set	  of	  models	   the	  

third	  version	  of	  the	  IM	  was	  best	  fitting	  to	  the	  data.	  Hence,	  interference	  by	  feature	  

overwriting	  and	  interference	  by	  confusion	  were	  regarded	  as	  the	  main	  causes	  of	  

forgetting	   in	   working	   memory.	   The	   IM	   estimates	   supported	   the	   assumptions	  

connected	   to	   the	   role	  of	   inhibition	   in	  WMC:	  Task	   switching	  and	   inhibition	   cost	  

time;	   and	   an	   increase	   in	   the	  memory	   demand	   due	   to	   failures	   inhibiting	  white	  

arrows.	  	  

In	  Experiment	  1	  differences	  between	  the	  two	  updating	  conditions	  are	  due	  

to	   task	   switching	   and	   inhibition.	   Experiment	   2A	   disentangled	   the	   inhibition	  

effect	  from	  the	  task-‐switching	  effect.	  For	  this	  purpose	  Experiment	  2A	  compared	  

the	  participants’	  performance	  between	   the	  control	  condition	  and	   the	   inhibition	  

condition.	   The	   same	   control	   condition	   as	   in	   Experiment	   1	   was	   used.	   The	  

inhibition	  condition	  included	  only	  the	  presentation	  of	  white	  arrows.	  Thus,	  in	  the	  

inhibition	  condition	  every	  updating	  step	   involves	  moving	   the	  object	  one	  cell	   in	  

the	  opposite	  direction	  of	  the	  white	  arrow.	  	  

Model	  implementations	  and	  their	  respective	  assumptions	  were	  the	  same	  

as	  in	  Experiment	  1.	  Therefore,	  the	  resources	  model	  assumes	  that	  inhibition	  takes	  

resources	  away	  from	  maintenance,	  which	  predicts	  reduced	  accuracy	  at	  recall	  in	  

the	   inhibition	   condition.	   The	   decay-‐based	   model	   predicts	   smaller	   accuracy	   at	  

recall	   in	   the	   inhibition	   condition	   due	   to	   a	   trade-‐off	   between	   decay	   and	  

reactivation.	  Version	  one	  of	  the	  IM	  predicts	  a	  slowdown	  in	  the	  speed	  of	  updating	  

objects	  in	  the	  inhibition	  condition.	  The	  second	  version	  of	  the	  IM	  predicts	  also	  a	  

reduced	   processing	   speed	   in	   the	   inhibition	   condition.	   However,	   this	   second	  

version	  takes	  into	  account	  the	  probability	  of	  erroneously	  updating	  objects	  in	  the	  

inhibition	  condition.	  The	  φ	  parameter	  captured	  that	  probability	  of	  an	  erroneous	  

update.	  The	   third	  version	  resembles	  version	  one	  but	   includes	   the	  X	  parameter,	  

which	   models	   an	   increase	   in	   the	   memory	   demand	   due	   to	   the	   activation	   of	  

irrelevant	  locations.	  	  

An	   analysis	   of	   the	   data	   retrieved	   from	   our	   research	   revealed	   that	   the	  

second	  and	  the	  third	  version	  of	  the	  IM	  did	  no	  differ	   in	  terms	  of	   fit	  and	  that	  the	  

remaining	  models	  did	  not	  receive	  statistical	  support.	  This	  time,	  the	  φ	  parameter	  

was	  smaller	  but	  reliable.	  This	  finding	  suggests	  that	  a	  small	  proportion	  of	  errors	  

are	  due	  to	  the	  inhibition	  process.	  Nonetheless,	  it	  is	  plausible	  to	  assume	  that	  the	  
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control	   condition	   is	   also	   prone	   to	   error.	   In	   order	   to	   experimentally	   test	   the	  

probability	  of	  erroneously	  updating	  an	  object	  in	  the	  control	  and	  in	  the	  inhibition	  

condition,	   we	   conducted	   Experiment	   2B.	   This	   experiment	   was	   similar	   to	  

Experiment	  2A	  but	  it	  included	  memory	  demand	  of	  one	  object	  and	  updating	  steps	  

were	  self-‐paced	  and	  not	  computer-‐paced	  as	  in	  Experiment	  2A.	  	  

In	   Experiment	   2B	   participants	   were	   instructed	   to	   update	   as	   soon	   and	  

accurate	  as	  possible	  the	  location	  of	  the	  respective	  object.	  Here	  the	  expectations	  

were	  shorter	  response	  times	  and	  smaller	  accuracy	  for	  the	  inhibition	  condition.	  	  

Data	  analysis	   confirmed	  our	  predictions.	  The	  control	   condition	  was	  also	  

prone	   to	   error	   –	   but	   to	   a	   lower	   degree	   than	   the	   inhibition	   condition	   –	   and	  

response	  times	  were	  shorter	  than	  those	  in	  the	  inhibition	  condition.	  In	  both	  cases,	  

error	  rates	  for	  updating	  the	  objects	  were	  smaller.	  In	  addition	  to	  the	  data	  analysis	  

we	  used	  this	  data	  to	  correct	  the	  error	  rates	  of	  the	  data	  of	  Experiment	  2A.	  Thus,	  

after	   this	   correction,	   we	   have	   an	   estimated	   accuracy	   that	   can	   be	   attributed	   to	  

other	  factors	  than	  errors	  due	  to	  updating.	  We	  refitted	  the	  third	  version	  of	  the	  IM	  

with	   the	   aim	   of	   testing	   whether	   the	   X	   parameter	   remains	   significant.	   The	  

reanalysis	   of	   data	   from	   Experiment	   2A	   revealed	   that	   after	   this	   correction	   the	  

effects	   of	   the	   third	   version	   of	   the	   IM	   remain	   different	   from	   zero,	  which	   brings	  

further	  support	  to	  the	  assumptions	  linked	  to	  this	  model.	  	  

Chapter	   3	   shows	   that	   among	   this	   set	   of	   hypotheses	   an	   interference	  

account	  including	  differences	  in	  processing	  speed	  and	  an	  increase	  in	  the	  memory	  

demand	  as	  a	  result	  of	   irrelevant	   information	  in	  working	  memory	  best	  accounts	  

for	  the	  data.	  In	  Chapter	  3	  we	  also	  present	  the	  problems	  of	  the	  remaining	  models	  

fitting	  the	  data.	  We	  specifically	  argue	  that	  these	  problems	  are	  directly	  connected	  

to	  the	  core	  assumptions	  of	  the	  theory	  that	  each	  model	  is	  based	  on.	  
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2 Working	  memory	  capacity	  in	  a	  go/no-‐go	  task:	  

Age	  differences	  in	  interference,	  processing	  

speed,	  and	  attentional	  control.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

The	   results	   of	   this	   chapter	   are	   reported	   as:	   Rodriguez-‐Villagra,	   A.O.,	  

Göthe,	  K.,	  Oberauer,	  K.,	  &	  Kliegl,	  R.	  (2013).	  Working	  memory	  capacity	  in	  a	  go/no-‐
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2.1 Abstract	  

We	   tested	   the	   limits	   of	  working-‐memory	   capacity	   (WMC)	   of	   young	   adults,	   old	  

adults,	   and	   children	   with	   a	   memory-‐updating	   task.	   The	   task	   consisted	   of	  

mentally	  shifting	  spatial	  positions	  within	  a	  grid	  according	  to	  arrows,	  their	  colour	  

signalling	   either	   only	   go	   (control)	   or	   go/no-‐go	   conditions.	  The	   interference	  

model	  (IM)	  of	  Oberauer	  and	  Kliegl	  (2006)	  was	  simultaneously	  fitted	  to	  the	  data	  

of	  all	  groups.	   In	  addition	   to	   the	   three	  main	  model	  parameters	  (feature	  overlap,	  

noise,	  and	  processing	  rate)	  we	  estimated	  the	  time	  for	  switching	  between	  go	  and	  

no-‐go	  steps	  as	  a	  new	  model	  parameter.	  This	  study	  examined	  the	  IM	  parameters	  

across	   the	   lifespan.	  The	   IM	  parameter	  estimates	  show	  that	  (1)	  conditions	  were	  

not	   different	   in	   interference	   by	   feature	   overlap	   and	   interference	   by	   confusion,	  

(2)	  switching	  costs	  time,	  (3)	  young	  adults	  and	  children	  were	  less	  susceptible	  to	  

interference	   due	   to	   feature	   overlap	   than	   old	   adults,	   (4)	   noise	   was	   highest	   for	  

children,	  followed	  by	  old	  and	  young	  adults,	  (5)	  old	  adults	  differed	  from	  children	  

and	  young	  adults	  in	  lower	  processing	  rate;	  and	  (6)	  children	  and	  old	  adults	  had	  a	  

larger	   switch	   cost	   between	   go	   steps	   and	   no-‐go	   steps.	   Thus,	   the	   results	   of	   this	  

study	   indicated	   that	   across	   age	   the	   IM	   parameters	   contribute	   distinctively	   for	  

explaining	  the	  limits	  of	  WMC.	  	  
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2.2 Introduction	  

According	  to	  Oberauer	  et	  al.,	  (2007)	  WMC	  “[…]	  reflects	  the	  ability	  to	  keep	  several	  

chunks	  of	   information	  simultaneously	  available	   for	  direct	  access	  (pp.	  50)”.	  This	  

capacity	  plays	  a	  crucial	  role	  in	  human	  cognition.	  Individuals	  with	  high	  WMC	  tend	  

to	  perform	  better	   in	  a	  range	  of	  cognitive	  tasks	  than	   individuals	  with	   low	  WMC.	  

Specifically,	   there	   is	   evidence	   for	   the	  predictive	  power	  of	  WMC	   for	   intelligence	  

tests,	   language	   comprehension	   and	   reasoning	   ability	   (Chen	   &	   Li,	   2007;	  

Palladinoet	  al.,	  2001;Oberauer	  et	  al.,	  2007).	  Therefore,	  a	  better	  understanding	  of	  

the	  sources	  and	  mechanisms	  of	  limitation	  in	  WMC	  will	  inform	  psychologists	  and	  

cognitive	  scientists	  about	  processes	  involved	  in	  a	  variety	  of	  cognitive	  tasks.	  	  

Regarding	   sources	   of	   limitation	   in	  WMC,	   some	   theories	   have	   suggested	  

that	   cognitive	   processes	   such	   as	   inhibition,	   executive	   attention	   and	   control,	  

processing	   speed,	   and	   differences	   in	   capacity	   of	   storage	   are	   responsible	   for	  

individual	  differences	  in	  working	  memory	  (for	  a	  review	  on	  this	  topic	  see	  Conway	  

et	   al.,	   2007).	   Other	   theories	   have	   focused	   on	   the	   mechanisms	   responsible	   for	  

forgetting	  in	  working	  memory.	  Some	  contemporary	  models	  of	  working	  memory	  

and	  short-‐term	  memory	  assign	  a	   central	   role	   to	   the	  passage	  of	   time	  alone	  as	  a	  

cause	   of	   decay	   of	   memory	   traces	   (Barrouillet,	   Bernardin,	   &	   Camos,	   2004),	  

whereas	   other	   models	   have	   postulated	   interference	   as	   the	   main	   cause	   of	  

forgetting	  (Oberauer	  &	  Kliegl,	  2006;	  Oberauer	  &	  Lewandowsky,	  2008).	  	  

The	  IM	  developed	  by	  Oberauer	  and	  Kliegl	  (2001;	  2006)	  successfully	  fitted	  

data	  from	  different	  versions	  of	  a	  working-‐memory	  updating-‐task.	  The	  IM	  has	  two	  

parameters	   reflecting	   two	   types	   of	   interference:	   the	   degree	   of	   feature	   overlap	  

between	  representations	  in	  working	  memory,	  governing	  interference	  by	  feature	  

overwriting,	   and	   the	   noise	   parameter,	   governing	   interference	   by	   confusion	   of	  

items.	   A	   third	   parameter	   reflects	   the	   average	   speed	   of	   information	   processing.	  

Oberauer	   and	   Kliegl	   (2006)	   examined	   interference	   among	   items	   within	   and	  

across	  the	  verbal	  and	  spatial	  domains,	  and	  the	  effect	  of	  phonological	  similarity.	  

Their	   results	   showed	   that	   interference	   by	   feature	   overwriting	   is	   larger	   among	  

items	  within	  the	  same	  domain	  than	  it	   is	  among	  items	  in	  different	  domains,	  and	  

that	   feature	   overwriting	   among	   items	   in	   working-‐memory	   updating-‐tasks	  

increases	  when	  items	  are	  phonologically	  more	  similar	  to	  each	  other.	  	  
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Additionally,	   the	   IM	   provided	   a	   satisfactory	   quantitative	   fit	   for	   data	   of	  

different	   age	   groups.	   An	   earlier	   version	   of	   the	   IM	   (Oberauer	   &	   Kliegl,	   2001)	  

successfully	   fitted	   data	   from	   young	   and	   old	   adults	   and	   showed	   that	   old	   adults	  

exhibited	   an	   increased	   susceptibility	   to	   interference	   than	   younger	   adults.	  

Furthermore,	  in	  a	  recent	  study,	  the	  IM	  was	  used	  to	  compare	  typically	  developing	  

children	   to	   children	  with	   different	   learning	   difficulties	   (Göthe,	   Esser,	   Gendt,	   &	  

Kliegl,	  2012).	  	  

These	  successful	  applications	  of	   the	   IM	  have	  shown	  that	   interference	  by	  

feature	  overwriting	  and	  interference	  by	  confusion	  are	  mechanisms	  that	  may	  help	  

explain	   the	   causes	   of	   forgetting	   in	   WMC.	   Mechanisms	   and	   processes	   such	   as	  

inhibition	   (Healey,	   Campbell,	   &	   Hasher,	   2008),	   attentional	   control	   (Szmalec,	  

Verbruggen,	   Vandierendonck,	   &	   Kemps,	   2011;	   Vallesi,	   Hasher,	   &	   Stuss,	   2010),	  

processing	   speed	   (Chen	   &	   Li,	   2007;	   Salthouse,	   1996),	   and	   different	   kinds	   of	  

interference	   (Szmalec	   et	   al.,	   2011)	   have	   been	   related	   to	   individual	   and	   age	  

differences	   in	   WMC.	   The	   IM	   framework	   allows	   examining	   these	   proposals	  

simultaneously—of	  course	  only	  relative	  to	  their	  conceptualization	  in	  this	  model.	  

In	   the	   present	   study,	   we	   address	   the	   question	   whether	   these	   alternative	  

explanations	  are	   redundant	  with	  each	  other	  or	  whether	   they	   refer	   to	   separate,	  

co-‐existing	   sources	   of	   age	   differences.	   In	   addition,	   we	   investigate	   whether	  

different	   variables	   are	   responsible	   for	   differences	   between	   young	   adults	   and	  

children	  on	  the	  one	  hand,	  and	  the	  differences	  between	  young	  and	  old	  adults	  on	  

the	  other	  hand.	  

The	  purpose	  of	  the	  present	  work	  was	  two-‐fold.	  First,	  we	  aimed	  to	  extend	  

the	  IM	  to	  a	  new	  version	  of	  the	  memory-‐updating	  paradigm.	  Our	  new	  task	  version	  

enabled	  us	   to	   test	   the	   contribution	  of	   attention	   control	   in	  working	  memory	  by	  

including	   go	   and	   no-‐go	   steps	   in	   the	   updating	   phase.	   The	   effect	   of	   this	  

manipulation	  is	  captured	  in	  an	  additional	  IM	  parameter.	  We	  argue	  that	  inhibition	  

or	   task-‐switching	   processes	   are	   the	   mechanisms	   underlying	   the	   control	   of	  

attention.	  Thus,	  this	  manipulation	  allowed	  us	  to	  examine	  the	  dynamics	  between	  

the	  two	  types	  of	  interference	  assumed	  by	  the	  IM	  and	  attention	  control	  in	  WMC.	  

Second,	  we	  wanted	  to	   investigate	  the	  development	  of	  WMC	  across	  the	   lifespan.	  

Studies	   and	   theories	   have	   attributed	   age	   and	   developmental	   differences	   to	   (1)	  

storage	  capacity	  (Bayliss,	  Jarrold,	  Baddeley,	  Gunn,	  &	  Leigh,	  2005,	  Cowan,	  2001),	  
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(2)	   processing	   speed	   (Salthouse,	   1996),	   and	   (3)	   attention	   control	   (Chiappe,	  

Hasher,	   &	   Siegel,	   2000;	   Elliot,	   2002;	   Kane,	   Conway,	   Hambrick,	   &	   Engle,	   2007;	  

Redick,	  Heitz,	  &	  Engle,	  2007).	  To	  test	   lifespan	  differences	  with	  respect	   to	   these	  

limiting	   factors	   of	   WMC	   in	   an	   integrated	   approach	   we	   tested	   children,	   young	  

adults,	  and	  old	  adults.	  The	  remainder	  of	  the	  introduction	  is	  organised	  as	  follows:	  

First	  we	  introduce	  the	  new	  version	  of	  the	  updating	  task	  used	  in	  our	  study.	  After	  

that	  we	  briefly	  describe	  the	  IM,	  and	  then	  we	  detail	  the	  goals	  of	  the	  present	  study.  

2.2.1 The	  Go/No-‐go	  Spatial	  Updating	  Task	  

The	  task	  involves	  two	  different	  conditions:	  the	  control	  condition	  and	  the	  

new	   go/no-‐go	   condition.	   A	   trial	   of	   the	   control	   condition	   started	   with	   the	  

presentation	  of	  the	  spatial	  position	  of	  one,	  two	  or	  three	  stimuli	  placed	  in	  a	  three	  

by	   four	   grid.	   The	   number	   of	   stimuli	   to	   be	   remembered	   formed	   the	   level	   of	  

memory	  demand.	  The	  participants	  were	  required	  to	  encode	  the	  initial	  position	  of	  

each	  stimulus.	  After	  the	  encoding	  phase,	  a	  blue	  arrow	  together	  with	  a	  picture	  of	  

one	  stimulus	  was	  presented,	  signalling	  the	  first	  updating	  step.	  An	  updating	  step	  

involved	  that	   the	  participant	  mentally	  shifted	  the	  stimulus,	  moving	   it	  one	  place	  

from	   its	   current	   position	   in	   the	   direction	   indicated	   by	   the	   blue	   arrow,	   and	  

remember	  its	  new	  position.	  After	  five	  or	  six	  updating	  steps,	  the	  final	  position	  of	  

each	   stimulus	   was	   queried.	   The	   participants	   responded	   by	   clicking	   with	   the	  

mouse	   into	   the	   field	   where	   they	   expected	   a	   particular	   stimulus.	   Finally,	   a	  

feedback	  screen	  was	  presented	  displaying	  all	  stimuli	  together	  with	  a	  happy	  or	  a	  

sad	  face	  for	  correct	  and	  false	  answers,	  respectively.	  

The	  new	  go/no-‐go	  condition	  was	  the	  same	  as	  the	  control	  condition,	  except	  

for	   a	  white	   arrow	   that	   could	  be	  presented	  on	  updating	   steps.	   If	   a	  white	   arrow	  

appeared	  on	  any	  of	  these	  updating	  steps	  the	  participants	  were	  requested	  to	  not	  

update	  the	  stimuli.	  Thus,	  one	  trial	   in	  this	  condition	  could	  have	  one	  to	  three	  no-‐

updating	   steps	   (see	   Figure	   2.1	   for	   schematic	   representation	   of	   one	   trial).	   The	  

random	  selection	  of	  no-‐go	  updating	  steps	  prevented	  subjects	   from	  predicting	  a	  

no-‐go	  step.	  Hence,	  the	  difference	  between	  the	  control	  condition	  and	  the	  go/no-‐go	  

condition	   was	   the	   fact	   that	   in	   the	   go/no-‐go	   condition	   participants	   had	   to	  

selectively	   ignore	   the	   arrows	   on	   no-‐go	   steps.	   That	   manipulation	   reduced	   the	  

number	  of	  actually	  completed	  updating	  steps	  per	  trial	  in	  the	  go/no-‐go	  condition.	  
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Against	  the	  background	  of	  our	  experimental	  conditions,	  we	  now	  present	  a	  

brief	  description	  of	  the	  IM	  that	  closely	  follows	  the	  one	  provided	  by	  Oberauer	  and	  

Kliegl	  (2006).	  Readers	  interested	  in	  further	  IM	  details	  are	  referred	  to	  the	  original	  

paper.	  Appendix	  shows	  how	  the	  IM	  parameters	  are	  estimated.  

 

	  
Figure	  2.1.	  Task	  example	  of	  a	   trial	   involving	  a	  memory	  demand	  of	   two	  objects	   in	   the	  go/no-‐go	  
condition. 

2.2.2 The	  Interference	  model	  

Figure	  2.2	  (modification	  of	  Figure	  5	  in	  Oberauer	  &	  Kliegl,	  2006)	  shows	  a	  

schematic	   illustration	   of	   the	   architectural	   assumptions	   of	   the	   IM.	   The	   IM	   is	  

sketched	   as	   a	   network	   of	   four	   layers:	   the	   context	   layer,	   the	   feature	   layer,	   the	  

focus	   layer,	   and	   the	   results	   layer.	   The	   example	   illustrates	   a	   state	   in	  which	   the	  

spatial	   locations	   of	   two	   stimuli	   (objects	   from	   here	   on)	   in	   the	   grid	   have	   to	   be	  

stored	   in	   working	   memory.	   An	   assumption	   of	   the	   IM	   is	   that	   the	   contents	   of	  

working	  memory	  are	  represented	  as	  a	  set	  of	  active	   feature	  units	   in	   the	   feature	  

layer	  and	  in	  the	  context	   layer.	  The	  items	  to	  be	  retrieved	  are	  represented	  in	  the	  

feature	  layer,	  and	  the	  cues	  that	  can	  be	  used	  to	  retrieve	  them	  are	  represented	  in	  

the	   context	   layer.	   In	   the	   spatial	   memory-‐updating	   task,	   the	   objects	   serve	   as	  

retrieval	   cues	   for	   their	   current	   locations.	   Therefore,	   the	   spatial	   locations	   are	  
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represented	  in	  the	  feature	  layer,	  and	  the	  objects	  are	  represented	  in	  the	  context	  

layer.	  The	  features	  of	  each	  object	  are	  bound	  to	  the	  features	  of	  its	  current	  location.	  

The	   model	   supposes	   that	   the	   synchronised	   firing	   of	   neurons	   could	   be	   a	  

mechanism	  to	  bind	  features	  of	  the	  same	  object	  to	  each	  other,	  and	  to	  their	  spatial	  

location	  (Raffone	  &	  Wolters,	  2001).	  In	  the	  example	  of	  Figure	  2.2,	  synchronisation	  

is	   illustrated	   by	   filling	   feature	   and	   context	   units	   with	   the	   same	   pattern.	   Two	  

objects	  are	  stored.	  The	  target	   location,	   that	   is,	   the	  spatial	   location	  one	  needs	  to	  

retrieve	  for	  updating	  of	   the	  given	  object,	   is	  associated	  with	  the	  hatched	  feature	  

units,	  and	  the	  competitor	  location	  (i.e.,	  the	  other	  object’s	  location)	  is	  marked	  by	  

the	  checkered	  feature	  units.	  	  

The	  IM	  assumes	  that	  any	  two	  representations	  in	  working	  memory	  share	  a	  

proportion,	   C,	   of	   their	   features	   (i.e.,	   feature	   overlap),	   with	   more	   similar	  

representations	  sharing	  more	  features.	  In	  the	  example	  the	  two	  spatial	  locations	  

share	   two	   feature	   units	   denoted	   with	   1	   and	   2.	   If	   a	   shared	   feature	   fires	   in	  

synchrony	  with	  one	  phase,	   thereby	  being	   included	   in	   the	   same	   representation,	  

then	  this	  feature	  cannot	  fire	  at	  the	  same	  time	  in	  synchrony	  with	  another	  phase.	  

Consequently,	   the	  other	  representation	   loses	  the	   feature	  unit.	  This	   interference	  

mechanism	  is	  called	  feature	  overwriting	  (Nairne,	  1990).	  The	  example	  shows	  that	  

each	  spatial	  location	  lost	  one	  feature	  due	  to	  overwriting.	  The	  target	  location	  lost	  

feature	   unit	   1	   and	   the	   competitor	   location	   lost	   the	   unit	   2.	  In	   the	   example,	   the	  

target	   location	   transfers	   only	   a	   proportion	   of	   4/5th	   of	   its	  maximum	   activation	  

strength,	   because	   it	   had	   lost	   feature	   unit	   1.	   As	   a	   consequence	   of	   the	   feature	  

overwriting	  of	  the	  two	  locations	  in	  our	  example,	  the	  focus	  unit	  of	  the	  competitor	  

also	  receives	  1/5th	  of	  its	  maximum	  activation.	  This	  is	  due	  to	  the	  fact	  that	  feature	  

unit	  2,	  on	  which	  the	  locations	  overlap,	  fires	  in	  the	  “hatched	  phase”	  and	  transfers	  

its	  activation	  to	  the	  focus	  unit	  of	   the	  competitor.	   In	  the	  focus	   layer	  the	   location	  

with	  the	  highest	  activation	  is	  selected	  for	  further	  processing.	  In	  the	  example,	  the	  

relative	  activation	  levels	  of	  target	  and	  competitor	  in	  Figure	  2.2	  (i.e.,	  4/5	  and	  1/5,	  

respectively)	  would	  lead	  to	  correct	  selection	  of	  the	  features	  of	  the	  target	  location,	  

which	   would	   consequently	   be	   used	   it	   as	   input	   to	   the	   shifting	   operation.	   The	  

result	  of	  the	  operation	  (i.e.,	  the	  new	  location	  of	  the	  given	  object)	  is	  subsequently	  

transferred	   to	   the	   result	   layer.	   However,	   activation	   in	   the	   focus	   layer	   is	   noisy.	  

The	  activation	  levels	  must	  therefore	  be	  interpreted	  as	  expected	  values	  of	  random	  
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variables.	  The	  standard	  deviation	  of	   the	  activation	   in	   the	   focus	   layer	  (i.e.,	   the	  σ	  

parameter)	  is	  assumed	  to	  reflect	  interference	  by	  confusion. 

The	   time	   it	   takes	   that	   activation	   spreads	   from	   the	   context	   layer	   (i.e.,	  

presentation	   of	   the	   cue)	   to	   the	   result	   layer	   (i.e.,	   selection	   and	   updating	   of	   the	  

stimulus)	   is	   captured	  by	   the	  processing	   rate,	   r.	   The	   IM	   takes	   into	   account	   that	  

updating	  an	  object	  that	  has	  been	  updated	  on	  the	  immediately	  preceding	  step	  is	  

faster	  than	  updating	  another	  item	  in	  working	  memory	  (Garavan,	  1998;	  Oberauer,	  

2003).	  This	  so-‐called	  object-‐switch	  cost	  can	  be	  explained	  by	  assuming	  that,	  after	  

an	  updating	  step,	  the	  result	  is	  projected	  back	  into	  the	  focus	  layer,	  so	  that	  the	  to-‐

be	  updated	  location	  is	  already	  strongly	  activated	  in	  the	  focus	  layer	  when	  the	  next	  

updating	  step	  commences.	  To	  account	   for	   this	  assumption	   in	   the	   formalisation,	  

the	  IM	  distinguishes	  two	  rate	  parameters,	  r1	  and	  r.	  The	  rate	  parameter	  r1	  reflects	  

the	  speed	  of	  updating	  in	  the	  condition	  with	  memory	  demand	  =	  1,	  that	  is,	  when	  no	  

object	  switch	  is	  necessary.	  The	  rate	  parameter	  r	  reflects	  the	  speed	  of	  updating	  in	  

conditions	  with	  memory	  demand	  >1,	  that	  is	  when	  an	  object	  switch	  is	  necessary	  

between	  every	  updating	  step	  and	  the	  next.	  	  

The	   go/no-‐go	   condition	   has	   two	   different	   types	   of	   updating	   steps:	   one	  

that	  was	  followed	  by	  another	  updating	  step	  (as	  in	  the	  go	  condition),	  and	  one	  that	  

is	   followed	   by	   a	   no-‐go	   step.	   In	   the	   latter	   case	   this	   no-‐go	   time	   can	   be	   used	   to	  

complete	  the	  preceding	  go	  step.	  We	  therefore	  doubled	  in	  the	  model	  the	  time	  for	  

an	  updating	  step	  followed	  by	  a	  no-‐go	  step,	  compared	  to	  an	  updating	  step	  that	  is	  

followed	   by	   another	   updating	   step.	   We	   included	   a	   further	   parameter	   sc	   that	  

reflects	   the	   time	   cost	   of	   switching	  between	  go	   and	  no-‐go	   steps.	  This	  was	  done	  

because	  the	  switch	  between	  a	  go	  and	  a	  no-‐go	  step	  could	  demand	  time. 

In	  summary,	  the	  basic	  implementation	  of	  the	  IM	  has	  four	  free	  parameters.	  

The	   C	   parameter	   captures	   the	   mean	   degree	   of	   feature	   overlap	   among	  

representations	  in	  the	  feature	  layer	  (in	  the	  present	  case:	  among	  representations	  

of	  spatial	  locations).	  The	  noise	  parameter,	  σ,	  reflects	  the	  noise	  in	  the	  system	  and	  

determines	   the	   extent	   of	   interference	   by	   confusion	   between	   locations	   at	  

retrieval.	   The	   two	   rate	   parameters,	   r1	   and	   r,	  reflect	   the	   speed	   of	   updating	   one	  

object’s	  location	  that	  is	  or	  is	  not	  already	  activated	  in	  the	  focus	  layer,	  respectively.	   
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Figure	  2.2.	  	  Schematic	  illustration	  of	  the	  architectural	  assumptions	  of	  the	  interference	  model.4 

 For	  our	  experiment,	  we	  specified	  an	  IM	  with	  an	  additional	  sc	  parameter,	  

which	  reflects	  the	  time	  cost	  of	  switching	  between	  a	  go	  and	  a	  no-‐go	  step.	  

2.2.3 The	  present	  study	  

In	  the	  present	  study,	  we	  investigated	  several	  sets	  of	  hypothesis	  related	  to	  

the	  postulated	  limiting	  factors	  of	  WMC:	  1)	  storage	  (feature	  overlap,	  C;	  noise,	  σ),	  

2)	   processing	   speed	   (rate,	   r),	   3)	   attentional	   control	   (switching,	   sc)	   and,	  

furthermore	   looked	   at	   4)	   lifespan	   differences	   with	   respect	   to	   these	   limiting	  

factors.	   First,	   we	   expected	   that	   limits	   of	   working-‐memory	   updating	   due	   to	  

increasing	   memory	   demand	   can	   be	   traced	   to	   two	   sources	   of	   interference	  

associated	  with	   the	   IM	  parameters:	   a	   higher	  proportion	   of	   feature	   overwriting	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  Adapted	  from	  “A	  Formal	  Model	  of	  Capacity	  Limits	  in	  Working	  Memory”,	  by	  K.	  Oberauer,	  and	  R.	  
Kliegl,	  2006.	  Journal	  of	  Memory	  and	  Language,	  55,	  p.	  608.	  Copyright	  by	  Elsevier.	  	  
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and	  a	  higher	  amount	  of	  interference	  by	  confusion	  (Göthe	  et	  al.,	  2012;	  Oberauer	  &	  

Kliegl,	  2001,	  2006,	  2010).	  	  

The	   second	  hypothesis	   related	   to	   speed	  of	  processing	   captured	  by	   the	   r	  

parameter	  in	  the	  IM.	  Oberauer	  and	  Kliegl	  (2006)	  already	  tested	  two	  exploratory	  

models	  (see	  Table	  1	  models	  1a	  and	  5a	  in	  Oberauer	  &	  Kliegl,	  2006)	  with	  different	  

rate	   parameters	   for	   memory	   demand	   =	   1,	   memory	   demand	   =	   2,	   and	  memory	  

demand	  >	  2,	  thereby	  further	  differentiating	  parameter	  r	  (for	  memory	  demands	  >	  

1).	  In	  the	  present	  study,	  we	  want	  to	  test	  again	  if	  the	  IM	  required	  more	  than	  one	  

rate	  parameter	  for	  memory	  demands	  larger	  than	  1.	  One	  reason	  why	  rate	  might	  

continuously	   decrease	   with	   increasing	   memory	   demand	   is	   that	   competing	  

responses	   inhibit	   each	   other,	   as	   proposed	   by	   Usher	   and	   McClelland	   (2001).	  

Strong	   competition	   among	  working	  memory	   representations	   could	   slow	   down	  

the	  retrieval	  of	  any	  one	  of	  them	  through	  inhibition,	  and	  consequently	  reduce	  the	  

rate	  of	  updating.	  

The	  third	  part	  investigated	  attentional	  control	  via	  the	  introduction	  of	  the	  

go/no-‐go	  condition.	  For	  this	  condition	  we	  at	  first	  adjusted	  time	  parameters	  that	  

the	   presentation	   time	   of	   a	   no-‐go	   step	   can	   be	   used	   to	   complete	   the	   preceding	  

updating	   step.	   This	   extension	   of	   processing	   time	   should	   lead	   to	   overall	   better	  

performance	  in	  the	  go/no-‐go	  condition.	  To	  the	  degree	  that	  this	  model	  accurately	  

reproduces	  the	  differences	  between	  the	  go/no-‐go	  and	  the	  control	  condition,	  this	  

assumption	  gains	  support	  from	  the	  data.	  	  

In	   this	   condition,	  we	   however,	   also	   tested	   if	   an	   IM	  with	   a	   sc	   parameter	  

reflecting	   the	   time	   of	   switching	   from	   a	   go	   step	   to	   a	   no-‐go	   step	   offers	   a	   better	  

account	   for	   the	   data	   (i.e.,	   improve	   the	   goodness	   of	   the	  model)	   compared	   to	   a	  

model	   without	   that	   parameter.	   We	   consider	   two	   interpretations	   of	   the	   sc	  

parameter	  in	  terms	  of	  different	  aspects	  of	  attentional	  control.	  One	  interpretation	  

of	   the	   sc	  parameter	   therefore	   is	   that	   it	   reflects	   the	   time	   cost	   of	   inhibiting	   the	  

updating	  during	  a	  no-‐go	  step.	  An	  alternative	  interpretation	  is	  that	  sc	  reflects	  the	  

time	   to	   switch	   from	   the	   task	   set	   “update”	   to	   the	   task	   set	   “don’t	   update”.	   We	  

cannot	  empirically	  distinguish	   these	   interpretations	  of	   the	  sc	  parameter,	  but	   in	  

both	  cases	  attentional	  control	  is	  involved.  

Furthermore,	   we	   explored	   whether	   switch	   cost	   increases	   with	  memory	  

demand.	  The	  reason	  could	  be	  that	  the	  stimulus	  accompanying	  the	  arrow	  serves	  
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as	  an	  automatic	  cue	  to	  the	  location	  of	  the	  depicted	  object	  in	  the	  grid.	  If	  this	  leads	  

to	   retrieval	   of	   a	   location	   that	   differs	   from	   the	   location	   to	   be	   updated	   on	   the	  

preceding	  go	   step,	   it	  would	  disrupt	   the	   continuation	  of	   the	  preceding	  updating	  

operation	  during	  the	  presentation	  time	  of	  the	  no-‐go	  step.	  This	  can	  happen	  only	  

when	  memory	   demand	   is	   larger	   than	   one.	   Therefore,	   an	   increase	   in	   switching	  

time	  as	  a	  consequence	  of	  larger	  memory	  demand	  would	  be	  sufficient	  to	  explain	  

the	  time	  cost	  reflected	  in	  the	  sc	  parameter.	  	  

The	   fourth	   set	   of	   hypotheses	   is	   related	   to	   lifespan	   differences,	   that	   is	  

developmental	  and	  aging	  effects,	  in	  working-‐memory	  updating.	  Feature	  overlap	  

was	  already	  found	  to	  increase	  with	  age	  (Oberauer	  and	  Kliegl,	  2001).	  However,	  a	  

developmental	   decrease;	   that	   is,	   a	   lesser	   susceptibility	   to	   interference	   through	  

feature	   overwriting	   for	   younger	   adults	   compared	   to	   children	   still	   needs	   to	   be	  

tested.	   In	   a	   recent	   study,	   Göthe	   et	   al.	   (2012)	   compared	   children	   at	   the	   age	   of	  

eight	   to	   children	   at	   the	   age	   of	   eleven	   and	   were	   not	   able	   to	   attribute	   higher	  

storage	   capacities	   for	   the	   latter	   group	   to	   lower	   feature	   overlap.	   With	   a	   much	  

broader	  age	  range	   (i.e.,	   comparing	  children	   to	  young	  adults,)	  we	  expect	   to	   find	  

developmental	   effects	   on	   feature	   overwriting.	   We	   predict	   the	   same	   for	  

interference	  due	  to	  noise	  (i.e.,	  the	  confusion	  of	  whole	  stimuli)-‐	  children	  and	  older	  

adults	  are	  expected	  to	  show	  larger	  noise	  than	  young	  adults.	  	  

Generally,	  speed	  of	  processing	  was	  found	  to	  decrease	  with	  age	  (Salthouse,	  

1996).	  Applying	   the	   IM	   to	  data	  of	   a	  numerical	  memory-‐updating	   task	  of	  young	  

and	   old	   adults	   Oberauer	   and	   Kliegl	   (2001)	   could	   not	   exactly	   attribute	   age	  

differences	  to	  the	  noise	  or	  the	  rate	  parameter	  due	  to	  a	  high	  correlation	  between	  

the	  parameters.	  We	  wanted	  to	  check	  whether	  dissociation	  is	  possible.	  

We	  expect	  that	  both	  children	  and	  older	  adults	  exhibiting	  a	  higher	  switch	  

cost	  than	  young	  adults.	  Bjorklund	  and	  Harnishfeger	  (1990)	  proposed	  that	  young	  

children	   have	   inefficient	   inhibition	   in	   working	   memory.	   As	   they	   grow	   older,	  

children	  are	  assumed	  to	  improve	  in	  selective	  attention	  and	  the	  ability	  to	  keep	  out	  

of	  working	  memory	  irrelevant	  information.	  Inhibitory	  control	  deficiencies	  in	  old	  

age	   are	   assumed	   by	   the	   inhibitory	   control	   theory	   of	   Hasher,	   Zacks,	   and	   May	  

(1999).	   This	   theory	   postulates	   inhibition	   efficiency	   as	   the	   main	   source	   of	  

individual	  and	  group	  differences	  (Hasher,	  Zacks,	  &	  May,	  1999).	  	  
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To	   summarise,	   the	   goals	   of	   the	   present	   study	  were:	   (1)	   to	   provide	   new	  

evidence	  for	  the	  proposition	  that	  limits	  of	  working	  memory	  are	  a	  consequence	  of	  

interference	  by	  feature	  overwriting	  and	  interference	  by	  confusion;	  (2)	  to	  further	  

test	   if	   the	   rate	   parameter	   increases	   with	  memory	   demand;	   (3)	   to	   examine	   an	  

implementation	  of	  the	  IM	  postulating	  that	  the	  time	  during	  no-‐go	  steps	  is	  used	  to	  

complete	   the	  preceding	  go	   step	  and	   to	   test	   if	   the	   inclusion	  of	   the	   sc	   parameter	  

reflecting	   attentional	   control	   offers	   a	   better	   account	   for	   the	   data;	   and	   (4)	   to	  

investigate	   which	   IM	   parameters	   change	   across	   the	   life	   span	   especially	   when	  

simultaneously	   testing	   the	   different	   accounts	   claiming	   to	   explain	   WMC	  

limitations	  and	  whether	  different	  developmental	  trajectories	  can	  be	  found.	  

2.3 Method	  

2.3.1 Subjects	  

A	   total	   of	   62	   persons	   participated	   in	   the	   experiment.	   Children	   were	  

recruited	   from	   a	   school	   in	   Potsdam,	   young	   adults	   were	   students	   from	   the	  

University	   of	   Potsdam,	   and	   older	   adults	   were	   recruited	   from	   the	   Potsdam	  

participant	  pool.	  Table	  2.1	  summarises	  biographical,	  self-‐report	  and	  test	  data	  as	  

a	   function	   of	   age	   group.	   All	   participants	   responded	   to	   a	   self-‐report	   with	   four	  

questions	  (scale	  from	  1	  =	  very	  good	  to	  5	  =	  very	  bad)	  concerning	  life	  satisfaction,	  

physical	  health,	  mental	  health	  and	  mental	  performance	  –with	  the	  last	  two	  issues	  

being	   replaced	   for	   children	   to	   report	   school	   performance,	   which	   implies	   that	  

children	  completed	  a	  self-‐report	  with	  three	  questions.	  All	  groups	  reported	  values	  

on	  all	  questions	  above	  scale	  average	  (i.e.,	  3)	  with	  a	  tendency	  that	  children	  rated	  

themselves	  as	  more	  satisfied	  and	  healthier	  than	  young	  adults,	  and	  older	  adults	  as	  

less	  satisfied	  and	  healthy	  than	  young	  adults.	  	  

In	   addition,	   young	   and	   older	   adults	   performed	   a	   multiple	   choice	  

vocabulary	   test	   and	   the	   digit-‐symbol	   test	   from	   the	   German	   version	   of	   the	  

Wechsler	   intelligence	   test.	   Older	   adults	   reached	   slightly	   higher	   scores	   on	   the	  

vocabulary	   test	   but	   younger	   adults	   achieved	  higher	   scores	  on	   the	  digit	   symbol	  

test.	   Thus,	   the	   two	   groups	   were	   comparable	   to	   typical	   samples	   of	   young	   and	  

older	  adults	  with	  respect	  to	  their	  cognitive	  status	  (e.g.,	  Chen	  &	  Li,	  2007).	  
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2.3.2 Material	  

The	   task	   was	   programmed	   with	   E-‐prime	   2.0	   (Schneider,	   Eschman,	   &	  

Zuccolotto,	   2002).	   We	   used	   nine	   different	   monochrome	   pictures	   representing	  

animals	   or	   objects	   (see	   Figure	   1	   for	   an	   example).	   The	   selection	   of	   the	   stimuli	  

made	   sure	   that	   their	   word	   names	   were	   of	   similar	   length	   with	   maximum	  

phonological	   dissimilarity	   to	   minimize	   effects	   of	   the	   verbal	   representation	   of	  

each	  picture	   (i.e.,	   the	  German	  words	   for	   these	  pictures	  were:	   “Frosch”,	   “Hund”,	  

“Eis”,	  “Topf”,	  “Huhn”,	  “Ei”,	  “Mond”,	  “Kuh”	  and	  “Hai”).	  	  

Table 2.1. Sample Description for the Three Groups 

Effect Children Young adults Older adults 

n 22 18 22 

female/male 8/14 12/ 6 13/9 

Age 10 (0.39) 23 (2.01) 73 (2.62) 

Years of education 4 14.81 (1.28) 12.80 (2.78) 

Life satisfaction 1.75 (0.78) 1.89 (0.65) 2.05 (0.65) 

Physical health 1.7 (0.80) 2.21 (0.78) 2.36 (0.76) 

Mental/School performance 2.4 (0.82) 2.36 (0.89) 2.38 (0.60) 

Mental health - 2 (0.57) 2.05 (0.87) 

Vocabulary test - 31.63 (2.00) 33.27 (1.52) 

Digit-symbol test - 65.11 (8.88) 47.27 (9.32) 

Note.	  Entries	  refer	  to	  the	  mean	  values	  with	  standard	  deviations	  in	  parentheses	  except	  for	  the	  n	  and	  the	  ratio	  
of	  female/male.	  	  

2.3.3 Design	  

The	  experiment	  crossed	  three	  factors:	  age	  (young	  adults,	  children,	  and	  old	  

adults),	   updating	   conditions	   (control	   and	   go/no-‐go	   conditions)	   and	   memory	  

demand	   (one,	   two,	   and	   three	  objects).	   It	   comprised	   three	   sessions	  of	  one	  hour	  

each.	  Participants	  performed	  one	  session	  per	  day	  with	  a	  5-‐minute	  break.	  In	  one	  

session	   they	   performed	   12	   blocks:	   two	   blocks	   per	   memory	   demand	   for	   each	  

updating	  condition.	  Presentation	  orders	  of	  each	  updating	  condition	  and	  of	  each	  

memory	   demand	   were	   counterbalanced	   across	   participants.	   In	   total,	   subjects	  

completed	  216	  trials	  in	  each	  updating	  condition.	  	  



	   44	  

Each	  block	  contained	  twelve	  trials	  each	  with	  a	  different	  presentation	  time	  

for	   the	   updating	   steps.	   The	   twelve	   presentation	   times	   ranged	   from	   563	  ms	   to	  

3474	  ms	  with	   a	   constant	   18%	   increase	   between	   successive	   times.	   The	   twelve	  

presentation	  times	  of	  each	  block	  were	  categorized	  into	  a	  fast,	  medium,	  and	  slow	  

category	  with	  four	  times	  in	  each.	  Order	  of	  presentation-‐time	  categories	  was	  fixed	  

within	   each	   block	   repeating	   a	   sequence	   of	   medium—slow—fast.	   Within	   each	  

category,	   presentation	   times	  were	   chosen	   randomly	  without	   replacement.	   The	  

selection	   of	   these	   presentation	   times	   is	   an	   important	   aspect	   of	   our	   design	  

because	  it	  would	  help	  to	  estimate	  how	  much	  time	  the	  different	  age	  groups	  need	  

to	  achieve	  their	  particular	  asymptotic	  level	  of	  accuracy.	  Time-‐accuracy	  functions	  

are	   a	   procedure	   accomplishing	   this	   regard.	   Furthermore,	   an	   advantage	   of	   this	  

procedure	   is	   that	   it	   avoids	   speed-‐accuracy	   trade-‐off	   and	   issues	   of	   ceiling/floor	  

effects,	   and	   therefore	   enables	   the	   comparison	   across	   age	   groups	   that	   are	   not	  

compromised	  by	  these	  problems.	  

2.3.4 Trial	  procedure	  	  

At	  the	  beginning	  of	  each	  trial	  a	  screen	  displayed	  the	  memory	  demand	  of	  

the	  upcoming	  trial	  together	  with	  the	  names	  of	  the	  stimuli	  that	  had	  to	  be	  shifted	  

within	   the	   grid.	   The	   trial	   started	   with	   a	   1000-‐ms	   fixation	   cross	   in	   the	   screen	  

centre.	   This	   display	  was	   followed	   by	   presentation	   of	   one,	   two	   or	   three	   stimuli	  

placed	   in	  a	   three	  by	   four	  grid.	  Subjects	  had	  to	  encode	  their	   locations	  during	  an	  

encoding	  phase,	  which	   lasted	  2	  s	  per	  stimulus	   (i.e.,	   the	  encoding	   time	  of	  a	   trial	  

with	   memory	   demand	   3	   was	   6	   s).	   An	   updating	   step	   was	   indicated	   by	   the	  

presentation	  of	  the	  probe	  in	  the	  centre	  of	  the	  screen;	  the	  probe	  consisted	  of	  the	  

simultaneous	  presentation	  of	  a	  blue	  arrow	  and	  a	  picture	  of	  one	  of	   the	  encoded	  

stimuli,	  with	   the	  arrow	  placed	  on	   top	  of,	  below,	   to	   the	   left,	   to	   the	  right,	  or	   in	  a	  

diagonal	  position	  to	  the	  stimulus.	  Arrows	  could	  point	  to	  eight	  possible	  directions	  

(e.g.,	   top,	   below,	   left,	   right	   or	   diagonal).	   The	   participants	   were	   instructed	   to	  

mentally	  shift	  an	  object’s	  position	  one	  step	  in	  the	  grid	  from	  its	  current	  position	  

according	  to	  the	  direction	  of	  the	  arrow	  and	  remember	  its	  new	  position.	  Each	  trial	  

consisted	  of	  five	  or	  six	  updating	  steps,	  and	  all	  objects	  had	  to	  be	  updated	  at	  least	  

once.	  After	  updating,	  subjects	  had	  to	  enter	  the	  final	  position	  of	  each	  stimulus	  by	  a	  

click	  with	  the	  computer	  mouse	  in	  the	  specific	  cell	  of	  the	  grid.	  After	  all	  responses	  
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were	  given,	  feedback	  was	  displayed	  by	  presenting	  each	  stimulus	  together	  with	  a	  

“happy	  face”	  or	  a	  “sad	  face”	  for	  correct	  and	  incorrect	  responses,	  respectively.	  

The	  go/no-‐go	  condition	  was	  identical	  to	  the	  control	  condition,	  except	  for	  

the	   presentation	   of	   a	   blue	   or	  white	   arrow	  on	   updating	   steps.	   If	   a	  white	   arrow	  

appeared	  participants	  were	  instructed	  not	  to	  shift	  the	  position	  of	  the	  respective	  

stimulus.	  A	  trial	  could	  have	  one,	  two	  or	  three	  no-‐go	  steps. 

2.3.5 Statistical	  methods	  	  

 We	   implemented	   the	   IM	   in	   a	   nonlinear	   mixed-‐models	   (NLMMs)	  

framework	  as	  follows.	  The	  accuracy	  on	  a	  given	  trial	  is	  a	  function	  of	  the	  following	  

independent	   variables:	   presentation	   time	   of	   updating	   operations	   (12	   levels),	  

updating	  conditions	   (control	   condition	  and	  go/no-‐go	  condition),	   three	  memory	  

demands	   (one,	   two	  and	   three),	   and	  age	  groups	   (children,	  young	  adults	  and	  old	  

adults).	  The	  IM	  model,	  together	  with	  its	  parameter	  values,	  predicts	  accuracy	  as	  a	  

function	   of	   presentation	   time,	   memory	   demand,	   and	   updating	   condition	   as	  

specified	   by	   the	   model	   equations	   presented	   in	   the	   Appendix.	   The	   model	  

parameters	   are	   in	   turn	   regarded	   as	   dependent	   variables	   of	   the	   remaining	  

independent	  variable,	  age	  group.	  Thus,	  the	  IM	  embedded	  in	  an	  NLMM	  framework	  

is	  a	  two-‐stage	  model.	  On	  the	  first	  stage,	  model	  parameters	  for	  each	  individual	  are	  

predicted	   from	   age	   group	   and	   updating	   conditions	   by	   mixed-‐effects	   linear	  

regression.	   On	   the	   second	   stage,	   accuracy	   for	   each	   level	   of	   presentation	   time,	  

memory	   load,	   and	   updating	   condition	   is	   predicted	   for	   each	   individual	   by	   the	  

(nonlinear)	  equations	  of	  the	  IM	  model.	  	  

In	  the	  context	  of	  NLMMs,	  fixed	  effects	  specify	  the	  influence	  of	  independent	  

variables	  on	   IM	  parameters;	   these	  effects	  are	  estimated	  as	   the	  mean	  change	   in	  

the	  dependent	  variable	  relative	  to	  the	  levels	  of	  a	  condition	  of	  the	  design	  (slopes)	  

and	   intercepts.	  For	  C	  and	  σ	  parameters	  we	  coded	  the	  fixed	  effects	  of	  age	  group	  

and	  updating	   condition	   as	   successive	  differences	   contrasts	   (Venables	  &	  Ripley,	  

2002,	   p.	   148).	   These	   contrasts	   captured	   differences	   between	   the	   means	   of	  

successive	   levels	   and	   the	   intercept	   estimates	   the	   grand	   mean.	   Thus,	   the	   fixed	  

effect	   of	   age	   factor	   reflects	   the	   difference	   between	   the	   second	   level	   (young	  

adults)	  and	  the	  first	   level	  (children),	  and	  the	  difference	  between	  the	  third	   level	  

(old	  adults)	  and	  the	  second	  level.	  The	  fixed	  effect	  of	  updating	  condition	  involves	  
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the	   difference	   between	   the	   go/no-‐go	   condition	   (second	   level)	   and	   the	   control	  

condition	   (first	   level).	   Contrasts	   for	   sc	   parameter	   captured	   differences	   among	  

age	  groups	  –	  coded	  as	  successive	  differences	  contrasts	  –	  and	  between	  memory	  

demand	  =	  1	  and	  memory	  demands	  >	  1.	  Likewise	  the	  slope	  of	  r	  was	  modelled	  by	  

successive	   differences	   contrasts,	   using	   memory	   demand	   1	   as	   first	   level,	   and	  

memory	  demand	  2	  and	  3	  as	  second	  level,	  and	  third	  level,	  respectively.	  	  

Additionally	   in	   the	   context	   of	   NLMMs,	   individual	   differences	   in	   the	  

intercept	   or	   slope	   of	   each	   IM	   parameter	   can	   be	   estimated	   as	   random-‐effect	  

parameters	   (i.e.,	   variance	   component).	   If	   a	   random-‐effect	   parameter	   improves	  

the	   model’s	   fit,	   the	   random-‐effect	   parameter	   represents	   evidence	   for	   reliable	  

inter-‐individual	  differences	  in	  the	  associated	  fixed	  effect.	  

IM	  parameters	  were	  estimated	  as	  follow.	  First	  we	  averaged	  the	  accuracies	  

by	   participant,	   memory	   demand,	   updating	   conditions,	   and	   presentation	   time.	  

Second	  these	  data	  were	  used	  to	  estimate	  the	  IM	  parameters	  separately	  for	  each	  

participant.	   Following	   the	   IM	   formulas	   we	   estimated	   a	   set	   of	   coefficients	   that	  

included	  the	  C,	  σ,	  r,	  sc,	  for	  each	  participant.	  Third	  the	  estimated	  coefficients	  were	  

used	   as	   start	   values	   to	   estimate	   fixed	   effects	   and	   variance	   components	   of	   the	  

NLMMs.	   For	   data	   processing	   and	   analysis	   we	   used	   R:	   a	   language	   and	  

environment	   for	   statistical	   computing	   (R	   Development	   Core	   Team,	   2010).	   The	  

specific	   R	   packages	   used	   were:	   the	   nlme	   package	   (Pinheiro,	   Bates,	   DebRoy,	  

Sarkar,	   &	   the	   R	   Development	   Core	   Team,	   2010),	   the	   lattice	   package	   (Sarkar,	  

2008),	   the	   ggplot2	   package	   (Wickham,	   2009),	   and	   the	   reshape	   package	  

(Wickham,	  2007).	  

Our	  model	  building	   strategy	  consisted	   firstly	   in	   the	   implementation	  of	   a	  

“full	  model”,	  which	  included	  fixed	  effects	  (i.e.,	  intercepts	  and	  slopes)	  and	  random	  

effects.	   Additionally,	   we	   tested	   if	   the	   model	   needed	   different	   rate	   parameters	  

according	  to	  age	  and	  memory	  demand.	  Then	  we	  specified	  a	  model	  that	  included	  

all	   fixed	   effects	   (slopes	   and	   intercepts)	   and	   the	   intercepts	   C,	   σ,	   r,	   and	   sc	   as	  

random	   effects.	   Afterwards,	   we	   tested	   the	   statistical	   importance	   of	   random	  

effects	   in	   a	   model	   by	   selecting	   the	   smallest	   random	   effect	   as	   candidate	   to	   be	  

eliminated.	  Finally,	  we	  tested	  whether	  correlations	  among	  random	  effects	  were	  

needed.	   Then	   we	   examined	   by	   graphical	   outputs	   its	   statistical	   adequacy	   with	  

respect	  to	  the	  underlying	  distributional	  assumptions	  of	  NLMMs.	  	  
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For	  model	  selection	  we	  used	  multiple	  criteria:	  the	  log-‐Likelihood	  statistic	  

returned	   by	   the	   nlme	   function	   in	   R,	   along	  with	   Akaike’s	   Information	   Criterion	  

(AIC)	   and	   Bayesian	   Information	   Criterion	   (BIC).	   We	   also	   computed	   a	  𝑅!"#! 	  

statistic	  (McElree	  &	  Dosher,	  1989)	  as	  a	  descriptive	  index.	  The	  AIC	  and	  BIC	  allow	  

the	   comparison	   between	  models	   of	   different	   complexity	   and	   are	   derived	   from	  

the	  log-‐Likelihood.	  The	  model	  with	  lowest	  AIC	  and	  BIC	  is	  preferred.	  We	  checked	  

if	  the	  elimination	  of	  a	  fixed	  effect	  or	  a	  random	  effect	  left	  a	  better	  fit	  with	  respect	  

to	  AIC,	  BIC	  and	  log-‐likelihood	  criteria.	  Additionally	  we	  included	  the	  AIC	  and	  BIC	  

differences	   (i.e.,	   ΔAIC,	   ΔBIC),	   which	   help	   to	   disambiguate	   the	   model	   selection	  

process.	  The	  ΔAIC	  and	  ΔBIC	  differences	  are	  computed	  by	  the	  same	  procedure.	  So	  

here	  we	  give	  an	  example	  based	  on	   the	  ΔAIC	   that	  shows	  how	  to	  compute	   them.	  

The	   procedure	   implicates	   to	   select	   the	   model	   with	   the	   lowest	   AIC;	   that	   is	   a	  

preliminary	  winning	  model.	  Then	  the	  differences	  between	  a	  preliminary	  winning	  

model	  and	  the	  remaining	  models	  are	  computed.	  After	  obtaining	  these	  differences	  

the	   winning	   model	   adopts	   a	   value	   of	   0	   and	   the	   other	   models	   adopt	   the	  

differences.	   According	   to	  Burnham	   and	  Anderson	   (2002,	   p.	   70)	   values	   of	   ΔAIC	  

between	   0	   and	   2	   indicate	   little	   support	   to	   discriminate	   between	  models,	   ΔAIC	  

from	  4	  to	  7	   indicate	   less	  support	   for	  the	  model	  with	  higher	  AIC,	  and	  ΔAIC	  >	  10	  

suggests	  no	  support	  for	  the	  model	  with	  the	  higher	  AIC.	  According	  to	  Wasserman	  

(2000)	  ΔBIC	  may	  be	  interpreted	  in	  the	  same	  way.	  

2.4 Results	  

First,	   we	   performed	   an	   ANOVA	   to	   offer	   a	   standard	   overview	   of	   results	  

with	   proportion	   of	   correct	   responses	   as	   dependent	   variable	   and	   presentation	  

times	  (ordered	  from	  563	  ms	  to	  3474	  ms),	  updating	  conditions,	  memory	  demand,	  

and	  age	  as	   independent	  variables.	  The	   independent	  variables	  were	  specified	  as	  

successive	   differences	   contrasts,	   and	   the	   levels	   of	   each	   factor	  were	   ordered	   as	  

was	  described	  in	  the	  Statistical	  Methods	  section.	  Age	  is	  a	  between-‐subject	  factor,	  

and	  the	  other	  independent	  variables	  are	  within-‐subject	  factors.	  Table	  2.2	  shows	  

the	  sources	  of	  variance	  in	  this	  analysis,	  and	  Figure	  2.3	  shows	  the	  means	  and	  their	  

respective	   standard	   errors.	   The	   age	   group	   effect	   reflected	   higher	   accuracy	   for	  

young	  adults	   than	   for	   children	  and	  old	   adults.	  As	   expected,	   accuracy	   increased	  

with	  presentation	  time,	  and	  decreased	  with	  memory	  demand.	  	  
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Table 2.2. Analysis of Variance 

Effect F(df) p 𝜼𝑮𝟐  

Age group 20.33(2,59) <.001 0.23 

Presentation times 175.47 (11, 649) <.001 0.19 

Memory demand 466.01 (2, 118) <.001 0.36 

Updating conditions  225.60 (1, 59) <.001 0.04 

Age group*Presentation times 6.28 (22, 649) <.001 0.01 

Age group*Memory demand 12.97 (4, 118) <.001 0.03 

Age group*Updating conditions 0.79 (2, 59) .454 0.00 

Updating conditions *Memory demand 
demand 

8.46 (2, 118) <.001 0.00 

Updating conditions *Presentation times 15.48 (11, 649) <.001 0.01 

Memory demand*Presentation times 6.52 (22, 1298) <.001 0.01 

Note.	   The	   symbol	  𝜂!! 	  represents	   the	   generalized	   eta	   squared	   statistics.	   Generalized	   eta	   squared	   statistic	  
takes	   into	   account	   others	   sources	   of	   variance	   that	   are	   overlooked	   in	   partial	   eta	   squared,	   but	   its	  
interpretation	   is	   the	   same.	   In	   addition,	   generalized	   eta	   squared	   allows	   the	   comparability	   of	   effects	   sizes	  
across	   designs	   that	   vary	   in	   terms	   of	   blocking	   factors,	   covariates,	   or	   in	   the	   inclusion	   of	   additional	   factors	  
(Olejnik	  &	  Aligna,	  2003).	  

Accuracy	  was	  higher	  in	  the	  go/no-‐go	  condition	  than	  in	  the	  control	  condition.	  The	  

Age	   Group	   x	   Presentation	   Times	   interaction	   and	   the	   Age	   Group	   x	   Memory	  

Demand	   interaction	   suggest	   that	   the	   groups	   were	   affected	   differently	   by	  

presentation	  times	  and	  memory	  demands,	  respectively.	  Specifically,	  young	  adults	  

were	  less	  affected	  by	  the	  presentation	  times	  and	  memory	  demand	  than	  the	  other	  

age	  groups.	  	  

Accuracy	  of	  each	  age	  group	  was	  similarly	  affected	  by	  updating	  conditions,	  

as	  reflected	  by	  the	  non-‐significant	  interaction	  between	  age	  groups	  and	  updating	  

conditions.	  Additionally,	  the	  Updating	  Conditions	  x	  Memory	  Demand	  interaction	  

and	  the	  Updating	  Conditions	  x	  Presentation	  Times	  interaction	  indicated	  that	  the	  

difference	   between	   conditions	   was	   more	   pronounced	   in	   shorter	   presentation	  

times	  and	  with	  higher	  memory	  demands,	   respectively	   (see	  Figure	  2.3).	   Finally,	  

the	  Memory	  demand	  x	  Presentation	  Times	  interaction	  showed	  that	  the	  decline	  of	  

accuracy	  with	  memory	   demand	  was	  more	   pronounced	   at	   shorter	   presentation	  

times	  than	  at	  longer	  presentation	  times.	  
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Following	  the	  model-‐building	  strategy	  presented	  in	  the	  last	  section	  (i.e.,	  to	  

start	  with	  a	  “full	  saturated	  model”)	  we	  regarded	  Model	  1	  as	   the	  model	   that	   fits	  

the	  data	  best	  while	   agreeing	  with	  NLMM	  distributional	   assumptions.	   Table	  2.3	  

presents	  the	  descriptive	  𝑅!"#! 	  statistic	  and	  the	  model-‐selection	  criteria	  of	  Model	  1	  

and	   more	   constrained	   versions	   of	   the	   IM.	   Model	   1	   included	   the	   fixed	   effects	  

specified	  in	  the	  “Statistical	  methods”	  section	  but	  estimated	  the	  rate	  parameters	  

for	  each	  memory	  demand	  as	  the	  same	  for	  young	  adults	  and	  children	  (see	  in	  Table	  

2.3	   the	   parameters	   of	   r	   with	   the	   subscript	   Ch.Y.MD>1	   and	   Ch.Y.MD>2).	   The	  

reason	  for	  this	  constraint	  in	  Model	  1	  was	  that	  children	  and	  young	  adults	  did	  not	  

differ	   in	   the	   rate	   parameter	   and	   therefore	   it	   was	   not	   necessary	   to	   include	  

independent	   rate	   parameters	   for	   children	   and	   young	   adults.	  Model	   1	   included	  

variance	  components	  for	  means	  (intercepts)	  and	  correlation	  parameters	  of	  C,	  r,	  

σ,	   sc	   parameters.	   Correlation	   parameters	   involving	   the	   C-‐intercept	   parameter	  

were	   fixed	   to	   zero	   because	   they	   included	   0	   in	   their	   confidence	   intervals.	  

Additionally,	  we	  modelled	  age-‐related	  heterocesdascity	  by	  allowing	  for	  variance	  

differences	   between	   young	   adults	   and	   the	   two	   other	   age	   groups	   (Pinheiro	   &	  

Bates,	  2000).	  

Table	   2.3	   shows	   how	   the	   progressive	   elimination	   of	   some	   fixed	   effects	  

diminishes	  the	  goodness	  of	  fit	  of	  a	  specific	  model	  compared	  to	  Model	  1.	  	  
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Figure	  2.3.	  Mean	  proportion	  correct	  as	  a	   function	  of	  presentation	  time	  and	  updating	  conditions	  
for	  the	  three	  memory	  demands,	  and	  age	  groups.	  Error	  bars	  represent	  ±	  standard	  error.	  
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Table 2.3. Model Testing Sequence of the Interference Model with Fit Indices 
#	   Fixed	  effects	   Random	  

Effects	  	  
Df	   AIC	   ΔAIC	   BIC	   ΔBIC	   Log-‐Lik	   𝑹𝒂𝒅𝒋𝟐 	  

1	   CInt.  ,CGNG-‐Contr.,  CY-‐Ch,  
CO-‐Y,   σInt.,   σGNG-‐Contr.,  
σY-‐Ch,  σO-‐Y,  scInt,    scY-‐
Ch,  scO-‐Y,  scMD>1,  rInt.,  
rCh.Y.MD>1,   rCh.Y.MD>2,  
rO.MD>1,   rO.MD>2,   rO-‐
Y.Ch    

CInt.,   rInt.,  
σInt.,  scInt.  a  

28   -‐5522.171     0.000   -‐5342.864   0.000   2789.085   .80  

2	   CInt.  ,CGNG-‐Contr.,  CY-‐Ch,  
CO-‐Y,   σInt.,   σGNG-‐Contr.,  
σY-‐Ch,  σO-‐Y,  scInt,    scY-‐
Ch,  scO-‐Y,  scMD>1,  rInt.,  
rCh.Y.MD>1,   rO.MD>1,  
rO-‐Y.Ch  

The  same     26   -‐5430.945     91.225   -‐5264.446   78.418   2741.472   .80  

3	   CInt.  ,  CY-‐Ch,  CO-‐Y,  σInt.,  
σY-‐Ch,   σO-‐Y,   scInt,   scY-‐
Ch,  scO-‐Y,  scMD>1,  rInt.,  
rCh.Y.MD>1,   rO.MD>1,  
rO-‐Y.Ch  

The  same   24   -‐5431.268     90.902   -‐5277.577   65.287   2739.634   .80  

4	   CInt.  ,  CY-‐Ch,  CO-‐Y,  σInt.,  
σY-‐Ch,   σO-‐Y,   scInt,   scY-‐
Ch,   scO-‐Y,   rInt.,  
rCh.Y.MD>1,   rO.MD>1,  
rO-‐Y.Ch  

The  same     23   -‐5360.731     161.439   -‐5213.444   129.420   2703.365   .79  

5	   CInt.  ,  CY-‐Ch,  CO-‐Y,  σInt.,  
σY-‐Ch,   σO-‐Y,   scInt,   scY-‐
Ch,  scO-‐Y,  rInt.,  rO-‐Y.Ch  

The  same   21   -‐5327.760   194.410   -‐5193.280   149.410   2684.880   .79  

6	   CInt.  ,  σInt.,  scInt,  rInt.   The  same   14   -‐5277.207   244.963   -‐5187.554   155.310   2652.604   .79  

7	   CInt.  ,  σInt.,  rInt.   CInt.   ,   σInt.,  
rInt.b  

10   -‐5147.124   375.046   -‐5083.086   259.777   2583.562   .78  

8	   Cint.,  rint.,  σint.  ,  scint   CInt.b   6   -‐3459.673     2062.497   -‐3421.250   1921.614   1735.837   .66  

9	   CInt.,  rInt.,  σInt.   CInt.b   5   -‐3416.887   2105.284   -‐3384.868   1957.966   1713.443   .66  

Note.	  #	  =	  model	  number.	  Df=	  degrees	  freedom	  (i.e.,	  number	  of	  estimated	  model	  parameters);	  AIC=	  Akaike	  
Information	  Criterion;	  BIC=	  Bayesian	  Information	  Criterion;	  ΔAIC=	  differences	  between	  winning	  model	  and	  
the	   remaining	   models;	   ΔBIC=	   differences	   between	   winning	   model	   and	   remaining	   models;	   Log-‐lik=	   log-‐
Likelihood	   statistic;	   GNG=	  go/no-‐go	   condition;	   Contr.	   =	   control	   condition;	   Y=	   young	   adults;	  O=old	   adults;	  
Ch=	  children;	  Int.	  =	  intercept	  (grand	  mean);	  O-‐Ch.Y=	  contrasts	  between	  old	  adults	  and	  children	  and	  young	  
adults	  as	  one	  group;	  O.Ch-‐Y=	  contrasts	  between	  old	  adults	  and	  children	  (as	  one	  group)	  and	  young	  adults;	  
Ch-‐O=	   contrasts	   between	   children	   and	   old	   adults;	   MD>1=	   different	   rate	   parameter	   for	   MD	   >	   1;	   MD>2=	  
different	  rate	  parameter	  for	  MD	  >	  2;	  GNG.MD>1=	  contrasts	  between	  memory	  demand	  1	  vs.	  memory	  demand	  
larger	  than	  1,	  this	  contrast	  is	  specific	  for	  the	  go/no-‐go	  condition.	  	  

*	   Model	   1	   includes	   as	   variance	   components:	   standard	   deviations	   of	   intercepts,	   correlation	   parameters	  
(correlation	  parameters	  of	  the	  CInt.,	  were	  constrained	  to	  0),	  a	  different	  variance	  between	  young	  adults	  and	  
the	  other	  age	  groups.	  

**	  Model	  7	   includes	  as	  variance	   components:	   standard	  deviation	  of	  CInt.,	  σInt.,	  rInt.,	   a	   correlation	  parameter	  
between,	  σInt.	  and	  rInt.,	  a	  different	  variance	  between	  young	  adults	  and	  the	  other	  age	  groups.	  Model	  8	  and	  9	  
include	   the	   standard	   deviation	   of	   CInt.	   and	   a	   different	   variance	   between	   young	   adults	   and	   the	   other	   age	  
groups.	  	  
a	   Model	   1	   includes	   as	   variance	   components:	   standard	   deviations	   of	   intercepts,	   correlation	   parameters	  
(correlation	  parameters	  of	  the	  CInt.,	  were	  constrained	  to	  0),	  a	  different	  variance	  between	  young	  adults	  and	  
the	  other	  age	  groups.	  	  
b	   Model	   7	   includes	   as	   variance	   components	   standard	   deviation	   of	   CInt.,	   σInt.,	   rInt.,	   a	   correlation	   parameter	  
between,	  σInt.,	  and	  rInt.,	  and	  a	  different	  variance	  between	  young	  adults	  and	  the	  other	  age	  groups.	  Model	  8	  and	  
9	  include	  the	  deviation	  of	  CInt.	  and	  a	  different	  variance	  between	  young	  	  adults	  and	  the	  other	  age	  groups.	  



	   51	  

For	   instance,	   in	   Model	   2	   the	   elimination	   of	   the	   rate	   parameters	   with	   the	  

subscript	  Ch.Y.MD>2	  and	  O.MD>2	  reduced	  the	  fit	  of	  the	  model	  to	  the	  data,	  which	  

is	  especially	  clear	  in	  the	  ΔAIC	  and	  ΔBIC	  (see	  the	  guide	  lines	  described	  in	  the	  last	  

section).	   This	   misfit	   could	   be	   interpreted	   as	   strength	   of	   evidence	   in	   favour	   of	  

Model	  1,	  which	  includes	  different	  rate	  parameters	  for	  a	  memory	  demand	  larger	  

than	   two	   objects	   in	   children	   and	   young	   adults	   (Ch.Y.MD>2)	   and	   in	   old	   adults	  

(O.MD>2),	  whereas	  Model	  2	  assumed	  that	  these	  rate	  parameters	  were	  the	  same	  

as	   for	  memory	   demand	   2.	   In	   contrast,	   the	   AIC	   values	   of	  Model	   3	   compared	   to	  

Model	   2	   indicate	   that	   the	   elimination	   of	   the	   C	   and	   σ	   parameters	   with	   the	  

subscript	  GNG-‐Contr.	   did	  not	   change	   its	   goodness	  of	   fit.	   In	   terms	  of	  BIC	  values	  

Model	   3	   was	   favoured	   over	   Model	   2.	   Thus	   AIC	   and	   BIC	   values	   supported	   our	  

expectations;	   namely,	   updating	   conditions	   do	   not	   differ	   in	   terms	   of	   C	   and	   σ	  

parameters.	   Finally,	   the	   last	   four	   models	   presented	   in	   Table	   2.3	   showed	   that	  

models	   including	   the	   sc	   parameter	   are	   preferred.	   First,	   the	   model	   selection	  

criteria	  supported	  Model	  6	  over	  Model	  7.	  Model	  6	  differed	  from	  Model	  7	  in	  that	  it	  

included	  the	  sc	  parameter	  as	  fixed	  effect	  and	  random	  effect	  (standard	  deviation	  

and	   correlations).	   Second,	   the	   model-‐selection	   criteria	   favoured	   Model	   8	   over	  

Model	  9,	  and	  these	  models	  differed	  only	   in	   the	   fixed	  effect	  of	   the	  sc	  parameter.	  

Thus,	   the	   fit	   favouring	   Model	   8	   relative	   to	   Model	   9	   is	   not	   explained	   by	   the	  

inclusion	   of	   random	   effects,	   as	   could	   be	   argued	   on	   the	   basis	   of	   a	   comparison	  

between	  Model	  6	  and	  Model	  7.	  	  

Figure	   2.4	   displays	   the	   data	   together	  with	   the	   predictions	   derived	   from	  

parameters	   of	   Model	   1	   as	   a	   function	   of	   presentation	   time,	   the	   updating	  

conditions,	  memory	  demand	  and	  age	  group.	  The	  predictions	  of	  Model	  1	  recover	  

the	   data	   very	   well.	   Table	   2.4	   summarises	   the	   parameter	   values	   for	   Model	   1.	  

Furthermore,	  with	  the	  exception	  of	  the	  correlation	  parameter	  between	  sc	  and	  r	  

the	   remaining	   random	   effects	   (i.e.,	   standard	   deviations	   and	   correlation	  

parameters)	  were	  significantly	  different	  from	  zero	  (see	  Table	  2.5	  for	  details).	  	  

A	  goal	  of	  this	  work	  was	  to	  examine	  the	  effect	  of	  updating	  conditions	  on	  IM	  

parameters.	   As	   expected,	   Model	   1	   showed	   that	   the	   control	   and	   the	   go/no-‐go	  

condition	   did	   not	   differ	   on	  C	  and	   σ	   parameters	   (see	   Table	   2.4);	   the	   difference	  

between	  these	  updating	  conditions	  is	  entirely	  captured	  by	  the	  sc	  parameter.	  	  
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Another	   purpose	   of	   this	   study	  was	   to	   test	  whether	   IM	  parameters	   vary	   across	  

age	  groups.	  The	  contrast	  of	  young	  adults	  with	  children	  (subscript	  Y-‐Ch)	  was	  not	  

significant;	   thus	   there	   is	   no	   evidence	   that	   children	   and	   young	   adults	   differ	   in	  

their	   susceptibility	   to	   interference	   through	   feature	   overwriting.	   Children,	  

however,	  had	  a	  higher	  noise	  parameter	  σ	  compared	  to	  young	  adults,	  as	  indicated	  

in	  the	  pairwise	  contrasts	  of	  young	  adults	  with	  children	  (subscript	  Y-‐Ch).	  Young	  

adults	   showed	   a	   smaller	   C	   parameter	   than	   old	   adults,	   as	   reflected	   in	   the	  

significant	   slope	   parameter	   for	   the	   pairwise	   contrast	   of	   old	   adults	  with	   young	  

adults	  (subscript	  O-‐Y).	  With	  regard	  to	  noise,	  there	  was	  no	  significant	  difference	  

between	  old	  adults	  and	  young	  adults	  (subscript	  O-‐Y).	  Thus,	  compared	  to	  young	  

adults,	   children,	   but	   not	   old	   adults,	   appeared	   to	   be	   more	   susceptible	   to	  

interference	   by	   confusion.	   Furthermore,	   in	   Table	   2.4	   the	   r	   parameter	  with	   the	  

subscript	  O-‐Ch.Y	  indicated	  that	  old	  adults	  were	  slow	  in	  processing	  the	  updating	  

steps	   compared	   to	   children	   and	   young	   adults.	   The	   rate	   parameters	   for	   young	  

adults	   and	   children	   did	   not	   differ	   significantly.	   The	   sc	   parameters	   with	   the	  

subscripts	  Y-‐Ch	  and	  O-‐Y	  showed	  that	  children	  and	  old	  adults	  needed	  more	  time	  

for	  switching	  from	  go	  to	  no-‐go	  steps	  than	  young	  adults.	  

We	  also	  tested	  whether	  an	  additional	  r	  parameter	  is	  needed	  for	  memory	  

demand	   >	   2.	   The	   r	  parameters	  with	   the	   subscripts	   Ch.Y.MD>1	  and	   Ch.Y.MD>2	  

indicated	   that	   for	   young	   adults	   and	   children	   a	   distinction	   between	   rates	   for	  

memory	  demands	  2	  and	  3	  improved	  model	  fit.	  In	  contrast,	  old	  adults	  had	  a	  lower	  
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estimated	  rate,	  and	  they	  did	  not	  need	  a	  different	  rate	  for	  memory	  demand	  larger	  

than	   2.	   Thus,	   the	   data	   support	   different	   rate	   parameters	   for	   each	   memory	  

demand	  in	  children	  and	  young	  adults	  but	  not	  in	  old	  adults.	  

Table 2.4. Parameters Estimates of Model 1 
Effect	   Parameter	   Value	   Approximate	  95%	  	  

confidence	  
intervals	  

Standar
d	  error	  

T(p-‐value)	  

Intercept	  of	  C	   CInt.	   0.417	   [0.391,	  0.442]	   0.012	   32.49	  (<.001)	  

Slope	  of	  C	  (Updating	  
Conditions)	  

CGNG-‐Contr.	   -‐0.005	  	   [-‐0.025,	  0.014]	   0.010	   -‐0.53	  (0.589)	  

Slope	  of	  C	  	  (Age)	   CY-‐Ch	   -‐0.029	  	   [-‐0.082,	  0.024]	   0.027	   -‐1.06	  (0.285)	  

Slope	  of	  C	  	  (Age)	   CO-‐Y	  	   0.162	  	   [0.010,	  0.222]	   0.030	   5.26	  (<.001)	  

Intercept	  of	  σ	   σInt.	   0.184	  	   [0.174,	  0.195]	   0.005	   34.40	  (<.001)	  

Slope	   of	   σ	  
(Updating	  
Conditions)	  

σGNG-‐Contr.	   0.001	   [-‐0.003,	  0.006]	   0.002	   0.69	  (0.489)	  

Slope	  of	  σ	  (Age)	   σY-‐Ch	   -‐0.038	  	   [-‐0.058,	  -‐0.019]	   0.009	   -‐3.91	  (<.001)	  

Slope	  of	  σ	  (Age)	   σO-‐Y	   0.016	  	   [-‐0.007,	  0.041]	   0.012	   1.32	  (0.184)	  

Intercept	  of	  sc	   scInt.	   0.530	  	   [0.437,	  0.623]	   0.047	   11.16	  (<.001)	  

Slope	  of	  sc	  (Age)	  	   sc	  Y-‐Ch	   -‐0.192	  	   [-‐0.379,	  -‐0.005]	   0.095	   -‐2.00	  (<.05)	  

Slope	  of	  sc	  (Age)	   scO-‐Y	   0.253	  	   [0.069,	  0.437]	   0.093	   2.69	  (<.01)	  

Slope	  of	  sc	  (MD	  >	  1)	   scMD>1	   -‐0.617	   [-‐0.746,	  -‐0.488]	   0.066	   -‐9.34	  (<.001)	  

Intercept	  of	  r	   rInt.	   1.674	   [1.556,	  1.784]	   0.056	   29.77	  (<.001)	  

Slope	  of	  r	  (MD	  >	  1	  *	  
Age)	  	  

rCh.Y.MD>1	   -‐0.569	  	   [-‐0.762,	  -‐0.377]	   0.098	   -‐5.78	  (<.001)	  

Slope	  of	  r	  (MD	  >	  2	  *	  
Age)	  

rCh.Y.MD>2	   -‐0.546	  	   [-‐0.648,	  -‐0.443]	   0.052	   -‐10.44	  
(<.001)	  

Slope	  of	  r	  (MD	  >	  1	  *	  
Age)	  

rO.MD>1	   -‐0.340	  	   [-‐0.457,	  -‐0.224]	   0.059	   -‐5.72	  (<.001)	  

Slope	  of	  r	  (MD	  >	  2	  *	  
Age)	  

rO.MD>2	   0.034	  	   [-‐0.091,	  0.159]	   0.064	   0.53	  (0.592)	  

Slope	  of	  r	  (Age)	  	   rO-‐Y.Ch	  	   -‐0.438	  	   [-‐0.650,	  -‐0.227]	   0.108	   -‐4.05	  (<.01)	  

Note.	  Contr.=	  control	  condition;	  GNG=	  go/no-‐go	  condition;	  Y=	  young	  adults;	  O=	  old	  adults;	  Ch=	  children;	  Int.	  
=	   intercept	   (grand	   mean);	   Y-‐Ch=	   contrasts	   (i.e.,	   differences)	   between	   young	   adults	   and	   children;	   O-‐Y=	  
contrasts	  (i.e.,	  differences)	  between	  old	  adults	  and	  young	  adults;	  MD>1=	  contrasts	  (i.e.,	  differences)	  between	  
memory	  demand	  (MD)	  1	  vs.	  MD	  larger	  than	  1;	  Ch.Y.MD>1=	  different	  rate	  parameter	  for	  MD	  >	  1	  (the	  same	  
rate	  parameter	  for	  young	  adults	  and	  children);	  O.MD>1=	  different	  rate	  parameter	  for	  MD	  >	  1	  (old	  adults);	  
Ch.Y.MD>2=	  different	  rate	  parameter	  for	  MD	  >	  2	  (the	  same	  rate	  parameter	  for	  young	  adults	  and	  children);	  
O.MD>2=	  different	  rate	  parameter	  for	  MD	  >	  2	  (old	  adults);	  O-‐Y.Ch=	  contrast	  between	  old	  adults	  on	  one	  side,	  
and	  young	  adults	  and	  children	  on	  the	  other	  side.	  

  



	   54	  

Finally,	  the	  effect	  of	  memory	  demand	  on	  the	  sc	  parameter	  with	  subscript	  

MD>1	  was	  in	  the	  opposite	  direction	  of	  our	  expectations;	  that	  is,	  the	  sc	  parameter	  

decreased	  for	  memory	  demands	  larger	  than	  1. 

Table 2.5. Random effects matrix of Model 1 
Parameter	   Random	  effect	   σ	  intercept	  (correlation)	   rintercept	  (correlation)	  

Cintercept	   0.071	  [0.057,	  0.089]	   -‐	   -‐	  

σintercept	   0.038	  [0.031,0.047]	   -‐	   -‐	  

rintercept	   0.321	  [0.244,0.422]	   0.706	  [0.447,	  0.885]	   -‐	  

scintercept	   0.181	  [0.121,0.269]	   0.531	  [0.191,	  0.757]	   0.238	  [˗0.264,	  0.639]	  

Residual	  error	   0.10	   	   	  

Note. Approximate 95% confidence intervals are given in brackets. 

2.5 Discussion	  

The	   present	   study	   tested	   two	   forgetting-‐related	   mechanisms	   and	   sources	   of	  

variation	   in	   WMC	   in	   three	   groups	   varying	   widely	   in	   age	   (i.e.,	   children,	   young	  

adults	  and	  old	  adults).	  To	  this	  end,	  we	  fitted	  the	  IM	  to	  data	  of	  a	  working-‐memory	  

updating-‐task	  with	  a	  control	  condition	  and	  a	  go/no-‐go	  condition.	  In	  the	  following	  

we	  summarise	  and	  discuss	  general	  results	  and	  lifespan	  differences	  with	  respect	  

to	  storage,	  speed	  of	  processing,	  and	  attentional	  control.	  	  

Storage	  

The	  IM	  recovered	  the	  data	  well,	  and	  this	  provides	  support	  for	  the	  model’s	  

main	   assumptions:	   A	   higher	   memory	   demand	   increases	   the	   probability	   that	  

representations	   lose	   a	   proportion	   of	   features	   units	   through	   interference	   by	  

overwriting,	   and	   items	   are	   confused	   at	   recall	   due	   to	   noise	   (Oberauer	  &	  Kliegl,	  

2001,	  2006,	  2010;	  Göthe	  et	  al.,	  2012).	  	  

Children	  were	  more	  susceptible	  to	  interference	  by	  confusion,	  as	  indicated	  

by	   a	   larger	   σ	   parameter	   than	   young	   adults.	   This	   parameter	   reflects	   problems	  

accessing	   the	   appropriate	   representation	   in	   working	   memory,	   leaving	   more	  

competition	  for	  the	  activation	  in	  the	  focus	  layer.	  At	  the	  same	  time,	  there	  was	  no	  

difference	   between	   children	   and	   young	   adults	   in	   the	   degree	   of	   interference	   by	  

overwriting,	  as	  reflected	  in	  parameter	  C.	  These	  results	  are	  in	  accordance	  with	  an	  

earlier	  developmental	  study	  by	  Göthe	  et	  al.	  (2012)	  who	  also	  found	  that	  eleven-‐

year-‐old	   children	   had	   a	   reduced	   noise	   (for	   a	   spatial	   and	   a	   verbal	   memory	  

updating	   task)	   compared	   to	   eight-‐year	   old	   children,	   while	   there	   was	   no	  

difference	  in	  the	  overwriting	  parameter	  between	  these	  two	  groups.	  	  
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In	  contrast,	  older	  adults	  were	  more	  susceptible	  to	  interference	  by	  feature	  

overwriting	   than	   young	   adults.	   Interference	   by	   feature	   overwriting	   was	   the	  

greatest	  effect	  differentiating	  between	  old	  adults	  and	  young	  adults	  (see	  Table	  4).	  

This	   replicates	   previous	   results	   comparing	   young	   and	   old	   adults	   with	   the	   IM	  

(Oberauer	  &	  Kliegl,	  2001).	  Interference	  by	  overwriting	  is	  assumed	  to	  arise	  from	  

a	   loss	  of	  bindings	  between	   features	  and	   the	  object	   they	  belong	   to	   (Oberauer	  &	  

Kliegl,	   2006).	   Therefore,	   age	   difference	   in	   C	   could	   reflect	   weaker	   bindings	  

between	   features	   and	   objects	   in	   older	   adults,	   consistent	   with	   prior	   evidence	  

showing	   that	   older	   adults	   suffer	   from	   a	   specific	   binding	   deficit	   in	   working	  

memory	   (Oberauer,	   2005)	   and	   long-‐term	   memory	   (Naveh-‐Benjamin,	   Hussain,	  

Guez,	  &	  Bar-‐on,	  2003).	  

Whereas	   Oberauer	   and	   Kliegl	   (2001)	   also	   found	   an	   increase	   in	   the	  

susceptibility	   to	   interference	   due	   to	   noise	   in	   older	   adults,	   our	   study	   could	   not	  

replicate	   this.	   However,	   in	   both	   studies	   there	   was	   a	   strong	   correlation	   of	   the	  

noise	   and	   the	   rate	   parameter	   (for	   which	   we	   found	   an	   aging	   effect);	   this	  

correlation	  makes	  it	  difficult	  to	  unambiguously	  assign	  the	  aging	  effect	  to	  one	  of	  

these	  parameters.	  	  	  

Our	  results	  are	  in	  agreement	  with	  previous	  reports	  postulating	  “storage”	  

as	   an	   important	   source	   of	   differences	   between	   old	   adults	   and	   young	   adults	  

(Babcock	   &	   Salthouse,	   1990;	   Oberauer,	   Wendland,	   &	   Kliegl,	   2003),	   and	  

differences	  between	  children	  and	  young	  adults	  (Bayliss	  et	  al.,	  2005).	  The	  present	  

modelling	  approach	  goes	  beyond	  prior	  studies	  by	  describing	  the	  “storage”	  deficit	  

in	   the	   context	   of	   a	   formal	   model,	   attributing	   it	   to	   two	   sources,	   feature	  

overwriting	   and	   confusion	   among	   items.	   Our	   present	   results	   and	   those	   of	   two	  

previous	  studies	  (Göthe	  et	  al.,	  2012,	  Oberauer	  &	  Kliegl,	  2001)	  revealed	  that	  the	  

“storage”	   deficits	   of	   children	   arise	   primarily	   from	   confusion	   between	   items,	  

whereas	   those	  of	   old	   adults	   arise	  primarily	   from	  an	   increased	   susceptibility	   to	  

feature	  overwriting.	  This	  possibly	  points	  to	  different	  developmental	  trajectories	  

of	   the	   two	   interference	   mechanisms	   postulated	   by	   the	   IM.	   However,	   this	  

interpretation	  is	  only	  preliminary,	  and	  new	  studies	  should	  be	  conducted	  to	  trace	  

this	  issue	  further.  
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2.5.1 Speed	  of	  processing	  

With	  respect	  to	  speed	  of	  processing,	  our	  aim	  was	  to	  examine	  whether	  the	  

increment	  from	  two	  to	  three	  updating	  objects	  further	  decreased	  the	  rate,	  thereby	  

testing	  whether	  the	  competition	  among	  working	  memory	  representations	  slows	  

down	   the	   speed	   of	   updating	   through	   the	   inhibition	   of	   their	   retrieval	   (Usher	  &	  

McClelland,	   2001).	   Evidence	   for	   this	   conjecture	  was	  only	  obtained	   for	   children	  

and	  young	  adults,	  not	  for	  older.	  	  

Generally,	   there	  was	  no	  difference	  between	  children	  and	  younger	  adults	  

in	  the	  speed	  of	  processing.	  However,	  older	  adults	  had	  a	  significantly	  slower	  rate	  

than	   young	   adults.	   This	   is	   in	   agreement	   with	   the	   age	   differences	   in	   the	   digit	  

symbol	   test	   (see	   Table	   1),	   which	   to	   a	   large	   extent	   reflects	   mental	   speed.	   As	  

mentioned	  earlier,	   there	  was	  a	   strong	  correlation	  between	  processing	  rate	  and	  

amount	   of	   noise	   in	   our	   study	   and	   that	   of	   Oberauer	   and	   Kliegl	   (2001).	   Hence,	  

developmental	  and	  aging	  effects	   in	   these	  parameters	  cannot	  be	  unambiguously	  

attributed	  to	  one	  of	  these	  parameters.	  	  

Taken	   together,	   differences	   in	   processing	   rate	   between	   young	   and	   old	  

adults	   are	   in	   agreement	  with	   a	  well-‐established	  perspective	  of	   cognitive	   aging.	  

The	  present	   results	   support	   the	  proposal	  of	  processing	   speed	  as	  one	   source	  of	  

age	  differences	  when	  the	  available	  amount	  of	  time	  for	  doing	  a	  task	  is	  restricted	  

(Salthouse,	   1996).	   At	   the	   same	   time,	   our	   results	   show	   that	   age	   differences	   in	  

processing	   speed	   are	   not	   sufficient	   to	   explain	   all	   age-‐related	   differences	   in	  

working	  memory,	  because	   the	  age	  groups	  differed	   in	  other	  parameters	   as	  well	  

(Kliegl,	  Mayr,	  &	  Krampe,	  1994;	  Mayr,	  Kliegl,	  &	  Krampe,	  1996).  

2.5.2 Attentional	  control	  

The	   results	   also	   supported	   the	   new	   assumption	   that	   participants	   could	  

use	   part	   of	   the	   time	   during	   no-‐go	   steps	   to	   complete	   the	   preceding	   go	   step.	   A	  

parsimonious	   interpretation	   of	   the	   data	   suggests	   that	   the	   two	   updating	  

conditions	   differ	   in	   the	   time	   available	   to	   carry	   out	   the	   updating	   steps;	   that	   is,	  

participants	  use	  the	  strategy	  of	  completing	  go	  steps	  during	  the	  presentation	  time	  

of	   no-‐go	   steps.	   However,	   during	   no-‐go	   steps	   a	   proportion	   of	   time	   reflects	  

switching	  between	  go	  steps	  and	  no-‐go	  steps.	  This	  switching	  cost	  was	  captured	  in	  
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the	  sc	  parameter.	  The	  inclusion	  of	  this	  new	  parameter	  improved	  the	  goodness	  of	  

fit	  of	  performance	  in	  the	  working-‐memory	  updating	  task.	  	  

We	  argued	  that	  the	  sc	  parameter	  reflects	  attentional	  control.	  Nevertheless	  

a	   detailed	   characterisation	  of	   this	   switch	   cost	   is	   still	   needed.	  One	  possibility	   is	  

that	   sc	   parameter	   reflects	   an	   inhibition	   cost;	  namely,	   the	   time	   for	   stopping	   the	  

tendency	   to	   carry	   out	   the	   updating	   operation.	   Another	   possibility	   is	   that	   it	  

reflects	  a	  task	  switching	  cost,	  which	  is	  the	  time	  to	  remove	  the	  task	  set	  “update”	  

and	  replace	  it	  by	  “do	  not	  update”	  the	  stimulus.	  Furthermore,	  the	  decrease	  of	  the	  

sc	   parameter	   as	   a	   consequence	  of	   larger	  memory	  demand	  was	   contrary	   to	  our	  

expectations,	  and	  we	  cannot	  give	  a	  suitable	  explanation	  for	  this	  finding.	  Thus,	  the	  

processes	  underlying	  the	  sc	  parameter	  remain	  unclear.	  Further	  research	  should	  

address	  this	  phenomenon	  in	  detail.	  

That	   said,	   the	   switching	   parameter	   behaved	   as	   expected	   for	   the	  

developmental	  effects.	  Children	  and	  older	  adults	  had	  larger	  switching	  times	  than	  

young	   adults.	   As	   a	   consequence,	   young	   adults	   had	  more	   time	   to	   complete	   the	  

previous	   go	   step	   during	   a	   no-‐go	   step.	   Therefore,	   the	   higher	   accuracy	   of	   young	  

adults	  in	  the	  go/no-‐go	  condition	  is	  in	  part	  due	  to	  the	  fact	  that	  young	  adults	  had	  

more	  time	  for	  completing	  the	  preceding	  go	  step.	  

The	   developmental	   differences	   in	   the	   sc	   parameter	   are	   consistent	   with	  

earlier	  results.	  For	  example,	  some	  studies	  showed	  that	   inhibition	  processes	  are	  

less	  efficient	  in	  children	  and	  old	  adults	  (Bjorklund	  &	  Harnishfeger,	  1990;	  Hasher,	  

Zacks,	  &	  May,	   1999),	   consistent	  with	   the	   interpretation	   of	   the	   sc	   parameter	   as	  

reflecting	  the	  time	  for	  inhibition	  of	  updating.	  The	  interpretation	  of	  sc	  in	  terms	  of	  

task	   switching	   is	   consistent	  with	   studies	   showing	   that	   children	   and	   old	   adults	  

have	   larger	   general	   switch	   costs	   (also	   called	   mixing	   costs)	   in	   task-‐switching	  

paradigms	  (for	  a	  review	  see	  Karbach	  &	  Kray,	  2009).	  

Studies	  using	  formal	  approaches	  usually	  suffer	  from	  one	  limitation:	  small	  

sample	  sizes.	  The	  main	  reason	  of	  this	  limitation	  is	  that	  it	  is	  necessary	  to	  collect	  a	  

very	   rich	   data	   set	   from	   each	   participant	   to	   obtain	   reliable	   estimates	   of	   the	  

parameters,	   and	   therefore	   a	   larger	   number	   of	   trials	   is	   needed.	   Future	   studies	  

should	   increase	   the	   sample	   size	   for	   testing	   whether	   the	   pattern	   of	   the	  

parameters	  found	  in	  the	  present	  study	  can	  be	  replicated.  
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2.6 Summary	  

The	   parameters	   of	   a	   formal	   working	   memory	   model	   were	   tested	   to	  

simultaneously	   examine	   storage	   capacity	   (determined	   by	   feature	   overwriting	  

and	  retrieval	  noise),	  processing	  speed	  (rate),	  and	  attentional	  control	  (switching)	  

as	   possible	   limiting	   effects	   of	   working	   memory	   capacity	   across	   lifespan.	   Our	  

comparison	   of	   children,	   young	   adults,	   and	   old	   adults	   revealed	   that	   the	   three	  

sources	  of	  working-‐memory	   limitation	  were	  not	   redundant.	  Rather,	  all	  of	   them	  

significantly	   contributed	   to	   lifespan	   differences.	   Many	   findings	   support	   earlier	  

results	   showing	   that	  older	  adults	  and	  children	  had	   larger	   switching	   times	   than	  

young	  adults	  and	  that	  older	  adults	  are	  reduced	  in	  processing	  speed	  compared	  to	  

young	   adults.	   However,	   results	   with	   respect	   to	   the	   two	   parameters	  modelling	  

storage	   limitations	   may	   point	   to	   differential	   lifespan	   trajectories.	   Whereas	  

children	  were	   found	   to	  be	   susceptible	   to	   confusion	  between	   items	   at	   retrieval,	  

old	  adults	  were	  specifically	  impaired	  in	  maintaining	  bindings	  between	  features,	  

rendering	  their	  representations	  more	  vulnerable	  to	  feature	  overwriting.	  
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3 Dynamics	  between	  causes	  of	  forgetting	  and	  

inhibition	  in	  working	  memory	  capacity:	  a	  formal	  

approach	  
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3.1 Abstract	  

We	  implemented	  and	  tested	  three	  formal	  models	  to	  examine	  causes	  of	  forgetting	  

and	  the	  role	  of	   inhibition	  in	  WMC.	  One	  model	  assumes	  limited	  resources	  as	  the	  

main	  cause	  of	  forgetting	  (i.e.,	  the	  resources	  model).	  A	  second	  model	  proposes	  a	  

trade-‐off	   between	   time-‐based	   decay	   of	  memory	   traces	   and	   reactivation	   as	   the	  

central	  factor	  explaining	  forgetting	  in	  working	  memory	  (i.e.,	  the	  decay	  model).	  A	  

third	   model,	   the	   interference	   model	   (IM),	   assumes	  WMC	   to	   be	   limited	   due	   to	  

interference	  by	  feature	  overwriting,	  interference	  by	  confusion	  of	  whole	  elements,	  

and	   processing	   speed.	   Here	   we	   test	   how	   inhibition	   is	   handled	   within	   the	  

framework	   of	   these	   models.	   To	   this	   end,	   we	   used	   spatially	   compatible	   and	  

incompatible	  stimulus-‐response	  mappings	  (Kornblum,	  1992)	  during	  a	  working-‐

memory	  updating-‐task.	  In	  two	  experiments,	  one	  version	  of	  the	  IM	  was	  the	  most	  

successful	  explanation	  of	   the	  relationship	  between	   the	  causes	  of	   forgetting	  and	  

inhibition.	  The	  parameter	  estimates	  of	  the	  IM	  show	  that	  incompatible	  stimulus-‐

response	  mappings	  slow	  down	  the	  speed	  of	  processing	  and	  increase	  the	  memory	  

demand	   by	   activating	   irrelevant	   information.	   The	   resources	   model	   and	   the	  

decay-‐based	  model	  fit	  the	  data	  less	  well,	  and	  it	  is	  showed	  that	  this	  failure	  arises	  

from	  their	  core	  assumptions.	  	  
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3.2 Introduction	  

Working	  memory	   allows	   humans	   to	  maintain	   a	   subset	   of	   mental	   objects	   (e.g.,	  

spatial	  positions,	  numbers,	  or	  words)	  for	  immediate	  access	  while	  other	  pieces	  of	  

information	  or	   the	   to-‐be-‐remembered	  objects	   are	  manipulated	  with	   the	   aim	  of	  

reaching	  a	  specific	  cognitive	  goal.	  Individual	  differences	  in	  capacity	  of	  WM	  have	  

shown	  to	  be	  a	  good	  predictor	  of	  reasoning	  ability,	  fluid	  intelligence	  and	  language	  

comprehension	   (Engle,	   et	   al.,	   1999;	   Kyllonen	  &	   Christal,	   1990;	   Palladino,	   et	   al.	  

2001;	  Schmiedek,	  Hildebrant,	  Lövdén,	  Wilhelm,	  &	  Lindenberger,	  2009).	  Because	  

of	  the	  importance	  of	  WMC	  in	  complex	  cognitive	  processes	  the	  study	  of	  the	  limits	  

of	   WMC	   has	   broad	   relevance	   for	   research	   on	   cognition.	   Theories	   of	   working	  

memory	   differ	   in	   what	   they	   identify	   as	   the	   main	   cause	   of	   the	   limits	   of	   WMC	  

(Barrouillet	  &	  Camos,	  2009;	  Lewandowsky,	  Oberauer,	  &	  Brown,	  2009).	  Some	  of	  

the	  approaches	  propose	  time-‐based	  decay	  of	  the	  memory	  traces	  unless	  they	  are	  

actively	  maintained	  by	  articulatory	  rehearsal	  (Baddeley,	  Thomson,	  &	  Buchanan,	  

1975)	   –	   or	   refreshing	   (Barrouillet,	   Bernardin,	   &	   Camos,	   2004;	   Camos,	   Lagner,	  

Barrouillet,	  2009).	  Other	  accounts	  suggest	  that	  a	   limited	  quantity	  of	  a	  cognitive	  

resource	  explain	  the	   limit	  of	  WMC	  (Just	  &	  Carpenter,	  1992).	  A	  third	  hypothesis	  

states	   that	   interference	   between	   working-‐memory	   objects	   the	   limits	   of	   WMC	  

(Oberauer,	   Lewandowsky,	   Farrell,	   Jarrold,	   &	   Greaves,	   2012;	   Oberauer	   &	  

Lewandowsky,	  2012).	  	  

These	   three	   approaches	   (i.e.,	   time-‐based	   decay,	   limited	   resources	   and	  

interference)	   offer	   competing	   explanations	   about	   the	   causes	   of	   forgetting	   in	  

working	  memory,	   and	  by	   implication,	   for	   the	   limited	   capacity	  of	  WM.	  The	   first	  

aim	   in	   the	   present	   chapter	   is	   to	   compare	   these	   three	   explanations	   within	   a	  

common	  modelling	  framework,	  building	  on	  previous	  work	  by	  Oberauer	  &	  Kliegl	  

(2001).	  The	  second	  aim	  is	  to	  extend	  the	  modelling	  framework	  to	  incorporate	  two	  

aspects	   of	   executive	   functions:	   Response	   inhibition,	   and	   task	   switching	   or	  

shifting	   (Hasher,	   Zacks,	  &	  May	  1999;	  Miyake	   et	   al.,	   2000).	  We	   investigate	   how	  

demands	  on	  response	  inhibition	  and	  on	  task	  switching	  affect	  people’s	  ability	  to	  

maintain	   and	   to	   update	   information	   in	  WM,	   and	   add	  parameters	   to	   the	   formal	  

models	   to	   capture	   these	   effects.	   To	   summarise,	   we	   developed	   a	   common	  

framework	   to	   compare	   a	   resources	  model	   (Anderson,	   Reder,	   &	   Lebiere,	   1996;	  
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Just	  &	  Carpenter,	  1992),	  a	  decay-‐based	  model	  (Burguess	  &	  Hitch,	  1999;	  Henson,	  

1999,	  Page	  &	  Norris,	  1998),	  and	  the	  IM	  (Oberauer	  &	  Kliegl,	  2006)	  and	  investigate	  

the	   effects	   of	   response	   inhibition	   and	   task	   switching	   in	   the	   context	   of	   these	  

models.	  	  

We	   next	   described	   our	   working-‐memory	   updating-‐task.	   After	   that	   we	  

presented	   the	   general	   modelling	   framework,	   and	   then	   we	   presented	   the	  

implementation	  of	  the	  three	  competing	  accounts	  of	  forgetting	  in	  WM. 
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Figure	   3.1.	   Task	   example	   of	   a	   trial	   involving	   a	  memory	   demand	   of	   two	   objects	   in	   the	   switch-‐
inhibition	  condition. 

3.2.1 The	  Working-‐memory	  updating-‐task	  

The	  updating	  task	  is	  a	  variant	  of	  the	  spatial	  updating	  task	  described	  by	  Oberauer	  

and	   Kliegl	   (2006)	   and	   in	   Chapter	   2.	   Our	   experiments	   included	   three	   updating	  

conditions:	   a	   control	   condition,	   a	   switch-‐inhibition	   condition,	   and	  an	   inhibition	  

condition.	  	  

A	  trial	  of	  the	  control	  condition	  started	  with	  the	  presentation	  of	  one,	  two	  

or	   three	   stimuli	   placed	   in	   a	   three	   by	   four	   grid.	   The	   participants	   encoded	   the	  

initial	  position	  of	  each	  stimulus.	  After	  the	  encoding	  phase,	  a	  black	  arrow	  together	  

with	  a	  picture	  of	  one	  stimulus	  signalled	  the	  first	  updating	  step.	  An	  updating	  step	  

involved	  that	  the	  participant	  mentally	  shifted	  the	  object,	  moving	  it	  one	  cell	  from	  

its	  current	  position	  in	  the	  direction	  indicated	  by	  a	  black	  arrow,	  and	  remembering	  

its	  new	  location.	  The	  task	   involved	  five	  or	  six	  updating	  steps	  and	  then	  the	  final	  

location	  of	  each	  object	  was	  queried.	  The	  participants	  responded	  by	  clicking	  with	  

the	   mouse	   into	   the	   field	   where	   they	   expected	   a	   particular	   stimulus.	   For	   each	  

updating	   step	   a	   limited	   amount	   of	   time	   was	   given,	   and	   that	   time	   was	   varied	  

experimentally	  to	  measure	  time-‐accuracy	  functions.	  There	  was	  no	  time	  limit	  for	  

final	   recall.	   In	   the	   switch-‐inhibition	   condition	   black	   arrows	   and	   white	   arrows	  

were	  mixed	  in	  random	  order	  (see	  figure	  3.1).	  Black	  arrows	  required	  a	  shift	  in	  the	  
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direction	   on	   the	   arrow,	  whereas	  white	   arrows	   required	   a	   shift	   in	   the	   opposite	  

direction.	   Therefore,	   participants	   had	   to	   switch	   between	   two	   tasks,	   defined	   by	  

two	  mappings	  between	  the	  stimulus	  (i.e.,	  the	  arrow	  direction)	  and	  the	  required	  

mental	  operation.	  

In	  the	  inhibition	  condition,	  white	  arrows	  were	  presented	  instead	  of	  black	  

arrows.	   White	   arrows	   signified	   that	   participants	   had	   to	   mentally	   shift	   the	  

respective	  stimulus	  in	  the	  direction	  opposite	  to	  the	  direction	  in	  which	  the	  arrow	  

pointed.	  Therefore,	   they	  had	   to	   inhibit	   the	   tendency	   to	  shift	   the	  object	   into	   the	  

direction	  of	  the	  arrow,	  and	  instead	  carry	  out	  a	  shift	  in	  the	  opposite	  direction. 	  

3.2.2 The	  modelling	  framework	  

In	   this	   section	  we	   present	   and	   extend	   a	   set	   of	   generic	   assumptions	   borrowed	  

from	  the	  framework	  of	  Oberauer	  and	  Kliegl	  (2001,	  2006).	  Standard	  assumptions	  

in	   the	   development	   of	   a	   common	   basis	   to	   implement	   the	   models	   allow	  

researchers	   to	   compare	   differences	   among	   models	   fitting	   the	   data.	   Thus,	  

differences	   in	   fitting	   can	   be	   interpreted	   as	   a	   consequence	   of	   the	   critical	  

theoretical	  assumptions	  of	  each	  account	  (Oberauer	  &	  Kliegl,	  2001).	  

In	  the	  present	  approach	  limitations	  in	  WMC	  arise	  due	  to	  the	  availability	  of	  

an	   object	   at	   time	   of	   retrieval,	   which	   depends	   on	   its	   level	   of	   activation.	   In	   this	  

concern,	   the	   framework	   differentiates	   between	   two	   types	   of	   objects	   with	  

different	   levels	   of	   activation:	   the	   target	   object	   (i.e.,	   the	   to-‐be	   updated	   object),	  

which	   is	   expected	   to	   have	   the	   higher	   level	   of	   activation,	   and	   the	   competitor	  

object(s),	   which	   is	   (are)	   the	   remaining	   object(s)	   in	   working	   memory.	   We	  

regarded	   the	   activation	   of	   the	   target	   object	   as	  Ai(k)	   and	   the	   activation	   level	   of	  

competitor	  objects	  as	  Aj(k).	   In	  these	  terms,	  the	  subscript	  i	  denotes	  the	  activation	  

the	  target	  object	  i,	  the	  subscript	  j	  denotes	  the	  activation	  of	  competitor(s),	  and	  the	  

subscript	   in	   parentheses,	   k,	   should	   be	   replaced	   by	   the	   name	   of	   the	   respective	  

formal	  model	  (e.g.,	  Ai(resources	  model)	  or	  Ai(decay	  model)).	  These	  activation	  levels	  Ai(k)	  and	  

Aj(k)	  are	  very	  important	  because	  their	  estimation	  is	  the	  main	  aspect	  in	  which	  the	  

formal	  models	  differ.	  

The	  formal	  models	  implemented	  in	  the	  next	  section	  assume	  that	  only	  one	  

out	  from	  all	  objects	  in	  working	  memory	  could	  be	  retrieved	  at	  time.	  The	  specified	  

formal	   models	   also	   take	   into	   account	   that	   updating	   an	   object	   that	   has	   been	  
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updated	   on	   the	   immediately	   preceding	   step	   is	   faster	   than	   updating	   another	  

object	   in	   working	   memory	   (Garavan,	   1998;	   Oberauer,	   2003).	   This	   so-‐called	  

object-‐switch	  cost	  can	  be	  explained	  by	  assuming	  that,	  after	  an	  updating	  step,	  the	  

to-‐be	   updated	   object	   is	   already	   strongly	   activated	   in	   the	   focus	   of	   attention	  

(Garavan,	  1998;	  Oberauer,	  2003),	  and	  therefore	  it	  is	  not	  necessary	  to	  retrieve	  it	  

for	  the	  next	  updating	  step.	  In	  order	  to	  spread	  the	  activation	  of	  the	  target	  object	  to	  

the	  focus	  of	  attention	  the	  formal	  models	  need	  to	  assume	  a	  dynamic	  system	  that	  

builds	  and	  dissolves	  quickly	   links	  between	  objects	  and	  context	   representations	  

or	   contextual	   cues	   (Oberauer	   &	   Kliegl,	   2001;	   2006).	   In	   the	   context	   of	   our	  

updating	   tasks	   the	   probe	   (see	   Figure	   3.1),	   which	   is	   the	   picture	   of	   the	   to-‐be-‐

updated	  stimuli,	  acts	  as	  a	  contextual	  cue	  for	  retrieving	  the	  location	  of	  the	  target	  

object	   to	   the	   focus	   of	   attention.	   The	   probability	   of	   retrieving	   the	   target	   object	  

does	   not	   only	   depend	   on	   its	   activation	   but	   also	   on	   the	   activation	   level	   of	   the	  

competitor	  objects.	  If	  the	  link	  between	  probe	  and	  target’s	  location	  is	  strong,	  and	  

the	   target’s	   activation	   is	   higher	   than	   the	   competitors’	   activation,	   then	   the	  

activation	  of	  the	  target	  in	  the	  focus	  of	  attention	  follows	  a	  negatively	  accelerated	  

function	  as	  described	  by	  McClelland	  (1979):	  

𝑎!(𝑡)   =   𝐴!(!)(1− exp(−𝑡𝑟)).       (1) 

Here,	  ai(t)	   is	  the	  activation	  of	  the	  target	  object	  i	   in	  the	  focus	  of	  attention,	  Ai(k)	   is	  

the	   activation	  of	   the	   target	  object	   i	   in	  working	  memory,	   t	   is	   the	   time	   since	   the	  

beginning	   of	   the	   retrieval	   process,	   and	   r	   is	   the	   rate	   of	   activation.	   Here	   the	   r	  

parameter	  reflects	  the	  rate	  of	  activation	  of	  the	  target	  in	  the	  focus	  of	  attention	  but	  

this	   parameter	   estimated	   from	   all	   equations	   in	  which	   it	   is	   present	   reflects	   the	  

average	   time	   for	   retrieval	   and	   updating	   (Oberauer	   &	   Kliegl,	   2006).	   Thus,	   this	  

parameter	   as	   latent	   variable	   represents	   the	   speed	   of	   processing	   in	   working	  

memory.	  	  

Similarly,	   the	   activation	   of	   the	   competitor	   objects,	   expressed	   as	   Aj(k),	  

follows	  the	  same	  negatively	  accelerated	  function 

𝑎! 𝑡 =   𝐴! ! 1− exp −𝑡𝑟 ,       (2) 

where	   aj(t)	   is	   the	   activation	   of	   competitors	   that	   could	   be	   also	   achieved	   in	   the	  

focus	  of	  attention.	  As	  we	  stated	  at	  the	  beginning	  of	  this	  section	  the	  formal	  models	  

specify	  a	  lower	  level	  of	  activation	  for	  competitors	  in	  order	  to	  become	  feasible	  the	  

retrieval	   of	   the	   target.	   Nevertheless,	   it	   is	   well	   known	   that	   in	   many	   working-‐
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memory	   tasks	   subjects	   also	   recall	   other	   objects	   than	   the	   target.	   This	   can	   be	  

assumed	  as	  a	  consequence	  of	  noise	  in	  the	  retrieval	  process.	  As	  the	  next	  section	  

shows,	   the	   mechanisms	   underlying	   the	   noise	   parameter	   could	   be	   assumed	   in	  

different	  ways	   depending	   on	   each	   account.	   For	   example,	   the	   IM	   offers	   specific	  

assumptions	   and	   a	   mechanism	   (i.e.,	   interference	   by	   confusion)	   in	   order	   to	  

explain	  what	  causes	  an	  erroneous	  retrieval	  due	  to	  noise	  in	  the	  system.	  	  

The	  probability	  that	  the	  target	  object	  among	  n	  objects	  in	  working	  memory	  

spreads	   its	  activation	  to	  the	  focus	  of	  attention	  depends	  also	  on	  the	  noise	   in	  the	  

system;	   thus,	   the	   retrieval	   probability	   can	   be	   described	   by	   the	   Boltzmann	  

equation	  (Anderson	  &	  Lebiere,	  p.	  90):  

𝑝! =
!"#(!!(!)/!)
!"#!

!!! (!!(!)/!)
,         (3) 

pi,	   in	   Equation	   3	   is	   the	   probability	   of	   transferring	   the	   activation	   of	   the	   target	  

object	   i	   at	   time	   t	  (i.e.,	  ai(t))	  to	   the	   focus	   of	   attention	   given	   the	   activation	   of	   all	  

remaining	  objects	  at	  time	  t	  (i.e.,	  aj(t)),	  and	  the	  noise	  in	  system.	  The	  parameter	  T	  

models	  that	  noise,	  which	  refers	  to	  the	  standard	  deviation	  of	  activation	  given	  by	  T	  

=	  sqrt(6)*σ/π,	  where	  σ	   is	  a	   free	  parameter	  reflecting	  the	  activation	  noise.	  With	  

the	  aim	  of	  characterising	  in	  more	  detail	  the	  retrieval	  process	  Equation	  3	  can	  be	  

expanded	  to	  	  

𝑝! =
!"#(!!(!)/!)

!"# !!(!)/! !   !!! !"# !!  (!)/! !   !"!! !"#  (! !)
.     (4) 

This	   expansion	   takes	   into	   account	   that	   locations	   not	   currently	   occupied	   by	  

objects	  could	  be	  erroneously	  retrieved	  due	  to	  noise	  (for	  details	  see	  Oberauer	  &	  

Kliegl,	   2006).	   All	   grid	   locations	   that	   are	   not	   among	   the	   n	   locations	   currently	  

bound	   to	   objects	   are	   assumed	   to	   have	   an	   expected	   activation	   value	   of	   zero.	  

Therefore,	   in	   the	   3	   X	   4	   grid	   the	   number	   of	   unoccupied	   locations	   that	   has	   an	  

activation	  value	  of	  zero	  is	  12	  –	  n.	  The	  remaining	  terms	  of	  the	  denominator	  reflect	  

the	  activation	  of	  the	  target	  object,	  ai,	  and	  the	  activation	  of	  n	  –	  1	  competitor(s),	  aj.	  

	   At	   the	   end	   of	   a	   trial,	   after	   several	   updating	   steps,	   participants	   need	   to	  

recall	   the	   final	   location	   of	   each	   object.	   The	   probability	   of	   recalling	   the	   correct	  

location	  is	  the	  product	  of	  the	  probability	  of	  retrieving	  the	  location	  of	  the	  tested	  

object	   in	   each	   of	   m	   updating	   steps	   of	   that	   object’s	   location	   during	   the	   trial.	  

Assuming	  an	  average	  m	  updating	  steps	  per	  object,	  that	  probability	  is	  𝑝!!.	  
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Additionally,	   the	  models	   allow	   for	   guessing	   responses	   that	   are	   given	   in	  

conditions	  of	  complete	  forgetting.	  In	  that	  case,	  subjects	  are	  forced	  to	  select	  one	  of	  

the	  12	  cells	  in	  the	  3	  X	  4	  grid	  at	  random.	  The	  chance	  to	  guess	  the	  correct	  location	  

is	  1/12.	  Therefore,	  the	  predicted	  accuracy	  of	  recalling	  each	  location	  at	  the	  end	  of	  

the	  trial	  is	  computed	  as 

𝑃! = 1 12+ 1− 1 12 𝑝!!𝑝!!.       (5) 

Here,	  Pi	  is	  the	  probability	  to	  recall	  the	  correct	  location	  of	  object	  i	  at	  the	  end	  of	  the	  

trial;	  m	  expresses	  the	  average	  number	  of	  updating	  operations	  applied	  to	  object	  i,	  

pi	   is	   the	   probability	   of	   success	   in	   a	   single	   updating	   step,	   and	  𝑝!!	  represents	   the	  

probability	  to	  succeed	  in	  the	  final	  retrieval,	  which	  is	  computed	  in	  the	  same	  way	  

as	  pi,	  but	  with	  processing	  time	  t	  set	  to	  infinity,	  because	  there	  is	  no	  time	  limit	  for	  

retrieval.	  	  

In	  short,	  the	  set	  of	  generic	  assumptions	  is:	  a)	  limitations	  in	  WMC	  are	  due	  to	  

availability	  of	  an	  object	  at	  retrieval;	  b)	  the	  activation	  of	  one	  object	  in	  the	  focus	  of	  

attention	  follows	  an	  negatively	  accelerated	  function;	  c)	  one	  object	  is	  selected	  for	  

retrieval	   by	   competitive	   cueing	   in	   the	   focus	   of	   attention;	   d)	   the	   probability	   of	  

retrieving	  an	  object	  depends	  on	  that	  location’s	  relative	  activation	  level	  at	  the	  end	  

of	  the	  retrieval	  process;	  f)	  the	  retrieval	  of	  the	  target	  object	  is	  noisy	  and	  therefore	  

the	  implemented	  formal	  models	   include	  the	  σ	  parameter	  capturing	  the	  noise	  in	  

the	  system.	  

 In the next subsections we presented a resource model, a decay-rehearsal 

model, and an interference model (IM). Each of these models is implemented in the 

general modelling framework outlined above. 

3.2.3 The	  resources	  model	  	  

Seminal	   research	   in	   working	   memory	   and	   short-‐term	   memory	   showed	   that	  

working-‐memory	  tasks	  involve	  a	  trade-‐off	  between	  storage	  and	  processing,	  and	  

that	   this	   distinctive	   characteristic	   seems	   to	   explain	   the	   high	   predictability	   of	  

WMC	  on	  complex	  cognition	  (Daneman	  &	  Carpenter,	  1980).	  These	  findings	  were	  

the	   starting	   point	   for	   arguing	   that	   processing	   and	   storage	   in	  working-‐memory	  

tasks	  share	  a	  limited	  pool	  of	  cognitive	  resources	  (e.g.,	  a	  type	  of	  attention	  supply	  

according	  to	  Just	  &	  Carpenter,	  1992).	  Models	  assuming	  this	  constrained	  pool	  of	  

resources	  propose	  a	  constant	  amount	  of	  activation	  (Just	  &	  Carpenter,	  1992)	  or	  a	  
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constant	  source	  of	  activation	  (Anderson,	  Reder,	  &	  Lebiere,	  1996)	  that	   is	  shared	  

between	  processing	  and	  storage.	  In	  addition,	  these	  models	  pointed	  out	  this	  pool	  

of	   resources	   as	   the	   main	   factor	   limiting	   WMC.	   If	   this	   constant	   amount	   of	  

resources	   is	  exceeded	  for	  a	  working-‐memory	  task,	   then	  storage	  and	  processing	  

are	  affected.	  	  

A	   natural	   way	   to	   implement	   the	   resources	   hypothesis	   is	   to	   assume	   a	  

constant	   source	   of	   activation	   divided	   equally	   among	   the	   objects	   in	   working	  

memory.	  This	  source	  of	  activation	  determines	  the	  asymptotic	  activation	  of	  each	  

representation	  at	  retrieval.	  Thus,	  the	  asymptotic	  activation	  of	  the	  target	  object	  in	  

the	  control	  condition	  can	  be	  given	  by 

𝐴!   !"#$%!"#  !"#$%  !"#$%"&      =   𝑊/𝑛,       (6) 

where	  W	   is	   a	   fixed	   parameter	   representing	   a	   constant	   resource	   and	   n	   is	   the	  

number	   of	   stored	   objects.	   According	   to	   Equation	   6	   an	   increase	   in	   the	  memory	  

demand	  would	   leave	   fewer	   resources	   for	   the	  maintenance	  of	   each	  object,	   thus,	  

this	  mechanism	  explains	  the	  typical	  decrease	  in	  accuracy	  for	  retrieving	  objects	  as	  

a	  consequence	  of	  an	  increase	  in	  the	  memory	  demand.	  	  

In	  the	  context	  of	  the	  resources	  model	  raises	  a	  question:	  What	  Aj	  to	  assign	  

to	  the	  competitors	  objects?	  In	  our	  proposal	  the	  successful	  retrieval	  of	  one	  object	  

depends	  on	  its	  asymptotic	  activation.	  For	  this	  particular	  model	  we	  assume	  that	  

the	  target	  and	  competitors	  receive	  the	  same	  amount	  of	  resources.	  Nevertheless,	  

the	   resources	   consumed	   by	   competitors	   cannot	   be	   used	   for	   retrieval	   because	  

then	   they	   receive	   activation	   as	   high	   as	   the	   target.	   Therefore,	   we	   add	   the	  

assumption	   that	   the	   resources	   assigned	   to	   a	   competitor	   are	   used	   to	   avoid	  

retrieving	   it.	   Those	   assigned	   resources	   help	   people	   to	   remember	   that	   the	  

competitor	  was	  a	  different	  object	   from	  the	  currently	  updated.	  Consequently,	   in	  

order	  to	  become	  feasible	  the	  retrieval	  of	  the	  target	  object,	  the	  assigned	  activation	  

for	  competitors	  was	  0	  –	  it	  was	  the	  same	  case	  for	  all	  presented	  implementations	  

of	  the	  resources	  model.	  	  

An	  aspect	  that	  differentiates	  the	  switch-‐inhibition	  condition	  with	  respect	  

to	   the	   control	   condition	   is	   that	   participants	  were	   requested	   to	  mentally	  move	  

objects	   in	   the	   opposite	   direction	   of	   white	   arrows.	  We	   assume	   that	   during	   the	  

presentation	  of	  white	  arrows	  participants	  inhibit	  the	  natural	  tendency	  of	  moving	  

an	   object	   in	   the	   indicated	   direction	   and	   move	   it	   in	   the	   opposite	   direction.	  
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Relative	   to	   the	   control	   condition	   the	   switch-‐inhibition	   condition	   included	   two	  

further	  processes:	  a	  task-‐switching	  process	  because	  participants	  have	  to	  switch	  

between	  the	  task	  sets	  indicated	  by	  the	  black	  arrow	  and	  the	  white	  arrow;	  and	  the	  

inhibition	  process.	  	  

According	   to	   the	   resources	  model	   the	   switch-‐inhibition	  condition	  would	  

be	   a	  most	   demanding	   task	   because	   there	   are	  more	   processes	   taking	   resources	  

away	   from	   maintenance.	   In	   order	   to	   capture	   the	   effect	   of	   these	   additional	  

processes	  on	  working	  memory	  the	  activation	  of	  the	  target	  object	  was	  modelled	  

as  

𝐴!   !"#$%!&"#  !"#$%  !"#$%!!!"!!!"!#!$% = (𝑊 − 𝜓 ∗ 𝑖)/𝑛,    (7) 

where	  ψ	   is	   a	   free	   parameter	   modelling	   the	   resources	   consumed	   by	   the	   task-‐

switching	   process	   and	   the	   inhibition	   processes,	   i	   represents	   the	   proportion	   of	  

updating	  steps	  involving	  white	  arrows	  (i.e.,	  0.357),	  and	  n	  represents	  the	  memory	  

demand.	  

Evidence	   yielded	   by	   resources-‐models	   studies	   have	   showed	   that	  

processes	   demanding	   more	   resources	   can	   slow	   down	   the	   retrieval	   of	   objects	  

(Anderson,	   Reder,	   &	   Lebiere,	   1996;	   Just	   &	   Carpenter,	   1992).	   Therefore,	   it	   is	  

plausible	   to	   expect	   that	   task	   switching	   and	   inhibition	   slow	  down	   the	   retrieval,	  

and	   consequently,	   the	   updating	   process.	   Particularly,	   in	   the	   switch-‐inhibition	  

condition	   we	   expected	   a	   general	   slow	   down	   in	   the	   speed	   of	   updating	   (i.e.,	  

differences	  between	   conditions	   in	   the	   r	   parameter);	   and	   a	   larger	   object-‐switch	  

cost	  (i.e.,	  independent	  rate	  parameters	  for	  modelling	  the	  object-‐switch	  cost).	  

The	  resources	  model	  has	  three	  main	  parameters:	  the	  ψ	  parameter,	  which	  

reflects	   the	   resources	   consumed	   by	   inhibition	   and	   task	   switching,	   the	   σ	  

parameter,	  which	  reflects	  noise	  at	  retrieval,	  and	  the	  r	  parameter,	  which	  reflects	  

the	  average	  processing	  speed	  for	  retrieval	  and	  updating.	  Additionally,	  the	  model	  

includes	   the	   slope	   of	   r	   parameter	   for	   modelling	   differences	   in	   the	   speed	   of	  

processing	  according	  to	  the	  updating	  conditions,	  and	  r	  parameters	  reflecting	  an	  

independent	  object-‐switch	  cost	  for	  each	  condition	  (i.e.,	  slopes). 

3.2.4 The	  decay	  model	  

Baddeley	   (1986)	  proposed	  an	   influential	  working-‐memory	  model	   that	   involves	  

several	   components.	   The	   Baddeley’s	   model	   consist	   of	   a	   central	   executive	  



	   70	  

responsible	   for	   control	   and	   regulation	   of	   thought,	   a	   visuospatial	   sketchpad	  

responsible	   for	   the	   processing	   of	   visual	   information,	   and	   a	   phonological	   loop	  

responsible	  for	  the	  retention	  of	  verbal	  information.	  A	  central	  assumption	  of	  the	  

phonological	   loop	   is	   that	   memory	   traces	   decay	   over	   time	   unless	   they	   can	   be	  

reactivated	  via	  overt	  or	  covert	  articulatory	  rehearsal.	  This	  assumption	  arose	  due	  

to	  the	  necessity	  of	  explaining	  two	  findings:	  The	  so-‐called	  word	  length	  effect	  and	  

the	   effect	   of	   articulatory	   suppression	   on	   the	   recall	   of	   memoranda.	   The	   word	  

length	   effect	   refers	   to	   the	   fact	   that	   in	   certain	   circumstances	   the	   successful	  

retrieval	   of	   words	   in	   short-‐term	   memory	   –	   and	   also	   in	   working	   memory	   –	  

depends	  on	   their	  pronunciation	   time	   (Baddeley,	  Thomson,	  &	  Buchanan,	  1975).	  

In	   particular,	   the	   latter	   study	   showed	   that	   participants	   exhibited	   poorer	  

performance	   for	   recalling	   lists	   of	   long	   words	   –	   for	   instance,	   refrigerator,	  

hypothalamus	   –	   than	   for	   recalling	   lists	   of	   short	   words	   –	   for	   instance,	   bat,	   car	  

(Baddeley,	  Thomson,	  Buchanan,	  1975).	  These	  differences	   in	  performance	  were	  

related	  to	  the	  numbers	  of	  words	  that	  can	  be	  articulated	  in	  an	  interval	  of	  time	  –	  

that	   is	   the	   speech	   rate,	  which	  was	   taken	   as	   an	   estimate	   of	   the	   rate	   of	   reciting	  

words	  silently.	  	  

Second,	   the	   pronunciation	   of	   verbal	   material	   between	   the	   encoding	  

phases	  of	  lists	  words	  (i.e.,	  articulatory	  suppression)	  impairs	  the	  successful	  recall	  

of	  words	  and	  abolishes	  the	  word	  length	  effect.	  	  

The	  findings	  related	  to	  the	  word	  length	  effect	  were	  interpreted	  as	  larger	  

time-‐based	   decay	   of	   long	  words	  with	   respect	   to	   short	  words.	   The	   articulatory	  

suppression	   effect	   was	   explained	   by	   assuming	   that	   it	   prevents	   or	   at	   least	  

disrupts	   rehearsal	   and	   that	   without	   reactivation	   mechanisms,	   memory	   traces	  

decay	   inexorably	  over	   time.	  The	   approach	  of	   explaining	   the	  word	   length	   effect	  

and	   the	   articulatory	   suppression	   effect	   by	   assuming	   a	   trade-‐off	   between	  decay	  

and	  rehearsal	  made	  popular	  this	  notion	  (Burguess	  &	  Hitch,	  1999;	  Henson,	  1998,	  

Page	  &	  Norris,	  1998).	  	  

In	   the	   view	   of	   decay-‐rehearsal	   theories	   the	   limits	   of	   WMC	   are	  

consequence	  of	  interplay	  between	  decay	  and	  rehearsal	  (Burguess	  &	  Hitch,	  1999;	  

Henson,	   1998,	   Page	   &	   Norris,	   1998).	   In	   the	   present	   study,	   the	   verbal	  

representation	  of	  one	  object	   is	   linked	  to	  a	   location	   in	  the	  3	  X	  4	  grid.	  Therefore,	  

sub	   articulatory	   rehearsal	   hardly	   can	   contribute	   to	   restore	   the	  memory	   traces	  
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because	   is	   difficult	   connect	   verbal	   representations	   to	   spatial	   locations	   by	   the	  

single	   use	   of	   rehearsal.	   A	   recent	   study	   has	   showed	   that	   participants	   could	  

adaptively	   choose	  between	  different	   reactivation	  mechanisms	   (Camos,	  Mora,	  &	  

Oberauer,	   2011).	   Therefore	   given	   that	   rehearsal	   does	   not	   seem	   as	   the	   best	  

reactivation	   process	   participants	   could	   have	   chosen	   refreshing,	   a	   mechanism	  

regarded	  as	  efficient	  to	  reactivate	  any	  type	  of	  representation.	  Another	  possibility	  

is	   that	   participants	   used	   both	   mechanisms	   but	   hardly	   participants	   used	  

exclusively	  rehearsal.	  Due	  to	  this	  dilemma	  we	  prefer	  to	  use	  the	  term	  reactivation	  

instead	  of	  refreshing	  and/or	  rehearsal.	  

A	   first	   step	   in	   order	   to	   implement	   the	   decay	   model	   is	   to	   estimate	   the	  

reactivation	   time	   as	  well	   as	   the	   operation	   time	   (i.e.,	   the	   time	   for	   retrieval	   and	  

updating).	  We	  computed	  the	  reactivation	  time	  for	  memory	  demands	  larger	  than	  

one	  as	  follows 

𝑅𝑡 = 𝑡 ∗ (1− 𝑝𝑟𝑜𝑝)/(𝑛 − 1) ,       (8) 

where	  Rt	   is	  the	  reactivation	  time	  for	  memory	  demands	  larger	  than	  one,	  t	   is	  the	  

time	   available	   for	   updating,	   prop	   is	   a	   free	   parameter	   that	   estimates	   the	  

proportion	   of	   time	   that	   is	   dedicated	   to	   retrieval	   and	   updating,	   and	   n	   is	   the	  

memory	  demand.	  For	  memory	  demand	  of	  one	  object	   the	  reactivation	   time	  was	  

fixed	   to	   zero,	   the	   reason	   is	   that	   in	   presence	   of	   only	   one	   object	   in	   working	  

memory	   it	  has	  not	  need	  to	  be	  reactivated	  because	   it	   is	  activated	  all	   time	   in	   the	  

focus	  of	  attention.	  Note	   that	  Rt	  decreases	  with	   larger	  memory	  demands,	  which	  

explains	  the	  decreased	  performance	  of	  subjects	  in	  working	  memory	  tasks	  as	  the	  

memoranda	  increases.	  	  

	   The	   operation	   time,	  op,	   for	  memory	   demand	   of	   one	   object	   is	   equal	   to	   t	  

because	  all	  time	  is	  dedicated	  to	  updating.	  However,	  op	  for	  the	  remaining	  memory	  

demands	  is	  estimated	  by 

𝑜𝑝 =    𝑡 ∗ 𝑝𝑟𝑜𝑝 .         (9) 

 The	  estimate	  of	   the	   reactivation	   time,	  Rt,	  makes	  possible	   calculating	   the	  

amount	  of	  time	  that	  the	  target	  object	  decays	  (i.e.,	  dti)	  during	  an	  updating	  step.	  In	  

memory	  demands	  larger	  than	  one,	  dti	  is	  the	  time	  in	  which	  the	  competitor	  objects	  

are	  reactivated,	  thus,	  it	  is	  given	  by	  	  

𝑑𝑡!     = 𝑅𝑡 𝑛 − 1                    (10)	  

	  The	  actual	  activation	  of	  the	  target	  object	  Ai	  given	  dti	  
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𝐴!(!"!"#  !"#$%) = 𝑒𝑥𝑝 𝑑𝑡! ∗ 𝛿 ,                (11)  
where	  δ	  is	  a	  free	  parameter	  reflecting	  the	  exponential	  rate	  of	  decay	  for	  the	  target	  

object	  i.	  As	  the	  previous	  subsection	  described	  the	  asymptotic	  activation	  of	  target	  

object	   in	   the	   focus	   of	   attention	   follows	   a	   negatively	   accelerated	   function	  

(McClelland,	  1979):	  

𝑎! 𝑡 = 𝐴! !"#$%  !"#$% 1− exp  (−𝑜𝑝 ∗ 𝑟 .                (12) 

Here,	  ai(t)	  is	  the	  activation	  of	  target	  object	  at	  time	  t,	  op	  is	  the	  operation	  time,	  and	  

r	  is	  the	  retrieval	  rate.	  	  

The	  decay	  time	  of	  competitors,	  dji,	  at	  memory	  demand	  of	  two	  objects	  was	  

equal	  to	  op,	  but	  for	  memory	  demand	  of	  three	  objects	  it	  was	  given	  by 

𝑑𝑡! = 𝑜𝑝 + 𝑅𝑡 𝑛 − 2 .                  (13) 

Thus	  competitors	  at	  memory	  demand	  of	  three	  objects	  decay	  during	  the	  op	  of	  the	  

target	   object	   and	   during	   the	   reactivation	   time	   of	   the	   remaining	   competitor(s).	  

The	  activation	  of	  competitor(s)	  is	  modelled	  by	  	  

𝐴!(!"#$%  !"#$%) = exp(𝑑𝑡! ∗ 𝛿).                 (14) 

Consequently,	  the	  activation	  of	  competitor(s)	  at	  time	  t	  in	  the	  focus	  of	  attention	  is	  

described	  by	  the	  next	  equation:	  

𝑎! 𝑡 =   𝐴!(!"#$%  !"#$%)(1− exp 𝑟𝑡 ∗ 𝑅 ,                (15) 

where R estimates the reactivation rate. 

In	  the	  present	  framework	  differences	  between	  updating	  conditions	  can	  be	  

depicted	  by	  assuming	  that	  task	  switching	  and	  inhibition	  take	  a	  constant	  interval	  

of	   time	   that	   is	   independent	   of	   the	   available	   time	   for	   retrieval,	   updating,	   and	  

reactivation.	   The	   Z	   parameter,	   a	   free	   parameter,	   was	   included	   in	   order	   to	  

estimate	   the	   average	   time	   that	   task	   switching	   and	   inhibition	   consume	   from	  all	  

available	  time	  in	  an	  sequence	  of	  updating	  steps.	  	  

The	   switch-‐inhibition	   condition	   was	   modelled	   similarly	   to	   the	   control	  

condition	   but	   t	   was	   set	   to	   t-‐Z	   in	   all	   equations.	   This	   implementation	   predicts	   a	  

worse	   performance	   in	   the	   switch-‐inhibition	   condition	   because	   the	   time	   for	  

reactivation	  is	  shorter	  and	  because	  memory	  traces	  suffer	  more	  time-‐based	  decay.	  

Additionally,	  memory	  traces	  suffering	  more	  time-‐related	  decay	  are	  more	  difficult	  

to	   discriminate,	   and	   consequently	   the	   probability	   of	   an	   erroneous	   retrieval	   is	  

higher.	   Therefore	   differences	   between	   updating	   conditions	   due	   to	   erroneous	  
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retrieval	  should	  be	  reflected	  in	  a	  larger	  standard	  deviation	  of	  the	  activation;	  that	  

is,	  a	  larger	  σ	  parameter	  in	  the	  switch-‐inhibition	  condition.	  

The	  decay	  model	  has	  five	  free	  parameters:	  the	  δ	  parameter,	  which	  reflects	  the	  

rate	  of	  decay,	  the	  σ	  parameter,	  which	  reflects	  noise	  at	  retrieval,	  the	  R	  parameter,	  

which	   reflects	   the	   rate	   of	   reactivation,	   the	   prop	   parameter,	   which	   reflects	   the	  

operation	  time,	  and	  the	  r	  parameter,	  which	  reflects	  the	  average	  processing	  speed	  

for	  retrieving	  and	  updating	  an	  object.	  Additionally,	  the	  model	  includes	  the	  slope	  

of	   the	   r	   parameter	   for	   estimating	   the	   object-‐switch	   cost	   (i.e.,	   slopes),	   and	   the	  

slope	  of	  the	  σ	  parameter	  for	  testing	  the	  hypothesis	  of	  more	  noise	  in	  the	  switch-‐

inhibition	  condition.	  	  

3.2.5 The	  IM	  

The	  architectural	  assumptions	  of	  the	  IM	  are	  sketched	  as	  a	  network	  of	  four	  layers:	  

the	   context	   layer,	   the	   features	   layer,	   the	   focus	   layer,	   and	   the	   results	   layer	  

(Oberauer	   &	   Kliegl,	   2006).	   The	   feature	   layer	   is	   assumed	   to	   have	   sparse	  

distributed	   representations	   while	   the	   other	   layers	   are	   outlined	   as	   localist	  

representations	  (see	  Figure	  2.2	  in	  Chapter	  2).	  	  

Objects	   in	  working	  memory	  are	  represented	  as	  distributed	  sets	  of	  activated	  

feature	  units	  in	  the	  features	  layer.	  That	  layer	  has	  a	  limited	  number	  of	  units	  and	  it	  

is	   also	   assumed	   that	   any	   two	   objects	   share	   a	   proportion	   of	   those	   units	   (i.e.,	  

feature	   overlap).	   A	   feature	   unit	   can	   only	   belong	   to	   one	   object;	   therefore,	   an	  

increase	  in	  the	  memoranda	  reduces	  the	  availability	  of	  free	  units,	  which	  increase	  

the	  overlapping	  between	   feature	  units	  belonging	   to	  different	  objects.	  So,	   if	   two	  

objects	   share	   a	   feature	   unit,	   then	   one	   of	   them	   loses	   the	   shared	   feature;	   this	  

mechanism	   is	   called	   interference	   by	   feature	   overwriting	   (Lange	   &	   Oberauer,	  

2005;	  Nairne,	  1990,	  Oberauer	  &	  Kliegl,	  2006).	  	  

In	   the	   context	   of	   the	  present	   study	   the	  picture	   of	   the	   to-‐be-‐updated	  object,	  

that	   is	   the	   probe,	   acts	   as	   a	   contextual	   cue	   to	   retrieve	   its	   location	   in	   the	   grid.	  

According	  to	  the	  architectural	  assumptions	  of	  the	  IM	  the	  picture	  of	  one	  object	  is	  

represented	   in	   the	   context	   layer	   and	   its	   location	   is	   represented	   as	   a	   set	   of	  

activated	   feature	   units	   in	   the	   features	   layer.	   Thus,	   the	   proportion	   of	   not	  

overwritten	   features	   for	   one	   location	   directly	   translates	   into	   the	   asymptotic	  

activation	  level	  of	  the	  target	  object,	  Ai(IM):	  
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𝐴!(!") = (1− 𝐶/2)!!!,                  (16) 

where	  C	  is	  a	  free	  parameter	  reflecting	  interference	  by	  feature	  overwriting,	  an	  n	  is	  

number	   of	   objects	   in	   working	   memory.	   In	   the	   focus	   layer,	   the	   asymptotic	  

activation	  of	  the	  target	  object	  i	  at	  time	  t,	  ai(IM)(t)	  is	  given	  by	  	  

𝑎! !" (𝑡) =   𝐴! !" (1− exp 𝑡𝑟 ),                 (17) 

where	  t	  is	  the	  available	  time	  for	  retrieving	  and	  updating	  the	  target	  object,	  and	  r	  is	  

a	   free	   parameter	   reflecting	   the	   rate	   at	  which	   those	   processes	   are	   executed.	   In	  

terms	  of	  the	  architectural	  assumptions	  of	  the	  IM	  the	  r	  parameter	  models	  the	  time	  

that	   the	   activation	   of	   the	   target	   takes	   to	   spread	   from	   the	   context	   layer	   to	   the	  

results	  layer.	  

	   Because	   some	   feature	   units	   of	   the	   target	   grabbed	   away	   feature	   units	   of	  

competitors,	  the	  activation	  of	  the	  target	  in	  the	  focus	  layer	  also	  transfers	  part	  of	  

this	  activation	  to	  the	  corresponding	  competitor	  unit	  in	  the	  focus	  layer.	  Therefore	  

in	   conditions	   of	   a	   higher	   proportion	   of	   feature	   overwriting	   the	   probability	   of	  

transfer	   the	   activation	   of	   the	   competitor	   to	   its	   respective	   focus	   unit	   increases.	  

This	   mechanism	   reflects	   interference	   by	   confusion	   of	   whole	   objects,	   which	   is	  

reflected	  by	  the	  standard	  deviation	  of	  the	  activation	  (i.e.,	  the	  σ	  parameter).	  	  

	   In	  general,	  the	  activation	  of	  competitors	  for	  memory	  demand	  higher	  than	  

one	  is	   

𝑎! 𝑡 = (𝐶/2)(1− 𝐶/2)!!!  (1− exp  (−𝑡𝑟)),               (18) 

where	  each	  competitor	  grabbed	  away	  C/2	  of	   the	  C	   features	  units	   that	   it	   shares	  

with	   the	   target,	   therefore,	   it	   reflects	   the	   proportion	   of	   feature	   units	   that	   the	  

target	  share	  with	  any	  competitor	  and	  remains	  bound	  to	  it.	  

The	   IM	   has	   four	   free	   parameters.	   The	   C	   parameter	   captures	   the	   mean	  

degree	  of	  feature	  overlap	  among	  items.	  The	  noise	  parameter,	  σ,	  reflects	  the	  noise	  

in	  the	  system	  and	  can	  be	  interpreted	  as	  interference	  by	  confusion	  between	  items	  

at	  retrieval.	  The	   two	  rate	  parameters,	  r	  and	  rMD>1,	  reflect	   the	  speed	  of	  updating	  

one	   item	   that	   is	   or	   is	   not	   already	   activated	   in	   the	   focus	   layer,	   respectively.	   In	  

addition	   to	   those	   rate	   parameters	   the	  model	   includes	   the	   rMD>2	   parameter	   for	  

memory	  demand	   larger	   than	  2.	  The	  reason	   for	   including	   this	  parameter	   is	   that	  

the	  rate	  of	  processing	  continuously	  decreases	  with	  increasing	  memory	  demand.	  

Usher	   and	  McClelland	   (2001)	   proposed	   that	   competing	   responses	   inhibit	   each	  

other,	   thus	   we	   assumed	   that	   strong	   competition	   among	   working	   memory	  
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representations	   could	   slow	   down	   the	   retrieval	   of	   any	   one	   of	   them	   through	  

inhibition,	  and	  consequently	  it	  reduces	  the	  rate	  of	  updating.	  	  

Relative	   to	   the	   IM	   framework	   we	   examined	   the	   role	   of	   inhibition	   in	  

working	  memory	  by	  testing	  three	  versions	  of	  the	  IM.	  These	  versions	  differed	  in	  

how	  they	  fit	  the	  effects	  of	  inhibition	  in	  working	  memory.	  	  

The	   first	   version	   tested	   the	   hypothesis	   that	   the	   inclusion	   of	   black	   and	  

white	   arrows	   in	   the	   switch-‐inhibition	   condition	   slows	   down	   the	   updating	   of	  

objects,	  that	  is,	  task	  switching	  and	  inhibition	  cost	  time.	  In	  order	  to	  find	  support	  

for	   this	   expectation	   the	   model	   included	   the	   slope	   of	   the	   r	   parameter	   for	  

evaluating	  whether	  updating	  conditions	  differ	  from	  each	  other.	  We	  denoted	  this	  

version	  as	  the	  IMr.	  

The	   second	   version–	   denoted	   as	   the	   IMφ	   –	   resembles	   model	   IMr	   but	  

included	  in	  addition	  the	  φ	  parameter.	  The	  𝜑	  parameter	  models	  the	  possibility	  of	  

failures	  shifting	  the	  objects’	   location	  when	  the	  updating	  steps	   indicated	  to	  shift	  

the	  objects	  in	  the	  opposite	  direction	  of	  the	  white	  arrow.	  According	  to	  this	  model	  

a	   reduced	   performance	   in	   the	   switch-‐inhibition	   condition	   could	   be	   due	   to	  

failures	  inhibiting	  the	  direction	  of	  the	  white	  arrow.	  If	  participants	  do	  not	  inhibit	  

the	   direction	   of	   the	   white	   arrow,	   then	   they	   could	   shift	   the	   object	   to	   a	   wrong	  

location.	   At	   the	   end	   of	   the	   trial	   an	   incorrect	   response	   could	   be	   a	   result	   of	   an	  

erroneous	   shift.	   The	   φ	   parameter	   allows	   establishing	   whether	   differences	  

between	   updating	   conditions	   are	   due	   to	   errors	   updating	   the	   objects.	   The	  

implementation	  of	  this	  model	  included	  a	  modification	  in	  equation	  5	  and	  is	  given	  

by	  

𝑃!(!"#$%!!!"!!"!#!$%) = 1 12+ 1− 1 12 𝑝!!(𝑝! 1− φ )  !𝑝!!.             (19) 

Here,	  m	  expresses	  the	  average	  number	  of	  updating	  operations	  involving	  to	  move	  

the	  object	  i	  according	  to	  the	  arrow	  direction,	  w	  represents	  the	  average	  number	  of	  

updating	   operations	   comprising	   to	   shift	   the	   object	   in	   the	   opposite	   direction	   of	  

arrow	   divided	   by	   memory	   demand,	   φ	   is	   a	   free	   parameter	   reflecting	   the	  

probability	  of	  errors	  shifting	  the	  objects’	  location.	  The	  expression	  (𝑝! 1− φ )  ! 	  is	  

raised	  to	  the	  power	  of	  w	  because	  the	  error,	  when	  it	  occurs	  affects	  only	  one	  object	  

out	  of	  the	  memory	  demand.	  	  

Another	   scenario	   explaining	   a	   reduced	   performance	   in	   the	   switch-‐

inhibition	  condition	  involves	  failures	  inhibiting	  irrelevant	  locations.	  An	  updating	  
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step	  in	  the	  switch-‐inhibition	  condition	  involves	  retrieving	  the	  current	  location	  of	  

the	   target	   object.	   Afterwards	   it	   is	   necessary	   to	   shift	   the	   object	   one	   cell	   in	   the	  

same	  or	  in	  the	  opposite	  direction	  of	  the	  arrow.	  In	  the	  last	  case,	  the	  direction	  of	  

the	  white	  arrow	  points	  to	  irrelevant	  locations	  and	  participants	  may	  direct	  briefly	  

their	   attention	   to	   irrelevant	   locations.	   In	   this	   proposal,	   we	   assume	   that	  

participants	   update	   correctly	   the	   object	   but	   at	   the	   same	   time	   an	   irrelevant	  

location	   at	   which	   participants	   direct	   their	   attention	   briefly	   is	   involuntary	  

activated	   in	   the	   features	   layer.	   Hence	   a	   reduced	   performance	   in	   the	   switch-‐

inhibition	   condition	   may	   be	   a	   consequence	   of	   a	   larger	   memory	   demand.	   This	  

increase	  in	  the	  memory	  demand	  is	  reflected	  by	  the	  X	  parameter.	  Specifically,	  we	  

assume	   that	   this	   parameter	   reflects	   an	   increase	   in	   memory	   demand	   as	   a	  

consequence	  of	   the	   involuntary	  activation	  of	   irrelevant	   information.	  We	  regard	  

this	  version	  as	   the	  IMX.	  Parameters	  of	   this	  model	  were	  estimated	  as	   in	  the	  IMr	  

but	   it	   included	   an	   independent	   probability	   for	   estimating	   the	   parameters	  

belonging	   to	   the	  switch-‐inhibition	  condition.	   In	   that	   independent	  probability,	  n	  

was	   set	   to	   n	   +	   X.	   In	   the	   remaining	   aspects	   the	   IMX	  was	   the	   same	   as	   the	   IMr,	  

thereby	  including	  slope	  of	  rate	  parameters	  for	  the	  updating	  conditions.	  	  

In	   summary,	  we	  have	  presented	   five	   formal	  models.	  All	  models	  propose	  

different	   mechanisms	   for	   explaining	   a	   slowdown	   in	   the	   speed	   of	   processing.	  

Three	   of	   them	   go	   further	   by	   suggesting	   that	   a	   deficiency	   inhibiting	   prepotent	  

responses	   promotes	   forgetting	   in	   working	   memory.	   The	   resources	   model	  

suggests	   that	   task	   switching	   and	   inhibition	   take	   resources	   away	   from	  

maintenance	  and	  therefore	  it	  predicts	  more	  forgetting.	  The	  decay	  model	  explains	  

the	   effect	   of	   task	   switching	   and	   inhibition	   on	   the	   participants	   performance	   by	  

postulating	  that	  these	  processes	  take	  more	  time,	  and	  therefore,	  it	  leaves	  less	  time	  

for	  reactivation.	  The	  IMX	  predicts	  differences	  between	  conditions	  as	  result	  of	  an	  

increase	   in	   the	  memory	  demand	  due	   to	   the	   involuntary	  activation	  of	   irrelevant	  

locations	  in	  the	  focus	  layer.	  	  

Finally,	   IMφ	   assumes	   differences	   between	   conditions	   as	   product	   of	  

failures	  updating	  the	  objects	  and	  not	  due	  to	  forgetting.	  	  
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3.3 Experiment	  1	  

The	  goal	  of	  Experiment	  1	  was	  to	  examine	  how	  well	  different	  accounts	  about	  the	  

limits	  of	  WMC	  account	  for	  the	  effects	  of	  task	  switching	  and	  inhibition	  in	  working	  

memory.	  

3.3.1 Method	  

3.3.1.1 Participants	  

A	   total	   of	   20	   students	   from	   the	   University	   of	   Costa	   Rica	   participated	   in	   the	  

experiment	  (14	  women;	  M	  =	  20.75	  years,	  age	  range:	  20-‐25	  years).	  Participants	  in	  

this	  experiment	  and	  subsequent	  experiments	  did	  not	  receive	  payment	   for	   their	  

participation.	  	  

3.3.1.2 Material	  and	  Design	  	  

The	  task	  was	  programmed	  with	  E-‐prime	  2.0	  (Schneider,	  Eschman,	  &	  Zuccolotto,	  

2000).	   We	   used	   nine	   different	   monochrome	   pictures	   representing	   animals	   or	  

objects	   (see	   figure	  3.1	   for	   an	   example).	   The	   selection	  of	   the	   stimuli	  made	   sure	  

that	   their	   word	   names	   were	   of	   similar	   length	   with	   maximum	   phonological	  

dissimilarity	   to	  minimize	   effects	   of	   the	   verbal	   representation	   of	   each	  picture	   –	  

the	  Spanish	  words	  for	  these	  pictures	  were:	  “trigo”,	  “pan”,	  “cama”,	  “moto”,	  “tigre”,	  

“sol”,	  “casa”,	  “mono”	  and	  “pez”.	  	  

The	   experiment	   crossed	   three	   within-‐subject	   factors:	   task	   (control	   and	  

switch-‐inhibition	  condition),	  memory	  demand	  (one,	  two,	  and	  three	  objects)	  and	  

presentation	   time.	   It	   comprised	   three	   sessions	   of	   one	   hour	   each.	   Participants	  

performed	  one	  session	  per	  day	  including	  a	  5-‐minute	  break.	   In	  one	  session	  they	  

performed	   12	   blocks:	   two	   blocks	   per	   memory	   demand	   (MD)	   for	   each	   task	  

condition.	  Presentation	  orders	  of	  each	  updating	  condition	  and	  of	  each	  memory	  

demand	  were	  counterbalanced	  across	  participants.	   In	   total,	   subjects	  completed	  

216	  trials	  in	  each	  updating	  condition.	  	  

Each	  block	  contained	  twelve	  trials	  each	  with	  a	  different	  presentation	  time	  

for	   the	   updating	   steps.	   The	   twelve	   presentation	   times	   ranged	   from	   563	  ms	   to	  

3474	  ms	  with	   a	   constant	   18%	   increase	   between	   successive	   times.	   The	   twelve	  

presentation	  times	  of	  each	  block	  were	  categorized	  into	  a	  fast,	  medium,	  and	  slow	  

category	  with	   four	   presentation	   times	   in	   each.	   The	   order	   of	   presentation-‐time	  

categories	  was	  fixed	  within	  each	  block	  repeating	  a	  sequence	  of	  medium—slow—
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fast.	  Within	   each	   category,	   presentation	   times	   were	   chosen	   randomly	   without	  

replacement.	  

3.3.1.3 Trial	  procedure	  	  

At	   the	   beginning	   of	   each	   trial	   a	   screen	   displayed	   the	   memory	   demand	   of	   the	  

upcoming	   trial	   together	   with	   the	   names	   of	   the	   stimuli	   that	   had	   to	   be	   shifted	  

within	   the	   grid.	   The	   trial	   started	   with	   a	   1000-‐ms	   fixation	   cross	   in	   the	   screen	  

centre.	   This	   display	  was	   followed	   by	   presentation	   of	   one,	   two	   or	   three	   stimuli	  

placed	   in	  a	   three	  by	   four	  grid.	  Subjects	  had	  to	  encode	  their	   locations	  during	  an	  

encoding	  phase,	  which	   lasted	  2	  s	  per	  stimulus	   (i.e.,	   the	  encoding	   time	  of	  a	   trial	  

with	  memory	  demand	  of	  three	  objects	  was	  6	  s).	  An	  updating	  step	  was	  indicated	  

by	  the	  presentation	  of	  the	  probe	  in	  the	  centre	  of	  the	  screen;	  the	  probe	  consisted	  

of	   the	   simultaneous	   presentation	   of	   a	   black	   arrow	   and	   a	   picture	   of	   one	   of	   the	  

encoded	  stimuli,	  with	  the	  arrow	  placed	  on	  top	  of,	  below,	  to	  the	  left,	  to	  the	  right,	  

or	   in	   a	   diagonal	   position	   to	   the	   stimulus.	   Arrows	   could	   point	   to	   eight	   possible	  

directions	   (e.g.,	   top,	   below,	   left,	   right	   or	   diagonal).	   The	   participants	   were	  

instructed	   to	   mentally	   shift	   an	   object’s	   position	   one	   step	   in	   the	   grid	   from	   its	  

current	  position	  according	  to	  the	  direction	  of	  the	  arrow	  and	  remember	   its	  new	  

position.	  Each	  trial	  consisted	  of	  five	  or	  six	  updating	  steps,	  and	  all	  objects	  had	  to	  

be	  updated	  at	  least	  once.	  After	  updating,	  subjects	  had	  to	  enter	  the	  final	  position	  

of	   each	   stimulus	  by	   a	   click	  with	   the	   computer	  mouse	   in	   the	   specific	   cell	   of	   the	  

grid.	  After	  all	  responses	  were	  given,	  feedback	  was	  displayed	  by	  presenting	  each	  

stimulus	   together	  with	   a	   “happy	   face”	   or	   a	   “sad	   face”	   for	   correct	   and	   incorrect	  

responses,	  respectively.	  

The	   switch-‐inhibition	   condition	   was	   identical	   to	   the	   control	   condition,	  

except	  for	  the	  presentation	  of	  a	  black	  or	  white	  arrow	  on	  updating	  steps.	  If	  a	  white	  

arrow	   appeared	   participants	   were	   instructed	   to	   shift	   the	   position	   of	   the	  

respective	   stimuli	   in	   opposite	   direction.	   A	   trial	   could	   have	   one,	   two	   or	   three	  

white	  arrows.	   

3.3.2 Statistical	  methods	  

The	   models	   were	   implemented	   as	   nonlinear	   mixed-‐models	   (NLMMs).	   Each	  

model	   predicts	   accuracy	   as	   a	   function	   of	   presentation	   time	   (12	   levels,	  

determining	  parameter	  t),	  memory	  demand	  (3	  levels,	  determining	  parameter	  n),	  
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and	   updating	   conditions	   (control	   condition	   and	   switch-‐inhibition	   condition,	  

reflected	   in	   different	   parameters	   in	   each	   model)	   as	   specified	   by	   the	   model	  

equations.	   Thus,	   the	   models	   embedded	   in	   NLMM	   framework	   are	   two-‐stage	  

models.	   On	   the	   first	   stage,	   parameters	   for	   each	   individual	   are	   predicted	   from	  

tasks	  by	  mixed-‐effects	  linear	  regression.	  On	  the	  second	  stage,	  accuracy	  for	  each	  

level	   of	   presentation	   time,	   memory	   demand,	   and	   tasks	   is	   predicted	   for	   each	  

individual	  by	  the	  (nonlinear)	  equations	  of	  the	  respective	  model.	  	  

In	   the	   context	   of	   NLMMs,	   fixed	   effects	   specify	   the	   influence	   of	  

independent	  variables	  on	  model	  parameters;	   these	  effects	  are	  estimated	  as	   the	  

mean	  change	  in	  the	  dependent	  variable	  relative	  to	  the	  levels	  of	  a	  condition	  of	  the	  

design	  (slopes)	  and	  intercepts.	  For	  the	  r	  parameter	  we	  coded	  the	  fixed	  effects	  of	  

updating	  conditions	  as	  successive	  differences	  contrasts	  (Venables	  &	  Ripley,	  2002,	  

p.	  148).	  These	  contrasts	   captured	  differences	  between	   the	  means	  of	   successive	  

levels	   and	   the	   intercept	   estimates	   the	   grand	   mean.	   Thus,	   the	   fixed	   effect	   of	  

updating	   conditions	   involves	   the	   difference	   between	   the	   switch-‐inhibition	  

condition	   (second	   level)	   and	   the	   control	   condition	   (first	   level).	   Additionally	   in	  

the	   context	   of	   NLMMs,	   individual	   differences	   in	   the	   intercept	   or	   slope	   of	   each	  

model	   parameter	   can	   be	   estimated	   as	   random-‐effect	   parameters	   (i.e.,	   variance	  

components).	   If	   a	   variance	   component	   improves	   the	   values	   of	   the	   model	  

selection	  criteria,	   it	  represents	  evidence	  for	  reliable	  inter-‐individual	  differences	  

in	  the	  associated	  fixed	  effect.	  

Models	   parameters	   were	   estimated	   as	   follow.	   First	   we	   averaged	   the	  

accuracies	   by	   participant,	   memory	   demand,	   task	   conditions,	   and	   presentation	  

time.	  Second	  this	   information	  was	  then	  used	  to	  estimate	  the	  model	  parameters	  

separately	  for	  each	  participant.	  Following	  the	  formulas	  of	  each	  model	  the	  models	  

estimated	   a	   set	   of	   parameters	   for	   each	   participant.	   Third	   the	   estimated	  

coefficients	   were	   used	   as	   start	   values	   to	   estimate	   fixed	   effects	   and	   variance	  

components	   of	   the	   NLMMs.	   Instead	   of	   estimating	   directly	   rMD>1	   for	   memory	  

demands	  larger	  than	  1,	  and	  rMD>2	  for	  memory	  demand	  larger	  than	  2	  from	  model	  

equations,	   NLME	   estimates	   the	   slope	   of	   r	   by	   successive	   differences	   contrasts,	  

using	  memory	  demand	  1	  as	   first	   level,	  and	  memory	  demand	  2	  and	  3	  as	  second	  

level,	  and	  third	  level,	  respectively.	  For	  data	  processing	  and	  analysis	  we	  used	  R:	  a	  

language	  and	  environment	  for	  statistical	  computing	  (R	  Development	  Core	  Team,	  



	   80	  

2010).	   The	   specific	   R	   packages	   used	   were:	   the	   nlme	   package	   (Pinheiro	   et	   al.,	  

2010),	  the	  lattice	  package	  (Sarkar,	  2008),	  the	  ggplot2	  package	  (Wickham,	  2009),	  

and	  the	  reshape	  package	  (Wickham,	  2007).	  

The	   model	   building	   strategy	   was	   theoretically	   motivated;	   therefore	   we	  

included	   the	   fixed	  effects	  planned	   in	   each	   respective	  model	   (i.e.,	   the	   intercepts	  

and	   slopes).	   Regarding	   the	   inclusion	   of	   variance	   components	   the	  models	   only	  

included	  the	  maximum	  number	  of	  intercepts	  that	  improved	  how	  well	  each	  model	  

fit.	  	  

For	   model	   selection	   we	   used	   multiple	   criteria:	   the	   log-‐Likelihood	   statistic	  

returned	   by	   the	   nlme	   function	   in	   R,	   along	  with	   Akaike’s	   Information	   Criterion	  

(AIC)	   and	   Bayesian	   Information	   Criterion	   (BIC).	   We	   also	   computed	   a	  𝑅!"#! 	  

statistic	   (McElree	   &	   Dosher,	   1989)	   as	   a	   descriptive	   index	   of	   the	   proportion	   of	  

variance	  explained	  by	  the	  model.	  The	  AIC	  and	  BIC	  indices	  allow	  the	  comparison	  

between	  models	  of	  different	  complexity	  and	  are	  derived	  from	  the	  log-‐Likelihood.	  

The	  model	  with	  lowest	  AIC	  and	  BIC	  is	  preferred.	  We	  checked	  if	  the	  elimination	  of	  

a	  fixed	  effect	  or	  a	  variance	  component	  resulted	  in	  a	  better	  fit	  with	  respect	  to	  AIC,	  

BIC	   and	   log-‐likelihood	   criteria.	   Additionally	   we	   included	   the	   AIC	   and	   BIC	  

differences	  (i.e.,	  ΔAIC,	  ΔBIC)	  as	  additional	  model	  selection	  criteria.	  

3.3.3 	  Results	  	  

Table	  3.1	  summarises	  the	  parameters	  of	  each	  model	  as	  well	  as	  how	  well	  they	  fit.	  

The	  table	  shows	  two	  new	  models:	  The	  resources	  model	  2	  and	  the	  decay	  model	  2.	  

Those	  models	  were	   implemented	   in	  order	  to	   improve	  the	  resources	  model	  and	  

the	  decay	  model	  –	  now	  denoted	  as	  resources	  model	  1	  and	  decay	  model	  1.	  Later	  

the	  inclusion	  of	  those	  models	  is	  justified.	  

Table	  3.1	  shows	  that	  according	  to	  the	  model	  selection	  criteria	  the	  IMX	  is	  

the	  best	  model.	  This	  is	  particularly	  clear	  in	  the	  ΔAIC	  and	  ΔBIC	  values.	  After	  visual	  

inspection	   of	   the	  NLMMs	   distributional	   assumptions	   and	   given	   the	   strength	   of	  

evidence	  favouring	  the	  IMX	  it	  was	  regarded	  as	  the	  model	  that	  fits	  the	  data	  best.	  	  
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Table 3.1. Models of Experiment 1 with Fit Indices 
Experiment	  1	   	  

Model’s	  
name	  

Fixed	  
effects	  

Random	  
Effects	  

Df	   AIC	   ΔAIC	   BIC	   ΔBIC	   Log-‐Lik	   𝑹𝒂𝒅𝒋𝟐 	  

Resources	  
model	  1	  

ψInt.,	   σInt,	  
rInt.,	   rSI-‐Contr.,	  
rContr.MD>1,	  
rSI.MD>1	  	  

σInt.	   8	   -‐1556.828	   280.155	   -‐1514.649	   248.521	   786.413	   0.71	  

Resources	  
model	  2	  

ψInt.,	   σInt,,	  
σContr.MD>1,	  
σSI.MD>1,	  
σContr.MD>2,	  
σSI.MD>2,	   rInt.,	  
rSI-‐Contr.,	  
rMD>1,	  rMD>2	  	  

σInt.	   12	   -‐1733.122	   103.861	   -‐1669.853	   93.317	   878.560	   0.75	  

Decay	  
model	  1	  

δInt.,	   RInt.,	  
ZInt.,	   propInt.,	  
σInt.,	   σSI-‐
Contr.,	  rInt.,	  rSI-‐
Contr	  

σInt.,	  rInt.	   11	   -‐1621.444	   215.540	   -‐1563.447	   199.722	   619.498	   0.75	  

Decay	  
model	  2	  

δInt.,	   RInt.,	  
ZInt.,	   propInt.,	  
σInt.,	   σSI-‐
Contr.,	   rInt.,	  
rContr.MD>1,	  
rSI.MD>1.	  

σInt.,	   rInt.,	  
ZInt.,	  
propInt.,	  

14	   -‐1818.405	   18.578	  
	  

-‐1744.591	   18.578	   923.202	   0.78	  

IMr	   CInt.,	   σInt.,	  
rInt.,	   rSI-‐Contr.,	  
rContr.MD>1,	  
rContr.MD>2,	  
rSI.MD>1,	  
rSI.MD>2	  

CInt.,	   σInt.	  
rInt.	  

12	   -‐1806.240	   30.743	   -‐1742.971	   20.199	   915.119	   0.78	  

IMφ	   CInt.,	   σInt.,	  
φInt.,	   rInt.,	   rSI-‐
Contr.,	  
rContr.MD>1,	  
rContr.MD>2,	  
rSI.MD>1,	  
rSI.MD>2	  

CInt.,	   σInt.,	  
φInt.,	  rInt.	  

14	   -‐1814.011	   22.972	   -‐1740.198	   22.972	   921.005	   0.78	  

IMX	   CInt.,	   σInt.,	  
XInt.,	   rInt.,	  
rContr.MD>1,	  
rContr.MD>2,	  
rSI.MD>1,	  
rSI.MD>2	  

CInt.,	   σInt.,	  
XInt.,	  rInt.	  

14	   -‐1836.984	   0.000	   -‐1763.170	   0.000	   932.491	   0.79	  

Note.	  Name	  =	  the	  name	  of	  each	  model.	  Df	  =	  degrees	  freedom	  (i.e.,	  number	  of	  estimated	  model	  parameters);	  
AIC	   =	   Akaike	   Information	   Criterion;	   BIC	   =	   Bayesian	   Information	   Criterion;	   ΔAIC	   =	   differences	   between	  
winning	   model	   and	   the	   remaining	   models;	   ΔBIC	   =	   differences	   between	   winning	   model	   and	   remaining	  
models;	  Log-‐lik	  =	  log-‐Likelihood	  statistic;	  SI	  =	  Switch-‐inhibition	  condition;	  Contr.	  =	  control	  condition;	  Int.	  =	  
intercept	  (grand	  mean);	  MD>1	  =	  different	  rate	  parameter	  for	  MD	  >	  1;	  MD>2	  =	  different	  rate	  parameter	  for	  
MD	  >	  2.	  

Although	  the	  remaining	  models	  can	  be	  rule	  out	  as	  a	  potential	  explanation	  for	  the	  

present	  data	  set,	  it	  is	  important	  to	  highlight	  that	  the	  decay	  model	  2,	  the	  IMφ,	  the	  

IMr,	   and	   the	   resources	   model	   2	   behaved	   as	   their	   theoretical	   frameworks	  

expected.	  	  
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Figure	  3.2	   shows	  data	   (i.e.,	   points)	   together	  with	  predictions	   (i.e.,	   lines)	  

derived	  from	  parameters	  of	  the	  resources	  model	  1	  and	  the	  resources	  model	  2	  as	  

a	  function	  of	  presentation	  time,	  updating	  conditions,	  and	  memory	  demand.	  	  

	  
Figure	  3.2.	  Time-‐accuracy	  functions	  aggregated	  by	  memory	  demand	  and	  updating	  condition.	  Dots	  
represent	  data.	  Lines	  indicate	  the	  predictions	  derived	  from	  the	  resources	  model	  1	  and	  resources	  
model	  2.	  

The	   top	   panel	   of	   Figure	   3.2	   indicates	   that	   the	   resources	   model	   1	   fails	  

predicting	  the	  data	  in	  some	  points:	  the	  left	  panel	  –	  memory	  demand	  of	  one	  object	  

–	   shows	   that	   in	   the	   switch-‐inhibition	   condition	   the	   resources	   model	   1	   over-‐

predicts	   the	   data	   at	   longer	   presentation	   times;	   the	   middle	   panel	   –	   memory	  

demand	   of	   two	   objects	   –	   indicates	   that	   in	   the	   control	   condition	   the	   resources	  

model	   1	   over-‐predicts	   the	   data	   at	   longer	   presentation	   times;	   and	   in	   the	   right	  

panel	  –	  memory	  demand	  of	  three	  objects	  –	  the	  model	  predicts	  a	  larger	  difference	  

between	   the	   control	   condition	   and	   switch-‐inhibition	   condition.	   This	   version	   of	  

the	  resources	  models	  does	  not	  recover	  the	  data	  appropriately.	  	  

Recent	  developments	  of	  the	  resources	  theory	  have	  given	  some	  clues	  that	  

could	   help	   to	   improve	   how	  well	   this	   account	   fits	   to	   the	   data	   (Bays	   &	   Husain,	  

2008;	   Bays,	   Catalao,	   &	   Husain,	   2009).	   These	   recent	   developments	   of	   the	  
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resources	   theory	   propose	   that	   as	   memory	   demand	   increases	   the	   noise	   in	   the	  

system	  is	  larger	  (Bays	  &	  Husain,	  2008;	  Bays,	  Catalao,	  &	  Husain,	  2009).	  	  

Table 3.2. Parameters Estimates of the Resources Model 1 and Decay-Based 
Model 2 

Resources model 2 

Effect Parameter Value 95% CI Standard error T(p-value) 

Intercept ψInt. 0.453  [0.333, 0.573] 0.061 7.390 (<.001) 

Intercept σInt. 0.109  [0.100, 0.109] 0.004 24.658 (<.001) 

Slope σContr.MD>1 -0.044  [-0.054, -0.033] 0.005 -8.046 (<.001) 

Slope σSI.MD>1 -0.057  [-0.066, -0.047] 0.005 -11.408 (<.001) 

Slope σContr.MD>2 -0.018  [-0.023, -0.013] 0.002 -6.997 (<.001) 

Slope σSI.MD>2 -0.020 [-0.026, -0.015] 0.002 -7.676 (<.001) 

Intercept rInt. 1.354  [1.274, 1.435] 0.041 32.976 (<.001) 

Slope rSI-Contr. -0.159  [-0.302, -0.016] 0.073 -2.182 (<.05) 

Slope rMD>1 -0.252 [-0.462, -0.252] 0.107 -2.337 (<.05) 

Slope rMD>2 -0.306 [-0.459, -0.152] 0.078 -3.897 (<.001) 

Decay-based model 2 

Intercept δInt. 0.494  [0.395, 0.592] 0.050 9.831 (<.001) 

Intercept RInt. 6.769  [3.726, 9.812] 1.556 4.350 (<.001) 

Intercept ZInt. 0.325  [0.279, 0.371] 0.023 13.914 (<.001) 

Intercept propInt. 0.897 [0.882, 0.912] 0.007 118.810 (<.001) 

Intercept σInt. 0.165  [0.151, 0.180] 0.007 22.193 (<.001) 

Slope σSI-Contr. 0.024  [0.019, 0.029] 0.002 9.192 (<.001) 

Intercept rInt. 1.732  [1.531, 1.933] 0.102 16.887 (<.001) 

Slope rContr.MD>1 -0.586 [-0.839, -0.333] 0.129 -4.533 (<.001) 

Slope rSI.MD>1 -1.746 [-2.149, -1.344] 0.205 -8.486 (<.001) 

Note.	   Contr.	   =	   control	   condition;	   SI	  =	   switch-‐inhibition	   condition;	   Int.	   =	   intercept	   (grand	  mean);	  MD>1	  =	  
contrast	   (i.e.,	   differences)	   between	  memory	  demand	   (MD)	  1	   vs.	  MD	   larger	   than	  1;	  MD>2.	   =	   different	   rate	  
parameter	  for	  MD	  >	  2.	  CI	  =	  approximate	  95%	  confidence	  interval.	  

The	  resources	  model	  2	  implemented	  the	  assumption	  of	  an	  increase	  in	  the	  

noise	  according	  to	  memory	  demand.	  
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The	  bottom	  panel	  of	  Figure	  3.2	  displays	  the	  predictions	  of	  the	  resources	  

model	   2.	   As	   the	   figure	   shows,	   this	   version	   of	   the	   resources	   account	   captures	  

appropriately	   the	   data	   and	   that	   visual	   inspection	   does	   not	   indicate	   strong	  

differences	  between	  data	  and	  model.	  

The	   upper	   part	   of	   Table	   3.2	   shows	   that	   all	   parameters	   of	   the	   resources	  

model	   2	   are	   different	   from	   zero	   and	   that	   they	   behaved	   as	   expected.	   The	   ψ	  

parameter	   suggests	   that	   task	   switching	   and	   inhibition	   capture	   45%	   from	   the	  

available	   source	   of	   activation.	   The	  σ	   parameter	   indicates	   that	   the	   noise	   in	   the	  

system	   plays	   a	   key	   role	   explaining	   part	   of	   the	   accuracy	   retrieving	   objects.	  

Particularly,	   the	   σ	   parameters	   with	   the	   subscripts	   Contr.MD>1,	   SI.MD>1,	  

Contr.MD>2,	   and	   SI.MD>2	   reveal	   differences	   in	   noise	   according	   to	   memory	  

demand	  and	  updating	  conditions.	  The	  r	  parameter	  with	  subscript	  MD>1	  suggests	  

a	  decrease	  in	  the	  speed	  of	  updating	  the	  objects	  when	  memory	  demand	  is	  larger	  

than	   two	   objects.	   The	   r	   parameter	   with	   the	   subscript	   MD>2	   indicates	   a	   slow-‐	  

down	  in	  the	  updating	  rate	  in	  memory	  demands	  larger	  than	  two.	  In	  summary,	  the	  

assumption	  of	  more	  noise	  in	  the	  system	  as	  memory	  demand	  increases	  improves	  

the	  fit	  of	  this	  model	  to	  the	  data;	  nonetheless,	  this	  models	  fits	  worse	  than	  the	  IMX.	  

The	   top	  panel	  of	  Figure	  3.3	   shows	   the	  data	   (i.e.,	  points)	  and	  predictions	  

(i.e.,	   lines)	   derived	   from	   parameters	   of	   the	   decay	   model	   1	   as	   a	   function	   of	  

presentation	   time,	   updating	   conditions,	   and	   memory	   demand.	   Figure	   3.3	  

indicates	  that	  the	  model	  failed	  predicting	  the	  data	  at	  memory	  demand	  of	  two	  and	  

three	  objects.	  In	  memory	  demand	  of	  two	  objects,	  the	  model	  under-‐predicts	  data	  

in	  the	  range	  from	  700-‐ms	  to	  1500-‐ms.	  In	  memory	  demand	  of	  three	  objects,	   the	  

model	   over-‐predicts	   and	   under-‐predicts	   data	   at	   different	   points	   in	   the	   control	  

condition	   and	   in	   the	   switch-‐inhibition	   condition.	   In	   addition,	   visual	   inspection	  

suggests	   that	   regardless	  of	   the	  updating	  conditions	   the	  decay	  model	  predicts	  a	  

similar	  performance	  for	  memory	  demands	  of	  two	  and	  three	  objects.	  	  

The	   decay	   model	   1	   assumes	   that	   differences	   in	   performance	   from	  

memory	   demand	   of	   two	   objects	   to	   three	   objects	   are	   due	   to	   a	   decrease	   in	   the	  

reactivation	  time	  from	  two	  to	  three	  objects	  and	  an	  increase	  in	  the	  decay	  time	  of	  

competitors	  from	  two	  to	  three	  objects.	  	  
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The	   model	   assumes	   a	   constant	   proportion	   of	   time	   for	   retrieval	   and	  

updating,	  and	  the	  same	  decay	  time	  of	  the	  target	  for	  memory	  demands	  of	  two	  and	  

three	  objects.	  	  

The	   same	   decay	   time	   for	   the	   target	   in	   memory	   demands	   larger	   than	   one	   can	  

explain	   why	   the	   model	   predicts	   very	   similar	   performance	   for	   those	   memory	  

demands.	   In	   order	   to	   improve	   the	   fit	   of	   this	   model	   to	   data	   we	   included	   two	  

changes	  in	  the	  model	  equations.	  First,	  we	  assumed	  that	  a	  constant	  proportion	  of	  

the	  available	  time	  t	  is	  used	  to	  reactivated	  each	  item,	  	  

𝑅𝑡 = 𝑡 ∗ 1− 𝑝𝑟𝑜𝑝 ,                   (20) 

where	  Rt	   is	  the	  estimated	  time	  for	  reactivating	  an	  individual	   item.	  Then	  Rt	  was	  

used	   to	   estimate	   the	   remaining	   operation	   time,	   op,	   in	   conditions	   of	   memory	  

demands	  of	  two	  and	  three	  objects	  as	  follows	  

𝑜𝑝 = 𝑡 − 𝑠𝑡𝑜𝑟 − 1 ∗ 𝑅𝑡,                  (21) 

Thus,	   in	   the	  decay	  model	  2	  an	   increase	   in	  memory	  demand	   from	  two	  to	  

three	  results	  in	  a	  decrease	  in	  operation	  time.	  	  
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Figure	  3.3.	  Time-‐accuracy	  functions	  aggregated	  by	  memory	  demand	  and	  updating	  condition.	  Dots	  
represent	   data.	   Lines	   indicate	   the	   predictions	   derived	   from	   the	   decay	  model	   1	   and	   the	   decay	  
model	  2. 
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The	  bottom	  panel	  of	  Figure	  3.3	  shows	  that	  the	  new	  assumptions	  led	  to	  a	  

general	  improvement	  in	  the	  model	  predicting	  the	  data.	  Now	  the	  misprediction	  in	  

the	   time	   range	   from	   700-‐ms	   to	   1500-‐ms	   is	   alleviated.	   It	   is	   also	   important	   to	  

highlight	   that	   this	   new	   version	   recovers	   data	   appropriately	   regardless	   of	  

memory	  demand,	  updating	  conditions,	  and	  presentation	  times.	  	  

The	  bottom	  part	  of	  Table	  3.2	  summarise	  parameters	  of	  the	  decay	  model	  2.	  

Model	  parameters	  were	  according	  to	  the	  expectations	  and	  every	  parameter	  was	  

significantly	   different	   from	   zero.	   The	   δ	   parameter	   is	   consistent	   with	   the	  

assumption	  of	  a	  decay	  of	  memory	  traces	  over	  time.	  The	  R	  parameter	  reflects	  the	  

assumption	   that	   memory	   items	   are	   rehearsed	   to	   protect	   them	   from	   decay.	  

Additionally,	   the	   Z	   parameter	   reflects	   the	   constant	   amount	   of	   time	   that	   task	  

switching	  and	  inhibition	  during	  updating	  steps. The	  time	  that	  task	  switching	  and	  

inhibition	  takes	  as	  well	  as	  the	  larger	  amount	  of	  noise	  showed	  by	  the	  σ	  parameter	  

with	   the	   subscript	  SI-‐Contr	   suggest	   that	  differences	  between	  conditions	  can	  be	  

attributed	   to	   time	   and	   to	   failures	   retrieving	   the	   correct	   object.	   In	   the	   decay	  

model	  2,	  differences	  in	  the	  σ	  parameter	  are	  also	  due	  to	  the	  extra	  time	  required	  

by	   the	   switch-‐inhibition	   condition,	   which	   prolong	   the	   decay	   of	   the	   memory	  

traces.	  Another	  interesting	  finding	  is	  that	  updating	  requires	  about	  89.7	  %	  of	  all	  

available	   time,	   which	   was	   reflected	   by	   the	   prop	   parameter.	   This	   estimated	   of	  

prop	  left	  only	  a	  small	  proportion	  of	  time	  for	  reactivation.	  Furthermore,	  the	  decay	  

model	   2	   also	   brings	   support	   to	   the	   object-‐switch	   cost	   assumption,	   which	   is	  

reflected	   by	   the	   r	   parameters	   with	   the	   subscript	   Contr.MD>1	   and	   SI.MD>1.	  

Although	  the	  decay	  model	  2	  fits	  the	  data	  quite	  well,	  the	  model	  selection	  criteria	  

indicate	  that	  this	  account	  is	  not	  feasible	  as	  an	  explanation	  of	  the	  present	  data	  set.  

Figure	  3.4	  shows	  that	  data	  and	  predictions	  from	  the	  IMr	  –	  the	  top	  panel,	  

the	  IMφ	  –	  the	  middle	  panel,	  and	  the	  IMX	  –	  the	  bottom	  panel.	  In	  general,	  the	  IM	  

family	  captures	  the	  data	  pattern	  regardless	  memory	  demand,	  presentation	  time,	  

and	  updating	  conditions.	  
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Figure	   3.4.	   Time-‐accuracy	   functions	   aggregated	   by	   memory	   demand	   and	   updating	   conditions.	  
Dots	  represent	  data.	  Lines	  indicate	  the	  predictions	  from	  the	  IMr,	  the	  IMφ,	  and	  the	  IMX.	  

Table	   3.3	   summarises	   the	   parameter	   values	   for	   the	   IMφ	  –	   upper	   part	   –	  

and	   the	   IMX–	   bottom	   part.	   Here	   we	   present	   only	   the	   results	   of	   those	   models	  

because	  they	  recapitulate	  to	  some	  degree	  the	  IMr. 	  	  
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Table 3.3. Parameters Estimates of the IM and the IMX. 
 IMφ  

Effect Parameter Value 95% CI Standard error T(p-value) 

Intercept CInt. 0.346  [0.289, 0.403] 0.029 11.912 (<.001) 

Intercept σInt. 0.160 [0.146, 0.173] 0.006 23.062 (<.001) 

Intercept φInt. 0.016 [-0.007, 0.039] 0.012 1.327 (.184) 

Intercept rInt. 1.346  [1.191, 1.500] 0.079 17.030 (<.001) 

Slope rSI-Contr. -0.531  [-0.633, -0.428] 0.052 -10.116 (<.001) 

Slope rContr.MD>1 -0.623 [-0.882, -0.365] 0.132 -4.714 (<.001) 

Slope rContr.MD>2 -0.268  [-0.405, -0.130] 0.070 -3.817 (<.001) 

Slope rSI.MD>1 -0.231  [-0.322, -0.140] 0.046 -4.963 (<.001) 

Slope rSI.MD>2 -0.092 [-0.176, -0.008] 0.042 -2.156 (<.001) 

IMX 

Intercept CInt. 0.354  [0.303, 0.405] 0.025 13.724 (<.001) 

Intercept σInt. 0.155  [0.141, 0.169] 0.007 21.527 (<.001) 

Intercept XInt. 0.370  [0.116, 0.624] 0.130 2.847 (<.01) 

Intercept rInt. 1.358  [1.197, 1.518] 0.081 16.579 (<.001) 

Slope rSI-Contr. -0.364  [-0.510, -0.219] 0.074 -4.895 (<.001) 

Slope rContr.MD>1 -0.569 [-0.790, -0.348] 0.113 -5.032 (<.001) 

Slope rContr.MD>2 -0.238  [-0.356, -0.119] 0.060 -3.920 (<.001) 

Slope rSI.MD>1 -0.221  [-0.315, -0.128] 0.047 -4.632 (<.001) 

Slope rSI.MD>2 -0.082  [-0.170, 0.006] 0.045 -1.823 (.068) 

Note.	   Contr.	  =	   control	   condition;	   SI	   =	   switch-‐inhibition	   condition;	   Int.	   =	   intercept	   (grand	  mean);	  MD>1	   =	  
contrast	   (i.e.,	   differences)	   between	  memory	  demand	   (MD)	  1	   vs.	  MD	   larger	   than	  1;	  MD>2.	   =	   different	   rate	  
parameter	  for	  MD	  >	  2.	  CI	  =	  approximate	  95%	  confidence	  interval.	  

The	   noticeable	   finding	   of	   the	   IMφ	   is	   the	   non-‐significant	   φ	   parameter,	  

which	   suggests	   that	   the	   probability	   of	   erroneously	   shifting	   an	   object	   in	   the	  

opposite	   direction	   of	   the	   white	   arrow	   is	   equals	   to	   zero.	   According	   to	   this	  

outcome	   differences	   between	   conditions	   are	   not	   due	   to	   failures	   updating	   the	  

objects	  

All	   previous	   findings	   led	   to	   the	   IMX	   being	   the	  most	   promising	   account.	  

The	  model	  includes	  the	  intercepts	  of	  C,	  σ,	  r	  and	  X	  parameter	  and	  the	  slopes	  of	  the	  
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r	   parameter.	   With	   exception	   of	   the	   r	   parameter	   with	   the	   subscript	   SI.MD>2	  

which	  was	  marginally	  significant	  the	  remaining	  parameters	  were	  different	  from	  

zero.	  	  

Table 3.4. Random Effects Matrices of Models of Experiment 1. 

Parameter Value CI 
Resources model 2 

σInt. 0.016 [0.012, 0.022] 

Residual error 0.127 [0.123, 0.132] 

Decay model 2 

σInt. 0.029 [0.021, 0.042] 

rInt. 0.268 [0.163, 0.440] 

ZInt. 0.048 [0.025, 0.089] 

propInt. 0.022 [0.014, 0.035] 

Residual error 0.124 [0.115, 0.124] 

IMφ 

CInt. 0.078 [0.052, 0.118] 

σInt. 0.020 [0.013, 0.030] 

φInt. 0.043 [0.026, 0.070] 

rInt. 0.255 [0.163, 0.400] 

Residual error 0.124 [0.115, 0.124] 

IMX 

CInt. 0.072 [0.047, 0.110] 

σInt. 0.023 [0.016, 0.034] 

XInt. 0.280 [0.179, 0.437] 

rInt. 0.296 [0.191, 0.460] 

Residual error 0.119 [0.114, 0.123] 

Note. CI: approximate 95% confidence intervals 

The	  significant	  C	   and	  σ	  parameters	  support	   the	  assumptions	  of	   interference	  by	  

feature	  overwriting	  and	  interference	  by	  confusion,	  respectively.	  The	  significant	  X	  

parameter	   suggests	   that	   an	   increase	   in	   the	   memory	   demand	   is	   a	   plausible	  

explanation	   for	   the	   reduced	   performance	   in	   the	   switch-‐inhibition	   condition.	  

Regarding	   processing	   speed	   the	   negative	   slope	   of	   the	   rate	   parameter	   (i.e.,	   rSI-‐

Contr.)	   indicated	   that	   the	   updating	   steps	   in	   the	   switch-‐inhibition	   condition	  

required	  more	  time	  than	  in	  the	  control	  condition.	  Furthermore,	  the	  estimates	  of	  

the	  r	  parameters	  showed	  that	  the	  processing	  speed	  decreases	  when	  the	  memory	  

demand	   increases	   from	   one	   to	   two	   objects,	   which	   was	   the	   case	   for	   both	   task	  

conditions.	   The	   significant	   r	   parameter	   with	   the	   subscript	   SI.MD>2	   and	   the	  
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marginal	   r	   parameter	   with	   the	   subscript	   SI.MD>2	   suggested	   that	   processing	  

speed	   decreases	   further	   when	   memory	   demand	   increases	   from	   two	   to	   three	  

objects.	  

Additionally,	   the	   variance	   components	   of	   the	   IMX	   summarised	   in	   the	  

bottom	  part	  of	  Table	  3.4	  were	  reliable	  since	  confidence	  intervals	  of	  the	  random	  

effects	  did	  not	  include	  zero.	  Thus,	  the	  model	  also	  brought	  evidence	  of	  individual	  

differences	   in	   interference	   by	   feature	   overwriting,	   interference	   by	   confusion,	  

processing	  speed,	  and	  susceptibility	   for	   the	   involuntary	  activation	  of	   irrelevant	  

locations.	  Together	  the	  findings	  yielded	  by	  the	  IMX	  satisfactory	  accommodate	  the	  

effects	  of	  inhibition	  within	  a	  common	  framework	  of	  the	  limits	  of	  WMC.	  

3.3.4 Discussion	  

Experiment	   1	   examined	   the	   role	   of	   task	   switching	   and	   inhibition	   in	   working	  

memory	  across	  different	  models	  of	  the	  limits	  of	  WMC.	  Five	  models	  were	  tested:	  

the	   resources	   model	   1,	   the	   decay	   model	   1,	   and	   three	   versions	   of	   the	   IM.	  

Furthermore,	  the	  resources	  model	  2	  and	  the	  decay	  model	  2	  were	  included	  with	  

aim	  of	  improving	  the	  resources	  model	  1	  and	  the	  decay	  model	  1;	  nevertheless,	  the	  

second	  version	  of	  the	  resources	  and	  the	  decay	  account	  was	  not	  better	  in	  terms	  of	  

goodness	  of	  fit	  than	  the	  IMX,	  which	  was	  regarded	  as	  the	  winning	  model.	  

Although	  the	   IMX	  was	  clearly	   the	  best	  account	   to	  explain	  the	   findings	  of	  

Experiment	  1,	  the	  remaining	  models	  behaved	  as	  their	  respective	  theories	  predict.	  

The	   agreement	   between	   models	   and	   their	   theory	   is	   important	   because	   it	  

suggests	  that	  our	  implementations	  capture	  in	  considerable	  degree	  the	  dynamics	  

that	   different	   verbal	   theories	   or	   formal	   models	   have	   postulated.	   Thus,	  

differences	  among	  models	  in	  terms	  of	  goodness	  of	  fit	  cannot	  be	  attributed	  only	  to	  

particularities	   of	   our	   implementations.	   In	   the	   following	   we	   discuss	   the	  

implemented	  formal	  models	  and	  then	  we	  consider	  the	  implications	  of	  the	  IMX	  as	  

a	  most	   promising	  model	   explaining	   the	   dynamics	   between	  mechanisms	   aiding	  

working	  memory	  and	  causes	  of	  forgetting.	  

With	  the	  aim	  of	  modelling	  the	  updating	  conditions	  the	  resources	  model	  1	  

included:	   the	   ψ	   parameter,	   the	   σ	   parameters,	   the	   r	   parameters.	   This	   first	  

implementation	  showed	  a	  weakness	   in	   fitting	   the	  data.	  However,	   the	  resources	  

model	  2	   significantly	   improved	  how	  well	   the	  model	   fit	   to	   the	  present	  data	   set.	  
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The	   ψ	   parameter	   aimed	   to	   reflect	   the	   resources	   that	   task	   switching	   and	  

inhibition	  take	  from	  a	  constant	  and	  limited	  source	  of	  activation.	  	  

Increasing	   the	   noise	   in	   the	   system	   for	   each	   updating	   condition	   and	   for	  

each	  memory	  demand	  resulted	  in	  a	  general	  improvement	  of	  the	  model	  fitting	  the	  

data.	   Thus,	   resources	   model	   2	   is	   in	   agreement	   with	   theories	   postulating	   that	  

objects	  in	  working	  memory	  not	  only	  consumes	  the	  same	  resources	  but	  also	  add	  

further	  noise	  in	  working	  memory	  (Bays,	  &	  Husain,	  2008;	  Bays,	  Catalao,	  &	  Husain,	  

2009).	  Furthermore,	   the	  rate	  of	  processing	   in	  the	  switch-‐inhibition	  condition	   is	  

in	  agreement	  with	  the	  assumption	  postulating	  that	  conditions	  consuming	  more	  

resources	  slow	  down	  the	  retrieval	  process	  (Anderson,	  Reder,	  &	  Lebiere,	  1996).	  

Additionally,	   the	   object-‐switch	   assumption	   was	   supported	   for	   the	   resources	  

model	  2.	  	  

The	   decay	  model	   1	   showed	   a	   poor	   fit	   to	   the	   data.	  We	   argued	   that	   one	  

possible	   reason	   of	   this	   misfit	   could	   be	   related	   to	   fact	   that	   the	   decay	   model	   1	  

estimates	  the	  same	  decay	  time	  of	  the	  target	  object	   for	  memory	  demands	  larger	  

than	  one.	  This	  notion	  is	  a	  consequence	  of	  the	  natural	  assumptions	  of	  this	  family	  

of	  theories,	  which	  usually	  argue	  that	  only	  one	  activity	  may	  be	  performed	  at	  only	  

one	  time	  (Barrouillet	  et	  al.	  2004).	  If	  a	  proportion	  of	  time	  is	  allocated	  to	  retrieval	  

and	   updating,	   then	   the	   remaining	   time	   has	   to	   be	   dedicated	   to	   reactivation	  

activities.	   Therefore	   assuming	   a	   constant	   proportion	   of	   time	   dedicated	   to	  

retrieval	   and	   updating,	   the	   decay	   time	   of	   the	   target	   remains	   the	   same	   for	  

memory	  demand	  larger	  than	  one.	  	  

The	   decay	   model	   2	   assumes	   that	   a	   constant	   time	   for	   reactivating	   each	  

competitor	  object	  such	  that	  as	  more	  competitors	  are	  in	  working	  memory	  a	  larger	  

proportion	  of	   the	  time	   is	  allocated	  to	  reactivation.	  Another	  consequence	  of	   this	  

assumption	   is	   that	   the	   decay	   time	   of	   the	   target	   becomes	   smaller	   as	   memory	  

demand	   increases,	   which	   probably	   helps	   to	   differentiate	   the	   accuracy	   of	  

retrieving	  objects	  in	  memory	  demands	  of	  two	  and	  three	  objects	  (see	  top	  panel	  of	  

Figure	  3.3).	  	  

The	   inclusion	   of	   these	   assumptions	   resulted	   in	   an	   important	  

improvement	  of	  the	  decay	  account	  fitting	  the	  data.	  In	  fact,	  it	  was	  the	  second	  best	  

model	   in	   the	   ranking	   but	   far	   from	   the	  winning	  model.	   According	   to	   the	   decay	  

model	  2	  the	  δ	  and	  the	  R	  parameters	  indicated	  that	  interplay	  between	  decay	  and	  
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reactivation	   plays	   an	   important	   role	   explaining	   the	   data.	   The	   prop	   parameter	  

indicated	   that	  approximately	  89%	  of	  all	  available	   time	   is	  dedicated	   to	  retrieval	  

and	  updating.	  The	  Z	  parameter	  reflects	   the	  assumption	  that	   task	  switching	  and	  

inhibition	   consumes	   a	   constant	   interval	   of	   time	   during	   an	   updating	   step.	  

Therefore,	   in	   the	   switch-‐inhibition	   condition	   the	   time	   allocated	   to	   the	   latter	  

processes	  implies	  less	  time	  for	  reactivating	  memory	  traces,	  thereby	  reducing	  the	  

probability	   of	   accurately	   retrieving	   the	   objects.	   A	   further	   consequence	   of	  

memory	   traces	   degraded	   over	   time	   is	   that	   they	   are	   less	   distinguishable	   and	  

consequently	   the	   probability	   of	   retrieving	   the	   erroneous	   object	   is	   larger.	   This	  

was	  the	  motivation	  for	  expecting	  more	  noise	  in	  the	  switch-‐inhibition	  condition.	  

The	   rate	   parameters	   indicated	   that	   the	   rate	   of	   retrieving	   and	   updating	   objects	  

was	  smaller	   for	  memory	  demands	   larger	   than	  one.	  These	  differences	   in	   rate	  of	  

processing	  can	  reflect	  the	  object-‐switch	  cost	  assumption.	  	  

Within	   the	   IM	   framework	  we	   proposed	   three	  models	   for	   explaining	   the	  

effect	   of	   the	   switch-‐inhibition	   condition	   on	   the	   participants’	   performance.	   The	  

IMr	  suggests	  that	  in	  the	  switch-‐inhibition	  condition	  the	  additional	  processes	  (i.e.,	  

task	  switching	  and	   inhibition)	  cost	   time.	  The	   IMφ	  proposes	   the	  same	  time-‐cost	  

effect	  as	  well	  as	  an	  increase	  in	  the	  probability	  of	  erroneously	  updating	  an	  object.	  

The	   IMX	   resembles	   the	   former	   IM	   and	   propose	   that	   difficulties	   inhibiting	   the	  

direction	   of	   white	   arrows	   increase	   the	   memory	   demand	   by	   promoting	   the	  

involuntary	  activation	  of	  irrelevant	  locations	  in	  working	  memory.	  	  

The	  model	  selection	  criteria	  showed	  that	  among	  this	  set	  of	  models	  IMX	  is	  

clearly	   the	   best	   account	   for	   the	   data.	   Nevertheless,	   Model	   IMr	   and	   IMφ	   did	   a	  

good	   joob	  recovering	   the	  data	  (see	  Figure	  3.4).	   In	   fact,	  all	  models	  converged	   in	  

that	   a	   substantial	   effect	   of	   our	   manipulation	   lies	   in	   the	   time	   for	   updating	   the	  

objects.	   As	   expected,	   the	   cognitive	   processes	   involved	   in	   the	   switch-‐inhibition	  

condition	  are	  good	  candidates	  for	  explaining	  a	  reduction	  in	  the	  speed	  of	  updating	  

the	  objects.	  That	  finding	  is	  in	  agreement	  with	  theories	  postulating	  that	  switching	  

between	   task	   sets	   cost	   time	   (Monsell,	   2003),	   and	  with	   the	   inhibition	   theory	   of	  

Hasher,	   Zacks,	   and	   Mayr	   (1999),	   which	   postulates	   that	   inhibiting	   a	   prepotent	  

response	  costs	  time.	  	  

The	   IMX	  assumes	   that	   the	   inhibition	  demand	   impaired	  performance	  not	  

only	  by	  reducing	  the	  available	  time	  for	  retrieval	  and	  updating	  but	  also	  impaired	  
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the	  accuracy	  of	  retrieving	  the	  objects.	  Evidence	  supporting	  this	  effect	  on	  retrieval	  

accuracy	  was	  given	  by	  the	  positive	  estimated	  for	  the	  X	  parameter,	  which	  reflects	  

an	   increase	   in	   the	  memory	  demand.	  This	   increase	  was	  assumed	   to	   result	   from	  

the	  activation	  of	  an	   irrelevant	   location	  when	  the	  direction	  of	  white	  arrows	  was	  

not	  properly	   inhibited.	  The	  findings	  of	  Experiment	  1	  are	   in	  agreement	  with	  the	  

inhibition	   theory	   of	   Hasher,	   Zacks,	   and	   Mayr	   (1999),	   which	   assumes	   that	  

inhibition	  processes	  is	  needed	  to	  prevent	  the	  access	  of	  irrelevant	  information	  to	  

working	  memory.	  	  

The	  fact	  that	  the	  IMX	  won	  the	  present	  model	  competition	  provides	  further	  

support	  to	  interference	  by	  overwriting	  and	  interference	  by	  confusion	  as	  the	  main	  

causes	   of	   forgetting	   (Oberauer	  &	  Kliegl,	   2001,	   2006,	   2010;	   Göthe	   et	   al.,	   2012).	  

The	   significant	   rate	   parameters	   with	   the	   subscripts	   Contr.MD>1	   and	   SI.MD>1	  

support	   the	   object-‐switch	   cost-‐assumption	   (Garavan,	   1998;	   Oberauer,	   2002,	  

2003).	  The	  smaller	  rate	  of	  processing	  for	  memory	  demand	  higher	  than	  2	  brings	  

further	   evidence	   that	   competitor	   objects	   inhibit	   each	   other	   and	   consequently	  

slow	  down	  their	  retrieval	  (Usher,	  &	  McClelland,	  2001;	  Rodríguez-‐Villagra,	  Göthe,	  

Oberauer,	  &	  Kliegl,	  inpress).	  	  

Experiment	   1	   tested	   the	   effect	   of	   task	   switching	   and	   inhibition	   on	  

working-‐memory.	  We	  argue	  that	  both	  processes	  contribute	  to	  slowing	  down	  the	  

speed	   of	   processing,	   and	   that	   incomplete	   inhibition	   leads	   to	   the	   involuntary	  

activation	   of	   irrelevant	   locations.	   Experiment	   2A	   tested	   the	   pure	   effect	   of	  

inhibition	  on	  working	  memory	  without	  the	  added	  demand	  of	  task	  switching.	  	  

3.4 Experiment	  2A	  

Experiment	  2A	   tested	   the	   single	  effect	  of	   inhibition	  on	  WMC.	  For	   this	  purpose,	  

Experiment	   2A	   compared	   the	   participants’	   performance	   between	   the	   control	  

condition	   and	   the	   inhibition	   condition.	   Control	   condition	   was	   the	   same	   as	   in	  

Experiment	   1;	   namely,	   the	   participants	   were	   requested	   to	   mentally	   shift	   the	  

object	   one	   cell	   in	   the	   direction	   of	   a	   black	   arrow.	   The	   inhibition	   condition	  

included	  the	  presentation	  of	  white	  arrows	  in	  every	  updating	  step.	  A	  white	  arrow	  

was	  an	  instruction	  to	  mentally	  shift	  the	  object	  one	  cell	  in	  the	  opposite	  direction	  

of	  the	  arrow.	  
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	   In	  order	   to	  explain	   the	   role	  of	   inhibition	  within	  different	   frameworks	  of	  

the	  limits	  of	  WMC	  the	  present	  experiment	  tested	  the	  same	  five	  models	  plus	  the	  

two	  model	  versions	  included	  for	  improving	  the	  resources	  model	  1	  and	  the	  decay	  

model	   1.	   The	   expectations	   of	   the	   present	   experiment	  were	   similar	   to	   those	   in	  

Experiment	   1.	   Therefore,	   models	   implementation	   and	   hypotheses	   of	   each	  

account	   remain	   identical.	   In	   the	   present	   experiment	   the	   most	   important	  

modification	  was	  that	  we	  eliminated	  the	  task-‐switching	  process.  

3.4.1 Method	  

The	  material	  and	  trial	  procedure	  of	  Experiment	  2A	  was	  identical	  to	  Experiment	  1	  

except	  that	  it	  involved	  the	  inhibition	  condition	  which	  included	  the	  presentation	  

of	  white	  arrows	  in	  all	  updating	  sequences.	  

3.4.1.1 Participants	  

A	   total	   of	   24	   students	   from	   the	   University	   of	   Costa	   Rica	   participated	   in	   the	  

experiment	  (14	  women;	  M	  =	  23.71	  years,	  age	  range:	  20-‐28	  years).	  	  

3.4.2 Results	  	  

Table	   3.5	   lists	   the	   estimated	   parameters	   of	   each	   model.	   In	   the	   present	  

experiment,	  we	   also	   tested	   the	   resources	  model	   1	   and	   the	  decay	  model	   1.	   The	  

data	   analysis	   confirmed	   that	   the	   former	   and	   the	   latter	   showed	   the	   same	  

problems	   as	   in	   Experiment	   1	   –	   a	   poor	   fit	   to	   the	   data	   and	   the	   same	   failure	  

predicting	  the	  data.	  Hence,	  those	  models	  are	  not	  reported	  in	  Table	  3.5.	  

According	  to	  the	  model	  selection	  criteria	  the	  resources	  model	  2,	  the	  decay	  

model	   2,	   and	   the	   IMr	   do	   not	   receive	   statistical	   support	   and	   the	   IMφ	   and	   IMX	  

were	   the	   best	   models	   in	   the	   ranking.	   Model	   selection	   criteria	   did	   not	   allow	  

discriminating	  between	  the	  latter	  models.	  

The	   top	   panel	   of	   Figure	   3.5	   shows	   data	   and	   model	   predictions	   of	   the	  

resources	  model	  2.	  That	  the	  resources	  model	  2	  recovers	  the	  data	  appropriately	  

and	   visual	   inspection	   does	   not	   suggest	   strong	   deviations	   from	   the	   data.	   The	  

upper	   panel	   of	   Table	   3.6	   shows	   the	   estimates	   of	   resources	   model	   2.	   The	  

estimated	  value	  of	  ψ	  was	  larger	  than	  in	  Experiment	  1.	  According	  to	  the	  resources	  

account	   it	   is	   reasonable	   to	   expect	   that	   task	   switching	   plus	   inhibition	   should	  

consume	  more	  resources	  than	  inhibition	  alone.	  	  
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Table 3.5.  Models of Experiment 2A with Fit Indices 
Experiment	  2A	   	  

Model’s	  name	   Fixed	  
effects	  

Random	  
Effects	  

Df	   AIC	   ΔAIC	   BIC	   ΔBIC	   Log-‐Lik	   𝑅!"#! 	  

Resources	  
model	  2	  

ψInt.,	   σInt,,	  
σContr.MD>1,	  
σI.MD>1,	  
σContr.MD>2,	  
σI.MD>2,	   rInt.,	  
rI-‐Contr.,	  
rMD>1,	  rMD>2	  

σInt.	   12	   -‐1625.209	   178.08	   -‐1559.753	   167.172	   824.604	   0.72	  

Decay-‐
rehearsal	  
model	  2	  

δInt.,	   RInt.,	  
ZInt.,	   propInt.,	  
σInt.,	   σI-‐Contr.,	  
rInt.,	  rI-‐Contr	  

σInt.,	   rInt.,	  
propInt	  

12	   -‐1756.693	   46.597	   -‐1691.237	   35.687	   890.346	   0.76	  

IM	   CInt.,	   σInt.,	  
rInt.,	   rI-‐Contr.,	  
rContr.MD>1,	  
rContr.MD>2,	  
rI.MD>1,	  
rI.MD>2	  

CInt.,	   rInt.,	  
σInt	  

12	   -‐1775.577	   27.713	   -‐1710.121	   16.803	   899.788	   0.76	  

IMφ	   CInt.,	   σInt.,	  
φInt.,	   rInt.,	   rI-‐
Contr.,	  
rContr.MD>1,	  
rContr.MD>2,	  
rI.MD>1,	  
rI.MD>2	  

CInt.,	   rInt.,	  
σInt.,	  φInt.	  

14	   -‐1802.961	   0.329	   -‐1726.695	   0.329	   915.480	   0.77	  

IMX	   CInt.,	   σInt.,	  
XInt.,	   rInt.,	  
rContr.MD>1,	  
rContr.MD>2,	  
rI.MD>1,	  
rI.MD>2	  

CInt.,	   rInt.,	  
σInt.,	  XInt.	  

14	   -‐1803.291	   0.000	   -‐1726.925	   0.000	   915.645	   0.77	  

Note.	  Name	  =	  the	  name	  of	  each	  model.	  Df:	  degrees	  freedom	  (i.e.,	  number	  of	  estimated	  model	  parameters);	  
AIC	   =	   Akaike	   Information	   Criterion;	   BIC	   =	   Bayesian	   Information	   Criterion;	   ΔAIC	   =	   differences	   between	  
winning	   model	   and	   the	   remaining	   models;	   ΔBIC	   =	   differences	   between	   winning	   model	   and	   remaining	  
models;	  Log-‐lik	  =	  log-‐Likelihood	  statistic;	  I	  =	  Inhibition	  condition;	  Contr.	  =	  control	  condition;	  Int.	  =	  intercept	  
(grand	  mean);	  MD>1	  =	  different	  rate	  parameter	  for	  MD	  >	  1;	  MD>2	  =	  different	  rate	  parameter	  for	  MD	  >	  2.	  	  

In	  the	  remaining	  parameters,	  the	  resources	  model	  2	  showed	  similar	  estimates	  to	  

those	   in	   Experiment	   1.	   The	   σ	   parameters	   with	   subscript	   Contr.MD>1,	   I.MD>1,	  

Contr.MD>2,	  and	  I.MD>2	  confirmed	  that	  allowing	  the	  increase	  of	  noise	  for	  each	  

updating	  condition	  and	  by	  memory	  demand	  help	  to	  improve	  the	  fit	  of	  the	  model	  

to	  the	  data.	  The	  r	  parameter	  with	  the	  subscript	  I-‐Contr.	  indicated	  a	  slowdown	  in	  

the	   rate	   of	   retrieving	   and	   updating	   objects	   when	   inhibition	   is	   involved	   in	  

working	  memory.	  In	  addition,	  the	  r	  parameters	  with	  subscripts	  MD>1	  and	  MD>2	  

suggest	  a	  slowdown	  in	  the	  speed	  of	  retrieving	  and	  updating	  objects	  as	  memory	  

demand	   increases.	   In	   brief,	   the	   resources	  model	   2	   indicated	   that	   incompatible	  

stimulus-‐responses	   mappings	   slows	   down	   the	   system	   and	   increases	   the	  

probability	  of	  erroneously	  retrieving	  objects	  in	  working	  memory.	  
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The	  bottom	  panel	  of	  Figure	  3.5	  shows	  the	  data	  and	  model	  predictions	  of	  

the	   decay	   model	   2.	   The	   model	   recovers	   the	   data	   well	   and	   ratifies	   that	   the	  

incorporated	   assumptions	   for	   improving	   the	   fit	   of	   the	   decay	   model	   1	   can	   be	  

generalised	  also	  to	  the	  present	  data	  set.	  Bottom	  part	  of	  Table	  3.6	  shows	  that	  the	  

δ	   and	   R	   parameters	   support	   the	   assumption	   of	   memory	   traces	   decaying	   over	  

time	   and	   the	   assumption	   of	   a	   central	   role	   of	   the	   reactivation	   rate	   in	   working	  

memory,	  respectively.	  	  

Table 3.6.  Parameters Estimates of the Resources Model 2 and the Decay Model 
2. 
 Resources model 2  

Effect Parameter Value 95% CI Standard error T(p-value) 

Intercept ψInt. 0.147 [0.112, 0.182] 0.017 8.220 (<.001) 

Intercept σInt. 0.125  [0.117, 0.133] 0.004 28.993 (<.001) 

Slope σContr.MD>1 -0.070  [-0.078, -0.063] 0.003 -18.448 
(<.001) Slope σI.MD>1 -0.084  [-0.092, -0.075] 0.004 -19.368 
(<.001) Slope σContr.MD>2 -0.010  [-0.015, -0.005] 0.002 -4.177 (<.001) 

Slope σI.MD>2 -0.012 [-0.018, -0.007] 0.002 -4.327 (<.001) 

Intercept rInt. 1.440  [1.365, 1.515] 0.038 37.546 (<.001) 

Slope rI-Contr. -0.367  [-0.512, -0.222] 0.074 -4.952 (<.001) 

Slope rMD>1 -0.622 [-0.800, -0.444] 0.091 -6.830 (<.001) 

Slope rMD>2 -0.051  [-0.206, 0.104] 0.079 -0.645 (0.519) 

Decay model 2 

Intercept δInt. 0.542  [0.478, 0.605] 0.032 16.757 (<.001) 
Intercept RInt. 11.937  [8.863, 15.012] 1.571 7.598 (<.001) 

Intercept ZInt. 0.072  [0.039, 0.104] 0.016 4.342 (<.001) 

Intercept propInt. 0.899  [0.887, 0.911] 0.006 146.424 
(<.001) Intercept σInt. 0.185  [0.173, 0.197] 0.006 29.863 (<.001) 

Slope σI-Contr. 0.017  [0.011, 0.023] 0.003 5.487 (<.001) 

Intercept rInt. 1.799  [1.619, 1.979] 0.091 19.591 (<.001) 

Slope rI.Contr. -0.738 [-0.902, -0.573] 0.084 -8.760 (<.001) 

Note.	  Contr.=	  control	  condition;	  I	  =	  inhibition	  condition;	  Int.=	  intercept	  (grand	  mean);	  MD	  >1=	  contrast	  (i.e.,	  
differences)	  between	  memory	  demand	  (MD)	  1	  vs.	  MD	  larger	  than	  1;	  MD	  >2	  =	  different	  rate	  parameter	  for	  
MD	  >	  2.	  CI	  =	  approximate	  95%	  confidence	  interval.	  

The	   Z	   parameter	   brings	   evidence	   of	   the	   time	   that	   inhibition	   takes	   from	   all	  

available	   time	   for	   retrieving	   and	   updating	   the	   objects.	   The	   proportion	   of	   time	  

dedicated	  to	  retrieval	  and	  to	  updating	  was	  around	  89%	  from	  all	  available	  time.	  

The	  σ	  parameter	  indicates	  that	  the	  inhibition	  condition	  is	  nosier,	  which	  suggests	  

that	  differences	  in	  accuracy	  are	  due	  to	  erroneous	  retrieval.	  The	  rate	  parameters	  
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of	   Experiment	   2A	   did	   not	   offer	   evidence	   of	   the	   object-‐switch	   cost-‐assumption.	  

The	  negative	  value	  of	   the	  r	  parameter	  with	  subscript	   I.Contr.	   indicates	   that	   the	  

speed	  of	  retrieving	  and	  updating	  objects	  was	  smaller	  in	  the	  inhibition	  condition.	  

In	   short,	   the	   decay	   model	   2	   proposes	   that	   incompatible	   stimulus-‐response	  

mappings	   slow	  down	   the	   retrieval	   and	  manipulation	   of	   the	   to-‐be-‐remembered	  

objects	  and	  increase	  the	  noise	  in	  working	  memory.	  

 
Figure	   3.5.	   Time-‐accuracy	   functions	   aggregated	   by	   memory	   demand	   and	   updating	   conditions.	  
Dots	  represent	  data.	  Lines	  represent	  predictions	  derived	  from	  the	  IMφ	  and	  the	  IMX.	  

Figure	   3.7	   shows	   data	   and	   prediction	   of	   the	   IMφ	   and	   the	   IMX.	   Visual	  

inspection	   does	   not	   show	   evidence	   of	   larger	   discrepancies	   between	   data	   and	  

models.	  The	  IMφ	  and	  the	  IMX	  did	  not	  differ	  in	  terms	  of	  how	  well	  they	  fit	  the	  data.	  

Table	   3.7	   shows	   the	   estimated	   parameters.	   In	   the	   present	   experiment,	   the	   φ	  

parameter	  was	  different	  from	  zero	  and	  its	  inclusion	  improves	  the	  fit	  of	  the	  IMφ	  

with	   respect	   to	   the	   IMr.	   Nevertheless,	   the	   estimated	   value	   of	   the	  φ	   parameter	  

remains	  near	  to	  zero.	  The	  IMX	  showed	  again	  that	  the	  X	  parameter	  explains	  part	  

of	   the	   differences	   between	  updating	   conditions	   by	   assuming	   that	   incompatible	  

stimulus-‐response	  mappings	  promote	  the	  activation	  of	  irrelevant	  information	  in	  

working	   memory.	   In	   the	   remaining	   aspects	   these	   two	  models	   are	   similar	   and	  

IMphi

Presentation time (s)

Pr
op

or
tio

n 
co

rre
ct

0.2

0.4

0.6

0.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5

●

●●

●
●
●●

●
● ●

● ●

 : Memory demand 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5

●

●

●
●●

●●● ●
●

● ●

 : Memory demand 2

0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.2

0.4

0.6

0.8

 : Memory demand 3

● ●Control−1 Control−2 Control−3 Inhibition−1 Inhibition−2 Inhibition−3

IMX

Presentation time (s)

Pr
op

or
tio

n 
co

rre
ct

0.2

0.4

0.6

0.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5

●

●●

●
●
●●

●
● ●

● ●

 : Memory demand 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5

●

●

●

●●
●●●

●
●

● ●

 : Memory demand 2

0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.2

0.4

0.6

0.8

 : Memory demand 3

● ●Control−1 Control−2 Control−3 Inhibition−1 Inhibition−2 Inhibition−3



	   98	  

consequently	  both	  bring	  evidence	  of	  the	  same	  set	  of	  assumptions:	  The	  reliable	  C	  

and	  σ	  parameters	  support	  the	  assumption	  of	  interference	  by	  feature	  overwriting	  

and	   interference	   by	   confusion	   as	   mechanisms	   limiting	   WMC;	   and	   the	   rate	  

parameters	  with	  the	  subscript	  Contr.MD>1,	  and	  I.MD>1	  indicated	  that	  the	  speed	  

of	  processing	  decreases	   for	  memory	  demand	   larger	   than	  1,	  which	  supports	   the	  

object-‐switch	  cost-‐assumption.  

According	   to	   the	   estimates	   of	   the	   IMφ	   the	   assumption	   of	   inhibition	   among	  

competitor	   objects	   was	   not	   supported	   for	   the	   inhibition	   condition,	   which	   was	  

showed	  by	  the	  value	  of	  the	  rI.MD>2	  parameter.	  However,	  the	  IMX	  did	  support	  the	  

latter	  assumption	  for	  both	  updating	  conditions.	  	  

Table 3.7. Parameter Estimates of the IMφ	  and	  the	  IMX. Experiment 2A. 
 IMφ  

Effect Parameter Value 95% CI Standard error T(p-value) 

Intercept CInt. 0.378  [0.328, 0.427] 0.025 14.921 (<.001) 

Intercept σInt. 0.168  [0.154, 0.183] 0.007 22.846 (<.001) 

Intercept φInt. 0.017  [0.008, 0.625] 0.004 3.966 (<.001) 

Intercept rInt. 1.294  [1.185, 1.403] 0.055 23.262 (<.001) 

Slope rI-Contr. -0.649  [-0.744, -0.554] 0.048 -13.362 (<.001) 

Slope rContr.MD>1 -0.483 [-0.694 -0.271] 0.108 -4.464 (<.001) 

Slope rContr.MD>2 -0.213  [-0.363, -0.064] 0.076 -2.791 (<.01) 

Slope rI.MD>1 -0.124  [-0.199, -0.049] 0.038 -3.257 (<.01) 

Slope rI.MD>2 -0.065  [-0.148, 0.018] 0.042 -1.527 (.126) 

IMX 

Intercept CInt. 0.351  [0.307, 0.395] 0.022 15.639 (<.001) 

Intercept σInt. 0.174  [0.160, 0.187] 0.006 25.592 (<.001) 

Intercept XInt. 0.457  [0.202, 0.712] 0.130 3.514 (<.001) 

Intercept rInt. 1.384  [1.277, 1.491] 0.054 25.270 (<.001) 

Slope rI-Contr. -0.534  [-0.679, -0.390] 0.073 -7.235 (<.001) 

Slope rContr.MD>1 -0.555 [-0.766, -0.345] 0.107 -5.159 (<.001) 

Slope rContr.MD>2 -0.267  [-0.403, -0.130] 0.069 -3.835 (<.001) 

Slope rI.MD>1 -0.144  [-0.229, -0.060] 0.043 -3.347 (<.001) 

Slope rI.MD>2 -0.100  [-0.192, 0.007] 0.047 -2.124 (<.05) 

Note.	  Contr.=	  control	  condition;	  I	  =	  inhibition	  condition;	  Int.:	  intercept	  (grand	  mean);	  MD	  >1:	  contrast	  (i.e.,	  
differences)	  between	  memory	  demand	  (MD)	  1	  vs.	  MD	  larger	  than	  1;	  MD	  >	  2	  =	  different	  rate	  parameter	  for	  
MD	  >	  2.	  CI	  =	  approximate	  95%	  confidence	  interval.	  
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3.4.3 Discussion	  

The	   goal	   of	   Experiment	   2A	   was	   to	   examine	   the	   role	   of	   inhibition	   in	   the	  

framework	   of	   different	   models	   of	   the	   limits	   of	   WMC.	   Experiment	   2A	   differed	  

from	  Experiment	  1	  because	  it	  disentangled	  the	  inhibition	  process	  from	  the	  task-‐

switching	   process.	   To	   this	   purpose	   we	   tested	   the	   resources	   model	   1,	   the	  

resources	  model	  2,	  the	  decay	  model	  1,	  the	  decay	  model	  2,	  the	  IMr,	  the	  IMφ,	  and	  

the	  IMX.	  From	  these	  models	  the	  IMφ	  and	  the	  IMX	  were	  clearly	  the	  best	  models	  in	  

the	   ranking.	   The	   significant	  φ	   parameter	   in	   the	   IMφ	   indicated	   that	   there	   is	   a	  

small	   but	   reliable	   probability	   of	   erroneously	   updating	   the	   objects	   in	   the	  

inhibition	   condition.	   Accepting	   the	   assumptions	   linked	   to	   the	   φ	   parameter,	  

differences	  between	  tasks	  are	  due	  to	  failures	  on	  the	  updating	  process	  and	  not	  as	  

a	   factor	   influencing	   the	   storage	   of	   the	   objects	   in	   working	   memory.	   Thus,	  

differences	   between	   updating	   conditions	   can	   be	   explained	   assuming	   that	  

participants	  store	  a	  wrong	  location	  as	  a	  consequence	  of	  difficulties	  inhibiting	  the	  

white	  arrows.	  Nevertheless,	  it	  is	  challenging	  to	  sustain	  that	  differences	  between	  

conditions	   are	   entirely	   due	   to	   failures	   updating	   the	   objects	   because	   the	  

probability	   of	  making	   an	   error	   is	   near	   to	   zero.	   Given	   the	   small	   value	   of	   the	  φ	  

parameter,	   the	   IMX	   with	   the	   X	   parameter	   gains	   some	   support	   over	   the	   IMφ.	  

Assuming	  the	  IMX	  as	  a	  plausible	  explanation	  of	  the	  differences	  between	  updating	  

conditions	   failures	   inhibiting	   white	   arrows	   increase	   the	   probability	   of	   the	  

activation	   of	   irrelevant	   locations.	   Additional	   locations	   made	   the	   working-‐

memory	   objects	   more	   susceptible	   to	   interference	   by	   feature	   overwriting	   and	  

interference	  by	  confusion,	  which	  could	  explain	  in	  part	  the	  reduced	  performance	  

in	   the	   inhibition	   condition.	   Additionally,	   the	   models	   converge	   in	   that	   the	   rate	  

parameter	   with	   subscript	   I-‐Contr.	   shows	   a	   reduced	   processing	   speed	   in	   the	  

inhibition	  condition,	  which	  brings	  further	  support	  for	  inhibition	  as	  a	  factor	  that	  

slows	  down	  the	  updating	  process.	  

3.5 Experiment	  2B	  

Experiment	  2B	  estimated	  the	  probability	  of	  erroneously	  updating	  one	  object	  in	  a	  

self-‐spaced	   version	   of	   the	   updating	   conditions	   in	   Experiment	   2A.	   The	   control	  

condition	   and	   the	   inhibition	   condition	   of	   Experiment	   2B	   involved	   a	   memory	  

demand	  of	  one	  object.	  We	  expected	  more	  errors	  in	  the	  inhibition	  condition	  than	  
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in	  the	  control	  condition.	  Another	  aim	  of	   the	  present	  experiment	  was	  to	  use	  the	  

observed	  error	  probabilities	  of	  Experiment	  2B	  in	  order	  to	  correct	  the	  maximum	  

expected	   rate	   of	   proportion	   of	   correct	   responses	   in	   Experiment	   2A.	   That	  

correction	   allowed	   estimating	   the	   parameter	   values	   that	   can	   be	   attributed	   to	  

factors	  other	   than	  mistakes	   in	   the	  updating	   steps.	  Thus,	   if	   after	   this	   correction	  

the	   X	   parameter	   is	   significant,	   then	   the	   assumption	   proposing	   that	   failures	  

inhibiting	  white	  arrows	  promote	  the	  activation	  of	  irrelevant	  locations	  in	  working	  

memory	  gains	  further	  support	  from	  the	  data.	  	  

Table 3.8. Random Effects Matrices of Models of Experiment 2A. 
Parameter	   Value	   CI	  

Resources	  model	  2	  

σInt.	   0.019	   [0.014,	  0.025]	  
Residual	  error	   0.145	   [0.141,	  0.150]	  

Decay-‐rehearsal	  model	  2	  

σInt.	   0.027	   [0.020,	  0.037]	  
rInt.	   0.271	   [0.186,	  0.394]	  

propInt.	   0.023	   [0.016,	  0.032]	  

Residual	  error	   0.137	   [0.132,	  0.142]	  

IMφ	  

CInt.	   0.082	   [0.058,	  0.116]	  
σInt.	   0.028	   [0.021,	  0.039]	  

φInt.	   0.015	   [0.009,	  0.026]	  

rInt.	   0.164	   [0.106,	  0.255]	  

Residual	  error	   0.134	   [0.129,	  0.139]	  

IMX	  

CInt.	   0.079	   [0.056,	  0.112]	  
σInt.	   0.027	   [0.020,	  0.037]	  

XInt.	   0.392	   [0.252,	  0.611]	  

rInt.	   0.187	   [0.120,	  0.292]	  

Residual	  error	   0.134	   [0.129,	  0.138]	  

IMX	  from	  corrected	  data	  of	  Experiment	  2A	  

CInt.	   0.079	   [0.056,	  0.112]	  
σInt.	   0.032	   [0.023,	  0.044]	  

XInt.	   0.294	   [0.182,	  0.475]	  

rInt.	   0.149	   [0.087,	  0.257]	  

Residual	  error	   0.134	   [0.130,	  0.139]	  

Note. CI: approximate 95% confidence intervals 

3.5.1 Method	  
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3.5.1.1 Participants	  

A	   total	   of	   17	   students	   from	   the	   University	   of	   Costa	   Rica	   participated	   in	   the	  

experiment	  (14	  women;	  M	  =	  22,23	  years,	  age	  range:	  20-‐32	  years).	  Data	  from	  one	  

participant	  were	  lost	  due	  to	  a	  computer	  failure.	  

	  

3.5.1.2 Materials	  and	  Design	  	  

Updating	   conditions	   (control	   and	   inhibition	   condition)	   was	   the	   only	   within-‐

subject	  factor.	  The	  dependent	  variables	  were	  the	  proportion	  of	  correct	  responses	  

at	  final	  recall	  and	  the	  response	  time	  for	  updating	  the	  objects.	  We	  used	  the	  same	  

nine	  monochrome	  stimuli	  of	  the	  two	  first	  experiments.	  The	  experiment	  included	  

16	  blocks	  containing	  10	  trials	  each	  trial	  and	  lasting	  about	  one-‐hour.	  There	  were	  

8	  blocks	  of	  each	  task	  condition	  that	  alternated.	  Presentation	  order	  of	  each	  block	  

was	  counterbalanced	  across	  participants	  and	  updating	  conditions.	  	  

3.5.1.3 Trial	  Procedure	  

Apart	  from	  two	  different	  aspects	  the	  trial	  procedure	  was	  exactly	  the	  same	  as	  in	  

memory	  demand	  of	   one	  object	   in	  Experiment	  2A.	  The	   first	  difference	  was	   that	  

there	   were	   always	   six	   updating	   steps	   and	   the	   second	   difference	   was	   that	  

updating	   time	   was	   no	   longer	   computer	   paced	   but	   arrows	   with	   corresponding	  

picture	  of	   the	  object	   to	  be	   shifted	   remained	  on	   the	   screen	  until	   the	  participant	  

pressed	   the	   space	   bar,	  which	   immediately	   caused	   the	   presentation	   of	   the	   next	  

updating	  step	  until	  all	  six	  updating	  steps	  were	  completed.	  The	  participants	  were	  

requested	   to	   update	   the	   stimulus	   as	   quickly	   and	   accurately	   as	   possible	   by	  

pressing	   the	   space	   bar.	   Again,	   in	   the	   control	   condition	   black	   in	   the	   inhibition	  

condition	  white	  arrows	  were	  shown.	  	  

3.5.2 Results	  

The	   analyses	   of	   these	   findings	   focused	   on	   the	   response	   time	   of	   participants	  

updating	   the	  objects	   and	   the	  proportion	  of	   correct	   responses	  at	   the	  end	  of	   the	  

trial.	   Response	   times	   that	   were	   ±3	   SD	   from	   the	   individual’s	   mean	   in	   each	  

condition	  were	  excluded	  (approximately	  1.6%	  of	  all	  group	  responses).	  	  

We	   computed	   two	   linear-‐mixed	   effects	   models;	   in	   both	   models	   the	  

intercept	  was	  included	  as	  variance	  component.	  A	  first	  linear	  mixed-‐effect	  model	  

on	  response	  times	  revealed	  a	  significant	  main	  effect	  of	  updating	  conditions,	  F(1,	  
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2718)	  =	  558.4,	  p	  <	  0.001,	  with	  larger	  response	  times	  for	  the	  inhibition	  (M	  =	  1259	  

ms)	   than	   for	   the	   control	   condition	   (M	   =	   992	  ms).	  A	   second	   linear	  mixed-‐effect	  

model	   on	   accuracy	   revealed	   a	  main	   effect	   of	   updating	   conditions	  F(1,	   2718)	   =	  

22.7,	   p	   <	   0.001,	   with	   a	   larger	   proportion	   of	   correct	   responses	   for	   the	   control	  

condition	  (M	  =	  0.958)	  than	  the	  control	  condition	  (M	  =	  0.913).	  The	  results	  show	  

that	   the	   inhibition	   of	   a	   prepotent	   response	   costs	   time	   and	   cause	   more	   errors	  

during	  the	  updating	  steps.	  

3.5.3 Refitting	  the	  data	  of	  Experiment	  2A	  

In	   order	   to	   refit	   the	   IMX	   to	   the	   data	   of	   Experiment	   2A	   we	   calculated	   the	  

probability	   of	   failures	   updating	   the	   objects	   in	   the	   control	   and	   in	   the	   inhibition	  

condition.	  We	  used	  the	  proportion	  of	  correct	  responses	  of	  the	  control	  condition	  

in	   Experiment	   2B	   (i.e.,	   0.958)	   with	   the	   of	   estimating	   the	   probability	   of	   an	  

erroneous	  updating	  as	  follows:	  

   1− 𝑝𝑐 ! = 0.958,        (22) 

where	  pc	  is	  the	  probability	  of	  an	  error	  updating	  an	  object	  in	  a	  single	  step	  of	  the	  

control	   condition.	   The	   expression	   (1-‐pc)	   is	   raised	   to	   the	   power	   of	   six	   because	  

there	  were	  six	  updating	  steps	  and	  when	  a	  mistake	  occurs	  it	  only	  affects	  a	  single	  

updating	  step.	  Solving	  equation	  20	  by	  pc,	  we	  obtained	  the	  error	  probability	  in	  the	  

control	   condition:	   0.007.	   Then	  we	   used	   that	   value	   for	   calculating	   the	   expected	  

probability	  of	  errors	  of	  the	  control	  condition	  in	  Experiment	  2A:	  

  𝑝𝑐!"#!!"#.!"#$%&'$()!! = 1− 0.007 !.!,     (23)	  

	  where	   5.5	   was	   the	   average	   number	   of	   updating	   steps	   in	   Experiment	   2A.	   The	  

same	  was	  done	  with	  the	  observed	  error	  probability	  of	  the	  inhibition	  condition	  of	  

Experiment	   2B	   (0.038).	   Then,	   we	   computed	   the	   corrected	   error	   rate	   by	  

subtracting	   the	   expected	   error	   rate	   to	   the	   observed	   error	   rate.	   Then	   the	  

corrected	   error	   rate	   was	   subtracted	   from	   1	   to	   the	   purpose	   of	   obtaining	   the	  

corrected	  proportion	  of	  correct	  responses	  in	  Experiment	  2A.	  In	  order	  to	  test	  the	  

effect	   of	   the	   X	   parameter	   on	   the	   data	   we	   fitted	   model	   IMX	   to	   the	   corrected	  

proportion	   of	   correct	   responses	   of	   Experiment	   2A.	   This	   corrected	   measure	  

reflected	   the	   error	   rates	   that	   can	   be	   attributed	   to	   other	   factors	   than	  mistakes	  

updating	  the	  objects.	  	  

3.5.4 Results	  and	  Discussion	  	  
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Figure	   3.8	   shows	   data	   and	   predictions	   of	   the	   IMX	   to	   the	   corrected	   data	   of	  

Experiment	   2A.	   As	   the	   figure	   shows	   there	   are	   not	   substantial	   discrepancies	  

between	  model	  and	  data.	  Table	  3.9	  summarizes	  the	  estimates	  of	  the	  IMX	  fitted	  to	  

the	   corrected	   proportion	   of	   correct	   responses.	   The	   X	   parameter	   was	   still	  

significant.	   This	   result	   suggests	   that	   differences	   between	   the	   control	   and	   the	  

inhibition	   condition	   are	   a	   consequence	   of	   an	   increase	   in	   the	  memory	   demand	  

and	  that	  these	  differences	  cannot	  be	  attributed	  to	  failures	  updating	  the	  objects.	  

As	  expected,	  the	  pattern	  showed	  by	  the	  parameters	  in	  Table	  3.9	  is	  similar	  to	  the	  

estimates	  of	  model	  IMX	  in	  Experiment	  2A	  (see	  Table	  3.7).	  	  

 
Figure	   3.6.	   Time-‐accuracy	   functions	   aggregated	   by	   memory	   demand	   and	   updating	   conditions.	  
Dots	  represent	  data.	  Lines	  represent	  predictions	  derived	   from	  the	   IMX	  to	   the	  corrected	  data	  of	  
Experiment	  2A.	  

The	  Cint	  and	  σint	  parameters	  were	  significant,	  which	  support	   the	  assumptions	  of	  

interference	   by	   feature	   overwriting	   and	   interference	   by	   confusion.	   In	   addition,	  

the	  r	  parameter	  with	  the	  subscript	  I-‐Contr.	  confirmed	  a	  slower	  processing	  speed	  

in	   the	   inhibition	   condition.	   For	   the	   control	   condition	   the	   r	   parameter	   with	  

subscript	  Contr.MD>1	  supported	  the	  assumption	  of	  a	  slowdown	  in	  the	  updating	  

steps	  as	  an	  outcome	  of	   the	  shifting	  of	   the	   focus	  of	  attention	   from	  one	  object	   to	  

another	  object.	  The	  r	  parameter	  with	  the	  subscript	  Contr.MD>2	  did	  not	  support	  

the	   assumption	   of	   a	   slowdown	   in	   the	   process	   of	   updating	   the	   objects	   as	   the	  

memory	   demand	   increases	   because	   they	   inhibit	   each	   other.	   The	   last	   two	  

assumptions	   discussed	   above	   were	   not	   met	   for	   the	   inhibition	   condition.	   This	  

reanalysis	  suggests	  that	  differences	  between	  conditions	  in	  Experiment	  2A	  could	  

be	   traced	   by	   an	   increase	   in	   memory	   demand	   and	   a	   slow	   speed	   updating	   the	  

objects.	   Therefore,	   the	   assumption	   of	   an	   increase	   in	   the	   memory	   as	   a	  
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consequence	   of	   the	   involuntary	   activation	   of	   irrelevant	   locations	   in	   working	  

memory	  gains	  further	  support	  from	  this	  reanalysis.	  

Table 3.9. Parameter estimates from corrected data of Experiment 2A 

 MXexp2  
Effect Parameter Value 95% CI Standard 

error 
T(p-value) 

Intercept CInt. 0.414  [0.364, 0.463] 0.025 16.343 (<.001) 

Intercept σInt. 0.148  [0.132, 0.164] 0.008 17.751 (<.001) 

Intercept XInt. 0.265  [0.025, 0.504] 0.122 2.165 (<.05) 

Intercept rInt. 1.227  [1.217, 1.332] 0.053 22.788 (<.001) 

Slope rI-Contr. -0.410  [-0.553, -0.266] 0.073 -5.588 (<.001) 

Slope rContr.MD>1 -0.365 [-0.544, -0.187] 0.091 -4.007 (<.001) 

Slope rContr.MD>2 -0.111  [-0.242, -0.019] 0.066 -1.668 (.095) 

Slope rI.MD>1 -0.021  [-0.092, -0.048] 0.036 -0.601 (.547) 

Slope rI.MD>2 -0.049  [-0.046, 0.145] 0.049 1.009 (.313) 

Note.	  Contr.	  =	  control	  condition;	  I	  =	  inhibition	  condition;	  Int.	  =	  intercept	  (grand	  mean);	  MD>1=	  contrast	  (i.e.,	  
differences)	  between	  memory	  demand	  (MD)	  1	  vs.	  MD	  larger	  than	  1;	  MD>2.	  =	  different	  rate	  parameter	   for	  
MD	  >	  2.	  CI	  =	  approximate	  95%	  confidence	  intervals.	  

3.6 	  General	  Discussion	  

In	  this	  chapter	  seven	  models	  of	  the	  limits	  of	  WMC	  were	  tested:	  two	  versions	  of	  

the	  resources	  model,	  two	  versions	  of	  the	  decay	  model,	  and	  three	  versions	  of	  the	  

IM.	   In	   the	   Introduction	   section	   of	   this	   chapter,	   we	   argued	   that	   a	   next	   step	  

towards	   a	   more	   comprehensive	   formal	   model	   of	   capacity	   limits	   of	   working	  

memory	   should	   take	   into	   account	   mechanisms	   aiding	   the	   maintenance	   and	  

processing	   of	   memoranda	   (e.g.,	   processing	   speed,	   control	   of	   attention	   or	  

inhibition	   processes).	   The	   present	  work	   has	   taken	   the	   first	   steps	   in	   filling	   this	  

gap	  by	  testing	  and	  implementing	  the	  role	  of	  inhibition	  in	  different	  frameworks	  of	  

the	   limits	   of	   WMC.	   Thus,	   in	   three	   experiments	   the	   present	   study	   has	   made	  

important	  contributions:	  

1) Showing	  that	  among	  the	  set	  of	  models	  tested	  here	  a	  version	  of	  the	  IM	  is	  

the	  most	  promising	  account	  explaining	  the	  role	  of	  inhibition	  in	  WMC.	  	  

2) Adding	   weight	   to	   the	   argument	   that	   the	   involuntary	   activation	   of	  

irrelevant	  locations	  affecting	  the	  storage	  in	  working	  memory.	  	  
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3) Showing	  that	  inhibiting	  a	  prepotent	  response	  takes	  time	  and	  that	  it	  slows	  

down	  the	  updating	  process	  in	  working-‐memory.	  	  

4) Indicating	   that	   in	   working-‐memory	   updating	   a	   small	   but	   reliable	  

proportion	  of	  errors	  at	  recall	  is	  due	  to	  failures	  updating	  objects.	  

In	   the	   next	   sections	   we	   take	   up	   some	   of	   these	   issues	   in	   turn	   but	   first	   we	  

discuss	   the	   key	   assumptions	   making	   the	   IMX	   the	   best	   account	   to	   explain	   the	  

dynamics	  among	  causes	  of	   forgetting,	   task	  switching,	  and	   inhibition	   in	  working	  

memory.	  

3.6.1 Models	  Analysis	  across	  Experiment	  1	  and	  Experiment	  2A	  

In	   Experiment	   1	   and	   Experiment	   2A	   the	   resources	   model	   2	   yielded	   similar	  

results:	   task	   switching	   and	   inhibition	   –	   Experiment	   1	   –	   or	   only	   inhibition	   –	   in	  

Experiment	  2A	  –	  take	  resources	  away	  from	  a	  constant	  source	  of	  activation;	   the	  

noise	   in	   the	  system	  increases	  with	  memory	  demand	  and	  according	   to	  updating	  

conditions;	  task	  switching	  and	  inhibition	  or	  only	  inhibition	  slow	  down	  the	  speed	  

of	   processing;	   and	   more	   objects	   in	   working	   memory	   reduce	   the	   rate	   of	  

processing.	  Across	  two	  experiments	  the	  estimates	  of	  the	  resources	  model	  2	  were	  

very	  similar	  and	  according	  to	  its	  theoretical	  background.	  On	  the	  one	  hand,	  the	  ψ	  

parameter	  was	  larger	  in	  Experiment	  1	  than	  in	  Experiment	  2A,	  which	  reasonably	  

indicated	  that	  task	  switching	  and	  inhibition	  –	  Experiment	  1	  –	  should	  take	  more	  

resources	   away	   than	   just	   inhibition	   –	   Experiment	   2A.	   On	   the	   other	   hand,	   the	  

values	  of	  the	  remaining	  parameters	  in	  Experiment	  1	  were	  smaller	  than	  those	  in	  

Experiment	   2A.	   In	   Experiment	   1	   a	   35%	   of	   the	   updating	   steps	   involved	   the	  

inhibition	  of	  a	  prepotent	  response,	  while	  Experiment	  2A	  included	  the	  inhibition	  

in	   every	   updating	   step.	   Therefore,	   the	   pronounced	   effect	   of	   inhibition	   on	   the	  

parameters	   of	   the	   resources	   model	   2	   can	   be	   due	   to	   the	   higher	   frequency	   of	  

updating	  steps	  including	  inhibition.	  Relative	  to	  the	  resources	  model	  2	  this	  higher	  

frequency	  of	  updating	  translates	  in	  more	  noise	  and	  in	  a	  smaller	  rate	  of	  updating	  

but	  not	  in	  more	  resources.	  

The	   estimates	   of	   the	   decay	   model	   2	   show	   that	   relative	   to	   this	   account	  

interplay	  between	  decay	  and	  reactivation	  is	  central	  in	  WMC.	  The	  decay	  model	  2	  

also	  reveals	  that	  task	  switching	  and	  inhibition	  –	  or	  only	  inhibition	  in	  Experiment	  

2A	   –	   cost	   time,	  which	   elongate(s)	   the	   time	   at	  which	  memory	   traces	   decays.	   In	  
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Experiment	   2A	   the	   estimated	   time	   for	   inhibiting	   a	   prepotent	   response	   was	  

around	   72-‐ms,	  which	   is	   considerably	   shorter	   than	   the	   estimated	   time	   for	   task	  

switching	   and	   inhibition	   in	   Experiment	   1	   (e.g.,	   325-‐ms).	   However,	   visual	  

inspection	   of	   data	   of	   Experiment	   2A	   insinuates	   that	   participants	   needed	  more	  

time	   to	  reach	   the	  asymptotic	  accuracy	   in	  Experiment	  2A	   than	   in	  Experiment	  1.	  

This	   longer	   time	   for	   reaching	   the	   asymptotic	   accuracy	   was	   captured	   by	   the	   r	  

parameter,	  which	  indicated	  that	  inhibition	  slows	  down	  the	  updating	  process.	  In	  

both	   experiments	   differences	   between	   updating	   conditions	  were	   also	   due	   to	   a	  

larger	   amount	   of	   noise	   in	   the	   switch-‐inhibition	   condition	   and	   in	   the	   inhibition	  

condition.	  The	  rationale	  of	  this	  larger	  noise	  was	  that	  memory	  traces	  suffer	  more	  

time-‐related	  decay,	  and	  that	  therefore	  objects	  are	  more	  susceptible	  to	  erroneous	  

retrieval.	   Evidence	   for	   the	   object-‐switch	   cost	   assumption	   was	   found	   only	   in	  

Experiment	  1.	  

Although	  the	  resources	  model	  2	  and	  the	  decay	  model	  2	  behaved	  as	  their	  

theoretical	  frameworks	  predict,	  there	  was	  not	  enough	  evidence	  supporting	  these	  

accounts.	  	  

In	  two	  experiments,	  the	  estimated	  parameters	  of	  the	  IMr	  were	  according	  

to	  the	  expectations.	  This	  model	  accommodates	  task	  switching	  and	  inhibition	  by	  

assuming	   that	   both	   processes	   cost	   time.	   Nonetheless,	   the	   IMX	   shows	   that	   in	  

addition	  to	  the	  reduction	  in	  the	  speed	  of	  processing	  an	  increase	  in	  the	  memory	  

demand	   is	   the	   best	   manner	   to	   account	   the	   effects	   of	   inhibition	   on	   working	  

memory.	  The	   inclusion	  of	   the	  X	  parameter	   is	  necessary	  because	   the	   IM	  assume	  

differences	  in	  asymptotic	  accuracy	  due	  to	  interference	  among	  working-‐memory	  

representations.	  However,	  data	  of	  collected	  of	  Experiment	  1	  and	  Experiment	  2A	  

show	   differences	   in	   accuracy	   even	   in	   memory	   demand	   of	   one	   object.	   In	   this	  

context,	   the	   IMr	   cannot	   attribute	   differences	   between	   conditions	   at	   memory	  

demand	  of	  one	  object	  to	  other	  factors	  than	  processing	  speed	  because	  there	  is	  not	  

a	  further	  object	  increasing	  the	  probability	  of	  interference	  by	  feature	  overwriting	  

and	   interference	   by	   confusion.	   The	   IMX	   evades	   this	   limitation	   by	   allowing	   an	  

increase	  in	  the	  number	  of	  objects	  regardless	  of	  the	  memory	  demand.	  	  

	   The	  IMφ	  is	  better	  than	  the	  IMr	  to	  account	  the	  data	  of	  Experiment	  2A.	  The	  

IMφ	   includes	   differences	   in	   the	   rate	   parameter	   for	   modelling	   the	   effects	   of	  

inhibition.	   Furthermore,	   the	   model	   estimates	   the	   probability	   to	   erroneously	  
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update	  an	  object	  in	  the	  inhibition	  condition.	  The	  estimated	  probability	  is	  around	  

1%,	   which	   hardly	   could	   be	   enough	   to	   explain	   the	   differences	   in	   accuracy	  

between	  the	  control	  and	  the	  inhibition	  condition.	  In	  summary,	  only	  the	  IMX	  can	  

explain	  the	  time	  effect	  and	  the	  accuracy	  effect	  of	  inhibition	  on	  WMC.	  The	  success	  

of	  the	  IMX	  fitting	  the	  data	  remains	  after	  the	  errors	  due	  to	  the	  updating	  process	  

have	  been	  corrected.	  

	   The	   present	   series	   of	   experiments	   help	   to	   understand	   in	  which	   aspects	  

three	   prominent	   theories	   fail	   or	   succeed	   explaining	   causes	   of	   forgetting	   and	  

inhibition	  as	  a	  process	  that	  aid	  the	  maintenance	  and	  processing	  of	  the	  working-‐

memory	   objects.	   The	   study	   that	   we	   have	   carried	   out	   suggests	   that	   an	  

interference	  account	  is	  the	  most	  promising.	  

3.6.2 Further	  evidence	  for	  the	  IM	  assumptions	  

  In	  Experiment	  1,	  Experiment	  2A	  and	  in	  the	  reanalysis	  of	  data	  of	  latter	  the	  

IMX	   yielded	   evidence	   for	   the	   main	   assumptions	   of	   the	   IM;	   namely,	   a	   higher	  

memory	   demand	   increases	   the	   probability	   that	   representations	   lose	   a	  

proportion	  of	  features	  units	  through	  interference	  by	  overwriting,	  and	  items	  are	  

confused	  at	  recall	  due	  to	  noise	  (Oberauer	  &	  Kliegl,	  2001,	  2006,	  2010;	  Göthe	  et	  al.,	  

2012).	   The	   C	   parameter	   reflects	   an	   increased	   susceptibility	   to	   interference	   by	  

overwriting,	  which	  is	  assumed	  to	  arise	  from	  a	  loss	  of	  bindings	  between	  features	  

and	  the	  object	   they	  belong	  to,	  and	  the	  σ	  parameter	  reflects	  problems	  accessing	  

the	   appropriate	   representation	   in	  working	  memory,	   leaving	  more	   competition	  

for	  the	  activation	  in	  the	  focus	  layer	  (Oberauer	  &	  Kliegl,	  2006).	  Additionally,	  the	  

experiments	  presented	  in	  this	  Chapter	  bring	  further	  support	  to	  the	  object-‐switch	  

cost	  assumption,	  which	  states	  that	  updating	  an	  object	  that	  has	  been	  updated	  on	  

the	   immediately	   preceding	   step	   takes	   less	   time	   than	   updating	   another	   item	   in	  

working	   memory;	   that	   was	   the	   case	   for	   the	   different	   conditions	   tested	   in	  

Experiment	   1	   and	   Experiment	   2A.	   Nevertheless,	   the	   refit	   of	   the	   corrected	  

accuracies	   of	   Experiment	   2A	   did	   not	   replicate	   the	   object-‐switch-‐	   cost	   for	   the	  

inhibition	  condition.	  Thus,	   a	  possible	   scenario	   is	   to	  argue	   that	   in	   the	   inhibition	  

condition	  switching	  from	  an	  object	  to	  another	  object	  does	  not	  cost	  time;	  however,	  

we	   do	   not	   see	   a	   theoretical	   and	   practical	   reason	   for	   assuming	   it.	   Instead,	   our	  
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interpretation	  is	  that	  the	  correction	  on	  the	  accuracies	  overshadowed	  the	  object-‐

switch	  cost.	  

Similarly,	  the	  estimates	  of	  the	  Experiments	  1	  and	  2A	  found	  evidence	  of	  a	  

processing-‐speed	   decreasing	   updating	   the	   objects	   when	   the	   memory	   demand	  

increased	  from	  two	  to	  three	  objects,	  but	  the	  reanalyses	  of	  data	  of	  Experiment	  2A	  

did	  not	  find	  such	  evidence.	  As	  we	  argued	  above	  the	  correction	  on	  the	  accuracies	  

could	   have	   minimized	   the	   possibility	   of	   finding	   statistical	   support	   for	   the	  

assumption	  proposing	   that	   the	  working	  memory	  objects	   inhibit	  each	  other	  and	  

that	  it	  slows	  down	  their	  retrieval	  from	  the	  feature	  layer	  to	  the	  focus	  layer.	  	  

	   Furthermore,	   the	   IMX	  and	   the	   IMφ	   clarifies	   how	   inhibition	   is	   related	   to	  

storage	   and	   processing	   in	   WMC.	   The	   former	   relates	   inhibition	   to	   processing	  

speed	  and	  forgetting	  and	  the	  latter	  to	  processing	  speed	  and	  accuracy	  but	  not	  to	  

forgetting.  

3.6.3 The	  φ	  and	  X	  Parameters:	  Effects	  on	  Accuracy	  and	  Storage	  

The	   findings	   of	   Experiment	   1	   shows	   that	   updating	   conditions	   involving	   the	  

inhibition	  of	  a	  prepotent	  response	  and	  task	  switching	  slow	  down	  the	  process	  of	  

updating	  objects	  and	  reduce	   the	  accuracy	  of	   retrieving	   them.	  The	   IMX	  included	  

the	  X	   parameter.	   The	  main	   assumption	   linked	   to	   the	  X	   parameter	   proposes	   an	  

increment	  in	  the	  memory	  demand,	  which	  is	  a	  result	  of	  the	  involuntary	  activation	  

of	  irrelevant	  locations	  in	  the	  features	  layer.	  The	  results	  of	  Experiment	  1	  indicated	  

that	   the	   differences	   between	   the	   control	   and	   the	   switch-‐inhibition	   condition	  

could	  be	  traced	  in	  part	  by	  the	  X	  parameter.	  

Experiment	  2A	  differed	  in	  that	  the	  control	  condition	  was	  compared	  with	  

the	   inhibition	   condition.	   The	   inhibition	   condition	   did	   not	   include	   a	   switching-‐

task	   process	   and	   therefore	   conditions	   differed	   uniquely	   in	   the	   inhibition	   of	   a	  

prepotent	   response.	   The	   results	   indicated	   that	   inhibition	   decreases	   the	   rate	   of	  

updating	  the	  objects	  in	  working	  memory	  but	  the	  IMφ	  shows	  a	  small	  and	  reliable	  

probability	  of	  errors	  updating	  objects	  in	  the	  inhibition	  condition.	  	  

In	  Experiment	  2B,	   the	  probability	  of	   failures	  updating	   the	  objects	   in	   the	  

control	  condition	  and	  in	  the	  inhibition	  condition	  was	  estimated	  experimentally.	  

As	   expected	   the	   results	   of	   Experiment	   2B	   indicated	   that	   participants	   are	  more	  

likely	   to	   erroneously	   update	   an	   object	   in	   the	   inhibition	   condition	   than	   in	   the	  
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control	   condition.	   Additionally,	   the	   estimated	   probability	   of	   failures	   updating	  

objects	  in	  Experiment	  2B	  was	  also	  near	  to	  zero	  as	  it	  was	  estimated	  by	  the	  IMφ	  in	  

Experiment	  2A.	  The	  estimated	  probability	  of	   failures	   in	  Experiment	  2B	  allowed	  

computing	   a	   corrected	   measure	   of	   the	   accuracies	   in	   Experiment	   2A.	   That	  

corrected	   measure	   reflected	   the	   error	   rates	   that	   can	   be	   attributed	   to	   other	  

factors	   than	   mistakes	   updating	   the	   objects.	   Then	   we	   fitted	   the	   IMX	   to	   the	  

corrected	   accuracies	   of	   Experiment	   2A.	   After	   this	   correction	   the	   X	   parameter	  

remained	  significant	  which	  confirmed	  the	  assumptions	  that	  we	  had	  linked	  to	  it.	  	  

All	  experiments	  have	  helped	  this	  chapter	  to	  clarify	  the	  role	  of	  inhibition	  in	  

working	  memory	  at	  two	  levels.	  At	  the	  first	  level,	  our	  research	  clarifies	  a	  feasible	  

relationship	   between	   working	   memory	   and	   inhibition	   (Hasher,	   Zacks,	   &	   May,	  

1999).	  Relative	  to	  the	  IMX	  framework	  the	  present	  study	  proposes	  a	  more	  specific	  

view,	   that	   is,	   failures	   inhibiting	   prepotent	   responses	   increase	   the	   memory	  

demand	  by	  promoting	   the	   involuntary	  activation	  of	   irrelevant	   information.	  Our	  

findings	   calls	   into	   question	   a	   recent	   study	   which	   proposes	   that	   the	   effect	   of	  

inhibition	  on	  working	  memory	  can	  only	  be	  attributed	  to	  the	  extra	  time	  required	  

to	   inhibit	   prepotent	   responses	   (Barrouillet,	   Portrat,	  &	  Camos,	   2011).	  However,	  

the	  present	  set	  of	  findings	  indicates	  that	  in	  addition	  to	  time,	  inhibition	  promotes	  

forgetting	  due	  to	  irrelevant	  objects	  increasing	  the	  representational	  interference.	  

The	   latter	   effect	   remains	   after	   correcting	   the	   errors	   rate	   due	   to	   failures	   in	  

updating	  objects.	  	  

At	  the	  second	  level,	  this	  chapter	  helps	  to	  clarify	  the	  relationship	  between	  

two	   so-‐called	   inhibition	   processes:	   inhibition	   of	   prepotent	   responses	   (i.e.,	  

prepotent	  response	  inhibition	  in	  the	  study	  of	  Friedman	  and	  Miyake,	  2004	  or	  the	  

restraint	  function	  of	  Hasher,	  Zacks,	  May,	  1999)	  and	  the	  involuntary	  activation	  of	  

irrelevant	   information	   (i.e.,	   resistance	   to	  distractor	   interference	   in	   the	   study	  of	  

Friedman	  and	  Miyake,	  2004	  or	  the	  access	  function	  of	  Hasher,	  Zacks,	  May,	  1999).	  

Friedman	  and	  Miyake	  proposed	  those	  two	  processes	  as	  an	  unified	  construct	  that	  

reflects	  the	  maintaining	  of	  the	  task	  goal	  because	  inhibiting	  prepotent	  responses	  

and	   resisting	   distractor	   stimuli	   in	   the	   face	   of	   dominant	   but	   inappropriate	  

responses	   or	   distracting	   stimuli	   requires	   controlled	   attention.	   We	   are	   in	  

agreement	  with	   this	   view	   but	   our	   approach	   clarifies	   the	   relationship	   between	  

those	  processes.	  In	  the	  context	  of	  working	  memory,	  our	  proposal	  suggests	  that	  in	  
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some	   scenarios	   the	   inhibition	   of	   prepotent	   responses	   and	   the	   involuntary	  

activation	  of	   irrelevant	   information	   are	  not	   linked.	  The	   first	   scenario	   implies	   a	  

failure	   inhibiting	   the	   direction	   of	   the	   white	   arrows	   and	   therefore	   moving	   an	  

object	   to	   a	   mistaken	   location.	   This	   type	   of	   error	   does	   not	   necessarily	   assume	  

involuntary	  activation	  of	  irrelevant	  information.	  The	  second	  scenario	  implies	  to	  

correctly	   update	   an	   object	   but	   at	   the	   same	   time	   to	   involuntary	   direct	   the	  

attention	   to	   irrelevant	   locations	   as	   a	   consequence	   of	   a	   failure	   inhibiting	   the	  

direction	   of	   white	   arrows.	   In	   the	   second	   scenario	   the	   inhibition	   of	   prepotent	  

responses	   and	   the	   involuntary	   activation	   of	   irrelevant	   information	   are	   related.	  

Thus,	   our	   approach	   has	   gone	   one	   step	   further	   in	   clarifying	   the	   relationships	  

between	  working-‐memory	  and	  inhibition.  

3.6.4 The	  r	  parameters:	  Effects	  on	  the	  speed	  of	  processing	  

In	  terms	  of	  speed	  of	  processing,	  the	  data	  shows	  that	  all	  models	  yielded	  evidence	  

for	  a	  slower	  rate	  of	  updating	  the	  objects	  in	  working	  memory	  as	  a	  consequence	  of	  

task	   switching	   or/and	   as	   a	   result	   of	   inhibition.	   Additionally,	   in	   Experiment	   2B	  

there	   was	   experimental	   evidence	   corroborating	   that	   inhibition	   implies	   a	   time	  

costs	  compared	  with	  the	  control	  condition.	  	  

In	  Experiment	  1,	  participants	  had	   to	   switch	   from	   the	   task-‐set	  of	  moving	  

the	  object	  one	  cell	  from	  its	  current	  location	  in	  direction	  of	  the	  black	  arrow	   to	   the	  

task	   set	   of	   moving	   the	   object	   one	   cell	   from	   its	   current	   location	   in	   the	   opposite	  

direction	  of	  the	  white	  arrow,	  and	  vice	  versa.	  Thus	  according	  to	  the	  theory	  behind	  

the	   task-‐switching	   paradigms	   (for	   a	   review	   see	   Monsell,	   2003),	   the	   reduced	  

processing	  speed	  in	  the	  switch-‐inhibition	  condition	  could	  reflect	  a	  general	  task-‐

switching	  cost;	  more	  precisely,	  it	  could	  reflect	  the	  so-‐called	  mixed	  cost	  that	  could	  

be	   defined	   as	   the	   average	   time	   cost	   product	   of	   task-‐set	   repetition	   steps	   and	  

switching	   steps.	   Nonetheless,	   spatially	   compatible	   and	   incompatible	   stimulus-‐

response	  mappings	  in	  the	  switch-‐inhibition	  condition	  were	  introduced	  with	  aim	  

of	   creating	   a	   conflict	   between	   candidate	   responses,	   thereby	   increasing	   the	  

response	   competition	   between	   two	   task-‐sets.	   Thus	   participants	   in	   the	   switch-‐

inhibition	  condition	  had	  to	  inhibit	  the	  natural	  tendency	  of	  moving	  the	  objects	  in	  

the	  direction	   of	   an	   arrow	  and	   then	   replacing	   it	   by	   a	   less	   typical	   response.	   The	  

slower	  processing	  speed	  in	  the	  switch-‐inhibition	  condition	  is	  in	  accordance	  with	  
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theories	  proposing	  that	  differences	  between	  updating	  conditions	  in	  Experiment	  

1	  reflect	  the	  ability	  to	  resolve	  response	  competition	  (Engle	  &	  Kane,	  2004;	  Hasher,	  

Zacks,	   &	   May,	   1999).	   We	   argued	   that	   differences	   between	   task	   conditions	   in	  

Experiment	   1	   could	   be	   product	   of	   the	   two	   processes	   discussed	   above	   (viz.,	  

switching	  and	  inhibition).	  	  

Experiment	   2A,	   disentangled	   the	   effect	   of	   the	   inhibition	   of	   a	   prepotent	  

response	   from	   the	   task-‐switching	   effect	   on	   working	   memory.	   Results	   were	  

similar	  to	  those	  in	  Experiment	  1;	  namely,	  there	  was	  a	  slower	  speed	  of	  updating	  

the	  objects	   in	   the	   inhibition	   condition.	  Thus,	   the	   smaller	   rate	  parameter	   in	   the	  

inhibition	  condition	  could	  reflect	  the	  time	  resolving	  response	  competition	  (Engle	  

&	   Kane,	   2004;	   Hasher,	   Zacks,	   &	   May,	   1999).	   Evidence	   favouring	   the	   former	  

interpretation	   can	   be	   extended	   to	   the	   corrected	   accuracies	   of	   Experiment	   2A	  

because	  task	  differences	  in	  the	  r	  parameter	  remained	  after	  their	  correction.	  Data	  

of	  Experiment	  2B	  supported	  also	  the	  inhibition	  hypothesis	  as	  an	  explanation	  of	  

the	  differences	  between	  conditions	  in	  the	  r	  parameter	  because	  the	  updating	  time	  

was	  longer	  in	  the	  inhibition	  condition.  

3.6.5 Particularities	  of	  the	  working-‐memory	  updating-‐paradigm	  

Although	  our	   findings	  can	  be	  generalised	   to	  working	  memory	   in	  general,	   it	  has	  

also	   important	   implications	   for	   understanding	   the	   differences	   between	   the	  

working-‐memory	   updating-‐paradigm	   and	   other	   working	   memory	   paradigms	  

that	   do	   not	   include	   the	   manipulation	   of	   the	   to-‐be-‐remembered	   objects,	   for	  

instance,	  the	  complex	  span	  paradigm.	  As	  it	  has	  been	  noted,	  one	  difference	  lies	  in	  

the	   fact	   that	   in	  our	  working-‐memory	  updating-‐paradigm	  the	  objects	  have	  to	  be	  

updated	  and	  therefore	  mistakes	  updating	  the	  objects	  could	  affect	  their	  accuracy	  

at	  recall.	  In	  this	  section,	  two	  plausible	  reasons	  describe	  how	  the	  updating	  phase	  

affected	  the	  accuracies	  of	  our	  tasks.	  	  

First,	   the	   present	   study	   shows	   that	   moving	   an	   object	   in	   the	   opposite	  

direction	  of	  an	  arrow	  is	  prone	  to	  error	  and	  that	  it	  costs	  time.	  Those	  findings	  were	  

showed	  by	   the	  φ	   estimates	   –in	   Experiments	   1	   and	   2A–	   and	   by	   the	   differences	  

between	  updating	  conditions	  in	  response	  times	  and	  accuracies	  in	  Experiment	  2B.	  

Thus,	   to	   update	   an	   object	   affect	   its	   accuracy	   at	   recall	   and	   its	   updating	   speed.	  

These	   findings	   are	   in	   agreement	   with	   a	   recent	   study	   showing	   that	   different	  
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components	   of	   working-‐memory	   updating	   affect	   the	   accuracies	   at	   recall	   and	  

response	   times	   (Ecker,	   Lewandowsky,	   Oberauer,	   &	   Chee,	   2010).	   Ecker	   and	  

colleagues	   proposed	   an	   experimental	   decomposition	   of	   working-‐memory	  

updating	  in	  terms	  of	  three	  processes:	  retrieval,	  transformation,	  and	  substitution.	  

In	  the	  context	  of	  the	  present	  work	  we	  can	  exemplify	  these	  components	  as	  follow:	  

retrieval	   is	  comparable	  to	  spread	  the	  activation	  of	  one	  object	   from	  the	  features	  

layer	  to	  the	  focus	  layer;	  transformation	  is	  analogous	  to	  the	  process	  of	  shifting	  an	  

object	  from	  one	  location	  to	  another	  location;	  and	  substitution	  can	  be	  exemplified	  

by	  assuming	  that	  after	  shifting	  an	  object	  to	  a	  location	  the	  old	  location	  has	  to	  be	  

substituted	   by	   the	   new	   location.	   Their	   analyses	   revealed	   that	   the	   process	   of	  

retrieval,	   transformation,	   and,	   to	   a	   lesser	   degree,	   substitution	   affected	   the	  

accuracy	  of	   their	  working-‐memory	  updating-‐tasks.	   Similarly,	   response	   times	   in	  

their	   working-‐memory	   updating-‐task	   were	   affected	   by	   transformation,	   and	  

substitution,	  but	  not	  by	  retrieval.	  The	  study	  at	  hand	  distinguished	  two	  types	  of	  

errors	  in	  accuracy	  at	  recall:	  errors	  due	  to	  failures	  shifting	  an	  object	  (i.e.,	  error	  as	  

a	  consequence	  of	   transformation)	  and	  errors	  due	   to	   forgetting.	  Specifically,	   the	  

effects	  on	  the	  response	  times	  were	  given	  by	  shifting	  objects	  from	  one	  location	  to	  

another	   location,	   switching	  between	   two	   task-‐sets	   and	   inhibition.	  According	   to	  

the	  framework	  of	  Ecker	  et	  al.	  the	  last	  three	  processes	  can	  be	  encapsulated	  by	  the	  

term	  of	  transformation.	  

Second,	   the	   task	   conditions	   used	   through	   the	   present	   study	   involved	   in	  

some	   degree	   the	   three	   executive	   functions	   proposed	   by	   Miyake,	   Friedman,	  

Emerson,	   Witzki,	   &	   Howerter,	   (2000):	   task-‐set	   switching,	   inhibition	   and	  

updating.	   Therefore,	   individual	   differences	   in	   these	   executive	   functions	   could	  

affect	   the	   accuracy	   of	   recalling	   the	   objects.	   In	   fact,	   the	   data	   showed	   that	   the	  

variance	  components	  did	  not	   included	  zero	   in	  their	  confidence	   intervals,	  which	  

could	  be	  interpreted	  as	  evidence	  of	   individual	  differences	  (for	  details	  see	  Table	  

3.4	  and	  Table	  3.8).	  Specifically,	  the	  reliable	  intercept	  of	  rate	  parameter	  in	  the	  IMX	  

reflects	   the	   average	   speed	   of	   update	   the	   objects	   (i.e.,	   the	   grand	  mean)	  when	   a	  

switching	  task	  process	  and	  inhibition	  were	  involved	  in	  shifting	  objects	  across	  the	  

grid.	   The	   X	   parameter	   revealed	   individual	   differences	   in	   susceptibility	   to	  

irrelevant	  information	  as	  a	  consequence	  of	  a	  fail	  inhibiting	  incompatible	  stimuli-‐

response	  mappings.	  	  
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For	   these	   two	   reasons:	   effects	   of	   updating	   on	   accuracy;	   and	   individual	  

differences	  in	  task-‐switching,	   inhibition,	  and	  the	  speed	  of	  updating	  forthcoming	  

studies	   planning	   to	   use	   the	   accuracies	   as	   an	   indicator	   of	   forgetting	   in	   WMC	  

should	   take	   into	   account	   experimental,	   statistic	   or/and	   formal	   corrections	   for	  

estimating	  the	  accuracy	  of	  recalling	  objects	  in	  working-‐memory	  updating. 

3.6.6 Conclusions	  

The	   present	   study	   implemented	   and	   tested	   the	   success	   of	   different	   formal	  

models	  accomplishing	  causes	  of	  forgetting	  and	  inhibition	  in	  WMC.	  In	  the	  course	  

of	  this	  chapter,	  the	  IMX	  has	  been	  regarded	  as	  the	  most	  promising	  proposal	  fitting	  

the	  dynamics	  between	  causes	  of	  forgetting	  and	  inhibition	  as	  a	  process	  that	  aids	  

working	   memory.	   Our	   study	   specifically	   indicates	   that	   inhibition	   aids	   to	  

effectively	   manipulate	   the	   memoranda	   when	   incompatible	   stimulus-‐response	  

mappings	  are	  involved	  in	  a	  working-‐memory	  updating-‐task,	  and	  that	  deficiencies	  

in	   inhibition	  affect	  working	  memory	  by	  increasing	  the	  involuntary	  activation	  of	  

irrelevant	   information,	   reducing	   the	   processing	   speed,	   and	   hindering	   the	  

accuracy	  of	  recalling	  objects.	  
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4 General	  summary	  and	  conclusions	  	  

The	   last	   three	   decades	   of	   research	   have	   substantially	   increased	   our	  

understanding	  of	  working	  memory,	  but	  questions	  about	  limitations	  of	  WMC	  still	  

remain	   largely	   unresolved.	   On	   the	   one	   hand,	   frameworks	   proposing	   limited	  

resources,	  time-‐based	  decay,	  or	  interference	  as	  the	  main	  cause	  of	  forgetting	  have	  

competed	  with	  each	  other	  without	  a	   clear	   front-‐runner	  emerging.	  Nonetheless,	  

recent	   evidence	   as	   well	   as	   the	   studies	   presented	   here	   indicate	   that	   an	  

interference	   framework	   appears	   to	   be	   the	   most	   promising	   approach	   for	   an	  

understanding	   of	   the	   causes	   of	   forgetting	   in	   WMC.	   On	   the	   other	   hand,	   an	  

understanding	  of	  WMC	  not	  only	  requires	  to	  considerate	  of	  causes	  of	   forgetting,	  

but	  also	   clarification	  of	   the	   role	  of	   cognitive	  processes	  aiding	  maintenance	  and	  

manipulation	  of	  representations	  of	  objects	  in	  working	  memory.	  Here	  attentional	  

control	   and	   inhibition	   have	   been	   regarded	   as	   critical	   for	   advancing	   our	  

knowledge	  about	  WMC	  and	  individual	  differences	  associated	  with	  them.	  

This	  thesis	  examined	  the	  role	  of	  attentional	  control	  and	  the	  inhibition	  of	  

prepotent	  responses	   in	  WMC.	   In	  Chapter	  2,	  we	  showed	  that	  attentional	  control	  

plays	   an	   important	   role	   across	   the	   lifespan.	  Chapter	   compared	   children,	   young	  

adults,	   and	   old	   adults	   in	   a	   working-‐memory	   updating-‐task	   with	   two	   updating	  

conditions:	   the	   control	   condition	   and	   the	   go/no-‐go	   condition.	   The	   IM	   was	  

simultaneously	  fitted	  to	  data	  of	  all	  subjects	  of	  these	  groups.	  The	  model	  included	  

the	  sc	  parameter	  with	  the	  aim	  of	  estimating	  the	  time	  for	  switching	  from	  go	  steps	  

to	   no-‐go	   steps.	   We	   argued	   that	   this	   parameter	   reflects	   either	   the	   time	   for	  

stopping	  the	  tendency	  to	  update	  a	  stimuli	  or	  the	  time	  to	  remove	  the	  update	  task	  

set	  and	  replace	  it	  with	  the	  do	  not	  updated	  task	  set.	  Nevertheless,	  irrespective	  of	  

the	   precise	   mechanism	   underlying	   the	   sc	   parameter	   both	   processes	   involve	  

attentional	  control.	  The	  larger	  values	  estimated	  for	  children’s	  and	  old	  adults’	  sc	  

parameters	  also	  reduced	  the	  time	  dedicated	  to	  complete	  the	  previous	  updating	  

step.	  Therefore,	  the	  lower	  accuracy	  of	  children	  and	  old	  adults	  could	  also	  be	  due	  

to	   a	   smaller	   proportion	   of	   time	   for	   updating.	   Differences	   due	   to	   forgetting-‐

related	  mechanisms	  are	  reflected	  in	  the	  C	  and	  σ	  parameters.	  Children	  were	  most	  
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susceptible	  to	  interference	  by	  confusion	  and	  old	  adults	  were	  more	  susceptible	  to	  

interference	  by	  feature	  overwriting	  than	  young	  adults.	  

The	  study	  in	  Chapter	  2	  showed	  that	  old	  adults	  need	  more	  time	  to	  update	  

the	   stimuli,	   which	   is	   in	   agreement	   with	   theories	   proposing	   an	   age-‐related	  

reduction	   of	   processing	   speed	   (Salthouse,	   1996).	   The	   study	   brought	   also	  

evidence	   of	   individual	   differences	   in	   the	   two	   forgetting-‐related	   mechanisms,	  

speed	   of	   processing	   and	   attentional	   control.	   In	   summary,	   Chapter	   2	   indicated	  

that	  control	  of	  attention,	  speed	  of	  processing,	  and	  forgetting-‐related	  mechanisms	  

contribute	  to	  explaining	  limits	  of	  WMC	  across	  the	  lifespan.	  	  

In	  Chapter	  3,	  we	  tested	  different	  models	  of	  the	  limits	  of	  WMC	  in	  order	  to	  

examine	  the	  role	  of	  inhibition:	  two	  versions	  of	  the	  resource	  models,	  two	  versions	  

of	  the	  decay	  model,	  and	  three	  versions	  of	  the	  IM.	  In	  two	  experiments,	  one	  version	  

of	  the	  IM	  received	  more	  statistical	  support	  than	  the	  other	  two	  (i.e.,	  the	  IMX).	  The	  

supported	   version	   suggests	   smaller	   rates	   of	   processing	   speed	   in	   the	   switch-‐

inhibition	   condition	   and	   in	   the	   inhibition	   condition	   than	   those	   showed	   by	   the	  

control	   condition.	   The	   performance	   of	   participants	   in	   Experiment	   1	   and	  

Experiment	  2A	  was	  worse	   in	  conditions	   including	   inhibition.	  The	  IMX	  indicates	  

that	   involuntary	  activation	  of	   irrelevant	   locations	  increases	  memory	  demand	  in	  

conditions	   involving	   incompatible	   stimulus-‐response	   mappings.	   However,	  

notwithstanding	  differences	  in	  accuracy	  at	  recall	  as	  a	  result	  of	  an	  increase	  in	  the	  

memory	   demand,	   a	   small	   but	   reliable	   proportion	   of	   errors	   recalling	   object	  

locations	  was	   related	   to	   failures	   in	   updating	   objects.	   In	   a	   reanalysis	   of	   data	   of	  

Experiment	  2A,	  we	  subtracted	  error	  rates	  due	  to	  failures	  in	  updating	  objects.	  The	  

parameter	   reflecting	   an	   increase	   in	   memory	   demand	   remained	   significant,	  

thereby	   bringing	   further	   support	   to	   the	   assumption	   of	   irrelevant	   locations	  

degrading	  the	  representations	  of	  objects	  to	  be	  remembered.	  	  

Chapter	   3	   showed	   that	   individual	   differences	   in	   interference	   by	   feature	  

overwriting,	  interference	  by	  confusion,	  speed	  of	  processing,	  and	  susceptibility	  to	  

irrelevant	  information	  all	  contribute	  to	  an	  understanding	  of	  the	  limits	  of	  WMC.	  

The	   findings	   of	   Chapter	   2	   and	   Chapter	   3	   suggest	   interference-‐related	  

mechanisms	  as	  the	  primary	  cause	  of	  forgetting	  in	  working	  memory.	  At	  the	  same	  

time,	  the	  present	  thesis	  indicates	  that	  incompatible	  stimulus-‐response	  mappings	  
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reduces	  speed	  of	  processing,	  increases	  the	  probability	  of	  an	  erroneous	  updating,	  

and	  promotes	  the	  activation	  of	  irrelevant	  locations	  in	  working	  memory.	  	  

This	   thesis	   has	   helped	   to	   clarify	   the	   relationships	   between	   causes	   of	  

forgetting	   and	   inhibition	   in	   WMC.	   However,	   a	   recent	   study	   proposes	   that	   the	  

inhibition	   effect	   on	   WMC	   is	   only	   connected	   to	   time	   (Barrouillet,	   Portrat,	   &	  

Camos,	  2011).	  Barrouillet,	  Portrat,	  and	  Camos	  (2011)	  addressed	  this	  relationship	  

in	  the	   framework	  of	   the	  time-‐based	  resource-‐sharing	  (TBRS)	  model	  of	  working	  

memory	   (Barrouillet,	  Bernardin,	  &	  Camos,	   2004).	  The	  TBRS	  model	   is	   the	  most	  

successful	  model	  proposing	  time-‐based	  decay	  of	  memory	  traces;	   therefore,	   it	   is	  

worth	   discussing	   the	   present	   set	   of	   findings	   in	   the	   context	   of	   the	   outcomes	   of	  

Barrouillet,	  Portrat,	  and	  Camos	  (2011).	  	  

In	   the	   last	  sections	  of	   this	   thesis	  we	  examine	   the	  current	   findings	   in	   the	  

context	  of	  the	  study	  of	  Barrouillet,	  Portrat,	  and	  Camos	  (2011).	  Then,	  we	  present	  

evidence	   supporting	   individual	   differences	   in	   the	   effects	   that	   incompatible	  

stimulus-‐response	  mappings	  have	  on	  working	  memory:	  a	  slowdown	  in	  the	  speed	  

of	   processing,	   a	   higher	   probability	   of	   erroneously	   updating	   an	   object,	   and	   the	  

involuntary	  activation	  of	  irrelevant	  information.	  	  

4.1 The	  TBRS	  model	  

Barrouillet,	   Portrat,	   and	   Camos	   (2011)	   addressed	   the	   relationships	  

between	   storage	   and	   processing.	   The	   processing	   component	   of	   their	   study	  

involved	  executive	  functions	  as	  the	  inhibition	  of	  a	  prepotent	  response,	  updating	  

of	  working	  memory,	   response	   selection,	   and	   retrieval	   from	   long-‐term	  memory.	  

They	   examined	   the	   effects	   of	   these	   executive	   functions	   on	   the	   storage	   of	  

working-‐memory	  objects	  in	  the	  light	  of	  TBRS	  model.	  	  

Figure	  4.1	  outlines	  core	  constructs	  of	  the	  TBRS	  model	  illustrated	  with	  an	  

operation	   span	   task	   (Barrouillet,	   Portrat,	   &	   Camos,	   2011).	   Figure	   4.1	   shows	   a	  

trial	   in	   which	   letters	   are	   presented	   for	   further	   recall.	   Between	   encoding,	  

multiplications	   are	   displayed	   sequentially	   and	   participants	   are	   requested	   to	  

verify	  whether	  they	  are	  correct	  or	  incorrect	  (e.g.,	  by	  pressing	  a	  key).	  The	  time	  for	  

deciding	  whether	  an	  equation	  is	  correct	  or	  incorrect	  is	  constant	  across	  the	  trial	  

(i.e.,	   1900-‐ms).	   In	   the	   example,	   the	   response	   time	   for	   equation	   2	   X	   4	   =	   7	  was	  

1100-‐ms	  and	   the	  remaining	   time	  before	   the	  presentation	  of	   the	  next	  operation	  
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was	  800-‐ms.	  The	  TBRS	  model	  assumes	  that	  a	  proportion	  of	  this	  time	  is	  dedicated	  

to	   processing	   (i.e.,	   solving	   the	   equation)	   and	   another	   part	   is	   devoted	   to	  

refreshing	  the	  letter(s).  

	  
Figure	  4.1.	  Assumptions	  of	  the	  TBRS	  model	  sketched	  in	  the	  context	  of	  an	  operation	  span	  task. 

Figure	  4.1	   sketches	  encoding	   time	  by	  a	  black-‐shadowed	  area	   (i.e.,	  1000-‐

ms),	   processing	   time	   by	   a	   grey-‐shadowed	   area	   (i.e.,	   1100-‐ms),	   and	   refreshing	  

time	  by	  a	  blue-‐shadowed	  area	  (i.e.,	  800-‐ms).	  For	  simplicity,	  we	  assume	  that	  the	  

processing	  time	  and	  consequently	  the	  time	  for	  refreshing	  is	  constant	  across	  the	  

trial.	  

In	   the	   TBRS	   model,	   attention	   is	   engaged	   to	   refresh	   objects	   through	  

attentional	  focusing	  and	  to	  process	  representations	  by	  its	  construction,	  selection,	  

and	  transformation.	  The	  model	  proposes	  a	  notion	  of	  a	  central	  bottleneck	  to	  the	  

functioning	  of	  attention.	  Once	  attention	   is	  occupied	   in	  processing	  activities	   it	   is	  

not	   available	   to	   refresh	   the	   memoranda.	   A	   prediction	   derived	   from	   this	  

framework	   indicates	  that	   long	   intervals	  of	  processing	  activities	  have	  a	  negative	  
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effect	   on	   the	   stored	   objects	   because	   they	   prevent	   the	   reactivation	   of	   memory	  

traces.	  	  

The	   metric	   defining	   the	   proportion	   of	   time	   during	   which	   a	   given	   task	  

captures	  attention	  is	  the	  cognitive	  load	  (CL)	  and	  it	  is	  given	  by	  

𝐶𝐿 = 𝑡!/𝑇,         (24) 

where	  ta	  is	  the	  time	  in	  which	  attention	  is	  captured	  by	  the	  processing	  activity	  and	  

T	  is	  the	  total	  time	  between	  memoranda.	  In	  the	  example,	  the	  total	  time	  T	  is	  5700-‐

ms	  and	  the	  time	  ta	  is	  1100-‐ms	  X	  3	  =	  3300-‐ms,	  thus,	  the	  CL	  is	  3300	  /	  5700	  =	  0.57.	  

Barrouillet	  and	  colleagues	  (2011)	  showed	  that	  regardless	  of	  the	  nature	  of	  

the	   processing	   activity	   –	   updating,	   inhibition	   of	   prepotent	   responses,	   retrieval	  

from	  long-‐term	  memory	  and	  response	  selection	  –	   the	  most	   important	  aspect	   is	  

the	  proportion	  of	   time	  dedicated	  to	   the	  processing	  activity,	  which	  changes	  as	  a	  

consequence	   of	   the	   particular	   executive	   function.	   Specifically,	   that	   study	  

suggested	  CL	  as	  the	  mechanism	  governing	  a	  strong	   linear	  relationship	  between	  

storage	  and	  processing.	  	  

	   Although	   this	   thesis	   did	   not	   test	   the	   TBRS	   model,	   there	   are	   some	  

assumptions	  that	  this	  model	  shares	  with	  the	  decay	  model	  2.	  Thus,	  these	  models	  

make	  similar	  predictions	  regarding	  the	  effect	  of	   inhibition	  on	  WMC.	  On	  the	  one	  

hand,	  the	  decay	  model	  2	  and	  the	  TBRS	  model	  propose	  interplay	  between	  decay	  

and	   reactivation	   as	   a	   common	   assumption.	   Both	  models	   assume	   that	   retrieval,	  

updating,	  and	  reactivation	  cannot	  simultaneously	  take	  place	  because	  they	  share	  

attention	  as	  the	  same	  resource	  for	  those	  cognitive	  activities.	  Thus,	  these	  models	  

predict	   that	   incompatible	   stimulus-‐response	   mappings	   prolong	   the	   time	   for	  

updating.	   In	   the	   context	   of	   the	   present	   memory-‐updating	   paradigm	   the	   TBRS	  

model	   predicts	   longer	   updating	   times	   and	   shorter	   reactivation	   times	   for	  

conditions	  including	  inhibition,	  which	  translate	  in	  a	  larger	  CL.	  Likewise	  the	  decay	  

model	   2	   predicts	   that	   the	   retrieval	   in	   conditions	   including	   inhibition	   may	   fail	  

because	  memory	  traces	  decay	  for	  longer	  time	  and	  because	  a	  larger	  proportion	  of	  

time	  allocated	   for	  updating	   increases	   the	  probability	  of	   an	  erroneous	   retrieval.	  

This	   erroneous	   retrieval	   was	   related	   to	   more	   noise	   in	   conditions	   including	  

inhibition.	  On	  the	  other	  hand,	  the	  TBRS	  model	  and	  the	  decay	  model	  2	  don’t	  have	  

a	   mechanism	   for	   explaining	   how	   an	   irrelevant	   object	   affects	   the	   storage	   of	  

objects.	   In	   the	  context	  of	   these	  models,	  a	   further	  but	   irrelevant	  object	  does	  not	  
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disturb	   working	   memory	   because	   it	   is	   not	   reasonable	   to	   assume	   that	   an	  

irrelevant	  object	  captures	  a	  substantial	  proportion	  of	  time	  for	  reactivation.	  	  

The	   findings	   of	  Barrouillet,	   Portrat,	   and	  Camos	   (2011)	   come	   from	   tasks	  

that	   involve	   the	   passive	   storage	   of	   the	   memoranda.	   Conversely,	   our	   working-‐

memory	   updating-‐paradigm	   involves	   the	   active	   manipulation	   of	   the	   to-‐be-‐

remembered	   objects.	   In	   that	   respect,	   it	   is	   possible	   to	   argue	   that	   differences	  

between	   the	   control	   condition	   and	   conditions	   including	   inhibition	   are	   due	   to	  

errors	   updating	   the	   objects.	   However,	   in	   the	   course	   of	   this	   thesis	   has	   been	  

showed	  that	  error	  rates	  due	  to	  updating	  are	  neither	  the	  only	  nor	  the	  main	  factor	  

in	   explaining	   the	   differences	   between	   the	   control	   condition	   and	   conditions	  

including	  inhibition.	  	  

In	   short,	   the	   strong	   evidence	   of	   three	   effects	   of	   incompatible	   stimulus-‐

response	   mappings	   on	   working	   memory5,	   the	   lack	   of	   support	   to	   a	   model	  

assuming	   a	   trade-‐off	   between	   decay	   and	   reactivation,	   and	   the	   absence	   of	  

mechanisms	  explaining	  the	  effects	  of	  irrelevant	  objects	  on	  working	  memory	  calls	  

into	  question	  the	  proposal	  of	  Barrouillet,	  Portrat,	  and	  Camos	  (2011).	  	  

4.2 Evidence	   of	   individual	   differences	   in	   the	   effective	   attentional	  

control	  of	  incompatible	  stimulus-‐response	  mappings	  

Chapter	  2	  brings	  evidence	  for	  inter-‐individual	  differences	  in	  the	  speed	  of	  

switching	   from	   go	   steps	   to	   no-‐go	   steps	   (see	   variance	   components	   of	   the	   sc	  

parameter	   in	   Table	   2.5).	   Chapter	   3	   indicates	   that	   participants	   vary	   in	   how	  

incompatible	  stimulus-‐response	  mappings	  increase	  the	  probability	  of	  incorrectly	  

updating	  an	  object,	  and	  in	  how	  participants	  differ	   in	  susceptibility	  to	   irrelevant	  

information	  (see	  the	  variance	  components	  of	  the	  IMφ	  and	  the	  IMX	  in	  Table	  3.8).	  

Thus,	  the	  present	  thesis	  suggest	  that	   individual	  differences	  in	  WMC	  can	  be	  also	  

due	  to	  the	  effective	  inhibition	  of	  dominant	  but	  inappropriate	  responses,	  and	  due	  

to	  the	  effective	  attentional	  control	  of	  irrelevant	  information.	  

Studies	   supporting	   susceptibility	   to	   irrelevant	   information	   have	   shown	  

that	   groups	  of	   individuals	   categorized	  by	   their	  WMC	   (i.e.,	   low-‐span	   individuals	  

and	   high-‐span	   individuals)	   differ	   in	   that	   respect.	   Conway,	   Cowan,	   &	   Bunting	  
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(2001)	   conducted	   a	   study	   that	   compared	   the	   performance	   of	   low-‐span	  

individuals	  with	  high-‐span	  individuals	  in	  the	  dichotic	  listening	  procedure.	  In	  that	  

study,	  participants	  were	  exposed	  to	  different	  auditory	  streams	  in	  two	  channels;	  

their	  task	  was	  to	  repeat	  aloud	  the	  words	  presented	  in	  a	  relevant	  channel	  (i.e.,	  the	  

shadowing	   task)	   and	   to	   ignore	   the	   words	   in	   an	   irrelevant	   channel.	   After	   the	  

shadowing	   task	   65%	   of	   the	   participants	   belonging	   to	   the	   low-‐span	   group	  

reported	  hearing	  their	  own	  name,	  while	  only	  a	  20%	  of	  the	  high-‐span	  participants	  

reported	  their	  name.	  Conway	  et.	  al.	  interpreted	  these	  findings	  as	  an	  evidence	  of	  a	  

higher	  difficulty	  of	  the	  low-‐span	  participants	  blocking	  out	  or	  inhibiting	  irrelevant	  

information.	  

Heitz	   and	   Engle	   (2007)	   brought	   further	   evidence	   of	   susceptibility	   to	  

irrelevant	  information	  in	  a	  study	  that	  compared	  low-‐span	  individuals	  with	  high-‐

span	  individuals	  in	  the	  Eriksen	  flanker	  task.	  In	  this	  particular	  study,	  participants	  

were	   required	   to	   identify	   a	   target	   letter	   (e.g.,	   H	   or	   S)	   with	   compatible	   (e.g.,	  

HHHHHHH)	  or	  incompatible	  letters	  flanking	  it	  (e.g.,	  SSSHSSS).	  The	  study	  showed	  

that	   the	   high-‐span	   group	   was	   significantly	   more	   accurate	   and	   faster	   in	  

identifying	  target	  letters	  in	  incompatible	  strings	  than	  the	  low-‐span	  group.	  Thus,	  

the	   result	   was	   interpreted	   as	   reflecting	   a	   higher	   ability	   of	   the	   high-‐span	  

individuals	  in	  selecting	  target	  letters	  and	  ignoring	  distracting	  letters.	  	  

Furthermore,	  some	  studies	  using	  short-‐term	  recognition	  paradigms	  have	  

provided	   neurophysiological	   evidence	   tracing	   differences	   between	   low-‐span	  

individuals	   and	   high-‐span	   individuals	   to	   the	   ability	   of	   selecting	   relevant	  

information	   (Jost,	   Bryck,	   Vogel,	   &	   Mayr,	   2011;	   Sauseng	   et	   al.,	   2009;	   Vogel,	  

McCollough,	  &	  Machizawa,	  2005).	  Behavioural	  and	  neurophysiological	  evidence	  

have	  been	  also	  found	  for	  the	  ability	  of	  filtering	  distractors	  on	  the	  basis	  of	  spatial	  

locations	  (Vogel,	  McCollough,	  &	  Machizawa,	  2005).	  

Overall,	   the	   studies	   presented	   above	   support	   the	   suggestion	   that	  

individual	  differences	  in	  WMC	  are	  also	  due	  to	  the	  efficient	  control	  of	  compatible	  

and	  incompatible	  stimulus-‐response	  mappings	  (Heitz	  &	  Engle,	  2007)	  and	  due	  to	  

susceptibility	   to	   irrelevant	   information	  (Conway,	  Cowan,	  &	  Bunting,	  2001;	   Jost,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  The	   three	   effects	   refer	   to:	   a	   slow	   down	   in	   the	   speed	   of	   processing,	   a	   higher	   probability	   of	  
commit	  an	  error	  when	   incompatible	  stimulus-‐response	  mappings	  are	   involved	   in	  manipulation	  
of	  the	  memoranda,	  and	  the	  involuntary	  activation	  of	  irrelevant	  information.	  
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Bryck,	   Vogel,	   &	   Mayr,	   2011;	   Sauseng	   et	   al.,	   2009;	   Vogel,	   McCollough,	   &	  

Machizawa,	  2005).  

4.3 Conclusions	  

 This	  thesis	  has	  provided	  evidence	  of	  interference-‐related	  mechanisms	  as	  

the	  main	  cause	  of	  forgetting,	  and	  it	  has	  attempted	  to	  clarify	  the	  role	  of	  inhibition	  

and	  attentional	  control	  in	  working	  memory.	  With	  the	  implementation	  of	  formal	  

models	   and	   experimental	  manipulations	   in	   the	   framework	   of	   nonlinear	  mixed	  

models	   the	   data	   offered	   explanations	   of	   causes	   of	   forgetting	   and	   the	   role	   of	  

inhibition	  in	  WMC	  at	  different	  levels:	  developmental	  effects,	  aging	  effects,	  effects	  

related	  to	  experimental	  manipulations	  and	  individual	  differences	  in	  these	  effects.	  

Thus,	  the	  present	  approach	  afforded	  a	  comprehensive	  view	  of	  a	  large	  number	  of	  

factors	  limiting	  WMC.	  	  
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6 Appendix	  	  

6.1 The	  Interference	  model	  

The	  proportion	  of	  not	  overwritten	  features	  for	  one	  location	  directly	  translates	   into	  the	  

asymptotic	  activation	  level	  of	  the	  target	  location,	  Ai:	  	  

𝐴!   =      (1  –   𝐶/2)!!!         (A1)  

where	  n	  is	  number	  of	  objects	  in	  working	  memory	  (i.e.,	  memory	  demand).	  The	  activation	  

of	  location	  i	  depends	  on	  the	  time	  available	  for	  retrieving	  it.	  The	  activation	  of	  location	  i	  at	  

time	  t	  is	  described	  by	  a	  negatively	  accelerated	  function	  (McClelland,	  1979):	  

𝑎!(𝑡)   =   𝐴𝑖  (1− exp(−𝑡𝑟)).        (A2)  

Here,	   ai	   (t)	   represents	   the	   activation	   of	   location	   i	   at	   time	   t,	   t	   is	   the	   time	   since	   the	  

beginning	  of	  the	  retrieval	  process,	  and	  r	  is	  the	  processing	  rate.	  To	  compute	  the	  activation	  

of	  a	  target	  location	  after	  a	  given	  time	  t,	  we	  insert	  equations	  A1	  and	  A2	  into	  equation	  A3:	  

𝑎!(𝑡) =    (1  –   𝐶/2)!!!  (1− exp(−𝑡𝑟))      (A3) 

As	   a	   consequence	   of	   the	   feature	   overwriting	   of	   n-‐1	   locations,	   the	   competitor	   also	  

receives	  a	  part	  of	  its	  maximum	  activation.	  In	  general,	  the	  level	  of	  activation	  of	  remaining	  

competitor	  locations	  is	  defined	  as:	  

𝑎! t =    (𝐶/2)  (1− 𝐶/2)!!!  (1  –   exp(−𝑡𝑟))     (A4) 

However,	   activation	   is	   noisy.	   The	   activation	   levels	   ai(t)	   and	   aj(t)	   must	   therefore	   be	  

interpreted	   as	   expected	   values	   of	   random	   variables.	   The	   probability	   that	   the	   target	  

location	   i	   is	   actually	   the	   one	   with	   the	   highest	   activation	   is	   given	   by	   the	   Boltzmann	  

equation	  (Anderson	  &	  Lebiere,	  1998,	  p.	  90).	  Therefore,	  the	  IM	  expresses	  the	  probability	  

of	  selecting	  the	  target	  location	  i	  among	  n	  locations	  by	  that	  equation:	  	  

𝑝! =
!"#(!!/!)
!"#!

!!! (!!/!)
 ,         (A5) 

where	  pi	   represents	  the	  selection	  probability	  of	   the	  target	   location	   i,	  with	  activation	  ai,	  

(omitting	  the	  time	  index	  for	  simplicity)	  in	  the	  presence	  of	  all	  n	  locations	  (with	  activation	  

levels	  aj)	  that	  are	  concurrently	  occupied	  by	  objects	  bound	  to	  them	  in	  working	  memory.	  

Parameter	   T	   is	   the	   noise	   in	   the	   system,	   which	   relates	   to	   the	   standard	   deviation	   of	  

activation	  by	  T=	  sqrt(6)*σ/π;	  where	  σ	  is	  a	  free	  parameter	  reflecting	  activation	  noise.	  In	  

addition,	   the	   model	   takes	   into	   account	   the	   possibility	   that	   locations	   not	   currently	  
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occupied	  by	  objects	  are	  erroneously	  retrieved	  due	  to	  noise.	  All	  grid	  locations	  that	  are	  not	  

among	   the	   n	   locations	   currently	   bound	   to	   objects	   are	   assumed	   to	   have	   an	   expected	  

activation	   value	   of	   zero.	   The	   three	   by	   four	   grid	   contains	   twelve	   possible	   locations.	  

Therefore,	  the	  number	  of	  unoccupied	  locations	  is	  given	  by	  12-‐n.	  Thus,	  we	  expanded	  Eq.	  

(A5)	  to:	  

𝑝! =
!"#(!!/!)

!"# !!//! !   !!! !"# !!  /! !   !"!! !"#  (! !)
     (A6) 

In	  the	  case	  of	  complete	  forgetting	  participants	  are	  forced	  to	  select	  one	  of	  the	  twelve	  cells	  

in	  the	  three	  by	  four	  grid.	  Hence,	  the	  chance	  to	  guess	  the	  correct	  location	  is	  1/12th.	  Thus,	  

accuracy	  of	  recalling	  each	  is	  computed	  as:	  

𝑃! = 1 12+ 1− 1 12 𝑝!!𝑝!!.       

 (A7) 

Here,	  Pi	  is	  the	  probability	  to	  recall	  the	  correct	  location	  of	  object	  i	  at	  the	  end	  of	  the	  trial;	  m	  

expresses	   the	   number	   of	   updating	   operations	   applied	   to	   object	   i,	   pi	   the	   probability	   of	  

success	  in	  a	  single	  updating	  step,	  and	  𝑝!!	  represents	  the	  probability	  to	  succeed	  in	  the	  final	  

retrieval,	  which	   is	   computed	   in	   the	   same	  way	   as	  pi,	   but	  with	   processing	   time	   t	   set	   to	  

infinity,	  because	  there	  was	  no	  time	  limit	  for	  retrieval.	  	  

For	  the	  go/no-‐go	  condition	  the	  probability	  to	  recall	  the	  location	  of	  object	  i	  at	  the	  

end	  of	  the	  trial	  was	  computed	  slightly	  differently.	  We	  doubled	  in	  the	  model	  the	  time	  t	  for	  

an	  updating	  step	  followed	  by	  a	  no-‐go	  step,	  compared	  to	  an	  updating	  step	  that	  is	  followed	  

by	   another	   updating	   step.	   The	   activation	   resulting	   from	   an	   updating	   step	   that	   was	  

followed	  by	  a	  no-‐go	  updating	  step	  was	  therefore	  given	  as:	  

  𝑎!(!"!/!"!!")(𝑡)   =   𝐴𝑖  (1− exp(−(2𝑡 − 𝑠𝑐)𝑟)).     (A3a) 

The	  parameter	  sc	  in	   this	  equation	  to	  reflect	   the	  time	  cost	  of	  switching	  between	  go	  and	  

no-‐go	   steps.	   In	   the	   go/no-‐go	   condition,	   the	   activation	   for	   an	   updating	   step	   that	   was	  

followed	   by	   another	   updating	   step	   was	   modelled	   as	   for	   the	   go	   condition	   given	   by	  

equation	  A3.	  Both	  activations	  were	  transferred	  to	  equation	  A7.	  The	  probability	  to	  recall	  

the	  location	  of	  object	  i	  at	  the	  end	  of	  the	  trial	  for	  the	  go/no-‐go	  condition	  therefore	  is	  given	  

by:	  

𝑃! = 1 12+ 1− 1 12 𝑝!!!!𝑝!!!!𝑝!  ! ,                                                                                  (A7a) 

with  𝑝!!!!,	   representing	   the	   success	   probability	   of	   an	  updating	   step	   that	   is	   followed	  by	  

another	  updating	  step;	  where	  m1	  is	  the	  average	  number	  of	  go	  steps	  followed	  by	  other	  go	  
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steps.	   The	   second	   probability,	  𝑝!!!!,	   represents	   the	   success	   probability	   of	   an	   updating	  

step	   that	   is	   followed	  by	  a	  no-‐go	   step,	  with	  m2	   representing	   the	  average	  number	  of	   go	  

steps	  followed	  by	  no-‐go	  steps.	  	  

Additionally	   the	   IM	   takes	   into	   account	   that	   updating	   an	   object	   that	   has	   been	  

updated	   on	   the	   immediately	   preceding	   step	   is	   faster	   than	   updating	   another	   item	   in	  

working	   memory	   (Garavan,	   1998;	   Oberauer,	   2002,	   2003).	   To	   account	   for	   this	  

assumption	  in	  the	  formalization,	  the	  IM	  distinguishes	  two	  rate	  parameters,	  r1	  and	  r.	  The	  

rate	  parameter	  r1	  reflects	  the	  speed	  of	  updating	  in	  the	  condition	  with	  memory	  demand	  =	  

1,	  that	  is,	  when	  no	  object	  switch	  is	  necessary.	  The	  rate	  parameter	  r	  reflects	  the	  speed	  of	  

updating	   in	   conditions	   with	   memory	   demand	   >1,	   that	   is	   when	   an	   object	   switch	   is	  

necessary	  between	  every	  updating	  step	  and	  the	  next.	  



 


	Title
	Imprint

	Preamble
	Table of contents
	List of figures
	List of tables
	1 Introduction
	1.1 Formal cognitive models
	1.2 The Interference Model
	1.3 Inhibition as a mechanism that aids working-memory
	1.4 Overview of the present studies
	1.4.1 Working memory capacity in a go/no-go task: age differences in interference, processing speed, and attentional control (Chapter2)
	1.4.2 Dynamics between causes of forgetting and Inhibition in working memory: a formal approach (Chapter3)


	2 Working memory capacity in a go/no‐go task: Age differences in interference, processing speed, and attentional control
	2.1 Abstract
	2.2 Introduction
	2.2.1 The Go/No-go Spatial Updating Task
	2.2.2 The Interference model
	2.2.3 The present study

	2.3 Method
	2.3.1 Subjects
	2.3.2 Material
	2.3.3 Design
	2.3.4 Trial procedure
	2.3.5 Statistical methods

	2.4 Results
	2.5 Discussion
	2.5.1 Speed of processing
	2.5.2 Attentional control

	2.6 Summary

	3 Dynamics between causes of forgetting and inhibition in working memory capacity: a formal approach
	3.1 Abstract
	3.2 Introduction
	3.2.1 The Working-memory updating-task
	3.2.2 The modelling framework
	3.2.3 The resources model
	3.2.4 The decay model
	3.2.5 The IM

	3.3 Experiment 1
	3.3.1 Method
	3.3.1.1 Participants
	3.3.1.2 Material and Design
	3.3.1.3 Trial procedure

	3.3.2 Statistical methods
	3.3.3 Results
	3.3.4 Discussion

	3.4 Experiment 2A
	3.4.1 Method
	3.4.1.1 Participants

	3.4.2 Results
	3.4.3 Discussion

	3.5 Experiment 2B
	3.5.1 Method
	3.5.1.1 Participants
	3.5.1.2 Materials and Design
	3.5.1.3 Trial Procedure

	3.5.2 Results
	3.5.3 Refitting the data of Experiment 2A
	3.5.4 Results and Discussion

	3.6 General Discussion
	3.6.1 Models Analysis across Experiment 1 and Experiment 2A
	3.6.2 Further evidence for the IM assumptions
	3.6.3 The φ and X Parameters: Effects on Accuracy and Storage
	3.6.4 The r parameters: Effects on the speed of processing
	3.6.5 Particularities of the working‐memory updating-paradigm
	3.6.6 Conclusions


	4 General summary and conclusions
	4.1 The TBRS model
	4.2 Evidence of individual differences in the effective attentional control of incompatible stimulus-response mappings
	4.3 Conclusions

	5 References
	6 Appendix
	6.1 The Interference model




