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Abstrac t 

Several authors have distinguished automatic behaviour of rou-
tin e o r  well-leam t  actio n sequence s from  controlle d behaviou r 
of  nove l  actions .  I n thi s pape r  w e presen t  a n interactiv e activa -
tio n mode l  o f  routin e actio n selectio n base d o n th e Contentio n 
Schedulin g theor y o f  Norma n &  Shallic e (1986) .  Th e model , 
develope d i n th e specifi c  domai n o f  coffe e preparation ,  pro -
vide s a  goo d accoun t  o f  norma l  behaviou r  i n a  comple x ye t 
routin e task .  I n addition ,  w e repor t  lesionin g studie s whic h 
sho w breakdow n o f  actio n selectio n qualitativel y simila r  t o tha t 
seen i n a  variet y o f  neurologica l  patient s (actio n disorganisa -
tio n syndrome ,  utilisatio n behaviour ,  an d Parkinson' s disease) . 
Thes e lesionin g studie s ar e base d o n th e systemati c variatio n o f 
critica l  syste m parameters .  Suc h parameters ,  whic h ar e impUci t 
i n al l  interactiv e activatio n models ,  rais e comple x methodolog -
ica l  issue s relatin g t o th e criticalit y  o f  thei r  values .  W e addres s 
thes e issue s b y reportin g result s  o f  a  detaile d exploratio n o f  th e 
paramete r  space . 

Introduction 

Withi n th e psychologica l  literatur e o n actio n ther e i s a  fre -
quen t  distinctio n betwee n tw o qualitativel y differen t  type s o f 
action .  Schneide r  &  Shiffri n (1977) ,  fo r  example ,  distinguis h 
betwee n automati c an d controlle d action ,  wherea s N o r m a n & 
Shallic e (1986 )  distinguis h betwee n routin e an d non-routin e 
action .  Th e distinctio n essentiall y  concern s th e degre e t o 
whic h a n actio n comple x ca n b e carrie d ou t  i n th e absenc e 
of  intentiona l  control ,  an d i s see n mos t  clearl y withi n dual -
tas k situations .  Thus ,  i t  i s  frequentl y possibl e t o carr y ou t  a 
routin e o r  well-practice d tas k (e.g. ,  driving )  whils t  simultane -
ousl y performin g a n attentionall y mor e demandin g tas k (e.g. , 
havin g a  comple x conversation) ,  wit h littl e o r  n o interferenc e 
betwee n th e tasks .  W h e n th e tw o task s ar e bot h attentionall y 
demanding ,  however ,  (e.g. ,  negotiatin g a  ne w se t  o f  road -
work s whils t  havin g a  comple x conversation )  simultaneou s 
performanc e become s ver y difficult . 

No rman &  Shallic e (1986 )  an d Shallic e (1988 )  argu e tha t 
distinc t  cognitiv e system s ar e responsibl e fo r  th e contro l  o f 
routin e an d non-routin e action ,  an d tha t  th e differen t  proper -
tie s o f  thes e tw o form s o f  actio n resul t  fro m difference s i n th e 
system s underlyin g thei r  performance . 

Accordin g t o th e N o r m a n &  Shallic e theory ,  routin e ac -
tio n i s controlle d b y selectio n mechanism s operatin g o n a n 
activation-base d networ k o f  actio n schemas ,  wit h th e selecte d 
schema controllin g action .  The y ter m thi s syste m Contentio n 

Schedulin g (CS) .  Non-routin e action ,  o n th e othe r  hand , 
makes us e o f  a n attentionall y demandin g centra l  process ,  th e 
Supervisor y Attentiona l  Syste m (SAS) .  I n non-routin e situ -
ation s th e S A S control s behaviou r  b y modulatin g th e acti -
vation s o f  schema s i n C S ,  bu t  i n routin e situation s C S m a y 
functio n autonomously . 

Routin e an d non-routin e actio n ar e furthe r  differentiate d 
by th e type s o f  error s whic h characteris e th e domains .  Er -
ro r  type s i n routin e actio n include :  omissio n an d anticipatio n 
error s (i.e. ,  neglectin g t o perfor m a  sub-action ,  o r  perform -
in g on e sub-actio n to o early ,  suc h a s addin g boilin g wate r 
t o a n empt y teapot ,  havin g neglecte d t o first  ad d tea) ;  cap -
tur e error s an d utilisatio n behaviou r  (i n whic h behaviou r  i s 
"captured "  b y th e environmen t  an d diverte d fro m s o m e ini -
tiall y  intende d actio n t o s o m e othe r  environmentall y relevan t 
behaviour) ;  objec t  an d plac e substitution s (i n whic h a n appro -
priat e actio n i s performe d wit h inappropriat e argument s (e.g. , 
havin g prepare d a  m u g o f  coffee ,  puttin g th e coffee ,  instea d o f 
th e milk ,  i n th e fridge) ;  an d perseveration s (i.e. ,  performin g 
on e sub-actio n multipl e times ,  eve n afte r  th e sub-action' s goa l 
has bee n achieved) .  Thes e type s o f  error ,  o r  lapses ,  ar e no t 
observe d i n th e controlle d executio n o f  non-routin e action . 

Th e domai n o f  actio n differ s fro m a  numbe r  o f  othe r  cogni -
tiv e domain s whic h hav e bee n modelle d i n tha t  i t  necessaril y 
involve s scquentiality .  Doma in s suc h a s visua l  processing , 
objec t  recognition ,  an d reading ,  ca n b e viewe d i n term s o f 
essentiall y  stati c mappings .  Action ,  i n contrast ,  require s tha t 
issue s o f  sequentialit y  b e addressed ,  bot h i n term s o f  con -
straint s impose d b y tas k structur e (som e actions ,  e.g. ,  stirrin g 
th e coffee ,  m a y onl y b e possibl e onc e certai n precondition s 
hav e bee n satisfied ,  e.g. ,  pickin g u p a  spoo n o r  stirrer )  an d 
physica l  limitation s impose d b y resourc e constraint s (e.g. ,  th e 
number  o f  limb s available) . 

O ne consequenc e o f  th e inheren t  sequentialit y  o f  th e ac -
tio n domai n i s tha t  m a n y standar d modellin g technique s (e.g. , 
multi-laye r  feedforwar d networks )  ar e unsuitable .  Dat a o n 
lapse s i n routineactio n (a s describe d above )  als o argu e agains t 
approache s i n whic h eac h actio n act s a s a  cu e fo r  it s follow -
in g actio n s o yieldin g a n actio n sequenc e (cf .  Houghto n & 
Hartley ,  1996) ,  suc h a s recurren t  networ k approache s (e.g. , 
Jordon ,  1986 ;  E lman ,  1990) .  Indeed ,  actio n lapse s i n normal s 
and patients ,  suc h a s thos e describe d above ,  wer e a  fundamen -
ta l  consideratio n i n th e developmen t  o f  th e C S theor y i n term s 
of  interactiv e activation .  Th e mode l  reporte d her e i s therefor e 
base d o n a  numbe r  o f  interactiv e activatio n network s (cf .  M c -
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Clellan d &  Rumelhart .  1981) ,  i n whic h actio n i s controlle d 
vi a a n activation-base d selectio n mechanism .  Th e mode l  i s 
reporte d i n mor e detai l  elsewher e (Cooper .  Shallice ,  &  Far -
ringdon ,  1995) .  I n thi s pape r  w e 1 )  presen t  a n update d versio n 
of  th e model ;  2 )  provid e ne w result s o f  lesionin g studies ;  an d 
3)  provid e a  detaile d analysi s o f  th e model' s paramete r  space . 

The Model 

Th e centra l  componen t  o f  th e C S theor y i s th e schem a net -
work .  I n forma l  terms ,  thi s i s a  directe d acycli c grap h i n 
whic h node s correspon d eithe r  t o actio n schema s (partiall y 
orde r  sequence s o f  actions )  o r  goals .  Edge s fro m th e schem a 
node s poin t  t o goa l  nodes ,  an d vic e versa ,  s o th e networ k m a y 
be though t  o f  a s consistin g o f  alternat e "layers "  o f  schem a 
an d goa l  nodes .  Th e schem a node s pointe d t o b y a  goa l  nod e 
correspon d t o distinc t  method s o f  achievin g tha t  goal ,  an d th e 
goal  node s pointe d t o b y a  schem a nod e represen t  th e subgoal s 
whic h mus t  b e achieve d i n orde r  t o execut e th e schema .  Thus , 
th e goa l  o f  preparin g a  m u g o f  coffe e migh t  b e achieve d i n 
a variet y o f  way s (e.g. ,  eithe r  b y preparin g instan t  coffe e o r 
by preparin g percolate d coffee) ,  an d th e schem a fo r  preparin g 
instan t  coffe e wil l  includ e a  numbe r  o f  subgoal s (e.g. ,  boi l 
water ,  ad d coffe e grinds ,  ad d cream ,  etc.) .  I t  i s  assume d tha t 
i n realit y a  person' s schem a networ k wil l  contai n node s fo r  al l 
of  tha t  person' s routin e activities ,  an d tha t  th e routinisatio n o f 
activitie s involve s th e additio n o f  ne w node s t o th e network . 

Eac h schem a nod e ha s a  stat e an d a  numerica l  activatio n 
valu e (which ,  i n th e simulation s describe d here ,  ca n rang e 
fro m 0. 0 t o 1.0) .  Th e stat e i s eithe r  selecte d o r  no t  selected , 
and affect s th e flow  o f  activatio n throughou t  th e schem a net -
work .  W h e n selected ,  schema s pas s activatio n t o thei r  sub -
schema s (i.e. ,  thos e schema s whic h m a y achiev e th e schema' s 
subgoals) .  Thi s tend s t o excit e subschemas ,  causin g the m t o 
become selected ,  an d henc e t o activat e thei r  subschema s i n 
turn .  Thi s top-dow n flow  o f  activatio n i s tempere d b y thre e 
furthe r  activatio n sources .  Firstly ,  al l  schema s hav e trigger -
in g conditions .  Thes e ar e condition s which ,  whe n satisfie d b y 
th e externa l  world ,  caus e th e schema' s activatio n t o increase . 
Thus ,  th e triggerin g condition s fo r  a  pick-u p schem a migh t 
includ e th e existenc e o f  a  suitabl e pickup-abl e objec t  withi n 
reach .  Th e existenc e o f  suc h a n objec t  woul d the n ten d t o 
activat e th e pick-u p schema .  Evidenc e fo r  thi s sourc e o f  ex -
citatio n come s fro m captur e errors ,  i n whic h behaviou r  ca n 
be diverte d b y aspect s o f  th e environmen t  int o familiar ,  bu t 
unintended ,  actio n sequence s (e.g. ,  Willia m James '  (James , 
1890 )  exampl e o f  changin g int o hi s pyjama s whe n moment s 
befor e h e ha d bee n intendin g t o dres s fo r  dinner) . 

Th e tw o remainin g source s o f  excitation/inhibitio n ac t  t o 
stabilis e th e networ k an d preven t  al l  schema s fro m becom -
in g simultaneousl y active .  Latera l  inhibitio n act s betwee n 
schema s whic h eithe r  correspon d t o alternat e mean s o f  achiev -
in g th e sam e goa l  (e.g. ,  preparin g instan t  versu s percolate d 
coffee) ,  o r  whic h shar e resourc e o r  subschem a requirement s 
(whic h i s assume d t o amoun t  t o sharin g a  c o m m o n sub -
goal) .  Latera l  inhibitio n tend s t o inhibi t  activatio n values , 
but  act s differentiall y  acros s competin g schemas ,  suc h tha t 
mor e highl y activate d schema s ar e inhibite d less .  Actin g 

agains t  latera l  inhibitio n i s sel f  activation ,  whic h i s a  furthe r 
excitator y sourc e o f  activatio n applyin g t o al l  schemas .  I n th e 
absenc e o f  top-dow n an d environmenta l  activatio n sources , 
latera l  inhibitio n an d sel f  activatio n ac t  t o yiel d a  networ k tha t 
i s  i n a n unstabl e equilibrium .  Top-dow n an d environmenta l 
activatio n forc e th e syste m fro m thi s stat e int o loca l  minim a 
i n whic h a t  mos t  on e schem a fro m eac h competin g subse t  i s 
highl y active . 

As note d above ,  th e schema/goa l  networ k i s layered .  Node s 
at  th e botto m laye r  correspon d t o primitiv e actions .  Thes e ar e 
assume d t o correspon d t o low-leve l  unit s o f  actio n whic h ar e 
non-decomposabl e a t  th e cognitiv e level .  Fo r  th e purpose s 
of  th e curren t  simulations ,  thi s leve l  include s schema s for , 
fo r  example ,  pick-u p (thoug h w e recognis e tha t  suc h schema s 
coul d b e furthe r  decompose d int o rotate-forearm ,  grasp ,  etc.) . 
Selectio n o f  a  primitiv e actio n trigger s th e correspondin g mo -
to r  action ,  whic h wil l  generall y resul t  i n th e schema' s goa l 
bein g achieved . 

W h en a  schema' s goa l  i s  achieved ,  th e schem a i s temporar -
il y  inhibited .  Thi s reduce s th e latera l  inhibitio n o n competin g 
schema ,  pushin g th e syste m ou t  o f  it s  loca l  m in imu m an d 
allowin g competin g schema s th e opportunit y t o contro l  be -
haviour . 

Schema selectio n i s threshol d based .  I f  a  schema' s activa -
tio n exceed s th e selectio n threshol d (0. 6 o n a  scal e o f  0. 0 t o 
1. 0 i n th e simulation s reporte d here )  th e schem a i s selecte d 
(unles s a  competin g schem a i s eve n mor e active) .  Selecte d 
schema s remai n selecte d unti l  thei r  activatio n i s exceede d b y 
tha t  o f  a  competito r  (eve n i f  thei r  activatio n fall s  belo w th e 
selectio n threshold) . 

Th e mos t  critica l  par t  o f  th e mode l  tha t  remain s t o b e de -
scribe d concern s th e natur e o f  objec t  representation s an d th e 
relationshi p betwee n thes e an d th e schem a network .  Th e 
origina l  verba l  description s o f  C S di d no t  specif y h o w object s 
wer e selecte d b y schema s i n orde r  t o produc e complet e ac -
tio n specification s (e.g. ,  i f  pick-u p i s selected ,  h o w doe s th e 
effecto r  syste m k n o w wha t  should  b e picked  up?) .  I t  wa s 
foun d necessar y t o extend  th e C S theor y i n orde r  t o produc e 
a complet e simulation . 

We therefor e assum e that ,  paralle l  t o th e schem a network , 
ther e exist s a  networ k o f  objec t  representations .  Thes e rep -
resentation s compet e throug h th e effect s o f  latera l  inhibitio n 
and sel f  activation .  W h e n a  primitiv e schem a i s selected ,  th e 
object s correspondin g t o th e mos t  activ e appropriat e represen -
tation s ar e use d t o fill  th e argumen t  role s o f  th e correspondin g 
primitiv e action . 

Th e triggerin g o f  schema s b y th e externa l  worl d i s  medi -
ate d b y th e activatio n value s o f  objec t  representation s (suc h 
tha t  highl y activ e representation s ar e mor e effectiv e triggers) . 
Objec t  representation s ar e als o activate d b y schema s i n whic h 
th e correspondin g object s m a y participate .  Thus ,  th e repre -
sentatio n o f  a  cu p o n a  tabl e wil l  ten d t o excit e th e pick-u p 
schema ,  an d vic e versa .  I n th e absenc e o f  sufficien t  top-dow n 
activation ,  suc h positiv e feedbac k loop s ca n lea d t o utilisatio n 
behaviou r  an d captur e errors . 

Th e abov e syste m woul d b e sufficien t  i f  al l  schema s ha d a t 
most  on e argument .  However ,  som e schema s requir e multipl e 
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argument s (e.g. ,  empt y th e spoo n int o th e coffe e m u g ) .  Suc h 
schemas requir e multipl e object s t o b e activ e a t  th e moment  o f 
argumen t  selection .  I n th e curren t  implementatio n w e solv e 
thi s proble m b y introducin g multipl e activation s fo r  objec t 
representations .  Eac h representatio n ha s a  separat e activatio n 
fo r  eac h functiona l  rol e tha t  th e correspondin g objec t  ca n 
serve .  Thus ,  a  m u g containin g a  partiall y  mad e cu p o f  coffe e 
can ac t  a s eithe r  a  sourc e o r  a  targe t  fo r  th e movemen t  o f 
coffee-makin g ingredients .  Give n this ,  a  successfu l  attemp t 
at  emptyin g a  specifi c  spoo n int o a  specifi c  coffe e m u g wil l 
requir e that ,  whe n th e empt y schem a i s selected ,  th e spoo n i s 
activ e a s a n implemen t  an d th e m u g i s activ e a s a  target . 

Processin g withi n th e system ,  a s i n mos t  interactiv e acti -
vatio n networks ,  i s  cyclic .  O n eac h cycl e th e activation s o f 
al l  schem a node s ar e recalculated ,  base d o n thei r  activatio n a t 
th e beginnin g o f  th e cycl e (modulate d b y a  persistence/deca y 
factor )  an d thei r  ne t  excitatio n o r  inhibitio n (whic h i s blurre d 
throug h th e additio n o f  normall y distribute d rando m noise) . 
The selectio n mechanis m the n adjust s th e stat e o f  al l  node s 
base d o n th e ne w activatio n values . 

The precis e behaviou r  o f  th e complet e simulatio n i s deter -
mine d b y eigh t  parameters  whic h specif y th e level s of ,  an d 
relationship s between ,  th e variou s activatio n sources .  Thes e 
are : 

S/ L A  facto r  whic h control s th e relativ e proportion s o f  sel f 
activatio n an d latera l  inhibitio n withi n al l  interactiv e acti -
vatio n networks . 

I/E(s )  A  facto r  whic h control s th e relativ e proportion s o f  in -
terna l  o r  top-dow n activatio n an d externa l  o r  environmenta l 
activatio n o f  al l  schem a node s i n th e schem a interactiv e ac -
tivatio n network . 

I/E(o )  A  facto r  use d t o scal e th e externa l  o r  schema-base d 
activatio n o f  al l  objec t  representatio n node s i n th e objec t 
interactiv e activatio n network . 

C o m p / N o n C o mp A  facto r  whic h control s th e relativ e pro -
portionso f  competitiv e (i.e. ,  sel f  activatio n -I -  latera l  inhibi -
tion )  an d non-competitiv e (i.e. ,  top-dow n o r  schema-base d 
+ environmental )  activation s whic h contribut e t o a  node' s 
net  excitation/inhibition . 

Persistenc e Th e degre e t o whic h al l  activation s persis t  fro m 
one cycl e t o th e next . 

Nois e Th e standar d deviatio n o f  normall y distribute d rando m 
nois e adde d t o al l  ne t  influences . 

Selectio n Threshol d Th e activatio n whic h mus t  b e exceede d 
befor e a  schem a ca n b e selected . 

Rest  Activatio n Th e activatio n leve l  t o whic h schem a node s 
and objec t  representation s wit h n o ne t  inpu t  tend . 

Each o f  thes e parameter s m a y rang e i n valu e fro m 0. 0 t o 1.0 . 
The larg e numbe r  o f  parameter s i s du e t o ou r  insistenc e o n 

bein g explici t  abou t  al l  numerica l  factor s whic h m a y influenc e 
th e simulation' s behaviour .  W e discus s ou r  methodolog y fo r 
explorin g thi s paramete r  spac e below . 

General Behaviour 

The C S mode l  a s describe d her e i s intende d t o mode l  actio n 
contro l  i n comple x bu t  well-leame d tasks ,  suc h a s cleanin g 

one' s teeth ,  startin g a  ca r  an d dressing .  Th e complexit y o f 
suc h activitie s make s the m relativel y unattractiv e fo r  inves -
tigatio n b y standar d experimenta l  psycholog y method s and , 
apar t  fro m natura l  histor y studie s o f  lapse s i n thei r  executio n 
(e.g. ,  Reason ,  1979,1984) ,  w e k n o w o f  n o suc h investigations . 
I t  i s  therefor e no t  possibl e t o provid e a  detaile d quantitativ e 
compariso n o f  th e model' s behaviou r  wit h tha t  o f  subject s 
on som e appropriat e task .  Ther e are ,  however ,  detaile d neu -
ropsychologica l  studie s relevan t  t o th e domain .  Th e mos t 
detaile d o f  thes e hav e bee n carrie d ou t  o n th e Actio n Disor -
ganisatio n Syndrom e (Schwartz ,  Reed ,  Montgomery ,  Palmer , 
& Mayer ,  1991 ;  Schwartz ,  Mayer ,  Fitzpatrick-D e Salme ,  & 
Montgomery ,  1993) .  Thes e studie s hav e examine d th e be -
haviou r  o f  patient s performin g routin e dail y activitie s (suc h 
as preparin g thei r  breakfas t  fro m th e object s provide d o n a 
hospita l  breakfas t  tray) .  W e hav e therefor e attempte d t o sim -
ulat e on e suc h task ,  tha t  o f  preparin g th e mornin g coffee ,  wit h 
evaluatio n bein g base d o n th e abilit y  t o simulat e norma l  be -
haviou r  and ,  afte r  lesioning ,  th e abilit y  t o produc e th e type s 
of  error s show n b y patient s performin g th e task . 

Normal Behaviour 

Wit h appropriat e value s fo r  th e parameters ,  th e syste m i s abl e 
t o correctl y perfor m th e comple x tas k o f  coffe e preparation . 
Thi s tas k involve s addin g coffe e granules ,  suga r  an d mil k t o 
an existin g m u g o f  ho t  water .  A  transcrip t  o f  th e behaviou r  i s 
show n i n figure  1 .  I n thi s figure,  schema s ar e show n i n italics , 
wit h selectio n bein g indicate d b y a  ' + '  prefi x an d deselectio n 
indicate d b y a  '- '  prefix .  Primitiv e action s ar e show n i n 
roma n font .  Th e leve l  o f  indentatio n show s th e degre e o f 
embeddin g o f  subschema s withi n paren t  schemas . 

Not e tha t  thi s protoco l  wa s generate d wit h a  situatio n con -
tainin g a  numbe r  o f  coffe e an d suga r  sources .  O n e effec t  o f 
rando m nois e i s t o yiel d differen t  choice s o f  whic h suga r  an d 
coffe e source s t o use . 

Lesioning Studies 

I n orde r  t o evaluat e th e behaviou r  o f  th e mode l  afte r  damage , 
we conducte d a  numbe r  o f  simulation s i n whic h ke y parame -
ter s wer e varied .  W e sugges t  tha t  parameter s m a y b e relate d 
t o neurophysiologica l  damag e o r  disruptio n i n tw o possibl e 
ways .  Firstly ,  certai n parameter s m a y reflec t  neurotransmitte r 
concentratio n o r  sensitivity .  Fo r  example ,  w e believ e ther e t o 
be a  relationshi p betwee n th e effectivenes s o f  th e dopamin e 
syste m an d th e S/ L parameter .  Secondly ,  parameter s base d 
on relativ e proportion s o f  excitatio n betwee n differen t  subsys -
tem s (e.g. ,  I/E(s )  an d I/E(o) )  m a y reflec t  relativ e connectivit y 
withi n an d betwee n thos e subsystems .  I t  ca n b e argue d tha t 
variatio n o f  thes e parameters  correspond s t o physica l  damag e 
t o suc h connectivity . 

Our  lesionin g studie s hav e focusse d o n th e variatio n o f  tw o 
parameters .  Firstly ,  w e hav e investigate d th e behaviou r  o f  th e 
model  whils t  systematicall y varyin g th e I/E(s )  paramete r  ove r 
it s  entir e rang e (fro m 0.0 0 t o 1.00 ,  a t  0.0 1 intervals ,  wit h 2 0 
simulation s a t  eac h value) .  Thi s paramete r  wa s considere d 
i n orde r  t o tes t  th e hypothesi s tha t  actio n disorganisatio n ca n 
be understoo d i n term s o f  insufficien t  top-dow n o r  intentiona l 
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•̂ coffe e 
-\-coffee-from-pac k 

-\-pick-up-schem a 
Pickin g u p coffee-packet l  wit h left-han d 
—pick-up-schem a 
-i-tear-schem a 
Tearin g coSfee-packet l  (wit h right-hand) 
—lear-schem a 
•hpour-schem a 
Pourin g coffee-packet l  int o coffee-mug l 
—pour-schem a 
-^put-down-schem a 
Puttin g coffee-packet l  dow n 
—put-down-schem a 

—coffee-from-pac k 
-k-sugar-from-bow l 

-^pick-up-schem a 
Pickin g u p spoo n 1  wit h left-han d 
—pick-up-schem a 
-\-dip-spoon-schem a 
Dippin g spoo n 1  int o sugar-bow l  I 
—dip-spoon-schem a 
-^empty-spoo n -schem a 
Emptyin g spoon !  int o coffee-mug l 
—empty-spoon-schem a 
-\-put-down-schem a 
Puttin g spoo n 1  dow n 
—put-down-schem a 

—sugar-from-bow l 
-\-milk-from-carto n 

-{-pick-up-schem a 
Pickin g u p milk-carton l  wit h right-hand 
—pick-up-schem a 
-\-tear-schem a 
Tearin g milk-carton l  (wit h left-hand ) 
-tear-schem a 
-\-pour-schem a 
Pourin g milk-carton l  int o coffee-mug l 
—pour-schem a 
-\-put-down-schem a 
Puttin g milk-carton l  dow n 
—pul-down-schem a 

—milk-from-carto n 
—coffe e 

Figure 1: Action selection in the coffee preparation domain 

contro l  withi n th e C S syste m (cf .  Schwart z e t  al. ,  1991) . 
Decreasin g th e paramete r  fro m th e valu e require d fo r  norma l 
behaviou r  (approximatel y 0.95) ,  i s  equivalen t  t o decreasin g 
th e top-dow n contro l  withi n th e schem a subsyste m whils t  si -
multaneousl y increasin g th e environmenta l  influenc e withi n 
th e subsystem .  A s th e paramete r  wa s varied ,  qualitativel y 
differen t  form s o f  behaviou r  wer e observed .  Occasiona l  util -
isatio n an d objec t  substitutio n error s aros e wit h ver y sligh t 
reduction s (wit h I/E(s )  «  0.90) .  Wit h moderat e reduction s 
(I/E(s )  «  0.60) ,  utilisatio n error s dominated ,  an d wit h larg e 
reduction s (I/E(s )  «  0.20) ,  utilisatio n error s wer e mixe d wil h 
perseverativ e errors .  Thes e result s provid e som e suppor t  fo r 

th e initia l  hypothesis ,  i n tha t  al l  thes e form s o f  behaviou r 
wer e observe d t o varyin g degree s i n th e studie s reporte d b y 
Schwart z c t  al .  (1991,1993) .  Ther e ar e difficulties ,  however , 
i n interpretin g th e data .  I n particular ,  m a n y attempte d actio n 
sequence s includ e physicall y impossibl e subsequence s (e.g. , 
attemptin g t o pou r  th e content s fro m a  containe r  withou t  first 
openin g th e container ,  o r  attemptin g t o sti r  th e coffe e withou t 
first  pickin g u p a  stirrin g implement) .  I t  i s  no t  clea r  tha t  suc h 
error s d o no t  invok e supervisor y attention .  I f  thi s i s th e case , 
the n i t  wil l  b e necessar y t o mode l  a t  leas t  som e S A S function s 
befor e th e behaviou r  o f  th e mode l  afte r  erro r  ca n b e compare d 
wit h tha t  o f  patients . 

A furthe r  se t  o f  lesionin g studie s examine d th e dependenc e 
of  th e model' s behaviou r  o n th e paramete r  governin g th e rati o 
of  sel f  activatio n an d latera l  inhibitio n (S/L) .  Thes e studie s 
wer e motivate d b y th e argument s o f  Robbin s &  Sahakia n 
(1983 )  tha t  activatio n o f  th e striata l  dopamin e syste m cor -
respond s t o increase d activatio n o f  schema s withi n th e C S 
model .  Thes e argument s sugges t  tha t  decreasin g S/ L shoul d 
resul t  i n behaviou r  simila r  t o tha t  show n b y Parkinson' s dis -
eas e patients ,  i n w h o m striata l  dopamin e i s k n o w n t o b e de -
ficient  (Robbins ,  1991) .  O n e featur e o f  th e behaviou r  o f 
Parkinson' s patient s i s tha t  actio n initiatio n i s typicall y greatl y 
slowed ,  bu t  onc e actio n ha s bee n initiated ,  i t  m a y procee d rel -
ativel y normally .  Thi s behaviou r  wa s indee d exhibite d b y 
th e simulation .  Th e coffe e preparatio n tas k wa s performe d 
accuratel y ove r  a  wid e rang e o f  th e S/ L parameter' s value s 
(fro m 0.2 0 t o 0.65) ,  bu t  a t  lowe r  value s withi n tha t  rang e ac -
tio n initiatio n wa s disproportionatel y slowed ,  wit h th e onse t 
of  actio n bein g delaye d b y a s m u c h a s th e tim e require d fo r 
th e "normal "  simulatio n t o complet e th e entir e task . 

Parameter Criticality 

As note d above ,  th e curren t  mode l  ha s a  larg e numbe r  o f  pa -
rameters .  I n orde r  t o full y  understan d th e model' s behaviour , 
and avoi d charge s o f  paramete r  fitting,  w e hav e conducte d 
extensiv e exploration s o f  th e paramete r  space . 

Th e first  issu e t o b e addresse d concern s finding a  se t  o f 
paramete r  value s tha t  yield s qualitativel y norma l  behaviour . 
Th e mode l  i s sufficientl y well-behave d t o allo w a  systemati c 
approac h t o finding  suc h a  paramete r  set .  Th e first  stag e i s 
t o fix  th e parameter s whic h gover n globa l  networ k behaviour . 
Th e relevan t  parameter s ar e persistenc e an d res t  activation , 
and th e relevan t  globa l  behaviou r  i s smoothnes s o f  activatio n 
profiles .  Thi s i s don e b y settin g nois e t o b e ver y lo w an d 
th e selectio n threshol d ver y high .  T h e variou s weightin g 
parameter s (S/L ,  C o m p / N o n C o m p ,  I/E(s) ,  an d I/E(o) )  ca n b e 
set  t o an y valu e i n thei r  rang e (zer o t o one )  a s alteration s 
t o thes e parameter s d o no t  affec t  th e gros s activatio n flow 
throughou t  th e network. '  Res t  activatio n an d persistenc e ca n 
n o w b e counterbalance d i n orde r  t o achiev e smoot h activatio n 
profiles .  Thi s amount s t o searchin g a  two-dimensiona l  spac e 
wit h on e degre e o f  freedom ,  an d present s n o difficulties . 

'Thes e parameter s wer e engineere d precisel y t o hav e thi s prop -
erty :  alterin g an y on e o f  the m wil l  affec t  th e relativ e weightin g o f 
activatio n sources ,  bu t  no t  th e tota l  activatio n flow  ove r  a  suitabl y 
lon g tim e interval . 
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Once smoot h activatio n profile s hav e bee n achieved ,  at -
tentio n ca n b e focusse d o n competitiv e effects .  Wit h th e 
C o m p / N o n C o mp paramete r  se t  t o 1. 0 (s o tha t  ther e ar e onl y 
competitiv e influence s withi n th e networks) ,  Ih e SA -  parame -
te r  ca n b e adjuste d t o yiel d appropriat e competitiv e behaviour . 
Similarly ,  wit h C o m p / N o n C o m p se t  t o 0.0 ,  th e parameter s 
governin g non-competitiv e activatio n flow  (I/E(s )  an d I/E(o) ) 
can b e adjusted .  I/E(s )  mus t  b e se t  s o a s t o ge t  appropri -
at e actio n selectio n (wit h n o utilisatio n behaviour ,  bu t  wit h 
some environmenta l  triggering) .  I/E(o )  mus t  b e se t  t o ensur e 
tha t  appropriat e argument s ar e activ e whe n low-leve l  schema s 
ar e selected .  C o m p / N o n C o m p ca n the n b e adjuste d t o yiel d a 
suitabl e balanc e betwee n th e competitiv e an d non-competitiv e 
activatio n sources . 

Thi s approac h i s no t  guarantee d t o yiel d a  configuratio n o f 
parameter s leadin g t o error-fre e behaviour ,  an d adjustment s 
may b e require d a t  eac h ste p t o maintai n th e propertie s ob -
taine d a t  th e previou s step ,  bu t  i t  doe s provid e a  reliabl e mean s 
of  producin g a  poin t  i n th e eight-dimensiona l  paramete r  spac e 
tha t  i s sufficientl y clos e t o a  well-behave d paramete r  settin g 
t o allo w fine  tuning .  Fou r  rathe r  differen t  paramete r  setting s 
foun d b y th e abov e approach ,  al l  o f  whic h yiel d well-forme d 
(i.e. ,  virtuall y erro r  free )  behaviour ,  ar e give n i n tabl e 1 .  Th e 
first  tw o column s o f  thi s tabl e sho w ho w modification s t o 
persistenc e ca n b e counterbalance d b y adjustment s t o res t  ac -
tivation ,  independentl y o f  othe r  paramete r  values ,  whils t  th e 
las t  tw o column s demonstrat e h o w th e othe r  parameter s ca n 
be adjuste d onc e persistenc e an d res t  activatio n hav e bee n set . 

S/L 
1/E(s ) 
I/E(o ) 
C o m p / N o n C o mp 
Persistenc e 
Nois e 
Sel .  Threshol d 
Rest  Activatio n 

0.5 0 
0.9 5 
0.1 0 
0.6 5 
0.8 0 
10- ^ 
0.6 0 
0.1 0 

0.5 0 
0.9 5 
0.1 0 
0.6 5 
0.8 8 
10- ^ 
0.6 0 
0.0 5 

0.6 0 
0.9 5 
0.0 7 
0.8 0 
0.8 0 
lo-- " 
0.7 0 
0.1 0 

0.6 0 
0.9 5 
0.0 5 
0.8 0 
0.8 8 
10- " 
0.5 0 
0.0 5 

Tabl e 1 :  Fou r  paramete r  configuration s yieldin g well-forme d 
behaviou r 

A substantive test of parameter criticality consists of show-
in g tha t  behaviou r  remain s qualitativel y norma l  i n a  sizabl e 
regio n surroundin g som e "standard "  paramete r  values .  I n 
orde r  t o investigat e paramete r  criticalit y i n thi s sens e w e per -
forme d a  numbe r  o f  simulation s i n whic h eac h o f  th e eigh t 
parameter s wa s varie d whils t  al l  othe r  parameter s wer e hel d 
fixed  a t  standar d values. ^  Thi s yielded ,  fo r  eac h parameter ,  a 
rang e o f  stabl e behaviour ,  a s show n i n tabl e 2 . 

Tabl e 2  show s tha t  considerabl e variatio n i n som e parame -
ter s (mos t  notabl y S/ L an d C o m p / N o n C o m p )  ma y b e tolerate d 
withou t  qualitativel y affectin g performanc e o f  th e task .  I n or -
der  t o furthe r  investigat e paramete r  criticalit y w e extende d 

Paramete r 

S/L 
I/E(s ) 
I/E(o ) 
C o m p / N o n C o mp 
Persistenc e 
Nois e 
Sel .  Threshol d 
Rest  Activatio n 

Standar d 

0.5 0 
0.9 5 
0.1 0 
0.6 5 
0.8 0 

1 0 - ^ 
0.6 0 
0.1 0 

Stabl e Rang e 

0.50-0.6 5 
0.94-0.9 6 
0.06-0.1 4 

0.50-0.6 5 
0.79-0.8 1 

7^  - 1 0 -
0.5 0 -  0.9 5 
0.09-0.1 1 

Tabl e 2 :  Parameter s an d thei r  value s fo r  coffe e preparatio n 

thi s investigatio n b y varyin g a  rang e o f  parameter s simulta -
neously .  Thi s wa s intende d t o examin e stabilit y  ove r  a  larger , 
multidimensiona l  regio n o f  th e paramete r  space .  A  rang e o f 
value s wa s chose n fo r  eac h o f  five  parameter s (S/ L ( 3 values) , 
I/E(s )  ( 3 values) ,  C o m p / N o n C o m p ( 5 values) .  Nois e ( 3 values ) 
and Selectio n Threshol d ( 6 values)) .  2 0 simulation s wer e con -
ducte d a t  eac h poin t  o n th e five-dimensional  gri d define d b y 
thes e paramete r  value s ( a tota l  o f  2 0 x  . 3 x  3  x  , 5 x  . 3 x  6  =  1620 0 
simulations) .  Th e resultin g actio n sequence s wer e automati -
call y categorise d a s correc t  (i f  the y eac h comprise d a  sequenc e 
of  1 2 error-fre e action s leadin g t o "correctly "  prepare d coffe e 
simila r  t o tha t  i n figure  1 )  o r  incorrect. ^  Th e outcom e o f  thi s 
analysi s i s summarise d i n tabl e 3 ,  i n whic h eac h entr y con -
sist s o f  a  paramete r  valu e an d th e tota l  percentag e o f  correc t 
attempt s a t  th e tas k fo r  tha t  value ,  whils t  th e othe r  fou r  pa -
rameter s rang e ove r  al l  thei r  possibl e value s i n th e paramete r 
subspace .  Thus ,  th e first  entr y state s tha t  6 0 % o f  attempt s a t 
coffe e preparatio n wer e successfu l  whe n S/ L wa s fixed  a t  0.5 0 
and th e othe r  fou r  parameter s varie d ove r  al l  teste d values . 

Tabl e 3  show s tha t  behaviou r  wa s disproportionatel y ba d i n 
tw o conditions :  whe n C o m p / N o n C o m p wa s ver y lo w (onl y 
2 4 % correc t  a t  0.45) ;  an d whe n nois e wa s hig h (onl y 2 6 % 
correc t  a t  0.0025) .  A  furthe r  analysi s wa s therefor e carrie d ou t 
t o facto r  ou t  th e effect s o f  thes e parameters .  Tabl e 4  show s tha t 
when nois e i s ver y low ,  an d C o m p / N o n C o m p i s betwee n 0.5 5 
and 0.65 ,  th e mode l  i s  stabl e i n 9 4 % o f  th e regio n o f  paramete r 
spac e investigated .  W e believ e thi s demonstrate s remarkabl e 
stabilit y  acros s a  significan t  regio n o f  th e paramete r  space . 

1 

Nois e 
0.000 1 
0.000 5 
0.002 5 

C o m p / N o n C o mp 
0.4 5 

37% 
30% 
6% 

0.5 0 

78% 
69% 
33% 

0.5 5 

94 % 
83% 
54 % 

0.6 0 

93% 
72 % 
31% 

0.6 5 

94 % 
78% 
7% 

Tabl e 4 :  Th e effect s o f  C o m p / N o n C o m p an d Nois e 

^Th e standar d value s wer e thos e give n i n th e first  colum n o f 
tabl e 1 .  N o attemp t  wa s mad e t o generat e standar d paramete r  value s 
whic h wer e particularl y robus t  t o change . 

^  Not e th e strictnes s o f  thi s criterion :  jus t  on e actio n sli p i n th e 24 0 
action s require d t o prepar e 2 0 mug s o f  coffe e resulte d i n paramete r 
setting s bein g classe d a s incorrect . 
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Paramete r 

S/L 
I/E(s ) 
C o m p / N o n C o mp 

Nois e 
Sel .  Threshol d 

Valu e = > % Correc t 

0.5 0 = > 6 0 % 
0.9 4 = > 6 0 % 

0.4 5 = > 2 4 % 

0.000 1 =: ^  7 9 % 
0.4 0 =; •  3 0 % 

0.5 5 = > 6 0 % 
0.9 5 =i ^  5 7 % 
0.5 0 = > 5 7 % 

0.000 5 = > 6 6 % 
0.5 0 => •  5 0 % 

0.6 0 = » 5 1 % 
0.9 6 =j > 5 5 % 
0.5 5 = •  7 7 % 0.6 0 = > 6 5 % 0.6 5 = > 5 7 % 

0.002 5 =! •  2 6 % 
0.6 0 = •  6 4 % 0.7 0 = > 7 5 % 0.8 0 = > 7 2 % 0.9 0 = ^  5 3 % 

Tabl e 3 :  Th e effect s o f  paramete r  variatio n 

G e n e r a l  Discussio n 

The C S mode l  a s presente d her e i s a  refinemen t  o f  a  previousl y 
presente d mode l  (Coope r  e t  al. ,  1995) .  Th e mos t  importan t 
differenc e concern s th e wa y parameter s ar e incorporate d int o 
th e model .  I n particular ,  th e curren t  mode l  employ s singl e 
L/S ,  Comp /NonComp ,  an d persistenc e parameter s acros s al l 
interactiv e activatio n networks ,  reducin g th e paramete r  spac e 
fro m twelv e t o eigh t  dimensions .  Thi s reductio n wa s achieve d 
by normalisin g al l  source s o f  excitatio n an d inhibition ,  s o tha t 
th e activation s withi n al l  network s ar e withi n simila r  bounds . 
The reductio n i n parameter s enable d th e detaile d examinatio n 
of  th e paramete r  spac e presente d above . 

The mode l  i s currentl y bein g develope d i n tw o directions . 
Firstly ,  w e ar e attemptin g t o furthe r  explor e th e relationshi p 
betwee n th e S/ L paramete r  an d Parkinson' s diseas e b y repli -
catin g quantitativ e dat a (Malapani ,  Pillon ,  Dubois ,  &  Agid , 
1994 )  o n a  choic e reactio n tim e tas k i n normal s an d Parkin -
son' s patients .  Secondly ,  w e ar e integratin g som e supervisor y 
function s (e.g. ,  tas k switchin g an d erro r  recovery )  int o th e 
model  i n orde r  t o accoun t  fo r  behaviou r  i n mor e comple x 
task s currentl y bein g investigate d b y Schwart z e t  al . 
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