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Abstrac t 

Peopl e becom e highl y reactiv e whe n performin g dynamic , 
real-tim e task s lik e drivin g a  car ,  playin g a  vide o game ,  o r 
controllin g ai r  traffic .  However ,  peopl e als o g o throug h 
more deliberat e stage s i n whic h the y spen d tim e reasonin g 
abou t  constraint s an d actions .  I n thi s paper ,  w e argu e tha t 
thes e ar e th e en d point s o n a  learnin g continuum ,  an d w e 
discus s on e potentia l  mechanis m fo r  bridgin g thes e 
endpoint s withi n th e ACT- R (Anderson ,  1993 )  framework . 

Keywords: Procedural skill optimization. Learning in 
dynami c tas k environments .  Cognitiv e model s o f  proble m 
solving . 

Introduction 

Performin g dynami c task s require s quic k reactio n t o a n ever -
changing ,  dynami c environment .  Whil e drivin g a  car ,  fo r 
instance ,  w e hav e neithe r  th e tim e no r  th e luxur y t o perfor m 
deep-leve l  plannin g an d proble m solvin g whe n anothe r  ca r 
suddenl y veer s int o ou r  lane .  Becaus e o f  th e narro w slic e o f 
tim e withi n whic h peopl e mus t  perceiv e thei r  situatio n an d 
act ,  som e researcher s (e.g .  Agr e &  Chapman ,  1988 )  hav e 
argue d agains t  deliberativ e proble m solvin g method s lik e 
means-end s analysi s (Newel l  &  Simon ,  1972 )  i n dynami c 
tas k domains .  The y clai m tha t  th e tim e require d fo r  classica l 
plannin g method s lik e means-end s analysi s i s  simpl y to o 
lon g fo r  dynami c tasks ,  i n whic h on e mus t  reac t  quickly . 
Yet  i t  i s  als o th e cas e tha t  whe n peopl e ar e learnin g t o 
perfor m nove l  tasks ,  the y us e deliberativ e proble m solvin g 
method s lik e means-end s plannin g (Anderson ,  1982 ;  Newel l 
& Simon ,  1972) .  Thi s raise s th e followin g question :  H o w 
does thi s transitio n fro m deliberativ e t o reactiv e proble m 
solvin g occur ? 

We propos e a  potentia l  mechanis m tha t  underli e thi s 
transitio n withi n th e A C T - R (Anderson ,  1993 )  framewor k 
usin g th e Kanfer-Ackerma n Air-Traffi c  Controller® '  (ATC ) 
Task .  Th e Kanfer-Ackerma n A T C Tas k i s useful ,  becaus e 
Ackerma n (1994 )  ha s collecte d dat a fro m ove r  350 0 subject s 
on th e Kanfer-Ackerma n A T C Tas k an d ha s mad e the m 
availabl e o n a  C D - R O M (Ackerma n &  Kanfer ,  1994 )  t o th e 
Offic e o f  Nava l  Researc h ( O N R ) . 

I n thi s paper ,  w e firs t  outlin e a  proces s b y whic h tas k 
instruction s (encode d a s declarativ e knowledge )  ar e use d 
alon g wit h deliberativ e means-end s plannin g method s t o 
deriv e a n initia l  suboptima l  procedur e fo r  performin g th e 
task .  I n subsequen t  proble m solvin g episodes ,  th e 
declarativ e trac e o f  pas t  proble m solution s ar e the n use d t o 
develo p procedure s tha t  ar e mor e optima l  fo r  rapidl y reactin g 
t o th e environment .  W e compar e th e prediction s o f  ou r 
model  wit h th e behavio r  o f  Ackerman' s (1988)^ . 

The Kanfer-Ackerman ATC Task 

Description of the Task 

Althoug h th e ICanfer-Ackerma n A T C Tas k i s  describe d i n 
detai l  i n othe r  place s (e.g .  Ackerman ,  1988 ;  Ackerma n & 
Kanfer ,  1994) ,  w e briefl y g o ove r  th e tas k here .  Th e Kanfer -
Ackerma n A T C tas k displa y consist s o f  th e followin g 
displa y element s (se e Figur e 1) :  (a )  twelv e hol d patter n 
positions ,  (b )  fou r  runways ,  (c )  feedbac k informatio n o n 
curren t  scor e an d penalty ,  condition s o f  th e runways ,  win d 
directio n an d speed ,  (d )  a  queu e stac k wit h plane s waitin g t o 
ente r  th e hol d pattern ,  an d (e )  tw o messag e window s (on e fo r 
notificatio n o f  weathe r  changes ,  shown ,  an d on e fo r 
providin g feedbac k o n errors ,  no t  shown) .  Th e twelv e hol d 
patter n position s ar e divide d int o thre e level s correspondin g 
t o altitude ,  wit h hol d leve l  thre e bein g th e highes t  an d hol d 
leve l  on e bein g th e lowest . 

Si x rule s gover n thi s task :  (1 )  Plane s mus t  lan d int o th e 
wind ,  (2 )  Plane s ca n onl y lan d fro m hol d leve l  one ,  (3 ) 
Plane s ca n onl y m o v e on e hol d leve l  a t  a  time ,  bu t  t o an y 
ope n positio n o n tha t  level ,  (4 )  Groun d condition s an d win d 
spee d determin e th e runwa y lengt h require d b y differen t  plan e 
type s (5 )  Plane s wit h les s tha n 3  minute s o f  fue l  lef t  mus t 
be lande d immediately ,  an d (6 )  Onl y on e plan e a t  a  tim e ca n 
occup y a  runway .  A  weathe r  chang e occur s approximatel y 
ever y 3 0 seconds ,  an d plane s ente r  int o th e queu e 
approximatel y ever y 7  seconds . 

The Kanfer-Ackerma n A T C tas k i s compose d o f  thre e uni t 
tasks :  (1 )  accep t  plane s fro m th e queu e int o a  hol d pattern , 
(2 )  m o v e plane s withi n th e thre e hol d levels ,  an d (3 )  lan d 
plane s o n a  runway .  Th e T  an d - i  key s mov e th e curso r  u p 
and dow n betwee n th e differen t  hol d position s an d runways , 
th e F l  ke y accept s th e plane s fro m th e queu e int o a  holdin g 

'Kanfer-Ackerma n Ai r  Traffi c  Controlle r  Task © progra m i s 
copyrighte d softwar e b y Rut h Kanfer ,  Philli p L .  Ackerman ,  an d 
Ki m A .  Pearson ,  Universit y o f  Minnesota . 

^Thi s dat a se t  i s indexe d a s stud y # 2 i n Ackerman' s CD-RO M 
(Ackerma n &  Kanfer ,  1994 ) 
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Figur e 1 .  Th e Kanfer-Ackerma n Ai r  Traffi c  Controller © Task . 

pattern ,  an d th e J  ke y select s a  plan e i n th e hold ,  place s th e 
selecte d plan e int o a n empt y hol d position ,  o r  land s a  plan e 
on th e runway .  Cumulativ e scor e i s calculate d a s follows : 
a)  5 0 point s fo r  landin g a  plane ,  b )  minu s 10 0 point s fo r 
crashin g a  plane ,  c )  minu s 1 0 point s fo r  violatin g on e o f  th e 
si x rule s tha t  gover n th e task . 

Task Instructions 
Subject s ar e give n sixty-on e page s o f  computer-base d 
instruction s o n th e A T C task .  Th e instruction s consist s o f 
fou r  sections :  (1 )  ho w t o mov e a  plan e betwee n th e hol d 
levels ,  (2 )  ho w t o lan d a  plane ,  (3 )  ho w t o accep t  a  plan e 
fro m th e queue ,  an d (4 )  th e rule s tha t  gover n th e A T C task . 
The first  thre e section s ca n b e viewe d a s description s o f  th e 
thre e uni t  task s tha t  underli e th e A T C task .  I n th e 
instruction s fo r  thes e thre e uni t  tasks ,  subject s ar e first 
presente d wit h a  singl e instructio n pag e listin g th e subgoal s 
require d t o complet e tha t  particula r  uni t  task .  Thi s pag e i s 
followe d b y a  serie s o f  page s describin g a  step-by-ste p 
exampl e o f  performanc e o n tha t  uni t  task .  Fo r  instance ,  th e 
instructio n pag e i n Figur e 2  i s presente d followe d b y a n 
exampl e o f  landin g a  plane .  Afte r  introductio n t o eac h uni t 
task ,  subject s ar e presente d wit h th e si x rule s tha t  gover n th e 
A TC tas k (se e Figur e 3  fo r  example) . 
ACT-R Representation of the ATC Task 

Declarative Representation of the Task Instructions 

We encode d th e instruction s fo r  th e thre e uni t  task s a s step -
by-ste p declarativ e instruction s i n ACT-R .  Fo r  example , 
instruction s o n ho w t o lan d a  plan e i s encode d a s a  se t  o f  si x 
steps :  (1 )  find  a  plan e yo u wan t  t o land ,  (2 )  mov e t o tha t 
plane ,  (3 )  selec t  tha t  plane ,  (4 )  find  a  runwa y t o land ,  (5 ) 
move t o tha t  runway ,  an d (6 )  selec t  th e runway .  W e encode d 

To lan d a  plane : 

1) Press the T or -I key until the arrow 
on th e scree n point s t o th e plan e yo u 
want  t o land . 

2)  Pres s th e J  ke y t o selec t  th e plane . 
3)  Pres s th e T  o r  i  ke y unti l  th e arro w 

on th e scree n point s t o th e desire d 
runway . 

4)  Pres s th e J  ke y agai n t o lan d th e 
plane . 

PRESS <SPACE BAR> TO CONTINUE 

Figur e 2 :  A n instrucUo n pag e o n ho w t o lan d a  plan e 

RULE 1 :  PLANES MUST LAN D INT O TH E WIND. 
{Tha t  is ,  i f  th e win d i s  fro m 
th e South ,  th e plan e mus t  b e 
lande d o n a  N- S runway . 
[DIRECTION ] 

RULE 2: PLANES CAN ONLY LAND FROM LEVEL 
1 [LEVEL ] 

RULE 3: PLANES IN THE HOLD PATTERN CAN 
ONLY MOVE 1  LEVE L A T A  TIME . 
BUT T O AN Y AVAILABL E POSITIO N 
I N THA T LEVE L [HOLD ] 

PRESS <SPACE BAR> TO CONTINUE 

Figur e 3 :  A n instructio n pag e o n tas k rule s 1  3 . 
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th e knowledg e o f  ho w t o lan d a  plan e a s si x step s instea d o f 
fou r  (a s show n i n Figur e 2) ,  becaus e tw o step s ar e iinplici t 
i n step s 1  an d 3  i n Figur e 2 .  Th e firs t  implici t  ste p i s 
findin g a  desire d object ,  e.g .  plan e an d runway ,  an d th e 
secon d implici t  ste p i s movin g t o tha t  object .  Furthermore , 
we encode d th e rule s o f  th e tas k a s declarativ e knowledg e 
specifyin g constrain t  information . 

Performing the Task Initially with Weak Methods 

W h en ou r  mode l  firs t  attempt s t o perfor m th e A T C task ,  i t 
doe s no t  hav e an y procedure s tha t  i t  ca n use .  Thi s situatio n 
i s analogou s t o tha t  face d b y a  subjec t  w h o mus t  perfor m 
th e A T C tas k fo r  th e firs t  time ,  havin g jus t  complete d 
readin g th e instructions .  Th e mode l  begin s b y searchin g i n 
it s  declarativ e memor y fo r  knowledg e o f  h o w t o perfor m th e 
A T C task . 

The mode l  retrieve s from  memor y a  declarativ e encodin g 
of  th e goa l  o f  th e A T C tas k (i.e .  t o lan d planes) .  Then ,  th e 
model  searche s fo r  relevan t  declarativ e knowledg e o n landin g 
planes .  Th e mode l  retrieve s th e encodin g o f  th e step-by-ste p 
instruction s o n h o w t o lan d planes .  Th e mode l  use s th e 
analog y mechanis m ( a built-i n wea k proble m solvin g 
metho d i n A C T - R )  t o proceduraliz e th e declarativ e 
knowledg e fo r  landin g planes .  Thi s create s a  productio n 
rule ^  o f  th e for m give n i n Figur e 4 .  Onc e thi s productio n 
rul e i s created ,  th e mode l  ca n no w appl y i t  t o th e curren t 
goal  o f  landin g a  plane . 

Afte r  th e productio n rul e fires ,  th e mode l  mus t  satisf y 
severa l  subgoals .  First ,  th e mode l  mus t  fin d a  suitabl e 
plan e t o land .  Onc e again ,  th e mode l  lack s a  read y metho d 
tha t  ca n satisf y thi s subgoa l  directly .  Th e mode l  use s a  se t 
of  domai n genera l  means-end s plannin g productio n rules .  A n 
exampl e o f  a  domai n genera l  plannin g productio n rul e i s 
give n i n Figur e 5 .  Thi s productio n rul e (an d other s 
associate d wit h it )  encapsulate s domai n genera l  knowledg e t o 
whic h w e assum e peopl e hav e access .  Th e productio n rul e 
basicall y state s tha t  i f  th e goa l  i s  t o selec t  a n objec t  i n a 
categor y an d w e kno w o f  a n objec t  tha t  belong s t o tha t 
category ,  the n chec k i f  i t  i s  O K t o choos e tha t  object .  Fo r 
example ,  i f  th e goa l  i s  t o selec t  a n objec t  o f  th e categor y 
"plane" ,  an d w e kno w o f  a n objec t  o f  tha t  category ,  e.g . 
fligh t  #  347 ,  the n se t  a  subgoa l  t o chec k i f  fligh t  #34 7 
satisfie s al l  know n constraint s o n planes .  I f  fligh t  #34 7 
fail s t o satisf y a  constraint ,  th e productio n rul e wil l  continu e 
t o tr y ou t  differen t  object s o f  th e "plane "  categor y unti l  on e 
i s foun d tha t  satisfie s al l  th e constraints . 

I F th e goa l  i s  t o selec t  a n objec t  o f  a 
part icu la r  categor y 

an d ther e i s a n objec t  o f  tha t  categor y 
an d th e objec t  ha s no t  bee n trie d befor e 

THEN set a subgoal to check if the object 
sat isf ie s al l  th e constraint s 

Figur e 5 :  A  genera l  productio n rul e fo r  selectin g a n object . 

After finding a suitable plane, the model subgoals to 
move t o tha t  plan e an d selec t  it .  Thi s proces s repeat s t o 
searc h fo r  a  suitabl e runway .  Differen t  runway s ar e trie d 
unti l  on e i s foun d tha t  satisfie s al l  th e constraint s (suc h a s 
rul e 6 ,  whic h state s tha t  th e runwa y mus t  b e empty) .  Afte r 
findin g a  suitabl e runway ,  th e mode l  subgoal s t o mov e t o 
tha t  runwa y an d select s it . 

Optimizing Procedures With Declarative Memory 
T rac e o f  Pas t  P rob le m Solvin g Episode s 

A ke y assumptio n o f  ou r  mode l  i s tha t  subject s hav e acces s 
t o th e declarativ e trac e o f  thei r  proble m solvin g episodes .  I f 
a subjec t  jus t  lande d a  plane ,  i t  seem s reasonabl e tha t  sh e 
can recal l  fro m memor y th e step s use d t o satisf y th e 
subgoal s fo r  landin g tha t  plane . 

Our  mode l  use s declarativ e trac e o f  pas t  proble m solvin g 
episode s t o buil d mor e efficien t  procedures .  Specifically , 
optimizatio n o f  productio n rule s occur s throug h th e proces s 
of  replacin g subgoal s o n th e actio n sid e o f  th e productio n 
rul e wit h patter n matchin g o n th e conditio n sid e o f  th e 
productio n rule .  Figur e 6(a )  list s a n exampl e o f  a n 
inefficien t  productio n rule ,  an d figur e 6(b )  list s a n exampl e 
of  a n optimize d productio n rule . 

I F th e goa l  i s  t o lan d a  plan e 

THEN set a subgoal to find a suitable plane 
se t  a  subgoa l  t o mov e t o th e plan e 
se t  a  subgoa l  t o selec t  th e plan e 
se t  a  subgoa l  t o fin d a  suitabl e runwa y 
se t  a  subgoa l  t o mov e t o th e runwa y 
se t  a  subgoa l  t o selec t  th e runwa y 

(a) 

I F th e goa l  i s  t o lan d a  plan e 

THEN set a subgoal to find a suitable plane 
se t  a  subgoa l  t o mov e t o th e p lan e 
se t  a  subgoa l  t o selec t  th e plan e 
se t  a  subgoa l  t o fin d a  sui tabl e runwa y 
se t  a  subgoa l  t o mov e t o th e runwa y 
se t  a  subgoa l  t o selec t  th e runwa y 

Figur e 4 :  Initia l  productio n rul e fo r  landin g a  plane . 

I F th e goa l  i s  t o lan d a  plan e 
an d ther e i s a  plan e i n hol d on e 
an d ther e i s a n ope n runwa y 

THEN move to that plane 
selec t  tha t  p lan e 
move t o tha t  runwa y 
selec t  tha t  runwa y 

(b) 

Figure 6: (a) An example of an inefficient rule, and (b) An 
exampl e o f  a n optimize d rule . 

^ACT- R use s productio n rule s t o represen t  procedura l  skills . 
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Figure 7: ACT-R Model's Latency Predictions for Landing a Plane. 

Optimizatio n i s  a  proces s b y whic h productio n rule s 
become task-specifi c  throug h experience .  I t  i s  simila r  i n 
spiri t  t o Anderson' s (1982 )  knowledg e compilatio n process , 
but  th e scop e o f  th e ou r  optimizatio n proces s i s  m u c h 
smaller .  Th e logi c behin d th e optimizatio n i s  tha t  i n th e 
proces s o f  landin g th e firs t  plane ,  on e mus t  slowl y reaso n 
out  wha t  constitute s a  ''suitable "  plan e an d runway . 
However ,  afte r  havin g reasone d thi s ou t  th e firs t  time ,  on e 
shoul d b e abl e t o capitaliz e o n thi s knowledg e t o narro w 
down th e searc h spac e i n choosin g a  plan e an d a  runwa y i n 
subsequen t  plan e landings .  I n particular ,  on e shoul d onl y 
conside r  plane s i n hol d on e an d runway s tha t  ar e open ,  alon g 
wit h othe r  constraints . 

To reiterate ,  th e mode l  initiall y  perform s th e A T C tas k b y 
usin g deliberative ,  domai n genera l  plannin g methods .  Later , 
th e mode l  capitalize s o n th e knowledg e gaine d throug h 
deliberativ e plannin g method s t o develo p mor e specialized , 
task-specifi c  productio n rules .  A s w e wil l  show ,  thi s 
proces s o f  procedura l  skil l  learnin g tha t  w e ar e proposin g 
makes som e specifi c  prediction s abou t  th e timin g o f  plan e 
landing . 

Predictions from the Model 

W h en a  tria l  begins ,  th e arro w start s a t  th e highes t  slot , 
"3n" ,  i n hol d leve l  three .  Th e quickes t  wa y t o lan d a  plan e 
fro m thi s poin t  i s t o m o v e t o a  plan e i n hol d leve l  one , 
selec t  it ,  mov e t o a  runway ,  an d the n land .  W e ca n brea k u p 
th e tim e t o lan d th e first  plan e int o a  sequenc e o f  si x events . 
First ,  th e tim e betwee n th e beginnin g o f  th e tria l  t o th e first 
down arro w pressed ,  firstkey .  Second ,  th e mea n tim e t o 

pres s a  dow n arro w ke y whe n movin g t o a  plan e i n hol d 
leve l  one ,  interkey-1 .  Third ,  th e tim e betwee n th e las t  dow n 
arro w ke y presse d i n movin g t o th e plan e an d th e ente r  ke y 
presse d t o selec t  th e plane ,  preselect .  Fourth ,  th e tim e 
betwee n th e ente r  ke y presse d t o selec t  th e plan e t o th e first 
down arro w ke y presse d t o m o v e t o th e runway ,  postselect . 
Fifth ,  th e mea n tim e t o pres s a  d o w n arro w ke y whe n 
movin g t o th e runway ,  interkey-2 .  A n d finally ,  sixth ,  th e 
tim e betwee n th e las t  d o w n arro w ke y presse d i n movin g t o 
th e runwa y an d th e ente r  ke y presse d t o lan d th e plane ,  land . 

The first  tim e th e mode l  attempt s t o lan d a  plane ,  i t  use s 
th e deliberativ e productio n rul e describe d i n Figur e 4 .  T o 
lan d a  secon d plane ,  th e mode l  use s th e optimize d productio n 
rul e describe d i n Figur e 6 .  Figur e 7  plot s th e predicte d 
latenc y fo r  th e si x events ,  fo r  th e deliberativ e productio n rul e 
use d fo r  first  landin g an d th e optimize d productio n rul e use d 
fo r  secon d landing .  A s show n i n th e figure ,  th e mode l 
predict s tha t  th e deliberativ e productio n rul e wil l  tak e longe r 
fo r  firstkey ,  wher e th e deliberatio n fo r  choosin g a  plan e 
take s place ,  an d postselect ,  wher e th e deliberatio n fo r 
choosin g a  runwa y take s place .  Thi s i s  becaus e th e mode l 
must  reaso n ou t  wha t  ar e "suitable "  plane s an d runway s fo r 
th e firs t  landin g o f  a  plane .  However ,  fo r  th e secon d landin g 
of  a  plane ,  th e mode l  use s th e constrain t  knowledg e gaine d 
fro m th e firs t  landin g o f  th e plan e t o construc t  a  mor e task -
specifi c  productio n rul e tha t  ha s th e constrain t  informatio n 
buil t  int o th e patter n matchin g sid e o f  th e ne w rul e an d 
thereb y eliminatin g th e nee d t o perfor m th e deliberat e 
proble m solving . 

421 



E 

a: 

1 UVJUU -

8000 -

6000 -

4000 -

2000 -

0-

-j' l 

q 

A \ 

tn -  -. .  _  *̂ » \ \ 

D 

A-

---o-- -

- 0 - -

---ffl-- -

/  A. .  \ 

^- — 1  1  1 

tria l  1  (20 ) 

tria l  2  (34 ) 

tria l  3  (36 ) 

tria l  9  (40 ) 

tria l  1 8 ( 5 0 ) 

/ 

A 

1 

f i r s t ke y i n t e r k e y - 1 p r e s e l e c t  pos t se lec t  i n t e r k e y - 2 l a n d 

Figur e 8 :  La tenc y dat a o f  subject s f r o m A c k e r m a n (1988) . 

I n addition ,  show n i n Figur e 7 ,  th e mode l  als o predict s 
tha t  acceleratio n i n learnin g wil l  b e concentrate d a t  th e tw o 
point s wher e lon g deliberatio n take s plac e durin g initia l 
proble m solving .  Thi s i s becaus e i n subsequen t  landings , 
th e mode l  i s  abl e t o buil d mor e task-specifi c  productio n 
rule s wit h constrain t  informatio n o n th e patter n matchin g 
sid e o f  th e productio n rule ,  thu s eliminatin g th e nee d t o 
perfor m deliberativ e planning .  I n particular ,  whil e 
attemptin g t o identif y wha t  ar e "suitable "  plan e an d runway , 
th e mode l  realizes ,  fo r  example ,  tha t  al l  plane s mus t  b e i n 
hol d on e befor e on e ca n lan d it .  Th e mode l  use s thi s 
knowledg e t o develo p a  ne w productio n rul e i n whic h thi s 
knowledg e i s  buil t  int o th e pattern-matchin g sid e o f  th e 
productio n rule .  Hence ,  th e constrain t  knowledg e gaine d 
throug h lon g deliberatio n durin g th e first  proble m solvin g 
episod e i s use d t o buil d a  productio n rul e tha t  automaticall y 
select s plane s i n hol d leve l  one . 

Analysis of Subject Data 

We use d dat a fro m 5 8 o f  Ackerman' s (1988 )  6 4 subject s i n 
our  analysis .  W e exclude d dat a fro m 5  subject s w h o di d no t 
complet e a t  leas t  eightee n (10-minute )  trials ,  an d als o dat a 
fro m 2  subject s du e t o a n erro r  durin g thei r  decompressio n 
fro m th e Kanfer-Ackerma n C D - R O M (Ackerma n &  Kanfer , 

1994) . 
Figur e 8  plot s th e mea n latenc y fo r  th e si x ke y event s fo r 

thos e subject s w h o wer e abl e t o successfull y lan d th e first 
plan e a t  th e beginnin g o f  eac h tria l  wit h onl y a  tw o ke y 
deviation s fro m th e shortes t  ke y sequenc e necessar y fo r  th e 

landin g (e.g .  up-arro w key) .  Th e numbe r  enclose d i n 
parenthese s nex t  t o th e tria l  numbe r  show s th e tota l  numbe r 
of  subject s meetin g thi s criterion . 

As show n i n Figur e 8 ,  th e latenc y profil e fo r  th e si x 
event s i n tria l  1  i s  simila r  t o tha t  predicte d b y th e first 
landin g latenc y profil e i n ou r  mode l  (Figur e 7) .  Th e onl y 
differenc e i s tha t  ou r  mode l  predict s a  large r  contras t  betwee n 
latenc y tim e fo r  preselec t  an d postselect ,  wherea s i n th e 
subjec t  data ,  thes e tw o event s sho w a  simila r  latenc y profile . 
A reasonabl e explanatio n fo r  thi s i s tha t  withi n ou r  model , 
th e entir e burde n o f  deliberatio n fo r  choosin g a  runwa y i s 
place d i n th e postselec t  event .  I n reality ,  however ,  i t  i s 
mor e likel y tha t  som e subject s ar e choosin g a  runwa y befor e 
the y pres s th e "enter "  key .  Sinc e th e dat a plotte d fo r  tria l  1 
i n Figur e 8  i s aggregate d ove r  2 0 subjects ,  thi s m a y reflec t 
an aggregatio n o f  tw o type s o f  subjects :  (1 )  subject s wh o 
loo k fo r  a  runwa y befor e the y pres s th e "enter "  key ,  an d (2 ) 
subject s w h o tak e th e tim e t o loo k fo r  a  runwa y afte r  the y 
pres s th e "enter "  key .  Hence ,  i f  w e averag e ove r  preselec t 
and postselec t  latenc y time ,  th e mode l  predict s a  littl e les s 
tha n si x second s o f  latency ,  whic h i s  consisten t  wit h th e 
subjec t  data . 

I n addition ,  th e predictio n o f  ou r  mode l  tha t  acceleratio n 
i n learnin g wil l  b e concentrate d a t  th e point s o f  deliberatio n 
i s als o born e i n th e subjec t  dat a show n i n Figur e 8 .  A s ca n 
be seen ,  th e acceleratio n i n learnin g i s occurrin g precisel y a t 
th e firstkey  event ,  wher e th e deliberatio n fo r  finding  a  plan e 
take s place ,  an d a t  th e preselec t  an d postselec t  events ,  wher e 
th e deliberatio n fo r  finding  a  runwa y take s place . 
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However ,  whil e i t  i s  clea r  tha t  th e first  landin g o f  th e 
model  i s  comparabl e t o th e firs t  landin g o f  subject s i n tria l 
1,  th e mode l  i s les s capabl e o f  predictin g secon d landing .  I n 
particula r  w e force d th e mode l  t o us e th e optimize d 
productio n t o lan d th e secon d plane ,  i n orde r  t o examin e th e 
implication s o f  th e procedur e optimizatio n proces s tha t  w e 
hav e posited .  A s fo r  th e subjec t  dat a i n Figur e 8 ,  whic h 
indicate s a  gradua l  learnin g process ,  w e hypothesiz e a t  leas t 
tw o type s o f  processe s a t  work .  First ,  whil e th e productio n 
may b e learned ,  i t  ma y no t  necessaril y  fire  th e nex t  time . 
Instead ,  i t  ma y tak e tim e fo r  th e procedur e t o gai n enoug h 
strengt h t o fire.  Th e second ,  th e aggregatio n ove r  subjec t 
dat a ma y hid e th e differentia l  rat e a t  whic h subject s ar e 
learnin g an d usin g th e optima l  productio n rule .  Individua l 
difference s i n th e rat e a t  whic h subject s acquir e an d us e th e 
efficien t  productio n rul e likel y var y amon g differen t  people . 
The purpos e o f  ou r  modelin g effor t  wa s t o describ e a 
procedura l  optimizatio n proces s whic h ca n accoun t  fo r  th e 
qualitativ e acceleratio n i n learnin g i n dynami c task s lik e th e 
A TC task . 

Conclusion 

The idea s elaborate d i n ou r  mode l  ar e consisten t  wit h pas t 
researc h i n acquisitio n o f  procedura l  skil l  fro m instructions . 
Catrambon e (1990 ,  1995 )  ha s examine d ho w procedura l 
skill s  ar e acquire d fro m instructiona l  text .  I n particular ,  h e 
differentiate s betwee n specifi c  an d genera l  knowledge .  H e 
argue d tha t  genera l  knowledg e i s mor e important ,  becaus e i t 
transfer s bette r  t o nove l  tasks .  However ,  specifi c  knowledg e 
i s faste r  tha n genera l  knowledg e i n it s applicatio n 
(Catrambone ,  1990) .  Sinc e spee d i s critica l  i n performin g 
dynamic ,  time-consu-aine d task s (Agr e &  Chapman ,  1987) , 
i t  i s  precisel y th e acquisitio n o f  suc h task-specifi c  procedura l 
skill s  tha t  become s critica l  i n dynami c tasks . 

I n addition ,  ou r  us e o f  a  memor y trac e fo r  pas t  proble m 
solution s i s als o consisten t  wit h othe r  researc h effort s lik e 
Hammond's (1990 )  case-base d planning .  H a m m o nd (1990 ) 
has argue d tha t  peopl e retriev e pas t  plan s an d modif y i t  t o 
solv e th e curren t  problem .  However ,  ou r  proces s differ s 
fro m case-base d planning ,  becaus e w e us e th e declarativ e 
trac e o f  pas t  proble m solution s t o develo p mor e efficien t 
procedures .  Learnin g i n case-base d plannin g i s fairl y 
limited ,  fo r  example ,  t o accumulatio n o f  plan s i n memory . 

I n th e A T C tas k an d othe r  dynami c tasks ,  peopl e becom e 
highl y reactiv e jus t  a s th e situate d theorist s hav e argued . 
However ,  w e hav e show n tha t  peopl e actuall y g o throug h a 
more deliberativ e stag e i n whic h the y sp)en d considerabl e 
tim e reasonin g abou t  constraints .  Indeed ,  thes e tw o 
situation s ar e no t  mutuall y exclusive .  The y ma y instea d 
defin e tw o endpoint s o f  a  learnin g continuu m i n dynami c 
tasks . 

Our  purpose ,  therefore ,  ha s bee n t o tr y t o provid e a  bridg e 
betwee n deliberativ e proble m solvin g method s (e.g .  Newel l 
& Simon ,  1972 )  tha t  ar e necessar y i n initiall y  performin g i n 
a nove l  tas k domain ,  an d th e nee d t o reac t  quickl y t o th e 

environment ,  a s posite d b y theor y o f  situate d activit y (e.g . 
Agr e &  Chapman ,  1987) .  A C T - R i s a  mode l  tha t  i s 
capabl e o f  producin g thi s transitio n fro m deliberatio n t o 
reactio n (se e Joh n &  Bauer ,  199 5 fo r  a n alternativ e mode l 
withi n th e Soa r  architectur e fo r  skil l  learnin g i n dynami c 
task) .  I t  doe s s o b y learnin g fro m declarativ e trace s o f  it s 
initia l  proble m solvin g efforts .  Moreover ,  i t  i s  capabl e o f 
makin g predicdon s abou t  landin g time s an d thei r  speed-u p 
whic h ar e approximatel y i n th e bal l  par k o f  th e observe d 
times . 
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