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M o d e l i n g Adaptivi t y i n a  D y n a m i c T a s k 

Bradle y J .  Best ,  Christia n D .  Schunn ,  an d Lynn e M .  Rede r 
(bbest@andrew.cmu.edu ,  schunn@cinu.edu ,  an d reder@cniu.edu ) 

Carnegi e Mello n Universit y 

Departmen t  o f  Psycholog y 
Pittsburgh ,  P A 1521 3 U S A 

Abstrac t 

Adaptivity is examined within a complex task environ-
ment :  th e Kanfer-Ackerma n Ai r  Traffi c  Controlle r  Task© . 
A computationa l  mode l  i s develope d i n ACT- R t o accoun t 
fo r  suc h adaptivit y usin g a n implici t  learnin g mechanism . 

People demonstrate considerable flexibility in adapting their 
strategie s t o th e changin g natur e o f  th e environment .  Previ -
ou s studie s (Reder ,  1987 ;  Siegler ,  1988 ;  Lovet t  an d Ander -
son ,  1996 )  focuse d o n adaptiv e strateg y selectio n i n th e con -
tex t  o f  simpl e tasks .  Fo r  example ,  Lovet t  an d Anderso n 
(1996 )  applie d a  mode l  o f  adaptiv e strateg y choic e t o th e 
Buildin g Stick s Task ,  a n isomorp h t o th e Luchin s wate r  ju g 
task .  I n th e B S T the y manipulate d th e succes s o f  th e alter -
nativ e strategie s ove r  time .  Thei r  mode l  accounte d fo r  th e 
strateg y choice s o f  subject s b y usin g th e succes s an d failur e 
histor y o f  th e availabl e strategie s an d pickin g th e mor e suc -
cessfu l  strategy .  Nois e adde d t o thi s selectio n proces s al -
lowe d th e mode l  t o sampl e th e les s successfii l  strateg y i n 
proportio n t o it s relativ e succes s rate ,  a  commonl y observe d 
featur e o f  huma n choic e data . 

Althoug h thes e effort s hav e succeede d wit h simpl e tasks , 
i t  i s  possibl e tha t  comple x task s m a y plac e differen t  de -
mands o n peopl e an d mak e i t  difficul t  t o captur e th e essenc e 
of  thei r  behavio r  i n a  comple x tas k withi n thi s typ e o f  sim -
pl e computationa l  fi-amework.  Thi s pape r  report s a n effor t 
t o mode l  adaptiv e strateg y choic e withi n a  comple x task ,  th e 
Kanfer-Ackerma n Ai r  Traffi c  Contro l  Task © ( K A - A T C , 
Ackerma n an d Kanfer ,  1994) .  I n addition ,  w e investigat e 
assumption s abou t  monitorin g o f  strateg y choice . 

M a ny model s o f  strateg y choic e ar e commonl y though t  o f 
as explici t  model s o f  choice ,  wher e th e choic e i s controlle d 
throug h explici t  metacognitiv e monitoring .  Anothe r  possi -
bilit y  propose d b y Rede r  an d Schun n (1996 )  i s tha t  strateg y 
choic e i s m a d e throug h implici t  m e m o r y an d implici t  learn -
ing .  I n thi s cas e th e strateg y itsel f  m a y b e explicit ,  bu t  th e 
mechanis m o f  choosin g betwee n thes e over t  strategie s i s 
assume d t o b e implicit .  Alternatively ,  th e strateg y an d 
choic e m a y bot h b e implicit ,  an d peopl e m a y b e unawar e o f 
th e strategie s the y use d a s wel l  a s thei r  shift s betwee n the m 
(e.g. ,  Reder ,  1987) .  I n al l  thes e situations ,  learnin g o f  th e 
n e w strateg y involve s succes s o r  failur e wit h th e strateg y o r 
blam e assignment . 

D ue t o th e complexit y o f  th e tas k environmen t  i n th e cur -
ren t  study ,  blam e assignmen t  i s a  centra l  issue .  I n a  simpl e 
task ,  strateg y choic e lead s t o immediat e consequences .  I n 
th e K A - A T C task ,  poo r  strateg y choice s m a y no t  caus e im -

mediat e problems ,  an d m a y instea d lea d t o difficultie s severa l 
moves later . 

Blam e assignmen t  i s  a  fundamenta l  proble m i n artificia l 
intelligenc e an d ha s bee n explore d withi n m a n y frameworks. 
O ne o f  th e simples t  representation s o f  th e proble m o f  opti -
mal  choic e i s th e two-arme d bandit .  I n thi s problem ,  th e 
goal  i s  t o determin e th e optima l  payof f  o f  a  choic e betwee n 
tw o options ,  sa y A  an d B ,  wher e th e possibl e payoff s ar e 0 
or  1 .  Choice s A  an d B  ar e rando m variable s wit h a  fixed 
mean an d varianc e abou t  whic h w e hav e n o initia l  informa -
tion .  I f  w e kno w th e mea n payof f  o f  A  i s  highe r  tha n B 
the n th e optima l  strateg y i s t o alway s selec t  A .  Sinc e w e d o 
not  k n o w whic h strateg y wil l  b e mor e successful ,  w e mus t 
tes t  both .  Further ,  n o finit e numbe r  o f  sample s o f  eithe r 
strateg y ca n completel y determin e th e strateg y wit h th e 
highe r  mea n payof f  Trial s therefor e hav e tw o functions : 
informatio n gatherin g an d payof f  accumulation .  Optima l 
choic e i s a  tradeof f  betwee n collectin g enoug h informatio n 
t o determin e th e mor e successfu l  strategy ,  an d exploitin g th e 
mor e successfull y strateg y t o maximiz e th e overal l  payout . 
T o o littl e samplin g o f  bot h strategie s ca n mak e th e les s 
successfu l  strateg y loo k mor e successfu l  an d resul t  i n selec -
tio n o f  th e les s successfu l  strategy .  Excessiv e samplin g 
result s i n to o man y trial s o f  th e les s successfu l  strateg y 
(Holland ,  1992) . 

Th e curren t  tas k i s a  mor e genera l  cas e o f  thi s proble m 
whic h i s complicate d b y a )  changin g relativ e payoff s o f  dif -
feren t  strategie s ove r  time ,  b )  possibl e multipl e strategie s 
availabl e a t  eac h step ,  c )  th e difficult y i n determinin g wha t 
constitute s a  succes s o r  failure ,  an d d )  delay s i n finding  ou t 
whethe r  a  choic e wa s successfu l  o r  unsuccessful . 

The Kanfer-Ackerman ATC Task© 

The tas k wa s designe d t o simulat e som e difficul t  aspect s 
of  ai r  traffi c  control .  I t  present s th e subjec t  wit h a  dynami c 
environmen t  i n whic h the y mus t  atten d t o changin g weather , 

differen t  combination s o f  plan e type s an d landin g restric -
tions ,  tim e pressure ,  an d othe r  real-tim e factors . 

Th e state d goa l  o f  th e K A - A T C tas k i s t o accumulat e a s 
m a ny point s a s possibl e acros s th e trial s o f  th e session . 
Point s ar e accumulate d b y landin g plane s withou t  breakin g 
rules .  Rul e infraction s resul t  i n poin t  deduction s an d th e 
amount  o f  point s deducte d depend s o n th e severit y o f  th e 
infractio n (crashin g a  plan e du e t o lo w fue l  i s  mor e sever e 
tha n attemptin g t o lan d o n a n illega l  runway) .  Th e KA -
A T C interfac e ha s thre e majo r  scree n regions :  th e hol d area , 
th e weathe r  area ,  an d th e runwa y area .  Th e hol d are a con -
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sist s o f  1 2 hol d position s (North/East/SouthAVes t  x  3  lev -
els) ,  eac h o f  whic h ca n hol d on e plane .  W h e n a  hol d posi -
tio n i s occupied ,  i t  indicate s th e fligh t  number ,  th e typ e o f 
plan e (747 ,  DC-10 ,  727 ,  o r  Prop )  an d th e remainin g fue l  (i n 
minutes) .  Th e weathe r  are a show s th e curren t  win d speed , 
win d direction ,  an d groun d condition s fo r  th e runways .  Th e 
runwa y are a consist s o f  tw o north/sout h runways ,  on e lon g 
and on e short ,  an d tw o east/wes t  runways ,  on e lon g an d on e 
short .  W h e n plane s ar e lande d the y slowl y mov e acros s th e 
runwa y ove r  a  1 5 secon d period . 

The K A - A T C ha s a  concis e se t  o f  rule s tha t  gover n legal -
it y o f  landing s an d othe r  plan e moves : 
1.  Plane s ca n mov e onl y 1  hol d leve l  a t  a  time ,  an d onl y 

int o a n unoccupie d hol d slot . 
2.  Plane s ca n onl y lan d fro m hol d leve l  1 . 
3.  Plane s mus t  lan d int o th e win d (e.g. ,  i n a  nort h win d 

th e plan e mus t  lan d o n th e north/sout h runway . 
4.  Plane s wit h lo w fue l  (les s tha n 3  minute s remaining ) 

must  b e lande d immediately . 
5.  Onl y on e plan e a t  a  tim e ca n occup y a  runway . 
6.  Al l  plane s ca n alway s lan d o n th e lon g runway .  Th e 

curren t  weathe r  an d plan e typ e determin e whethe r  th e 
shor t  runwa y i s legal .  747 s ca n neve r  lan d o n th e shor t 
runway .  DC-10 s ca n lan d o n th e shor t  runwa y whe n 
th e runway s ar e no t  ic y an d th e win d spee d i s les s tha n 
40 knots .  727 s ca n lan d o n th e shor t  runwa y whe n th e 
win d spee d i s 0-2 0 knot s o r  whe n th e runwa y i s dry . 

An importan t  aspec t  o f  thi s tas k i s tha t  som e feedbac k 
abou t  strateg y succes s i s immediate ,  whil e som e feedbac k i s 
delayed .  Fo r  example ,  i f  a  subjec t  choose s t o lan d a  72 7 o n 
th e lon g runway ,  tha t  runwa y wil l  b e temporaril y  unavail -
able .  Althoug h th e 72 7 land s successfully ,  i t  ma y preven t 
th e landin g o f  747 s tha t  ar e lo w o n fuel ,  resultin g i n fewe r 
landing s (becaus e o f  suboptima l  runwa y usage )  an d possibl y 
eve n crashes .  O n th e othe r  hand ,  violatin g th e rule s b y at -
temptin g t o lan d a  DC-1 0 o n a n ic y runwa y cause s a  popu p 
windo w t o provid e immediat e feedback . 

To mode l  thi s assignmen t  o f  blam e backward s throug h 
time ,  blam e i s assigne d t o al l  action s o n th e causa l  pat h fo r 
th e curren t  goa l  an d subgoals .  I t  i s  possibl e tha t  th e causa l 
event s i n thi s tas k ar e sufficientl y remot e i n tim e tha t  a  cur -
ren t  predicamen t  canno t  reac h bac k t o th e tru e caus e t o as -
sig n blame .  I n thi s cas e w e woul d expec t  t o b e unabl e t o 
demonstrat e a  mode l  tha t  adapt s t o th e structur e o f  th e KA -
A T C task .  O n th e othe r  hand ,  i f  th e causa l  event s ar e suffi -
cientl y proxima l  t o a  succes s o r  failure ,  w e woul d expec t 
tha t  a  mode l  coul d adap t  t o changin g tas k conditions . 

The aspec t  o f  th e tas k w e ar e focusin g o n i s th e behavio r 
involvin g landin g planes .  Othe r  researcher s hav e investigate d 
th e behavio r  o f  subject s i n movin g plane s withi n th e queue s 
(e.g. ,  Joh n an d Lallement ,  1997 ;  Lee ,  Matessa ,  an d Ander -
son ,  1995 ;  Le e an d Anderson ,  1997) .  W e wil l  focu s o n th e 
choice s mad e b y subject s i n assignin g th e differen t  plan e 
type s t o runway s unde r  varyin g weathe r  condition s an d pro -
portion s o f  plan e type s i n th e incomin g flights . 

Data Set 

The K A - A T C dat a w e modele d ar e reporte d i n Rede r  an d 
Schun n (i n press )  an d Schun n an d Rede r  (i n press) .  Overall , 
subject s demonstrat e grea t  similarit y despit e th e tas k com -

plexity .  A s ca n b e see n i n Tabl e 1 ,  subject s lan d 747 s o n 

th e lon g runway ,  th e onl y lega l  runwa y fo r  thi s plan e type , 
almos t  exclusively .  Mistake s wit h thi s plan e typ e ar e rare , 

eve n i n th e firs t  severa l  trial s whe n subject s ar e learnin g th e 
task . 

Tabl e 1 :  Fo r  th e adaptiv e subject s i n Bloc k 1 ,  th e percent -
age o f  al l  plane s landed ,  an d percentag e o f  landing s o n th e 

sho n an d lon g runway s fo r  eac h plan e type . 

Plan e 

typ e 

Pro p 
DC-1 0 
727 
747 

% o f  al l 
lande d 

30 
40 

5 
25 

% o n shor t 
runwa y 

75 
20 
30 

0 

% o n lon g 
runwa y 

25 
80 
70 

100 

Subject s als o consistentl y lan d prop s o n th e shor t  runwa y 
and infrequenti y o n lon g runwa y eve n thoug h eithe r  runwa y 
i s lega l  an d landin g lon g require s fewe r  keystrokes .  On e 
possibl e explanatio n i s tha t  subject s vie w th e lon g runwa y 
as a  scarc e resourc e an d choos e thi s strateg y t o conserv e it . 
However ,  subject s associat e prop s wit h th e shor t  runwa y 
befor e the y hav e ha d a  chanc e t o determin e th e relativ e scar -
cit y o f  th e lon g runwa y i n thi s task .  A  secon d possibilit y  i s 
tha t  prop s ar e th e onl y plan e typ e tha t  ca n alway s lan d shor t 
so thi s i s a  cognitivel y simpl e rule .  A  thir d possibilit y  i s 
participant s us e thei r  rea l  worl d knowledg e o f  planes :  larg e 
plane s suc h a s jumb o jet s (747s )  nee d lon g runway s whil e 
smal l  plane s (props )  belon g o n shor t  runways . 

The choice s mad e wit h DC-10 s ar e o f  primar y interes t 
here .  DC-10 s m a y lan d o n bot h th e shor t  an d lon g runway , 
althoug h the y m a y onl y lan d o n th e shor t  runwa y unde r  cer -
tai n win d an d groun d conditions .  Subject s bas e thei r  runwa y 
choice s fo r  DC-10 s no t  onl y th e win d an d groun d condi -
tions ,  bu t  als o o n th e proportion s o f  plan e type s i n th e mi x 
of  incomin g planes .  Subject s lan d th e DC-10 s o n th e shor t 
runwa y mor e ofte n whe n ther e i s a  mi x o f  plane s tha t  mak e 
th e lon g runwa y scarce .  Specifically ,  Rede r  an d Schun n (i n 
press )  use d runwa y preferenc e fo r  DC-10 s t o measur e a d ^ 
tivit y i n subjects .  The y varie d th e proportion s o f  Prop s t o 
747 s b y bloc k whil e maintainin g a  hig h bu t  constan t  pro -
portio n o f  DC-10 s (40% )  an d a  lo w constan t  proportio n o f 
727 s (5%) .  Th e lowe r  proportio n o f  747 s i n bloc k 2  (5% ) 
vs .  th e proportio n i n bloc k 1  (25% )  ease s th e deman d fo r  th e 
lon g runway ,  whil e th e highes t  proportio n o f  747 s i n bloc k 
3 (50% )  create s th e greates t  deman d fo r  th e lon g runway . 

Reder  an d Schun n labele d a  landin g 'OpShort '  whe n a  sub -
jec t  chos e t o lan d a  DC-1 0 o n th e shor t  runwa y an d bot h 
runway s wer e open .  Hit s wer e define d a s attemptin g t o lan d 
a DC-1 0 o n th e shor t  runwa y whe n lega l  an d misse s wer e 
define d a s attemptin g t o lan d a  DC-1 0 o n th e lon g runwa y 
when i t  wa s lega l  t o lan d o n th e shor t  runway .  Fals e alarm s 
wer e define d a s attemptin g t o lan d o n th e shor t  runwa y whe n 
th e win d an d groun d condition s mad e suc h a  landin g illega l 
whil e correc t  rejection s wer e define d a s attemptin g t o lan d o n 
th e lon g runwa y whe n i t  wa s illega l  t o lan d o n th e shor t 
runway . 

Althoug h th e manipulatio n wa s quit e heavy-handed ,  som e 
subject s di d no t  shif t  thei r  landin g pattern s t o tak e advantag e 
of  th e changin g mi x o f  planes .  Rede r  an d Schun n labele d 
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thes e subject s a s nonadaptive .  A  secon d grou p o f  subjects , 

on whic h w e focu s here—th e adaptiv e subjects — 
differentiall y  allocate d DC-10 s t o th e lon g an d shor t  runwa y 
i n respons e t o th e demand s cause d b y hig h proportion s o f 

Prop s o r  747s .  Adaptiv e subject s showe d a  patter n o f  shor t 

runwa y usag e fo r  DC-10 s tha t  decrease d fro m block s 1  t o 2 , 
when mor e Prop s an d fewe r  747 s wer e include d i n th e mix , 
and increase d beyon d th e initia l  leve l  i n bloc k 1  when ,  i n 
bloc k 3 ,  th e proportio n o f  747 s t o Prop s wa s significantl y 

increased . 
Th e dat a i n Tabl e 2  repor t  th e proportio n o f  hit s t o hit s 

plu s misse s an d th e proportio n o f  fals e alarm s t o fals e 
alarm s plu s correc t  rejection s fo r  th e adaptiv e subjects .  I n 
th e firs t  block ,  hit s an d fals e alarm s ar e no t  significantl y 
differen t  ( p >  .1) ,  indicatin g n o sensitivit y t o th e rule s fo r 
landin g DC-10 s i n differen t  weathe r  conditions .  I n th e sec -
on d bloc k hit s an d fals e alarm s als o hav e simila r  magnitude s 
( p >  .5) ,  bu t  ar e decrease d relativ e t o bloc k 1 .  I n othe r 
word s th e subject s decreas e thei r  usag e o f  th e shor t  runwa y 
fo r  DC- ID s durin g thi s block ,  whe n a  hig h numbe r  o f  prop s 
m a ke th e shor t  runwa y a  scarc e resource .  I n th e thir d block , 
when ther e ar e a  larg e numbe r  o f  747s ,  subject s increas e 
thei r  usag e o f  th e shor t  runwa y fo r  DC-10 s relativ e t o bot h 
th e first  an d secon d block s ( p <  .01) .  Also ,  hit s increas e 
mor e tha n fals e alarm s i n th e thir d block ,  indicatin g tha t 
subject s becom e sensitiv e t o th e weathe r  rule s fo r  landin g 
DC- lO s (p<.01) . 

Table 2: Hit and false alarm proportions. 

Bloc k hit s fals e alarm s 

1 
2 
3 

.3 1 

.1 9 

.6 6 

.2 5 

.2 0 

.3 8 

Model 
Th e framewor k w e chos e fo r  th e curren t  stud y i s th e A C T -

R cognitiv e architectur e (Anderson ,  1993 ;  Anderso n an d 
Lebiere ,  i n press) .  A C T - R consist s o f  a  productio n syste m 
linke d t o a  spreadin g activatio n network .  Thes e tw o com -
ponent s provid e a n architectura l  separatio n fo r  procedura l  an d 
declarativ e knowledge .  Procedura l  knowledg e take s th e for m 
of  individua l  production s an d th e parameter s associate d wit h 
thos e productions .  A  goa l  stac k control s th e flo w o f  contro l 
withi n th e syste m an d determine s whic h production s m a y 
execut e a t  an y point .  Declarativ e knowledg e take s th e for m 
of  a  numbe r  o f  chunks ,  o r  node-lin k structures ,  containe d 
withi n th e declarativ e m e m o r y o f  A C T - R . 

Th e A C T - R theor y support s blam e assignmen t  throug h 
th e goa l  stac k mechanism .  W h e n a n erro r  stat e o r  succes s 
stat e i s reached ,  tha t  erro r  i s propagate d bac k t o production s 
tha t  participate d o n th e rout e t o th e erro r  state .  Fo r  exam -
ple ,  i f  a  D C - 1 0 i s successfull y lande d o n th e lon g runway , 
but  th e shor t  runwa y i s als o ope n an d th e onl y availabl e 
plan e i s a  74 7 (whic h ca n onl y lan d o n th e lon g runway) , 
th e productio n responsibl e fo r  landin g th e D C - 1 0 receive s 
par t  o f  th e blam e fo r  th e erro r  (failur e t o us e a n ope n run -
way) .  Thi s feedbac k make s th e goa l  structur e a  ke y par t  o f 
thi s modelin g project .  A  goa l  structur e tha t  include s to o 

many prio r  action s wil l  punis h o r  rewar d production s tha t 

had littl e t o d o wit h th e curren t  succes s o r  failure .  A  goa l 
structur e tha t  include s to o fe w production s m a y no t  allo w 

th e syste m t o assig n blam e fa r  enoug h bac k i n tim e t o reac h 

th e causa l  action . 

Model Description The current model is an ACT-R 4.0 
model  tha t  interface s wit h a  LIS P simulatio n o f  th e A T C 
task .  Th e aspect s o f  th e tas k simulate d includ e th e variou s 
hol d levels ,  runways ,  plan e types ,  mi x o f  incomin g plane s 
i n th e queue ,  weathe r  an d groun d conditions ,  rule s fo r  mov -
in g an d landin g planes ,  an d th e bloc k structur e an d timin g o f 

th e origina l  task .  O f  th e rule s mentione d above ,  onl y rul e 4 
whic h require s tha t  plane s wit h lo w fue l  b e lande d immedi -
ately ,  wa s no t  include d i n th e simulation . 

Th e schemati c representatio n use d b y th e A C T - R syste m 
include s a  structur e o f  chunk s tha t  represen t  th e variou s ele -
ment s o f  th e gam e interface ,  an d th e goa l  structure s use d i n 
th e task .  Th e goa l  type s includ e goal s t o obtai n informatio n 
abou t  th e curren t  gam e state ,  t o lan d planes ,  an d t o mov e 
plane s withi n th e hol d levels . 

Th e production s use d t o simulat e th e behavio r  o f  subject s 
fal l  int o tw o categories .  Th e firs t  se t  o f  production s gathe r 
or  notic e informatio n i n th e environmen t  suc h a s whic h 
plane s ar e i n th e firs t  hold ,  wha t  th e curren t  win d directio n 
is ,  an d whethe r  th e runway s ar e ope n o r  busy .  Th e secon d 
set  o f  production s ac t  o n th e gathere d informatio n an d inter -
act  wit h th e gam e simulation .  A t  th e highes t  leve l  o f  ab -
straction ,  then ,  th e syste m firs t  examine s th e curren t  gam e 
state ,  an d subsequentl y choose s a n action . 

A n exampl e productio n fro m th e mode l  tha t  attempt s t o 
lan d a  D C - 1 0 o n th e shor t  runwa y is : 

If the goal is to land a plane 
an d ther e i s a  DC-1 0 i n hol d leve l  1 
an d th e shor t  riinwa y i s ope n 

the n tr y t o lan d th e DC-1 0 o n tha t  runwa y 

There are 6 productions that choose to attempt to land the 
variou s plan e type s o n availabl e runways .  Ther e ar e ini -
tiall y  tw o enable d production s eac h fo r  th e D C - 1 0 an d 72 7 
specifi c  t o th e lon g an d shor t  runway s respectively .  Ther e i s 
on e productio n fo r  747s ,  whic h mus t  lan d long .  Ther e i s 
als o onl y on e productio n fo r  Props ,  whic h alway s lan d o n 
th e shor t  runway . 

Th e actio n chose n a t  eac h ste p o f  thi s simulatio n i s con -
straine d b y tw o things :  1 )  whethe r  a  productio n applie s t o 
th e curren t  goal ,  an d 2 )  th e histor y o f  succes s an d failur e o f 
th e production .  Th e conflic t  se t  include s thos e production s 
tha t  matc h th e typ e an d value s o f  th e curren t  goaJ .  Eac h o f 
thes e matchin g production s ha s a n expecte d gai n agains t  th e 
goa l  tha t  i s  calculate d b y th e formul a E  =  P G -C .  I n thi s 
formul a P  i s th e probabilit y  o f  succeeding ,  G  i s th e valu e o f 
th e curren t  goal ,  an d C  i s th e cos t  o f  followin g th e curren t 
production' s pat h t o th e goal .  Repeate d succes s lead s t o a n 
increas e i n P  an d therefor e th e chanc e tha t  thi s productio n 
wil l  b e selected ,  whil e repeate d failur e lead s t o a  decreas e i n 
P an d a  decreas e i n th e chanc e tha t  thi s productio n wil l  b e 
selected .  S o m e amoun t  o f  nois e ca n b e adde d t o thi s calcula -
tio n t o provid e variabilit y  o f  behavior .  Variabilit y  allow s 
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samplin g o f  previousl y unsuccessfu l  strategies ,  whic h i s 
necessar y t o confir m o r  refut e earlie r  experienc e i n a  stati c 
environment ,  an d t o adap t  an d us e ne w o r  mor e appropriat e 
strategie s i n a  dynami c environmen t  (Lovet t  an d Anderson , 

1996 ;  se e als o Holland ,  1992) . 
Succes s an d erro r  feedbac k impact s th e estimatio n o f  P , 

th e probabilit y  paramete r  fo r  eac h production .  Becaus e suc -
ces s an d failur e i s th e onl y sourc e o f  adaptivit y withi n th e 
model  w e ar e exploring ,  thi s definitio n i s critica l  t o th e per -
formanc e o f  th e model .  Sinc e th e state d goa l  o f  th e tas k i s 
t o accumulat e points ,  an d point s ar e gaine d b y landin g 
plane s whil e point s ar e los t  b y violatin g rules ,  w e use d thi s 
guidelin e t o defin e succes s an d failur e fo r  th e model .  A  suc -
cessfu l  uia l  i s  a  sequenc e o f  action s whic h resul t  i n th e lega l 
landin g o f  a  plan e o r  plane s o n th e ope n runway(s) .  A  fail -
ur e i s a  sequenc e o f  action s whic h resul t  i n a  rul e violatio n 
or  a n inabilit y  t o lan d a  plan e o r  plane(s )  o n th e ope n run -
way(s) .  W h e n neithe r  runwa y i s open ,  th e syste m engage s 
i n othe r  activitie s fro m whic h i t  doe s no t  receiv e feedback , 
suc h a s checkin g th e weather ,  movin g plane s withi n th e 
hol d levels ,  an d acceptin g plane s fro m th e queu e o f  incom -
in g flights . 

Goal 

^ ' 

Productio n A 

Goal 

^ 

r 

' 

Productio n A 

Pop wit h 
Successfu l 

landin g 

f 

Productio n B 

Pop wit h 
Faile d Landin g 

t 

Productio n C 

Figur e 1 :  Blam e assignmen t  pathwa y 

We als o develope d (an d rejected )  a n earlie r  mode l  strateg y 
i n whic h w e define d succes s a s landin g a  plan e o n a n ope n 
runway ,  an d failur e a s a  rul e violatio n o r  inabilit y  t o lan d a 
singl e plan e o n a n ope n runway .  Th e differenc e betwee n th e 
tw o i s subtle ,  bu t  essentia l  t o th e assignmen t  o f  blam e 
withi n thi s system .  I n th e newe r  simulation ,  b y definin g 
succes s o r  failur e i n term s o f  landin g pair s o f  planes ,  a  land -
in g o n on e runwa y tha t  block s othe r  possibl e landing s o n 
th e othe r  runwa y receive s partia l  blam e fo r  th e failure .  Thi s 
means tha t  eve n thoug h a  particula r  actio n migh t  b e lega l 
and successfu l  o n it s o w n (e.g. ,  landin g a  D C - 1 0 o n th e 
lon g runway) ,  i f  thi s actio n create s a  subsequen t  impass e 

(e.g. ,  unabl e t o lan d a  74 7 o n th e n o w occupie d lon g run -
way) ,  the n i t  wil l  becom e les s likely .  Withou t  thi s im -
prove d definitio n o f  failur e (an d correspondin g goa l  struc -
ture) ,  th e simulatio n canno t  lear n t o avoi d suc h problems . 
We discus s thi s poin t  furthe r  i n th e nex t  section . 

Throug h learnin g succes s an d failur e probabilitie s associ -
ate d wit h eac h production ,  th e mode l  i s abl e t o chang e it s 
overal l  proportio n o f  OpShor t  us e ove r  blocks .  However , 
ther e remain s th e issu e o f  separatio n o f  hit s an d fals e alarm s 

i n OpShor t  us e ove r  block s (i.e. ,  initiall y  n o differentiatio n 
i n block s 1  an d 2 ,  followe d b y a  larg e differentiatio n i n 
bloc k 3) . 

Ther e ar e severa l  straightforwar d alternativ e explanation s 
fo r  thi s chang e ove r  blocks .  I n th e first  tw o blocks ,  th e tas k 
i s relativel y simple ,  an d th e subject s wer e no t  unde r  heav y 
pressur e t o us e th e weathe r  information ,  an d the y wer e bus y 
learnin g othe r  aspect s o f  th e task .  However ,  i n th e third , 
mor e difficul t  block ,  i n orde r  t o frequentl y lan d D C 10 s o n 
th e shor t  runway ,  th e subject s ha d a  large r  incentiv e t o mak e 
use o f  weathe r  information .  Thi s chang e i n us e m a y reflec t 
either :  1 )  th e creatio n o f  ne w production s whic h encod e th e 
weather ;  2 )  raisin g th e estimate s o f  probabilit y  o f  succes s 
associat e wit h production s whic h chec k th e weather ;  3 )  th e 
creatio n o f  ne w production s whic h actuall y mak e us e o f  th e 
weathe r  informatio n i n decidin g t o us e th e shor t  runway ;  o r 
4)  som e combinatio n o f  th e above .  Change s i n bot h encod -
in g an d th e introductio n o f  ne w production s upo n learnin g 
hav e bot h bee n use d t o explai n adaptatio n withi n a  produc -
tio n syste m framewor k (e.g. ,  Siegler ,  1976) . 

As a  firs t  pass ,  ou r  A C T - R mode l  simulate s th e gradua l 
emergenc e o f  prope r  us e o f  th e rul e fo r  DC-10 s b y encodin g 
th e complet e weathe r  informatio n (win d direction ,  win d 
speed ,  an d groun d conditions )  differentiall y  i n th e thre e 
blocks .  I n block s on e an d two ,  th e complet e weathe r  i s 
encode d 1 0 % o f  th e tim e whe n th e syste m check s th e 
weather .  Th e othe r  9 0 % o f  th e tim e th e win d directio n i s 
encoded ,  bu t  th e win d spee d an d groun d conditio n ar e no t 
properl y encoded .  I n th e thir d block ,  th e complet e weathe r 
informatio n i s encode d 8 0 % o f  th e time .  Th e mode l  there -
for e assume s tha t  th e obstacl e t o prope r  us e o f  th e shor t 
runwa y wit h DC-10 s i s insufficien t  encoding . 

An alternativ e mechanis m withi n th e A C T - R framewor k 
tha t  woul d provid e simila r  result s i s th e productio n learnin g 
mechanism .  I f  th e mode l  doe s no t  hav e a  productio n tha t 
applie s th e rul e fo r  landin g DC-10s ,  bu t  ha s th e opportunit y 
t o lear n th e rul e an d doe s s o fo r  mos t  simulate d subject s b y 
earl y i n th e thir d block ,  paramete r  learnin g wil l  produc e a 
separatio n i n probabilit y  o f  succes s betwee n th e n e w produc -
tio n an d th e existin g productio n (an d therefor e hit s an d fals e 
alarms )  i n th e thir d block . 

Model Fit to Data The key aspects of data to be cap-
ture d includ e th e overal l  landin g pattern ,  an d mor e impor -
tantl y th e patter n o f  landin g DC- 1 O s whe n bot h runway s ar e 
open .  Qualitatively ,  th e mode l  shoul d sho w a  reductio n i n 
hit s an d misse s fro m bloc k on e t o bloc k tw o an d a n increas e 
i n hit s i n bloc k thre e wit h smalle r  increas e i n fals e alarms . 
Thi s separatio n o f  hit s an d fals e alarm s ca n onl y b e modele d 
by sensitivit y t o groun d conditions—otherwis e hit s an d fals e 
alarm s wil l  g o together . 
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Our  mode l  provide s bot h a  goo d qualitativ e an d quantita -
tiv e fit  t o th e dat a a s i s show n i n tabl e 3  below : 

Table 3: Model hits and false alarms proportions, 
wit h deviation s fro m empirica l  data . 

Bloc k hit s fals e alarm s 

1 
2 
3 

.3 4 

.2 5 

.5 8 

-.0 3 

-.0 6 
.0 8 

.2 2 

.2 0 

.3 2 

.0 3 

.0 0 

.0 6 

Fro m th e tabl e i t  i s  apparen t  tha t  th e succes s an d erro r  in -
formatio n provide d t o th e syste m place d simila r  demand s o n 
th e A C T - R mode l  t o thos e tha t  subject s wer e respondin g to . 
The qualitativ e fit  emerge d fro m tw o things :  th e pressur e o f 
th e plane s i n th e mix ,  an d th e enablin g o f  a  productio n sen -
sitiv e t o di e rul e fo r  landin g DC-10s . 

What  th e tabl e doe s no t  sa y i s tha t  ther e wer e som e for -
mulation s o f  succes s an d erro r  feedbac k fo r  whic h ther e wa s 
no apparen t  easil y discoverabl e A C T - R mode l  tha t  fi t  th e 
data .  W e experimente d wit h severa l  representation s o f  th e 
proble m an d learne d severa l  thing s fro m thes e efforts . 

First ,  th e inclusio n o f  som e plausibl e strategie s di d no t 
chang e th e mode l  behavio r  becaus e th e mode l  abandone d 
thos e strategie s du e t o lo w probabilit y  o f  success .  Fo r  ex -
ample ,  pickin g a  plan e befor e lookin g a t  whic h runway s 
wer e ope n o r  pickin g a n ope n runwa y t o tr y t o us e wit h n o 
knowledg e o f  di e plane s presen t  i n th e first  hol d leve l  wer e 
bot h ineffectiv e strategies ,  an d wer e discarde d b y th e model . 
I f  onl y thes e strategie s wer e give n t o th e model ,  i t  resulte d 
i n ver y lo w us e o f  th e shor t  runway ,  wel l  belo w level s 
reache d b y huma n subjects ,  especiall y i n bloc k 3 . 

Second ,  w e foun d tha t  th e erro r  feedbac k mus t  reac h fa r 
enoug h bac k i n tim e t o pas s th e blam e t o th e production s 
causin g th e problem .  Landin g plane s i n pair s whe n bot h 
runway s wer e ope n provide d a  sufficientl y larg e windo w i n 
tim e t o provid e effectiv e erro r  feedback .  Landin g on e plan e a t 
a U m e gav e erro r  feedbac k onl y effectin g th e curren t  landin g 
tha t  wa s to o loca l  i n nature .  A s a n example ,  landin g a  D C -
10 o n a  lon g runwa y wil l  neve r  fail .  I f  th e productio n tha t 
perform s thi s actio n onl y receive s feedbac k fro m tha t  land -
ing ,  the n th e mode l  wil l  lear n t o alway s prefe r  landin g D C -
10s o n th e lon g runway .  O n th e othe r  hand ,  attemptin g t o 
fill  bot h runway s whe n the y ar e bot h ope n doe s allo w fo r 
prope r  feedback .  I f  landin g a  DC-1 0 o n th e lon g runwa y 
consistentl y block s a  747 s fro m landing ,  a s happen s durin g 
th e earl y par t  o f  bloc k 3 ,  th e mode l  learn s t o avoi d usin g th e 
lon g runwa y fo r  DC-10s . 

Finally ,  chang e i n th e probabilit y  o f  weathe r  encodin g i s 
necessar y t o allo w fo r  a n increas e i n th e proportio n o f  hit s 
ove r  fals e alarms .  Fo r  a  differenc e betwee n hit s an d fals e 
alarm s t o occu r  i n an y block ,  bot h huma n subject s an d th e 
model  mus t  encod e th e complet e weathe r  condition s an d us e 
thos e condition s t o lan d DC-10 s o n th e shor t  runwa y whe n 
legal .  A n y mode l  tha t  account s fo r  thi s dat a mus t  b e abl e t o 
lan d th e DC-10 s o n th e shor t  runwa y takin g th e rule s an d 
weathe r  int o consideration . 

Conclusion s 

Thi s modelin g effor t  ha s importan t  implication s fo r  thre e 

differen t  domains :  th e understandin g o f  huma n cognition , 

A C T - R,  an d th e K A - A T C task . 
We hav e demonstrate d tha t  implici t  learnin g o f  loca l  suc -

ces s an d failur e ca n hel p accoun t  fo r  th e patter n o f  behavio r 

tha t  huma n subject s exhibi t  eve n i n a  relativel y complicate d 
task .  Althoug h i t  seem s intuitiv e tha t  th e onl y wa y t o 
solv e a  tas k an d perfor m wel l  i s  t o deliberatel y pla n th e 

moves ,  thi s mode l  demonstrate s tha t  th e necessar y feedbac k 
actuall y i s presen t  a t  a  fairl y  loca l  level .  Thi s possibilit y 
may hav e bee n overlooke d i n othe r  studie s concludin g tha t 
performanc e resulte d fro m detailed ,  goa l  oriente d planning . 
I n thes e cases ,  subject s ma y hav e bee n awar e o f  thei r  op -
tion s withou t  understandin g tha t  thei r  basi s fo r  choosin g a n 
actio n wa s thei r  histor y o f  succes s an d failur e (e.g. ,  Lovet t 
and Anderson ,  1996) .  I t  i s  importan t  t o not e tha t  thi s adaj > 
tivit y ove r  blocks ,  i n whic h th e mode l  decrease d an d the n 
increase d us e o f  OpShort ,  di d no t  depen d upo n th e differen -
tia l  encodin g ove r  time . 

S o me structura l  chang e i s necessar y withi n th e representa -
tio n o f  th e proble m w e chos e fo r  thi s mode l  t o captur e th e 
separatio n o f  hit s an d fals e alarm s i n bloc k 3 .  A s a  first 
pass ,  w e simulate d thi s b y a  shif t  i n encodin g fro m partia l 
weathe r  informatio n (win d direction )  t o complet e weathe r 
informatio n (win d direction ,  win d speed ,  groun d conditions) . 
The inabilit y  o f  subject s t o tak e advantag e o f  thi s informa -
tio n earl y o n ma y b e th e resul t  o f  severa l  factors .  I t  i s  pos -
sibl e tha t  subject s simpl y canno t  encod e chunk s t o maintai n 
th e weathe r  informatio n earl y i n th e game .  A s the y gai n 
experienc e wit h th e chunks ,  i t  become s easie r  t o bot h en -
code ,  retai n an d us e th e information .  I t  i s  als o possibl e tha t 
earl y o n subject s ar e attendin g t o othe r  non-informativ e fea -
ture s o f  th e gam e an d d o no t  pa y attentio n t o th e complet e 
weathe r  information .  Alternatively ,  th e subject s ma y encod e 
th e complet e weathe r  informatio n bu t  ma y hav e difficult y 
rememberin g th e rul e i n orde r  t o appl y th e information . 
The y m a y nee d extensiv e practic e befor e the y ca n reliabl y 
recal l  th e prope r  rule .  I t  woul d no t  b e surprisin g i f  th e hu -
m an dat a i s bes t  explaine d b y som e combinatio n o f  thes e 
factor s rathe r  tha n an y one . 

We ar e currentl y explorin g extension s t o th e curren t  mode l 
tha t  wil l  le t  i t  graduall y accumulat e experienc e wit h th e rul e 
fo r  DC-10s .  W e ar e als o explorin g accumulatin g experienc e 
wit h th e interfac e a s th e drivin g forc e behin d improvin g th e 
abilit y  t o encod e th e informatio n presente d i n th e task .  Thi s 
interfac e learnin g shoul d provid e a n accoun t  fo r  th e gradua l 
shif t  i n strateg y fro m rarel y encodin g th e weathe r  informa -
tio n t o usuall y encodin g th e weather .  Thi s typ e o f  strateg y 
shif t  i s  anothe r  exampl e o f  strateg y adaptivit y vi a implici t 
learning—throug h experience ,  th e mode l  learn s th e succes s 
and effor t  level s o f  tryin g t o encod e whethe r  o r  no t  botherin g 
t o encod e weathe r  an d use s thi s informatio n t o selectio n 
among thos e strategies . 

Anothe r  interestin g lesso n learne d fro m th e mode l  i s tha t 
th e strategie s tha t  hav e a  highe r  percentag e o f  succes s requir e 
th e mode l  t o maintai n mor e informatio n i n workin g m e m-
ory .  Th e mode l  strateg y tha t  bes t  simulate d huma n per -
formanc e require d simultaneou s acces s t o th e curren t  weathe r 
conditions ,  runwa y status ,  an d plane s waitin g t o land . 
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Maintainin g al l  o f  thi s informatio n whil e choosin g a n op -
tio n i s demanding ,  an d ma y explai n wh y som e huma n sub -
ject s wer e no t  abl e t o adap t  t o th e changin g proportion s o f 
planes . 

Finally ,  thi s mode l  succeede d i n th e ACT- R framewor k 
not  becaus e parameter s wer e exhaustivel y experimente d 
with ,  bu t  becaus e a  representatio n o f  succes s an d failur e wa s 
foun d tha t  allowe d th e mode l  t o effectivel y assig n blame . 
Some representation s coul d no t  provid e th e necessar y feed -
back fo r  ACT- R t o lear n th e task .  Thi s demonstrate s tha t 
th e probabilit y  parameter s i n ACT- R production s ar e no t 
free  parameter s tha t  ca n b e use d t o fit  curves .  Instead ,  th e 
productio n paramete r  learnin g mechanis m put s realisti c con -
straint s o n thes e paramete r  values ,  an d therefor e o n th e ac -
tio n o f  th e ACT- R system . 
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