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strateg y us e whil e learnin g t o per fo r m th e K a n f e r - A c k e r m a n 

A i r  Traffi c  Controlle r  © '  tas k 

Bonni e E .  Joh n (bej@cs.CMU.edu ) 
Yannic k Lallemen t  (yannick@cs.CMU.edu ) 

School  o f  Compute r  Scienc e 
Carnegi e Mello n University ,  Pittsburgh ,  P A 1521 3 

Abstrac t 

People chose different strategies for performing tasks, and that 
choic e ofte n play s a  ke y rol e i n performance .  W e investigat e th e 
use an d evolutio n o f  strategi c behavio r  i n th e Kanfer-Ackerma n 
Ai r  Traffi c Conu-oller © task ,  a  fast-paced ,  dynami c task .  W e 
presen t  strategie s i n tw o dimension s fo r  on e aspec t  o f  th e task , 
examin e ho w peopl e us e the m an d switc h betwee n them ,  an d 
ho w thei r  us e relate s t o fina l  performance .  W e als o discus s th e 
implication s tha t  th e observe d variet y o f  strategi c behavio r  ha s 
fo r  cognitiv e modeling . 

Introduction 

Problem-solvin g an d learnin g i n th e rea l  worl d ofte n occu r  i n 
dynami c situations .  Th e teache r  speak s a t  he r  o w n pac e whil e 
th e studen t  understand s he r  words ,  decide s what' s important , 
and take s notes .  Th e apprentic e watche s th e fire  chie f  asses s 
th e cours e o f  a  burnin g factor y an d direc t  team s o f  fire-fighters. 
The nine-yea r  ol d learn s t o pla y a  seemingl y mani c ne w video -
game i n a n afternoon . 

Such domain s hav e bee n studie d i n applie d area s unde r 
th e name s "naturalisti c decision-making "  (Klei n e t  al. ,  1993) , 
"supervisor y control "  (Sheridan ,  1987) ,  an d "highly-interativ e 
tasks "  (Baue r  &  John ,  1995) .  O n th e othe r  hand ,  cognitiv e 
psycholog y ha s predominantl y studie d stati c environments , 
wher e th e worl d onl y change s i n respons e t o th e action s o f 
a person ,  no t  o f  it s  o w n volition .  However ,  th e ric h under -
standin g o f  problem-solvin g an d learnin g attaine d i n stati c 
environment s provide s cognitiv e modeler s wit h a  firm  foun -
datio n fo r  makin g contribution s t o mechanisti c model s o f  h o w 
human perception ,  cognition ,  an d actio n interac t  wit h a  dy -
nami c outsid e worl d allowin g real-tim e performanc e o f  a  tas k 
as wel l  a s learnin g t o improv e performance . 

Prio r  t o modeling ,  th e characteristic s o f  behavio r  i n dy -
nami c domain s mus t  b e carefull y lai d out .  Detaile d perfor -
mance dat a ove r  tim e ca n giv e insight s int o wha t  mechanism s 
ar e i n play .  A s discusse d i n (Le e e t  al. ,  1995) ,  th e Kanfer -
Ackerma n Ai r  Traffi c  Controller© '  (ka-ATC © )  tas k i s a n idea l 
vehicl e fo r  studyin g problem-solvin g an d learnin g i n a  dy -
nami c environment .  A s wel l  a s th e tas k environmen t  itself , 
timestampe d keystrok e dat a fro m ove r  350 0 participant s ar e 
availabl e o n a  C D - R O M (Ackerma n &  Kanfer ,  1994) .  Thes e 
dat a ar e th e basi s fo r  learnin g model s tha t  us e differen t  A l  an d 
cognitiv e architectures . 

Hold-levels .  4  plane s possibl e i n eac h o l 
3 levels .  Ievel-1 ,  level-2 ,  level- 3 

'Th e K a n f e r - A c k e r m a n Ai r  Traffi c  Controlle r  Tas k p r o g r a m i s 
copyrighte d softwar e b y R u t h Kanfer ,  Phili p L .  A c k e r m a n ,  a n d K i m 
A.  Pearson ,  Universit y o f  M inneso t a 
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F i g u r e 1 :  S tar tu p sc ree n o f  th e K A - A T C © task ,  recons t ruc te d 
fro m Stud y 2  o n th e Ackerman-Kanfe r  C D - R O M (1994) ,  an d 
annotate d t o sho w th e hold-levels ,  th e runways ,  an d area s 
wher e informatio n i s give n t o th e participants . 

Ackerma n analyze d thes e dat a wit h respec t  t o 
independently-measure d performanc e o n a  batter y o f  cogni -
tive ,  perceptua l  an d psycho-moto r  test s i n a n effor t  t o predic t 
performanc e o n thi s an d othe r  task s (e.g. ,  Ackerman ,  1988) . 
Le e e t  al .  (1995 )  looke d a t  aggregat e dat a o f  performanc e 
and identifie d tw o efficien t  strategie s tha t  graduall y increas e 
wit h experience .  I n thi s paper ,  w e loo k a t  th e detail s o f  eac h 
individual' s performanc e t o identif y severa l  differen t  strate -
gie s an d strateg y shift s whic h a  cognitiv e mode l  mus t  b e abl e 
t o emulat e i f  i t  wishe s t o reflec t  mechanism s employe d b y 
humans . 

Tlie KA-ATC© Task 

Th e KA-ATC © tas k i s a  dynami c tas k wher e participant s ar e 
presente d wit h th e start-u p scree n show n i n Figur e 1 .  Plane s 
i n a  hold-patter n i n th e uppe r  lef t  corne r  o f  th e scree n mus t 
be move d d o w n t o runway s i n th e lower-lef t  corne r  befor e 
the y ru n ou t  o f  fuel .  Th e plane s ar e move d betwee n adjacen t 
hold-level s an d fro m hold-leve l  1  t o th e runway s usin g cursor -
movement  an d functio n keys .  A  comple x se t  o f  rule s constrai n 
whic h plane s ca n lan d o n whic h runway s dependin g o n th e 
win d direction ,  win d speed ,  an d weathe r  conditions . 

Once a  plan e i s assigne d t o a  runway ,  i t  take s 1 5 second s t o 
move acros s th e runwa y befor e disappearin g fro m th e screen . 
As tim e passes ,  th e plane s us e u p thei r  fue l  (indicate d i n th e 
F U EL column ,  i n minute s unti l  crash) ,  th e win d an d weathe r 
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F igur e 2 :  M e a n hol d 1  strateg y an d standar d deviatio n 
(reprinte d f r o m L e e e t  al. ,  1995 ,  w i t h permission) . 

changes ,  a n d m o r e plane s q u e u e u p t o b e admitte d t o th e hold -
pattern .  P lane s ar e accepte d int o a n e m p t y ho ld - ro w f r o m th e 
q u e u e b y hittin g th e F l  key .  Point s ar e a w a r d e d fo r  landin g 
planes ;  point s ar e substracte d fo r  crashin g planes ,  landin g 
plane s wi t h l o w fuel ,  an d attemptin g t o m o v e plane s t o place s 
tha t  violat e th e rule s (e.g. ,  t o a n alread y occupie d ho ld - ro w o r 
t o th e w r o n g r u n w a y fo r  th e curren t  weathe r  conditions) . 

Anecdotal ly ,  i n th e first  f e w minu te s do in g thi s tas k i t  feel s 
as t h o u g h th e sys te m i s drivin g y o u .  T h e r e s e e m s t o b e a  lo t  t o 
p a y attentio n to ,  m a n y decision s t o m a k e ,  a n d time-pressur e 
as y o u se e th e fue l  count in g d o w n t o a  crash .  H o w e v e r ,  afte r 
a f e w minutes ,  y o u gai n contro l  an d s e e m t o hav e t im e t o pla n 
y o u r  actions .  I n fact ,  ver y s o o n y o u find  tha t  y o u ar e a l w a y s 
wait in g wh i l e th e plan e m o v e s s lowl y acros s th e r u n w a y ,  s o 
yo u ca n lan d anothe r  plan e o n tha t  runway .  H o w doe s thi s 
transitio n fro m system-drive n performanc e t o user-controlle d 
performanc e happen ? H o w m u c h doe s simpl e speed-u p o f 
th e psychomoto r  response s contribute ,  versu s th e learnin g o f 
mor e efficien t  strategies ? H o w ca n someon e lear n mor e effi -
cien t  strategie s whil e the y ar e bein g drive n b y th e system ? T o 
begi n t o answe r  thes e questions ,  w e loo k a t  th e performanc e 
of  individual s o n thi s tas k an d the n discus s th e implication s 
of  thei r  performanc e fo r  cognitiv e modeling . 

Previous Analyses 

Lee et al. (1995) examined the performance of participants 
i n Ackerman' s Stud y 2  o n th e KA-ATC © C D - R O M (1994 ; 
reporte d i n (Ackerman ,  1988)) .  The y looke d a t  tw o differen t 
aspect s o f  performance :  whic h hold-leve l  th e participant s 
use d t o brin g plane s i n fro m th e queu e an d h o w efficientl y the y 
use d th e runway s whe n wind-directio n change s occurred .  W e 
wil l  loo k mor e closel y a t  th e first  o f  these . 

Le e e t  al .  (1995 )  identifie d th e "hol d 1 "  strateg y a s th e 
percentag e o f  plane s brough t  directl y fro m th e queu e int o 
hol d leve l  1 ,  bypassin g level s 2  an d 3  an d savin g 6  t o 1 2 
keystrokes ,  o n average ,  t o lan d eac h plane .  Us e o f  th e hold- 1 
strateg y increase d ove r  th e first  nin e trial s an d the n reache d 
asymptot e (Figur e 2) .  Bu t  th e varianc e remaine d high ,  whic h 
le d Le e e t  al .  t o believ e thi s t o b e a n importan t  sourc e o f 
individua l  differences .  Indeed ,  prio r  researc h i n strateg y us e 
i n stati c task s demonstrate s tha t  peopl e us e severa l  differen t 
strategie s eve n i n relativel y simpl e task s (e.g. ,  Reder ,  1982 , 
1988;Siegler ,  1996) .  Lookin g a t  th e individua l  dat a itsel f  wil l 

sho w u s jus t  h o w thes e individua l  difference s ar e manifes t  i n 
KA-ATC® performance . 

Detailed behavior in queue acceptance 

Peopl e perfor m ver y differentl y i n th e KA-ATC ® task ,  wit h 
final  score s rangin g fro m 186 0 t o 4100 .  The y improv e sub -
stantiall y  throug h th e 1 8 trial s fro m a  mea n o f  17 6 t o a  mea n 
of  335 1 ( F =  1310 ,  p=0.0001) .  I n thi s sectio n w e examin e 
th e differen t  strategie s the y us e tha t  ma y produc e thes e differ -
ences ,  an d h o w the y switc h strategie s throughou t  th e trials . 

Observed strategies 

Lookin g a t  th e individua l  performanc e dat a o f  acceptin g 
plane s fro m th e queu e int o th e hold-pattern ,  Figur e 3  show s 
timeline s wit h second s sinc e th e star t  o f  th e tria l  (x-axis )  an d 
th e 1 2 hold-row s (y-axis) .  Th e thre e hold-level s ar e separate d 
by dotte d horizonta l  lines .  Eac h tim e a  plan e i s brough t  i n 
fro m th e queue ,  a  do t  appear s o n th e timelin e a t  th e hold-ro w 
i n whic h th e plan e wa s accepted .  W e constructe d timeline s 
fo r  th e first  1 8 trial s o f  5 8 participants ^  i n Ackerman' s 198 8 
stud y t o examin e th e differen t  queue-acceptanc e strategie s 
whic h contribut e t o th e aggregat e strateg y shif t  reporte d b y 
Le e e t  al .  (1995) .  W e hav e identifie d tw o dimension s o f 
queue-acceptanc e strategies :  th e leve l  int o whic h th e plane s 
ar e brough t  (hereafte r  level) ,  an d th e pattern s o f  filling  an d 
emptyin g th e hol d row s (hereafte r  pattern) . 

Strategies involving levels In the KA-ATC© task, there are 3 
hold-level s wit h 4  hold-row s apiece .  Ther e ar e seve n possibl e 
combinationso f  hold-level s (i.e. ,  seve n leve l  strategies) :  leve l 
1-only ,  2-only ,  3-only ,  1&2 ,  1&3 ,  2 & 3 ,  an d A L L levels .  W e 
assigne d eac h tria l  t o a  single-leve l  categor y i f  mor e tha n 9 0 % 
of  it s dot s wer e i n tha t  specifi c  hold-leve l  (e.g. ,  1-only) .  I f  a 
tria l  coul d no t  b e assigne d t o a  single-leve l  category ,  i f  9 0 % 
of  it s dot s wer e i n tw o levels ,  i t  wa s assigne d t o a  double-leve l 
categor y (e.g. ,  1&2) .  Finally ,  i f  a  tria l  coul d no t  mee t  an y o f 
th e previou s criteria ,  i t  wa s assigne d t o th e A L L category .  Fo r 
analyse s usin g quarter-trial s (e.g. .  Tabl e 1) ,  w e use d th e sam e 
procedur e an d criteri a a t  tha t  smalle r  grainsize . 

Strategies involving patterns We identified three pattern-
dimensio n strategies :  stacked ,  sequential ,  an d opportunis -
tic .  Stacke d indicate s tha t  th e participan t  stack s u p a  serie s 
o f  plane s o n e right  afte r  th e other .  Th i s i s  evidence d b y 
straight ,  a lmos t  vertical ,  line s o f  dot s i n th e timelines ,  sepa -
rate d b y blan k area s indicatin g tha t  th e participan t  i s landin g 
th e stacked-u p plane s (Figur e 3 ,  top) .  Sequentia l  indicate s tha t 
th e participan t  i s attendin g t o o n e plan e a t  a  t ime ,  bringin g i t  i n 
t o a  particula r  ho ld - ro w an d the n landin g it ,  bringin g anothe r 
o n e i n an d the n landin g it .  Th i s i s  evidence d b y horizonta l 
line s o f  dot s (Figur e 3 ,  m idd le ) .  Opportunisti c indicate s tha t 
th e participan t  manipulate s severa l  plane s a t  a  time ,  inter -
leavin g acceptanc e f r o m th e q u e u e a n d landin g planes .  Thi s 
al low s h i m o r  he r  t o tak e advantag e o f  slac k t im e (fo r  e x a m -
ple ,  w h e n th e r u n w a y s ar e busy )  t o brin g n e w plane s int o th e 
hol d pattern .  Th i s i s  ev idence d b y seeming l y r a n d o m dot s i n 

^6 5 participant s wer e involve d i n tha t  study ,  bu t  5  di d no t  com -
plet e 1 8 10-minute s trial s an d 2  coul d no t  b e reconstructe d fro m th e 
K A - A T C© C D (Ackerman ,  1994) .  Thi s i s th e sam e dat a se t  use d b y 
Le e e t  al .  t o produc e th e grap h i n figure  2 .  Thes e trial s involv e onl y 
fai r  weather ;  trial s 19-2 7 ad d fou l  weathe r  t o th e task . 
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Figur e 3 :  Strategies :  stacke d i n leve l  2 & 3 (top) ,  sequentia l  i n 
leve l  1  (middle) ,  opportunisti c i n leve l  1  (bo t tom) . 

th e timeline s (Figur e 3 ,  b o t t o m )  a s th e participan t  alternate s 
betwee n acceptin g s o m e plane s an d landin g others . 

T o labe l  th e patter n strategies ,  w e use d a  classifie r  base d o n 
th e O C - 1 decisio n tre e algorith m ( M u r t h y e t  al. ,  1 9 9 4 ) .  W e 
traine d thi s classifie r  wi t h a  se t  o f  4 2 4 hand-labelle d trial s f r o m 
anothe r  stud y ( A c k e r m a n &  Kanfer ,  1 9 9 4 )  i n w h i c h partici -
pant s per fo rme d th e tas k i n th e s a m e condition s a s ( A c k e r m a n , 
1988) .  T h e inter-rate r  reliabilit y  b e t w e e n th e t w o author s fo r 
th e hand-labellin g w a s 8 5 . 7 % . 

T o labe l  a  n e w trial ,  th e classifie r  first  trie d t o labe l  th e 
ful l  trial ,  and ,  i f  n o strateg y w a s identified ,  the n trie d t o labe l 
it s t w o halve s separatel y (th e halve s ar e m e a s u r e d f r o m th e 
tim e th e first  p lan e i s  brough t  int o th e hol d pattern ,  no t  f r o m 
th e star t  o f  th e trial) .  T h e proces s repeat s t o th e leve l  o f 
quarte r  trials .  I f  n o strateg y w a s identified  a t  tha t  level ,  th e 
quarte r  tria l  w a s labelle d n o n identifiabl e strateg y ( N I S ) .  T h e 
classifie r  use d thre e set s o f  5 0 tree s (on e se t  fo r  w h o l e trials , 
on e se t  fo r  half-trial s an d o n e se t  fo r  quarte r  trials) .  E a c h tre e 
ha s bee n traine d o n a  r a n d o m subse t  o f  th e trainin g se t  (usin g 
th e baggin g metho d (Breiman ,  1994)) .  A t  eac h level ,  th e 5 0 
tree s voted ,  providin g a  confidenc e rat e fo r  th e decision . 

The agreemen t  rat e betwee n th e classifie r  an d th e authors ' 
consensu s o n th e 42 4 hand-labelle d trial s wa s 88 .4 % a t  th e 
leve l  o f  quarte r  trials .  Th e averag e confidenc e rat e wa s 90 .5 % 
fo r  th e agreemen t  cases ,  an d 6 8 % fo r  th e disagreemen t  cases . 
For  confidenc e rate s ove r  9 0 % ,  th e agreemen t  wa s ove r  9 0 % . 

Distribution of the strategies 

All of the strategies described above, in both level and pattern, 
wer e observe d i n th e participants '  performanc e (Tabl e 1) .  Al -

NI S 
STA 
S EQ 
O PP 
Tot . 

1 
4. 3 
0. 7 
6. 4 

22. 7 
34. 1 

2 
1. 2 
0. 6 
0. 0 
2. 6 
4.3 

3 
2. 7 
1. 5 
0. 0 
0. 6 
4.8 

1&2 
6. 8 
8. 5 
0. 0 
8. 8 

24. 1 

1&3 
1. 2 
0. 4 
0. 0 
0. 0 
1.7 

2&3 
2, 9 

12. 5 
0. 0 
0. 1 

15. 5 

All 
3. 3 

12. 1 
0. 0 
0. 1 

15. 5 

Tot . 
22. 4 
36. 3 

6. 4 
34. 9 
100 

Tabl e 1 :  Distributio n i n percentag e o f  th e leve l  an d patter n 
strategie s a t  th e quarte r  tria l  leve l  fo r  al l  th e participant s an d 
al l  th e trials . 

thoug h thes e tw o dimension s coul d b e orthogona l  i n theory , 
i n practic e the y ar e not .  Th e stacke d patter n i s use d predomi -
nantl y wit h lon g stack s tha t  stretc h furthe r  tha n a  singl e level ; 
9 1 % o f  al l  stack s ar e i n level s 1&2 ,  2 & 3 o r  A L L levels .  Th e 
sequentia l  patter n i s use d exclusivel y i n th e botto m leve l  (leve l 
1) .  Th e opportunisti c patter n i s predominantl y i n th e lowe r 
levels ;  9 0 % i n level s 1  o r  1&2 .  I n contrast ,  th e quarter-trial s 
whic h d o no t  fal l  int o ou r  identifie d pattern-strategie s spa n al l 
possibl e level-strategie s fairi y  evenly . 

Thes e strateg y combination s "mak e sense "  i n term s o f  th e 
tas k environment .  Th e keystroke-patter n fo r  stackin g plane s 
involve s repeatin g a  serie s o f  thre e quic k keystroke s fo r  eac h 
plan e brough t  i n fro m th e queu e an d n o perceptio n t o mak e 
sur e tha t  th e ro w i s empt y (becaus e the y ar e al l  empt y whe n 
stackin g begins) .  Thus ,  i t  i s  eas y t o ge t  int o a  rhyth m tha t 
produce s lon g stacks .  Th e leve l  1-onl y sequentia l  strateg y 
may resul t  fro m th e fac t  tha t  th e syste m place s th e curso r 
bac k o n th e hold-ro w fro m whic h th e las t  plan e wa s assigne d 
t o a  runway .  Sinc e thi s ro w i s necessaril y  empty ,  i t  onl y take s 
tw o keystroke s t o accep t  a  plane ,  an d sinc e plane s ca n onl y 
be lande d fro m level-1 ,  th e easies t  sequentia l  acceptanc e i s 
alway s a t  level-1 .  I t  i s  no t  a s obviou s w h y th e opportunisti c 
patter n concentrate s i n th e lowe r  levels ,  bu t  lowe r  level s re -
quir e fewe r  keystroke s t o lan d th e plane ,  s o an y participan t 
rationall y optimizin g hi s o r  he r  scor e woul d gravitat e t o th e 
botto m levels .  Thus ,  al l  o f  th e identifiabl e strateg y combi -
nation s observe d see m t o reflec t  bounde d rationality ,  takin g 
advantag e o f  th e tas k environmen t  t o maximiz e score ,  whil e 
minimizin g resource s lik e perceptio n an d motor-movement . 

Strategies and performance 

A 2-facto r  A N O V A,  patter n b y level ,  wit h scor e o n th e 18t h 
tria l  a s th e dependen t  variable ,  reveal s a  mai n effec t  o f  pat -
ter n ( p <  0.05) ,  bu t  no t  leve l  ( p =  0.34) ,  no r  a n interactio n 
effec t  ( p =  0.19) .  Bonferroni/Dun n post-ho c analysi s reveal s 
tha t  th e opportunisti c strateg y i s significantl y bette r  tha n th e 
othe r  patter n strategie s ( p <  0.01) ,  bu t  stacked ,  sequentia l 
and not-identifiabl e ar e no t  significantl y differen t  fro m eac h 
other .  U p o n reflection ,  hig h score s ar e obtaine d b y usin g bot h 
runway s a s muc h a s possible .  Thi s require s havin g plane s 
availabl e t o lan d o n bot h th e shor t  an d lon g runways .  Sequen -
tia l  onl y ha s on e plan e availabl e a t  a  time ,  whic h m a y nee d 
t o wai t  fo r  th e lon g runwa y t o b e free .  Stacke d usaull y ha s 
severa l  planes ,  o f  differen t  types ,  available ,  excep t  a t  th e ver y 
end o f  landin g th e stack .  I n contrast ,  opportunisti c alway s 
has severa l  plane s availabl e an d ther e i s almos t  alway s a  plan e 
suitabl e fo r  th e shor t  runway . 

Th e result s als o indicat e tha t  i t  i s no t  simpl y th e numbe r  o f 
keystroke s require d t o accep t  an d lan d plane s tha t  account s 
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Figur e 4 :  Distributio n o f  th e patter n strategie s accordin g t o th e 
averag e scor e an d leve l  i n tria l  18 .  (Fou r  point s representin g 
onl y on e participan t  i n eac h o f  O P F - 2 ,  O P P - 2 & 3 ,  NIS- 3 ar e 
no t  displaye d t o avoi d clutter ;  the y d o no t  contradic t  th e mai n 
trend s o f  th e diagram) . 

fo r  th e score .  Sinc e i t  takes ,  o n average ,  6  mor e keystroke s 
t o lan d a  plan e fro m level- 2 tha n fro m level- 1 an d 1 2 mor e 
keystroke s t o lan d fro m level- 3 tha n fro m level-1 ,  w e woul d 
expec t  a  differenc e o f  level .  However ,  a s ca n b e see n i n Fig -
ur e 4 ,  a  poo r  choic e o f  pattern-strateg y (sequential) ,  thoug h 
exclusivel y i n level-1 ,  score s poorly .  Likewise ,  participant s 
usin g th e stacke d o r  n o identifiabl e pattern-strateg y i n level s 
1 & 2 scor e belo w thos e usin g opportunisti c i n th e sam e levels . 
Thi s als o provide s a  possibl e hin t  a s t o w h y th e opportunisti c 
patter n tend s t o b e i n th e lowe r  levels .  T h e participant s usin g 
thi s strateg y hav e evolve d t o a  ver y efficien t  patter n an d hav e 
place d i t  i n th e mos t  efficien t  levels ;  perhap s the y ar e consid -
erin g othe r  aspect s o f  th e tas k beyon d minimizin g keystroke s 
an d easy-to-fin d empt y rows . 

Strategy shifts 

Althoug h th e variet y o f  strategie s observe d i n thi s simpl e tas k 
i s interestin g i n itself ,  th e shif t  betwee n strategie s i s eve n 
m o r e challengin g fo r  cognitiv e modeling .  Concentratin g o n 
th e pattern-strategies ,  w e observe d tha t  m a n y peopl e shif t 
strategie s i n th e cours e o f  1 8 trials . 

Figur e 5  summarize s th e o f  pattern-strategie s observe d i n 
th e 5 8 participant s alon g th e 1 8 trials .  Twenty-seve n partic -
ipant s picke d a  constan t  identifiabl e strateg y fro m th e begin -
ning ,  2 5 neede d severa l  trial s befor e adoptin g a  constan t  iden -
tifiabl e strategy ,  an d 6  neve r  adopte d an y constan t  identifiabl e 
strategy .  (Period s o f  n o constan t  identifiabl e strateg y (ncis ) 
ar e represente d i n Figur e 5  i f  the y occurre d a t  th e beginnin g o r 
th e en d o f  th e 1 8 trials .  I f  suc h a  perio d appeare d betwee n tw o 
identifiabl e strategies ,  w e considere d tha t  par t  o f  a  shif t  fro m 
th e previou s strateg y t o th e n e w on e (se e below). )  A m o n g 
th e 5 1 eventuall y adoptin g a  constan t  identifiabl e strategy ,  3 1 
shifte d patter n 1  time ,  6  shifte d 2  times ,  an d 1  shifte d 3  times^ . 

^Thi s participan t  switche d fro m sequentia l  t o opportunisti c t o a 
perio d wher e opportunisti c wa s intersperse d a t  fairl y  regula r  inter -
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Figur e 5 :  Evolutio n o f  th e pattern-strategie s fo r  th e 5 8 par -
ticipant s betwee n th e first  an d th e 18t h trial .  N u m b e r  o f 
participant s beginnin g i n eac h pattern-strateg y appear s a t  th e 
left ;  numbe r  endin g i n eac h pattern-strateg y appear s a t  th e 
right.  (Th e horizonta l  axi s doe s no t  encod e th e shiftin g time , 
whic h varie s betwee n th e participants ,  bu t  simpl y tha t  a  shif t 
occurre d a t  s o m e tim e durin g th e 1 8 trials) . 

O ne participan t  returne d t o n o constan t  identifiabl e strateg y 
afte r  3  shifts .  A s fo r  th e conten t  o f  th e shifts ,  o f  th e 4 0 par -
ticipant s w h o shifte d a t  all ,  2 5 shifte d t o th e opportunisti c 
patter n b y th e 18t h trial .  Onl y tw o person s w h o use d th e op -
portunisti c patter n shifte d awa y firo m tha t  pattern .  Sinc e th e 
opportunisti c patter n i s associate d wit h th e bes t  score ,  again , 
th e participant s see m rationa l  i n thei r  approac h t o improvin g 
thei r  performance . 

T^pe s o f  strateg y shift s W e hav e identifie d tw o type s o f 
patter n strateg y shifts :  gradua l  an d abrupt .  Shift s ar e gradua l 
w h en on e strateg y clearl y appear s i n on e portio n o f  th e time -
line ,  a  differen t  strateg y clearl y appear s i n a  late r  portio n o f  th e 
timeline ,  bu t  ther e i s n o clea r  demarcatio n betwee n th e two . 
On th e othe r  hand ,  shift s ar e calle d abrup t  w h e n th e onse t  o f 
th e n e w strateg y ca n b e pointe d t o a s bein g a t  a  particula r  tria l 
an d time .  Ou t  o f  th e 5 0 strateg y shifts ,  3 9 ar e gradua l  an d 

val s wit h lon g stacks ,  an d bac k t o pur e opportunistic .  Althoug h 
not  strictl y withi n ou r  origina l  definitions ,  thi s unusua l  patter n (op p 
w/stacks )  appeare d s o regula r  i n thi s participant' s timelin e tha t  w e 
encode d i t  a s 3  pattern-strateg y shifts . 
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Figur e 6 :  M e a n scor e o n th e 18t h tria l  vs .  numbe r  o f  pattern -
strategie s use d throughou t  th e 1 8 trial s (wit h standar d devia -
tio n erro r  bars) .  Th e 6  participant s neve r  usin g a n identifiabl e 
pattern-strateg y ar e exclude d fro m thi s figure ,  althoug h th e 
result s d o no t  chang e i f  the y ar e included . 

11 ar e abrupt .  Th e implication s o f  th e existenc e o f  thes e tw o 
kind s o f  shift s wil l  b e examine d i n th e nex t  section . 

Strateg y shift s an d performanc e Prio r  researc h i n devel -
opmenta l  task s (Siegler ,  1996 )  indicate s tha t  th e mor e strate -
gie s childre n articulat e abou t  a  task ,  th e bette r  the y perfor m 
on tha t  task .  Althoug h ther e ar e to o fe w participant s i n thi s 
stud y t o b e confident ,  th e analogou s resul t  (tha t  th e num -
ber  o f  strategie s use d predict s end-performance )  doe s no t 
see m t o b e th e case .  Figur e 6  show s a  slightl y U-shape d 
curve ,  an d a  2-facto r  A N O V A (endin g pattern-strateg y b y 
number  o f  pattern-strategie s explored ,  wit h scor e i n tria l  1 8 
as a  dependen t  variable) ,  indicate s tha t  th e endin g pattern -
strateg y i s highl y significan t  (p<0.005 )  bu t  th e numbe r  o f 
pattern-strategie s explore d i s no t  (p=0.18) ,  no r  i s th e interac -
tio n (p=0.999) .  Tha t  is ,  i f  th e participan t  ende d u p usin g th e 
opportunisti c strategy ,  h e o r  sh e performe d well ,  n o matte r 
ho w man y othe r  strategie s wer e trie d first. 

Implications for cognitive modeling 

The improvement in participants' performance, the variety of 
strategie s observed ,  an d th e shift s betwee n strategies ,  hav e 
many implication s fo r  cognitiv e modelin g an d rais e man y 
question s fo r  futur e investigation . 

Improve d performanc e I t  i s  wel l  documente d tha t  peopl e 
spee d u p whe n the y perfor m an y tas k repeatedl y (e.g. ,  Newell , 
1981) .  Thi s speed-u p happen s a s a  functio n o f  practice ,  an d 
may b e attribute d t o simpl e speed-u p o f  cognitive ,  perceptua l 
and moto r  actions ,  o r  t o change s i n strategy .  Th e Ackerma n 
(1988 )  participant s d o both .  Fo r  example ,  Figur e 7  show s 
ho w a  participant' s stackin g behavio r  go t  faste r  fro m tria l  3 
(4 6 plane s brough t  i n fro m th e queue )  t o tria l  1 7 (6 8 plane s 
brough t  in) .  Figur e 8  show s a n abrup t  shif t  fro m stackin g i n 
all-level s t o opportunisti c i n level- 1 i n th e middl e o f  tria l  13 . 

Any computationa l  cognitiv e model s o f  thi s tas k wil l  nee d 
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"  •  • ;  • 

levcl- 3 .  i 
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Figure 7: Improvement in speed from trial 3 to trial 17. 
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Figure 8: Abrupt shift within trial 13. 

t o p roduc e bot h type s o f  i m p r o v e m e n t s .  Th i s i s  no t  t o 
sa y tha t  cognitiv e architecture s m u s t  hav e severa l  differen t 
architecturally-supporte d learnin g m e c h a n i s m s ,  jus t  tha t  th e 
m e c h a n i s m s the y d o hav e m u s t  w o r k togethe r  t o displa y thes e 
differen t  type s o f  behavior .  F o r  instance ,  A C T - R (Ander -
son ,  1 9 9 3 )  ha s thre e differen t  architecturally-supporte d learn -
in g m e c h a n i s m s :  strengthenin g o f  product io n an d associativ e 
link s w h i c h produce s s impl e speed-up ,  analogica l  reasonin g 
w h i c h ca n radicall y c h a n g e strategy ,  a n d bringin g n e w k n o w l -
e d g e f r o m th e outsid e wor l d int o declarativ e m e m o r y ,  w h i c h 
coul d als o radicall y c h a n g e strategy .  O n th e othe r  hand .  Soa r 
(Newel l ,  1 9 9 0 )  ha s onl y o n e architecturally-supporte d learn -
in g m e c h a n i s m bu t  tha t  m e c h a n i s m ca n interac t  wit h differen t 
k n o w l e d g e t o p roduc e differen t  learnin g behavio r  (Rosen -
b l o o m e t  al. ,  1 9 9 3 ) .  Eithe r  solutio n i s a n acceptabl e pat h t o 
a n architectur e o f  cognition ,  a s lon g a s attentio n i s  pai d t o 
producin g th e ful l  rang e o f  h u m a n learnin g behavior . 

Variet y o f  strategie s A l t h o u g h 2 8 combina t ion s o f  patter n 
an d leve l  strategie s ca n theoreticall y appear ,  7 1 % o f  th e o b -
serve d behavio r  fall s  int o 6  pattern/leve l  strategies :  stacke d i n 
level s 1 & 2 ,  2 & 3 an d A L L ,  sequentia l  i n level-1 ,  an d oppor -
tunisti c i n level s 1  an d 1 & 2 .  Thus ,  a  cognitiv e architectur e 
whic h ca n mode l  thes e si x strategie s wil l  accoun t  fo r  nearl y 
three-quarter s o f  observe d behavior . 

Gradua l  vs .  abrup t  strateg y shift s T h e existenc e o f  grad -
ual  strategy-shift s implie s tha n a n architectur e canno t  hav e a 
dominan t  all-or-nothin g learnin g algorith m tha t  function s a t 
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th e strateg y level ;  i t  canno t  displa y dogmati c behavio r  wit h 
respec t  t o strategies .  Rather ,  i t  mus t  have  mechanism s fo r  tun -
in g existin g strategie s an d experimentin g wit h ne w ones .  I t 
must  b e abl e t o gai n informatio n abou t  differen t  strategie s ove r 
tim e t o migrat e t o a  ne w one .  Also ,  onc e i t  ha s experimente d 
with ,  o r  bee n told ,  o r  otherwis e discovere d a  ne w strategy ,  i t 
canno t  thereafte r  alway s choos e t o us e tha t  strategy . 

The existenc e o f  abrup t  strateg y change s put s othe r  con -
strain t  o n a  cognitiv e architecture .  Gradua l  change s poin t 
toward s tunin g o r  experimentatio n mechanisms ,  bu t  abrup t 
change s i n strateg y (i n th e absenc e o f  change s i n th e tas k 
environment )  poin t  toward s reasonin g mechanism s tha t  d o in -
deed discove r  tha t  a  ne w strateg y i s bette r  (b y som e measure ) 
and replac e th e behavio r  associate d wit h th e ol d strategy . 

Abrup t  change s ca n happe n betwee n trial s ( 6 changes )  o r 
withi n trial s  ( 5 changes )  an d thes e have  differen t  implication s 
fo r  a  cognitiv e architecture .  Intra-tria l  abrup t  strateg y change s 
impl y tha t  th e reasonin g processe s ar e happenin g whil e th e 
tas k i s bein g done ,  perhap s i n som e cognitiv e "slac k time " 
(e.g. ,  th e 1 5 second s whil e plane s ar e movin g acros s th e run -
ways) .  Thus ,  cognitiv e resource s mus t  b e abl e t o b e applie d 
bot h t o th e task-at-han d an d t o reasonin g abou t  th e task .  Thi s 
implie s simultaneit y o f  thought ,  o r  rapi d task-switching ,  o r 
some othe r  mechanis m tha t  ca n displa y suc h behavior . 

Furthermore ,  ou r  think-alou d protocol s i n othe r  dynami c 
task s indicat e tha t  som e peopl e hav e a n awarenes s o f  th e slac k 
tim e itself ,  tha t  the y deliberatel y us e tha t  tim e t o thin k abou t 
bette r  way s t o d o th e task .  Thus ,  a  cognitiv e architectur e ma y 
need th e capabilit y  t o perceiv e an d reaso n abou t  tim e itsel f  t o 
fiill y  mode l  huma n behavio r  i n dynami c tasks . 

Inter-tria l  abrup t  strateg y change s implie s reasonin g abou t 
th e tas k whe n no t  i n th e tas k environment .  W h e n strateg y 
change s happe n afte r  th e 5-minut e break s betwee n 30-minut e 
sessions ,  o r  o n th e first  tria l  o f  th e secon d da y o f  a  two-da y 
experiment ,  i t  i s plausibl e tha t  th e participan t  ha s bee n think -
in g abou t  th e task .  I f  so ,  a  cognitiv e architectur e mus t  hav e 
th e capabilit y  t o lear n enoug h abou t  th e task ,  th e display ,  th e 
dynamics ,  etc .  t o d o thi s reasonin g withou t  th e environmen t 
i n fron t  o f  it .  Thi s ma y b e evidenc e fo r  th e existenc e o f  som e 
typ e o f  menta l  simulatio n i n thes e participants . 

Conclusions 

Thi s stud y o f  strateg y us e fo r  th e KA-ATC ® tas k show s th e 
importanc e o f  th e strateg y choic e fo r  th e final  performanc e 
on th e task :  man y participant s (26 )  eventuall y picke d th e 
pattern-strateg y givin g th e bes t  performance ,  bu t  almos t  al -
ways (i n 2 5 cases )  afte r  a n explorator y phas e involvin g th e 
use o f  othe r  pattern-strategies ,  o r  n o identifiabl e strateg y a t 
all .  W e als o believ e tha t  th e grea t  variet y i n strateg y us e put s 
some constraint s o n a  cognitiv e architectur e use d t o mode l 
thi s task . 

As futur e work ,  w e inten d t o determin e whethe r  i f  th e 
strateg y shift s  ar e relate d t o specifi c  event s arrivin g durin g th e 
tas k (e.g. ,  a  plan e crash) .  W e als o inten d t o explor e furthe r 
ho w leve l  strategie s evolve ,  an d ho w the y ar e connecte d t o 
patter n strategies .  Finally ,  w e wil l  examin e ho w th e strategie s 
evolv e durin g th e subsequen t  9  trial s o f  th e study ,  an d othe r 
KA-ATC© studies ,  whe n ba d weathe r  condition s com e int o 
pla y an d forc e th e participant s t o dea l  wit h man y mor e rule s 
abou t  landin g planes . 
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