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Abstrac t 

In this paper, we examine the components of dynamic skill 
acquisitio n usin g a  dat a se t  collecte d b y Ackerma n (1988 ) 
wit h th e Kanfer-Ackerma n Air-Traffi c  Controlle r  Task© . 
Our  analysi s indicate s tha t  subject s ar c improvin g i n bot h 
th e strategie s the y us e t o solv e th e tas k an d th e spee d wit h 
whic h the y execut e th e task .  On e strateg y tha t  subject s 
develo p reduce s th e numbe r  o f  ove n action s require d l o lan d 
a plane .  Anothe r  strateg y tha t  subject s develo p enable s 
the m t o lan d mor e plane s simultaneously .  A  satisfactor y 
model  o f  thi s tas k mus t  includ e bot h a n improve d strategi c 
componen t  an d a n improve d spee d component .  Th e ACT- R 
theor y (Anderson ,  1993 )  i s  wel l  suite d t o mode l  thes e 
component s a s i t  i s  abl e l o separatel y lear n ove r  trial s 
whic h strategie s ar e bette r  an d ho w t o execut e eac h mor e 
efficiently . 

Keywords: Dynamic skill acquisition. Cognitive models 
of  proble m solving ,  Strateg y learnin g 

Introduction 

Though t  an d actio n i n th e rea l  worl d ar e embedde d i n 
dynami c environments ,  bu t  pas t  researc h i n proble m solvin g 
and skil l  acquisitio n ha s focuse d primaril y o n task s i n stati c 
environments .  I n siali c  tasks ,  change s i n th e proble m slat e 
ca n onl y occu r  throug h people' s actions ,  whil e i n dynami c 
tasks ,  change s ca n occu r  independen t  o f  people' s actions . 
A n exampl e o f  a  stati c tas k i s th e Towe r  o f  Hano i  puzzle , 
wher e disk s o f  differen t  size s mus t  b e move d fro m on e pe g 
t o anothe r  accordin g t o simpl e rules .  I n thi s task ,  th e disk s 
m o ve onl y i f  a  perso n move s them .  Driving ,  o n th e othe r 
hand ,  i s  a  dynami c task :  betwee n an y tw o consecutiv e 
action s i n drivin g (e.g .  turnin g th e steerin g whee l  an d 
steppin g o n th e accelerator) ,  change s i n th e proble m slate , 
suc h as  a  decrease  i n fue l  o r  a  do g runnin g i n fron t  o f  th e 
car ,  occu r  independentl y o f  th e driver' s actions . 

We hav e gaine d importan t  insight s fro m previou s resciirc h 
i n stati c tas k domains .  Th e legac y o f  pas t  proble m solvin g 
researc h i n stati c tas k domain s includes ,  th e identificatio n o f 
searc h heuristic s i n proble m solvin g (Newel l  &  Simon , 
1972) ,  th e discover y o f  th e difference s betwee n novice s an d 
expert s i n proble m solvin g i n physic s (Chi ,  Glascr ,  &  Rces , 
1982 ;  Larkin ,  McDcrmot l ,  Simon ,  &  Simon ,  1980 )  an d i n 
programmin g (Anderson ,  Corbcti ,  &  Conrad ,  1984) ,  an d th e 
isolatio n an d th e quantificatio n o f  th e element s o f  skil l 
transfe r  (Single y &  Anderson ,  1989) .  However ,  t o 
completel y understan d an d appreciat e th e domai n o f  proble m 

solvin g an d skil l  acquisition ,  w e mus t  exten d ou r 
investigation s t o dynami c tasks . 

Th e Kanfer-Ackerma n Ai r  Traffi c Controller© ^  ( A T C ) 
tas k i s a n idea l  vehicl e fo r  studyin g dynami c skil l 
acquisition .  I t  simulate s dynami c aspect s o f  rea l  ai r  traffi c 
contro l  (e.g. ,  plane s los e fue l  an d weathe r  condition s 
change) ,  ye t  i s  simpl e enoug h t o b e tractabl e fo r  study .  I n 
addition ,  Ackerma n (1994 )  ha s collecte d dat a fro m ove r  35(X ) 
subject s o n th e A T C uts k an d ha s mad e the m availabl e o n a 
C D - R OM (Ackerma n &  Kanfer ,  1994 )  t o th e Offic e o f 
Naval  Researc h ( O N R ) .  O N R intend s l o us e thi s tas k a s a 
leslbe d t o compar e a  numbe r  o f  cognitiv e architecture s 
includin g ou r  own ,  A C T - R (Anderson ,  1993) . 

Acke rma n ha s extensivel y analyze d th e predictiv e 
measure s o f  performanc e i n th e A T C tas k usin g a  batter y o f 
psychologica l  test s tha t  measur e cognitive ,  perceptual -
motor ,  an d psychomoto r  abilit y  (Ackerman ,  1988 ,  1990) . 
Ackerma n foun d tha t  whil e cognitiv e abilit y  bes t  predict s 
performanc e i n earl y trials ,  psychomoto r  abilit y  bes t  predict s 
performanc e i n late r  u-ials. ^  W e tak e a  differen t  approac h t o 
th e stud y o f  dynami c skil l  acquisition .  Instea d o f  lookin g i n 
fro m th e ouLsid e -  tha t  is ,  instea d o f  usin g task-externa l  test s 
t o predic t  individua l  performanc e i n th e A T C tas k w e 
propos e t o g o insid e an d se e wha t  subject s ar e actuall y doin g 
i n orde r  t o illuminat e th e component s o f  dynami c skil l 
acquisitio n i n th e A T C task . 

I n thi s paper ,  w e use  a  dat a se t  fro m Ackerman' s stud y 
(stud y # 6 i n th e Kanfer-Ackerma n C D - R O M,  a s publishe d 
i n Ackerman ,  1988 )  t o examin e th e cognitiv e component s 
of  dynami c skil l  acquisitio n i n th e A T C task .  W e wil l 
briefl y revie w th e A T C task .  W e wil l  the n analyz e th e rol e 
of  strategie s an d spee d i n th e A T C tas k throug h correlationa l 
and regressio n analyse s o f  differen t  variables .  W e argu e that , 
eve n afte r  takin g subjects '  increas e i n moto r  spee d int o 
consideration ,  thei r  suaieg y us e contribute s significantl y l o 
performance . 

The Air Traffic Controller Task 

Th e A T C tas k i s  compose d o f  th e followin g element s 
di-splaye d o n th e scree n (se e Figur e 1) :  (a )  1 2 hol d patter n 

^Kanfcr-Ackcrma 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 . 

^Ackerma n ha s use d multipl e measure s t o gaug e performance , 
includin g cumulativ e score ,  numbe r  o f  plane s landed ,  numbe r  o f 
error s made ,  an d reactio n tim e t o win d change . 
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Figur e 1 .  Th e Ai r  Traffi c  Controlle r  task .  (Note :  Thi s figur e i s a  reconstructe d representatio n o f  th e 
Kanfcr-Aciccrma n A T C task. ) 

positions ,  (b )  4  runways ,  numbere d 1  throug h 4 ,  (c ) 
feedbac k informatio n o n subject' s curren t  scor e an d penally , 
condition s o f  th e runways ,  win d directio n an d speed ,  (d )  a 
queu e stac k wit h plane s wailin g t o ente r  th e hol d paliem , 
and (e )  2  messag e windows ,  on e fo r  notifyin g o f  weathe r 
change s (shown )  an d on e fo r  providin g feedbac k o n error s 
(no t  shown) .  Th e 1 2 hol d patter n position s ar e divide d int o 
3 level s correspondin g t o altitude ,  wit h hol d leve l  3  bein g 
th e highes t  an d hol d leve l  1  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  1 ,  (3 )  Plane s 
can onl y mov e on e hol d leve l  a t  a  time ,  bu t  t o an y ope n 
positio n i 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 
(747' s alway s requir e lon g runways ,  DClO' s ca n us e shor t 
runway s onl y whe n runway s ar e dr y o r  wet ,  an d win d spee d 
i s les s tha n 4 0 knots ,  727' s ca n us e shor t  runway s onl y 
when th e runway s ar e dr y o r  win d spee d i s 0-2 0 knots ,  an d 
PROP'S ca n alway s us e shor t  runways) ,  (5 )  Plane s wit h les s 
tha n 3  minute s o f  fue l  lef t  mus t  b e 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 ; 
plane s ente r  int o th e queu e approximatel y ever y 7  seconds . 

Thre e principa l  action s ar e use d i n thi s task :  (1 )  accep t 
plane s fro m th e queu e int o a  hol d pattern ,  (2 )  mov e plane s 
withi n th e thre e hol d levels ,  an d (3 )  lan d plane s o n a 
runway .  Al l  thre e action s ca n b e accomplishe d b y usin g th e 
fou r  keys :  T ,  i ,  Fl ,  an d J .  Th e T  an d i  key s mov e th e 
curso r  u p an d dow n betwee n th e differen t  hol d position s an d 
runways ,  an d th e F l  ke y accept s th e plane s fro m th e queu e 
int o a  holdin g pattern .  Th e J  ke y ca n selec t  a  plan e i n th e 
hold ,  plac e a  selecte d plan e (cithe r  fro m th e queu e o r  fro m 
anothe r  hol d position )  int o a n empt y hol d position ,  o r  lan d a 
plan e o n th e runway .  A  subject' s 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 . 

M e t h o d a n d Ana lys i s 

We use d dat a fro m 5 8 subject s i n Ackerman' s (1988 )  study . 
We exclude d dat a fro m 5  subject s wh o ha d no t  complete d a t 
leas t  eightee n (10-minute )  trial s an d dat a from  2  subject s du e 
t o a n erro r  durin g thei r  decompressio n fro m th e Kanfer -
Ackcrma n C D - R O M (Ackerma n &  Kanfer ,  1994) . 

We use d cumulativ e scor e (Score )  a s dependen t  measur e o f 
performance .  Figur e 2  plot s mea n scor e an d standar d 
deviatio n o f  th e 5 8 subject s acros s trials . 
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Figur e 2 :  M e a n Scor e an d standar d deviation . 

As can be seen in Figure 2, subjects' cumulative scores 
g re w fro m almos t  nothin g i n th e firs t  10-minut e bloc k t o a n 
averag e o f  ove r  3 0 0 0 point s i n th e las t  block ,  whi l e th e 
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standar d deviatio n tende d t o decrease ,  indicatin g a  reductio n 
i n inter-subjec t  variability .  Th e increas e i n Scor e closel y 
follow s a  powe r  function :  f(x )  =  -2024.0 4 -f -  2791.4 0 * 
x-241 ,  wit h r 2 = :  .954 . 

T o hel p understan d th e basi s fo r  thi s improvement ,  w e 
looke d a t  strateg y chang e ove r  trials .  O n e strateg y tha t 
m a ny subject s developed ,  whic h w e cal l  th e hol d 1  strategy , 
involve d bringin g plane s directl y int o hol d leve l  1 ,  thereb y 
skippin g hol d level s 2  an d 3 .  O n average ,  6  keystroke s ( 1 J 
ke y t o selec t  a  plane ,  4  4 -  key s t o m o v e d o w n t o th e nex t 
level ,  an d 1  J  ke y t o plac e th e plane )  ar e neede d t o m o v e a 
plan e d o w n on e hol d level .  I f  w e assum e tha t  th e averag e 
number  o f  keystroke s t o lan d a  plan e fro m hol d leve l  1  i s 
equa l  t o C ,  the n th e averag e numbe r  o f  keystroke s neede d t o 
lan d a  plan e fro m hol d level s 1 ,  2 ,  an d 3  ar e C ,  C  -i -  6 ,  an d 
C +  12 ,  respectively .  B y bringin g plane s directl y int o th e 
hol d leve l  1  fro m th e queue ,  subject s eliminat e th e nee d t o 
us e 6  t o 1 2 additiona l  keysu-oke s pe r  plane .  Usin g thi s 
strateg y therefor e increase d subjects '  keystrok e efficienc y b y 
reducin g th e numbe r  o f  keystroke s neede d t o lan d a  plane . 

We measure d 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 .  Figur e 3 
plot s m e a n hol d 1  strateg y us e an d standar d deviatio n fo r  th e 
5 8 subject s acros s trials .  A s ca n b e seen ,  hol d 1  strateg y 
increase s ove r  th e firs t  hal f  o f  th e experimen t  an d the n 
asymptotes .  Howeve r ,  variabilit y i n th e hol d 1  strateg y 
remain s high ,  indicatin g tha t  hol d 1  strateg y i s a n importan t 
sourc e o f  individua l  differences . 
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Figur e 3 :  M e a n hol d 1  strateg y an d standar d deviation . 

Another strategy that many subjects used involved 
maximizin g th e numbe r  o f  plane s landin g simultaneously . 
A specia l  opportunit y fo r  thi s occur s whe n th e win d 
directio n changes .  Thi s allow s subject s t o us e th e runway s 
i n a  n e w direction ,  whil e plane s ar e stil l  taxiin g o n runway s 
i n th e forme r  direction .  Fo r  instance ,  whil e landin g plane s 
o n th e north-sout h runways ,  a  subjec t  ca n respon d t o a 
chang e i n win d directio n t o cas t  o r  wes t  b y landin g plane s 

on th e east-wes t  runways .  Thes e "crossove r  landings "  occu r 
when a  subjec t  land s a  plan e whil e a t  leas t  on e othe r  plan e i s 
occupyin g a n orthogona l  runway .  Crossove r  landing s ar e 
possibl e onl y i f  subject s quickl y respon d t o a  win d directio n 
chang e durin g a  brie f  perio d afte r  th e change .  W e define d 
runwa y efficienc y a s th e percentag e o f  crossove r  landing s 
achieve d b y th e subject s ou t  o f  th e m a x i m u m crossove r 
landing s possibl e withi n a  trial .  Figur e 4  plot s mea n 
runwa y efficienc y an d standar d deviatio n fo r  th e 5 8 subject s 
acros s trials .  A s ca n b e seen ,  runwa y efficienc y increase s 
throughou t  th e experimen t  an d maintain s a  fai r  degre e o f 
inier-subjec t  variability . 
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Figur e 4 :  M e a n runwa y efficienc y an d standar d deviation . 

We wanted to assess the contribution of these strategy 
variable s t o Score ,  controllin g fo r  psychomoto r  factors .  W e 
define d tw o suc h psychomoto r  variables .  O n e i s  tota l 
keystrokes ,  th e tota l  numbe r  o f  th e relevan t  key s (T ,  i ,  Fl , 
and J )  use d pe r  trial .  Th e othe r  measur e i s m e a n reactio n 
tim e t o orthogona l  win d directio n change. ^  Figur e 5  plot s 
mean tota l  keystroke s an d standar d deviation ,  an d Figur e 6 
plot s mea n R T t o win d chang e an d standar d deviatio n fo r  th e 
58 subject s acros s trials . 

As ca n b e seen ,  tota l  keystroke s increase d acros s trials , 
whil e maintainin g a  fai r  degre e o f  inter-subjec t  variability . 
Thi s i s t o b e expected ,  give n hig h inter-subjec t  variabilit y  i n 
th e us e o f  hol d 1  strategy .  Subject s w h o us e hol d 1  su-ateg y 
requir e fewe r  keysU-oke s t o achiev e performanc e comparabl e 
t o tha t  o f  subject s w h o d o no t  us e hol d 1  strateg y . 

M e an R T t o win d chang e decrease d steadily ,  wit h a 
correspondin g reductio n i n inter-subjec t  variability . 
Nevertheless ,  th e rati o betwee n th e standar d deviatio n an d th e 
mean R T t o win d chang e remain s relativel y constant . 

^Ackcrma n (1988 )  use d mea n reactio n tim e t o win d change , 
a.s th e dependen t  measur e o f  performance .  However ,  w e chos e t o 
use cumulativ e scor e a s th e dependen t  measur e o f  jjerformance , 
becaus e tha t  i s wha t  subject s ar e tryin g t o optimiz e i n thi s task . 
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Figur e 6 ;  M e a n reactio n tim e t o win d chang e an d stiindar d 
deviation . 

Co r re la t i on s b e t w e e n strateg y var iab les , 
psychomoto r  variables ,  a n d Scor e 

We examine d th e Pearso n r  correlation s betwee n th e fou r 
predicto r  variable s an d Score .  W e use d th e 1 8 trial s fo r  eac h 
of  th e 5 8 subject s a s data ,  fo r  a  tota l  o f  104 4 ob.scrvations . 
Tabl e 1  list s th e correlation s betwee n th e fiv e variables :  hol d 
1 strateg y (HS) ,  runwa y efficienc y (RE) ,  tota l  keystroke s 
(KS) ,  mea n R T t o win d chang e ( M T ) ,  an d Score .  Runwa y 
efficienc y correlate d mos t  strongl y wit h Score ,  r  =  .839 , 
followe d b y mea n R T t o win d change ,  r  =  -.668 .  I n 
addition ,  runwa y efficienc y i s fairl y  strongl y bu t  negativel y 
correlate d wit h mea n R T t o win d change ,  r  =  -.552 ,  an d hol d 
1 strateg y i s strongl y bu t  negativel y correlate d wit h tota l 

keystrokes ,  r  =  -.604 .  Thi s support s ou r  assertio n tha t  hol d 
1 strateg y reduce s th e numbe r  o f  key s necessar y t o lan d a 
plane .  B y breakin g dow n th e eightee n trial s int o halve s (1 -
9 an d 10-18) ,  w e se e a  strikin g decreas e i n th e correlatio n 
betwee n tota l  keystroke s an d Score :  r  droppe d fro m .57 5 i n 
th e firs t  hal f  o f  th e trial s t o .10 7 i n th e las t  hal f  o f  th e trials . 

Table 1: Correlations between Score, hold 1 strategy (HS), 
runwa y efficienc y (RE) ,  tota l  keystroke s (KS) ,  an d mea n 

reactio n tim e t o win d chang e ( M T ) . 

HS 
RE 
KS 
MT 

Scor e 

.29 1 

.83 9 

.49 2 

-.66 8 

HS 
-

.34 9 

-.60 4 

-.17 8 

RE 
-
-

.31 6 

-.55 2 

KS 
-
-
-

-.34 7 

Thes e result s indicat e tha t  whil e usin g mor e key s raise d 
Scor e i n th e earl y trials ,  i t  ha d littl e impac t  o n Scor e i n th e 
late r  U'ials .  I f  increas e i n Scor e wa s du e t o a n increas e i n 
moto r  speed ,  on e woul d expec t  th e correlatio n betwee n tota l 
keystroke s an d Scor e t o increas e wit h repeate d trials .  Th e 
opposit e i s true ,  however ,  whic h indicate s tha t  increas e i n 
moto r  speed ,  a s reflecte d b y tota l  keystroke s an d mea n R T t o 
win d change ,  wa s neithe r  th e sol e no r  th e mos t  importan t 
determinan t  o f  Score .  Indeed ,  wha t  bes t  predicte d Scor e wa s 
a combinatio n o f  su-atcg y an d speed ,  a s reflecte d b y runwa y 
efficiency .  W e explor e thi s issu e i n mor e detai l  i n th e 
followin g regressio n analyses . 

Regressions with strategy and psychomotor 
variable s a s predictor s o f  Scor e 

A multipl e regressio n usin g al l  fou r  variable s t o predic t 
Scor e account s fo r  87 .7 % o f  th e variance .  Th e regressio n 
equatio n wit h th e fou r  variable s is : 

Score = 307 + 1566 HS -i- 1524 RE -i- 1.43 KS - 22.1 MT 

with the following t-ratios"^: HS = 25.31, RE = 22.57. KS 
= 30.72 ,  an d M T =  -10.68 .  M e a n R T t o win d chang e 
conu îbulc d th e leas t  t o thi s four-variabl e model .  A  mode l 
usin g onl y hol d 1  strategy ,  tota l  keystrokes ,  an d runwa y 
efficienc y stil l  account s fo r  86 .3 % o f  th e variance .  Th e 
regressio n equatio n wit h th e thre e variable s is : 

Score = - 843 + 1745 HS + 1676 RE -i- 1.60 KS 

with t-ratios of 27.80, 24.11, and 34.73, respectively. 
Deletin g an y o f  th e othe r  thre e predicto r  variable s lead s t o 
much bigge r  reduction s i n th e predictio n o f  Score .  Thi s 
indicate s tha t  runwa y efficienc y i s a  bette r  predicto r  o f  Scor e 
tha n mea n R T t o win d change . 

Our  analysi s indicate s tha t  subjects '  Scor e increase d wit h 
adoptio n o f  cithe r  th e hol d 1  strateg y o r  th e multiple -
landing s strategy ,  a s measure d b y runwa y efficiency . 
However ,  overal l  spee d als o contribute s t o Score ,  especiall y 

Al l  i-raiio s i n ih c regressio n analyse s w e presen t  hav e 1 
d.f .  an d ar e significan t  a \  p  <  .001 . 
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i n th e earl y par i  o f  th e experiment .  I n th e firs t  hal f  o f  th e 
experiment ,  th e regressio n equatio n is : 

Score = - 1237 + 1862 HS + 1619 RE + 1.95 KS 

with t-ratios of 20.45, 12.10, and 28.09. respectively. In 
th e secon d hal f  o f  th e experiment ,  however ,  i t  change s to : 

Score = 632 + 879 HS + 1873 RE + 0.764 KS 

with t-ratios of 10.54, 28.07, and 12.04, respectively. This 
chang e indicate s th e increasin g importanc e o f  th e runwa y 
efficienc y acros s trial s relativ e t o othe r  factors ,  suc h a s tota l 
keystrokes .  Th e multipl e runwa y strategy ,  a s measure d b y 
runwa y efficiency ,  allowe d subject s t o hav e mor e runway s i n 
servic e a t  th e sam e time .  A s subject s becom e mor e skilled , 
th e lengt h o f  tim e require d b y plane s t o tax i  d o w n runway s 
(1 5 seconds )  becam e th e performance-limitin g factor . 

Taxiin g tim e limit s th e utilit y  o f  th e hol d 1  strategy . 
W h en bot h runway s ar e i n use ,  th e additiona l  resource s 
afforde d b y hol d 1  strateg y ar e wasted .  Increasin g one' s ke y 
efficienc y i s irrelevan t  whe n bot h o f  th e runway s ar c 
occupie d an d n o additiona l  plane s ca n b e landed .  Thi s i s 
indicate d bot h b y th e reductio n i n th e importanc e o f  hol d 1 
strateg y i n th e secon d hal f  o f  th e u-ial s compar e t o th e firs t 
i n th e regressio n analysis ,  an d b y th e fac t  tha t  subjects '  us e 
of  hol d 1  strateg y reache d a n asymptot e fairl y  quickl y a i 
abou t  th e fifth  tria l  (Figur e 7  plot s mea n hol d 1  suateg y us e 
by low-thir d an d high-thir d performers) . 

A t i ^  "^AA .  A 
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trials 

Figur e 7 :  Hol d 1  strateg y us e o f  lo w thir d an d hig h thir d 
subject s a s measure d b y Score . 

Runway efficiency, which measures opportunistic use of 
th e opposin g runway s durin g win d change ,  doc s no t  suffe r 
fro m thi s performance-limitin g factor .  Thi s i s indicate d b y 
th e continuin g increas e i n subjects '  runwa y efficienc y acros s 
trial s (Figur e 8  plot s mea n runwa y efficienc y o f  low-thir d 
and high-thir d performers) . 
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Figure 8: Runway efficiency of low third and high third 
subject s a s measure d b y Score . 

As previously noted, Ackerman found that task-external 
measure s o f  individua l  difference s i n bot h cognitiv e abilit y 
and psychomoto r  spee d predicte d performanc e i n th e A T C 
ta.sk .  H e als o foun d tha t  cognitiv e abilit y  ha d a  stronge r 
effec t  earl y i n th e experiment ,  whil e psychomoto r  skill s  ha d 
large r  impac t  late r  i n th e experiment .  Thi s migh t  see m t o 
contradic t  th e result s o f  ou r  analysi s o f  task-interna l 
variable s (hol d 1  strategy ,  runwa y efficiency ,  an d tota l 
keystrokes) ,  whic h indicate s tha t  keyin g spee d become s les s 
significan t  i n late r  trials .  I t  i s  difficul t  t o compar e ou r 
result s wit h Ackerman's ,  becaus e Ackerma n use d mea n R T 
t o win d chang e a s th e dependen t  measur e fo r  subjec t 
performance ,  whil e w e us e Score .  O n e migh t  argu e tha t 
mean R T t o win d chang e cam e t o reflec t  psychomoto r 
factor s toward s th e en d o f  th e experiment ,  whic h explain s 
Ackcrman' s conclusio n tha t  psychomoto r  factor s bes t 
predicte d performance .  However ,  psychomoto r  factor s 
themselve s canno t  b e suc h a  significan t  contributo r  t o Scor e 
give n th e relativel y slo w rat e o f  plane s taxiin g o n th e 
runwa y an d th e inventio n o f  th e hol d 1  strategy ,  whic h 
relieve s th e nee d fo r  keystrokes .  Instead ,  runwa y efficienc y 
emerge s a s a n importan t  factor ,  allowin g subject s t o tur n 
psychomoto r  skil l  int o usefu l  action s fo r  increasin g Score . 

Discussion 

Our  analysi s o f  th e A T C dat a indicate s tha t  skil l  improve d 
i n a  comple x wa y acros s trial s i n th e experiment .  Subject s 
improve d bot h i n th e strategie s use d t o solv e th e tas k an d i n 
th e spee d wit h whic h the y execute d th e task .  Thi s indicate s 
tha t  an y satisfactor y mode l  o f  thi s tas k wil l  hav e t o includ e 
bot h a  strategi c improvemen t  componen t  an d a  spee d 
improvemen t  component .  Ther e ar e currentl y man y differen t 
theorie s o f  skil l  acquisition .  I t  i s  usefu l  t o examin e som e o f 
the m i n ligh t  o f  th e findings  presente d here .  W e examin e 
tw o i n particular :  Logan' s (1988 )  instanc e theor y o f 
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automatizatio n an d th e Soa r  (Newel l  &  Rosenbloom ,  1981 , 
Newell ,  1990 )  chunkin g theor y o f  learning . 

Loga n (1988 )  propose d a  theor y o f  learnin g base d o n th e 
ide a o f  retrievin g "instances "  fro m memory .  A n instanc e i s 
compose d o f  th e stimulus ,  subjects '  goa l  durin g th e 
encounte r  wit h th e stimulus ,  thei r  interpretatio n o f  th e 
stimulu s i n relatio n t o th e goal ,  an d thei r  respons e t o th e 
stimulus .  Loga n argue d tha t  subject s automaticall y encod e 
and stor e eac h encounte r  wit h a  stimulu s a s a n instance ,  an d 
retriev e th e instanc e whe n th e stimulu s i s encountere d again . 
I n thi s theory ,  althoug h skill s  ar e initiall y  acquire d throug h 
algorithmi c processing ,  performanc e depend s increasingl y o n 
retrievin g pas t  instance s o f  solution s fro m memory . 

The Soa r  (Newel l  &  Rosenbloom ,  1981 ;  Newell ,  1990 ) 
theor y o f  learnin g i s  base d o n chunking .  I n thi s theory , 
skill s  ar e acquire d b y chunkin g togethe r  production s tha t 
successfull y solv e a  problem .  Fo r  example ,  i f  subject s 
encounte r  a n impass e durin g a  problem-solvin g episode , 
the y ca n se t  a  subgoa l  t o solv e tha t  impasse .  I f  the y ar c 
successfu l  a t  findin g a  solutio n t o th e impasse ,  th e 
individua l  solutio n step s take n ar e the n chunke d togethe r  a s 
a singl e production .  W h e n subject s encounter s th e sam e 
situatio n again ,  th e newl y chunke d productio n ca n b e use d 
automatically ,  eliminatin g th e nee d t o repea t  th e laboriou s 
proces s o f  searchin g fo r  a  solution . 

Bot h theorie s ar e capabl e o f  explainin g wh y keystrok e rat e 
was relate d t o improvemen t  i n Score .  Logan' s instanc e 
retrieva l  an d Soar' s chunkin g resul t  i n les s "cognitiv e time " 
betwee n actions .  However ,  i t  i s  unclea r  ho w eithe r  o f  thes e 
theorie s coul d predic t  th e contributio n o f  hol d 1  strategy , 
whic h require s a  reorganizatio n o f  behavior s an d a  shif t  t o a 
strateg y tha t  require s a  differen t  sequenc e o f  keystrokes .  I n 
addition ,  subject s d o no t  switc h hol d strategie s (i.e .  hol d 3 , 
hol d 2 ,  an d hol d 1 )  i n a  step-lik e transition ,  a s Logan' s 
theor y an d Soar' s mode l  woul d predict .  Instead ,  th e hol d 
strategie s overla p b y a  fai r  amoun t  durin g transition ,  an d i n 
most  case s subject s d o no t  completel y abando n th e us e o f 
hol d 2  an d 3 .  Also ,  ho w thes e theorie s coul d explai n th e 
importan t  contributio n o f  runwa y efficienc y (multipl e 
runwa y us e throug h crossove r  landings )  t o Scor e i s unclear , 
sinc e thi s woul d depen d o n th e particular s o f  th e initia l 
algorithm s used . 

Whil e w e hav e ye t  t o undertak e th e simulatio n effort ,  w e 
thin k tha t  th e A C T - R theor y i s wel l  suite d t o mode l  thes e 
components ,  sinc e i t  separatel y learn s ove r  trial s whic h 
strategie s ar e bette r  an d ho w t o execut e eac h strateg y mor e 
successfully .  Fo r  example ,  Lovet t  an d Anderso n (i n press ) 
hav e shown ,  i n a n artificia l  proble m solvin g task ,  tha t 
subject s lear n i n bot h dimension s o f  strateg y an d speed .  I n 
particular ,  thei r  subject s com e t o execut e th e les s successfu l 
su-ateg y les s frequentl y an d ye t  mor e rapidl y wit h experience . 
They hav e modele d thes e phenomen a successfull y i n A C T -
R. 
.  Skil l  acquisitio n i n th e A T C ta.s k involve s a  comple x 
interactio n betwee n improvement s i n strategie s an d 
improvement s i n speed .  W e ar e currentl y workin g o n a n 
ACT- R mode l  t o explai n thes e phenomena ,  a s a  firs t  ste p 
towar d extendin g th e A C T - R theor y t o dynami c skil l 
acquisition . 
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