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Abstrac t 

Researchers (see Siegler, 1987; Newell, 1973) have 

demonstrate d th e danger s o f  aggregatin g dat a ove r 

strategies .  I n thi s paper ,  w e provid e a  curren t 

demonstratio n o f  thi s poin t  usin g ou r  recen t  wor k i n th e 

stud y o f  cognitiv e skil l  acquisitio n a s a  cas e study . 

Moreover ,  w e cal l  particula r  attentio n t o th e relatio n 

betwee n cognitiv e modelin g an d microanalysi s a s 

drivin g force s towar d a  mor e thoroug h understandin g o f 

th e rol e o f  strategie s i n cognitiv e skil l  acquisition . 

Overview 

We begi n b y reviewin g th e genera l  result s o f  ou r  prio r  skil l 

acquisitio n research .  Followin g thi s summary ,  w e pu t  fort h 

th e rational e fo r  performin g a  microanalysi s o f  thes e data , 

whic h describe s ou r  lates t  effor t  a t  modelin g skil l  learnin g 

i n th e experimenta l  paradig m introduce d i n Anderso n an d 

Fincha m (1994 )  an d extende d i n Anderson ,  Fincha m an d 

Douglas s (1997) .  W e describ e th e mai n result s o f  ou r 

microanalysi s an d finally  conclud e wit h a  discussio n o f  th e 

importanc e o f  performin g suc h analyse s i n thi s domain , 

particularl y wit h regar d t o th e researc h proble m tha t 

emerge s whe n multipl e strategies ,  bot h withi n an d betwee n 

subjects ,  ca n b e employe d i n a  particula r  task . 

Background 

Anderso n &  Fincha m (1994 )  an d Anderson ,  Fincha m & 

Douglas s (1997 )  introduce d a  paradig m designe d t o 

understan d th e proces s an d tim e cours e o f  skil l  acquisition . 

At  issu e i n thi s wor k wer e tw o seemingl y opposin g theorie s 
of  skil l  acquisition .  O n e vie w wa s tha t  th e transitio n t o 

skille d performanc e i n a  tas k progresse d fro m th e us e o f 

abstrac t  rule s t o a  relianc e o n retrieva l  o f  specifi c  instance s 

(Logan ,  1988 ;  Loga n &  Klapp ,  1991) .  Th e othe r  vie w 

characterize d th e developmen t  o f  skil l  a s progressin g fro m 

initiall y  usin g example s t o th e developmen t  an d us e o f 

abstrac t  rule s (Anderson ,  1993) .  Anderson ,  e t  al .  (1997) , 

propose d a  theor y tha t  i s  essentiall y a  meldin g o f  thes e tw o 

views .  Th e proposa l  describe s a  fou r  stag e mode l  o f  skil l 

acquisition .  Thes e (unordered ,  possibl y overlapping ) 

stages ,  ordere d b y increasin g efficiency ,  characteriz e skil l 

acquisitio n a s attributabl e t o th e us e o f  (a )  analog y t o 

examples ,  (b )  declarativ e abstractions ,  (c )  procedura l  rule s 

and (d )  retrieva l  o f  examples .  Whil e thi s fou r  stag e theor y 

seems t o b e a  reasonabl e qualitativ e accoun t  o f  th e data ,  ou r 

goal  i s  t o elaborat e th e theor y wit h a  mor e quantitativ e 

account . 

Modeling and Microanalysis Motivation 

Th e goa l  o f  ou r  curren t  wor k i s t o generat e a  wel l  specified , 

mechanisti c accoun t  o f  th e transitio n tha t  occur s whe n 

movin g fro m th e novic e leve l  towar d th e skille d leve l  o f 

performanc e i n ou r  skil l  acquisitio n task .  I n particular ,  ou r 

inten t  i s  t o develo p a  simulatio n mode l  fo r  th e abov e 

describe d paradig m usin g A C T - R (Anderso n &  Lebiere , 

1998 ;  Anderson ,  1993) ,  a  genera l  cognitiv e modelin g 

architecture .  Developin g a  mechanisti c accoun t  o f  thi s 

ttansition  proces s serve s severa l  purposes .  First ,  i t  i s  proo f 

i n principa l  tha t  th e qualitativ e accoun t  outline d abov e ca n 

be describe d b y an d achieve d throug h a  mor e formall y 

specifie d process .  Second ,  i t  allow s u s t o quantif y th e 

theor y i n suc h a  wa y tha t  w e ca n the n us e th e mode l  t o 

make specific ,  testabl e prediction s abou t  behavio r  i n nove l 

tasks .  Third ,  w e hop e tha t  th e modelin g effor t  wil l  provid e 

additiona l  insigh t  int o th e underlyin g menta l  processe s tha t 

ar e involve d i n th e skil l  acquisitio n process .  Finally ,  th e ac t 

of  generatin g th e mode l  shoul d provid e insight s int o subtl e 

nuance s tha t  m a y exis t  i n thi s specifi c  tas k o r  withi n th e 

A C T - R modelin g architecture .  I n essence ,  th e devi l  i s  i n 

th e details . 

Serendipitously, we had recorded detailed individual mouse 

clickin g dat a fro m Experimen t  2  i n Anderson ,  e t  al .  (1997) . 

I n orde r  t o facilitat e modelin g ou r  skil l  acquisitio n tas k a t 
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th e atomi c leve l  o f  granularit y outline d above ,  th e 

heretofor e dorman t  mous e clickin g dat a wer e analyzed .  I n 

what  follows ,  w e wil l  outlin e th e genera l  metho d fo r  ou r 

tas k an d presen t  ne w result s tha t  thi s phas e o f  ou r  effort s 

has yielded .  T o foreshadow ,  w e hav e foun d tha t 

participant s emplo y multipl e strategie s whe n performin g 

thi s task .  U p o n doin g separat e analyse s fo r  th e tw o mos t 

c o m m on strategies ,  w e hav e manage d t o (1 )  provid e mor e 

compellin g empirica l  evidenc e fo r  tw o component s o f  th e 

propose d stag e theor y o f  skil l  acquisitio n an d (2 )  identif y a t 

th e mous e clic k leve l  wha t  w e believ e t o b e th e atomi c 

component s involve d i n th e executio n o f  th e task . 

The Task 

I n th e firs t  par t  o f  thes e experiment s participant s commi t  t o 

m e m o ry 8  specifi c  fact s suc h a s "Skydivin g wa s practice d 

on Saturda y a t  5  P M an d M o n d a y a t  4  PM. "  Althoug h 

participant s wer e no t  informe d o f  i t  a t  th e time ,  the y wer e 

learnin g example s o f  eigh t  differen t  rule s abou t  th e tim e 

relationshi p betwee n th e tw o event s fo r  eac h sport .  I n th e 

curren t  example ,  th e rul e i s tha t  th e secon d skydivin g even t 

alway s occur s tw o day s late r  an d on e hou r  earlie r  tha n th e 

firs t  skydivin g event .  W e denot e thi s rul e a s "+2,-1" .  Afte r 

successfull y memorizin g thes e eigh t  examples ,  participant s 

wer e tol d o f  th e natur e o f  th e underlyin g rule s associate d 

wit h eac h sport .  Participant s wer e the n teste d wit h nove l 

problem s ove r  a  perio d o f  fiv e day s i n a n interfac e lik e tha t 

illustrate d i n Figur e 1 .  Participant s wer e give n eithe r  th e 

firs t  o r  second  tim e (da y an d hour )  an d ha d t o comput e th e 

othe r  tim e usin g th e rul e associate d wit h th e give n sport . 

Figur e 1  show s a  trainin g tria l  wher e th e skydivin g stimulu s 

i s th e firs t  tim e (Frida y a t  3 )  an d the y woul d hav e t o predic t 

tha t  th e targe t  wa s Sunda y a t  2 .  The y mad e thei r  predictio n 

by clickin g th e relevan t  button s i n th e boxe s below .  W e 

wer e intereste d i n th e spee d an d accurac y wit h whic h the y 

coul d d o this .  Th e exampl e i n Figur e 1  involve d goin g 

fro m th e firs t  tim e t o th e secon d tim e bu t  Anderso n an d 

Fincha m (1994 )  traine d participant s o n 8  sport s an d hal f  o f 

the m involve d goin g fro m th e secon d tim e t o firs t  time .  O n 

eac h o f  th e fiv e days ,  participant s practice d 8  rule s 3 2 time s 

eac h i n on e directio n (fou r  wit h th e time s presente d o n th e 

lef t  han d sid e o f  th e displa y an d fou r  presente d wit h th e 

time s o n th e righ t  han d side) .  T w o o f  thes e rule s wer e the n 

teste d i n th e othe r  ("unpracticed" )  directio n (als o 3 2 time s 

each )  beginnin g o n da y 2 ,  tw o mor e startin g wit h da y 3 ,  tw o 

mor e startin g wit h da y 4 ,  an d th e fina l  tw o startin g o n da y 5 . 

We wer e intereste d i n whethe r  participant s woul d b e faste r 

i n th e mor e practice d direction .  W e foun d mor e asymmetr y 

( a greate r  latenc y advantag e fo r  rule s i n th e mor e practice d 

direction )  fo r  rule s tha t  wer e reverse d afte r  mor e practic e i n 

on e direction . 

r  respons e displaye d i n botto m ro w Stimul i  displaye d i n to p ro w 

Fttda y 
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O Frida y O Monda y 
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OI 
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09 

Figur e 1 .  Use r  interfac e fo r  Anderso n &  Fincha m skil l  acquisitio n task . 
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Tabl e 1 .  Strateg y count s a s determine d b y respons e mous e clic k sequenc e fo r  stimul i  presente d o n th e lef t  sid e an d righ t  sid e 

of  th e display .  Th e label s A ,  B ,  C  an d D  represen t  response s o f  th e leftmos t  day ,  leftmos t  hour ,  rightmos t  da y an d 

rightmos t  hou r  i n th e experimenta l  interface ,  respectively . 

Respons e Strateg y Ss Lef t  Sid e 

(A B S  XX ) 
Righ t  Sid e 

( X X  S  C  D ) 

ST (stimulu s the n target ) 

L R (lef t  sid e the n righ t  sid e always ) 

DH(st )  (day s the n hours ,  sti m sid e first) 

DH(lr )  (day s the n hours ,  lef t  sid e first) 

HD(lr )  (hour s the n days ,  lef t  sid e first) 

ST(fast )  (stimulu s the n target ,  efficien t  mousing ) 

Othe r 

16 
8 
1 
4 
1 
2 

15 

ABCD 
ABCD 
ACBD 
ACBD 
BDAC 
ABCD 

— 

CDAB 
ABCD 
CADB 
ACBD 
BDAC 
DCBA 

Tota l 47 

Respons e Strategie s 

Usin g thei r  detaile d mous e clickin g data ,  participant s wer e 

classifie d accordin g t o th e predominan t  respons e strateg y 

the y employed .  Th e classificatio n wa s performe d b y 

examinin g th e mous e clickin g pattern s the y exhibite d o n th e 

final  da y o f  th e experiment .  Th e classificatio n criterio n fo r  a 

particula r  strateg y wa s tha t  th e mousin g sequenc e wa s 

consisten t  fo r  a t  leas t  8 0 % (Siegle r  &  Taraban ,  1986 )  o f  th e 

trial s fo r  eac h o f  th e eigh t  rule s i n bot h directions .  Tabl e 1 

shows th e resul t  o f  thi s classificatio n scheme .  Remember 

tha t  participant s wer e require d t o fill  i n al l  fou r  cell s i n th e 

user  respons e ro w (se e Figur e 1) .  Consider ,  fo r  example , 

th e respons e sequenc e w e refe r  t o a s th e Stimulu s t o Targe t 

(ST )  strateg y i n Tabl e 1 .  W h e n employin g thi s respons e 

strategy ,  participant s m o v e th e mous e t o th e locatio n o f  th e 

stimulus ,  clic k th e radio-button s t o cop y th e given s an d the n 

move t o th e opposit e sid e o f  th e displa y an d ente r  th e targe t 

transformation .  Thus ,  whe n th e stimulu s wa s presente d o n 

th e left ,  the y woul d respon d b y clickin g th e leftmos t 

respons e button s t o cop y th e given s followe d b y movemen t 

t o th e righ t  sid e o f  th e displa y an d clickin g th e rightmos t 

respons e button s t o indicat e th e targe t  transformatio n (clic k 

sequenc e A B C D i n th e table) .  Conversely ,  whe n th e 

stimulu s wa s presente d o n th e right ,  the y woul d respon d b y 

clickin g th e rightmos t  respons e button s t o cop y th e given s 

followe d b y movemen t  t o th e lef t  sid e o f  th e displa y an d 

clickin g th e leftmos t  respons e button s t o indicat e th e targe t 

transformatio n (clic k sequenc e C D A B i n th e table) . 

The predominant response strategy was the above described 
ST strateg y wit h 1 6 o f  th e 4 7 participant s usin g thi s method . 

The secon d mos t  popula r  strateg y ( 8 Ss )  wa s th e Lef t  t o 

Righ t  (LR )  strateg y whereb y participant s consistend y 

entere d response s i n a  strictl y lef t  t o righ t  orde r  acros s th e 

display ,  independen t  o f  th e locatio n o f  th e stimulus . 

I n orde r  t o demonstrat e th e importanc e o f  discoverin g 

varie d strateg y us e b y ou r  participants ,  w e wil l  n o w presen t 

a smal l  subse t  o f  th e analyse s o f  th e tw o predominan t 

strategie s withi n th e contex t  o f  specifi c  issue s raise d i n ou r 

earlie r  work . 

Directional Asymmetry 

We hav e previousl y argue d (Anderson ,  e t  al. ,  1997 )  tha t  th e 

emergenc e o f  a  directiona l  asymmetr y i n respons e latenc y i s 

evidenc e fo r  th e formatio n o f  productio n rules ,  stag e (c )  i n 

our  skil l  acquisitio n model .  I n ou r  previou s work ,  w e hav e 

show n tha t  indee d ther e exist s a  directiona l  asymmetr y 

betwee n practice d an d unpractice d rules .  Overall ,  sport s 

teste d i n th e mor e practice d directio n wer e o n averag e 

slightl y (250ms )  faste r  tha n whe n teste d i n th e les s practice d 

direction .  Whil e thi s wa s a  significan t  effect ,  w e note d tha t 

indee d i t  seeme d relativel y small . 

However, we have in the past ignored the possibility of the 

existenc e o f  th e multipl e respons e strategie s tha t  w e hav e 

currentl y identified .  Thus ,  w e inadvertentl y average d ove r 

thes e strategie s whe n performin g ou r  analyses .  T o correc t 

fo r  thi s problem ,  w e hav e reanalyze d th e latenc y dat a o f  th e 

curren t  experiment . 

A repeated measures ANOVA with a single between factor 

of  strateg y (S T o r  L R )  an d withi n factor s o f  da y (4 )  an d 

practic e (practice d an d unpractice d direction )  wa s 

performed .  Ther e wa s n o mai n effec t  o f  strategy ,  F(l,19 ) 

=1.47 ,  M S E =  62.95 ,  indicatin g ther e i s n o overal l  latenc y 

advantag e fo r  on e strateg y ove r  another .  M o r e interestin g i s 

th e fac t  tha t  strateg y interacte d onl y wit h practice ,  F(l,19 )  = 

5.05 ,  M S E =  2.97 ,  p<0.05 .  A s ca n b e see n i n Figur e 2 ,  th e 

L R strateg y show s n o latenc y differenc e w h e n applyin g 

rule s i n th e practice d versu s unpractice d direction .  O n th e 

othe r  hand ,  th e S T strateg y show s a  clea r  asymmetr y 

betwee n th e practice d an d unpractice d directions ,  wit h th e 
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rule s i n th e practice d directio n showin g abou t  a  470m s 

advantag e ove r  rule s i n th e unpractice d direction . 

At first blush, it is curious that the LR strategy did not 

exhibi t  th e predicte d asymmetr y betwee n practice d an d 

unpractice d rules .  Ye t  anothe r  examinatio n o f  th e dat a 

shed s som e ligh t  o n thi s issue .  O f  th e eigh t  L R participants , 

onl y tw o o f  the m adopte d th e L R strateg y consistentl y fro m 

th e onse t  o f  th e experiment ,  whil e al l  S T participant s 

o 

z 
o 
w 

Respons e Lctency : 

Pracf lce x S t r d e g y 

Prat d 

Lhcrat d 

strdeg / 

Figur e 2 :  Respons e latenc y a s a  functio n o f  practic e an d 

strategy . 

Localizatio n o f  Learnin g 

To get to the heart of the atomic components involved in 

thi s task ,  w e performe d a  repeate d measure s A N O V A o f  th e 

latenc y dat a fo r  th e individua l  mous e click s o f  use r 

responses .  Thi s analysi s allow s u s t o examin e th e mous e 

clic k respons e profile s withi n strategy .  Factor s ar e da y (4) , 

practic e (practice d versu s unpractice d direction) ,  mous e 

clic k sequenc e ( A B C D o r  C D A B ,  se e Tabl e 1 )  an d clic k 

positio n (firs t  throug h fourth) .  W e wil l  onl y conside r  th e 

dat a fro m th e S T subject s here . 

As we have noted, the mouse click response profile is of 

particula r  interes t  fo r  th e presen t  discussion .  Ther e wa s a 

significan t  mai n effec t  o f  clic k position ,  F(3,39 )  =  43.57 , 

M SB =  165.95 ,  p<0.0001 .  Figur e 3  display s thi s result . 

consistentl y applie d thei r  strateg y throughou t  th e 

experiment .  I n fact ,  i t  wa s no t  unti l  th e las t  da y o f  th e 

experimen t  tha t  th e remainin g si x L R participant s 

consistentl y applie d th e strategy .  Ove r  th e cours e o f  th e 

experiment ,  thes e participant s graduall y change d thei r 

strateg y choic e fro m a n initia l  S T strateg y t o a  mixtur e o f 

bot h S T an d L R an d finally  entirel y t o th e L R method .  W e 

tak e thi s the n a s furthe r  evidenc e tha t  proceduralizatio n 

goe s han d i n han d wit h asymmetr y o f  access .  Give n tha t 

most  o f  th e L R grou p wer e inconsisten t  i n thei r  strateg y 

choice ,  the y wer e unabl e t o develo p proceduralize d 

embodiment s o f  th e declarativ e version s o f  th e rule s the y 

wer e applyin g an d henc e th e correspondin g lac k o f 

asymmetr y exhibite d i n th e latenc y data . 

It seems clear that by taking the role of strategy into account 

we hav e manage d t o obtai n m u c h stronge r  evidenc e for , 

give n substantia l  practice ,  th e formatio n o f  productio n rule s 

tha t  encapsulat e specific ,  directiona l  transformations ,  stag e 

(c )  o f  ou r  skil l  acquisitio n model . 

Figur e 3 :  M o u s e clic k latenc y a s a  functio n o f  positio n fo r 

th e S T strategy . 

The first mouse click latency corresponds to the time it 

take s fo r  S T participant s t o orien t  t o th e stimulu s an d cop y 

th e give n day .  Th e secon d ite m correspond s t o th e cop y 

hou r  operation .  W e se e tha t  th e thir d ite m i n th e respons e 

carrie s wit h i t  th e greates t  latency .  Thi s i s wher e th e 

participan t  mus t  comput e an d respon d wit h th e appropriat e 

day transformation .  Finally ,  th e fourt h ite m i s wher e th e 

participan t  mus t  comput e an d respon d wit h th e appropriat e 

hou r  transformation . 
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kl  k 2 l< 3 k O 

Figur e 4 :  M o u s e clic k latenc y a s a  functio n o f  mous e clic k 

positio n an d practic e fo r  th e S T strategy . 

Not e ther e i s a  subtlet y her e tha t  i s  no t  necessaril y  obvious . 

Becaus e ther e ar e tw o distinc t  mousin g sequence s withi n th e 

ST strateg y ( A B C D an d C D A B ) ,  w e aggregate d th e mous e 

clickin g dat a int o thes e categories .  Ha d w e no t  don e so ,  w e 

woul d hav e misse d th e clea r  effect s w e hav e demonstrate d 

i n th e mous e clic k respons e profile . 

Where is the asymmetry? 

There were significant interactions between practice and 

mouse clic k position ,  F(3,39 )  =  8.87 ,  M S B =  0.36 , 

p<0.0001 ,  an d betwee n mous e clic k sequenc e an d clic k 

position ,  F(3,39 )  =  12.98 ,  M S E =  1.20 ,  p<0.0001 .  Thes e 

ar e show n i n Figur e 4  an d Figur e 5 ,  respectively . 

Figure 4 shows that the latency advantage for practiced over 

unpractice d rule s reporte d earlie r  (470ms )  i s almos t  entirel y 

drive n b y th e thir d mous e clic k i n th e respons e sequence . 

Give n tha t  th e thir d mous e clic k correspond s t o th e 

computatio n require d fo r  performin g th e targe t 

transformatio n o f  th e da y (an d possibl y th e hou r  a s well) , 

we hav e furthe r  convergin g evidenc e tha t  thi s computatio n 

has bee n proceduralize d a s pe r  stag e (c )  o f  ou r  skil l 

acquisitio n model . 

Figure 5 shows that a speed advantage for moving left to 

righ t  i n th e respons e sequenc e i s als o almos t  entirel y drive n 

by th e thir d mous e clic k i n th e respons e sequence .  Thi s i s 

due th e fac t  tha t  whe n processin g th e righ t  sid e o f  displa y 

first,  th e mous e mus t  b e move d fro m th e fa r  righ t  o f  th e 

displa y t o th e fa r  lef t  o f  th e displa y t o ente r  th e targe t 

response . 

Figur e 5 :  M o u s e clic k latenc y a s a  functio n o f  mous e clic k 

positio n an d respons e sequenc e ( A B C D vs .  C D A B )  fo r  th e 

ST strategy . 

By virtue of examining the mouse clicking data, we have 

discovere d severa l  previousl y unknow n feature s o f  thi s 

particula r  task .  Th e genera l  respons e profil e i s consisten t 

wit h a  tas k analysi s enumeratin g th e procedur e fo r  solvin g 

thes e problem s usin g th e S T strategy ,  thu s constrainin g 

potentia l  model s o f  th e task .  Further ,  w e hav e identifie d th e 

thir d mous e clic k a s th e predominan t  sourc e o f  th e 

procedura l  asymmetr y result .  Finally ,  w e hav e als o 

identifie d a  potentia l  proble m wit h th e curren t  use r  interfac e 

employe d i n ou r  skil l  acquisitio n paradigm .  I t  simpl y take s 

longe r  respondin g fro m righ t  t o lef t  acros s th e displa y w h e n 

compare d t o movin g i n th e lef t  t o righ t  directio n whe n usin g 

th e S T strategy . 

Conclusions 

We have provided here only a very small window into our 

effort s a t  generatin g a n A C T - R mode l  o f  learnin g i n ou r 

skil l  acquisitio n task .  Throug h thi s window ,  w e hop e t o 

hav e show n tha t  ther e i s a  symbioti c relationshi p betwee n 

modeling ,  microanalysis ,  theor y an d empirica l  researc h 
methods .  Indeed ,  th e importanc e o f  thi s interrelationshi p 

has bee n characterize d b y other s a s wel l  (Carpente r  &  Just , 

1999) . 

The goal of construcfing a quantitafive model served as the 

impetu s t o perfor m a  microanalysi s o f  th e tas k a t  hand .  I n 

so doing ,  w e discovere d a  plethor a o f  previousl y 

unconsidere d strategies .  Becaus e w e wer e inadvertentl y 

averagin g ove r  thes e strategies ,  w e attenuate d effect s i n 

suppor t  o f  ou r  genera l  skil l  acquisitio n model .  Finally ,  w e 
hav e uncovere d a  potentia l  proble m wit h th e interfac e use d 

i n ou r  studie s tha t  als o serve s t o attenuat e th e effect s i n 
whic h w e ar e mos t  interested . 
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As a  resul t  o f  thi s effort ,  w e hav e bee n abl e t o constrai n ou r 

A C T - R mode l  o f  thi s task .  Further ,  thi s researc h ha s 

spawne d anothe r  stud y i n whic h w e contro l  fo r  respons e 

strateg y an d eliminat e potentia l  problemati c interfac e 

problems . 
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