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Abstrac t 

Time-accuracy functions are obtained by measuring the 
accurac y o f  a  subject' s response s a t  variou s level s o f 
stimulu s presentatio n time .  Unlik e reactio n tim e (RT ) 
measurements ,  whic h conve y informatio n abou t  th e entir e 
set  o f  processe s takin g plac e betwee n th e onse t  o f  th e 
stimulu s an d th e productio n o f  a  response ,  time-accurac y 
function s (TAFs )  focu s o n a  subse t  o f  thos e processes , 
namel y stimulus-limite d processes .  Stimulus-limite d 
processe s ar e responsibl e fo r  th e extractio n o f  th e 
perceptua l  informatio n tha t  i s necessar y fo r  th e elaboratio n 
of  a  response .  Post-stimulu s processe s tak e car e o f 
selectin g an d executin g th e respons e base d o n th e 
informatio n extracte d b y stimulus-limite d processes .  Thi s 
paper  present s a  metho d o f  analysi s tha t  allow s u s t o (a ) 
extrac t  estimate s o f  th e duratio n an d varianc e o f  stimulus -
limite d processe s fro m individua l  TAF s an d (b )  combin e 
thes e estimate s wit h R T dat a i n orde r  t o induc e th e duratio n 
and varianc e o f  post-stimulu s processes .  Th e metho d i s 
illustrate d wit h dat a fro m a  subitizin g (speede d 
enumeration )  task . 

Introduction 

The relationship between speed and accuracy of responding 
convey s informatio n abou t  th e dynamic s o f  menta l 
processin g a t  a  leve l  o f  detai l  beyon d th e scop e o f  reactio n 
tim e measurement s (Wickelgren ,  1977 ;  Meyer ,  Irwin , 
Osman &  Kounios ,  1988) .  Conside r  fo r  instanc e th e thre e 
hypothetica l  speed-accurac y curve s i n Figur e 1 .  Curve s lik e 
thes e represen t  th e relationshi p betwee n th e tim e availabl e t o 
Uie subjec t  t o deliberat e a  respons e an d th e averag e accurac y 
of  th e response s i n differen t  experimenta l  situations .  I n 
most  cases ,  accurac y start s ou t  a t  a  lo w (chance )  leve l  fo r 
smal l  value s o f  time  an d the n increase s monotonicall y a s 
more time  become s available .  I n th e asymptoti c region , 
accurac y n o longe r  depend s o n time ,  bu t  o n factor s suc h a s 
tas k difficulty ,  individua l  capacity ,  o r  amoun t  o f  nois e i n th e 
stimul i  (Norma n an d Bobrow ,  1975) . 

Imagin e tha t  tiie  Uire e curve s i n Figur e 1  ar e Ui e U-u e 
speed-accurac y function s o f  thre e cognitiv e processe s a n 
experimente r  i s tryin g t o differentiate .  Th e thre e curve s 
sho w som e importan t  differences .  Performanc e i n tas k A 
increase s graduall y wit h time ,  whereas ,  i n task s B  an d C ,  i t 
change s dramaticall y fro m chanc e t o asymptot e withi n a  fe w 

milliseconds .  I n addition ,  accurac y i n task s A  an d B  reache s 
a highe r  asymptot e tha n i t  doe s i n C . 

What  woul d th e experimente r  find  b y runnin g a  typica l 
RT task ? B y simpl y lookin g a t  th e figure,  i t  seem s tha t  al l 
thre e task s tak e abou t  th e sam e amoun t  o f  tim e t o reac h 
asymptote .  I f  subject s ar e instructe d t o emphasiz e accuracy , 
i t  i s  likel y Uia t  averag e R T o f  correc t  trial s woul d b e 
somewher e aroun d t j  m s i n al l  thre e cases ,  an d therefore ,  n o 

significan t  difference s amon g th e task s woul d b e found . 
Furthe r  analysi s o f  th e subject' s error s woul d probabl y 
revea l  a  differenc e betwee n tas k C  an d task s A  an d B ,  bu t  A 
and B  migh t  stil l  remai n indistinguishable . 

tim e 

Figur e 1 .  Hypothetica l  time-accuracy  function s 

Speed-accurac y tradeof f  researc h 

How then can we assess the correspondence between speed 
and accurac y i n orde r  t o captur e tiiose  difference s tha t  see m 
t o escap e R T data ? Severa l  meUiod s hav e bee n use d i n th e 
past  t o induc e subject s t o trad e accurac y fo r  spee d 
(Wickelgren ,  1977) :  verba l  instructions ,  differentia l  rewar d 
of  spee d an d accuracy ,  externa l  signal s tha t  indicat e whe n a 
respons e mus t  b e produced ,  etc .  Speed-accurac y curve s ca n 
als o b e estimate d b y partitionin g al l  th e response s (correc t  w 
incorrect )  int o unifor m R T interval s an d the n computin g th e 
percen t  o f  correc t  response s witiii n eac h interval .  Th e 
strengtii s  an d limitation s o f  eac h o f  thes e method s hav e bee n 
discusse d elsewher e (e.g .  Wickelgren ,  W77) .  I n an y case , 
no matte r  wha t  meUio d i s used ,  speed-accurac y design s trea t 
bot h spee d an d accurac y a s dependen t  measures . 
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Time-accurac y function s 

A different way of dealing with speed-accuracy 
dependencie s involve s measurin g accurac y a s a  functio n o f 
th e tim e durin g whic h th e stimulu s i s directl y availabl e t o 
th e subjec t  (Lohman ,  1986 ;  Loftus ,  Dunca n &  Gehrig , 
1992 ;  Klieg l  May r  &  Krampe ,  1994 ;  Simon .  Cabrer a & 
Kliegl ,  1993) .  Klieg l  an d hi s colleague s refe r  t o thi s 
presentatio n tim e manipulatio n metho d a s th e "cognitiv e 
psychophysics "  approac h fo r  it s resemblanc e t o th e genera l 
psychophysica l  paradig m i n whic h performanc e i s analyze d 
as a  functio n o f  th e availabl e amoun t  o f  som e relevan t 
resourc e (Norma n an d Bobrow ,  1975) .  Her e th e relevan t 
resourc e i s th e tim e durin g whic h th e subjec t  ha s acces s t o 
th e perceptua l  inforaiatio n neede d t o produc e a  response ,  an d 
performanc e i s th e subject' s accurac y i n tha t  task . 

The differenc e betwee n thi s approac h an d mor e traditiona l 
speed-accurac y researc h i s mor e importan t  tha n i t  m a y 
initiall y  ̂ pear .  I n time-accurac y researc h "presentatio n 
tim e i s unde r  experimenta l  control ,  wherea s i n speed -
accurac y tradeof f  researc h respons e latenc y i s a  dependen t 
variable "  (Kliegl ,  May r  &  Krampe ,  1994 .  p .  136) .  Thi s 
conu^ t  i s no t  onl y methodological :  i t  affect s th e kind s o f 
substantiv e inference s tha t  ca n b e draw n fro m th e results . 
Speed-accurac y tradeof f  data ,  Uk e RTs ,  conve y infonnatio n 
abou t  th e entir e sequenc e o f  processe s takin g plac e fro m th e 
onse t  o f  th e stimulu s unti l  th e productio n o f  th e response . 
I n contrast ,  th e shap e o f  a  time-accurac y functio n obtaine d 
throug h th e psycophysica l  metho d i s onl y descriptiv e o f  a 
subse t  o f  thos e processes ,  namel y thos e subprocesse s tha t 
rel y o n th e physica l  availabilit y  o f  th e stimulus . 

Stimulus-limited vs. post-stimulus processing 

Like Salthouse (1981). we will refer to the processes that 
requir e direc t  acces s t o th e stimulu s a s "stimulus-limited" . 
I n addition ,  w e wil l  defin e "post-stimulus "  processe s a s 
thos e processe s tha t  rel y o n th e resul t  o f  stimulus-limite d 
processe s an d that ,  consequently ,  d o no t  operat e unti l 
stimulus-limite d processe s en d (spontaneousl y « •  otherwise) . 
We hav e suggeste d tha t  th e transitio n regio n o f  a  time -
accurac y functio n reflect s dynami c characteristic s o f 
stimulus-limite d processing .  W e als o k n o w tha t  R T s 
conve y informatio n abou t  th e entir e se t  o f  processe s 
includin g bot h stimulus-limite d an d post-stimulu s stages .  I f 
we ca n someho w extrac t  informatio n fro m th e T A F s i n a 
for m tha t  i s directl y comparabl e wit h R T information ,  w e 
coul d infe r  th e propertie s o f  post-stimulu s processin g b y 
subtractio n d  l a Donder s (1868 )  o r  throug h mor e 
sophisticate d deconvolutio n technique s (Smith ,  1990) . 

For  thi s stag e decompositio n t o b e possible ,  w e mus t 
assume tha t  (a )  th e tw o stage s ar e connecte d i n series ,  (b )  th e 
duratio n o f  eac h o f  th e tw o stage s i s a  rando m variabl e wit h 
certai n probabilit y  distribution ,  an d (c )  tha t  th e duratio n o f 
th e tw o stage s i s statisticall y independen t  fro m eac h other . 
Thes e assumption s ar e c o m m o n t o mos t  o f  th e stag e 
decompositio n technique s use d i n cognitiv e psycholog y 
(Sternberg ,  1969 ;  Salthouse ,  1981) .  Althoug h th e serialit y 
and independenc e assumption s hav e bee n th e cente r  o f  a  grea t 
deal  o f  controvers y (se e Townsen d &  Ashby ,  1983) ,  ther e i s 

a significan t  bod y o f  finding s tha t  ha s show n th e concep t  o f 
processin g stag e t o b e usefu l  i n understandin g h u m a n 
cognitio n (Salthouse ,  1981) .  Resolvin g thi s debat e i s 
beyon d th e scop e o f  thi s paper .  Rather ,  w e ar e makin g thes e 
assumption s fro m a  system s identificatio n standpoint .  Th e 
usefulnes s o f  th e assumption s wil l  b e indicate d b y th e kind s 
of  empirica l  distinction s the y ultimatel y lea d to .  A s w e wil l 
sho w late r  (se e als o Simo n &  Cabrera ,  1995 )  som e o f  ou r 
o wn dat a i n th e doniai n o f  subitizin g indicate s tha t  th e 
stimulus-limite d /  post-stimulu s distinctio n m a y captur e 
importan t  conceptua l  differences . 

Analysis of time-accuracy functions 

Time-accuracy functions have been analyzed in the past by 
fittin g mathematica l  function s (typicall y negativel y 
accelerate d exponentia l  curves )  t o th e data .  Th e function s s o 
obtaine d ar e the n compare d wit h on e anothe r  (l>etwee n o r 
withi n subjects )  i n term s o f  eithe r  th e parameter s resultin g 
frw n th e curv e fittin g procedur e (Kliegl ,  M a y r  &  Krampe , 
1994 ;  Simon ,  Cabrer a &  Kliegl ,  1993 )  o r  th e predicte d 
presentatio n tim e fo r  som e prespecifie d leve l  o f  accurac y 
(Wickelgren ,  1977 ;  Lohman ,  1986) . 

Thes e parametri c technique s hav e severa l  limitations . 
First ,  th e choic e o f  a  particula r  mathematica l  mode l  m a y b e 
har d t o justif y theoretically .  M o r e ofte n tha n not ,  model s 
ar e justifie d i n a  post-ho c fashio n base d o n goodness-of-fi t 
measure s an d no t  o n a  prior i  theoretica l  ground s (c.f . 
Kliegl ,  May r  an d Krampe ,  1994) .  Second ,  th e resultin g 
parameter s ar e difHcul t  t o interpre t  outsid e th e specifi c 
famil y o f  mathematica l  function s bein g considered ,  an d 
consequently ,  the y ca n no t  b e compare d t o R T dat a o r  eve n 
t o parameter s from  othe r  mathematica l  functions . 

H o w ca n w e extrac t  informatio n abou t  stimulus-limite d 
processin g fro m a  time-accurac y functio n (TAF )  i n a  for m 
tha t  ca n late r  b e use d i n comparison s wit h R T data ? Ther e 
ar e a t  leas t  tw o mai n way s i n whic h time-accurac y function s 
ca n b e interprete d (Wickelgren ,  1977 ;  Meye r  e t  al. ,  1988) . 
One o f  the m consist s o f  assumin g a  decisio n proces s tha t 
graduall y an d stochasticall y build s a  respons e tendenc y 
startin g a s soo n a s th e stimulu s i s presented .  W h e n 
presentatio n tim e i s experimentall y restricted ,  subject s ar e 
force d t o produc e a  prematur e respons e base d o n incomplet e 
information .  Thi s translate s int o th e typica l  time-accurac y 
pattern s i n whic h accurac y increase s monotonicall y an d 
asymptoticall y wit h presentatio n time .  Unde r  thi s approac h 
then ,  T A F s represen t  diagram s o f  informatio n (o r  respons e 
activation )  accumulatio n (e.g .  McClelland ,  1979) . 

The secon d interpretatio n (th e on e tha t  wil l  b e adopte d 
here )  assume s a n underlyin g discrete ,  all-or-non e proces s 
wit h a  randoml y distribute d terminatio n time .  I n othe r 
words ,  i t  assume s tha t  ther e i s a  m i n i m u m amoun t  o f 
presentatio n tim e T  necessar y fo r  a  stunulu s t o b e processe d 
successfully ,  an d tha t  thi s amoun t  o f  tim e i s a  rando m 
variabl e wit h a  certai n distribution .  I f  th e presentatio n tim e 
fo r  a  give n tria l  /  i s  les s tha n T ,  th e stimulu s ca n no t  b e 
processed ,  an d a  rando m respons e i s produced .  However ,  i f  t 
i s greate r  tha n T ,  th e stimulu s ca n b e processe d successfull y 
and th e accurac y o f  th e respons e onl y depend s o n th e 
capacit y limitation s o f  th e subjec t  o r  th e nois e i n th e 
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stimuli .  Sayin g tha t  T  i s a  rando m variabl e amount s t o 
sayin g tha t  th e exac t  duratio n o f  th e underlyin g all-or-non e 
proces s i s no t  fixe d acros s trials .  Thi s mean s tha t  an y give n 
valu e o f  presentatio n tim e ca n b e to o shor t  i n som e trial s 
an d ye t  lon g enoug h i n othe r  trial s --whic h wil l  lea d t o 
rando m performanc e i n som e trial s an d t o asymptoti c 
performanc e i n othe r  trials . 

Th e all-or-non e interpretatio n o f  stimulus-limite d 
processe s migh t  initiall y  see m counterintuitive .  Eve n 
though ,  base d o n th e dat a alone ,  bot h interpretation s ar e 
equall y vali d (se e Meye r  e t  al. ,  1988) ,  i t  ca n b e argue d tha t 
some amoun t  o f  partia l  informatio n ca n b e extracte d eve n 
when presentatio n tim e i s to o shor t  fo r  a  full y  confiden t 
respons e t o b e possible .  W e hav e tw o reason s t o assum e 
th e all-or-non e interpretation .  Th e first  reaso n i s a n 
analytica l  on e an d wil l  hopefull y becom e clea r  i n th e nex t 
section .  Th e secon d reaso n i s a n empirica l  one :  thi s 
assumptio n lead s t o result s tha t  coul d b e critica l  i n 
understandin g th e phenomeno n o f  subitizing .  Whethe r  thi s 
empirica l  advantag e wil l  generaliz e t o othe r  area s o f 
cognitio n o r  not ,  remain s a n ope n question . 

Difference Time-Accuracy Functions 

The analysis problem under this interpretation can be stated 
as :  "give n A(r) ,  th e observe d accurac y fo r  eac h valu e o f 
presentatio n tim e t ,  obtai n a n estimat e o f  Fit) ,  th e 
cumulativ e probabilit y  distributio n o f  th e underlyin g rand« n 
variabl e T. "  Le t  u s refe r  t o th e asymptoti c leve l  o f  A(f )  a s 

A m a x< an d t o th e chanc e leve l  a s Arand -  Sinc e F(t )  = 

P(t<T) ,  th e observe d time-accurac y functio n A(t )  wil l  b e 
relate d t o F( 0 accordin g to : 

A{t )  =  F { t ) A ^ ,  +  [l-F(t)]A„„ „ (1 ) 

I n othe r  word s th e observe d accurac y wil l  depen d o n th e 
probabilit y  o f  t  bein g abov e o r  belo w T ,  time s th e leve l  o f 

accurac y reache d i n eac h cas e (Afna x an d Arand-) -  Give n A{t ) 
we ca n the n obtai n F( 0 a s 

p/f \  _  Mi)~^ran d 

•̂tna x ~  ̂  
(2 ) 

ran d 

Once w e hav e a n estimat e F(t )  o f  th e cumulativ e 
probabilit y  distributio n o f  th e underlyin g T ,  i t  i s 
straightforwar d t o deriv e T s probabiUt y densit y function/Tr ) 

as the derivative of F(f), f{t) = —j^. In practice, we may 
at 

not  hav e a n analytica l  expressio n fo r  F(t )  bu t  a  se t  o f 
sample s fo r  differen t  value s o f  tim e F(ti) .  I n thi s case ,  w e 
ca n obtai n th e probabilit y  functio n p(ti )  throug h simpl e 

subtraction : 

P(t,)- F \  A n - f 
- - f ] 

(3 ) 

wher e A r  represent s th e siz e o f  th e interva l  betwee n 
consecutiv e samples .  Th e functions// )  orp(r, )  s o obtaine d 

wil l  b e referre d t o a s Differentia l  TJms-Accurac y Funciion s 
(DTAFs) .  Figur e 2  show s th e D T A F (marke d a s  • - • ) , 
obtaine d fro m a  hypothetica l  discret e logisti c T A F (marke d 
as*- -* ) . 

By interpretin g D T A F s a s estimate s o f  probabilit y 
distributions ,  w e hav e acces s t o th e whol e spectru m o f 
stochasti c technique s normall y use d i n analyzin g R T 
distribution s (Townsen d &  Ashby ,  1983) .  Th e mos t 
immediat e computation s D T A F s ca n addres s ar e estimate s o f 
centra l  tendenc y an d varianc e o f  stimulus-limite d terminatio n 
time .  Fo r  instance ,  w e ca n obtai n th e mathematica l 
expectatio n o r  mea n o f  Ta s 

i 

and its variance as 

(4 ) 

(5 ) 

500  60 0 70 0 

t(ms ) 
800 900 

Figur e 2 .  Logisti c T A F an d it s correspondin g D T A F . 

The media n o f  T  i s th e poin t  o f  intersectio n o f  F{t )  wit h 
th e . 5 constan t  line .  Computin g th e media n fro m th e 
D T AF i s equivalen t  t o usin g psychophysics '  typica l  5 0 % 
criterion ,  whic h estimate s th e amoun t  o f  resourc e necessar y 
t o complet e a  tas k a s th e valu e o f  resourc e fo r  whic h 
performanc e reache s 5 0 % o f  th e asymptote .  Th e mod e o f  T 
correspond s t o th e pea k o f  y(0 ,  whic h i n tur n correspond s t o 
th e inflatio n poin t  o f  F(t) .  Althoug h i n th e hypothetica l 
curv e i n Figur e 1 ,  mean ,  media n an d mod e ar e th e same ,  thi s 
i s no t  necessaril y  s o fo r  othe r  distributions .  Th e media n an d 
th e mod e ten d t o b e mor e robus t  t o th e presenc e o f  nois e an d 
outUer s i n th e dat a dia n th e mean ,  bu t  th e mea n offer s tw o 
importan t  advantages :  (a )  i t  i s  th e maximum-likelihoo d 
estimat e o f  T ,  an d (b )  stag e duratio n mean s ar e additiv e unde r 
th e seriaUt y an d independenc e assumptions . 

For  D T A F analysi s t o b e feasible ,  th e origina l  T A F s 
must  b e monotoni c an d non-decreasin g (otherwise ,  w e coul d 
obtai n distribution s wit h negativ e value s o f  probability! ) 
What  thi s constrain t  reall y mean s i s tha t  accurac y mus t 
increas e o r  remai n constan t  a s tim e increases .  Foriunately , 
thi s i s th e cas e wit h mos t  task s o f  interes t  i n cognitiv e 
scienc e (Norma n &  Bobrow ,  1975) .  I n rea l  situations ,  eve n 
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when monotonicit y  i s t o b e expected ,  error s o f  measuremen t 
m ay induc e smal l  violations .  I t  i s  th e experimenter' s 
responsibilit y  t o decide ,  base d o n theoretica l  grounds , 
whethe r  t o conside r  thes e irregularitie s a s rando m error s o f 
measuremen t  o r  a s reflectio n o f  som e unexpecte d underlyin g 
pattern .  I n th e flrst  case ,  th e irregularitie s ca n b e smoothe d 
out  prio r  t o furthe r  analysi s throug h curv e fitting , 
convolutio n o r  an y othe r  method . 

Post-stimulus processing 

The most important advantage of the DTAF procedure is 
tha t  i t  produce s result s tha t  ar e give n i n term s o f  proces s 
duratio n o r  terminatio n time .  Thi s ha s th e ke y advantag e o f 
allowin g result s fro m time-accurac y design s t o b e compare d 
and combine d wit h duratio n estimate s obtaine d throug h othe r 
methods .  I n particular ,  the y ca n b e combine d wit h R T data , 
i n orde r  t o estimat e th e tim e characteristic s o f  post-stimulu s 
processes .  Remember  tha t  w e define d stimulus-limite d an d 
post-stimulu s processe s a s tw o independen t  an d seria l  stages . 
I t  ca n b e show n (e.g .  Townsen d &  Ashby ,  1983 )  tha t  th e 
distributio n o f  th e duratio n o f  th e seria l  combinatio n o f  tw o 
independen t  stage s ca n b e obtaine d a s th e mathematica l 
convolutio n o f  th e distribution s o f  th e tw o stages . 
Furthermore ,  th e mea n duratio n o f  th e combine d proces s i s 
equa l  t o th e su m o f  th e mea n duratio n o f  th e individua l 
stages ,  an d s o i s th e variance . 

The additivit y propert y o f  seria l  stage s allow s u s t o 
interpre t  mea n R T a s th e su m o f  th e mea n duratio n o f 
stimulus-limite d processe s plu s th e mea n duratio n o f  post -
stimulu s processes ,  an d th e sam e thin g fo r  th e variances .  I n 
othe r  words ,  w e ca n estimat e th e mea n duratio n an d varianc e 
of  post-stimulu s processe s a s th e differenc e betwee n th e 
mean an d varianc e o f  th e observe d R T s an d th e estimate s o f 
mean an d varianc e o f  stimulus-limite d processe s obtaine d 
throug h D T A F analysis .  Th e fac t  tha t  th e estimate s o f 
mean an d varianc e fo r  th e whol e proces s ar e obtaine d ver y 
differentl y tha n th e mea n an d varianc e o f  th e stimulus -
limite d subprocesse s doe s no t  preclud e u s fro m bein g abl e t o 
combin e an d compar e the m wit h on e anothe r  becaus e the y 
represen t  th e sam e underiyin g construct :  proces s duration . 

Subitizing: A case study 

To illustrate the whole procedure, we have selected some 
dat a fro m on e subjec t  i n on e o f  th e experiment s w e ar e 
carryin g ou t  i n ou r  on-goin g researc h o n subitizin g (Simon , 
Cabrer a &  Kliegl ,  1993 ;  S imo n &  Cabrera ,  1995) . 
Subitizin g refer s t o th e abilit y  o f  human s t o identif y th e 
numerosit y o f  smal l  set s o f  object s rapidl y a n accurately . 
Thi s phenomeno n i s importan t  fo r  it s  implication s i n th e 
understandin g o f  visua l  attentio n (Tric k &  Pylyshyn ,  1994 ) 
as wel l  a s th e developmen t  o f  basi c numeri c abilit y  (Geary , 
1995) .  Accordin g t o Tric k an d Pylyshyn' s meta-analysi s 
(1994) ,  enumeratin g 1  t o 4  object s take s a n averag e o f  4 0 t o 
120 m s pe r  item ,  wherea s enumeratin g mor e tha n 5  object s 
require s betwee n 25 0 an d 37 0 m s pe r  item . 

As w e discus s elsewher e i n thi s volum e (Simo n & 
Cabrera ,  1995) ,  al l  th e differen t  attempt s t o explai n th e 
phenomeno n o f  subitizin g spli t  th e proces s o f  numbe r 

judgment s int o tw o separat e stages ,  althoug h the y var y i n 
th e natur e o f  th e subprocesse s attribute d t o eac h o f  th e 
stages .  Roughl y speaking ,  th e firs t  stag e woul d b e 
responsibl e fo r  th e perceptio n an d encodin g o f  th e stimulu s 
whil e th e secon d stag e woul d b e responsibl e fo r  respons e 
choic e an d execution .  Impendin g o n th e exac t  role s tha t  ar e 
attribute d t o eac h o f  th e tw o stage s w e ca n m a k e differen t 
prediction s abou t  b o w th e numbe r  o f  object s i n a  displa y 
shoul d affec t  th e duratio n o f  eac h o f  th e stages . 
Unfortunately ,  th e R T dat a tha t  ha s bee n collecte d s o fa r  i s 
not  powerfu l  enoug h t o asses s th e effec t  o f  numerosit y o n 
eac h o f  th e tw o processin g stages . 

Simon ,  Cabrer a &  Klieg l  (1993 )  reporte d som e result s 
fro m a  time-accurac y stud y tha t  showe d a  discontinuit y 
betwee n smal l  an d larg e numbe r  o f  object s ver y simila r  t o 
th e on e foun d i n R T studies .  Ou r  goa l  n o w i s t o asses s th e 
effect s o f  numerosit y o n stimulus-limite d an d post-stimulu s 
stages .  Ou r  preliminar y result s sho w tha t  numerosit y 
mainl y affect s stimulus-limite d processe s withi n th e 
subitizin g rang e bu t  affect s bot h stimulus-limite d an d post -
stimulu s fo r  large r  numerositie s (Simo n &  Cabrera ,  1995) . 
Her e i s a n illustratio n o f  h o w th e metho d i s actuall y applied . 

Subject s ar e presente d wit h a  ro w o f  letter s "o "  i n th e 
cente r  o f  a  compute r  scree n fo r  a  perio d o f  tim e tha t  i s varie d 
fro m tria l  t o trial .  Subject s ar e aske d t o enumerat e th e 
letter s i n th e displa y an d t o produc e a  verba l  respons e a s fas t 
as the y ca n tha t  i s time d b y usin g a  voice-activate d relay . 
Respons e time s a s wel l  a s accurac y o f  th e response s ar e 
recorde d fo r  ever y trial .  Throughou t  th e whol e session , 
subject s ar e presente d wit h row s o f  2  t o 8  item s a t  te n 
differen t  level s o f  presentatio n tim e 2 0 time s each .  Averag e 
accurac y fo r  eac h numerosit y a t  eac h o f  th e te n level s o f 
presentatio n tim e i s use d t o buil d th e T A F s (on e pe r 
numerosity) .  Th e te n level s o f  presentatio n tim e ar e no t  th e 
same fo r  al l  numerosities .  The y ar e actuall y selecte d base d 
on pilo t  dat a s o tha t  accurac y range s fro m chanc e a t  th e 
lowes t  presentatio n time s t o perfec t  a t  th e largest .  Figur e 3 
show s seve n T A F s obtaine d fro m on e subjec t  fo r 
numerositie s 2  t o 8  unde r  presentatio n time s varyin g overal l 
from  3 5 t o 250 0 ms .  Eac h o f  thes e seve n curve s ar e ou r  ra w 
A(r/)'s . 

Notic e h o w almos t  ever y A(/, )  show s s o m e smal l 

violation s o f  monotonicit y eve n thoug h ther e i s a  clea r 
increasin g tren d o f  accurac y wit h time .  Ther e ar e severa l 
method s t o smoot h ou t  thos e irregularitie s fro m th e ra w 
A(/,)'s .  Thes e includ e exponentia l  o r  logisti c curv e fittin g 

and kerne l  filtering  techniques .  T o avoi d havin g t o mak e th e 
assumption s thos e technique s rel y on ,  w e opte d fo r  a  ver y 
simpl e algorith m tha t  flattens  ou t  an y irregula r  segmen t  t o 
th e averag e o f  th e neighborin g point s (Cabrera ,  1994) . 
Thes e adjuste d version s o f  th e i4(r,) s ar e the n rescale d 

accordin g t o Equatio n 2  t o obtai n estimate s o f  th e F(f,) .  I n 

th e cas e o f  subitizing ,  mos t  subject s reac h perfec t  accurac y 
provide d enoug h presentatio n time ,  s o w e considere d A m a x 

= 1.0 .  Sinc e ou r  subject s wer e informe d tha t  numerosit y 
varie d betwee n 2  an d 8 ,  w e assume d tha t  A r a n d -  1^7 . 

Figur e 4  show s th e effec t  o f  smoothin g an d rescalin g on e o f 
th e ra w TAFs . 
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F r o m eac h F(r, )  w e comput e a  p U i )  ( D T A F )  b y 

subtractio n o f  consecutiv e value s o f  F(// )  (Eq .  3 )  an d the n 

extrac t  th e mea n an d varianc e o f  stimulus-limite d processe s 
fro m th e resultin g D T A F s (Eqs .  4  &  5) .  Figur e 5  show s 
th e resultin g mean s wit h thei r  correspondin g confidenc e 
interval s (±aj )  a s a  functio n o f  numerosity .  B y subtractin g 

thes e value s fro m th e mean s an d variance s o f  th e R T data , 
we obtai n th e mean s an d variance s o f  post-stimulu s 
processe s (Figur e 6) .  Th e dat a fro m thi s on e subjec t 
illustrat e h o w numerosit y affect s stimulus-limite d an d post -
stimulu s processe s differentl y (se e Simo n &  Cabrera ,  1995 , 
fo r  furthe r  details) . 

Conclusions 

Reaction time data convey information about the entire set 
of  processe s takin g plac e fro m th e onse t  o f  th e stimulu s 
unti l  th e productio n o f  a  response .  Th e relationshi p betwee n 
accurac y o f  response s an d th e amoun t  o f  tim e durin g whic h 
th e stimulu s i s physicall y availabl e t o th e subjec t  convey s 
informatio n abou t  th e subse t  o f  processe s responsibl e fo r  th e 
extractio n o f  informatio n fro m th e stimulus ,  namel y 
stimulus-limite d processes .  B y combinin g R T an d time -
accurac y dat a w e ca n the n estimat e som e o f  th e 
characteristic s o f  th e remainin g processe s (post-stimulu s 
processes) .  W e hav e show n h o w th e stimulus-limite d / 

post-stimulu s distinctio n ca n hel p u s understan d th e natur e 
of  cognitiv e processe s a t  a  leve l  o f  detai l  tha t  escape s mor e 
traditiona l  R T designs .  I n particular ,  i t  ha s helpe d u s 
identif y th e processin g stage s tha t  ar e involve d i n th e 
estimatio n o f  numerosity .  a  proble m wit h interestin g 
implication s i n visua l  attentio n an d basi c mathematica l 
abilit y  (Simo n &  Cabrera ,  1995) . 

O ne o f  th e advantage s o f  thi s metho d i s th e fac t  tha t  i t 
doe s no t  rel y o n specifi c  parametri c assumption s abou t  th e 
for m o f  th e data .  Experimenta l  manipulation s ofte n hav e 
effect s o n th e shap e o f  TAFs ,  an d thes e effect s ma y mak e i t 
har d fo r  a  simpl e mathematica l  mode l  t o fi t  al l  th e dat a 
acros s conditions .  I n ou r  earlie r  subitizin g studie s (Simon , 
Cabrer a &  Kliegl ,  1993 )  a  tw o paramete r  exponentia l  mode l 
achieve d ver y goo d fits  fo r  numerositie s u p t o 5  bu t  ver y 
poo r  fits  thereafter ,  whic h force d u s t o discar d portion s o f 
dat a tha t  woul d otherwis e b e perfectl y valid .  D T A F analysi s 
doe s no t  mak e specifi c  assumption s abou t  th e shap e o f  th e 
dat a an d ca n therefcx e b e applie d n o matte r  wha t  th e shap e o f 
th e T A F i s (wit h th e onl y constrain t  o f  monotonicity) . 

A secon d strengt h o f  D T A F analysi s i s it s  applicabilit y  t o 
individua l  data .  Severa l  researcher s (Siegler ,  1987 ;  Ashby , 
Maddox &  Lee ,  1994 )  hav e emphasize d th e nee d t o extrac t  a s 
much informatio n a s possibl e a t  th e individua l  level . 
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functio n o f  numerosity . 

94 



As informatio n theorist s wel l  know ,  an y kin d o f  dat a 
manipulatio n ca n onl y eliminat e information ,  or ,  a t  th e ver y 
best ,  kee p i t  constant .  I f  relevan t  informatio n abou t 
individua l  processin g i s filtere d ou t  throug h prematur e dat a 
aggregation ,  i t  i s  unlikel y tha t  furthe r  analyse s wil l  b e abl e 
t o recove r  it .  A t  som e poin t  o f  course ,  aggregatio n i s 
necessar y i n orde r  t o generat e meaningfu l  conclusion s fro m 
th e data .  Bu t  i t  i s  crucia l  t o devot e a s man y resource s a s 
possibl e t o th e earl y stage s o f  analysi s an d t o defe r 
aggregatio n aaos s subject s t o th e final  stages .  Th e D T A F 
metho d i s particularl y wel l  suite d fo r  this . 

Finally ,  th e methodolog y presente d her e link s T A F 
paradigm s wit h al l  th e stochasti c technique s that ,  i n th e 
past ,  wer e exclusiv e t o respons e latenc y dat a (Townsen d & 
Ashby ,  1983) .  Her e w e sa w h o w statistica l  estimate s 
obtaine d fro m T A F an d R T distribution s ca n b e combine d i n 
orde r  t o addres s question s abou t  th e interna l  structur e o f 
cognitiv e processes .  Convolutiona l  analysis ,  statistica l 
dominanc e an d othe r  stochasti c construct s ar e perfectl y 
aH5licabl e t o D T A F s i n th e sam e wa y a s the y ar e use d i n th e 
contex t  o f  R T distributions . 

Wickelgre n (1977 )  argue d tha t  theorie s o f  informatio n 
processin g coul d n o longe r  ignor e speed-accurac y tradeof f 
data ,  ye t  genera l  theorie s o f  cognitio n stil l  rel y 
fundamentall y o n respons e latencie s t o asses s thei r  edacit y 
t o accoun t  fo r  huma n performanc e (e.g .  Newell ,  1990) . 
Respons e latencie s yiel d a  singl e poin t  o f  a  speed-accurac y 
or  time-accurac y function .  M a n y importan t  processin g 
difference s tha t  ar e reflecte d i n th e pattern s o f  dependenc y 
betwee n tim e an d accurac y ca n no t  b e detecte d b y R T 
designs .  Speed-accurac y dat a i n general ,  an d time-accurac y 
function s i n particular ,  rais e ne w challenge s fo r  cognitiv e 
thenist s an d mode l  builders . 
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