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Abst rac t 

It is widely held that there is a distinction between attentive and 
automati c cognitiv e processing .  I n researc h o n attentio n usin g 
visua l  searc h tasks ,  th e detectio n performanc e o f  huma n subject s 
i n consisten t  mappin g paradigm s i s generall y regarde d a s indi -
catin g a  shift ,  wit h practice ,  fro m serial ,  attentional ,  controlle d 
processin g t o parallel ,  automati c processing ,  whil e detectio n 
performanc e i n varie d mappin g paradigm s i s take n t o indicat e 
tha t  processin g remain s unde r  attentiona l  control .  Thi s pape r 
propose s a  priorit y learnin g mechanis m t o mode l  th e effect s o f 
practic e an d th e developmen t  o f  automaticity ,  i n visua l  searc h 
tasks .  A  connectionis t  simulatio n mode l  implement s thi s learn -
in g algorithm .  Fiv e prominen t  feature s o f  visua l  searc h practic e 
effect s ar e simulated .  Thes e are :  1 )  i n consisten t  mappin g tasks , 
practic e reduce s processin g time ,  particularl y th e slop e o f  reac -
tio n time s a s a  ftinction  o f  th e numbe r  o f  comparisons ;  2 )  i n 
varie d mappin g tasks ,  ther e i s n o chang e i n th e slop e o f  th e 
reactio n tim e function ;  3 )  bot h th e consisten t  an d varie d effect s 
ca n occu r  concurrently ;  4 )  reversin g th e targe t  an d distracto r 
set s produce s stron g interferenc e effects ;  an d 5 )  th e benefit s o f 
practic e ar e a  functio n o f  th e degre e o f  consistency . 

I n t r o d u c t i o n 

H u m an performanc e change s dramaticall y a s practic e devel -
ops ,  leadin g t o improve d performanc e an d a  decreas e i n de -
m a n ds m a d e o n attentiv e resources .  M a n y framework s hav e 
discusse d thi s transitio n (se e [Shiffri n &  Schneide r  1977]) . 
However ,  ther e i s n o generall y accepte d mode l  o f  h o w per -
formanc e change s wit h practice .  Moreover ,  althoug h theo -
retica l  framework s hav e bee n proposed ,  the y hav e generall y 
no t  provide d a  detaile d computationa l  accoun t  o f  hypothesize d 
processing . 

I n thi s paper ,  w e presen t  a  computationa l  mode l  o f  practic e 
effect s i n visua l  searc h task s (se e discussio n below) ,  whic h 
hav e playe d a n importan t  rol e i n researc h o n attentiona l  pro -
cesses .  T h e ter m attentio n i s generall y use d t o indicat e aspect s 
of  h u m a n cognitiv e processin g tha t  th e subjec t  ca n control , 
an d tha t  involv e capacit y o r  resourc e limitations .  Attentiona l 
processin g i s take n t o b e a  slow ,  seria l  activity ,  wit h th e focu s 
of  attentio n limite d t o bein g on e thin g a t  a  time .  However , 
wit h practic e i n consisten t  tasks ,  automati c processe s develo p 
allowin g paralle l  processin g tha t  i s  faste r  an d no t  a s limite d b y 
attentiona l  resources' . 

T h e distinctio n betwee n controlle d an d automati c processe s 
has bee n th e focu s o f  m u c h researc h i n th e field,  particularl y 
i n visua l  searc h tasks .  I n suc h tasks ,  stimul i  ar e presente d 
visuall y t o th e subject ,  w h o i s require d t o detec t  th e presenc e 
of  m e m b e r s o f  a  se t  o f  targe t  stimul i  (th e m e m o r y set) .  N o n -
targe t  stimul i  ar e terme d distraclors .  I n consisten t  mappin g 
paradigms ,  a  targe t  stimulu s wil l  neve r  ̂ p e a r  a s a  distracto r 
o n an y tria l  -  fo r  example ,  th e subjec t  ha s t o searc h th e displa y 
fo r  th e m e m o r y se t  digit s (e.g. ,  th e digit s { 8 4  5  2} )  o n al l  trials , 

•Thi s wor k wa s supporte d i n par t  b y O N R contract s N00014-87K-O39 7 
and N00014-86-K-0678an d AR I  contrac t  MDA903-89-K-0174l o th e secon d 
author . 

'Se e [Shiffri n 1988 ]  fo r  a n excellen t  revie w o f  researc h o n attention . 

wit h th e remainin g digit s appearin g a s distraclors .  I n varie d 
mappin g paradigms ,  target s o n on e tria l  m a y b e distraclor s o n 
anothe r  tria l  (e.g. ,  th e target s tha t  th e subjec t  ha s t o searc h fo r 
o n a  particula r  tria l  hav e bee n selecte d i n th e experimen t  b y 
randoml y samplin g fou r  o f  th e te n digits ,  wit h th e non-selecte d 
item s bein g potentia l  distraclors ;  sinc e a  n e w sampl e i s take n 
ever y trial ,  individua l  digit s chang e role s a s targets/dislractor s 
ove r  trials) . 

A reliabl e finding  fro m varie d mappin g studie s i s 
tha t  reactio n lim e increase s roughl y linearl y wit h m e m-
or y se t  siz e ([Kristofferso n 1972a]) .  Consisten t  map -
pin g studie s hav e foun d that ,  wit h practice ,  searc h 
become s m u c h faste r  an d m e m o r y se t  siz e ha s les s 
impac t  o n reactio n lime s tha n i n th e varie d map -
pin g conditio n ([Neisse r  1963,Neisser ,  Novic k &  Laza r  1963 , 
Kristofferso n 1972b ,  Schneide r  &  Shiffri n 1977]) . 

Thes e findings  hav e le d t o th e hypothesi s that ,  i n varie d map -
ping ,  eac h ite m i n th e displa y i s seriall y  compare d wit h item s 
i n th e m e m o r y set ,  wit h eac h compariso n takin g o n th e orde r 
of  5 0 msec .  I n contrast ,  practic e i n th e consisten t  mappin g 
conditio n lead s t o a  switc h fro m serial ,  attentional ,  t o parallel , 
automati c processin g ([Shiffri n 1988]) . 

O ur  focu s i n thi s pape r  i s o n priorit y learning ,  whic h w e 
propos e a s a  mechanis m tha t  model s th e effect s o f  practice ,  an d 
th e developmen t  o f  automaticity ,  i n visua l  searc h tasks .  W e 
revie w specifi c  experimenta l  result s tha t  hav e bee n obtaine d i n 
studie s involvin g visua l  searc h tasks ,  an d presen t  simulation s 
indicatin g h o w priorit y learnin g ca n provid e a n accoun t  o f  th e 
observe d practic e an d automaticit y effects . 

An architecture for attentional effects in visual 

sea rc h task s 

Thi s sectio n describe s briefl y th e large r  architectur e fo r  at -
tentiona l  processin g withi n whic h th e priorit y learnin g mode l 
i s embedded .  Th e modula r  architectur e (Figur e 1 )  combine s 
standar d connectionis t  component s suc h a s connectionis t  unit s 
i n a  multi-laye r  organizatio n (se e [Rumelhar t  e l  al .  1986] ,  fo r 
example )  wit h contro l  element s tha t  modulat e th e flow  o f 
informatio n betwee n modules .  Th e contro l  involve s a  gat -
in g uni t  (Uni t  1  i n th e figure)  tha t  provide s a  scala r  mul -
tiplicatio n o f  a  module' s outpu t  vector .  Th e gatin g uni t 
receive s inpu t  fro m priorit y unit s withi n th e module ,  an d 
fro m a n externa l  attentiona l  contro l  tha t  coordinate s activ -
it y betwee n modules .  Thi s architectur e parallel s certai n 
aspect s o f  neurophysiology ,  an d i s  detaile d elsewher e (se e 
[Schneide r  &  Detweile r  1987 ,  Shedde n &  Schneide r  1991 , 
Schneide r  &  Oliver ,  forthcoming]) . 

Figur e 1  illustrate s th e overal l  mode l  o f  a  visua l  searc h task . 
"Visual "  module s V I  an d V 2 represen t  area s o f  cortica l  visua l 
processing ,  eac h correspondin g t o th e smal l  are a o f  th e visua l 
field  i n whic h on e stimulu s appears .  Eac h modul e consist s 
of  a n inpu t  laye r  (labele d /  i n th e figure)  an d a n outpu t  laye r 
(labele d 0 ) .  Th e inpu t  laye r  project s vi a weighte d connection s 
t o th e outpu t  layer ,  whic h project s t o a  modul e a t  th e nex t 
leve l  o f  processin g (Leve l  2) .  Eac h modul e als o ha s a  laye r 
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Figur e 1 :  Architectur e o f  th e m o d e l .  Stimul i  from  earlie r  stage s 
of  visua l  processin g ente r  th e inpu t  layer s /  o f  visua l  module s V I  an d 
V2 an d propagat e forwar d t o th e ouq)U t  layer s O  (Leve l  1  o f  pro -
cessing) .  Th e outpu t  laye r  vector s ar e sequentiall y  transmitte d (unde r 
externa l  altentiona l  control )  t o a  comparato r  modul e (no t  shown) , 
wher e the y ar e seriall y  compare d wit h memor y se t  items .  Stimul i 
i n th e inpu t  layer s o f  V I  an d V 2 als o evok e 2ipriorit y leve l  activa -
tio n ove r  th e laye r  o f  priorit y unit s P ,  whic h als o receiv e feedbac k 
from  th e comparato r  module .  Th e priorit y level s provid e th e basi s 
fo r  a  transitio n from  seria l  transmissio n an d compariso n o f  stimul i 
{alteniiv e processing )  t o parallel ,  automati c processin g (se e text) . 

of  priorit y unit s (labele d P ) ,  wh ic h receive s inpu t  fro m th e 
module' s inpu t  layer . 

Uni t  1  withi n eac h m o d u l e "gates "  th e forwar d propagatio n 
of  activatio n fro m th e outpu t  layer .  W h e n thi s gatin g i s i n ef -
fect ,  n o vecto r  transmissio n fro m th e outpu t  laye r  o f  th e m o d u l e 
take s place ,  althoug h th e activatio n o f  th e outpu t  laye r  i s  un -
change d (e.g. ,  a s i n th e inhibitio n o f  th e axo n initia l  segment , 
but  no t  th e soma ,  o f  a  neuro n -  se e [Dougla s &  Marti n 1990]) . 
However ,  th e externa l  attentiona l  contro l  ca n (b y excitin g Uni t 
2,  whic h inhibit s Uni t  1 )  inhibi t  Uni t  1 ,  wh ic h wil l  releas e 
Uni t  1  ' s  gatin g effec t  an d lea d t o onwar d transmissio n o f  th e 
vecto r  i n th e outpu t  laye r  o f  tha t  modu le .  T h e attentiona l  con -
tro l  thu s provide s fo r  th e sequentia l  transmissio n o f  vector s 
fro m th e visua l  modules ,  wh ic h model s th e shiftin g o f  atten -
tio n fro m on e are a o f  th e visua l  field  t o another ,  i.e. ,  fro m o n e 
displaye d stimulu s t o another ,  i n th e visua l  searc h tas k (se e 
[Detweilc r  &  Schneider ,  forthcoming]) . 

W h en th e outpu t  laye r  vecto r  o f  eac h m o d u l e propagate s 
forwar d i n turn ,  i t  i s  compare d seriall y  wit h m e m o r y se t  item s 
i n a  "comparator "  m o d u l e (no t  s h o w n i n Figur e 1)^ .  I f  a  visua l 
stimulu s matche s a  m e m o r y se t  item ,  the n th e outpu t  vecto r 
of  tha t  visua l  m o d u l e als o propagate s forwar d t o a  "moto r " 
modul e a t  Leve l  2  ,  initiatin g th e moto r  sequenc e necessar y t o 
produc e th e detectio n response . 

Thi s pape r  describe s th e priorit y learnin g aspect s o f  th e 
model ,  whereb y learnin g alter s th e activit y o f  th e priorit y unit s 

^Thi s compariso n ca n b e perfonne d b y summin g th e transmitte d vecto r 
wit h eac h memor y se t  ite m int o a  laye r  o f  connectionis t  units .  Th e su m o f  th e 
square d activatio n o f  eac h uni t  i n th e receivin g laye r  the n provide s a  measur e 
of  th e correlation ,  o r  similarit y betwee n th e tw o vectors .  I f  activatio n i s abov e 
a criterio n level ,  ther e i s a  matc h o f  th e stimulu s wit h a  memor y se t  item , 
otherwis e n o match .  Se e [Shedde n &  Schneide r  1991 ]  fo r  deuils . 

an d allow s automati c transmissio n o f  th e outpu t  i n th e absenc e 
o f  attentiona l  control . 

Priority learning 

A sensor y syste m tha t  include s paralle l  inpu t  a t  earl y stage s 
wit h seria l  processin g a t  late r  stage s woul d benefi t  fro m 
a filtering  syste m tha t  prioritize s input s fo r  limite d se -
rial  processing .  Earl y visua l  inpu t  processing  i s paralle l 
([Erickse n &  Spence r  1969]) .  Wit h a  priorit y  filtering  scheme , 
a seria l  processin g syste m ca n processe s stimul i  i n thei r  or -
der  o f  importanc e followin g th e ratin g o f  stimul i  base d o n a 
paralle l  lo w leve l  interpretatio n o f  stimul i  ([Norma n 1969]) . 
Thi s allow s th e mos t  importan t  stimulu s t o b e processe d 
first.  H u m a n s appea r  t o hav e suc h a  priorit y  filtering  schem e 
([YanU s &  Johnso n 1990]) . 

Our  computationa l  implementatio n o f  priorit y  filtering  i s i n 
th e for m o f  a  connectionis t  networ k tha t  associativel y map s 
eac h inpu t  vecto r  t o a  scala r  priority .  Fo r  example ,  i n visua l 
search ,  eac h lette r  woul d evok e a  uniqu e inpu t  vecto r  o f  lengt h 
5 0 i n a  modul e (se e Figur e 1) .  Eac h inpu t  vecto r  woul d asso -
ciativel y evok e a  scala r  valu e specifyin g th e priorit y (o n a  scal e 
of  0  throug h 10 ,  represente d b y activatio n o f  th e priorit y units ) 
fo r  tha t  inpu t  vector .  Inpu t  vector s evokin g a  hig h priorit y 
ar e transmitte d t o highe r  level s wherea s lo w priorit y vector s 
ar e gate d off ,  blockin g th e transmission .  M a n y module s i n 
th e visua l  syste m ca n receiv e inpu t  simultaneously ,  wit h th e 
respectiv e inpu t  vector s eac h evokin g a  priorit y  level ,  i n par -
allel .  I f  onl y on e modul e contain s a  hig h priorit y target ,  i t  wil l 
"po p out "  o f  th e displa y ([Triesma n 1988]) .  Thi s occur s b y 
havin g th e priorit y unit s inhibi t  th e gatin g units ,  thu s allowin g 
th e outpu t  vecto r  t o b e transmitte d automaticall y t o th e nex t 
leve l  o f  processing^ . 

Th e priorit y unit s mus t  b e traine d t o associat e inpu t  vec -
tor s t o th e appropriat e priorit y levels .  Thi s i s accom -
plishe d i n th e curren t  mode l  vi a feedbac k fro m th e com -
parato r  stage .  W e assum e tha t  processing  a t  th e compari -
so n stag e result s i n highe r  outpu t  fo r  mor e importan t  stimul i 
([Schneide r  &  Detweile r  1987]) .  A  scala r  transfor m o f  thi s 
outpu t  signa l  i s  fe d bac k t o al l  module s a t  th e earlie r  stage . 
Thi s become s th e targe t  leve l  fo r  th e priorit y unit s o f  th e trans -
mittin g module .  Shortl y afte r  a  vecto r  i s transmitte d ou t  o f  a 
modul e unde r  Externa l  Attentiona l  Control ,  th e priorit y unit s 
ar e re-traine d t o approximat e th e feedbac k signa l  vi a associa -
tiv e learning . 

Th e ne t  resul t  o f  priorit y learnin g i s tha t  i f  th e stimulu s 
i n a  visua l  modul e turn s ou t  t o b e a  target ,  the n th e priorit y 
learnin g networ k i s re-traine d t o evok e a  highe r  priorit y tha n 
was currentl y evoked ;  i f  th e stimulu s turn s ou t  t o b e a  distractor , 
the n th e priorit y learnin g networ k i s re-traine d t o evok e a  lowe r 
priorit y tha n wa s currentl y evoked . 

Th e predicte d effect s o f  th e learnin g o f  prioritie s ar e a s fol -
lows .  I n a  consisten t  mappin g tas k ove r  time ,  stimul i  tha t 
ente r  module s V I  an d V 2 an d correspon d t o target s wil l  evok e 
increasingl y hig h prioritie s i n thos e modules ,  whil e stimul i 

'Figur e 1  show s th e exciutoryconneclionsfro m th e priorit y unit s t o Uni t  2 , 
whic h inhibit s Uni t  1 .  I f  th e priorit y leve l  evoke d b y a  stimulu s i s abov e som e 
threshold .  Uni t  2  ca n inhibi t  Uni t  1  sufficientl y t o releas e it s gatin g effec t  o n th e 
outpu t  layer ,  resultin g i n a n "automatic "  transmissio n fro m th e visua l  modul e 
t o th e moto r  module .  I n thi s case ,  th e moto r  respons e i s triggere d widiou t 
any sequentia l  scannin g o f  module s unde r  attentiona l  control ,  o r  compariso n 
of  th e stimulu s i n a  modul e wit h memor y se t  items .  Fo r  simplicity ,  w e hav e 
omitte d discussio n o f  contro l  signal s fro m th e priorit y unit s t o th e externa l 
attentiona l  control .  Thes e ar e describe d i n [Schneide r  &  Detweile r  1987) ,  an d 
jrovid e a  mechanis m fo r  externa l  attentiona l  contro l  t o entirel y ignor e a  ver y 
lo w priorit y stimulus ,  i.e. ,  lofai l  t o initiat e transmissio n fro m tha t  modul e t o 
th e comparator . 535 



correspondin g t o distractor s wil l  hav e increasingl y lo w priori -
lies .  Onc e th e prioritie s evoke d b y a  targe t  stimulu s i n module s 
V I  o r  V 2 hav e crosse d threshol d leve l  r ,  th e presentatio n o f 
tha t  stimulu s i n eithe r  o f  thos e module s wil l  lea d t o automati c 
transmissio n fro m th e outpu t  laye r  o f  tha t  modul e t o th e moto r 
module ,  withou t  sequentia l  scannin g o f  th e modules ,  o r  seria l 
compariso n o f  thei r  "contents "  wit h memor y se t  items .  Fo r 
distracto r  stimuli ,  lo w evoke d prioritie s resul t  i n thei r  bein g 
ignore d b y th e attentiona l  control .  Thus ,  serial ,  attentiona l 
compariso n i s supplante d b y parallel ,  automati c processing , 
resultin g i n reduce d reactio n time s fo r  th e detectio n o f  targets , 
an d i n th e independenc e o f  reactio n tim e fro m m e m o r y se t  size . 

I n a  varie d mappin g task ,  however ,  sinc e a  particula r  stim -
ulu s i s sometime s a  targe t  an d sometime s a  distractor ,  ther e 
i s n o gradua l  increase/decreas e o f  prioritie s fo r  differen t  set s 
of  stimuli .  Instead ,  th e priorit y level s o f  stimul i  wil l  ten d t o 
fluctuate  aroun d th e defaul t  priorit y level .  Tha t  is ,  th e evoke d 
priorit y level s o f  presente d stimul i  d o no t  cros s threshold ,  an d 
so ther e i s n o automati c over-rid e o f  attentiona l  processing , 
an d n o "ignoring "  o f  stimuli .  Th e productio n o f  th e detectio n 
respons e ha s t o continu e t o b e throug h seria l  attentiona l  com -
parison .  Accordingly ,  ther e wil l  b e n o decreas e i n reactio n 
times ,  o r  i n thei r  linea r  relationshi p wit h memor y se t  size* . 

Implementation of priority learning 

We ra n simulation s o f  th e priorit y learnin g componen t  o f  th e 
architectur e outline d above ,  usin g a  singl e two-laye r  connec -
tionis t  networ k incorporatin g th e inpu t  laye r  an d priorit y laye r 
of  on e visua l  modul e show n i n Figur e 1 .  Ou r  ai m wa s t o 
examin e whethe r  a  priorit y learnin g schem e woul d provid e a 
basi s fo r  th e practic e effect s observe d i n consisten t  mappin g 
an d varie d mappin g paradigms . 

Stimul i  enterin g th e network' s inpu t  laye r  (Input ,  corre -
spondin g t o laye r  /  i n Figur e 1 )  ar e vector s o f  lengt h 50 ,  wit h 
eac h elemen t  bein g i n th e rang e ±1.0 ;  tha t  is ,  th e inpu t  laye r 
consist s o f  5 0 units .  Th e priorit y laye r  (Priority ,  correspond -
in g t o laye r  P  i n Figur e 1 )  consist s o f  1 0 units^ .  A  stimulu s i n 
Inpu t  i s transmitte d i n feed-forwar d fashio n t o Priority .  Ne t 
inpu t  t o eac h priorit y uni t  i s  compute d a s th e weighte d su m 
of  input s fro m al l  th e inpu t  units .  Th e priorit y leve l  evoke d 
by a  stimulu s i s compute d b y a  simpl e coun t  o f  th e numbe r  o f 
priorit y unit s i n Priorit y tha t  hav e positiv e ne t  input .  Thu s i f 
al l  te n priorit y unit s hav e negativ e ne t  input ,  th e priorit y leve l 
i s compute d a s 0 ;  i f  n  priorit y unit s hav e positiv e ne t  input ,  th e 
priorit y leve l  i s  n ,  wit h th e highes t  possibl e priorit y bein g 10 . 
Bia s t o th e priorit y unit s i s distribute d linearl y ove r  th e rang e 
±0.40 ,  s o tha t  five  priorit y unit s hav e a  positiv e bias ,  an d five 
a negativ e bias .  I n th e absenc e o f  inpu t  t o th e priorit y unit s 
fro m Input ,  therefore ,  th e evoke d priorit y leve l  ha s th e defaul t 
valu e o f  5 . 

W h en a  stimulu s i s presente d t o th e network ,  a  priorit y vecto r 
i s evoke d a t  th e priorit y layer .  Th e networ k i s the n re-traine d 
t o evoke ,  fo r  th e curren t  stimulus ,  eithe r  a  highe r  priorit y leve l 
tha n currentl y evoke d (i f  th e curren t  stimulu s i s designate d 
a target) ,  o r  a  lowe r  priorit y leve l  tha n currentl y evoke d (i f 
th e curren t  stimulu s i s designate d a  distractor)* .  Thi s wil l  b e 
referre d t o a s th e incrementin g an d decrementin g o f  priority , 
respectively .  Th e simulation s describe d her e hav e employe d 

^Atkinson & Juola ([Atkinson & Juola 1973]) have presented a similar 
model  o f  recenc y learning ,  i n whic h stimul i  o f  intermediat e familiarit y requir e 
attentiona l  scannin g whil e nove l  stimul i  d o noi . 

'Althoug h ou r  simulation s hav e use d a  laye r  o f  1 0 priorit y  units ,  i t  shoul d 
be possibl e t o achiev e th e sam e effect s wit h a  singl e priorit y uni t 

*Th e highe r  o r  lowe r  priorit y level s correspon d t o modulatio n o f  priorit y 
laye r  activation s b y feedbac k fro m th e comparato r  module . 

th e W i d r o w - H o f f  learnin g algorith m ( [ W i d r o w &  H o f f  I960]) . 
O ne epoc h consiste d o f  presentatio n o f  th e entir e se t  o f  stimuli , 
wit h appropriat e incrementing/decrementin g o f  priorit y afte r 
presentatio n o f  eac h stimulus . 

Simulations of priority learning 

Simulatio n 1 :  Consisten t  mapping .  I n consisten t  map -
pin g studie s wit h huma n subjects ,  th e rat e o f  searc h ha s bee n 
show n t o becom e m u c h faste r  wit h practic e ([Neisse r  1963]) . 
Studie s wit h well-practice d huma n subject s hav e exhib -
ite d reactio n time s tha t  varie d relativel y littl e wit h m e m-
or y se t  siz e ([Schneide r  &  Shiffri n 1977 ,  Experimen t  2] , 
[Neisser ,  Novic k &  Laza r  1963]) . 

I n ou r  simulation s o f  consisten t  mapping ,  th e trainin g se t 
fo r  a  modul e consiste d o f  1 6 rando m vectors ,  whic h wer e 
partitione d int o tw o disjoin t  set s o f  8  stimul i  each ,  on e se t  bein g 
designate d targets ,  an d th e othe r  distractors .  Durin g priorit y 
learning ,  th e evoke d prioritie s wer e consistentl y incremente d 
or  decremente d fo r  th e tw o set s o f  stimul i  respectively . 

Th e result s o f  th e consisten t  mappin g simulation s ar e show n 
i n Figur e 2a .  Th e slope s sho w th e evoke d mea n priorit y leve l 
of  target s an d distractors ,  a s a  functio n o f  trainin g (epochs) . 
Wit h increase d epoch s o f  training ,  targe t  stimul i  com e t o evok e 
increasingl y hig h priorities ,  whil e distracto r  stimul i  hav e in -
creasingl y lo w priorities .  A s discusse d i n th e sectio n o n pri -
orit y learning ,  a  visua l  modul e i n whic h a  stimulu s evoke s a 
priorit y leve l  o f  greate r  tha n som e threshol d r  wil l  automati -
call y transmi t  th e vecto r  i n it s outpu t  layer . 

Figur e 2 b show s reactio n time s fo r  target s i n consisten t  map -
pin g experiment s wit h huma n subjects ,  w h o wer e traine d ove r 
a perio d o f  3 6 day s ([Kristofiferso n 1972b]) .  M e m o r y se t  size s 
of  one ,  tw o an d fou r  wer e used .  Fo r  eac h se t  size ,  ther e wa s a 
decreas e i n reactio n tim e ove r  th e trainin g jjeriod ,  whic h i s in -
terprete d a s bein g largel y du e t o speedin g u p o f  non-attentiona l 
component s suc h a s th e moto r  respons e componen t  o f  th e task , 
whic h i s als o th e cas e i n varie d mappin g task s ([Shiffri n 1988 , 
pag e 748]) .  Figur e 2 b als o illustrate s th e non-linea r  se t  siz e 
function s characteristi c o f  consisten t  mapping . 

The priorit y level s o f  target s i n ou r  simulation s o f  consis -
ten t  mappin g giv e rise  t o simila r  reactio n times .  O n eac h 
epoch ,  searc h tim e 5  fo r  a  targe t  wa s simulate d a s follows . 
I f  th e priorit y leve l  evoke d b y th e stimulu s wa s greate r  tha n 
a threshol d leve l  r ,  the n th e stimulu s woul d evok e automati c 
detection ,  takin g "automati c respons e time "  A .  I f  th e priorit y 
leve l  wa s belo w threshold ,  the n th e targe t  woul d hav e t o b e 
compare d seriall y  wit h m e m o r y se t  items ,  wit h eac h suc h com -
pariso n takin g a  constan t  "compariso n time "  C .  W e assume d 
non-terminatin g search ,  s o tha t  th e numbe r  o f  comparison s re -
quire d i s equa l  t o m e m o r y se t  siz e m .  Tota l  reactio n tim e fo r 
a targe t  wa s therefor e calculate d a s (i )  a  bas e tim e B ,  repre -
sentin g non-attentiona l  factors ,  plu s (ii )  searc h tim e S ,  whic h 
was eithe r  (a )  automati c detectio n tim e A  (i f  th e priorit y leve l 
was greate r  tha n r) ,  o r  (b )  controlle d respons e tim e equa l  t o 
compariso n tim e C  time s m e m o r y se t  siz e m (i f  th e priorit y 
leve l  wa s les s dia n r) . 

Th e tim e pe r  compariso n C  wa s take n t o b e 5 0 msec ,  an d 
th e tim e fo r  a n automati c response ,  4 0 msec .  W e use d priorit y 
threshol d r  =  8.0 .  W e use d a  bas e reactio n tim e B  o f  29 0 msec , 
whic h decaye d t o abou t  23 0 mse c ove r  20 0 epoch s o f  training , 
simulatin g th e speed-u p o f  non-attentiona l  component s o f  re -
actio n times' .  Figur e 2 c show s th e simulate d reactio n times . 

'Thes e figures  wer e derive d fro m th e huma n subjec t  dat a b y subtractin g 
th e tim e fo r  on e attentiona l  compariso n (5 0 msec )  fro m tota l  reactio n lim e fo r 
memory se t  siz e on e (a )  a t  Day s 1- 6 (approximatel y 34 0 msec) ,  an d (b )  a t 
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Figur e 2 :  Priorit y learnin g simulatio n results ,  (a )  Priorit y level s i n consisten t  mappin g simulado n (Simulatio n 1) .  (b )  H u m a n subjec t 
reactio n time s fo r  targe t  stimul i  i n a  consisten t  mappin g task ,  afte r  M .  Kristofferson ,  " W h e n Ite m Recognitio n an d Visua l  Searc h Function s ar e 
Similar" ,  Perceptio n an d Psychophysics ,  12 ,  p.381 .  (c )  Simulate d reactio n time s fo r  targets ,  average d ove r  five  consisten t  mappin g simulatio n 
run s (Simulatio n 1) .  (d )  Priorit y level s i n varie d mappin g simulatio n (Simulatio n 2) .  (e )  H u m a n subjec t  reactio n time s fo r  al l  stimul i  i n a  varie d 
mappin g task ,  afte r  M .  Kristofferson ,  "Effect s o f  Practic e o n Characte r  Classification" ,  Canadia n Journa l  o f  Psycholog y 26 ,  p.57 .  ( 0 Simulate d 
reactio n time s fo r  al l  stimuli ,  i n varie d mappin g simulatio n (Simulatio n 2) .  (g )  Priorit y level s wit h reversa l  o f  targets/distractor s i n consisten t 
mappin g (Simulatio n 4) .  (h )  Detectio n accurac y wit h reversa l  o f  targets/distractor s i n consisten t  mappin g (Simulatio n 4) .  (i )  Priorit y level s o f 
stimul i  wit h varyin g degree s o f  consistenc y (Simulatio n 5) . 
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fo r  m e m o r y se t  size s o f  one ,  tw o an d four .  Level s o f  practic e 
ar e show n i n term s o f  averag e reactio n tim e ove r  block s o f 
5 0 epochs ,  correspondin g t o th e averag e reactio n time s ove r 
block s o f  day s i n Figur e 2b . 

As i n th e h u m a n dat a (Figur e 2b) ,  th e simulatio n result s 
(Figur e 2c )  sho w a  d o w n w a r d shif t  (wit h practice )  o f  reactio n 
time s fo r  eac h m e m o r y se t  size ;  thi s i s th e combine d resul t  o f 
decreasin g bas e respons e time s a s wel l  a s o f  developin g auto -
mali c responses .  Moreover ,  th e reactio n time s fo r  differen t  se t 
size s a t  a  particula r  leve l  o f  practic e exhibi t  th e non-linearit y 
expecte d i n a  consisten t  mappin g task .  Overall ,  th e simulatio n 

result s appea r  t o mode l  th e h u m a n dat a quit e well* . 

Simulation 2: Varied mapping. Varied mapping studies 
wit h h u m a n subject s hav e foun d tha t  searc h tim e continue s 
t o b e a  linea r  functio n o f  m e m o r y se t  size ,  eve n afte r  practic e 
([Kristofferso n 1972a]) .  I n ou r  simulation s o f  varie d mapping , 
th e trainin g se t  fo r  a  modul e consiste d o f  1 6 rando m vectors . 
Th e priorit y leve l  fo r  eac h stimulu s wa s incremente d o r  decre -
mente d a t  random ,  modelin g th e effec t  o f  stimul i  no t  bein g 
treate d consistentl y eithe r  a s target s o r  distractors . 

Result s fro m th e varie d mappin g simulation s ar e show n i n 
Figur e 2d ,  whic h plot s th e m e a n evoke d priorit y o f  al l  stimuli . 
T h e mea n priorit y level s fluctuate  aroun d th e "default "  priorit y 
leve l  o f  5 ,  eve n wit h extende d practice ,  a s a  resul t  o f  th e non -
consisten t  treatmen t  o f  stimuli .  Not e tha t  i n th e simulatio n 
result s shown ,  ther e i s a n initia l  rando m increas e i n mea n 
priority ;  i n othe r  simulations ,  ther e wa s a n initia l  decreas e i n 
priorities .  Bu t  i n al l  cases ,  th e mea n priorit y settle d aroun d th e 
valu e o f  5 . 

H u m an reactio n time s fro m a  varie d mappin g tas k 
([Kristofiferso n 1972a] )  ar e show n i n Figur e 2 e (al l  stimuli) , 
whic h show s tha t  detectio n time s remai n linea r  wit h m e m o r y 
set  size ,  eve n wit h extende d practice .  T h e priorit y level s o f 
stimul i  i n ou r  varie d mappin g simulatio n giv e ris e t o simila r 
reactio n limes ,  calculate d i n th e sam e w a y a s fo r  consisten t 
mappin g (Figur e 20 -  A s i n th e h u m a n subjec t  data ,  practic e 
doe s no t  chang e th e linearit y o f  se t  siz e functions .  T h e reaso n 
fo r  thi s i s that ,  sinc e fe w sumul i  achiev e threshol d priorit y 
levels ,  seria l  compariso n remain s th e onl y basi s fo r  targe t  de -
tection .  Automati c detectio n doe s no t  develop ,  an d therefor e 
searc h function s remai n linea r  wit h se t  size .  Thu s ou r  simula -
tio n provide s a  goo d matc h wit h th e observe d varie d mappin g 

results' . 

Simulation 3: Consistent & Varied mapping combined. 
Schneide r  an d Fis k conducte d a n experimen t  i n whic h subject s 
wer e aske d t o carr y ou t  a  consisten t  m o p i n g tas k an d a  var -
ie d mappin g tas k simultaneousl y ([Schneide r  &  Fis k 1982a]) . 
T h e findings  wer e tha t  bot h task s coul d b e accomplishe d si -
multaneousl y abou t  a s wel l  a s w h e n eac h tas k wa s carrie d ou t 
alone . 

Days 3 1 -3 6 (approximatel y 28 0 msec) .  Thi s decreas e i n bas e lime ,  fro m 29 0 
msec t o 23 0 msec ,  wa s fioed  b y a n exponenlia ]  functio n wit h constan t  0.9985 , 
as a  firs t  approximation . 

'Ou r  mode l  predict s tha t  reactio n lim e function s wil l  becom e perfectl y flat 
at  som e poin t  Thi s doe s occu r  i n ou r  simulations ,  b y approx .  40 0 epoch s o f 
training . 

'Not e tha t  th e behavio r  o f  th e slope s o f  simulate d reactio n time s fi t  th e 
human da u quit e well ,  whic h wa s th e majo r  focu s o f  interes t  i n thi s paper . 
By contrast ,  th e change s i n intercep t  (i.e. ,  bas e reactio n lime )  i n simulation s 
do no t  fi t  th e huma n dat a weU.  Thi s i s becaus e simulatio n o f  th e bas e lim e 
practic e effec t  di d no t  includ e a n asymptot e effec t  an d henc e overestimate d 
th e decreas e i n bas e lime .  Wit h humans ,  decrease s i n bas e tim e see m t o 
asymptot e a t  approximatel y 20 0 msec .  Addin g a n additiona l  paramete r  t o th e 
model  woul d allo w a  goo d fi t  o f  bot h th e constan t  slop e an d declinin g intercep t 
effec t  i n varie d mapping . 

We ra n simulation s i n whic h 3 2 stimul i  wer e partitione d int o 
tw o set s o f  1 6 stimul i  each .  O n e se t  o f  1 6 stimul i  represente d 
a consisten t  m^qipin g task :  8  o f  th e stimul i  wer e treate d a s 
targets ,  an d th e othe r  8  a s distractors .  Th e othe r  se t  o f  1 6 
stimul i  represente d a  varie d mappin g task ,  an d th e stimul i 
wer e U-eate d randoml y a s target s an d disuactors .  O n e epoc h 
involve d presentatio n o f  al l  3 2 stimuli ,  an d represente d th e 
simultaneou s performanc e o f  bot h th e consisten t  an d varie d 
mappin g task s o n differen t  set s o f  stimuli . 

T h e priorit y level s o f  consistentl y mappe d stimul i  (whic h 
wer e consistentl y eithe r  target s o r  distractors )  separate d a s i n 
th e consisten t  mappin g tas k alone .  T h e averag e evoke d prior -
it y  o f  th e varie d mappin g stimul i  remaine d clos e t o th e defaul t 
priorit y leve l  o f  5 ,  a s i n th e varie d mappin g tas k alone .  Thu s 
th e priorit y level s o f  bot h th e consisten t  an d varie d mappin g 
stimul i  wer e simila r  t o thos e i n eac h o f  th e task s performe d 
independently ,  indicatin g tha t  practic e effect s i n th e combine d 
consisten t  an d varie d mappin g tas k ca n b e modele d i n term s 
of  priorit y learnin g unde r  th e sam e assumption s a s fo r  th e 
independen t  tasks ,  i n conformit y wit h th e findings  o f  th e ex -
perimen t  describe d above . 

Simulation4: Target/distractor reversal in consistent map-
ping .  Implici t  i n th e priorit y learnin g schem e w e hav e pre -
sente d i s th e hypothesi s that ,  i n consisten t  mapping ,  wit h prac -
tice ,  targe t  stimul i  c o m e t o "attrac t  attention "  t o themselves . 
Shiffri n an d Schneide r  empiricall y verifie d th e predictio n tha t 
i f  th e se t  relationship s ar e reverse d afte r  th e prioritie s hav e bee n 
established ,  subjects '  performanc e deteriorate s belo w tha t  o f 
novic e subjects .  Fo r  example ,  i n initia l  practice ,  target s migh t 
b e ( A B  C } ,  wit h { X Y  Z }  a s distractors .  Afte r  reversal ,  { X 
Y Z )  woul d b e th e targets ,  an d { A B  C }  th e distractors .  Thi s 
reversa l  i s  expecte d t o produc e deterioratio n becaus e th e stim -
ul i  tha t  wer e previousl y target s attrac t  attentio n awa y fro m th e 
previou s distractor s tha t  becom e th e n e w targe t  stimuli . 

I n th e experiments ,  subject s practice d a  consisten t  mappin g 
tas k ([Shiffri n &  Schneide r  1977 ,  Experimen t  1]) .  Onc e per -
formanc e ha d stabilize d (210 0 trials) ,  target s an d disu^actor s 
wer e interchanged .  O n reversal ,  detectio n accurac y droppe d 
t o belo w th e leve l  i t  ha d bee n a t  th e beginnin g o f  th e origina l 
consisten t  mappin g tas k (approximatel y 5 0 percent) ,  an d 90 0 
trial s wer e neede d fo r  accurac y t o retur n t o th e novic e leve l 
wit h target s an d distractor s reversed .  Subsequently ,  gradua l 
re-leamin g occurred ,  an d accurac y reache d th e previousl y es -
tablishe d level . 

We simulate d thi s reversa l  i n a  consisten t  mappin g task .  A 
consisten t  mappin g simulatio n wa s ru n wit h a  se t  o f  targe t 
stimul i  an d a  se t  o f  distracto r  stimul i  fo r  100 0 epochs .  A t 
th e en d o f  100 0 epochs ,  th e target s an d distractor s wer e re -
versed ,  i.e. ,  th e prioritie s o f  th e forme r  distractor s wer e n o w 
consistentl y incremented ,  an d thos e o f  th e forme r  target s wer e 
n o w consistentl y decremented .  Th e simulatio n wa s ru n i n thi s 
reverse d conditio n fo r  a  furthe r  100 0 epochs . 

Figur e 2 g show s tha t  th e mea n priorit y level s o f  th e origina l 
targets/distractor s increase/decreas e ove r  th e first  IfXX )  epnxh s 
of  consisten t  mappin g training .  W h e n target s an d distractor s 
ar e reverse d a t  epoc h 1001 ,  th e priorit y level s o f  forme r  target s 
star t  droppin g sharply ,  an d thos e o f  forme r  distractor s star t 
increasin g sharply . 

We compute d a n accurac y measur e a s follows :  a  give n stim -
ulu s presentatio n wa s considere d t o hav e evoke d a n accurat e 
respons e eithe r  i f  (i )  th e stimulu s wa s a  target ,  an d evoke d 
a priorit y o f  abov e threshold ,  o r  (ii )  i t  wa s a  distractor ,  an d 
evoke d a  priorit y o f  belo w threshold .  Th e threshol d priorit y 
leve l  use d wa s 9.50 .  Figur e 2 h show s th e variatio n o f  thi s 
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accurac y measure .  A t  th e star t  o f  initia l  consisten t  mappin g 
training ,  accurac y wa s approximatel y 5 0 percent ,  an d thi s im -
prove d steadily ,  asymptotin g b y abou t  50 0 epoch s o f  training . 
W h en target s an d distractor s wer e reverse d a t  epoc h 1001 , 
accurac y droppe d sharply ,  t o belo w th e leve l  a t  th e star t  o f 
th e simulation ,  an d i t  require d approximatel y 10 0 epoch s o f 
trainin g t o reac h tha t  leve l  (5 0 percent) .  Beyon d thi s point , 
re-learnin g occurre d gradually ,  an d b y epoc h 1500 ,  accurac y 
had returne d t o th e previou s m a x i m u m .  Thu s th e simulatio n 
model s th e huma n dat a fairl y  well . 

Simulation 5: Degree of consistency. Schneider and Fisk 
foun d tha t  consistenc y ha s a  grade d rathe r  tha n a n all-or -
non e effect .  I n on e experiment ,  subject s searche d fo r  on e 
lette r  (i.e. ,  memor y se t  siz e 1 )  i n frame s containin g fou r  letter s 
([Schneide r  &  Fis k 1982b ,  Experimen t  1]) .  Subject s wer e re -
quire d t o indicat e th e fram e positio n i n whic h th e targe t  ha d 
appeared ,  a t  th e en d o f  eac h trial .  Th e degre e o f  consistenc y o f 
appearanc e o f  letter s a s target s o r  distractor s varied .  Thu s on e 
lette r  ha d th e consistenc y rati o 10:0 ,  meanin g tha t  i t  appeare d 
as a  targe t  i n 1 0 trial s pe r  bloc k o f  trials ,  an d neve r  a s a  distrac -
tor .  Thre e othe r  letter s ha d th e consistenc y ratio s 10:5,10:1 0 
and 10:20 ,  respectively .  Fiv e othe r  letter s eac h ha d degre e o f 
consistenc y 9:61 . 

Throughou t  th e experiment ,  detectio n accurac y wa s highes t 
fo r  th e 10: 0 letter ,  followe d closel y b y th e 10: 5 condition .  De -
tectio n accurac y wa s lowes t  fo r  th e 10:2 0 an d 9:6 1 conditions , 
whic h di d no t  diffe r  substantiall y  fro m eac h other .  Th e 10:1 0 
lette r  showe d intermediat e detectio n accuracy . 

I n ou r  simulation ,  ou r  trainin g se t  consiste d o f  five  stimuli , 
whic h w e designate d A ,  B ,  C ,  D  an d E .  O n e epoc h consiste d o f 
th e appearanc e o f  eac h o f  th e letter s A ,  B ,  C  an d D  1 0 time s a s 
a target ,  an d 0,5,1 0 an d 2 0 times ,  respectively ,  a s a  distractor ; 
thu s thes e letter s corresponde d t o th e consistenc y ratio s 10:0 , 
10:5,10:1 0 an d 10:20 ,  respectively .  Th e E  stimulu s appeare d 
9 time s a s a  targe t  an d 6 1 time s a s a  distractor ,  correspondin g 
t o th e consistenc y conditio n 9:61 .  Th e simulatio n involve d 
presentatio n o f  thi s trainin g se t  t o a  networ k representin g th e 
priorit y learnin g componen t  o f  a  singl e module .  B y approxi -
matel y 7 0 epoch s o f  training ,  th e priorit y level s o f  th e A ,  B ,  C , 
D an d E  stimul i  ha d settle d t o 10 ,  8 ,  5 ,  2  an d 0 ,  respectivel y 
(Figur e 2i) . 

Althoug h w e hav e no t  constructe d simulation s correspond -
in g t o th e overal l  architectur e tha t  woul d b e require d fo r  a  sim -
ulatio n o f  th e experimen t  describe d above ,  th e priorit y learnin g 
result s fro m th e simulatio n wit h a  singl e modul e sugges t  accu -
rac y woul d b e a  grade d functio n o f  th e degre e o f  consistency . 
The overal l  mode l  woul d incorporat e fou r  module s V I ,  V 2 , 
V3 an d V 4 ,  correspondin g t o th e visua l  fields  i n whic h eac h 
of  th e fou r  letter s i n a  fram e appear .  Th e proces s o f  trainin g 
woul d lea d t o eac h o f  th e module s havin g th e priorit y level s 
describe d above ,  whic h develope d fo r  a  singl e module .  A 
winner-take-al l  networ k betwee n module s woul d lea d t o pro -
cessin g o f  stimul i  i n thei r  orde r  o f  priority ,  s o tha t  attentio n 
woul d b e preferentiall y  attracte d t o a  higher-priorit y ite m eve n 
when i t  i s  no t  th e target .  Consequently ,  accurac y woul d b e 
greate r  fo r  higher-priorit y items . 

Conclusions 

Thi s pape r  ha s examine d th e viabilit y  o f  propose d "priorit y 
learning "  mechanism s a s th e basi s o f  a  computationa l  mode l 
of  a  numbe r  o f  th e phenomen a observe d i n visua l  searc h task s 
performe d b y huma n subjects .  Th e simulatio n result s tha t  hav e 
been presente d ar e consisten t  wit h a  fairl y  broa d se t  o f  exper -
imenta l  findings.  W e therefor e conclud e tha t  priorit y learnin g 

provide s a  fairl y  goo d accoun t  o f  practic e an d automaticit y 
effect s i n visua l  searc h tasks . 
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