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Abstrac t 

A distribute d attracto r  networ k i s traine d o n a n abstrac t  versio n 
of  th e tas k o f  derivin g th e meaning s o f  writte n words .  Whe n 
processin g a  word ,  th e networ k start s fro m th e final  activit y 
patter n o f  th e previou s word .  Tw o word s ar e semanticall y re -
late d i f  the y overla p i n thei r  semanti c features ,  wherea s the y 
ar e associativel y relate d i f  on e wor d follow s th e othe r  fre-
quentl y durin g training .  Afte r  training ,  th e networ k exhibit s 
tw o empirica l  effect s tha t  hav e pose d problem s fo r  distribute d 
networ k theories :  muc h stronge r  associativ e primin g tha n se -
manti c priming ,  an d significan t  associativ e primin g acros s a n 
intervenm g unrelate d item .  I t  als o reproduce s th e empirica l 
findings  o f  greate r  primin g fo r  low-frequenc y targets ,  degrade d 
targets ,  an d high-dominanc e categor y exemplars . 

Introduction 

I n a  variet y o f  lexica l  tasks ,  includin g namin g an d lexica l 
decision ,  subject s ar e faste r  an d mor e accurat e t o proces s a 
word ,  suc h a s butter ,  whe n i t  i s precede d b y a  semanticall y 
relate d word ,  suc h a s brea d (se e Neely ,  1991 ,  fo r  a  review) . 
Such findings  o f  semanti c primin g ar e take n b y m a n y theorist s 
as reflectin g fundamenta l  propertie s o f  th e organizatio n o f 
knowledg e i n th e huma n cognitiv e system . 

Broadl y speaking ,  tw o classe s o f  theorie s o f  semanti c m e m-
or y hav e bee n pu t  fort h t o accoun t  fo r  semanti c primin g i n 
lexica l  tasks .  Spreading-activatio n theorie s (e.g. ,  Anderson , 
1983 ;  Collin s &  Loftus ,  1975 ;  M c N a m a r a ,  1992a ,  1992b , 
1994 )  propos e tha t  semanti c m e m o r y consist s o f  a  networ k 
of  interconnecte d nodes ,  eac h representin g a  particula r  con -
cept .  Processin g a  wor d involve s activatin g th e concep t  nod e 
i n semanti c m e m o r y correspondin g t o it s meaning .  Thi s ac -
tivatio n i s assume d t o sprea d alon g link s t o other ,  relate d 
concepts ,  thereb y facilitatin g th e subsequen t  processin g o f 
thos e concepts .  B y contrast ,  compound-cu e theorie s (e.g. , 
Doshe r  &  Rosedale ,  1989 ;  M c K o o n &  Ratcliff ,  1992 ;  Rat -
clif f  &  M c K o o n ,  1988 ,  1994 )  propos e that ,  i n processin g a 
word ,  semanti c m e m o r y i s accesse d usin g a  cu e consistin g o f 
th e wor d conjoine d wit h th e contex t  i n whic h i t  occur s (e.g. , 
th e precedin g word) .  Semanticall y relate d word s co-occu r 
mor e frequentl y tha n d o unrelate d words ,  an d so  th e com -
poun d cue s fo r  relate d word s ten d t o hav e greate r  familiarit y 
tha n d o thos e fo r  unrelate d words .  I n man y genera l  model s o f 
memory retrieva l  (e.g. ,  Gillund  &  Shiffrin ,  1984 ;  Hintzman , 
1986 ;  Murdock ,  1982) ,  greate r  familiarit y give s ris e t o faste r 
and mor e accurat e processing ,  resultin g i n semanti c priming . 

Recently ,  a  thir d typ e o f  theor y ha s bee n propose d t o ac -
coun t  fo r  semanti c priming ,  base d o n distribute d connection -
is t  network s (Kawamoto ,  1988;Masson ,  1991,1995;McRae , 

de Sa ,  &  Seidenberg ,  1993 ;  Sharke y &  Sharkey ,  1992) .  I n 
suc h networks ,  eac h concep t  i s represented ,  no t  b y a  partic -
ula r  unit ,  bu t  b y a  particula r  patter n o f  activit y ove r  a  larg e 
number  o f  processin g units .  Relate d concept s ar e represente d 
by simila r  (i.e. ,  overlapping )  pattern s o f  activity .  Eac h uni t 
ca n b e though t  o f  a s encodin g a  particula r  semanti c featur e 
tha t  participate s i n m a n y concept s (Smit h &  Medin ,  1981) , 
althoug h thes e feature s nee d no t  correspon d t o verbalizeabl e 
attribute s o f  an y concept .  I n processin g a  word ,  unit s co -
operat e an d compet e acros s weighte d connection s unti l  th e 
networ k a s a  whol e settle s int o a  stabl e patter n o f  activit y tha t 
represent s th e meanin g o f  th e word .  I f  th e networ k start s fro m 
thi s patter n i n processin g a  subsequen t  word ,  i t  wil l  b e faste r 
t o settl e fo r  a  relate d tha n fo r  a n unrelate d wor d becaus e m a n y 
of  th e unit s wil l  alread y b e i n thei r  correc t  states . 

Distribute d networ k theorie s bea r  a n interestin g relation -
shi p bot h t o spreading-activatio n theorie s an d t o compound -
cu e theories .  Although ,  i n som e sense ,  activatio n "spreads " 
among unit s i n a  distribute d network ,  thi s sprea d i s no t  be -
twee n concept s bu t  betwee n features .  Fo r  a  give n patter n o f 
activity ,  th e degre e t o whic h an y concep t  i s "active "  depend s 
on it s overla p wit h th e curren t  pattern .  Afte r  settlin g int o th e 
meanin g o f  a  word ,  relate d meaning s ar e activ e simultaneousl y 
(t o th e degre e tha t  the y ar e similar)—n o additiona l  sprea d o f 
activatio n i s required .  Thus ,  distribute d networ k theorie s pro -
vid e a  mor e natura l  interpretatio n o f  th e finding  that ,  whil e 
th e degre e o f  relatednes s influence s th e magnitud e o f  prim -
ing ,  i t  doe s no t  influenc e it s tim e o f  onset ,  whic h i s essentiall y 
instantaneou s (Lorch ,  1982 ;  Ratclif f  &  M c K o o n ,  1981) .  I n 
some ways ,  distribute d networ k theorie s ar e mor e simila r  t o 
compound-cu e theories ,  i n tha t  th e processin g o f  a  wor d i s 
sensitiv e t o th e contex t  i n whic h i t  occur s (a s reflecte d i n th e 
curren t  stat e o f  th e network) .  However ,  conjunction s nee d 
not  b e represente d explicitly ,  s o tha t  processin g ca n depen d 
on propertie s o f  context s independen t  o f  thei r  co-occurrence s 
wit h targe t  words .  Thus ,  fo r  instance ,  distribute d networ k 
theorie s ca n accoun t  naturall y fo r  th e finding  tha t  differen t 
neutra l  context s (e.g. ,  unrelate d words ,  neutra l  word s lik e 
READY,  an d nonwords )  hav e equivalen t  effect s o n between -
tria l  priming ,  eve n thoug h thei r  familiaritie s a s compound s 
wit h targe t  word s ar e ver y differen t  (McNamara ,  1994) . 

Unfortunately ,  tw o set s o f  empirica l  findings  appea r  t o pos e 
problem s fo r  distribute d networ k theorie s o f  semanti c prim -
ing .  Th e first  relate s t o findings  tha t  differen t  type s o f  rela -
tion s a m o n g word s influenc e primin g i n differen t  ways .  I n 
particular ,  on e ca n distinguis h a n associativ e relatio n a m o n g 
word s (e.g. ,  a s measure d b y fre e associatio n norms ;  Post -
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m an &  Keppel ,  1970 )  fro m a  purel y semanti c relatio n (i.e. , 
havin g simila r  meanings ,  suc h a s categor y co-ordinates) .  As -
sociativel y relate d wor d piiir s ar e typicall y als o semanticall y 
relate d (e.g. ,  breai>-butter )  bu t  man y semanticall y relate d 
wor d pair s ar e no t  associativel y relate d (e.g. ,  BREAD-cake) . 
I n th e fe w studie s tha t  hav e studie d primin g amon g word s 
tha t  ar e semanticall y bu t  no t  associativel y relate d (e.g. ,  Fis -
chler ,  1977 ;  Seidenberg ,  Waters ,  Sanders ,  &  Langer ,  1984) , 
th e primin g effec t  i s muc h smalle r  tha n tha t  foun d fo r  associa -
tivel y relate d words ,  particularl y i n lexica l  decision ,  an d th e 
effec t  wa s completel y absen t  unde r  condition s whic h preven t 
expectancie s an d post-lexica l  checkin g (Shelto n &  Martin , 
1992) .  Furthermore ,  unlik e semanti c priming ,  jjssociativ e 
primin g i s highl y asymmetric ;  fo r  example ,  bei>-pa n pro -
duce s stron g primin g wherea s pan-be d produce s littl e i f  an y 
(particularl y i n naming ;  se e Neely ,  1991) .  Simila r  dissoci -
ation s betwee n semanti c an d associativ e effect s hav e bee n 
demonstrate d usin g cross-mode l  primin g i n sentenc e context s 
(Mos s &  Marslen-Wilson ,  1993 )  an d i n th e degeneratio n o f  se -
manti c m e m o r y i n Alzheimer' s diseas e (Glosse r  &  Friedman , 
1991) .  Thes e dat a ar e problemati c fo r  distribute d networ k 
theorie s (e.g. ,  Kawamoto ,  1988 ;  Masson ,  1995 )  becaus e the y 
typicall y emplo y onl y a  single ,  symmetri c manipulation — 
patter n overlap—t o encod e wor d relatedness .  Ther e i s n o 
opportunit y fo r  differen t  type s o f  relation s amon g w o r d s — 
semanti c an d associative—t o behav e differently . 

Th e secon d se t  o f  findings  tha t  ha s challenge d distribute d 
networ k theorie s i s tha t  associativ e primin g ca n spa n a n inter -
venin g unrelate d item ,  suc h a s i n th e wor d sequenc e b read -
DCX5-BUTTER,  althoug h i t  i s ver y wea k unde r  thes e condition s 
(Joordens&Besner ,  1992;McNamara ,  1994) .  I n a  distribute d 
network ,  i f  th e entir e networ k settle s completel y t o th e mean -
in g o f  th e intervenin g wor d dog ,  the n th e patter n o f  activit y 
representin g th e meanin g o f  b rea d wil l  b e completel y elimi -
nated ,  leavin g n o opportunit y  fo r  i t  t o facilitat e th e processin g 
of  butter .  Masso n (1995 )  considere d th e possibilit y  tha t  th e 
intervenin g wor d migh t  b e processe d onl y panially ,  leavin g 
residua l  semanti c activatio n fro m BREAD t o influenc e BUT -
TER.  Usin g a  Hopfiel d (1982 )  network ,  h e simulate d th e 
smal l  primin g effec t  acros s unrelate d word s i n a  namin g tas k 
b y basin g th e network' s respons e o n th e activit y  o f  phonolog -
ica l  unit s whic h wer e update d mor e frequentl y tha n semanti c 
units .  Unfortunately ,  th e simulation s use d a  ver y smal l  vocab -
ular y (onl y thre e pair s o f  semanticall y relate d items) ,  an d n o 
independen t  justificatio n wa s provide d fo r  w h y phonologica l 
and semanti c unit s shoul d behav e differently . 

Th e curren t  pape r  present s a  distribute d networ k mode l  o f 
primin g tha t  addresse s th e challenge s pose d b y associativ e vs . 
semanti c primin g an d b y primin g acros s a n unrelate d item . 
Th e mode l  differ s fro m previou s one s i n tw o mai n ways . 
First ,  wherea s semanti c relatednes s amon g word s i s encode d 
by th e degre e o f  overla p o f  thei r  semanti c featur e represen -
tations ,  a n associatio n from  on e wor d t o anothe r  i s encode d 
directl y i n th e likelihoo d tha t  th e on e follow s th e othe r  durin g 
trainin g (se e Moss ,  Hare ,  Day ,  &  Tyler ,  1994 ,  fo r  a  simila r 
approach) .  Second ,  a  mor e powerfu l  learnin g procedur e i s 
used—continuou s back-propagatio n throug h tim e (Pearlmut -
ter ,  1989) .  Thi s procedur e ha s th e critica l  propertie s tha t  uni t 
state s chang e graduall y over  tim e i n respons e t o input ,  an d 
tha t  learnin g i s sensitiv e t o th e entir e trajector y fro m th e ini -

tia l  activit y patter n t o th e final  activit y pattern .  Th e mode l 
jUs o replicate s a  numbe r  o f  basi c findings  i n th e primin g lit -
erature ,  includin g greate r  primin g fo r  low-frequenc y targets , 
degrade d targets ,  an d high-dominanc e categor y exemplars . 

Simulation 

M e t h o d 

Task .  Give n tha t  semanti c an d associativ e primin g hav e 
bee n demonstrate d i n a  wid e rang e o f  lexica l  tasks ,  th e cur -
ren t  wor k investigate d primin g i n a  genera l  versio n o f  th e tas k 
of  understandin g words :  a n abstrac t  versio n o f  th e tas k o f 
mappin g fro m writte n word s t o thei r  meanings . 

The semanti c representation s o f  word s wer e generate d ar -
tificiall y  bu t  wit h considerabl e structure .  Eigh t  differen t  ran -
d o m pattern s wer e generate d ove r  10 0 semanti c features ,  i n 
whic h eac h uni t  ha d a  probabilit y  o f  0. 1 o f  bein g active .  Thes e 
pattern s serve d a s th e "prototypes "  fo r  eigh t  separat e seman -
ti c categories .  Sixtee n categor y exemplar s wer e generate d 
fro m eac h prototyp e patter n b y randoml y alterin g som e o f  it s 
feature s (Chauvin ,  1988) .  Eighto f  thes e wer e typica l  o r  high -
dominanc e exemplar s i n whic h relativel y fe w feature s o f  th e 
prototyp e wer e change d (eac h featur e ha d a  probabilit y  o f  0. 2 
of  bein g resample d wit h a  probabilit y  o f  0. 1 o f  bein g active) . 
Th e remainin g eigh t  wer e atypica l  o r  low-dominanc e exem -
plar s i n whic h man y mor e feature s wer e altere d (resamplin g 
probabilit y  o f  0.4) .  Th e effec t  o f  thi s manipulatio n i s simpl y 
t o mak e al l  exemplar s i n a  categor y cluste r  aroun d th e pro -
totype ,  wit h high-dominanc e exemplar s mor e simila r  t o th e 
categor y prototyp e tha n low-dominanc e exemplars.  Word s 
wil l  b e considere d semanticall y relate d i f  the y wer e generate d 
fro m th e sam e prototype . 

Th e resultin g 12 8 semanti c representation s wer e randoml y 
assigne d orthographi c representation s consistin g o f  pattern s 
of  activit y ove r  2 0 orthographi c units .  Thes e pattern s wer e 
generate d randoml y suc h tha t  eac h uni t  ha d a  probabilit y  o f 
0. 1 o f  bein g active ,  wit h th e constrain t  tha t  ever y patter n ha d 
at  leas t  tw o activ e units ,  an d al l  pair s o f  pattern s differe d i n th e 
activitie s o f  a t  leas t  tw o units .  N o attemp t  wa s mad e t o mode l 
orthographi c relatednes s amon g words ;  th e orthographi c pat -
tern s simpl y guarantee d tha t  th e writte n form s o f  word s wer e 
fairl y  spars e an d wer e discriminabl e from  eac h other .  Fo r  th e 
curren t  purposes ,  th e critica l  propert y o f  thi s artificia l  tas k i s 
that ,  althoug h ther e ar e systemati c relationship s amon g wor d 
meanings ,  ther e i s n o systemati c relationshi p betwee n th e 
writte n for m o f  a  wor d an d it s meaning . 

Withi n eac h dominanc e clas s o f  eac h category ,  hal f  o f  th e 
word s wer e designate d a s high-frequenc y an d th e othe r  hal f 
as low-frequency .  Eac h wor d wa s als o assigne d a  singl e 
associate d word ,  unde r  th e constraint s tha t  1 )  ever y wor d wa s 
th e associat e o f  som e othe r  word ;  2 )  associate d word s wer e 
neve r  semanticall y relate d (i.e. ,  i n th e sam e category) ;  an d 3 ) 
ther e wer e n o mutua l  association s amon g wor d pair s (i.e. ,  n o 
tw o word s wer e eac h other' s associate) .  Th e frequenc y o f  a 
wor d an d it s associatio n influence d h o w i t  wa s selecte d fo r 
presentatio n durin g training ,  a s describe d below . 

Network Architecture. The network used to perform the 
tas k i s depicte d i n Figur e 1 .  Th e 2 0 orthographi c unit s ar e 
full y  connecte d t o 10 0 hidde n unit s which ,  i n turn ,  ar e full y 
connecte d t o th e 10 0 semanti c units .  Th e semanti c unit s them -
selve s ar e full y  interconnecte d (withou t  self-connections )  an d 
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^  2 0 orthographi c unit s ^ 

Figur e 1 :  Th e architectur e o f  th e network .  Arrow s represen t  ful l 
connectivit y betwee n o r  withi n group s o f  units . 

als o sen d connection s bac k t o th e hidde n units .  Thus ,  th e 
hidde n an d semanti c unit s interac t  i n processin g a  give n or -
thogr^hi c input .  Includin g th e bia s term s fo r  th e hidde n an d 
semanti c units ,  th e networ k ha s a  tota l  o f  32,10 0 connections . 
The weight s o n thes e connection s wer e initialize d t o rando m 
value s betwee n ±0.25 . 

The state s o f  unit s i n th e networ k chang e smoothl y ove r 
tim e i n respons e t o influence s fro m othe r  units .  Fo r  th e pur -
pose s o f  simulatio n o n a  digita l  computer ,  i t  i s  convenien t 
t o approximat e continuou s unit s wit h finite  differenc e equa -
tions ,  i n whic h tim e i s discretize d int o tick s o f  som e duratio n 
r .  Thus ,  th e inpu t  t o uni t  j  a t  tim e t  i s give n b y 

^  =  T'£^-'^w,j+il-r)x^-^ ^ (1 ) 

wher e s ,  i s th e stat e o f  uni t  i  an d Wi j  i s th e weigh t  fro m uni t 
i  t o uni t  j .  Accordin g t o thi s equation ,  a  unit' s  inpu t  a t  eac h 
tim e tic k i s a  weighte d averag e o f  it s curren t  inpu t  an d tha t 
dictate d b y othe r  units ,  wher e r  i s th e weightin g proportion . 
A relativel y larg e valu e o f  r  i s  use d durin g mos t  o f  trainin g 
(0. 2 i n th e curren t  simulation) ,  whe n minimizin g computatio n 
tim e i s critical ,  wherea s a  muc h smalle r  r  i s  use d durin g 
testin g (e.g. ,  0.01) ,  whe n a  mor e accurat e approximatio n o f 
th e underlyin g continuou s syste m i s desired . 

The stat e S j  o f  uni t  j  a t  tim e t  i s simpl y th e standar d logisti c 
or  sigmoi d functio n o f  it s curren t  input . 

, m _ (  [t] \  _  1 
(2 ) 

wher e exp( )  i s th e exponentia l  function . 

Training Procedure. The network was trained in the fol-
lowin g way .  A  wor d wa s presente d t o th e networ k b y clamp -
in g th e state s o f  th e orthographi c unit s t o it s assigne d repre -
sentation ,  distorte d b y a  sligh t  amoun t  o f  rando m gaussia n 
nois e (wit h mea n 0. 0 an d S D 0.05) .  O n mos t  trials ,  al l  othe r 
unit s retaine d th e input s an d state s the y ha d a t  th e en d o f  pro -
cessin g th e previou s word .  However ,  fo r  th e ver y first  word , 
and wit h a  probabilit y  o f  0.0 1 throughou t  training ,  thes e unit s 
wer e give n reinitialize d input s o f  0. 0 an d state s o f  0.2 .  Then , 
fo r  ever y tim e tic k t  o f  duratio n r  =  0. 2 ove r  a  tota l  o f  4. 0 
unit s o f  time ,  unit s i n th e networ k update d thei r  state s ac -
cordin g t o Equation s 1  an d 2 .  (Not e tha t  th e absolut e tim e 
scal e o f  th e networ k i s arbitrary. )  A  continuou s versio n o f 
back-propagatio n throug h tim e (Pearlmutter ,  1989 )  wa s use d 
t o calculat e change s t o th e connectio n weight s tha t  woul d 
reduc e th e discrepanc y (measure d usin g cross-entropy ;  se e 
Hinton ,  1989 )  betwee n activation s o f  th e semanti c unit s ove r 

th e las t  2. 0 unit s o f  tim e an d thei r  correc t  activation s fo r  th e 
presente d word .  Thi s temporall y extende d erro r  signa l  pres -
sure s th e networ k t o settl e t o th e correc t  patter n a s quickl y 
as possible .  Afte r  eac h wor d presentation ,  th e weight s wer e 
update d immediatel y (wit h a  learnin g rat e <  =  0.00 5 an d 
m o m e n t u m a  =  0.8 )  an d th e nex t  wor d wa s chose n an d pre -
sented .  Wit h a  probabilit y  o f  0.2 ,  th e nex t  wor d chose n wa s 
th e associat e o f  th e previou s word .  O n th e remainin g trials , 
th e probabilit y  tha t  word s wer e selecte d fo r  trainin g depende d 
on thei r  assigne d frequency ,  suc h tha t  high-frequenc y word s 
wer e twic e a s likel y t o b e traine d a s low-frequenc y words . 

Afte r  50,00 0 wor d presentations ,  r  wa s reduce d fro m 0. 2 
t o 0.05 ,  an d afte r  300 0 mor e presentation s i t  wa s reduce d t o 
0.0 1 fo r  a  final  200 0 presentations .  A t  thi s point ,  th e networ k 
was completel y accurat e i n settlin g int o th e semanti c repre -
sentatio n o f  eac h word ,  regardles s o f  th e precedin g context . 

Testing Procedure, The reaction time (RT) of the trained 
networ k i n processin g a  wor d wa s define d a s th e tim e i t  too k 
th e networ k t o settl e t o th e poin t  wher e n o semanti c uni t 
change d i t  stat e b y mor e tha n a n outpu t  chang e toleranc e 
of  0.001 .  Primin g i n th e networ k occur s becaus e thi s set -
tlin g tim e i s influence d b y th e natur e o f  th e precedin g prim e 
word(s )  processe d b y th e network .  Typically ,  whe n testin g th e 
network ,  word s ar e presente d i n prime-targe t  pairs .  First ,  th e 
networ k i s initialize d t o input s o f  0. 0 an d state s o f  0.2 .  The n 
th e prim e wor d i s presente d (wit h n o noise )  an d processe d fo r 
some duratio n (th e stimulu s onse t  asynchrony ,  o r  S O A ) .  A t 
thi s point ,  th e targe t  replace s th e prim e an d th e settlin g tim e 
of  th e networ k i n respons e t o th e targe t  i s measured . 

I»rime s ca n eithe r  b e semanticall y related ,  associativel y re -
lated ,  o r  unrelate d t o th e target .  T o obtai n th e mos t  reliabl e 
estimate s o f  R T mean s fo r  thes e variou s conditions ,  th e R T 
fo r  eac h wor d a s targe t  i s measure d whe n precede d b y ever y 
othe r  wor d a s prime .  Fo r  eac h item ,  it s R T whe n precede d 
by eac h o f  th e 1 5 othe r  word s i n it s categor y i s average d t o 
yiel d a  semanticall y relate d R T mean .  Similarly ,  it s  R T s whe n 
precede d b y th e 11 1 word s tha t  ar e neithe r  semanticall y no r 
associativel y relate d yield s a n unrelate d R T mean .  Finally ,  th e 
item' s R T whe n precede d b y th e singl e wor d fo r  whic h i t  i s  th e 
associat e i s use d a s th e associativel y relate d R T value .  Thes e 
R T mean s wer e calculate d a t  S O A s o f  0.25 ,  0.5 ,  1.0 ,  1.5 , 
2.0 ,  2.5 ,  3.0 ,  an d 4.0 .  Th e manipulatio n o f  S O A i s intende d 
primaril y t o illustrat e effect s i n network—direc t  comparison s 
wit h empirica l  result s ar e problemati c becaus e longe r  S O A s 
ar e though t  t o introduc e contaminatin g effect s fro m subject -
generate d expectancie s an d post-lexica l  checkin g (Balot a & 
Chumbley ,  1984 ;  Seidenber g e t  al. ,  1984) . 

Results and Discussion 

As i n othe r  distribute d networ k model s (e.g. ,  Masson ,  1995) , 
th e distributio n o f  R T value s produce d b y th e networ k i n 
respons e t o target s take s th e for m o f  a  skewe d gaussian ,  sim -
ila r  t o tha t  foun d i n empirica l  studie s (e.g. ,  Ratclif f  &  Mur -
dock ,  1976) .  Fo r  instance ,  i n processin g th e 12 8 word s i n 
a neutra l  contex t  (i.e. ,  unit s initialize d t o input s o f  0. 0 an d 
state s o f  0.2) ,  th e networ k produce s R T s wit h mea n 2.26 ,  S D 
0.294 ,  an d ske w 0.361 .  Th e networ k settle s faste r  fo r  high -
frequenc y word s (mea n 2.17 )  tha n fo r  low-frequenc y word s 
(mea n 2.36 ;  F i  i25=16.35 ,  p<.001) ,  a s i s typicall y foun d i n 
word-recognitio n studie s (e.g. ,  Forste r  &  Chambers ,  1973) . 
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Figure 2: Effect of the duration of the prime on associative priming 
fo r  low -  an d high-frequenc y targets . 
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Figure 3: Effect of the duration of the prime on semantic priming 
fo r  high -  an d low-dominanc e targets . 

Howeve r ,  w e ar e m o r e intereste d i n difference s i n R T s a s a 
functio n o f  prime-targe t  reiatedness .  Thus ,  th e remainde r  o f 
th e pape r  wil l  repor t  dat a o n analyse s o f  difference s betwee n 
relate d vs .  unrelate d R T means ,  first  fo r  associativel y relate d 
word s an d the n fo r  semanticall y relate d words . 

Associative Priming. For each word (e.g., butter), the 
differenc e betwee n th e m e a n R T s fo r  unrelate d prime s (e.g. , 
D O G)  an d th e R T fo r  it s associate d prim e (e.g. ,  B R E A D)  a t 
eac h S O A w a s computed .  Positiv e difference s reflec t  as -
sociativ e priming—faste r  settlin g fo r  relate d tha n unrelate d 
primes .  Thes e differenc e score s wer e entere d int o a  2 x 2 x 8 
A N O VA ove r  items ,  wit h targe t  categor y dominanc e (hig h 
vs .  l ow )  an d frequenc y (hig h vs .  low )  a s between-ite m fac -
tor s an d th e eigh t  value s o f  S O A a s a  within-ite m facto r 
Thi s analysi s reveale d a  stron g effec t  o f  associativ e prim -
ing ,  wit h a  R T differenc e o f  0.25 0 betwee n unrelate d versu s 
relate d prime s (F i  i24=271.0 ,  p< .001 ) .  T h e degre e o f  prim -
in g w a s affecte d strongl y b y S O A ,  wit h greate r  primin g a t 
longe r  S O A s (F7,868 = 154.8 ,  p< .001 ) .  I t  w a s als o influence d 
b y th e frequenc y o f  th e target ,  wit h low-frequenc y target s 
showin g greate r  primin g (mea n 0.324 )  tha n high-frequenc y 
target s (mea n 0.176 ;  F i i  24=23.88 ,  p < . 0 0 1 ) ,  a s foun d i n e m -
pirica l  studie s (se e Neely ,  1991) .  Furthermore ,  frequenc y 
interacte d reliabl y wit h S O A suc h tha t  th e differenc e i n prim -
in g betwee n low -  an d high-frequenc y target s increase d wit h 
longe r  S O A s (F ? 868=13.61 ,  p< .001 ) .  B y contrast ,  ther e w a s 
n o ma i n effec t  o f  targe t  categor y dominanc e ( F < 1 ) ,  no r  di d 
thi s facto r  interac t  wit h frequenc y o r  S O A .  Accordingly ,  th e 
dat a wer e collapse d acros s targe t  categor y dominance .  Fig -
ur e 2  present s th e m e a n associativ e primin g foun d acros s S O A 
fo r  low -  an d high-frequenc y targets . 

Associativ e primin g occiu" s i n th e networ k because ,  durin g 
training ,  i t  w a s pressure d t o lear n t o m a k e a  rapi d transi -
tio n fro m th e meanin g o f  th e prim e t o th e meanin g o f  it s 
associate d wo r d m u c h m o r e frequentl y tha n transition s t o th e 
meaning s o f  othe r  words .  High-frequenc y target s benefi t  les s 
fro m thi s extr a suppor t  becaus e semanti c unit s ar e alread y be -
in g drive n m o r e strongl y tha n fo r  low-frequenc y words ;  du e 

t o th e asymptoti c behavio r  o f  th e logisti c activatio n function , 
an y additiona l  inpu t  t o a  uni t  yield s diminishin g change s i n 
it s  activatio n a s i t  approache s th e extreme s o f  0. 0 o r  1.0 . 

A n equivalen t  analysi s wit h th e associate d prime s an d tar -
get s reverse d reveale d n o significan t  backwar d associativ e 
primin g no r  an y interaction s ( F < 1 fo r  al l  comparisons) . 

Semantic Priming. A similar analysis was performed on the 
difference s i n R T s fo r  unrelate d prime s versu s semanticall y 
relate d prime s (e.g. ,  b r e a d - c a k e ) .  T h e patter n o f  result s i s 
quit e differen t  fro m tha t  fo r  associativ e priming .  Semanti c 
primin g i s m u c h weake r  (mea n 0.044 ;  F i  ,24=29.96 ,  p<.001) , 
an d i t  interact s wit h targe t  categor y dominanc e (means :  hig h 
0.062 ,  lo w 0.027 ;  Fi,i24=4.67 ,  p=.033 )  rathe r  tha n frequenc y 
( F < 1 ) .  Furthermore ,  th e chang e i n semanti c primin g ove r 
S OA (F7,868=22.82 ,  p< .001 )  i s ver y differen t  tha n fo r  as -
sociativ e primin g (se e Figur e 3  an d compar e wit h Figur e 2 , 
notin g th e scal e difference) .  I n particular ,  semanti c primin g 
peak s a t  ver y shor t  S O A s the n graduall y decline s a s th e prim e 
i s processe d m o r e fully .  A t  intermediat e S O A values ,  suc h 
primin g m a y eve n b e to o w e a k t o detec t  experimentall y (a s i n 
th e Shelto n &  Martin ,  1992 ,  study) . 

W hy doe s semanti c primin g behav e s o differentl y com -
pare d wit h associativ e priming ? Earl y o n i n processin g a 
semanticall y relate d prime ,  unit s m o v e toward s a  patter n tha t 
i s  simila r  t o th e patter n fo r  th e target ,  an d thi s benefit s subse -
quen t  processin g o f  th e targe t  a s lon g a s unit s ar e stil l  withi n 
th e linea r  rang e o f  th e logisti c activatio n function .  However , 
wit h additiona l  processing ,  unit s ar e drive n t o m o r e extrem e 
values ,  includin g thos e tha t  diffe r  betwee n th e prim e an d tar -
get  patterns .  I n orde r  t o identif y th e targe t  accurately ,  al l  o f 
thes e difference s mus t  b e cortected .  T h e tim e i t  take s fo r 
processin g o f  th e targe t  t o accomplis h thi s i s influence d b y 
th e n u m b e r  o f  unit s th e prim e an d targe t  hav e i n c o m m o n (a s 
indicate d b y th e effec t  o f  categor y dominance ,  matchin g th e 
empirica l  findings),  bu t  thi s influenc e i s relativel y weak .  A s 
th e prim e i s processe d m o r e fully ,  th e tim e i t  take s t o chang e 
th e state s o f  incortec t  unit s i s relativel y independen t  o f  th e 
n u m b er  o f  other ,  cortec t  units ,  s o tha t  semanticall y relate d 
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Effec t  o f  Targe t  Degradatio n o n Associativ e Primin g 
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Figur e 4 :  Effec t  o f  th e degre e o f  degradatio n o f  th e targe t 
ciativ e prunin g fo r  low -  an d high-frequenc y targets . 
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Figure 5: Effect of output change tolerance on the magnitude of 
associativ e primin g acros s a n intervenin g unrelate d ite m fo r  low -
and high-frequenc y targets . 

prime s provid e almos t  n o advantag e ove r  unrelate d primes . 

Target Degradation. Empirical studies have found that 
primin g i s  increase d i f  target s ar e degrade d visuall y (e.g. , 
by reducin g contrast ;  se e Neely ,  1991) .  T o investigat e thi s 
effec t  i n th e model ,  th e orthographi c inpu t  pattern s fo r  target s 
wer e reduce d i n visua l  contras t  b y scalin g th e inpu t  value s 
toward s th e neutra l  valu e o f  0. 2 b y varyin g amount s (0.05 , 
0.10 ,  0.15 ,  an d 0.2) .  Fo r  example ,  fo r  a  norma l  inpu t  o f  1. 0 
and a  degradatio n o f  0.05 ,  th e presente d inpu t  valu e woul d b e 
1.0-0.05(1.0-0.2 )  =  0.96 .  Reactio n time s t o degrade d tar -
get s wer e measure d whe n precede d b y eac h wor d a s a  prim e 
wit h a n S O A o f  2.0 .  Th e difference s betwee n R T s fo r  tar -
get s precede d b y thei r  associativel y relate d prim e an d thei r 
mean R T s w h e n precede d b y unrelate d prime s wer e entere d 
int o a n 2x 4 A N O V A ove r  items ,  wit h targe t  frequenc y a s a 
between-ite m facto r  an d targe t  degradatio n a s a  within-ite m 
factor .  Primin g wa s influence d reliabl y b y wor d frequenc y 
(means :  lo w 0.242 ,  hig h 0.489 ;  Fi,i26=20.41,p<.001) ,  repli -
catin g th e effec t  foun d wit h non-degrade d targets .  M o r e im -
portantly ,  ther e wa s greate r  primin g fo r  m o r e highl y degrade d 
target s (F3,378=6.683 ,  p<.001 ;  se e Figur e 4 ) .  T h e interactio n 
of  frequenc y an d degradatio n wa s no t  reliabl e (F 3 378=1.519 , 
p=.209) .  Thus ,  th e networ k replicate s th e empirica l  finding 
tha t  targe t  degradatio n increase s associativ e priming . 

Priming Across Intervening Unrelated Items. The final 
experimen t  teste d th e condition s unde r  whic h associativ e 
primin g spanne d a n intervenin g unrelate d ite m (e.g. ,  breai> -
DOG-BUTTER).  Suc h primin g i s  observe d empiricall y w h e n 
item s ar e processe d relativel y briefly .  Fo r  example ,  Joorden s 
and Besner' s (1992 )  subject s name d eac h stimulu s ite m unde r 
a ver y shor t  (30 0 msec )  inter-tria l  interval ,  producin g namin g 
latencie s abou t  15 0 mse c faste r  tha n i n typica l  namin g stud -
ies .  Thes e testin g condition s ca n b e approximate d wit h th e 
model  b y havin g i t  proces s th e prime ,  th e intervenin g item , 
and th e targe t  usin g a  less-stringen t  criterio n fo r  th e degre e 
t o whic h th e outpu t  mus t  settl e befor e th e networ k responds . 
Accordingly ,  th e magnitud e o f  associativ e primin g acros s a n 
unrelate d ite m wa s investigate d acros s increasin g value s o f  th e 

outpu t  chang e tolerance :  0.00 1 (th e origina l  value) ,  0.0015 , 
0.002,0.003 ,  an d 0.004 .  T o ge t  a  goo d estimat e o f  th e asso -
ciativel y relate d R T means ,  eac h associatio n w a s teste d wit h 
ever y othe r  wor d i n th e corpu s tha t  w a s unrelate d associa -
tivel y an d semanticall y t o bot h th e prim e an d targe t  a s th e 
intermediat e item .  T h e R T mean s fo r  unrelate d prime s wer e 
base d o n presentin g ever y unrelate d w o r d a s pr im e five  times , 
eac h wit h a  differen t  randoml y selecte d unrelate d wor d a s th e 
intervenin g item .  Response s i n whic h th e stat e o f  an y seman -
ti c uni t  w a s no t  o n th e correc t  sid e o f  0. 5 (n o m o r e tha n 1.3 % 
of  trial s i n an y condition )  wer e considere d error s an d wer e 
exclude d fi-om  th e calculatio n o f  th e means .  T h e difference s 
i n R T mean s betwee n relate d an d unrelate d prime-targe t  pair s 
wer e the n subjec t  t o a  2x 5 A N O V A ove r  items ,  wit h targe t  fre -
quenc y a s a  between-ite m facto r  an d outpu t  chang e toleranc e 
as a  within-ite m factor .  Figur e 5  show s th e degre e o f  primin g 
acros s a n unrelate d ite m fo r  high -  an d low-frequenc y targets . 
Ther e i s a  smal l  bu t  reliabl e overal l  primin g effec t  (mea n 
0.012 ,  Fi,124=33.5 ,  p< .001 )  whic h i s influence d bot h b y fre-
quenc y (F i  124=7.91 ,  p=.006 )  an d b y outpu t  chang e toleranc e 
(F4,496=7.77 ,  p< .001) ,  an d thes e factor s interac t  (F4,496=2.61 , 
p=.035) .  Thus ,  th e networ k exhibit s significan t  associativ e 
primin g acros s a n intervenin g unrelate d item ,  particularl y un -
der  condition s whic h encourag e fas t  respondin g (a s foun d b y 
Joorden s &  Besner ,  1992) . 

Conclusions 

The current paper presents a distributed attractor network 
traine d wit h recurren t  back-propagatio n o n a n abstrac t  ver -
sio n o f  th e tas k o f  derivin g th e meaning s o f  writte n words .  I n 
th e task ,  semanticall y relate d word s ar e define d t o overla p i n 
thei r  semanti c features ,  wherea s associativel y relate d word s 
ar e define d t o follo w eac h othe r  ofte n durin g trainin g (als o 
see Mos s e t  al. ,  1994) .  Th e networ k exhibit s tw o empiri -
cal  effect s tha t  hav e pose d problem s fo r  distribute d networ k 
theories :  muc h stronge r  associativ e primin g tha n semanti c 
primin g (Shelto n &  Martin ,  1992) ,  an d significan t  associa -
tiv e primin g acros s a n intervenin g unrelate d ite m (Joorden s & 
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Besner .  1992) .  I t  als o reproduce s th e empirica l  findings  o f 
greate r  primin g fo r  low-frequenc y targets ,  degrade d targets , 
and high-dominanc e categor y exemplar s (se e Neely ,  1991) . 
O ne phenomeno n i t  fail s  t o reproduce ,  however ,  i s mediate d 
primin g (e.g. ,  UON-STRIPES,  vi a tiger) .  Thus ,  o n th e cur -
ren t  approach ,  mediate d primin g mus t  b e attribute d t o wea k 
direc t  associativ e o r  semanti c primin g (McKoo n &  Ratcliff , 
1992) .  Nonetheless ,  th e curren t  simulatio n demonstrate s tha t 
distribute d networ k theorie s o f  semanti c memor y ca n accoun t 
fo r  a  wid e rang e o f  empirica l  findings  o n semanti c an d asso -
ciativ e priming . 

Acknowledgments 

I  than k Marlen e Behrman n fo r  helpfu l  comment s o n thi s paper .  Fi -
nancia l  suppor t  fo r  thi s researc h i s provide d b y th e Nationa l  Institut e 
of  Menta l  Healt h (Gran t  MH47566 )  an d th e McDonnell-Pe w Pro -
gra m i n Cognitiv e Neuroscienc e (Gran t  T89-01245-016) . 

References 

Anderson ,  J .  R .  (1983) .  Th e architectur e o f  cognition .  Cambridge , 
M A:  Harvar d Press . 

Balota ,  D .  A. ,  &  Chumbley ,  J .  I .  (1984) .  Ar e lexica l  decision s a  goo d 
measur e o f  lexica l  access ? Th e rol e o f  wor d frequenc y i n th e 
neglecte d decisio n stage .  Journa l  o f  Experimenta l  Psychology : 
Human Perceptio n an d Performance ,  10 ,  340-357 . 

ChdM\\n,Y .  (\9%%) .  Symbolacquisitioni n human s an d neural(PDP ) 
networks .  Ph D thesis .  Universit y  o f  California ,  Sa n Diego . 

Collins ,  A .  M. ,  &  Loftus ,  E .  F .  (1975) .  A  spreading-activatio n theor y 
of  semanti c processing .  Psychologica l  Review ,  82,407-428 . 

Dosher ,  B .  A. ,  &  Rosedale ,  G .  (1989) .  Integrate d retrieva l  cue s a s 
a mechanis m fo r  prunin g i n retrieva l  from  memory .  Journa l  o f 
Experimenta l  Psychology :  General,! ,  191-211 . 

Fischler ,  I .  (1977) .  Semanti c facilitatio n withou t  associatio n i n a 
lexica l  decisio n task .  Memor y an d Cognition ,  5 ,  335-339 . 

Forster ,  K .  I. ,  &  Chambers ,  S .  (1973) .  Lexica l  acces s an d namin g 
time .  Journa l  o f  Verba l  Learnin g an d Verba l  Behaviour ,  12 , 
627-635 . 

Gillund ,  G. ,  &  Shiffrin ,  R .  M .  (1984) .  A  retrieva l  mode l  fo r  bot h 
recognitio n an d recal .  Psychologica l  Review ,  91 ,  1-67 . 

Glosser ,  G. ,  &  Friedman ,  R .  B .  (1991) .  Lexica l  bu t  no t  semanti c 
primin g i n Alzheimer' s disease .  Psycholog y an d Aging ,  6(4) , 
522-527 . 

Hinton ,  G .  E .  (1989) .  Connectionis t  learnin g procedures .  Artificia l 
Intelligence ,  40 ,  185-234 . 

Hintzman ,  D .  L .  (1986) .  "Schem a abstraction "  i n a  multiple-trac e 
memory model .  Psychologica l  Review ,  93,411-428 . 

Hopfield ,  J .  J .  (1982) .  Neura l  network s an d physica l  system s wit h 
emergen t  collectiv e computationa l  abilities .  Proceeding s o f  th e 
Nationa l  Academ y o f  Science ,  USA,  79 ,  2554-2558 . 

Joordens ,  S. ,  &  Besner ,  D .  (1992) .  Primin g effect s tha t  spa n a n 
intervenin g unrelate d word :  Implication s fo r  model s o f  memor y 
representatio n an d retrieval .  Journalo f  Experimenta l  Psychology : 
Learning ,  Memory ,  an d Cognition ,  180) ,  483—491 . 

Kawamoto,  A .  (1988) .  Distribute d representation s o f  ambiguou s 
word s an d thei r  resolutio n i n a  connectionis t  network .  I n S .  L . 
Small ,  G .  W.  Cottrell ,  &  M .  K .  Tanenhau s (Eds.) ,  Lexica l  ambi -
guit y resolution :  Perspective s fro m psycholinguistics ,  neuropsy -
chology ,  an d artificia l  intelligence .  Sa n Mateo ,  C  A :  Morga n Kauf -
mann. 

Lorch ,  R .  F .  (1982) .  Primin g an d searc h processe s i n semanti c 
memory:  A  tes t  o f  thre e model s o f  spreadin g activation .  Journa l 
of  Verba l  Learnin g an d Verba l  Behaviour ,  21 ,  468-492 . 

Masson,  M .  E .  J .  (1991) .  A  distribute d memor y mode l  o f  contex t 
effect s i n wor d identfication .  I n D .  Besner ,  &  G .  W.  Humphrey s 
(Eds.) ,  Basi c processe s i n readin g (pp .  233-263) .  Hillsdale ,  NJ : 
Lawrenc e Erlbau m Associates . 

Masson,  M .  E .  J .  (1995) .  A  distribute d memor y mode l  o f  semanti c 
priming .  Journa l  o f  Experimenta l  Psychology :  Learning ,  Mem-
ory ,  an d Cognition ,  27(1) ,  3-23 . 

McKoon,  G. ,  &  Ratcliff ,  R .  (1992) .  Spreadin g activatio n versu s 
compound cu e account s o f  pnming :  Mediate d primin g revisited . 
Journa l  o f  Experimenta l  Psychology :  Learning ,  Memory ,  an d 
Cognition ,  18(6) ,  1155-1172 . 

McNamara,  T .  P.  (1992a) .  Primin g an d constraint s i t  place s o n 
theorie s o f  memor y an d retrieval .  Psychologica l  Review ,  99(4) , 
650-662 . 

McNamara,  T .  P.  (1992b) .  Theorie s o f  pnmin g I :  Associativ e distanc e 
and \ag .  Journalo f  Experimenta l  Psychology :  Learning,Memory , 
and Cognition ,  18(6) ,  1173-1190 . 

McNamara,  T .  P.  (1994) .  Theorie s o f  primin g EI :  Type s o f  primes . 
Journa l  o f  Experimenta l  Psychology :  Learning ,  Memory ,  an d 
Cognition ,  20(3) ,  507-520 . 

McRae,  K. ,  d e Sa ,  V. ,  &  Seidenberg,M .  S .  (1993) .  Modelin g propert y 
interaction s i n accessin g conceptua l  memory .  Proceeding s o f  th e 
15t h Annua l  Conferenc e o f  th e Cognitiv e Scienc e Societ y (pp . 
729-734) .  Hillsdale ,  NJ :  Lawrenc e Erlbau m Associates . 

Moss,  H .  E. ,  Hare ,  M .  L. ,  Day ,  P. ,  &  Tyler ,  L .  K .  (1994) .  A  distribute d 
memory mode l  o f  th e associativ e boos t  i n semanti c priming .  Con -
nectio n Science ,  6(4) ,  ̂ \7>-ATl . 

Moss,  H .  E. ,  &  Marslen-Wilson ,  W.  D .  (1993) .  Acces s t o wor d 
meaning s durin g spoke n languag e comprehension :  Effect s o f 
sententia l  semanti c context .  Journalo f  Experimenta l  Psychology : 
Learning ,  Menwry ,  an d Cognition ,  79(6) ,  1254-1276 . 

Murdock ,  B .  B .  (1982) .  A  theor y fo r  th e storag e an d retrieva l  o f  ite m 
and associativ e information .  Psychologica l  Review ,  89,609-626 . 

Neely ,  J .  H .  (1991) .  Semanti c primin g effect s i n visua l  wor d recog -
nition :  A  selectiv e revie w o f  curren t  findings  an d theories .  I n D . 
Besner ,  &  G .  W.  Humphrey s (Eds.) ,  Basi c processe s i n readin g 
(pp .  264-336) .  Hillsdale ,  NJ :  Lawrenc e Erlbau m Associates . 

Pearlmutter ,  B .  A .  (1989) .  Learnin g stat e spac e trajectorie s i n recur -
ren t  neura l  networks .  Neura l  Computation ,  7(2) ,  263-269 . 

Postman ,  L. ,  &  Keppel ,  G .  (1970) .  Norm s o f  wor d associations . 
New York :  Academi c Press . 

Ratcliff ,  R. ,  &  McKoon ,  G .  (1981) .  Doe s activatio n reaU y spread ? 
Psychologica l  Review ,  88,454-462 . 

Ratcliff ,  R. ,  &  McKoon ,  G .  (1988) .  A  retrieva l  theor y o f  primin g i n 
memory.  Psychologica l  Review ,  88 ,  385-408 . 

Ratcliff ,  R. ,  &  McKoon ,  G .  (1994) .  Retrievin g informatio n from 
memory:  Spreading-activation-theorie s versu s compound-cue -
theories .  Psychologica l  Review ,  101,177-184 . 

Ratcliff ,  R. ,  &  Murdock ,  B .  B .  (1976) .  Retrieva l  processe s i n recog -
nitio n memory .  Psychologica l  Review ,  83 ,  190-214 . 

Seidenberg ,  M .  S. ,  Waters ,  G .  S. ,  Sanders ,  M. ,  &  Langer ,  P.  (1984) . 
Pre -  an d postlexica l  loc i  o f  contextua l  effect s o n wor d recognition . 
Memory an d Cognition ,  12 ,  315-328 . 

Sharkey ,  A .  J. ,  &  Sharkey ,  N .  E .  (1992) .  Weak contextua l  constraint s 
i n tex t  an d wor d priming .  Journa l  o f  Memor y an d Language , 
57(4) ,  543-572 . 

Shelton ,  J .  R. ,  &  Martin ,  R .  C .  (1992) .  Ho w semanti c i s automati c se -
manti c priming ? Journalo f  Experimenta l  Psychology :  Learning , 
Memory,  an d Cognition ,  18{6) ,  1191-1210 . 

Smith ,  E .  E. ,  &  Medin ,  D .  L .  (1981) .  Categorie s an d concepts . 
Cambridge ,  M A :  Harvar d Universit y Press . 

42 


	Cogsci_1995_37-42



