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S e n s o r y D i s c r i m i n a t i o n i n a  S h o r t - T e r m T r a c e M e m o r y 

J. Devin McAuley and Sven E. Anderson and Robert F. Port * 
Departmen t  o f  Compute r  Scienc e 

Departmen t  o f  Linguistic s 
Indian a Universit y 

Bloomington ,  Indian a 4740 5 
mcaule y Oca .  indiana.ed u 

A b s t r a c t 

We propose a fully recurrent neural network 
t o mode l  low-leve l  auditor y m e m o r y i n a  tas k 
t o discriminat e intensitie s o f  sequentiall y  pre -
sente d tone s acros s a  rang e o f  varyin g inter -
stimulu s intervals .  I n thi s model ,  memor y 
represent s a  sensory-trac e o f  th e stimulu s an d 
take s th e for m o f  slo w relaxatio n o f  a  num -
ber  o f  unit s t o a  globall y attractiv e equilibriu m 
valu e nea r  sero .  Th e same-differen t  judgmen t 
i s base d o n a  derivativ e o f  th e outpu t  o f  th e dy -
nami c memory .  Gaussia n nois e adde d t o uni t 
activation s wa s foun d t o improv e th e resilienc e 
of  store d informatio n althoug h a t  th e cos t 
of  decrease d sensitivity .  Th e mode l  exhibit s 
m a ny qualitativ e propertie s o f  h u m a n perfor -
mance o n a  roving-standar d intensit y discrim -
inatio n task . 

Introduction: Memory and 
Compar iso n 

A critica l  ste p i n th e developmen t  o f  a  mode l  o f 
auditor y processin g i s th e abilit y t o discriminat e 
inpu t  stimuli :  th e capacit y t o mak e same-differen t 
judgment s abou t  simpl e propertie s o f  a  pai r  o f  stim -
uli .  Sinc e sequentia l  presentatio n i s  unavoidabl e 
fo r  auditor y processin g models ,  som e for m o f  m e m-
or y fo r  th e first  stimulu s i s require d whil e th e sec -
on d i s  presente d an d a  compariso n made .  I f  thi s 
tas k i s  approache d fro m a n engineerin g perspec -
tive ,  th e proble m i s  easil y solve d wit h a  buffe r 
whic h store s th e first  ite m perfectl y (fo r  al l  prac -
tica l  purposes )  unti l  th e secon d ite m i s  availabl e 
(Port ,  1990) .  However ,  a s w e wil l  sho w below ,  ther e 
i s evidenc e agains t  storag e o f  th e ra w stimulus . 

Th e proces s o f  seria l  compariso n i n relatio n t o 
th e underlyin g m e m o r y mechanis m i s a n impor -
tan t  issue .  I n traditiona l  discriminatio n proce -
dures ,  wher e th e intensit y leve l  o f  th e standar d (o r 
reference )  stimulus ,  / ,  i s  hel d constan t  acros s tri -
al s an d onl y th e A /  componen t  o f  th e compariso n 
stimulus ,  ( /  +  A / ) ,  change s fro m tria l  t o trial ,  th e 
duratio n o f  th e interstimulu s interva l  i s  foun d t o 
hav e littl e o r  n o effect .  Fo r  example ,  i n a  singl e 

bloc k o f  trials ,  a  subjec t  migh t  b e aske d t o discrim -
inat e betwee n 5 0 d B an d 5 0 -|-A /  dB .  Onl y a  smal l 
increas e i n th e Webe r  rati o i s foun d whe n th e tw o 
stimul i  ar e separate d b y a s muc h a s 2 4 hour s (Pol -
lack ,  1955) .  However ,  i f  a  between-tria l  rovin g dis -
criminatio n tas k i s used ,  i t  i s  foun d tha t  increasin g 
IS I  doe s reduc e performanc e (Berline r  i c  Durlach , 

1973 )  ̂  
To explai n wh y rovin g th e leve l  o f  th e stan -

dar d betwee n trial s ha s suc h a n effect ,  Durlac h 
and Braid a p 9 6 9 )  propose d tw o mode s o f  memor y 
processin g fo r  intensit y discrimination :  sensory -
trac e codin g an d context-coding .  W h e n usin g con -
tex t  mode ,  subject s ar e believe d t o bas e discrimina -
tio n o n som e for m o f  categorica l  descriptio n o f  th e 
standar d stimulu s level .  Suc h categorica l  descrip -
tion s ar e know n t o b e ver y resistan t  t o change s i n 
ISI .  Mos t  studie s o f  same-differen t  compariso n i n 
cognitiv e scienc e ar e implicitl y  model s o f  context -
coded ,  o r  categorical ,  representations—code s tha t 
ar e well-learne d an d highl y resistan t  t o tempora l 
deca y (e.g. ,  Liberma n e t  al. ,  1967 ;  Gasse r  an d 
Smith ,  1991) .  Sinc e i n a  roving-leve l  discrimina -
tio n task ,  intensit y varie s randomly ,  subject s can -
not  lear n t o us e a  categorica l  representatio n an d 
must  instea d rel y upo n a n ephemera l  sensor y trac e 
of  th e stimulus .  Thus ,  thei r  performanc e deterio -
rate s wit h increitsin g ISI . 

Th e researc h reporte d her e i s a n attemp t  t o 
model  th e sensory-trac e processin g m o d e fo r  inten -
sit y resolution .  W e believ e tha t  suc h wor k i s a n 
essentia l  first  ste p i n th e developmen t  o f  a  biolog -
icall y plausibl e genera l  mode l  o f  auditor y patter n 
(category )  recognition .  Ou r  goa l  wa s t o construc t 
a syste m tha t  exhibit s th e genera l  propertie s o f 
human performanc e i n rovin g leve l  discriminatio n 
tasks .  Th e evidenc e fro m h u m a n subject s exper -
iment s suggest s tha t  thi s require s performin g au -
ditor y discriminatio n withou t  usin g a  specia l  com -
pariso n buffe r  (an d th e specialize d buffer-transfe r 
operation s tha t  ar e implied) .  Instead ,  ou r  syste m 
measure s inpu t  signa l  intensit y an d the n store s tha t 
valu e fo r  th e first  stimulu s whil e decayin g slowl y 

'Thi s researc h wa s supporte d b y O N R gran t 
N00014-91-J1261 . 

Î n a  rovin g discriminatio n task ,  A 7 i a fixe d an d / 
varie s betwee n trials .  Fo r  example ,  th e subjec t  migh t 
be aske d t o discriminat e betwee n 5 0 an d 5 2 o n on e tria l 
and betwee n 4 0 an d 4 2 d B o n th e nex t  trial . 
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towar d th e equilibriu m o f  th e syste m (locate d nea r 
0 intensity) .  W h e n th e secon d stimulu s arrives ,  i t 
re-excite s th e syste m t o a  valu e correspondin g t o 
th e intensit y o f  th e secon d stimulus .  A  differenti -
atio n modul e compute s a  criterio n variabl e baae d 
on informatio n availabl e jus t  afte r  th e onse t  o f  th e 
secon d stimulus . 

A Model of Memory and 
Discriminatio n 

The mode l  presente d her e fo r  intensit y discrimina -
tio n (se e Figur e 1 )  consist s o f  tw o components :  ( 1 
a mode l  o f  auditor y short-ter m memor y adapte c 
fro m a  mode l  propose d b y (Zipser ,  1991 )  fo r  corti -
cal  neuron s tha t  incorporate s rando m outpu t  fluc-
tuations ;  an d (2 )  a  decisio n mode l  tha t  generate s a 
criterio n variabl e use d t o decid e whe n tw o stimul i 
diffe r  hast d o n th e loca l  chang e i n th e outpu t  o f  th e 
memory module . 

M e m o ry M o d e l .  Th e memor y mode l  consist s o f 
2 linea r  inpu t  unit s an d 9  full y connecte d logis -
ti c  unit s representin g auditor y short-ter m memor y 
(STM) ,  a s show n i n Figur e 1 .  Th e input s hav e con -
nection s t o al l  S T M nodes .  Th e inpu t  unit s ar e a 
binar y cu e inpu t  an d a  real-value d stimulu s repre -
sentin g intensit y i n th e rang e [0,1] .  I t  i s  know n 
tha t  th e rat e o f  neura l  flring  i s a n importan t  cu e 
fo r  perceive d loudnes s (Moore ,  1989 )  an d thi s cor -
respond s t o th e activatio n leve l  o f  individua l  unit s 
i n thi s model .  On e o f  th e S T M unit s i s  th e Out -
put  uni t  fo r  th e dynami c memory—th e onl y uni t 
traine d directl y durin g th e learnin g phas e o f  th e 
simulations .  Al l  o f  th e memor y unit s hav e th e ac -
tivatio n functio n 

yi{t+l) = 4>(^Wjiyjit)+w,iX.+WciXc+ei)+Xi{t) 

3 

where ^(i) = (1 -|- e~')~^; the cue and stimulus 
input s an d weignt s ar e subscripte d wit h c  an d s ,  re -
spectively .  J C i s a  rando m variabl e drawn ,  o n eac h 
tim e ste p fo r  eac h unit ,  fro m a  Gaussia n distribu -
tio n wit h mea n an d standar d deviatio n f t  an d cr . 
The rando m variabl e X  wa s include d durin g testin g 
trial s t o simulat e rando m neura l  excitatio n o f  uni t 
activation s (Zipser ,  1991) .  I t  wa s no t  include d dur -
in g training .  I n al l  o f  th e simulation s discusse d i n 
thi s paper ,  th e biase s 6 i  wer e fixed  a t  negativ e val -
ues i n th e rang e [—1.0,-2.5] ,  a s i n (Zipser ,  1991) , 
t o avoi d spontaneou s uni t  activity .  Also ,  th e dy -
namic s o f  4>{x )  ar e onl y interestin g whe n th e biase s 
ar e negativ e (McAuley ,  1992) . 

Decision Model. The decision model imple-
ment s a  for m o f  compariso n withou t  usin g buffers . 
The mode l  consist s o f  a  se t  o f  severa l  time-delaye d 
connection s fro m th e outpu t  uni t  o f  short-ter m 
memory t o th e respons e unit .  Th e weight s o n th e 
connection s betwee n th e tw o unit s ar e pre-wire d 
and wer e no t  adjuste d durin g training .  Th e link s 
effectivel y implemen t  a  low-pas s filter  tha t  approx -
imate s th e scale d derivativ e o f  th e outpu t  unit' s 

Decisio n 
Model 

4t  3 t  I t  ( H 
Lf  U l  lo. l  0. 4 

M e m o ry 
Model 

1 ^ 

f 

^ 

© ( § ) 

Figure 1: Network architecture. The cue (C) and 
stimulu s (5 )  inpu t  unit s ar e show n below .  Eac h 
uni t  connect s t o al l  unit s i n th e recurren t  layer . 
Th e unit s o f  th e m e m o r y modul e ar e full y  intercon -
necte d an d al l  weight s ar e learned .  Th e respons e 
uni t  R  i s connecte d t o th e outpu t  uni t  O  vi a a  se t 
of  weighte d time-dela y connections .  Th e value s o f 
th e tim e delay s ar e show n o n eac h connectio n alon g 
wit h th e correspondin g weights . 

activatio n ove r  5  tim e steps .  W e anticipate d tha t 
i f  short-ter m m e m o r y i s effectiv e i n reteiinin g pas t 
inpu t  values ,  the n a  followin g stimulu s wil l  pertur b 
th e memor y mode l  t o th e exten t  i t  differ s fro m th e 
initia l  inpu t  value .  O f  course ,  perfec t  m e m o r y i s 
impede d b y th e imperfec t  initia l  encodin g o f  th e 
sensor y stimulus ,  th e interna l  nois e o f  th e trac e 
memory,  an d th e relaxatio n ("forgetting" )  o f  trac e 
memory ove r  time . 

Training the Memory Model. The training 
task ,  show n i n pane l  A  o f  Figur e 2 ,  wa s t o stor e 
i n short-ter m memor y a  cue d intensit y valu e fo r  a n 
unspecifie d duration .  Durin g a  trainin g sequence , 
th e networ k wa s presente d wit h a  cu e inpu t  o f  1. 0 
>lu s a  rando m stimulu s inpu t  fro m th e interva l 
0,1] .  Th e cu e m a y b e though t  o f  a s represent -

in g a  signa l  fro m som e othe r  par t  o f  th e nervou s 
syste m indicatin g tha t  th e valu e o f  th e simultane -
ous externa l  stimulu s shoul d b e remembered .  Th e 
networ k wa s traine d t o autoassociat e th e curren t 
stimulu s inpu t  fo r  a  rando m numbe r  o f  tim e steps . 
For  eac h tria l  th e numbe r  o f  time-step s wa s draw n 
fro m a  unifor m distributio n fro m 2  t o 12 .  Followin g 
th e initia l  stimulu s an d cu e pair ,  u p unti l  th e nex t 
stimulu s an d cu e pair ,  th e cu e uni t  wa s se t  t o 0. 0 
an d th e stimulu s uni t  varie d randoml y withi n th e 
rang e [0,1] . 

Th e networ k wa s traine d usin g th e real-tim e 
recurren t  learnin g algorith m (William s &  Zipser , 
1989 )  t o updat e weights .  Al l  forwar d weight s be -
twee n th e inpu t  an d recurren t  layer s an d al l  weight s 
withi n th e recurren t  laye r  wer e modifie d durin g 
training .  Trainin g laste d fo r  400,00 0 iteration s o r 

137 



A Trainui g 
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Stimulu s 
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I  I  I 
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: m m m 

tim e 

B.  Discriminatio n Testin g 

DIFFERENT SAME 

-  I  I  I  I 

Stimulu s 

Outpu t 

Figur e 2 :  A .  C u e ,  stimulus ,  a n d teache r  value s fo r 
a hypothetica l  trainin g sequence .  B .  Actua l  test -
in g dat a f ro m a  Differen t  followe d b y a  S a m e trial . 
T h e firs t  t w o stimul i  presente d ar c Differen t  (0. 6 
followe d b y 1.0) .  T h e nex t  t w o stimul i  ar e th e S a m e 
(0. 6 a n d 0.6) .  No t e tha t  al l  inpu t  value s deca y ove r 
t im e a n d ar e momentar i l y  affecte d b y introductio n 
of  th e cu e signal . 

Figur e 3 :  Qualitativ e d y n a m i c s o f  th e mode l .  Eac h 
plo t  show s th e activatio n o f  th e O u t p u t  nod e i n th e 
rang e [0,1 ]  fo r  5 0 t im e step s f r o m 5 0 r a n d o m initia l 
conditions .  A .  withou t  noise .  B .  wit h Gaussia n 
noise ,  f i  =  0 ,  a  =  0.01 ,  th e m a x i m u m a m o u n t  o f 
noise .  C .  wit h Gaussia n noise ,  ( m =  0.01 ,  a  =  0.0 . 
D .  wit h Gaussia n noise ,  / x =  0.0025 ,  a  =  0.00 5 

approximatel y 60,00 0 trainin g trials .  Fina l  m e a n 
square d erro r  approache d 0.0 1 o n th e networ k ex -
a m i n e d below . 

T h e trainin g tas k i s  fairl y  difficul t  t o lear n be -
caus e th e store d inpu t  i s  real-value d a n d becaus e 
th e interstimulu s interva l  varie s betwee n trials .  T h e 
networ k ha s finit e capacity ,  a n d canno t  resolv e al l 
th e possibl e real-value d input s o n th e uni t  interval . 
T h e r a n d o m l y varyin g IS I  prevent s anticipatio n o f 
th e t im e o f  occurrenc e o f  th e nex t  stimulus . 

Simulations 

M e m o r y D y n a m i c s .  Th e basi s fo r  m e m o r y i n 
thi s mode l  i s it s  ver y slo w relaxatio n t o equilib -
riu m followin g presentatio n o f  th e stimulus .  Th e 
qualitativ e dynamic s o f  th e traine d mode l  wer e ex -
plore d b y settin g th e cu e an d stimulu s unit s t o 0.0 , 
randomizin g th e initia l  activations ,  an d the n lettin g 
th e networ k ru n fo r  th e 5 0 randoml y chose n initia l 
conditions .  Graph s o f  th e result s o f  thes e test s ar e 
show n i n Figur e 3 .  Al l  graph s sho w onl y on e di -
mensio n o f  trac e memory ,  th e Outpu t  uni t  (wit h 
th e rang e [0,1] )  fo r  5 0 tim e steps .  Similaritie s wer e 
observe d betwee n hidde n uni t  activit y an d singl e 
uni t  recording s i n th e auditor y corte x o f  monkey s 
performin g a  m e m o r y task ,  a s describe d i n (Zipser , 
1991) .  Pane l  A  o f  Figur e 3  show s tha t  memor y 
deca y t o equilibriu m i s ver y slow .  Fo r  mos t  ini -

tia l  conditions ,  deca y i s approximatel y linear .  Eve n 
thoug h durin g training ,  th e networ k store d stimul i 
fo r  a t  mos t  1 2 iterations ,  fo r  som e ('hig h intensity' ) 
initia l  condition s th e networ k i s stil l  relativel y fa r 
away fro m it s asymptot e afte r  5 0 iterations . 

Th e effec t  o f  nois e wa s als o explore d b y addin g a 
Gaussia n distribute d rando m variabl e t o th e outpu t 
of  eac h uni t  o n tsic h tim e step .  Th e varianc e o f  thi s 
distributio n i s a n importan t  paramete r  i n determin -
in g th e qualitativ e dynamics .  Panel s B  an d D  o f 
Figur e 3  represen t  standar d deviation s o f  0.0 1 an d 
.005 ,  respectively .  Compar e th e activatio n level s i n 
thes e panel s a t  iteratio n 5 0 wit h pane l  A .  Increas -
in g th e nois e varianc e slow s m e m o r y decay ,  but ,  a s 
we sho w below ,  thi s result s i n degrade d resolutio n 
of  th e origina l  stimulu s intensity .  Possibl y then , 
optima l  performanc e i s a  compromis e betwee n sen -
sitivit y (improve d b y les s noise )  an d m e m o r y (im -
provet i  b y greate r  nois e variance) .  Pane l  D  woul d 
be a  candidat e fo r  suc h a  compromise .  Pane l  C 
shows tha t  th e additio n o f  a  sufficien t  amoun t  o f  0 -
varianc e nois e (equivalen t  t o th e additio n o f  a  suffi -
cientl y larg e constant )  create s a  secon d equilibriu m 
poin t  i n th e system .  Thi s suggest s tha t  th e syste m 
achieve s a  longe r  m e m o r y spa n (a s i n Pane l  B  an d 
D)  b y operatin g nea r  a  bifurcatio n point . 

Becaus e th e rat e a t  whic h th e networ k ap -
proache s equilibriu m is ,  a t  hig h an d lo w activa -
tions ,  proportiona l  t o it s overal l  leve l  o f  activity , 
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one migh t  suspec t  tha t  intensit y discriminatio n i s 
bette r  a t  lowe r  activations ,  i n accordanc e wit h W e -
ber' s La w (A// /  =  k) .  Whil e thi s i s somewha t 
tru e fo r  th e network ,  th e midrang e o f  th e outpu t 
uni t  ha s a  rathe r  linea r  decay ,  an d w e foun d tha t 
Weber' s la w doc s no t  hol d ver y wel l  throughou t  th e 
rang e o f  intensitie s encode d b y th e memor y unit s 
of  thi s model . 

M e m o ry S p a n v s Resolutio n i n Intensit y Dis -
crimination .  Networ k memor y wa s evaluate d 
usin g a  same-differen t  between-tria l  rovin g discrim -
inatio n task .  Pane l  B  o f  Figur e 2  show s tw o sampl e 
trials ,  on e Differen t  an d on e Same .  /  varie d be -
twee n 0. 1 an d 0. 9 betwee n trials ,  whil e A /  an d th e 
interstimulu s interva l  (ISI) ,  measure d i n discret e 
tim e steps ,  remaine d hxed .  Testin g block s con -
siste d o f  180 0 trials .  Block s wer e ru n fo r  al l  com -
bination s o f  A 7 i n th e se t  {0.02,0.04,0.06,0.08,0.1 } 
and IS I  i n th e se t  {3,7,9,11,15,19,29 }  o f  tim e steps . 
The model' s performanc e o n a  bloc k o f  trial s wa s 
measure d b y computin g hi t  an d fals e alar m rate s 
fo r  a  rang e o f  respons e threshold s applie d t o th e 
respons e unit ,  d '  wa s foun d t o b e roughl y constant , 
excludin g edg e effects ,  indicatin g tha t  th e respons e 
uni t  approximatel y obey s th e assumption s o f  sig -
nal  detectio n theor y (Swets ,  1961) .  Th e grap h i n 
Figur e 4  depict s th e A 7 require d t o achiev e per -
formanc e o f  d '  =  1  (implyin g 7 1 % correc t  wit h n o 
respons e bias )  a s a  functio n o f  ISI .  Fou r  differen t 
nois e condition s ar e plotte d correspondin g t o fixe d 
f i  =  0.002 5 an d a  betwee n 0  an d 0.01 .  Al l  fou r 
plot s sho w result s consisten t  wit h h u m a n perfor -
mance o n a  rovin g leve l  discriminatio n teisk ;  stim -
ulu s sensitivit y degrade s wit h increasin g ISI .  Th e 
rat e a t  whic h sensitivit y decrease s i s inversel y re -
late d t o th e amoun t  o f  nois e variance .  Fo r  larg e 
variance s (show n wit h th e fille d circle s i n Figur e 
4) ,  sensitivit y i s los t  fo r  shorte r  ISI s (wher e th e 
chang e i n intensit y a t  threshol d i s  .10 )  ye t  ther e i s 
littl e degradatio n wit h increasin g ISI .  O n th e othe r 
hand ,  wit h n o nois e (show n i n th e ope n triangles) , 
an intensit y differenc e o f  onl y .0 4 ca n b e resolve d a t 
shor t  ISI s ye t  performanc e a t  longe r  ISI s i s wors e 
tha n th e noisie r  conditions . 

I n th e contex t  o f  th e underlyin g dynamic s show n 
i n Figur e 3 ,  thes e result s ca n b e explained .  A  rela -
tivel y larg e interna l  nois e varianc e ca n slo w memor y 
deca y t o equilibriu m an d consequentl y slo w los s o f 
resolutio n ove r  time .  I n thi s model ,  ther e i s a  trade -
of f  betwee n memor y an d resolution .  Memor y i s im -
prove d a t  th e cos t  o f  resolvin g powe r  an d improve d 
resolutio n sacrifice s memor y performance .  Optima l 
discriminatio n i n a  tas k i n whic h IS I  varie s withi n 
trial s migh t  b e bes t  achieve d b y a  nois e conditio n 
whic h produce s a  weighte d balanc e betwee n m e m-
or y spa n an d resolvin g power . 

Discussion 

These simulations bear on at least two issues: the 
natur e o f  huma n memor y fo r  intensit y o f  sensor y 
stimulation ,  an d th e rol e o f  nois e i n facilitatin g th e 
memory functio n o f  a  dynami c system . 
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Figur e 4 :  A /  require d fo r  d '  o f  1  (o r  m a x i m u m per -
cen t  correc t  discriminatio n o f  7 1 % )  a s a  functio n o f 
interstimulu s interval .  Eac h lin e represent s a  con -
ditio n wit h neura l  nois e added ,  havin g a  mea n o f 
(/ i  =  0.0025 )  an d standar d deviatio n a s specifie d i n 
th e legend .  Th e fille d circle s hav e th e mos t  nois e 
varianc e an d th e ope n triangl e ha s th e leas t  vari -
anc e 

C o m p a r i s o n wit h H u m a n Sensor y M e m o r y . 
We hav e attempte d t o mode l  certai n propertie s 
of  h u m a n performanc e o n auditor y discriminatio n 
tasks .  Althoug h w e onl y modelle d performanc e fo r 
a singl e tone ,  ou r  mode l  ca n easil y b e extende d 
by creatin g a  ban k o f  identica l  modules ,  cover -
in g th e entir e auditor y spectrum .  Th e result s o f 
thes e simulation s exhibi t  som e critica l  propertie s o f 
human performanc e o n analogou s roving-standar d 
discriminatio n tasks .  Ou r  mode l  i s abl e t o stor e 
th e intensit y o f  a  stimulu s fo r  a  shor t  whil e an d 
exhibit s deca y wit h eu:companyin g los s o f  perfor -
mance.  Th e critica l  effec t  o f  interstimulu s interva l 
on ou r  model' s performanc e i s analogou s t o result s 
wit h h u m a n subject s foun d b y Berline r  an d Durlac h 
(1973) . 

One aspec t  o f  th e curren t  mode l  tha t  seem s in -
correc t  i s  tha t  i t  confound s deca y wit h intensity — 
input s store d longe r  evolv e i n state-spac e throug h 
representation s o f  les s intens e inputs ,  sinc e th e fixe d 
poin t  o f  th e syste m lie s nea r  0  intensity .  A  mor e 
appropriat e consequenc e o f  deca y woul d see m t o 
be greate r  uncertaint y abou t  intensity—rathe r  tha n 
weaker  perceive d intensity .  Thi s m a y b e achiev -
abl e withi n ou r  curren t  mode l  b y usin g severa l  trac e 
memory module s wit h equilibri a a t  differen t  loca -
tion s i n activatio n space .  A  stimulu s woul d deca y 
toward s lowe r  intensitie s i n som e modules ,  bu t  t o 
highe r  intensitie s i n others .  Th e mea n activity ,  o r 
populatio n code ,  o f  th e module s woul d the n repre -
sen t  th e stimulu s trace ,  wit h varianc e representin g 
th e leve l  o f  stimulu s uncertainty . 

The Role of Noise in Trace Memory. In our 
model ,  a  dynami c syste m ha s learne d t o functio n 
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near  a  bifurcatio n point—wher e a  singl e attracto r 
give s wa y t o a  pai r  o f  attractors .  Addin g a  constan t 
t o uni t  activation s act s a s a  bifurcatio n paramete r 
and create s a  secon d attractor .  O n e consequenc e 
of  thi s i s tha t  th e vecto r  fiel d o f  th e syste m state -
spac e i s relativel y w e a k — a n d th e equilibriu m nea r 
ser o i s les s attractiv e tha n i t  woul d b e farthe r  fro m 
th e bifurcatio n point .  Th e effec t  o f  addin g nois e i s 
t o 'tease *  th e m e m o r y dynamic s b y causin g vacilla -
tio n betwee n system s wit h on e an d tw o attractors . 
Thu s relaxatio n towar d equilibriu m i s slowe d an d 
th e syste m behave s a s thoug h th e vecto r  fiel d wer e 
flatter .  O f  course ,  th e nois e als o increase s uncer -
taint y i n th e resolutio n o f  stimulu s intensity . 

As suggeste d fo r  th e intensit y deca y problem ,  th e 
undesirabl e effect s o f  nois e migh t  b e minimiie d b y 
replicatio n o f  th e m e m o r y module ,  whil e preservin g 
th e benefit s (improve d performanc e a t  lon g ISI) . 
For  example ,  i f  severa l  independen t  module s wer e 
use d t o stor e th e intensit y o f  a  singl e frequenc y 
band ,  thei r  m e a n woul d provid e a  muc h bette r  esti -
mat e o f  th e origina l  intensit y tha n a  singl e modul e 
could .  I t  i s  interestin g t o hypothesiz e tha t  th e well -
documente d nois y behavio r  o f  rea l  neura l  system s 
function s i n par t  t o improv e m e m o r y spa n i n a  wa y 
s i m i W t o tha t  o f  ou r  model ,  b y slowin g relaxatio n 
t o equilibrium . 
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