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Abstrac t 

We have developed a neural network architecture that imple-
ment s a  theor y o f  attention ,  learning ,  an d trans-cortica l  com -
municatio n base d o n adaptiv e synchronizatio n o f  5-1 5 H z an d 
30-8 0 H z oscillation s betwee n cortica l  areas .  Her e w e presen t 
a specifi c  highe r  orde r  cortica l  mode l  o f  attentiona l  networks , 
rhythmi c expectancy ,  an d th e interactio n o f  higher-orde r  an d 
primar y cortica l  level s o f  processing .  I t  account s fo r  th e "mis -
matc h negativity "  o f  th e auditor y E R P an d th e result s o f  psy -
chologica l  experiment s o f  Jone s showin g tha t  auditor y strea m 
segregatio n depend s o n th e rhythmi c structur e o f  inputs .  Th e 
timin g mechanism s o f  th e mode l  allo w u s t o explai n ho w rel -
ativ e timin g informatio n suc h a s th e relativ e orde r  o f  event s 
betwee n stream s i s los t  whe n stream s ar e formed .  Th e mode l 
suggest s ho w th e theorie s o f  auditor y perceptio n an d attentio n 
of  Jone s an d Bregma n ma y b e reconciled . I n t r o d u c t i o n 

We hav e show n h o w oscillator y associativ e memorie s m a y b e 
couple d t o recogniz e an d generat e sequentia l  behavior ,  an d 
h o w a  se t  o f  nove l  mechanism s utilizin |  thes e comple x dy -
namic s ca n b e configure d t o solv e attentiona l  an d perceptua l 
processin g problems .  Fo r  furthe r  backgroun d an d ful l  treat -
ment  wit h mathematic s an d complet e reference s se e (Bair d 
et  al. ,  1994 ;  Bair d e t  al. ,  1997) . 

Amplitud e pattern s o f  synchronize d " g a m m a band "  (3 0 t o 
80 Hz )  oscillatio n hav e bee n observe d i n th e ensembl e activ -
it y (loca l  fiel d potentials )  o f  vertebrat e olfactory ,  visual ,  audi -
tory ,  an d somatosensor y corte x an d show n t o predic t  th e pat -
ter n recognitio n response s o f  a  traine d anima l  m thes e modal -
itie s (Barri e an d Freeman ,  1996) .  Furthe r  observation s o f 
g a m ma oscillatio n i n moto r  cortex ,  an d i n th e retina ,  thala -
mus,  hippocampus ,  reticula r  formation ,  an d E M G hav e bee n 
reported .  Furthermore ,  simila r  activit y ha s no t  onl y bee n 
foun d i n primates ,  cats ,  rabbit s an d rats ,  bu t  als o insects , 
slugs ,  amphibians ,  reptiles ,  an d birds .  Thi s suggest s tha t 
g a m ma oscillatio n m a y b e a s fundamenta l  t o neura l  process -
mg a t  th e networ k leve l  a s actio n potential s ar e a t  th e cellula r 
level . 

An importan t  elemen t  o f  intra-cortica l  communicatio n i n 
th e brain ,  an d betwee n module s i n thi s architecture ,  i s  th e 
abilit y  o f  a  modul e t o detec t  an d respon d t o th e prope r  in -
put  signa l  fro m a  particula r  module ,  whe n input s fro m othe r 
module s whic h ar e irrelevan t  t o th e presen t  computatio n ar e 
contributin g crosstal k noise .  W e hav e demonstrate d tha t  se -
lectiv e contro l  o f  synchronization ,  whic h w e hypothesiz e t o 
be a  mode l  o f  "attention" ,  ca n b e use d t o solv e thi s codin g 
proble m an d contro l  progra m flow  i n a n architectur e wit h dy -
nami c attractor s (Bair d e t  al. ,  1994 ;  Bair d e t  al. ,  1997) . 

Usin g dynamica l  system s theory ,  th e architectur e i s con -
structe d fro m recurrentl y interconnecte d oscillator y associa -
tiv e memor y module s tha t  mode l  highe r  orde r  sensor y an d 
moto r  area s o f  cortex .  Th e module s lear n connectio n weight s 
betwee n themselve s whic h caus e th e syste m t o evolv e unde r 

a 5-2 0 H z clocke d sensory-moto r  processin g cycl e b y a  se -
quenc e o f  transition s o f  synchronize d 30-8 0 H z oscillator y 
attractor s withi n th e modules .  Th e architectur e employ s se -
lective"attentional "  contro l  o f  th e synchronizatio n o f  th e 30 -
80 H z g a m m a ban d oscillation s betwee n module s t o direc t 
th e flow  o f  computatio n t o recogniz e an d generat e sequences . 
The 30-8 0 H z attracto r  amplitud e pattern s cod e th e informa -
tio n conten t  o f  a  cortica l  area ,  wherea s phas e an d frequenc y 
ar e use d t o "softwire "  th e network ,  sinc e onl y th e synchro -
nize d area s communicat e b y exchangin g amplitud e informa -
tion .  Th e syste m work s lik e a  broadcas t  networ k wher e th e 
unavoidable  crosstal k t o al l  area s fro m previou s learne d con -
nection s i s overcom e b y frequenc y codin g t o allo w th e m o -
ment  t o m o m e nt  operatio n o f  attentiona l  communicatio n onl y 
betwee n selecte d task-relevan t  areas . 

Th e behavio r  o f  th e tim e trace s i n differen t  module s o f  th e 
architectur e model s th e temporar y appearanc e an d switch -
in g o f  th e synchronizatio n o f  5-2 0 an d 30-8 0 H z oscillation s 
betwee n cortica l  area s tha t  i s observe d durin g sensorimoto r 
task s i n monkey s an d humans .  Th e architectur e model s th e 
5-2 0 H z evoke d potential s see n i n th e E E G a s th e contro l 
signal s whic h determin e th e sensory-moto r  processin g cycle . 
The 5-2 0 H z clock s whic h driv e thes e contro l  signal s i n th e 
architectur e mode l  thalami c pacemaker s whic h ar e though t 
t o contro l  th e excitabilit y  o f  neocortica l  tissu e throug h simi -
la r  nonspecifi c  biasin g current s tha t  caus e th e cognitiv e an d 
sensor y evoke d potential s o f  th e E E G .  Th e 5-2 0 H z cycle s 
"quantiz e time "  an d for m th e basi s o f  derive d somato-moto r 
rhythm s wit h period s u p t o second s tha t  entrai n t o eac h othe r 
i n moto r  coordinatio n an d t o externa l  rhythm s i n speec h per -
ceptio n (Jone s an d Boltz ,  1989) . 
Attentional Streams of Synchronized 40 Hz Activity 
There is considerable evidence for the claim of the model that 
th e 30-8 0 H z g a m m a ban d activit y i n th e brai n constitute s at -
tende d activity ,  sinc e i t  appear s i n corte x whe n an d wher e 
attentio n i s required .  Fo r  example ,  i t  i s  foun d i n somatosen -
sory ,  moto r  an d premoto r  corte x o f  monkey s whe n the y mus t 
pic k a  rasi n ou t  o f  a  smal l  box ,  bu t  no t  whe n a  habitua l  leve r 
pres s deliver s th e reward .  I n huma n attentio n experiments , 
30-8 0 H z activit y goe s u p i n th e contralatera l  auditor y ar -
eas whe n subject s ar e instructe d t o pa y attentio n t o on e ea r 
and no t  th e other .  G a m ma activit y decline s i n th e dominan t 
hemispher e alon g wit h error s i n a  leamabl e targe t  an d dis -
tractor s task ,  bu t  no t  whe n th e distractor s an d targe t  var y a t 
rando m o n eac h trial .  Anesthesiologist s us e th e absenc e o f 
4 0 H z activit y a s a  reliabl e indicato r  o f  unconsciousness .  Re -
cen t  wor k ha s show n tha t  cat s wit h convergen t  an d divergen t 
strabismu s w h o fai l  o n task s wher e perceptua l  bindin g i s re -
quire d als o d o no t  exhibi t  cortica l  synchrony .  Thi s i s  evi -
denc e tha t  g a m m a synchronizatio n i s perceptuall y functiona l 
and no t  epiphenomenal . 

The architectur e illustrate s th e notio n tha t  synchronizatio n 
of  g a m ma ban d activit y no t  only"binds "  th e feature s o f  input s 
i n primar y sensor y corte x int o "objects" ,  bu t  furthe r  bind s th e 
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activit y o f  a n attende d objec t  t o oscillator y activit y i n asso -
ciationa l  an d higher-orde r  sensor y an d moto r  cortica l  area s 
t o creat e a n evolvin g attentiona l  networ k o f  intercommuni -
catin g cortica l  area s tha t  direct s behavior .  Th e bindin g o f  se -
quence s o f  attracto r  transition s betwee n module s o f  th e archi -
tectur e b y synchronizatio n o f  thei r  activit y model s th e physi -
ologica l  mechanis m fo r  th e formatio n o f  perceptua l  an d cog -
nitiv e "streams "  investigate d b y Bregma n (Bregman ,  1990) , 
Jone s (Jone s e t  al. ,  1981) ,  an d others .  I n audition ,  accord -
in g t o Bregman' s work ,  successiv e event s o f  a  soun d sourc e 
ar e boun d togethe r  int o a  distinc t  sequenc e o r  "stream "  an d 
segregate d fro m othe r  sequence s s o tha t  on e pay s attentio n t o 
onl y on e soun d sourc e a t  a  tim e (th e cocktai l  part y problem) . 
Highe r  orde r  cortica l  o r  "cognitive "  stream s ar e m evidenc e 
when subject s ar e unabl e t o recal l  th e relativ e orde r  o f  th e 
tellin g o f  event s betwee n tw o storie s tol d i n interleave d seg -
ments . 

M EG tomographi c observation s sho w larg e scal e rostra l 
t o cauda l  motor-sensor y sweep s o f  coheren t  tnalamo-cortica l 
4 0 Hz activit y accros s th e entir e brain ,  th e phas e o f  whic h 
i s rese t  b y sensor y inpu t  i n waking ,  bu t  no t  i n drea m state s 
(Llina s an d Ribary ,  1993) .  Thi s suggest s a n inne r  highe r  or -
der  "attentiona l  stream "  i s constantl y cyclin g betwee n moto r 
(rostral )  an d sensor y (caudal )  area s i n th e absenc e o f  input . 
I t  ma y b e interrupte d b y inpu t  "po p out "  fro m primar y area s 
or  i t  m a y reac h d o w n a s a  'searchlight "  t o synchroniz e wit h 
particula r  ensemble s o f  primar y activit y t o b e attended . 
Jones Theory of Dynamic Attention 
Jones (Jones and Boltz, 1989) has developed a psychologi-
cal  theor y o f  attention ,  perception ,  an d moto r  timin g base d 
on th e hypothesi s tha t  thes e processe s ar e organize d b y neu -
ra l  rhythm s i n th e rang e o f  1 0 t o . 5 H z -  th e rang e withi n 
whic h subject s perceiv e periodi c event s a s a  rhythm .  Thes e 
rhythm s provid e a  multiscal e representatio n o f  tim e an d se -
lectivel y synchroniz e wit h th e prominan t  periodicitie s o f  a n 
inpu t  t o provid e a  tempora l  expectatio n mechanis m fo r  atten -
tio n t o targe t  particula r  point s i n time . 

W h en inpu t  rhythm s ar e organize d hierarchicall y int o 
neste d level s o f  periodicity ,  thi s mechamis m allow s "futur e 
oriented "  attendin g wher e on e ca n focu s o n event s expecte d 
t o recur r  a t  th e phras e o r  measur e rat e o f  sa y 1  Hz ,  o r  "ana -
lytic "  attendin g t o shorte r  periodicitie s suc h a s th e 5  H z rat e 
of  syllabl e productio n o r  th e 1 0 H z rat e o f  phonem e emis -
sion .  Jone s note s tha t  moto r  learnin g i n developmen t  pro -
ceed s fro m attentio n t o th e shor t  tim e scal e detail s t o longe r 
period s a s th e lowe r  level s becom e automaticized .  W h e n in -
put  i s non-hierarchica l  o r  irregular ,  analyti c attendin g i s th e 
onl y possibility . 

For  example ,  som e wor k suggest s tha t  th e accente d part s o f 
speec h creat e a  rhyth m t o whic h listener s entrain .  Attentio n 
ca n the n b e focuse d o n thes e expecte d location s a s recogni -
tio n ancho r  point s fo r  inferenc e o f  les s prominan t  part s o f  th e 
speec h stream .  Thi s i s th e tempora l  analo g o f  th e bod y cen -
tere d spatia l  coordinat e fram e an d multiscd e cover t  attentio n 
w indo w syste m i n vision .  Her e th e bod y centere d tempora l 
coordinate s o f  th e interna l  tim e bas e orien t  b y entrainmen t 
t o th e externa l  rhythm ,  an d th e windo w o f  cover t  tempora l 
attentio n ca n the n selec t  a  leve l  o f  th e multiscal e tempora l 
coordinates . 

I n thi s view ,  jus t  a s tw o cortica l  area s mus t  synchroniz e 
t o communicate ,  s o mus t  tw o nervou s systems .  Wor k us -
in g fram e b y fram e fil m analysi s o f  huma n verba l  interactio n 
(Condo n an d Ogston ,  1966) ,  show s evidence  o f  "interactiona l 
synchrony "  o f  gestur e an d bod y movemen t  change s an d E E C 
of  bot h speake r  an d listene r  wit h th e onset s o f  phoneme s i n 
speec h a t  th e leve l  o f  a  1 0 H z "microrhyth m -  th e bas e 
cloc k rat e o f  ou r  models .  Norma l  infant s synchroniz e thei r 
spontaneou s bod y flailings  a t  thi s 1 0 H z leve l  t o th e mother s 
voic e accents ,  whil e autisti c an d schitzophreni c childre n fai l 

t o sho w interactiona l  synchrony .  Autistic s ar e unabl e t o ta p 
i n tim e t o a  metronome . 

Thi s implie s a  fundamenta l  organizatio n o f  neura l  process -
in g i n th e Drai n aroun d entrainmen t  t o level s o f  periodicit y i n 
th e environment .  Fo r  huma n comminicatio n i n speech ,  po -
etry ,  music ,  dance ,  an d sports ,  thi s i s plausible .  Fo r  mos t 
othe r  vertebrate s a s well ,  a n all-importan t  par t  o f  th e envi -
ronmen t  consist s o f  th e nervou s system s o f  othe r  animal s 
wit h periodi c locomotio n systems .  Th e surviva l  o f  predito r 
and pre y alik e depend s o n anticipatin g an d counterin g eac h 
other' s rhythmi c locomotio n patterns . 

Neura l  expectatio n rhythm s tha t  suppor t  Jones '  theor y hav e 
bee n foun d i n th e auditor y E E C I n experiment s wher e th e ar -
riva l  tim e o f  a  targe t  stimulu s i s regula r  enoug h t o b e learne d 
by a n experimenta l  subject ,  i t  ha s bee n show n tha t  th e 1 0 H z 
activit y i n advanc e o f  th e stimulu s become s phas e locke d t o 
tha t  expecte d arriva l  time .  Thi s fit s  ou r  mode l  o f  rhythmi c ex -
pectatio n wher e th e 1 0 H z rhyth m i s a  fas t  bas e cloc k tha t  i s 
shifte d i n phas e an d frequenc y t o produc e a  matc h i n timin g 
betwee n th e stimulu s arriva l  an d th e outpu t  o f  longe r  perio d 
cycle s derive d fro m thi s bas e clock . 

Jone s note s th e ubiquitou s evidenc e fo r  neura l  rhythm s an d 
thei r  entrainmen t  t o rhythmi c moto r  an d perceptua l  events , 
but  provide s n o detaile d physiologica l  theory .  W e see k her e 
t o provid e thi s theory .  Ou r  approac h supplie s a  rhythmi c 
expectanc y an d shor t  ter m memor y featur e presentl y absen t 
fro m th e othe r  approache s t o strea m formatio n b y 4 0 H z bind -
in g (Wan g (Wang ,  1995) ,  an d Brow n an d Cook e (Brow n an d 
Cooke ,  1996)) .  Thes e hav e problem s o f  biologica l  plausibil -
it y  wit h thei r  representatio n o f  tim e an d seauentia l  grouping . 
A stimulu s doe s no t  see m t o b e represente d b y continue d acti -
vatio n o r  reactivatio n o f  th e origina l  4 0 H z stimulu s respons e 
i n primar y auditor y cortex ,  a s suggeste d i n thes e models .  Th e 
g a m ma ban d respons e t o a  singl e auditor y inpu t  onse t  last s 
10 0 -  15 0 ms ,  whera s th e dat a o f  va n Noorde n (Bregman , 
1990 )  show s strea m segregatio n i s possibl e a t  stimulu s repe -
titio n rate s o f  u p t o on e second .  Ther e i s n o 4 0 H z activit y 
availabl e i n primar y corte x fro m th e previou s stimulu s fo r  th e 
presen t  inpu t  activit y t o synchroniz e wit h fo r  sequentia l  bind -
ing . 
Mismatch Negativity 
The "mismatc h negativity "  ( M N N )  (Naatanen ,  1992 )  o f  th e 
auditor y evoke d potentia l  appear s t o b e a n importan t  physio -
logica l  indicato r  o f  th e actio n o f  a  neura l  expectanc y syste m 
lik e tha t  propose d b y Jones .  I t  ha s bee n localize d t o area s 
withi n primar y auditor y corte x b y M E G studie s (Naatanen , 
1992 )  an d i t  appear s a s a n increase d negativit y o f  th e E R P i n 
th e regio n o f  tn e N 2 0 0 pea k wheneve r  a  psychologicall y dis -
criminabl e deviatio n o f  a  repetitiv e auditor y stimulu s occurs . 
Mismatc h i s cause d b y deviation s i n onse t  o r  offse t  time ,  ris e 
time ,  frequency ,  loudness ,  timbre ,  phoneti c structure ,  o r  spa -
tia l  locatio n o f  a  ton e i n th e sequence . 

A deviatio n i n th e directio n o f  increas e o r  decreas e o f  fre -
quenc y produce s a n expectanc y mismatch .  Ther e i s eve n a 
smal l  mismatc h signa l  t o th e expecte d even t  afte r  a  devian t 
even t  whic h indicate s tha t  som e expectanc y adjustmen t  ha s 
alread y occurred .  Th e mismatc h i s abolishe d b y blocker s o f 
th e actio n o f  N M D A channel s (Naatanen ,  1992 )  whic h ar e 
importan t  fo r  th e synapti c change s underlyin g th e kin d o f 
Hebbia n learnin g whic h i s use d i n th e model .  M E G studie s 
sho w furthe r  tha t  M N N ocurr s a t  th e locatio n i n auditor y cor -
te x wher e th e expecte d ton e i s represente d instea d o f  wher e 
th e devian t  ton e i s represented .  Thi s dat a suggest s th e fea -
ture s tha t  ar e represente d i n primar y auditor y corte x (whic h 
ar e i n fac t  consisten t  wit h thos e foun d b y cel l  recordings )  an d 
give s importan t  informatio n o n th e spee d an d accurac y o f  thi s 
expectanc y system . 

M NN i s no t  a  direc t  functio n o f  echoi c memor y becaus e 
i t  take s severa l  repetition s fo r  th e expectanc y t o begi n t o de -
velop ,  an d i t  decay s i n 2  -  4  seconds .  I t  appear s onl y fo r  repe -
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Figur e 1 :  Stimul i  o f  th e Jones-Bregma n experimen t  i n th e soli d line s sho w th e cas e wher e formatio n o f  tw o stream s occurs . 
The rhyth m o f  th e capto r  strea m (C )  i s slo w (1:3 )  compare d wit h th e rat e o f  th e targe t  tone s (A,B) -  Th e rhyth m o f  th e captor s 
can b e mad e identica l  t o th e targe t  rat e b y th e additio n o f  th e capto r  tone s show n a s dashe d lines .  The n ther e i s n o performanc e 
improvemen t  whe n th e capto r  ton e frequenc y i s change d fro m lo w (dotte d lines )  t o hig h frequency ,  an d performanc e i s wors e 
tha n th e n o distracto r  contro l  condition .  Conclusion :  n o separat e targe t  strea m i s forme d withou t  th e rhythmi c distinctio n 
titio n period s greate r  tha t  50-10 0 mse c an d les s tha n 2- 4 sec -
onds .  Thu s th e tim e scal e o f  it s operatio n i s i n th e appropriat e 
rang e fo r  Jones '  expectanc y system .  Strea m formatio n als o 
take s severa l  cycle s o f  stimulu s repetitio n t o buil d u p ove r  2 -
4 second s an d decay s awa y withi n 2- 4 second s i n th e absenc e 
of  stimulation .  Thos e auditor y stimulu s feature s whic h caus e 
streamin g ar e als o feature s whic h caus e mismatch .  Thi s sup -
)ort s th e hypothesi s i n th e mode l  tha t  thes e phenomen a ar e 
unctionall y related . 

Finally ,  M N N ca n occu r  independen t  o f  attentio n -  whil e a 
subjec t  i s readin g o r  doin g a  visua l  discriminatio n task .  Thi s 
implie s tha t  th e auditor y syste m a t  leas t  mus t  hav e it s ow n 
timin g syste m tha t  ca n generat e timin g an d expectancie s in -
dependen t  o f  othe r  behavior .  W e ca n tal k o r  d o interna l  ver -
bal  thinkin g whil e doin g othe r  tasks .  A  furthe r  componen t  o f 
thi s negativit y appear s i n prefronta l  corte x an d i s though t  b y 
Nataane n t o mitiat e attentiona l  switchin g towar d th e devian t 
even t  causin g perceptua l  "po p out "  (Naatanen ,  1992) . 
Jones - Bregman Experiment 
Strea m formatio n i s know n t o affec t  rhyth m perception .  Th e 
gallopin g rhyth m o f  hig h H  an d lo w L  tone s -  H L H - H L h 
H L H,  fo r  exampl e become s tw o separat e isochronou s rhyth -
mi c stream s o f  H -H-H- H an d L — L — L —L whe n th e H  an d L 
tone s ar e sprea d fa r  enoug h apar t  (Bregman ,  1990) .  Jagacin -
sk i  ha s furthe r  show n tha t  polyrhythm s ar e easie r  t o lear n 
when th e tw o rhythmi c component s t o b e fuse d ar e par t  o f 
th e sam e stream .  Evidenc e fo r  th e effec t  o f  inpu t  rhythm s o n 
strea m formation ,  however ,  i s mor e sparse ,  an d w e focu s her e 
on th e simulatio n o f  a  particula r  se t  o f  experiment s b y Jone s 
(Jone s e t  al. ,  1981 )  an d Bregma n (Bregman ,  1990 )  wher e thi s 
effec t  ha s bee n demonstrated . 

Jone s (Jone s e t  al. ,  1981 )  replicate d an d altere d a  clas -
si c streamin g experimen t  o f  Bregma n an d Rudnick y (Breg -
man,  1990) ,  an d foun d tha t  thei r  resul t  depende d o n a  spe -
cifi c  choic e o f  th e rhyth m o f  presentation .  Th e experimen t 
require d huma n subject s t o determin e o f  th e orde r  o f  presen -
tatio n o f  a  pai r  o f  hig h targe t  tone s A B o r  B A o f  slightl y dif -
feren t  frequencies .  Als o presente d befor e an d afte r  th e targe t 
tone s wer e a  serie s o f  identica l  muc h lowe r  frequenc y tone s 
calle d th e captur e tone s C C C an d tw o identica l  tone s o f  inter -
mediat e frequenc y befor e an d afte r  th e targe t  tone s calle d th e 
flanking  tone s F  -  C C C F A B F C CC (se e figure  1) .  Bregma n 
and Rudnick y foun d tha t  targe t  orde r  determinatio n perfor -

mance wa s bes t  whe n th e captur e tone s wer e nea r  t o th e flank-
in g tone s i n frequency ,  an d deteriorate d a s th e capto r  tone s 
wer e move d away .  Thei r  explanatio n wa s tha t  th e flanking 
tone s wer e capture d b y th e backgroun d captur e ton e strea m 
when clos e i n frequency ,  leavin g th e targe t  tone s t o stan d ou t 
by themselve s i n tn e attende d stream .  W h e n th e capto r  tone s 
wer e absen t  o r  fa r  awa y i n frequency ,  th e flanking  tone s wer e 
include d i n th e attende d strea m an d obscure d th e targe t  tones . 

Jone s note d tha t  th e flanking  tone s an d th e captur e strea m 
wer e presente d a t  a  stimulu s onse t  rat e o f  on e pe r  24 0 m s an d 
th e target s appeare d a t  8 0 m s intervals .  I n he r  experiments , 
when th e capto r  an d flanking  tone s wer e give n a  rhyth m i n 
c o m m on wit h th e targets ,  n o effec t  o f  th e distanc e o f  capto r 
and flanking  tone s appeared .  Thi s suggeste d tha t  rhythmi c 
distinctio n o f  target s an d distractor s wa s necessar y i n addi -
tio n t o th e frequenc y distinctio n t o allo w selectiv e attentio n t o 
segregat e ou t  th e targe t  stream .  Becaus e performanc e i n th e 
singl e rhyth m cas e wa s wors e tha n tha t  fo r  th e contro l  condi -
tio n withou t  captors ,  i t  appeare d tha t  n o strea m segregatio n o f 
target s an d captor s an d flanking  tone s wa s occurrin g unti l  th e 
rhythmi c differenc e wa s added .  Fro m thi s evidenc e w e mak e 
th e assumptio n i n th e mode l  tha t  th e distanc e o f  a  stimulu s 
i n tim e fro m a  rhythmi c expectanc y act s lik e th e distanc e be -
twee n stimul i  i n pitch ,  loudness ,  timbre ,  o r  spatia l  locatio n a s 
facto r  fo r  th e formatio n o f  separat e streams . 
Rhythmic Expectation in the Model 
To implemen t  Jones' s theor y i n th e mode l  an d accoun t  fo r  he r 
data ,  subset s o f  th e oscillator y module s ar e dedicate d t o for m 
a rhythmi c tempora l  coordinat e fram e o r  tim e bas e b y divid -
in g dow n a  thalami c 1 0 H z bas e cloc k rat e i n step s fro m 1 0 t o 
. 5 Hz .  Eac h derive d cloc k i s create d b y a n associativ e m e m-
or y modul e tha t  ha s bee n specialize d t o ac t  stereotypicall y a s 
a counte r  o r  shif t  registe r  b y repeatedl y cyclin g throug h al l 
it s attractor s a t  th e rat e o f  on e fo r  eac h tim e ste p o f  it s clock . 
It s overal l  cycl e tim e i s therefor e determine d b y th e numbe r 
of  attractors .  Eac h cycl e i s guarantee d t o b e identical ,  a s re -
quire d fo r  clocklik e function ,  becaus e i t  ha s stron g attractor s 
tha t  correc t  th e perturbin g effec t  o f  noise .  Onl y on e ste p o f 
th e cycl e ca n sen d outpu t  bac k t o primar y corte x th e on e 
wit h th e larges t  weigh t  fro m receivin g th e mos t  matc h t o in -
comin g stimuli .  Eac h cloc k derive d i n thi s manne r  fro m a 
thalami c bas e cloc k wil l  therefor e phas e rese t  itsel f  t o ge t  th e 
bes t  matc h t o incomin g rhythms . 
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Th e matc h ca n b e furthe r  refine d b y frequenc y an d phas e 
adjustmen t  o f  th e bas e cloc k itself ,  a s i s show n i n th e wor k 
of  Larg e (Larg e an d Kolen ,  1994) ,  an d McCaule y (McAuley , 
1994) ,  w h o hav e configure d suc h oscillator s t o trac k th e vary -
in g temp o o f  a  pian o improvisation ,  an d modelle d psycho -
logica l  dat a o n temp o discrimination .  Thre e suc h counter s 
ar e sufficien t  t o mode l  th e rfwthm s i n Jones '  experimen t  a s 
show n i n th e architectur e o f  figur e 2 .  Th e thre e counter s di -
vid e th e 12. 5 H z cloc k d o w n t o 6.2 5 an d 4.1 6 Hz .  Th e first 
contain s on e attracto r  a t  th e bas e cloc k rat e whic h ha s adapte d 
t o entrai n t o th e 8 0 mse c perio d o f  targe t  stimulatio n (12. 5 
Hz ) .  Th e secon d cycle s a t  12.5/ 2 =  6.2 5 Hz ,  alternatin g be -
twee n tw o attractors ,  an d th e thir d step s throug h thre e attrac -
tors ,  t o cycl e a t  12.5/ 3 =  4.1 6 H z ,  whic h i s th e slo w rhyth m 
of  th e capto r  tones . 

Th e module s o f  th e tim e bas e sen d thei r  interna l  30-8 0 
Hz activit y t o primar y auditor y corte x i n 100mse c burst s a t 
thes e differen t  rhythini c rate s throug h fas t  adaptin g connec -
tion s (whic h woul d us e N M D A channel s i n th e brain )  tha t 
continuall y attemp t  t o matc h incomin g stimulu s pattern s us -
in g a n incrementa l  Hebbia n learnin g rule .  Th e weight s deca y 
t o zer o ove r  2- 4 se c t o simulat e th e dat a o n th e ris e an d fal l  o f 
th e mismatc h negativity .  Thes e weight s effectivel y comput e a 
lo w frequenc y discret e Fourie r  transfor m ove r  a  slidin g win -
d o w o f  severa l  seconds ,  an d th e basi c periodi c structur e o f 
rhythmi c pattern s i s quickl y matched .  Thi s serve s t o estab -
lis h a  quantize d tempora l  gri d o f  expectation s agains t  whic h 
expressiv e timin g deviation s i n speec h an d musi c ca n b e ex -
perienced . 

Followin g Jone s (Jone s an d Boltz ,  1989) ,  w e hypothesiz e 
tha t  thi s happen s automaticall y a s a  constan t  adaptatio n t o 
environmenta l  rhythms ,  a s suggeste d b y th e mismatc h nega -
tivity .  Retaine d i n thes e weight s o f  th e timebas e i s a  specia l 
kin d o f  shor t  ter m m e m o r y o f  th e activit y whic h include s tem -
pora l  informatio n sinc e th e timebas e wil l  partiall y  regenerat e 
th e previou s activit y i n primar y corte x a t  th e expecte d recur -
renc e time .  Thi s top-dow n inpu t  cause s enchance d sensitivit y 
i n targe t  unit s b y increasin g thei r  gain .  Thos e pattern s whic h 
meet  thes e establishe d rhythmi c expectanc y signal s i n tim e 
ar e thereb y booste d i n amplitud e an d pulle d int o synchron y 
wit h th e 30-8 0 H z attentiona l  searchligh t  strea m t o becom e 
par t  o f  th e attentiona l  networ k sendin g inpu t  t o highe r  areas . 
I n accordanc e wit h Jones '  theory ,  voluntar y top-dow n atten -
tio n ca n prob e inpu t  a t  differen t  hierarchica l  level s o f  peri -
odicit y b y selectivel y synchronizin g a  particula r  cortica l  col -
u mn i n th e tim e bas e se t  t o th e 4 0 H z frequenc y o f  th e inne r 
attentio n stream .  The n th e searchligh t  int o primar y corte x i s 
synchronizin g an d readin g i n activit y occurin g a t  th e peak s o f 
tha t  particula r  tim e bas e rhythm . 
Cochlear and Primary Cortex Model 
At  present ,  w e hav e modele d onl y th e minima l  aspect s o f  pri -
mar y auditor y corte x sufficien t  t o qualitativel y simulat e th e 
Jones-Bregma n experiment ,  bu t  th e principle s a t  wor k allo w 
expansio n t o large r  scal e model s wit h mor e stimulu s features . 
We simulat e fou r  site s i n auditor y corte x correspondin g t o th e 
fou r  frequencie s o f  stimul i  use d i n th e experiment ,  a s show n 
i n figure  2 .  Ther e ar e tw o clos e hig h frequenc y targe t  tones , 
on e hig h flanking frequency  locatio n (whic h include s th e cap -
to r  tone s i n on e varian t  o f  th e experimen t  show n i n figure  1) , 
and th e lo w frequenc y locatio n o f  th e capto r  stream . 

Thes e cortica l  location s ar e modele d a s oscillator s wit h th e 
same equation s use d fo r  associativ e memor y module s (Bair d 
et  al. ,  1994 ;  Bair d e t  al. ,  1997) ,  wit h ful l  linea r  cros s cou -
plin g weights .  Thi s latera l  connectivit y i s sufficien t  t o pro -
mot e synchron y amon g simultaneousl y activate d oscillators , 
but  insufficien t  t o activat e the m strongl y i n th e absenc e o f  ex -
terna l  input .  Thi s make s ful l  synchron y o f  activate d unit s th e 
defaul t  conditio n i n th e mode l  cortex ,  a s i n Brown' s mode l 
(Brow n an d Cooke ,  1996) .  Bregma n (Bregman ,  1990 )  see s 
thi s a s a n assumptio n b y th e auditor y syste m tha t  al l  inpu t  i s 

due t o th e sam e environmenta l  sourc e i n th e absenc e o f  evi -
denc e fo r  segregation .  Thu s th e backgroun d activatio n i s co -
herent ,  an d ca n b e rea d int o highe r  ordfe r  cortica l  level s whic h 
synchroniz e wit h it . 

Brow n an d Cook e (Brow n an d Cooke ,  1996 )  mode l  th e 
cochlea r  an d brainste m nuclea r  outpu t  a s a  se t  o f  overiap -
pin g bandpas s ("gammatone" )  filters  consisten t  wit h auditor y 
nerv e response s an d psychophysica l  "critica l  bands" .  A  ton e 
ca n excit e severa l  filter  output s a t  once .  W e approximat e thi s 
effec t  o f  th e gammaton e filters  a s a  latera l  fa n ou t  o f  inpu t  ac -
tivation s wit h weight s tha t  sprea d th e activatio n i n th e sam e 
way a s th e overiappin g gammaton e filters  do . 

Experiment s sho w tha t  th e intrinsi c resonan t  o r  "natural " 
frequencie s o r  "eigenfrequencies "  o f  cortica l  tissu e withi n th e 
30-8 0 H z g a m ma ban d var y withi n individual s o n differen t 
trial s o f  a  task ,  an d tha t  neurotransmitter s ca n quickl y alte r 
thes e resonan t  frequencie s o f  neura l  clocks .  Followin g th e 
evidenc e tha t  th e oscillatio n frequenc y o f  bindin g i n visio n 
goe s u p wit h th e spee d o f  motio n o f  a n object ,  w e assum e 
tha t  unattende d activit y i n auditor y corte x synchronize s a t  a 
defaul t  backgroun d frequenc y o f  3 5 Hz ,  whil e th e highe r  or -
der  attentiona l  strea m i s a t  a  highe r  frequenc y o f  4 0 Hz .  Jus t 
as fas t  motio n i n visio n ca n caus e stimulu s drive n captur e o f 
attention ,  w e hypothesiz e tha t  expectanc y mismatc h i n audi -
tio n cause s th e devian t  activit y t o b e booste d abov e th e de -
faul t  backgroun d frequenc y t o facilitat e synchronizatio n wit h 
th e attentiona l  strea m a t  4 0 Hz .  Thi s model s th e mechanis m 
of  involuntar y stimulu s drive n attentiona l  "po p out" .  Mul -
tipl e stream s o f  primar y corte x activit y synchronize d a t  dif -
feren t  eigenfrequencie s ca n b e selectivel y attende d b y uni -
forml y sweepin g th e eigenfrequencie s o f  al l  primar y ensem -
ble s throug h th e passban d o f  th e 4 0 H z highe r  orde r  atten -
tiona l  strea m t o "tun e in "  eac h i n tur n a s a  radi o recieve r  does . 

Following ,  bu t  modifin g th e approac h o f  B row n an d Cook e 
(Brow n an d Cooke ,  1996) ,  th e cor e o f  ou r  primar y corte x 
strea m formin g mode l  i s a  fas t  learnin g rul e tha t  reduce s th e 
latera l  couplin g an d spread s apar t  th e intrinsi c cortica l  fre -
quencie s o f  soun d frequenc y channel s tha t  d o no t  exhibi t  th e 
same amplitud e o f  activit y a t  th e sam e time .  Thi s couplin g 
and eigenfrequenc y differenc e recover s betwee n onsets .  I n 
th e absenc e o f  latera l  synchronizin g connection s o r  coher -
ent  to p d o w n driving ,  synchron y betwee n cortica l  stream s i s 
rapidl y los t  becaus e o f  thei r  distan t  resonan t  frequencies.  Ac -
tivit y no t  satisfyin g th e Gestal t  principl e o f  " c o m m o n fate " 
(Bregman ,  1990 )  i s thu s decorrelated . 
Sequential Grouping by Coupling and Resonant 
F requenc y Label s 
The trad e of f  o f  th e effec t  o f  tempora l  an d soun d frequenc y 
proximit y o n strea m segregatio n follow s becaus e clos e stim -
ulu s frequencie s excit e eac h other' s channe l  filters.  Eac h 
produce s a  simila r  outpu t  i n th e other ,  an d thei r  activitite s 
ar e no t  decorrelate d b y couplin g reductio n an d resonan t  fre -
quenc y shifts .  O n th e othe r  hand ,  t o th e exten t  tha t  the y ar e 
distan t  enoug h i n soun d frequency ,  eac h ton e onse t  weaken s 
th e weight s an d shift s th e eigenfrequencie s o f  th e othe r  chan -
nel s tha t  ar e no t  simultaneousl y active .  Thi s effec t  i s  greater , 
th e faste r  th e presentatio n rate ,  becaus e th e weigh t  recover y 
rat e i s overcome .  Thi s recover y rat e ca n the n b e adjuste d t o 
yiel d strea m segregatio n a t  th e rate s reporte d b y va n Noorde n 
(Bregman ,  1990 )  for  give n soun d frequenc y separations . 

I n th e absenc e o f  rhythmi c structur e i n th e input ,  th e tem -
porar y weight s an d resonan t  frequenc y "labels "  serv e a s a 
shor t  ter m "strea m m e m o r y "  t o bndg e tim e (u p t o 4  seconds ) 
so tha t  th e nex t  nearb y inpu t  i s "captured "  o r  "sequentiall y 
bound "  int o th e sam e ensembl e o f  synchronize d activity .  Thi s 
patter n o f  synchron y i n primar y corte x ha s bee n mad e int o 
a temporar y attracto r  b y th e temporar y weigh t  an d eigenfre -
quenc y change s fro m th e previou s stimulation .  Thi s explain s 
th e singl e ton e captur e experiment s wher e a  serie s o f  identica l 
tone s capture s late r  nearb y tones .  Fo r  tw o point s i n tim e t o 
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Figure 2: Horizontally arrayed units at the top model higher order auditory and motor cortical columns which are sequentially 
clocke d b y th e (thalamic )  bas e cloc k o n th e righ t  t o alternat e attracto r  transition s betwee n uppe r  hidde n (motor )  an d lowe r 
contex t  (sensory )  layer s t o ac t  a s a n Elma n net .  Thre e cortica l  region s ar e show n -  sequenc e representatio n memory ,  attentiona l 
synchronizatio n control ,  an d a  rhythmi c timebas e o f  thre e counters .  Th e hidde n an d contex t  layer s consis t  o f  binar y "units " 
compose d o f  tw o oscillator y attractors .  Activit y level s oscillat e u p an d dow n throug h th e plan e o f  th e paper .  Dotte d line s sho w 
frequenc y shiftin g output s fro m th e synchronizatio n (attention )  contro l  modules .  Th e lowe r  vertica l  se t  o f  unit s i s  a  sampl e o f 
primar y auditor y corte x frequenc y channel s a t  th e value s use d i n th e Jones-Bregma n experiment .  Th e dashe d line s sho w th e 
rhythmi c patter n o f  th e target ,  flanking,  an d capto r  tone s movin g i n tim e fro m lef t  t o righ t  t o impac t  o n auditor y cortex . 
be sequentiall y  groupe d b y thi s mechanism ,  ther e i s n o nee d 
fo r  activit y t o continu e betwee n onset s a s i n Brown s mode l 
(Brow n an d Cooke ,  1996) ,  o r  t o b e hel d i n multipl e spatia l 
location s a s W a n g doe s (Wang ,  1995) . 

Furthermore ,  th e decorrelatio n rule ,  whe n adde d t o th e 
mechanis m o f  timin g expectancies ,  explain s th e los s o f  rel -
ativ e timin g (order )  betwee n streams ,  sinc e th e latera l  con -
nection s tha t  normall y broadcas t  actua l  an d expecte d onset s 
accros s auditor y cortex ,  ar e cu t  betwee n tw o stream s b y th e 
decorrelatin g weigh t  reduction .  Expecte d an d actua l  onse t 
event s i n differen t  stream s ca n n o longe r  b e directl y (locally ) 
compared .  Experimenta l  evidenc e fo r  th e broadcas t  o f  ex -
pectancie s come s fro m th e fas t  generalizatio n t o othe r  fre -
quencie s o f  a  learne d expectanc y fo r  th e onse t  tim e o f  a  ton e 
of  a  particula r  frequenc y (Schreine r  la b -  persona l  communi -
cation) .  B y thi s sam e argument ,  M N N itsel f  i s  affecte d b y 
strea m formatio n an d shoul d n o longe r  occu r  a t  soun d fre -
quenc y location s tha t  fal l  i n separat e stream s whe n timin g 
deviation s occu r  fro m expectation s i n th e othe r  strea m loca -
tion .  Thi s i s a  testabl e predictio n o f  th e mode l  providin g a 
possibl e physiologica l  indicato r  o f  strea m formation . 

W h en rhythmi c structur e i s present ,  th e expectanc y sys -
te m become s engaged ,  an d thi s become s a n additiona l  fea -
tur e dimensio n alon g whic h stimul i  ca n b e segregated .  Dis -
tanc e fro m expecte d timin g a s wel l  a s soun d qualit y i s n o w 
an adde d facto r  causin g strea m formatio n b y decouplin g an d 
eigenfrequenc y shift .  Feedbac k o f  expecte d inpu t  ca n als o 

partially"fil l  in "  missin g inpu t  fo r  a  cycl e o r  tw o s o tha t  th e 
expectanc y protect s th e bindin g o f  feature s o f  a  stimulu s an d 
stabilize s a  perceptua l  strea m accros s second s o f  time . 

Architecture and Simulation 

Figure 2 shows the architecture used to simulate the Jones-
Bregma n experiment .  Th e lowe r  vertica l  se t  o f  unit s i s  a  sam -
pl e o f  primar y auditor y corte x frequenc y channel s a t  th e val -
ues use d i n th e Jones-Bregma n experiment .  Th e dashe d line s 
sho w th e rhythmi c patter n o f  th e target ,  flanking ,  an d capto r 
tone s movin g i n tim e fro m lef t  t o righ t  t o impac t  o n auditor y 
cortex .  Th e cas e show n i s wher e th e flanking  tone s ar e i n 
th e sam e strea m a s th e target s becaus e th e capto r  strea m i s a t 
th e lowe r  soun d frequenc y channel .  A t  th e particula r  poin t 
i n tim e show n here ,  th e first  flanking  ton e ha s jus t  finished, 
and th e first  targe t  ton e ha s arrived .  Bot h channel s ar e ther -
for e active ,  an d synchronize d wit h th e attentiona l  strea m int o 
th e highe r  orde r  sequenc e recognizer .  Th e attentiona l  con -
tro l  module s coul d b e though t  o f  a s part s o f  posterio r  parieta l 
and prefronta l  cortex ,  a s suggeste d b y Posne r  fro m P E T an d 
lesio n studies .  I n th e interpretatio n o f  ou r  model ,  thes e ar -
eas contro l  4 0 H z synchron y i n othe r  area s throug h abundan t 
laye r  V I  output s t o thalamu s (fo r  exampl e t o pulvina r  fo r  vi -
sua l  areas )  (Llina s an d Ribary ,  1993) . 

Our  mechanisti c explanatio n o f  Jone s resul t  i s  tha t  th e earl y 
standar d targe t  tone s arrivin g a t  th e 8 0 mse c rat e first  prim e 
th e dynami c attentio n syste m b y settin g th e 8 0 mse c cloc k 
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t o oscillat e a t  4 0 Hz .  The n th e slo w capto r  tone s a t  th e 24 0 
msec perio d establis h a  backgroun d strea m a t  3 5 H z wit h a 
rhythmi c expectanc y tha t  i s late r  violate d b y th e appearanc e 
of  th e fas t  targe t  tones .  Thes e ar e thereb y drive n int o a  sepa -
rat e strea m b y decorrelatio n an d brough t  int o th e 4 0 H z fore -
groun d frequenc y b y th e mismatc h po p ou t  mechanism .  Thi s 
allow s th e attentiona l  strea m int o th e Elma n seauenc e recog -
nitio n unit s t o synchroniz e an d rea d i n activit y ou e t o th e tar -
get  tone s fo r  orde r  determination .  I t  i s  assiste d b y th e time -
jas e searchligh t  a t  th e 8 0 mse c perio d whic h synchronize s 
and enhance s activit y arrivin g a t  tha t  rhythm , 

I n thi s simulation ,  th e connection s t o th e first  tw o Elma n 
associativ e memor y unit s ar e han d wire d t o th e A  an d B  pri -
mar y corte x oscillator s t o ac t  a s a  latching ,  orde r  determinin g 
switch .  I f  synchronize d t o th e memor y uni t  a t  th e attentiona l 
strea m frequency ,  th e A  targe t  ton e oscillato r  wil l  driv e th e 
first  memor y uni t  int o th e 1  attracto r  whic h the n inhibit s th e 
secon d uni t  fro m bein g drive n t o 1  b y th e B  targe t  tone .  Th e 
secon d uni t  ha s simila r  wirin g fro m th e B  ton e oscillator ,  s o 
tha t  th e particula r  highe r  orde r  (intermediat e term )  memor y 
uni t  whic h i s lef t  i n th e 1  stat e afte r  a  tria l  indicate s t o th e 
res t  o f  th e brai n whic h ton e cam e first.  Th e flanking  an d hig h 
capto r  ton e oscillato r  i s connecte d equall y t o bot h memor y 
units ,  s o tha t  a  rando m attracto r  transitio n occur s befor e th e 
target s arrive ,  whe n i t  i s  interferin g a t  th e 4 0 H z attentiona l 
frequency ,  an d poo r  orde r  determinatio n results .  I f  th e flank-
in g ton e oscillato r  i s i n a  separat e strea m alon g wit h th e cap -
to r  tone s a t  th e backgroun d eigenfrequenc y o f  3 5 Hz ,  i t  i s 
outsid e th e recievin g passban d o f  th e memor y unit s an d can -
not  caus e a  spuriou s attracto r  transition .  Thus ,  i n th e absenc e 
of  a  rhythmi c distinctio n fo r  th e targe t  tones ,  thei r  soun d fre -
quenc y differenc e alon e i s insufficien t  t o driv e th e formatio n 
of  a  separat e stream ,  an d th e target s canno t  b e reliabl y dis -
criminated . 

Integration of Bregman and Jones Theories 
A n importan t  contributio n o f  a  mechanisti c descriptio n i s tha t 
i t  ca n sometime s reconcil e an d generaliz e functiona l  descrip -
tion s tha t  see m otherwis e t o b e a t  odds .  Thi s architectur e 
demonstrate s mechanism s tha t  integrat e th e theorie s o f  Jone s 
and Bregma n abou t  auditor y perception ,  sinc e i t  model s th e 
primitiv e preattentiv e level s an d th e rhythmi c an d schem a 
drive n attentiona l  levels .  Strea m formatio n i s a  preattentiv e 
proces s tha t  work s wel l  o n non-rhythmi c input s a s Bregma n 
asserts ,  bu t  a n equall v primar y an d preattentiv e rhythmi c ex -
pectanc y proces s i s als o a t  wor k a s Jone s assert s an d th e mis -
matc h negativit y indicates .  Thi s become s a  facto r  i n strea m 
formatio n whe n rhythmi c structur e i s presen t  i n stimul i  a s 
demonstrate d b y Jones . 

I n th e model ,  bot h th e rhythmi c expectanc y an d strea m 
formin g processe s ar e carrie d ou t  b y fas t  temporar y weight s 
tha t  bridg e tim e an d spac e t o organiz e inpu t  mt o perceptua l 
sources .  Thi s i s a  for m o f  shor t  ter m memory ,  distinc t  fro m 
th e lon g ter m learnin g tha t  Bregma n see s a s require d a t  th e 
schema leve l  o f  processing .  Th e shor t  ter m memor y require d 
fo r  strea m formatio n ca n itsel f  b e viewe d a s a n "expecta -
tion "  tha t  th e nex t  stimulu s withi n tha t  soun d frequenc y rang e 
shoul d b e par t  o f  th e sam e stream .  Thu s expectanc y b y itsel f 
i s  no t  exclusivel y a  schem a leve l  process ,  a s Bregma n migh t 
assert .  I n Jones '  view ,  a s capture d i n th e model ,  th e orien -
tatio n o f  interna l  processin g cycle s t o externa l  rhythm s i s a s 
basi c a s spatia l  onentation ,  an d i s no t  restricte d t o musi c per -
ceptio n a s Bregmna n ha s suggeste d (Bregman ,  1990) . 

Top d o w n attentiona l  processe s i n th e mode l  ma y restruc -
tur e o r  mak e us e o f  thi s preattentiv e structurin g bot h i n th e 
streamin g an d rhythmi c expectatio n domains .  I n particular , 
the y m a y b e schem a drive n fro m th e highe r  orde r  sequenc e 
representatio n unit s wher e lon g an d intermediat e ter m m e m-
or y weigh t  change s m a y occur ,  a s bot h Jone s an d Bregma n 
woul d sugges t  i s tru e i n th e brain .  A n importan t  clas s o f 
schema s ar e rhythmi c patterns ,  a s asserte d b y Jones .  Detaile d 

and comple x rhythmi c schema s ma y b e learne d b y th e Elma n 
sequenc e learnin g par t  o f  th e architectur e (Bair d e t  al. ,  1994 ; 
Bair d e t  al. ,  1997) ,  an d thes e allo w attentio n t o b e directe d 
accordin g t o specifi c  tempora l  knowledg e o f  inputs ,  a s wel l 
as spectra l  knowledge . 
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