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A C o r t i c a l  N e t w o r k M o d e l  o f 

C o g n i t i v e A t t e n t i o n a l  S t r e a m s ,  R h y t h m i c E x p e c t a t i o n , 

a n d A u d i t o r y S t r e a m S e g r e g a t i o n 

Bill Baird 
Dept  Mathematics ,  U.C.Berkeley , 

Berkeley ,  Ca .  94720 .  baird@math.berkeley.ed u 

We hav e develope d a  neura l  networ k architectur e 
tha t  implement s a  theor y o f  attention ,  learning ,  an d 
communicatio 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 
areasFBair d e t  al. ,  1994) .  Her e w e presen t  a  specifi c 
model  o f  rhythmi c expectanc y an d th e interactio n o f 
higher-orde r  an d primar y cortica l  level s o f  processin g 
whic h account s fo r  th e result s o f  psychologica l  ex -
periment s o f  Jone s [Jone s e t  al. ,  1981 ]  showin g tha t 
auditor y strea m segregatio n depend s o n th e rhythmi c 
structur e o f  inputs .  Furthe r  reference s no t  cite d her e 
m ay b e foun d i n thes e papers . 

Usin g dynamica l  system s theory ,  th e architectur e 
i s constructe d fro m recurrentl y interconnecte d oscil -
lator y associativ e m e m o r y module s tha t  mode l  hy -
percolumn s o f  associationa l  an d higher-orde r  sensor y 
and moto r  cortica l  areas .  Th e module s lear n inter -
connectio n weight s tha t  caus e th e syste m t o evolv e 
unde r  a  1 0 H z clocke d sensory/moto r  processin g cycl e 
throug h a  sequenc e o f  transition s o f  synchronize d 4 0 
Hz oscillator y attractor s withi n th e modules .  I n th e 
brain ,  w e hypothesiz e thes e cycle s t o b e adaptivel y 
controle d b y septa l  an d thalami c pacemaker s whic h 
alte r  excitabilit y  o f  hippocampa l  an d neocortica l  tis -
sue throug h nonspecifi c  biasin g current s tha t  appea r 
as th e cognitiv e an d sensor y evoked  potential s o f  th e 
E E C Th e cycle s "quantiz e time "  an d for m th e ba -
si s o f  derive d rhythm s wit h period s u p t o 1. 5 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 an d musi c perception . 

The architectur e employ s selectiv e "attentional " 
contro l  o f  th e synchronizatio n o f  th e 30-8 0 H z oscilla -
tion s betwee n module s t o direc t  th e flow  o f  communi -
catio n an d computatio n i n learnin g t o recogniz e an d 
generat e sequences .  Th e 30-8 0 H z attracto r  ampli -
tud e pattern s cod e th e informatio n conten t  o f  a  cor -
tica 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 synchronize d 
area s communicat e b y exchangin g amplitud e infor -
matio n Th e syste m work s lik e a  broadcas t  networ k 
wher e th e unavoidabl e crosstal k t o al l  area s fro m pre -
viou s learne d connection s i s overcom e b y frequenc y 
codin g t o allo w th e operatio n o f  attentiona l  c o m m u -
nicatio n onl y betwee n selecte d area s relevan t  t o th e 
tas k o f  th e moment .  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 switchin g o f  th e synchro -
nizatio n o f  5-1 5 an d 30-8 0 H z oscillation s betwee n 
cortica l  area s tha t  i s observe d durin g sensory/moto r 
task s i n monkey s an d humans . 

Th e mode l  architectur e illustrate s th e notio n tha t 
synchronizatio n no t  onl y preattentivel y "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 activit y o f  a n at -
tende d objec t  t o oscillator y activit y i n associationa l 
and 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  intercom -
municatin g cortica l  area s tha t  direct s behavior .  Thi s 
i s a  mode l  o f  "attende d activity "  a s tha t  subse t  whic h 
has bee n include d i n th e selectivel y attende d process -
in g o f  th e m o m e n t  b y synchronizatio n t o thi s net -
work .  Thi s involve s bot h a  spatia l  bindin g o f  activit y 
and a  bindin g o f  th e las t  t o th e nex t  ste p o f  a  se -
quence .  Onl y input s whic h ar e synchronize d t o th e 
interna l  oscillator y activit y o f  a  modul e ca n effec t  th e 
prope r  learne d transition s o f  attractor s withi n it . 

Th e phenomeno n o f  "streaming "  i n auditio n mos t 
exemplifie s thi s notio n o f  sequenc e binding .  Ther e 
successiv e event s o f  a  soun d sourc e ar e boun d to -
gethe r  int o a  sequenc e objec t  o r  "stream "  an d seg -
regate d fro m othe r  source s suc h tha t  on e ca n pa y at -
tentio n onl y t o on e soun d sourc e a t  a  tim e -  a s i n th e 
"cocktai l  party "  phenomenon .  "Cognitiv e streams " 
ar e i n evidenc e whe n tw o storie s ar e tol d i n alternat -
in g segment s an d listener s ar e unabl e t o recal l  th e 
relativ e orde r  o f  event s betwee n them .  W e vie w th e 
model  attentiona l  networ k a s a  strea m becaus e th e 
synchronize d module s withi n i t  ar e cyclin g throug h 
sequence s o f  attractor s a t  th e 1 0 H z rate .  T h e feed -
bac k fro m higher-orde r  t o primar y cortica l  area s al -
low s to p dow n voluntar y contro l  t o switc h th e pri -
m a r y attentio n s t rea m o r  "searchlight "  fro m on e 
sourc e preattentivel y boun d i n primar y corte x t o an -
othe r  sourc e separatel y boun d a t  a  nearb y frequency . 

Ther e i s evidenc e fro m studie s o f  moto r  an d per -
ceptua l  task s tha t  moto r  an d perceptua l  behavio r 
i s organize d b y neura l  rhythm s wit h period s i n th e 
rang e o f  10 0 -  150 0 milliseconds ,  an d tha t  entrain -
ment  o f  thes e t o externa l  rhythm s i n speec h an d othe r 
form s o f  communication ,  an d t o interna l  rhythm s i n 
moto r  coordinatio n i s  essentia l  t o effectiv e h u m a n 
performance[Jone s e t  al. ,  1981] .  I n thi s view ,  jus t  a s 
tw o cortica l  area s mus t  synchroniz e t o communicate , 
so mus t  tw o nervou s systems .  W o r k wit h slowed  film 
suggest s tha t  bot h speake r  an d listener s sho w syn -
chronizatio n o f  bod y movement s t o th e bea t  o f  th e 
roughl y 1 0 H z rat e o f  phonem e emission .  Stead y 
stimulatio n a t  eithe r  1 0 o r  4 0 H z i n audition ,  vision , 
or  somatosensatio n cause s entrainmen t  o f  1 0 o r  4 0 H z 
activit y i n thos e areas .  2 0 H z stimulatio n entrain s th e 
40 H z activit y a t  a  1: 2 resonanc e rati o an d ha s bee n 
use d medicall y a s a  diagonosti c fo r  prope r  functio n 
of  cortica l  areas . 

Rhythm s relate d t o attentiona l  expectatio n hav e 
been foun d i n th e auditor y E E C I n experiment s 
wher e th e arriva l  tim e o f  a  targe t  stimulu s i s reg -
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ula r  enoug h t o b e learne d b y a n experimenta l  sub -
ject ,  i t  ha s bee n show n tha t  th e 1 0 H z activit y i n ad -
vanc e o f  th e stimulu s become s phas e locke d t o tha t 
expecte d arriva l  time .  Th e sam e ha s bee n show n fo r 
hippocampa l  thet a i n rats ,  whic h i s als o foun d t o b e 
entraine d t o th e spee d o f  locomotio n o f  a  rat .  Rat s 
palpatat e a n objec t  wit h thei r  paw s a t  1 0 H z an d wil l 
entrai n thi s "activ e touch "  t o a n objec t  vibratin g nea r 
thi s rate .  T h e "mismatc h negativity "  o f  th e auditor y 
evoke d potentia l  i s  a  reliabl e indicato r  o f  th e actio n 
of  a  physiologica l  expectanc y system .  Change s i n th e 
onse t  o r  offse t  tim e o f  a  repetitiv e stimulu s produc e 
an increas e i n th e N20 0 componen t  i n primar y audi -
tor y cortex .  Thi s i s physiologica l  evidenc e fo r  Jones ' 
theor y postulatin g a  rhythmi c expectanc y system . 

Jones[Jone s e t  al. ,  1981 ]  replicate d an d altere d a 
classi c streamin g experimen t  o f  Bregma n an d Rud -
nicky ,  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 experi -
ment  require d h u m a n subject s t o determin e o f  th e or -
der  o f  presentatio n o f  a  pai r  o f  hig h targe t  tone s A B 
or  B A o f  slightl y differen 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  iden -
tica l  m u c 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  intermediat e 
frequenc y befor e an d afte r  th e targe t  tone s calle d th e 
flankin g tone s F  -  C C C F A B F C C C. 

Targe t  orde r  determinatio n performanc e deterio -
rate d a s th e flankin g tone s wer e brough t  nea r  t o th e 
targe t  tone s i n frequency ,  implyin g tha t  th e flankin g 
tone s wer e capture d b y tha t  strea m an d obscure d th e 
targe t  tones .  Otherwis e th e flankin g tone s wer e cap -
ture d b y th e backgroun d captur e ton e stream ,  leavin g 
th e targe t  tone s t o stan d ou t  b y themselve s i n th e at -
tende d stream .  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  stimu -
lu s onse t  rat e o f  on e pe r  24 0 m s an d th e target s ap -
peare d a t  8 0 m s intervals .  I n he r  experiments ,  whe n 
th e targe t  tone s wer e give n a  temp o i n c o m m o n wit h 
th e captor s an d flanking  tones ,  n o effec t  o f  th e fre -
quenc y o f  flanking  tone s appeared .  Thi s suggeste d 
tha t  rhythmi c distinctio n o f  target s an d distractor s 
was paramoun t  ove r  frequenc y i n allowin g selectiv e 
attentio n t o segregat e ou t  th e targe t  stream . 

T o implemen t  Jones' s theor y i n th e mode l  an d ac -
coun 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  coordi -
nat e fram e o r  tim e bas e o f  neste d periodicite s i n di -
vision s o f  th e thalami c 1 0 H z bas e cloc k rat e betwee n 
10 t o . 5 Hz .  Eac h periodicit y i s create d b y a n asso -
ciativ e m e m o r 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  th e clock .  It s overal l 
cycl e tim e i s therefor e determine d b y th e numbe r  o f 
attractors .  Onl y on e ste p o f  th e cycl e ca n sen d outpu t 
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  matche s t o incommin g stim -
uli .  Eac h cloc k derive d i n thi s manne r  fro m th e tha -
lami 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 incommin g rhythms .  Th e matc h i s 
furthe r  refine d b y phas e adjustmen t  o f  th e bas e cloc k 

itself . 
Th e module s o f  th e tim e bas e sen d thei r  inter -

nal  30-8 0 H z activit y t o primar y auditor y corte x 
i n 100mse c burst s a t  thei r  diff'eren t  rhythmi c rate s 
throug h fis t  adaptin g connection s tha t  continuall y 
attemp t  t o matc h incomin g stimulu s patterns .  Thes e 
weight s effectivel y comput e a  roug h lo w frequenc y 
discret e Fourie r  transfor m ove r  a  slidin g windo w o f 
1. 5 seconds .  Thos e tempora l  stimulu s pattern s whic h 
meet  thes e establishe d rhythmi c expectanc y signal s 
i n tim e ar e pulle d int o synchron y wit h th e 30-8 0 H z 
activit y o f  th e tim e bas e t o for m a  "stream "  o f  event s 
define d b y th e c o m m o n synchron y o f  eac h wit h th e 
tim e base .  Stimul i  u p t o a  secon d apar t  m a y thu s b e 
boun d int o th e sam e strea m withou t  requirin g activ -
it y t o si t  undisturbe d i n th e auditor y buffe r  to r  tha t 
long .  Segregatio n o f  stream s i n auditor y corte x b y 
frequency ,  intensity ,  timbre ,  an d othe r  spatiall y  dis -
tribute d feature s i s don e b y frequenc y segregatio n o f 
th e activit y withi n th e 30-8 0 H z range .  I n accordanc e 
wit h Jones '  theory ,  voluntar y top-dow n attentio n ca n 
prob e inpu t  a t  difl'eren t  hierarchica l  level s o f  periodic -
it y b y s e ectivel y synchronizin g wit h a  particula r  cor -
tica l  patc h i n th e tim e bas e se t  a t  th e particula r  4 0 
Hz frequenc y o f  th e primar y attentio n stream .  The n 
th e "searchlight "  int o primar y corte x i s synchronize d 
wit h an d readin g i n activit y occurin g a t  tha t  rhythm . 
Thi s i s th e tempora l  analo g o f  th e bod y centere d spa -
tia l  coordinat e fram e an d multiscal e cover t  attentio n 
windo 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 
by entrainmen t  t o th e externa l  rhythm ,  an d th e win -
do 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  frame . 

Our  explanatio n o f  Jones '  resul t  i s  tha t  th e stan -
dar d targe t  tone s first  prim e th e dynami c attentio n 
system ,  the n th e slo w capto r  tone s establis h a  back -
groun d strea m wit h a  rhythmi c expectanc y tha t  i s 
late r  violate d b y th e fas t  targe t  tones .  Thes e ar e 
drive n int o a  separat e strea m whic h allow s th e to p 
down primar y attentio n stream ,  alread y prime d t o 
loo k fo r  tha t  rhythm ,  t o synchroniz e an d rea d i n th e 
targe t  tone s fo r  orde r  determination .  I n th e absenc e 
of  a  rhythmi c distinctio n fo r  th e targe t  tones ,  thei r 
pitc h differenc e alon e i s insufficien t  t o driv e th e for -
matio n o f  a  separat e stream ,  an d th e mechanis m o f 
dynami c attentio n canno t  hel p discriminat e th e tar -
gets . 
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