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Abstrac t 

A fundamental aspect of perception is to bind spatially 
separat e sensor y features ,  essentia l  fo r  objec t 
identification ,  segmentatio n o f  differen t  objects ,  an d 
figure/groun d segregation .  Theoretica l  consideration s 
and neurophysiologica l  findings  poin t  t o th e tempora l 
correlatio n o f  featur e detector s a s a  bindin g mechanism . 
I n particular ,  i t  ha s bee n demonstrate d tha t  th e ca t  visua l 
corte x exhibit s 40-6 0 H z stimulus-dependen t 
oscillations ,  an d synchronizatio n exist s i n spatiall y 
remot e column s (u p t o 7  m m)  whic h reflect s globa l 
stimulu s propertie s (Gra y e t  al. ,  1989 ;  Eckho m e t  al. , 
1988) .  What  neura l  mechanism s underli e thi s globa l 
synchrony ? Man y neura l  model s thu s propose d en d u p 
relyin g o n globa l  connections ,  leadin g t o th e questio n 
of  whethe r  latera l  connection s alon e ca n jwoduc e remot e 
synchronization .  Wit h a  formulatio n diffwen t  fro m th e 
frequentl y use d phas e model ,  w e find  tha t  locall y 
couple d neura l  oscillator s ca n indee d yiel d globa l 
synchrony .  Th e mode l  employ s a  previousl y suggeste d 
mechanis m tha t  th e efficac y o f  th e connection s i s 
allowe d t o chang e o n a  fas t  tim e scale .  Base d o n th e 
known connectivit y o f  th e visua l  cortex ,  th e mode l 
output s closel y resembl e th e experimenta l  findings . 
Thi s mode l  lay s a  computationa l  foundatio n fo r  Gestal t 
perceptua l  grouping . 

computationa l  characteristic s o f  tempora l  oscillation s 
fo r  solvin g problem s o f  patter n segmentatio n an d 
figure/ground  segregatio n (vo n de r  Malsburg ,  1981 ;  vo n 
der  Malsbur g &  Schneider ,  1986 ;  Spom s e t  al. ,  1991) , 
and associativ e memor y (Wan g e t  al. ,  1990) .  Despit e 
intensiv e studies ,  i t  remain s unknow n whethe r  a 
networ k o f  locall y couple d oscillator s ca n yiel d globa l 
synchronization .  A  frequentl y use d schem e i s th e phas e 
model  whic h represent s eac h oscillato r  b y a  sol e phas e 
variabl e an d describe s mutua l  couplin g b y a n od d 
periodi c functio n suc h a s sine .  Characteristic s o f  th e 
system s o f  couple d phas e model s hav e bee n analyze d i n 
applie d mathematic s an d theoretica l  physic s literatur e 
(Cohe n e t  al. ,  1982 ;  Kuramoto ,  1984) .  I t  ha s bee n 
generall y agree d tha t  whil e globa l  couplin g readil y 
yield s phas e locking ,  a  syste m wit h onl y loca l  couplin g 
canno t  generat e globa l  synchron y excep t  i n th e 
homogeneou s cas e a s explaine d later .  Th e applicatio n 
of  suc h model s t o analyzin g th e phas e lockin g i n th e 
visua l  corte x i s i n par t  responsibl e fo r  th e prevailin g 
opinio n tha t  th e phenomeno n ca n onl y b e explaine d b y 
long-rang e projections .  Th e view ,  however ,  i s  no t  i n 
good accor d wit h th e anatomica l  dat a tha t  th e longes t 
mutua l  connection s i s abou t  3  m m i n th e ca t  visua l 
corte x (Gilber t  &  Wiesel ,  1989) .  Base d o n plausibl e 
neura l  mechanisms ,  w e her e repor t  a  ne w mode l  tha t  ca n 
demonstrat e globa l  synchron y base d o n onl y loca l 
couplin g i n a  netwa k o f  neura l  oscillators . 

Introductio n 

Since the discovery of stimulus-driven oscillations and 
long-rang e synchronizatio n i n th e cortica l  area s o f  1 7 
and 1 8 o f  cat s (Gra y e t  al. ,  1989 ;  Eckho m e t  al. ,  1988) . 
many theoretica l  attempt s hav e bee n mad e t o interpre t 
th e remarkabl e phenomeno n o f  globa l  phas e lockin g 
wit h n o phas e shif t  (Sompolinsk y e t  al. ,  1990 ;  KOni g 
& Schillen .  1991) .  Other s hav e employe d 

^  Th e wor k wa s supporte d i n par t  b y NS F gran t 
IRI-921141 9 an d O N R gran t  N00014-93-1-0335 . 

M o d el  Descriptio n 

As the building block, the model of a single oscillator 
i s define d i n th e simples t  for m a s a  feedbac k loo p 
betwee n a n excitator y uni t  an d a n inhibitor y uni t  (Fig . 
lA) : 

dx: 
- ^  =  -̂ i  +  gjĤ i  -  Py i  +  S i  +  /i+p )  ( 1 a ) 

dVi 

ck 
-Xy i  +  gy(axi ) (lb ) 
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Fig .  1 .  (A )  Basi c oscillato r  mode l  forme d b y a  feedbac k loo p betwee n a n excitator y uni t  x i  an d a n 

inhibitor y uni t  }<,• .  a  an d j 3 ar e mutua l  connectio n strengths .  (B )  A  chai n o f  A ^  oscillators .  Littl e triangle s 

indicat e excitator y connections ,  an d littl e circle s inhibitor y connections . 

wher e a  an d ̂  ar e couplin g parameter s betwee n th e tw o 

units .  S ,  represent s input s fro m th e othe r  oscillator s 

and /, •  represent s externa l  stimulation .  A  i s a  deca y 

parameter ,  an d p  denote s th e amplitud e o f  a  Gaussia n 
nois e term ,  g / v )  i s a  sigmoi d gai n functio n wit h 

threshol d 6̂ ,  wher e r  e  [x ,  y ) ,  an d paramete r  T .  Eq .  1 

i s essentiall y  a  simplificatio n o f  th e syste m propose d 
by Wilso n an d C o w a n (1972) ,  an d i t  ha s bee n show n 
tha t  th e syste m produce s oscillation s withi n a  wid e 
rang e o f  parameters .  Th e oscillato r  mode l  ca n b e 
biologicall y interprete d a s a  mea n field  approximatio n 
t o a  networ k o f  excitator y an d inhibitor y neurons . 

W e ak couplin g betwee n oscillator s (5, -  i s  relativel y 

small )  doe s no t  disrup t  th e oscillator y behavior s o f 
individua l  oscillators .  T o stud y th e propertie s o f  a 
networ k o f  oscillators ,  first  a  chai n o f  A ^  oscillator s i s 
constructe d wit h onl y neighboring  couplin g betwee n 
excitator y units ,  a s show n i n Fig .  IB .  TTi e couplin g i s 
define d a s 

Si  =  ' 

W(Xi. j  +  Xi+j ) 

2 W X 2 
.2WXN. J 

i f  1  <  /  < 

i f  i  =  1 

if i  =  N 

N 

(2 ) 

Wher e W i s a  connectio n weight .  Remarkably ,  wit h 
unifor m externa l  inpu t  an d rando m value s fo r  x, -  an d y, -

(namel y rando m phases )  initially ,  th e chai n i s 
synchronize d afte r  a n initia l  perio d o f  "chaotic " 
transitions .  Fig .  2  present s a  simulatio n wit h N  =  30 . 
Notic e tha t  ther e i s smal l  phas e difference s a t  th e 

beginnin g whe n nearl y stabl e limi t  cycle s wer e reached , 
but  th e difference s diminis h a s tim e wen t  on .  W e not e 
tha t  th e longe r  a  chain ,  th e longe r  i s th e "chaotic " 
transitio n o r  th e longe r  i t  take s t o reac h phas e locking . 
The tim e t o reac h th e phase-lockin g stag e i s als o relate d 
t o th e overal l  strengt h o f  couplin g ( W i n Eq .  2) .  Th e 
stronge r  i s th e overal l  coupling ,  th e shorte r  i t  take s t o 
get  t o phase-locking . 

A chai n o f  oscillator s usin g th e phas e mode l  ha s 
bee n extensivel y studie d fo r  modelin g sw immin g 
behavior s i n fish.  Cohe n e t  al .  (1982 )  note d tha t  phase -
lockin g ca n b e reache d wit h a  chai n o f  identica l 
oscillators .  However ,  phase-lockin g canno t  b e produce d 
i f  ther e i s n o homogeneou s inpu t  t o th e entir e chain , 
contradictin g th e experimenta l  condition s o f  Gra y e t  a l 
(1989) .  But ,  a s wil l  b e clea r  later ,  ou r  mode l  o f  th e 
osciUato r  syste m doe s no t  suffe r  fro m thi s problem . 

Eq.  2  i s no t  a  necessar y conditio n fo r  phase -
locking .  Le t  u s cal l  a n oscillato r  activ e i f  i t  receive s a n 
externa l  inpu t  W e observe d tha t  i n a  syste m define d b y 
Eq.  1 ,  a s lon g a s th e overal l  weight s o f  th e connection s 
convergin g o n a n activ e oscillato r  fro m al l  othe r  activ e 
oscillator s ar e kep t  a  constant ,  phase-lockin g occurs . 
Thi s conditio n i s calle d th e equa l  weigh t  condition .  Eq . 
2 i s a  specia l  cas e o f  thi s condition .  Althoug h w e ar e 
not  abl e t o prov e tha t  th e equa l  weigh t  conditio n 
ensure s phas e locking ,  i t  i s  quit e straightforwar d t o se e 
tha t  onc e th e syste m reache s phas e locking ,  synchron y 
wil l  b e stable .  Thi s i s becaus e eac h oscillato r  i n Eq .  1 
wil l  b e identica l  afte r  th e syste m reache s phas e lockin g 
du e t o th e sam e inpu t  5,- .  Positiv e couplin g serve s t o 

driv e th e oscillator s clos e t o eac h othe r  i n phas e an d i t 
ca n als o correc t  smal l  discrepancie s amon g th e phase s o f 
th e oscillators . 

Th e equa l  weigh t  conditio n i s easil y achieve d i f  on e 
allow s connectio n weight s t o b e modifie d o n a  fas t  tim e 
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Fig ,  2 .  Synchron y i n a  chai n o f  oscillators .  Th e inpu t  /, •  =  0.8 ,  an d th e initia l  value s JC/fO )  an d >,<0 )  wer e 

randoml y generate d withi n th e rang e [0,0.5] .  Th e heigh t  o f  th e ordinat e o f  eac h oscillato r  i s 1 .  W =  0.62 5 
an d N  =  30 .  Othe r  parameter s a  =  0.2 ;  ̂  =  2.5 ;  A  =  1.0 ;  p  =  0.01 ;  â ^  =  0.6 ;  B y =  0.15 ;  7  =  0.025 . 

20,00 0 integratio n steps .  Vertica l  line s ar e draw n t o hei p identif y phas e relation s amon g th e oscillators . 
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scale ,  a n ide a first  introduce d b y vo n de r  Malsbur g 
(1981) .  I n thi s scheme ,  ther e i s a  pai r  o f  connection s 
weight s fro m oscillato r  j  t o i ,  on e permanen t  T̂ : ,  an d 

anothe r  dynami c /,-. •  (s o calle d Malsbur g synapses) . 

Permanen t  link s reflec t  hardwire d structur e o f  a  network , 
whil e dynami c link s quickl y chang e fro m tim e t o time . 
I n computations ,  though ,  onl y dynami c link s forme d o n 
th e basi s o f  permanen t  link s pla y th e effectiv e role . 
The equa l  weigh t  conditio n ca n b e naturall y realize d b y 
a modificatio n rul e o f  dynami c link s whic h combine s a 
Hebbia n rul e tha t  emphasize s coactivatio n o f  oscillator s 
I  and ;  an d a  normalizatio n o f  al l  incomin g connection s 
t o a n oscillator .  M o r e specifically ,  i t  ca n b e 
implemente d b y a  two-ste p procedure :  Firs t  updat e 
dynami c link s an d the n normalization : 

AIij^5Tijh(xi)h(xj) (3a) 

Jij = y(/y+A/i,)/[l+I iJik+^ik)] (3b) 

where 5 and yare parameters, and function h(x) 

measure s whethe r  x  i s active .  I t  i s  her e simpl y define d 
as h(x )  =  1  i f  •C O i s greate r  tha n a  constan t  an d h(x )  =  0 
otherwise ,  wher e th e angula r  bracke t  <jc > stand s fo r 
tempora l  averagin g o f  th e activit y x . 

Wit h introductio n o f  fas t  changin g synapses ,  th e 
equa l  weigh t  conditio n i n Eq .  2  ca n no w b e reache d b y 
dynamic s i n Eq .  3  fro m a  norma l  conditio n 5, -  =  W(xi_ j 

+ JCj+y) ,  I  <  i < N ,  an d x q =  Xf^+ j  =  0  define d fo r 

permanen t  links . 

M o d e l i n g Cor t i ca l  Osci l lat ion s 

With the above analysis, we now simulate the 
experiment s o f  Gra y e t  ail .  wit h a  two-dimensiona l  laye r 
of  10x2 4 oscillators .  Th e oscillato r  laye r  i s constructe d 
suc h tha t  eac h oscillato r  laterall y connect s t o it s 8 
neares t  neighbors ,  1 6 secon d neares t  neighbors ,  an d 2 4 
thir d neares t  neighbors .  Eac h oscillato r  i s assume d t o 
represen t  a n entir e receptiv e field .  Th e permanen t 
couplin g strength s ar e isotropi c an d fal l  of f  wit h 
distance .  Thi s kin d o f  latera l  connection s i s presen t  i n 
th e primar y visua l  corte x i n th e for m o f  horizonta l 
connection s (Gilber t  &  Wiesel ,  1989) .  Prope r  dynami c 
connection s ar e forme d accordin g t o Eq .  3 .  Followin g 
th e experimenta l  configurations .  Fig .  3  present s th e 
model  respons e t o tw o ligh t  bar s correspondin g t o 2x 7 
oscillator s separate d b y 0 ,  2 ,  an d 4  oscillato r  positions . 
Oscillator s unde r  th e bar s wer e uniforml y stimulate d 
whil e othe r  oscillator s receive d n o input .  Cross -
correlation s wer e compute d fo r  tw o oscillator s withi n a 
bar  an d betwee n th e bar s an d the n normalize d fo r  eac h 
trial .  Th e uppe r  panel s o f  Fig. 3 sho w stimulu s 
configurations ,  an d th e lowe r  panel s presen t  th e 
correlograms .  Th e cross-correlation s withi n a  ba r 

(dashe d lines )  ar e compare d t o thos e betwee n bar s (soli d 
lines) .  W h e n tw o bar s forme d a  singl e lon g ba r  (Fig . 
3 A ) ,  th e betwecn-ba r  correlatio n i s a s goo d a s th e 
within-ba r  correlation ,  showin g tha t  phase-lockin g wa s 
reache d acros s th e entir e lon g bar .  W h e n tw o bar s wer e 
separate d b y 2  oscillato r  positions ,  th e between-ba r 
correlatio n i s a  littl e weake r  tha n th e within-ba r 
correlation ,  bu t  i s stil l  significant .  Th e correlation s i n 
Fig .  3B ,  however ,  ar e weake r  tha n i n Fig .  3A ,  becaus e 
th e configuratio n i n Fig .  3 B too k longe r  t o reac h phase -
lockin g du e t o weake r  link s betwee n th e tw o bars .  Al l 
thes e result s wel l  matc h th e experimenta l  dat a (Gra y e t 
al. ,  1989) .  I n Fig .  3C ,  however ,  th e between-ba r 
correlatio n i s minima l  whil e th e within-ba r  correlatio n 
i s almos t  perfect ,  showin g tha t  phase-lockin g wa s 
readil y reache d withi n eac h ba r  bu t  ther e wa s n o phas e 
relationshi p betwee n th e tw o bars .  Not e that ,  i n thi s 
case ,  ther e wa s n o direc t  lin k betwee n th e tw o bars . 

Th e conductio n delay s betwee n oscillator s hav e 
bee n neglecte d i n th e abov e modeling ,  becaus e th e 
delay s resultin g fro m neighborin g projection s ar e 
generall y muc h smalle r  tha n th e cycl e period s o f  th e 
oscillators .  Introducin g som e delay s i n th e horizonta l 
connection s doe s no t  necessaril y  yiel d phas e shift ,  a s 
on e migh t  expect ,  sinc e neighborin g oscillator s ar e 
mutuall y connecte d an d the y receiv e externa l  inpu t 
simultaneously .  Ou r  preliminar y observation s sho w 
tha t  u p t o 0. 5 m s dela y (assumin g 4 0 H z oscillations ) 
i n neighborin g connection s o f  a  chai n o f  1 5 oscillator s 
doe s no t  preven t  th e chai n fro m reachin g synchronou s 
oscillations . 

The simulatio n result s demonstrat e tha t  th e visua l 
corte x wit h it s o w n latera l  (horizontal )  connection s i s 
capabl e o f  producin g phase-lockin g o f  stimulus-drive n 
oscillations ,  withou t  resor t  t o a  globa l  phas e 
coordinator ,  all-to-al l  connection s (Sompolinsk y e t  al . 
1990) ,  o r  adho c phas e relation s amon g oscillator s 
(KOni g &  Schillen ,  1991) .  Th e result s provid e soun d 
computationa l  foundation s fo r  th e argumen t  tha t  phase -
lockin g o f  oscillation s i s accomplishe d b y cortico -
cortica l  connections ,  whic h i s consisten t  wit h mor e 
recen t  experimenta l  findings  tha t  phase-lockin g ca n 
occu r  betwee n th e striat e corte x an d th e extrastriat e 
cortex ,  betwee n th e tw o striat e cortice s o f  th e tw o brai n 
hemisphere s (Enge l  e t  al. ,  1992) .  I n th e simulations , 
as mentione d earlier ,  th e longe r  a  ligh t  bar ,  th e longe r 
i t  take s t o reac h phase-locking .  Thus ,  i f  a  singl e ba r  i s 
to o long ,  th e tim e i t  take s t o for m phas e synchron y 
wil l  excee d th e duratio n o f  stimulatio n wit h movin g 
stimuli ,  an d n o phas e lockin g ca n possibl y b e observed . 
Thi s provide s a n explanatio n w h y n o phas e lockin g wa s 
foun d whe n tw o recordin g site s wer e separate d to o fa r 
away (8-1 2 m m,  se e Gra y e t  al. ,  1989) .  Correspondin g 
t o Fig .  2C ,  w e als o predic t  tha t  i f  th e ga p betwee n tw o 
ligh t  bar s i s to o lon g ( 3 m m accordin g t o Gilber t  & 
Wiesel ,  1989) ,  n o phas e lockin g wil l  occu r  acros s th e 
tw o site s stimulate d b y th e tw o bars . 
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Fig .  3 .  Cross-correlatio n withi n an d betwee n tw o bar s i n a  two-dimensiona l  laye r  o f  locall y couple d 
oscillators .  Th e rati o o f  th e couplin g strength s o f  nearest ,  secon d nearest ,  an d thir d neares t  neighbor s i s 
2:1.6: 1 respectively .  Th e overal l  connectio n strengt h o f  eac h oscillato r  i s  normalize d t o 1.25 .  (A )  Th e tw o 
bar s for m a  singl e lon g bar .  (B )  Th e tw o bar s ar e separate d b y tw o oscillato r  positions .  (C )  Th e tw o bar s 
ar e separate d b y 4  positions .  Th e dashe d hne s ar e th e normalize d cross-correlatio n withi n (1-2 ,  3-4 )  an d th e 
soli d line s betwee n (1-3 )  th e tw o bars .  Th e averag e o f  1 0 simulation s i s show n a s i n th e experiment s o f 
Gra y e t  al .  (1989) .  Th e oscillator s unde r  th e bar s receive d externa l  inpu t  / ,  =  0.8 ,  an d th e remainin g 

oscillator s receive d n o externa l  input .  Th e initia l  value s xi(0 )  an d yi(0 )  wer e randoml y generate d withi n th e 

rang e [0 ,  0.5] .  Th e res t  o f  th e parameter s ar e th e sam e a s i n Fig .  2 .  Cross-correlation s wer e compute d fo r  a 
tim e interva l  o f  10,00 0 integratio n step s afte r  omittin g th e initia l  3,00 0 steps . 

D i s c u s s i o n 

Temporal correlation promises to provide a conceptual 
framewor k fo r  objec t  segmentatio n an d figure/ground 
segregatio n (vo n de r  Malsburg ,  1981 ;  vo n de r  Malsbur g 
& Schneider ,  1986 ;  S p o m s e t  al. ,  1991) .  However , 
ther e i s a  significan t  obstacl e t o appl y thi s ide a i f 
synchron y ca n onl y b e produce d wit h long-rang e ful l 
connection s a s i n associativ e memor y model s o r  wit h a 
globa l  phas e coordinato r  (the y ar e computationall y 
equivalent) .  Long-rang e connection s woul d lea d t o 
indiscriminat e synchronizatio n wit h a  unifor m structure , 
contrar y t o th e Gestal t  law s o f  perceptua l  groupin g tha t 
emphasize s spatia l  an d tempora l  relationship s o f  th e 
objects .  T o overcom e thi s problem ,  th e segmentatio n 

networ k woul d hav e t o bia s towar d individua l 
configurations ,  an d th e networ k woul d hav e t o 
(somehow )  encod e individua l  configuration s throug h 
learnin g o r  a d h o c networ k configurations . 
Segmentatio n woul d b e confuse d wit h objec t 
recognition ,  thu s facin g th e simila r  challenge s o f 
invarian t  recognition ,  etc .  T o thi s end ,  segmentatio n 
woul d lea d t o th e sam e di lemm a tha t  tempora l 
correlatio n wa s supposedl y introduce d fo r  a  rescue . 
Notic e that ,  althoug h segmentatio n an d recognitio n 
hav e som e interactions ,  the y ar e tw o distinc t  processe s 
and segmentatio n i s  suppose d t o occu r  earlie r  i n th e 
visua l  processin g tha n recognition . 

We believ e tha t  th e mechanis m elucidate d her e 
provide s a  wa y ou t  o f  thi s predicament .  Sensor y 
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segmentatio n ca n no w b e accomplishe d base d o n genera l 
architecture s wit h connection s onl y i n neighborin g 
units ,  th e importanc e o f  whic h ha s bee n emphasize d 
(vo n de r  Malsburg ,  1988) .  Th e two-dimensiona l  arra y 
of  Fig .  3  ca n readil y serv e fo r  segmentatio n base d o n 
connectednes s an d proximity ,  tw o o f  th e mos t 
importan t  Gestal t  groupin g principles .  Ou r  previou s 
wor k demonstrate d tha t  oscillato r  group s connecte d b y 
inhibitor y link s ten d t o desynchroniz e fro m eac h othe r 
(anti-phas e locking ,  se e Wan g e t  al. ,  1990) .  W e expec t 
tha t  wit h introductio n o f  directiona l  sensitivit y an d 
inhibitor y projections ,  th e presen t  mechanis m ca n 
significantl y enhanc e th e computationa l  powe r  o f  neura l 
network s fo r  sensor y processing ,  an d mor e importantly , 
perhaps ,  th e understandin g o f  neura l  mechanism s 
underlyin g Gestal t  principle s o f  perception . 
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