
UC Merced
Proceedings of the Annual Meeting of the Cognitive Science 
Society

Title
Binding of Object Representations by Synchronous Cortical Dynamic s Explains Temporal 
Order and Spatial Pooling Data

Permalink
https://escholarship.org/uc/item/7gd2n08c

Journal
Proceedings of the Annual Meeting of the Cognitive Science Society, 16(0)

Authors
Grunewald, Alexander
Grossberg, Stephen

Publication Date
1994
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7gd2n08c
https://escholarship.org
http://www.cdlib.org/


Bindin g o f  Objec t  Representation s b y Synchronou s Cortica l  D y n a m i c s Explain s 
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Departmen t  o f  Cognitiv e an d Neura l  System s 

Bosto n Universit y 
Boston ,  M A 0221 5 

a l e x g c n s . b u . e d u 

S t e p h e n G r o s s b e r g 
De|)artmen t  o f  Cognitiv e an d Neura l  System s 

Bosto n Universit y 
Boston ,  M A 0221 5 

Abstrac t 

A key problem in cognitive science concerns how the brain 
bind s togethe r  part s o f  a n objec t  int o a  coheren t  visua l  ob -
jec t  representation .  On e difficult y tha t  thi s bindin g proces s 
needs t o overcom e i s tha t  differen t  part s o f  a n objec t  ma y b e 
processe d b y th e brai n a t  differen t  rate s an d ma y thu s becom e 
desynchronized .  Perceptua l  framing  i s a  mechanis m tha t  resyn -
chronize s cortica l  activitie s correspondin g t o th e sam e retina l 
objec t  A  neura l  networ k mode l  base d o n cooperatio n betwee n 
oscillator s vi a feedbac k from  a  subsequen t  processin g stag e i s 
presente d tha t  i s abl e t o rapidl y resynchroniz e desynchronize d 
featura l  activities .  Mode l  propertie s hel p t o explai n perceptua l 
framing  data ,  includin g psychophysica l  da u abou t  tempora l 
orde r  judgments .  Thes e cooperativ e mode l  interaction s als o 
simulat e da U concernin g th e reductio n o f  threshol d contras t 
as a  functio n o f  stimulu s length .  Th e mode l  hereb y provide s 
a unifie d explanatio n o f  tempora l  orde r  an d threshol d contras t 
dat a a s manifestation s o f  a  cortica l  bindin g proces s tha t  ca n 
r̂ idl y resynchroniz e imag e part s whic h belon g togethe r  i n 
visua l  objec t  representations . 

Introduction 

The primat e visua l  syste m perform s th e comple x tas k o f  an -
alyzin g th e visua l  environmen t  i n severa l  stages .  A t  th e first 
stage ,  th e retina ,  th e incomin g imag e i s transduce d int o neu -
ra l  signals .  Thes e signal s ar e the n transmitte d t o th e latera l 
geniculat e nucleu s ( LGN )  an d fro m ther e t o th e striat e corte x 
(VI) .  Cell s i n al l  thes e stage s hav e comparativel y smal l  re -
ceptiv e fields,  wit h th e bigges t  bein g i n V I .  Striat e receptiv e 
fields  hav e a t  mos t  a  diamete r  o f  abou t  on e degre e i n th e fove a 
(Hube l  &  Wiesel ,  1968) .  Unlik e th e receptiv e fields  o f  cell s 
i n th e retin a an d th e L G N ,  receptiv e fields  o f  striat e neuron s 
ten d t o hav e a  preferre d orientation .  Thes e cell s  fire  optimall y 
when a  ba r  o f  thei r  preferre d orientatio n i s i n thei r  receptiv e 
fields.  Sinc e th e receptiv e fields  ar e rathe r  small ,  i t  ca n b e sai d 
tha t  striat e neuron s respon d t o loca l  features ,  an d hence  the y 
decompos e th e retina l  imag e int o it s mai n loca l  orientations . 

I t  i s  know n tha t  th e latenc y o f  th e respons e onse t  o f  retina l 
and geniculat e neuron s i s  variable ,  eve n t o identica l  stim -
ul i  (Sh^le y &  Victor ,  1978 ;  Sestoka s &  Lehmkuhle ,  1986) . 
Moreover ,  th e latenc y depend s o n stimulu s parameters .  Mor e 
luminan t  stimul i  ar e processe d faste r  tha n les s luminan t  stim -
uli ,  an d highe r  spatia l  frequencie s ar e processe d faste r  tha n 
lowe r  spatia l  frequencie s (Bolz ,  Rosn^ ,  &  Wassle ,  1982 ; 
Sestoka s &  Lehmkuhle ,  1986) . 

Sinc e mos t  image s fro m a  rea l  environmen t  contai n a  va -
riet y o f  luminance s an d spatia l  frequencies ,  processin g o f 
differen t  part s o f  a n imag e ma y happe n a t  differen t  rates ,  s o 

tha t  th e cortica l  representatio n o f  th e imag e ma y b e desyn -
chronized .  A s lon g a s th e retina l  imag e i s constant ,  thi s does 
not  caus e seriou s problems .  However ,  whe n ther e i s motio n 
i n th e retina l  image ,  th e visua l  syste m need s t o ensur e tha t 
al l  th e part s correspondin g t o th e sam e retina l  imag e ar e pro -
cesse d together ,  t o avoi d fals e conjunction s tha t  coul d impai r 
recognitio n o f  object s i n a  scene .  Unde r  extrem e conditions , 
suc h a s th e rapi d presentatio n o f  visua l  stimuli ,  i t  ca n happe n 
tha t  fals e conjunction s d o occu r  (Intraub ,  1985) . 

Perceptua l  framin g i s th e proces s whweb y th e part s o f  a n 
imag e ar e resynchronize d (Varela ,  Toro ,  John ,  & .  Schwartz , 
1981) .  I n th e presen t  study ,  a  neura l  networ k mode l  i s pre -
sente d tha t  exhibit s perceptua l  framing .  Tha t  is ,  temporall y 
offse t  input s t o th e networ k ar e resynchronized .  Th e presen t 
stud y als o show s tha t  perceptua l  framin g ca n b e implemente d 
wit h th e sam e typ e o f  horizonta l  connection s tha t  hav e bee n 
postulate d i n a  mode l  o f  for m perceptio n an d perceptua l 
groupin g (Grossba g &  MingoUa .  1985a ,  1985b) . 

Anothe r  issu e tha t  ha s t o b e solve d b y th e visua l  syste m i s 
tha t  informatio n i n th e visua l  corte x i s spatiall y  distributed . 
H o w doe s thi s informatio n ge t  boun d togethe r  int o coho^en t 
objec t  rqjresentations ? Thi s i s necessar y sinc e th e interpre -
tatio n o f  a n image ,  whic h include s th e recognitio n an d th e 
localizatio n o f  object s i n th e image ,  require s globa l  informa -
tion .  Th e anatom y o f  visua l  corte x suggest s tha t  horizon -
ta l  connection s withi n eac h area ,  an d feedbac k connection s 
betwee n differen t  areas ,  occu r  a t  multipl e processin g stage s 
(Fellema n &  Va n Essen .  1991 ;  Gilbert ,  1993) .  Th e presen t 
stud y focuse s o n interaction s betwee n neighborin g neuron s 
vi a feedbac k fro m subsequen t  processin g stages .  I t  i s show n 
tha t  horizonta l  integratio n withi n th e visua l  corte x ca n en -
hance  performanc e o f  singl e cortica l  cells ,  an d thu s ca n for m 
a startin g poin t  fo r  th e globa l  understandin g o f  visua l  images . 

Perceptual Framing 

Perceptua l  framin g i s th e proces s o f  bindin g togethe r  part s o f 
neura l  representation s correspondin g t o th e sam e imag e tha t 
may hav e com e temporall y ou t  o f  registe r  du e t o earl y pro -
cessing .  Bottom-u p convergenc e o f  signal s i n visua l  corte x 
does no t  suffic e a s a  mechanis m fo r  resynchronization ,  i f  onl y 
becaus e cortica l  cell s hav e a  fas t  rat e o f  integratio n (Mason , 
NicoU ,  &  Stratford ,  1991) ,  ye t  th e response s o f  cortica l  cell s 
withi n th e first  5m s afte r  respons e onse t  i s a  9 5 % accurat e 
predicto r  o f  th e entir e respons e strengt h (Celebrini ,  Thorpe , 
TrottCT ,  &  Imbert ,  1993 ;  Ora m &  Perrett ,  1992) .  I t  ha s als o 
been show n tha t  synchronizatio n canno t  b e mediate d b y a 
clockin g mechanis m suc h a s th e cortica l  alpha-rhyth m (Gh o 
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& Varela ,  1989) . 
Her e w e mode l  h o w synchronizatio n o f  distribute d corti -

cal  activitie s ca n temporall y realig n out-of-phas e imag e parts . 
Th e result s mode l  dat a showin g tha t  cortica l  activitie s syn -
chroniz e i n th e ca t  an d i n th e monke y whe n a  stimulu s i s 
presen t  i n th e visua l  field  (Eckhom ,  Bauer ,  Jordan ,  Brosch , 
Kruse ,  M u n k ,  &  Reitboeck ,  1988 ;  Gra y &  Singer ,  1989) ,  eve n 
when th e receptiv e fields  o f  th e unit s recorde d d o no t  overlap . 

Thi s synchronizatio n propert y o f  th e neura l  networ k mode l 
means tha t  i f  tw o stimul i  ar e presente d a t  tw o differen t  loca -
tions ,  separate d b y a  stimulu s onse t  asynchron y ( S O A ) ,  the n 
th e neura l  activitie s a t  th e location s correspondin g t o thos e 
stimul i  ar e separate d b y a  smalle r  amoun t  o f  time .  Thi s i s 
h o w perceptua l  framin g manifest s itsel f  i n thi s model .  Syn -
chronizatio n ca n onl y occu r  fo r  S O A s tha t  ar e no t  to o big ,  s o 
tha t  perceptua l  framin g onl y occur s fo r  smal l  S O A s . 

A wa y t o tes t  thi s notio n o f  perceptua l  framin g i s t o lin k 
i t  t o tempora l  orde r  judgment s (TOJs )  o f  tw o separat e visua l 
stimuli .  W h e n perceptua l  framin g break s down ,  tw o stimul i 
wil l  b e perceive d a s successive ,  an d thu s i t  wil l  b e possibl e fo r 
observer s t o identif y thei r  tempora l  order .  Hirsc h an d Sherric k 
(1961 )  hav e foun d a  psychometri c functio n o f  th e accurac y o f 
TOJs a s a  functio n o f  th e stimulu s onse t  asynchrony .  lliei r 
result s ar e show n i n Figur e 1 .  A t  a n S O A o f  20ms ,  observer s 
ca n tel l  th e tempora l  orde r  wit h 7 5 % accuracy . 
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Figur e 1 :  Accurac y o f  tempora l  orde r  judgmen t  a s a  functio n 
of  S O A .  Compariso n betwee n experimenta l  result s an d th e 
model  proposed .  S O A indicate s th e tim e b y whic h stimulu s 
on e (e.g .  th e "righ t  stimulus" )  lead s th e othe r  stimulu s i n a 
tw o stimulu s presentatio n task .  Th e ordinat e give s th e per -
cen t  response s tha t  stimulu s on e appeare d first.  Soli d line : 
result s from  experimenta l  study .  Dashe d line :  result s fro m 
simulatio n o f  th e model . 

Spat ia l  P o o l i n g 

Spatia l  summatio n i s th e effec t  tha t  whe n stimul i  ar e ver y 
smal l  (typicall y smalle r  tha n th e siz e o f  a  striat e receptiv e 

field),  the n a n increas e o f  stimulu s siz e lead s t o a  reductio n 
of  threshol d contras t  (Thomas ,  1978) .  Thes e experiment s 
wer e conducte d unde r  th e assumptio n tha t  spatia l  summatio n 
onl y occur s withi n th e rang e o f  a  receptiv e field,  an d henc e 
littl e dat a ar e availabl e tha t  indicat e cooperativ e interaction s 
ove r  size s tha t  g o significantl y beyon d a  singl e receptiv e field. 
Gilber t  (1993 )  has ,  however ,  reviewe d evidenc e challengin g 
th e classica l  notio n o f  a  receptiv e field  i n th e ligh t  o f  psy -
chophysical ,  anatomica l  an d physiologica l  evidenc e suggest -
in g th e existenc e o f  extensiv e latera l  intotctions . 
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Figur e 2 :  Compariso n betwee n psychophysica l  dat a an d com -
pute r  simulations .  Normalize d threshol d contras t  a s a  func -
tio n o f  normalize d stimulu s size .  Soli d line :  result s firom 
experimenta l  study .  Dashe d line :  result s fro m simulations . 

The present authors are aware of only one study that com-
pare s contras t  threshold s whe n stimulu s length s g o beyon d 
tha t  o f  th e diamete r  o f  a  singl e striat e receptiv e field.  Essoc k 
(1990 )  showe d a  reductio n o f  threshol d contras t  u p t o gratin g 
length s o f  5. 5 degrees .  Th e result s o f  Essoc k (1990 )  ar e re -
plotte d i n Figur e 2 .  I t  ca n b e see n h o w th e threshol d decrease s 
wit h increasin g stimulu s length .  Th e lengt h ove r  whic h pool -
in g occur s i s to o lon g t o allo w a n explanatio n withi n a  striat e 
receptiv e field,  thu s suggestin g som e kin d o f  horizonta l  corti -
cal  cooperation .  I n th e presen t  stud y w e cal l  thi s effec t  spatia l 
poolin g t o distinguis h i t  fro m spatia l  summatio n proper . 

Description of the Model 

Grossber g an d Mingoll a (1985a ,  1985b )  develope d a  mode l 
calle d th e Boundar y Contou r  Syste m (BCS )  fo r  th e genoa -
tio n o f  emergen t  boundar y segmentation s b y th e visua l  cortex . 
Thi s mode l  wa s late r  adapte d t o sho w tha t  cortica l  synchro -
nizatio n o f  neura l  activitie s doe s no t  requir e th e presenc e o f  a 
centra l  clockin g mechanis m (Grossber g « & Somers ,  1991) .  I n 
th e presen t  study ,  w e furthe r  develo p an d modif y thi s model . 
Ther e ar e tw o layers ,  on e consistin g o f  fast-slo w neura l  os -
cillator s (Ellia s &  Grossberg ,  1975) ,  an d th e othe r  o f  bipol e 
cells ,  tha t  receiv e inpu t  t o tw o separat e receptiv e field  lobes . 
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i n additio n t o receivin g direc t  bottom-u p input .  I n th e presen t 
simulations ,  bipol e cell s fire  i f  a t  leas t  tw o o f  it s  thre e re -
ceptiv e zone s ar e activated .  Th e architectur e o f  th e mode l  i s 
shown i n Figur e 3 . 

L ^ . J  C , > > ' 

probabilit y  p .  I n Figur e 1  th e experimenta l  result s o f  Hirsc h 
and Sherric k (1961 )  abou t  tempora l  orde r  judgment s an d th e 
simulatio n result s ar e compared .  Th e simulation s matc h th e 
dat a closely . 

We als o teste d th e mode l  agains t  psychophysica l  dat a o n 

n 
n 

Figur e 3 :  Th e architectur e o f  th e mode l  proposed .  A  laye r 
of  fast-slo w oscillator s i s couple d vi a a  lay w o f  bipol e cells . 
I n cono^ t  t o previou s version s o f  th e model ,  ther e i s a  direc t 
signa l  fro m eac h oscillato r  t o it s correspondin g bipol e cel l 
whic h facilitate s boundar y completion . 

In the simulations two stimuli of the same length are pre-
sente d t o differen t  location s o f  th e neura l  netwoik ,  separate d 
by a n S O A .  Th e interna l  tim e differ^c e A ^  i s th e minima l 
tim e betwee n peak s o f  neura l  activit y o f  th e fas t  neuron s a t 
th e tw o site s correspondin g t o th e stimuli .  Fo r  differen t  S O A s 
we foun d th e internia l  tim e differenc e A t  fo r  th e correspondin g 
neura l  signal s i n ou r  model .  Th e tim e o f  th e respons e pea k 
correspondin g t o eac h o f  th e tw o stimul i  i s  a  rando m vari -
able ,  an d th e mea n o f  th e differenc e betwee n th e tw o rando m 
variable s correspondin g t o th e tw o stimul i  i s th e interna l  tim e 
differenc e At .  Th e probabilit y  tha t  eac h o f  thos e neura l  sig -
nal s occur s a t  an y give n tim e follow s th e norma l  distribution , 
wher e th e mea n o f  th e first  signa l  ca n b e se t  t o zero ,  an d th e 
mean o f  th e secon d ca n b e se t  t o At .  Th e standar d deviatio n 
of  th e tim e o f  th e pea k respons e < t  i s th e sam e fo r  both ,  an d 
has bee n reporte d t o b e 6 m s (Maunsel l  &  Gibson ,  1992 ;  Zack , 
1973) .  Th e probabilit y  tha t  th e signa l  correspondin g t o th e 
first  stimulu s i s pCTceive d first  ca n b e foun d b y takin g th e 
differenc e o f  th e tw o rando m variables ,  whic h i s als o a  nor -
mal  distribution ,  wit h mea n A t  an d standar d deviatio n v^<r . 
Thus th e probabilit y  tha t  th e first  stimulu s i n a  tw o stimul i 
paradig m i s perceive d first,  an d henc e tha t  th e tempora l  orde r 
of  th e stimul i  i s perceive d correctl y  i s give n b y 

- A ^ ) ^ 
wher e 4 > i s  th e cumulativ e norma l  distributio n function .  Eac h 
S OA lead s t o a  differen t  valu e fo r  At ,  an d henc e a  diff^en t 

spatia l  poolin g (Essock ,  1990 )  b y finding  th e minima l  input s 
necessar y t o yiel d oscillation s (an d th^^for e activitie s abov e 
baselin e level )  fo r  differen t  inpu t  sizes .  Th e result s fro m 
th e simulation s an d fro m th e experimen t  wer e normalized . 
Normalizatio n wa s paforme d b y dividin g th e inpu t  (o r  th e 
contrast )  b y th e valu e a t  whic h i t  asymptote s fo r  larg e stim -
ulu s sizes .  Sinc e smalle r  stimul i  requir e mor e contras t  t o b e 
detected ,  th e normalize d contras t  fo r  thes e stimul i  i s greate r 
tha n one .  Siz e wa s als o normalize d wit h respec t  t o th e asymp -
totin g size .  Th e normalize d experimenta l  dat a an d c o m p u t e 
simulation s ar e show n i n Figur e 2 .  Th e differenc e betwee n 
th e tw o curve s a t  smal l  stimulu s length s ca n b e attribute d t o 
th e fac t  tha t  i n th e presen t  stud y i t  wa s assume d tha t  th e stim -
ulu s span s th e ful l  siz e o f  th e cortica l  receptiv e fields.  H a d w e 
take n int o accoun t  tha t  ver y smal l  stimul i  onl y excit e part s o f 
th e receptiv e field  o f  a  singl e neuron ,  an d thu s th e bottom-u p 
inpu t  i s weakene d an d need s t o b e compensate d b y highe r 
contrast ,  th e matc h woul d b e ver y good .  However ,  i n thi s 
stud y th e focu s wa s o n latera l  interaction s vi a feedback . 

Discussion 

I n thi s study ,  w e hav e show n dat a abou t  tha t  p«x:eptua l  fram -
in g an d spatia l  poolin g ca n b e quantitativel y explaine d usin g 
a mode l  neura l  proces s o f  cortica l  cooperatio n acros s spac e 
and time .  Suc h a n architectur e help s t o bin d percq)tio n o f  a 
whol e wit h it s parts ,  an d thu s provide s a  ke y ste p i n th e globa l 
integratio n o f  a  pox^ept .  I t  i s  als o k n o w n tha t  synchroniza -
tio n o f  convergen t  neura l  input s driv e long-ter m potentiatio n 
(LTP )  (Blis s &  Collingridge ,  1993) .  Thu s perceptua l  framin g 
m ay b e utilize d no t  onl y fo r  recognition ,  bu t  als o fo r  learnin g 
abou t  th e visua l  environment .  Indee d i t  i s  know n tha t  per -
ceptua l  learnin g ca n occu r  quickly ,  wit h effect s lastin g fo r  a 
lon g tim e (Kam i  &  Sagi ,  1993) .  Togethe r  thes e result s sug -
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gest  tha t  perceptua l  framin g ca n se t  u p a  resonan t  stat e tha t 
drive s learnin g processes ,  a s i n Ad^tiv e Resonanc e Theor y 
(Grossberg ,  1976.1980) . 

Appendix: Details of the model 

I n th e simulation s o f  th e mode l  ther e wer e 6 4 oscillator s ar -
range d alon g a  ring .  Eac h oscillato r  consiste d o f  tw o node s 
each ,  on e fas t  an d on e slow .  Th e activit y o f  th e fas t  nod e i s 
denote d b y x, ,  o f  th e correspondin g slo w nod e b y y,- .  Th e 
inde x t  denote s th e positio n o f  th e oscillator ,  an d range s fro m 
1 t o 64 .  Oscillator s wit h indice s differin g b y on e ar e neigh -
bors .  Sinc e th e oscillator s ar e arrange d a s a  ring,  unit s indexe d 
by 1  an d 6 4 respectivel y ar e als o neighbors .  Thi s structur e 
was chose n t o avoi d edg e effects .  Car e wa s take n t o ensur e 
tha t  inpu t  wa s sufficientl y fa r  remove d fro m th e wra p aroun d 
positio n t o avoi d undesirabl e sid e effects .  Th e inpu t  t o th e 
networ k i s denote d b y I ,  an d i t  i s  positio n specific .  Associate d 
wit h ever y oscillato r  ther e i s a  bipol e cell ,  whos e activit y i s 
denote d b y z, .  Th e equation s governin g th e oscillator s ar e 

dxi 

I t 

dyi 

dt 

-Ax i  +  { B -  Xi )  {CUxi )  +  Uzi )  +  U ) 

-DxiUivi) 

E{xi - y.) 

wher e th e signa l  functio n / o i s give n b y 

/o(x) = 
Q"°  +  x" o 

and A ,B ,C , D an d E  ar e parameter s o f  th e network .  Th e 
parameter s n, ,  an d Q „  determin e th e signa l  functio n o f  th e 
oscillator .  Th e equatio n governin g th e bipol e cell s i s 

zi  =  [MLi )  +  M R , )  +  Fh id )  -  r,p, ] 

where 

[a:]+=max(r,0), 

and the bipole sigiud function is 

x" » 

1 + 

•̂ *̂ ^ )  -  Q̂ ^ o +  x» » ' 

and F  an d Vcp i  ar e parameters .  Th e parameter s n j  an d Q\ , 
determin e th e signa l  functio n o f  th e bipol e cell .  Th e botto m 
up inpu t  t o bipol e cell s i s  give n b y 

^  =  iE/«>(-.>. ) 

Ci = foiXi) 

where w is the halfwidth of the kernel. The initial conditions 
of  th e networ k wher e chose n t o b e X i  =0.15 ,  y, -  =  0.15 ,  an d 
Zi  =  0  fo r  al l  t .  Th e initia l  valu e o f  th e slo w variabl e i s main -
taine d b y toni c input ,  whic h i s quenche d whe n a n inpu t  come s 
on.  Scalin g o f  tim e wa s don e b y takin g int o accoun t  recen t 
findings  tha t  th e pmo d o f  oscillation s i n primate s i s abou t  1 5 

ms (Eckhom ,  Frien ,  Bauer ,  Woelbem,  &  Kehr ,  1993) .  I t  wa s 
foun d tha t  puttin g a  timest ^  o f  1  uni t  i n th e mode l  equa l  t o 
1 m s yield s goo d results .  Th e integratio n stepsiz e use d wa s 
/ f  =  0. 1 ms .  Th e parameter s use d throughou t  thi s repor t  ar e 
A =  l, B =  \, C =  20, D =  33.3, E =  0.l, F =  0.5,n o = 
4,Q o =  0.9, m =  5,Q t  =  O.OOXXcpi  =  l, w =  6 . 

I n th e tempora l  orde r  judgmen t  simulations ,  eac h nod e re -
ceive d a  constan t  leve l  o f  backgroun d activit y (/ < =  0.15) . 
Two node s receive d a n inpu t  (/ ,  =  0.65 )  whic h laste d fo r  25 0 
ms.  Th e first  inpu t  ( i  =  33 )  come s a t  simulatio n onset ,  th e 
secon d inpu t  ( t  =  34 )  come s o n late r  b y a n amoun t  specifie d 
wit h SOA. 

I n th e spatia l  poolin g simulation s th e backgroun d activit y 
was se t  t o zero ,  t o avoi d unwante d latera l  interactions .  Fo r 
each stimulu s siz e al l  unit s tha t  receive d inpu t  receive d th e 
same value .  Threshol d inpu t  wa s th e lowes t  valu e (u p t o 0.01 ) 
tha t  le d t o oscillations . 
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