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A B S T R A CT 

Making a perceptual interpretation can be viewed as a 

computalionii l  proces s i n whic h a  plausibl e combinatio n i s 

chose n fro m ajiion g a  larg e se t  o f  interdependen t 

hypotheses .  I n a  cooperativ e computatio n th e hypothese s 

ar e implemente d b y unit s tlia t  interac t  non-linearl y an d i n 

paralle l  vi a cxcit;itor y an d inhibitor y link s (Julesz ,  1971 ; 

Marr  &  Poggio ,  1976 ;  Sejnowski ,  1976) .  A  particula r 

perceptua l  tas k i s specifie d b y externa l  input s t o som e o f  th e 

unit s an d th e whol e syste m mus t  the n discove r  a  stabl e stat e 

of  activit y i n v/hic h th e activ e unit s represen t  th e hypothese s 

tha t  ar e take n a s true .  V/ e describ e a  searc h procedur e base d 

on statistica l  mechanic s tha t  finds  nea r  optima l  combination s 

of  hypolhcse s wit h hig h probability ,  an d w e sho w tha t  th e 

hardwar e unit s require d fo r  it s efficien t  implemenUitio n ar e 

simila r  t o neurons .  Eve n thoug h th e individua l  unit s ar e 

non-linccir ,  ther e i s  a  linea r  relationshi p betwee n th e synapti c 

weight s an d th e logarithm s o f  th e probabilitie s o f  globa l 

state s int o whic h th e syste m settles .  Thi s make s i t  possibl e t o 

iiiiplemen t  a  convergen t  learnin g procedur e whic h specifie s 

jus t  ho w th e synapti c weight s nee d t o b e change d i n orde r  t o 

lear n th e constraint s i n a  give n domain . 

Introduction 

Consider the problem of making a 3-D interpretation of a 

2- D lin e drawing .  Eac h lin e i n th e picture ,  considere d i n 

isolation ,  coul d depic t  an y on e o f  a  larg e se t  o f  3- D edges . 

Peopl e resolv e thi s loca l  ambi-̂ uit y b y usin g ;issumption s 

abou t  th e way s i n whic h edge s g o togellie r  i n th e 3- D world . 

Thes e assumpticn s mak e som e combination s o f  edge s fa r 

more plausilil c  tha n others .  Ther e ar e tw o roughl y separabl e 

problem s i n understandin g th e us e o f  assumption s i n 

perception .  Th e first  i s  t o specif y clearl y wha t  th e 

assumption s are ,  ;m d th e secon d i s  t o find  a  searc h procedur e 

llia t  ca n discove r  inteipretation s whic h optimall y fit  th e 

inpu t  dat a an d th e assumptions ,  eve n whe n som e o f  th e 

assumption s conflic t  wit h on e anothe r  (Attneav e 1982) .  Ou r 

concer n her e i s  wit h th e secon d problem :  H o w ca n w e 

discove r  interpretation s tha t  optimall y fit a  larg e se t  o f 

plausibl e assumptions ? 

Attneav e (1982 )  an d other s (Hinto n 1977 )  hav e propose d 

cooperativ e model s i n whic h neuron-lik e h;u-dwar e unit s 

represen t  particula r  3- D edge s an d th e rule s ar e 

implemente d b y excitator y an d inhibitor y interaction s 

betwee n thes e units .  Eac h lin e i n th e drawin g provide s inpu t 

t o th e whol e se t  o f  3- D edge s whic h ar e consisten t  wit h it , 

and unde r  th e influenc e o f  thi s inpu t  th e whol e syste m 

settle s int o a  stabl e stat e o f  activit y whic h represent s th e 

interpretation .  I t  i s no t  obviou s tha t  suc h a  searc h proces s 

can b e mad e t o work .  Th e apparen t  difficult y o f  analyzin g 

th e behaviou r  o f  cross-coupled ,  non-linea r  system s make s i t 

temptin g t o believ e tha t  th e onl y wa y t o mak e progres s i s 

throug h compute r  simulation .  I n thi s pape r  w e attemp t  t o 

sho w tha t  mathematica l  analysi s i s possibl e an d illuminating . 

Most of the existing proposals for cooperative search 

mechanism s assum e tha t  ther e ar e real-value d activit y level s 

whic h chang e smoothl y durin g tli e searc h (Rosenfeld , 

Hummel  &  Zucker ,  1976) .  Thes e activit y level s ar e ofte n 

associate d wit h th e firing  rate s o f  neurons ,  an d the y ar e 

normall y use d t o represen t  th e valu e o f  a  physica l  paramete r 

suc h a s slop e i n depth ,  o r  th e cuiTen t  probabilit y  tha t  a 

hypothesi s i s correct .  Th e metho d w e shal l  describ e use s a 

ver y differen t  representation .  Th e unit s tha t  stan d fo r 

hypothese s onl y hav e tw o sLates ,  tru e an d false .  However ,  th e 

decisio n rul e whic h determine s whic h stat e the y ente r  i s 

probabilistic ,  s o the y ca n chang e tliei r  stat e eve n i f  the y ar e 

receivin g constan t  input .  Th e us e o f  a  probabilisti c  decisio n 

rul e make s th e cooperativ e searc h easie r  t o analyz e tha n wit h 

a detenninisti c rul e becaus e i t  make s i t  possibl e t o appl y 

method s fro m statistica l  mechanics .  Instea d o f  bein g a 

drawback ,  th e non-determ.inis m ha s th e advantag e o f 

allowin g th e syste m t o escap e fro m sub-optima l  states .  W e 

star t  b y describin g a  syste m i n whic h ther e i s a  deterministi c 

decisio n rul e tlia t  i s  applie d a t  rando m moment s an d the n w e 

generaliz e thi s cas e t o a  non-deterministi c rule . 

Cooperat iv e searc h 

deterministi c binar y unit s 

wit h 

Hopfiel d (1982 )  postulate s a  syste m wit h a  larg e numbe r  o f 

binar y units .  Th e unit s ar e rec/proca// y connected ,  wit h th e 



slrengi h o f  th e connectio n bein g th e sam e i n bot h directions . 

Give n th e curren t  input s fro m outsid e th e system ,  an y 

paiiicula r  stat e o f  th e syste m ha s a n associate d "energy "  an d 

th e whol e syste m behave s i n suc h a  wa y a s t o minimiz e it s 

energy .  Th e energ y o f  a  stal e ca n b e interprete d a s th e exten t 

t o whic h i t  violate s a  se t  o f  plausibl e constraints ,  s o i n 

minimizin g it s energ y i t  i s maximizin g th e exten t  t o whic h i t 

satisfie s th e constraints . 

The total energy of the system is defined as 

thermodynami c system s (Binder ,  1978 )  an d ha s recentl y 

been applie d t o problem s o f  constrain t  satisfactio n 

(Kirkpatrick ,  Gelat t  &  Vecci ,  i n press) .  W e adop t  a  for m o f 

th e Metropoli s algorith m tha t  i s  suitabl e fo r  paralle l 

computation :  I f  th e energ y gu p betwee n th e ini e an d fals e 

state s o f  th e k' ^  uni t  i s AE^ ^  the n regardles s o f  th e previou s 

slat e se t  Sjt= 1 wit h probabilit y 

Pk = 
( l  +  e-̂ l-VT" ) 

(3 ) 

E = - m J 2 w i j s ^ s j - J 2 ( y ) i - d i ) ^ i 
i j  i 

(1 ) 

wher e tj ,  i s  th e externa l  inpu t  t o th e /'' '  unit ,  ivy .  i s  th e 

strengt h o f  connectio n (synapti c weight )  from  th e /' '  t o th e 

/'' '  unit ,  S j  i s a  boolea n trut h valu e ( 0 o r  1) ,  an d <? ,  i s a 

threshold . 

A simpl e algorith m fo r  finding  a  combinatio n o f  trut h value s 

tha t  i s a  loca l  minimu m i s t o switc h eac h hypothesi s int o 

whicheve r  o f  it s  tw o state s yield s th e lowe r  tota l  energ y give n 

th e curren t  state s o f  th e othe r  hypotheses .  I f  hardwar e unit s 

make thei r  decision s asynchronously ,  an d i f  transmissio n 

lime s ar c negligible ,  the n tli e syste m alway s settle s int o a 

loca l  energ y minimum .  Becaus e th e connection s ar e 

symmetrical ,  th e differenc e betwee n th e energ y o f  th e whol e 

syste m wit h th e k'' '  hypothesi s fals e an d it s energ y wit h th e 

l̂t h hypothesi s tru e ca n b e dctemiine d locall y b y th e k' ^  uni t 

(Vlopficld ,  1982) ,  an d i s jus t 

^EK=Yl^ ' ^k iS i )+ -nk -O k (2 ) 

Therefore ,  th e rul e fo r  minimizin g th e energ y contribute d b y 

a uni t  i s t o adop t  th e tru e stal e i f  it s tota l  inpu t  exceed s it s 

threshold ,  whic h i s th e familia r  rul e fo r  binar y threshol d 

unit s (Minsk y &  Papert ,  1968) . 

Using probabilistic decisions to 

e s c a p e f ro m loca l  m i n i m a 

The deterministic algorithm suffers from the standard 

weaknes s o f  gradien t  descen t  methods :  I t  get s stuc k a t  loca l 

minim a tha t  ar e no t  globall y optimal ,  Thi s i s a n inevitabl e 

consequenc e o f  onl y allowin g jump s t o stale s o f  lowe r 

energy .  If ,  however ,  jump s t o highe r  energ y sL'Ue s 

occasionall y ooiur ,  i t  i s  possibl e t o brea k ou t  o f  loca l 

minima .  A n algorith m wit h Uii s propert y wi- s introduce d b y 

Metropoli s et .  al .  (1953 )  t o stud y averag e proĵ criie s o f 

wher e T  i s a  paramete r  whic h act s lik e temperatur e (se e fig. 

1) .  Thi s paralle l  algorith m ensure s tha t  i n therma l 

equilibriu m th e relativ e probabilit y o f  tw o globa l  state s i s 

determine d solel y b y thei r  energ y difference ,  an d follow s a 

Bollzman n distribution . 

(4 ) 

At  lo w temperature s ther e i s a  stron g bia s i n favo r  o f  slate s 

wit h lo w energy ,  bu t  th e tim e require d t o reac h equilibriu m 

may b e long .  A t  highe r  temperature s th e bia s i s no t  s o 

favorabl e bu t  equilibriu m i s reache d faster . 

1.0 0 

.s o 

Figur e 1 

Probability p(AE) that a unit is in its "true" state as a 

functio n o f  it s  energ y ga p A E plotte d fo r  T = 1  (Eq .  3) . 

As th e temperatur e i s  lowere d t o zer o th e sigmoi d 
approache s a  ste p function . 



Reduc in g th e tim e t o 

equilibriu m 

reac h 

O ne techniqu e iha l  ca n b e use d t o reac h a  goo d equilibriu m 

disiribulio n quickl y i s l o star t  a t  a  hig h temperatur e an d the n 

t o coo l  d o w n (Kirkpatric k et .  al ,  i n press) .  Thi s typ e o f 

searc h b y "simulate d annealing "  initiall y  finds  a  large-scal e 

m i n i m u m bu t  fluctuate s aroun d i t  becaus e o f  th e hig h 

temperature .  A s th e temperatur e i s  reduced ,  a  goo d 

m in imu m wil l  b e foun d withi n th e large-scal e m in imum ,  an d 

so on .  I n general ,  i t  i s  impossibl e l o guarante e tha t  a  globa l 

m in imu m wil l  b e found ,  bu t  a  nearl y globa l  m i n i m u m ca n 

be foun d wit h hig h probability . 

We are investigating an additional technique which we shall 

onl y mentio n here .  Energ y banier s ar e wha t  preven t  a 

syste m fro m reachin g equilibriu m rapidl y a t  lo w 

temperature ,  an d i f  the y ca n b e temporaril y  suppressed , 

equilibriu m ca n b e achieve d rapidl y a t  a  temperatur e a t 

whic h th e distributio n strongl y favor s th e lowe r  minima .  Th e 

energ y banier s canno t  b e permanentl y removed ,  becaus e 

the y correspon d t o state s tha t  violat e th e constraints ,  an d th e 

energie s o f  thes e state s mus t  b e kep t  hig h t o preven t  th e 

syste m fro m settlin g int o them .  However ,  fo r  specia l  case s i t 

i s  possibl e t o desig n unit s whic h ar e activ e durin g th e searc h 

proces s bu t  ar e quiescen t  i n th e final  state .  W h e n on e o f 

thes e specia l  unit s i s  activ e i t  lower s th e energ y o f  a  stat e tha t 

woul d hav e bee n a n energ y barrie r  betwee n tw o loca l 

minima .  Th e specia l  unit s ar e a  wa y o f  implementin g 

heuristi c knowledg e abou t  h o w l o searc h tli e space .  The y 

hav e n o effec t  o n th e energie s o f  final  states ,  an d i n thi s 

respec t  the y ar e lik e catalysts . 

Learning 

So f;ir, we have assumed that the interactions between the 

unit s implemen t  tli e correc t  constraints ,  an d w e hav e 

focusse d o n th e searc h problem .  However ,  i n a  syste m wher e 

Ih e weight s represen t  man y plausibl e assumption s tha t 

interact ,  i t  i s  no t  obviou s h o w l o choos e th e weight s t o 

produc e th e desire d behavior .  W e wil l  sho w that ,  a s a 

consequenc e o f  th e probabilisti c  decisio n rule ,  i t  i s  possibl e 

fo r  a  cooperativ e modul e t o internaliz e th e constraint s i n an y 

domai n simpl y b y bein g tol d whethe r  th e solution s i t  settle s 

int o ar e right  o r  wrong .  W h e n th e modul e settle s t o th e 

wron g solution ,  i t  modifie s Ui e weight s s o a s t o rais e th e 

energ y o f  tlia t  stat e an d thu s mak e i t  les s likel y t o b e foun d 

i n future .  Similarly ,  goo d solution s tha t  ar e no t  foun d ofte n 

enoug h hav e thei r  energie s lowere d whe n the y ar e found . 

Tlii s  simpl e procedur e i s  effectiv e becaus e o f  th e linea r 

relationshi p betwee n th e synapti c weight s an d th e log s o f 

probabilitie s o f  whol e state s a t  therma l  equilibrium .  I f  w e 

temporaril y  ignor e th e threshold s an d tli e externa l  input s t o 

th e unit s an d assum e a  temperatur e o f  1 ,  w e have : 

= E - i j h f (5 ) 

wher e 

an d i °  i s  th e stat e o f  t h e /  uni t  i n th e a '  globa l  state . 

To explain the learning procedure, we invent a hypothetical 

idea l  syste m whic h settle s int o globa l  state s wit h exactl y th e 

probabilitie s required .  W e the n sho w tha t  i f  th e actua l 

syste m i s tol d whethe r  it s curren t  probabilitie s fo r  particula r 

state s ar e to o hig h o r  to o low ,  i t  ca n modif y it s weight s s o 

tha t  the y mor e closel y resembl e th e weight s i n th e 

hypothetica l  idea l  system . 

Suppose that under the influence of a constant external 

inpu t  vector ,  th e actua l  syste m settle s int o tw o differen t 

states ,  Sci,Sf }  wit h probabilit y  rati o P a ^ P p .  Suppos e tha t 

th e probabilit y  rati o demande d b y th e evaluatio n functio n 

(an d achieve d b y th e idea l  system )  i s  P'a^P' n whic h i s 

higher .  T h e actua l  syste m ca n increas e it s probabilit y  rati o b y 

increasin g th e energ y difference ,  E n - E ^ .  Tlii s  ca n b e don e 

by addin g 5  t o eac h weigh t  betwee n a  pai r  o f  activ e unit s i n 

S„  an d subtractin g 5  fro m eac h weigh t  betwee n a  pai r  o f 

activ e unit s ij i  Sp .  Th e ne t  chang e i n a  weigh t  i s  the n S. h Y 

.  W e n o w prov e that ,  provide d 5  i s sufficientl y small ,  eac h 

applicatio n o f  thi s learnin g procedur e i s  guarantee d t o 

reduc e Oi e Euclidea n distance ,  D ,  betwee n th e curren t  se t  o f 

weights ,  Wjj ,  an d th e idea l  ones .  w',-. .  Assum e tha t  th e actua l 

an d idea l  system s hav e th e sam e externa l  input s an d 

thresholds ,  an d tha t  T  =  1 .  I f  th e error ,  r ,  i n th e probabilit y 

rati o achieve d b y th e actua l  syste m i s 

' = " "< l ^> - " '< ^ ) 

the n fro m equation s 4  an d 5 ,  w e have : 

r=-iE'^-E'p) + (E^-Ep) 



= E * f » v E * f » » 
i j  i j 

Before applying the learning rule we have 

iJ 

and afterward s 

iJ 

= Die/ore-mr-Sj^if'fy) 

= Dlefore-S(2r-S.n ) 

So th e distanc e i s reduce d if f  5  <  2r/ n 

where n= 2_](/Jyy = the number of weights that are 

changed ,  u 

Having a simple convergent learning procedure for a non-

linea r  syste m i s  importan t  becaus e i t  allow s th e synapti c 

weight s Oia l  implemen t  th e energ y functio n t o b e 

determine d b y feedbac k fro m th e correctnes s o f  th e 

interpretatio n tha t  th e syste m settle s into .  Thu s th e 

constraint s implici t  i n th e tas k ca n b e programme d int o th e 

syste m simpl y b y tellin g i t  ho w wel l  i t  i s  doing . 

The le;irning procedure assumes that the system receives 

feedbac k fro m a n evaluato r  tha t  tell s i t  whethe r  th e curren t 

valu e o f  ln( P /P„ )  i s  greate r  o r  les s tha n th e idea l  valu e 

ln(I '  / P n) -  fi' S place s a  ver y stringen t  requiremen t  o n 
a p 

th e evaluato r  sinc e i t  mus t  kno w abou t  th e desire d 
probabilitie s o f  whol e globa l  state s lik e S  .  T o buil d thes e 
desire d probabilitie s int o th e evaluator ,  th e representation s 

tha t  th e syste m shoul d us e mus t  b e decide d i n advance .  A 

les s omniscien t  evaluato r  woul d onl y kno w wha t  som e o f  th e 

unit s shoul d d o fo r  eac h inpu t  vecto r  an d woul d leav e th e 

syste m t o decid e fo r  itsel f  ho w t o us e th e remaining , 

"hidden "  unit s t o achiev e this .  Suppose ,  fo r  example ,  tha t 

ther e i s a  se t  o f  globa l  suite s Q,  whic h onl y diffe r  fro m on e 

anothe r  i n th e hidde n unit s tha t  th e evaluato r  canno t  see . 

The evaluato r  specifie s require d probabilitie s o f  th e form : 

aeOa 

but  i t  doe s no t  specif y ho w th e tota l  probabilit y  shoul d b e 

distribute d ove r  th e variou s slate s i n 1 2 .  Tli e differen t  way s 

of  distributin g th e probabilit y  correspon d t o usin g differen t 

representation s i n th e hidde n units . 

If there are units that are hidden from the evaluator, it is 

impossibl e t o defui e a  singl e hypothietica l  idea l  se t  o f 

weights .  Ther e ma y b e man y differen t  complet e set s o f 

weight s whic h woul d yiel d th e require d behaviou r  fo r  th e 

"visible "  units ,  an d thes e set s d o not ,  i n general ,  for m a 

conve x set .  I n travellin g toward s on e suitabl e se t  o f  weights , 

th e syste m ma y trave l  awa y fro m othe r  equall y suitabl e sets , 

so convergenc e o n an y on e se t  i s  no t  guaranteed .  Thi s mean s 

we nee d a  differen t  measur e o f  th e progres s o f  learnin g i n 

orde r  t o prov e convergence .  A  suitabl e measur e i s th e 

informatio n theoreti c distance ,  G ,  betwee n th e actua l  an d 

require d probabilit y  distribution s ove r  al l  l "  state s o f  th e n 

visibl e units : 

C=E' ' f l» '«<7t » 

The valu e fo r  G  depend s implicitl y o n th e w. .  aji d s o G  ca n 

be reduce d b y changin g eac h weigh t  b y a n amoun t  ihia t  i s 

proportiona l  t o th e partia l  derivativ e o f  G  wit h respec t  t o 

tha t  weight .  W e describ e thi s learnin g rul e furthe r  i n Hinto n 

and Sejnowsk i  (1983) .  I t  i s  guarantee d t o find  a  min imu m o f 

G.  bu t  i t  ma y onl y b e a  loca l  minimu m rathe r  tha n a  globa l 

one .  Ixicv i  minim a occu r  v/he n th e syste m i s doin g th e bes t 

tha t  i t  ca n give n th e representation s i t  ha s le;irn t  i n th e 

hidde n units .  T o d o bette r  i t  ha s t o chang e thes e 

representation s whic h involve s a  temporar y setbac k i n ho w 

wel l  i t  meet s th e requirement s o n th e probabilitie s o f  th e 

state s o f  tli e visibl e units .  O f  course ,  i f  th e modification s t o 

th e weight s ar e probabilisti c s o tlia t  G  ca n sometime s 

increase ,  i t  i s  possibl e t o escap e fro m loca l  minim a an d 

ensur e tha t  afte r  enoug h learnin g ther e i s a  bia s i n favo r  o f 

th e bette r  loca l  minima . 

Relation to the brain 

There are tv/o different ways to interpret the input-output 

fimclio n tha t  hardwar e unit s shoul d hav e t o implemen t  th e 

paralle l  searc h (Fig .  1) .  Durin g a  shor t  interva l  th e sigmoi d 

curv e describe s th e probabilit y o f  a  uni t  bein g ij i  ili e tiu e 

stal e a s a  functio n o f  th e energ y ga p betwee n th e fals e an d 

tru e states .  Fo r  muc h longe r  lim e interval s th e curv e 



describe s ih e proportio n o f  tim e tha t  th e uni t  i s  i n it s tru e 

Slate .  I f  w e assum e tha t  a  hypothesi s whic h i s tru e al l  th e 

tim e i s represente d b y a  neuro n firing  a t  it s  m a x i m u m rate , 

the n th e curv e i n Fig .  1  ca n b e interprete d a s th e firing  rat e 

of  a  neuro n a s a  functio n o f  it s averag e inpu t  (Sejnowski , 

1977) .  However ,  th e wa y i n whic h trut h value s ar e 

represente d b y actio n potential s i s no t  th e kin d o f  simpl e 

encodin g i n whic h tw o differen t  voltag e level s sUin d fo r  th e 

tw o trut h values .  Instead ,  i t  appear s tha t  a n actio n potentia l 

onl y provide s a  delta-functio n typ e o f  signa l  tha t  drive s 

integrativ e processe s i n th e recipien t  neurons .  Thi s amount s 

t o treatin g a  hypothesi s a s "true "  fo r  a  whol e refractor y 

perio d afte r  a n actio n potentia l  ha s bee n emitted . 

The parallel algorithm for cooperative search depends on the 

computatio n o f  energ y gap s AE,- .  I n th e cas e o f 

symmetricall y connecte d imit s th e globa l  energ y gap s ca n b e 

compute d locill y b y singl e units .  I t  seem s unlikel y tha t 

neuron s i n cerebra l  corte x ar e symmetricall y connected ,  bu t 

i f  a  neuro n receive s man y input s i t  ca n stil l  estimat e wha t  it s 

contributio n t o th e tota l  energ y vvoul d b e i f  al l  th e 

connection s ha d bee n symmetrical .  I n simulations , 

asymmetri c network s behav e lik e symmetri c one s wit h 

adde d nois e (Hopfield ,  1982) ,  an d tim e delay s i n 

transmissio n hav e a  siinila r  effect .  Provide d tha t  th e tas k 

require s symmetri c connections ,  a s i s th e cas e fo r  problem s 

of  constrain t  satisfaction ,  a n asymmetri c networ k ca n closel y 

approximat e th e performanc e o f  a  symmetri c one . 

The computational model analyzed in this paper is not a 

realisti c mode l  o f  processin g i n cerebra l  cortex ,  fo r  i t  fall s  fa r 

shor t  o f  explainin g th e know n anatomica l  an d physiologica l 

facts .  ITi e analysi s may ,  however ,  provid e insigh t  int o a  clas s 

of  conipiilationa l  device s tha t  depen d o n probabilisti c 

paralle l  processing .  Understandin g genera l  propertie s o f  thi s 

clas s ma y b e a  usefu l  first  ste p i n understandin g ptirticula r 

highly-evolve d member s o f  th e class .  Fo r  example ,  th e 

probabilisti c  natur e o f  electrica l  response s o f  singl e neuron s 

i s well-known ,  bu t  ha s generall y bee n regarde d a s evidenc e 

of  ijTiprecision .  Probability ,  however ,  ma y b e a  centra l 

desig n principl e o f  cerebra l  corte x (Sejnowski ,  1981) .  A  ver y 

clos e approximatio n t o th e functio n i n Fig .  1  ca n b e 

implemente d b y simpl y addin g Gaussia n nois e t o a  binar y 

threshol d unit ,  wit h th e standar d deviatio n o f  th e nois e 

actin g lik e temperature .  W e sugges t  tha t  fluctuation s ma y b e 

deliberatel y adde d t o neura l  signal s t o avoi d lockin g th e 

networ k int o unwante d loca l  optim a an d t o provid e th e 

linea r  condition s neede d fo r  efficien t  learning .  Th e issu e o f 

nois e i n th e nervou s syste m deserve s renewe d experimenta l 

investigatio n ;ui d furthe r  theoretica l  analysis . 
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