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Synchronou s Firin g Variabl e Bindin g i s 

a Tenso r  Produc t  Representatio n wit h T e m p o r a l  Rol e Vector s 

Bruce B. Tesar & Paul Smolensky 
Departmen t  o f  Conqpute r  Scienc e 

Universit y  o f  Colorad o 
Boulder ,  C O 80309-043 0 US A 

{tesar,Smolensky}@cs.colorado.ed u 

Abstrac t 

Synchronous firing of neural units has recently been proposed as 
a ne w wa y o f  solvin g th e variabl e bindin g proble m i n connectionis t 
networks .  Firin g synchron y appear s t o b e unrelate d t o earlie r 
method s o f  variabl e binding ,  nearl y al l  o f  whic h ca n b e analyze d 
as specie s o f  tenso r  produc t  representations ,  wher e vector s 
representin g variable s an d value s ar e boun d togethe r  wit h th e oute r 
product .  I n thi s paper ,  w e argu e that ,  despit e appearances ,  fuin g 
synchron y i s als o a  cas e o f  tenso r  produc t  representation .  Thi s 
analysi s expose s tw o logicall y independen t  components  o f  th e 
synchronou s firing  idea .  Th e mos t  obviou s i s th e ide a o f  usin g 
tim e a s a  resource :  spatio-tempora l  paUem s o f  activatio n ar e used . 
This ,  w e argue ,  i s a  purel y implementationa l  issu e whic h doe s no t 
bear  o n th e complexit y issue s o f  variabl e binding .  I n contrast ,  th e 
secon d ide a doe s bea r  o n genuinel y representationa l  issues ,  an d i s 
th e sourc e o f  mos t  o f  th e forma l  propertie s claime d fo r  th e 
synchron y scheme .  Rathe r  tha n explicitl y  bindin g a  semanti c rol e 
lik e give r  t o a  semanti c filler  lik e John ,  thes e tw o ar e implicitl y 
bound—by explicitl y  bindin g eac h t o a  commo n forma l  role ,  vi a 
th e tenso r  product .  Th e analysi s situate s synchronou s fuin g i n a 
typolog y o f  alternativ e variabl e bindin g schemes . 

The Variable Binding Problem 

A classic obstacle for connectionist networks processing 
structure d dat a i s th e variabl e bindin g problem .  O n e aspec t 
o f  thi s proble m i s th e bindin g o f  filler s t o semanti c roles , 
suc h a s thos e distinguishin g th e argument s o f  a  predicate . 
For  example ,  th e predicat e give(x,/,z)—'a :  give s z  t o 
y — h as thre e semanti c roles :  giver ,  recipient ,  an d 
give-object .  (Her e an d throughout ,  w e us e th e notatio n 
an d terminolog y o f  Shastr i  &  Ajjanagadd e 1993) .  A 
propositio n suc h a s give(John ,  M a r y ,  book )  m a y b e 
understoo d a s havin g thre e variabl e bindings :  give r  = 
J o h n ,  recipien t  =  M a r y ,  an d give-objec t  =  book . 

Binding by Synchronized Firings 

A recent solution to the variable binding problem is inspired 
by phas e synchronizatio n o f  neurons ,  a  suggeste d biologica l 
mechanis m o f  featur e segmentatio n an d linkin g (vo n de r 
Malsbur g &  Schneide r  1986) .  M u c h o f  th e recen t  biologica l 
dat a an d modelin g ha s focuse d o n perceptua l  modalities , 
especiall y visio n (Gray ,  Konig ,  Engel ,  &  Singe r  1989 ; 
E c k h o m ,  Reitboeck ,  A m d t ,  &  Dick e 1990) .  Neuron s 
fimctionin g a s featur e detector s fire  synchronousl y (o r  'i n 
phase' )  wit h othe r  neuron s respondin g t o othe r  feature s o f 
th e sam e entity ,  an d ou t  o f  phas e wit h neuron s respondin g 
t o feature s o f  othe r  entities . 

Shastr i  an d Ajjanagadd e (1993 )  hav e propose d phas e 

synchronizatio n a s a  connectionis t  solutio n t o th e gmera l 
dynami c variabl e bindin g problem ,  a s hav e H u m m el  & 
Biederma n (1992) .  The y presen t  thei r  bindin g 
repres îtatio n schem e a s a  mor e biologicall y plausibl e 
alternativ e t o othe r  kind s o f  connectionis t  variabl e bindin g 
schemes . 

Th e representatio n syste m propose d i n Shastr i  & 
Ajjanagadd e (1993 )  use s singl e binary-value d node s t o 
represen t  role s an d fillers .  Fo r  th e propositio n give(John , 
M a r y ,  book ) ,  separate ,  singl e node s represen t  eac h o f 
giver ,  recipient ,  give-object ,  J o h n ,  Mary ,  an d boo k 
(se e Fig .  1  fo r  a n illustratio n o f  thi s example) . 

T im e i s  though t  o f  a s divide d int o cycles ,  eac h cycl e 
havin g duratio n P  (th e perio d o f  th e nodes) .  A n activ e nod e 
fires  onc e pe r  cycl e (inactiv e node s don' t  fire  a t  all) .  T w o 
node s ar e sai d t o b e boun d togethe r  i f  the y ar e bot h active , 
and thei r  firings  ar e synchronized ,  tha t  is ,  the y fire  a t  th e 
same tim e durin g eac h cycle . 

Becaus e eac h firing  imi t  ha s a  fixed  puls e widt h W durin g 
whic h i t  i s  on ,  th e numbe r  o f  indepoiden t  set s o f 
synchronize d firings  tha t  ca n b e represente d withi n a  cycl e 
i s P / W whic h we'l l  cal l  N .  A  cycl e m a y thu s b e viewe d a s 
a se t  o f  A ^  'bindin g slots, '  wid i  eac h slo t  permittin g th e 
representatio n o f  th e simultaneou s bindin g o f  a  se t  o f  nodes . 
A n activ e nod e occupie s exactl y on e o f  th e bindin g slot s b y 
firing  durin g th e par t  o f  th e cycl e correspondin g t o tha t  slot . 

Thu s i n th e giv e exampl e above ,  th e first  slo t  i s occupie d 
by th e give-obj/boo k binding ,  th e secon d slo t  b y 
recipient/Mary ,  etc .  W e wil l  cal l  th e first  slo t  th e first 

forma l  role ;  thi s forma l  rol e i s occupie d b y bot h give-obj , 
th e semanti c role ,  an d b y book ,  th e semanti c filler.  Thes e 
tw o element s whic h occup y th e first  forma l  rol e compris e 
th e fi>rmal  filler  o f  tha t  role .  Th e secon d forma l  rol e i s 
occupie d b y th e forma l  fillers  recipien t  an d Mary ;  on e o f 
thes e i s a  semanti c role ,  th e othe r  a  semanti c filler.  Th e 
cru x o f  ou r  analysi s i s summarize d i n Tabl e 1 . 

Tensor Product Representations 

On th e fac e o f  it ,  phas e synchron y bindin g seem s a 
completel y n e w metho d o f  solvin g ^ e variabl e bindin g 
problem ,  totall y unrelate d t o othe r  techniques .  O n e o f  thes e 
techniques ,  whic h generalize s man y mor e specialize d 
methods ,  i s  tenso r  produc t  representation .  I n thi s 
technique ,  a  structur e i s  viewe d a s a  se t  o f  binding s o f 
forma l  role s t o forma l  fillers.  Fo r  example ,  th e strin g A B C 
m ay b e regarde d a s a  se t  o f  thre e bindings :  th e first  forma l 
rol e i s 'firs t  position' ,  whic h ha s forma l  filler  A ;  th e fillers 
of  th e secon d an d thir d role s ar e B  an d C ,  respectively . 
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Fig .  1 :  Tempora l  synchron y representatio n o f  givelJohn ,  Mary ,  bopk) ,  wit h N = 3 bindin g slot s pe r  cycl e 
(Shastr i  &  Ajjanagadd e 1990) .  Eac h labe l  o n th e vertica l  axi s denote s a  singl e unit . 

Tabl e 1 :  K e y t o th e Analysi s 

forma l  rol e =  1  o r  2  o r  .. .  o r  N 

forma l  filler  = 
{  a  semanti c role ,  it s  semanti c filler  ) 

e.g. :  forma l  rol e =  1  i s occupie d b y 

forma l  filler  =  {give-obj ,  book } 

Each forma l  rol e i s boun d t o it s forma l  filler  wit h th e t̂ iso r 
produc t  operation ,  an d th e role s an d fillers  ar e bot h 
represente d b y pattern s o f  activatio n wit h th e structur e o f  a 
tensor .  Th e propertie s o f  tenso r  produc t  representations , 
and thei r  relation s t o symboli c structure s i n connectionis t 
model s graerally ,  ar e discusse d extensivel y i n Smol^sk y 
(1990) .  Tenso r  product s hav e bee n use d i n model s o f 
memory (e.g. ,  Humphrey s e t  al .  1989 )  an d analog y 
(Halfor d e t  al. ,  1994 )  an d i n grammatica l  theor y (Legendre , 
M iya U &  Smolensk y 199 0 e t  seq.) . 

Here ,  a  tenso r  m a y b e though t  o f  a s a  multi-dimensiona l 
arra y wit h multipl e indice s an d rea l  value d elements .  Th e 
number  o f  indice s tha t  a  tenso r  possesse s i s calle d it s rank . 
A ran k 2  tenso r  i s jus t  a  matrix ;  i t  ha s tw o indices ,  a s i n 
Tfj .  A  ran k 1  tenso r  i s a  garden-variet y vector :  i t  ha s on e 
index ,  a s i n T,- .  Tenso r  produc t  representation s o f  recursiv e 
structure s requir e tensor s o f  ran k highe r  tha n 2 ;  her e w e 
need onl y tensor s o f  ran k 1  an d 2  (vecto r  an d matrix) . 

Let  v  denot e a  vecto r  (ran k 1  tensor )  o f  dimensionalit y 
d, :  V  consist s o f  d ,  elements ,  th e it h elemen t  bein g v,- .  Le t 
u denot e anothe r  vector ,  wit h dimwisionalit y d^ .  Th e tenso r 
produc t  o f  u  an d t ,  denote d u ® v ,  i s define d t o b e a  ran k 
2 tenso r  T  wit h indice s havin g th e dimensionalitie s d ^  an d 
d,  (i n tha t  order),  an d wit h element s define d a s T y =  ^v ^ 
The tenso r  produc t  i s no t  commutativ e ( u ® v 

i y -  U,. V . 

becaus e u,v .  ̂  v-u -  (unles s o f  cours e u  =  • ) .  (Fo r  u ® v , 
th e first  inde x ha s dimensionalit y d^ ,  th e secon d d^ ;  fo r 
V ® u ,  th e dimensionalitie s reverse. )  W h e n u  an d v  ar e ran k 
1 tensors—regar d the m a s colum n vectors—th e tenso r 
produc t  i s th e sam e a s th e oute r  produc t  o f  matri x algebra : 
u ® v reduce s t o uv^ . 

Additio n o f  tensor s i s th e straightforwar d generalizatio n 
of  additio n o f  vectors :  eac h elemen t  o f  th e resultin g tenso r 
i s th e su m o f  th e correspondin g element s o f  th e adden d 
tensors .  T w o tensor s ma y onl y b e adde d togethe r  i f  the y 
hav e th e sam e numbe r  o f  indice s an d eac h pai r  o f 
correspondin g indice s hav e th e sam e dimensionality . 

A tenso r  produc t  representatio n bind s a  forma l  filler  t o a 
forma l  rol e b y takin g th e tenso r  produc t  o f  th e tenso r 
representin g th e filler  an d th e tenso r  representin g th e role . 
Multipl e binding s m a y b e combine d int o on e t̂ iso r 
representatio n b y superimposin g th e representation s o f  th e 
individua l  binding s (tha t  is ,  b y summin g th e t̂ iso r 
representations) :  se e Fig .  2 . 

Synchronized Firing as a Tensor Product 

Figs .  1  an d 2 ,  depictin g th e representation s usin g tempora l 
synchron y an d tenso r  produc t  variabl e binding ,  sugges t  tha t 
th e tw o scheme s ar e entirel y different .  Thi s i s a n illusion , 
however ;  dissolvin g thi s illusio n i s ou r  mai n goa l  here . 
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Fig .  2 .  A  tenso r  produc t  representatio n o f  B A .  Th e forma l  roles  ar e ri,r2—firs t  an d secon d position -
represente d b y th e vector s f j  =  ( 1 0  1) ,  T j  =  ( 0 1  0) ;  th e fillers  ar e A  =  ( 1 0  1  0) ,  B  =  ( 0 1  1  0) . 

Th e representatio n o f  B A i s B A =  A ® r 2 +  B ^ r j ,  a  rank- 2 tensor . 

Fig .  3 a illustrate s ou r  analysi s o f  ten r̂ara l  synchron y 
bindin g a s a  kin d o f  tenso r  produc t  representation .  Fo r  eac h 
'real '  unit ,  e.g. ,  John ,  i n th e tempora l  synchron y scheme , 
ther e i s n o w a n entir e ro w o f  'virtual '  units ,  eac h showin g 
th e activit y o f  J o h n durin g on e tim e slo t  durin g on e tim e 
cycle .  We'v e sinq)l y r^lace d a  bump y activit y trac e wit h 
a ro w o f  virtua l  unit s showin g th e sam e activatio n values . 
Fig .  3 a i s a  space-tim e diagra m o f  a n activit y pattern :  th e 
vertica l  axi s i s space ,  th e horizonta l  axi s time .  A  ro w o f 
virtua l  unit s i n Fig .  3  show s th e activit y histor y ove r  tim e 
of  a  singl e rea l  imi t  i n Fig .  1 ;  a  colum n o f  unit s i n Fig .  3 
shows th e activit y patter n ove r  th e whol e Fig .  1  networ k a t 
a singl e moment  o f  time . 

Fig .  3 b show s on e o f  th e binding s i n th e ful l  propositio n 
give(John,Mary,book )  show n i n Fig .  3a .  Thi s binding , 
book/give-obj ,  i s  th e tenso r  produc t  o f  th e forma l  filler 
vecto r  f  J  show n alon g th e righ t  edg e an d th e forma l  rol e 
vecto r  r ^  show n alon g th e bottom .  Th e forma l  rol e vecto r 
Ti  ha s activit y valu e 1  durin g th e first  'slot '  o f  eac h tim e 
cycle .  Th e forma l  filler  vecto r  f  j  ha s activit y valu e 1  i n th e 
location s correspondin g t o th e unit s fo r  give-ob j  an d book ; 
th e subtlet y i s  tha t  th e forma l  filler  include s bot h th e 
semanti c filler  (book )  an d th e semanti c rol e (give-obj) . 
Th e forma l  rol e ha s n o relatio n t o th e semanti c role ,  whic h 
i s par t  o f  th e forma l  filler.  Rathe r  tha n usin g th e tenso r 
produc t  t o directl y bin d th e semanti c rol e an d semanti c 
filler,  thes e ar e iiiq)licitl y  boun d togethe r  i n virtu e o f  bot h 
bein g explicitl y  boun d (vi a th e tenso r  product )  t o a  c o m m o n 
forma l  role,  i.e .  tim e slot .  I n equations :  rathe r  tha n 
b o o k ® give-ob j  w e have : 

[book + give-obj] ®rj = book^r^ + give-obj ®rj. 

The first alternative (book0give-obj) instantiates the 
g e n e r a l  t e n s o r  p r o d u c t  b i n d i n g s c h e m e 
formal-filler®formal-rol e b y settin g th e forma l  rol e = 

semanti c rol e an d th e forma l  filler  =  semanti c filler;  thi s 
method ,  whic h we'l l  du b th e formal=semanti c approach ,  i s 
one wa y t o us e th e tenso r  produc t  techniqu e t o represen t  a 
proposition .  Anothe r  way ,  illustrate d i n Fig .  3 ,  i s  t o se t  th e 
forma l  filler  t o b e th e superpositio n o f  a  semanti c role  an d 
it s correspondin g semanti c filler,  an d se t  th e forma l  rol e t o 
be a n arbitrar y pattern ,  independen t  o f  th e othe r  forma l 
role s use d i n th e othe r  bindings .  We'l l  cal l  thi s th e 

forma l  ̂semanti c approach .  (Othe r  connectionis t 
representationa l  scheme s als o instantiat e thi s approach :  se e 
th e Conclusio n section. ) 

Fig .  3 b show s onl y on e o f  th e thre e binding s presen t  i n 
Fig .  3a ;  th e othe r  tw o ar e analogous .  Jus t  a s prescribe d b y 
th e genera l  tenso r  produc t  scheme ,  thes e thre e binding s ar e 
combine d b y superpositio n (i.e. ,  summation) ;  thi s yield s 
exactl y Fig .  3a .  I n Fig .  3a ,  w e hav e distinguishe d th e thre e 
binding s b y usin g differen t  shadin g pattern s fo r  thei r  activ e 
units ;  i n al l  cases ,  regardles s o f  pattern ,  th e shade d imit s 
hav e activit y 1 . 

The rea l  resourc e measur e o f  a  representation ,  w e claim , 
i s th e numbe r  o f  activatio n value s i t  requires ;  here ,  we'l l 
cal l  thi s tenso r  elemen t  complexity ,  T E C fo r  short .  Th e 
T E C o f  th e formal=semanti c an d forma l  ̂ semanti c 
representation s differ .  Fo r  th e formal=semanti c approach , 
it' s  (̂ semanti c roles)(#semanti c fillers);  fo r  th e other ,  it' s 
A (̂#semanti c role s +  ^semanti c fillers).  (Recal l  tha t  N  i s 
th e numbe r  o f  tim e slot s i n eac h cycle .  W e coun t  onl y th e 
activatio n value s i n a  singl e cycle ,  sinc e multipl e cycle s 
contai n n o mor e information. ) 

As Shastr i  an d Ajjanagadd e (1993 )  poin t  out ,  tempora l 
synchron y allow s boo k t o b e boun d t o bot h give-ob j  and , 
say ,  own-ob j  i n a  singl e tim e slot ;  th e tenso r  produc t 
analysi s o f  thi s i s sin̂ )ly : 

book^fj + give-obj<S)rj + own-obj0r|. 
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Fig. 3a: Temporal synchrony binding as a spatio-temporal tensor product representation. 
Fig .  3b :  O n e o f  th e thre e binding s whic h ar e superinq>ose d i n Fig .  3a ,  book/give-obj , 

th e t̂ iso r  produc t  o f  th e indicate d forma l  fille r  an d forma l  rol e vectors . 

A T w o - W a y Formal/Implementationa l 
Representatio n Typolog y 

Viewing the sychronired firing model as a kind of tensor 
produc t  ha s a  numbe r  o f  advantages .  Crucially ,  i t  allow s u s 
t o clearl y separat e issue s lyin g a t  Marr' s lowest , 
implementational ,  leve l  fi-om  Uios e a t  th e nex t  highest , 
representational/algorithmic ,  leve l  (Mar r  1982) . 

Fig .  3  i s a  space-tim e diagra m o f  a  network .  I f  th e 
horizonta l  axi s i s change d fro m tim e t o space ,  i t  become s a 
norma l  diagra m o f  a  network ,  wher e eac h circl e represent s 
a rea l  rather  tha n a  virtua l  unit .  Th e numbe r  o f  activit y 
values—th e T E C — d o es no t  change ,  o f  course ;  w e hav e onl y 
th e standar d trade-of f  betwee n spac e an d time .  I n th e 
purely-spatia l  interpretatio n o f  Fig .  3 ,  w e hav e a  patter n o f 
activit y distribute d ove r  tw o spac e dimensions ,  bu t 
unvaryin g i n time ;  i n th e space-tim e interpretation ,  w e hav e 
a iexnponil y varyin g patter n o f  activit y acros s a  one-space -
dimensiona l  network .  W e ca n choos e t o expen d N  tim e 
unit s o n ou r  representation ,  an d (Jifsemanti c role s + 
^semanti c fillers)  rea l  units ;  o r  w e ca n expen d 1  tim e imi t 
and N(#semanti c role s +  ^semanti c fillers):  th e resultin g 
T E C i s th e same .  Th e choic e her e i s  clearl y a n 
implementation-leve l  one :  a t  th e representationa l  level .  Fig . 
3 characterize s th e sam e rq>resentatio n whethe r  th e 
horizonta l  axi s i s inq)lemente d i n spac e o r  i n time . 

On th e othe r  hand .  Fig .  3 ,  illustratin g th e 
forma l  ̂ semanti c iqiproach ,  differ s a t  th e representationa l 

leve l  fro m th e formal=semanti c alternativ e (the y hav e 
differen t  T E C s ,  fo r  example) .  Thu s w e ca n se e i n th e 
tempora l  synchron y proposa l  tw o separat e idea s residin g a t 
tw o differra t  levels ;  thes e ar e show n alon g th e tw o axe s o f 
th e two-by-tw o typolog y o f  represoiUtion s show n i n Tabl e 
2 (i n whic h 'f- '  an d 's- '  abbreviat e 'formal '  an d 'semantic, ' 
respectively .  Th e T E C depend s o n th e rq)resentationa l  bu t 
not  th e implementationa l  axis . 

A large r  an d mor e genera l  typolog y ca n b e generate d b y 
considerin g additiona l  representationa l  an d implem^itationa l 
issues ,  includin g thos e liste d i n Tabl e 3 . 

Conclusion 

The temporal synchrony representational scheme of Shastri 
& Ajjanagadd e (1993 )  an d other s provide s a n elegan t 
synthesi s o f  tw o logicall y separat e ideas .  Th e firs t  i s th e 
implementation-leve l  ide a o f  usin g tim e a s a  representationa l 
dimension :  i n additio n t o usin g spac e a s a  resourc e fo r 
holdin g th e activatio n value s o f  a  connectionis t 
representation ,  w e ca n als o us e tim e a s suc h a  resource . 
Thi s i s  potentiall y  quit e usefu l  fo r  designin g efficien t 
artificia l  o r  biologicall y faithfu l  networks .  A s ou r  analysi s 
shows ,  ther e i s nothin g inherentl y tempora l  abou t  th e rol e 
playe d b y tim e i n th e synchron y approach ;  thi s rol e coul d b e 
playe d b y variou s othe r  in^lementationa l  resources ,  e.g. , 
space ,  withou t  changin g th e structur e o f  th e representations . 
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Tabl e 2 :  A  Typolog y o f  Representation s 

Typolog y Representationa l  Axi s 

Spatia l  Semanti c Role s 
time-complexit y =  1 
space-complexity = 
(»s-roles)(#s-fillers ) 

Tempora l  Semanti c Role s 
time-complexit y =  #s-role s 
space-complexit y = 
#s-filler s 

formal=semanti c 
/Sff-filler s =  jifs-flller s 
#f-role 8 =  #s-role s 
T E C =  (#8-roles)(#8-filler8 ) 

Spatia l  'Synchrony ' 
time-complexit y =  1 

II  space-complexit y = 
II  Â ()ifs-filler s +  »s-roles ) 

Tempora l  Synchron y 
time-complexit y =  N 
space-complexit y = 
#s-filler s +  (Cs-role s 

forma l  .^semanti c 
#f-filler 8 =  #8-iiller 8 +  /fs-role s 
#f-role8 = N 

I  ^^?yj(!J[onnal_Rol« _ l____T9!!!E2!!?II!?JI5?L5,°!^ _ j 

|_ In^lem^tationa l  Axi s J 

T E C = 
time-complexit y X 
space-conq)lexit y 

Tabl e 3 :  Representational -  vs .  hnplementational-Leve l  Issue s 

R^resentational-Lev d Issue s 

Distinction of formal and semantic roles and fillers 

Localist vs. distributed representations 

Dimensionality of the role and filler spaces (both semantic and formal) 

Continuous vs. discrete dimensional indexing 

Range of tmsor component values used (e.g., real, binary) 

Separate vs. overlapping subspaces for semantic roles and semantic fillers 

Implementational-Level Issues 

Con^>lexity in space (number of neural units) 

Complexity in time (intrinsic to neural units) 

Complexit y o f  activatio n value s o f  unit s (rea l  vs .  binary ,  complex ,  'label-passing' ) 

Th e second ,  higher-level ,  ide a embodie d i n th e tempora l 
synchron y schem e i s tha t  a  semanti c role/fille r  pai r  lik e 
gi  ve-obj/boo k ca n b e implicitl y  boun d togethe r  b y explicitl y 
bindin g eac h o f  give-ob j  an d b o o k t o a  c o m m o n forma l 
rol e (usin g th e tenso r  product) .  Thi s kin d o f  inqilici t 
bindin g ha s bee n use d b y others ,  e.g. .  Patter n Similarit y 
Associatio n o f  B a m d e n &  Sriniva s (1991) .  Th e explici t 
bindin g ca n b e analyze d withi n th e tenso r  produc t 
represmtationa l  framework ,  lik e th e explici t  bindin g i n 
virtuall y al l  othe r  coimectionis t  representatio n schemes . 

As ou r  typolog y o f  representation s spell s out ,  th e secon d 
ide a ha s a  significan t  bearin g o n th e abstrac t  structur e an d 
conq>lexit y o f  representations ,  wherea s th e first, 
implementationa l  idea ,  doe s not . 

T h e tenso r  produc t  analysi s o f  tempora l  synchron y offer s 
a numbe r  o f  othe r  contribution s whic h w e hav e insufficien t 
spac e t o discus s here ;  fo r  example ,  i t  render s completel y 

straightforwar d th e seemingl y impossibl e generalization s o f 
th e synchron y techniqu e t o distribute d r^resentation s an d t o 
overlappin g firing  patterns ,  an d i t  allow s direc t  forma l 
analysi s o f  inferenc e ove r  thes e representations ,  exploitin g 
tenso r  calculu s (Tesa r  &  Smolensky ,  i n preparation) . 
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