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Abstrac t 

A PDP model of human analogical reasoning is presented 
whic h i s designe d t o incorporat e psychologicall y realisti c 
processin g capacit y limitations .  Capacit y i s  define d i n 
term s o f  th e complexit y o f  relation s tha t  ca n b e processe d 
i n parallel .  Relation s ar e represente d i n th e mode l  b y 
computin g th e tenso r  produc t  o f  vector s representin g 
predicate s an d arguments .  Relation s i n bas e an d targe t  ar e 
superimposed .  Base d o n empirica l  evidenc e o f  capacit y 
limitations ,  th e mode l  i s  limite d t o processin g on e 
quaternar y relatio n i n paralle l  (ran k 5  tenso r  product) . 
More comple x relation s ar e processe d b y conceptua l 
chunkin g (recedin g t o fewe r  arguments ,  bu t  wit h los s o f 
acces s t o som e relations )  o r  segmentatio n (processin g 
component s o f  th e structur e serially) .  Th e mode l  processe s 
comple x analogies ,  suc h a s hea t  flow-wate r  flow ,  an d 
atom-sola r  system ,  whil e remainin g withi n capacit y 
limitations . 

Introduction 

The growth of parallel processing models of human 
analogica l  reasonin g raise s th e questio n o f  th e complexit y 
of  structure s whic h human s ca n m a p i n parallel .  A  goo d 
cas e ca n b e mad e fo r  paralle l  processin g i n analogie s 
(Holyoa k &  Thagard ,  1989 )  bu t  i t  i s  implausibl e tha t  th e 
most  comple x analogie s ca n b e processe d entirel y i n 
parallel .  Th e Rutherfor d analog y betwee n th e hydroge n 
ato m an d th e sola r  syste m (Centner ,  1983 ;  Holyoa k & 
Thagard ,  1995 )  entail s a  ver y comple x se t  o f  relationships , 
and i t  i s  fa r  fro m clea r  tha t  human s proces s th e entir e 
structur e i n parallel .  I f  computationa l  model s ar e t o b e 
psychologicall y realistic ,  a  mean s mus t  b e foun d fo r 
quantifyin g th e complexit y o f  structure s tha t  ca n b e 
processe d i n parallel .  I t  i s  als o necessar y t o explai n ho w 
problem s tha t  excee d thi s capacit y ar e processed .  Th e 
Structure d Tenso r  Analogica l  Reasonin g ( S T A R )  mode l 
was designe d t o incorporat e realisti c huma n informatio n 
processin g capacitie s int o a  P D P mode l  o f  analogy .  A n 
earlie r  versio n o f  th e mode l  (Halford ,  Maybery ,  O'Hare ,  & 
Crant ,  1994 )  di d no t  handl e problem s tha t  exceede d huma n 
capacit y t o proces s structure s i n parallel .  I n thi s pape r  w e 
presen t  extension s o f  th e mode l  whic h introduc e a  numbe r 
of  ne w processes ,  an d handl e mor e comple x tasks . 

An analog y i s a  structure-preservin g m a p fro m a  bas e o r 
sourc e t o a  targe t  (Centner ,  1983) .  Th e structur e o f  bas e an d 
targe t  ar e code d i n th e for m o f  on e o r  mor e relations .  I n th e 
simpl e proportiona l  analog y cat:kitten::horse:foa l  th e bas e 
woul d b e code d a s MOTHER-OF(catJdtten )  an d th e targe t 

as MOTHER-OF(horse, foal) .  M o r e comple x analogie s 
migh t  compris e ternar y an d highe r  ran k relations ,  o r  the y 
migh t  b e code d a s a  higher-orde r  relatio n whic h provide s a n 
overarchin g structure ,  an d whic h ha s first-orde r  relation s a s 
arguments .  I n general ,  a  first-orde r  relatio n ha s object s a s 
arguments ,  an d a  second-orde r  relatio n ha s first-orde r 
relation s a s arguments ,  an d s o on . 

Capacity and complexity 

Th e complexit y o f  structure s i n bas e o r  targe t  ca n b e 
quantifie d b y th e complexit y o f  relations ,  whic h m a y b e 
define d b y th e numbe r  o f  arguments .  A  binar y relatio n (e.g . 
B I G C E R - T H A N)  ha s tw o arguments ,  an d a  ternar y relatio n 
has thre e argument s (e.g .  L O V E - T R I A N G L E i s a  ternar y 
relation ,  an d ha s argument s comprisin g thre e people ,  tw o o f 
w h o m lov e a  third) .  Eac h argumen t  ca n b e instantiate d i n 
mor e tha n on e way .  Fo r  example ,  eac h argumen t  o f 
B I G G E R - T H AN ca n b e instantiate d i n a n arbitraril y  larg e 
number  o f  way s (e.g .  B I G G E R - T H A N ( h o r s e , m o u s e ) , 
BIGGER-THAN(whaIe,dolphin )  etc.) .  Consequently ,  eac h 
argumen t  provide s a  sourc e o f  variation ,  o r  dimension ,  an d 
thereb y make s a  contributio n t o th e complexit y o f  th e 
relation .  I n general ,  a n N-ar y relatio n Rn(ai,a2,....,an )  i s a 
subse t  o f  th e cartesia n produc t  SixS2x...xSn) .  I t  i s  th e se t 
of  ordere d n-tuple s {(ai,a2,....,an )  I  R(ai,a 2 ,an )  i s  true} . 
An N-ar y relatio n ca n b e though t  o f  a s a  se t  o f  point s i n N -
dimensiona l  space .  Relation s o f  highe r  dimensionalit y 
(mor e arguments )  impos e highe r  processin g loads . 

We hav e propose d (Halfor d e t  al. ,  1994 ;  Halfor d & 
Wilson ,  submitted )  tha t  processin g capacit y o f  highe r 
cognitiv e processe s ca n b e quantifie d i n term s o f  thi s 
dimensionalit y concept .  Assessmen t  o f  th e workin g 
memory literature ,  plu s som e specifi c  experimentation ,  ha s 
le d t o th e conclusio n tha t  adul t  human s ca n proces s a 
m a x i m u m o f  fou r  dimension s i n parallel ,  equivalen t  t o on e 
quaternar y relatio n (Halford ,  1993 ;  Halford ,  e t  al. ,  1994 ; 
Halfor d &  Wilson ,  submitted) .  Structure s mor e comple x 
tha n thi s mus t  b e processe d b y eithe r  conceptua l  chunkin g 
or  segmentation . 

Conceptua l  chunkin g i s recodin g a  concep t  int o fewe r 
dimensions .  Fo r  exampl e th e ternar y relatio n R(a,b,c )  ca n 
be chunke d t o a  binar y relatio n R'(a,b/c )  b y combinin g b, c 
int o a  singl e argument .  Th e relatio n betwee n a  an d b/ c ca n 
be computed ,  bu t  th e relatio n betwee n b  an d c  cannot , 
becaus e the y ar e processe d a s a  singl e argument .  R(a,b,c ) 
ca n als o b e chunke d t o a  unar y relation ,  R"(a/b/c )  i n whic h 
a,b, c constitut e a  singl e dimension ,  an d relation s betwee n 
the m canno t  b e computed .  A  relatio n ca n als o b e chunke d 
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t o a  singl e entity ,  i n whic h predicat e an d argument(s )  ar e 
not  distinguished .  I n ou r  tenso r  produc t  representations ,  thi s 
i s represente d b y a  singl e vector .  Chunke d representation s 
ca n als o b e unpacke d s o a s t o retur n t o th e origina l  relation . 

The chunkin g principle s are :  (1 )  a  chun k function s a s a 
singl e entity ,  predicat e o r  argument ,  i n a  relation .  (2 )  n o 
relation s ca n b e accesse d betwee n item s withi n a  chunk .  (3 ) 
relation s betwee n th e chun k an d othe r  items ,  o r  othe r 
chunks ,  ca n b e represented . 

Segmentatio n i s  decomposin g task s int o step s smal l 

enoug h no t  t o excee d processin g capacity ,  a s i n seria l 
processin g strategies . 

The Model 

An N-ary relation, R(ai,a2 an) is a binding between a 
relatio n symbo l  o r  predicate ,  R ,  an d th e argument s 

ai,a 2 ,a n I n th e S T A R model ,  relation s ar e represente d 
as th e tenso r  produc t  o f  vector s representin g th e predicat e 
and eac h argument .  Thus ,  give n a  se t  o f  unar y relation s R l 
on a  se t  A ,  th e relation s ar e represente d i n a  vecto r  spac e 
V r i  an d th e member s o f  A  i n a  vecto r  spac e V ^ ,  a 
relationa l  instanc e rl(a )  (i.e .  "r l  i s  tru e o f  a" )  wher e r l  e 
RI  an d a  e  A  i s represente d b y a  tenso r  Vri)®V a i n th e 
tenso r  produc t  spac e V r i ® V a .  Similarly ,  i f  R 2 i s a  se t  o f 
binar y relation s o n A x B ,  the n th e representatio n spac e fo r 
thes e binar y relation s woul d b e denote d V r 2 ® V a ® V b ,  an d 
a particula r  relationa l  instanc e r2(a,b )  b y th e tenso r 
Vr2®Va®vb .  Thi s notatio n extend s naturall y t o an y numbe r 
of  argument s -  fo r  example ,  th e quaternar y relationa l 
instanc e r4(a,b,c,d )  wou l d b e represente d b y 
Vr4®Va®vb®Vc®vd.  Conceptua l  chunkin g i s implemente d 
by convolutio n o f  th e vector s i n th e tenso r  product ,  i n th e 
limitin g cas e t o a  singl e vector .  Segmentatio n i s 
implemente d b y processin g on e tenso r  produc t 
representatio n a t  a  time . 

The relation s i n bas e an d targe t  ar e superimpose d o n th e 
same tenso r  product ,  a s show n i n Figur e lA ,  an d th e 
mathematica l  treamien t  i s  give n i n Halfor d e t  al .  (1994) . 

S impl e proportiona l  analog y 

The representatio n o f  bas e an d targe t  i n th e analog y 
cat:kitten::horse:foa l  i s  show n i n Figur e lA .  Ther e i s a 
vecto r  representin g th e predicat e M O T H E R - O F,  an d othe r 
predicate s suc h a s L O V E S ,  F E E D S ,  P R O T E C T S, 
L A R G E R - T H A N.  Th e firs t  argument s o f  bot h bas e an d 
targe t  ar e superimpose d o n on e vector ,  an d th e secon d 
argument s o n another ,  a s shown .  Predicate-argumen t 

binding s othe r  tha n thos e essentia l  t o th e proble m ar e 
represente d (e.g .  LARGER-THAN(mare , rabb i t ) )  t o 
demonstrat e tha t  th e mode l  ca n selec t  th e appropriat e 
solutio n an d avoi d irrelevancies . 

Th e solutio n o f  th e proble m cat:kitten::mare: ? i s 
presente d schematicall y i n Figur e IB .  I n th e firs t  step ,  th e 
inpu t  i s cat:kitte n an d th e outpu t  i s al l  th e predicate s tha t 
hav e "cat "  an d "kitten "  a s argument s ( a "predicat e bundle") . 
That  is ,  th e outpu t  represent s th e se t  { M O T H E R - O F, 
LOVES,  FEEDS,  PROTECTS,  LARGER-THAN}. 

Tensor 
Memory 

r ^ 
kitte n 

predicat e bundl e 

MOTHER_OF,etc. } 

ho rse— • 
Tenso r 

Memory 

argumen t  bundl e 
{foal } 

predicat e bundl e 

{MOTHER_OF,etc. } 

feeds ,  protects , 

mother-of ,  loves , 

larger-tha n 

foal,kitten 

cat , 

hors e 

Figur e lA :  Tenso r  produc t  repressentatio n 

Figur e IB :  Processin g o f  a  simpl e analogy . 

In the second step, this predicate bundle is used as input, 
togethe r  wit h "mare" .  Th e outpu t  i s a n "argumen t  bundle " 
representin g al l  possibl e solutions .  Th e possibl e solution s 
can b e recognize d b y computin g th e inne r  produc t  o f  vector s 
representin g eac h possibl e solutio n wit h th e outpu t  vector . 
Alternatively ,  i t  ca n b e don e b y a n auto-associatio n 
techniqu e (Chappel l  &  Humphreys ,  1994 )  whic h select s th e 
most  appropriat e solution . 

Notic e tha t  "foal "  i s  no t  th e onl y vali d solution .  Fo r 
example ,  "rabbit "  i s a  syntacticall y correc t  solutio n becaus e 
cat:kitten::mare:rabbi t  i s a  vali d analogy .  Th e bas e ca n b e 
represente d a s LARGER-THAN(cat4dtten )  an d th e targe t  a s 
L A R G E R - T H A N ( m a re jabbit) .  Th e preferre d solutio n "foal " 
ca n b e justifie d o n a  numbe r  o f  ground s however .  On e i s 
th e salienc e o f  predicates .  M O T H E R - OF i s a  mor e salien t 
predicat e relatin g "cat "  an d "kitten "  tha n i s  L A R G E R-
T H A N,  becaus e o f  th e stronge r  association s betwee n term s 
suc h a s "kitten "  an d th e mother-infan t  relation .  Second ,  th e 
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solutio n "foal "  fits  mor e predicate s tha n doe s "rabbit" .  Th e 
solutio n "foal "  i s  consisten t  wit h al l  th e predicate s 
M O T H E R - O F ( m a r e,  foal) ,  LOVES(mare ,  foal) , 
FEEDS(mare ,  foal) ,  P R O T E C T S ( m a r e .  foal) .  L A R G E R-
T H A N ( m a r e ,  foal) .  Howeve r  "rabbit "  fits  onl y on e 
predicate :  LARGER-THAN(mare jabb i t ) .  Th e mode l  ca n 
use bot h salienc e an d th e numbe r  o f  predicate s consisten t 
wit h a  solutio n t o produc e a n analog y correspondin g t o th e 
one whic h w e woul d find  mos t  satisfying .  Therefor e th e 
model  acknowledge s tha t  mor e tha n on e solutio n i s 
syntacticall y consistent ,  bu t  ca n distinguis h betwee n 
solution s accordin g t o thei r  plausibility . 

Analogies with higher rank relations 

Mor e comple x analogie s ca n b e processed .  Analogie s base d 
on ternar y relation s ca n b e processe d usin g Ran k 4  tenso r 
products ,  V r ® V a ® V b ® V c .  A n exampl e woul d b e whe n 
premise s representin g tw o asymmetri c binar y relation s ar e 
mapped int o a  conventiona l  orderin g schema ,  suc h a s to p t o 
bottom .  Th e premise s T o m i s happie r  tha n John ,  Joh n i s 
happie r  tha n Mar k migh t  b e mappe d int o a  top-dow n 
schema i n whic h T o m i s i n th e to p position ,  Joh n i n th e 
middle ,  an d M a r k i n th e bottom .  Th e bas e i s 
MONOTONICALLY-HIGHER(top,middle,bottom )  an d th e 
targe t  i s M O N O T O N I C A L L Y - H A P P I E R ( T om John,Mark) . 
Thi s ca n b e represente d b y a  Ran k 4  tenso r  product ,  a s 
shown i n Figur e 2 .  Concept s base d o n quaternar y relation s 
(e.g .  proportio n a/ b =  c/d )  ca n b e represente d i n Ran k 5 
tenso r  product s i n analogou s fashion .  Th e representatio n 
and processin g o f  othe r  comple x concept s i n th e architectur e 
of  thi s mode l  ar e discusse d elsewher e (Halford ,  1993 ; 
Halfor d &  Wilson ,  submitted) . 

Thes e representation s hav e tw o importan t  properties , 
whic h w e cal l  flexibility  an d derivation .  Flexibilit y  mean s 
tha t  ther e mus t  b e n o fixe d inpu t  o r  output .  T o represen t 
th e relatio n Rn(a|,a2,...,ajj) ,  i t  mus t  b e possibl e t o us e th e 
predicat e an d an y n- 1 argument s a s inputs ,  an d comput e th e 
remainin g argumen t  a s output .  Similarly ,  i t  mus t  b e 
possibl e t o retriev e th e predicate ,  give n th e argument s a s 
input .  Bot h thes e function s wer e illustrate d wit h th e simpl e 
proportiona l  analog y discusse d above ,  an d the y ar e 
importan t  t o analogica l  reasonin g generally .  Derivatio n 
means tha t  i t  mus t  b e possibl e t o deriv e lowe r  dimensiona l 
relations .  Give n a  representatio n o f  th e n-ar y relatio n 
Rn(aj,a2,...,a_) ,  i t  mus t  b e possibl e t o deriv e al l  th e (n-1) -

ar y induce d relation s R -  '̂̂ \'--f^^^y\+ i  •••.2„) ,  al l  th e 
(n-2)-ar y induce d relation s R  • •  (aj,...,'a j  i,aĵ j  ....a -
j,a-̂ j  ...,a^) ,  an d s o on .  Thi s propert y i s als o use d i n 
ansiloglca l  reasoning . 

Complex Analogies - Serial and Parallel 
Processin g 

The mai n focu s o f  thi s pape r  i s analogie s whic h ar e to o 
comple x t o b e completel y represente d i n parallel .  W e wil l 
conside r  tw o examples ,  th e analog y betwee n water-flo w an d 
heat-flow ,  an d th e Rutherfor d analog y betwee n th e structur e 
of  th e sola r  syste m an d th e structur e o f  th e hydroge n ato m 
(Falkenhainer ,  Forbus ,  &  Gentner ,  1989) . 

A Premises : 

T o m i s happie r  tha n John . 

Joh n i s happie r  tha n Mark . 

base schema 

to p abov e ̂  middl e abovq ^  botto m 

1 J 

^^, ,  ^  happie r 
(problemTo m — — —| 
representation )  '*̂^ " 

-Joh n 
happie r 

tha n 

t 

Mark 

B monotonically-highe r 

monotonically-l i 

middl e 

Joh n 

botto m 

Mark 

Figur e 2.Mappin g o f  ternar y relatio n int o orderin g schem a 
(A )  wit h tenso r  produc t  representatio n (B) . 

The water flow-heat flow analogy is shown in Figure 3. 
The figur e show s tha t  water-flo w i s cause d b y pressure -
difference .  T h e c o m p o n e n t  relation s ar e 
GREATER(PRESSURE(vesselA)J>RESSURE(vesselB) ) 
and FLOW(vesselA,vesselB,water,pipe) .  Ther e i s a  higher -
orde r  relatio n C A U S E whic h ha s pressure-differenc e an d 
water-flo w a s arguments .  Th e wa y thi s comple x structur e 
ca n b e represente d i n th e mode l  withou t  exceedin g 
processin g capacit y limitation s i s show n i n Figur e 3 . 
Pressure-differenc e an d water-flo w ar e eac h chunke d t o a 
singl e vector ,  b y convolution .  Caus e i s the n represente d a s 
a binar y relation ,  wit h th e chunke d representation s o f 
pressure-differenc e an d water-flo w a s arguments . 
The mode l  ca n activel y represen t  th e causa l  relatio n betwee n 
pressure-differenc e an d water-flow ,  bu t  canno t 
simultaneousl y represen t  th e structur e o f  th e pressure -
differenc e an d water-flo w concepts ,  becaus e thes e ar e 
chunke d int o singl e entities .  Thes e mus t  b e unpacke d i n 
orde r  fo r  thei r  constituen t  structur e t o b e represented . 
However  whil e th e constituen t  structur e o f  pressure -
differenc e an d water-flo w ar e bein g activel y represented ,  th e 
overarchin g causa l  relatio n betwee n the m canno t  be . 

599 



CAUSE 

GREATER FLO W (vesse l  A .  vesse l  B ,  water ,  pipe ) 

PRESSURE (vesse l  A )  PRESSURE (vesse l  B ) 

LIQUID (water) FLAT-TOP (water) 

GREATER 

DIAMETER (vesse l  A )  DIAMETER (vesse l  B ) 

CAUSE (pressure-difference, water-flow) 

GREATER (pressure-vessel-A, pressure-vessel-B) 

FLOW (water, vessel A, vessel B, pipe) 

Figure 3. Representation of water-flow. 

The Rutherfor d analog y i s represented ,  a s i n th e mode l  o f 
Falkenhaine r  e t  al .  (1989 )  i n Figur e 4 .  Th e orbita l  motio n 
of  a  plane t  aroun d th e su n i s cause d b y th e differenc e i n 
mass betwee n plane t  an d sun ,  an d b y th e gravitationa l 
attractio n betwee n plane t  an d sun .  I n analogou s fashion ,  th e 
orbita l  motio n o f  a n electro n aroun d th e nucleu s o f  a n ato m 
i s cause d b y th e differenc e i n mas s an d th e electrostati c 
attractio n o f  th e bodies .  A s wit h water-flo w an d heat-flow , 
th e structure s ar e represente d i n a  hierarch y i n whic h higher -
orde r  predicate s hav e chunke d lower-orde r  relation s a s 
arguments .  Th e hierarch y ha s mor e level s howeve r  tha n i n 
th e cas e o f  water-flo w an d heat-flow .  Distractin g irrelevan t 
relations ,  suc h a s th e temperatur e differenc e betwee n su n 
and planet ,  ar e als o represented . 

Th e mode l  work s b y matchin g relation s i n bas e t o 
relation s i n targe t  on e a t  a  time ,  stayin g withi n th e 
limitatio n o f  no t  representin g mor e tha n on e quaternar y 
relatio n i n parallel .  Th e mode l  ca n m o v e eithe r  u p o r  dow n 
th e tre e lookin g fo r  matches ,  whic h ar e accumulate d i n a 
matc h matrix ,  an d checke d t o ensur e tha t  th e uniquenes s an d 
correspondenc e propertie s o f  structur e mapping s ar e 
maintained .  Th e uniquenes s propert y mean s tha t  mapping s 
ar e one-to-one .  Th e correspondenc e propert y mean s tha t  i f  a 
predicat e P  i n structur e 1  i s  mappe d t o a  predicat e P '  i n 
structur e 2 ,  th e argument s o f  P  ar e mappe d t o th e 
argument s o f  P' ,  an d vic e versa .  Matche s whic h violat e 
thes e propertie s ar e rejected .  Eac h matc h tha t  i s mad e add s 
an incremen t  t o a  structura l  evaluatio n score ,  whic h i s 
designe d t o asses s th e consistenc y o f  th e matche s made . 

Th e operatio n o f  th e mode l  wa s als o assesse d b y 
presentin g i t  wit h th e followin g base ,  an d testin g t o se e 
whethe r  a  mappin g t o targe t  1  o r  targe t  2  wa s preferred . 

Cause 

Cause An d Revolves-Around(planet,sun ) 

Gravit y Attracts(sun,planet )  Greater-Tha n 

Mass(sun )  Mass(planet )  Temperature(sun ) 

Temperature(planet ) 

Cause 

Opposite-Sig n Attracts(nucleus,electron ) 

Charge(nucleus )  Charge(electron ) 

Revolves-Around(electron,nucleus) 

Greater-Than 

Mass(nucleus) Mass(electron) 

Figure 4: Representation of atom-solar system analogy. 

Base : 
Joh n i s anxiou s 
John' s anxiet y i s cause d b y a  thesi s 
John' s anxiet y affect s hi s thesi s 

Target 1: 
Joa n i s anxiou s 
Joan' s anxiet y i s cause d b y a n exa m 
Joan' s anxiet y affect s he r  slee p 

Target 2: 
Marti n i s anxiou s 
Martin' s anxiet y i s cause d b y hi s obesit y 
Martin' s anxiet y affect s hi s obesit y 

Target 2 is more structurally similar to the base than is 
targe t  1 .  Thi s i s reflecte d i n th e outpu t  o f  th e model ,  whic h 
was abl e t o perfor m bot h mappings ,  bu t  gav e a  highe r 
structura l  evaluatio n scor e t o th e mappin g betwee n bas e an d 
targe t  2 . 

Th e representatio n o f  eac h relatio n i n th e hierarch y i s 
base d o n tenso r  products ,  an d i s distributed .  Howeve r  i n th e 
presen t  versio n o f  th e mode l  th e movemen t  u p an d dow n 
th e tree ,  fro m on e relatio n t o another ,  an d th e compilatio n 
of  th e structura l  evaluatio n score ,  i s  implemente d b y a 
conventiona l  C-program .  M e a n s o f  implementin g thi s 
aspec t  i n a  P D P architectur e ar e bein g investigate d now . 
However  th e logi c o f  th e mode l  wil l  remai n essentiall y a s 
at  present . 
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The mode l  implie s tha t  comple x analogie s mus t  entai l  a 
combinatio n o f  paralle l  an d seria l  processin g becaus e 
paralle l  processin g o f  th e entir e structur e woul d excee d 
capacit y limitations .  Th e tas k i s segmente d int o relations . 
wit h paralle l  processin g withi n eac h relation ,  bu t  seria l 
processin g betwee n relations .  Thi s i s implemente d b y 
codin g eac h relatio n a s a  tenso r  produc t  whic h bind s 
predicat e an d argumen t  vectors ,  an d permit s predicate s an d 
argument s t o b e recovered .  Thes e vector s ca n b e convolve d 
int o a  singl e vector ,  whic h ca n b e a n argumen t  t o a  higher -
orde r  predicate ,  enablin g a  hierarch y o f  relation s t o b e 
represented .  Th e computationa l  cos t  o f  high-ran k tenso r 
product s provide s a  natura l  explanatio n fo r  th e processin g 
loa d impose d b y comple x relations .  Th e mode l  ca n handl e 
comple x analogies ,  suc h a s wate r  flow-hea t  flo w an d atom -
sola r  system ,  whil e remainin g withi n psychologicall y 
realisti c capacit y limitations . 
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