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Abstract
When reading a sentence such as  he di at thre the a in the a ar r the rincess ur
inter retati n changes r a dance e ent t ase a and ac t dance uch n ine disa iguati n
ha ens aut atica and a earst e ased nd na ica ¢ ining the strengths ass ciati n
et een the e rds and the t senses u s ic neura net r sare er g d at de ing such
ehair he earn rd eaningsass tc nstraints n inter retati n and d na ica ¢ ine these
¢ nstraints t r  the st 1 e inter retati n n the ther hand it is er di cutt sh h
s ste atic anguage structures such as re ati e causes ¢ ud e r cessed in such a s ste he net r
ud n earnt ass ciatethe t s eci ccntetsand udnt ea et 1 cessne c inati ns
the c ser at understanding e  edded c auses sh s that hu ans aren t er s ste aticin
r cessing gra  atica structures either rea e he gir  h the h thegir h 1ednet

d r a edhit cried is er di cutt understand Thereas  he car that the an h the d g that
had ra ies it dri es is in the garage isn t  his di erence e erges r  the sa e se antic ¢ nstraints

that are at r in the disa iguati ntas n thischa ter e 1 sh h thesu s ic arser can
ec ined ith high e e ¢ ntr thata sthesste t r cessn e c inati ns re ati e c auses
s ste atica hiesti eing sensiti e t the se antic ¢ nstraints
d e e arri e at an inter retati n a sentence he thesis ut rth this cha ter is that
sentence 1 cessing isn t a cris s ic t cess ut instead e erges r ringing t gether a nu  er

s t ¢ nstraints such as the s ntactic structure the sentence and se antic ass ciatl ns et een its
c nstituents nsider the ing sentence

his sentence has a re ati e ¢ ause attached t the ainn un e atl e causes ha e asi e structure
anditiseas t 1t dee ere eddings re eating the structure recursi e

his sentence ¢ ntains n ne gra  atica c nstructs he a iiare edded c ause is used ust three
ti es and the resu ting sentence is a st inc rehensi e hu ans ere tru s r cess rs the
nu er ees ud aen di erence tsh ud e ssi et handeeachne e edding ust i ethe
re 1 us ne c nsider a si 1 ar sentence

a earin acWhinne edit r 1 sdae r au



his sentence has the sa e gra  atica structure asthe re 1 us ne and ras r cess ritsh ud
eeua eas rhard t 1 cess ets eh this sentence is understanda e  hereas the re 1 us
ne asn t hereas n is that the re i us sentence can n e underst d ased n s ntactic ana sis
hereas this ne has str ng se antic ¢ nstraints et een c nstituents We n  that d gs ha e ra ies
e e dri e cars and cars are in garages  hese ¢ nstraints a eit ssi e rahu ant understand

the sentence e en hen the  se trac its s ntactic structure
hese e a  es suggest that e e aren t wures r cess rs  hen the understand anguage
nstead a c nstraints gra  atica se antic disc urse rag atic are si utane us ta en int ac
cuntt r the st ie inter retati n  the sentence What ¢ ud e the under ing echanis T
re resenting and c ining such c¢ nstraints
ia e h  thesis is that the ¢ nstraints arise r ¢ rreati ns ith ast e erience rea e

1 the sentence understander has ten heard a ut d gs ithra ies rare a ut e e ithra ies and

ne er a ut cars ith ra ies he r she has a se antic ¢ nstraint that a rs attaching ra iest d gin

the a e sentence tisn t a hard rue since it ight as e that the an had ra ies utitisas t

c nstraint that a es th se inter retati ns  the sentence here d g has ra ies re r inent When

se era such ¢ nstraints are si u tane us ta enint acc unt hat resutsisthe st i e inter retati n
the sentence gi en the aste erience

he the r sentence 1 cessing ass tc nstraintscan e adec ncreteinsu s ic neura net r
des r cessing in neura net r sis ased n recise thesa e rinci es rained t ass ciate a set
in ut atternst a set ut ut atterns thenet r earnsc rreati nsinthe data  reachne in ut

attern the net r then r s the st 1 e ut ut gi en the training data ert et a the
sentence inter retati n tas can ecastasa a ing r ase uence in ut rdst are resentati n

the eaning the sentence sentence r cessing can e  deed ith neura net r s wuch descan
gl e us insight int the r cesses under ing sentence r cessing and suggest urther h  theses that can
e tested e eri enta

e era su s ic des sentence r cessing ha e een uitar und thisidea an c e
and and a a t 11 uainen and er t hnand ¢ e and his cha ter ai s
att gas r iding a c ear c ncrete e a e s tc nstraintsand h  the arec ined in sen
tence r cessing and sh ingh s ste s ased ns tc nstraints can r cess anguage r ducti e
and s ste atica hie at the sa eti e aintainingc gniti e aidit asinthee a esa e
n understanding a  igu ussentences hu anssee t e aut aticandi  ediate e ica disa igua
ti n  echanis se en hen the arec e edt aternate et een t r resenses an a igu us

rd nsider the sentence
s a reader r cesses this sentence he r she is incined t inter ret the rd rst as a dance e ent
then as ase a and ast again as dance et this r cessing see st ccur at such a e e that the

reader 1 hard e a arethat there asan c n ict in hisinter retati n hered esn tsee t ean
c nsci us in erencing re uired n ent sc gitati nas 1ight e ser edi sa the reader ere instead
as edt c ute the r duct t du edigitnu ers

e era deshae een r sedt accunt rh a iguities are res ed during reading  he
three st r inent in recent ears ha e een the c nte t de endent the sing e access and the uti e
access de he ¢ nte t de endent de uc s erg et a ch ane edt et a is  ased

n the assu ti nthat n ne eaning a rdis acti ated at an gi enti e na e the ne st
a r riatet the ¢ nte t in hich the rd ccurs he 711 ar reas n is that the c nte t ri es the
eaning hich is st a ica e hiesu ressing thers he singe access 1 rdered access de

rster and edna ga a and eretti 1 s nand urgess sits that n  ne



acti e inter retati n  an a igu ussentence is aintained at an neti e  in the c urse T cessing
the sentence In r ati nis enc untered that d esn t acc rd e 1th the acti e inter retati n then that
inter retati n is a and ned and a re resentati n that acc unts r the esta ished in r ati nas e as

r the current a  iguit is s ught st r a  thr ugh ac trac ingt the int a iguit he
acti ati n e e an inter retati n is deter ined the re ati e re uencies  the eanings the rd

r rds that are the s urce  the a iguit he search r cess rthea r riate eaningta es ace
seria  ter inating hen a tis ade r retaining the st d inant eaning hen n c nte tua
ree ant atch can e und n the str ngest state ent the de ga a and eretti

n the std inant eaning ana igu us rd is retrie ed rst regard ess hether the ¢ nte t

su rts asu rdinate eaning

he uti eaccess de nierand inne eiden erget a anenhaus et a hich
isthe st ide acce ted suggests that se era inter retati ns a eacti e aintained hena igu us
in r ati nisenc untered ta aterti e hen additi na in uta  sres ingthea iguit n the
a r riate inter retati n is retained eernta the inter retati ns a e aintained ithe ua
acti ati n e es  ather the strength a articuaracti atin ud e r rtina t the i eih d
that inter retati n eingthec rrect ne ni ethesingeaccess de in hich asinge eaningiss ught
and se ected the uti e access de cal sthata  eanings are acti ated si u tane us regard ess
c nte t ut the c nte t ater in uences seecti n  the st a r riate ne s is n t unusua  hen
as ects eha 1 r are su  rted se era re T ess sing des re ne ents are r sed t
incudeee ents r se era de s rea e urgessand 1 s n su rtthe uti eaccess
de  ut suggest that eaning re uencies deter ine hich inter retati ns reach the rec gniti n thresh d
rst  her e ¢ nte tist seect hich the eaningsre ainsacti ated

hisis hereasu s ic neura neura de can eusedt gaininsightint the r cess tis ssi e
t wida de sentence understanding here a iguit res uti n ccurs as an integra art the tas
ser ing the eha i r thenet r e see that uti eacti ati n e esare aintained si u tane us
during the r cessing a sentence and the ari us eanings each rd are acti ated t the degree that
c rres ndst the re uenc ith hich that rd has een ass ciatedt the re 1 us  rdsin the sentence
inthe ast his a the decnr s urgessand i s nsther ¢ utati na  and suggests that
se antic re uenciesc ud a ane en re unda enta r e e ica a iguit res uti ne erges r
c ining the s t ¢ nstraints sited  the se antic re uencies the sentence ¢ nstituents

he entence 1isa bi uation Model

he sentence r cessing de i1s ased nthe 1 e ecurrent et r architecture an
hich has recent ec eastandardt insu s ic natura anguage r cessing inc uding sentence
and st r understanding il u ainen t hn and ¢ e and t hn and
earning gra  atica structure an er an chrel ereta n deingdisa iguati n the
idea is t train the t a ase uence rds t the caser e re resentati n 1 re
the sentence and ser e thee wuti n  the sentence re resentati n during arsing ana igu us
sentence  he arser as trained n sentences generated r t asic sentence te  ates
he ed rdsinthete  ate are indicated t eace he and stand
rs tst e ed actua c ntent rds e ending n these rds the sentences ¢ ud e inter reted
as state entsa ut ase a eg dance
rs ething rather a  igu us
he ut ut the arseris ne t ssi ecaser e

re resentatl ns



Which  these t re resentati ns ere used in the ut ut de ended nh str ng the rds ccu ing

the and s ts ere ass ciated ith ase a and dance
here ereat ta rds in the e ic n e reach the three s ts t inter retati ns
and andse en ed rds rthein ut sentences ach ere gl en hand ¢ ded re resentati n ect rs
acc rding t the eight eatures sh n in ta e he ast c nent indicates h  str ng the
rd is ass ciated ith and rea el a rdre resentati n
has a sense itis  restr ng ass clated ith ase a than dance a es and su  ari e the

sense aues each rd

his re resentati n strateg asch sen ecauseit a esthedisa iguati n r cess trans arent see
hat the net r is thin ing it is en ugh t at the aues the sense units at its ut ut  istri uted
rd re resentati ns eg il u ainen cud e used as e ut sense  ud then haet e

cacu ated ased n distances et een re resentati n ect rs

he sense a ues erethenusedt utt getheraset trainingsentences that adethe sense ass ciati ns

e icit reach ssi e sentence the sense asc uted  a eraging the sense aues the indi idua
rds ince these aues ere graduated in urths a eraging er the three ¢ ntent rds er sentence

udresutint e ths hus eachin utsentence asre eatedt e eti esin the trainingc r us ith the

t ssi ecaser ere resentati ns 1e senses assignedin r rti n the sense aue the sentence
rea e 1 the assi e sentence te  ate is instantiated ith the rds sense
and the ing sentences is  tained
eraging the sense auesgi es — r cc rding  this sentence asre eated t e e ti esin the
training ¢ v us ith se en  the sentences assigned t at the ut ut and et
hus in the e erience  the arser - the ¢ nte tsin hich and
a eared ere ass ciated ith and the re aining ith ence the

dance sense ud e sight red inantin thisc nte t and ud e the reerred inter retati n
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igure
here are ssi ec inati ns the e rdsin the three categ ries achc inati n as used
t instantiate the t  sentence te  ates gi ingat ta sentences  ince each sentence is re eated
ti es the training ¢ r usis c sed sentences  hese sentences c rise the ¢ nte tua hist r
the a igu us rds and cti e and assi e ¢ nstructi ns ere used t c ntrast hate er

ri ing e ects the rds ight ha e n the genera sense  the sentence the act that the re resent
di erent icesisn tsigni cant in thise eri ent

he arsernet r  gure hasasing ein ut asse c nsisting  eight units c rres ndingt the
eight ¢ nents in the  rdre resentati n  he ut ut a erisac ncatenati n e rd re resentati n
asse les c rres nding t the caser e assign ent the sentence

t each ste in the se uence a  rd re resentati n is aded in the in ut asse and the acti it is
r agated thr ugh the hidden a ert the ut ut heacti it in the hidden a er units ide issa ed
in the re 1 us hidden a er asse and used t gether ith the rdre resentati n asin utt the hidden
a er in the ne t ste hr ugh ut the se uence the ¢ ete case r e assign ent is used as the training
target and the err ris r agated and the eights are changed thr ugh the ac r agati n ag rith
at each ste

ne ect the net r 1is trainedt sh t r thec ete sentence inter retati n r the rst rd

n saresut it earnst indicate the current sense  the sentence in the c nents  the
and the asse ies at its ut ut the current inter retati nis red inant these
c nents ha e high aues andi it is the ha e a ues c ete a igu us

inter retati n is indicated actl ati n

n thise eri ent the arser astrained itha earning rate r e chs then r e chs
r and na unti e ch t this int the a erage err r er unit a ter reading a c ete
sentence as he e act sha e  the training schedu e is n t crucia as ng as the earning rate is

gradua decreased g d resuts can e achie ed reas na uic  and reia
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igure
isa bi uation Results
he arser as tested ith the sa e set  sentences used t train it t deter ine h e 1t ca tured
the sense r each sentence  he the retica ti a awues rthe sense ut uts ere tained r  the
training data ased n the distri uti n  the rds in the sentences  he ut uts  the net r
ere then c ared t the the retica a ues eneral ati n  as n t tested in this stud  ecause tight
c ntr er the the retica re uencies asdesired and ecause g dgenerai ati nisc n rthist e

desand ersn ne ers ecti e nthedisa iguatin r e

he net r had ca tured the sense re uencies er accurate he a erage err r acr ss the entire data
set as undt e r the acti e ¢ nstructi ns and r the assi e re er a
sentences here at east ne  the ¢ ntent rds as ass ciated t a sense site  that  the ther
c ntent rdsresuted inse antic i ing ehair e the r cessing t sentences ne acti e and
ne assi e isana ed in detai  hese e a  es are articu ar interesting ecause the re uire re ising
the se antic inter retati nt ice during r cessing

n reading the acti e sentence

gure the a erage  the t  sense unit acti ati ns is initia er near indicating n  ias ne

a 1 the ther 1e ¢ etea 1guit  ecause thet  senses eree ul r a ein the training
set ter r cessing the rd the acti ati n e e rises t since a sight a rit -

the sentences in the training set in  hich ccurs ha e the sense ne ect has

a ri inge ect n the inter retati n  the rest the rds he acti ati nre ainsatr ugh this e e
unti the rd isenc untered t this int the se antic ias t ina r



ecause 1n the e erience the arser a a rit - the sentences in  hich  th and

a ear ha e the sense he acti ati nsta s e unti is read in as
the ast rd hereu nit is ac t indicating that the sentence is nce again inter reted as
he the retica e ectati n  th se sentences c¢ ntaining the  rds
and is hich is ¢ set the acti ati n e e the arser na settedu n

1 1ar in r cessing the assi e sentence

gure ater a ng se uence  neutra ed rds the net r enc unters and the inter
retati n ec es ilased t ard ecause - the training sentences ith ha e this
sense n reading the inter retati n 1 st ard ecause n  the a rit sentences
again - ith  th and ha e the sense When the ast rdisread the ias
1 sagain ac t ecause a sentence ith and has an era sense a erage

he 1iases and 1 s in the sense aues are n t articu ar dra atic ecause the re uenc di erences

are s a in the training c r us ra restar c ntrast these a cati nsc ud e adusted h e er it
isi rtant that e en such in rdi erences 1 resutinreia ese anticre isi n eha i r nrea rd
data thereisa t n iseinter s accidenta c rre ati ns riginating r an sl u tane ustas s and
g as en 1 the se antic regu arities are n sight str nger than the n ise the s ste 1 ea et

utiiethe t er r se anticinter retati n reia

. onclusions ro the entence 1isa bi uation Model

he stsaiente ect asthatthese anticsense anin utsentenceasa h e aried asa uncti n the
se antic senses  its c nent rds tis this ariati n that acc unts rthe 1 ing eha i rthat e
set utt de etuse a ine hat insightsthe de can r ideint hu an anguagec rehensi n

reader has e erienced each  rd in a ariet c nte ts nstead regarding the rd se antics
asac ecti n discrete and dis int de niti nsin the e ic n itis ssi et 1ie se anticssi as
an enc ding a these ast c nte ts r st  rds these c nte ts share uch in c n r an
a dguus rd h e er there aret r  redistinct di erent c nte ts s e the re re uent
ser ed than thers s a reader r cesses a sentence there is an interacti n et een the se antics ie
ast ¢ nte ts each  rd and the e ing inter retati n  the current sentence ach rd ri es the
inter retati n acc rding t the re uenc ith hich the rd has een ass ciated ith the current ¢ nte t
in the ast ter reading the h esentence a the astc nte ts itsc nstituent rdsarec ined int
the st 1 e inter retati n n ther rds the inter retati ne erges r thes tc nstraints a ng
the sentence ¢ nstituents

th ugh sense disa iguati nis ust nes a art anguage r cessing thesa e echanis sc ud

in rinci e eat r in anguage T cessing in genera ntactic se antic disc urse and rag atic
structures ani est the se es as regu arities in h anguage is used  hese regu arities can e ca tured
and re resented in the ind and  di edc ntinu us ithe erience t a e anguagec rehensi n
ssi e
his a r ach is su cient r ca turing the statistica aut atic as ect  sentence c rehensi n
here the eaning the sentence can e deri ed ¢ ining 11 r ¢ nte ts e er itisn tsu cient
re ainingh d na icinerencingc esa ut herec nstraints that ha e re 1 us  een seen n
in se arate c nte ts ust ec ined re a e in the sentence duet angeand er
i dish asher and  ice ha ene er eenseent gether e re thereisn asis rstatistica ¢ ining the
c nte ts the re resent Washing dishes and aiting rthe icet ¢ edesn tc ine int using a

dish asher t hide things wuch cases re uire a high e e r cess that has access t the statistica se antics
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igure

ut can use higher e e c nstraintst ¢ ine ¢ nstituents int n e re resentati ns mna r achand an
ea e sucha r cessisdescri ed ne t

he r e d na 1icin erencing is articu ar 1 usin r cessing sentences ith re ati e c auses
su s ic neura net r can e trainedt r acaser e re resentati n  each c ause in a sentence
1e and it 1 generaiet di erent ersi ns  the sa e
structure such as 11 u ainen e er such a
net r cann t arse sentences ithn e c inati ns  re ati e c auses such as

his sentence has a re ati e c ause in a ne ace in an
ther ise a 1iar sentence structure and r cessing it ud re uire ¢ ining ¢ nte ts that the net r
has ne er seen t gether e re wucha ac generait isaseri us r e gienh e rtess e e

can understand n e sentences

his secti n 1 de nstrate that d na ic in erencing 1s ssi e 1 the s t ¢ nstraints are c ined

ith high e e c ntr n the de us ic arser T edded auses 11 u ainen

the asic idea is t se arate the tas s  seg enting the in ut  rd se uence int causes r ing

the case r e re resentati ns and ee ing trac the recursi e e eddings int di erent dues ach

du e is trained ith n the st asic re ati e c ause ¢ nstructs and the c ined s ste isa et

generail et n e sentences ithre ar a ¢ e structure rtant isn t aneura net r
rei e entatin as rcesst tisase c ntained ure su s ic neura net r s ste

and e hi itstheusua r erties suchs ste s rea eunies ic arsers thenet r e hi its
ausi e e 1 degradati n as the de th  the center e eddings increases its e r 1s 1 ed

the ear ier ¢ nstituents in the sentence and its er r ance is aided se antic ¢ nstraints et een the

¢ nstituents

. he Architecture
recel es a se uence rd re resentati ns as its in ut and r each c ause in the sentence 1 s
an ut ut re resentati n indicating the assign ent rds int case r es  he caser e re resentati ns

are read the s ste and aced in a sh rt ter e r current utside as s n as the are



c ete c nsists  three ainc nents the arser the eg enter and the tac gure

he arser is si i1art the disa iguati n net r secti n t er r s the actua trans r ati n
the  rd se uence int the caser e re resentati ns W rds are re resented distri uti e as ect rs
gra scae aues et een and he ¢ nent a ues are initia  assigned rand and di ed
during earning the eth d 11 uainen and  er i u ainen s that si 1ar

rds 1 ha esi 1arre resentati ns isacn enient a r 1 ing these re resentati ns ut
isn t de endent n he  rd re resentati ns c ud ha e een tained thr ugh se antic
eature enc ding ¢ e andand a a t as e re en assigned rand

he case r e assign ent is re resented at the ut ut the arser asacaser e ectr that is
a ¢ ncatenati n  th se three rd re resentati n ect rs that the r es agent act and atient in
the sentence the re resentati n as 1 itedt threer es rsi icit re a e the rd se uence
recel es the case r e assign ent agent act atient hich is re
resented as the ect r at the ut ut the arser net r When the sentence ¢ nsists
uti ecauses thereati e r n uns are re aced their re erents
arses int t s and

he arser recei es a ¢ ntinu us se uence in ut rd re resentati ns as its in ut and its target

attern changes at each c ause  undar re a e in reading
the target attern re resenting is aintained during the rstt rds thens itched
t during reading the e  edded c ause and then ac t r the rest
the sentence  he rthee edded causeisread  thenet r ater has eenin ut and the

r the ain c ause a ter the entire sentence has een read

When trained this a thenet r isn t i itedt a ednu er causes its ut utre resentati n
s itd esn tha et aintainin r ati na utthe entire astin ut se uence inits e r a ing
it ssi ein rinci et generai et ne cause structures n rtunate a ter a center e edding has
een 1 cessed itisdi cut rthenet r t re e erearierc nstituents hisis h a tac net r
1s needed in

he hidden a er asi e recurrent net r r sac ressed descri t1 n  the se uence s ar he
tac has the tas st ring this re resentati n at each center e edding and rest ringitu n return r
the e  edding rea e in arsing the hidden a er
re resentati n is ushed nt the stac a ter and ed ac t the arsers re i1 us hidden
a er asse a ter n e ect the can then arse the t e e cause as 1 the
center e edding had n t een there at a

he tac net r isa de nes eci c tas thehu an ring e r th ugh the r ing
e T ust eres nsi e 1 se era di erent unctl ns in itis n re uiredt er r the
uncti n  thes 1c stac  hence 1t isca ed the tac net r t ud curse e ss1 et ust
use a s ic stac 1n utas e 1 seeinsecti n an the ¢ gniti ee ects in de end
nsu s 1c re resentatl ns e r traces
here are an a st r such e r traces re a e 1n the hidden a er an r as
attract rs in a recurrent net r it n and ha ice aut r the int 1e
itis n 1 rtant that the su s 1c re resentati n the current state is a ¢ ined re resentati n
the re 1 us state and the ne 1ite he st direct architecture r this tas 1is the ecursi e ut
ss ciatie e T ac is a three a er ac r agati nnet r trained t
er v anidentit a ingr in utt ut ut sasidee ect itshidden a er earnst r ¢ ressed

re resentatl ns the net r sin ut ut ut atterns hese re resentati ns can e recursi e used as
¢ nstituents in ther in ut atterns and a  tentia in nite hierarchica data structure such as a stac



can this a ec ressed iInt a ed si e re resentati n

he in ut wut ut the tac c nsists thestac st ee entand thec ressed re resentati n
the rest  the stac  nitia thestac i1se t  hichisre resented  setting a unitsin the tac re
asse t gure he rst ee ent such as the hidden a er attern the arser net r a ter
reading is aded int the arser hidden asse and the acti it is r agated t the hidden
a er  he hidden a er attern is then aded int the tac re asse at the in ut and the tac
net r isread ran ther ush erati n

When the arser returns r  the center e edding the st red attern needst e ed r  the
stac he current stac re resentati n is aded int the hidden a er and the acti it is r agated t
the ut ut a er tthe ut ut the arser re hidden asse c ntains the st red arser hidden a er

attern  hich is then aded int the re 1 us hidden a er asse the arser net r gure he

tac re  asse ¢ ntains the ¢ ressed re resentati n r the rest  the stac and it is aded t
the hidden a er the tac net r hich is then read  r an ther erati n

he arser tac architecture a neisn t uite su cient rgenerai ati nint n e reati e c ause struc

tures rea e hentrained ith n e a es center e eddings such as the a e and tai
e eddings 1 e the architecture generai es e t ne
sentences such as e er the s s

te sti alst generaiet sentences 1 e
en th ugh the tac ta es care rest ring the ear ier state the arse the arser hast earn a
the di erent transiti ns int re ati e c auses it has enc untered center e eddings n at the eginning
the sentence it cann t generai et a center e eddingthat ccurs a ter an entire u c ause has a read
een read

he s uti nist train an additi na net r the eg enter t di ide the in ut se uence int c auses
he seg enter recei es the current hidden a er attern as its in ut t gether ith the re resentati n r
the ne t in ut rd and it is trained t r duce a  di ed hidden a er attern asits ut ut gure

he wut ut is then aded int the re i us hidden a er asse the arser nthe 1idde reading
a c ause the eg enter asses the hidden a er attern thr ugh ith ut di cati n e er 1 thene t
rdisareati e r n un theseg enter di esthe atterns that n theree antin r ati nre ains
nthea eea e ater has een read and isne tt ¢ e the eg enter generates a attern
si 1art that the arsers hidden a er ater n in the eginning  the sentence has een
in ut
n ther rds the eg enter detects transiti nst re ati e c auses and changes the se uence
e r s that the arser n hast dea ith net e cause wundar his a the arsers tas

ec essu cient si es that the entire s ste can generai et ne structures

he eg enter a sacentra r ein the architecture and itis er natura t gi eitac ete ¢ ntr
er the entire arsing r cess ntr 181 e ented thr ugh three additi na units at the eg enters
ut ut gure he units  ush and c ntr the stac erati ns and the unit ut ut indicates
hen the arser ut utisc ete and sh ud eread  thes ste his a the eg enteri e ents
the high e e strateg arsing sentences ith re ati e c auses

th ugh the eg enter as rigina und necessar  rcC utati na reas ns ie rgenerai ati n
t ne sentence structures itcanas e ti atedina  re genera c gniti e ra e T ers ecti e
shits in r cessing re ati e c auses  acWhinne When areati e r n unis enc untered a
ers ecti e shit is initiated  he current c ause is te rari sus ended and ane c ause is started ith
ssi  ne agent r atient intr ducing a ne ers ecti € he eg enterisa echanis T carr ing
ut this shit thasag a ie the arsing r cess a  ingitt decide hen a shit is necessar
t then utii es the e e echanis s ring e r the tac and the se uence e r the
arser t carr it ut



erl ents

he training and testing ¢ r us as generated r a si e hrase structure gra ar ta e ach
c ause ¢ nsisted  three c nstituents the agent the er and the atient re ati e causec ud e
attached t the agent rt the atient the arent c ause and cud the r e  either the agent
r the atient in the re ati e c ause n additi n t and the ca uar c nsisted the er s
and and the n uns and ertain se antic restricti ns ere
1 sed n the sentences er cud n ha ecertain n uns as its agent and atient as isted inta e
he gra  ar as used t generate a sentences ithu t  urcauses and th se that did n t atch the
se antic restricti ns ere discarded he na c r us c nsisted di erent sentence structures ith a
t ta di erent sentences

he architecture di ides the sentence arsing tas int three su tas s achc nent needs t
earn n the asic c nstructs in its tas and the ¢ ined architecture rces generai ati nint n e
c inati ns  these c nstructs here re it isen ught train ith n t sentence structures

the t e e tai e edding such as and
the t e e center e edding eg he
training set ¢ nsisted rand se ected sentences eacht e nadditi n the tac astrained t
enc de and dec deu t three e es ushes and s

he  rd re resentati ns c nsisted units  arser s hidden a er as units ide eg enters

units and tac s units net r s ere trained ith n ine ac r agati n ith earning

rate and ith ut entu th the arser and the eg enter de e ed rd re resentati ns at their

in ut a ers ith a earning rate he net r s ere trained se arate 1e ith ut r agati n

et een dues and si utane us sharing the sa e gradua de e ing rd and arser hidden a er

re resentati ns  he c n ergence as er str ng ter e chs the a erageerr r er ut ut unit as
r the arser r the eg enter r the ¢ ntr  ut uts and r the tac

s er r ance as then tested n the entire ¢ r us sentences he atterns in the
arser s ut ut asse ies ere a eed acc rding t the nearest re resentati n in the e ic n  he ¢ ntr
ut ut astaent ec rrect1 th se c ntr units that sh ud ha e een acti e at had an acti ati n

e e greater than and th se that sh ud ha e een had acti ati n ess than easured this a
the er r ance ase ce ent didnt aeasinge ista ein the entire ¢ r us neither in the
ut ut rds rinc ntr he a erage unit err r as r the arser r the eg enter
r ¢ ntr and r the tac here as er itte ariati n et een sentences and rds ithin
each sentence indicating that the s ste as erating ithin asae argin
he ainresut there re isthat the architecture success u  generai esn t n t ne instances
the a 1iarsentence structures utt ne structuresas e there de nstratingd na icin erencing
e er isn ta ererei e entatin as T cessT S s tac ec esincreasing
aded its ut ut ec es ess and ess accurate s ics ste sd n tha ean such inherent e r
degradati n  ni rtant uesti nis d es s er r ance degradein ac gniti e ausi e anner

that is d es the s ste ha esi iardi cutiesin r cessing recursi e structures as e ed

eicit en ugh err rs r t ana e its 1 itati ns the tac s er r ance as degraded
adding niseinits r agatin uchane eri entcan ecai edt si uate er ad stress
c gniti e1  air ent r ac c ncentrati n situati ns he s ste turned utt ere ara r ust
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against n ise  he a erage arsererr rr set ut the s ste sti gt its ut ut  rds right
ith er e err rsinc ntr se ected st the err rs ccurred as a direct resu t ing ac
T center ¢ eddings ith an inaccurate re 1 us hidden a er re resentati n re a e in arsing
had tr u e
re e ering the agents and and atients and he er r ance de ends
nthe e e thee eddingin an interesting anner +tisharder rthenet r t re e erthe earier
c nstituents sha  er c auses than th se dee er c auses gure rea e ¢ ud usua
¢ nnect 1th n the cases ut it as harder ritt re e erthatit as the h
and e en harder that the h inthea ee a e

uch eha i rsee s ausi einter s hu an er r ance entences ith dee center e eddings
are harder r e et re e er than sha nes ss and  airns i er and sard t
is easier t re e er a c nstituent that ccurred ust recent in the sentence than ne that ccurred
se era e eddingsag  nteresting e en th ugh ases ecia designed t erc esuch e r
e ects in the arsers se uence e 1 thesa ee ectis generated the tac architecture he atest
e edding has n ise added t 1t n  nce hereas the earier ee ents in the stac ha e een degraded
uti eti es here re the accurac isa uncti n thenu er erati ns instead a uncti n
the a s ute e e the e  edding

When the ut utisana ed rd rd se era ther interesting e ects arere eaed irtua
ine er case here ade an err r in ing an ear ier agent r atient r  the stac it ¢ n used
it 1th an ther n un n ther rds ert s ausi er e indings e en i the e act agent r

atient is  scured inthe e r it n s thatithast ean un re er d es n t generate
the n un at rand ut a n unsit ut utinc rrect had ccurred ear ier in the sentence t
see s that traces rthe eariern uns are discerni einthe re i ushidden a er attern and c nse uent
the are a red at the ut ut wuch r inge ect is rather sur rising wutitis er ausi ein ter s

hu an er r ance

he se antic c nstraints ta e as haea ar ede ect nthe er r ance theagent r atient

that needs t e ed r  the stac is str ng ¢ rre ated ith the er it is easier rthenet r t
re e eritc rrect gure he e ect de ends n the strength  the se anticc u ing rea e
is easier t re e erin than in
hich is in turn easier than he reas n

is that there are n t ssi e agents T hereas there are three r and ur r
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Whi e gets the uni ue agents right it gets th se itht a ternati es th se
ith three and n th se ith ur

si 1are ect has een ser ed in hu an r cessing re ati e c ause structures a the su ects

in t s stud ¢ udn tdec dec e center e eddings ith ut se antic ¢ nstraints uang

sh ed that ung chi dren understand e edded c auses etter hen the ¢ nstituents are se anti

ca strng cu ed and ara a aand uri ser ed si iar eha i rin a hasics hise ect

is  ten attri utedt 1 itedca a 11t r r cessing s nta he e er1 ents indicate that it c ud

eat east art duet 1 aired e r as e Whenthe e r re resentati nisi aired ithn ise

the arser has t cean it u n r agati n thr ugh the arsers eights n ise that d es n t ¢ incide

ith the n n aternati es cances ut arent hen the er isstr ng c rreated iths e the
a ternati es re then ise a earsc incidenta and is tered ut

. conclusions

he ain insight r is that hereas s t c nstraints a ne a nt esu cient rd na ic
in erencing hen ¢ ined 1ith a high e e ¢ ntr echanis n e in utscan e r cessed r ducti e
and s ste atica rained n n the asic sentence ¢ nstructs general ed t a iderange ne
sentence structures  t the sa e ti e the de aintained c gniti ¢ aid eha 1 r that arises r
c ining s t c nstraints ee e eddings are di cut and se antic ¢ nstraints aid in inter reting the
sentence  he err rs that the de 1 duces aresi iart hu an er r ance his a g esa

ng a in ans ering the cha enge sed in the intr ducti n h see ing s ic eha i r such as
sentence T cessing can e erge r  interacting su s ics tc nstraints

he eg enter in isa rstste t ardhigh e e ¢ ntr insu s ic des he eg enter
as designed s eci ca r this tas it  nit rs the in ut se uence and the state the arsingnet r
and issues c ntr signas r the tac e 1 and the arser itse ata r riate ti es t hasa
high e e 1e the arsing r cess and uses it t assign si  er tas st the ther dues n this
sense the eg enteri e entsa strateg r arsing sentences ithreati ecauses t a e ssi e
t wuidsi iarc ntr net r s r ther inguistictas s r erha s nes histicated ¢ ntr net r r
anguage T cessing in genera uch c ntr net rscud a a a rr einsu s ic de s
natura anguage r cessing and high e e reas ning in the uture



e ad tthe ie that anguage r cessing e erges r s tc nstraints and that su s ic neura

net rsareag d de this r cess here 1 it ta eus What ares e the uture cha enges
and rtunities  thisa r ach

th ugh the su s ic desha e eensuccessu inde nstrating the uti it thea r ach the
are sti st de  nstrati ns ca a iities n't r e s here are se era technica cha enges that
needt e et e re de ing anguage Tt cessing in a  re reaistic scaeis ssi e irst h  can
c e 1inguistic re resentati ns e enc ded n su s ic neura net r s rea e h canan
inde nite nu er agentsin ac ause ere resented rcausesin asentence rsentencesinast r  hen
there is a 1 ited and ed nu er  units in the net r u ansd nthaea edu er und
ath ugh there cear are e r 1 its tis ssi ethats e ind reduced descri ti ns si i1art
th se de ed are eing r ed e er s arit has turned ut er di cutt a e the

architecture generai et ne structures

ecnd h can ec eu ith traininge a es r reaistic anguage r cessing th ugh arge
cr ra un r cessed te t are readi a aia e su s ic s ste susua re uire re s histicated
in r ati nastargets such ascaser ere resentati ns r arsing uidingsuchcr rais er a ri us
and it is unc ear hether it ise er ssi et ha e arge en ugh training sets tisas uncear hat r

the targets sh udta e n an cases the targetsre resents e r anguage th ught rinterna
re resentati ns eaning hich are di cutt wusti
these r e scan es ed h eerit a e ssi et uidasus ic de sentence
understanding hichisca a e d na icin erencing n genera inguistic structure and hich generates
c gniti e aide ergent eha i r hein erencing ca a iitiescan e eri ed against thec r ra g
niti e aidit can e tested at east in art c aring the de ith gra  aticait udge ents in
hu ans 1sn What isdi cut rhu anssh udas edi cut rthe de
he de c ud then e used t generate redicti ns n areas herent wuchis n na uthu
an er r ance and T cesses rea e redicting se antic c e it sentences r h s
harder than redicti ns c ud e ade nh

a iguities are res ed in genera sh ingh s tc nstraints ns nta se antics re uenc etc inter
act he de can e esi ned the resuting eha i r ser ed and atched ithhu ani air ents and
redicti ns n ssi es urces de cits ade ree cient a s retrainingthe de c udtrans atet
suggesti ns n etter a s reha iitatinga hasics ucha de c udser easa at r r  ti ating

and testing the ries a ut hu an anguage r cessing and its rea d n

his cha ter has de  nstrated thr ugh su s ic neura net r deing h  sentence understanding
cude erge r s tc nstraints he c nstraints arise r  regu arities in the in ut and are a  ied
thr ugh c rre ating the current in ut ith ast ¢ nte ts asi ustrated in the sentence disa  iguati n tas
hesa e r cesses a eactieinc e gra ar r cessing as e as de nstrated the
de reati ecauses ug ented ahigh ee cntr r cess s tc nstraintsc inet 1 ducti e
and s ste atic r cessing ne sentence structures ith ausi ec gniti ee ects his a asee ing
] ic inguistic eha ir a in act e ane ergent r ert s tc nstraints hea rach a
e entua ead t testa e c gniti e accurate natura anguage T cessing des ith g d redicti e
er
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