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1.  Introductio n 

Existing psycho Unguis tic models of word recognition are incapable of 
computationa l  realisatio n a s currentl y formulated .  Existin g computationa l 
linguisti c approache s t o lexica l  access ,  morpholog y an d spellin g correctio n 
provid e a  ric h repetoir e o f  computationa l  method s whic h appea r  t o offe r 
attractiv e possibilitie s fo r  addressin g thi s problem ,  bu t  ar e no t  a s the y 
stan d psychologicall y plausible .  Th e proposal s mad e i n thi s pape r  com e ou t  o f 
th e effort s o f  a n interdisciplinar y grou p i n th e Programm e i n Cognitiv e 
Scienc e o f  th e Schoo l  o f  Epistemic s a t  th e Universit y o f  Edinburg h t o 
reconcil e thes e tw o facts ,  an d arriv e a t  a  psych o Ungui s ti c  mode l  o f  wor d 
recognitio n i n continuou s speec h whic h i s explicitl y  an d realisabl y 
computational . 

The focus of this work is or. the normal processing of continuous speech, 
and w e tak e thre e point s t o follo w necessaril y  fro m this : 

1.  Wor d boimdarie s ar e no t  unequivocall y marke d 

2. The speech signal is not always in and of itself sufficient for 
recognition , 

and in particular 

3. The initial segments of words are not acoustically reliable 

Two possible sources can in principle be identified for the solution to the 
proble m pose d t o th e heare r  b y th e secon d poin t  above :  Linguisti c structura l 
knowledg e (e.g .  th e phonotactics ,  lexico n an d gramma r  o f  th e languag e 
involved )  an d contextual/pragmati c knowledge .  Bot h computiona l  experienc e 
(mos t  notabl y i n th e AEP A speec h understandin g researc h effor t  i n th e 70's ) 
and psycholinguisti c experiment s (e.g .  (Pollac k an d Picket t  1963) ,  (Lieberma n 
1963) )  hav e give n stron g suppor t  t o th e positio n tha t  th e informatio n require d 
by thes e source s t o recognis e ti e speec h signa l  sometime s occur s temporall y 
afte r  th e under-determine d sectio n -  th e so-calle d righ t  contex t  effect . 

Despite this the model we propose, which is for the moment concerned with 
onl y th e deploymen t  o f  lexica l  an d morphophonemi c structura l  knowledge ,  i s 
strictl y left-to-righ t  an d bottom-up .  I n th e nex t  section s a  sketc h o f  th e 

Many o f  th e idea s presente d her e wer e devlope d i n discussion s wit h Elle n 
Bard ,  Gerr y Altman n an d Ann e Johnstone ,  fo r  whos e constructiv e criticis m I  a m 
grateful .  My deb t  o n th e computationa l  linguistic s sid e t o Ro n Kapla n an d 
Marti n Ka y (Kapla n an d Ka y 1982) ,  fo r  thei r  idea s an d support ,  i s  substantial . 
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model  i s presente d i n sufficien t  detai l  t o sho w ho w i t  ca n none-the-les s 
generat e th e righ t  contex t  effect . 

The focus in these sections is on the computational characterisation of the 
model  -  owin g t o spac e restriction s th e psych o Ungu i s ti c  consequence s wil l 
largel y b e lef t  implicit . 

The basic question to be addressed is how to make effective computational 
us e o f  th e dramati c restrictio n o n th e proble m o f  speec h recognitio n whic h i s 
provide d b y th e fac t  tha t  th e signa l  t o b e analyse d i s constraine d t o consis t 
(b y an d large )  o f  sequence s o f  (fo r  th e sak e o f  argument )  Englis h words .  Tw o 
knowledg e bases ,  lexica l  an d morphophonemic ,  ar e required ,  plu s a 
computationa l  metho d fo r  deployin g them . 

The lexical knowledge base consists of a set of trees in which morphemes 
(stem s o r  affixes )  sharin g th e sam e initia l  phonem e sequenc e follo w th e sam e 
pat h unti l  thei r  phonemi c representation s diverge .  Recognisin g a  wor d the n 
consist s o f  stitchin g togethe r  a  morphotacticall y vali d pat h throug h thes e 
trees ,  an d recognisin g a  whol e utteranc e consist s o f  concatenatin g a  sequenc e 
of  suc h paths . 

The morphophonemic knowledge base consists of a set of (possibly context-
sensative )  rewrit e rules ,  whic h ar e expresse d a s a  finite-stat e transduce r 
whic h i s interpolate d betwee n th e lexicon s an d th e input . 

The easiest way to understand this approach is to start with a version 
appropriat e t o text ,  an d the n sugges t  ho w t o modif y i t  fo r  speech . 

2.  Th e Recognise r  -  Tex t  versio n 

2.1 .  Th e Lexico n 

In its simplest form, with only one tree-structured lexicon, looking up a 
wor d i s straight-forward .  On e start s a t  th e to p o f  th e tre e an d follow s th e 
branc h whos e labe l  i s  th e firs t  lette r  o f  th e wor d i n question .  Fro m th e en d 
of  tha t  branch ,  on e follow s th e branc h whos e labe l  i s  th e secon d lette r  o f  th e 
word ,  an d s o o n unti l  on e eithe r  run s ou t  o f  letter s o r  branches .  I n th e 
firs t  case ,  provide d ther e i s a n indicatio n i n th e tre e o f  a  wor d endin g a t 
thi s point ,  th e proces s ha s complete d satisfactorily .  Otherwise ,  eithe r  th e 
dictionar y o r  th e candidat e wor d i s faulty . 

A trivial example will clarify this. Consider the following (extract from 
a)  tree ,  wher e circle d node s indicat e th e presenc e o f  words ,  wit h lexica l 
entrie s attached : 
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1 .  e  e 

I f  on e look s u p 'a' ,  'act' ,  'able' ,  'active '  o r  'action' ,  th e proces s wil l 
succeed ,  bu t  i f  on e trie s 'abd' ,  'abled '  o r  'acti '  th e proces s wil l  fai l  i n 
one wa y o r  another . 

Although this approach is clearly much more efficient than one which 
compare s candidat e word s t o entrie s i n a  sequentia l  lexico n on e afte r  another , 
i t  woul d see m o f  n o interes t  onc e w e mov e fro m tex t  t o speech ,  a s i t  ignore s 
poin t  (1 )  above ,  dependin g a s i t  doe s o n prio r  knowledg e o f  jus t  tha t  thin g w e 
hav e sai d i s no t  availabl e i n speec h -  a n indicatio n o f  wher e word s begin . 
But  b y elaboratin g tw o feature s alread y allude d t o above ,  w e ca n the n confron t 
thi s proble m i n a n interestin g way . 

Firstly, the system can be made to process not words, but strings of 
characters .  It s goa l  i s  t o fin d a  sequenc e o f  path s throug h th e tre e which , 
when lai d en d t o end ,  wil l  cove r  th e entir e targe t  string .  T o accomplis h thi s 
i t  treat s space s an d punctuatio n a s alphabeti c characters ,  includin g the m i n 
th e lexico n a s well . 

Secondly, the lexicon consists not of one tree, but of a collection of 
tree s o r  sub-lexicons ,  on e fo r  eac h morphologica l  class ,  includin g prefixes , 
stems ,  nou n inflections ,  ver b inflections ,  derivationa l  suffixes ,  punctuatio n 
and s o on .  Morphotacti c constraints ,  insofa r  a s the y ar e finite-state ,  ca n b e 
expresse d b y includin g i n eac h lexica l  entr y a n indicatio n o f  th e sub -
lexicon(s )  wher e processin g shoul d carr y on . 

The crucial point about this approach is that spaces and other punctuation 
hav e no w los t  thei r  specia l  statu s wit h respec t  t o determinin g wor d 
boundaries .  I t  i s  th e ac t  o f  wrappin g aroun d bac k t o th e ste m (o r  prefix ) 
sub-lexico n tha t  mark s a  wor d boundary . 

2.2 .  Non-determinis m an d th e Char t 

This move, as well as other characteristics of the above proposal, 
introduce s a  non-deterministi c elemen t  int o th e looku p process .  A  principle d 
approac h t o thi s i s required ,  a s i t  wil l  prov e crucia l  onc e w e mov e t o speech . 
We tak e th e approac h o f  representin g al l  th e dat a i n th e system ,  a t  th e 
character ,  morp h an d wor d level ,  a s edge s i n a  lattic e o r  chart ,  an d adop t  th e 
Activ e Char t  Parsin g methodolog y fo r  dischargin g th e non-determinis m (Ka y 
1980) ,  (Thompso n an d Ritchi e 1984) .  Thi s methodolog y support s inte r  ali a a 
left-to-righ t  pseudo-paralle l  proces s whic h guarantee s tha t  al l  hypothese s 
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about possible paths will be pursued, and allows the search strategy through 
th e spac e o f  suc h possibilitie s t o b e closel y controlled .  Fo r  exampl e i f  " r  e 
d"  i s a n initia l  substrin g o f  a  tex t  t o b e analysed ,  provide d th e relevan t 
lexica l  entrie s ar e present ,  thre e hypothese s wil l  b e curren t  afte r  processin g 
thos e thre e letters .  On e wil l  b e fo r  th e wor d "red "  followe d b y som e a s ye t 
unsee n inflectio n and/o r  punctuation ;  on e fo r  th e se t  o f  Englis h stem s 
beginnin g "red" ,  e.g .  "rede" ,  "redcoat" ,  "redeem" ;  an d on e fo r  th e prefi x 
"re- "  followe d b y th e firs t  lette r  o f  a  ste m beginnin g wit h "d" . 

The chart-based approach allows ambiguities to be perspicuously and 
economicall y recorded .  Th e letter s " u n i o n i s e "  fo r  instanc e woul d b e 
spanne d b y tw o edges ,  on e fo r  th e ste m "union "  plu s th e suffi x  "-ise" ,  an d th e 
othe r  fo r  th e prefi x "un-" ,  th e ste m "ion "  an d th e suffi x  "-ise" . 

2.3 .  Morphographemic s 

The chart also provides a convenient basis for dealing with 
morphographemics .  On e ca n eithe r  vie w morphographemi c rule s a s rewritin g 
rule s t o b e applie d b y addin g edge s t o th e char t  (thu s y  - > i e /  _  s  ca n b e 
see n a s callin g fo r  th e additio n o f  a  pai r  o f  edge s wit h a  'ys '  o n spannin g 
any 'ies '  tri o o f  edges ,  whic h the n allow s e.g .  "flies "  t o b e correctl y 
analyse d a s "fly "  plu s "-s" )  (Ka y 1977) ,  o r  a s transducer s t o b e interpolate d 
eithe r  seriall y  (Kapla n an d Ka y 1981 )  o r  i n paralle l  (Koskenniem i  1983 ) 
betwee n th e char t  an d th e lexicon . 

3.  Th e Recognise r  -  Speec h versio n 

The conversion of the preceding text-based system to handle speech is 
surprisingl y straight-forward .  Th e principa l  difference s ste m fro m th e 
necessit y t o handl e th e imperfectio n o f  th e 'input '  acousti c data . 

3.1 .  Th e Lexico n 

Here the change is minimal, simply replacing letter-based branches with 
phoneme-base d branches ,  an d eliminatin g th e punctuatio n sub-lexicon . 

3.2 .  Non-determinis m an d th e Char t 

The chart provides a convenient device for dealing with the indeterminacy 
of  th e acousti c data .  A s i n th e AEP A speec h project s w e represen t  tha t 
indeterminac y wit h a  lattic e o f  alternativ e phonemi c analyses ,  wit h eac h 
alternativ e analysi s o f  a  give n segmen t  represente d b y a  distinc t  edg e i n th e 
chart . 

The Active Chart Parsing methodology insures that all possible matches 
betwee n phonem e edge s an d lexico n branche s wil l  b e tried ,  bu t  thi s i s no t  i n 
itsel f  enough .  Matchin g o f  char t  edge s agains t  lexico n branche s ca n n o longe r 
be considere d al l  o r  nothing .  Th e imperfection s o f  th e inpu t  dat a mos t  b e 
accounte d fo r  a t  thi s point .  Fo r  th e sak e o f  expositio n w e wil l  assum e tha t 

th e phonem e edge s hav e som e scor e betwee n 0  an d 1  associate d wit h them , 
representin g th e degre e o f  certaint y assigne d t o the m b y th e acoustic-phoneti c 
level s o f  th e system . 
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It follows that hypotheses about the presence of morphs, both complete and 
partial ,  wil l  hav e score s associate d wit h the m a s well .  I n th e firs t  instanc e 
we ca n thin k o f  computin g th e scor e incrementally ,  a s a  partia l  hypothesi s i s 
extende d t o cove r  anothe r  phoneme .  Th e scor e o f  th e ne w hypothesi s wil l  b e 
seme functio n o f  th e scor e o f  th e prio r  hypothesis ,  th e scor e o f  th e newl y 
incorporate d phoneme ,  an d th e goodnes s o f  matc h betwee n tha t  phonem e an d th e 
branc h followe d i n th e lexicon .  Fo r  exampl e i f  a  partia l  hypothesi s existe d 
analysin g th e initia l  tw o segment s o f  a  signa l  a s / r  e/ ,  wit h scor e 0.7 ,  an d 
one o f  th e segment s i n thir d plac e wa s a  /b /  wit h scor e 0.8 ,  the n w e woul d ge t 
among other s tw o ne w hypotheses ,  on e fo r  / r  e  b /  wit h scor e sa y 0.75 ,  an d on e 
fo r  / r  e  d /  wit h scor e sa y 0.6 . 

It follows that there will be a vast increase in the number of partial 
hypothese s entertaine d a t  an y give n poin t  i n th e processing .  Th e scorin g i s 
what  provide s a  mechanis m fo r  keepin g thi s explosio n unde r  control .  We 
suppos e tha t  a t  an y give n poin t  onl y som e numbe r  o f  th e highes t  scorin g 
hypothese s ar e extende d t o yiel d ne w ones .  I t  i s  thi s whic h produce s th e 
appearanc e o f  th e righ t  contex t  effect .  Suppos e th e actua l  wor d uttere d i n 
th e precedin g exampl e ha d bee n "reduplicate" .  I n th e proces s o f  extendin g th e 
tw o hypothese s th e successor s t o th e on e beginnin g / r  e  b /  wil l  slowl y dro p i n 
score ,  a s ther e i s n o lexica l  pat h whic h wil l  matc h wel l  agains t  th e input , 
whil e th e successor s t o th e on e beginnin g / r  e  d /  wil l  slowl y clim b i n scor e 
alon g th e correc t  path ,  i n effec t  retroactivel y confirmin g th e /d /  hypothesi s 
and rejectin g th e /b /  hypothesis . 

An additional level of complexity is required to deal with the issue of 
wor d boundaries .  A  complet e wor d hypothesi s i s no t  independen t  o f  th e 
subsequen t  processin g i t  entails .  Goin g bac k t o ou r  example ,  an y hypothesi s 
tha t  th e sampl e i n fac t  begin s wit h th e wor d "red "  mus t  b e down-grade d b y th e 
necessaril y  lo w scor e o f  an y hypothesi s o f  a  wor d beginnin g /o o p  1/ .  Whethe r 
thi s i s accomplishe d b y filterin g a t  a  highe r  level ,  b y couplin g th e score s o f 
successiv e hypothese s togethe r  i n som e way ,  o r  b y recordin g complet e 
hypothese s onl y afte r  successfull y (t o som e leve l  o f  score )  identifyin g 
severa l  word s i n a  row ,  i s a  matte r  o f  som e uncertaint y a t  th e moment . 

3.3 .  Morphophonemic s 

The text-based approach translates easily into a speech-based one, 
retainin g th e thre e option s describe d unde r  tha t  hea d fo r  th e interpretatio n 
of  th e rules . 

4.  Meta-theoretica l  Consideration s 

The model as presented here begs many questions, both down the speech 
chain ,  b y assumin g a  phonemi c segmentation ,  albei t  imperfect ,  a s input ,  an d u p 
th e speec h chain ,  b y sayin g nothin g abou t  ho w syntacti c an d semanti c effect s 
may b e felt .  We believ e th e left-to-right ,  selectiv e interactio n approac h ca n 
wor k a t  thes e level s a s well ,  bu t  ar e no t  ye t  i n a  positio n t o offe r  detail s 
of  ho w thi s migh t  b e done .  Th e incorporatio n o f  man y o f  th e idea s presente d 
her e i n a  larg e scal e speech-processin g system ,  no w underway ,  wil l  giv e 
substantia l  impetu s t o providin g suc h detail s i n thes e area s a s well . 

The point we hope to have illustrated with even this brief sketch is that a 
carefu l  investigatio n o f  th e computationa l  tool s availabl e ma y revea l  a 
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straight-forwar d wa y o f  providin g a n accoun t  baae d o n a  left-to-righ t  proces s 
usin g onl y selectiv e interactio n o f  a  phenomeno n usuall y hel d t o requir e a 
right-to-lef t  proces s usin g instructiv e interaction . 

The question which must at this point in the discussion be most pressing 
howeve r  i s tha t  o f  computationa l  detai l  an d psychologica l  relevance .  Surel y a 
model  whic h i s s o computationall y explici t  make s fa r  to o man y detaile d 
prediction s t o withstan d experimenta l  test .  Thi s ma y prov e t o b e th e case , 
but  w e fee l  tha t  i f  Cognitiv e Scienc e i s t o b e mor e tha n jus t  a n indulgen t 
pastim e fo r  psycholinguists ,  the n th e attemp t  a t  full y  explici t  computationa l 
model s mus t  b e made ,  s o tha t  th e consequence s i n term s o f  submittin g su-̂ h 
model s t o experimenta l  verificatio n ca n b e mad e i n practice ,  rathe r  tha n i n 
theory .  We furthermor e fee l  tha t  th e close r  on e ca n ge t  t o th e automati c 
peripher y o f  th e perceptua l  system ,  th e bette r  chanc e on e ha s o f  makin g a 
usefu l  experimenta l  contributio n t o th e developmen t  o f  computationa l  models , 
and vic e versa .  I n thi s w e se e ourselve s a s i n a  smal l  wa y tryin g t o impor t 
int o th e linguisti c modalit y th e methodolog y whic h wa s s o sucessfull y 
introduce d b y Davi d Mar r  fo r  th e visua l  modality . 
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