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Processiii g time-warped  sequence s usin g recurren t  neura l  networks : 

Modell in g rate-dependen t  factor s i n speec h perceptio n 
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Neura l  Networi w Researc h Grou p 

Dq)aitmen t  o f  Psycholog y 
Universit y  o f  Edinburg h 

Edinburg h EH89J Z 
UJC. 

mukhlis@cogsci.ed.ac.u k 

Abstract 

This paper presents a connectionist approach to the 
processin g o f  time-warpe d sequence s an d attempt s t o 
accoun t  fo r  som e aspect s o f  rate-dependent  processin g 
i n speec h perception .  Th e proposed  mode l  make s us e 
of  recurren t  networks ,  networi u whic h tak e inpu t  on e 
at  a  tim e an d whic h ca n pic k u p long-distanc e depen -
dencies .  Thre e recurren t  networ k architecture s ar e 
teste d an d compare d i n fou r  computationa l  experi -
ment s designed  t o asses s h o w wel l  time-warpe d 
sequence s ca n b e processed .  Th e experiment s involv e 
tw o set s o f  stimuli ,  som e o f  whic h reflec t  aspect s o f 
rate  dependen t  processin g i n speech ;  on e wher e th e 
sequence s ar e distinguishe d b y th e wa y thei r  consti -
tuen t  element s ar e sequentiall y  ordered ,  an d anothe r 
wher e th e sequence s shar e simila r  arrangemen t  o f  th e 
constituen t  element s bu t  diffe r  i n th e duratio n o f  som e 
of  thes e elements .  Th e result s establis h certai n condi -
tion s o n rate-dep^dent  processe s i n a  networ k o f  thi s 
typ e vis-a-vi s th e obligator y us e o f  rat e informatio n 
withi n th e syllable ,  an d thro w som e ligh t  o n th e basi c 
compute r  scienc e o f  recurren t  neura l  netwoiks . 

1. The problem of time-warped sequences 

Time-warping of utterances occur frequently in 
conversationa l  speech .  Thi s result s fro m speakers ' 
tendenc y t o spee d u p an d slo w dow n whe n the y tal k 
rather  tha n maintai n a  constan t  rate  o f  speech .  Th e 
variatio n i n rate  tha t  occur s i n conv^sationa l  speec h 
can b e substantia l  (MillCT ,  Grosjea n &  Lomant o 1984) . 
At  th e lexica l  level ,  suc h time-warpin g ca n b e see n a s 
a distortio n i n th e tempora l  structur e o f  word s s o tha t 
some part s o f  th e wor d m a y b e compressed ,  other s 
stretched ,  an d som e remai n durationall y invarian t  t o 
change s i n th e speec h rate.  Ye t  listener s appea r  t o 
hav e litd e difficult y makin g th e aî ropriat e perceptua l 
adjustment s fo r  thes e variations . 

The proble m i s mor e comple x a t  th e phoneti c level . 
As articulatio n tim e i s altere d du e t o change s i n th e 
speec h rate,  certai n acousti c propertie s tha t  specif y th e 
identit y o f  phoneti c segment s ar e modified ,  sinc e the y 
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are themselves tempwal in nature. For instance, a 
shor t  duratio n o f  som e propert y m a y specif y on e 
phoneti c segmen t  whil e a  longe r  duratio n specifie s 
anothC T (Lisk w &  Abramso n 1964) .  Thi s m a y caus e a 
proble m f w derivin g th e phoneti c structur e o f  a n 
utterance .  Again ,  listener s ar e abl e t o maintai n 
perceptua l  constanc y i n th e fac e o f  suc h change s 
(Summerfiel d 1981) . 

To-date .  ther e hav e bee n variou s standar d attempt s 
at  solvin g time-warpin g problem s (e.g. ,  hidde n 
Marko v modellin g (Huang ,  Arik i  &  Jac k 1990 )  an d 
dynami c programmin g (Sako e &  Chib a 1971)) . 
However ,  thes e ar e essentiall y  engineerin g i n desig n 
and clai m littl e psychologica l  relevance .  Th e presen t 
wor k attempt s t o fil l  thi s ga p b y offerin g a  processin g 
accoun t  o f  th e rat e adjustmen t  proces s usin g 
connectionis t  tools . 

2. Using recurrent backpropagation 

Recurrent neural networks have been widely used in 
modellin g sequenc e processin g (e.g .  Elma n 1990) . 
Th e presenc e o f  recurren t  connection s give s th e 
networ k th e opportunit y t o stor e informatio n abou t 
pas t  items ,  an d thu s t o respon d o n th e basi s o f  th e 
sequenc e a s a  whole ,  rathe r  tha n jus t  th e presen t  inpu t 
item .  I n th e presen t  application ,  th e networ k mus t 
ascertai n th e rate  o f  speec h from  th e sequenc e o f  pas t 
input ,  an d us e thi s informatio n t o classif y late r 
material .  Th e network s ar e traine d t o classif y inpu t 
sequrace s int o a  smal l  numbo *  o f  categories ,  i n som e 
case s correspondin g t o diff^en t  syllables . 

Thes e network s ar e traine d b y recurren t  back -
propagatio n (Rumelhart ,  Hinto n &  William s 1986 )  i n 
whic h th e recurren t  networ k i s  unfolde d int o a 
feedforwar d networi c (Fi g 1) .  Thi s networi c  i s traine d 
usin g conventiona l  backpropagation ,  wit h th e 
constrain t  tha t  th e weigh t  change s fo r  eac h lin k i n th e 
origina l  recurren t  networ k ar e th e su m o f  th e weigh t 
change s fo r  eac h cop y o f  tha t  lin k i n th e unfolde d 
network ,  s o tha t  th e feedforwar d networ k ca n b e 
folde d bac k u p int o a  recurren t  f w m .  Thi s i s a  slightl y 
differen t  trainin g regim e from  tha t  use d i n relate d 
wcMTk (Elma n 1990 ;  Norri s  1990) ,  bu t  thi s metho d i s 
preferre d sinc e recurren t  backpropagatio n appear s t o 
be bette r  a t  encodin g informatio n acros s man y item s i n 
a sequenc e (se e ChatC T an d Conke y 199 2 fo r  dis -
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Figur e 1 .  (a )  A  folde d recurren t  networ k 
(b )  Networ k unfolde d throug h thre e time-steps . 

cussion). All simulations were implemented using the 
Xerio n simulato r  (va n C a m p ,  Plat e &  Hinto n 1992) . 

2.1. Comparing architectures 

Perhaps the main advantage of using recurrent 
network s i s thei r  abilit y  t o trea t  speec h a s a  sequenc e 
of  event s an d tak e inpu t  on e a t  a  time .  W e traine d th e 
networ k b y feedin g i t  wit h th e relevant  sequence s on e 
elemen t  a t  a  tim e an d keepin g th e targe t  ou^u t  patter n 
presen t  throughou t  th e presentatio n o f  eac h sequence . 
Th e productio n o f  th e correc t  ou^u t  whe n th e 
sequenc e i s presente d indicate s tha t  th e sequenc e ha s 
bee n classifie d successfully .  I f  performanc e i s 
optimal ,  correc t  classificatio n shoul d occu r  afte r  th e 
"recognitio n point "  o f  tfie  categor y i s reache d -  tha t  is , 
when enoug h o f  th e sequenc e ha s bee n encountere d 
tha t  i t  ca n b e classifie d unambiguousl y (Norri s 199 0 
use s a  mode l  o f  thi s kin d t o captur e cohor t  effect s i n 
wor d recognition) . 

T o se e h o w wel l  network s ca n mak e suc h classi -
fications  wit h time-warpe d stimuli ,  w e compare d dii s 
basi c architectur e (Networ k A )  wit h tw o mino r 
variants .  Thes e network s contai n additiona l  outpu t 
window s o f  differen t  length s a t  th e outpu t  laye r  OPi g 
2) .  I n on e (Ne t  B ) ,  thi s ou^u t  windo w contai n node s 
representing  input s a t  th e pas t  an d futur e tw o tim e 
slice s an d th e curren t  inpu t  (cf .  Maskar a &  Noetze l 
1992 ;  Shillcock ,  Lindsey ,  Lev y &  Chate r  1992) .  Fo r 
th e othe r  varian t  o f  th e networ k (Ne t  C ) ,  th e node s i n 
th e extr a outpu t  windo w represen t  inpu t  a t  t+ 2 tim e 
ste p only .  I n contras t  t o th e targe t  outpu t  whic h 
remains  constant ,  thes e additiona l  output s chang e wit h 
th e presentatio n o f  eac h inpu t  Th e ide a i s t o forc e th e 
networ k t o pa y attentio n t o th e individua l  element s 
bein g presente d i n successio n fo r  a  specifie d windo w 
and/o r  t o prq)ar e th e ne t  t o accqj t  input s tha t  arriv e a t 
a specifie d tim e i n th e future . 

3. Non-duration-based stimuli 

The into^sting question we asked ourselves was: how 
migh t  a  recurren t  networ k solv e th e proble m o f 
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Figur e 2 .  Folde d version s o f  (a )  Networ k A , 
(b )  Networ k B .  (c )  Networ k C 

learning to classify a set of sequences presented at a 
rat e i t  wa s no t  familia r  with ? I n ou r  firs t  tw o serie s o f 
studies ,  w e use d sequence s whic h wer e uniqu e i n th e 
sequentia l  orde r  o f  thei r  constituen t  element s an d 
whos e respective  identitie s remained  unaffecte d b y 
change s i n th e duratio n o f  thes e elements .  T w o train -
in g version s an d on e tes t  versio n o f  2 7 sequence s wer e 
buil t  fro m al l  possibl e combination s o f  thre e numbers ; 
eac h versio n rq;)resentin g differen t  rate s o f  inpu t  Th e 
rat e a t  whic h th e tes t  sequence s wer e presente d wer e 
intermediat e betwee n th e tw o trainin g sets .  Th e num -
ber s wer e implemente d a s three-bi t  binar y elements . 

3.1. Simple variation of input 

The stimuli for the first experiment were prepared 
followin g th e procedur e use d b y Norri s  (1990) .  Th e 
stimul i  comprise d a  •fast \  'medium '  an d 'slow '  series , 
th e 'medium '  serie s bein g se t  asid e a s tes t  items .  I n th e 
'fast '  serie s eac h elemen t  o f  a  sequenc e remaine d con -
stan t  fo r  on e tim e slice ,  i n th e 'medium '  series ,  thi s i s 
extende d t o tw o unit s o f  tim e each ,  an d i n th e 'slow ' 
series ,  eac h elemen t  laste d fo r  thre e unit s o f  time . 
Tabl e 1  illustrate s th e tempora l  compositio n o f  a  pat -
ter n acros s th e thre e rates . 

I n thi s an d th e nex t  se t  o f  simulations ,  th e basi c 
networ k consist s o f  a n inpu t  layo *  o f  3  inpu t  nodes ,  a 
singl e hidde n laye r  o f  eithe r  3 0 o r  3 6 nodes ,  an d a n 
outpu t  laye r  o f  2 7 nodes .  Th e tw o variant s o f  th e net -
wor k contai n a n additiona l  I S an d 3  ou^u t  node s res -
pectively .  Th e networic s wer e unfolde d fo r  1 3 cycle s 
durin g training .  W e ra n eac h simulatio n twic e wit h a 
diff^en t  weigh t  star t  Batc h learnin g wa s employed . 

Table 1. Breakdown of rate sequences for a temporal 
patter n A B C 

T im e 

Fast 

Slo w 

Test 

t l 
A 
A 
A 

t 2 
B 
A 
A 

t 3 
c 
A 
B 

t 4 

B 
B 

t5 

B 
C 

t 6 

B 
C 

t 7 

C 

t 8 

C 

t 9 

C 
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Tabl e 2 .  Result s firotn  th e bes t  o f  tw o weigh t  starts . 

no .  h.u. s 

no.  target s 
correc t 

no.  identifie d 
on tim e 

Net  A 

30 

25 

20 

36 

27 

21 

Net  B 

30 

24 

22 

36 

26 

22 

Net  C  1 

30 

25 

21 

36 

26 

21 

Result s Trainin g cease d whe n th e sum-square d erro r 
of  th e trainin g se t  n o longe r  decrease d b y a t  leas t  a  te n 
thousandt h o f  a  fraction .  Tota l  trainin g tim e wa s 
usuall y betwee n 1,00 0 t o 2,00 0 iterations .  Th e net -
wor k learne d th e trainin g se t  t o a  tota l  sum-square d 
erro r  o f  les s tha n 250 .  I n interpretin g networ k 
response ,  w e use d a  wiimer-take-al l  criterion .  Sinc e 
th e uniquenes s poin t  o f  eac h trainin g sequenc e ca n b e 
determine d a  priori ,  th e nets '  performanc e i n 
identifyin g th e winnin g nod e wit h respec t  t o thes e 
uniquenes s point s wa s als o compared . 

Al l  th e thire e net s correctl y classifie d al l  th e trainin g 
stimul i  (Tabl e 2) .  Th e net s als o performe d surprisingl y 
wel l  wit h th e tes t  stimuli .  A  larg e proportio n o f  thes e 
correc t  response s wer e achieve d a t  th e poin t  th e 
sequence s becam e unique .  Figur e 3  demonstrate s th e 
recognitio n proces s o f  th e 'medium '  vo^io n o f  patter n 
132 (appeare d a s 113322) .  Notic e tha t  th e sequenc e o f 
inpu t  u p t o th e thir d tim e ste p i s a n exac t  cop y o f  th e 
'fast '  versio n o f  patter n 113 .  Sinc e th e ne t  ha s learne d 
t o recogniz e thi s patter n durin g training ,  i t  responde d 
by excitin g th e outpu t  nod e o f  thi s pattern .  However , 
as mor e informatio n becam e availabl e wit h th e pre -
senc e o f  subsequen t  input ,  thi s earlie r  decisio n wa s 
revoked ;  activation s o f  patter n 11 3 bega n t o decreas e 
whil e tha t  o f  patter n 13 2 increase .  A t  th e fift h time -
stq) ,  patter n 13 2 wa s declare d th e winner .  T w o othe r 
competin g pattern s ar e als o show n i n th e figure.  Th e 
nets '  strateg y wa s t o accumulat e jus t  enoug h informa -
tio n t o mak e th e final  decision ;  thi s usuall y coincide d 
wit h th e uniquenes s poin t  o f  th e relevan t  sequence . 

3.2. Complex variation of input 

In real speech, changes in rate do not result in a simple 
compressio n an d expansio n o f  th e speec h signa l  a s 
modelle d i n th e previou s section .  Rathe r  th e tim e 
warpin g i s quit e complex .  On e cas e i n poin t  concern s 

Table 3. Breakdown across rates for a temporal 
patter n A B C 

Versio n 

Z 

Versio n 

X 

T im e 

Fast 

Mediu m 

Slo w 

Fast 
Med iu m 

Slo w 

tl 
A 
A 
A 
A 
A 
A 

t 2 
B 
B 
B 
B 
A 
A 

a 
C 
B 
B 
C 
B 
A 

t 4 

C 
B 

B 
A 

t5 

C 
C 

c 
B 

t6 

C 

B 

t 7 

C 

B 

t 8 

C 

C 

c 
o 
CD 
> 
o 
< 

oa -

' 
06 -

04 -

02 -

^ ^ ^  11332 2 

— — -  11 3 

113311 

113333 
/ 

-/ ^ 

0 0  1. 0 2  0 
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/  \ 

\ 

30 4 0 

r ^ 

/ 
/ 

1 
/ 
f 

- - * - v - rw C 

•  1  •  1 
50 6 0 

Syllabl e Duratio n (time-slice ) 

Figure 3. On-line recognition of the test sequence 
11332 2 (obtaine d b y networ k C ) 

the absolute and relative durations of vowels. 
Evidenc e ha s show n tha t  a n increas e i n speec h rat e 
reduce s th e duratio n o f  a  lon g vowe l  ([i] )  mor e tha n a 
shor t  vowe l  ([I]) ,  s o tha t  th e absolut e differenc e 
betwee n th e tw o vowel s i s reduce d a t  th e faste r  rat e o f 
speec h (Mille r  1981) .  I n thi s sectio n w e modifie d th e 
earli ^  stimul i  t o incorporat e suc h complexity . 

Instea d o f  varyin g th e duratio n (t f  al l  di e element s o f 
th e sequence s linearly ,  onl y som e v/er t  varie d linearly , 
whil e other s nonlinearl y (Tabl e 3) .  T w o version s o f 
thes e stimul i  wer e constructe d (version s Z  an d X )  b y 
switchin g th e rate  a t  whic h th e duration s o f  th e firs t 
an d thir d element s o f  eac h sequenc e gro w i n length . 
As i n th e previou s experiment ,  th e med iu m serie s i n 
bot h version s sCTve d a s th e tes t  set . 

Th e motivatio n behin d havin g tw o version s o f  th e 
comple x variatio n o f  sequence s wa s th e intuitio i  tha t  a 
left-to-righ t  processin g mode l  o f  thi s kin d wil l  exac t  a 
h igh ^  cognitiv e cos t  i f  th e transitio n from  on e elemen t 
t o anothe r  occur s muc h lat ^  i n th e sequenc e tha n i f  i t 
occur s earlie r  i n time ,  sinc e th e syste m mus t  lear n t o 
pa y attentio n t o temporall y mor e distan t  information . 
We wante d t o confir m thi s intuition . 

Results Again all the nets were successful in ovrectly 
classifyin g th e trainin g stimuli .  A s show n i n Tabl e 4 , 
th e net s als o handle d quit e wel l  th e tes t  stimuli . 

Tabl e 4 .  Result s from  th e bes t  o f 

Versio n Z 

no.  h.u. s 

no .  target s 
correc t 

no.  identifie d 
on tim e 

VCTsion X 

no.  h.u. s 

no .  target s 
COTrect 

no .  identifie d 
on tim e 

iNe t  A 

30 
27 

27 

30 
22 

22 

36 
27 

27 

36 
25 

25 

tw o weigh t 

Net  B 

30 
27 

27 

30 
21 

15 

36 
27 

26 

36 
22 

17 

starts . 

Net  C  1 

30 
27 

27 

30 
26 

24 

36 
27 

27 

36 
23 

19 
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recognizin g a  larg e numbe r  o f  the m a t  thei r  uniqu e 
points .  However ,  a s expected ,  versio n X  prove d mor e 
difficul t  fo r  th e netwoit s a s compare d t o versio n Z . 

Comparatively ,  networ k B  performe d les s bette r 
tha n th e othe r  tw o networks .  A  loo k a t  th e activit y o f 
it s targe t  node s suggeste d tha t  th e ne t  ha s a  muc h mor e 
powerfu l  discriminan t  decisio n capabilit y  tha n th e 
othe r  networks ,  bu t  thi s hel d onl y fo r  th e trainin g 
phase ;  th e net ,  i n fact ,  wasn' t  a s goo d a t  generalizin g 
fo r  thi s grou p o f  stimuli . 

4. Duration-lMised stimuli 

In the last two experiments, the duration of the consti-
tuen t  element s o f  a  sequenc e mad e n o differenc e t o th e 
identit y o f  tha t  sequence .  I n thi s section ,  w e conside r 
a se t  o f  sequence s whos e identit y dq}end s o n th e dura -
tio n o f  thes e ver y elements .  Thi s occur s i n real  speec h 
and i s extensivel y discusse d i n th e speec h productio n 
an d perceptio n literatur e (se e Mille r  198 1 fo r  a 
review) .  O n e commonl y cite d exampl e involve d th e 
voicin g distinctio n betwee n /bi /  an d ̂ i /  a s specifie d b y 
th e voic e onse t  tim e ( V O T ) .  Thes e syllable s ca n b e 
differentiate d simpl y b y th e duratio n o f  thi s property : 
th e V O T o f  Ib l  bein g typicall y shorte r  tha n tha t  o f  ̂/ . 
M o r e importantly ,  however ,  a s speakin g rat e change s 
fro m fas t  t o slo w an d th e individua l  word s becom e 
longer ,  th e criterio n V O T valu e tha t  distinguishe s /b / 
and 1̂ 1 als o m o v e towar d longe r  value s (Miller ,  Gree n 
& Reeve s 1986) .  Interestingly ,  th e perceptua l  syste m 
seems t o adjus t  accordingly ,  a s thoug h takin g int o 
accoun t  th e chang e i n rat e an d treatin g V O T i n a  rate -
dependen t  manne r  w h e n categorisin g voice d an d 
voiceles s sto p consonant s (Summerfiel d 1981) .  Ou r 
goa l  i s  t o wor k toward s a  firs t  approximatio n o f  thi s 
rat e normalizatio n process . 

I n general ,  th e magnitud e o f  th e boundar y shif t 
obtaine d fo r  productio n dat a wa s greate r  tha n tha t  typi -
call y foun d i n perceptua l  experiment s (Miller ,  e t  al . 
1986) .  Althoug h w e remain  agnosti c abou t  whic h dat a 
our  stimul i  wer e modelle d aftCT ,  fo r  consistency ,  the y 
ca n b e take n a s modellin g productio n data . 

T h e stimul i  wer e loosel y patterne d afte r  th e 
synthesize d syllable s use d b y Volaiti s  &  Mille r  (1992) . 
We rqjresen t  th e /bi /  an d ̂ i /  syllable s a s follows : 

/bi/ -> 21133333333333444444 
/pi/- > 2111111111133344444 4 

where the number correspond to various acoustic 
prĉ )erties ,  i n thi s case ,  2  refo ^  t o th e releas e burst ,  1 
silence ,  3  transition ,  an d 4  steady-state .  Eac h propert y 
i s repeate d dq)endin g o n h o w lon g w e wan t  t o repre-

sen t  th e duratio n o f  tha t  prop^t y i n th e syllable-'̂ .  Th e 

representation  ia t  /pi /  wa s derive d simpl y b y length -
enin g th e V O T (counte d from  th e onse t  o f  burs t  til l  th e 
offse t  o f  silence )  o f  th e /bi /  syllable .  Thi s mean t 
replacing  th e transitio n portion s wit h a  lengthenin g 

silence . 
Th e propertie s wer e implemente d a s 4-bi t  patterns . 

Th e basi c networ k consiste d o f  4  inpu t  units ,  S  o r  1 0 
hidde n units ,  an d 2  outpu t  units .  Th e tw o varian t 
network s hav e additiona l  outpu t  window s o f  2 0 an d 4 
node s respectively .  I n thi s an d th e nex t  se t  o f 
simulations ,  th e net s wer e unfolde d fo r  3 6 tim e cycle s 
durin g training . 

4.1. Non-overlapping stimuli 

From the speech production data of Miller et al. 
(1986) ,  i t  appear s tha t  withi n plac e o f  articulation , 
ther e i s som e overl y i n th e distributio n o f  V O T value s 
fo r  voice d an d voiceles s consonant s acros s differen t 

speec h rates^ .  I n thi s section ,  however ,  w e assum e n o 
overl y o f  V O T value s acros s rates .  Thi s shoul d b e a 
straightf<vwai d tas k from  th e processin g poin t  o f  view : 
a properl y tha t  last s fo r  a  certai n tim e rang e specifie s 
on e segment ,  an d anothe r  i f  i t  extend s beyon d tha t 
range .  Severa l  /bi/-/pi /  pair s wer e constructe d acros s 

si x rates^ .  Figur e 4  show s h o w th e V O T value s fra -
th e syllable s var y acros s thes e rates .  O n e o f  th e 
(vertical )  pair s wa s se t  asid e a s tes t  material . 

Results All the nets were able to handle both the 
trainin g an d tes t  stimuli .  Th e fac t  tha t  th e ne t  wa s abl e 
t o mak e âppropriat e generalisation s wa s interesting . 
As expected ,  th e mechanis m employe d b y th e net s 

n /) * 

Syllabl e Duratio n (time-slice ) 

Figur e 4 .  V O T agains t  syllabl e duratio n (Item s 

circle d use d a s tests ) 

^  I n syntheti c stimuli ,  th e stmidar d wa y o f  incremraitin g 
V OT i s b y replacin g periodi c portion s o f  th e transition s wit h 
aspirate d portion s instea d o f  silenc e bu t  w e didn' t  conside r 
thi s mino r  variatio n a s crucia l  fo r  th e simulations . 

*•  Overli ^  her e i s define d a s th e rang e o f  V O T s betwee n tha t 
valu e obtaine d i n a  voiceles s toke n produce d a t  th e fastes t 
speec h rat e an d tha t  valu e obtaine d i n a  voice d toke n pro -
duce d a t  th e slowes t  speec h rate .  Thi s differ s fro m th e com -
mon us e o f  th e ter m whic h define s overlq }  locall y  i n relatio n 
t o a  particula r  speec h rat e specifie d b y th e syllabl e duration . 

^ In natural speech, there is no one-to-one mapping between 
speec h ral e an d V O T fo r  bot h voicin g categories ,  a s assume d 
i n thi s pifier .  Instead ,  fo r  an y give n speec h rate ,  listener s 
ofte n encounte r  token s o f  bot h categorie s produce d wit h no t 
onl y jus t  on e V O T eac h bu t  a  rang e o f  VOTs . 
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opo-ate s i n tsrm s o f  a  criterio n V O T boundar y range , 
suc h tha t  stimul i  wit h V O T s lowe r  tha n th e criterio n 
ar e classifie d a s /b /  an d thos e wit h highe r  V O T s ar e 
classifie d a s /p/ .  Syllabl e duratio n i s therefor e irrele -
van t  i n cuein g phoneti c distinctio n an d ha s n o in -
fluenc e ove r  th e p^eptua l  tas k fo r  thi s grou p o f  non -
overlappin g stimuli .  Th e offse t  o f  th e V O T wa s th e 
critica l  poin t  i n th e syllabl e tha t  triggere d th e contrast . 

42. Overlapping stimuli 

In this section, we asked how the nets might p^orm 
i n th e fac e o f  stimul i  whos e V O T value s overla p ove r 
a certai n range ,  a s ar e i n rea l  speech .  Figur e 5  show s 
th e distributio n o f  th e A>i/- î /  syllable s acros s V O T s 
and syllabl e durations .  Thre e o f  th e /bi/-/pi / 
(horizontal )  pair s ar e withi n th e overla p range ;  Uie y 
shar e V O T value s bu t  diffe r  i n syllabl e duration ,  a s 
illustrate d below .  Sequenc e A  i s a  /pi /  syllabl e 
presente d a t  a  faste r  speec h rat e (a s specifie d b y a 
shorte r  syllabl e duration )  tha n sequenc e B ,  a  /bi / 
syllable ,  bu t  thei r  V O T value s ar e identical .  T o 
recove r  th e intende d phoneti c segmen t  specifie d b y th e 
V OT value ,  on e ha s t o conside r  th e entir e syllable . 

A /pi/ 21113333344444 
B /bi /  2111333334444444444 4 

Two (vertical) pairs wrae set aside as test material. Of 
these ,  on e (horizontal )  pai r  (wit h identica l  V O T s ) 
assumes th e for m A  an d B  above . 

Results All the networks were successful in learning 
t o classif y th e trainin g stimul i  includin g thos e withi n 
th e overla p range .  However ,  onl y network s B  an d C 
wer e abl e t o generaliz e appropriatel y al l  th e tes t 
stimuli .  Th e syllable s i n Ui e overla p rang e prove d 
difficul t  fo r  networ k A .  I t  classifie d both/bi/and/pi / 
as /bi/ .  Nevertheless ,  th e fac t  tha t  th e othe r  net s ca n 
make appropriat e generalisation s wit h thi s kin d o f 
stimul i  wa s encouraging . 

The on-lin e processin g b y th e networi t  reveale d tha t 
th e identificatio n o f  voice d an d voiceles s token s lyin g 
outsid e th e overla p regio n wa s straightforward ,  wit h 
performanc e reachin g optima l  poin t  a t  th e offse t  o f  th e 
V OT (Fi g 6a) .  Th e processin g o f  th e token s i n th e 
overla p region ,  however ,  proceede d i n tw o stages .  I n 
th e first  stage ,  th e V O T wa s calculated .  Give n tha t  i n 
th e stimulu s se t  th e V O T value s fo r  th e voiceles s 
token s ar e locate d a t  th e highe r  en d o f  th e continuum , 
th e ne t  showe d a  first  prefCTenc e fo r  /pi /  b y graduall y 
increasin g th e activatio n o f  /pi /  throug h th e entir e 
lengt h o f  th e V O T .  U p o n reachin g th e en d o f  th e 
V O T,  however ,  th e activatio n fo r  th e voice d an d 
voiceles s token s switche d direction ,  trigg^e d b y th e 
possibilit y  tha t  a  shor t  V O T migh t  indicat e th e 
presenc e o f  a  /bi/ .  I n th e secon d stage ,  syllabl e 
duratio n wa s considered .  Give n tha t  fo r  eac h V O T 
valu e i n th e ovctU ^  cas e th e ovCTal l  syllabl e duratio n 
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Figur e 5 .  V O T agains t  syllabl e duratio n (Item s 
circle d use d a s tests ) 

of the voiced tokens is always greater than the voice-
les s tokens ,  th e ne t  assume d fro m th e star t  o f  transitio n 
tha t  i t  perceive d a  /bi/ .  I t  thu s reinforce d th e acti -
vation s of/bi /  firom  tha t  poin t  o n unti l  i t  wa s classifie d 
unambiguously .  Fo r  th e voiceles s tokens ,  thei r  acti -
vation s bega n t o pic k u p onl y a t  th e offse t  o f  th e 
syllable ;  tha t  is .  syllabl e duratio n was ,  i n thi s case , 
critica l  fo r  th e identificatio n o f  thes e token s (Fi g 6b) . 

5. Discussion 

The basic computer science of the recurrent networit 
emerge d i n a n interestin g way .  Withou t  additicma l 
ou^u t  windows ,  th e network s wori c wonderfull y wel l 
i n accomodatin g shorte r  non-duration-base d time -
warpe d sequences  a s wel l  a s long« ^  duration-base d 
sequence s whos e constituen t  element s d o no t  overk ^ 
i n time .  Wit h additiona l  w indows ,  th e network s 
perfor m bette r  wit h duration-base d stimul i  bu t 
othovis e wit h non-duration-base d ones .  However ,  i f 
th e outpu t  windo w i s limite d t o serv e onl y (» e inpu t  a t 
a time ,  i n thi s cas e give n a  look-ahea d o f  2  time-steps , 
th e recurr̂ i t  networ k ca n b e m a d e t o accomodat e al l 
type s o f  time-warpe d sequences . 

I n term s o f  speec h processing ,  th e presen t  finding  i s 
significan t  i n tha t  i t  offer s a  plausibl e accoun t  fo r  th e 
correspondenc e betwee n th e w a y i n whic h a  contextua l 
variabl e alter s V O T value s an d th e wa y i n whic h th e 
variabl e seek s relevanc e i n th e restructurin g o f  th e 

\ 

Tim e (time-slice ) 

Figur e 6a .  On-lin e recognitio n o f  a  fas t  /bi /  syllabl e 
(duratio n 14) ,  a  toke n outsid e th e ovCTla p range . 
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Tim e (Time-slice ) 

Figure 6b. On-line recognition of the test syllable /pi/ 
(duratio n 17) ,  a  toke n firom  th e overla p range.  It s acti -
vatio n shoot s u p a t  th e offse t  o f  th e syllable ,  a t  whic h 
poin t  i t  differ s firom  th e /bi /  syllabl e o f  identica l  V O X 
but  longe r  syllabl e duratio n (2 6 time-slice ) 

phonetic category in perception. We have shown a 
mechanis m whos e strateg y i s t o pic k u p informatio n 
earl y i n th e syllable ,  an d us e onl y thos e tha t  ar e rele -
van t  t o th e contras t  bein g judged ,  whic h mean s the y 
don' t  alway s hav e t o conside r  a U informatio n withi n 
th e syllabi c uni t  SpciHcally ,  wher e n o overla p i s 
present ,  an d th e rang e o f  V O T s i s distinc t  betwee n /bi / 
and /pi /  acros s differen t  speec h rates,  syllabl e duratio n 
i s a n unnecessar y ai d t o phoneti c distinction .  Bu t 
wher e ther e i s overla p i n th e V O T distributio n a s on e 
woul d fin d i n rea l  speech ,  th e mechanis m discrimi -
nate s betwee n stimul i  o n th e basi s o f  whethe r  the y ar e 
withi n o r  outsid e th e overkq )  region  o f  th e V O T conti -
nuum;  th e us e o f  rate  informatio n a s provide d b y th e 
syllabl e duratio n i s obligator y onl y whe n processin g 
token s £ro m di e overla p rang e (cf .  Miller ,  1987) .  Thi s 
raise s som e question s abou t  th e natur e o f  th e huma n 
speec h processin g system .  Firstly ,  i n th e fac e o f 
changin g speec h rates ,  i s  th e syste m sensitiv e t o th e 
structura l  distributio n o f  tempora l  propertie s suc h a s 
di e V O T tha t  provid e cue s t o phoneti c contrasts ? I n 
particular ,  doe s th e syste m trea t  diffoenU y token s tha t 
belon g t o th e overla p regio n an d thos e tha t  d o not ? 
Secondly ,  assumin g tha t  th e syste m ca n mak e a  voic -
in g decisio n partwa y throug h th e syllable ,  i s th e initia l 
decisio n mad e o n th e V O T an d the n change d du e t o 
late r  rate  information ,  o r  i s  th e decisio n postpone d 
unti l  th e rat e inframatio n i s available ? i^parently , 
thes e ar e question s beyon d th e scop e o f  thi s p^)er . 

6. Conclusions 

We have described a useful way of modelling some 
rale-dependen t  factor s i n speec h percq)tion .  Thi s wa s 
possibl e throug h th e us e o f  recurren t  neura l  network s 
whos e behaviou r  brough t  ou t  th e aspect s relevant  t o 
understandin g time-warpin g problems .  Althoug h w e 
canno t  determin e precisel y h o w th e representationa l 
compromise s dia t  hav e bee n mad e contribute d t o dii s 
behaviour ,  w e wer e nevertheles s encourage d b y th e 

result s w e obtained .  Futur e wor k wil l  necessaril y  hav e 
t o addres s thi s issu e i f  mor e factor s linke d t o effect s o f 
speakin g rate  ar e t o b e accounte d for . 
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