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C o g n i t i o n a n d t h e Statistic s o f  N a t u r a l  Signal s 

Javie r  R .  Movella n an d Georg e Chadderdo n 
DepMtment s o f  Cognitiv e Scienc e an d Compute r  Scienc e 

Universit y o f  California ,  Sa n Dieg o 
L a JoUa ,  C A 9209 3 

novellaiiCcogsci.uc8d.ed u an d gchadderCnetinan.orincon.co m 

Abstrac t 

This paper illustiates how the statistical structure of 
natura l  signal s ma y hel p understan d cognitiv e phenom -
ena.  W e focu s o n a  regularit y foun d i n audi o visua l 
speec h perception .  Experiment s b y Massar o an d col -
league s consistentl y sho w tha t  opti c an d acousti c speec h 
signal s hav e separabl e influence s o n perception .  Fro m a 
Bayesia n poin t  o f  vie w thi s regularit y reflect s a  percep -
tua l  syste m tha t  treat s opti c an d acousti c speec h a s i f 
the y wer e conditionall y independen t  signals .  I n thi s pa -
per  w e perfor m a  statistica l  analysi s o f  a  databas e o f 
audiovisua l  speec h t o chec k whethe r  opti c an d acous -
ti c speec h signal s ar e indee d conditionall y independent . 
I f  so ,  th e regularitie s foun d b y Massar o an d colleague s 
coul d b e see n a s a n optima l  processin g strateg y o f  th e 
perceptua l  system .  W e analyz e a  smal l  databas e o f  au -
di o visua l  speec h usin g hidde n Marko v models ,  th e mos t 
successfu l  model s i n automati c speec h recognition .  Th e 
result s sugges t  tha t  acousti c an d opti c speec h signal s 
ar e indee d conditionall y independen t  an d tha t  therefore , 
th e separabilit y  foun d b y Massar o an d colleague s ma y 
be explaine d i n term s o f  optima l  perceptua l  processing : 
Independen t  processin g o f  opti c an d acousti c speec h re -
sult s i n n o significan t  los s o f  information . 

Introduction 

Thi s pape r  illustrate s ho w th e analysi s o f  th e statistica l 
structur e o f  natura l  signal s m a y provid e a  rationa l  ba -
si s fo r  understandin g h u m a n cognition .  Thi s approac h i s 
not  new ,  an d i n ou r  cas e i t  wa s inspire d o n Davi d Marr' s 
idea s abou t  th e importanc e o f  a  functiona l  leve l  o f  anal -
ysis ,  Joh n Anderson' s view s o n rationa l  analysis ,  an d 
by Davi d Field' s wor k relatin g earl y visua l  processin g t o 
th e statistic s o f  natura l  image s (Marr ,  1982 ;  Field ,  1987 ; 
Anderson ,  1990) .  I n thi s pape r  w e analyz e a  regularit y 
foun d i n a  wid e variet y o f  experiment s o n audiovisua l 
speec h perception . 

Researc h o n audiovisua l  speec h perceptio n show s tha t 
visua l  signal s modulat e th e perceptio n o f  auditor y sig -
nals .  Fo r  example ,  M c G u r k an d MacDonal d (McGur k & 
MacDonald ,  1976) ,  showe d tha t  whe n subject s hea r  "ba " 
whil e seein g "ga" ,  the y perceiv e "da" ,  a  percep t  whic h 
i s jointl y influence d b y th e opti c an d th e acousti c speec h 
signals .  Extensiv e researc h ha s bee n don e t o understan d 
ho w opti c an d acousti c speec h signal s combin e int o a 
unifie d percep t  (Massar o &  Cohen ,  1983 ;  Massaro ,  1987 ; 
Braida ,  1991) .  Fo r  concreteness ,  conside r  th e followin g 
hypothetica l  experiment ,  whic h illustrate s a  c o m m o n de -

sig n i n thi s are a o f  research .  Subject s ar e repeatedl y pre -
sente d wit h 9  opto-acousti c speec h signal s obtaine d b y 
combining ,  i n a  full y factoria l  design ,  th e acousti c artic -
ulation s /6a/ ,  Igal ,  an d /da /  wit h opti c articulation s o f 
th e sam e alternatives .  Subject s ar e the n presente d wit h 
thes e signal s an d asked  t o repor t  wha t  the y heard .  T h e 
response s ar e the n organize d int o a  stimulus-respons e 
matri x i n whic h eac h entr y indicate s th e probabilit y  o f  a 
particula r  perceptua l  respons e whe n th e subjec t  i s  pre -
sente d wit h on e o f  th e 9  possibl e signa l  combinations . 
Let  {wi,a;2 ,  •  •  • ,  w „ } ,  represen t  th e respons e alternatives , 
'̂ '  th e opti c signa l  an d ̂ ^  th e acousti c signals .  Massar o 
an d colleague s (Massar o k  Cohen ,  1983 ;  Massaro ,  1987 ) 
hav e repeatedl y show n tha t  i n a  wid e variet y o f  exper -
iment s o f  thi s type ,  respons e probabilit y  ratio s factor -
iz e int o independen t  component s on e controlle d b y th e 
acousti c signa l  an d on e b y th e opti c signal . 

(1 ) PrCu-jlee )  ^n(e,u;;)^^F<.(e,a>,) ^ 

wher e Prii^iMkif )  i s  th e probabilit y  o f  subject s choos -
in g respons e alternativ e Wj  whe n presente d wit h th e opti c 
signa l  ̂ ^  synchronize d wit h th e acousti c signa l  ̂'' .  T h e 
ter m 

(2 ) 

i s  interprete d a s th e relativ e suppor t  o f  th e opti c signa l 
'̂ '  fo r  th e tw o respons e alternative s unde r  consideration , 
an d th e ter m 

F.(r,w. ) 

Fa(e,U'i )  ' 
(3 ) 

i s  interprete d a s th e relativ e suppor t  o f  th e acousti c 
signa l  ̂ ^  fo r  th e tw o respons e alternative s unde r  consid -
eration . 

T h e crucia l  aspec t  o f  thi s resul t  i s  tha t  respons e prob -
abilitie s ratio s ar e separabl e int o independen t  factors . 
Thi s typ e o f  factorizatio n wa s firs t  notice d b y Morto n 
(Morton ,  1969 )  an d thu s i t  i s a t  time s recognize d a s Mor -
ton' s law .  Movella n an d McClellan d (Movella n &  M c -
Clelland ,  199 5 submitte d fo r  publication )  showe d tha t 
Morton' s la w i s th e signatur e o f  a  perceptua l  syste m tha t 
processe s signal s a s i f  the y wer e conditionall y indepen -
dent .  I f  th e acousti c an d opti c speec h signal s wer e indee d 
conditionall y independent ,  Morton' s la w woul d reflec t  a n 
optima l  processin g strateg y o f  multimoda l  speech . 
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To investigat e thi s point ,  w e analyz e th e statistica l 
structur e o f  a  smal l  databas e o f  audio-visua l  speec h sig -
nals .  Ou r  goa l  i s  t o tes t  whethe r  naturall y occurrin g 
acousti c an d visua l  speec h signal s ar e conditionall y in -
dependent . 

At  a  forma l  level ,  conditiona l  independenc e i s define d 
as follows , 

p(mw>)  =  p ( rk )p rk ) (4 ) 

indicatin g tha t  th e likelihoo d o f  eac h perceptua l  al -
ternativ e uij ,  i s  separable .  Intuitively ,  conditiona l  inde -
pendenc e tell s u s tha t  i f  w e analyz e signal s belongin g t o 
a perceptua l  categor y W; ,  w e wil l  find  tha t  th e acous -
ti c an d opti c signal s withi n tha t  grou p ar e statisticall y 
independent .  Fro m a  Bayesia n poin t  o f  vie w th e likeli -
hoo d i s th e onl y sourc e o f  data-drive n informatio n abou t 
th e perceptua l  alternative s an d thus ,  conditiona l  inde -
pendenc e allow s separabl e processin g o f  th e opti c an d 
acousti c signals . 

Due t o th e larg e dimensionalit y o f  th e opto-acousti c 
signal s w e analyz e thei r  statistica l  structur e i n a n indi -
rec t  manner ,  b y modelin g th e speec h signa l  usin g hidde n 
Marko v model s ( H M M ) ,  th e mos t  successfu l  model s fo r 
automati c speec h recognition .  W e trai n H M Ms t o recog -
niz e audiovisua l  speech .  Som e o f  thes e model s ar e con -
straine d t o assum e conditiona l  independenc e som e ar e 
not .  Th e constraine d model s ar e a  restricte d versio n o f 
th e unconstraine d models .  W e the n optimiz e th e en -
tir e famil y o f  constraine d an d unconstraine d models .  I f 
th e audi o an d visua l  speec h signal s ar e conditionall y in -
dependent ,  th e bes t  constraine d mode l  shoul d perfor m 
abou t  a s wel l  a s th e bes t  unconstraine d model .  Other -
wise ,  th e bes t  unconstraine d model s shoul d outperfor m 
th e bes t  constraine d models . 

Database 

We use d Talipsl ,  a  databas e compile d b y Movella n 
(Movellan ,  1995 )  an d consistin g o f  9  mal e an d 3  femal e 
undergraduat e student s fro m th e Cognitiv e Scienc e De -
partmen t  a t  th e Universit y o f  California ,  Sa n Diego .  Fo r 
eac h o f  these ,  tw o sample s wer e take n fo r  eac h o f  th e 
digit s "one "  throug h "four" .  Thus ,  th e tota l  databas e 
consist s o f  9 6 digi t  utterances .  Th e audi o samplin g rat e 
i s 11. 1 kHz ,  an d eac h sampl e ha s a n 8-bi t  representa -
tion .  Eac h fram e i n th e vide o trac k o f  a  movi e i s a n 
8-bi t  grey-scale ,  100x7 5 pixe l  image ,  an d eac h movi e i s 
sample d a t  a  visua l  fram e rat e o f  3 0 frame s pe r  second . 
Th e subject s wer e aske d t o cente r  an d alig n thei r  lip s i n 
th e camer a durin g th e sampling . 

Signal processing. 

Our  signa l  processin g philosoph y i s t o preserve ,  a s muc h 
as possible ,  th e informatio n i n th e origina l  frames .  Eac h 
fram e fro m th e vide o trac k i s symmetrize d alon g th e ver -
tica l  axis ,  an d a  tempora l  differenc e fram e i s the n ob -
taine d b y subtractin g th e previou s symmetrize d fram e 
fro m th e curren t  symmetrize d frame .  Th e symmetrize d 
and differentia l  symmetrize d frame s ar e the n low-pas s 
filtere d an d soft-thresholde d (Movellan ,  1995) ,  an d th e 
lef t  sid e o f  th e forme r  an d th e righ t  sid e o f  th e latte r 

^ f m 

Figur e 1 :  Visua l  Preprocessing :  1 )  R a w Image .  2 )  Sym -
metrize d Image .  3 )  Differenc e Image .  4 )  Fina l  Compos -
ite . 

ar e combine d t o for m th e fina l  featur e frame .  Eac h o f 
thes e fina l  frame s ha s 30 0 dimension s (20x1 5 pixels) .  N o 
har d featur e detectio n procedure s ar e use d t o avoi d los s 
of  potentiall y  importan t  information .  Th e approac h i s 
illustrate d i n Figur e 1 . 

LPC/cepstra l  analysi s i s use d fo r  th e auditor y front -
end .  Thi s i s a  fairl y  standar d techniqu e whic h param -
eterize s a n estimat e o f  th e huma n voca l  tract' s transfe r 
function .  First ,  th e auditor y signa l  i s  passe d throug h 
a first-order  emphasize r  t o spectrall y flatten  it .  The n 
th e signa l  i s  separate d int o non-overlappin g frame s a t 
30 frame s pe r  second .  Thi s i s  don e s o tha t  ther e ar e 
an equa l  numbe r  o f  visua l  an d auditor y featur e vec -
tor s fo r  eac h utterance ,  an d thes e wil l  b e i n sync h wit h 
eac h other .  O n eac h fram e w e perfor m th e standar d 
LPC/cepstra l  analysis .  Eac h 3 0 mse c auditor y fram e 
i s characterize d b y 2 6 features :  1 2 cepstra l  coeflScients , 
12 delta-cepstrals ,  1  log-power ,  an d 1  delta-log-power . 
Each o f  th e 2 6 feature s i s encode d wit h 8-bi t  accuracy . 
The cepstra l  coefficient s ar e a  compac t  representatio n o f 
th e loca l  powe r  spectru m o f  th e speec h signal .  Th e loca l 
phas e spectru m i s los t  i n thi s representation .  However , 
loosin g loca l  phas e doe s no t  affec t  th e intelligibilit y o f 
th e acousti c signal . 

Statistical modeling of the speech signal. 

We mode l  th e speec h signa l  usin g hidde n Marko v model s 
( H M M s ) ,  on e pe r  wor d category ,  independentl y tradne d 
on signal s fro m th e correspondin g wor d categorie s (se e 
Figur e 2) .  Th e H M Ms wer e continuou s densit y left-to -
righ t  model s wit h a  fixed  numbe r  o f  states .  Th e proba -
bilit y  distributio n generate d b y a  stat e i s modele d a s a 
mixtur e o f  multivariat e Gaussia n distributions .  A  diago -
nal  covarianc e matri x  i s used ,  wit h th e variance s o f  eac h 
Gaussia n i n a  particula r  stat e tie d together .  Th e num -
ber  o f  state s an d numbe r  o f  Gaussia n mixture s pe r  stat e 
wer e systematicall y varie d t o find  th e bes t  combinatio n 
of  state s an d mixtures . 

Afte r  eac h mode l  i s traine d o n exemplar s fro m it s cor -
respondin g wor d category ,  classificatio n o f  a n unknow n 
observatio n proceed s b y calculating ,  fo r  eac h model ,  th e 
log-likelihoo d o f  th e mode l  give n th e observation .  The n 
th e classificatio n correspondin g t o th e mode l  wit h th e 
highes t  log-likelihoo d i s chose n a s th e winner . 
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Winner-Takes-Al l 
Respons e Functio n 

k 

Bank o f  H M Ms 

^  ^  ^ \  ^ 

^ — - - - ^  ^'^ ^  i k 4 M 

Figur e 2 :  Th e signa l  i s  modele d wit h a  ban k o f  H M M s. 

We us e tw o type s o f  models ,  whic h w e wil l  refe r  t o a s 
constraine d an d unconstrained .  Th e constraine d mod -
el s implemen t  th e assumptio n o f  conditiona l  indepen -
dence .  Eac h constraine d mode l  consis t  o f  tw o indepen -
dent  sub-models ,  on e auditor y an d on e visual .  Thes e ar e 
traine d o n thei r  respectiv e dat a sets ,  an d durin g test -
ing ,  th e combine d respons e i s obtaine d b y addin g th e 
log-likelihoo d o f  th e auditor y an d visua l  model s give n 
th e observations .  Thi s operatio n enforce s th e assump -
tio n o f  conditiona l  independence.  Classificatio n proceed s 
by pickin g th e mode l  wit h th e highes t  combine d log -
likelihood . 

The unconstraine d model s ar e traine d o n th e com -
bine d opto-acousti c signal .  Thes e model s ar e mor e gen -
era l  tha n th e unconstraine d models .  I f  th e signal s ar e 
conditionall y independen t  thes e model s shoul d lear n t o 
combin e thei r  output s additivel y thu s performin g a s wel l 
as th e previou s models .  However ,  i f  th e signal s ar e no t 
conditionall y independen t  thes e model s shoul d perfor m 
better . 

Results 

We teste d th e tw o type s o f  model s wit h a  variet y 
of  signal-to-nois e ratio s (SNR )  i n th e acousti c signal . 
Trainin g wa s don e wit h clea n auditor y samples ,  an d test -
in g wit h a  variabl e (SNR) .  N o nois e wa s adde d t o th e im -
ages eithe r  fo r  trainin g o r  testing .  Th e jack-knif e metho d 
was use d fo r  obtainin g eac h generalizatio n performanc e 
estimate .  Trainin g wa s don e leavin g ou t  th e utterance s 
of  on e o f  th e 1 2 subjects ,  an d testin g wa s don e o n th e 
utterance s o f  th e exclude d subject .  Thi s wa s repeate d 
12 times ,  leavin g ou t  a  differen t  subjec t  eac h time .  Jack -
knif e estimate s ar e base d o n th e averag e generalizatio n 
obtaine d wit h thes e 1 2 samples . 

For  eac h o f  th e tw o type s o f  model s (constraine d 
and unconstrained) ,  w e systematicall y teste d 4 5 dif -
feren t  architecture s b y varyin g th e numbe r  o f  state s 
(2,3,4,5,6 )  an d th e numbe r  o f  Gaussian s pe r  stat e 
(2,3,4,5,6,7,8,9,10) .  W e chos e th e bes t  2  constraine d an d 

Model 
Unconstraine d 

Constraine d 
Auditor y Onl y 

Visua l  Onl y 

Acousti c Signa l  t o Nois e Rati o | 
OdB 
94. 2 
92 

75. 4 
89. 4 

6d B 
95. 2 
95. 2 
84. 6 
89. 4 

12 d B 
94. 5 
96. 4 
89. 1 
89. 4 

18 d B 
93. 9 
98. 7 
92. 6 
89. 4 

Clea n 
95. 5 
98 

92. 3 
89. 4 

Tabl e 1 :  Performanc e a t  differen t  signa l  t o nois e ratios . 

th e bes t  2  unconstraine d architectures . 
Tabl e 1  show s th e performanc e o f  th e bes t  constraine d 

and unconstraine d models .  Fo r  completenes s w e als o 
sho w th e performanc e o f  th e bes t  Auditory-onl y an d th e 
bes t  Visual-onl y models .  I n mos t  case s th e constraine d 
architectur e perform s marginall y bette r  tha n th e uncon -
straine d architecture .  Thus ,  assumin g conditiona l  inde -
pendenc e doe s no t  resul t  i n los s o f  information . 

Conclusions 

Th e result s o f  thi s explorator y stud y sugges t  tha t  th e op -
ti c an d acousti c speec h signal s ar e indee d conditionall y 
independent .  Thus ,  th e emergenc e o f  Morton' s la w i n 
audiovisua l  speec h perceptio n experiments ,  m a y reflec t 
an optima l  functiona l  organizatio n o f  th e perceptua l  sys -
tem . 

We nee d t o b e cautiou s abou t  thes e result s sinc e ou r 
analysi s ha s importan t  limitations :  1 )  Ou r  wor k i s base d 
on a  smal l  databas e an d i t  i s  unclea r  whethe r  i t  woul d 
generaliz e t o othe r  databases .  2 )  Sinc e ou r  databas e i s 
small ,  i t  i s  possibl e tha t  th e potentia l  bia s introduce d b y 
th e assumptio n o f  conditiona l  independenc e m a y b e com -
pensate d b y th e fac t  tha t  i t  allow s a  significan t  reductio n 
i n th e numbe r  o f  trainin g parameters .  3 )  W e mode l  th e 
speec h signa l  usin g H M Ms an d i t  i s  possible ,  tha t  differ -
ent  approache s woul d hav e produce d differen t  results .  4 ) 
Differen t  result s m a y perhap s b e obtaine d usin g differ -
ent  signa l  processin g strategie s (e.g .  featur e detectors , 
Gabor  filters  ... )  5 )  Ou r  result s d o no t  clarif y a t  whic h 
leve l  independenc e holds .  I t  i s  possibl e tha t  th e indepen -
denc e obtaine d whe n conditionin g o n word s i s du e t o th e 
existenc e o f  lowe r  leve l  independenc e (e.g .  whe n condi -
tionin g ove r  sub-wor d units) .  Ou r  result s ca n onl y b e 
use d a s evidenc e tha t  independenc e hold s a t  som e leve l 
but  w e canno t  specif y wher e thi s leve l  i s  located . 

We ar e currentl y workin g t o overcom e thes e limita -
tion s bu t  w e believ e thi s explorator y wor k illustrate s ho w 
curren t  technique s o n artificia l  patter n recognitio n m a y 
be use d t o analyz e th e structur e o f  natura l  signal s an d 
t o establis h a  statistica l  approac h t o h u m a n cognition . 
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