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Introduction 
A pervasive and fundamenta l  property of 

spoken language is the nesting of quasi-periodic 
structures, ranging ti'om the vibration of the vocal 
cords to the iteration of syllables, accents, and 
higher-order prosodic objects. The long-range 
goal of the research reported here is to bring to 
bear on the study of this phenomenon the methods 
and insights of the study of dynamical systems, 
in the hope t h a t  th is  will increase our 
unders tanding  of the computation of spoken 
language. In this paper, we describe this point of 
view and illustrate the results we have obtained to 
date in a study of English vowels, within and 
across individual speakers. 

Two perspeeU'ves on speech 
Speech is a physical event: it is produced by the 

mechanical actions of the human articulators 
and propagates itself through physical media. At 
the same time, speech is the carrier of richly- 
s t ructured l inguistic information.  From this 
latter point of view, speech events constitute 
tokens of a symbolic system. The fundamental  
question prompting the research reported here is: 
what makes this duality possible? 
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Pretheoretically, an adequate answer to this 
question should address the interaction in spoken 
language of variation and stability. Speech is 
symbolically stable across an impressive range 
of variation of t h e  physical signal, variat ion 
observable within a given speaker ,  across 
speakers with a common language, and across 
the range of dialects and languages. In spite of the 
scope and pervasiveness of this variation, speech 
is not ent i re ly  arbi t rary.  For example, the 
phonological adaptation of speech is not arbitrary: 
vowel spaces do not cross-cut each other in 
random fashion. This suggests tha t  the symbolic 
properties of speech are not the result of a purely 
conventionalist association between the space of 
speech sounds  and  t h e i r  phonolog ica l  
interpretation. A deeper analysis can be found in 
the work of Stevens (1972) and Liljencrants & 
Lindblom (1972). Stevens notes that  the vocal tract 
is constructed in such a way that  there are regions 
of articulatory variation which produce relatively 
li t t le acoustic variat ion.  Working from the 
perspective of human  action theory, Tuller & 
Kelso (1991) in terpreted Stevens'  notion as 
implying the existence of regions of dynamical 
stability in the speech production mechanism, 
and not as implying the existence of invariant  
acous t ic  p rope r t i e s  w i t h i n  the  s igna l .  
Liljencrants & Lindblom explore the hypothesis 
that  phonological systems are solutions to the 
problems presented by ease of articulation, on the 
one hand, and ease of perception, on the other. 

Our approach to the problem focuses on how the 
intr insic  physical propert ies  of speech are 
adap tab l e  to the  d e m a n d s  of symbolic  
phonological representat ion.  To explore this 
question, we base our research on the concepts and 
methods of dynamical  systems (Abraham & 
Shaw, 1992). Our work inves t iga tes  the  
trajectories of vowels in a so-called 'phase space 
representation' of the associated acoustic wave- 
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tbrm regarded as a function A mapping time t to 
amplitude A(t).  This reconstruction transforms a 
point A(t  O) in the wave form to an ordered triple in 

the phase space of the form <A(t0) , A'(t0) , A"(t0)> 

where the y- and z-coordinates correspond to the 
first and second t ime derivative; temporally 
successive values of the function A( t )  become 
successive points in the phase space. Thus time is 
'parameterized' in the sense that  it is not directly 
represented in the space, although it can always be 
recovered by considering only the behavior of the 
x-axis, which mirrors the original function A(t) .  
The result ing trajectory is a closed (or nearly 
closed) curve in three dimensions which repeats 
(or nearly repeats) itself with each glottal cycle. 
Pitch is also indirectly represented,  encoded 
within the representation as the distance along the 
trajectory between successive samples of the 
speech wave (at fixed temporal intervals): higher 
pitches correspond to more dis tant  successive 
measurements.  In other words, the phase-space 
reconstruction includes all the information found 
in spectrographic representations of speech, but 
normal izes  across f u n d a m e n t a l  f requency  
variation. An example follows. Consider below a 
fragment of the waveform produced during one 
male talker 's production of the vowel [u] in the 
context of the word who'd. 

The wave form can be characterized qualitatively 
as having two large peaks, one smaller than the 
other, which repeat with each period. The phase 
por t ra i t  reconst ructed from this  wave form 
appears below in the form of a stereogram (join 
the two center dots by crossing your eyes to see the 
three-dimensionality of the resulting image): 
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In the reconstruction, the largest peak of the wave 
form constitutes the largest loop, and the smaller 
peak corresponds to the smal ler  loop. The 
trajectory winds twice around the center in the xy 
plane and twice around the the center in the xz  
plane. We provide an in terpre ta t ion  of these 
windings below. 

What makes this point of view attractive is, 
first of all, its physical realism: speech events in 
fact constitute a dynamical system, and as such, 
the dynamics  of the  a r t i cu la to r s  and the 
acoustical dynamics they produce in the ambient 
media around them are directly characterizable 
as dynamic systems. Equally attractive is that  the 
study of dynamical systems brings together, in a 
single integrated framework, quant i ta t ive  and 
qualitative methods, a feature which has been 
exploited in the study of physical systems since 
the pioneering insights of Poincar~. That  is, we 
can study the dynamic aspects of speech to any 
desired degree of quantitative detail, in the same 
space tha t  accommodates a non-quant i ta t ive,  
qua l i t a t ive  inves t iga t ion  of behavior .  In 
particular, then, one may identify the phonetic 
properties of a speech event with the quantitative 
aspects of its behavior, and ask whether or to what 
extent the qualitative aspects of this dynamic 
system support phonological analysis. If  these 
qualitative physical aspects of speech do in fact 
suppor t  phonological  ana lys i s ,  t h e n  the 
s imul taneous  co-existence of 'phonetic '  and 
'phonological'  properties in the same space 
provides an interest ing alternative to the view 
tha t  phonological properties are modeled in a 
discrete space of 'd is t inct ive fea tures '  and 
phonetic realization corresponds to a map from 
this discrete space to a corresponding space of 
continuous phonetic parameters .  Thinking of 
phonological properties as the natural  qualitative 
distinctions tha t  exist in the continuous phase 
spaces of par t icular  speech events makes it 
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possible to reconcile the apparent abstractness of 
phonological properties with the i r  intr insic  
dependence on such physical parameters  as 
duration, amplitude, and frequency. 

Phase space reconstruetiorm of vowels 
As we have  said ,  the  phase - space  

reconstruct ion makes  it possible to s tudy 
quantitative and qualitative aspects of vowels (in 
particular, and the full range of speech sounds, in 
general) in the same space. The quali tat ive 
aspects of dynamic behavior correspond to 
fundamental  properties of attractors within the 
phase-space. The presence of such attractors is 
revealed by stability in the phase-space trajectory. 
A continuous phase space can support discretely- 
structured forms of stable behavior. Thus, one 
and the same trajectory may be studied from the 
point of view of the continuous space or from the 
point of view of the  discrete parameters which 
control the shape of that  trajectory. It is this basic 
duality which we seek to exploit. 

An attractor represents a natural  limit of a 
phase-por t ra i t .  For example,  consider the 
behavior of a damped pendulum which swings 
through a series of decreasing arcs unt i l  it 
even tua l ly  comes to rest .  A phase-space 
reconstruction of its behavior consists of the set of 
points (x, y) in the Plane, where the x-coordinate 
r ep resen t s  the  d i sp lacement - - -pos i t ive  or 
negative---of the pendulum at any given point in 
time, and the y-coordinate represents its velocity. 
Since the pendulum swings with decreasing 
displacement and correspondingly decreasing 
velocity, its phase-portrai t  consists of an arc 
spiraling through the phase space and ending in 
the origin---a point attractor. ~ ~xlc3t 

Other kinds of a t t ractors  are possible. The 
at tractor  for a bowed string, for example, is 
periodic: a closed curve in the planar phase space. 
A fundamental  question in investigating speech 
as a dynamic system is the character  of the 
attractors in the phase space. 

The double-Helmholz resonator model of 
the vocal t rac t  provides a convenient  and 
straightforward means to introduce the geometry 
of the vowel trajectory in phase space, the torus. 
The torus is the product S 1 × S 1 of two circles. 

Thus, the two dimensions model the oscillatory 
properties of the two chambers, while the  trajectory 
in the product of the dimensions models their  
coupling for a given value of their  controlling 
parameters (that is, by hypothesis, for the phonetic 
value of a particular vowel) 1. Consider the double 
resonant cavity schematized below: 

Here, the two chambers A and B are coupled to 
each other by a connecting tube. For the moment, 
let us imagine tha t  there is no coupling between 
the two chambers. Let chamber A have a single 
resonant  frequency ¢o and chamber B have a 
different resonant  frequency Q. We can then 
reconstruct the phase space trajectory as a circle 
in a plane whose points are determined by the 
ordered triple 

1 Because the trajectory is derived from the actual 
acoustic waveform, our interpretat ion of such a 
t rajectory is not in ~ principle res t r ic ted  by 
limitations due to the simplicity of the double- 
resonator model. By changing the parameters of 
reconstruction we can easily embed the resulting 
trajectories in a state space of arbitrarily higher 
dimension. That is, we can relate the trajectory 
not to a line on the surface of a torus but rather to a 
rope on that  surface, or we can think of this rope as 
inhabiting the space enclosed by the toms, rather 
than constraining it to occupy the surface of that  
torus. Such extensions are s t ra ightforward;  
whether  they would be required in a more 
adequate model remains an open question at this 
time. 
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<sin z, cos z, - s in  T>; z = cot. Similarly, we can 
reconstruct the phase-space trajectory for B as a 
circle in a plane whose points are determined by 
<sin T, cos T, -sin T>; T = ~2t. Because the 
resonant  frequencies co and f~ are disparate, we 
can consider the two planar  phase spaces to be 
orthogonal to each other, as below: 

A 

If  we now t r a n s l a t e  the  two phase  space 
trajectories and adjust the scale appropriately, it 
is easy to visualize tha t  the space traced out by a 
point s imultaneously constrained to move along 
the curve described by A and the curve described 
by B will be the surface of a torus. 

An example of such a trajectory is shown below. 

~ . ~ - - . - - = = = = - ~ = , . . . .  

im  

The fundamental  hypothesis of this paper 
is t ha t  while the vowel space is acoustically 
continuous, the shape of the trajectories within the 
phase space r ep resen ta t ion  corresponding to 
vowels of di f ferent  qual i ty  are topologically 
d i s t ingu i shab le ,  and  t h a t  t he  t r a j ec to r i e s  
corresponding to vowels of the same quali ty 
across t a lke r s  are  homeomorph ic - - - tha t  is, 
t opo log i ca l l y  i n d i s t i n g u i s h a b l e .  We are  
particularly interested in trajectories which are 
periodic with respect to both dimensions of the 
torus and thei r  coupling. Topologically, these 
trajectories are torus knots of type (re,n), where Ill 
and n are relatively prime and m represents  the 
period of the trajectory with regard to one of the 
circular dimensions of the torus and n represents 
the period of the trajectory with regard to the other 
circular dimension (see Crowell & Fox, 1993). 
These  two p a r a m e t e r s  may be coupled in 
distinguishable ways as well. Even with m and n 
quite small, this space of possibilities gives rise to 
complex var ie t ies  of behavior  which can be 
d i s t ingu i shed  on simple,  d i sc re te  grounds.  
Consider ing speech wi th in  the  phase  space 
representat ion,  then, might provide insight into 
the continuous/symbolic duali ty which exists in 
both the production and perception of natural  
l anguage .  

Data 
We have collected the vowels [i I E ae ^ u U o al 

within the context h i d  from four adult males, four 
adult females, and two children (a boy, 11, and a 
girl, 9) during separate recording sessions, and 
stored the productions on a digital audio tape 
sampling at 44 kHz with 16 bits quantization. We 
then resampled these tokens onto a PC using a 
separate  AID converter  at  22kHz with 8 bits 
quantization. In order to study the dynamics of 
these vowels both within the glottal cycle as well 
as within the syllable, we extracted pitch-periods 
(one i terat ion of the closed curve in the phase 
space) from three regions of the syllable: the first 
quarter,  the middle, and the third quarter.  Each of 
the resul t ing arrays  was t ransformed into the 
phase space using the method described in Gibson 
et al. (1992). At the time of writing, we present 
results obtained from analyzing one adult  male 
(D.B.) and two adult female talkers. 

For re fe rence  to o ther  k inds  of speech 
ana lys i s ,  t he  t ab le  below compi les  the  
f u n d a m e n t a l  f r e q u e n c y  a n d  f o r m a n t  
measurements  for the three  speakers  we have 



i 

i i l ialyzed ,'is li l i inct ion or vowel qual i ty,  averagl;d 
liCl'llss l,hc three positions in tilt; syllabic. 

[ I n s e r t  table  1 here.] 

These  measurements '  are  in genera l  accord wi th  
those presented  in Pe te rson  & Barney  (1952), and 
suggest  t ha t  the  voWels wi th in  our  corpus are 

r 

phonet ica l ly  u n r e m a r k a b l e .  
The  phase  s p a c e  t ra jec tor ies  of n ine  vowels 

from the male t a lke r  (D.B.) are given below: 

I n se r t  f igure  1 here .  

As our  t o p o l o g y  suggests ,  we discuss  two 
qual i ta t ive  pa rame te r s  which serve to dis t inguish 
the  p h a s e  p o r t r a i t s  f rom each  o ther :  t h e  
smoothness of the trajectory,  which we can take to 
lie | 'elated to the wind4ng number  around the 'tube' 
of the  torus ,  and  the  n u m b e r  of t r ips  each  
t ra jec tory  makes  about  the  origin, the  'circle' of 
the  torus .  D e s c e n d i n g  in he igh t  across  the  
i n v e n t o r y ,  t he  t r a j e c t o r i e s  of  t hose  vowels  
produced with cent ra l  or poster ior  ar t iculat ion [u 
U o ^ a] orbi t  the  origin in a charac te r i s t ica l ly  
s moo th  f a s h i o n  r e l a t i v e  to t h e i r  a n t e r i o r  
counterpar ts  [i I E ae whose  portrai ts  show a great  
deal more local act ivi ty.  We can i n t e r p r e t  this  
local ac t iv i ty  as an increase  in the  n u m b e r  of 
loops around the smal ler  d iamete r  of the torus. In 
o ther  words, the  winding n u m b e r  m is large for 
f ron t  vowels ,  and  smal l  for  back  vowels .  
Compar ing now across the t ra jector ies  of vowels, 
the  n u m b e r  of r o t a t i o n s  a r o u n d  the  or ig in  
increases  as tongue  he ight  is lowered. T h a t  is, 
high vowels such as [i I u U] show fewer t r ips  
around the origin t han  low vowels [ae a]. In t e rms  
of the s ta te  space, we can say t ha t  the winding 
num be r  for the  large d i a m e t e r  of the  torus  n 
increases as vowel height  decreases.  

Cons ide r  now the  fo l lowing phase  space  
recons t ruc t ions  of the  vowel /u/ spoken by two 
Jbmale ta lkers  (upper  two phase portrai ts)  and two 
nmle ta lkers  (lower two phase portraits):  

[ I -nser t f igure  2 here .  I 

With regard to the two qual i ta t ive  pa ramete r s  we 
d i s c u s s e d  above ,  c e r t a i n  s i m i l a r i t i e s  a re  
preserved  wi th in  the  vowel t r a jec to r ies  across 
talkers .  The winding n u m b e r  of the  small  r ing 

(i.e. around tim 'tube') is small,  as is the winding 
ni l lnbl ;r  o1" the large r ing  (i.e. l lrOill id the 'circh;'). 
These qua l i t a t i ve  s im i la r i t i es  of the w ind ing  
number can be made quan t i ta t i ve  by count ing 
them,  us ing  a t echn ique  developed by Poincar6 
(we will consider only the  winding n u m b er  of the 
'circle'  here) .  

The  Poincar6  sect ion provides  a m ean s  of 
s implifying the dynamics  of a phase  por t ra i t  by 
considering not the whole pa th  within the space, as 
we have  done above, bu t  r a t h e r  a p lane  which 
in te rsec ts  the  phase  space such t h a t  all of  the  
t r a j ec to r i e s  pass  t h r o u g h  it. C o n s i s t e n t  wi th  
common practice,  we choose the  plane associated 
with the  phase-zero point  of the  (large) oscillator 
and,  for a given glot tal  cycle ,  count  how m a n y  
t imes the t ra jectory passes th rough  the plane in a 
single direction. By this  method,  we obtain for the 
continuous t ra jectory a discrete observat ion of its 
winding  number .  For  the  example  below, the  
Poincar6 section conta ins  a single point,  so the 
winding number  would be 1. 

?:! i I :: :? 
The  following table  summar i ze s  the  resu l t s  

we have ob ta ined  for Poincar6 sections of phase  
space recons t ruc t ions  of pi tch periods exe rp ted  
from 1/4, 1/2, and 3/4 of the way th rough  the  vowel 
portion of the syllable, (T. 

i I E ae u U o ^ a 
¢d4 D.B.  1 2 3 4 2 3 3 4 5 

S.O.  1 2 3 4 1 2 3 5 5 
L . W .  1 2 3 3 1 2 3 3 5 

(~/2 D.B.  2 2 3 3 2 3 3 4 6 
S.O.  2 3 3 4 1 3 3 3 4 
L . W .  1 2 3 4 2 2 2 4 4 

3~d4 D.B. 2 3 4 5 2 3 3 4 6 
S.O.  2 3 3 4 2 2 2 3 6 
L . W .  1 3 4 4 2 3 2 4 4 



As the  d a t a  i l lus t ra te ,  the  wind ing  n u m b e r  
i n c r e a s e s  w i t h  a d e c r e a s e  in vowel  he igh t ,  
consis tent  wi th  our  qua l i ta t ive  observa t ions  for a 
single speaker .  Because  the  winding  n u m b e r  is a 
measu re  of t r ips  a round  the  torus  and  therefore  an  
i n t e g e r ,  i t  p r o v i d e s  us  w i t h  a m e a n s  of  
discret iz ing the  vowel space in a way which is not 
c o m p l e t e l y  a r b i t r a r y ,  b u t  r a t h e r  re f lec t s  the  
in te rna l  s t r u c t u r e  of the  t ra jec tor ies  t h rough  the  
s t a t e  s p a c e  i t se l f .  W i t h i n  t h i s  space ,  t h e  
t rajectories  can be grouped together  as m e m b e r s  of 
an  equiva lence  class  which  i t se l f  is a funct ion of 
t he  c o n t r o l l i n g  p a r a m e t e r  of  vowel  he igh t .  
Specifically, h igh vowels [i I u U] can be thought  of 
as being a s soc ia t ed  wi th  t r a j ec to r i e s  of  winding  
n u m b e r  n ~ 2, mid  vowels  a re  a s soc ia ted  wi th  
t ra jec tor ies  of winding  n u m b e r  3 ~ n ~ 4, and  low 
vowels a re  assoc ia ted  wi th  t ra jec tor ies  of  winding 
n u m b e r  n ~ 5. Much  of our  da t a  conform to th is  
gene ra l i za t i on  wi th  only a few o u t l i e r s .  As for 
those da ta  which do fall outside of  this  grouping, it 
is i m p o r t a n t  to r e m e m b e r  t h a t  the  da t a  given are  
based  on a s ingle  Poincar~  sect ion for a s ingle 
p i t ch  pe r iod  of  t h e  r e l e v a n t  vowel .  A m o r e  
t h o r o u g h  a n a l y s i s  would  u n d o u b t e d l y  inc lude  
both P-sections for the  phase  angles (0, ~/2, ~, 3~/2) 
as a m e a n s  of  d i s t ingu i sh ing  local behav ior  nea r  
the  phase  p lane  f rom the  global proper t ies  of the  
t ra jectory,  and  for addi t ional  p i tch-per iods  in the  
s i g n a l .  

We predict  then ,  t h a t  a change in the  winding 
n u m b e r  n for a vowel  r econs t ruc t ed  as a phase  
space t ra jec tory  will correspond to a change in the  
p e r c e i v e d  p h o n e t i c  c a t e g o r y  of  t h e  vowel ;  
s u c c e s s i v e l y  l a r g e r  v a l u e s  of  t h e  w i n d i n g  
n u m b e r  n cor respond  to succesively  lower  vowel 
height  categories.  In  the  fea tu re  sys tem of SPE, a 
change from n = 2 to n = 3 corresponds to a change 
from [+high] to [-high], a change from n = 4 to n = 5 
corresponds to a change from [-low] to [+low]. 

A rev iewer  has  correct ly pointed  out  to us  t ha t  
the  winding  n u m b e r  a round  the  large d i ame te r  of 
the  torus  appea r s  to be corre la ted wi th  the  n u m b e r  
of ha rmon ic s  be tween  the  f u n d a m e n t a l  f requency 
and the  f i rs t  vowel  f o r m a n t  (a l though i t  r e m a i n s  
to be confirmed,  by extens ion  it is mos t  l ikely the  
case t h a t  the  winding  n u m b e r  a round  the  ' tube '  of 
t he  t o r u s  is c o r r e l a t e d  w i t h  t he  n u m b e r  of 
h a r m o n i c s  b e t w e e n  t h e  f u n d a m e n t a l  f r equency  
and  the  second vowel formant) .  Because  we have  
descr ibed th is  n u m b e r  as a m e a n s  for eva lua t ing  
the  perceived a r t i cu la to ry  he ight  of the  vowel, it 

s eems  a p p r o p r i a t e  to d e t e r m i n e  w h e t h e r  or not  
t h e r e  is a p r e c e d e n t  in the  l i t e r a t u r e  for an 
in t e rac t ion  be tween  the  f u n d a m e n t a l  f requency  
and  the  f irst  f o rman t  e i ther  in vowel product ion or 
vowel percept ion.  The  following br ic f  chronology 
f ea tu re s  the  h igh l igh t s  of  our  inves t iga t ion  into 
th is  question.  

T h e  in t e r ac t ion  b e t w e e n  F 0 a n d  F !  

Since  t he  e a r l y  1950 's  r e s e a r c h e r s  h a v e  
obse rved  an  i n t e r a c t i o n  b e t w e e n  f h n d a m e n t a l  
f r e q u e n c y  a n d  vowel  p e r c e p t i o n .  P o t t e r  and  
S t e i n b e r g  (1950), who m e a s u r e d  the  vowels  of 
male ,  female ,  and  child speake r s ,  found t h a t  an 
i n c r e a s e  in  f u n d a m e n t a l  f r e q u e n c y  a c r o s s  
t a l k e r s  was  co r re l a t ed  wi th  an  i nc rea se  in the  
absolu te  f requency va lues  of the  f o r m a n t s  wi th in  
a pa r t i cu la r  vowel category.  While they  sugges ted  
t h a t  f u n d a m e n t a l  f r e q u e n c y  v a r i a t i o n  m i g h t  
o f f e r  a m e a n s  for  n o r m a l i z i n g  f o r m a n t  
f requency  values ,  they  decided it  was  "a dubious  
possibi l i ty" since, a m o n g  o ther  th ings ,  f o r m a n t s  
a re  a p roduc t  of the  physical  a spec t s  of the  vocal 
t r a c t  and  have  l i t t le  dependence  on f u n d a m e n t a l  
frequency.  However ,  they  also found an  effect of a 
c h a n g e  in f u n d a m e n t a l  f r e q u e n c y  on the  
pe rcep t ion  of s y n t h e t i c  vowels  whose  f o r m a n t  
s t r u c t u r e  r e m a i n e d  cons t an t :  as f u n d a m e n t a l  
f requency was  increased,  the  perceived f requency 
of the  f i rs t  f o r m a n t  decreased .  T h a t  is, a vowel 
whose f o r m a n t  s t r u c t u r e  cor responded  to a male  
[a] was  perceived as an  [a] when  synthes ized  with 
the  f u n d a m e n t a l  f r equency  of a male ,  bu t  as a 
( c h i l d ' s )  [O] w h e n  s y n t h e s i z e d  w i t h  t h e  
f u n d a m e n t a l  f r equency  of  a child. S imi la r ly ,  a 
vowel whose f o r m a n t  s t ruc tu re  cor responded  to a 
m a l e  [ae] w a s  p e r c e i v e d  as  a n  [ae]  w h e n  
synthes ized  wi th  the  f u n d a m e n t a l  f requency  of a 
male,  bu t  as a (child's) vowel somewhere  between 
[ae] a n d  [El w h e n  s y n t h e s i z e d  w i t h  t he  
f u n d a m e n t a l  f r equency  of a child. T h e y  r ep o r t  
f u r t h e r  ev idence ,  a lbe i t  anecdo t a l ,  t h a t  when  
he l i um was  used  as a p r o p a g a t i o n  m e d i u m  for 
adu l t  m a l e  vowels  or an  a r t i f i c ia l  l a r y n x  was  
used  to excite the  vowel f o r m a n t s  of  a child ( thus  
r a i s ing  or lowing, respect ive ly ,  the  f u n d a m e n t a l  
f requency  of the  subject  while  l eav ing  the  vocal 
t r a c t  c o n s t a n t ) ,  t h a t  a s p e a k e r  will  " m a k e  
a d j u s t m e n t s  in his f o r m a n t  f requenc ies  in order  
to m a i n t a i n  a g iven  vowel  sound ."  S i m i l a r  
f indings a re  also to be found in Pe t e r son  (1961), 
who repor t s ,  aga in  anecdota l ly ,  t h a t  "if a m a n  
r a i s e s  h is  f u n d a m e n t a l  voice  f r e q u e n c y  to 



correspond to that  of n child (falsetto), and the 
higher tbrmants are removed by filtering, the 
acoustical result  corresponds very closely to the 
[Ol of a child with low-pass filtering and. may be 
so interpreted by a listener." More systematic 
studies of the effects of F 0 on perception of vowels 

were conducted by Miller (1953), Fujisaki & 
Kawashima (1968), a n d  Carlson et al. (1975). 
Each of these studies reported a similar shift in 
the perceptual boundary between vowel categories 
as fundamenta l  f requency was changed: an 
increase in fundamenta l  frequency leads to a 
decrease in the perceived value of the first  
[brmant, and thus an increase in the perceived 
articulation height of the vowel. In sum, several 
s tud ies  have  indlicated t h a t  a pe r son ' s  
Ihndamental fi'equency interacts with both vowel 
production and vowel perception, and that  the 
product of this interaction appears to be under the 
control ot' the speaker to some degree. 

The observat ions repor ted  in Scott (1976) 
provide some insight into predicting the impact on 
w)wel perception of the interaction between F 0 and 

F 1. Scott explored the perceptual consequences of 

manipu la t ing  the t empora l  f ine-s t ruc ture  of 
w~wel waveforms, and found tha t  the perceptual 
boundary  dividing a synthes ized  cont inuum 
whose endpoints were /i/ and /I/ was correlated 
with a change in the number  of positive-going 
slopes in the wavef0rm: those stimuli with two 
positive-going slopes were categorized a s / i / wh i l e  
those with th ree  posit ive-going slopes were 
c~ltcgorizcd as /l/. In a fi)llow-up experiment, F 0 

and F 1 were manipula ted  in three  synthet ic  

continua to produce a series with a waveform 
change from three cycles of F 1 per fundamental  

period to four cycles Of F 1 per fundamental period 

at  d i f f e ren t  poin ts  a long the  seven-s tep  
coutinuum. For those continua whose waveform 
changes occurred near the category boundary (the 
region where the tokens became ambiguous), the 
position of the boundary shifted to the stimulus 
where the waveform change occurred. This 
research suggests that ,  at  least for ambiguous 
vowels (i.e., those :near the boundary  of two 
d i s t i n c t  p h o n e t i c  c a t e g o r i e s ) ,  c a t e g o r y  
membership can be decided on the basis of the 
temporal fine-structure of the wave form. 

The Scott study bears close similarity with the 
dynamic approach discussed here. The temporal 
line-structure that  Scott manipulated has a direct 

correlation to the winding number  of the phase 
space trajectory. Specifically, those tokens which 
contain an extra cycle of F 1 per fundamenta l  

period are also those whose winding number  n 
increases by 1. As Scott observed, such a change 
was detectable perceptually,  and its detection 
corresponds to a change in the mapping of the 
acoustic stimulus from one phonetic category to 
another. Relating this to the table of values from 
the Poincar6 analysis, one can see that  in natural  
speech, the change b e t w e e n / i / a n d / I / f o r  a given 
speaker is consistent with an integral increase in 
the winding number.  Hence, Scott's prediction 
that  temporal fine structure is correlated with the 
perceptual phonetic category of a synthetic vowel 
is borne out in our natural  speech data as well. 

Put  in phonological terms,  the perceptual  
dist inct ion between /i/ and /I/ which Scott  
investigated is typically character ized not as a 
change in vowel height, but ra ther  as a change in 
the value of the [tense] or [ATR] feature. Because 
we have limited our analysis to distinctions of 
vowel height  and net  other  dimensions which 
del imi t  the  vowel space,  t h e r e  are  c lear  
differences between that  study and the predictions 
we make here; we cannot comment on the extent 
of those differences at this stage in our research. 
More work will certainly be required to verify the 
c o n n e c t i o n  b e t w e e n  t h e  p a r a m e t e r s  
distinguishing the vowel space and those aspects 
of vowel (production) dynamics  r ep r e sen t ed  
within the wave form. However, the connection 
between our approach and Scott's results (and the 
legacy of r e sea rch  which precedes  it) is 
compe l l ing .  I t  s u g g e s t s  t he  o t h e r w i s e  
unanticipated result  tha t  the oscillator driving 
vowel product ion (the glot tal  source which 
produces F 0) and the resonant  cavity which 

determines vowel quality are entrained (coupled) 
in frequency. 

Conclusion 
In this discussion we have provided only a 

very cursory analysis of a small set of talkers, but 
it nevertheless  i l lustrates  the potential  power 
which this theoretical perspective can have as a 
tool for resolving the continuous/discrete duality 
we mentioned above. It  is important  also to note 
that  this technique of phase space reconstruction 
and subsequen t  P-sect ion ana lys i s  can be 
obta ined wi thout  any special ized ha rdware  
beyond that  needed to discretize the wave form 
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itself and does not rely on the Fourier transform. 
As an analysis toolkit, then, this approach offers 
an augmentat ion to current  spectral analysis 
techniques by reducing some of the cross-talker 
variation that  such techniques cannot abstract  
away from via a 'vocal-tract internal '  means of 
normalizing across differences in ta lkers  and 
situations. 

As a final consideration along these lines, we 
point out two additional curiosities about speech 
that  may also succumb to analysis under  the 
dynamical perspective. First,  as early as 1947 
French and Steinberg showed that  speech could be 
either low-pass filtered or high-pass filtered at 1.9 
kHz while  r e t a in ing  a round  68% of its 
intelligibility. This suggests  tha t  the global 
structure of the vowel's dynamics may in fact be 
retained in spite of the filtering process at this 
'magic' frequency. If  this proves to be true, then 
our approach offers a unique perspective from 
which a s t r a i g h t f o r w a r d  account  of this  
phenomenon can be obtained. Second, Licklider 
and Pollack (1948) showed that speech subjected to 
differentiation followed by infinite peak clipping 
(which preserves only the zero crossings of the 
wave form) was also highly intelligible--in fact, 
about 90% intelligible. Although we have not 
explored this fully, such a transformation seems 
in tu i t ive ly  re la ted  to the  Poincar~ section 
analysis which we have provided above. 
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Table 1. 
T a l k e r  i I E ae u U o A a 

F 0 D.B. 131.7 140,9 134.1 125.2 127.1 140.7 121.7 133.5 119.2 

S.O. 165.4 175~3 172.6 166.1 184.7 179.6 168.3 173.5 161.6 
L . W .  216.1 198:5 190 177.7 187.9 192.8 178.7 179.2 175.3 

F 1 D.B.  268.9 412J2 537.8 779.1 281.5 442.3 419.7 600.6 801.7 

S.O. 321.7 48715 826.8 975.1 366.9 583.1 525.2 811.7 1083 
I , . W .  444.8 535!3 784.1 904.7 409.6 573 608.2 737.6 841.9 

I" 2 D.B. 2460 2113 2571 2091 836.9 1252 922.3 10,56 1191 

S.O. 3003 2480 2312 2184 990.1 1412 11061 1 8 1 7  1621 
I,. W. 3023 2 2 5 ! J  2129 2056 1088 16,51 999 1081 1130 

i,' 3 l). B. 3496 2993 4792 2898 2220 2262 2224 2307 2131 

S.O. 4008 3224 3189 2998 1907 2915 2051 3031 2880 
L . W .  4006 3071 3013 2817 2514 2915 * 1686 * 
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