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ABSTRACT

A vector space using dimensional analysis is produced in which one can show all the phonemes/phones of all
languages. Vowels, and consonants can all be shown in this phase space. Furthermore, the three-dimensional
vector space for vowels, which in simplified form can be shown to be related to the distinctive features, can also
be compressed to fit in this phase space for speech. This phase space can be shown to be both based on
articulatory/geometric considerations, that is the two-tube model of Fant and Stevens, and also on the quality/
perception arguments based on formant studies {(Peterson & Barney, and Clark & Yallop). It can be used to
clarify and unify many linguistic phenomena such as child language (Anderson, Jacobson), aphasia, sonority,
the cardinal vowel diagram (Jones, Ladefoged), diphthong trajectories (Carre & Mrayati). It is shown that the
sonority scale is directly correlated with this space in that sonority is related to the distance of the phoenes/
phonemes from the origin. Hence sonority is a function of the magnitudes of the vectors (phonemes/phones) of
this space. Diphthong and vowel confusion that crops up when using Artificial Neural Networks (Kohonen) for
vowel recognition is easily explicable in this space. The fortition-lenition phenomena and phonological strengths
(Foley) are nothing but vector phenomena in this space. The reasons that almost all languages have the pho-
nemes /piskn/ can be clearly shown in this space as splitting up the available phonological phase volume into
nearly equidistant volumes. It is shown that this space is ideal for the discussion of such seemingly disparate
pheaomena as assimilation, metathesis, haplology, and dissimilation. In short this phase space is the natural

phase space for speech since it

1} provides unification for as diverse phenomena as articulation, acoustics and perception of linguistics;
2) explicitly shows how to display spatio-temporal phenomena;
3} points the way Lo improvements using empirical measurements.

INTRODUCTION

Properties of Consonants and Vowels

Doing science consists of stages of: analysis
(taking things apart and analyzing the parts) and
. synthesis (putting back the parts and understand-
ing the operation of the whole in terms of its
parts). In the standard analysis of the buiiding
blocks of human speech (phones and phonemes)
whatever is necessary to understand system
properties of language is not normally attributed
to these parts, so that synthesizing a system (a
whole) in which one can demonstrate the under-
lying unity of seemingly diverse phenomena is
not achievable. However, a multidimensional
metric space can be constructed in which one
can demonstrate the essential unity of the artic-

ulatory, acoustic and perceptual perspectives of
speech, as well as the standard divisions of
speech sounds inte vowels, consonants, and
semivowels. Furthermore, one can display spa-
tio-temporal phenomena such as sonorily, apha-
sia, locus equations, phonotactics, haplology,
metathesis, fortition/lenition, dipththong and
vowel confusion. The analysis must, necessari-
ly, take place at different scales, and since phe-
nomena at different scales display relationships
of different kinds, ideally we should be able to
obtain macroscopic behavior equations via ap-
propriate approximations from the microscopic
equations. However, because of the difficulty of
obtaining such equations, one must often resort
to substitutes for explanations which are only
intuitively understood. There is often a trade-off
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. in precision and accuracy. We woutd like to be
able to extend the concept of continuous orthog-
onal vector spaces to consenants or contoids.
. However, the formants for consenants do not
exist, almost by definition. They will certainly
not exist in the sense of the formants of vowels.
In fact, this can be corroborated easily (see Ed-
wards, 1992). Of course, we can use the distine-

' tive features spaces (Hubey, 1994), however, the

dimensionality is too high. We would like to be
able to generate a broad transcription space to
describe the consonantal sounds in ways similar
to vowels. This practically limits our dimensions
to two or three. One of the most abvious charac-
teristics of consenants {in contrast to vowels) is
that the articulatory organs move in time, where-
as vowels are steady-state constructs, The con-
cept of steady state comes from physics in which
the concepts of equilibrium are not sufficient to
capture the idea of the existence of a dynamic
* state in which one can identify certain constants
or invariants of the motion (in an appropriate
phase space). In the case of vowels, the produc-
tion of the vowel is simplified by breaking it up
into three stages; initialization, steady-state, and
end. This is similar to the description of musical
notes in which there is attack, steady-state, and
decay. During the production of the vowel the
shape of the power spectrum is important but
not exactly where the power is concentrated (as
long as it is in the lower bandwidth of the human
hearing range) since the basic pitch of sound
differs, with women and children producing rel-
atively high pitches compared to men. We may
think of the vowels as analogues of carrier fre-
quencies used in electromagnetic communica-
tion. Indeed, even more apt is the analogy to the
dial tone used by telephone companies which is
DTME (dual-tone multi-frequency) since the
formants are peaks of the power spectrum so
that they would correspond to the multi-frequen-
cies of telephone dialing.

In contrast, the constants are modulations of
the carrier signals and are by definition dynam-
ic. The only invariants by which we can detect
the consenants are the changes in the carrier sig-
nal which is seen in the power spectrum. In any
case, the necessity of a dynamic description is
obvious not only in the motion of the articula-

tors needed to produce the consonants but also
explicitly accepted in their descriptions in terms
of such motions. This dynamic property of con-
sonants is shared by the semivowels, diphthongs
and glides. However, at a very broad level we
can also imagine a class of consonants that share
another property with the vowels. Certain con-
sonant classes, in particular the nasals such as
{/m/,/m/}, the liquids such as {/t/, N/} (referred
to as glides by some), the voiced fricatives such
as {/v/,/z/} are 1-colored (the Turkish-1 is used
for schwa-like phones/phonemes and it is writ-
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~ ten in bold to denote that it is a vector; see Ap-
- pendix VI) and may be called guasiconsonants
in the same sense as semivowels and diphthongs
and have some dynamic properties such as con-
sonants, When one deals with coarse-grained.de-
scription of phenomena one expects less preci-
sion in the descriptions. At the highest (most
coarse-grained) explanations of the underlying
physical units of speech the primitives used are
- consonants (C) and vowels (V), with semi-vow-
els (5) playing the intermediate role. With the
introduction of the set of quasi-consonants, a
four-way division can be created based on fun-

damental properties of speech sounds. A sug-

- gestive space is given in Figures la and 1b.
_ Generally only the first three formants are
used in speech synthesis and analysis because
they are more than sufficient to approximate the
qualities of the vowels. Since this requires at
most a three-dimensional vector space, we can
easily generate eight vowels as the corners of a
© parallelepiped in this space and approximate
them using distinctive features (see’ Hubey,
1994, 1999)). The eight Turkish vowels which
denote an almost perfect match for this space
are used as vectors, (see Appendix IV; see also
Hubey, 1996b). The property that the quasicon-
sonants share with the vowels is that they are
* also steady-state sounds in that the articulatory
~organs do not move in time, although the DOF
¢ (degrees of freedom) of quasiconsonants such
~as /I/./z/ are zero whereas the nasals, /f/ and /v/
- leave the tongue free to move about. That these
' consonants seem to have vowel like qualities
. can be seen in their power spectra (see for ex-
" ample, Edwards, 1992). There seem to be high-
: peaks at a low frequency with an exponentially
decaying amplitude which is what we would ex-
pect from an 1-colored vowel or consonant; that
. is, the spectra resemble an 1 with enough noise
- (low signal-to-noise ratio} to bury the signal,
: {see Appendix I for a better description). Of all
-the vowels the most neutral, and in a way the
most well-behaved vowel as can be seen on the
power spectrum is the 1. (Edwards, 1992). Its
formants® amplitudes drop off exponentially as
if due to a frequency dependent attenuation. The
: quasiconsonants all seem to show some evi-
dence of this phenomenon, as can be seen in

Edwards (1992). In addition, the fricatives are
also steady-state sounds, however their sound
quality does not show any evidence of vowel
like quality because of the high level of turbu-
lent noise which drowns out the peaks that
would have been produced by the specific con-
figuration of the articulators or the shape of the
vocal tract as an acoustic system. The plosive
groups {especially the unvoiced) would best be
modeled in the time-domain as Dirac delta func-
tions. Of course, this implies that the power
spectra would contain energy at all frequencies
and thus would be flat, The voiced plosives are
differentiated from the unvoiced essentially by
the magnitude of the difference in time between
the voicing and the plosion so that they would
also be in the consonantal group. Thus from the
basic division along the vocoidal-contoidat con-
tinuum we can derive, as a zeroth-order approx-
imation, a symmetric four-way division; vowel
(V). semivowel (S), consonant (C), and quasi-
consonant (Q).

TOWARDS A SPACE

We know that one of the fundamental determin-
ers of the quality of a speech-sound is the loca-
tion of the primary constriction (Fant, 1990; Cat-
ford, [988; Ladefoged, 1962; Lass, 19§4).
Recent research has pointed out that what we
knew intuitively is correct, i.e., stop place
changes recognition (Stevens, 1989). It thus
seems that we already have two dimensions in
which to represent the consonants. If we denote
by S the size of the stricture (i.e., the size of the
primary constriction) for the consonant, then one
of our dimensions would be Y=195/3t| where the
vertical bars indicate the absolute value of the
derivative. It will be shown later that it is not

necessary for the derivative to be partial; indeed,
it might be more useful otherwise. We can use

the location of S as another dimension, say X,
essentially a mapping starting from the lips (for
the bilabial consonants) and extending back to-
wards the soft palate and pharynx. Although we
consider this to be a single dimension extending
in curvilinear fashion from the lips toward the

pharynx (see Peterson & Barney, 1952) it will -
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be shown later that X should really have more
{physical) dimensions.

The third dimension for the consonant 3-D
vector space (Z dimension) would have some-
thing to do with sound quality or airflow quali-
ty. It is essentially the dimension that would dis-
tinguish the turbulent-chaotic quality of
fricatives and sibilants from the more vowel-
like quality of the quasi-consonants (see Appen-
dix I). The particular boundary between these
sounds is not clearly delineated since some pho-
nemes such as /v/ and especially /jf very clearly
show evidence of both turbulent orchaotic flow
{(friction) and laminarity (resonation or perio-
dicity). As is well known, the simplest kind of
periodic motion is described by the harmonic
oscillator differential equation whose solution
is sinusoidal. The damped harmonic oscillator
(the RLC circuit) is the primary equation used
in phonetics to model the resonances which
comprise the peaks in the power spectrum which
are the formants of vowels (Fant, 1990). The
digital versions of these resonators are used in
speech synthesis programs such as MITalk (and

Voicing

. Stricture
: Location
~~ |

Airflow Quality
Reynolds Number

Fig. 2a. An Iatuitive/Suggestive Space, At this fevel of
approximation/simplification. one can take the
Reynolds’ number used in fluid dynamics to de-
fine what is meant by ‘airflow quality’. It delin-
eates the boundary between laminar and turbu-
lent flow of fluids. The circles may be thought of
as the most representative of the set of objects
which they define. In that sense the circles above
are neither phonemes nor phones. See Appendix
Il for clarification and also for definitions of the
symbols used.

whose source code was provided by Klatt,
1980). In increasing order of complexity the
equations that describe these would need noise
added to produce the fricatives. A short descrip-
tion of this process is in Appendix II.

The analogy with fluid flow is that at low
velocities (actually small Reynolds’ numbers)
the flow is laminar in the sense that the fluid
particles flow along sheets (layers). At values of
Reynolds’ number beyond about 2,000 the flow
becomes turbulent. Turbulence is noisy in the
sense that the deterministic regime is gone and
the motion of the particies can only be described
stochastically. But it is known that sounds (pres-
sure waves) can scatter from turbulence and
there are various methods of extracting signals
scattered from turbulence. The example above
(Fig. 2a) shows the relationships of some pho-
nermes but is not drawn to scale. The third di-
mension (voicing) can be included in the discus-
sion above, if we include the larynx as part of
the geometric parameters or the articulatory or-
gans. Therefore, we can use some kind of a
weighted average of the rates of changes (i.e.,
time derivatives) of the articulatory apparatus
(including the rate of change of the primary
stricture) to put the voicing dimension along
with Y.

CONSONANT VECTOR SPACE AND
DIMENSIONAL ANALYSIS

Figure 2a shows some common consonants plot-
ted in the X, Y, Z dimensions (i.e., essentially
Frimary Place of Stricture, Rate of Change of
the Articularors, and Quality of Airflow). The
drawing is not to scale. It is been distorted to
give a general idea of the positions of some of
the common consonants. It will be shown in the
next section that this arrangement is not fortui-
tous but obeys very fundamental laws of phys-
ics. Real world phenomena take place in space-
time. These are the fundamental dimensions;
that is, it takes three space coordinates {dimen-
sions) and one time dimension to describe me-
chanical events. However in dimensional analy-
sis, the space dimensions are collapsed into one
dimension, usually denoted by L. Thus the di-
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mensions of area L? and L3 describe three-di-
mensional space. The time dimension, of course,
is denoted by T. However another level of ab«
straction is needed to describe the fundamental
processes of physics. For mechanics we need
one more: usually Force F, or Mass M. They are
not independent since they are related by New-
ton’s formula F=ma. For electromagnetic phe-
nomena we need another calied Charge @, and
for thermodynamics, Temperature, ©. Speech is
not an electromagnetic or thermal phenomenon
but a mechanical one and needs three dimen-
sions F, L, and T. Dimensional analysis is often
used in fluid dynamics (see for example White,
1979) where the processes are oo difficult or
complex to describe simply because they in-
volve many variables and are highly nonlinear.
Dimensional analysis helps in identifying
groups of variables for which experimental rela-
tionships should be sought, The idea has proven

' v 4 Derivative

highly successful in experimental fluid dynam-
ics. Dimensional analysis was first proposed and
used by Buckingham and the method used to
find the dimensionless groups is called the Buck-
ingham Pi Theorem. Speech sounds involve both
wave mechanics and also turbulence effects
(which are best modeled mathematically as
noise, although the new mathematics of chaos
could bé useful for digital production of noise
for fricatives). It is because of this complexity
that dimensional analysis has been used in this
paper to integrate the various aspects of speech
sounds.

If we examine the dimensions of the coordi-
nates X, Y, and Z, we will see that we are very
close to what dimensional analysis would have
yielded. The Z coordinate which we called air-
flow quality corresponds to the dimensionless
group in fluid dynamics which discriminates es-
sentially between laminar and turbulent flow, It

ol
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Fig. 2b, First attempt at a more complete three-dimensional space. Various expressions are used in phonetics and
phonology to describe ‘qualities’ of speech sounds, and different groupings are recognized by different
authors. Combinations of various phrases and words used in the literature are used to describe here in addition
to the IPA alphabet {wherever possible). The Z axis phonetics would translate roughly to words such as
sibilant, and fricarive at the high end, At the lower end because of laminarity of the flow, the sounds would be
called resonans (highly peaked power spectrum), or periodic. The sounds having to do with or caused by rapid
changes in time of the articulators are usually described by plosive, obstruent, and stop. The word continuent
is usually reserved for sounds which in this paper are referred to as quasiconsonant (or steady-state withotit
regard to other qualities). The words liquid and nasal refer to the consonant midway between the two extremes
and in which one can observe resonance and friction or turbulence (i.e., noise) in steady-state. In addition,
contoied, and vocoid are used to refer 1o consonantal and vowel like sounds. In addition, descriptions such as
grave, acute, diffuse, compact, glide, sonorant, oral can be seen in the literature but are not used here except
when required to refer to other author’s writings, i
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is called Reynolds’ number and is given by
Kv/vu, where K [L] is the characteristic length; v
[LT -], velocity and v [L?T ~!], kinematic vis-
cosity. The dimensions of the variables are giv-
en inside the square brackets. No specific refer-
ences were made to the kinematic viscosity
because speech only takes place in air and not in
other material. The Y coordinate is the time de-
rivative of an area (stricture); thus its dimension
is L2T -1, The third coordinate X is essentially
the place of the stricture in one dimension. How-
ever, it was noted that it would have been better
for it to have the dimension L2, Thus we can
take the height dimension into account by mod-
ifying the horizontal place coordinate by using
the horizontal coordinate multiplicatively, in
ways similar to Peterson and Barney (1952). All
we have to do now is to multiply by a character-
istic frequency ® (whose dimensions are not cy-
cles/sec (Hz) but radians/sec [T ~!] so that X has
the dimensions LT -, It is clear now why the
correction via a function of @ (having the di-
mension T-!) is necessary. It is common knowl-
edge that in speech studies it has been found
necessary to account for the differences in pitch
of various speakers. It is not the absotute form-
ant frequencies but the relationships of the form-
ants to one another that is used to distinguish the
vowels (Nearey, 1978; Liberman & Blumstein,
1988). The method used, the so called vocal
rract length normalization, performs this func-
tion, since the smaller vocal tracts result in high-
er fundamental frequencies for the speaker. Al-
though the size of the glottis, the mass of the
vocal cords and speaker specific characteristics
influence the fundamental frequency or pitch of
the speaker, in general since the vocal tract acts
as a filter, the resonance (frequency of greatest
gain) is dependent on the length of the vocal
tract. In simpler terms, the size of the tubes in
the two-tabe mode] of the voice producticn is a
determiner of the fundamental frequency (aside
from the characteristics of the medium). For a
single tube such as an organ pipe the resonances
occur at nv/2L, where L=length of the column,
and v is the velocity of the acoustic wave (see
for example Halliday & Resnick, 1978:441).
Thus there is a functional relationship between
the length of the vocal tract and the characreris-

tic frequency (pitch) function proposed here.
Hence the dimensions of X are LT -1, For a
better approximation, even if we tried to use di-
mensional analysis to find another proxy for L,
we would still need to consider some character-
istic length such as the size of the glottis, mass
of the vocal cords (which is a function of vol-
ume) or a weighted average of all of these. In
such cases we might need to use fractional di-
mensions, which is not done here. We can now
use this knowledge to redefine the coordinates
of the consonant vector space to include vowels
and semivowels. It was noted that the Y coordi-
nate need not be only a partial derivative. In-
deed, the partial derivative will not be able to
account fully for even the consonants and espe-
cially for certain consonants such as the voice-
less affricate /tJ/ or the Turkish palato-alveolar
fricative /¢/ since the motion of the articulators
(the tongue in this case) is more complicated
than what the partial derivative indicates. We
should write the stricture function S not as a
function of time only, but as $=S (X (1),1). The
time derivative then is:

dS/dt = 8573t + (8S/0X) (dx/dt) (hH

Furthermore, we can extend the definition of Y
by defining it as a weighted average of the sums
of the total derivatives of the strictures involved
in the articulation, not only the primary stric-
ture. This means that we are now-accounting for
the change in the vocal cords in the derivatives,
therefore the distinction in this phase space be-
tween the consonants and vowels can be made,
as well as the voiced and unvoiced vowels. Since
the average of a sinusoidal wave is zero, the
average that is used for the motion of the vocal
cords should probably be another type, say a
root-mean square (rms). All we have to do now
is to divide both the X and Y groups of variables
by the kinematic viscosity v (as in the Reynolds’
number, see, for example, White (1979)) and
we will have a three dimensional vector space
consisting - of three dimensionless quantities;
Reynolds' Number, and the two dimensionless
groups or numbers that we just derived. If
we denote the horizontal length as A and the
vertical dimension as 7); the strictures as §;
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and S, (using the two-tube model), then we
have; '

X = Anw/v [L?T 1) (LT -1} (2)

which is dimensionless. Y coordinate for two
strictures could then be

Y = [d/de {18, (An]l + IS, (A1) /v (3)

which is also dimensionless. We might also in-
clude the third stricture (i.e., the glottis) explic-
itly in the determination of Y. Since all three
coordinates are divided by the kinematic viscos-
ity, in practice it might be eliminated so that the
coordinates will be given by the (effectively)
dimensionless numbers:

and Z = Kv

X = Mnw; Y = [1dS /dt-+dS,/d]
- (4)

rms?

It should be noted here that the K (in Z), the
characteristic length, is also a good candidate
for some kind of vocal tract normalization or it
may be used as a characteristic of stricture place.

$

Y Derivative

These numbers are only suggestive and require
improvements based on actual experimental
measurements from many languages in the same
way that dimensional analysis suggests the nat-
ural groupings of variables which should be used
by the experimental fluid dynamicist. For exam-
ple, for the bilabial plosives the rate of change
of the constriction can be positive, negative or
both. Thus, if we were to use only the absolute
value, we would have a reasonable approxima-
tion. On the other hand, if the acceleration is not
constant, we would need to use an average.

Since the opening and closing are of different
signs the average would be zero unless we used
a root-mean-square kind of an average. As for
-some of the specifics on friction and more easily
measurable physical parameters such as pres-
sure, Stevens, along with others, has done re- _
search on relationship of friction to pressure
drop across a constriction (which can be found
in Lieberman (1988)),

It is difficult to represent some of the differ-
ences of the phonemes due to friction, in a three- _
dimensional space since we really need a much
higher dimensional space (see conclusion and
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Fig. 3. Slightly better placement of the consonants in phase space. The vowels are steady-state and belong on the ZX
plane. Furthermore, they are highly resonant and therefore cluster around Z=0, so that the voiced plosives

must be moved as shown. The phonemes /ptskn/ ¢

ssentially define the boundaries of the volumé that the

consonant occupy except that some voiced plosives stem to be missing to completely define this volume.
"These are also reasonably evenly spaced in this space,
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discussion). Some kind of a weighted average
conceptual scheme must be used. The place-
ments shown in these figures are suggestive, and
approximates since have been culled from many
different areas of linguistics, as wilf be demon-
“strated over the next few sections. Chomsky and
Halle (1968) mention that /ptskn/ are rarely ab-
sentin any language. It is clear now why even at
the level of accuracy of Figure 3 it must be so.
These five contoidal phonemes essentially de-
fine the boundaries of the volume of the conso-
nant phase space, {as will be even clearer in Fig.
5) and they roughly divide the phase space into
équal intervals/volumes which has implications
for distinguishability since the relationship be-
tween the articulator positions {and manners of
articulation) and the quality of sound (i.e., their
perception or acoustic characteristics) must be
deterministic, although highly nonlinear. The
dotted lines denote the volume in which the vo-
coids, the vowels, semivowels and polypthengs
fall. The little circles are meant to be represent-
ative manifestations or instantiations of the sets
that comprise the phonemes. Hence, neither the
phoneme nor the phone symbols are used. In
truth they are neither since the results must be
generalizable to all languages so that they are
representatives of some sounds which can be
recognized to belong to natural clusters, and
which may be split up differently in different
languages, although we are using (American)
English as a vehicle for explication of the ideas.
It should be understood that the symbols really
denote volumes in this space and that their
boundaries are to be considered to be fuzzy, as
in fuzzy sets (Hubey, 1999) or fuzzy vectors.

.

NATURAL GROUPINGS

The groupings in Figure 4 are two dimensional
versions (orthogonal projections) of Figure 3,
where the phonemes/phones close to one anoth-
er have been grouped according to their
characteristics. The figures give an indication of
the way the phonemes/phones cluster in the
- speech phase space. They show very clearly that
these divisions are those that have been de-
scribed in various ways by phoneticians and lin-

Y &

Diphthongs
Semivowels \7
N Y]
%@

Vowels

VA

Fig. 4. Some possible groupings. The original coarse-
grained categories in Fig. | can now be seen.

guists for centuries. It is not clear yet where /j/,
//f and /x/ really belong. In fact, judging from
sound quality the /s/ does not seem to {it into its
group either, i.e., with /f/ and /8/. The final arbi-
ter of the placements of the phones/phonemes
has to be the results from acoustic measure-
ments, for example, if the major frequency peak
is lowered from about 5 KHz to around 2.5 KHz,
the listeners’ perception shifts from an /¥ to’
a /I/. More about the fricatives can be found in
Lieberman (1988, p.227). The grouping in the
figure above is intended to show some natural
clustering in the phase space.

The last phase space (Fig. 3) was derived
from the original discussion on consonant spac-
es. However, after the discussion on dimension-
al analysis, the original dimensions or parame-
ters were altered to take into account the various -
changes in Y, namely that it is the sum of the
derivatives of the strictures and that the Z-axis
has to do with the Reynolds’ number. Now, the
semivowels can be considered to be appended to
the end (or beginning) of vowels with which
they form diphthongs, thus there is a motion of
the articulators so that their Y-values are not
zero. The vowels are steady-state, therefore they
should be solely on the XZ-plane extending very
close to and partially mixed with the quasicon-
sonants since they also display some vowel char-
acteristics (such as being /i/-colored, and being
steady-state (continuant)). The diphthongs are
defined on the ZX-plane in the same area as
vowels, except that their Y-values are not zero,
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Fig. 5. Yet another version of the speech phase space.
" The vowels are close to the origin along X. The
Y-axis is probably not to the same scale as the
other axes, Thus, the voiceless plosives might be

much higher than the voiced plosives,

_thus they will be located above the vowel range.
The broken-line boxes indicate the vocalic
sounds (vowels, semivowels, glides, diphthongs,
and triphthongs). Finally, the voiced plosives
should now be moved from the Z=0 range since
we know that they contain both voiemg (vowel-
like sounds) and turbulence (the high frequen-
cies that exist in short duration spikes, which
can be modeled as Dirac delta functions in time).
They should be moved somewhere between the

‘- vocalic and the consonantal sounds. All the

changes are shown in Figure 5 from another
view. Itis even clearer now why /ptksn/ are rare-
Iy absent in languages. The /p/ is the extreme X
(except for /w/); /k/ is the practical extreme for
X (minimum) and /n/-defines the minimum Z.
Any smaller value in the Z direction than /n/
would fall in the vocalic group. In the same
chapter, Chomsky and Halle also remark that
the 11/ (full schwa) should be marked and should
get a complexity of 2 along with the compounds
like the /a&/. It would seem that the A/ is the most
ubiquitous vowel especially in consonant-clus-
ter laden languages like Slavic and to an extent
English and other Indo-European, languages and
it is spread through the region of much of the
XZ-plane (except the vocalic parts which are
covered by the specific vowels) since the quasi-
consonants for all practical purposes are /i/-

colored. It would seem natural to have the /i the

Derivative

Fig. 6. Yet another figure suggestive of the speech
phase space. The relative locations of the frica-
tives and plosives have been rearranged slightly.
Vowels are not shown but are still along the X-
axis, The only differences from Fig. 5 are essen-
tially along the Z-axis since it is here that we
note the differences in the friction and resonance
of the various sounds. However, the general
shape of the phase space can be seen aiready.

least marked and the most natural to have in any
system. It would seem that, from the place of
pride that the basis vowels occupy, their posi-
tion should be next, right after /1/, and the others
fel, Jof and fif which can be constructed from
the basis vowels could be next. Finally we are
left with /6/, since it requires all three basis vow-

els /i/, fa/ and /u/. (see Hubey, 1994, 1996,

1996b, and also Appendix VI)

Since these figures are not scaled, and indeed
it is not possible to know with any degree of
precision where some of these phonemes should
go, some alternatives are given in these pages. It
should be noted that, in general, the relative po-
sitions of the phonemes do not change apprecia-
bly, however it is not possible without more ev-
idence to choose among the several competing
alternatives. The liquids and nasals should prob-
ably be separated by a wider distance because of
the more vowel-like quality of the nasals (i.e.,
nasal murmur). '




126 H.M. HUBEY

LENITION, FORTITION, AND SONORITY

A concept that we will need for this subsection
is that of a vector (see Appendix IV). An in-
teresting usage of the concept of vectors will
applied to lenition as can be seen in Lass (Lass,
84, p. 177) that gives the phonological rules for
‘enition and fortition as:

(a) Stop > Fricative > Approximant > Zero
{b) Voiceless > Voiced

Essentially the same results can be found in Fo-
ley (1977). These results can easily be shown to
be derivable quite clearly and unambiguously in
the phase space and are related to sonority. We
only need two dimensions (although three would
be better) and the concept of a Cartesian vector
to show the essential results. The space shown
in Figure 7 is a 2-dimensional subspace of the 3-
dimensional phase spaces developed earlier. In-
~deed, the three-dimensional phase space can be
considered to be a subspace of the many differ-
ent feature-bundle spaces discussed in the liter-
ature with the caveat that these spaces are not
orthogonal and the mapping might not be one-
to-one or linear.
We can see immediately from Lass’s hierar-
chy that (a) refers to a vector that points in the

s

Y

Voiceless » Voiced

Stop>Fricative &

—
Fricative > Approximant /
Approximant > Zera

Fig. 7. Fortition, lenition and sonority, These concepts
of weakening or strengthening of sounds are very
fundamental in phonology (see for example Fo-
ley, 1977). The basic ideas can easily be ‘ex-
plained’ in terms of the vector phase space of
this paper. ‘

negative Y direction {Stop > fricative) which is
C,>Q,orC, > Q,. The second part of (a) refers
to a vector that points in the negative Z direction
(i.e., Fricative > Approximant). The third part
of (a} is also a vector that points in the negative
Z direction (i.e., toward the origin of the YZ-
axes). Part (b) refers to a vector that points from
C, to €, (Voiceless > Voiced) and thus is a vec-
tor that points in both the negative Y and Z di-
rections. The vectors that show these concepts
are shown in Figure 7. Since no measurements
have been taken to indicate the scale of the phase
space, and no mathematical definitions have
been given, at best we can use the data from
Lass (1984) and Foley (1977) as guides to make
the phase space reflect reality as closely as pos-
sible. In the next subsections, data from child
language development, aphasia and formant

" measurements will be used to fill in some of the

gaps of the phase space. Meanwhile, it can be
seen from the vectors above that all of these ;
phenomena are easily describable in terms of - |
the vectors representing the transitions. Thus,
lenition is a vector pointing toward the origin.
The sizes and shapes in Figure 7 are not impor-
tant due to Jack of scaling which itself is due to
the lack of necessary measurements.

CHILD LANGUAGE DEVELOPMENT AND
APHASIA

The study of child language development, al-
though started by Jakobson in 1941, has amassed
much data over time, It is summarized in Ander-
son {1985, p.131) as:

... all children begin with a minimal opposi-
tion of a single vowel (roughly [a]) and a sin-
gle consonant (generally labial {p]). Conso-
nantal distinctions arise with a difference
between nasal ([m]} and oral ([p]) segment
type; and subsequently with a split in point of
articulation between grave (labial} and acute
(dental) sounds. Within vowels, the first split
is between compact (low) and diffuse (high)
segments. With regard to manner of articula-
tion, stops arise before fricatives, and hoth
before affricates. The consonant/vowel dis-
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tinction precedes the emergence of liquids or
glides, and sonorant liquids precede obstruent
liquids. Some distinctions, where they are to
appear, arise only very late: e.g. nasal vs oral
vowels; opposition betweén liquids; clicks,
ejectives, implosives and other nonpulmo-
nary airstream mechanisms, etc. The uni-
formity of the sequence in which these seg-
mental distinctions are acquired seems quite
general.

We can attempt to sketch out where the vowels
should fall rather easily from this description
based on a very simple algorithm. All we have
to do is to assume that children start by distin-
guishing the most different phones (i.e., those
most distant from one another) and then contin-
ue 1o divide this volume into smaller pieces as
their power of discrimination increases and as
they listen to speech.

The sequence is roughly sketched out in Fig-
ure 8. Only the voiceless plosives are shown for
the stops. It can be seen that the [a] and [p] start
off with the maximal distance at the two ex-

* treme ends of the space. Then a nasal [m] is later

introduced, then an {i} and as the process contin-
ues, it seems to further subdivide the phonolog-
ical volume as if culting a piece of cake into
smaller and smaller pieces. We should note here
that there could possibly be other reasons for the
order of learning. The [a] is an apen vowel, i.e.,
the fact that it is produced with the mouth open
means that another channel of communication is
available to the child, that is vision. Similar
comiments can be made about [b], [p], and {m].
The motion of the articulators for the back stops
cannot be seen and the child needs more feed-
back before they are learned, Similar considera-
tions might apply for the learning of the other
. vowels. Considered in this light, it is not sur-
prising that a child’s first utterance seems to be
something like [ma], [pa], or [ba). If the most
important factor were intelligibility we would
expect the ‘supervowel’ [i] to be learned first. It
has been shown by Nearey (1978) and Lieber-

man and Blumstein (1988) that the vowel i1

serves or can serve as means for the brain/mind
to normalize/scale the other vowels with respect
to pitch. It should be noted that the liquids and

o,
.

B .
. T L) h?
Fricatives —
.
s

" Vowels

Liquids

Glides

Fig. 8. Language development: Kindersprache and
aphasia. Only some of the (early) speech sounds
have been shown. The vowels are treated in the
next section and also in the appendices.

nasals fall in the same general region of distance
from the X-axis and the figure does not mean to
imply that [m] is a liquid. However, various rea-
sons have been given at different times to justify
grouping the liquids and nasals together (for ex-
ample, Jakobson, 1990}, '
Aphasia seems to go in the reverse direction
with the last learned being the first lost, thus it
seems that there is a stack-like structure (i.e.,
Last In, First Out) in memory (Anderson, 1985).
The same phenomena can be observed in boxers
during matches. The first thing to go, after-a
hard punch, seems 10 be the last things learned
(i.e., bobbing, moving from side to side, holding
the hands up and finally the inability to stand
up). Near death experiences where people see
tunnels and bright lights could be due to similar
brain processes. Furthermore, victims of apha-
sia never seem to make two featural mistakes
(i.e., change two features at once) but rather only
one at a time (Lieberman & Blumstein, 1988)
which seems to lend credence to the usefulness
of the binarity idea of distinctive features or
from a different point of view the ability to come .
close to the phoneme. Aphasia is a complex
process and its effects (whether it is Wernicke’s
or Broca’s, see for example Lieberman & Blum-
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stein (1988)) seem to hinge on the way the
brain’s memory and neural computation work.
Thus not much more can be said about what
aphasia implies for problems in speech produc-
tion. A hint of the whereabouts of the vowels in
the phase space has already been given in this
section.

VOWELS IN PHASE SPACE

In the previous subsections, the vowels were left
out of the phase space because of the difficulty
of ascertaining their locations. It is difficult, for
example, to decide a priori whether an /of should
be near the front because of the rounding or near
the back because of the position of the tongue.
However, since the phase space has not only
articulatory content but also an acoustic one, it
is possible to draw inferences from several re-
sults, cull the results and put the vowels in the
phase space. Some evidence comes from sonor-
ity and yet others from formants. For example,
it is shown in another section that the SOnority
of the consonantal sound groups/classes/sets can
be described essentially in a two-dimensional
space.

- We can extend the concept of sonority to the
full three dimensions of the speech phase space,

- Table 1.

For example, Foley (1977) pursues an essential-
ly sonority based course in his descriptions of
phonological strengths. In his descriptions of
the vowels, he derives the phonological
strengths (Foley, 1977, p.47) of vowels as {i,1],
fe.2], {u.3), {0,4) and {a,5}. It is also quite
interesting that the distances between some of
the vowels (Foley, 1977, p. 78) can be derived
directly from the binary three-dimensional rep-
resentation of the vowels (see Appendix VI); for
example, Foley gives the differences of phono-
logical strength as la-ol = 1, le-ol = 2 and li-ol =
3. In this connection, it should be mentioned
that Gilbers (1992) in his network representa-
tion of segments not only uses a binary repre-
sentation of vowels, but uses binary operations
to derive vowels from others via operations of
rounding, tensing, laxing etc. Gilbers (p. 130)
also reaches the conclusion that ‘we predict that
unarticulated voicing, the articulatory correlate
of schwa, is universal. In the area of first lan-
guage acquisition, we consider schwa to be the
first acquired vowel.” In a system of marked-
ness penalties or taxes; he assigns zero penalty
to the schwa (/1/), small penalties to i, u, a and
the largest penalty to & (Gilbers, 1992:133)
which is fully consistent with the results of this

paper,
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Table 2

fa-f) it e = U wu
fye - i I € ® U a u 2
elzg N i 1 € 5 a

fy (e~ ey 1+ 1 ¢ & U u

The most important results that are necessary
for placing the vowels in the phase space come
from acoustic studies. For example, Nearey not-
ed that the front or acute vowels ([i,1,e,2]) have
a high F, and the back or grave vowels ([a,U,u])
have a low F,. The [i] and [u] with a high tongue
position have low F| and [a] with'a low tongue

_position has a high F| (Lieberman & Blumstein,
1988, p. 222). This implies that the function that
we need io derive the placement of the vowels

~ along the X-axis should decrease with increas-
ing F, and increase with F, yielding some kind
of a scaling along a front-high dimension. There
are many ways of constructing such functions.

Only a few simple forms will be given here to

produce a rough complete phase space. The first
step is in scaling the formants (as in Appendix

v ‘

f=(F-F_ )/ (F, —F ). (5)

min
It is immediately clear that this scaling produces
values which are dimensionally homogeneous
. regardless of the dimensions of the formants.
- This simple linear scaling was selected to show
the possibilities of this type of normalization for
producing a useful ordering for the vowels (also
see Appendix VI}. Table 1 shows the results of
computations of some candidate functions.
Table 2 shows the ordering of the vowels ac-
cording to the various computed values. In all
- the cases the various allophones of the acute
* vowels are near the front and the back allo-
phones have low scores. The ordering essential-
ly seems to show the distance from the origin
{which is where the a-o apparently belong, radi-
ally outwards. The vowels which have approxi-
. mately equal values are put in circles. Since

Derivative

Fig. 9. The complete speech phase space. This is only
one possibility showing a particular placement
of the vowels, The fricatives might need to be
re-arranged. The placement of the glettal stop is
only suggestive.

these vowels do not fall on the corners of the
perfect cube but rather are scattered about the
corners of a distorted cube, this kind of accuracy
(or lack of it} is expected. Thus we can produce
a full phase space indicating the whereabouts of
the vocalic sounds and phonemes of various lan-
guages. A rough sketch of the phase space with
consonants and vowels is shown in Figure 9.
Anything more accurate than this requires spe-
cial experiments to determine the values of the
phones/phonemes in dimensionless groups.
Once again, it should be remembered that the
drawing is not to scale since imputing distances
using a linear Cartesian distance for sonority
will cause problems. However, a three dimen-
sional sonority scale can still be derived from
this by weighting the cocrdinates. '

DISTANCE, BIRTH OF NEW PHONEMES
AND EXPERIMENTAL EVIDENCE FROM
DIPHTHONGS

Ancient Sanskrit only had three vocalic pho-
nemes /i/,/u/ and /a/ and eventually obtained an
fe:/ and and fo:/ at a later time. Sinee it already
apparently had the diphthongs /ai/ {or /ay/} and
fan/ (or faw/) we might wonder if there is a rela-
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tionship that can be shown using the concept of
distance. Figure 10 is suggestive of the first three
formants of the diphthong /ai/ and the transi-

tions from /a/ 1o /if. The horizontal lines indicate _

the formants. The small arrows indicate a sepa-
ration of 1 KHz. The formant data are from Pe-
terson and Barney (1952). Since the beginning
of the diphthong begins with a steady state /a/
(which means it is a vector in the n-dimensional
formant vector space) and then ends up as an-
other steady-state vector resembling an /if (or
/y1), the whole phoneme must thus be represent-
ed as a vector transition (a dynamic vector or
vector velocity) which implies that (1} vector
deri_vative_s and vector calculus becomes neces-
sary and (2) it must necessarily pass through
points of which some might belong to the vol-
ume of another phoneme.

The figure indicates what would happen if we
* substituted the formants for /e/ in the transition
zone. The formants of /e/ fall in the zone where
the transitions occur, It does not seem to be ac-
cidental. If we do the same thing for the /au/
diphthong we get a similar result, as can be seen
in the figure above. Of course, the historical in-
terpretation does not seem so clear cut. It is not
clearif these changes were innovations or if new
. language speakers who did not have these diph-
thongs interpreted the changes as their own vow-
els /e/ and /o/. These ideas are discussed much
more fully in Chapter VIII of Hubey (1994,
1999). Independent confirmation of the percep-
tion problems of diphthong transitions comes
from an unexpected source. It is from speech
recognition research using neural networks. Ko-

_— P, —
—_— ‘4 —_—

.'.' »

kY

fal :

N lal fel Fif

Transition :
Fig

the vowels fef and /o/ respectively.

honen, who is a pioneer in research in the use of
artificial neural networks for phoneme recogni-
tion, reports in his work in Japanese and Finnish
that he has found that the network recognizes
the diphthong /au/ in words like /hauki/ (mean-
ing pike} as the faou/ sequence and has found it
necessary to introduce a phonological rule to
derive /au/ from /aou/ (Aleksander, 1989, p, 35).

We may surmise from this that the /6/ might
have developed from the fiie/ diphthong the
same way that /e/ developed from /ai/ and /of
from /au/. This would imply that the ordinal
vowels fe/, fof and /ii/ are rather closer to the
diphthongs (i.e., the transitions). The experi-
mental evidence from Carré and Mrayati (1991)
shows the trajectories of the various diphthongs.
Of course among these are the diphthongs /ai/
and /au/. Figure 11 indicates the paths that these
diphthongs take in the two dimensjonal formant
space. The space is not normalized but it is es-
pecially clear that the /au/ passes very near /of,
The figures above were indicative that this re-
sult was to be expected.

IMPLICATIONS FOR FORMAN T-VOWEL
SPACE '

Figure 12 shows the rough ideal placement of
the vowels from Hubey (1994) using the data
from Peterson and Barney (1952) and Clark and
Yallop (1990) for Australian English vowels,
using the normalization given in Eq. (5) which
can also be seen in Hubey (1996b). It is clear
that this three-dimensional view of the vowels is

.- _[
#
—_ i, ——
kN
fa/ Yy fal P py

- 10. Yowel formant transitions, Figures suggestive of the fact that diphtongs fai/ and /au/ pass through or very near -
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Diphthongs /aw/ and /ai/

© Fig. 11, Vowel wransitions; after Carre and Mrayati

“er results

(1991). One can see that the dipthtong /au/ pass-
es near /o/ and that the dipththong /ai/ passes
near /e/. The results are also displayed graphi-
cally in Figure 10.

: an economic description of many linguistic phe-
- nomena. It fits in reasonably well with the tradi-

tional introspective vowel descriptions, the new-
from Ladefoged modifying the
traditional cardinal vowel diagram, and the lat-
est results of the experimental formant studies.
Since it seems possible to represent not only

* diphthongs but also at least some of the conso-

" nants, such as the stops from the formant transi-

. tions, the importance of the formant vector space

" increases.

It might be possible to.represent
speech sounds, with the addition of some other

| factors such as aspiration noise, burst amplitude,
' signal-to-noise ratio, within the formant vector
- space. It might also be possible to use both the

formant vector space and -the phase space to-
gether. The perceptual distance between the

| diphthongs and the ordinal vowels seems to im-

| ' ply that the ordinal-cube is not really cubic but

that it is distorted {and also rotated) in the for-
: mant space. This is consistent with the results of
. the previous sections. We can try to construct

this ordinal-cube in the normalized formant

“ (vector) space by using all the information now
- available. The shape of the ordinal vowels in the
- formant space is shown in Figure 12 (a fuller
‘ description of its derivation can be found in

Hubey (1994, 1996b). The side view (i.e., F, vs.
F,) shows some discrepancy with the formant

data of Peterson & Barney and Clark & Yallop.

The [e] has been slightly displaced to show more
clearly the shape of the cubic structure. The {ii]

' does not show up in the formant studies and its

The Ordinal
Vowel Cube
in
Formant
Vector
Space

-—-—-—l—F—b

7
! ﬁ a//
Ty vy
P

o w 67

i
i

Fig. 12. The ordinat vowel cube (cuboid): This is a natu-
" ral product of the empirically determinable
acoustic characteristics of vowels of the Ameri-
can English tanguage. From phonetic similarity

we can extend the ideas to other languages.

position was estimated from various hints as al-
luded to in this chapter. It is hoped that a better
normalization algorithm or samples of phones
more representative of the eight ordinal phones/
vowels, say from Turkish, will yield a better fit.
As can be seen, the near-cubic shape of the eight
vowels resembles the modified vowel diagram
given in chapter I of Hubey (1994). A much
simpified version using bitstrings and distine-
tive features which is related to this ‘ordinal
vowel diagram’ and also to the linear normed
vector spaces for vowels based on the first three
formants, can be seen in Appendix VI

The main problems in constructirig this fig-
ure is that the [a] and the [o] do not separate
well and that there is no {ii] or [I]. In addition,
the [i] in English (heed) is diphthonged as is the
fu] (who'd). Moreover, the sample for the [o] is
really from the open-o (as in hawed).

SONORITY AND SCALING
The idea of a sonority scale can be explained,

first, directly from the graph since the sonerity
scale seems to go from the vowels toward the
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plosives. So the scale is essentially the distance
from the origin of the axis, the voiceless plo-
sives being the least sonorant and the low vow-
els being the most sonorant, thus being inverse-
ly proportional to the distance from the origin

(at least in the two dimensions as shown}, The

physical explanation, of course, is that in wave
propagation, the high frequencies dissipate fast-
er and thus low frequencies go further. The
voiceless plosives are highly spiked and thus
. contain high frequencies. For example, an ideal
spike of zero duration is a Dirac delta function
and its Fourier Transform is constant implying
equal power at all frequencies. The sonority then
can be expressed simply as either one of:

(6a) o=1-R 0sY.Zs22
(6b) o=2/{1+R} -1 0<Y,Z<22
(6c) o=eR; 0SYZS
(6d) o =log (R) 1€Y,Z<

(66} © = (QY2+PBZ2M 1720 where o+B=1 and

R (Y2 + 22)1/2_

Obviously, these functions might have various
coefficients depending on the units and dimen-
sions used. It should be noted that the definition
is only two-dimensional but extension to three

Vowels / ;o /I;
LN N Satveen S
SONORITY SCALE ~ - 7 /

in two-dimenhsions-..

Fig. 13. Suggestive distances from the origin and sonori-
ty: The strength of vowels on the sonority scale
can be seen 1o be inversely proportional to the
distance from the origin as can be seen in the
phase space.

dimensions is straight forward. It would thus
seem, recalling the positioning of the glotral stop
that it might belong closer to the plosives than
toward the origin which makes it closer to vow-
els. It would also be possible to represent the
vowel transitions as vectors in a three-dimen-
sional space. Since the pure ordinal vowels can
be represented as the corners of three-dimen-
sional cubic structure in the 3-D formant space,
the transitions between two vowels, whether it
is a diphthong or a consonant should still be
recognizable as a velocity (i.e., transition}, Thus,
if only formants are used -(extracted from the
signal in short intervals, say about 10 ms inter-
vals), then the transitions will be represented as
vector derivatives in the formant space. Some
consonants show changes in the higher formants
although some clearly show transitions in the
lower formants. In the phase space of the previ-
ous sections, it is clear that vowels are statically
representable. It is also possible to view the
formant transitions as induced by the stop con-
sonants as studied by Stevens and Blumstein
(1978), - Lieberman (1984), Lieberman and
Blumstein (1988) and Blumstein and Stevens

- {1980). It has been known since the earliest stud-

ies at Haskins Laboratories (Lieberman, 1984)
that the stop consonants cannot be isolated in
speech from the vowels and that they show up
as transitions of the formants in CV syllables
such as {bal, [bu], [bil, [dal, [du], [dil.

lga], [gu], [gi]. Much research has been con-

ducted to look for acoustic invariants represent-
ing the consonants in these syllables; and it is
still continuing. The placements of the various . |
phonemes in the phase space is consistent with
the sonority scales or acoustic power, given in
the literature, for example, from Fry (1979) or
Levitt (1978) and which can also be found in
Edwards (1992).

- CONCLUSION AND DISCUSSION

There is something about the phase space that
strikes people as odd; is it articulatory or acous-
tic? The simple and correct answer is that it is
both. There is no reason to be surprised about
why the articulatory and acoustic parameters
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should map to one another. If, in fact, it were not
so, then we would be really surprised since the
particular acoustic manifestation of a sound is
dependent on the articulation of it, The likeli-
hood that this mapping would be highly nonlin-
ear is taken for granted since it is common
knowledge that different articulations can give
rise to the same spectral pattern or acoustic/pho-
netic output (Ladefoged, 1962, 1971, 1990) And
the dimensionless numbers {which are the di-
mensions of this space) are really this nonlinear
mapping! The nonlinearity is absorbed into the
dimensions of the 3-D space and the result is a
more tractable space; a simple one, yes. The pro-
posed phase space has both acoustic and articu-
latory content and why should it not? If there
were no degree of correlation between articula-
tion and acoustics, how then can we produce the
sounds we want? If there were no degree of cor-
relation between acoustics and perception how
then can we have any regularity and use speech
as a communication tool? Speech phenomena
certainly possess extreme complexity and it is
exactly because this complexity is of both fluid
motion (laminar and turbuient) and wave pat-
terns imposed upon it that dimensional analysis
is required.

Of course, the simple space has limitations: it
cannot represent geminates, ejectives, trills,
clicks, and pharyngealization because it is not
complex enough. To do that we would need
more dimensions. It might require several tens
(or thousands) of nonlinear stochastic differen-
tial equations to reproduce even some of the
complexity inherent in speech production. The
strength of the model is that it has somethmg
that others do not; none of the papers in any
phonetics journals as yet shows any rhyme or
reason for the data being collected or the scatter
plots that are being produced. The most funda-
mental principle of physics is that the terms of

any equation must be dimensionally homoge--

neous. Dimensional analysis will produce the
correct result. This phase space cannot give high
. resolution descriptions because it is of low dj-
mensjonality.

Some of the simplifications are that specifi-
cally; what is being done not only for the exotic
sounds as above but also even for some of the

more common ones (such as [f {(j» and the na-
sals) is that they are being forced into the 3-D
space by tinkering with the extra dimensions that
would be necessary for representing them prop-
erly. For example, Fant (1990) included the in-
formation in the third formant by modifying the
second formant values to be able to use only the

first two formants. Similarly, the extra dimen-

sions of the vowels have been squeezed into a
single dimension by ignoring the third formant
and collapsing the first two formants into a sin-
gle number. The result cannot be anything but
an approximate {ruth, but it is still true enough
to be novel because of its explanatory power in
child language development, metathesis, haplol-
ogy. and sonority scales (see Appendix V). It can
even be used to understand how the phonemes
of languages are distributed over this volume
and what we should expect. ‘
The X-axis (place) takes care of both he1ght _
and length (in a multiplicative way). The fact
that the place of constfiction has an effect on the
acoustic output is undeniable. Looking at it from
the point of view of the two-tube model, the
place of constriction changes the size of both
tubes. Looking at it from the point of view of the
source & filter model, it is obviously the mecha-
nism of changing the parameters of the filter
that shapes the acoustic output. Looking at it
from. the point of view of experiments, the data
of Stevens and Blumstein (1978) show that and
there are cues for the place of articulation in
stop consonants. The role of the amplitude of
the fricative noise in the perception of place of
fricatives can be seen in Behrens and Blumstein
(1988). The role of onset spectra (for example
Blumstein & Stevens, 1980) for the stops, and a
lot of other experimental results indicate that
there does indeed exist acoustic correlates of ar-
ticulation. Of course, for the vowels, the role of
the place of constriction in shaping the peaks of
the output is clear and the three formants form a
left-handed vector space as can be seen chapters
Il and IV of Hubey (1994, 1996). And if there
still exist other acoustic invariants which have
not yet been found, it does not mean that they do
not exist, I think I found some which can be
shown on this space in conjunction with-the
vowel (formant) space, but already implies that
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we need six dimensions. It will be shown later,
that we need yet more dimensions.

The Y-axis definition quite obviously is based
on articulation and the acoustic.correlates are
quite easily found. The stops would probably be
best modeled mathematically as the Dirac delta-
function. It is well-known that the power spec-
tral density of the delta function is white noise
(flat across the spectrum, i.e., constant over all
frequencies). Of course, it is just as well-known
that no real signal can have power at all frequen-
cies since it would require all energy in the uni-
verse, but the approximation works anyway —
both in mathematics and physics. In practice, in
mathematical modeling and physics ‘fat’ Gaus-
sians {i.e., large second central moment) are
used for white noise. The voiceless stops then
would have power at all the frequencies (as a
mathematical idealization of course). In prac-
tice, we cannot see noise at all frequencies; they
would have to drop off with frequency. This is
indeed reasonably well-corroborated in the pow-
er spectra of the voiceless plosives/stops from
Edwards (1992). The slight differences among
them are no doubt due to the place of the stop as
already mentioned above, noted by Stevens and
coworkers. Furthermore, the filter (vocal tract)
also acts on the friction noise and shapes the
output, The high frequencies decay more readi-
Iy and all of this can be seen in the power spec-
tra (and is known from the study of wave propa-
gation and communication via electrical
signals).

Now, the voiced plosives will have a more
complicated spectral density since the output is
a result not only of periodicity but also white
noise (idealization for friction noise}. And this
is also easily corroborated (see Edwards, 1992).
The spectrum of the voiced plosives is jagged in
all cases due to the interaction of voicing {peri-
odic/resonant sounds) with turbulence/chaos in
flow. Any plosive will (theoretically) have a
spectrum which includes wideband noise since
if the ‘plosion’ is modeled as a highly peaked
(i.e., short duration) pulse, then its Fourier trans-
form is constant. In the simplest approximation
of this as a Dirac delta function, we can see that
the power spectrum is constant. In addition, if
the plosive is between two vowels the sample

will either contain only the plosion (i.e., the del-
ta function) if the sampling duration is very
short, or will contain samples from the surround-
ing vowels, and hence contain resonances (ie.,
high peaks which in clearly identifiable form
would be called vowels) which could character-
ize both or either vowel depending on the sam-
ple. Since for voiced plosives, by definition, the

" voicing is not turned off, then we can expect to

see the plosion superimposed (not necessarily
linearly) on top of a carrier which seems to be
comprised of two vowels. This is what can be
seen in Edwards (1992} for all voiced plosives.
On the other hand, if the sample is examined in,
say, three approximate pieces, the first leading
to the plosion containing traces of the preceding
vowel, followed by the plosion, and then the last
approximate third containing traces of the fol-
lowing vowel in anticipation (i.e., co-articula-
tion) then we would need to examine the locus
equations, which is not done here explicitly, al-
though alluded to in Several places such as in
section 8 (please see Appendix V). However, it
is obvious from the speech space that such a
VCV would constitute a path/trajectory in the
phase space and we can (theoretically) envision
this motion in terms of the characteristics of the
power spectra as well as in terms of the motion
of the articulators (see also Appendix V). There-
fore it is approximately true that the VCV path
in the phase space will move from highly reso-

- nant (low Z value) region towards a momentari-

ly turbulent region (mid Z) and then back to-
wards the high resonance reregion. Therefore,
the phase space contains not only acoustic but
also articulatory and perceptual significance, as
well as being the natural space for the ‘locus
equation’ approach. ' -

The differences in the rates of closure for the
voiceless or voiced stops is also known (Allen
& Norwood, 1988; Flege, [988; etc.). Thus the
placings of the voiced and voiceless stops/plo-
sives in the phase space are motivated by exper-
imental evidence. The spectral densities do not
show the duration, hence cannot show that the
spectrum of a voiceless plosive is of very short
duration (like a shock wave) and that the voice-

less fricatives are steady-state. Essentially, the

duration is taken care of indirectly in this space
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since the Y-axis is defined as a derivative (more
like an impulse because of the Dirac function
approximation) but this mathematical mode!
translates directly into the acoustic domain as
described above since its acoustic correlate is
indeed white noise {or friction noise). The place-
ment of the plosives/stops is not an accident,
and the dual nature of the Y-axis is also clear.
The only reason anaverage like the rms is sug-
gested is to take care of the case in which the
articulators (say the lips) go through one com-
plete cycle so that the derivative over the cycle
would result in zero, if the rms value was not
used, It is clear that more dimensions have to be
added to be able to handle geminates, ejectives,
trills voiceless vowels etc. Only three dimen-
sions were chosen to make use of our human
intuitive grasp of three dimensional spaces. The
usefulness of this space can easily be expanded
by extending it to 7-8 dimensions, Released/un-
released distinctions are already treated since
the Y-axis is the absolute value of some kind of
a weighted average of the magnitudes, The re-
leased/unreieased opening/closing etc. are
lumped into a single dimension only along the
positive semi-infinite axis. Separating them will
have to be accomplished by probably going to
complex numbers. Nasality is also a problem
like making the [s] & [5] and [z] & [#] distinc-
tion. Nasality would require another dimension,
say for the nasal murmur. The differences in the
placements of these, as can be seen from spec-
. tral densities in Edwards (1992) is that they es-
*sentially have to do with the shape of the spec-
trum.

The Z-axis is essentially binary (or at best ter- -

nary, considering the transition). It divides the
Z-axis into resonant (peaked, or compact) and
noisy (flat, or diffuse) spectral shapes. The tran-
- sition zone has both peakedness and noise. These
- -have been forcefully collapsed into a single di-
mension in order to avoid having to draw high
dimensional spaces on two-dimensional paper.
Inreality, they would be much better represented
as separate dimensions. The mathematical defi-

nitions of the dimensions are inadequate for the'

task; they would have to be slightly modified to
take these into account. The place of maximum
power has been used as a secondary considera-

tion (as a part of the interpretation). Since the Z-
axis already divides the phones into resonant
(peaked) and noisy (flat spectrum) and since it
Just so happens that the vowels have their energy
towards the lower frequencies, then for the frica-
tives and stops, the place of the maximum peak
of fricative power was used 1o distinguish be-
tween [s] and [¥] and [z] and {Z]. The extra infor-
mation was used to modify the definitions of the
dimensions, which is similar to the idea of Fant
in which the information from the third formants
was used to modify the second formant so that
the phenomena could be represented in two-di-
mensional space. The results used in the place-
ments of these are from Stevens (1985) and De-
lattre et al (1964) and can be seen in Lieberman
and Blumstein (1988). Changing (moving) the
peakedness (center of the friction energy) from 5
KHz to 2.5 KHz changes the perception from [s]
to [8). Similar problems occur with the type and
place of fricative energy: [§] and {s] have greater
amplitude than [f] and [0] (Stevens, 1961). It
also depends on the relative magnitude of the
friction compared to the signal (i.e., the spectral
peaks of the vowel). As another example, the
‘explanations’ only say that if a certain path in
this space gets cut short it passes through anoth-
er region. One example is that {sy], say in mis-
sion, if cut short goes through [3) and therefore
we get /midin/ instead of /misyin/. There are
many of such examples. In fact, there are much
more, [mr] > [mbr], [kt} > [¢]. For example, the
abrupt rise in amplitude at the consonant release
is perceived as a stop and a gradual rise as a
continuant (Shinn & Blumstein, 1984). Chang-
ing the friction noise can also result in (s) being
perceived as a [¢] (Cutting & Rosner, 1974)..Ob- -
viously, these must be modeled as ‘colored
noise’ not ‘white noise’. That means that the def-
initions of the X,Y and Z as given in this chapter
are idealizations; they can be fixed up with mi-
nor twiddling or via extending the 3-D space to
five or six, in addition to the at least three dimen-
sions for the vowels (Hubey (1994) or Pullum &
Ladusaw (1986) for the standard results from
Jones to Ladefoged), so that we are really dis-
cussing looking into about ten dimensions.

One of the basic notions that is used, that of

- dynamic and steady state, is certainly a simplifi-
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cation. So is the concept of vowel vs. consonant.
If a two-way split is good, then a four way split
is even better. Also, the way of distinguishing
vowels and consonants is most certainly easily
done using the criteria that are used in this pa-
per. It has to do with making discrete articula-
tions; a vowel can certainly be sustained as long
as a human has enough air left in his lungs with-
out making any movements of the articulators.
Obviously the initial conditions do not count;
the start has to take place somewhere. None of
the consonants do not have this property, espe-
ciaily the plosives. Of course, the fricatives are
steady state but they also do not display the dis-
tinct spectral peaks of vowels. Therefore the
sounds are divided into four groups, simply ex-
tending the binary consonant-vowel distinction
to semi-vowels (which already forms a part of
linguistics} and to quasiconsonants (essentially
a steady state conscnant). It is all a simplifica-
_tion along the lines of those made by linguists
and scientists for centuries and still being made
by them.

Asg regarding things called degrees-of-free-
dom (for example, /I/ and /z/) the problem is that
the simplification is not referring to these sounds
for the discussion of normal speech. Obviously
the articulators are in constant motion which is
very difficult to describe mathematically. Every
phonetics theory deals with simplifications.
- During the production of say, the /l/, we are not

discussing the fact that the tongue can hit differ-
ent spots for a clear-l or a dark-1. The fact is, the
target articulation that produces the /I/ can be
held in a steady-state, just like a vowel articula-
tion. This cannot be done with a stop/plosive,
for example, since if the articulation is held,
there would be no sound. Even if the tongue
moves slightly the essential positions can be
held in steady-state and in these positions be-
cause of the positioning of the jaw, lips, etc., the
sound that comes out in the steady state is most
closely related to the sound that comes out in the
most neutral position. This can be observed in
the spectral density of /v/,/z/, etc. in published
works (Edwards, 1992). Obviously, the noise
‘level is high and it is hard to see the spectral
peaks but the spectral density decays smoothly
and exponentially, unlike fricatives like /s/, or

/J# which are flat or increasing, and unlike the

plosives whose spectra are jagged (see, for ex-
ample, Edwards, 1992). All the voiced non-stop
consonants have similar spectra in the sense that
the whatever the peakedness (i.e., formant like
quality) that exists seems to be exponentially
decaying as in the {I] or [A], (or the origin vec-
tor in the figure in Appendix VI) and the noisy
component contains resonance because of the
voicing and especially because some of the ar-
ticulators (aside from the glottis) are set in vi-
bration. This is especially noticeable in /v/ and
{zf, where the lips and a part of the tongue, re-
spectively, can be set in vibration. The voiced
stops display both white noise {only as an ideal-
ized property since it is really as colored noise)
and periodicity (resonance), as the spectra is jag- -
ged somewhat like an irregular sawtooth curve
(Edwards, 1992).

As another simplification which is used to
produce coherence, we note that vowels like /v/
and /z/ are what might be catled schwa-colored.
The statement comes directly from the spectral
density of /v/, /z/, the source & filter model, the
spectral density of the schwa-like sounds (Ed-
wards, 1992), the fact that high frequencies do
not travel with the same velocity as low fre-
quency ones (except in simplified linear models
in undergraduate texts), and the fact that nonlin-
ear distortion is known to be a chief source of
mischief in communication lines. It has to do
with the ability to know something about the
signal and the process that created it by looking
at the power spectral density of the signal. The
exponential decay of the spectral density of cer-
tain sounds is obvious, as can be seen in Ed-
wards (1992). Comparing this to some others
where we do not see it tells us a lot about the
filter that produced it. The schwa (and its relat
tive /A/ in American English) displays almost
perfect exponential decay (Edwards, 1992), It is
not too surprising since all the articulators seem
to be in their most neutral position for this
phone/phoneme; the tongue passes through this
position for back and front vowels and conso-
nants, so in that sense it is like an equilibrium
position. All we have 1o do is to take this spec-
tral density and add some noise and we will see
that as the noise level starts increasing the spec-
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trum will start to resemble the nonstop voiced
fricatives and liquids/nasals like [13, [v], [r], [z],
ete. It is just that some of them have less friction
noise than others and the slight differences
among them are the result of the type and place
of constriction,

Because of all these difficulties, it was much
easier to use an already existent dimensionless
number (Reynolds’ number) to represent this di-
mension than to provide the articulatory and
mechanical parameters, In all likelihood, a com-
bination of Reynolds’ number along with Strou-
hal number will provide a better fit with data,
And of course, by extending the dimensions to
about ten we would have a-much better descrip-
tion of the system which, while mathematically
more accurate, will lack the intuitive obvious-
ness and attractiveness of the simple idealized
three dimensional space presented here. This
space would be very difficult to visualize and
only statistical tests could determine the place-
ments of the phones. This space similarly has
been constructed to provide the simplest co-
herent mathematical space that can be used as
an idealized construct to further develop more
complicated, more accurate and more sophisti-
cated spaces and to provide a unified perspec-
tive for future directions of research and data
collection. There could possibly be a brute force
approach that could yield better results using
dimensionless numbers. It might even produce
more dimensionless numbers that could be use-
ful for speech. However, it is likely that the di-
mensionless numbers of fluid mechanics such
as Froude, Euler, Weber, Mach, Prandtl, Eckert,
Grashof would somehow show up. The fact that
the Strouhal number has to do with oscillating
flow could make it useful in conjunction with
Reynolds' nurnber for the Z-axis. The X- and Y-
axes could certainly be improved upon and only
experiments can decide the exact shape of the
space. We might try some kind of a combination
of the Reynolds’ number and Strouhal number
for the air quality axis of the space; The alterna-
tive is to keep plotting variables against time
until doomsday; that will not accomplish any-
thing. There are very fundamental concepts in
physics. One of them is that any equation must
be dimensionally homogeneous. That is the rea-

son for the power of dimensional analysis; it
produces combinations of parameters among
which experimental relationships must be
sought.

Itis the very complexity of the fluid phenom-
ena that makes dimensional analysis so power-

- ful and useful in that field. The fact is that the

space that’is produced by using dimensionless
numbers is able to represent very complex phe-
nomena in a very simple and intuitive way. It is
the very nonlinearity that is introduced by using
multiplications and divisions of the parameters
that unskews the complex web of tangled fluid
phenomena and allows the experimental physi-
cists and hydrodynamicists to fit ‘nice’ curves
into their experiments. It is this amazing power
of dimensional analysis that allows this simple
space to have both articulatory and acoustic in-
terpretations. This simple linear three dimen-
sional speech phase space can be used to unify
many stylized facts of linguistics, as shown.
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APPENDIX I

Formants and Noise

One of the first things we notice is that the form-
ants for the neutral vowel [s} (schwa in short
form in English, or a related one [A], and as [1]
in Turkish (often depicted as /if)) have more reg-
ularity and symmetry about them than the other
vowels. They are more evenly spaced and the
amplitudes drop off exponentially, Therefore,
the filter (the articulator apparatus) that produc-
¢s this shape is more natural in that sense. We
normally expect higher attenation at higher fre-
quencies. In that sense the formant patterns for
the other vowels may be thought of as imple-
menting what is called pulse-position coding

(PPM) as done in digital encoding of analog sig-.

nals for transmission, Although the most com-
monly used method now is PCM (pulse code
modulation), PPM was used experimentally. In
the PPM coding it is the position of the pulse
relative to where it should have been compared

to a regular clocking signal that was indicative’

of the value which PPM encoded. In that sense,
the perception of vowels may be in the relative
positions of the formants which means that the
vowels are recognized from their patterns in-
stead of from their absolute positions in the
spectrum. See Hubey (1994) and Nearey (1978).

It is only in the power spectra of the vowels
that we can notice such distinct peaks. The con-
sonants have spectra distinctive of their type.
For example, the fricatives have much noise
added to the power spectrum (which is indica-
tive of the background vowel which is being
modulated). The quasiconsonants in this sense
are phonemes which have formant structures
which resemble the neutral vowel but the fric-
tion noise is added. In analytical studies of sto-
chastic processes the noise is often added (some-
times multiplied) to the deterministic process
which in physical problems is usually described
by a differential equation. For analytical tracta-
bility instead of white noise (equal power at ail
frequencies) one often uses Gaussian noise with

a large variance or dispersion. In reality, white

noise cannot exist since such noise would have
infinite power. In modeling of friction noise in
linguistics one can add almost constant power

noise at the lower frequencies as can be seen
from the power spectra of fricatives such as /s/,
/8/, /1. The noise is not really constant but, in
general, rather slowly tends to fall off towards
the higher frequencies. In addition, the position
of where most of the energy is concentrated in
friction noise signals what phoneme will be per-
ceived as has been shown by Stevens and cow-
orkers. If we look at typical power spectra of the
quasiconsonants we sec that we'can obtain such
a power spectrum by adding friction noise to the
neutral vowel spectrum, as can be seén in the
figures in which more and more noise is added
to the //. The truth of these general ideas is
abundantly clear from the power spectra of var-
lous speech sounds, for example, for English
(Edwards, 1992).

A new process can be created from an old-one

'by

¥ (@) = H (S (0) - S, (1.1)
where H (x) is the unit step function, X 18 some
threshhold and which may be some function of

Q
o
the mean of the process, say, S, =~ /s (w) do.
070 0

Then y (w) is a reasonable measure of the peak-
edness of the smoothed power spectrum of the
phone/phoneme. The formal derivative is

Y (@) =5 (@) 5[ (@) - 5,] (12)
where & (x) is the Dirac delta function. We can
obtain the number of crossings of the threshhold
by the power spectrum which is'a measure of the
peakedness. The number of times the spectrum
crosses the threshhold in the interval (0,) is
then

N1S0.91 = 1§ (@) 1 818 (o) -5)  (13)

In addition, we would probably like to multiply
this by the difference in the maximum and mini-
mum values since it is in the peaked spectra of
vowels that we see great variations and. it is in
the spectra of voicless fricatives that we note a
flattish power spectrum. This product will also
make it easier to distinguish the jagged spectra
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Fig. 1.1.Peaked and flat spectra and noise (frication). It can be seen that the peaked spectrum of vowels is different
than the flattish spectra of semivowels, and glides. Furthermore, the amount of noise can bury much of the
spectral information as can be seen on the extreme right, These spectra should be compared to typical spectra

of vowels and nornvowels in Edwards (1992).

that one observes for the voiced plosives and the
- vowel-like spectra one observes for the liquids
"and nasals. Therefore we can define the ‘peak-
edness’ as

P(@) = [max (S () — min (S (0HIN[S;(0,Q2)]
: (L.4)

- If the spectrum has been smoothed, i.e., we have
a spectrogram, then the maximum and minimum
of the spectrum will occur where the derivative
is zero. We can see that P (@) can distinguish
be